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ABSTRACT

We study how the proportion of star-forming galaxies evelvetweez= 0.8 andz=0 as a function of galaxy
environment, using the [ line in emission as a signature of ongoing star formatiorur Bigh-z dataset
comprises 16 clusters, 10 groups and another 250 galaxpmirer groups and the field at 0.4-0.8 from
the ESO Distant Cluster Survey, plus another 9 massiveeshsat similar redshifts. As a local comparison,
we use samples of galaxy systems selected from the SloataD8ky Survey at @4 < z < 0.08. At high-

z most systems follow a broad anticorrelation between thetifsn of star-forming galaxies and the system
velocity dispersion. At face value, this suggests that=a0.4 - 0.8 the mass of the system largely determines
the proportion of galaxies with ongoing star formation. Agse redshifts the strength of star formation (as
measured by the [ equivalent width) in star-forming galaxies is also foumdvary systematically with
environment. Sloan clusters have much lower fractionsaffsirming galaxies than clustersat 0.4-0.8
and, in contrast with the distant clusters, show a plateawdtocity dispersions> 550kms?, where the
fraction of galaxies with [@] emission does not vary systematically with velocity disien. We quantify
the evolution of the proportion of star-forming galaxiesaainction of the system velocity dispersion and
find it is strongest in intermediate-mass systems-(500-600km s? at z=0). To understand the origin of the
observed trends, we use the Press-Schechter formalisnhadiitennium Simulation and show that galaxy
star formation histories may be closely related to the gndwistory of clusters and groups. We consider a
scenario in which the population of passive galaxies (thtes®id of ongoing star formation at the time they
are observed) consists of two components: “primordial'spa&sgalaxies whose stars all formedzat 2.5
and “quenched” galaxies whose star formation has beendteddue to the dense environment at later times.
We propose a scheme that is able to account for the obsenatidns between the star-forming fraction and
o in clusters at high- and low-z. If this scenario is roughlyreaet, the link between galaxy properties and
environment is extremely simple to predict purely from awhemige of the growth of dark matter structures.

Subject headings. galaxies: clusters: general — galaxies: evolution — galsixstellar content — galaxies:
fundamental parameters — cosmology: observations

1. INTRODUCTION of environment has still not been achieved.

The universe as a whole was more actively forming stars, A large number of studies, during the last thirty years,
in the past than today (Lilly et al. 1996, Madau, Pozzetti & Pave showed thatdistant clusters generally contain many st
Dickinson 1998, Hopkins 2004, Schiminovich et al. 2005). forming galaxies. In fact, the first evidence for galaxy evol
Studies of galaxies in clusters, groups and in the genefdl fie 1N in clusters, and for galaxy evolution in general, hasrbe
indicate an increased star formation activity at higherred the detectionofevolution in the star formation activitycafs-
shifts, in all environments. However, a complete mapping of (€' galaxies, as revealed by photometry and spectroscopy.

the average star formation activity with redshift as a firct . Historically, the higher incidence of star—forming galax-
ies in distant clusters compared to nearby clusters was first

*BASED ON OBSERVATIONS OBTAINED AT THE ESO VERY LARGE  discovered by photometric studies of the proportion of blue

TELESCOPE (VLT) AS PART OF THE LARGE PROGRAMME 166.A-  galaxies — the so—called Butcher—Oemler effect (Butcher &

0162 (THE ESO DISTANT CLUSTER SURVEY). BASED ON OB- i i _
SERVATIONS MADE WITH THE NASA/ESA HUBBLE SPACE TELE- Oemler 1978, 1984, Smail et al. 1998, Margoniner & de Car

SCOPE, OBTAINED AT THE SPACE TELESCOPE SCIENCE INsTI- Va@lho 2000, Ellingson et al. 2001, Kodama & Bower 2001,

TUTE, WHICH IS OPERATED BY THE ASSOCIATION OF UNIVERSI-  Margoniner et al. 2001).

TIES FOR RESEARCH IN ASTRONOMY, INC., UNDER NASA CON- In agreement with the photometric results, spectroscopic
TRACT NAS 5-26555. THESE OBSERVATIONS ARE ASSOCIATED gy dies of distant clusters have found significant popula-
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Couch & Sharples 1997, Dressler & Gunn 1992, Couch ettems that strongly deviate from the trends followed by most
al. 1994, Dressler et al. 1999, Fisher et al. 1998, Postmangroups/clusters are discussed in 85.5. Star formatiom-acti
et al. 1998, 2001, Balogh et al. 1997, 1998, Poggianti etity and galaxy Hubble types are compared in 85.6. Finally,
al. 1999, Tran et al. 2005, Demarco et al. 2005, Moran et al.we propose a possible scenario accounting for the observed
2005 to name a few). In contrast, nearby rich clusters (ssich a trends and discuss its major implications in 6.

Coma) generally are “known” to have relatively few emission ~ Throughout the paper, line equivalent widths and cluster
line galaxies. Increased star formation activity in distdas- velocity dispersions are given in the rest frame. We use
ters is also indicated by the emission properties of con@osi Ho = 70kms*Mpc™, h=H,/100,Qm, = 0.3 and(2y, = 0.7.
cluster-integrated spectra (Dressler et al. 2004). Inlighra

to the cluster studies, the fraction of star-forming gadatias 2. THE EDISCS DATASET

been found to be higher at= 0.3-0.5 than az=0 also in Our study is based on data obtained by the ESO Distant
groups (Allington-Smith et al. 1993, Wilman et al. 2005b).  Cluster Survey (hereafter, EDisCS), a photometric and-spec

While these observations have qualitatively shown that troscopic survey of galaxies in 20 fields containing galaxy
star—form[ng gala>_<|es were more common in the past than to-c|ysters atz= 0.4-1. The goal of this project is to study
day, quantifying this evolution has proved to be very hard. cluster and cluster galaxy evolution, characterizing thecs
At any given redshift, the properties of cluster galaxies di  ture, stellar populations, internal kinematics, lumitiesiand
play allarge cluster to cluster variance. _D|se_ntangllngrlpos masses of galaxies in high redshift clusters.
evolution from cluster—to—cluster variations in a quaatie Candidate clusters were selected from the Las Campanas
fashion has not been possible to date due to the relativelypjstant Cluster Survey (LCDCS) of Gonzalez et al. (2001).
small samples of clusters studied in detail at different red Candidates were identified by the LCDCS as a surface bright-
shlfts_,. This dnfﬁculty in measuring hqw the fracuon of star  ness excess using a very wide filter 4500-7500 A). The
forming galaxies evolves with redshift as a function of the gpiscs sample of 20 clusters was built from the 30 highest
cluster properties has affected all types of studies, pheto gy iface brightness candidates in the LCDCS, confirming the
ric and spectroscopic, both those based on thg [@e from presence of an apparent cluster and of a possible red segjuenc
spectroscopic multislit surveys anchitluster-wide studies yith LT 20min exposures in two filters (White et al. 2005).
(Couch et al. 2001, Finn et al. _200_4, 2005, Kodama et al. Deep optical photometry with FORS2/VLT, near-IR pho-
2004, Umeda et al. 2004). This might be the reason whysmetry with SOFI/NTT and multislit spectroscopy with
2 quantitative detection of a clear evolution with redsirift  FORS2/VLT have been obtained for the 20 fields. ACS/HST
the fraction of star-forming galaxies has been elusive 80 fa ,qsaic imaging of 10 of the highest redshift clusters has als
(Nakata et al. 2005). . been acquired (Desai et al. 2006).

Knowing how galaxy properties depend on cluster and ~ an overview of the goals and strategy of the survey is given
group properties at different redshifts is therefore a 8g@®  ;, \whjte et al. (2005) where the optical ground—based pho-
condition to assess the amount of evolution with redshiine o metry is presented in detail. This consists of V, R and |
before attempting to shed some light on how this evolution j54ing for the 10 highest redshift cluster candidatesgaim
depends on environment. General trends were soon discovg, provide a sample @&~ 0.8 (hereafter the high-z sample)
ered by the early studies of nearby clusters, such as the fackq B, V and | imaging for 10 intermediate—redshift candi-
that richer, more centrally concentrated, relaxed clednd — qates, aimed to provide a sampleat 0.5 (hereafter the mid-
to have proportionally fewer star-forming galaxies thassle  ; sample)t A weak-shear analysis of gravitational lensing by
rich, irregular, unrelaxed clusters. However, an exaclrpdr o clusters based on these data is presented in Clowe et al.
of how the star formation activity in galaxies depends on the (2005).
cluster characteristics is still lacking. For example, axeptly Typically 4hrs— (high-z sample) and 2hrs—exposure (mid-z
contrasting results have been found in the literature tegar sample) spectra af 100 galaxies per cluster field were ob-
ing the presence (Martinez et al. 2002, Biviano et al. 1997, tainaq. " Spectroscopic targets were selected from I-band ca
Zabllugggé& Mukt:)haey 19598’ I}I/Iargcl)nllrlsaeésetsl.d 2001&%“‘). alogues. At the redshifts of our clusters this corresponds t
iggé Ell )ora tselnczeoglmg' _eit a.t | 2602 E)eog tor . 5000+ 500 A rest frame. Conservative rejection criteria

I 2604|n(gs§)n2eoc';515. Wil a'rte>|’ ezgds ; el ft_OFiTIEe based on photometric redshifts were used in the selection of
?' 'I oto t ! mag el ‘E'I | ta)/o arelation t'e- spectroscopic targets to reject a significant fraction af-no
ween galaxy properties and giobal CIUSIErigroup progertt - o yparg while retaininig a spectroscopic sample of cluster
such as velocity dispersion, X-ray luminosity and richness galaxies equivalent to a purely I-band selected oAgos-

In this paper we analyze how the fraction of actively star- ;o\ “\ye verified that these criteria have excluded at most
forming galaxies varies with environment and redshift, eom 1% of the cluster galaxies (Halliday et al. 2004 and Milvang-
paring samples of clusters and groups 0.4 to 08 with OJensen et al. 2006). The spectroscopic selection, obgersat

samples in the local universe. This study is based on the ES ; ; 0 ;
Distant Cluster Survey, a photometric and spectroscopic su Z{] glsg()zeé:(t)rdfo)sgr? g Ilsﬂﬁ\?;?wlg%seﬂrseeﬁ reetsslnt(ezc(i)BnG()jetall indiagl

vey of dlsyant clusters o!escnbed_m 82. Deriving the Prepor s explained in White et al. (2005), deep spectroscopy
tion of actively star-forming galaxies as those withi[@mis- "o obtained for two of the EDisCS fields (CI 1122 and
sion in EDisCS and other high-z samples (83) and comparingc) 1 53g) "hence they have not been included in the present
it with low redshift samples from the Sloan Digital Sky Sur- study. I’n the following we consider the other 18 EDisCS

vey (§4|)’ webp;esentﬁgvl/l Ehg é‘ract(;on_ocl; star-f?rmi?g galfax- fields with high quality spectroscopy. For each field, Table 1
1eS evolves between= -, -© andz= o as a function o lists the cluster name, redshift, velocity dispersion anthn

the cluster/group velocity dispersion (85). In 85.3 we d&sc : :
the incidence of [@] emitters in the poorest groups and the ber of spectroscopically confirmed members of the structure

field, and in §5.4 we show how the distributions of the equiv- 1, yraciice, the redshift distributions of the high-z and hid-z samples
alent widths of [QI] vary with environment. Galaxy SyS- partly overlap, as can be seen in Table 1.
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TABLE 1
EDISCSCLUSTERS

Cluster Cluster z 0435, Nmem Npoij Imaging Rooo fioii fias f['g?g f[lo'\i"ii’c

(Mpc)
Cl1232.5-1250 Cl1232 0.5414 108@9 54 51 BVIJK+ 1.99 0.320.08 0.31 0.32 0.34
Cl1216.8-1201 Cl1216 0.7943 10]@ 67 57 VRIK+ 1.61 0.530.14 0.46 0.53 0.44
Cl1138.2-1133 Cl1138 0.4798 73% 48 24 VRUK+ 141 0.520.16 0.62 0.63 0.63
Cl1411.1-1148 Cl1411 0.5201 70%2 26 18 BVIK 1.32 0.24:0.11 0.22 0.24 0.24
Cl1301.7-1139 Cl1301 0.4828 68§g 37 28 BVIK 1.30 0.62:0.15 0.61 0.61 0.57
Cl1354.2-1230 Cl1354 0.7627 66&1 21 14 VRUK+ 1.08 0.880.22 0.71 0.82 0.75
Cl1353.0-1137 CI1353 0.5883 GGgg 22 16 BVIK 1.19 0.45%0.17 0.44 0.34 0.34
Cl1054.4-1146 Cl1054-11 0.6972 58% 49 28 VRIJK+ 099 0.780.16 0.68 0.73 0.70
Cl1227.9-1138 Cl1227 0.6355 57% 22 12 VRIJK+ 1.00 0.6%0.24 0.67 0.67 0.69
Cl1202.7-1224 Cl1202 0.4244 548° 21 14 BVIK 1.07 0.3%#0.14 0.29 0.31 0.31
Cl1059.2-1253 CI1059 0.4561 517 41 28 BVIK 1.00 0.56:-0.14 0.57 0.56 0.56
Cl1054.7-1245 Cl1054-12 0.7498 50&3 36 20 VRIK+ 0.82 0.520.15 0.45 0.63 0.55
Cl1018.8-1211 Cl1018 0.4732 418 33 20 BVIK 0.91 0.56£0.17 0.55 0.48 0.46
Cl1040.7-1155 Cl1040 0.7043 418 30 13 VRUK+ 0.70 0.7£0.23 0.69 0.71 0.71
Cl1037.9-1243 Cl1037 0.5789 315 19 8 VRIJK+ 0.57 0.96-0.33 0.88 0.92 0.92

Cl1103.7-1245b CI1103 0.7029 24}"32 11 3  VRIK+ 0.41 1.080.58 1.00 — 1.00
Cl1420.3-1236 Cl1420 0.4959 225 27 9 BVIK 0.43 0.0@:0.11 0.00 0.38 0.34
C11119.3-1129 CI1119 0.5500 16% 21 10 BVI 0.30 0.26:0.20 0.40 0.21 0.21

NOTE. — Col. (1): Cluster name. Col. (2): Short cluster name. Q8) Cluster redshift. Col. (4) Cluster velocity dispersioRedshifts and velocity
dispersions are taken from Halliday et al. (2004) and Mijdensen et al. (2006). Col. (5) Number of spectroscopicalhfirmed members. Col. (6) Number
of members used for computing thel[Pfraction of Col.(9). Col. (7) Available imaging. A + signdiicates those clusters with HST imaging. Col. ) in
Mpc. Col. (9) [Q1] fraction within Rypg corrected for completeness. Col. (10){{dJraction within Rypo uncorrected for completeness. Col. (11)i]draction
computed within a radiuR,qg derived from the lensing estimate @f(Clowe et al. 2005). An asterisk indicates systems withtamfdil mass structures along
the line of sight, whose lensing is probably overestimated. Col. (12)[{fraction computed within a radius = 1 Mpc.

that was targeted for spectroscopy and that forms the basis 0 We classify as star—forming galaxies those with an equiva-

our study. lent width (EW) of [Q1] < -3 A rest frame, adopting the con-
vention that EWs are negative when in emission. Thisis a rea-

3. DERIVING THE [OIl] FRACTIONS IN CLUSTERS AT HIGH sonable limit for galaxies with weak but still detectable-cu

REDSHIFT rent star formation activity, for example nearby Sa galsxie

In this paper we wish to investigate the incidence of ac- Measuring the line strength of 147 repeated spectra of galax
tively star—forming galaxies as a function of cluster vipc 1€ (those observed more than once in different masks/runs)
dispersion, and how this evolves with redshift. We do this by We find that all of them fall into either the star-forming or
analyzing the proportion of galaxies with a significantifO0 ~ Non-star-forming class in all repeated cases, provingthieat
emission line at 3727 A, a reliable signal of ongoing sta for discrimination between galaxies with EW(I®) > and< -3
mation. Dust and metallicity variations affect signifidgrihe A is robust from our spectra. _
strength of the [O11] line, and a quantitative estimate of the For eac_h EDisCS cluster, we have comp_uted the fraction of
star formation rate from the line flux depends on slit coverag Star—forming cluster members as the fraction of spectsco
of the galaxy area and spectral extraction method. Howevercally confirmed membefawith a rest frame EW([0]) < -3
when the limit for line detection is sufficiently low, the gite A. Errorbars on the fractions have been computed using Pois-
presence or absence of this line in emission provides a clean sonian statistics. We consider only galaxies located witfe
estimate of the incidence of star-forming galaxies in défé ~ projected radius delimiting a sphere with interior mean-den
environments and at different redshifts. sity 200 times the critical densityRgog) and with an absolute

EDisCS spectra have a dispersion of 1.32A/pixel and V magnitude brighter thakly|im. Mviim was varied with red-
1.66A/pixel depending on the observing run, with a FwHM Shift between -20.5 at= 0.8 and -20.1 az = 0.4 to account
resolution of~ 6A, corresponding to rest frame 3.3 A at z=0.8 for passive evolution. Our spectroscopy would allow an-anal

' i is for galaxies up to 0.5 mag fainter than these limits, but
and 4.3 A atz=0.4. The equivalent widths ofi{pvere mea- ysIS 1¢ . _
sured on the spectra with a line-fitting technique that fetlo for this studyMyim was chosen to carry out a comparison

with the Sloan dataset (see below). Rest frame absolute mag-

the one used by the MORPHS collaboration as in Dressler etn. : . > )
. ; o itudes were estimated for each EDisCS galaxy as in Rudnick
al. (1999). With this method each 1D spectrum is mspectedet al. (2003) and are given in Rudnick et gl. (Zg%bo Was

interactively. Each 2D spectrum was also.lns_pe_cted to .Con'computed from the cluster velocity dispersioms in Finn et
firm the presence of an eventual line in 1D: this is especially al. (2005);

useful to assess the reality of weaki[[ines.

2|f an AGN is present, this can contribute to the emission fime. How- o 1 1
ever, in the great majority of cases an AGN with an emissioe $ipectrum Rooo=1.73 1000k 1 3 h Mpc (1)
is associated with some level of star formation activity(e¢deckman et al. ms AY Qp+ Qo(l"'Z

1995, Cid Fernandes et al. 2004 and references thereimgfdhe the con-
tamination of the population of [0} emitters from passive galaxies is bound 3 After having excluded the repeated spectra of galaxieswtbe observed
to be negligible. more than once.
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FiGc. 1.— XY pixel positions of objects with spectra in the EDis@#&l-z fields. Filled dots represent spectroscopically coréd cluster members. The circle
with radiusRyqg, centered on the BCG, is shown. The axis units are pixels 0.2

The cluster center was assumed to coincide with the Bright- The exposure times of the EDisCS spectroscopy (4hrs and
est Cluster Galaxy (BCG), that was identified interactivaly  2hrs of VLT for the high- and mid-z samples, respectively)
the EDisCS VLT images. A list of the BCGs can be found in were chosen to allow not only a redshift determination, but
White et al. (2005). For most of the clusters, our spectrpgco  also a detailed spectroscopic analysis of emission andbso
samples at least out to the clusRepo or beyond (Figddl and tion features. As a consequence, the fraction of spectpisco
B). A few clusters have incomplete radial sampling due to targets for which no redshift could be derived is negligible
their large projected radii (most notably, CI 1232, Cl14hdla  only 3% of the spectra brighter than the magnitude limit used
Cl1138), or to the BCG location close to the FORS2 field here did not yield a redshiftHence, no correction is required
edge (Cl1227): when relevant, these cases will be commentedo account for the success rate (percentage of spectradprovi
separately. ing a redshift) as a function of magnitude or color.

The fractions of [@] emitters were computed weighting The [O1] fractions derived as described above are given in
each galaxy for incompleteness of the spectroscopic ggtalo column 9 of Table 1. For comparison, the table also lists the
taking into account the completeness as a function of galaxy[Oi11] fractions computed without applying completeness cor-
magnitude and position, as described in Appendix A. Ignor- rections (column 10), or with different radial criteria: thin
ing these weights, however, does not affect significantly ou Ry as derived from the based on the weak lensing analysis
results, as discussed in 85. In Appendix B, we show that theof Clowe et al. (2005) (column 11) and within a fixed metric
color distributions of the final spectroscopic sample asd it
parent photometric sample are indistinguishable accgrin * As discussed in Halliday et al. (2004), the spectra showrttuat of these
a KS test, and therefore no color bias is present in the spec_are bright lower redshift galaxies (non-members of ourtelis3 observed in

; . a red rest-frame spectral region that is featureless argrttakes it hard to
troscopic sample we are using. derive a secure redshift.
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FIG. 2.— Same as Fifl 1 but for the high-z EDisCS fields.

radius equal to 1 Mpc (column 12). For all structures exceptthe MORPHS survey (Dressler et al. 1999, Poggianti et al.
one (Cl 1420), the different estimates of thai[@raction are 1999, hereafter D99 and P99) and are at redshifts covering th

compatible within the errors. low redshift end of the EDisCS redshift range=(0.38-0.55).
Two other clusters are MS1054-03 at z=0.83 taken from van
3.1. Other high-z cluster samples Dokkum et al. (2000) (hereafter vD0O), and CI1324+3011 at

The EDisCS dataset is homogeneous for cluster and galaxfzo'76 from Postman et al. (2001) (hereafter POLO1).

selection and data quality, thus an internal comparisomamo thMeasurem(_antsﬂ?f the EV\{([Q) were ta':k?n from tr;](_ase au-
clusters is straightforward. A comparison with other spec- thOrs, assuming their spectroscopic catalogs are higltty-co

troscopic surveys of distant clusters requires much maue ca Plete for EW([Q1])< -3 A. This is the case for the MORPHS
tion, as a number of conditions need to be met: such a surveyp@mple, as discussed in D99, and appears to be a reasonable
should cover out t&.00 and be representative of a magnitude- assumption also for vDOO and POLO1, given the EW distri-
limited sample of galaxies selected in the rest-frame a0450 butions and errorbars in their catalogs. These samples were
5500 A. A reliable determination of the cluster velocitydis Weighted for incompleteness using the completeness func-
persion should be available, as well as accurate EWjjO  1ONS provided by the authors (Table 2). Galaxies were in-
measurements highly complete down to 3 A for galaxies cluded in the [@] computation if brighter than the closest
down to the absolute magnitude liméyi;. These are de- available apparent magnitude limits corresponding to the a

. X : solute magnitude limits adopted for EDisCS, as a function of
manding requirements that are largely fulfilled by survelys o redshift. The radial coverage for these clusters in uniigf
just a few distant clusters in the literature. '

The list of additional distant clusters we include in ourlana alr: gpﬁ]ﬁnp'gfgf Iceluzét eszagoé(eeIg]ca;teéhi?] .?,gsetc gg;cg ﬂ?bsa?]rg'
ysis is given in Table 2. Seven of these clusters are takem fro P '
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TABLE 2
OTHER DISTANT CLUSTERS

Cluster z o0%x6, Noij Imaging Roo0o(Mpc) FOv floii] Ref? Ref?

Cl1447 0.3762 83815 21 r/i,My=-198 170 12x 1.2Rxp 0.56+0.16 D99,P99 GMO1
Cl0024 0.3928 911%7 107 r/i,My =-19.8 1.83 11 x 1.1Rypo 0.36+0.06 D99,P99 GMO1l
Cl0939 0.4060 106 92 71 r/i,My =-19.8 2.13 10 x 1.0Rypp 0.26+0.06 D99,P99 GMO1l
C10303 0.4184 876155 51 r/i,My=-198 173  13x 13Rpo 0.55+0.10 D99,P99 GMO1
3C295 0.4593 1642}529 25 r/i,My =-198 3.18 07 x 0.7Rp00 0.18+0.08 D99,P99 GMO1
Cl1601 0.5388 64 3‘7‘ 58 r/i,My =-198 1.19 20 x 2.0Ryp 0.15+0.05 D99,P99 GMO1
Cl0016 0.5459 98. 330 29 r/i,My =-198 1.81 14 x 1.4Ryp 0.14+0.07 D99,P99 GMO1

MS1054-03 0.8315 1151(33 71 lgia, My =-205 1.78 05 x 0.8Rp00 0.31+0.06 vD0OO vDOO
Cl1324+3011 0.7565 101% ge 27 R,My =-204 1.71 03 x 0.9Rp00 0.47£0.14 PLOO0O1 LOPO2

NOTE. — Col. (1) Cluster name. Col. (2) Cluster redshift. Col. (yister velocity dispersion. Col. (4) Number of galaxiesmbers of the cluster used for
the calculation of the [@] fraction. Col. (5) Photometric band used for selectionpéatroscopic targets and magnitude limit we adopted to bpatible with
EDisCS. Col. (6)Rz00in Mpc. Col. (7) Field-of-view of the spectroscopic covezadCol. (8) [Q1] fraction. Col. (9)-(10) References. An additional cluste
presented in POLO1 has later been shown to be composed dinrttidusters for which a spectroscopic catalog shouldberavailable in the future (Gal &
Lubin 2004). A cluster from Postman et al. (1998) was notlidetl because its completeness function was not availabkecllister and the group at 0.59
in the MS2053 field of Tran et al. (2005) have= 865 andf|g;j = 0.34, ando = 282 andf(g;ij = 0.67, respectively, wherég;; is given by the authors for
galaxies with EW([@] )< -5 A, down to approximately the same galaxy magnitude limit eadius adopted here. Since their EW limit is higher tharGtide
limit we have used, we decided not to include these strustinr€ig.[4, but we note that these points would roughly foltbe trend of the other distant clusters
in the plot. Any other cluster from the literaturezat 0.4 could not be included because missing one or more necgsieggs of information ([@] catalogs,
completeness information, etc.).

aSource for the [@] measurements and completeness functions.
D99=Dressler et al. 1999; P99=Poggianti et al. 1999; vD@d=wokkum
et al. 2000; PLOO1=Postman, Lubin & Oke 2001.

bSource for the cluster velocity dispersion. GMO01=GirardiMezzetti
2001; LOP02=Lubin, Oke & Postman 2002.

while the EDisCS and all other clusters used in this analy- comparison with EDisCS. Above= 0.085, the Sloan spec-
sis were selected at 50004500 A rest frame. Though the troscopy samples only the bright end of the galaxy luminyosit
estimate of the [@] fraction in clusters in these external sam- function, galaxy numbers per cluster become too small and
ples cannot be carried out in a way that is fully homogeneouserrors on the [@] fraction are too high to reach solid conclu-
with the analysis performed on the EDisCS data, due to thesions.
slight differences in radial coverage, magnitude limit @od 3) For each cluster, we identify galaxies from the spectro-
on, such differences are sufficiently small to allow an ieser ~ scopic DR2 SDSS catalog which lie within one Abell radius
ing comparison with the EDiSCS data: this will be presented (Ra = 1.7//2) from the cluster center quoted by Struble &
in 85. Rood (1991). Only clusters with at least 20 matched galax-
ies are retained (32 clusters).

4. THE [O1I] FRACTIONS AT LOW REDSHIFT: SLOAN 4) At this stage, the image of each cluster was inspected

interactively. We restricted the sample to clusters that ar

In order to compare with clusters at low redshift, we con- separated from the survey boundaries, and we identified
structed a local comparison sample from the spectroscopic

Sloan Digital Sky Survey. Rather than trying to obtain a sam- a BCG from the SDSS imaging data. Redshift histograms

ple with the largest possible number of clusters, we aimed tonere Ials_o inspehcted éO r:/_?trify thegresengtle of a corécennratio
build a sample with selection criteria similar to EDisCSr Fo of galaxies at the redshift given by Struble & Rood (1991).

simplicity, we used the Abell cluster catalog. Its selattis These constraints yield a sample of 24 clusters, to which we

, - . X add two clusters with redshifts slightly lower than 0.04 and
based on (projected) overdensities of galaxies, which €an b . with redshits slightly higher than 0.085. The final st
regarded as being similar to the selection of EDisCS clsster T

-~ 28 clusters is presented in Table 3.
that were chosen by their light excess over the background. 5) As for the EDisCS sample, we rely on the biweight esti-
Our Abell sample was built according to the following m '

steps: ator of Beers et al. (1990) for determining the cluster red-

: . . shift and velocity dispersion, as described in Appendix C.
1) A;[ tthe t'"}e of sar?ple sfe'l\%ct:lonl, thte most c%m%rtehglnsge Once our low—redshift comparison sample was selected, a
compilation of properties of Abell clusters was by Struble : .
Rood (1991). From this, we selected clusters with a redshiftnumber of steps were taken to ensure a meaningful compari

) . 20 son with our high-z sample.
feigmate based on at least two galaxies. This yields 774 clus 1) The Sloan spectroscopic target selection was performed

. . inther band ¢ < 17.7). In order to more closely approximate
regzj%nghcéussgﬁsl\g'ttg g%iilj s<te?;°,081'5hvev?(;\(/ev:relli?r(1:ittei(rj1'r;—trj]fhi the rest-frame EDisCS selection wavelength, we extracted a
is chosen to redﬁce fibre aperture' effects. zAt 0.04. the g-selected sample from the Sloan spectroscopic catalogs. Th

, - ar . ; corresponds to the subset of galaxies vgtk 18: brighter
Sloan fibres sample a significant fraction of the galaxy light 2 "this limit, 999% of the galaxies have< 17.7 and their
and the spectral classification into star-forming and ntr-=s - _magnitude distribution follows closely the distributiam
forming galaxies should not differ significantly from the in

tegrated spectral class (Kewley, Jansen & Geller 2005). Thethe wholeg-band photometric sample. Galaxies brighter than

- on O O g=12 andr = 12 were excluded, being brighter than any clus-
upper redshift limit is imposed by the need to have spectrafo o amper of the clusters considered. Therefore, the Sloan
galaxies down to a sufficiently deep absolute magnitude, for ' '
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7 A2255 0.0801 115164 106 2.74 0.220.05 0.24

- g A1767 0.0707 90854 48 2.17 0.120.06 0.19

20 F o b Ly ‘7‘2‘ s - A85  0.0555 86%#48 46 2.07 0.160.06 0.17
A160 0.0425 84264 25 2.04 0.220.11 0.28

A1066 0.0691 83362 39 1.99 0.310.09 0.31
A2670 0.0761 80448 53 1.92 0.280.08 0.30

F L E: . TABLE 3
-30 [~ [ . - SLOAN CLUSTERS
- L i
| : 7 Cluster z o +£60 Noij Reoo  fioi f[“cg'ﬁf”

N
o

Sloan EW([QlI]) measurement

| e o i A1650 0.0837 77&72 32 1.83 0.1#0.08 0.22
[ T AT b A1809 0.0794 73@55 37 1.74 0.160.07 0.16
-10 ‘ L4 N A628 0.0838 66#67 24 1.58 0.540.14 0.50
r E—{ =1 B Al1424 0.0755 66453 33 1.58 0.210.08 0.21

o | ] B A2593 0.0417 6552 13 1.60 0.0#£0.08 0.08
i1 1 A1564 0.0792 60@&63 19 1.43 0.1#0.11 0.21
L ";% i A2197 0.0303 58427 31 1.43 0.2%0.09 0.26

Al17 0.0551 57846 17 1.37 0.380.13 0.29
o o o A1559 0.1056 54486 8 1.27 0.3%0.18 0.25
A933 0.0969 51555 15 1.22 0.260.13 0.27

0 -10 -20 -30 A1780 0.0776 50863 18 1.19 0.250.12 0.28
our EW([OII]) measurement A1452 0.0616 48%105 7 1.16 0.420.25 0.43

Al16 0.0667 47471 4 1.13 0.420.35 0.50
A2448 0.0820 466:81 11 1.11 0.280.16 0.27

A1468 0.0850 464105 16 1.10 0.380.15 0.38

FiG. 3.— EW([Q] )s of Sloan spectra in plate #973. The measurement A1139 0.0393 43646 10 1.06 0.380.20 0.40

obtained with the Ediscs method is compared with the EWdiig Sloan. A1507 0.0599 41847 11 1.01 054022 0.55
The inset is a blow-up of the lower left corner of the plot, ihieh errorbars ' ' ' ’ ’

are omitted for clarity. In this plot, EDisCS EWs = 0 corresgdo those A2630 0.0669 40269 9 096 032019 0.30

spectra in which the line is not detected and the spectraifitions in that Al1218 0.0801 36%77 7 0.87 0.530.29 0.57
region are considered noise. Since the Sloan measurenrentisiig auto- A1171 0.0748 35251 5 0.84 0.6£0.35 0.60
matic, these cases can yield a non-null negative or poditivevalue, that is A1534 0.0699 33339 11 0.80 0.180.13 0.18
however consistent with zero within the errorbar in mosesas A1279 0.0544 19237 3 046 1.00-0.58 1.00

NOTE. — Col. (1): Cluster name. Col. (2) Cluster redshift. Col) (3
Cluster velocity dispersion. Col. (4) Number of membergiifse computing

. . the [On] fraction. Col. (5)Rxp0in Mpc. Col. (6) [Q1] fraction corrected for
spectroscopic sample we used is the subset of the Sloan catapmpleteness. Col. (7) [Q fraction uncorrected for completeness.

logs with 12<r < 17.7 and 12< g < 18.0.
2) Each galaxy in the spectroscopic catalog was assigned
completeness weights as a function of magnitude and posi-
tion comparing, cluster by cluster, the number of galaxies i
the Sloan spectroscopic and photometgiband) catalogs, as ~ son of the fraction of galaxies with EW(IQ)< -3 A, we are
done for EDisCS (see Appendix A). As in EDisCS, essentially mainly interested in those eventual cases of discrepancy be
all targeted galaxies (99.9%) yield a reliable redshift48ss tween our and the Sloan measurement that could cause a dif-
et al. 2002), thus no correction is required to account fer th ferent classification (star-forming versus non-star-fioigh
spectroscopic success rate. We find that in 99% of the cases our EW measurements agree
3) The analysis of the fraction of [Q-emitters was car-  With the Sloan EWs for the purpose of dividing galaxies into
ried out on the Sloan data as for EDiSCS. The center of > and< -3 A.> We conclude that using the EWs by Brinch-
each cluster was assumed to coincide with the BCG. Onlymann et al. (2004) does not introduce any systematics in
galaxies withinRygg were considered, down to an absolute the comparison with the high redshift clusters, and we use
V magnitude limit =-19.8, corresponding to the limit at their EW measurements to compute thelJ@action in low-
which spectroscopic incompleteness sets in at these fexishi z clusters. [@] fractions computed with and without com-
in the Sloan sample. This limit was used to determine the pleteness corrections, together with redshifts, velatigper-
absolute magnitude limit in the distant clusters, once pas-sions,Rxg0and number of spectroscopically confirmed cluster
sive evolution was taken into account. Galaxy absolute V members used to compute the[[dractions are listed for our
magnitudes were obtained from the absolute Petrosian magniAbell-Sloan clusters in Table 3.
tudes in the Sloan system using the transformation of Blanto  To test our results on a larger control sample that, how-
(http://astro.physics.nyu.edu/ mbl44/kcorrect/Inmes. ever, resembles less closely the EDisCS sample for satectio
4) The star-forming fraction was computed as the frac- and characteristics, we also chose a second cluster sample
tion of galaxies with EW([@] )< -3 A rest frame. The inthe SDSS from the C4 catalog of Miller et al. (2005) at
EWs([O1]) of the Sloan spectra were taken from Brinchmann redshift 004 < z < 0.08. The purity of the C4 sample is
et al. (2004a,b). Since these were measured with a differendiscussed in Miller et al. (2005). Such a sample is more
routine than the one we used for EDisCS, we first tested the o _ _ _
consistency between the Sloan and our EW measurements 0% 5 As visible in the inset of Fig3, only 2 cases of small disaregy are

und among the 162 galaxies: galaxy #506 with EW(Sloan$=-2.6 and
all the 162 spectra of a random Sloan plate (plate #973). TheEW(EDisCS)=-3.4_-O.5 A. and galaxy #369 with EW(Sloan)=-34.1 and

comparison is shown in Fifl 3, where a good agreement isgw(EDisCS)=0, because no line appears to be present frosualinspec-
visible. Since our purpose is to obtain a meaningful compari tion of the spectrum.


http://astro.physics.nyu.edu/~mb144/kcorrect/linear.ps

8

Poggianti et al.

prone to be contaminated by filaments, sheets and multipleGiven the scatter and the outliers in this plot, howevers it i

structures yielding an overestimatedTo minimize the con-
tamination of structures with severely overestimated sigfo
dispersion, we retained only clusters with< 1500kms?,

o < oca+200km st and a number of galaxies withimr3rom
the cluster redshift and withiRqo equal or greater than 7,

uncertain whether this is better described as a broadoelati
between the [0] fraction ando, or as an upper envelope. In
fact, the most notable feature of this diagram is the absence
of datapoints in the upper right corner, above the most popu-
lated stripe. This envelope in the [[Qfraction versusr plane

whereo was measured from the Sloan spectroscopic tablesseems to imply that &= 0.4-0.8 a system of a given mass

as described in Appendix C andy is the velocity dispersion
given by Miller et al. (2005). Clusters with clear multiple
peaks in the redshift histograms indicating thatdhie unre-
liable were excluded.

can haveat most a certain fraction of star-forming galaxies
or, equivalently, must havat least a given fraction of galax-

ies that are already passive at this epoch. More massive sys-
tems have a lower maximum-allowed fraction of star-forming

Since all but one of the EDisCS structures have at least 8galaxies or, equivalently, a higher minimum-allowed frait

members within these magnitude and radial limNigof; in

of passive galaxies.

Table 1), we included only C4 clusters with at least 8 members The solid line in Fig. 4 is a "hand-drawn" description of this

usable to compute the j@ fraction. Our final C4-based sam-

ple consists of 88 clusters, whose centers were taken te coin

cide with the BCG listed by Miller et al. (2005)The [Oi1]
fraction of these clusters was computed frong-aelected
sample of galaxies withifRyg and withMy < -19.8, as it

upper envelope

g
100 @
When plotting the residuals from this relation for EDiSCS

floii] = —0.74 % ( (km S_l) +1.115

was done for the Abell sample. For the C4-based sampleclusters as a function of cluster redshift .(F[E;. 5), theraris
we did not apply completeness weights, given that these corirend of increasing [@] fraction towards higher redshifts in

rections did not affect significantly the [ fractions of the
Abell clusters (see Table 3).

5. RESULTS

5.1. Sar formation activity at high redshifts as a function of
the cluster mass

Our main result is shown in Fifil 4. The left panel presents
the fraction of [Q1] emitters as a function of cluster velocity
dispersion for EDisCS clusters (filled small circles), and f

the intervalz= 0.4-0.8. Since within our sample there is no
correlation between cluster redshift and velocity disjpers
(see Table 1), Fidd4 and Fiil 5 indicate that both a trend of
the [On] fraction with o and one with redshift are present. In
the next subsection we investigate the evolution with rétdsh
in more detail, comparing these results with our Sloan elust
sample.

5.2. Evolution of the[O11] - o relation in clusters

the other clusters at z=0.4 to 0.8 whose data were taken from The [O1]-o trend observed in distant clusters can be com-

the literature as described in Sec. 3.1.

Most datapoints occupy a stripe in this diagram, indicating
that most clusters follow a broad anticorrelation betwésn t
fraction of star-forming galaxies and the cluster velociis-
persion: generally, more massive clusters have a lower frac
tion of star-forming galaxies. When including all clusteas
Kendall test shows that an anticorrelation between clugter
locity dispersion and star-forming fraction is presentwat
97.1% probability. There are evident outliers that do nét fo
low the [O1l]-o trend defined by the majority of clusters. The
most evident outliers are Cl11119 and CI 1420, two groups
with o < 400km §* that will be discussed further in 85.5. The
Kendall probability becomes 99.9% when excluding these
two outliers. The probabilities excluding non-EDisCS data

points become 48.0% and 96.2% when the two outliers are

included and excluded, respectively.
Assuming that the cluster velocity dispersion is related to
the mass of the systéimthe [Q1]-o relation shown in the

pared with nearby clusters to quantify the evolution witti-re
shift of the star-forming fraction in clusters as a functmin
the system velocity dispersion. The right panel of . 4
shows that Sloan Abell clusterszat- 0.04-0.08 have signif-
icantly lower fractions of star-forming galaxies than ¢érs
atz~ 0.4-0.8. The solid line in this diagram is the same as
the solid line in the left panel and corresponds to the lide fo
lowing the high-z datapoints. While at high-z most clusters
fall around this line (left panel), at low-z the great majpof
clusters fall well below this line (right panel).

At low-z, an approximate description of the datapoints in
the [Qi] - o diagram is given by the two dotted lines in Hi). 4
(right panel), following:

foii] = —0.002257 +1.408 foro < 530 3)
f[on] =0.23 foro > 530

In fact, the average [@ - o relation is flat foro >
550kms?t; no clear trend seems to be present above this

left panel of Figl}# suggests that it is the mass of the system,ye|ocity dispersion. In contrast, a trend is visible cak

though with a significant scatter, that largely determinaatw
proportion of its member galaxies are forming starsa0.6.

6 The BCG was chosen by Miller et al. to be the brightest entrthia
SDSS catalog within 5001 kpc from the peak of the C4 density field, with
EW(Ha) > -4 A and within 4 from the cluster redshift, or with no spec-
troscopy but brighter tham, = 19.6 andM, = -19.8 with colors lying within
the cluster color-magnitude sequence and no more than twaitnees dim-
mer than the BCG identified based on thectiterion.

7 We note that two EDisCs clusters, Cl1216 and Cl 1232, shodeedie
for substructure and therefore in principle their velodtgpersions may be
a poor indicator of their masses (Halliday et al. 2004). Hmwvea subse-
guent weak lensing analysis of EDisCS clusters has showatdstibstruc-
ture does not strongly affect the spectroscopic measureaieheir veloc-
ity dispersion, confirming within the errors the spectrgsccestimate ot
(0 = 115279 for C1 1216, andr = 94822 for C1 1232, Clowe et al. 2005).

500km s?, with the [Qil] fraction rising for most systems to-
wards lower velocity dispersions. The averdgg; in 3 bins
of velocity dispersion for < 550kms? increases from 0.31,
to 0.41, to 0.54 going to lower. A Kendall test shows the
trend below 600km3 to be significant at the 98.5% level.

The rather small low—z sample we use here, being quality-
controlled and comparable to EDisCS, show significant dif-
ferences with respect to the high-z clusters. It is intémngst
to compare the results obtained for this sample with those ob
tained for the C4 control sample. The results for C4 clusters

8 This line is taken to be equal to a fit to the EDisCS points,radte
cluding the two group outliers, using an M-estimate thatimires absolute
deviations (Press et al., 1986).
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FIG. 4.— Left. The [Q1] - o relation in clusters at.@ < z < 0.8. The fraction of cluster members withiRpgo with [O11] emission is plotted versus the cluster
velocity dispersion. Solid black dots represent EDisC@ytzints in each one of the 18 fields, as in Table 1. The red esa® for MORPHS clusters; the red
solid large circle is the cluster MS1054-03 from van Dokkumale and the red empty circle is Cl1324+3011 from Postmanh déraorbars on the fractions are
Poissonian. The solid line across the plot is taken as aigé@eorof the upper envelope of the high-z points (see tektje same line is repeated in the right
panel, to illustrate the differences. At high-z, the majodf systems group around this line, while at low-z (righheB the great majority fall well below the
line. Right. The [Q1] - o relation in low redshift clusters from Sloan described in Bfpty circles indicate those Sloan clusters slightly idetef the preferred
redshift range. The two dotted lines represent the eyetittest heavily populated region in the plot.

are shown in Figll6. These clusters confirm the main trendster in the C4 sample at low, in the following we will adopt

observed in the Abell sample: fer > 550kms?, the [Q1]
fraction does not seem to dependwoand is smaller than 0.3
for the great majority of clusters. At < 500kms?*, many
systems have afioij higher than 0.3, though there are also
systems with lows and low fjgiij. While from the Abell sam-
ple there appears to be a trend of increasing averagé [O
fraction towards lower velocity dispersions, for the C4selu
ters it is unclear whether there is a trendrat 500kms?, or
simply a large scatter in the O fraction at lowos. We note
that the trend of rising averagkoiij observed in the Abell
sample is in excellent agreement with the results of Maztine

et al. (2002) who found the average fraction of emission-

line galaxies to decrease monotonically with virial mass fo
groups (16%-2 x 10*M.) from the 2dF Galaxy Redshift

as reference the rising trend observed in the Abell sampde. A
we will see, this does not influence our main conclusions.

In fact, the most relevant and striking aspect of the Abell
and C4 comparison is that both samples show a break in the
behaviour of the [@] fraction with o at the same velocity
dispersion £ 500kms?t) and that most clusters above this
have a fraction of star-forming galaxies around 20%. As we
will discuss later, this critical threshold in is an important
observational landmark for inferring the effects of theienv
ronment on galaxy star formation historié®.

A schematic view of the evolution in the [()— ¢ diagram
is presented in Fidll 7. The solid line and the two dotted lines
illustrate the position of the most densely populated negat
high and low redshift, respectively, reproducing the agera

Survey. The result from Martinez et al. (2002) parallels the observed trends followed by most clusters in the two panels

trend of increasing early-type fractions towards higher ve
locity dispersion in the poor groups studied by Zabludoff &

of Fig.[.
The arrows in FidJ7 indicate the average velocity dispersio

Mulchaey (1998), who noted that the early-type fractions in of z= 0.6 progenitors of systems of different massezg=a0.
the most massive groups of their sample were comparable to

those found in rich clusters. A rising fraction of “late-g/p

galaxies” (defined on the basis of their color and star forma-

tion from emission lines) towards lower velocity dispersio
is also found below 500 km%in Sloan groups by Weinmann

of emission-line galaxies in the ESO Nearby Abell ClustervBy between
400 and 1100 kné. A direct comparison with our results cannot be carried
out, due to the very different threshold of line strengthgtdd for identifying
emission-line galaxies, but they found that on average tememission-line

fraction in three bins ot decreased towards higher If we analyzed the

et al. (2006). Our low-z trends also agree with the fraction [On]fraction for our Sloan clusters in three similarly wide biof o, instead
of passive galaxies in 2dF groups from Wilman et al (2005b of presenting the results cluster by cluster, we would obaasimilar trend.

see their Fig. 7§.Keeping in mind the caveat of a larger scat-

9 For clusters, Biviano et al. (1997) also found a trend with the fraction

10 We note that our low-z samples are composed for the greatrityajd
structures withs between 350 and 900 krifs therefore they do not allow
an exploration of the properties of the most massive andehst Imassive
systems.
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FIG. 5.— Residuals of the [D] fraction of EDisCS clusters with respect to
the line drawn in the [@] - o relation at high-z shown in Fifil 4, plotted versus
cluster redshift. The solid line is the least squares fit tgéxcluded the
two outliers (C11119 and CI 1420), which are the two pointthwesiduals
< -05.
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FIG. 6.— The [Q1] - o relation in Sloan clusters at@® < z < 0.08 taken
from the C4 catalog (Miller et al. 2005). Errorbars on ¢hieave been omitted
for clarity. The two lines indicate the trend followed by thbell sample, as
the dotted lines in the right panel of FIg. 4.
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FIG. 7.— Evolution of the [@] - o relation inferred from observations
at different redshifts. The solid line and the two dottecdirepresent the
observed relations followed by the majority of clusters ighh and low-z,
respectively. These are the same lines shown in the leftightlpanels of
Fig.M. The arrows identify the average progenitorg at0.6 of clusters of
different mass az = 0 as expected from simulations, considering the fact
that the cluster mass, hence its velocity dispersion, egolwo (see text for
details). Ifo did not evolve with time, the arrows would be vertical in this
plot.

This was computed from the assembly history given by high—
resolution N-body simulations by Wechsler et al. (2002),
adopting concentration parameters as in Bullock et al. 1200
and computing the relation between mass of the systemrand
as in Finn et al. (2005):

sYs — 5 (o 3 1 =
MY =12x 10" (Toookmst) OETESE ®
4)

In Fig.[d, the mean change ofbetweerz= 0 andz=0.76
derived in this way (empty symbols) is compared with the
evolution obtained from the Millennium Simulation (herieaf
MS; Springel et al. 2005). Filled symbols represent resalts
90 haloes ar = 0 extracted from the MS and followed back
in time by tracking at each previous redshift their most mas-
sive progenitor. The MS followsl = 216 particles of mass
8.6 x 10°h™*M, within a comoving box of size 500*Mpc
on a side and with a spatial resolution di%kpc. We ex-
tracted 90 haloes within the simulation box, uniformly dis-
tributed in log(mass) between510?M, and 5x 10°°M,.
Dark matter haloes were populated using the semi-analytic
model presented in De Lucia et al. (2005) (see also Croton et
al. 2005). For each halo, we considered all galaxies within
2Ry00 from the central galaxy to compute the projected veloc-
ity dispersion along the x, y, and z axis. In Hig. 8 we have
plotted the mean of these projected velocity dispersions.

Fig.[d shows a very good agreement between the evolution
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1500 TABLE 4
MEAN EVOLUTION BETWEEN Z=0 AND 2=0.60OF THE VELOCITY
r 1 DISPERSIONo, THE MASS OF THE SYSTEMMYS AND THE [O11]
| | FRACTION.
f ] oz0 MYy foilm 0z06 MXys foilmos Af
. kms® Mg/h kms? Mg/h
I il 1200 21x 10" 023 928 @x10” 045 0.22
5 1000 - , 1100 16x10' 0.23 869 57x10* 0.49 0.26
s | L | 1000 12x 105 0.23 805 45x 104 054 0.31
) . . N 900 88x 10" 023 737 3HBx10* 0.58 0.35
3 L e “ 8 800 61x10% 023 668 26x10“ 0.63 0.40
g | L | 700 41x10% 023 597 18x10¥ 0.68 0.45
3 LRIN . 600 26x10“ 0.23 522 12x10%“ 0.73 0.50
2 r L S : ] 500 15x10%“ 0.30 443 7®x103 079 0.49
R ceoa i 400 77x10" 052 362 41x10"® 085 0.33
R 300 32x10° 074 278 19x108% 091 0.17
r Jie i 200 96x 102 096 190 =x 102 0.97 0.01
L . .A"- . ] 100 12x10%2 1.00 98 08x10%2 1.00 0.00
| * .'.‘ -’ NoTE. — Col. (1) Velocity dispersion of a system at z=0. Col. (2y@e
¥ sl sponding mass of the system at z=0 in units of solar mass&kk relation
L L 1 betweens,—¢ and the mass is computed according to eqn.(4). Col. (3) Aver-
‘ ‘ age [Q1] fraction at z=0 for a system af o, derived from eqn.(3). Col. (4)

500
Velocity dispersion (z=0)

1000 1500

FiG. 8.— Relation between the velocity dispersion of systems=a0
and at z=076. Empty triangles are average values derived analytiéaim
Wechsler et al. (2002) and eqgn.4, as described in 85.2. dHiiicles are
results for 90 haloes from the Millennium Run simulation ri8gel et al.
2005), as described in 85.2.

of the velocity dispersions estimated from the two indepen-
dent simulations. In the following, we use the average evo-

Mean velocity dispersion at z=0.6 of a system withg as in col.1.0~06

is computed from Col.5 according to eqn.(4). Col. (5) Mearssnat z=0.6

of a system withMq as in col.2. The relation between mean mass at z=0
and mean mass at z=0.6 is computed according to Wechsler(208PR) (see
§5.2). Col. (6) Average [0] fraction at z=0.6 for a system @f-o¢ as in
col.4, derived from eqgn.(2). Col. (7) Difference betweea [Bi1] fractions

at z=0.6 and z=0 (col.6 - col.3).

the change in the average star—forming fractibh ranges
between 20-30% and 50%.
It is essential to keep in mind that the trends in Elg. 7 and

lution of o derived from Wechsler et al. (2002) and eqn.(4) Taple 4 depict an average evolution apparently followed by
to establish the evolutionary link between low-z and high-z the majority of systems, but a large scatter is present in the
structures:’ In Table 4, we list the averagigoi) fractions ob-  ohserved [@] - & relation at all redshifts, and the evolution

served at high-and low-redshift as a function of the cluster of the cluster masses is expected to proceed with a sigrtifican

velocity dispersion and masszt 0, the corresponding aver-
ageo and mass of that structureat 0.6, and the difference
AT in fioij) between the two redshiffs.

scatter too, as shown in Fig. 8.
In this section we have shown that the fraction of star—
forming (and, conversely, passive) galaxies in clusteis ha

Fig.[1 and Table 4 show that the strongest evolution in masseyglved significantly between~ 0.6 andz= 0. For the first
and in velocity dispersion is expected for the most massivetime. we can quantify how the average evolution varies with

structures. The same figure and table also illustrate tleat th
observed change in star—forming fraction betweer.6 and
z=0 is maximum instead for intermediate-mass structures,
those witho ~ 5-600kms* atz= 0 and~ 450-500kms*
atz=0.6. The evolution is smaller at both higher and lower
masses, but is still significant even for the most massive sys
tems in the Sloan samplé. In the mass range we observe,

11 We note that this is done selecting haloes=aD and computing the av-
erage projected velocity dispersion of their “main prog@iiat z= 0.6. We
have verified that selecting haloeszat 0.6 and following their descendants
to z= 0 gives similar results, albeit the amount of evolutiorwriturns out to
be slightly smaller in this case. The differences found it two selection
methods increase with the halo velocity dispersion ran@iiom less than
10kms? for systems up to 500kmto about 100km@ for systems with
1000kms?.

12 e stress that Table 4 extends to lower and higher masseshbsa
probed by our sample at low redshift. Therefore, for systeuitis o below
350 and above 1000 kmsatz = 0 the values listed amxtrapolations of the
observed trends, not confirmed by any observational evaeficcording to
these extrapolations, no change inidraction with redshift would be ob-
served for systems below 200 kit sAt these low masses also the evolution
of o(mass) is negligible (Table 4).

13 |t is worth noting that the star-forming fractions in clustavith o >
1000kms? on average are quite similar at 0.6 andz= 0 (compare the

the mass of the system. Why the proportion of passive/star—
forming galaxies broadly correlates/anticorrelates withve-
locity dispersion of the system for most clusters at high-z,
why this proportion evolves with redshift, why the evolutio

is maximum for intermediate-mass systems and why there is
no clear trend withr at z=0 for systems more massive than
~ 550kms?! are questions that will be addressed in §6.

5.3. Other environments at high-z

About 35% of the galaxies in the EDisSCS spectroscopic cat-
alog reside in the 18 structures that have been discussed so
far. The other spectra can be used to investigate other envi-
ronments at high redshift, such as groups and the “field”.

We have identified other structures in our spectroscopic
sample as associations in redshift space. Given our satecti

left panel in Fig® with the right panel in the same figure arith Wig. [d).
However, as shown in Fi] 7 and Table 4, clusters with 1000kms? at
z=0 are those whose mass evolved the most between the twaftedSheir
progenitors az= 0.6 were~ 800 km s systems, whose star-forming fraction
was higher than that of their descendants=a0. Thus, also the most massive
systems ar = 0 on average have experienced a significant evolution af the
fraction of star-forming galaxies.
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TABLE 5
OTHER EDISCSSTRUCTURES
1 = 1 1
C . |
0
Cluster Z 0 46; Nmem Noii floii] Dist/c K r e A 7]
C2_1138 0.4549 528%° 11 8 0.38:0.22 7 5 r B
C2_1227 05822 43%2° 11 8 0.88:0.33 17 — 0.8 [~ n
G1.1301 0.3971 39§ 17 13 0.380.17 25 2 ]
G1_1108 0.6258 32%% 14 10 0.5@:022 43 s i o Pe— 1
G1.1040 0.7798 259 8 6 0.83:0.37 32 = r 1
G1.105411 0.6130 222 8 7 1.006t0.38 25 S 06 [ N
G1_105412 0.7305 18% 10 10 0.5@0.22 7 & r I [ B
G2 1040 0.6316 179 11 8 1.08:0.35 31 £ - 4 ]
NoTE. — Col. (1) Name of the structure. Col. (2) Redshift. Col. &) = r i 7
locity dispersion. Col. (4) Number of spectroscopicallyhfioned members. w04 =
Col. (5) Number of galaxies members of the cluster used ®rcticulation o L I J
of the [On] fraction, hence brighter than the adopted magnitude .li@ibl. £ L e i
(6) [On] fraction. Col. (7) Distance from another structure in arof o of g .
the most massive of the two. o [
© 02 -
3named Cl11103.7-1245a in White et al. (2005). E r
S L
= L i
0 \' ‘ L ‘ L
o BT T T T 0 500 1000

20

40

30

10

Cluster velocity dispersion

FIG. 10.— Same as Fid 4, but now including also other envirortsien
Empty triangles are other EDisCS structures with at leapegtsoscopically
confirmed members as in Table 5. The average]fi@action and correspond-
ing errorbars in poor groups (those between 3 and 6 speogrizsmembers)
are shown with green dashed lines. Thei]@raction among field galaxies
(see text) and its errorbars are shown as blue solid lines.
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N of goloxies in poor groups
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“ ] a member of any of our clusters, groups or poor group as-

1 02 o4 08 08 1 sociations, will be hereafter named a “field” galaxy. Our
: d field sample is composed of 162 galaxies, whose redshift
distribution is shown in Figl]9. Our “field” sample should
FIG. 9.— Left. Redshift distribution of our field spectroscopiample. be dominated by galaxies in regions less pOpl_Jlated than the
Right. Redshift distribution of galaxies in our poor groups clusters/groups/poor groups we isolated, but will alsaaion
galaxies belonging to structures that were not detectediin o
spectroscopic catalog.

The [O1] fractions in these additional structures and in the
criteria for spectroscopic targets (82 and Halliday et D4, field have been computed for galaxies with absolute magni-
we can treat the spectroscopic catalog in a redshift slmsecl  tudes brighter than the limit adopted for the main 18 stngstu
to the redshift targeted in each field as a purely I-band se-described in 83. No radial distance criterion has been-intro
lected sample (Milvang-Jensen et al. 2006). To ensure that n duced for the additional structures (those presented it b
selection bias can be present, we choose conservativeftedsh and the poor groups) and the field. The lack of a radial crite-
limits and we only consider galaxies withih0.1 in z from rion, however, does not significantly affect the[[Jractions
the cluster targeted in each field. With these criteria we canderived for these systems.
study two other clusterss(> 400kms?), listed in Table 5, The fraction of [QI] emitters we find in the “field” isfjoii) =
and several groups (< 400kms?). 0.74 and is shown in Fig—10 as a solid blue horizontal line

Two types of groups have been isolated. Six structures havewith its errorbars. The [@] fraction in poor groups is even
at least 7 member galaxies with spectroscopic redshifts. Fo higher (87%, green dashed horizontal line in Eig. 10), thoug
these, velocity dispersions have been computed. In the fol-still compatible with the fraction in the field within the ers.
lowing we will refer to these as “groups”. These are listed in  The other structures for which we derived a velocity disper-
Table 5 and are among the groups studied in detail in Hallidaysion are shown in Fig_10 as empty triangles. Among these,
et al. (2006). there are 4 systems with very highijPfractions ranging be-
Associations in redshift space with between 3 and 6 galax-tween 83 and 100%. In redshift space, these systems are all
ies in our spectroscopic catalog have been treated selyarate far from any known cluster, always at leastdgf, away (see
and hereafter will be referred to as “poor groups”. In total Table 5). The other 4 additional structures in Eid. 10 halte re
our poor groups comprise 84 galaxies, whose redshift distri atively low [Oi1] fractions, around 40-50%. Two of these are
bution is shown in Fid]9. We did not attempt to derive veloc- quite close to other massive structuress({, from the most
ity dispersions for these systems given the small number ofmassive cluster in that field, see Table 5).
redshifts. To summarize, both the field and the poor groups contain a
Any other galaxy in our spectroscopic catalog that was not high proportion of star-forming galaxies (70 to 100%), com-
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parable to that observed in more than half of the systems with
o < 400kms?, and in agreement with the line that traces the
relation betweerf|oiij ando up to the most massive systems. =
In addition, there are 5 other groups with 400kms? (in-
cluding C11119 and CI 1420, previously discussed) that have |
[On] fractions significantly lower than the rest of the groupswo |
and the field. Their [@] fractions are< 50%. We will come
back to discussing these systems and describe their piepert
and those of their galaxy populations in §5.5.

\ \
® _20<EW(OlI)<-3
4 _40<EW(OII)<-20
X EW(OII)<-40

5.4. EW([OI11]) distributions

S
@]

As shown above, the fraction of star-forming galaxi&in |
high-redshift clusters depends on cluster velocity disipar ~ ~ |
It is interesting to investigate whether also the star faioma
activity in star-forming galaxies depends @mand, more gen-
erally, on environment. In this section we analyze how the |
distributions of EW([Q1]) for star—forming EDisCS galaxies
vary in the different environments. We do not attempt anyO
comparison with the low-redshift sample, given that a guant

pEE—

tative comparison of the EW strength is affected by the uncer | y * * 7
tainties related to aperture effects betweer0.8 andz=0. o w‘ w* w
We consider the “environments” defined in 85.3, namely 9ok 9 89 qe 9
clusters, groups, poor groups and field. Clusters have been §‘% EX 503 Al 53 <
OX O [GNe a o Lo

further subdivided into more and less massive clusters. We
define as “massive clusters” all clusters in Table 1 witly
800kms?! (Cl1216, ClI1232), and as “less massive clus-
teIrS” thosel with 400|< g 80|0 kms? (CI 1:|I'38’ Cl 1?11’ relatively weak equivalent width of [@ in different environments. Environ-
Cl1301, CI1354, CI1353, Cl1054-11, CI1227, CI1202, ments are located on the x-axis in order of increasing aedkag] fraction as
Cl11059, Cl1054-12, C11018, CI1040). Among the groups, from Fig.[. The fraction of galaxies with relatively low EWZ0 <EW< -3
we consider separately groups with high and low [@ac- A, circles) decreases going to environments with higher][@action. The
tions as discussed in the previous section. “Groups with fraction of galaxies with intermediate-strength EW (tgées) follows the op-
low-emission” are those groups with < 400kms?! and posite trend. The fraction of galaxies with strong EW (cess&W —40 A)

" I L. - is higher in the field than in any other environment, and a ipssexcess
[O”] fractions S|gn|f|cantly below the line in F' 4 (CI 1420, :: observed in massive clusters compared to the other ements. Filled
Cl1119, G1_105412, G1_1301, G1_1103). “Groups with symbols and solid line crosses refer to values correcteihémmpleteness,
high-emission“ are those groups with < 400kms?! and while the uncorrected values are shown as empty symbolsatteticcrosses.
[On] fractions that roughly follow the line in Figl 4 (C11037,
Cl1103,G1_1040,G2_1040,G1_1054-11). The same radial,
magnitude and EW limits and completeness weights used for

FIG. 11.— Fraction of star—forming galaxies with a strong, matieand

computing the [@] fractions have been applied to the EW
distributions.

We have studied the proportion of star—forming galaxies
with strong EW < -40 A), intermediate{40 < EW < -20
A) and relatively modest equivalent width of ([{[Q) (-20 <
EW < -3 A).}* These proportions are shown in Fig] 11 as
a function of environment. When ordering the environments
in order of decreasing [@ fraction, there is a progressive
trend also in equivalent width strength. The fraction obgal
ies with relatively weak EW+20 <EW< -3 A, circles) de-
creases going to environments with highen]@action. The
fraction of galaxies with intermediate-strength EW (tgées)
follows the opposite trend. The fraction of galaxies with
strong EW (crosses, EW-40 A) appears higher in the field
than in any other environment, and a possible excess is 0
served in massive clusters compared to the other environ
mentst® These trends are visible both in the completeness-

14 Note that the equivalent width measures the strength ofGhg [ine
relative to the underlying continuum. As such, it is not pdjnal to the
SFR in solar masses per year, but to the current star formatte per unit of
galaxy luminosity atv 3700 A.

15 The presence of some galaxies with very high EWs in massistars
is consistent with the detection of some spirals with enbdrstar formation
in rich clusters (see e.g. Milvang-Jensen et al. 2003, Bethgbal. 2005 and
references therein).

weighted and unweighted distributions (solid and empty-sym
bols in Fig[Tl), except for the fraction of galaxies wittosty
EWs in the field which is significantly reduced when the com-
pleteness correction is ignored. The minimum errorbar for
each point in Figldl1 is computed from Poissonian statistics
while total errorbars have been increased to take into axtcou
the difference between weighted and unweighted values. To-
tal errorbars are plotted in FigJ11.

Thus, it is not only the proportion of galaxies with active
star formation that changes as a function of environmeitt, bu
also the star formation properties in star-forming galaxie
The two things are closely related to each other, following
a parallel progressive trend: the distribution of EW([|O
is more skewed towards high values for environments with

b_higher [Q1] fractions. This seems to be at odds with the

uniformity of the EW(Hy) distribution as a function of en-
vironment found by Balogh et al. (2004) for local samples,
although a study analogous to ours has not been carried out at
low-z.

In principle, a different EW distribution could simply redte
a different luminosity distribution of galaxies in the difent
environments, since lower luminosity star—forming gadaxi
are known to have on average higher EWs than bright star—
forming galaxies. To investigate whether the differences i
the EW([Q1] ) distributions are due to a different luminos-
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ity distribution with environment, or whether it is the SF in  [O11] fraction < 30%. Both of these structures have quite
galaxies of similar luminosity that changes with envirommye  a high number of spectroscopically confirmed bright mem-
we plot in Fig.[T?2 the number density distribution of star— bers ¢ 20) within a small velocity dispersion. For Cl11119,
forming galaxies in a two-dimensional space of galaxy abso-the non-detection in the weak lensing analysis and the cor-
lute V magnitude and EW([@] ). responding upper limit oa confirm the low-mass nature of
Following a well known trend, galaxies occupy a charac- this system, while for Cl 1420 a meaningful comparison can-
teristic triangular region in this diagram: in all enviroants, not be performed because the lensing-based estimatelis like
there are no or at most a few bright galaxies with EW(JO  contaminated by other mass structures (Clowe et al. 2005).
) stronger thar-20 A, while going to fainter magnitudes the Thus, at least for CI 1119 this seems to rule out the possibil-
EW distribution extends to stronger and stronger EWs. In ity that the system deviates from the general trend due to its
fact, fainter galaxies span a wide range of EWs, while the c measurement strongly underestimating its mass. Moreover,
brightest galaxies are confined to small/moderate EWSs. as shown in column 12 of Table 1, these two systems remain
While these are the general trends, the maps also showputliers also if we relax th&go criterion and compute the
some interesting variations with environment. Groups with [O11] fraction over a larger field®
low [O11] fractions (bottom left panel) lack a significant pop-  Interestingly, besides the low [@ fractions, these two
ulation of faint galaxies with moderate and strong EWs that systems also stand out for their unsually high fraction of
are present in the other environments. In these groups, star-early-type galaxies for their velocity dispersion, as fdun
forming galaxies have weak EWs, regardless of their lumi- by the analysis of galaxy structural parameters based on 2D
nosity. According to a KS test, considering only star-fargii  bulge+disk decomposition (Simard et al. 2006), and forthei
galaxies withMy = -20 to —21.5, the EW distribution in low fractions of blue galaxies (De Lucia et al. 2006). The evi
groups with low [Q1] emission is different from the summed dence for the peculiarity of these outliers is further refoed
distribution in all other environments at the 99.9% confiken by the analysis of the [@] equivalent width distributions. We
level (99.4% if the EW distributions are not weighted forcom have seen in 85.4 that the EW distribution in star-forming
pleteness). galaxies of the groups with low [ fractions (including
Inspecting the histograms of EW([Q) (on the right side  Cl1119 and C 1420) is different from that in any other en-
of each panel), the field and poor group environments (mid- vironment. The population of faint galaxies with strong EWs
dle and right top panels) display an excess of galaxies withcommon in other environments, is absent in these groups. All
intermediate and strong EWs compared to both massive and®f these findings (low [@] and blue fractions, high early-
less massive clusters (middle and right bottom panels)s Thi type fractions for their velocity dispersion, as well as pec
is the same effect seen in FIgd11, that shows that the fracdiar equivalent width distribution of [0] ) suggest that these
tion of galaxies with intermediate+strong EWs increases go groups are intrinsically peculiar when compared to the majo
ing from clusters to poor groups and the field. The distri- ity of other structures. In fact, the properties of theirayats
butions of absolute magnitudes of star-forming galaxies ar resemble those of galaxies in the core of much more massive
presented in the top histogram of each panel. These showglusters, as if they were “bare” massive—cluster cores-lack
that the magnitude distribution in the field and poor groups ing the less centrally-concentrated population of stamfiog
is skewed towards fainter average magnitudes than in ctuste galaxies.
of all masses. In fact, the absolute magnitude distribuition Another point worth stressing concerns those systems that
the field+poor groups differ from that in clusters at the 98.9  are relatively close in redshift to a cluster (within Q)
confidence level. In this case, the difference is not signifi- without being part of it (at velocities 30qy). There are two
cant if the distributions are unweighted. Moreover, at &giv ~ Such systems in our sample, G1_105412 and C2_1138in Ta-
faint luminosity, galaxies in the field and poor groups temd t  ble 5. Both of these systems have a low star—forming fraction
have stronger EWs on average than similarly luminous star-for their velocity dispersion. An intriguing hypothesistisat
forming galaxies in clusters (see the variation of the Y posi Systems close to more massive structures, thus embedded in a
tion of the red/yellow highest peak at faint magnitudes @ th massive superstructure, have a different galactic cotiemnt
maps of field/poor-groups versus clusters). The differémce completely isolated systems of similar mass. On the other
the EW distribution for faint galaxiesy =-20to-215)in hand, the two other groups with a low [Pfraction (G1_1301
field+poor groups compared to massive+less massive ctusterand G1_1103) are much further away from any other structure
is significant at the 99.9% level (96.0% if unweighted). detected within the field we observed (26 ando4 #espec-
Thus, the behaviour of the EW(JQ ) distributions with ~ tively).
environment seen in FifJl1 appears to be the result of acom- The [Oi] — o trend observed at high redshift is suggesting
bination of different EWs at a given faint luminosity (stger that the fraction of star—forming galaxies in clusters 5yt G
EWs in environments with higher star-forming fractionsjlan ago depends on cluster mass — or on something that is closely
different luminosity distributions of star-forming galas (a  related to the cluster mass. The existence and charaiderist
higher faint-to-bright galaxy number ratio in environment of the outliers, as well as the fact that the two systems close

with higher star-forming fractions). to other structures possess a lowl[draction, seems to sug-
. _ gest that the driving factor might be density (mass per unit
5.5. Outliersinthe [On] - o relation volume), instead of magg.Density and mass will be closely

It is worth analyzing separately the properties of outliers ' _
from the [Q1] — o relation. Here we consider as outliers those _ *° The [On] fraction of CI 1420 changes from 0 withiRago to 40% over
EDisCS structures with an [Q fraction significantly lower e whole FORS2 field. Even adopting this latter value, hewdhis system
. . L. remains an outlier Tor Its velocCity dispersion.
than the fractions of the majority of structures of similar v 17 Interestingly, as shown by Gray et al. (2004) for the AbelLB02
locity dispersion. supercluster, the local dark matter mass density meastwetvieak grav-
The two most outstanding outliers are two groups, Cl 1119 itational lensing correlates with local galaxy number dgnshough with

and Cl1420, withr = 165and 225km$, respectively, andan ~ considerable scatter.
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FiG. 12.— Number density maps of star—forming galaxies in thffé environments as a function of galaxy absolute V magdeitand EW([@]). Contours
represent 25, 75 and 90 percentiles, while the color scafeeant to guide the eye. The histograms on top and on the nighept the number of galaxies in

bins of absolute magnitude and EW([D), respectively. Numbers in this figure have been correfdedpectroscopic incompleteness. The raw (uncorrected)
numbers of galaxies are 39 (massive clusters), 126 (lessiveagusters), 31 (groups with high emission), 19 (groujik lew emission), 51 (poor groups) and
75 (field).

related for most systems, and the outliers might be those sysfraction of late-type galaxies has been derived with twe dif
tems of unusually high density for their mass, i.e. those re-ferent methods: for clusters with HST imaging, from vi-
gions that were very dense at high redshift but failed to ac- sual morphological classifications (Desai et al. 2006), and

quire star-forming galaxies at later times, possibly duth&
characteristics of their surrounding supercluster emvirent.

5.6. Star formation versus galaxy morphologies

As shown in 85.2, the relation between theii[Graction
and the cluster velocity dispersion changes significargly b
tweenz = 0.8 andz=0. Over the same redshift range, also

galaxy morphologies have been observed to evolve in clus-

ters. Distant clusters generally contain a higher proporif

spirals, and a correspondingly lower proportion of SO galax
ies, than low-z clusters (Dressler et al. 1997, Couch et al.
1998, Fasano et al. 2000, Treu et al. 2003, Smith et al. 2005
Postman et al. 2005). Low SO fractions and high spiral frac-
tions are found also in our sample and we refer to Desai et al.
(2006) and Simard et al. (2006) for a detailed analysis of the
morphological content of EDisCs clusters. It is then insére
ing to investigate whether galaxy morphologies evolve with
redshift in the same way as the star-forming fraction does,
and how the star formation histories of galaxies are related
the Hubble type.

Fig.[13 presents the [i fraction versus the fraction of late-
type galaxies (spirals+irregulars) for EDisCS clusterhie T

for all 18 systems using structural parameters derived from
2D bulge+disk decompositions of VLT images (Simard et al.
2006). A comparison of visual and automated classifications
can be found in Simard et al. (2006). The plot shows that the
proportions of late-type galaxies are roughly consisteith w
the star-forming fractions we find in this paper. We note for
example that the two systems with the lowesti[@actions
(Cl1119 and CI1420) are also those with the lowest late-type
fractions.

We now compare the evolution of the star—forming fraction
with the evolution of the morphological types. In massive
clusters ¢ = 800-1100km s?) the fraction of late-type galax-
fes evolves from 36 50% at high-z to~ 20% atz = 0 (Desai
et al. 2006 and Fasano et al. 208®)This corresponds to a
comparable increase of the S0 galaxy fraction. For clustiers
this velocity dispersion we find that the star—forming fraist
changes on average from 30-50%zat 0.6 to 20% atz=0
(Fig.[4). In massive clusters, the change in the star-fogmin
fraction is therefore similar to the observed evolution faf t

18 The late-type fractions are computed for galaxies brigtitan My =
-20.7.
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Fic. 13.— [Ou] fraction of EDisCS clusters versus the fraction of late- Ionger than the timescale over which the spectrophotometri
type galakies, both computed withinB®yo0 and down toMy = —20.0. The signature of recent star formation dl_sappers: galaxiefirate
late-type fraction is computed as the fraction of spectpially confirmed guenched, and then eventually their morphology changes on
members. Empty dots represent the fraction of late-typaxges obtained a longer average timescale (Poggianti et al. 1999).
from structural parameters derived from 2D bulge+disk dgwositions of Also in EDisCS clusters the population of star-
VLT images (Simard et al., 2006). Filled dots represent taetion of late- . et . -
type galaxies (all galaxies excluded ellipticals and S@sjved from visual formlng(—§m|55|on-l|ne) and late-type galax[es do not
morphological classifications of HST images (Desai et 406). The 1:1 fully coincide. On average over all clusters, we find that 15%
line is shown for comparison. of the star-forming galaxies are classified as ellipticalS©®

galaxies, and conversely that 13% of the morphologically
late-type galaxies do not show any sign of ongoing star
formation. A detailed one-to-one comparison between galax
late-type population. morphologies and star formation histories in EDisCS chsste
In clusters witho = 400-700km s, both the late-type and  is deferred to a later paper, but for the purposes of thispape
the star-forming fractions range from about 40 to 80% at high we plot the fraction of spirals that are passive versus the
redshift (Desai et al. 2006, and this paper). Unfortunately [On] fractions in Fig[I#. There is a hint that clusters with a

detailed study of the elliptical/S0/spiral fractions asiadtion lower [Oil] fraction also might have a higher proportion of
of the cluster velocity dispersion is not available at low-re  their spirals that are passive, though this conclusion istiyi0
shift for comparison. If the evolution of the star—formimgd- based on one cluster (Cl 1232) in which50% of the spirals
tion betweerz = 0.6 andz = 0 reflects the evolution of spirals  are passive.

into SOs (andvice versa), our results on the [@] evolution The decoupling of morphologies and star formation, how-

as a function of the system mass would imply that the evolu- ever, involves only a relatively modest proportion of géax
tion of the SO population should be maximum in intermediate- in most clusters. In addition, those clusters with the highe
mass clusters, those with600kms* atz=0. fraction of spirals that are passive, also tend to be tho#ie wi
The agreement between the evolution of the star-formingthe lowest fraction of spirals, therefore the decouplingas
and SO fractions suggests that star-forming late-typexggga  strongly affecting the global morphological budget. It Béns
are being transformed into passive SO galaxies. However, ittrue that the correspondence between the morphological evo
is necessary to stress that morphology and star format#n hi lution and the evolution in the star-forming fraction sugpo
tory can be partly decoupled in clusters: several of thetetus  the hypothesis that the evolution observed betvzse® 8 and
spirals at all redshifts do not have emission lines in thegcs z=0 concerns star-forming late-type galaxies evolving into
tra, and both their spectra and their colors indicate a ldck o passive SO galaxies.
current star formation activity (e.g. Poggianti et al. 1999
Couch et al. 2001, Goto et al. 2003). These passive spirals 6. DISCUSSION
are believed to be an intermediate stage in the transfommati  The results found in this paper provide for the first time a
from star-forming spirals to passive SO galaxies. The exis- quantitative description of the evolution of the star-farg
tence of passive spirals, and the fact that most of the post-galaxy population in clusters as a function of redshift and
starburst galaxies in distant clusters have spiral mogaiies These results highlight the need to study the evolution ef th
(Dressler et al. 1999, Poggianti et al. 1999) are strong indi star—forming galaxy fraction as a function of system mass.
cations that the timescale for morphological transfororais Ignoring this dependence can lead to incorrect conclusions
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regarding the evolution. Low-z surveys lack large numbers mass with redshift.
of massive clusters witlr > 1000kms! (due to their rar- In this section we investigate whether the trends in star for
ity) while most high-z samples include only the most mas- mation activity correspond in some way to the growth his-
sive clusters. If the cluster mass dependence is not taken in tory of structure. To quantify the evolution of cosmologi-
account, 1000knT$ high-z clusters end up being compared cal structures, we adopt two different approaches. Using a
with 500— 700kms? low-z clusters, making the evolution Press-Schechter formalism (hereafter, PS; Bower 199yl ac
harder to detect. & Cole 1993), we analyze the growth history of systems of
Our results also provide a likely explanation of why it has different mass. In particular, we study what fraction of the
been so difficult to observe trends with cluster massrhe system mass was already in massive structures at different
way the data are distributed in FIJ. 4 already shows that find-redshifts. In addition, we use the Millennium Simulation
ing the general trends of star-forming fraction with system (Springel et al. 2005) to study the growth history in terms
mass requires: a) a large number of clusters, with data as hoef number fraction of galaxies instead of mass, to assess wha
mogeneous as possible; b) a sample covering a wide range dfraction of the galaxies in systems of a given mass were al-
cluster masses; ¢) a high quality spectroscopic datastttjlbo  ready in massive structures at different redshifts. This wa
terms of the number of spectra per cluster and of the qualitycomputed by populating dark matter haloes with galaxies by
of the spectra themselves; and d) reliable and thorouglmly co means of semi-analytic models (De Lucia et al. 2005, Croton
trolledo’s when using velocity dispersion as a proxy for mass. et al. 2005). We have chosen to employ both approaches be-
The most crucial requirement is the range of cluster/groupcause it is important to examine the results both in terms of
masses that needs to be explored. For example, frorllFig. 4 imass and of number of galaxies. The evolution of the mass
is evident that sampling at high-z only half of the rangerin  of cosmological structures is totally independent of agsum
(only systems withr > or < 700kms?) would result in the  tions regarding galaxy formation and evolution, therefoie
trend being buried in the scatter and unrecognizable. At low not affected by all the uncertainties inherent to theserapsu
z, no trend can be observed when including only systems withtions. At the same time, it is important to ascertain whether
o >500kms?, the evolution in the number of galaxies follows the mass evo-
This might explain at least some of the contrasting results lution, given that the former quantity is the one that is clie
that have been found in the literature regarding the presenc observed.
or absence of a relation between galaxy properties andsyste In the following we will hame “clusters” systems with
“mass” as determined from velocity dispersion, X-ray lumi- masses> 10** M., and “groups” systems with masses be-
nosity or other global cluster properties. For example, the tween 3x 10'2 < M < 10 M. These mass limits approx-
relatively limited range in cluster mass explored by X-ray s imately correspond to the velocity dispersion limits we dnav
lected samples might be the reason why several works couldadopted in this paper for defining clusters and groupsiid
not find a trend of blue fraction with cluster X-ray lumingsit < 400kms?, respectively).
(Smail et al. 1998, Andreon & Ettori 1999, Ellingson et al.  In the comparison between observations and theory we are
2001, Fairley et al. 2002). Only sampling the whole mass guided by four considerations:
range, from groups to massive clusters, trends at high— and 1) So far, we have focused on the fraction of star-forming
low—z become recognizable. In this respect, the fact theat th galaxiesfioij;. At each epoch and in each environment, the
mass distribution of EDisCs clusters differs significarfitym fraction of galaxiesvith no ongoing star formation is simply
the distribution of X-ray selected samples at high redséit (1-fioiiy), and we will refer to these as “passive galaxies”. Ob-
tending to much lower masses (Clowe et al. 2005), is an ad-servational studies of clusters suggest that there may de tw

vantage. Moreover, the range of masses sampled by EDisCSistinct families of passive galaxies.

when evolved to z=0, matches significantly better the mass
distribution of nearby clusters than X-ray high-z samples d
as the latter only contain the progenitors of the highestsmas
tip of the low redshift cluster mass distribution. It is atsoe

that very low-mass/low-richness non-centrally concdatia
systems could be under-represented in our sample, given the
selection method of EDisCS. This type of systems are gener-
ally those with the highest incidence of star-forming gadax
Hence, though our selection criteria could not be responsi-
ble for the [QI] — o trend observed, they might influence the
observed density of points in the [D— o diagram. If any-
thing, there should be more high-ji@low mass groups and
the [OI] — o relation would then be even stronger than we
have observed.

6.1. A possible scenario for the trends of the star formation
activity as a function of environment

Understanding the origin of the trends of star formation
with velocity dispersion would represent a significant $tep
ward towards comprehending the link between galaxy evolu-
tion and environment. If galaxy properties depend on thesmas
of the system where they reside or have resided during their
evolution, there should be a connection between the trends
observed and the way cosmological structures have grown in

e The first family is composed of galaxies whose stars
all formed at very high redshiftz(> 2) over a short
timescale, that have been observed in clusters up to and
beyondz =1 (Bower et al. 1992, Ellis et al. 1997,
Barger et al. 1998, Kodama et al. 1998, van Dokkum
et al. 2000,2001, Blakeslee et al. 2003, De Lucia et al.
2004, Barrientos et al., 2004, Holden et al. 2005). This
family is largely composed of luminous cluster ellipti-
cals (e.g. Ellis et al. 1997).

e The second family corresponds to passive galaxies that
have had a more extended period of star formation ac-
tivity (with a longer star formation timescale). Star for-
mation in these galaxies has been quenched when they
were accreted into the dense environment (Dressler &
Gunn 1983, 1992, Couch & Sharples 1987, Balogh et
al. 1997, Poggianti et al. 1999, Ellingson et al. 2001,
Kodama & Bower 2001, van Dokkum & Franx 2001,
Tran et al. 2003, Poggianti et al. 2004, Wilman et al.
2005b). Most of these galaxies are spirals up to at least
1 Gyr after the star formation is quenched (Dressler et
al. 1999, Poggianti et al. 1999, Tran et al. 2003). The
passive nature of these galaxies is considered to be a
consequence of the interaction with their environment.
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In the following we will refer to these two families as “pri- figure shows thathe fraction of passive galaxies observed in
mordial passive galaxies” and “quenched galaxies”, respec z= 0.4-0.8 clusters of a given o/massis comparablewith the
tively. As the growth of cosmological structures proceetts a  fraction of its galaxies (or its mass) that was already in dense
clusters and groups accrete more galaxies, we should expedanvironments (=groups) at z=2.5. We tentatively identify
the relative proportion of the two types of passive galaxies the latter with the population of primordial passive gagsxi
to change. In those environments that efficiently quenah sta as described in point 2) above. ldentifying primordial pas-
formation, quenched galaxies should progressively be@me sive galaxies with galaxies already in groupgaR.5 implies
larger part of the passive population (going to lower refishi  that the great majority of galaxies belonging to environtaen
while primordial passive galaxies should dominate theipass more massive then:310*?M, atz= 2.5 completed their star
population in systems at high redshift. formation activity at high redshift, andice versa, that those

2) Observationally, primordial passive galaxies are prefe galaxies that completed their star formation at high retishi
entially located in the densest, more massive structurah at are mostly galaxies that were in environments more massive
redshifts. At the epoch when they formed their stars @.5), than 3x 10?M, atz=2.5.
essentially no system more massive thatf M), existed ac- We note that among the 90 haloes extracted from the MS
cording to current hierarchical theories. The most massivethere are also a few “outliers” located in the lower left mgi
structures at= 2.5 had masses similar to those of systems that of Fig.[I8. This means that a large fraction of their galax-
at low redshift we would call “groups™ 3 x 10'?). Thus, ies resided in haloes of masskf,s > 3 x 10'2 at z= 2.5.
when they had just completed their star formation, primor- The comparison between FIg]15 and Eig. 4 then suggests that
dial passive galaxies were in systems of masses comparablfOi1] outliers at high redshift might represent systems that had
to groups today. a high fraction of their mass already in groupgzat2.5 and

3) Considering cluster crossing times (typically 1 Gyr), did not accrete a large population of “field” galaxies betwee
timescales associated with the various physical procéisaes z=2.5andz~ 0.6.
might lead to the truncation of the star formation activeyg. In the middle and right hand panels of Figl 15, we con-
harassment, ram pressure, strangulation, mergers - 1-atGyr trast the observed fractions of passive galaxies with #reds
most) and the spectrophometric timescale for the evolutfon expected for quenched galaxies. Open circles in the middle
the [Q11] signature & 5 x 107 yr), a few Gyr should be suf-  panel show the fraction of galaxies rr 0.6 systems in the
ficient for suppressing the [[Q emission in most quenched MS that were in haloes with mass 104 ~ 3 Gyr prior to
galaxies. We will then consider a timescale of 3 Gyr as a rea-z= 0.6, thus atz= 1.3 (see points 3) and 4) above). For most
sonable upper limit for the time required to totally extimgju systems withy < 700kms? the fraction of galaxies that ex-
star formation in newly accreted galaxies. perienced the cluster environment for at least 3 Gyr is zero,

4) The existence of a break-point 6550 km s?) in the [Q11] and the predicted trend is inconsistent with the obsematio
— o relation observed at low redshift, above which essentially results. In these systems, the passive galaxy populatiootis
every system has a low [Q fraction regardless of its mass, consistent with the fraction of galaxies/mass that wasadlye
suggests that systems above this mass are highly efficient ain systems more massive than*4®l., 3 Gyr prior toz=0.6.
quenching star formation in galaxies falling into them. Asy  In the most massive systems  700kms?), the middle
tem with a velocity dispersion around 500kms* atz= 0 panel of Fig[lIb shows that there is already a considerable
approximately corresponds to a system that 3 Gyr ago (sedraction of galaxies at = 0.6 that have resided in a clusters at
point (3)) had a mass' 1-2 x 10 M, (see Table 4). As least since=1.3. We find that only~ 50% of these galaxies
a working hypothesis it is then natural to adopt4M., as were in groups at z=2.5, therefore there is a non-negligible
the reference mass for efficiently quenching star formation proportion of galaxies that have experienced the cluster en
i.e. the mass above which the quenching is a widespread pheronment (=have been quenched according to point 4)) with-
nomenon affecting sooner or later (within 3 Gyr according to out being “primordial” passive galaxies. This suggests,tha
point 3) all accreted galaxies. while the lower mass systemszt 0.6 contain essentially no

We first consider the family of primordial passive galaxies. quenched galaxies, in more massive systems at these itsdshif
In Fig.[IT3 we compare the [IQ observations az=0.4-0.8 quenched galaxies can already account for more than 1/3 of
with the theoretical expectations for the growth historiheT  the passive population.
solid line (in both panels) is the line drawn in thel[D- o In the right panel of Figl_l5, open circles show the frac-
diagram observed &= 0.4-0.8 (Fig.[4). In the left panel, tion of galaxies in MS systems that were in haloes with mass
the dotted line is the fraction of mass of systemgz at0.6 < 10" ~ 3 Gyr prior toz= 0.8 (the highest redshift in the
that was in systems withlgs < 3 x 102 M, at z=2.5as de-  sample we study here), thusat 1.75. Few galaxies have
rived from the Press-Schechter formalism, averaged ov@r 10 experienced prolonged exposure to cluster-like envirarime
haloes. Solid dots represent the fraction of galaxies withi sincez=1.75. The comparison of the middle and right panel
Rooo and withMy limits as for EDisCS that were in systems of Fig.[I3 shows that betweer= 1.75 andz = 1.3 in mas-
with Mgs < 3 x 102 Mg, at z=2.5 obtained for 90 haloes in sive systems there is a dramatic change in the fraction of
the Millennium Simulation. Haloes were in this case selgécte mass/galaxies that have experienced environments more mas
atz= 0.6 from the MS, similarly to how it was done for haloes sive than 1&*M., hencez ~ 1.5 is an important epoch for
atz=01in 85.2. the build-up of clusters and the beginning of the quenching

Both the PS results and the MS upper envelope trace refprocess.
markably well the [@] — o relation observed at high redshift. Turning to low redshifts, in Fid_16 we compare the trends
The scatter of the MS points illustrates that for systemswgfa observed in Sloan clusters (solid broken line) with the frac
giveno atz~ 0.6 there is a range in the fraction of galaxies tion of mass and galaxies in massive environments at previou
that were already in groups at 2.5. This scatter indeed re- redshifts. The left panel shows the fractions of mass and-num
sembles the scatter of the datapoints in the observe§l{@ ber of galaxies in systems at 0 that were in systems with
diagram of distant clusters (see the left panel of Hig. 4)sTh Mg < 3x 102 M, at z=2.5 from the PS and MS (dotted line
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FiGc. 15.— Clusters at high redshift. The solid line is the linawin in the [Q1] — o diagram observed at high redshift. Left. Dots represenfrition of
galaxies in 90 haloes selected at 0.6 in the MS simulation that were in haloes with mas8 x 1012 at z=2.5. The dotted line is the prediction of the average
fraction of mass in haloes< 3 x 102 at z=2.5 derived from the Press-Schecter formalism. Mid@pty dots represent tHeaction of galaxies in the MS
simulation that were in haloes with massL0' ~ 3 Gyr prior toz = 0.6, thus at z=1.3. The dotted line is the prediction offitagtion of massin haloes< 10
atz= 1.3 derived from the PS. Right. Empty dots representithetion of galaxies in the MS simulation that were in haloes with mas40' ~ 3 Gyr prior to
z=0.8, thus at z=1.75. The dotted line is the prediction offtaetion of massin haloes< 10 atz= 1.75 derived from the PS.

and filled dots), respectively. For the MS, only galaxiedwanit  of primordial passive galaxies, the populations of lowel-re

Rooo and withMy limit as for Sloan are consideredin con- shift clusters are dominated by quenched galaxies. We con-
trast to the high-z clusters, the fraction of passive galaxiesin sidered whether it is possible to obtain an agreement betwee
systems at z=0 does not agree well with the fraction of galax- the fraction of quenched galaxies and the high-z obsemstio
ies residing in groups already at high redshift. While 80% by choosing a lower reference mass for quenching star for-
of galaxies in massive systems at z=0 are passive, only 20% mation. However, the reference mass-010'* M, is set by
were in groups at z=2.5. the mass (3 Gyr ago) of a system with a velocity dispersion at

The right panel in FigZl6 shows the fractions of mass and z= 0 corresponding to the break observed-g&00kms? in
galaxies that were in systems of masgs < 104 Mg, 3 Gyr Sloan clusters. If the minimum mass of a system efficiently
prior to the observations (corresponding to z=0.28), frammt  quenching star formation were much lower, such as for exam-
PS and MS (dotted line and empty dots), respectively. In this ple 3x 10'? M, the fraction of passive galaxies would be too
case, the agreement between the observations of Sloan clugiigh (and the fraction of star-forming galaxies too low) com
ters (solid broken line) and the PS and MS results is remark-pared to the low-z observations, as shown by the long dashed

able. This shows thalhe observed fraction of passive galaxies line in the right panel of Fig—16. Thus, under the assump-
in systems with o > 500km$? at z=0 is compatible with the tion that physical processes operatezat0.6 as they do at
fraction of galaxiesthat have resided in a cluster (Mg > 10 z=0 and adopting the same quenching reference mass at all

M) for at least 3 Gyr, and therefore have had thetime to have redshifts, both the primordial and the quenched channels ar
their star formation switched off (see points 3) and 4) above). required to simultaneously match the observed trends &t hig
The passive population in clusters at z=0 amounts to aboutand low redshift.

80% of all galaxie¥’, of which 20% (left panel in Fig[Zl6) A key point to note from this discussion is that the be-
are “primordial” passive galaxies that have evolved padgiv  haviour of the [Q1] fraction with o at low redshift appears to
sincez = 2.5 and 60% are galaxies which are “quenched” at rule out the possibility that the group environment uniadys
lower redshif® Also in this case the scatter in the growth quenches star formation. If the quenching was a widespread
history of MS haloes is similar to the observed scatter in the phenomenon in “groups” (systems with masses significantly

fraction of star-forming galaxies (compare the right paruod| lower than~ 10'* M), then all groups and clusters at low
Fig.[I8 and Figl4). The scatter observed in the]© o rela- redshift should contain much lower fractions of star-farmi

tion at all redshifts probably simply reflects the scattethi@ galaxies than is observed. We note that this does not exclude
growth histories of systems of any given mass. that star formation might be quenchedsome galaxies in

According to this discussion, while the passive galaxy pop- groups or all galaxies in some of the groups, but a trunca-
ulations of the distant clusters are predominantly comgose tion affecting all galaxies within 3 Gyr from infall into sys
tems with masses 10'* M, cannot be reconciled with the
12 Within Reop and for magnitudes brighter tha, = -19.8. observations. Conversely, the't, reference mass indi-
20 This is the case because we find thaB0% of the galaxies that were cates that the quenching of the star formation is not limiced

i i 2 - ing i . L . .

in groups (haloes with masséys > 3 x 10%%) at 2=2.5 end up being in a1y massive clusters, but is highly efficient also in lowssia
clusters (haloes witgs > 10'4) at z=0.28. Thus, the population of galaxies clusters

in clusters at z=0.28 (right panel of FIg116) essentiabiptains the galaxy " . . .
population that was in groups at z=2.5 (left panel of EJ. 16) Adopting the scenario depicted above as our working hy-
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FiG. 16.— Clusters at low redshift. Comparison between the][©o relation observed at low redshift (solid broken line) ansutes from the Millennium
Simulation (dots) and from the Press-Schecter formalisoitéd lines). Left. The solid broken line traces thel|G o relation observed at low redshift. Dots
represent théraction of galaxies in 90 haloes in the MS simulation that were in haloes with magsx 1012 at z=2.5. The dotted line is the prediction of the
fraction of mass in haloes< 3 x 102 at z=2.5 for a system of a given at z=0.0 derived from the Press-Schecter formalism. Righe solid broken line is
repeated from the left panel. Empty dots represenfrtimion of galaxies in 90 haloes from the MS simulation that were in haloes witlssra10' ~ 3 Gyr
prior to observations, thus at z=0.28. The short dashedditiee prediction of théraction of massin haloes< 104 at z=0.28 for a system of a givenat z=0.0
derived from the Press-Schecter formalism. The long dakheds the prediction of théraction of massin haloes< 3 x 102 at z=0.28 for a system of a given
o at z=0.0 derived from the Press-Schecter formalism.

pothesis, we can address the questions raised in 8§5.2: and this gives rise to the observed platean at500km s?. In

a) Why does the proportion of passive/star-forming gakxie systems less massive than 4800kms?, that are not as ef-
correlate/anticorrelate (with a large scatter) with thiowgity ficient as more massive systems in quenching star formation
dispersion of the system for the majority of clusters at 4=0. in galaxies infalling into them, the passive populationidou
0.8? in some cases still largely coincide with the populationf p

Our previous discussion shows that the observed fractionamordial passive galaxies formed at- 2.5. However, if all
of passive galaxies at= 0.4—0.8 roughly agree with the frac-  the passive population in low systems originated as primor-
tion of mass/galaxies that were already in groupz=a.5. dial passive galaxies, systems at low-z on average woulel hav
Primordial passive galaxies make up most of the passive pophigher starforming fractions than similar systems at high-z
ulation observed at ~ 0.6, but in systems more massive (compare the left panels of FigJ15 and Higl 16). Hence, it
than 700kms' the proportion of quenched galaxies is al- is probable that either the same process active in cludiats (
ready significant. The anticorrelation observed ariseabbee  with a lower efficiency) and/or other mechanisms are at work
more massive systems tend to have a higher fraction of theirsuppressing star formation in some of the galaxies in groups
mass/galaxies that were already in groups at z=2.5, and maser in some of the groups. As discussed previously, if the most
sive systems also have a significant population of quenchedmportant factor were density instead of mass, the large sca
galaxies. ter of the [Q1] fractions at lows could be due to variations

b) Why does the proportion of passive/star-forming galax- of density for haloes of similarly low masses. As discussed i
ies evolve with redshift in the way observed? In other words, the next section, the existence of SO galaxies in groups may

why is there a Butcher-Oemler effect? be suggesting that star formation is indeed truncated also i
At any redshift, the star-forming population is made up of groups under certain circumstances.
galaxies that were not in groups at- 2.5 and were not in The consistency between the observations and the theoreti-

clusters in the last few Gyrs. In this scenario the propartio cal scheme outlined above does not constitute a definitd proo

of star-forming galaxies varies with redshift because ttee p  of the validity of this scenario; this should be further ézbt

portion that was in groups &> 2.5 and the proportion in by additional observations, especially at redshifts eughér

clusters during the last 3 Gyr change according to the growththan those considered here. It is suggestive, however,do fin

history, the sum of the two growing towards lower redshifts. that the observed star formation trends follow both qualita
¢) Why is there no clear trend witt at z= 0 for systems tively and quantitatively the growth history of structutethe

more massive than 500kmte scenario we have proposed above approximates the real situa
In clusters witho > 500kms? atz=0, about 80% of all tion, its implications are far-reaching, as discussed éméxt

galaxies are passive and have resided in clusters for dt leassection.

3 Gyr. Of these, 20% are primordial passive galaxies that

formed in groups at > 2.5 and 60% are quenched galaxies. 6.2. Implications

At z= 0, both the proportion of galaxies that were in groups

atz= 2.5 and the proportion of galaxies that were quenched

is flat as a function of the system mass, as shown by[Elg. 16

In the scenario outlined in the previous section there are
two channels that “produce” passive galaxies in dense envi-
‘ronments. “Primordial” passive galaxies form all of the:ars
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atz> 2 and it is reasonable to largely identify them with el-
lipticals, while “quenched” galaxies have their star fotima
truncated at much later times, when infalling into an enwviro
ment that can cause a truncation in the star formation agtivi
and we tentatively identify them with the population of spi-

21

activity is consistent with this scenario (Kuntscher & Dewvi
1998, Poggianti et al. 2001, Smail et al. 2001, Terlevich et
al. 2001, Thomas 2002). This would also explain why some
local clusters are dominated by SO galaxies and some oth-
ers by ellipticals. Oemler (1974) suggested that ellipticzh

rals evolving into SOs. Each one of these two channels seemsnd SO-rich clusters are not two evolutionary stages irtetus

to correspond to a differetypical mass of the system. While
primordial passive galaxies are related to systems wittsegas

evolution, but intrinsically different types of clusterswhich
the abundance of ellipticals was established at high rédshi

typical of groups akz > 2.5, quenched galaxies appear to be This suggestion was supported by the findings of Fasano et
a universal phenomenon in clusters, i.e. systems with masseal. (2000) that clusters at~ 0.1-0.2 have a low (high) SO/E

Mgys > 104 M.

number ratio if they display (lack) a strong concentratién o

We also note that the galaxy mass and luminosity distribu- elliptical galaxies towards the cluster center. In the acien

tions of primordial passive galaxies and quenched galaxes
expected to differ. Since the star formation activity inayal

we outline above, elliptical-rich clusters would be thosthw
the highest incidence of primordial passive galaxies, aid S

ies proceeds in a downsizing fashion, both in clusters and inrich clusters those in which quenched galaxies represent a
the field (Cowie et al. 1996, Smail et al. 1998, Kodama & dominant portion of the passive population.

Bower 2001, Poggianti et al. 2001, Gavazzi et al.

2002,

Let us compare spectroscopic and morphological evolution

Kauffmann et al. 2003, De Lucia et al. 2004, Poggianti et in more detail. The average fraction of ellipticals in carstat

al. 2004), galaxies terminating their star formation athleig
redshift (e.g. primordial passive galaxies) will be on aggr

z=0 from Dressler (1980) is 20% (see Fasano et al. 2000 or
Desai et al. 2006). In agreement with this , at z=0 the fractio

more massive/luminous than galaxies with a more protractedof galaxies in haloes with masses3 x 10°M, atz> 2.5, is

star formation activity that are quenched at later epocherwh

~ 20% for the majority of systems with > 300kms? (left

they are accreted in the dense environment. As a consequenceanel of Fig[Ib). In total, the early-type population et

quenched galaxies will be on average less massive/fahdar t
primordial passive galaxies.

cals+S0s) reaches 80% at z=0, in agreement with the frac-
tion of passive (non-star-forming) galaxies observed & z=

Our results show that galaxy properties could be directly (right panel in Figi) and with the fraction of “passive” gai

linked with the growth history of DM structure: as shown in

ies (primordial+guenched) of haloes at z=0 that were ind®lo

Fig.[I3 and [Ib, the history of the mass of structures is re-> 10'*M,, since z=0.28. The observed late-type fraction at

flected in the star-forming fraction we observe. This suggges
that, even without using galaxy formation and evolution mod

all redshifts is in rough agreement with both the observed
fraction of star-forming galaxies and the predicted fractf

els, we can use our knowledge of the growth of structure to ex-galaxies that were not in groupszt 2.5 and did not reside

plain the trends of galaxy properties in clusters. We hale on

in a cluster for at least a few Gyrs. All these three quarstitie

used two pieces of information, namely how much mass/howare roughly equal te- 20% in clusters at z=0 (compare Fig. 3
many galaxies in a system of a given mass at a given redshifin Desai et al. (2006), the right panel of Fig. 4 and IEid. 16).

were in dense regions at> 2.5, and how much mass/how
many galaxies experienced the cluster environmentfoeat le
a few Gyrs. If this extremely simple, double-channel pietur
is generally correct, it represents a very powerful recime f
interpreting the environmental trends observed.

If this scenario approximates the real situation, it cao als

All of these three quantities also show a trend witht high-z
(compare Fig. 7 in Desai et al. (2006), the left panel of Hig. 4
and Fig[Ih).

There is, however, one inconsistency when grossly identi-
fying the population of late-type galaxies with the popigat
of star-forming galaxies. While there is no clear trend ia th

serve as a key to understand the evolution of galaxy mor-star-forming fraction withr at z=0 above 500 km$ (Fig.@),
phologies. We have seen that the observed environmentathe percentage of spiral galaxies in nearby clusters has bee

trends of galaxy properties originate in two ways. The pro-

portion of “primordial” passive galaxies tends to increasth

shown to anticorrelate with the X-ray luminosity in clustef
o ~ 700-1000kms?! (Bahcall 1977, Edge & Stewart 1991).

system mass in high-z systems. Systems with proportionallyAlthough the available morphological studies in X-ray elus

more massive seedsat 2.5 formed more “primordial” pas-
sive galaxies (mostly ellipticals). In massive systembgenot

ters atz= 0 were not done in a similar way to ours (for se-
lection of members, radial coverage, morphological cfassi

galaxies are added (as S0s) to the passive population as timeations etc.) and notwithstanding the fact that passivelspi
goes hy. These are galaxies that would have continued form-could play an even more important role at low than at high z
ing stars had they not been acquired by the dense environaccording to the quenching scenario, this remains an uedolv

ment that has switched off their star formation activityotar

a morphological point of view, it is reasonable to associate

the ellipticals with the primordial component asaime of the
SO galaxies with the component quenched at 12* The

issue.

Interestingly, significant morphological evolution seeims
have taken place in clusters for a large number of galaxies
only atz < 0.4. In fact, as discussed by Desai et al. (2006),

fact that in some low-z clusters ellipticals have been found the SO and spirals fractions appear to flatten out>at0.45.

to have only old stellar populations, while a significantfra

A tentative explanation for this behaviour can be found i th

tion of the SOs show signs of a more recent star formation scenario proposed. At redshifts higher thaf.6, the popula-

21 As discussed in many previous studies, probably not all Saxigs
originate from the quenching of spiralsak 1 (e.g. Dressler et al. 1997).
The 0-20% of SOs observed in clustergat0.4-0.8 might have originated
from spirals evolving into SOs @ > 1, or by some other mechanism. The
existence of SOs in groups (e.g. Hickson, Kindl & Auman 198®)ws that
this type of galaxies can be produced also in systems lessivadhan 406
500kms?.

tion of passive galaxies is generally dominated by prirmadrdi
passive galaxies (mostly ellipticals, but also the few S@xga

ies present at high redshift). This is supported by the featt t

in clusters at redshiftg ~ 0.6 (and even more so at= 0.8)

the passive fraction can largely be accounted for by the frac
tion of galaxies that were in dense environmentg at2.5.
Only atz < 0.6 does the quenched galaxy population become
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a dominant part of the passive population. Given the delayclusters, and such a correlation exists also outside oferisis
between the truncation of the star formation and the morpho-(e.g. Lewis et al. 2002, Gomez et al. 2003, Kauffmann et
logical evolution (Poggianti et al. 1999), this might trkae al. 2004). Again, this seems to parallel the fact that an MD
into a morphological evolution observable for a large numbe relation is probably existing in all environments, and isha
of galaxies only az < 0.4.22 Thus, the epoch where we can been observed in clusters of all types (Dressler et al. 1980)
observe the quenching of star formation for a significard-fra groups (Postman & Geller 1984) and cluster outskirts (Treu
tion of galaxies in clusters is only at< 0.8, while the epoch et al. 2003) — though the MD relation ot quantitatively
where morphological transformations have taken place for athe samein all environments, being different in concentrated

significant fraction of the cluster galaxies is onlyzat 0.4. vs. irregular clusters, and high- vs. Idw- clusters (Dressler
The redshift range in which these transformations are ebser 1980, Balogh et al. 2002).
able is due to how the relative infall rate (fraction of syste Rephrasing our picture in terms of density instead of mass,

mass/galaxies) from low-mass/low-density regions oriscl  both the MD and SFD relations should have a “primordial”
ters/groups changes with redshift, as shown in Eig. 15 andcomponent and an “evolved” component, and both of these
Fig.[I8. Interestinglyz ~ 0.6 seems to be a special epoch components should depend on the environment, but in a dif-
also for the evolution of quasars in rich environment (Yee & ferent way. In this scenario, the MD relation and the SFD re-
Ellingson 1993). lation areestablished at very high redshift at the moment the
So far, we have considered the existence of a trend of thefirst stars formed in galaxies, and they exist due to the close
[On] fraction with o as a sign of a relation between the star link between the initial star formation activity of galagiand
formation of galaxies and the “global environment” (mass of the “primordial” local density of their environment (eltipals
the system) in which galaxies reside. However, it is possibl formed and have always resided in the highest density region
that this is a secondary relation induced by the fact thasmas of the Universe). Thus it could be the “primordial local den-
and density are closely linked. In fact, density at early and sity” at very high redshift that determines the propertsar(
later times might be the driving factor. formation history, morphology - and probably mass, see Stei
The main galaxy properties (star formation activity and del et al. 2005) of galaxies formed in that region. Primdrdia
morphology) are observed to vary with the “local” environ- local density and primordial mass of the cluster seed are-pro
ment in a systematic way. The most emblematic way to de-ably closely related, and the relation we observe with the-fr
scribe these systematic variations is the morphologyitlens tion of mass in massive environmentsat 2.5 could reflect
relation (MD), that is the observed correlation between the a relation between the primordial local density and the type
frequency of the various Hubble types and the local galaxy of galaxy formed in that regioff Therefore, therigin of the
density, normally defined as the projected number density ofMD and SF relations should be “primordial”, in the sense that
galaxies within an area including its closest 10 neighbours a relation between galaxy properties and environment must
In clusters in the local Universe, the existence of this-rela have been in place &> 3. In fact, a morphological and
tion has been known for a long time: ellipticals are frequent star formation segregation is an outcome of CDM simulations
in high density regions, while the fraction of spirals isthig of large scale structure and semianalytic models becaese th
in low density regions (Oemler 1974, Dressler 1980). An local density of galaxies and DM is related to the epoch of
MD relation qualitatively similar to the one observed in the initial collapse (Bower et al. 1991, Kauffmann 1995a, 1995b
local Universe has been observed up to z=1 (as it is logicalKauffmann et al. 1999, Benson et al. 2001, Diaferio et al.
to expect, galaxy properties correlate with environmeiatlat 2001, Springel et al. 2001): the most massive structures at
redshifts), but this relation iguantitatively strongly evolving any epoch are the earliest to collapse. A morphological seg-
between z=0 and z=0.5: in distant clusters the frequency ofregation is built-in at a very fundamental level in hieraceth
S0 galaxies is lower, and the frequency of spirals higher, attheories of galaxy formation.
all densities (Dressler et al. 1997). Interestingly, fiestuits However, in addition to this, the MD and SF relations
atz=0.7-1.3 seem to indicate that between z=0.5 and z=1 evolve with redshift in a way thatlepends on environment. In
what changes in the MD relation is only the occurrence of those environments that are effective in quenching stander
early-type galaxies in the very highest density regionsi{ism tion, galaxies coming from lower mass/density environraent
et al. 2005), and that the frequency of ellipticals at angegiv  are transformed by environmental effects when they enger th
local density is the same at z=1 and at z=0 (Postman et aldenser region. In fact, all models so far have failed to re-
2005). produce the SO population (which, it is worth remembering,
In parallel to the MD relation, there is a star formation- represents-40% of the galaxies in some rich clusters at z=0),
density relation (SFD). For a very long time it has been known recognizing that additional processes seem to be requiied (
that in the nearby Universe also the average star formation a aferio et al. 2001, Springel et al. 2001, Okamoto & Na-
tivity correlates with the local density: in higher density gashima 2001, 2003, Benson et al. in prep.).
gions, the mean star formation rate per galaxy is lower. This Unfortunately, “trends with environment” have often been
is not surprising, given the existence of the MD relatiore th confused with “environmental effects”, where the latter is
highest density regions have proportionally more earpety used as a synonym for a physical mechanism switching off
galaxies devoid of current star formation. The correlaben star formation in infalling galaxies. Thus, for exampleg th
tween mean SF and local density extends to very low localfact that star formation trends exist down to very low local
densities, comparable to those found at the virial radius of densities and outside of clusters has often been interpirete

the sense that also such low density environments must some-
22 passive spirals may be galaxies that are caught in theticanphase of

this transformation. Moreover, this might also explain whg morphology- 23 Outliers in the [@1] —massé) relation (groups with low [@] fraction
density relation does not evolve much (except in the vergigsgdensity bin) and low masses) could be systems with high primordial loedtsily that
between z=0.5 and z=1 (Smith et al. 2005), see below. At 2zxelMD (and have grown in mass much less than the average system witlaisjrimor-

SFD) relation observed is mostly the “primordial” relatias established at  gjg| density.
very high redshift.
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TABLE6 3A. . . .
KS-TEST PROBABILITIES FOR THE COLOR DISTRIBUTIONS OF Our dataset is based on 16 high-z clusters with a veloc-
SPECTROSCOPIC AND PHOTOMETRIC CATALOGS OEDISCSFIELDS TO ity dispersiono > 400kms?, 10 groups with 160< o <

BE INDISTINGUISHABLE. 400km st and another 250 galaxies in poorer groups and the
Cluster . pRo PRSs field with high quality spectroscopy from the ESO Distant
Cl1018  0.368 0.250 Cluster Survey, plus 9 massive clusters at the same resishift
Cl1037  0.846 0.996 from previous spectroscopic surveys. As a local compayrison
Cl1040  0.845 0.845 we have selected samples of structures from the Sloan Digita
Cl1054-11 0.364 0.363 Sky Survey at @4 < z < 0.08.
Cl1054-12 0.246 0.158 We have presented how the fraction of star-forming galax-
Cl1059  0.371 0.251 ies, measured withiRxqo, depends on the velocity dispersion
Cl1103  0.515 0.515 of the cluster/group, both at high and low redshift. We have
Cl1119  0.251 0.164 discussed how the evolution of the fraction of star-forming
Cl1138  1.000 1.000 galaxies compares with the evolution of galaxy morpholsgie

Cl1202 0.018 0.058
Cl1216 0.245 0.245
Cl1227 0.686 0.685
Cl1232 0.249 0.162

found by previous authors and by our own survey. We pro-
pose a simple scenario that is able to account for the origin
and the evolution of the observed trends.

Cl1301  0.685 0.515 In more detail, our results can be summarized as follows:
Cl1353  0.249 0.250 1) At z=0.4-0.8, most systems follow a broad anticorre-
Cl1354  0.246 0.247 lation with significant scatter between the fraction of star
Cl1411  0.518 0.368 forming galaxies and velocity dispersion: generally, more
Cl1420  0.518 0.250 massive clusters have a lower fraction of star-formingxala

ies. This [Q1]-o relation suggests that the mass of the system,
though with a significant scatter, largely determines what p
portion of galaxies are forming stars at these redshifts.
how “suppress” star formation in galaxies. This is not nec- 2) The most evident feature in the [[Qfraction versus
essarily the case, as discussed at length above. A trend witle diagram observed at high redshift is the presence of a
environment could be “imprinted” very early on simply due "ridge", or upper envelope, delimiting a region of the dia-
for example to the amount of galaxies with a short star forma- gram where no datapoint is found. This envelope implies that
tion timescale that were able to form at high redshift in that a system of a given mass at this redshift hasnost a cer-
region. To fully comprehend why galaxy properties depend tain fraction of star-forming galaxies or, equivalentigstat
on environment in the way it is observed, it is necessary toleast a given fraction of galaxies that are already passive at
disentangle high-z “imprinting” of the initial conditiorisom this epoch. More massive systems have a lower maximum-
“proper” environmental effects acting on galaxies wherythe allowed fraction of star-forming galaxies or, equivalgnt
experience a dense environment for the first time. The depenhigher minimum-allowed fraction of passive galaxies.
dence of galaxy properties on environment does not necessar 3) We find that at z=0.4-0.8 the field and the poor groups in
ily arise from a “suppression” of star formation: dependdng  our sample contain a high proportion of star-forming gadaxi
the density/mass of the environment, the relative impagan (70 to 100%) comparable to that observed in more than half of
of “primordial” and “quenched” passive galaxies canvagsi  the systems witlr < 400kms?. There are, however, groups
nificantly. with significantly lower [Q1] fractions « 50%). These are

Two main challenges remain at this point. Observation- outliers that do not follow the [@]-o trend defined by the
ally, the physical mechanism responsible for quenching themajority of clusters at z=0.4-0.8, and that stand out also fo
star formation still needs to be identified. The charadieris other properties of their galaxies, resembling those abdab
mass ofMgs > 101 M, (500 kms?) suggested by this work  in the core of much more massive clusters. The existence and
may help in discriminating among the various processes, butcharacteristics of the outliers, as well as the fact thatile
still does not uniquely pick out a culprit. Our knowledge of systems close to other structures possess a low f@ction
how the efficiency of the various physical mechanisms pro- for their velocity dispersion, suggest that the factor idigv
posed (e.g. harassment, ram pressure, strangulatiomdiepe the observed trends might be density, instead of mass. The
on the mass of the system is still too poor to draw solid con- behaviour of the [@] fraction with o might be a secondary
clusions and discriminate between them. From a theoreticalrelation induced by the fact that mass and density are glosel
point of view, one of the most useful pieces of information linked.
that can come from state-of-the-art simulations is the tiak 4) In addition to the fraction of star-forming galaxies,als
tween mass and density at primordial and successive timesthe star-formation properties in star-forming galaxiesyva
as well as the relation between the density experienced bysystematically with environment. Environments with highe
a galaxy at different epochs, to assess whether the regation[O11] fractions have on average stronger values of equivalent
observed with mass are simply the mirror of relations with widths of [O11] among star-forming galaxies. This is due to
density. the fact that both the equivalent width strengths at a given

luminosity and the luminosity distribution of star-forngin
7. SUMMARY galaxies vary with environment.

In this paper we have studied the fraction of galaxies with  5) Sloan clusters a = 0.04-0.08, analyzed in the same
ongoing star formation as a function of environment at z=0.4 way as EDisCS, show significantly lower fractions of star-
0.8, comparing the results with those at z=0. As a signatureforming galaxies than clusters at~ 0.4-0.8. Moreover,
for the presence of ongoing star formation we have used theSloan clusters show the existence of a plateawfembove
[On] line in emission with an equivalent width stronger than a critical velocity dispersion, equal te 550kms?, above
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which the [Q1] fraction does not vary systematically with ve- is able to interpret the observed relations betweear ghdo,
locity dispersion and remains below 30% for most clusters. thus providing a viable quantitative explanation for thelav
A trend still might be present at lowers, with the average tion of the star formation activity in dense environments] a
[On] fraction rising towards lower velocity dispersions. a possible explanation for the origin of the Butcher-Oemler
6) Using N-body simulations to quantify how the mass and effect. If this scenario approximates the real situatiaiagy
velocity dispersion of a cluster or group evolve on average b  star formation histories are closely linked with the gal&ey-
tweenz = 0.6 andz= 0, we infer the evolutionary connection vironmental history”, and this link is actually extremelyns
between systems at= 0 and their progenitors at z®and ple to predict.
quantify the average evolution of the star-forming fractas 10) The behaviour of the [@ fraction with o at z=0 ap-
a function of velocity dispersion. While the strongest evol pears to rule out the hypothesis that the group environment
tion in mass is expected for the most massive structures, theefficiently and universally quenches star formation. Irt,fac
observed evolution of the star-forming fraction is strostge the existence of a plateau in thel[Dfraction for o > 500—
intermediate-mass systems, those with500-600 km s at 550kms?! at z=0 suggests that only systems more massive
z=0. The evolution is lower in higher and lower mass sys- than about 456 500kms? are highly efficient at truncating
tems, but is still significant even for the most massive syste  star formation in galaxies infalling into them. If the quénc
at z=0. The change in star-forming fractions between z=0.4-ing of star formation was a widespread phenomenon also in
0.8 and z=0 ranges between 20-30% and 50%. less massive systems, the fractions of star-forming gedaxi
7) We compare the proportions of star-forming galaxies in clusters and groups at low redshift should be much lower
with the incidence of late Hubble types (spirals and irregu- than is observed. Conversely, the observed reference mass i
lars). Although in our as in other samples star formation ac- dicates that the quenching of star formation is not limited t
tivity and morphologies are partly decoupled, we find good very massive clusters, but is efficient also in clusters oflmo
agreement between the morphological evolution and the evo-est mass.
lution in the star-forming fraction, consistent with thepogh- 11) There are numerous implications stemming from the
esis that the evolution observed betweer 0.6 andz=0 evolutionary scenario proposed. The parallelism betwken t
mostly concerns late-type star-forming galaxies evohimg observed evolution of the star-forming fraction and the -mor
passive SO galaxies. phological evolution suggests that the same physicalpneer
8) Our results quantify the evolution of the star-forming tation of a link with the mass of the environmentzat 2.5
galaxy populations in clusters and groups, for the first time and with the accretion history on a cluster can be applied to
as a function of the mass of the system. Therefore, they arehe formation of ellipticals and at least some of the SOs, re-
a quantitative description of the Butcher-Oemler effedtsn  spectively. In fact, the scenario we propose can be used as an
most general sense. The way datapoints are distribute@ in th interpretative tool for the variations of galaxy propestigith
[On] fraction versus velocity dispersion at high— and low—z environment in general. Our results highlight the fact that
provide a likely explanation of why it has been so difficult to not all trends with environment are necessarily linked with
observe trends with cluster massind sometimes even with  environmental processes truncating star formation inntge
redshift. Only when sampling a very wide range of system accreted galaxies, and that primordial conditions (=thg-en
masses with large cluster+group samples, do the trends beroment at very high redshift) are an important factor in de-
come recognizable. termining the trends observed with environment. Related to
9) To understand the origin of the observed trends betweerthis, we have discussed the consequences of our results for
galaxy properties and mass of the environment, we use thehe origin and evolution of the morphology-density and star
Press-Schechter formalism and the Millennium Simulationt formation-density relations.
investigate whether galaxy star formation histories aisged
to the growth history of the structures where galaxies eesid
and have resided during their evolution. We consider a sce-
nario in which the population of passive galaxies (those de- We warmly thank Jarle Brinchmann for helping us use the
void of ongoing star formation at the time they are observed) SDSS products and throughout this project, Risa Wechsler,
consists of two different components: “primordial” passiv Frank van den Bosch and Ray Carlberg for their valuable
galaxies whose stars all formed at- 2.5 and “quenched”  theoretical advice, lan Smail for his comments that helped
galaxies whose star formation has been truncated due to thes strenghten an early version of this paper, and the referee
dense environment at later times. We find that the observedDavid Wilman, for his careful and detailed report that led to
trend of the fraction of passive galaxies with velocity dis- several improvements. We acknowledge the usefulness of
persion atz = 0.4-0.8 follows the fraction (in mass and in the WEB pages maintained by James Bullock and Pieter van
number of galaxies) that is expected to have been in groupdDokkum  at |http://www.physics.uci.edu/ bullock/CVIR
(Mgys > 3 x 10'2Mg) already az= 2.5 and that we identify ~ and http://www.astro.yale.edu/dokkum/evocalc
with the primordial passive population, though in the most (astro-ph 0501236, van Dokkum & Franx 2001), re-
massive systems quenched galaxies should already represeapectively. B. M. P. acknowledges financial support from
a non-negligible fraction of the passive population.zAt0, the “Fondo per gli Investimenti nella Ricerca di Base” of
on the other hand, the observed fraction of passive galaxieghe Italian Ministery of Education, University and Resdarc
in clusters (80%) resembles the fraction (in mass and in num-(code RBAUO18Y7E). G. D. L. thanks the Alexander von
ber of galaxies) that has resided in clustevig,{ > 10'*M) Humboldt Foundation, the Federal Ministry of Education and
during at least the last 3 Gyr, including 20% of primordial Research, and the Programme for Investment in the Future
passive galaxies and 60% of quenched galaxies. This schemg&IP) of the German Government for financial support.
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FIG. 17.— Completeness functions versus galaxy magnitudeediotEDiSCS clusters.

APPENDIX
SPECTROSCOPIC COMPLETENESS

Here we describe our method for correcting the EDisCs an8libe@n spectroscopic samples for incompleteness.

During the EDisCS spectroscopic runs, slits were assigneghliaxies giving preference, whenever possible, to trghbest
targets. The Sloan spectroscopic sample was aimed to beletendpwn tor = 17.7, but about 6% of the galaxies were missed
due to fiber collision (Strauss et al. 2002), an effect théikedy to be more relevant in crowded regions such as clustees.
Therefore it is necessary to quantify how the completentsespectroscopic samples varies as a function of galapgrapt
magnitude and of distance from the cluster center.

As a function of galaxy magnitude, this was done for each fielshparing the number of objects in the spectroscopic agtalo
with the number in the parent photometric catalog in bins (bt EDisCS) org (for Sloan) magnitude. The parent catalog
included all entries in the EDiSCS photometric catalog therte retained as targets for spectroscopy (see Halliday 2084).
The ratio of these two numbers yielded a weight as a functiarataxy apparent magnitudé,g). We preferred to compute
these weights field by field instead of binning all fields tbget because depending on cluster richness and number & mas
observed, the behaviour of the completeness functionsltamge significantly. As an example, in Higl 17 we show twotekss
for which the completeness decreases towards fainter muaigsi (Cl 1040 and Cl1216), a cluster where the variatioas ar
negligible (Cl11232) and one of the only two cases in whichabepleteness increases towards fainter magnitudes (@)141



26 Poggianti et al.

807\\\\\\\\\\\\\\\\\\\\7
60 | ]

20

0 1 2 3 4 5
B-I

FiG. 18.— Color distributions of the parent photometric cagasolid line) and of the spectroscopic catalog correctednfmompleteness (dashed line) for the
cluster C 1202.

5 e I 8007\\\\ I —— I ——— ]
300 - i ]

i 600 ~ | ]
200 |- N ]
- i - 400 ]
100 200 [ : -

1 —+—iu\uu\uu\uﬁ; L T R B ]

0 0

0 1 2 3 4 5 0 1 2 3

B-I V-l

FiG. 19.— Left. Color distribution of the parent photometrid¢atag (solid line) and the spectroscopic catalog correfiedompleteness (dashed line) for the
9 clusters with B photometry. Right. As left panel, for ckrstwith V photometry.

We also quantified the presence of eventual geometricaitefthie to possible variations in the sampling as a functidhe
clustercentric radius. Geometrical effects can in prilecadfect a spectroscopic sample of a cluster due to the fiattduster
galaxies are indeed more “clustered” towards the clustgiecevhile observational constraints on the minimum dis¢doetween
slits or fibres could result in a lower sampling of these c@ntegions. This effect is expected to be small when seveazks
of the same cluster, always centered on the cluster cengee, taken, as it was the case for EDisCS. Neverthless, a ¢ecahe
completenes®e, was computed, after applying the magnitude completenassation, comparing the number of galaxies in
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the spectroscopic and in the parent photometric catalogsimuliwithR< 1.4, 1/4<R< 1/2,1/2 < R< 1andR > 1in units
of Rooo. The geometrical corrections hence include correctionthi®areas not covered by our FORS2 spectroscopy in the few
clusters with incomplete radial sampling outRg.

The magnitude and geometrical completeness functionsputed cluster by cluster, were applied to the EDisCs andrSloa
spectroscopic samples to weight each galaxy accordindty®ealculating the [0Q] fractions and the EW([@] ) distributions
described above. We found that these weights do not alteifisiantly the [Q1] fractions, as evident from Tables 1 and 3 listing
the fractions computed with and without completeness ctimes.

COLOR SANITY CHECK

As a final check that the EDisCS spectroscopic sample is aseliin any way that depends on the star formation properties
of the galaxies, we have compared the color distributi@sl(or V —1 for the mid-z and high-z samples, respectively) of the
spectroscopic sample (with and without completeness ciiores) with the color distribution of the parent photonesample.
This has been done field by field, and the resulting KS testghitibes are given in Table 6. A small probability 6%) indicates
that the two distributions are significantly different, kerthat a color bias might be present. The table illustrai@snaber of
results:

1) for all fields except Cl1202 probabilities are high everewtihe spectroscopy has not been corrected for completeness
(column 3). Evidently, even the uncorrected samples do Imoivsa strong color bias. In principle, this was not guarashtee
priori because, although targets for spectroscopy wengrdfiiom the parent targeting catalog with no color criterislits were
preferentially assigned to the brightest galaxies firstl #s could have introduced a difference in the color distiion of the
two samples.

2) For 8 fields the probabilities increase (therefore theagrent between the two color distributions improve) oneectim-
pleteness corrections are taken into account. This inedhat indeed the corrections yield a sample even mordylieggesen-
tative of the whole galaxy distributions. For another 8 t#us, the probabilities remain unchanged with and withountpleteness
corrections.

3) Two fields behave differently from the above. When inagdtompleteness corrections, the probability for Cl 108jhsly
decreases, though it remains high (0.85) ruling out a cals.bCl 1202 is the cluster with the lowest probabilitieD88 and
0.018 without and with corrections, respectively). Theocalistributions for Cl 1202 are shown in FIg]18. The plotwhdhat
there is no strong bias towards either red or blue galaxiesefore we do not expect the([Pfraction derived for this cluster to
be strongly biased.

Figure[I® compares the color distributions of the spectipisccatalogs and the parent photometric catalogs for aditets,
grouping together the mid-z clusters (with B photometrif, panel) and the high-z clusters (V photometry, right pangt the
numbers in Table 6, also the figure illustrates that no sicanifi color bias is present in our spectroscopic sample. \velede
that the [Q1] fractions derived in this paper are representative withaerrors of the “true” fractions in the EDisCs clusters to
the adopted magnitude limits.

VELOCITY DISPERSION OF SLOAN CLUSTERS

As for the EDisCS sample, we rely on the biweight estimatdedérs et al. (1990) for determining the cluster redshkifand
velocity dispersiom, of Sloan clusters:

1. To begin with, we chose galaxies within 2.2 Abell radii b€ tBCG and withint0.015 from the cluster redshift as given
by Struble & Rood (1990). From these galaxies, first estimafethe cluster redshific and the velocity dispersion,
were calculated as the median and the median absolute idevidt o, was larger than 0.0017 (corresponding to about
500kms? atz=0), we set it to this value. This step was necessary to aemidrtuch contamination from surrounding
structures.

2. From those galaxies withift30, from zc and 1.2R,qg (calculated fronz ando; using Eq. 1), we recalculated firstthen
o, via the biweight estimators given in Beers et al. (1990).

3. This process was iterated until it reached convergenteagh round, every galaxy in the initial sample can re-ethier
cluster sample if it meets the constraints on redshift arhaolcity.

4. The error on the finat; is calculated from a bootstrap analysis of the galaxiesrtakte up the final cluster sample.
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