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ABSTRACT
We study how the proportion of star-forming galaxies evolves betweenz = 0.8 andz = 0 as a function of galaxy

environment, using the [OII ] line in emission as a signature of ongoing star formation. Our high-z dataset
comprises 16 clusters, 10 groups and another 250 galaxies inpoorer groups and the field atz = 0.4− 0.8 from
the ESO Distant Cluster Survey, plus another 9 massive clusters at similar redshifts. As a local comparison,
we use samples of galaxy systems selected from the Sloan Digital Sky Survey at 0.04< z < 0.08. At high-
z most systems follow a broad anticorrelation between the fraction of star-forming galaxies and the system
velocity dispersion. At face value, this suggests that atz = 0.4− 0.8 the mass of the system largely determines
the proportion of galaxies with ongoing star formation. At these redshifts the strength of star formation (as
measured by the [OII ] equivalent width) in star-forming galaxies is also found to vary systematically with
environment. Sloan clusters have much lower fractions of star-forming galaxies than clusters atz = 0.4− 0.8
and, in contrast with the distant clusters, show a plateau for velocity dispersions≥ 550kms−1, where the
fraction of galaxies with [OII ] emission does not vary systematically with velocity dispersion. We quantify
the evolution of the proportion of star-forming galaxies asa function of the system velocity dispersion and
find it is strongest in intermediate-mass systems (σ ∼ 500− 600kms−1 at z=0). To understand the origin of the
observed trends, we use the Press-Schechter formalism and the Millennium Simulation and show that galaxy
star formation histories may be closely related to the growth history of clusters and groups. We consider a
scenario in which the population of passive galaxies (thosedevoid of ongoing star formation at the time they
are observed) consists of two components: “primordial” passive galaxies whose stars all formed atz > 2.5
and “quenched” galaxies whose star formation has been truncated due to the dense environment at later times.
We propose a scheme that is able to account for the observed relations between the star-forming fraction and
σ in clusters at high- and low-z. If this scenario is roughly correct, the link between galaxy properties and
environment is extremely simple to predict purely from a knowledge of the growth of dark matter structures.
Subject headings: galaxies: clusters: general — galaxies: evolution — galaxies: stellar content — galaxies:

fundamental parameters — cosmology: observations

1. INTRODUCTION

The universe as a whole was more actively forming stars
in the past than today (Lilly et al. 1996, Madau, Pozzetti &
Dickinson 1998, Hopkins 2004, Schiminovich et al. 2005).
Studies of galaxies in clusters, groups and in the general field
indicate an increased star formation activity at higher red-
shifts, in all environments. However, a complete mapping of
the average star formation activity with redshift as a function
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TIES FOR RESEARCH IN ASTRONOMY, INC., UNDER NASA CON-
TRACT NAS 5-26555. THESE OBSERVATIONS ARE ASSOCIATED
WITH PROPOSAL #9476.
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of environment has still not been achieved.
A large number of studies, during the last thirty years,

have showed that distant clusters generally contain many star-
forming galaxies. In fact, the first evidence for galaxy evolu-
tion in clusters, and for galaxy evolution in general, has been
the detection of evolution in the star formation activity ofclus-
ter galaxies, as revealed by photometry and spectroscopy.

Historically, the higher incidence of star–forming galax-
ies in distant clusters compared to nearby clusters was first
discovered by photometric studies of the proportion of blue
galaxies – the so–called Butcher–Oemler effect (Butcher &
Oemler 1978, 1984, Smail et al. 1998, Margoniner & de Car-
valho 2000, Ellingson et al. 2001, Kodama & Bower 2001,
Margoniner et al. 2001).

In agreement with the photometric results, spectroscopic
studies of distant clusters have found significant popula-
tions of emission-line galaxies (Dressler & Gunn 1982, 1983,
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Couch & Sharples 1997, Dressler & Gunn 1992, Couch et
al. 1994, Dressler et al. 1999, Fisher et al. 1998, Postman
et al. 1998, 2001, Balogh et al. 1997, 1998, Poggianti et
al. 1999, Tran et al. 2005, Demarco et al. 2005, Moran et al.
2005 to name a few). In contrast, nearby rich clusters (such as
Coma) generally are “known” to have relatively few emission
line galaxies. Increased star formation activity in distant clus-
ters is also indicated by the emission properties of composite
cluster-integrated spectra (Dressler et al. 2004). In parallel
to the cluster studies, the fraction of star-forming galaxies has
been found to be higher atz = 0.3− 0.5 than atz = 0 also in
groups (Allington-Smith et al. 1993, Wilman et al. 2005b).

While these observations have qualitatively shown that
star–forming galaxies were more common in the past than to-
day, quantifying this evolution has proved to be very hard.
At any given redshift, the properties of cluster galaxies dis-
play a large cluster to cluster variance. Disentangling cosmic
evolution from cluster–to–cluster variations in a quantitative
fashion has not been possible to date due to the relatively
small samples of clusters studied in detail at different red-
shifts. This difficulty in measuring how the fraction of star–
forming galaxies evolves with redshift as a function of the
cluster properties has affected all types of studies, photomet-
ric and spectroscopic, both those based on the [OII ] line from
spectroscopic multislit surveys and Hα cluster-wide studies
(Couch et al. 2001, Finn et al. 2004, 2005, Kodama et al.
2004, Umeda et al. 2004). This might be the reason why
a quantitative detection of a clear evolution with redshiftin
the fraction of star-forming galaxies has been elusive so far
(Nakata et al. 2005).

Knowing how galaxy properties depend on cluster and
group properties at different redshifts is therefore a necessary
condition to assess the amount of evolution with redshift, even
before attempting to shed some light on how this evolution
depends on environment. General trends were soon discov-
ered by the early studies of nearby clusters, such as the fact
that richer, more centrally concentrated, relaxed clusters tend
to have proportionally fewer star-forming galaxies than less
rich, irregular, unrelaxed clusters. However, an exact portrait
of how the star formation activity in galaxies depends on the
cluster characteristics is still lacking. For example, apparently
contrasting results have been found in the literature regard-
ing the presence (Martinez et al. 2002, Biviano et al. 1997,
Zabludoff & Mulchaey 1998, Margoniner et al. 2001, Goto
et al. 2003) or absence (Smail et al. 1998, Andreon & Ettori
1999, Ellingson et al. 2001, Fairley et al. 2002, De Propris et
al. 2004, Goto 2005, Wilman et al. 2005a) of a relation be-
tween galaxy properties and global cluster/group properties
such as velocity dispersion, X-ray luminosity and richness.

In this paper we analyze how the fraction of actively star-
forming galaxies varies with environment and redshift, com-
paring samples of clusters and groups atz = 0.4 to 0.8 with
samples in the local universe. This study is based on the ESO
Distant Cluster Survey, a photometric and spectroscopic sur-
vey of distant clusters described in §2. Deriving the propor-
tion of actively star-forming galaxies as those with [OII ] emis-
sion in EDisCS and other high-z samples (§3) and comparing
it with low redshift samples from the Sloan Digital Sky Sur-
vey (§4), we present how the fraction of star-forming galax-
ies evolves betweenz = 0.4− 0.8 andz = 0 as a function of
the cluster/group velocity dispersion (§5). In §5.3 we discuss
the incidence of [OII ] emitters in the poorest groups and the
field, and in §5.4 we show how the distributions of the equiv-
alent widths of [OII ] vary with environment. Galaxy sys-

tems that strongly deviate from the trends followed by most
groups/clusters are discussed in §5.5. Star formation activ-
ity and galaxy Hubble types are compared in §5.6. Finally,
we propose a possible scenario accounting for the observed
trends and discuss its major implications in §6.

Throughout the paper, line equivalent widths and cluster
velocity dispersions are given in the rest frame. We use
H0 = 70kms−1Mpc−1, h = H0/100,Ωm = 0.3 andΩλ = 0.7.

2. THE EDISCS DATASET

Our study is based on data obtained by the ESO Distant
Cluster Survey (hereafter, EDisCS), a photometric and spec-
troscopic survey of galaxies in 20 fields containing galaxy
clusters atz = 0.4− 1. The goal of this project is to study
cluster and cluster galaxy evolution, characterizing the struc-
ture, stellar populations, internal kinematics, luminosities and
masses of galaxies in high redshift clusters.

Candidate clusters were selected from the Las Campanas
Distant Cluster Survey (LCDCS) of Gonzalez et al. (2001).
Candidates were identified by the LCDCS as a surface bright-
ness excess using a very wide filter (∼ 4500-7500 Å). The
EDisCS sample of 20 clusters was built from the 30 highest
surface brightness candidates in the LCDCS, confirming the
presence of an apparent cluster and of a possible red sequence
with VLT 20min exposures in two filters (White et al. 2005).

Deep optical photometry with FORS2/VLT, near-IR pho-
tometry with SOFI/NTT and multislit spectroscopy with
FORS2/VLT have been obtained for the 20 fields. ACS/HST
mosaic imaging of 10 of the highest redshift clusters has also
been acquired (Desai et al. 2006).

An overview of the goals and strategy of the survey is given
in White et al. (2005) where the optical ground–based pho-
tometry is presented in detail. This consists of V, R and I
imaging for the 10 highest redshift cluster candidates, aimed
to provide a sample atz ∼ 0.8 (hereafter the high-z sample)
and B, V and I imaging for 10 intermediate–redshift candi-
dates, aimed to provide a sample atz ∼ 0.5 (hereafter the mid-
z sample).1 A weak-shear analysis of gravitational lensing by
our clusters based on these data is presented in Clowe et al.
(2005).

Typically 4hrs– (high-z sample) and 2hrs–exposure (mid-z
sample) spectra of> 100 galaxies per cluster field were ob-
tained. Spectroscopic targets were selected from I-band cat-
alogues. At the redshifts of our clusters this corresponds to
∼ 5000± 500 Å rest frame. Conservative rejection criteria
based on photometric redshifts were used in the selection of
spectroscopic targets to reject a significant fraction of non–
members while retaininig a spectroscopic sample of cluster
galaxies equivalent to a purely I-band selected one.A pos-
teriori, we verified that these criteria have excluded at most
1% of the cluster galaxies (Halliday et al. 2004 and Milvang-
Jensen et al. 2006). The spectroscopic selection, observations
and spectroscopic catalogs are presented in detail in Halliday
et al. (2004) and Milvang-Jensen et al. (2006).

As explained in White et al. (2005), deep spectroscopy
was not obtained for two of the EDisCS fields (Cl 1122 and
Cl 1238), hence they have not been included in the present
study. In the following we consider the other 18 EDisCS
fields with high quality spectroscopy. For each field, Table 1
lists the cluster name, redshift, velocity dispersion and num-
ber of spectroscopically confirmed members of the structure

1 In practice, the redshift distributions of the high-z and the mid-z samples
partly overlap, as can be seen in Table 1.
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TABLE 1
EDISCSCLUSTERS.

Cluster Cluster z σ ±δσ Nmem N[Oii] Imaging R200 f[Oii] f uncorr
[Oii] f lens

[Oii] f 1Mpc
[Oii]

(Mpc)
Cl 1232.5-1250 Cl 1232 0.5414 1080+119

−89 54 51 BVIJK+ 1.99 0.32±0.08 0.31 0.32 0.34
Cl 1216.8-1201 Cl 1216 0.7943 1018+73

−77 67 57 VRIJK+ 1.61 0.53±0.14 0.46 0.53 0.44
Cl 1138.2-1133 Cl 1138 0.4798 737+77

−56 48 24 VRIJK+ 1.41 0.59±0.16 0.62 0.63⋆ 0.63
Cl 1411.1-1148 Cl 1411 0.5201 709+180

−105 26 18 BVIK 1.32 0.24±0.11 0.22 0.24 0.24
Cl 1301.7-1139 Cl 1301 0.4828 681+86

−86 37 28 BVIK 1.30 0.62±0.15 0.61 0.61⋆ 0.57
Cl 1354.2-1230 Cl 1354 0.7627 668+161

−80 21 14 VRIJK+ 1.08 0.80±0.22 0.71 0.82⋆ 0.75
Cl 1353.0-1137 Cl 1353 0.5883 663+179

−91 22 16 BVIK 1.19 0.45±0.17 0.44 0.34 0.34
Cl 1054.4-1146 Cl 1054-11 0.6972 589+78

−70 49 28 VRIJK+ 0.99 0.70±0.16 0.68 0.73 0.70
Cl 1227.9-1138 Cl 1227 0.6355 572+96

−54 22 12 VRIJK+ 1.00 0.69±0.24 0.67 0.67 0.69
Cl 1202.7-1224 Cl 1202 0.4244 540+139

−83 21 14 BVIK 1.07 0.31±0.14 0.29 0.31 0.31
Cl 1059.2-1253 Cl 1059 0.4561 517+71

−40 41 28 BVIK 1.00 0.56±0.14 0.57 0.56⋆ 0.56
Cl 1054.7-1245 Cl 1054-12 0.7498 504+113

−65 36 20 VRIJK+ 0.82 0.52±0.15 0.45 0.63 0.55
Cl 1018.8-1211 Cl 1018 0.4732 474+75

−57 33 20 BVIK 0.91 0.56±0.17 0.55 0.48⋆ 0.46
Cl 1040.7-1155 Cl 1040 0.7043 418+55

−46 30 13 VRIJK+ 0.70 0.71±0.23 0.69 0.71 0.71
Cl 1037.9-1243 Cl 1037 0.5789 315+76

−37 19 8 VRIJK+ 0.57 0.90±0.33 0.88 0.92⋆ 0.92
Cl 1103.7-1245b Cl 1103 0.7029 242+126

−104 11 3 VRIJK+ 0.41 1.00±0.58 1.00 — 1.00
Cl 1420.3-1236 Cl 1420 0.4959 225+77

−62 27 9 BVIK 0.43 0.00±0.11 0.00 0.38⋆ 0.34
Cl 1119.3-1129 Cl 1119 0.5500 165+34

−19 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. Col.(3) Cluster redshift. Col. (4) Cluster velocity dispersion. Redshifts and velocity
dispersions are taken from Halliday et al. (2004) and Milvang-Jensen et al. (2006). Col. (5) Number of spectroscopically confirmed members. Col. (6) Number
of members used for computing the [OII ] fraction of Col.(9). Col. (7) Available imaging. A + sign indicates those clusters with HST imaging. Col. (8)R200 in
Mpc. Col. (9) [OII ] fraction within R200 corrected for completeness. Col. (10) [OII ] fraction within R200 uncorrected for completeness. Col. (11) [OII ] fraction
computed within a radiusR200 derived from the lensing estimate ofσ (Clowe et al. 2005). An asterisk indicates systems with additional mass structures along
the line of sight, whose lensingσ is probably overestimated. Col. (12) [OII ] fraction computed within a radius = 1 Mpc.

that was targeted for spectroscopy and that forms the basis of
our study.

3. DERIVING THE [OII] FRACTIONS IN CLUSTERS AT HIGH
REDSHIFT

In this paper we wish to investigate the incidence of ac-
tively star–forming galaxies as a function of cluster velocity
dispersion, and how this evolves with redshift. We do this by
analyzing the proportion of galaxies with a significant [OII ]
emission line at 3727 Å, a reliable signal of ongoing star for-
mation. Dust and metallicity variations affect significantly the
strength of the [OII ] line, and a quantitative estimate of the
star formation rate from the line flux depends on slit coverage
of the galaxy area and spectral extraction method. However,
when the limit for line detection is sufficiently low, the simple
presence or absence of this line in emission provides a clean
estimate of the incidence of star-forming galaxies in different
environments and at different redshifts.2

EDisCS spectra have a dispersion of 1.32Å/pixel and
1.66Å/pixel depending on the observing run, with a FWHM
resolution of∼ 6Å, corresponding to rest frame 3.3 Å at z=0.8
and 4.3 Å at z=0.4. The equivalent widths of [OII ] were mea-
sured on the spectra with a line-fitting technique that follows
the one used by the MORPHS collaboration as in Dressler et
al. (1999). With this method each 1D spectrum is inspected
interactively. Each 2D spectrum was also inspected to con-
firm the presence of an eventual line in 1D: this is especially
useful to assess the reality of weak [OII ] lines.

2 If an AGN is present, this can contribute to the emission lineflux. How-
ever, in the great majority of cases an AGN with an emission line spectrum
is associated with some level of star formation activity (e.g. Heckman et al.
1995, Cid Fernandes et al. 2004 and references therein), therefore the con-
tamination of the population of [OII ] emitters from passive galaxies is bound
to be negligible.

We classify as star–forming galaxies those with an equiva-
lent width (EW) of [OII ] < −3 Å rest frame, adopting the con-
vention that EWs are negative when in emission. This is a rea-
sonable limit for galaxies with weak but still detectable cur-
rent star formation activity, for example nearby Sa galaxies.
Measuring the line strength of 147 repeated spectra of galax-
ies (those observed more than once in different masks/runs),
we find that all of them fall into either the star-forming or
non–star-forming class in all repeated cases, proving thatthe
discrimination between galaxies with EW([OII ] ) > and< −3
Å is robust from our spectra.

For each EDisCS cluster, we have computed the fraction of
star–forming cluster members as the fraction of spectroscop-
ically confirmed members3 with a rest frame EW([OII ])≤ −3
Å. Errorbars on the fractions have been computed using Pois-
sonian statistics. We consider only galaxies located within the
projected radius delimiting a sphere with interior mean den-
sity 200 times the critical density (R200) and with an absolute
V magnitude brighter thanMV lim. MV lim was varied with red-
shift between -20.5 atz = 0.8 and -20.1 atz = 0.4 to account
for passive evolution. Our spectroscopy would allow an anal-
ysis for galaxies up to 0.5 mag fainter than these limits, but
for this studyMV lim was chosen to carry out a comparison
with the Sloan dataset (see below). Rest frame absolute mag-
nitudes were estimated for each EDisCS galaxy as in Rudnick
et al. (2003) and are given in Rudnick et al. (2006).R200 was
computed from the cluster velocity dispersionσ as in Finn et
al. (2005):

R200 = 1.73
σ

1000kms−1

1
√

ΩΛ + Ω0(1+ z)3
h−1Mpc (1)

3 After having excluded the repeated spectra of galaxies thatwere observed
more than once.
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FIG. 1.— XY pixel positions of objects with spectra in the EDisCsmid-z fields. Filled dots represent spectroscopically confirmed cluster members. The circle
with radiusR200, centered on the BCG, is shown. The axis units are pixels = 0.2′′.

The cluster center was assumed to coincide with the Bright-
est Cluster Galaxy (BCG), that was identified interactivelyon
the EDisCS VLT images. A list of the BCGs can be found in
White et al. (2005). For most of the clusters, our spectroscopy
samples at least out to the clusterR200 or beyond (Figs. 1 and
2). A few clusters have incomplete radial sampling due to
their large projected radii (most notably, Cl 1232, Cl 1411 and
Cl 1138), or to the BCG location close to the FORS2 field
edge (Cl 1227): when relevant, these cases will be commented
separately.

The fractions of [OII ] emitters were computed weighting
each galaxy for incompleteness of the spectroscopic catalog,
taking into account the completeness as a function of galaxy
magnitude and position, as described in Appendix A. Ignor-
ing these weights, however, does not affect significantly our
results, as discussed in §5. In Appendix B, we show that the
color distributions of the final spectroscopic sample and its
parent photometric sample are indistinguishable according to
a KS test, and therefore no color bias is present in the spec-
troscopic sample we are using.

The exposure times of the EDisCS spectroscopy (4hrs and
2hrs of VLT for the high- and mid-z samples, respectively)
were chosen to allow not only a redshift determination, but
also a detailed spectroscopic analysis of emission and absorp-
tion features. As a consequence, the fraction of spectroscopic
targets for which no redshift could be derived is negligible:
only 3% of the spectra brighter than the magnitude limit used
here did not yield a redshift.4 Hence, no correction is required
to account for the success rate (percentage of spectra provid-
ing a redshift) as a function of magnitude or color.

The [OII ] fractions derived as described above are given in
column 9 of Table 1. For comparison, the table also lists the
[OII ] fractions computed without applying completeness cor-
rections (column 10), or with different radial criteria: within
R200 as derived from theσ based on the weak lensing analysis
of Clowe et al. (2005) (column 11) and within a fixed metric

4 As discussed in Halliday et al. (2004), the spectra show thatmost of these
are bright lower redshift galaxies (non-members of our clusters) observed in
a red rest-frame spectral region that is featureless and thus makes it hard to
derive a secure redshift.
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FIG. 2.— Same as Fig. 1 but for the high-z EDisCS fields.

radius equal to 1 Mpc (column 12). For all structures except
one (Cl 1420), the different estimates of the [OII ] fraction are
compatible within the errors.

3.1. Other high-z cluster samples

The EDisCS dataset is homogeneous for cluster and galaxy
selection and data quality, thus an internal comparison among
clusters is straightforward. A comparison with other spec-
troscopic surveys of distant clusters requires much more cau-
tion, as a number of conditions need to be met: such a survey
should cover out toR200 and be representative of a magnitude-
limited sample of galaxies selected in the rest-frame at 4500-
5500 Å. A reliable determination of the cluster velocity dis-
persion should be available, as well as accurate EW([OII ])
measurements highly complete down to 3 Å for galaxies
down to the absolute magnitude limitMV lim. These are de-
manding requirements that are largely fulfilled by surveys of
just a few distant clusters in the literature.

The list of additional distant clusters we include in our anal-
ysis is given in Table 2. Seven of these clusters are taken from

the MORPHS survey (Dressler et al. 1999, Poggianti et al.
1999, hereafter D99 and P99) and are at redshifts covering the
low redshift end of the EDisCS redshift range (z = 0.38−0.55).
Two other clusters are MS1054-03 at z=0.83 taken from van
Dokkum et al. (2000) (hereafter vD00), and Cl1324+3011 at
z=0.76 from Postman et al. (2001) (hereafter POL01).

Measurements of the EW([OII ] ) were taken from these au-
thors, assuming their spectroscopic catalogs are highly com-
plete for EW([OII ] )< −3 Å. This is the case for the MORPHS
sample, as discussed in D99, and appears to be a reasonable
assumption also for vD00 and POL01, given the EW distri-
butions and errorbars in their catalogs. These samples were
weighted for incompleteness using the completeness func-
tions provided by the authors (Table 2). Galaxies were in-
cluded in the [OII ] computation if brighter than the closest
available apparent magnitude limits corresponding to the ab-
solute magnitude limits adopted for EDisCS, as a function of
redshift. The radial coverage for these clusters in units ofR200
are shown in Table 2. We note that the spectroscopic sam-
ple of the POL01 cluster was selected in rest-frame U-band,
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TABLE 2
OTHER DISTANT CLUSTERS.

Cluster z σ ±δσ N[Oii] Imaging R200(Mpc) FOV f[Oii] Ref1a Ref2b

Cl 1447 0.3762 838+163
−163 21 r/i, MV = −19.8 1.70 1.2×1.2R200 0.56±0.16 D99,P99 GM01

Cl 0024 0.3928 911+81
−107 107 r/i, MV = −19.8 1.83 1.1×1.1R200 0.36±0.06 D99,P99 GM01

Cl 0939 0.4060 1067+89
−96 71 r/i, MV = −19.8 2.13 1.0×1.0R200 0.26±0.06 D99,P99 GM01

Cl 0303 0.4184 876+144
−140 51 r/i, MV = −19.8 1.73 1.3×1.3R200 0.55±0.10 D99,P99 GM01

3C295 0.4593 1642+224
−187 25 r/i, MV = −19.8 3.18 0.7×0.7R200 0.18±0.08 D99,P99 GM01

Cl 1601 0.5388 646+84
−87 58 r/i, MV = −19.8 1.19 2.0×2.0R200 0.15±0.05 D99,P99 GM01

Cl 0016 0.5459 984+130
−95 29 r/i, MV = −19.8 1.81 1.4×1.4R200 0.14±0.07 D99,P99 GM01

MS1054-03 0.8315 1150+97
−97 71 I814, MV = −20.5 1.78 0.5×0.8R200 0.31±0.06 vD00 vD00

Cl 1324+3011 0.7565 1016+126
−93 27 R,MV = −20.4 1.71 0.3×0.9R200 0.47±0.14 PLO01 LOP02

NOTE. — Col. (1) Cluster name. Col. (2) Cluster redshift. Col. (3)Cluster velocity dispersion. Col. (4) Number of galaxies members of the cluster used for
the calculation of the [OII ] fraction. Col. (5) Photometric band used for selection of spectroscopic targets and magnitude limit we adopted to be compatible with
EDisCS. Col. (6)R200 in Mpc. Col. (7) Field-of-view of the spectroscopic coverage. Col. (8) [OII ] fraction. Col. (9)-(10) References. An additional cluster
presented in POL01 has later been shown to be composed of 4 distinct clusters for which a spectroscopic catalog should become available in the future (Gal &
Lubin 2004). A cluster from Postman et al. (1998) was not included because its completeness function was not available. The cluster and the group atz = 0.59
in the MS2053 field of Tran et al. (2005) haveσ = 865 andf[Oii] = 0.34, andσ = 282 andf[Oii] = 0.67, respectively, wheref[Oii] is given by the authors for
galaxies with EW([OII ] )< −5 Å, down to approximately the same galaxy magnitude limit and radius adopted here. Since their EW limit is higher than the3 Å
limit we have used, we decided not to include these structures in Fig. 4, but we note that these points would roughly followthe trend of the other distant clusters
in the plot. Any other cluster from the literature atz ≥ 0.4 could not be included because missing one or more necessarypieces of information ([OII ] catalogs,
completeness information, etc.).

aSource for the [OII ] measurements and completeness functions.
D99=Dressler et al. 1999; P99=Poggianti et al. 1999; vD00=van Dokkum
et al. 2000; PLO01=Postman, Lubin & Oke 2001.

bSource for the cluster velocity dispersion. GM01=Girardi &Mezzetti
2001; LOP02=Lubin, Oke & Postman 2002.

while the EDisCS and all other clusters used in this analy-
sis were selected at∼ 5000±500 Å rest frame. Though the
estimate of the [OII ] fraction in clusters in these external sam-
ples cannot be carried out in a way that is fully homogeneous
with the analysis performed on the EDisCS data, due to the
slight differences in radial coverage, magnitude limit andso
on, such differences are sufficiently small to allow an interest-
ing comparison with the EDisCS data: this will be presented
in §5.

4. THE [OII] FRACTIONS AT LOW REDSHIFT: SLOAN

In order to compare with clusters at low redshift, we con-
structed a local comparison sample from the spectroscopic
Sloan Digital Sky Survey. Rather than trying to obtain a sam-
ple with the largest possible number of clusters, we aimed to
build a sample with selection criteria similar to EDisCS. For
simplicity, we used the Abell cluster catalog. Its selection is
based on (projected) overdensities of galaxies, which can be
regarded as being similar to the selection of EDisCS clusters,
that were chosen by their light excess over the background.

Our Abell sample was built according to the following
steps:

1) At the time of sample selection, the most comprehensive
compilation of properties of Abell clusters was by Struble &
Rood (1991). From this, we selected clusters with a redshift
estimate based on at least two galaxies. This yields 774 clus-
ters.

2) Only clusters with 0.04< z < 0.085 were selected. This
reduces the sample to 227 clusters. The lower limit in redshift
is chosen to reduce fibre aperture effects. Atz > 0.04, the
Sloan fibres sample a significant fraction of the galaxy light,
and the spectral classification into star-forming and non–star-
forming galaxies should not differ significantly from the in-
tegrated spectral class (Kewley, Jansen & Geller 2005). The
upper redshift limit is imposed by the need to have spectra for
galaxies down to a sufficiently deep absolute magnitude, for

comparison with EDisCS. Abovez = 0.085, the Sloan spec-
troscopy samples only the bright end of the galaxy luminosity
function, galaxy numbers per cluster become too small and
errors on the [OII ] fraction are too high to reach solid conclu-
sions.

3) For each cluster, we identify galaxies from the spectro-
scopic DR2 SDSS catalog which lie within one Abell radius
(RA = 1.7′/z) from the cluster center quoted by Struble &
Rood (1991). Only clusters with at least 20 matched galax-
ies are retained (32 clusters).

4) At this stage, the image of each cluster was inspected
interactively. We restricted the sample to clusters that are
well separated from the survey boundaries, and we identified
a BCG from the SDSS imaging data. Redshift histograms
were also inspected to verify the presence of a concentration
of galaxies at the redshift given by Struble & Rood (1991).
These constraints yield a sample of 24 clusters, to which we
add two clusters with redshifts slightly lower than 0.04 and
two with redshifts slightly higher than 0.085. The final listof
28 clusters is presented in Table 3.

5) As for the EDisCS sample, we rely on the biweight esti-
mator of Beers et al. (1990) for determining the cluster red-
shift and velocity dispersion, as described in Appendix C.

Once our low–redshift comparison sample was selected, a
number of steps were taken to ensure a meaningful compari-
son with our high-z sample.

1) The Sloan spectroscopic target selection was performed
in ther band (r < 17.7). In order to more closely approximate
the rest-frame EDisCS selection wavelength, we extracted a
g-selected sample from the Sloan spectroscopic catalogs. This
corresponds to the subset of galaxies withg ≤ 18: brighter
than this limit, 99% of the galaxies haver < 17.7 and their
g-magnitude distribution follows closely the distributionin
the wholeg-band photometric sample. Galaxies brighter than
g = 12 andr = 12 were excluded, being brighter than any clus-
ter member of the clusters considered. Therefore, the Sloan
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FIG. 3.— EW([OII ] )s of Sloan spectra in plate #973. The measurement
obtained with the Ediscs method is compared with the EW listed by Sloan.
The inset is a blow-up of the lower left corner of the plot, in which errorbars
are omitted for clarity. In this plot, EDisCS EWs = 0 correspond to those
spectra in which the line is not detected and the spectral fluctuations in that
region are considered noise. Since the Sloan measurements are fully auto-
matic, these cases can yield a non-null negative or positiveEW value, that is
however consistent with zero within the errorbar in most cases.

spectroscopic sample we used is the subset of the Sloan cata-
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 in
the Sloan spectroscopic and photometric (g-band) catalogs, as
done for EDisCS (see Appendix A). As in EDisCS, essentially
all targeted galaxies (99.9%) yield a reliable redshift (Strauss
et al. 2002), thus no correction is required to account for the
spectroscopic success rate.

3) The analysis of the fraction of [OII ]-emitters was car-
ried out on the Sloan data as for EDisCS. The center of
each cluster was assumed to coincide with the BCG. Only
galaxies withinR200 were considered, down to an absolute
V magnitude limit =−19.8, corresponding to the limit at
which spectroscopic incompleteness sets in at these redshifts
in the Sloan sample. This limit was used to determine the
absolute magnitude limit in the distant clusters, once pas-
sive evolution was taken into account. Galaxy absolute V
magnitudes were obtained from the absolute Petrosian magni-
tudes in the Sloan system using the transformation of Blanton
(http://astro.physics.nyu.edu/˜mb144/kcorrect/linear.ps).

4) The star-forming fraction was computed as the frac-
tion of galaxies with EW([OII ] )< −3 Å rest frame. The
EWs([OII ] ) of the Sloan spectra were taken from Brinchmann
et al. (2004a,b). Since these were measured with a different
routine than the one we used for EDisCS, we first tested the
consistency between the Sloan and our EW measurements on
all the 162 spectra of a random Sloan plate (plate #973). The
comparison is shown in Fig. 3, where a good agreement is
visible. Since our purpose is to obtain a meaningful compari-

TABLE 3
SLOAN CLUSTERS.

Cluster z σ ±δσ N[Oii] R200 f[Oii] f uncorr
[Oii]

A2255 0.0801 1151±64 106 2.74 0.22±0.05 0.24
A1767 0.0707 908±54 48 2.17 0.19±0.06 0.19
A85 0.0555 861±48 46 2.07 0.16±0.06 0.17
A160 0.0425 842±64 25 2.04 0.29±0.11 0.28
A1066 0.0691 833±62 39 1.99 0.31±0.09 0.31
A2670 0.0761 804±48 53 1.92 0.28±0.08 0.30
A1650 0.0837 770±72 32 1.83 0.17±0.08 0.22
A1809 0.0794 730±55 37 1.74 0.16±0.07 0.16
A628 0.0838 667±67 24 1.58 0.54±0.14 0.50
A1424 0.0755 664±53 33 1.58 0.21±0.08 0.21
A2593 0.0417 659±52 13 1.60 0.07±0.08 0.08
A1564 0.0792 600±63 19 1.43 0.17±0.11 0.21
A2197 0.0303 586±27 31 1.43 0.25±0.09 0.26
A117 0.0551 570±46 17 1.37 0.30±0.13 0.29
A1559 0.1056 541±86 8 1.27 0.31±0.18 0.25
A933 0.0969 515±55 15 1.22 0.26±0.13 0.27
A1780 0.0776 500±63 18 1.19 0.25±0.12 0.28
A1452 0.0616 485±105 7 1.16 0.42±0.25 0.43
A116 0.0667 471±71 4 1.13 0.47±0.35 0.50
A2448 0.0820 466±81 11 1.11 0.28±0.16 0.27
A1468 0.0850 464±105 16 1.10 0.38±0.15 0.38
A1139 0.0393 436±46 10 1.06 0.38±0.20 0.40
A1507 0.0599 419±47 11 1.01 0.54±0.22 0.55
A2630 0.0669 402±69 9 0.96 0.32±0.19 0.30
A1218 0.0801 365±77 7 0.87 0.55±0.29 0.57
A1171 0.0748 352±51 5 0.84 0.67±0.35 0.60
A1534 0.0699 333±39 11 0.80 0.18±0.13 0.18
A1279 0.0544 192±37 3 0.46 1.00±0.58 1.00

NOTE. — Col. (1): Cluster name. Col. (2) Cluster redshift. Col. (3)
Cluster velocity dispersion. Col. (4) Number of members used for computing
the [OII ] fraction. Col. (5)R200 in Mpc. Col. (6) [OII ] fraction corrected for
completeness. Col. (7) [OII ] fraction uncorrected for completeness.

son of the fraction of galaxies with EW([OII ] )< −3 Å, we are
mainly interested in those eventual cases of discrepancy be-
tween our and the Sloan measurement that could cause a dif-
ferent classification (star-forming versus non-star-forming).
We find that in 99% of the cases our EW measurements agree
with the Sloan EWs for the purpose of dividing galaxies into
> and< −3 Å.5 We conclude that using the EWs by Brinch-
mann et al. (2004) does not introduce any systematics in
the comparison with the high redshift clusters, and we use
their EW measurements to compute the [OII ] fraction in low-
z clusters. [OII ] fractions computed with and without com-
pleteness corrections, together with redshifts, velocitydisper-
sions,R200 and number of spectroscopically confirmed cluster
members used to compute the [OII ] fractions are listed for our
Abell-Sloan clusters in Table 3.

To test our results on a larger control sample that, how-
ever, resembles less closely the EDisCS sample for selection
and characteristics, we also chose a second cluster sample
in the SDSS from the C4 catalog of Miller et al. (2005) at
redshift 0.04 ≤ z ≤ 0.08. The purity of the C4 sample is
discussed in Miller et al. (2005). Such a sample is more

5 As visible in the inset of Fig. 3, only 2 cases of small discrepancy are
found among the 162 galaxies: galaxy #506 with EW(Sloan)=-2.6±0.6 and
EW(EDisCS)=-3.4±0.5 Å, and galaxy #369 with EW(Sloan)=-3.5±1.1 and
EW(EDisCS)=0, because no line appears to be present from a visual inspec-
tion of the spectrum.

http://astro.physics.nyu.edu/~mb144/kcorrect/linear.ps
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prone to be contaminated by filaments, sheets and multiple
structures yielding an overestimatedσ. To minimize the con-
tamination of structures with severely overestimated velocity
dispersion, we retained only clusters withσ ≤ 1500kms−1,
σ ≤ σC4 +200kms−1 and a number of galaxies within 3σ from
the cluster redshift and withinR200 equal or greater than 7,
whereσ was measured from the Sloan spectroscopic tables
as described in Appendix C andσC4 is the velocity dispersion
given by Miller et al. (2005). Clusters with clear multiple
peaks in the redshift histograms indicating that theσ is unre-
liable were excluded.

Since all but one of the EDisCS structures have at least 8
members within these magnitude and radial limits (N[Oii] in
Table 1), we included only C4 clusters with at least 8 members
usable to compute the [OII ] fraction. Our final C4-based sam-
ple consists of 88 clusters, whose centers were taken to coin-
cide with the BCG listed by Miller et al. (2005).6 The [OII ]
fraction of these clusters was computed from ag-selected
sample of galaxies withinR200 and with MV < −19.8, as it
was done for the Abell sample. For the C4-based sample
we did not apply completeness weights, given that these cor-
rections did not affect significantly the [OII ] fractions of the
Abell clusters (see Table 3).

5. RESULTS

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

Our main result is shown in Fig. 4. The left panel presents
the fraction of [OII ] emitters as a function of cluster velocity
dispersion for EDisCS clusters (filled small circles), and for
the other clusters at z=0.4 to 0.8 whose data were taken from
the literature as described in Sec. 3.1.

Most datapoints occupy a stripe in this diagram, indicating
that most clusters follow a broad anticorrelation between the
fraction of star-forming galaxies and the cluster velocitydis-
persion: generally, more massive clusters have a lower frac-
tion of star-forming galaxies. When including all clusters, a
Kendall test shows that an anticorrelation between clusterve-
locity dispersion and star-forming fraction is present with a
97.1% probability. There are evident outliers that do not fol-
low the [OII ]-σ trend defined by the majority of clusters. The
most evident outliers are Cl 1119 and Cl 1420, two groups
with σ < 400kms−1 that will be discussed further in §5.5. 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 system7, the [OII ]-σ relation shown in the
left panel of Fig. 4 suggests that it is the mass of the system,
though with a significant scatter, that largely determines what
proportion of its member galaxies are forming stars atz ∼ 0.6.

6 The BCG was chosen by Miller et al. to be the brightest entry inthe
SDSS catalog within 500h−1 kpc from the peak of the C4 density field, with
EW(Hα) > −4 Å and within 4σ from the cluster redshift, or with no spec-
troscopy but brighter thanmr = 19.6 andMr = −19.8 with colors lying within
the cluster color-magnitude sequence and no more than two magnitudes dim-
mer than the BCG identified based on the 4σ criterion.

7 We note that two EDisCs clusters, Cl 1216 and Cl 1232, show evidence
for substructure and therefore in principle their velocitydispersions may be
a poor indicator of their masses (Halliday et al. 2004). However, a subse-
quent weak lensing analysis of EDisCS clusters has showed that substruc-
ture does not strongly affect the spectroscopic measurement of their veloc-
ity dispersion, confirming within the errors the spectroscopic estimate ofσ
(σ = 1152+70

−78 for Cl 1216, andσ = 948+50
−55 for Cl 1232, Clowe et al. 2005).

Given the scatter and the outliers in this plot, however, it is
uncertain whether this is better described as a broad relation
between the [OII ] fraction andσ, 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 [OII ] fraction versusσ plane
seems to imply that atz = 0.4− 0.8 a system of a given mass
can haveat most a certain fraction of star-forming galaxies
or, equivalently, must haveat 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
galaxies or, equivalently, a higher minimum-allowed fraction
of passive galaxies.

The solid line in Fig. 4 is a "hand-drawn" description of this
upper envelope8:

f[Oii] = −0.74× (
σ

1000
)(kms−1) + 1.115 (2)

When plotting the residuals from this relation for EDisCS
clusters as a function of cluster redshift (Fig. 5), there isa
trend of increasing [OII ] fraction towards higher redshifts in
the intervalz = 0.4− 0.8. Since within our sample there is no
correlation between cluster redshift and velocity dispersion
(see Table 1), Fig. 4 and Fig. 5 indicate that both a trend of
the [OII ] fraction withσ and one with redshift are present. In
the next subsection we investigate the evolution with redshift
in more detail, comparing these results with our Sloan cluster
sample.

5.2. Evolution of the [OII] - σ relation in clusters

The [OII ]-σ trend observed in distant clusters can be com-
pared with nearby clusters to quantify the evolution with red-
shift of the star-forming fraction in clusters as a functionof
the system velocity dispersion. The right panel of Fig. 4
shows that Sloan Abell clusters atz ∼ 0.04−0.08 have signif-
icantly lower fractions of star-forming galaxies than clusters
at z ∼ 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 line fol-
lowing the high-z datapoints. While at high-z most clusters
fall around this line (left panel), at low-z the great majority of
clusters fall well below this line (right panel).

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

f[Oii] = −0.0022σ+ 1.408 forσ < 530
f[Oii] = 0.23 forσ > 530

(3)

In fact, the average [OII ] - σ relation is flat for σ >
550kms−1; no clear trend seems to be present above this
velocity dispersion. In contrast, a trend is visible atσ <
500kms−1, with the [OII ] fraction rising for most systems to-
wards lower velocity dispersions. The averagef[Oii] in 3 bins
of velocity dispersion forσ < 550kms−1 increases from 0.31,
to 0.41, to 0.54 going to lowerσ. A Kendall test shows the
trend below 600kms−1 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 interesting
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, after ex-
cluding the two group outliers, using an M-estimate that minimizes absolute
deviations (Press et al., 1986).
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FIG. 4.— Left. The [OII ] - σ relation in clusters at 0.4≤ z ≤ 0.8. The fraction of cluster members withinR200 with [OII ] emission is plotted versus the cluster
velocity dispersion. Solid black dots represent EDisCS datapoints in each one of the 18 fields, as in Table 1. The red crosses are for MORPHS clusters; the red
solid large circle is the cluster MS1054-03 from van Dokkum et al. and the red empty circle is Cl1324+3011 from Postman et al. Errorbars on the fractions are
Poissonian. The solid line across the plot is taken as a description of the upper envelope of the high-z points (see text).The same line is repeated in the right
panel, to illustrate the differences. At high-z, the majority of systems group around this line, while at low-z (right panel) the great majority fall well below the
line. Right. The [OII ] - σ relation in low redshift clusters from Sloan described in §4. Empty circles indicate those Sloan clusters slightly outside of the preferred
redshift range. The two dotted lines represent the eye-fitted most heavily populated region in the plot.

are shown in Fig. 6. These clusters confirm the main trends
observed in the Abell sample: forσ > 550kms−1, the [OII ]
fraction does not seem to depend onσ and is smaller than 0.3
for the great majority of clusters. Atσ ≤ 500kms−1, many
systems have anf[Oii] higher than 0.3, though there are also
systems with lowσ and low f[Oii]. While from the Abell sam-
ple there appears to be a trend of increasing average [OII ]
fraction towards lower velocity dispersions, for the C4 clus-
ters it is unclear whether there is a trend atσ < 500kms−1, or
simply a large scatter in the [OII ] fraction at lowσ. We note
that the trend of rising averagef[Oii] observed in the Abell
sample is in excellent agreement with the results of Martinez
et al. (2002) who found the average fraction of emission-
line galaxies to decrease monotonically with virial mass for
groups (1012 − 2× 1014M⊙) from the 2dF Galaxy Redshift
Survey. The result from Martinez et al. (2002) parallels the
trend of increasing early-type fractions towards higher ve-
locity dispersion in the poor groups studied by Zabludoff &
Mulchaey (1998), who noted that the early-type fractions in
the most massive groups of their sample were comparable to
those found in rich clusters. A rising fraction of “late-type
galaxies” (defined on the basis of their color and star forma-
tion from emission lines) towards lower velocity dispersions
is also found below 500kms−1 in Sloan groups by Weinmann
et al. (2006). Our low-z trends also agree with the fraction
of passive galaxies in 2dF groups from Wilman et al. (2005b,
see their Fig. 7).9 Keeping in mind the caveat of a larger scat-

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

ter in the C4 sample at lowσ, in the following we will adopt
as reference the rising trend observed in the Abell sample. As
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 [OII ] fraction with σ at the same velocity
dispersion (∼ 500kms−1) and that most clusters above thisσ
have a fraction of star-forming galaxies around 20%. As we
will discuss later, this critical threshold inσ is an important
observational landmark for inferring the effects of the envi-
ronment on galaxy star formation histories.10

A schematic view of the evolution in the [OII ] – σ diagram
is presented in Fig. 7. The solid line and the two dotted lines
illustrate the position of the most densely populated regions at
high and low redshift, respectively, reproducing the average
observed trends followed by most clusters in the two panels
of Fig. 4.

The arrows in Fig. 7 indicate the average velocity dispersion
of z = 0.6 progenitors of systems of different masses atz = 0.

of emission-line galaxies in the ESO Nearby Abell Cluster Survey between
400 and 1100 kms−1. A direct comparison with our results cannot be carried
out, due to the very different threshold of line strength adopted for identifying
emission-line galaxies, but they found that on average the mean emission-line
fraction in three bins ofσ decreased towards higherσ. If we analyzed the
[OII ] fraction for our Sloan clusters in three similarly wide bins ofσ, instead
of presenting the results cluster by cluster, we would obtain a similar trend.

10 We note that our low-z samples are composed for the great majority of
structures withσ between 350 and 900 kms−1, therefore they do not allow
an exploration of the properties of the most massive and the least massive
systems.
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FIG. 5.— Residuals of the [OII ] fraction of EDisCS clusters with respect to
the line drawn in the [OII ] - σ relation at high-z shown in Fig. 4, plotted versus
cluster redshift. The solid line is the least squares fit having excluded the
two outliers (Cl 1119 and Cl 1420), which are the two points with residuals
< −0.5.
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FIG. 6.— The [OII ] - σ relation in Sloan clusters at 0.04 < z < 0.08 taken
from the C4 catalog (Miller et al. 2005). Errorbars on theσ have been omitted
for clarity. The two lines indicate the trend followed by theAbell sample, as
the dotted lines in the right panel of Fig. 4.
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FIG. 7.— Evolution of the [OII ] - σ relation inferred from observations
at different redshifts. The solid line and the two dotted lines represent the
observed relations followed by the majority of clusters at high- and low-z,
respectively. These are the same lines shown in the left and right panels of
Fig. 4. The arrows identify the average progenitors atz = 0.6 of clusters of
different mass atz = 0 as expected from simulations, considering the fact
that the cluster mass, hence its velocity dispersion, evolves too (see text for
details). Ifσ 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. (2001)
and computing the relation between mass of the system andσ
as in Finn et al. (2005):

Msys = 1.2×1015(
σ

1000kms−1
)
3 1
√

ΩΛ + Ω0(1+ z)3
h−1M⊙

(4)
In Fig. 8, the mean change ofσ betweenz = 0 andz = 0.76

derived in this way (empty symbols) is compared with the
evolution obtained from the Millennium Simulation (hereafter
MS; Springel et al. 2005). Filled symbols represent resultsfor
90 haloes atz = 0 extracted from the MS and followed back
in time by tracking at each previous redshift their most mas-
sive progenitor. The MS followsN = 21603 particles of mass
8.6×108h−1M⊙ within a comoving box of size 500h−1Mpc
on a side and with a spatial resolution of 5h−1kpc. We ex-
tracted 90 haloes within the simulation box, uniformly dis-
tributed in log(mass) between 5×1012M⊙ and 5×1015M⊙.
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
2R200 from the central galaxy to compute the projected veloc-
ity dispersion along the x, y, and z axis. In Fig. 8 we have
plotted the mean of these projected velocity dispersions.

Fig. 8 shows a very good agreement between the evolution
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FIG. 8.— Relation between the velocity dispersion of systems atz = 0
and at z=0.76. Empty triangles are average values derived analytically from
Wechsler et al. (2002) and eqn.4, as described in §5.2. Filled circles are
results for 90 haloes from the Millennium Run simulation (Springel et al.
2005), as described in §5.2.

of the velocity dispersions estimated from the two indepen-
dent simulations. In the following, we use the average evo-
lution of σ derived from Wechsler et al. (2002) and eqn.(4)
to establish the evolutionary link between low-z and high-z
structures.11 In Table 4, we list the averagef[Oii] fractions ob-
served at high– and low–redshift as a function of the cluster
velocity dispersion and mass atz = 0, the corresponding aver-
ageσ and mass of that structure atz = 0.6, and the difference
∆ f in f[Oii] between the two redshifts.12

Fig. 7 and Table 4 show that the strongest evolution in mass
and in velocity dispersion is expected for the most massive
structures. The same figure and table also illustrate that the
observed change in star–forming fraction betweenz = 0.6 and
z = 0 is maximum instead for intermediate-mass structures,
those withσ ∼ 5− 600kms−1 at z = 0 and∼ 450− 500kms−1

at z = 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 sample.13 In the mass range we observe,

11 We note that this is done selecting haloes atz = 0 and computing the av-
erage projected velocity dispersion of their “main progenitor” at z = 0.6. We
have verified that selecting haloes atz = 0.6 and following their descendants
to z = 0 gives similar results, albeit the amount of evolution inσ turns out to
be slightly smaller in this case. The differences found withthe two selection
methods increase with the halo velocity dispersion rangingfrom less than
10kms−1 for systems up to 500kms−1 to about 100kms−1 for systems with
1000kms−1.

12 We stress that Table 4 extends to lower and higher masses thanthose
probed by our sample at low redshift. Therefore, for systemswith σ below
350 and above 1000 kms−1 at z = 0 the values listed areextrapolations of the
observed trends, not confirmed by any observational evidence. According to
these extrapolations, no change in [OII ] fraction with redshift would be ob-
served for systems below 200kms−1. At these low masses also the evolution
of σ(mass) is negligible (Table 4).

13 It is worth noting that the star-forming fractions in clusters with σ >
1000kms−1 on average are quite similar atz = 0.6 andz = 0 (compare the

TABLE 4
MEAN EVOLUTION BETWEEN Z=0 AND Z=0.6OF THE VELOCITY
DISPERSIONσ, THE MASS OF THE SYSTEMMsys AND THE [OII ]

FRACTION.

σz=0 Msys
z=0 f[Oii] z=0 σz=0.6 Msys

z=0.6 f[Oii] z=0.6 ∆ f
kms−1 M⊙/h kms−1 M⊙/h
1200 2.1×1015 0.23 928 6.9×1014 0.45 0.22
1100 1.6×1015 0.23 869 5.7×1014 0.49 0.26
1000 1.2×1015 0.23 805 4.5×1014 0.54 0.31
900 8.8×1014 0.23 737 3.5×1014 0.58 0.35
800 6.1×1014 0.23 668 2.6×1014 0.63 0.40
700 4.1×1014 0.23 597 1.8×1014 0.68 0.45
600 2.6×1014 0.23 522 1.2×1014 0.73 0.50
500 1.5×1014 0.30 443 7.5×1013 0.79 0.49
400 7.7×1013 0.52 362 4.1×1013 0.85 0.33
300 3.2×1013 0.74 278 1.9×1013 0.91 0.17
200 9.6×1012 0.96 190 5.9×1012 0.97 0.01
100 1.2×1012 1.00 98 0.8×1012 1.00 0.00

NOTE. — Col. (1) Velocity dispersion of a system at z=0. Col. (2) Corre-
sponding mass of the system at z=0 in units of solar masses/h. The relation
betweenσz=0 and the mass is computed according to eqn.(4). Col. (3) Aver-
age [OII ] fraction at z=0 for a system ofσz=0, derived from eqn.(3). Col. (4)
Mean velocity dispersion at z=0.6 of a system withσz=0 as in col.1.σz=0.6
is computed from Col.5 according to eqn.(4). Col. (5) Mean mass at z=0.6
of a system withMz=0 as in col.2. The relation between mean mass at z=0
and mean mass at z=0.6 is computed according to Wechsler et al. (2002) (see
§5.2). Col. (6) Average [OII ] fraction at z=0.6 for a system ofσz=0.6 as in
col.4, derived from eqn.(2). Col. (7) Difference between the [OII ] fractions
at z=0.6 and z=0 (col.6 - col.3).

the change in the average star–forming fraction∆ f ranges
between 20-30% and 50%.

It is essential to keep in mind that the trends in Fig. 7 and
Table 4 depict an average evolution apparently followed by
the majority of systems, but a large scatter is present in the
observed [OII ] - σ relation at all redshifts, and the evolution
of the cluster masses is expected to proceed with a significant
scatter too, as shown in Fig. 8.

In this section we have shown that the fraction of star–
forming (and, conversely, passive) galaxies in clusters has
evolved significantly betweenz ∼ 0.6 andz = 0. For the first
time, we can quantify how the average evolution varies with
the mass of the system. Why the proportion of passive/star–
forming galaxies broadly correlates/anticorrelates withthe ve-
locity dispersion of the system for most clusters at high-z,
why this proportion evolves with redshift, why the evolution
is maximum for intermediate-mass systems and why there is
no clear trend withσ at z=0 for systems more massive than
∼ 550kms−1 are questions that will be addressed in §6.

5.3. Other environments at high-z

About 35% of the galaxies in the EDisCS 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 selection

left panel in Fig. 4 with the right panel in the same figure and with Fig. 6).
However, as shown in Fig. 7 and Table 4, clusters withσ > 1000kms−1 at
z = 0 are those whose mass evolved the most between the two redshifts. Their
progenitors atz = 0.6 were∼ 800kms−1 systems, whose star-forming fraction
was higher than that of their descendants atz = 0. Thus, also the most massive
systems atz = 0 on average have experienced a significant evolution of their
fraction of star-forming galaxies.
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TABLE 5
OTHER EDISCSSTRUCTURES.

Cluster z σ ±δσ Nmem N[Oii] f[Oii] Dist/σ
C2_1138 0.4549 529+109

−54 11 8 0.38±0.22 7
C2_1227 0.5822 432+225

−81 11 8 0.88±0.33 17
G1_1301 0.3971 393+84

−46 17 13 0.38±0.17 25
G1_1103a 0.6258 329+50

−28 14 10 0.50±0.22 43
G1_1040 0.7798 259+91

−52 8 6 0.83±0.37 32
G1_105411 0.6130 227+72

−28 8 7 1.00±0.38 25
G1_105412 0.7305 182+58

−69 10 10 0.50±0.22 7
G2_1040 0.6316 179+40

−26 11 8 1.00±0.35 31

NOTE. — Col. (1) Name of the structure. Col. (2) Redshift. Col. (3)Ve-
locity dispersion. Col. (4) Number of spectroscopically confirmed members.
Col. (5) Number of galaxies members of the cluster used for the calculation
of the [OII ] fraction, hence brighter than the adopted magnitude limit. Col.
(6) [OII ] fraction. Col. (7) Distance from another structure in units of σ of
the most massive of the two.

anamed Cl 1103.7-1245a in White et al. (2005).
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FIG. 9.— Left. Redshift distribution of our field spectroscopicsample.
Right. Redshift distribution of galaxies in our poor groups.

criteria for spectroscopic targets (§2 and Halliday et al. 2004),
we can treat the spectroscopic catalog in a redshift slice close
to the redshift targeted in each field as a purely I-band se-
lected sample (Milvang-Jensen et al. 2006). To ensure that no
selection bias can be present, we choose conservative redshift
limits and we only consider galaxies within±0.1 in z from
the cluster targeted in each field. With these criteria we can
study two other clusters (σ > 400kms−1), listed in Table 5,
and several groups (σ < 400kms−1).

Two types of groups have been isolated. Six structures have
at least 7 member galaxies with spectroscopic redshifts. For
these, velocity dispersions have been computed. In the fol-
lowing we will refer to these as “groups”. These are listed in
Table 5 and are among the groups studied in detail in Halliday
et al. (2006).

Associations in redshift space with between 3 and 6 galax-
ies in our spectroscopic catalog have been treated separately,
and hereafter will be referred to as “poor groups”. In total
our poor groups comprise 84 galaxies, whose redshift distri-
bution is shown in Fig. 9. We did not attempt to derive veloc-
ity dispersions for these systems given the small number of
redshifts.

Any other galaxy in our spectroscopic catalog that was not
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0

0.2

0.4

0.6

0.8

1

Cluster velocity dispersion
FIG. 10.— Same as Fig. 4, but now including also other environments.

Empty triangles are other EDisCS structures with at least 7 spectroscopically
confirmed members as in Table 5. The average [OII ] fraction and correspond-
ing errorbars in poor groups (those between 3 and 6 spectroscopic members)
are shown with green dashed lines. The [OII ] fraction among field galaxies
(see text) and its errorbars are shown as blue solid lines.

a member of any of our clusters, groups or poor group as-
sociations, will be hereafter named a “field” galaxy. Our
field sample is composed of 162 galaxies, whose redshift
distribution is shown in Fig. 9. Our “field” sample should
be dominated by galaxies in regions less populated than the
clusters/groups/poor groups we isolated, but will also contain
galaxies belonging to structures that were not detected in our
spectroscopic catalog.

The [OII ] fractions in these additional structures and in the
field have been computed for galaxies with absolute magni-
tudes brighter than the limit adopted for the main 18 structures
described in §3. No radial distance criterion has been intro-
duced for the additional structures (those presented in Table 5
and the poor groups) and the field. The lack of a radial crite-
rion, however, does not significantly affect the [OII ] fractions
derived for these systems.

The fraction of [OII ] emitters we find in the “field” isf[Oii] =
0.74 and is shown in Fig. 10 as a solid blue horizontal line
with its errorbars. The [OII ] fraction in poor groups is even
higher (87%, green dashed horizontal line in Fig. 10), though
still compatible with the fraction in the field within the errors.

The other structures for which we derived a velocity disper-
sion are shown in Fig. 10 as empty triangles. Among these,
there are 4 systems with very high [OII ] fractions ranging be-
tween 83 and 100%. In redshift space, these systems are all
far from any known cluster, always at least 17σclu away (see
Table 5). The other 4 additional structures in Fig. 10 have rel-
atively low [OII ] fractions, around 40-50%. Two of these are
quite close to other massive structures (7σclu from the most
massive cluster in that field, see Table 5).

To summarize, both the field and the poor groups contain a
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
σ < 400kms−1, and in agreement with the line that traces the
relation betweenf[Oii] andσ up to the most massive systems.
In addition, there are 5 other groups withσ < 400kms−1 (in-
cluding Cl 1119 and Cl 1420, previously discussed) that have
[OII ] fractions significantly lower than the rest of the groups
and the field. Their [OII ] fractions are≤ 50%. We will come
back to discussing these systems and describe their properties
and those of their galaxy populations in §5.5.

5.4. EW([OII]) distributions

As shown above, the fraction of star-forming galaxies in
high-redshift clusters depends on cluster velocity dispersion.
It is interesting to investigate whether also the star formation
activity in star-forming galaxies depends onσ and, more gen-
erally, on environment. In this section we analyze how the
distributions of EW([OII ]) for star–forming EDisCS galaxies
vary in the different environments. We do not attempt any
comparison with the low-redshift sample, given that a quanti-
tative comparison of the EW strength is affected by the uncer-
tainties related to aperture effects betweenz = 0.8 andz = 0.

We consider the “environments” defined in §5.3, namely
clusters, groups, poor groups and field. Clusters have been
further subdivided into more and less massive clusters. We
define as “massive clusters” all clusters in Table 1 withσ >
800kms−1 (Cl 1216, Cl 1232), and as “less massive clus-
ters” those with 400< σ < 800kms−1 (Cl 1138, Cl 1411,
Cl 1301, Cl 1354, Cl 1353, Cl 1054-11, Cl 1227, Cl 1202,
Cl 1059, Cl 1054-12, Cl 1018, Cl 1040). Among the groups,
we consider separately groups with high and low [OII ] frac-
tions as discussed in the previous section. “Groups with
low-emission” are those groups withσ < 400kms−1 and
[OII ] fractions significantly below the line in Fig. 4 (Cl 1420,
Cl 1119, G1_105412, G1_1301, G1_1103). “Groups with
high-emission” are those groups withσ < 400kms−1 and
[OII ] fractions that roughly follow the line in Fig. 4 (Cl 1037,
Cl 1103, G1_1040, G2_1040, G1_1054-11). The same radial,
magnitude and EW limits and completeness weights used for
computing the [OII ] fractions have been applied to the EW
distributions.

We have studied the proportion of star–forming galaxies
with strong (EW < −40 Å), intermediate (−40< EW < −20
Å) and relatively modest equivalent width of ([OII ] ) (−20<
EW < −3 Å).14 These proportions are shown in Fig. 11 as
a function of environment. When ordering the environments
in order of decreasing [OII ] fraction, there is a progressive
trend also in equivalent width strength. The fraction of galax-
ies with relatively weak EW (−20<EW< −3 Å, circles) de-
creases going to environments with higher [OII ] fraction. The
fraction of galaxies with intermediate-strength EW (triangles)
follows the opposite trend. The fraction of galaxies with
strong EW (crosses, EW< −40 Å) appears higher in the field
than in any other environment, and a possible excess is ob-
served in massive clusters compared to the other environ-
ments.15 These trends are visible both in the completeness-

14 Note that the equivalent width measures the strength of the [OII ] line
relative to the underlying continuum. As such, it is not proportional to the
SFR in solar masses per year, but to the current star formation rate per unit of
galaxy luminosity at∼ 3700 Å.

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

-20<EW(OII)<-3
-40<EW(OII)<-20
EW(OII)<-40

FIG. 11.— Fraction of star–forming galaxies with a strong, moderate and
relatively weak equivalent width of [OII ] in different environments. Environ-
ments are located on the x-axis in order of increasing average [OII ] fraction as
from Fig. 4. The fraction of galaxies with relatively low EW (−20<EW< −3
Å, circles) decreases going to environments with higher [OII ] fraction. The
fraction of galaxies with intermediate-strength EW (triangles) follows the op-
posite trend. The fraction of galaxies with strong EW (crosses, EW< −40 Å)
is higher in the field than in any other environment, and a possible excess
is observed in massive clusters compared to the other environments. Filled
symbols and solid line crosses refer to values corrected forincompleteness,
while the uncorrected values are shown as empty symbols and dotted crosses.

weighted and unweighted distributions (solid and empty sym-
bols in Fig. 11), except for the fraction of galaxies with strong
EWs in the field which is significantly reduced when the com-
pleteness correction is ignored. The minimum errorbar for
each point in Fig. 11 is computed from Poissonian statistics,
while total errorbars have been increased to take into account
the difference between weighted and unweighted values. To-
tal errorbars are plotted in Fig. 11.

Thus, it is not only the proportion of galaxies with active
star formation that changes as a function of environment, but
also the star formation properties in star-forming galaxies.
The two things are closely related to each other, following
a parallel progressive trend: the distribution of EW([OII ] )
is more skewed towards high values for environments with
higher [OII ] fractions. This seems to be at odds with the
uniformity of the EW(Hα) 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 reflect
a different luminosity distribution of galaxies in the different
environments, since lower luminosity star–forming galaxies
are known to have on average higher EWs than bright star–
forming galaxies. To investigate whether the differences in
the EW([OII ] ) distributions are due to a different luminos-
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ity distribution with environment, or whether it is the SF in
galaxies of similar luminosity that changes with environment,
we plot in Fig. 12 the number density distribution of star–
forming galaxies in a two-dimensional space of galaxy abso-
lute V magnitude and EW([OII ] ).

Following a well known trend, galaxies occupy a charac-
teristic triangular region in this diagram: in all environments,
there are no or at most a few bright galaxies with EW([OII ]
) stronger than−20 Å, while going to fainter magnitudes the
EW distribution extends to stronger and stronger EWs. In
fact, fainter galaxies span a wide range of EWs, while the
brightest galaxies are confined to small/moderate EWs.

While these are the general trends, the maps also show
some interesting variations with environment. Groups with
low [OII ] fractions (bottom left panel) lack a significant pop-
ulation of faint galaxies with moderate and strong EWs that
are present in the other environments. In these groups, star–
forming galaxies have weak EWs, regardless of their lumi-
nosity. According to a KS test, considering only star-forming
galaxies withMV = −20 to −21.5, the EW distribution in
groups with low [OII ] emission is different from the summed
distribution in all other environments at the 99.9% confidence
level (99.4% if the EW distributions are not weighted for com-
pleteness).

Inspecting the histograms of EW([OII ] ) (on the right side
of each panel), the field and poor group environments (mid-
dle and right top panels) display an excess of galaxies with
intermediate and strong EWs compared to both massive and
less massive clusters (middle and right bottom panels). This
is the same effect seen in Fig. 11, that shows that the frac-
tion of galaxies with intermediate+strong EWs increases go-
ing from clusters to poor groups and the field. The distri-
butions of absolute magnitudes of star-forming galaxies are
presented in the top histogram of each panel. These show
that the magnitude distribution in the field and poor groups
is skewed towards fainter average magnitudes than in clusters
of all masses. In fact, the absolute magnitude distributionin
the field+poor groups differ from that in clusters at the 99.9%
confidence level. In this case, the difference is not signifi-
cant if the distributions are unweighted. Moreover, at a given
faint luminosity, galaxies in the field and poor groups tend to
have stronger EWs on average than similarly luminous star-
forming galaxies in clusters (see the variation of the Y posi-
tion of the red/yellow highest peak at faint magnitudes in the
maps of field/poor-groups versus clusters). The differencein
the EW distribution for faint galaxies (MV = −20 to−21.5) in
field+poor groups compared to massive+less massive clusters
is significant at the 99.9% level (96.0% if unweighted).

Thus, the behaviour of the EW([OII ] ) distributions with
environment seen in Fig. 11 appears to be the result of a com-
bination of different EWs at a given faint luminosity (stronger
EWs in environments with higher star-forming fractions) and
different luminosity distributions of star-forming galaxies (a
higher faint-to-bright galaxy number ratio in environments
with higher star-forming fractions).

5.5. Outliers in the [OII] - σ relation

It is worth analyzing separately the properties of outliers
from the [OII ] – σ relation. Here we consider as outliers those
EDisCS structures with an [OII ] fraction significantly lower
than the fractions of the majority of structures of similar ve-
locity dispersion.

The two most outstanding outliers are two groups, Cl 1119
and Cl 1420, withσ = 165and225kms−1, respectively, and an

[OII ] fraction < 30%. Both of these structures have quite
a high number of spectroscopically confirmed bright mem-
bers (> 20) within a small velocity dispersion. For Cl 1119,
the non-detection in the weak lensing analysis and the cor-
responding upper limit onσ confirm the low-mass nature of
this system, while for Cl 1420 a meaningful comparison can-
not be performed because the lensing-based estimate is likely
contaminated by other mass structures (Clowe et al. 2005).
Thus, at least for Cl 1119 this seems to rule out the possibil-
ity that the system deviates from the general trend due to its
σ measurement strongly underestimating its mass. Moreover,
as shown in column 12 of Table 1, these two systems remain
outliers also if we relax theR200 criterion and compute the
[OII ] fraction over a larger field.16

Interestingly, besides the low [OII ] fractions, these two
systems also stand out for their unsually high fraction of
early-type galaxies for their velocity dispersion, as found
by the analysis of galaxy structural parameters based on 2D
bulge+disk decomposition (Simard et al. 2006), and for their
low fractions of blue galaxies (De Lucia et al. 2006). The evi-
dence for the peculiarity of these outliers is further reinforced
by the analysis of the [OII ] equivalent width distributions. We
have seen in §5.4 that the EW distribution in star-forming
galaxies of the groups with low [OII ] fractions (including
Cl 1119 and C 1420) is different from that in any other en-
vironment. The population of faint galaxies with strong EWs,
common in other environments, is absent in these groups. All
of these findings (low [OII ] and blue fractions, high early-
type fractions for their velocity dispersion, as well as pecu-
liar equivalent width distribution of [OII ] ) suggest that these
groups are intrinsically peculiar when compared to the major-
ity of other structures. In fact, the properties of their galaxies
resemble those of galaxies in the core of much more massive
clusters, as if they were “bare” massive–cluster cores lack-
ing the less centrally-concentrated population of star–forming
galaxies.

Another point worth stressing concerns those systems that
are relatively close in redshift to a cluster (within 10σclu)
without being part of it (at velocities> 3σclu). There are two
such systems in our sample, G1_105412 and C2_1138 in Ta-
ble 5. Both of these systems have a low star–forming fraction
for their velocity dispersion. An intriguing hypothesis isthat
systems close to more massive structures, thus embedded in a
massive superstructure, have a different galactic contentthan
completely isolated systems of similar mass. On the other
hand, the two other groups with a low [OII ] fraction (G1_1301
and G1_1103) are much further away from any other structure
detected within the field we observed (26 and 47σ, respec-
tively).

The [OII ] – σ trend observed at high redshift is suggesting
that the fraction of star–forming galaxies in clusters 5-7 Gyr
ago depends on cluster mass – or on something that is closely
related to the cluster mass. The existence and characteristics
of the outliers, as well as the fact that the two systems close
to other structures possess a low [OII ] fraction, seems to sug-
gest that the driving factor might be density (mass per unit
volume), instead of mass.17 Density and mass will be closely

16 The [OII ] fraction of Cl 1420 changes from 0 withinR200 to 40% over
the whole FORS2 field. Even adopting this latter value, however, this system
remains an outlier for its velocity dispersion.

17 Interestingly, as shown by Gray et al. (2004) for the Abell 901/902
supercluster, the local dark matter mass density measured from weak grav-
itational lensing correlates with local galaxy number density, though with
considerable scatter.
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FIG. 12.— Number density maps of star–forming galaxies in different environments as a function of galaxy absolute V magnitude and EW([OII ] ). Contours
represent 25, 75 and 90 percentiles, while the color scale ismeant to guide the eye. The histograms on top and on the right present the number of galaxies in
bins of absolute magnitude and EW([OII ] ), respectively. Numbers in this figure have been correctedfor spectroscopic incompleteness. The raw (uncorrected)
numbers of galaxies are 39 (massive clusters), 126 (less massive clusters), 31 (groups with high emission), 19 (groups with low emission), 51 (poor groups) and
75 (field).

related for most systems, and the outliers might be those sys-
tems of unusually high density for their mass, i.e. those re-
gions that were very dense at high redshift but failed to ac-
quire star-forming galaxies at later times, possibly due tothe
characteristics of their surrounding supercluster environment.

5.6. Star formation versus galaxy morphologies

As shown in §5.2, the relation between the [OII ] fraction
and the cluster velocity dispersion changes significantly be-
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 proportion of
spirals, and a correspondingly lower proportion of S0 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 S0 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 interest-
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 relatedto
the Hubble type.

Fig. 13 presents the [OII ] fraction versus the fraction of late-
type galaxies (spirals+irregulars) for EDisCS clusters. The

fraction of late-type galaxies has been derived with two dif-
ferent methods: for clusters with HST imaging, from vi-
sual morphological classifications (Desai et al. 2006), and
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 consistent with
the star-forming fractions we find in this paper. We note for
example that the two systems with the lowest [OII ] fractions
(Cl 1119 and Cl 1420) 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 (σ = 800−1100kms−1) the fraction of late-type galax-
ies evolves from 30− 50% at high-z to∼ 20% atz = 0 (Desai
et al. 2006 and Fasano et al. 2000).18 This corresponds to a
comparable increase of the S0 galaxy fraction. For clustersof
this velocity dispersion we find that the star–forming fraction
changes on average from 30-50% atz = 0.6 to 20% atz = 0
(Fig. 4). In massive clusters, the change in the star-forming
fraction is therefore similar to the observed evolution of the

18 The late-type fractions are computed for galaxies brighterthan MV =
−20.7.
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FIG. 13.— [OII ] fraction of EDisCS clusters versus the fraction of late-
type galaxies, both computed within 0.6R200 and down toMV = −20.0. The
late-type fraction is computed as the fraction of spectroscopically confirmed
members. Empty dots represent the fraction of late-type galaxies obtained
from structural parameters derived from 2D bulge+disk decompositions of
VLT images (Simard et al., 2006). Filled dots represent the fraction of late-
type galaxies (all galaxies excluded ellipticals and S0s) derived from visual
morphological classifications of HST images (Desai et al., 2006). The 1:1
line is shown for comparison.

late-type population.
In clusters withσ = 400− 700kms−1, both the late-type and

the star-forming fractions range from about 40 to 80% at high
redshift (Desai et al. 2006, and this paper). Unfortunately, a
detailed study of the elliptical/S0/spiral fractions as a function
of the cluster velocity dispersion is not available at low red-
shift for comparison. If the evolution of the star–forming frac-
tion betweenz = 0.6 andz = 0 reflects the evolution of spirals
into S0s (andvice versa), our results on the [OII ] evolution
as a function of the system mass would imply that the evolu-
tion of the S0 population should be maximum in intermediate-
mass clusters, those with∼ 600kms−1 at z = 0.

The agreement between the evolution of the star-forming
and S0 fractions suggests that star-forming late-type galaxies
are being transformed into passive S0 galaxies. However, it
is necessary to stress that morphology and star formation his-
tory can be partly decoupled in clusters: several of the cluster
spirals at all redshifts do not have emission lines in their spec-
tra, and both their spectra and their colors indicate a lack of
current star formation activity (e.g. Poggianti et al. 1999,
Couch et al. 2001, Goto et al. 2003). These passive spirals
are believed to be an intermediate stage in the transformation
from star-forming spirals to passive S0 galaxies. The exis-
tence of passive spirals, and the fact that most of the post-
starburst galaxies in distant clusters have spiral morphologies
(Dressler et al. 1999, Poggianti et al. 1999) are strong indi-
cations that the timescale for morphological transformation is
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FIG. 14.— Fraction of late-type galaxies (spirals+irregularsfrom HST
images) that are passive (lack emission lines in their spectra) versus [OII ]
fraction for EDisCS systems.

longer than the timescale over which the spectrophotometric
signature of recent star formation disappers: galaxies arefirst
quenched, and then eventually their morphology changes on
a longer average timescale (Poggianti et al. 1999).

Also in EDisCS clusters the population of star-
forming(=emission-line) and late-type galaxies do not
fully coincide. On average over all clusters, we find that 15%
of the star-forming galaxies are classified as ellipticals or S0
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 galaxy
morphologies and star formation histories in EDisCS clusters
is deferred to a later paper, but for the purposes of this paper
we plot the fraction of spirals that are passive versus the
[OII ] fractions in Fig. 14. There is a hint that clusters with a
lower [OII ] fraction also might have a higher proportion of
their spirals that are passive, though this conclusion is mostly
based on one cluster (Cl 1232) in which> 50% of the spirals
are passive.

The decoupling of morphologies and star formation, how-
ever, involves only a relatively modest proportion of galaxies
in most clusters. In addition, those clusters with the highest
fraction of spirals that are passive, also tend to be those with
the lowest fraction of spirals, therefore the decoupling isnot
strongly affecting the global morphological budget. It remains
true that the correspondence between the morphological evo-
lution and the evolution in the star-forming fraction supports
the hypothesis that the evolution observed betweenz = 0.8 and
z = 0 concerns star-forming late-type galaxies evolving into
passive S0 galaxies.

6. DISCUSSION

The results found in this paper provide for the first time a
quantitative description of the evolution of the star-forming
galaxy population in clusters as a function of redshift andσ.
These results highlight the need to study the evolution of the
star–forming galaxy fraction as a function of system mass.
Ignoring this dependence can lead to incorrect conclusions
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regarding the evolution. Low-z surveys lack large numbers
of massive clusters withσ ≥ 1000kms−1 (due to their rar-
ity) while most high-z samples include only the most mas-
sive clusters. If the cluster mass dependence is not taken into
account, 1000kms−1 high-z clusters end up being compared
with 500− 700kms−1 low-z clusters, making the evolution
harder to detect.

Our results also provide a likely explanation of why it has
been so difficult to observe trends with cluster mass/σ. The
way the data are distributed in Fig. 4 already shows that find-
ing the general trends of star-forming fraction with system
mass requires: a) a large number of clusters, with data as ho-
mogeneous as possible; b) a sample covering a wide range of
cluster masses; c) a high quality spectroscopic dataset, both in
terms of the number of spectra per cluster and of the quality
of the spectra themselves; and d) reliable and thoroughly con-
trolledσ’s when using velocity dispersion as a proxy for mass.
The most crucial requirement is the range of cluster/group
masses that needs to be explored. For example, from Fig. 4 it
is evident that sampling at high-z only half of the range inσ
(only systems withσ > or < 700kms−1) would result in the
trend being buried in the scatter and unrecognizable. At low
z, no trend can be observed when including only systems with
σ > 500kms−1.

This might explain at least some of the contrasting results
that have been found in the literature regarding the presence
or absence of a relation between galaxy properties and system
“mass” as determined from velocity dispersion, X-ray lumi-
nosity or other global cluster properties. For example, the
relatively limited range in cluster mass explored by X-ray se-
lected samples might be the reason why several works could
not find a trend of blue fraction with cluster X-ray luminosity
(Smail et al. 1998, Andreon & Ettori 1999, Ellingson et al.
2001, Fairley et al. 2002). Only sampling the whole mass
range, from groups to massive clusters, trends at high– and
low–z become recognizable. In this respect, the fact that the
mass distribution of EDisCs clusters differs significantlyfrom
the distribution of X-ray selected samples at high redshift, ex-
tending to much lower masses (Clowe et al. 2005), is an ad-
vantage. Moreover, the range of masses sampled by EDisCS,
when evolved to z=0, matches significantly better the mass
distribution of nearby clusters than X-ray high-z samples do,
as the latter only contain the progenitors of the highest mass
tip of the low redshift cluster mass distribution. It is alsotrue
that very low-mass/low-richness non-centrally concentrated
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 galaxies.
Hence, though our selection criteria could not be responsi-
ble for the [OII ] – σ trend observed, they might influence the
observed density of points in the [OII ] – σ diagram. If any-
thing, there should be more high-[OII ] low mass groups and
the [OII ] – σ 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 stepfor-
ward towards comprehending the link between galaxy evolu-
tion and environment. If galaxy properties depend on the mass
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

mass with redshift.
In this section we investigate whether the trends in star for-

mation activity correspond in some way to the growth his-
tory of structure. To quantify the evolution of cosmologi-
cal structures, we adopt two different approaches. Using a
Press-Schechter formalism (hereafter, PS; Bower 1991, Lacey
& Cole 1993), we analyze the growth history of systems of
different mass. In particular, we study what fraction of the
system mass was already in massive structures at different
redshifts. In addition, we use the Millennium Simulation
(Springel et al. 2005) to study the growth history in terms
of number fraction of galaxies instead of mass, to assess what
fraction of the galaxies in systems of a given mass were al-
ready in massive structures at different redshifts. This was
computed by populating dark matter haloes with galaxies by
means of semi-analytic models (De Lucia et al. 2005, Croton
et al. 2005). We have chosen to employ both approaches be-
cause it is important to examine the results both in terms of
mass and of number of galaxies. The evolution of the mass
of cosmological structures is totally independent of assump-
tions regarding galaxy formation and evolution, thereforeit is
not affected by all the uncertainties inherent to these assump-
tions. At the same time, it is important to ascertain whether
the evolution in the number of galaxies follows the mass evo-
lution, given that the former quantity is the one that is directly
observed.

In the following we will name “clusters” systems with
masses> 1014 M⊙ and “groups” systems with masses be-
tween 3×1012 < M < 1014 M⊙. These mass limits approx-
imately correspond to the velocity dispersion limits we have
adopted in this paper for defining clusters and groups (> and
< 400kms−1, respectively).

In the comparison between observations and theory we are
guided by four considerations:

1) So far, we have focused on the fraction of star-forming
galaxiesf[Oii] . At each epoch and in each environment, the
fraction of galaxieswith no ongoing star formation is simply
(1- f[Oii]), and we will refer to these as “passive galaxies”. Ob-
servational studies of clusters suggest that there may be two
distinct families of passive galaxies.

• The first family is composed of galaxies whose stars
all formed at very high redshift (z > 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).

• 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-
mordial passive galaxies” and “quenched galaxies”, respec-
tively. As the growth of cosmological structures proceeds and
clusters and groups accrete more galaxies, we should expect
the relative proportion of the two types of passive galaxies
to change. In those environments that efficiently quench star
formation, quenched galaxies should progressively becomea
larger part of the passive population (going to lower redshifts)
while primordial passive galaxies should dominate the passive
population in systems at high redshift.

2) Observationally, primordial passive galaxies are prefer-
entially located in the densest, more massive structures atall
redshifts. At the epoch when they formed their stars (z ≥ 2.5),
essentially no system more massive than 1014 M⊙ existed ac-
cording to current hierarchical theories. The most massive
structures atz = 2.5 had masses similar to those of systems that
at low redshift we would call “groups” (> 3× 1012). Thus,
when they had just completed their star formation, primor-
dial passive galaxies were in systems of masses comparable
to groups today.

3) Considering cluster crossing times (typically 1 Gyr),
timescales associated with the various physical processesthat
might lead to the truncation of the star formation activity (e.g.
harassment, ram pressure, strangulation, mergers - 1-2 Gyrat
most) and the spectrophometric timescale for the evolutionof
the [OII ] signature (∼ 5× 107 yr), a few Gyr should be suf-
ficient for suppressing the [OII ] emission in most quenched
galaxies. We will then consider a timescale of 3 Gyr as a rea-
sonable upper limit for the time required to totally extinguish
star formation in newly accreted galaxies.

4) The existence of a break-point (∼ 550kms−1) in the [OII ]
– σ relation observed at low redshift, above which essentially
every system has a low [OII ] fraction regardless of its mass,
suggests that systems above this mass are highly efficient at
quenching star formation in galaxies falling into them. A sys-
tem with a velocity dispersion around∼ 500kms−1 at z = 0
approximately corresponds to a system that 3 Gyr ago (see
point (3)) had a mass∼ 1− 2× 1014 M⊙ (see Table 4). As
a working hypothesis it is then natural to adopt 1014 M⊙ as
the reference mass for efficiently quenching star formation,
i.e. the mass above which the quenching is a widespread phe-
nomenon affecting sooner or later (within 3 Gyr according to
point 3) all accreted galaxies.

We first consider the family of primordial passive galaxies.
In Fig. 15 we compare the [OII ] observations atz = 0.4− 0.8
with the theoretical expectations for the growth history. The
solid line (in both panels) is the line drawn in the [OII ] – σ
diagram observed atz = 0.4− 0.8 (Fig. 4). In the left panel,
the dotted line is the fraction of mass of systems atz = 0.6
that was in systems withMsys < 3×1012 M⊙ at z=2.5 as de-
rived from the Press-Schechter formalism, averaged over 100
haloes. Solid dots represent the fraction of galaxies within
R200 and withMV limits as for EDisCS that were in systems
with Msys < 3× 1012 M⊙ at z=2.5 obtained for 90 haloes in
the Millennium Simulation. Haloes were in this case selected
atz = 0.6 from the MS, similarly to how it was done for haloes
at z = 0 in §5.2.

Both the PS results and the MS upper envelope trace re-
markably well the [OII ] – σ relation observed at high redshift.
The scatter of the MS points illustrates that for systems of any
givenσ at z ∼ 0.6 there is a range in the fraction of galaxies
that were already in groups atz = 2.5. This scatter indeed re-
sembles the scatter of the datapoints in the observed [OII ] –σ
diagram of distant clusters (see the left panel of Fig. 4). This

figure shows thatthe fraction of passive galaxies observed in
z = 0.4−0.8 clusters of a given σ/mass is comparable with the
fraction of its galaxies (or its mass) that was already in dense
environments (=groups) at z = 2.5. We tentatively identify
the latter with the population of primordial passive galaxies
as described in point 2) above. Identifying primordial pas-
sive galaxies with galaxies already in groups atz = 2.5 implies
that the great majority of galaxies belonging to environments
more massive then 3×1012M⊙ atz = 2.5 completed their star
formation activity at high redshift, and,vice versa, that those
galaxies that completed their star formation at high redshift
are mostly galaxies that were in environments more massive
than 3×1012M⊙ at z = 2.5.

We note that among the 90 haloes extracted from the MS
there are also a few “outliers” located in the lower left region
of Fig. 15. This means that a large fraction of their galax-
ies resided in haloes of massesMsys > 3× 1012 at z = 2.5.
The comparison between Fig. 15 and Fig. 4 then suggests that
[OII ] outliers at high redshift might represent systems that had
a high fraction of their mass already in groups atz = 2.5 and
did not accrete a large population of “field” galaxies between
z = 2.5 andz ∼ 0.6.

In the middle and right hand panels of Fig. 15, we con-
trast the observed fractions of passive galaxies with the trends
expected for quenched galaxies. Open circles in the middle
panel show the fraction of galaxies inz = 0.6 systems in the
MS that were in haloes with mass< 1014 ∼ 3 Gyr prior to
z = 0.6, thus atz = 1.3 (see points 3) and 4) above). For most
systems withσ < 700kms−1 the fraction of galaxies that ex-
perienced the cluster environment for at least 3 Gyr is zero,
and the predicted trend is inconsistent with the observational
results. In these systems, the passive galaxy population isnot
consistent with the fraction of galaxies/mass that was already
in systems more massive than 1014M⊙ 3 Gyr prior toz = 0.6.
In the most massive systems (σ > 700kms−1), the middle
panel of Fig. 15 shows that there is already a considerable
fraction of galaxies atz = 0.6 that have resided in a clusters at
least sincez = 1.3. We find that only∼ 50% of these galaxies
were in groups at z=2.5, therefore there is a non-negligible
proportion of galaxies that have experienced the cluster envi-
ronment (=have been quenched according to point 4)) with-
out being “primordial” passive galaxies. This suggests that,
while the lower mass systems atz = 0.6 contain essentially no
quenched galaxies, in more massive systems at these redshifts
quenched galaxies can already account for more than 1/3 of
the passive population.

In the right panel of Fig. 15, open circles show the frac-
tion of galaxies in MS systems that were in haloes with mass
< 1014 ∼ 3 Gyr prior to z = 0.8 (the highest redshift in the
sample we study here), thus atz = 1.75. Few galaxies have
experienced prolonged exposure to cluster-like environments
sincez = 1.75. The comparison of the middle and right panel
of Fig. 15 shows that betweenz = 1.75 andz = 1.3 in mas-
sive systems there is a dramatic change in the fraction of
mass/galaxies that have experienced environments more mas-
sive than 1014M⊙, hencez ∼ 1.5 is an important epoch for
the build-up of clusters and the beginning of the quenching
process.

Turning to low redshifts, in Fig. 16 we compare the trends
observed in Sloan clusters (solid broken line) with the frac-
tion of mass and galaxies in massive environments at previous
redshifts. The left panel shows the fractions of mass and num-
ber of galaxies in systems atz = 0 that were in systems with
Msys < 3×1012 M⊙ at z=2.5 from the PS and MS (dotted line
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FIG. 15.— Clusters at high redshift. The solid line is the line drawn in the [OII ] – σ diagram observed at high redshift. Left. Dots represent thefraction of
galaxies in 90 haloes selected atz = 0.6 in the MS simulation that were in haloes with mass< 3×1012 at z=2.5. The dotted line is the prediction of the average
fraction of mass in haloes< 3× 1012 at z=2.5 derived from the Press-Schecter formalism. Middle. Empty dots represent thefraction of galaxies in the MS
simulation that were in haloes with mass< 1014 ∼ 3 Gyr prior toz = 0.6, thus at z=1.3. The dotted line is the prediction of thefraction of mass in haloes< 1014

at z = 1.3 derived from the PS. Right. Empty dots represent thefraction of galaxies in the MS simulation that were in haloes with mass< 1014 ∼ 3 Gyr prior to
z = 0.8, thus at z=1.75. The dotted line is the prediction of thefraction of mass in haloes< 1014 at z = 1.75 derived from the PS.

and filled dots), respectively. For the MS, only galaxies within
R200 and withMV limit as for Sloan are considered.In con-
trast to the high-z clusters, the fraction of passive galaxies in
systems at z=0 does not agree well with the fraction of galax-
ies residing in groups already at high redshift. While 80%
of galaxies in massive systems at z=0 are passive, only 20%
were in groups at z=2.5.

The right panel in Fig. 16 shows the fractions of mass and
galaxies that were in systems of massMsys < 1014 M⊙ 3 Gyr
prior to the observations (corresponding to z=0.28), from the
PS and MS (dotted line and empty dots), respectively. In this
case, the agreement between the observations of Sloan clus-
ters (solid broken line) and the PS and MS results is remark-
able. This shows thatthe observed fraction of passive galaxies
in systems with σ > 500kms−1 at z=0 is compatible with the
fraction of galaxies that have resided in a cluster (Msys > 1014

M⊙) for at least 3 Gyr, and therefore have had the time to have
their star formation switched off (see points 3) and 4) above).
The passive population in clusters at z=0 amounts to about
80% of all galaxies19, of which 20% (left panel in Fig. 16)
are “primordial” passive galaxies that have evolved passively
sincez = 2.5 and 60% are galaxies which are “quenched” at
lower redshift.20 Also in this case the scatter in the growth
history of MS haloes is similar to the observed scatter in the
fraction of star-forming galaxies (compare the right panels of
Fig. 16 and Fig. 4). The scatter observed in the [OII ] – σ rela-
tion at all redshifts probably simply reflects the scatter inthe
growth histories of systems of any given mass.

According to this discussion, while the passive galaxy pop-
ulations of the distant clusters are predominantly composed

19 Within R200 and for magnitudes brighter thanMV = −19.8.
20 This is the case because we find that> 90% of the galaxies that were

in groups (haloes with massesMsys > 3× 1012) at z=2.5 end up being in
clusters (haloes withMsys > 1014) at z=0.28. Thus, the population of galaxies
in clusters at z=0.28 (right panel of Fig. 16) essentiallycontains the galaxy
population that was in groups at z=2.5 (left panel of Fig. 16).

of primordial passive galaxies, the populations of lower red-
shift clusters are dominated by quenched galaxies. We con-
sidered whether it is possible to obtain an agreement between
the fraction of quenched galaxies and the high-z observations
by choosing a lower reference mass for quenching star for-
mation. However, the reference mass of∼ 1014 M⊙ is set by
the mass (3 Gyr ago) of a system with a velocity dispersion at
z = 0 corresponding to the break observed at∼ 500kms−1 in
Sloan clusters. If the minimum mass of a system efficiently
quenching star formation were much lower, such as for exam-
ple 3×1012 M⊙, the fraction of passive galaxies would be too
high (and the fraction of star-forming galaxies too low) com-
pared to the low-z observations, as shown by the long dashed
line in the right panel of Fig. 16. Thus, under the assump-
tion that physical processes operate atz = 0.6 as they do at
z = 0 and adopting the same quenching reference mass at all
redshifts, both the primordial and the quenched channels are
required to simultaneously match the observed trends at high
and low redshift.

A key point to note from this discussion is that the be-
haviour of the [OII ] fraction withσ at low redshift appears to
rule out the possibility that the group environment universally
quenches star formation. If the quenching was a widespread
phenomenon in “groups” (systems with masses significantly
lower than∼ 1014 M⊙), then all groups and clusters at low
redshift should contain much lower fractions of star-forming
galaxies than is observed. We note that this does not exclude
that star formation might be quenched insome galaxies in
groups or all galaxies in some of the groups, but a trunca-
tion affecting all galaxies within 3 Gyr from infall into sys-
tems with masses≪ 1014 M⊙ cannot be reconciled with the
observations. Conversely, the 1014 M⊙ reference mass indi-
cates that the quenching of the star formation is not limitedto
very massive clusters, but is highly efficient also in low-mass
clusters.

Adopting the scenario depicted above as our working hy-
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FIG. 16.— Clusters at low redshift. Comparison between the [OII ] – σ relation observed at low redshift (solid broken line) and results from the Millennium
Simulation (dots) and from the Press-Schecter formalism (dotted lines). Left. The solid broken line traces the [OII ] – σ relation observed at low redshift. Dots
represent thefraction of galaxies in 90 haloes in the MS simulation that were in haloes with mass< 3× 1012 at z=2.5. The dotted line is the prediction of the
fraction of mass in haloes< 3× 1012 at z=2.5 for a system of a givenσ at z=0.0 derived from the Press-Schecter formalism. Right.The solid broken line is
repeated from the left panel. Empty dots represent thefraction of galaxies in 90 haloes from the MS simulation that were in haloes with mass< 1014 ∼ 3 Gyr
prior to observations, thus at z=0.28. The short dashed lineis the prediction of thefraction of mass in haloes< 1014 at z=0.28 for a system of a givenσ at z=0.0
derived from the Press-Schecter formalism. The long dashedline is the prediction of thefraction of mass in haloes< 3×1012 at z=0.28 for a system of a given
σ at z=0.0 derived from the Press-Schecter formalism.

pothesis, we can address the questions raised in §5.2:
a) Why does the proportion of passive/star-forming galaxies

correlate/anticorrelate (with a large scatter) with the velocity
dispersion of the system for the majority of clusters at z=0.4-
0.8?

Our previous discussion shows that the observed fractions
of passive galaxies atz = 0.4−0.8 roughly agree with the frac-
tion of mass/galaxies that were already in groups atz = 2.5.
Primordial passive galaxies make up most of the passive pop-
ulation observed atz ∼ 0.6, but in systems more massive
than 700kms−1 the proportion of quenched galaxies is al-
ready significant. The anticorrelation observed arises because
more massive systems tend to have a higher fraction of their
mass/galaxies that were already in groups at z=2.5, and mas-
sive systems also have a significant population of quenched
galaxies.

b) Why does the proportion of passive/star-forming galax-
ies evolve with redshift in the way observed? In other words,
why is there a Butcher-Oemler effect?

At any redshift, the star-forming population is made up of
galaxies that were not in groups atz > 2.5 and were not in
clusters in the last few Gyrs. In this scenario the proportion
of star-forming galaxies varies with redshift because the pro-
portion that was in groups atz > 2.5 and the proportion in
clusters during the last 3 Gyr change according to the growth
history, the sum of the two growing towards lower redshifts.

c) Why is there no clear trend withσ at z = 0 for systems
more massive than 500kms−1?

In clusters withσ > 500kms−1 at z = 0, about 80% of all
galaxies are passive and have resided in clusters for at least
3 Gyr. Of these, 20% are primordial passive galaxies that
formed in groups atz > 2.5 and 60% are quenched galaxies.
At z = 0, both the proportion of galaxies that were in groups
at z = 2.5 and the proportion of galaxies that were quenched
is flat as a function of the system mass, as shown by Fig. 16,

and this gives rise to the observed plateau atσ > 500kms−1. In
systems less massive than 400− 500kms−1, that are not as ef-
ficient as more massive systems in quenching star formation
in galaxies infalling into them, the passive population could
in some cases still largely coincide with the population of pri-
mordial passive galaxies formed atz > 2.5. However, if all
the passive population in lowσ systems originated as primor-
dial passive galaxies, systems at low-z on average would have
higher starforming fractions than similar systems at high-z
(compare the left panels of Fig. 15 and Fig. 16). Hence, it
is probable that either the same process active in clusters (but
with a lower efficiency) and/or other mechanisms are at work
suppressing star formation in some of the galaxies in groups,
or in some of the groups. As discussed previously, if the most
important factor were density instead of mass, the large scat-
ter of the [OII ] fractions at lowσ could be due to variations
of density for haloes of similarly low masses. As discussed in
the next section, the existence of S0 galaxies in groups may
be suggesting that star formation is indeed truncated also in
groups under certain circumstances.

The consistency between the observations and the theoreti-
cal scheme outlined above does not constitute a definite proof
of the validity of this scenario; this should be further tested
by additional observations, especially at redshifts even higher
than those considered here. It is suggestive, however, to find
that the observed star formation trends follow both qualita-
tively and quantitatively the growth history of structure.If the
scenario we have proposed above approximates the real situa-
tion, its implications are far-reaching, as discussed in the next
section.

6.2. Implications

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 their stars
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at z > 2 and it is reasonable to largely identify them with el-
lipticals, while “quenched” galaxies have their star formation
truncated at much later times, when infalling into an environ-
ment that can cause a truncation in the star formation activity,
and we tentatively identify them with the population of spi-
rals evolving into S0s. Each one of these two channels seems
to correspond to a differenttypical mass of the system. While
primordial passive galaxies are related to systems with masses
typical of groups atz > 2.5, quenched galaxies appear to be
a universal phenomenon in clusters, i.e. systems with masses
Msys > 1014 M⊙.

We also note that the galaxy mass and luminosity distribu-
tions of primordial passive galaxies and quenched galaxiesare
expected to differ. Since the star formation activity in galax-
ies proceeds in a downsizing fashion, both in clusters and in
the field (Cowie et al. 1996, Smail et al. 1998, Kodama &
Bower 2001, Poggianti et al. 2001, Gavazzi et al. 2002,
Kauffmann et al. 2003, De Lucia et al. 2004, Poggianti et
al. 2004), galaxies terminating their star formation at higher
redshift (e.g. primordial passive galaxies) will be on average
more massive/luminous than galaxies with a more protracted
star formation activity that are quenched at later epochs when
they are accreted in the dense environment. As a consequence,
quenched galaxies will be on average less massive/fainter than
primordial passive galaxies.

Our results show that galaxy properties could be directly
linked with the growth history of DM structure: as shown in
Fig. 15 and 16, the history of the mass of structures is re-
flected in the star-forming fraction we observe. This suggests
that, even without using galaxy formation and evolution mod-
els, we can use our knowledge of the growth of structure to ex-
plain the trends of galaxy properties in clusters. We have only
used two pieces of information, namely how much mass/how
many galaxies in a system of a given mass at a given redshift
were in dense regions atz > 2.5, and how much mass/how
many galaxies experienced the cluster environment for at least
a few Gyrs. If this extremely simple, double-channel picture
is generally correct, it represents a very powerful recipe for
interpreting the environmental trends observed.

If this scenario approximates the real situation, it can also
serve as a key to understand the evolution of galaxy mor-
phologies. We have seen that the observed environmental
trends of galaxy properties originate in two ways. The pro-
portion of “primordial” passive galaxies tends to increasewith
system mass in high-z systems. Systems with proportionally
more massive seeds atz > 2.5 formed more “primordial” pas-
sive galaxies (mostly ellipticals). In massive systems, other
galaxies are added (as S0s) to the passive population as time
goes by. These are galaxies that would have continued form-
ing stars had they not been acquired by the dense environ-
ment that has switched off their star formation activity. From
a morphological point of view, it is reasonable to associate
the ellipticals with the primordial component andsome of the
S0 galaxies with the component quenched atz < 1.21 The
fact that in some low-z clusters ellipticals have been found
to have only old stellar populations, while a significant frac-
tion of the S0s show signs of a more recent star formation

21 As discussed in many previous studies, probably not all S0 galaxies
originate from the quenching of spirals atz < 1 (e.g. Dressler et al. 1997).
The 0-20% of S0s observed in clusters atz = 0.4− 0.8 might have originated
from spirals evolving into S0s atz > 1, or by some other mechanism. The
existence of S0s in groups (e.g. Hickson, Kindl & Auman 1989)shows that
this type of galaxies can be produced also in systems less massive than 400−
500kms−1.

activity is consistent with this scenario (Kuntscher & Davies
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 S0 galaxies and some oth-
ers by ellipticals. Oemler (1974) suggested that elliptical-rich
and S0-rich clusters are not two evolutionary stages in cluster
evolution, but intrinsically different types of clusters in which
the abundance of ellipticals was established at high redshifts.
This suggestion was supported by the findings of Fasano et
al. (2000) that clusters atz ∼ 0.1− 0.2 have a low (high) S0/E
number ratio if they display (lack) a strong concentration of
elliptical galaxies towards the cluster center. In the scenario
we outline above, elliptical-rich clusters would be those with
the highest incidence of primordial passive galaxies, and S0-
rich clusters those in which quenched galaxies represent a
dominant portion of the passive population.

Let us compare spectroscopic and morphological evolution
in more detail. The average fraction of ellipticals in clusters at
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 fraction
of galaxies in haloes with masses> 3×1012M⊙ atz > 2.5, is
∼ 20% for the majority of systems withσ > 300kms−1 (left
panel of Fig. 16). In total, the early-type population (ellipti-
cals+S0s) reaches∼ 80% at z=0, in agreement with the frac-
tion of passive (non-star-forming) galaxies observed at z=0
(right panel in Fig. 4) and with the fraction of “passive” galax-
ies (primordial+quenched)of haloes at z=0 that were in haloes
> 1014M⊙ since z=0.28. The observed late-type fraction at
all redshifts is in rough agreement with both the observed
fraction of star-forming galaxies and the predicted fraction of
galaxies that were not in groups atz = 2.5 and did not reside
in a cluster for at least a few Gyrs. All these three quantities
are roughly equal to∼ 20% in clusters at z=0 (compare Fig. 3
in Desai et al. (2006), the right panel of Fig. 4 and Fig. 16).
All of these three quantities also show a trend withσ at high-z
(compare Fig. 7 in Desai et al. (2006), the left panel of Fig. 4
and Fig. 15).

There is, however, one inconsistency when grossly identi-
fying the population of late-type galaxies with the population
of star-forming galaxies. While there is no clear trend in the
star-forming fraction withσ at z=0 above 500kms−1 (Fig. 4),
the percentage of spiral galaxies in nearby clusters has been
shown to anticorrelate with the X-ray luminosity in clusters of
σ ∼ 700− 1000kms−1 (Bahcall 1977, Edge & Stewart 1991).
Although the available morphological studies in X-ray clus-
ters atz = 0 were not done in a similar way to ours (for se-
lection of members, radial coverage, morphological classifi-
cations etc.) and notwithstanding the fact that passive spirals
could play an even more important role at low than at high z
according to the quenching scenario, this remains an unsolved
issue.

Interestingly, significant morphological evolution seemsto
have taken place in clusters for a large number of galaxies
only at z ≤ 0.4. In fact, as discussed by Desai et al. (2006),
the S0 and spirals fractions appear to flatten out atz > 0.45.
A tentative explanation for this behaviour can be found in the
scenario proposed. At redshifts higher than∼ 0.6, the popula-
tion of passive galaxies is generally dominated by primordial
passive galaxies (mostly ellipticals, but also the few S0 galax-
ies present at high redshift). This is supported by the fact that
in clusters at redshiftsz ∼ 0.6 (and even more so atz = 0.8)
the passive fraction can largely be accounted for by the frac-
tion of galaxies that were in dense environments atz > 2.5.
Only atz < 0.6 does the quenched galaxy population become
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a dominant part of the passive population. Given the delay
between the truncation of the star formation and the morpho-
logical evolution (Poggianti et al. 1999), this might translate
into a morphological evolution observable for a large number
of galaxies only atz < 0.4.22 Thus, the epoch where we can
observe the quenching of star formation for a significant frac-
tion of galaxies in clusters is only atz ≤ 0.8, while the epoch
where morphological transformations have taken place for a
significant fraction of the cluster galaxies is only atz ≤ 0.4.
The redshift range in which these transformations are observ-
able is due to how the relative infall rate (fraction of system
mass/galaxies) from low-mass/low-density regions onto clus-
ters/groups changes with redshift, as shown in Fig. 15 and
Fig. 16. Interestingly,z ∼ 0.6 seems to be a special epoch
also for the evolution of quasars in rich environment (Yee &
Ellingson 1993).

So far, we have considered the existence of a trend of the
[OII ] fraction with σ as a sign of a relation between the star
formation of galaxies and the “global environment” (mass of
the system) in which galaxies reside. However, it is possible
that this is a secondary relation induced by the fact that mass
and density are closely linked. In fact, density at early and
later times might be the driving factor.

The main galaxy properties (star formation activity and
morphology) are observed to vary with the “local” environ-
ment in a systematic way. The most emblematic way to de-
scribe these systematic variations is the morphology-density
relation (MD), that is the observed correlation between the
frequency of the various Hubble types and the local galaxy
density, normally defined as the projected number density of
galaxies within an area including its closest 10 neighbours.
In clusters in the local Universe, the existence of this rela-
tion has been known for a long time: ellipticals are frequent
in high density regions, while the fraction of spirals is high
in low density regions (Oemler 1974, Dressler 1980). An
MD relation qualitatively similar to the one observed in the
local Universe has been observed up to z=1 (as it is logical
to expect, galaxy properties correlate with environment atall
redshifts), but this relation isquantitatively strongly evolving
between z=0 and z=0.5: in distant clusters the frequency of
S0 galaxies is lower, and the frequency of spirals higher, at
all densities (Dressler et al. 1997). Interestingly, first results
at z = 0.7− 1.3 seem to indicate that between z=0.5 and z=1
what changes in the MD relation is only the occurrence of
early-type galaxies in the very highest density regions (Smith
et al. 2005), and that the frequency of ellipticals at any given
local density is the same at z=1 and at z=0 (Postman et al.
2005).

In parallel to the MD relation, there is a star formation-
density relation (SFD). For a very long time it has been known
that in the nearby Universe also the average star formation ac-
tivity correlates with the local density: in higher densityre-
gions, the mean star formation rate per galaxy is lower. This
is not surprising, given the existence of the MD relation: the
highest density regions have proportionally more early-type
galaxies devoid of current star formation. The correlationbe-
tween mean SF and local density extends to very low local
densities, comparable to those found at the virial radius of

22 Passive spirals may be galaxies that are caught in the transition phase of
this transformation. Moreover, this might also explain whythe morphology-
density relation does not evolve much (except in the very highest density bin)
between z=0.5 and z=1 (Smith et al. 2005), see below. At z=1, the MD (and
SFD) relation observed is mostly the “primordial” relationas established at
very high redshift.

clusters, and such a correlation exists also outside of clusters
(e.g. Lewis et al. 2002, Gomez et al. 2003, Kauffmann et
al. 2004). Again, this seems to parallel the fact that an MD
relation is probably existing in all environments, and it has
been observed in clusters of all types (Dressler et al. 1980),
groups (Postman & Geller 1984) and cluster outskirts (Treu
et al. 2003) – though the MD relation isnot quantitatively
the same in all environments, being different in concentrated
vs. irregular clusters, and high- vs. low-LX clusters (Dressler
1980, Balogh et al. 2002).

Rephrasing our picture in terms of density instead of mass,
both the MD and SFD relations should have a “primordial”
component and an “evolved” component, and both of these
components should depend on the environment, but in a dif-
ferent way. In this scenario, the MD relation and the SFD re-
lation areestablished at very high redshift at the moment the
first stars formed in galaxies, and they exist due to the close
link between the initial star formation activity of galaxies and
the “primordial” local density of their environment (ellipticals
formed and have always resided in the highest density regions
of the Universe). Thus it could be the “primordial local den-
sity” at very high redshift that determines the properties (star
formation history, morphology - and probably mass, see Stei-
del et al. 2005) of galaxies formed in that region. Primordial
local density and primordial mass of the cluster seed are prob-
ably closely related, and the relation we observe with the frac-
tion of mass in massive environments atz > 2.5 could reflect
a relation between the primordial local density and the type
of galaxy formed in that region.23 Therefore, theorigin of the
MD and SF relations should be “primordial”, in the sense that
a relation between galaxy properties and environment must
have been in place atz > 3. In fact, a morphological and
star formation segregation is an outcome of CDM simulations
of large scale structure and semianalytic models because the
local density of galaxies and DM is related to the epoch of
initial collapse (Bower et al. 1991, Kauffmann 1995a, 1995b,
Kauffmann et al. 1999, Benson et al. 2001, Diaferio et al.
2001, Springel et al. 2001): the most massive structures at
any epoch are the earliest to collapse. A morphological seg-
regation is built-in at a very fundamental level in hierarchical
theories of galaxy formation.

However, in addition to this, the MD and SF relations
evolve with redshift in a way thatdepends on environment. In
those environments that are effective in quenching star forma-
tion, galaxies coming from lower mass/density environments
are transformed by environmental effects when they enter the
denser region. In fact, all models so far have failed to re-
produce the S0 population (which, it is worth remembering,
represents>40% of the galaxies in some rich clusters at z=0),
recognizing that additional processes seem to be required (Di-
aferio et al. 2001, Springel et al. 2001, Okamoto & Na-
gashima 2001, 2003, Benson et al. in prep.).

Unfortunately, “trends with environment” have often been
confused with “environmental effects”, where the latter is
used as a synonym for a physical mechanism switching off
star formation in infalling galaxies. Thus, for example, the
fact that star formation trends exist down to very low local
densities and outside of clusters has often been interpreted in
the sense that also such low density environments must some-

23 Outliers in the [OII ] –mass(σ) relation (groups with low [OII ] fraction
and low masses) could be systems with high primordial local density that
have grown in mass much less than the average system with similar primor-
dial density.
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TABLE 6
KS-TEST PROBABILITIES FOR THE COLOR DISTRIBUTIONS OF

SPECTROSCOPIC AND PHOTOMETRIC CATALOGS OFEDISCSFIELDS TO
BE INDISTINGUISHABLE.

Cluster pKS
corre pKS

uncor

Cl 1018 0.368 0.250
Cl 1037 0.846 0.996
Cl 1040 0.845 0.845
Cl 1054-11 0.364 0.363
Cl 1054-12 0.246 0.158
Cl 1059 0.371 0.251
Cl 1103 0.515 0.515
Cl 1119 0.251 0.164
Cl 1138 1.000 1.000
Cl 1202 0.018 0.058
Cl 1216 0.245 0.245
Cl 1227 0.686 0.685
Cl 1232 0.249 0.162
Cl 1301 0.685 0.515
Cl 1353 0.249 0.250
Cl 1354 0.246 0.247
Cl 1411 0.518 0.368
Cl 1420 0.518 0.250

how “suppress” star formation in galaxies. This is not nec-
essarily the case, as discussed at length above. A trend with
environment could be “imprinted” very early on simply due
for example to the amount of galaxies with a short star forma-
tion timescale that were able to form at high redshift in that
region. To fully comprehend why galaxy properties depend
on environment in the way it is observed, it is necessary to
disentangle high-z “imprinting” of the initial conditionsfrom
“proper” environmental effects acting on galaxies when they
experience a dense environment for the first time. The depen-
dence of galaxy properties on environment does not necessar-
ily arise from a “suppression” of star formation: dependingon
the density/mass of the environment, the relative importance
of “primordial” and “quenched” passive galaxies can vary sig-
nificantly.

Two main challenges remain at this point. Observation-
ally, the physical mechanism responsible for quenching the
star formation still needs to be identified. The characteristic
mass ofMsys > 1014 M⊙ (500 kms−1) suggested by this work
may help in discriminating among the various processes, but
still does not uniquely pick out a culprit. Our knowledge of
how the efficiency of the various physical mechanisms pro-
posed (e.g. harassment, ram pressure, strangulation) depends
on the mass of the system is still too poor to draw solid con-
clusions and discriminate between them. From a theoretical
point of view, one of the most useful pieces of information
that can come from state-of-the-art simulations is the linkbe-
tween mass and density at primordial and successive times,
as well as the relation between the density experienced by
a galaxy at different epochs, to assess whether the relations
observed with mass are simply the mirror of relations with
density.

7. SUMMARY

In this paper we have studied the fraction of galaxies with
ongoing star formation as a function of environment at z=0.4-
0.8, comparing the results with those at z=0. As a signature
for the presence of ongoing star formation we have used the
[OII ] line in emission with an equivalent width stronger than

3 Å.
Our dataset is based on 16 high-z clusters with a veloc-

ity dispersionσ > 400kms−1, 10 groups with 160< σ <
400kms−1 and another 250 galaxies in poorer groups and the
field with high quality spectroscopy from the ESO Distant
Cluster Survey, plus 9 massive clusters at the same redshifts
from previous spectroscopic surveys. As a local comparison,
we have selected samples of structures from the Sloan Digital
Sky Survey at 0.04< z < 0.08.

We have presented how the fraction of star-forming galax-
ies, measured withinR200, depends on the velocity dispersion
of the cluster/group, both at high and low redshift. We have
discussed how the evolution of the fraction of star-forming
galaxies compares with the evolution of galaxy morphologies
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.

In more detail, our results can be summarized as follows:
1) At z=0.4-0.8, most systems follow a broad anticorre-

lation with significant scatter between the fraction of star-
forming galaxies and velocity dispersion: generally, more
massive clusters have a lower fraction of star-forming galax-
ies. This [OII ]-σ relation suggests that the mass of the system,
though with a significant scatter, largely determines what pro-
portion of galaxies are forming stars at these redshifts.

2) The most evident feature in the [OII ] fraction versus
σ diagram observed at high redshift is the presence of a
"ridge", or upper envelope, delimiting a region of the dia-
gram where no datapoint is found. This envelope implies that
a system of a given mass at this redshift hasat most a cer-
tain fraction of star-forming galaxies or, equivalently, hasat
least a given fraction of galaxies that are already passive at
this epoch. More massive systems have a lower maximum-
allowed fraction of star-forming galaxies or, equivalently, a
higher minimum-allowed fraction of passive galaxies.

3) We find that at z=0.4-0.8 the field and the poor groups in
our sample contain a high proportion of star-forming galaxies
(70 to 100%) comparable to that observed in more than half of
the systems withσ < 400kms−1. There are, however, groups
with significantly lower [OII ] fractions (< 50%). These are
outliers that do not follow the [OII ]-σ trend defined by the
majority of clusters at z=0.4-0.8, and that stand out also for
other properties of their galaxies, resembling those of galaxies
in the core of much more massive clusters. The existence and
characteristics of the outliers, as well as the fact that thetwo
systems close to other structures possess a low [OII ] fraction
for their velocity dispersion, suggest that the factor driving
the observed trends might be density, instead of mass. The
behaviour of the [OII ] fraction with σ might be a secondary
relation induced by the fact that mass and density are closely
linked.

4) In addition to the fraction of star-forming galaxies, also
the star-formation properties in star-forming galaxies vary
systematically with environment. Environments with higher
[OII ] fractions have on average stronger values of equivalent
widths of [OII ] among star-forming galaxies. This is due to
the fact that both the equivalent width strengths at a given
luminosity and the luminosity distribution of star-forming
galaxies vary with environment.

5) Sloan clusters atz = 0.04− 0.08, analyzed in the same
way as EDisCS, show significantly lower fractions of star-
forming galaxies than clusters atz ∼ 0.4− 0.8. Moreover,
Sloan clusters show the existence of a plateau forσ’s above
a critical velocity dispersion, equal to∼ 550kms−1, above
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which the [OII ] fraction does not vary systematically with ve-
locity dispersion and remains below 30% for most clusters.
A trend still might be present at lowerσ’s, with the average
[OII ] fraction rising towards lower velocity dispersions.

6) Using N-body simulations to quantify how the mass and
velocity dispersion of a cluster or group evolve on average be-
tweenz = 0.6 andz = 0, we infer the evolutionary connection
between systems atz = 0 and their progenitors at z=0.6 and
quantify the average evolution of the star-forming fraction as
a function of velocity dispersion. While the strongest evolu-
tion in mass is expected for the most massive structures, the
observed evolution of the star-forming fraction is strongest in
intermediate-mass systems, those withσ = 500−600kms−1 at
z=0. The evolution is lower in higher and lower mass sys-
tems, but is still significant even for the most massive systems
at z=0. The change in star-forming fractions between z=0.4-
0.8 and z=0 ranges between 20-30% and 50%.

7) We compare the proportions of star-forming galaxies
with the incidence of late Hubble types (spirals and irregu-
lars). Although in our as in other samples star formation ac-
tivity and morphologies are partly decoupled, we find good
agreement between the morphological evolution and the evo-
lution in the star-forming fraction, consistent with the hypoth-
esis that the evolution observed betweenz ∼ 0.6 andz = 0
mostly concerns late-type star-forming galaxies evolvinginto
passive S0 galaxies.

8) Our results quantify the evolution of the star-forming
galaxy populations in clusters and groups, for the first time
as a function of the mass of the system. Therefore, they are
a quantitative description of the Butcher-Oemler effect inits
most general sense. The way datapoints are distributed in the
[OII ] fraction versus velocity dispersion at high– and low–z
provide a likely explanation of why it has been so difficult to
observe trends with cluster mass/σ and sometimes even with
redshift. Only when sampling a very wide range of system
masses with large cluster+group samples, do the trends be-
come recognizable.

9) To understand the origin of the observed trends between
galaxy properties and mass of the environment, we use the
Press-Schechter formalism and the Millennium Simulation to
investigate whether galaxy star formation histories are related
to the growth history of the structures where galaxies reside
and have resided during their evolution. We consider a sce-
nario in which the population of passive galaxies (those de-
void of ongoing star formation at the time they are observed)
consists of two different components: “primordial” passive
galaxies whose stars all formed atz > 2.5 and “quenched”
galaxies whose star formation has been truncated due to the
dense environment at later times. We find that the observed
trend of the fraction of passive galaxies with velocity dis-
persion atz = 0.4− 0.8 follows the fraction (in mass and in
number of galaxies) that is expected to have been in groups
(Msys > 3× 1012M⊙) already atz = 2.5 and that we identify
with the primordial passive population, though in the most
massive systems quenched galaxies should already represent
a non-negligible fraction of the passive population. Atz = 0,
on the other hand, the observed fraction of passive galaxies
in clusters (80%) resembles the fraction (in mass and in num-
ber of galaxies) that has resided in clusters (Msys > 1014M⊙)
during at least the last 3 Gyr, including 20% of primordial
passive galaxies and 60% of quenched galaxies. This scheme

is able to interpret the observed relations between [OII ] andσ,
thus providing a viable quantitative explanation for the evolu-
tion of the star formation activity in dense environments, and
a possible explanation for the origin of the Butcher-Oemler
effect. If this scenario approximates the real situation, galaxy
star formation histories are closely linked with the galaxy“en-
vironmental history”, and this link is actually extremely sim-
ple to predict.

10) The behaviour of the [OII ] fraction with σ at z=0 ap-
pears to rule out the hypothesis that the group environment
efficiently and universally quenches star formation. In fact,
the existence of a plateau in the [OII ] fraction for σ > 500−
550kms−1 at z=0 suggests that only systems more massive
than about 450− 500kms−1 are highly efficient at truncating
star formation in galaxies infalling into them. If the quench-
ing of star formation was a widespread phenomenon also in
less massive systems, the fractions of star-forming galaxies
in clusters and groups at low redshift should be much lower
than is observed. Conversely, the observed reference mass in-
dicates that the quenching of star formation is not limited to
very massive clusters, but is efficient also in clusters of mod-
est mass.

11) There are numerous implications stemming from the
evolutionary scenario proposed. The parallelism between the
observed evolution of the star-forming fraction and the mor-
phological evolution suggests that the same physical interpre-
tation of a link with the mass of the environment atz > 2.5
and with the accretion history on a cluster can be applied to
the formation of ellipticals and at least some of the S0s, re-
spectively. In fact, the scenario we propose can be used as an
interpretative tool for the variations of galaxy properties with
environment in general. Our results highlight the fact that
not all trends with environment are necessarily linked with
environmental processes truncating star formation in recently
accreted galaxies, and that primordial conditions (=the envi-
roment at very high redshift) are an important factor in de-
termining the trends observed with environment. Related to
this, we have discussed the consequences of our results for
the origin and evolution of the morphology-density and star
formation-density relations.
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FIG. 17.— Completeness functions versus galaxy magnitudes forfour EDisCS clusters.

APPENDIX

SPECTROSCOPIC COMPLETENESS

Here we describe our method for correcting the EDisCs and theSloan spectroscopic samples for incompleteness.
During the EDisCS spectroscopic runs, slits were assigned to galaxies giving preference, whenever possible, to the brightest

targets. The Sloan spectroscopic sample was aimed to be complete down tor = 17.7, but about 6% of the galaxies were missed
due to fiber collision (Strauss et al. 2002), an effect that islikely to be more relevant in crowded regions such as clustercores.
Therefore it is necessary to quantify how the completeness of the spectroscopic samples varies as a function of galaxy apparent
magnitude and of distance from the cluster center.

As a function of galaxy magnitude, this was done for each fieldcomparing the number of objects in the spectroscopic catalog
with the number in the parent photometric catalog in bins of I(for EDisCS) org (for Sloan) magnitude. The parent catalog
included all entries in the EDisCS photometric catalog thatwere retained as targets for spectroscopy (see Halliday et al. 2004).
The ratio of these two numbers yielded a weight as a function of galaxy apparent magnitude (Wmag). We preferred to compute
these weights field by field instead of binning all fields together, because depending on cluster richness and number of masks
observed, the behaviour of the completeness functions can change significantly. As an example, in Fig. 17 we show two clusters
for which the completeness decreases towards fainter magnitudes (Cl 1040 and Cl 1216), a cluster where the variations are
negligible (Cl 1232) and one of the only two cases in which thecompleteness increases towards fainter magnitudes (Cl 1411).
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FIG. 18.— Color distributions of the parent photometric catalog (solid line) and of the spectroscopic catalog corrected for incompleteness (dashed line) for the

cluster C 1202.
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FIG. 19.— Left. Color distribution of the parent photometric catalog (solid line) and the spectroscopic catalog correctedfor completeness (dashed line) for the

9 clusters with B photometry. Right. As left panel, for clusters with V photometry.

We also quantified the presence of eventual geometrical effects due to possible variations in the sampling as a function of the
clustercentric radius. Geometrical effects can in principle affect a spectroscopic sample of a cluster due to the fact that cluster
galaxies are indeed more “clustered” towards the cluster center while observational constraints on the minimum distance between
slits or fibres could result in a lower sampling of these central regions. This effect is expected to be small when several masks
of the same cluster, always centered on the cluster center, were taken, as it was the case for EDisCS. Neverthless, a geometrical
completenessWgeo was computed, after applying the magnitude completeness correction, comparing the number of galaxies in
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the spectroscopic and in the parent photometric catalogs in4 annuli withR < 1.4, 1/4< R < 1/2, 1/2< R < 1 andR > 1 in units
of R200. The geometrical corrections hence include corrections for the areas not covered by our FORS2 spectroscopy in the few
clusters with incomplete radial sampling out toR200.

The magnitude and geometrical completeness functions, computed cluster by cluster, were applied to the EDisCs and Sloan
spectroscopic samples to weight each galaxy accordingly before calculating the [OII ] fractions and the EW([OII ] ) distributions
described above. We found that these weights do not alter significantly the [OII ] fractions, as evident from Tables 1 and 3 listing
the fractions computed with and without completeness corrections.

COLOR SANITY CHECK

As a final check that the EDisCS spectroscopic sample is not biased in any way that depends on the star formation properties
of the galaxies, we have compared the color distributions (B − I or V − I for the mid-z and high-z samples, respectively) of the
spectroscopic sample (with and without completeness corrections) with the color distribution of the parent photometric sample.
This has been done field by field, and the resulting KS test probabilities are given in Table 6. A small probability (< 5%) indicates
that the two distributions are significantly different, hence that a color bias might be present. The table illustrates anumber of
results:

1) for all fields except Cl 1202 probabilities are high even when the spectroscopy has not been corrected for completeness
(column 3). Evidently, even the uncorrected samples do not show a strong color bias. In principle, this was not guaranteed a
priori because, although targets for spectroscopy were drawn from the parent targeting catalog with no color criterion, slits were
preferentially assigned to the brightest galaxies first, and this could have introduced a difference in the color distribution of the
two samples.

2) For 8 fields the probabilities increase (therefore the agreement between the two color distributions improve) once the com-
pleteness corrections are taken into account. This indicates that indeed the corrections yield a sample even more closely represen-
tative of the whole galaxy distributions. For another 8 clusters, the probabilities remain unchanged with and without completeness
corrections.

3) Two fields behave differently from the above. When including completeness corrections, the probability for Cl 1037 slightly
decreases, though it remains high (0.85) ruling out a color bias. Cl 1202 is the cluster with the lowest probabilities (0.058 and
0.018 without and with corrections, respectively). The color distributions for Cl 1202 are shown in Fig. 18. The plot shows that
there is no strong bias towards either red or blue galaxies, therefore we do not expect the [OII ] fraction derived for this cluster to
be strongly biased.

Figure 19 compares the color distributions of the spectroscopic catalogs and the parent photometric catalogs for all clusters,
grouping together the mid-z clusters (with B photometry, left panel) and the high-z clusters (V photometry, right panel). As the
numbers in Table 6, also the figure illustrates that no significant color bias is present in our spectroscopic sample. We conclude
that the [OII ] fractions derived in this paper are representative withinthe errors 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 estimator ofBeers et al. (1990) for determining the cluster redshiftzC and
velocity dispersionσv of Sloan clusters:

1. To begin with, we chose galaxies within 2.2 Abell radii of the BCG and within±0.015 from the cluster redshift as given
by Struble & Rood (1990). From these galaxies, first estimates of the cluster redshiftzC and the velocity dispersionσz
were calculated as the median and the median absolute deviation. If σz was larger than 0.0017 (corresponding to about
500kms−1 at z = 0), we set it to this value. This step was necessary to avoid too much contamination from surrounding
structures.

2. From those galaxies within±3σz from zC and 1.2R200 (calculated fromz andσz using Eq. 1), we recalculated firstz, then
σz via the biweight estimators given in Beers et al. (1990).

3. This process was iterated until it reached convergence. At each round, every galaxy in the initial sample can re-enterthe
cluster sample if it meets the constraints on redshift and velocity.

4. The error on the finalσz is calculated from a bootstrap analysis of the galaxies thatmake up the final cluster sample.
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