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ABSTRACT

Analyzing 24 um MIPS/Spitzer data and the [O11]3727 line of a sample of galaxies at 0.4 < z < 0.8 from the
ESO Distant Cluster Survey, we investigate the ongoing star formation rate (SFR) and the specific star formation
rate (SSFR) as a function of stellar mass in galaxy clusters and groups, and compare these with results from field
studies. As for the field, we find a decline in SFR with time, indicating that star formation (SF) was more active in
the past, and a decline in SSFR as galaxy stellar mass increases, showing that the current SF contributes more to
the fractional growth of low-mass galaxies than high-mass galaxies. However, we find a lower median SFR (by a
factor of ~1.5) in cluster star-forming galaxies than in the field. The difference is highly significant when all Spitzer
and emission-line galaxies are considered, regardless of color. It remains significant at z > 0.6 after removing red
emission-line galaxies, to avoid possible active galactic nucleus contamination. While there is overlap between the
cluster and field SFR—mass relations, we find a population of cluster galaxies (10% —25%) with reduced SFR for
their mass. These are likely to be in transition from star forming to passive. Separately comparing clusters and
groups at z > 0.6, only cluster trends are significantly different from the field, and the average cluster SFR at a
given mass is ~two times lower than the field. We conclude that the average SFR in star-forming galaxies varies

with galaxy environment at a fixed galaxy mass.

Key words: galaxies: clusters: general — galaxies: evolution — galaxies: formation

1. INTRODUCTION

The star formation (SF) activity, like other galaxy properties,
varies systematically with galaxy mass and redshift. Its trend
as a function of galaxy mass has been studied in the field at
different epochs (e.g., Brinchmann et al. 2004; Noeske et al.
2007a; Elbaz et al. 2007; Daddi et al. 2007; Pannella et al. 2009).
These works have found a strong and rather tight correlation
between current star formation rate (SFR) and galaxy stellar
mass for field star-forming galaxies at all redshifts out to
z = 2. This correlation shifts to progressively higher SFRs at
higher z, remarkably maintaining its local slope. These results
suggest a gradual decline in the SFR of most galaxies since
7z~ 1-2.

The specific star formation rate (SSFR), measuring the
SFR per unit galaxy stellar mass, allows us to study how
the ongoing SF contributes to the mass growth for galaxies
of different masses, at different times. Lower-mass galaxies
have higher SSFRs than higher-mass galaxies (Feulner et al.
2005; Pérez-Gonzélez et al. 2005; Zheng et al. 2007; Noeske
et al. 2007b), supporting a scenario in which massive galaxies
formed most of their stars earlier and on shorter timescales,
while less-massive galaxies evolve on longer timescales
(““downsizing”).

There are several reasons to expect that the SFR-mass and
SSFR-mass relations should depend on environment. While
fast-acting environmental effects are unlikely to influence the
SFR-mass relationship of star-forming galaxies, any physi-
cal mechanism slowly affecting the amount of gas available
for SF should result in a slowly declining SFR, therefore a
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different SFR—mass relation with environment. Examples are
the loss of halo gas reservoir included in hierarchical galaxy
formation models (“strangulation”; Larson et al. 1980; Font
et al. 2008; McCarthy et al. 2008), and the interruption of
cold gas streams in dense environments that would leave un-
fueled galaxies to slowly consume their disk gas (Keres et al.
2005).

In contrast, several works have reported a lack of environ-
mental dependence of the distribution on current SF activity as
measured both from optical lines and infrared emission (Balogh
et al. 2004b; Rines et al. 2005; Bai et al. 2006, 2007, 2009; but
see Wolf et al. 2009), and others have failed to identify large
population of galaxies in “transition” from the red sequence
to the blue cloud in dense environments (Balogh et al. 2004a;
Weinmann et al. 2006; Cassata et al. 2007).

However, the relations between SFR and SSFR with mass
have not yet been studied in groups and clusters, which should
be the most direct way to clearly discriminate between mass
and environmental trends. Should the SFR—mass relation be
universal, the evolution of the red galaxy fraction would have
a galaxy intrinsic origin, and environmental effects such as
strangulation could not be relevant.

In this Letter, we make a first attempt to investigate this
issue by studying galaxies in clusters and groups at intermediate
redshifts (0.4 < z < 0.8) using the ESO Distant Cluster Survey
(EDisCS) data set and comparing that with field galaxies at
similar redshifts.

We adopt (Hy, Q,,, Q;) = (70 km s~! Mpc~!, 0.3, 0.7).
Values of M, and SFR are based on the Salpeter (1955) initial
mass function (IMF) in the range of mass 0.1-125 M.


http://dx.doi.org/10.1088/2041-8205/710/1/L1

L2 VULCANI ET AL.

2. DATA SET

In our analysis, we use 604 spectroscopically confirmed
EDisCS members of 16 clusters with velocity dispersions
o > 400 km s~! and 10 groups (150 < o < 400 km s7!)
as in Poggianti et al. (2009) (see also Halliday et al. 2004;
Milvang-Jensen et al. 2008). In the following, we refer to
clusters and groups collectively as “clusters,” unless otherwise
stated.

Ours is effectively an I-band selected sample with high-
quality multiband optical and near-IR photometry (White et al.
2005) and spectroscopy (Halliday et al. 2004; Milvang-Jensen
et al. 2008), with a 97% spectroscopic success rate (number of
redshifts/number of spectra) at the magnitudes used here.

We estimate galaxy stellar masses using photo-z fitting total
absolute magnitudes (Pell6 et al. 2009) and the relation between
mass-to-light ratio (M / L ) and rest-frame (B— V) color for solar
metallicity from Bell & de Jong (2001), log % = —0.51 +
1.45(B — V). The internal accuracy of the measured masses
is ~0.15 dex. The spectroscopic magnitude limit (I = 23
at z = 08 and I = 22 at z = 0.6) corresponds to a
mass limit log M, = 10.8 M, for galaxies of all colors, and
log M, = 10.5 M for blue galaxies (see below for our red/
blue limit).

To estimate SFRs, we use the IR luminosities of Finn et al.
(2009). The IR Iuminosities are derived from Spitzer 24 um
imaging, and the observed 24 um flux is converted to total IR
luminosity using the models of Dale & Helou (2002). The IR
luminosity is converted to SFR g according to Kennicutt (1998):
SFRir(Mg yr™1) = 4.5 x 107* x Lig(erg s~!), assuming that
the mid-IR emission of the great majority of distant cluster
galaxies is powered by starbursts rather than active galactic
nuclei (AGNs), as found by previous studies (Finn et al. 2009
and references therein). The median IR luminosity error is 7%,
and is always less than 23%. The SFRyr error associated with
estimating the IR luminosity from the observed 24 pum flux
ranges from 5% to 22%, depending on the cluster redshift (Finn
et al. 2009). The 80% completeness limit of our Spifzer data
corresponds to a SFRg of ~10.3 Mg yr~!' at z = 0.6 and
~13Mg yratz =0.8.

We also use the SFR[o ) (Poggianti et al. 2008) from the
observed [O 11] luminosity using the Kewley et al. (2004) con-
version: SFRjo (Mg yr 1) =1.26 x 10’41L[OH](erg s~ 1), cor-
rected to our IMF. The SFRq ;) detection limitis ~0.3 M, yr‘l.
The EDisCS [O1] detections of even weak lines are very
robust, having been confirmed by manual inspection of all
two-dimensional spectra. The SFR|o, errors in SFRjoy;
range from ~0.05 dex to ~0.4 dex, with a mean error of
~0.1 dex.

To account for both obscured and unobscured SF, in galaxies
with a 24 um detection (all of which have emission lines in their
spectra), we use the total SFRy; = SFRir + SFR|0y, without
correcting the [O11] estimate for dust extinction. For galaxies
without a 24 um detection, we use the SFR|oy; corrected for
dust. The [O11] extinction correction is estimated from the
correlation between the uncorrected SFR(o, and E(B — V)
observed at low z: E(B — V) = 0.1651og(SFRoy;) + 0.315
(J. Fritz et al. 2010, in preparation; Kewley et al. 2004). This
E(B — V) is derived from the Balmer decrement, thus is
appropriate for emission lines. We adopt the SudZius et al.
(1996) Galactic mean interstellar extinction law for which

% = 4.749. Using either the total 24 um+[O1] or the

dust-corrected [O 11] SFRs, the SSFR is simply SSFR = SIS—R.
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Galaxies without a 24 um detection are further divided
into red and blue in order to separate those that can be
assumed to be powered by SF (blue) from those that could
be strongly contaminated by an active galactic nucleus (AGN)
(red). Following Noeske et al. (2007a), the color separation is
defined by Willmer et al. (2006):

(U — B)rest—frame = —0.032(Mp +21.52) + 0.454 — 0.25.

Based on visual morphological classifications by Desai et al.
(2007), blue emission-line (BEL) galaxies and Spitzer-detected
galaxies have mostly late-type morphologies (~75% and ~95%,
respectively), in agreement with the assumption that they are star
forming.

In addition, a fraction of the red emission-line (REL) galaxies
could have their [O11] powered by a residual low level of SF,
instead of being dominated by an AGN.

In our data set, we currently do not have a way to quantify
AGN contamination. External estimates can vary significantly:
at low z, Yan et al. (2006) found in their Sloan Digital Sky
Survey (SDSS) sample that only ~10% of red galaxies with
[O11] in emission are characterized by SE. At higher redshifts,
Noeske et al. (2007a) found a higher fraction of probable
star-formation-dominated REL systems, up to 30%. In broad
agreement with this, we find that 32% of our REL galaxies
have late-type morphologies, while only 50% are ellipticals.
This suggests that at least a third of galaxies in this class are
indeed star forming. Moreover, analyzing the EDisCS optical
spectra, Sanchez-Blazquez et al. (2009) concluded that most
of our REL galaxies are dusty and star forming. This agrees
with the large population of red star-forming cluster galaxies
identified at z ~ 0.2 (Wolf et al. 2009).

However, since we cannot be certain of exactly how many
red objects should be considered star forming, in our analysis
we analyze two different cases: in the first case we assume that
the [O 11] emission in all red galaxies is dominated by an AGN,
and we exclude them from our analysis. In the second case,
we include REL galaxies. These cases should bracket the real
situation occurring in nature.

3. COMPARISON WITH THE FIELD

We compare our results to those for the field at 0.4 < z < 0.8
from Noeske et al. (2007a, 2007b), who studied the SFR and
the SSFR in field galaxies from the All-Wavelength Extended
Groth Strip International Survey (AEGIS).’

Our method to derive SFRs is similar to theirs. For galaxies
with robust 24 wm detections, they determined the total SFR by
summing the SFR derived from 24 um data with that derived
from the emission lines uncorrected for extinction, as we do.
For galaxies below the 24 pm detection limit, they estimated
extinction-corrected SFRs from emission-line fluxes using the
observed average Balmer decrement, for a fixed Ag, = 1.30
value. This method overestimates the extinction in galaxies
with low SFRs (Noeske et al. 2007a). To avoid systematic
effects due to a different dust treatment for the field and cluster
galaxies, we de-corrected the AEGIS emission-line data using
their value of extinction, then we applied our own method of
dust correction to their data points. Our comparison with the

7 The Kroupa values (Kroupa 2001) in their paper can be transformed to a
Salpeter IMF multiplying by a factor 2 (K. G. Noeske 2009, private
communication).
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Figure 1. SFR-M.,, relation of cluster and field galaxies at z < 0.6 (left panel) and z > 0.6 (right panel). Only 24 um+BEL galaxies are plotted. Upper left window:
only data points above the completeness limits. Bottom window: all galaxies. Black filled symbols: cluster galaxies (EDisCS). Green empty symbols: field galaxies
(AEGIS). Triangles: combined SFRs from MIPS 24 ;xm and emission lines. Squares: [O 11] dust-corrected SFRs. In the upper window, lines represent the median and
the 25 and 75 percentiles for the clusters (solid black) and field (dashed green). Typical EDisCS error bars are in the bottom right. In the bottom window, lines show
the mass and SFR limits. Upper right window: SFR distribution of galaxies above the completeness limits, selecting the same mass distribution in clusters and field,
for the average of the 1000 simulations. The number of field galaxies is normalized to the number of cluster galaxies. Black horizontal histogram: EDisCS. Green
slanted histogram: AEGIS. Black (EDisCS) and green (AEGIS) solid lines are the mean values of the distributions.
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Figure 2. SFR-M.,, relation of cluster and field galaxies when REL galaxies are included. Red filled circles: cluster REL galaxies. Red empty circles: field REL
galaxies. Other symbols as in Figure 1. REL galaxies are included in the histograms.

field is meaningful only for those galaxies with mass and SFR
above the highest between our and AEGIS limits, where we
are sure that both samples are unbiased. These limits are (1) at
7 < 0.6, M, > 1008 M when we consider both blue and red
galaxies (10'% M when we do not consider red galaxies), and
SFRoy,,, = 1.2 Mg yr~';and (2) at z > 0.6, M, > 10'%8 M,
and SFR|o )., > 1.65 Mg, yr~!. Galaxies above our mass limit
but below the SFR|o  limits will be disregarded in our analysis,
as they make a negligible contribution to the SFR census. This
leaves us with a final cluster sample of 127 galaxies, and a field
sample of 426 galaxies.

4. RESULTS

We show the SFR—mass relation in different environments in
Figure 1, where only 24 um and BEL galaxies are considered
star forming. We calculate the median values of SFR and of
SSFR, and the 25 and 75 percentiles.

From Figure 1, we note a change with redshift, in both the
field and clusters, as the average SFRs at z ~ (.7 are shifted to
higher values compared to z ~ 0.5 at the same mass.

The main result of Figure 1 is that, at both redshifts, cluster
SFRs are on average systematically lower than field SFRs at



L4

VULCANI ET AL.

Vol. 710

I L T

log SSFR

‘\Tu\m\m\m\u?

log SSFR

’}“uuhm’

0246810
Number

9.5 10 10.5 1 1.5

log M,

11 11.5

0 5 10
Number

e

1.5 12

9.5 10 10.5 1"

2 =

log M,

Figure 3. SSFR-M,, relation of cluster and field galaxies. Only 24 um+BEL galaxies are plotted. The dotted lines mark the completeness limits. Symbols are the

same as in Figure 1. Typical EDisCS error bars are shown in the top right corner.
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Figure 4. SSFR—M,, relation of cluster and field galaxies. Galaxies with 24 um detections and all emission-line galaxies are plotted, regardless of (U—B) color. The

dotted lines mark the completeness limits. Symbols are the same as in Figure 2.

the same mass. Clusters have in general lower median SFRs
than the field. This is due to a population of cluster galaxies
lying below the field 25 percentile, that represent 34% of the
whole cluster population, thus a ~10% excess of galaxies with
“reduced” SFR for their mass.

To avoid the influence of the mass distribution, we performed
1000 Monte Carlo simulations extracting randomly from the
field sample a subsample with the same mass distribution as
the clusters. The SFR distributions are shown as histograms in
Figure 1. At z < 0.6, due to poor number statistics,® a
Kolmogorov—Smirnov (K-S) test cannot reject the null hypoth-
esis of similar SFR distributions in clusters and the field, finding
a probability less than 90% in 54% of the cases and a probabil-

8 Doubling the number of galaxies, differences become significant at >95%
in 80% of the cases.

ity >95% in 29% of the simulations. At z > 0.6, the K-S test
rejects the hypothesis of similar cluster and field distributions
with a >95% probability in 87% of the simulations.

We note that, although a correlation is evident when consid-
ering galaxies over a wide mass range (see bottom windows in
Figure 1), the SFR—mass relation is flat above our mass limit.
A Spearman test yields a significant positive correlation only
for the field at z > 0.6 (99.9%), and no correlation in all other
cases.

In Figure 2, we show the results considering also REL
galaxies as star forming. We recall that at least for some of
them the [O 11] emission likely arises from ongoing SF. Now the
difference between the field and clusters is more striking, and
becomes progressively more pronounced toward more massive
galaxies. Fifty percent of the whole cluster population has SFRs
below the field 25 percentile, therefore ~25% have “reduced”
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Figure 5. Same as Figure 1, now comparing the SFR—M,, relation of cluster, group and field galaxies only at z > 0.6. Left panel: only 24 um+BEL galaxies. Right
panel: including REL galaxies. Field: green dotted lines and empty symbols as in Figures 1 and 2. Clusters: black solid lines and filled symbols as in Figures 1 and 2.
Groups: magenta lines and symbols, skeletal triangles are 24 um detected galaxies, while crosses are BEL galaxies. No REL galaxy is present in groups.

SFRs for their mass compared to the field. The K-S test on mass-
matched cluster and field samples rejects the null hypothesis of
similarity between the two environments with a probability of
100% (z < 0.6) and >95% (z > 0.6) in all the simulations (see
histograms in Figure 2). As before, no SFR-mass correlation is
detected by a Spearman test, except for the field at z > 0.6 at
99.9%.

Our results highlight a change in the SFR—mass relation with
environment. To quantify this change, we compute the mean
SFR in our mass-matched simulations, therefore removing the
effects of different mass distributions. Including both redshift
bins, for the sample of 24 um+BEL galaxies the mean SFR in
clusters is 1.35 & 0.15 times lower than in the field. Including
REL galaxies, it is 1.63 & 0.20 times lower than the field.”

In Figures 3 and 4, we show the results for the SSFR—mass
relation. Cluster and field galaxies follow a qualitatively similar
decreasing trend of SSFR with mass (Spearman anticorrelation
probability always >99.9%), but cluster galaxies tend to have a
lower SSFR than field galaxies of similar mass, as expected
from the results discussed above. A K-S test confirms this
when red galaxies are included (probabilities always >95%).
For 24 pum+BEL galaxies, the differences are not statistically
significant, with the K-S test giving a probability >95% only in
53% of the simulations at z > 0.6, and only in 4% of simulations
at z < 0.6. Including both redshift bins, the ratio of average
SSFR between the field and clusters above our mass limit is
1.20 &+ 0.14 for 24 um+BEL galaxies, and 1.31 £ 0.17 for all
galaxies.

This result shows that, in all environments, the mass growth
rate at a given mass decreases with time (see left and right panels
of Figures 3 and 4) and it is lower for higher-mass galaxies
(SSFR and mass are anticorrelated). However, a fraction of the
star-forming cluster galaxies are building up their stellar mass
at a lower rate than field galaxies: 10% and 30% of 24 um+BEL
and all galaxies, respectively, lie below the field 25 percentile.

9 Errors are computed as bootstrap standard deviations.

Moreover, the cluster trends are steeper than the field trends
(best-fit slopes differ by > 10), again suggesting that SF in more
massive galaxies differs more strongly with environment than
SF in lower-mass galaxies.

4.1. Clusters Versus Groups

With the aim of investigating whether cluster and group
galaxies, separately, differ from the field, we divide the sample
into clusters with & > 400 km s~! and groups with ¢ <
400 km s~! (Figure 5). We only consider the highest-z bin, as
the lowest-z bin has too few group galaxies to study any trend.

Figure 5 shows that the SF in the cluster environment deviates
from the field trend, while group galaxies seem to follow the
SFR-mass relation of the field. The K-S test performed on
mass-matched samples yields a 98% (without red galaxies)
and a 99.9% (with red galaxies) probability that clusters have
a different SFR distribution from both groups and field. In
contrast, the test cannot reject the hypothesis that the groups
and field have a similar distribution.

Our group data are not sufficient to draw firm conclusions, but,
if confirmed, our finding suggests that the group environment
is not influential for the link between SF activity and mass,
therefore strangulation could not be relevant, at least in groups,
and only cluster-specific processes could be important.

Having removed the groups, the mean SFR in clusters at
z > 0.6is 1.93 + 0.02 (without red) to 2.13 4 0.02 (with red)
times lower than in the field.

5. CONCLUSIONS

This is the first attempt to establish whether the relation
between SF activity and galaxy mass depends on environment.
We find that this relation in clusters is significantly different
from the field, at all redshifts when REL galaxies are included,
and at least at z > 0.6 for 24 um+BEL galaxies. Discriminating
star forming from AGN red galaxies will allow us to quantify
with higher precision the environmental effects.
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The observed differences between the SFRs in clusters and
in the field can be considered a lower limit to the real gap. In
fact, we are surely considering as cluster members also star-
forming galaxies that are either in projection or just recently
accreted by the cluster and have not been affected yet by its
influence.

This result cannot arise from having severely underestimated
the dust correction to the SFRq ). If we were to adjust the [O 11]
extinction to bring the field and clusters into agreement, many
of the [O11] detected sources should be detected at 24 pum, and
they are not.

Environmental differences are detectable thanks to the low
completeness limit in SFR reached. With a higher limit, the
cluster and field relations would appear compatible. Hence,
any comparison of SFR and masses in different environments
is meaningful only when all data probe down to low SFR
levels.

We conclude that there are significant differences between the
SF activity of star-forming galaxies of the same mass in different
environments. Clusters, in general, show a lower SF activity
than the field, not only because they have a pre-existing large
population of early-type galaxies passively evolving since high
z, but because currently star-forming galaxies host an average
lower SFR than their field counterparts of similar mass.

The most straightforward interpretation is that there are
environmental effects suppressing SF in clusters. Fast-acting
mechanisms would leave the SFR-mass relation unchanged,
while processes with a longer timescale would affect it. The
most popular long-timescale candidate is strangulation, that, if
equally effective in groups and clusters, would be ruled out
if the similarity we observe between groups and field will be
confirmed by larger studies. Even ram pressure stripping, which
acts on a short timescale (Bekki 2009), may leave residual gas
and low SFRs.

As an alternative to environmental mechanisms, it is possible
that other galaxy intrinsic properties besides mass (e.g., the
morphological distribution) influence the SF history and vary
systematically with environment.

In clusters, we are observing a population of galaxies in
transition from being blue star forming to red passively evolving,
while such a population is much less noticeable in the field and
perhaps also in groups.
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