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ABSTRACT

Aims. We investigate the build-up of stellar mass through star formation in field galaxies, galaxy groups, and clusters in order to better
understand the physical processes regulating star formation in different haloes.
Methods. In order to do so we relate ongoing star formation activity to the stellar mass by studying the integrated specific star formation rate
(SSFR), defined as the star-formation rate per unit stellar mass, as a function of integrated stellar mass for samples of field galaxies, groups of
galaxies, and galaxy clusters at 0.18 ≤ z ≤ 0.85. The star formation rate (SFR) is derived from the ultraviolet continuum for the galaxies and
group members, and from emission line fluxes for the cluster galaxies. The stellar masses are computed from multi-band photometry including
the near-infrared bands for the galaxies and groups, and from the dynamical mass for the cluster sample.
Results. For the first time, integrated SSFRs for clusters and groups are presented and related to the SSFRs of field galaxies. Tentatively, we
find a continuous upper limit for galaxies, groups, and clusters in the SSFR-stellar mass plane over seven orders of magnitude in stellar mass.
This might indicate that the physical processes which control star formation in dark matter haloes of different mass have the same scaling with
mass over a wide range of masses from dwarf galaxies to massive clusters of galaxies.
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1. Introduction

In 1996, Cowie et al. investigated the contribution of star for-
mation to the build-up of stellar mass for different galaxy
masses. They found that at higher redshifts a population of
massive, heavily star forming galaxies emerges which cannot
be found in the local universe, a phenomenon they termed
“down-sizing”. This, in turn, implies that the more massive
galaxies found in today’s universe have older stellar popula-
tions. After this pioneering work the specific star formation
rate (SSFR), defined as the star formation rate (SFR) per unit
stellar mass, was used to study this connection and to fol-
low its evolution with redshift. It is now well established that

� Based on observations collected at the Centro Astronómico
Hispano Alemán (CAHA), operated by the Max-Planck-Institut
für Astronomie, Heidelberg, jointly with the Spanish National
Commission for Astronomy.
�� Based on observations collected at the European Southern
Observatory, Chile; ESO proposals 63.O-0005, 64.O-0149, 64.O-
0158, 64.O-0229, 64.P-0150, 65.O-0048, 65.O-0049, 66.A-0123,
66.A-0129, 66.A-0547, 68.A-0013, 69.A-0014, and LP168.A-0485.

galaxies show an SSFR falling with stellar mass with a clear
upper limit in SSFR (Guzman et al. 1997; Brinchmann & Ellis
2000; Pérez-González et al. 2003; Brinchmann et al. 2004;
Fontana et al. 2003; Bauer et al. 2005; Bell et al. 2005), with a
fraction of strongly star-forming galaxies at high SSFRs (Bell
et al. 2005; Hammer et al. 2005; Pérez-González et al. 2005).
Moreover, the most massive galaxies are dominated by the old-
est stellar populations (Drory et al. 2005; Feulner et al. 2005b)
and show a marked increase of their mean SSFR around z ∼ 2
(Feulner et al. 2005a; Juneau et al. 2005).

Similar studies on the star formation rate in clusters of
galaxies have been carried out during the last decade finding
a decrease of the integrated SFR per unit dynamical mass with
mass (Finn et al. 2004, 2005) or, in some sense equivalently, a
falling fraction of [OII]-emitting galaxies with velocity disper-
sion (Poggianti et al. 2006). For the cluster members, evidence
was found for a down-sizing scenario similar to the field (e.g.
Smail et al. 1998; Tanaka et al. 2005; Poggianti et al. 2006).

For galaxy groups, systematic studies are still rare, al-
though several studies of star-formation activity as a function
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of environment have been performed (Hashimoto et al. 1998;
Balogh et al. 2004; Wilman et al. 2005). Recently, Weinmann
et al. (2006) presented SSFRs for galaxies in SDSS groups
showing a decline of the SSFR with halo mass.

In this work we try to combine information on the SSFR of
field galaxies with the integrated SSFR of galaxy groups and
clusters to investigate the build-up of stellar mass in haloes over
a wide range of masses from dwarf galaxies to massive clusters.
Studies like these are important to better constrain the physical
processes responsible for controlling star formation in different
environments and thus haloes of different masses.

This Letter is organised as follows. In Sect. 2 we describe
the galaxy, group, and cluster samples as well as our methods to
derive SFRs and stellar masses. Section 3 presents our results
on the distribution of the different samples in the SSFR-stellar
mass plane, before we discuss and summarise our work in
Sect. 4. Throughout this Letter we assume a concordance cos-
mology with ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.
All magnitudes are given in the Vega system.

2. Deriving star formation rates and stellar masses
for the different samples

2.1. The field galaxy sample

The field galaxies used in this study are taken from a com-
bined sample derived from the FORS Deep Field (Heidt et al.
2003; Gabasch et al. 2004a) and the GOODS-S field. It is
the same sample already used and discussed in Feulner et al.
(2005a). The FDF offers photometry in the U, B, g, R, I,
834 nm, z, J and K bands and is complimented by deep spectro-
scopic observations (Noll et al. 2004). In this Letter we use the
I-selected sub-sample covering the deep central part of the field
(∼40 arcmin2) as described in Gabasch et al. (2004a), contain-
ing 5557 galaxies down to I = 26.4 (50% completeness limit
for point sources). Photometric redshifts of FDF galaxies have
an accuracy of ∆z/(1 + z) = 0.03 (Gabasch et al. 2004a).

Our K-band selected catalogue for the GOODS-S field
(Salvato et al. 2006) is based on the publicly available 8
2.5 × 2.5 arcmin2 J, H, and Ks VLT/ISAAC images compli-
mented by observations in U, B, V , R, and I. The sample con-
tains 3237 galaxies with a photometric redshift accuracy of
∆z/(1 + z) = 0.05 down to K = 23 over a field of view of
∼50 arcmin2.

For both fields, SFRs are derived from the luminosity L1500

of the ultraviolet continuum at λ � 1500 Å (Gabasch et al.
2004b) converting it to an SFR �̇ ∗ (in units of solar masses
per year) as described in Madau et al. (1998) and assuming a
Salpeter initial mass function (Salpeter 1955)

�̇ ∗ = 1.25 × 10−28M� yr−1 L1500

erg s−1 Hz−1
, (1)

while stellar masses M∗ (in units of solar masses) are com-
puted from fitting stellar population synthesis models to the
galaxies’ broad-band photometry (Drory et al. 2004). A stan-
dard correction for dust extinction is applied to the SFR

following the recipe of Hopkins (2004). The SSFR S is then
simply calculated from

S ≡ �̇ ∗
M∗
· (2)

To ensure fair comparison with the cluster sample described be-
low we have restricted the redshift range for the field galaxies to
0.18 ≤ z ≤ 0.85 yielding 2898 objects with an average redshift
of 〈z〉 = 0.54. Note that within this z interval the fraction of un-
detected dusty star-forming galaxies is still small (Franceschini
et al. 2003).

2.2. The galaxy group sample

The integrated SSFRs and stellar masses for the groups are
based on the Munich Near-Infrared Cluster Survey (MUNICS;
Drory et al. 2001; Feulner et al. 2003), a wide-area, medium
deep photometric and spectroscopic survey in the B, V , R, I,
J, and K bands covering an area of about 0.3 square degrees
down to K � 19 and R � 24 (50% completeness limit for
point sources). Group membership on the photometric redshift
catalogue with its accuracy of ∆z/(1 + z) = 0.06 is assigned
according to a modified version of the friends-of-friends algo-
rithm, specifically designed to cope with photometric redshift
datasets (Botzler et al. 2004). The resulting structure catalogue
is presented in Botzler et al. (2006) and comprises 162 struc-
tures (mostly groups) containing 890 galaxies in total.

SFRs and stellar masses for the individual group mem-
bers are computed in the same manner as for the field galaxies
described above (see also Feulner et al. 2005b) and summed
for each group, resulting in what we call integrated values.
To ensure fair comparison with the cluster sample described
below we have restricted the redshift range for the groups
to 0.18 ≤ z ≤ 0.85 leaving us with 137 groups containing
710 galaxies with an average redshift of 〈z〉 = 0.50.

2.3. The cluster sample

Since the survey volume probed by MUNICS is too small to
contain massive clusters, integrated SFRs and stellar masses
for galaxy clusters are obtained from the sample described in
Finn et al. (2004, 2005) who derive SFRs from the Hα line
emission. The sample contains 8 clusters at 0.18 ≤ z ≤ 0.85
with SFR measurements of galaxies, usually within the virial
radius. The average redshift of the sample is 〈z〉 = 0.53. Their
integrated SFR values are corrected for dust extinction using
AHα = 1. Since no measurements for the total stellar mass of
the clusters are available, we compute this quantity from the
dynamical mass (derived from the cluster velocity dispersion).
To accomplish this we make use of the relation between the
stellar massM∗ and the dynamical massM 500 within the ra-
dius R 500 (within which the mean density is 500 times the crit-
ical density) derived by Lin et al. (2003) from K-band observa-
tions of local clusters:

M∗
M 500

= (1.64 ± 0.10) × 10−2

( M 500

3 × 1014 M�

)−0.26±0.09

· (3)
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To convert the values of M 200 given in Finn et al. (2005) to
M 500 we use the following relation for the dynamical mass
M δ as a function of the density contrast δ (Horner et al. 1999):

M δ ∝ δ −0.266 ± 0.022 or M 500 � 0.78M 200. (4)

Estimating the integrated SFR and stellar mass of galaxy clus-
ters in a different manner than for the galaxies and groups is, of
course, not optimal; for future studies it would be desirable to
derive the SFRs and the masses using the same methods.

3. Star formation and stellar mass in field galaxies,
groups, and clusters

In Fig. 1 we present the resulting integrated SSFR versus stellar
mass diagram for field galaxies, groups, and clusters of galax-
ies. For groups and clusters, this quantity has – to our knowl-
edge – not been presented before, while it has been previously
shown for field galaxies (e.g. Feulner et al. 2005a, and refer-
ences therein). For the first time the distribution of field galax-
ies, groups, and clusters in this diagnostic diagram can be stud-
ied in context.

It is now well established that the SSFR of field galaxies is
decreasing with increasing stellar mass. This trend holds up to
stellar masses of logM∗/M� � 11 where we reach the high-
mass cut-off of the stellar mass function in the redshift range
0.18 ≤ z ≤ 0.85 (e.g. Fontana et al. 2004; Drory et al. 2005).

Interestingly, the integrated SSFRs of groups and clusters
continue this trend to higher stellar masses. The limiting SSFR
of the groups from MUNICS follow the same sequence up
to logM∗/M� � 12.5, reaching the SSFRs of clusters with
logM∗/M� � 13.5 at the very end of this sequence. Groups
and clusters seem to form a natural extension of the SSFR
distribution of galaxies, with the upper limit shaping a con-
tinuous sequence over at least seven orders of magnitude in
stellar mass. It is not surprising that there is some overlap
between very massive galaxies and poor groups as well as be-
tween massive groups and poor clusters. The slightly smaller
values for the integrated SSFRs of the MUNICS groups could
be attributed to the selection of the group members in photo-
metric redshift space; the algorithm might miss some members
in the outer regions more likely to be star-forming galaxies.
Note also that due to the near-infrared selection the MUNICS
group sample may be biased against high-SFR galaxies with
low dust attenuation.

For easier analysis, the approximate upper boundaries to
the SSFR S for the different samples in Fig. 1 can be described
by the following functional form (similar to the Schechter
parametrisation of the luminosity function, Schechter 1976):

S = S 0 10M∗ (1+α) exp
(

10M∗ −M 0
)
. (5)

The free parameters of this function describe the normali-
sation (S 0), the location of the break (M 0), and the slope
at lower stellar masses (α). Their approximate values are
(logS 0/Gyr−1, logM 0/M�, α) � (5.25, 10.5, −1.5) for
the field galaxies, (5.25, 11.7, −1.5) for the groups, and
(5.25, 13.0, −1.5) for the clusters. The slope α can be derived
from the field-galaxy sample only but seems to apply also to

 6  8  10  12  14
−6

−4

−2

 0

 2

Log Stellar Mass  [M Sun]
Lo

g 
S

S
F

R
  [

G
yr

−
1 ]

Field galaxies (Feulner et al. 2005a)
Galaxy groups (Botzler et al. 2006)
Galaxy clusters (Finn et al. 2005)

Fig. 1. Integrated SSFR versus stellar mass for field galaxies (small
filled circles), galaxy groups (open squares), and galaxy clusters (large
filled circles) in the redshift range 0.18 ≤ z ≤ 0.85. The error crosses
in the upper left corner give conservative estimates of the errors for
the field galaxies and the groups, whereas individual error bars are
attached to the cluster values. The solid lines show approximate limits
to the point distributions (see text for details).

the other samples. The curves corresponding to these values
are plotted in Fig. 1. Note, again, that there is a smooth transi-
tion from groups to clusters, so the upper mass limit for groups
should be taken with a grain of salt.

4. Discussion and conclusions

In this Letter we have for the first time presented the integrated
SSFR for groups and clusters of galaxies and compared it to the
SSFR of the field galaxy population. Moreover, we tentatively
find a continuous upper limit for galaxies, groups, and clusters
in the SSFR-stellar mass plane over seven orders of magnitude
in stellar mass. This might indicate that the processes which
control star formation in dark matter haloes of different mass
have the same scaling with mass over a wide range of masses
from dwarf galaxies to massive clusters of galaxies.

The physical processes responsible for the “down-sizing”
phenomenon witnessed in individual galaxies are not yet well
understood. An early formation epoch for massive galaxies or
“dry merging” (Faber et al. 2006; Bell et al. 2006) of lower-
mass galaxies as well as quenching of star formation in more
massive haloes by feedback mechanisms (e.g. Scannapieco
et al. 2005) are among the discussed possibilities. Of course,
we could also see the result of a combination of these processes
or be faced with different evolutionary paths leading to the pop-
ulation of massive galaxies with old stellar populations.

The fact that the integrated SSFRs of groups and clus-
ters of galaxies seem to continue the trend displayed by
the field galaxy population towards higher masses is intrigu-
ing. For the individual galaxies within these structures, one
can naturally expect a similar general behaviour as for their
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counterparts in the field, modified by environmental effects. It
has been known for a long time that higher density environ-
ments are occupied by galaxies with morphologically earlier
types (e.g. Dressler 1980; Postman & Geller 1984; Dressler
et al. 1997) and with overall redder colours (and thus lower
star-formation activity; Butcher & Oemler 1978). Moreover,
ellipticals in higher-density environments are on average older
than their low-density counterparts (Thomas et al. 2005), and
star formation activity in groups seems to be lower than in the
field (Wilman et al. 2005). But the fact that the upper limit of
the integrated SSFRs of all these objects, from dwarf galax-
ies to rich clusters, seems to follow a continuous sequence in
the SSFR–stellar mass plane seems to suggest that there could
be a smooth transition from the field to the clusters, which in
turn might imply that the physical processes responsible for the
lower integrated star formation activity in higher mass haloes
are the same over this wide range of stellar masses, or at least
have the same scaling with stellar mass.

The analysis presented here is made possible by the avail-
ability of large samples of field galaxies with well studied prop-
erties, and by the advent of group and cluster catalogues with
photometric and spectroscopic data for large number of mem-
bers. However, statistics is still rather poor for groups and clus-
ters, and we could not derive SFRs and stellar masses using the
same methods in all samples. Future studies of large and homo-
geneous samples of groups, clusters and their member galaxies
will result in progress in the study of galaxy evolution as a
function of local density, and allow us to better constrain the
physical processes responsible for controlling star formation in
different environments and thus haloes of different masses.
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