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Figure 13. Normalized distribution of differences between MS SFR and
observed SFR of member galaxies (
SFR). The red vertical lines show our
limit for separation of MS member galaxies.

the fraction of star-forming galaxies as a function of the group halo
mass. We define the star-forming galaxies as the ones lying on the
MS (Elbaz et al. 2007). In order to identify the MS at different red-
shifts, we extrapolate the MS relation at the mean redshift of each
redshift bin by interpolating the MS relation of Peng et al. (2010),
Noeske et al. (2007) and Elbaz et al. (2007). According to these
works, the scatter of the relation is ∼ 0.3 dex. Fig. 13 illustrates
the distribution of the residual 
(SFR) = SFRMS − SFRobserved,
where SFRMS is the SFR given by the MS relation at a given
mass and SFRobserved is the observed SFR of a galaxy at that mass.
The distribution shows a well-known bimodal distribution with the
Gaussian representing the MS location with peak around 0 residual
and a tail of quiescent/low star-forming galaxies at high positive
values of 
SFR. This distribution is reminiscent of the bimodal
behaviour of the U − R galaxy colour distribution observed by
Strateva et al. (2001) in the SDSS galaxy sample. At all redshifts,
the value 
SFR = 1 turns out to be the best separation for MS
galaxies. It is also consistent with 3σ of MS uncertainty.

The fraction of star-forming galaxies is, then, defined as the
ratio between the number of SF galaxies with M∗ > 1010 M� and
the total number of galaxies with M∗ > 1010 M�. We apply the
same spectroscopic incompleteness correction for the number of
star-forming galaxies as for the total number of galaxies, so it is
cancelled from the fraction. We do not find any correlation in the
low-redshift bin with the halo mass (see Table 1 and Fig. 14). This is
confirmed also by a lack of correlation in the Yang et al. (2007) group
subsample at z < 0.085. We observe a significant anticorrelation
with the halo mass in the high-redshift bin, as confirmed by a
Spearman test (see Fig. 15). Fig. 16 shows the relation between
fraction of star-forming galaxies and velocity dispersion for the
galaxy groups with more than 10 spectroscopic members for which
we have a reasonable estimate of the galaxy velocity dispersion.
The magenta line in Fig. 16 is the upper envelope of Poggianti
et al. (2006) for the ESO Distant Cluster Survey (EDisCS) clusters
and groups at z = 0.4–0.8. Even in this case, high-mass systems
seem to be already evolved at z ∼ 1 by showing a fraction of
star-forming galaxies consistent with the low-redshift counterparts
at z < 0.085, where we measure a mean constant fraction of SF
galaxies of 0.28 ± 0.5.

Figure 14. Fraction of star-forming galaxies as a function of halo mass for
the low-z sample with more than 10 members (blue points) and less than
10 members (in grey). The Spearman test confirms no correlation for this
sample.

Figure 15. Fraction of star-forming galaxies as a function of halo mass for
the high-z sample with more than 10 members (red points) and less than 10
members (in grey). The Spearman test confirms a significant anticorrelation
for the this sample.

Figure 16. Fraction of star-forming galaxies versus velocity dispersion for
groups in the high-z sample with more than 10 spectroscopic members.
The magenta line is the upper envelope of Poggianti et al. (2006) for the
EDisCS clusters and groups at z = 0.4–0.8. The horizontal blue line and the
shaded blue area show the median fraction of star-forming galaxies and its
corresponding 1σ error in low-z groups.
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Given the almost linear relation between the �SFR and M200

in the high-z sample, this implies that most of the contribution to
the total SFR of the most massive systems (M200 ∼ 1014 M�) is
given by few but highly star-forming galaxies, while in lower mass
systems (M200 ∼ 1013 M�) it is given by more star-forming galaxies
of average activity. Thus, this would still indicate a faster evolution
in the more massive systems in terms of SF activity with respect to
lower mass groups.

4.3 Comparison with the mock catalogue

To compare our results with theory, we look at the results based
on the mock catalogue of the Millennium Simulation as described
in Section 2.6. We analyse the same relations studied in our work
by extracting from the mock catalogue a sample of groups in the
same mass range and redshift range adopted in our study. The
quantities �M∗, �SFR and number of galaxies per halo mass are
calculated by following the same criteria as used for the real data
set. In addition, we also estimate the properties of the groups at
1 < z < 2 to completely follow the evolutionary trends of galaxies
up to z ∼ 2. Fig. 17 shows the predictions of the same relations
presented in Fig. 10. The top panel of the figure shows the total SFR
of the mock groups as a function of their halo masses. As already
known, the semi-analytical models of the Millennium Simulation
underpredict the level of SF activity of the galaxy population and,
in particular, of the group and cluster galaxies. Indeed, even the
level of activity of the high-redshift groups is well below the level
of the low-redshift groups of our sample (dotted blue line in the
plot). This class of models assumes that, when galaxies are accreted
on to a more massive system, the associated hot gas reservoir is
stripped instantaneously. This, in addition to the AGN feedback,
induces a very rapid decline of the SF histories of satellite galaxies,
and contributes to create an excess of red and passive galaxies
with respect to the observations (e.g. Wang et al. 2007). More
recent high-resolution simulations do not help in improving the
results (Guo et al. 2011; Weinmann, Neistein & Dekel 2011). This
is known as the ‘overquenching problem’ for satellites galaxies.
Over 95 per cent of the cluster and group galaxies within the virial
radius in the local simulated universe are passive (Guo et al. 2011),
at odds with observations (e.g. Popesso et al. 2005; Weinmann
et al. 2006; Hansen et al. 2009; Kimm et al. 2009; Liu et al. 2010).
Indeed, as Fig. 18 shows, galaxies in mock groups reside under the
MS in any redshift bin, indicating that the evolution even in group
galaxies is happening at z > 2. This is at odds with our results since
in the previous section we have shown that in the low-mass groups
most of the galaxies above 1010 M� are MS galaxies.

We do not observe any evolution in the HOD (central panel
of Fig. 17), which is also consistent quantitatively with the HOD
observed in our group sample. In the same way, we do not observe
any evolution in the �M∗–M200 relation but we also observe a
quantitative discrepancy with respect to observations. Indeed, at
any redshift the total stellar mass in groups is underpredicted with
respect to the observed one. This is understandable given the much
lower SFR of the simulated group galaxies with respect to the
observations, which limits the galaxy stellar mass growth.

5 SU M M A RY A N D C O N C L U S I O N

In this paper, we provide an analysis of the evolution of the total
SF activity, total stellar mass and HOD by using one of the largest
X-ray selected samples of galaxy groups with secure spectroscopic

Figure 17. �SFR– (upper panel), HOD– (middle panel) and �M∗– (bottom
panel) M200 relations for the groups with 0 < z < 0.5 (in red) and 0.5 < z < 1
(in blue) and with 1 < z < 2 (in grey) for the mock catalogue. The dashed
lines show the results based on the observations.

identification on the major deep field surveys (ECDF, CDFN, COS-
MOS, AEGIS) up to z ∼ 1.1. We first check the robustness of
our method in determining the group velocity dispersion and mem-
bership extensively using mock catalogues and check the possible
biases induced by the spectroscopic incompleteness of the surveys
used in our analysis. We show that for a robust measurement of the
group velocity dispersion and group membership definition, a first
guess of the velocity dispersion derived from the X-ray luminosity
is essential for a reliable result. We compare our results with the
one based on an optically selected sample of groups at z < 0.085
in order to fully follow the evolution of the galaxy population in
groups to the local Universe. We list below our main results.

(1) We observe a clear evolution in the level of SF activity
in galaxy groups. Indeed, the total SF activity in high-redshift
groups (0.5 < z <1.1) is higher with respect to the low-redshift
sample (0.15 < z <0.5) at any mass by almost 0.8 ± 0.1
dex. A milder difference (0.35 ± 0.1 dex) is observed between
the [0.15–0.5] redshift bin and the groups at z < 0.085. This
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Figure 18. SFR as a function of stellar mass for the member galaxies in the mock catalogue. The red points show the position of the MS for the lowest redshift
(z = 0, 0.5 and 1 from left to right, respectively) in each bin.

evolution seems to be much faster than the one observed in the whole
galaxy population (Gruppioni et al. 2013), dominated by lower mass
haloes (M200 ∼ 1012–12.5 M�; Jenkins et al. 2001; Eke et al. 2005;
Tinker et al. 2008). This would imply that the level of SF activity
is declining more rapidly since z ∼ 1.1 in the more massive haloes
than in the more common lower mass haloes, confirming a ‘halo
downsizing’ effect as discussed by Popesso et al. (2012).

(2) The HOD and the total stellar mass–M200 relation are con-
sistent with a linear relation in all redshift bins in the M200 range
considered in our analysis. We do not observe any evolution in
the HOD since z ∼ 1. Similarly, we do not observe evolution in
the relation between the total stellar mass in groups and the to-
tal mass, in agreement with the results of Giodini et al. (2012).
The picture emerging from our findings is that massive groups at
M200 ∼ 1013–14 M� have already accreted the same amount of mass
and have the same number of galaxies as the low-redshift counter-
parts, as predicted by Stewart et al. (2008). This implies that the
most evident evolution of the galaxy population of the most massive
systems acts in terms of quenching their galaxy SF activity. This
also implies that the group galaxy population should progressively
move from high to low specific SFRs from z ∼ 1 to z ∼ 0 and
rapidly move away from the MS since z ∼ 1 consistent with the
recent results of Ziparo et al. (2013) based on a similar data set.

(3) The analysis of the evolution of the fraction of SF galaxies
as a function of halo mass or velocity dispersion shows that high-
mass systems seem to be already evolved at z ∼ 1 by showing a
fraction of star-forming galaxies consistent with the low-redshift
counterparts at z < 0.085. Given the almost linear relation between
the �SFR and M200 in the high-z sample, this implies that most
of the contribution to the total SFR of the most massive systems
(M200 ∼ 1014 M�) is given by few highly star-forming galaxies,
while in lower mass systems (M200 ∼ 1013 M�) it is given by many
galaxies of average activity. This would be an additional sign of a
faster evolution in the more massive systems in terms of SF activity
with respect to lower mass groups. Thus, it would confirm the ‘halo
downsizing’ effect.

(4) The comparison of our results with the prediction of the
Millennium Simulation semi-analytical model confirms the known
problem of the models. We confirm the strong bias due to the
‘satellite overquenching’ problem in suppressing significantly the
SF activity of group galaxies (more than an order of magnitude) at
any redshift with respect to observations. The HOD predicted by
the simulations is remarkably in agreement with the observations.
But due to the low SF activity of galaxies in massive haloes, the

models also predict a lower total stellar mass in groups with respect
to the observed one at any redshift.

Our results support a scenario in which the quenching of SF oc-
curs earlier in galaxies embedded in more massive haloes, though
we are considering a quite narrow halo mass range. This would be
consistent with the results obtained by Popesso et al. (2012) in a
similar redshift range but in a broader mass range, which includes
also galaxy clusters. Other pieces of evidence in the literature sup-
port the differential evolution of the SF activity in massive haloes
with respect to the field or lower mass haloes. For instance, the
formation of the galaxy red sequence, which leads to the local di-
chotomy between red and blue galaxies, happens earlier in groups
than in the field especially at high stellar masses (Wilman et al. 2009;
Iovino et al. 2010; Kovač et al. 2010; Wilman & Erwin 2012; Mok
et al. 2013). Morphological transformations are in place in groups at
z < 1, leading to a transient population of ‘red spirals’ not observed
in the field (Balogh et al. 2009; Wolf et al. 2009; Mei et al. 2012).
There is also evidence that at z ∼ 1 there is a flattening of the SFR–
density relation (Elbaz et al. 2007; Cooper et al. 2008; Popesso
et al. 2011; Ziparo et al. 2014) with respect to the local anticorre-
lation. Ziparo et al. (2014) find on the very same data set that the
differential evolution of the groups galaxies with respect to field
is due to the fact that star-forming group galaxies are perfectly on
the MS at z ∼ 1 whereas at lower redshift they are quenched, thus,
dropping off the MS quicker than field galaxies towards the region
of SF quiescence.

What is causing this differential evolution as a function of the halo
mass? According to Peng et al. (2010) massive galaxies, as the ones
considered in our sample, evolve mostly because of an internally
driven process, called ‘mass quenching’, caused perhaps by feed-
back from active galactic nuclei. But since this process is unlikely
to be more efficient in quenching SF of massive galaxies in mas-
sive haloes than in other environments as the stellar mass functions
do not change significantly in groups with respect to field (Giodini
et al. 2012), the ‘environmental quenching’ must be the main mech-
anism for quenching the SF of the most massive satellites in mas-
sive haloes. Which kind of process is causing this ‘environmental
quenching’ is still quite unknown. Ram-pressure stripping (Gunn
& Gott 1972) and starvation (Larson, Tinsley & Caldwell 1980)
are two plausible candidates for producing this quenching.
Ram-pressure stripping ‘quenches’ SF immediately (Abadi, Moore
& Bower 1999) as it can sweep interstellar medium out of a galaxy.
Starvation, caused by the removal of the hot gas halo reservoirs
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of galaxies which leads to a cut in the supply of cold gas in the
galaxy, is also a likely candidate. Tidal galaxy–galaxy encounters
or the interaction with the intracluster/intragroup medium can lead
to the removal of galaxy hot gas reservoirs which induce starvation.
Therefore, starvation should quench SF earlier in more massive
haloes than in low-mass haloes, as we observe.

Cen (2011) proposes that this differential evolution could be
explained simply in terms of the current theory of gas accretion
that hinges on the cold and hot two-mode accretion model (Kereš
et al. 2005; Dekel & Birnboim 2006). The halo mass is the main
determinant of gas accretion: large haloes primarily accrete hot gas
while small haloes primarily accrete cold gas. The overall heating
of cosmic gas due to formation of large haloes (such as groups
and clusters) and large-scale structure causes a progressively larger
fraction of haloes to inhabit regions where gas has too high entropy
to cool to continue feeding the residing galaxies. The combined
effect is differential in that overdense regions are heated earlier and
to higher temperatures than lower density regions at any given time.
Because larger haloes tend to reside in more overdense regions than
smaller haloes, the net differential effects would naturally lead to
both the standard galaxy downsizing effect and the halo downsizing
effect.

The current analysis cannot provide evidence in favour of one
of these scenarios. Further analysis must be conducted to study the
cold gas content of galaxies in haloes of different masses, to dis-
tinguish between the different possibilities and identify the process
responsible for the ‘environmental quenching’.
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A P P E N D I X A : X - R AY G RO U P S O F G A L A X I E S
I N CDFN

The catalogue of X-ray groups follows the original results of Bauer
et al. (2002), based on the first 1 Ms Chandra data. The main dif-
ference in the catalogue consists in a self-consistent use of the flux
at R500 or larger apertures for the flux extraction. This allows us
to use our calibrations of group masses, provided by COSMOS
(Leauthaud et al. 2010) and ECDFS (Finoguenov et al., submitted)
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Table A1. X-ray group catalogue: (1) X-ray ID; (2) RA (deg); (3) Dec. (deg); (4) z; (5) flux (10−15 erg cm−2 s−1); (6) LX(0.1–2.4 keV)(1042 erg s−1);
(7) M200 (1013 M�); (8) r200 (deg); (9) flag; (10) flux significance; (11) velocity dispersion from X-ray luminosities (km s−1); (12) N(z).

ID RA Dec. z Flux LX M200 r200 Flux Flag Velocity N(zspec)
significance dispersion

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

2 189.456 19 62.363 14 0.398 1.26 ± 0.36 1.21 ± 0.34 2.16 ± 0.35 0.0262 3.52 3 229 0
4 189.260 89 62.351 24 0.800 0.54 ± 0.17 3.60 ± 1.12 2.94 ± 0.52 0.0177 3.19 1 277 9
5 188.863 85 62.353 66 0.652 1.91 ± 0.57 6.32 ± 1.89 4.69 ± 0.79 0.0238 3.34 3 319 0
6 189.362 76 62.323 81 0.277 0.84 ± 0.19 0.34 ± 0.08 1.12 ± 0.15 0.028 4.22 2 176 9
7 189.482 84 62.255 52 0.455 2.99 ± 0.24 3.83 ± 0.31 4.12 ± 0.19 0.0294 12.22 1 293 14
8 189.184 99 62.264 16 0.850 1.38 ± 0.17 8.92 ± 1.07 4.85 ± 0.34 0.0202 8.36 1 336 46
9 188.988 03 62.2646 0.375 1.07 ± 0.28 0.88 ± 0.23 1.82 ± 0.27 0.0259 3.78 3 214 3
10 189.073 92 62.260 07 1.999 0.39 ± 0.85 36.09 ± 7.74 4.41 ± 0.54 0.0119 4.66 2 402 3
13 189.0872 62.186 05 1.014 0.51 ± 0.18 7.12 ± 2.58 3.67 ± 0.75 0.0164 2.76 1 314 20
14 189.5959 62.1628 0.914 1.24 ± 0.32 10.77E ± 2.74 5.13 ± 0.75 0.0196 3.92 3 348 0
15 189.333 36 62.128 23 0.943 0.76 ± 0.17 7.80 ± 1.71 4.13 ± 0.52 0.0179 4.56 3 323 0
16 189.137 75 62.150 06 0.840 0.48 ± 0.12 3.77 ± 0.93 2.92 ± 0.41 0.0171 4.05 1 279 12
17 189.042 09 62.147 11 1.139 0.61 ± 0.14 11.41 ± 2.52 4.37 ± 0.56 0.0162 4.52 3 343 2
19 188.961 64 62.120 97 0.491 2.49 ± 0.40 3.84 ± 0.62 4.00 ± 0.38 0.0275 6.2 3 292 0
20 189.538 62.131 81 0.948 0.64 ± 0.23 6.89 ± 2.46 3.81 ± 0.77 0.0174 2.8 3 314 0
21 188.862 26 62.102 17 0.895 1.37 ± 0.41 11.05 ± 3.41 5.30 ± 0.93 0.0201 3.24 5 351 0
22 189.113 61 62.100 88 1.217 0.45 ± 0.13 10.99 ± 3.14 4.00 ± 0.65 0.0152 3.5 3 337 1
23 189.284 45 62.090 72 0.956 0.69 ± 0.17 7.46 ± 1.88 3.97 ± 0.57 0.0175 3.96 3 319 0
24 189.020 17 62.088 88 1.217 0.91 ± 0.22 17.94 ± 4.34 5.37 ± 0.74 0.0167 4.13 5 375 0
25 189.220 03 62.070 86 0.188 4.20 ± 0.53 0.65 ± 0.08 1.75 ± 0.13 0.045 7.92 3 204 0
27 189.288 74 62.025 23 1.640 1.20 ± 0.27 46.55 ± 10.55 6.73 ± 0.88 0.0152 4.41 5 442 0
28 189.179 82 62.020 48 0.426 1.80 ± 0.42 1.98 ± 0.47 2.84 ± 0.39 0.0273 4.22 3 254 0
30 189.089 41 62.269 75 0.681 0.17 ± 0.11 0.90 ± 0.61 1.42 ± 0.52 0.0155 1.48 2 207 7
31 189.100 07 62.258 22 0.642 0.45 ± 0.28 1.71 ± 1.06 2.16 ± 0.73 0.0185 1.6 2 240 10
32 189.090 46 62.263 67 1.241 0.19 ± 0.08 6.75 ± 2.73 2.93 ± 0.66 0.0135 2.48 4 302 3
33 189.3379 62.151 65 1.126 0.49 ± 0.11 9.45 ± 2.23 3.95 ± 0.53 0.0158 4.24 3 330 0
34 189.530 13 62.119 78 0.280 1.26 ± 0.57 0.51 ± 0.23 1.41 ± 0.36 0.03 2.2 5 192 0

surveys. In columns 1, 2 and 3, we provide the group identification
number, RA and Dec. of the peak of X-ray emission. In column 4,
the mean of red sequence redshifts which is substituted with the me-
dian of spectroscopic redshift in case there is a spectroscopic redshift
determination for the group member galaxies is given. The group
flux in the 0.5–2 keV band in column 5 with the corresponding 1σ

error is listed. The rest-frame luminosity in the 0.1–2.4 keV is pre-
sented in column 6. Column 7 gives the estimated total mass, M200,
computed following Leauthaud et al. (2010) and assuming a stan-
dard evolution of scaling relations: M200Ez = f (LXE−1

z ), where
Ez = (�M(1 + z)3 + ��)1/2, standard evolution of the scaling re-
lation. The corresponding R200 in degrees is listed in column 8.
Column 9 lists flux significance which provides insights into the re-
liability of both the source detection and the identification. Column
10 presents the flag for our identification, as described in Section 2.2.
The velocity dispersion estimated from X-ray luminosities is given
in column 11. The number of spectroscopic member galaxies inside
2× R200 is given in Column 12.
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