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ABSTRACT

We present the galaxy stellar mass function (GSMF) to redshift z � 1, based on the analysis of about 8500 galaxies with I < 22.5 (AB mag)
over 1.4 deg2, which are part of the zCOSMOS-bright 10k spectroscopic sample. We investigate the total GSMF, as well as the contributions of
early- and late-type galaxies (ETGs and LTGs, respectively), defined by different criteria (broad-band spectral energy distribution, morphology,
spectral properties, or star formation activities). We unveil a galaxy bimodality in the global GSMF, whose shape is more accurately represented
by 2 Schechter functions, one linked to the ETG and the other to the LTG populations. For the global population, we confirm a mass-dependent
evolution (“mass-assembly downsizing”), i.e., galaxy number density increases with cosmic time by a factor of two between z = 1 and z = 0 for
intermediate-to-low mass (log(M/M�) ∼ 10.5) galaxies but less than 15% for log(M/M�) > 11. We find that the GSMF evolution at intermediate-
to-low values ofM (log(M/M�) < 10.6) is mostly explained by the growth in stellar mass driven by smoothly decreasing star formation activities,
despite the redder colours predicted in particular at low redshift. The low residual evolution is consistent, on average, with ∼0.16 merger per
galaxy per Gyr (of which fewer than 0.1 are major), with a hint of a decrease with cosmic time but not a clear dependence on the mass. From
the analysis of different galaxy types, we find that ETGs, regardless of the classification method, increase in number density with cosmic time
more rapidly with decreasing M, i.e., follow a top-down building history, with a median “building redshift” increasing with mass (z > 1 for
log(M/M�) > 11), in contrast to hierarchical model predictions. For LTGs, we find that the number density of blue or spiral galaxies with
log(M/M�) > 10 remains almost constant with cosmic time from z ∼ 1. Instead, the most extreme population of star-forming galaxies (with
high specific star formation), at intermediate/high-mass, rapidly decreases in number density with cosmic time. Our data can be interpreted as
a combination of different effects. Firstly, we suggest a transformation, driven mainly by SFH, from blue, active, spiral galaxies of intermediate
mass to blue quiescent and subsequently (1−2 Gyr after) red, passive types of low specific star formation. We find an indication that the complete
morphological transformation, probably driven by dynamical processes, into red spheroidal galaxies, occurred on longer timescales or followed
after 1−2 Gyr. A continuous replacement of blue galaxies is expected to be accomplished by low-mass active spirals increasing their stellar
mass. We estimate the growth rate in number and mass density of the red galaxies at different redshifts and masses. The corresponding fraction
of blue galaxies that, at any given time, is transforming into red galaxies per Gyr, due to the quenching of their SFR, is on average ∼25% for
log(M/M�) < 11. We conclude that the build-up of galaxies and in particular of ETGs follows the same downsizing trend with mass (i.e. occurs
earlier for high-mass galaxies) as the formation of their stars and follows the converse of the trend predicted by current SAMs. In this scenario, we
expect there to be a negligible evolution of the galaxy baryonic mass function (GBMF) for the global population at all masses and a decrease with
cosmic time in the GBMF for the blue galaxy population at intermediate-high masses.

Key words. galaxies: evolution – galaxies: luminosity function, mass function – galaxies: statistics – galaxies: formation

1. Introduction

Tracing the history of both galaxy star formation (Lilly et al.
1996; Madau et al. 1996, 1998) and stellar mass assembly
(Dickinson et al. 2003) over cosmic time represent major chal-
lenges in modern cosmology. In particular, it is still uncertain
how the bimodality seen in the local Universe in terms of galaxy
properties (e.g., colour, morphology, star formation, and spectral

� Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, program 175.A-0839.

features; Kauffmann et al. 2003; Baldry et al. 2004; Brinchmann
et al. 2004) evolves and when it was created. Galaxies in the
local Universe exhibit distinctive bimodal colour distributions
(Strateva et al. 2001; Hogg et al. 2002; Blanton et al. 2003),
which suggests that different evolution histories exist for galax-
ies lying on the two sequences (Menci et al. 2005; Scarlata et al.
2007b; De Lucia et al. 2007). Even if colour bimodality has al-
ready been observed and studied at higher redshift (Bell et al.
2004; Weiner et al. 2005, up to z ∼ 1; Franzetti et al. 2007;
Cirasuolo et al. 2007, up to z ∼ 1.5; Giallongo et al. 2005;
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Cassata et al. 2008; Williams et al. 2009, up to z ∼ 2), no study
until now has fully evaluated how the number densities of the
two populations compare and evolve with cosmic time.

It is still unclear, indeed, how the galaxy stellar mass func-
tion (GSMF) is linked to the galaxy bimodality. Baldry et al.
(2004, 2006, 2008) noted a bimodal shape in the local GSMF
in the SDSS with an upturn at masses lower than 109 M�, re-
lated to the two different galaxy populations. It is, therefore, ex-
tremely interesting to explore how this shape evolves with red-
shift and which mechanisms contribute to its appearance. From
previous surveys, it is well established that there has been an
increase/decrease in the fraction of red/blue or early/late-type
galaxies with cosmic time at intermediate masses since z ∼ 1
(Fontana et al. 2004; Bundy et al. 2006; Arnouts et al. 2007;
Scarlata et al. 2007b; Vergani et al. 2008), while the precise
evolution in absolute number densities of the two populations
remains controversial, in particular for intermediate/massive
galaxies. A knowledge of this evolution may help to constrain
the quenching mechanisms responsible for downsizing.

In agreement with the first formulation introduced by Cowie
et al. (1996), a downsizing scenario in both age and star for-
mation history has been proposed by several observational stud-
ies, i.e., more massive galaxies form their stars earlier and
more rapidly than lower mass ones (hereafter age downsizing:
Brinchmann & Ellis 2000; Gavazzi & Scodeggio 1996; Fontana
et al. 2004; Kodama et al. 2004; Bauer et al. 2005; Feulner et al.
2005a,b; Juneau et al. 2005; Borch et al. 2006; Cucciati et al.
2006; Vergani et al. 2008). Age downsizing occurs separately for
each of the two populations causing galaxy bimodality, i.e., a red
peak (Thomas et al. 2005; Fontana et al. 2004; Thomas et al.
2009) and a blue one (Noeske et al. 2007a,b). However, it re-
mains unclear whether the age downsizing is coupled with a
mass-assembly downsizing scenario for galaxy evolution and
formation (Fontana et al. 2004, 2006; Pozzetti et al. 2003, 2007;
Cimatti et al. 2006; Bundy et al. 2006), i.e., if the more mas-
sive galaxies assembled their mass earlier than lower mass ones.
Furthermore, do low-mass galaxies contain younger stars and as-
semble later even within the same spectral type? The hierarchical
model of De Lucia et al. (2006) predicts, for example, a bottom-
up assembly history for elliptical galaxies (also called “upsiz-
ing”) following the hierarchical growth of dark matter haloes,
in contrast to a top-down, downsizing scenario for the formation
of their stars.

A fundamental role towards answering these questions is
played by deep surveys, which sample thousands of galaxies
across large portions of the sky. Very deep surveys have been
exploited to describe the shape of the stellar mass function at
high redshift (Fontana et al. 2006; Drory et al. 2005; Gwyn &
Hartwick 2005; Bundy et al. 2006; Pozzetti et al. 2007), but a
clear picture about stellar mass assembly and how it depends on
mass (mass-assembly downsizing) and galaxy type has not yet
emerged. Previous studies have explored the evolution of differ-
ent galaxy types in deep near-IR surveys, such as K20, by means
of the K-band luminosity function (Pozzetti et al. 2003) and the
galaxy stellar mass function (Fontana et al. 2004), using spec-
tral classification (i.e., absorption-line galaxies versus emission-
line galaxies), and in larger optical and near-IR surveys such as
VVDS, COMBO17, and DEEP2, using colours or spectra to de-
fine galaxy types (Bell et al. 2004; Cimatti et al. 2006; Faber
et al. 2007; Zucca et al. 2006; Arnouts et al. 2007; Vergani et al.
2008). Even if the results of these surveys remain disputed (com-
pare for example Bell et al. 2004; and Cimatti et al. 2006, for
the same dataset), most of these studies agree that luminous
and rather massive old galaxies were already quite common at

z ∼ 1 and that their number density declines rapidly at yet higher
redshift. This suggests that merger events are ruled out as the
major mechanism behind their assembly history below z � 1.
However, observational results about major merging and dry
merging are still contradictory (see Bell et al. 2006; van Dokkum
2005; Lin et al. 2004; de Ravel et al. 2009; and Renzini 2007,
for a summary). It is also known that the less luminous/massive
ETGs decline in number density steadily with redshift (Cimatti
et al. 2006). Scarlata et al. (2007b) show similar results for the
photometric survey COSMOS, using both morphologically and
photometrically selected subsamples of early-type galaxies. The
evolution in number density of the most massive late-type star-
forming galaxies continues, however, to be unclear.

Another open question is whether the evolution of the ob-
served GSMF with cosmic time is driven mainly by either merg-
ing events at any given mass, as predicted by hierarchical galaxy
formation models (Cole et al. 2000; Menci et al. 2005; Bower
et al. 2006; De Lucia et al. 2006; Monaco et al. 2006) or star for-
mation histories (SFHs, see Vergani et al. 2008; Walcher et al.
2008). It is widely believed that galaxies are assembled by hi-
erarchical mergers between massive cold dark matter haloes,
in which baryonic star-forming matter is embedded. However,
most of the hierarchical galaxy assembly models are unable to
completely account for the observed GSMF and its evolution
(see Fontana et al. 2004, 2006; Monaco et al. 2006; Caputi et al.
2006; Marchesini et al. 2009; Fontanot et al. 2009, for a detailed
comparison with models). For instance, some models tend to un-
derpredict the high-mass tail and overpredict the rate of its evo-
lution (Fontana et al. 2004, 2006), even in the extreme case of
evolution driven purely by mergers (Monaco et al. 2006). Only
the assumption that a significant fraction, ∼30%, of stars are
scattered within the diffuse stellar component at each merger
event leads to significant suppression of the predicted evolution
rate, in closer agreement with observational constraints (Monaco
et al. 2006). On the other hand, most of the models overpredict
the number density of relatively low-mass galaxies (see Fontana
et al. 2006; Kitzbichler & White 2007; Marchesini et al. 2009;
Fontanot et al. 2009). Furthermore, the models do not repro-
duce the downsizing trend in stellar mass observed for ellipti-
cal galazies (Cimatti et al. 2006). According to the latest obser-
vational results, the current galaxy formation and evolutionary
scenario is becoming one in which a smoother evolution in mass
growth and star formation (due to cold gas accretion) plays a
major, if not dominant, role compared to dark matter (major)
merging events.

In this paper, we use the zCOSMOS spectroscopic survey
(Lilly et al. 2007, 2009) to complete a comprehensive analy-
sis of the GSMF. Compared to previous spectroscopic surveys,
the larger area and number of spectroscopic redshifts of zCOS-
MOS allows higher precision, higher quality statistics, and lower
cosmic variance (Lilly et al. 2009) to be achieved in our analysis,
in particular for the massive end of the GSMFs. We derive the
GSMF and its evolution with cosmic time since z = 1, as well
as the contribution of different galaxy populations, using numer-
ous classification methods defined in terms of their colours, mor-
phologies, star formation activities, or spectroscopic classifica-
tions. By using spectroscopic redshifts, we are able to study the
shape of the global GSMF to high precision, its evolution, and
how it is related to the bimodalities in galaxy properties (colours,
morphologies, spectral properties) observed to high redshifts.
We explore the different roles of merging and SFHs as a function
ofM and cosmic time to explain the observed GSMF evolution.
We also explore the evolution with cosmic time of the GSMF for
different galaxy types and propose an evolutionary scenario.
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Throughout the paper, we adopt the cosmology Ωm = 0.25
and ΩΛ = 0.75, with h70 = H0/(70 km s−1 Mpc−1). Magnitudes
are given in the AB system.

2. COSMOS and the bright 10k zCOSMOS
spectroscopic sample

The Cosmic Evolution Survey (COSMOS, Scoville et al. 2007)
is the largest HST survey (640 orbits) ever undertaken, imag-
ing a field of ∼2 deg2 with the Advanced Camera for Surveys
(ACS) with F814W (Koekemoer et al. 2007). This survey was
designed to probe galaxy evolution and the effects of environ-
ment to high redshift. COSMOS observations include good cov-
erage of the field with multiband photometry from the UV (with
GALEX, Zamojski et al. 2007), optical (with Subaru and CFHT,
Taniguchi et al. 2007; Capak et al. 2007), NIR (with CTIO,
KPNO, Capak et al. 2007; and CFHT, McCracken et al. 2010),
to MIR and FIR (S-COSMOS with Spitzer, Sanders et al. 2007),
in combination with a multiwavelength dataset from radio (with
VLA, Schinnerer et al. 2007), millimetre (with MAMBO-2 at the
IRAM telescope, Bertoldi et al. 2007), to X-rays (with XMM,
Hasinger et al. 2007; and Chandra, Elvis et al. 2009).

The zCOSMOS spectroscopic survey (Lilly et al. 2007) is an
ongoing ESO Large Programme (∼600 h of observations) aim-
ing to map the COSMOS field with the VIsible Multi-Object
Spectrograph (VIMOS, Le Fèvre et al. 2003a), mounted on the
ESO Very Large Telescope (VLT). The zCOSMOS survey con-
sists of a bright part, with spectroscopy limited to objects in the
magnitude range 15.0 < I < 22.5, and of a deep part, which
measures redshifts of B < 25.25 of galaxies colour-selected to
be in the range 1.4 < z < 3, within the central 1 deg2. The
bright part has already produced redshifts and spectra for about
10 000 galaxies over ∼1.4 deg2, the so-called 10k-bright spec-
troscopic sample (Lilly et al. 2009), with an average sampling
rate of about 33%. For more details about the zCOSMOS 10k-
bright sample, we refer to Lilly et al. (2009). Here we recall that
the VIMOS spectroscopic observations were completed using
the red medium resolution R ∼ 600 MR grism (5550−9650 Å),
the spectra were reduced using the VIMOS Interactive Pipeline
Graphical Interface software (VIPGI, Scodeggio et al. 2005) and
redshift measurements were visually determined after a first es-
timate had been provided by an automatic package (EZ, Garilli
et al., in prep.). A quality flag was assigned to each redshift
measurement. This flag ranges from 0 (failed measurement) to 4
(100% confidence level), and flag 9 indicates spectra with a sin-
gle emission line, for which multiple redshift solutions are possi-
ble. Additional details about the spectroscopic quality flags and
their probability of being robust are given in Lilly et al. (2009,
see their Table 1). In addition to the confidence classes described
in Lilly et al. (2007), a decimal place (from 5 to 1, see Table 3
in Lilly et al. 2009) in the class is added to indicate the level
of consistency between the spectroscopic and photometric red-
shifts obtained by the Zurich Extragalactic Bayesian Redshift
Analyzer (ZEBRA; Feldmann et al. 2006), using the optical to
infrared SED.

2.1. The selected galaxy spectroscopic sample

The analysis presented in this paper is based on the zCOSMOS-
10k bright sample (Lilly et al. 2009). From the total sample of
10 644 objects observed spectroscopically, we used the objects
within the statistical sample defined in the magnitude range 15 <
I < 22.5, and removed the spectroscopically confirmed stars,

broad-line AGNs, and the galaxies with low quality redshift flag
(flag <1.5, i.e., with a verification rate <90% and a spectroscopic
redshift inconsistent with the photometric redshift). To achieve
reliable SED fitting to multi-band photometric data, we ex-
cluded objects with apparent magnitudes measured in fewer than
5 bands (∼1.7%) and objects for which the ground photome-
try can be affected by the blending of sources, as inferred from
the number of ACS sources brighter than I = 22.5 within 0.6′′

(∼0.5%). This resulted in the selection of 8450 galaxy spectra
with secure spectroscopic measurements (7936 in the redshift
range where the following analysis is carried out, z = 0.1−1)
over 5045.80 arcmin2. Objects with redshift flags <1.5 are taken
into account statistically (see Sect. 5, and Bolzonella et al. 2009;
and Zucca et al. 2009, for details).

The final selected sample of 8450 galaxies, which have
highly reliable spectroscopic redshifts, have complete multi-
band photometric coverage (from UV to IRAC) and morpholog-
ical classifications, along with morphological parameters from
both the Zurich Estimator of Structural Types (ZEST; Scarlata
et al. 2007a) and estimates obtained in Marseille (Cassata et al.
2008; Tasca et al. 2009, MRS hereafter).

2.2. Photometric data

The COSMOS field has been covered by multiband photome-
try over a wide range of wavelengths. In this paper, we used the
observed magnitudes in 10 photometric bands (CFHT u∗ and Ks,
Subaru BJ, VJ , g+, r+, i+, and z+, and Spitzer IRAC at 3.6 μm and
4.5 μm). Descriptions of the photometric catalogs are given in
Capak et al. (2007), Sanders et al. (2007), and McCracken et al.
(2010). Following the same approach as Capak et al. (2007, see
their Table 13), the photometry was adjusted by applying fixed
zeropoint offsets to the observed magnitudes in each band to sta-
tistically reduce the differences between observed and reference
magnitudes computed from a set of template SEDs, finding in
general for each band very similar offsets.

3. Estimate of the stellar masses

We used the stellar masses (M) estimated from a fit to the mul-
ticolour spectral energy distribution (SED), using the observed
magnitudes in 10 photometric bands from u∗ to 4.5 μm (see
Sect. 2.2), and following the method described in Pozzetti et al.
(2007). In a parallel paper, Bolzonella et al. (2009) describe
the different methods used to compute stellar masses, based
on different assumptions about the population synthesis models
(Bruzual & Charlot 2003, BC03; Maraston 2005, M05; Charlot
& Bruzual 2007, CB07) and the star-formation histories (SFHs),
such as smooth exponentially decreasing or complex SFHs with
the addition of secondary bursts. In Bolzonella et al., the as-
sociated uncertainties and degeneracies are also discussed (see
also Fontana et al. 2004; Pozzetti et al. 2007; Marchesini et al.
2009). Here we just recall that the accuracy of the photomet-
ric stellar masses is satisfactory overall, with typical dispersions
caused by statistical uncertainties and degeneracies of the order
of 0.2 dex. We note that the addition of secondary bursts to a con-
tinuous star-formation history produces systematically higher
(up to 40% on average) stellar masses (Pozzetti et al. 2007), and
in particular Fontana et al. (2004) demostrated that the effect is
larger when the fraction of mass produced in the burst is small.
On the other hand, population synthesis models with a TP-AGB
phase (Maraston 2005; Charlot & Bruzual 2007) produce shifts
of up to ∼0.2 dex towards lowerM. Finally, the uncertainty in
the absolute value of theM related to the assumptions about the
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initial mass function (IMF) is within a factor of 2 for the typical
IMFs usually adopted in the literature.

In this paper, we adopt stellar masses derived with
Hyperzmass (see Pozzetti et al. 2007), a modified version of
the photometric redshift code Hyperz (Bolzonella et al. 2000).
We used smooth exponentially decreasing SFHs (SFR(t) ∝
exp(−t/τ) with timescale τ = [0.1,∞] and age t = [0.1, 20] Gyr
constrained to be shorter than a Hubble time at each redshift).
This parametrisation may be inappropriate for actively star-
forming galaxies (especially at high redshifts, Renzini 2009),
because it assumes that all galaxies are observed while hav-
ing their minimum SFR. However, for the redshift range ex-
plored (z < 1) and for passively evolving galaxies this assump-
tion does not appreciably affect the mass determinations. We
checked, for example, that the inclusion of delayed exponen-
tial SFHs (SFR(t) ∝ t/τ2 × exp(−t/τ) do not significantly af-
fect the stellar masses estimates. As we noted previously, small
secondary bursts may cause a systematic increase in the mass
estimate (Fontana et al. 2004). For this study, we adopted the
Calzetti et al. (2000) extinction law, solar metallicity (see also
Table 1 in Pozzetti et al. 2007), Bruzual & Charlot (2003) pop-
ulation synthesis models, and a Chabrier IMF (Chabrier 2003)
with lower and upper cutoffs of 0.1 and 100 M�, to which we
collectively refer hereafter as the default parameters, if not spec-
ified otherwise. All GSMFs were computed by using in addition
M05 and CB07 population synthesis models. In particular, we
are aware that the estimate of ETG stellar masses at high-z are
particularly sensitive to the TP-AGB phase of the stellar popu-
lation around 1−2 Gyr, producing a shift to lower masses of up
to 0.2 dex (Maraston et al. 2006). In the redshift range sampled
here (0.1 < z < 1.0), ETGs have on average relatively old stellar
populations (Thomas et al. 2005) that are not dominated by the
TP-AGB phase, in particular for massive objects. At higher red-
shifts (z > 1 − 1.5), the effect of the TP-AGB phase in younger
(1−2 Gyr) ETGs becomes very important and should not be ne-
glected. In our data (limited to z < 1), we find that by using M05
models instead our main results and conclusions remain almost
unchanged and we discuss the differences later in the text.

4. Galaxy classification

We used 5 different methods to classify each galaxy as either
early- or late-type (ETGs and LTGs, hereafter), according to
its colour, star formation activity, morphology, or spectroscopy,
as follows:

1. Photometric classification (red and blue galaxies): we de-
rived galaxy photometric types (PT ) from the best-fit to the
multi-band photometry (from u∗ to Ks band, see previous
section). Following Zucca et al. (2006), we used the em-
pirical set of (62) SEDs described in Ilbert et al. (2006).
These SEDs were derived by interpolating between the four
local observed spectra of Coleman et al. (1980, ranging from
that of the old stellar population of both M31 and M81
to Sbc, Scd, and Im SEDs) and two starburst SEDs from
Kinney et al. (1996). These templates were also linearly ex-
trapolated to the ultraviolet (λ < 2000 Å) and near-infrared
wavelengths using the GISSEL synthetic models (Bruzual
& Charlot 2003). Galaxies were divided into four types, ac-
cording to their spectral energy distribution between the UV
and near-IR. These types correspond to a red E/Sa template
(PT = 1), an early spiral template (PT = 2), a late spiral
template (PT = 3), and an irregular or a starburst template
(PT = 4). Using the data from the VVDS spectroscopic

Fig. 1. Left figure: the upper panel shows the U − B rest-frame colour
distribution of galaxies with different photometric types. The bottom
panel shows the colour-mass diagram. Right figure: SSFR of galaxies
with different photometric types. The upper panel shows the compari-
son between estimates from the SED fitting and from [OII] for galaxies
in the range 0.5 < z < 0.9. The middle panel shows the SSFR distri-
bution of galaxies, along with the two dotted lines used to separate ac-
tive from quiescient (log(SSFR/Gyr−1) = −1) or from passive galaxies
(log(SSFR/Gyr−1)= −2). The bottom panel shows the log(SSFR/Gyr−1)-
mass diagram. Red dark and light cyan colours represent SED-ETGs
(PT = 1) and SED-LTGs (PT = 2−4), respectively. (A color version
of this figure is available in the online version of the article.)

survey, Zucca et al. (2006) verified statistically the consis-
tency between the photometric classification and the aver-
age galaxy spectral properties. Using stacked spectra of all
galaxies of each of the four types, they detected an increas-
ingly bluer continuum with stronger emission lines from
PT = 1 to PT = 4, confirming the robustness of this classi-
fication scheme.
In Fig. 1 (left panel), we present the U − B rest-frame colour
distributions of galaxies in our sample divided according to
the photometric types. From this figure, it is evident that the
colour bimodality present in the sample can be described
well by dividing the sample according to their photometric
type: red galaxies that havePT = 1 (2103 objects, also called
SED-ETGs hereafter) and blue galaxies that have PT =
2−4 (6347 objects, SED-LTGs), respectively. In Fig. 1 (left
panel), we also show the colour-mass diagram, which con-
firms that when our photometric classification is applied to
the 10k-bright zCOSMOS sample it is consistent with pre-
vious selections of red-sequence galaxies based on colour-
luminosity diagrams (Bell et al. 2004; Cimatti et al. 2006)
and has the advantage of using the entire multiband pho-
tometric coverage rather than only two bands. In principle,
given the good multiband coverage, the SED fitting is able
to break the degeneracy between a dust-extinguished star-
forming galaxy with a red but smooth SED and a passive,
old galaxy with a strong 4000 Å break in its SED (Pozzetti
& Mannucci 2000).

2. Star formation activity classification (active, quiescent, and
passive galaxies): we divided the sample according to the
galaxy star formation rate (SFR) activity. We used the SFR,
and also the specific star formation rate (SSFR = SFR/M)
derived from the SED fitting (see previous section) finding,
in general, a good correlation between these and the SSFR
derived from [OII] (Maier et al. 2009) for galaxies in the red-
shift range 0.5 < z < 0.9 (shown in Fig. 1, right upper panel).

Page 4 of 23

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913020&pdf_id=1


L. Pozzetti et al.: zCOSMOS: Galaxy bimodality in the stellar mass function

We therefore divided the sample into active and quiescent
galaxies depending on whether log(SSFR/Gyr−1) is above or
below −1, i.e., galaxies that would take less or more than
10 Gyr to double their M at the present SFR, respectively.
In our sample, we find 5051 active galaxies and 3403 quies-
cent galaxies. With this definition, we note that the number
of galaxies in the high SSFR sample is ∼80% of the blue
galaxies defined on the basis of the SED fitting (see Fig. 1,
right middle panel). In addition, we investigate in this paper
the population of “passive” galaxies, i.e., 1612 galaxies with
log(SSFR/Gyr−1) < −2. This dividing value separates well
the two parts of the bimodal distribution of the SSFR (Fig. 1,
right middle panel).

3. Morphological classification (spheroidal and disc + irregu-
lar galaxies): taking advantage of the COSMOS HST+ACS
images (Koekemoer et al. 2007), we also divided the sam-
ple according to morphological class. To take into account
uncertainties in the morphological classification, we used
two of the available estimates, i.e., the Zurich Estimator of
Structural Types (ZEST; Scarlata et al. 2007a) and a non-
parametric estimate derived by our collaborators in Marseille
(MRS hereafter, Cassata et al. 2007, 2008; Tasca et al. 2009).
Only a small fraction (∼3−4%) of objects do not have a
morphological classification.
ZEST quantitatively describes the galaxy structure by per-
forming a principal component analysis (PCA) in the five-
dimensional parameter space of asymmetry (A), concentra-
tion (C), Gini coefficient (G), the second-order moment of
the brightest 20% galaxy pixels (M20; Abraham et al. 2003),
and the ellipticity of the light distribution (ε). The PCA in-
dicates that the first three PC variables account for more
than 90% of the variance in the original data set, thus al-
most completely describing the galaxy structure. The ZEST
classification associates each PC value with a type (ZEST
type, ZT , =1 for early-type galaxies; =2 for disc galaxies;
and =3 for irregular galaxies) and a “bulgeness” parameter
according to the median value of the distribution of Sérsic
indices n (Sargent et al. 2007) of all galaxies brighter than
I = 22.5 (bulgeness = 0−3, from n > 2.5 being bulge-
dominated to n < 0.75 being disc-dominated galaxies).
In this study, the total sample was divided into morpho-ETGs
and morpho-LTGs, with the morpho-ETGs sample including
1680 galaxies classified by ZEST as elliptical (ZT = 1, 759)
or bulge-dominated (ZT = 2.0) galaxies, while the morpho-
LTGs subsample includes 6413 galaxies (with ZT greater
than 2.0, i.e., from not-bulge-dominated to disc-dominated
and irregular galaxies). In addition, we distinguish ellipticals
(ZT = 1) from bulge-dominated galaxies (ZT = 2.0).
For comparison, we also used MRS morphological esti-
mates. This classification scheme separates galaxies on the
basis of their position in the multi-dimensional parameter
space of the four non-parametric diagnostics of galaxy struc-
tures (C, A, G, and axial ratio). First, the structural parame-
ters are measured for all galaxies in the sample. Then, a ran-
domly extracted subset of 500 galaxies is visually classified
(LT, PC) as ellipticals, spirals, or irregulars. This reference
catalogue is used to explore the multi-dimensional param-
eter space. For each new galaxy that needs to be classi-
fied, the distance in the parameter space to the 500 ref-
erence galaxies is measured, and the 11 closest selected.
Finally, each galaxy is assigned to the most frequent visual
class among these 11 nearest reference galaxies. This proce-
dure allows us to convert structural parameters into morpho-
logical classes: spheroidals (MRS type, MT = 1), spirals

Fig. 2. U − B rest-frame colours of galaxies with different morpholog-
ical classes using ZEST (left panel) and MRS (right panel) classifica-
tions. The colour-mass diagrams are shown in the bottom panels: red
dark and light cyan colours represent morpho-ETGs (spheroids) and
morpho-LTGs (disc+irregulars), respectively. (A color version of this
figure is available in the online version of the article.)

(MT = 2), and irregulars (MT = 3). For this paper, we also
therefore used this morphological classification to divide the
sample into morpho-ETGs and morpho-LTGs, as in the case
of ZEST morphologies, yielding 2383 spheroids (MT = 1)
and 5831 disc+irregular (MT = 2+3) galaxies, respectively.
In Fig. 2, we show the U − B rest-frame colour distributions
and colour-mass diagrams of these different morphological
classifications. For both morphological classifications, there
is a non-negligible number of blue spheroidal-type galax-
ies (∼37% in MRS and ∼29% in ZEST) (see Sect. 8.2) as
well as red disc+irregular galaxies (∼13% in ZEST and ∼9%
in MRS).

4. Spectroscopic classification (emission- and absorption-
line galaxies): using measurements of spectral features
(Lamareille et al., in prep.), we divided the sample into
spectral-ETGs and spectral-LTGs following the criteria de-
fined in Mignoli et al. (2009) for the zCOSMOS spec-
troscopic sample in the EW0[OII] − D4000 plane. In the
redshift range 0.55 < z < 1.0, we find 1079 galax-
ies without strong emission lines and large 4000 Å breaks
(EW0([OII]) < 5 Å and D4000 + 0.33 log(EW0([OII])) >
1.5, and spectroscopic type ST = 1, i.e., spectral-ETGs)
and 3304 galaxies with strong emission lines and small
4000 Å breaks (EW0([OII]) > 5 Å and 1.50 < D4000 +
0.33 log(EW0([OII])) < 2.22, spectroscopic type ST = 2,
i.e., spectral-LTGs), respectively.

5. Combined classification: a clean sample of “bona fide
ETGs”: given the remaining controversy about morphology
or colour-selected early-type galaxies (see Franzetti et al.
2007, for a discussion of the contamination colour-selected
samples), we defined a more conservative sample of
“bona fide ETGs” by combining different criteria related to
colours, morphology, and spectral properties. From the sam-
ple of red galaxies (with photometric type = 1), we selected
only those whose properties are more accurately described
by the 4 reddest templates (∼70%) and we removed galaxies
with either strong emission lines (EW0([OII]) or EW0(Hα) >
5 Å, ∼30%) or reliably classified disc+irregular morpholo-
gies (using the intersection between MRS and ZEST esti-
mates, ∼20%) or strong emission at 24 μm (K −m(24 μm) >
−0.5, ∼5%), obtaining a final sample of 981 red passive
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spheroids (“bona fide ETGs”). For further details, we refer
to Moresco et al. (2010).

5. The galaxy stellar mass function

5.1. The method

To derive the galaxy stellar mass function (GSMF), we follow
traditional techniques used in computing the luminosity func-
tion. Here we apply the classical non-parametric 1/Vmax formal-
ism (Schmidt 1968) and estimate the best-fit Schechter (1976)
parameters (α,M∗, φ∗). In performing the fit, we allow ourselves
to use up to 2 Schechter function components.

To correct for both the non-targeted sources in spectroscopy
and those for which the spectroscopic redshift measurement
failed, we use a statistical weight associated with each galaxy
with a secure redshift measurement. This weight is the inverse
of the product of the target sampling rate (TSR) and the spec-
troscopic success rate (SSR). Accurate weights were derived by
Bolzonella et al. (2009; see also Zucca et al. 2009) for all objects
with secure spectroscopic redshifts, taking into account the mag-
nitude, colour, and redshift dependence of the SSR, as well as the
objects observed as compulsory (∼2%) and secondary objects
(∼2%) in the slits, which have different TSRs from the whole
sample.

5.2. The limits in mass

In a magnitude-limited sample, the minimum stellar mass for
which observations were completed depends on both the red-
shift and the stellar mass-to-light ratioM/L. This latter quantity
obviously depends on the stellar populations and therefore on
galaxy colours. To account for this limit, we define at each red-
shift a minimum mass,Mmin, above which the derived GSMF is
essentially complete because all types of galaxies are potentially
observable above this mass.

To deriveMmin, we calculate the limiting stellar mass (Mlim)
of each galaxy, i.e., the mass it would have, at its spectroscopic
redshift, if its apparent magnitude were equal to the limiting
magnitude of the survey (Ilim = 22.5) given by log(Mlim) =
log(M) + 0.4(I − Ilim). The result is a distribution of limiting
stellar masses,Mlim, that reflects the distribution of stellarM/L
ratios at each redshift in our sample. To derive a representative
limit for our sample, we use theMlim of the 20% faintest galax-
ies at each redshift. This choice takes into account the colour-
luminosity relation and therefore includes only galaxies with a
typical M/L close to the magnitude limit. By doing this, we
avoid the artificial use of a too stringent limit related to the
brightest and reddest (with the highest M/L) galaxies, which
do not significantly contribute close to the magnitude limit of
the survey. Figure 3 shows the distribution of stellar masses for
all galaxies and ofMlim for the 20% faintest galaxies. We then
define Mmin(z) as the upper envelope of the Mlim distribution
below which lie 95% of the Mlim values at each redshift. This
Mmin corresponds to a 95% completeness limit to theM/L ra-
tio at each redshift observable by the survey, and is taken to be
the completeness limit of the GSMF. Meneux et al. (2009) in-
stead used mock survey samples to derive a mass limit. For a
given redshift range and mass threshold, the completeness was
simply defined as the ratio of the number of galaxies brighter
than the observed flux limit to those of all fluxes. Interestingly,
even if this method is model-dependent, it leads to a similar com-
pleteness limit as the previous one. For example, for the global
population we find that ourMmin are in fairly good agreement

Fig. 3. Stellar mass as a function of redshift (small grey dots). Also
shown areMlim (intermediate size dark dots) andMmin (big black cir-
cles and lines) at 95% of the M/L completeness level (see text): up-
per panel for the total population, middle and lower panel for SED-
ETGs and SED-LTGs, respectively, defined by their photometric type.
Also shown with a dashed black line is theM threshold (corresponding
to 95% of the completeness level for the global GSMF) derived using
mock Millenium samples by Meneux et al. (2009).

with the 95% completeness limit (black curve in Fig. 3) derived
by Meneux et al. (2009) for zCOSMOS, in most of the redshift
range, and in any case the completeness forM >Mmin is never
lower than 85% at any redshift.

We derivedMmin at each redshift and for each galaxy sub-
sample used. For the global population, we note that Mmin at
low redshift is close to the limit of the bluest population (see
Fig. 3), because blue galaxies dominate the zCOSMOS popula-
tion close to the magnitude limit at that redshift, while the global
Mmin shifts towards that of the reddest population at high red-
shift (at which redshift a significant number of red galaxies is
present at the limit of our survey, and have a higher M/L and
therefore higher mass limit).

The GSMFs derived using the 1/Vmax technique, which cor-
rects in addition for volume incompleteness, are formally com-
plete for M ≥ Mmin(zinf ), i.e., Mmin at the lowest redshift of
the considered bin. In the parametric fit, we estimate the best-fit
Schechter parameters using data above Mmin(zinf) and plotting
as lower limits the data belowMmin, where the GSMFs are in-
complete. In addition, we took into account the upper limits that
are above the maximum mass found in each considered redshift
bin, deriving 1σ upper limits by following Gehrels (1986) in the
case of Poisson statistic for n = 0 events (i.e., ≤1.84 at 1σ).
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Fig. 4. Global galaxy stellar mass functions in four different redshift bins. Red filled points represent 1/Vmax determination and associated Poisson
errors, while the lines represent the Schechter fits. The global GSMFs are not reproduced well by a single Schechter function (dotted lines), but by
two Schechter functions (continuous lines) up to z = 0.55. In the first two redshift bins, the GSMFs show the inflection points of the bimodality
aroundM ∼ 5 × 109 M�. The dashed vertical lines represent the mass limit in the corresponding redshift bin (Mmin). Data are plotted as lower
limits belowMmin. Upper limits at 1σ (i.e. 1.84 objects) are shown at the high-mass end. Small black dots in all panels represent the local GSMF
by Baldry et al. (2008). The cross at the right top of the first panel shows an estimate of the cosmic variance and mass uncertainties.

6. The bimodality in the zCOSMOS global galaxy
stellar mass function

The resulting GSMFs of the zCOSMOS galaxy sample were de-
rived for the redshift range 0.1 < z < 1.We divided this redshift
range into 4 redshift bins to obtain an approximately comparable
number of objects in each redshift bin. This choice also dilutes
the effect of the most prominent large-scale structures at all red-
shifts (Lilly et al. 2009; Kovač et al. 2010b). Using the deviations
from the median number densities in numerous redshift bins, af-
fected by different structures, we estimate that the systematic er-
ror in our GSMFs caused by cosmic variance is about 15−20%.

Figure 4 shows the global GSMFs in different redshift bins
derived using the 1/Vmax technique, with the associated Poisson
errors. The most clearly evident results are that at z < 0.55 the
global GSMFs, derived using the 1/Vmax technique, are bimodal,
exhibit an upturn with a steep slope below M ∼ 109.5 M�,
and are not reproduced well by a single Schechter function.
At higher redshifts, the narrower mass range due to the increase
in Mmin does not allow us to explore the upturn in the low-to-
intermediate mass regime. We therefore allowed the fit to include
up to two Schechter functions. We verified that the characteris-
tic mass (M∗) of the second Schechter function, which domi-
nates at low mass, is poorly constrained and consistent with the
characteristic mass of the Schechter function dominating at high
mass. Therefore, following Baldry et al. (2008), we considered
hereafter a double Schechter function with a single M∗ value,
given by

φ(M) dM = e−M/M
∗
[
φ∗1

(
M
M∗

)α1

+ φ∗2

(
M
M∗

)α2
]

dM
M∗
, (1)

where φM dM is the number density of galaxies with mass be-
tween M and M + dM, and α2 < α1, so that the second term
dominates at the lowest masses.

Using galaxies with M ≥ Mmin, we find that the slope pa-
rameters of the 2 Schechter functions differ significantly. Using
the F-test, we find that the fit with two Schechter functions is

Fig. 5. Global GSMF in the first redshift bin using different SFHs and
population synthesis models to derive the stellar masses (BC03, M05,
CB07, CB07b=CB07+ secondary burst). Points and lines have the same
meaning as in Fig. 4. The dot-dashed lines represent the 2 Schechter
components: they intersect around M � 1010 M�. (A color version of
this figure is available in the online version of the article.)

tighter than the fit with a single function at ≥3σ confidence level
in the first two redshift bins. We checked that our findings for
the double Schechter shape are insensitive to the particular SFHs
and set of population synthesis models used to estimateM. This
is shown in Fig. 5, where we plot the GSMF derived in the first
redshift bin (0.1 < z < 0.35) using different SFHs and popula-
tion synthesis models to obtain the mass estimates.
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The strength of the bimodality in the global GSMF is related
to the mutual ratio of the two Schechter functions that dominate
the fit at the high and low-mass end, respectively. In Sect. 8, we
explore whether the populations of ETGs and LTGs can explain
this bimodality in the GSMF.

For many years, there has been evidence of a “faint-end up-
turn” in the optical galaxy luminosity functions, whereby the lu-
minosity function is found to rise steeply about 3−5 mag be-
low the characteristic luminosity (L∗), in both clusters (Driver
et al. 1994; Popesso et al. 2006) and the field (Zucca et al. 1997;
Blanton et al. 2005). We note, however, that the upturn is not
evident for all samples (Norberg et al. 2002). The existence of a
similar upturn is less clearly evident in the GSMF. Baldry et al.
(2004, 2006, 2008) fitted a similar shape to the local GSMF in
the SDSS with an upturn at masses below ∼109 M�. Baldry
et al. (2008) converted the galaxy luminosity function of rich
galaxy clusters in the SDSS (Popesso et al. 2006) to an equiv-
alent mass function and found an even more prominent upturn
in their GSMFs than that found for the field GSMF. This up-
turn has not been clearly investigated until now in the GSMFs
derived from deep surveys, even if a substantial population of
low-mass galaxies (<109 M�) at low redshift (z � 0.2), con-
sisting of faint blue galaxies, has been noticed in deep surveys
such as the VVDS (Pozzetti et al. 2007). We note, a posteri-
ori, by comparing with other GSMFs from deep surveys (VVDS,
Deep2, MUSIC, GOODS, FDF, COMBO17) that previous sur-
veys (in particular MUSIC, Fontana et al. 2006; and COMBO17,
Borch et al. 2006) show some hint of bimodality in the shape of
their GSMFs, even up to z ∼ 1 (see Fig. 10 in Pozzetti et al.
2007). Ilbert et al. (2010) also found that the GSMFs derived
in COSMOS using photometric redshifts cannot be reproduced
well with a single Schechter function, but the upturn is less evi-
dent than in the zCOSMOS sample. This may be caused by the
higher precision of theM determination achieved by using spec-
troscopic redshifts instead of photometric ones.

In the zCOSMOS survey, the dependence of the GSMF
shape, on the galaxy environment, as seen in the local
Universe (Baldry et al. 2006), is investigated in a parallel pa-
per (Bolzonella et al. 2009), in which the bimodality in the
global mass function is found to be even stronger in high density
enviroments.

In the following sections, we study the evolution of the
global GSMF and how its shape is related to the bimodality in
the galaxy properties. We derive the contribution of the differ-
ent galaxy types to the GSMF and its bimodal shape, and we
explore its evolution with cosmic time. In Sect. 7.1, we also ex-
plore how the evolution related to SFHs, which differ between
high- and low-mass galaxy populations, changes the shape of
the GSMF bimodality.

7. The evolution of the galaxy stellar mass function

We explore how the evolution of the global GSMF with cosmic
time depends on galaxy mass. From Fig. 4, a mass-dependent
evolution of the global GSMFs is clearly evident: the massive
tail is almost stable up to z = 1, while the number density of
less massive galaxies increases continuously with cosmic time,
in agreement with previous studies (Fontana et al. 2006; Pozzetti
et al. 2007). This mass-dependent evolution suggests that most
of the massive galaxies assembled their mass earlier than lower
mass galaxies (“mass-assembly downsizing”). Figure 6 shows
the number densities (ρN), derived by the 1/Vmax method, for two
different mass limits of log(M/M�) > 9.77, 10.77 (correspond-
ing to log(M/M�) > 10, 11 for a Salpeter (1955) IMF, as often

Fig. 6. Cosmological evolution of the galaxy number density as a func-
tion of redshift, derived using 1/Vmax from the zCOSMOS for 2 dif-
ferent mass thresholds (>109.77 M� and >1010.77 M� from top to bot-
tom). Dotted errors include cosmic variance estimates. zCOSMOS data
at z = 0 have been derived from the “SFH-evolved GSMFs” (see Sect. 7
and Fig. 8). The dashed lines correspond to the no-evolution solution
normalized at z = 0. Results from previous surveys (small black points)
are also shown. (A color version of this figure is available in the online
version of the article.)

used in the literature). We compare our results with literature
data from other high-z deep surveys (VVDS, DEEP2, GOODS-
MUSIC, FORS Deep Field, COMBO17; see Pozzetti et al. 2007,
for details and references), and for the local Universe (Cole et al.
2001; Bell et al. 2003; Baldry et al. 2008). The local values for
zCOSMOS were derived assuming an evolution from the lowest
redshift bin to z = 0 (see next section for details). zCOSMOS
data are consistent with most previous observations at z < 1 and
are more accurately determined. We confirm a continuous evolu-
tion in number density for log(M/M�) > 9.77, which increases
towards that of the local Universe, and a slightly milder evolu-
tion for log(M/M�) > 10.77, which is negligible for z < 0.7
(<20%) and more rapid above this redshift (<60% since z ∼ 1).

The same trend with mass is evident in Fig. 7, which shows
the number densities (ρN) as a function of redshift using a
more extended range in mass limits (from log(M/M�) > 9 to
log(M/M�) > 11.3). Over the entire mass range, our data are
consistent with a faster and steeper increase in the number den-
sities with cosmic time going from high to low-mass galaxies:
the evolution from z = 0.44 to z = 0 is 0.12 ± 0.02 dex for
log(M/M�) > 9.5 and 0.09± 0.03 for log(M/M�) > 10.6. Only
galaxies with log(M/M�) > 11 show negligible evolution from
z = 1 to the present time (0.03 ± 0.07 dex), while the evolution
is 0.19 ± 0.03 dex for log(M/M�) > 10.6, the lowest mass for
which we are complete over the whole redshift range.

zCOSMOS data are consistent with a mass-dependent as-
sembly history, with more massive galaxies evolving earlier than
lower mass galaxies (mass-assembly downsizing). We there-
fore confirm that mass is an important parameter driving galaxy
evolution. In the context of the hierarchical scenario, galaxy
formation is predicted to be controlled primarily by their dark
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Fig. 7. Number density evolution using different mass limits for stel-
lar masses. zCOSMOS data at z = 0 have been derived from the
“SFH-evolved GSMFs” (see Sect. 7 and Fig. 8). The dotted lines corre-
spond to the no-evolution solution normalized at z = 0. (A color version
of this figure is available in the online version of the article.)

matter halo mass, and therefore, one would expect the evolution
of individual galaxies to be affected also by their enviroment.
The relative importance of stellar mass and galaxy environment
to the shape and evolution of the GSMF is investigated for the
zCOSMOS dataset in a parallel paper (Bolzonella et al. 2009).
This study found an accelerated trend of downsizing in over-
dense regions (see also Iovino et al. 2010).

A detailed comparison of the global GSMF with hierachi-
cal semi-analytical models (SAM) is postponed to a future pa-
per. In Sect. 9, we compare the predictions of SAMs with ob-
servational ETG GSMFs. Here we recall that most hierarchical
galaxy assembly models are unable to fully account for the ob-
served GSMF and its evolution (see Fontana et al. 2004, 2006;
Caputi et al. 2006; Kitzbichler & White 2007; Marchesini et al.
2009; Fontanot et al. 2009, for a detailed comparison with mod-
els). A revision of the physical treatment of the baryonic com-
ponent, such as its star-formation history/timescale, of the role
of feedback, dust content, and/or AGN feedback (Menci et al.
2006; Monaco et al. 2007; Bower et al. 2006), and the introduc-
tion of the uncertainties in the mass determination, may help to
reduce the disagreement (Kitzbichler & White 2007; Cattaneo
et al. 2008; Fontanot et al. 2009). Fontanot et al. (2009) com-
pare a broad compilation of available data sets with the predic-
tions of three different semi-analytic models of galaxy forma-
tion within the ΛCDM framework. When observational errors
on stellar mass are taken into account, they also find that the
models acceptably reproduce the observed number density of
massive galaxies (log(M/M�) > 11), but that low-mass galax-
ies (log(M/M�) = 9−10) are predicted to form too early in the
models and are too passive at late times. Thus, the models do
not correctly reproduce the downsizing trend in stellar mass. We
show in Sect. 9 that the typical uncertainties in the mass determi-
nation cannot fully account for the observed excess of massive
galaxies relative to some hierarchical model predictions, and,
when applied, the hierarchical models tend to overestimate the

high-mass galaxy number density at low redshift (see also Fig. 1
in Fontanot et al. 2009).

In the following section, we analyse whether the evolution
of the observed GSMF with cosmic time is driven mainly by the
SFHs at any given mass, and quantify the residual importance of
merging events.

7.1. The importance of the SFHs to the evolution at z < 1

We attempt to interpret the mass-dependent evolution with cos-
mic time found for the GSMF, i.e., the increase in number den-
sity at a givenM or the shift in M at a given number density,
in terms of only a “pure growth in stellar mass” with cosmic
time related in turn to the mass-dependent star-formation his-
tory of each galaxy (Thomas et al. 2005; Noeske et al. 2007a,b).
In this way, we aim to quantify the residual importance of merg-
ing events or other processes after accounting for the role of the
galaxy star formation activity, which drives the growth in stel-
lar mass with cosmic time. A “SFH driven evolution” was also
adopted by Bell et al. (2007), assuming a constant specific SFR
between two adjacent redshift bins and an instantaneous return
fraction of 45%.

For each galaxy, we derived the M evolved following its
SFH (exponentially decreasing) derived from the SED fitting.
Indeed, the best-fit parameters of the stellar population models
(such as the star-formation history timescale τ and the age) de-
rived from the observed SEDs, allow us to follow the evolution
of stellar mass in cosmic time, based on the assumption that the
galaxies evolved in isolation (i.e., without merging) and contin-
ued to form stars in a smooth way with the same SFH derived
from the SED fitting. For each galaxy at redshift z, we derived
theM evolved to the mean redshift of the previous (i.e., lower)
redshift bin. The cosmic time elapsed between the mean red-
shifts of two adjacent redshift bins ranges between 1.1 and
1.6 Gyr. For galaxies in the lowest redshift bin (zmean = 0.25),
we predicted the evolved M to z = 0, i.e., after about 3 Gyr.
We performed simulations to test the reliability of this “evolved
stellar mass” (Mevolved): using models, we created a simulated
multi-band catalogue at the depth of our catalogue (following
Bolzonella et al. 2000), from which we were able to recover not
only the present M of the input model (see also Pozzetti et al.
2007) but also the model “evolved stellar mass” after a given
time; the agreement overall is satisfactory, with no systematic
shifts and with the typical dispersions caused by statistical un-
certainties and degeneracies being of the order of 0.13−0.21 dex,
depending on the elapsed time.

We find that the mass growth derived from the SED fitting
in our sample is on average about a factor 1.7 (0.24 dex) for
M = 109.5 M� and 1.22 (0.09 dex) for M = 1010 M�, but
reaches a factor of 30 for the most extreme star-forming galax-
ies with log(M/M�) < 10. In Fig. 8, we show the GSMF pre-
dicted at the average redshift of each bin using the galaxies in
the higher redshift bin and compare it with the measured GSMF
at the observed redshift. In the first panel, we also show the
GSMF predicted at z = 0 using galaxies in the first redshift bin
(0.1 < z < 0.35).

First of all, we note a modest evolution from z � 0.25
to z = 0, in particular for low-to-intermediate mass galaxies
(log(M/M�) < 10) with a shift towards higher masses being re-
lated to the SFHs. The evolved GSMF approaches that observed
locally (Baldry et al. 2008) with which it is rather consistent for
log(M/M�) > 9.

For the zCOSMOS data set, we find reasonable agreement
at each redshift between the “SFH-evolved GSMF” and that
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Fig. 8. Upper panels: “SFH-evolved GSMF” (empty red points) compared to observed GSMF at redshift z (black filled points, from Fig. 4). In the
first panel, we plot the GSMF evolved from the first redshift bin to z = 0 (empty red points), compared with the local GSMF (Baldry et al. 2008,
shown as small dots). Vertical lines represent the respective mass limits. Lower panels: ratio of “SFH-evolved GSMF” to observed GSMF (both
estimated using 1/Vmax technique). The dotted lines correspond to ±30% around 1.

observed at the same redshift. Close agreement at z > 0.3 was
also found by Bell et al. (2007) for COMBO-17 by assuming
a constant SFH. Our result suggests that the GSMF evolution
is, therefore, driven mostly by smooth and decreasing SFHs,
because of the progressive exhaustion of the gas reservoir, for
example from cold gas accretion, rather than by merger events
or major bursts. Very similar results of a large contribution
to the mass growth rate by the less massive and star-forming
galaxies were obtained independently by Vergani et al. (2008)
in the VVDS. Figure 8 (lower panel) shows the ratio of the
evolved to the observed GSMFs in the first three redshift bins
forM >Mmin of evolved galaxies. The agreement is good par-
ticularly of intermediate-to-low masses (log(M/M�) < 10.6),
where most of the GSMF evolution occurs and could therefore
be explained mainly by the growth in mass driven by the SFHs
in intermediate-to-low mass galaxies. At higher masses, galaxies
have lower SSFRs and therefore the SFHs are unable to explain
the evolution observed in the MF, which in any case is quite
small (see Fig. 7). In the next section, we explore the role of
mergers in the evolution of the GSMF.

At all masses, we find differences at most of ∼40%, and even
lower than 20% for log(M/M�) < 10.3, between the evolved
and observed GSMFs. These residual differences may be related
to different processes. Among them, one possibility is an addi-
tional SFR, i.e., either more prolonged SFHs than inferred from
the SED fitting, a different SFH functional form (Renzini 2009),
or secondary bursts. From the SED fitting, we find that for the
blue galaxies the timescale (τ) distribution for the exponential
SFHs has a median value of 1 Gyr, even if extended to higher
values. This median timescale is quite short relative to the value
inferred from the global SFHs (the compilation of Hopkins &
Beacom 2006, is consistent with τ ∼ 3.5 Gyr at z < 1). On the
other hand, the residual differences could also be explained by

merger events (see next section) or other dynamical processes
that are able to induce a growth in stellar mass unrelated to
the SFH.

Here, we also checked that the predicted colour distributions
for the “SFH-evolved galaxies” were consistent with the ob-
served colour distributions at different redshifts. Figure 9 com-
pares the expected colour distributions to the observed ones at
different redshifts for two extreme hypotheses about the dust
content: (A) (left panel): no evolution in the dust content, i.e.,
assuming the same dust content at all redshifts as derived from
the SED fitting at the observed redshift, or (B) (right panel) no
dust content in the evolved galaxies. In both panels, we compare
the colour distribution for galaxies in a mass-limited sample us-
ing the most conservative limit Mmin(zsup) for evolved masses.
Model A predicts too red colours at all redshifts, while only
the extreme case of model B, i.e., without any dust content,
is consistent with the observed colour distributions, at least at
z > 0.35, while, in any case, it predicts too red colours at lower
redshift. This could be related (again) to a too rapid decline in
decreasing (quenching) of the SFRs of each galaxy as inferred
by the SED fitting technique. We therefore conclude that more
extended SFHs or secondary bursts appear to be necessary to
more accurately reproduce the observed colours, in particular at
low-redshift. One possibility would be to directly model the ob-
served decrease/quenching of the SFR at later cosmic times for
progressively lower masses (see also Sect. 4). We postpone the
discussion of this possibility to a future paper.

7.2. A limit to the galaxy merging

The small amount of evolution observed in the GSMF argues
against a dominant contribution of galaxy mergers to galaxy evo-
lution. If merger events, indeed, were efficient in forming the
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Fig. 9. Rest-frame U − B colour distribution in a mass-limited sample
(using the most conservative limit, see text) in different redshift bins, as
observed (solid black histogram for the total population) and predicted
using the “SFH-evolution” from the previous higher redshift bin (red
filled histogram). The dotted blue histogram in the top panels represent
the expected z = 0 colour distribution by applying the “SFH-evolution”
to the galaxies in the first redshift bin. Left panels: assuming no evolu-
tion in the dust content, i.e., the same dust content derived from the SED
fitting at the observed redshift; right panels: assuming no dust content
in the evolved galaxies.

most massive galaxies at z < 1 (as predicted by hierarchical
models), we should observe instead a detectable increase in the
number density of massive galaxies. In particular, the negligi-
ble evolution in the GSMF for galaxies with log(M/M�) > 11
up to z � 1 suggests that these galaxies formed and assembled
their stellar mass at higher redshifts, ruling out a major role for
mergers at z < 1.

We derived the contribution of mergers to the evolution of
the GSMF. We first estimated the growth rate of the number den-
sities for different M, after accounting for the growth in mass
produced by ongoing star formation (see previous section). The
residual growth rate of the number density was calculated to be

ρ̇N(M, z) =
[ρobs

N (M, z) − ρevol
N (M, zsup)]

Δt(z, zsup)
, (2)

where ρN was evaluated using the 1/Vmax method. The result is
shown in Fig. 10 (panel a) as a function of M in the various
redshift bins. We compare these values with the major-merger
rate (ρ̇mm) derived from galaxy pairs by de Ravel et al. (2010)
for the zCOSMOS sample. It is evident that major-merger rate
is always below the growth rate by a factor of 2 or more, ex-
cept in the intermediate redshift range (z ∼ 0.5). This suggests
that major mergers do not contribute significantly to the residual
evolution. We, therefore, derived the merger rate (major+minor)
that could explain the residual evolution. We estimated the effec-
tive increase in number densities at any givenM by accounting
also for galaxies that at the same time leave the current mass bin
due to major merging. This estimate represents the number of
galaxies produced by mergers (major+minor) per Gyr per Mpc3

to explain the GSMF growth at that mass. Finally, assuming that

Fig. 10. Panel a): growth rate in number density after accounting for
star formation evolution. Different thick lines and filled colour points
represent estimates at different redshifts (dotted, dashed and solid for
z ∼ 0.35, 0.55, and 0.75, respectively). For comparison, thin lines and
empty points are the major merger rate estimates by de Ravel et al.
(2010). Panel b): merger per Gyr per galaxy as a function of mass.
Same lines and points as in panel a). Predictions based on cosmologi-
cal simulations from Stewart et al. (2009), for mergers with mass ratio
m/M > 0.1, are plotted as thin lines and black cross for the lowest
and highest redshift bin. Panel c): merger per Gyr per galaxy as a func-
tion of redshift. Thick lines and points represent various mass ranges
(dotted, dashed and solid for log(M/M�) ∼ 10.55, 10.85, 11.15, respec-
tively). Predictions from Stewart et al. (2009) for m/M > 0.1 are plotted
as thin lines and black cross for log(M/M�) ∼ 10.3 (dotted line) and
log(M/M�) > 11 (solid line).

a galaxy is the product of the last single merger (within galaxy
pairs of any mass ratio m/M), we derived the number of mergers
per galaxy per Gyr dividing by the number densities of galaxies.
We note, indeed, that the time interval between two adjacent red-
shift bins is not long (1−1.5 Gyr) relative to the typical merger
timescale used in SAMs (De Lucia et al. 2010) or predicted by
numerical simulations (Boylan-Kolchin et al. 2008) that prevent
multiple minor mergers predominating. We, therefore, derive the
merging rate per galaxy per Gyr ( fM) in the following way:

fM(M) =
[ρ̇N(M, z) + ρ̇mm(M, zsup)]

ρN(M, z)
merger/gal/Gyr. (3)

The results are shown in Fig. 10 as a function of mass (panel b)
and redshift (panel c). At high redshift, we find for massive
galaxies (log(M/M�) > 10.6 at z > 0.5) that the merger
rate is quite high, ∼0.2−0.4 merger Gyr−1 gal−1, but decreases
rapidly to ∼0.1 with cosmic time, being only marginally consis-
tent with an increase with mass. At lower redshifts, the merger
rate does not show any clear dependence on mass and al-
ways remains below 0.2 at all masses. On average, we measure
0.16 merger Gyr−1 gal−1 since z = 1. The major merger rate per
galaxy derived by De Ravel et al. (2010) is always below 0.1 at
all redshifts and masses explored (∼0.06 on average). Integrated
over cosmic time (from z � 1 to z � 0.1), massive galaxies
(log(M/M�) ∼ 10.6) have experienced about 0.7 merger gal−1
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Fig. 11. Galaxy stellar mass function by galaxy types. Left panel: GSMFs by photometric types (PT = 1 as red squares, PT = 2 + 3 + 4 as blue
triangles, total population as empty black circles). Right panel: GSMFs for morphological types (ZT = 1, 2.0 as magenta squares and ZT > 2.0
as dark green triangles). In both panels, points represent the 1/Vmax determination, while continuous lines the Schechter fits. Dotted lines reported
in each panel, as a reference, are the Schechter fits to the first redshift bin. Dashed vertical lines represent the mass limit for the corresponding
redshift bin (Mmin). (A color version of this figure is available in the online version of the article.)

(<0.3 below z ∼ 0.7), of which less than 0.2 are major mergers.
In Fig. 10 we compared our estimates with the model predic-
tions of Stewart et al. (2009) for mergers within galaxy pairs of
mass ratio greater than 0.1 (m/M > 0.1). Galaxy mergers in a
hierarchicalΛCDM scenario increase with stellar mass, redshift,
and decrease with m/M ratio. Minor mergers contribute consid-
erably more than major mergers, dominating in all but the most
massive galaxies (Parry et al. 2009). Indeed, even in hierarchical
formation models, most of ellipticals and spiral bulges acquire
their stellar mass through minor mergers or disc instabilities.
Given our uncertainties, we cannot draw any firm conclusions
about either the redshift or mass dependences, even if our data
appear to exclude a strong dependence on mass, at odds with
hierarchical predictions. There is, instead, some evidence of an
increase with redshift, qualitatively in agreement with models.

We therefore conclude that the role of major merging events
is not dominant and cannot completely explain the evolution
of the GSMF, even after accounting for the growth in mass
produced by ongoing star formation. Mergers in general (ma-
jor+minor) at a rate of between 0.1 and 0.4 Gyr−1 gal−1 may
account for the residual evolution, these rates possibly decreas-
ing with cosmic time but not having a clear dependence on mass.
Oesch et al. (2010) discuss in greater detail the role of merging
in the evolution of massive galaxies within the COSMOS sur-
vey. In a future paper on the final zCOSMOS sample, we will
explore in detail the role of both major and minor merging on
the evolution of the GSMF.

8. Mass functions by galaxy types

To explore the bimodality observed in the GSMF and how it de-
pends on both time and galaxy-type evolution, we derived a type-
dependent GSMF using the different classifications described in
Sect. 4.

Figure 11 (left panel) shows the GSMF divided into differ-
ent photometric types, red (PT = 1) versus blue (PT = 2−4)
galaxies; the GSMFs obtained by using morphological criteria
to differentiate between ETGs and LTGs are shown in the right
panel of the same figure. We find that the red/spheroidal and
blue/disc+irr populations have very different GSMFs, which can
be linked to the bimodality of the global GSMF. The GSMFs
of both ETGs and LTGs are reproduced quite well by a single
Schechter function. The LTG GSMFs exhibit a steep low-mass
end, which in constrast with is flat for the ETGs at all redshifts.
However, we find a hint of a small upturn in both the GSMFs
of ETGs for the morpho-ETGs (see Fig. 11) and in the second
redshift bin of our other ETG classifications (see Fig. 16). Drory
et al. (2009), instead, found that neither their red (passive) nor
their blue (star-forming) galaxy stellar mass functions could be
fitted well with a single Schechter function, but show an upturn
at low masses. In general, for all the criteria adopted, we find
that the massive end of the mass function (M > 1010.5 M�)
is mainly dominated by ETGs (red/spheroidal/passive) up to
z = 1, while LTGs (blue/disc+irr/active) mostly contribute to the
intermediate/low-mass part (M < M∗) of the mass function at
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Fig. 12. The intersection of the GSMFs (Mcross) of the two populations
(ETGs and LTGs) as a function of redshift. Values were derived from
the 1/Vmax estimate of the GSMFs. Different symbols (and colours)
refer to the different classification schemes adopted (see figure leg-
end), upper limits are shown whereMcross is lower thanMmin(z). Black
crosses show data from the literature (references are marked, along with
the respective classification criteria).

all redshifts. For log(M/M�) > 11, the number density of blue
galaxies is always below ∼2 × 10−4 gal/Mpc3/logM.

Using the 1/Vmax data points of the GSMFs of ETGs
and LTGs, we derived the intersection of the two popula-
tions (Mcross). For the photometric classification, Mcross is at
∼1.9(±0.2) × 1010 M� in the first redshift bin and evolves
with redshift, increasing by about a factor of 2 (see red cir-
cles in Fig. 12) by z = 1. Although for somewhat higher val-
ues ofMcross, a similar trend with redshift was found using the
morphological classifications to divide the sample into spheroids
and disc+irregular galaxies, for both classification schemes ex-
plored in this paper. We determined similar values of Mcross
by dividing the sample in terms of the star formation activ-
ity (active versus passive with log(SSFR/Gyr−1) = −2), while
Mcross is quite low when quiescient galaxies are considered
(log(SSFR/Gyr−1) = −1). Our results are consistent with pre-
vious determinations of Mcross in other deep surveys, such as
VVDS (Vergani et al. 2008) and DEEP2 (Bundy et al. 2006), the
only exception being the value ofMcross derived by Bundy et al.
(2006) using morphological types (the highest line in Fig. 12).
In this case, the difference may be caused by a different and
more extreme definition of morphological ETGs by Bundy et al.
(2006). The extrapolation of ourMcross to z = 0 is also consistent
with local results (Baldry et al. 2004; Bell et al. 2003).

The evolution ofMcross is indicative of an increase/decrease
in the fraction of early/late galaxies with cosmic time at inter-
mediate masses, as already noted in previous surveys (Fontana
et al. 2004; Bundy et al. 2006; Arnouts et al. 2007; Scarlata et al.
2007b; Vergani et al. 2008). Oesch et al. (2010) found similar
results within the COSMOS survey using extremely robust pho-
tometric redshifts. Bolzonella et al. (2009) found a more rapid
evolution ofMcross in high density environments (see also Iovino
et al. 2010; and Kovač et al. 2010a, for groups). However, pre-
vious surveys have not clearly established the precise evolution
in absolute number densities of the two populations, in particu-
lar for late-type galaxies. By comparing the zCOSMOS GSMFs
for different redshift bins, we find that the evolution ofMcross is
caused mainly by a clear increase with cosmic time in the num-
ber density of red/spheroids of intermediate mass (around M∗

Fig. 13. Number density evolution in different mass ranges. Different
symbols and colours refer to different population classes: black squares
refers to the total population, empty red and filled blue triangles
to SED-ETGs and SED-LTGs using photometric classification, while
filled magenta and empty green circles refer to quiescent and active
populations, respectively. Hatched regions refer to GSMF complete in
the mass range and redshift considered, while dotted lines and lower
limits are plotted at redshifts where the GSMF is not complete in the
considered mass range. (A color version of this figure is available in the
online version of the article.)

and below 1011M�), coupled with only a marginal evolution in
the number density of blue/spiral galaxies at the same masses.

These trends become even more distinctive when plotting
the number densities, derived using the 1/Vmax technique, ver-
sus redshift in different mass ranges (log(M/M�) = 10−11.5),
as shown in Fig. 13. We find that the number density of mas-
sive (log(M/M�) > 11) red types is almost constant up to z = 1
(see also Pozzetti et al. 2003; Scarlata et al. 2007b; Ilbert et al.
2010) and dominates the total number density at these masses,
while the number density of intermediate-mass (1010−1011M�)
red types increases with cosmic time. This increase is steeper at
lower masses. Between z � 0.45 and z � 0.25, it is 0.05 ± 0.08,
0.14 ± 0.04, and 0.24 ± 0.05 dex for the three considered mass
ranges of log(M/M�) = 11, 10.5, and 10, respectively. An inde-
pendent study (Brown et al. 2008), using halo occupation dis-
tributions, shows that while very massive halos often double
in mass over the past 7 Gyr, the stellar masses of their central
galaxies typically grow by only 30%. Our result is indicative of
a mass-assembly downsizing as already noted for the global pop-
ulation and even more clearly in the build-up of the red sequence
(Cimatti et al. 2006).

In contrast, we find that the number density of late blue types
withM > 1010M� remains approximately constant with cosmic
time from z = 1. Their evolution in number density is less than
10−20% over the entire redshift and mass range (Fig. 14 upper
panel). These results are consistent with those of Arnouts et al.
(2007), who found that the integrated stellar mass density of the
active population shows only a modest mass growth rate, in con-
trast to an increase by a factor of 2 for the quiescent population.
Bundy et al. (2006) found that the abundance of blue galaxies
declines by 0.1−0.2 dex from z = 0.75−1.0 to z = 0.4−0.7 at
log(M/M�) = 10.6−11.3 (see their Fig. 6). A small evolution of
the “blue cloud GSMF” was also detected by Bell et al. (2007)
in the COMBO-17 survey out to z � 0.9.

How is this small, possibly negligible evolution in the blue
GSMFs related to the global decrease with cosmic time in the
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Fig. 14. GSMFs for LTGs using two classification schemes. Upper
panel: blue galaxies (PT = 2, 3, 4), and lower panel: active galaxies
(log(SSFR/Gyr−1) > −1), as defined in Sect. 4. Only 1/Vmax determi-
nations have been plotted, with their uncertainties. Different lines and
colours refer to different redshift range (see legend).

SFR density since z ∼ 1 (see Hopkins et al. 2006) and the
downsizing in the SFR (Cowie et al. 1996)? To answer these
questions, we analysed the GSMFs of galaxies with different
SFR activities. In particular, we derived the GSMFs for the most
extreme star-forming population, i.e., those with high SSFR.

Using estimates of the SFR and SSFR derived from the
[OII] lines (Moustakas et al. 2006, calibration), Maier et al.
(2009) find that very few zCOSMOS galaxies with masses above
log(M/M�) > 10.8 have 1/SSFRs below the age of the uni-
verse at 0.5 < z < 0.7, while there exist several dozens of
galaxies above the same mass that are strongly star-forming at
0.7 < z < 0.9 (see Fig. 2 in Maier et al. 2009). The same trend
is observed using the SFR and SSFR derived from the fit to the
multi-band photometry with synthetic models. Using an SED fit-
ting determination, we note, first of all, that the median SFR and
SSFR decreases with cosmic time in massive blue galaxies with
log(M/M�) > 10.5 (for example: the median log(SSFR/Gyr−1)
is −1.0 at 0.7 < z < 1.0, while it is −1.4 at z < 0.3).

We therefore derived the GSMFs using the SSFR derived
from the SED fitting and by dividing the sample as described in
Sect. 4, i.e., as those defining active and quiescent galaxies with
log(SSFR/Gyr−1) above or below −1. Figure 14 (lower panel)
shows indeed a decrease with cosmic time in the GSMFs of
the high-SSFR galaxies, in particular for log(M/M�) > 10.3.
Their GSMF shows, indeed, a mass-dependent evolution that is
stronger at the massive end. In the highest redshift bin (0.75 <
z < 1), the GSMF of the high-SSFR galaxies increases in number

density and approaches that previously derived for the sample of
blue (SED-LTG) galaxies.

By comparing the GSMFs of the blue galaxies with those
of high-SSFR galaxies, we find that, while the number density
of blue galaxies overall remains approximately constant, it de-
creases significantly with cosmic time for high-SSFR massive
objects (see Fig. 14). From z ∼ 0.85 to z ∼ 0.25, the number
density of high-SSFR active galaxies with log(M/M�) > 10.5
decreases by a factor of ∼3 (−0.49 ± 0.12 dex). Therefore,
the decrease with cosmic time in the number of active massive
galaxies is balanced by the constancy in intermediate-activity
blue galaxies and the increase of intermediate-mass quiescent
and red galaxies. Studying the B-band luminosity function in
zCOSMOS, Zucca et al. (2009) found results consistent with a
scenario in which some blue galaxies are transformed into red
galaxies with increasing cosmic time.

To summarize, these data suggest that with cosmic time we
are witnessing a transformation from active to passive galax-
ies and a corresponding decrease (increase) in the fraction of
late (early) types. These changes in galaxy fractions are caused
mainly by the clear increase with cosmic time in the number
density of intermediate-mass (M ∼ 1010−1011 M�) early-type
galaxies, while the density of intermediate-mass blue or morpho-
LTGs remains almost constant, being continually replenished by
blue active galaxies of even lower masses. The median SSFR
of blue massive galaxies decreases with cosmic time. Therefore,
blue highly star-forming (of high SSFR) galaxies of intermedi-
ate mass (log(M/M�) = 10−11) increase in mass but decrease
in either SFR or SSFR with cosmic time, transforming into low-
SSFR blue objects and, after the quenching of their SFR, into red
passive objects of intermediate mass. Less-massive, blue, active
objects (log(M/M�) < 10) increase in mass to replace in the
GSMFs the blue intermediate-mass objects, whose density con-
sequently remains almost constant with time. In agreement with
our results, Bell et al. (2007) found that, if there were a growth in
stellar mass with a constant SFR equal to the instantaneous one
(after subtracting 45% of the return fraction), the GSMFs of blue
galaxies would be dramatically overproduced. By only assuming
that all the growth in stellar mass is added to the red sequence,
they reproduced the evolution of the blue and red stellar mass
functions with remarkable accuracy.

8.1. The build-up of the red sequence

We attempt to quantify the growth rate (in terms of both number
and mass density) of red galaxies as a function of redshift in
different mass ranges. This rate can be interpreted as the flux
required to describe the migration of galaxies with cosmic time
from the blue cloud to the red sequence.

Figure 15 shows the evolution with redshift for the red pop-
ulation (PT = 1), in different mass ranges, of the growth rate
in number density (ρ̇N , upper panel), estimated using 1/Vmax
data points. For log(M/M�) < 11, the growth rate is in the
range of 10−4−10−3 gal/Mpc3/Gyr/logM and is even lower ap-
proaching zero for higher masses. The growth rate in mass
density is ρ̇M � 106−107 M�/Mpc3/Gyr/logM. Integrating
above log(M/M�) = 9.8, we find that ρ̇N = 6.8(±1.2) ×
10−4 gal/Mpc3/Gyr and ρ̇M = 1.8(±0.4) × 107 M�/Mpc3/Gyr
between the second and the first redshift bin (z ∼ 0.34).
Despite the large errors, we find a clear increase with cos-
mic time in the growth rate of galaxies with log(M/M�) =
10.4−10.7, but a hint of a decrease with cosmic time at higher
M (log(M/M�) = 10.7−11). For log(M/M�) > 11, the growth
rate in number density is consistent with zero for almost all
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Fig. 15. Evolution of the growth rate in number density ρ̇N (top panel)
as a function of redshift for red galaxies (PT = 1) in different mass
ranges (represented by different symbols and colours). Values have been
plotted at the intermediate redshift between two adjacent redshift bins.
In the bottom panel, we show the evolution with redshift of the fraction
of blue galaxies (PT = 2−4) that are transforming into red galaxies per
Gyr (see text). In all the panels, hatched regions refer to GSMFs that are
complete in the mass range and redshift considered, while dotted lines
are connecting points at redshifts where the GSMF is not complete in
the considered mass range.

redshift bins. These trends can be interpreted as a mass-assembly
downsizing signal, i.e., most massive red galaxies assembled
their mass earlier than lower mass red galaxies. For compar-
ison, Arnouts et al. (2007) for the VVDS found that the me-
dian mass growth rate (integrated over the entire mass range
log(M/M�) = 8−13) between z ∼ 2 and z = 0 is 1.7(±0.4) ×
107 M�/Mpc3/Gyr, which is consistent with our values for
log(M/M�) > 9.8. Walcher et al. (2008) derived a somewhat
higher value of ρ̇M = 6.5−10 × 107 M�/Mpc3/Gyr from z ∼ 1
to z ∼ 0.5 integrated over the whole mass range. The difference
from our results, indeed, could be due to their more extended
mass range.

In principle, by comparing this growth rate with the num-
ber density of blue galaxies we should be able to estimate the
fraction of blue galaxies that, at any given time, are transform-
ing into red galaxies ( fQ) after the quenching of their SFR. We
therefore derived the fraction rate of quenching

fQ(M) =
ρ̇red

N (M)

ρblue
N (M)

Gyr−1, (4)

using the 1/Vmax estimation for ρN , as shown in the bot-
tom panel of Fig. 15 as a function of redshift and mass.
For log(M/M�) > 11, the rates were unconstrained because of
the low number density of blue galaxies. The values obtained for
log(M/M�) < 11 have a median value of ∼25% Gyr−1. As for
the growth rate, we find that with cosmic time this fraction rate
decreases for high-mass galaxies, but increases for intermediate-
mass galaxies, at least for z < 0.7. At z < 0.4, we are unable to
explore the transformation from blue to red for the low mass
regime (log(M/M�) < 10.4) and to verify whether the trend

of the blue fraction increasing with cosmic time for low-mass
galaxies is shifted to even lower redshift, as expected by the
downsizing scenario. We note however that all fraction values
remain very uncertain and their uncertainties increase yet further
if we include the effects of cosmic variance.

Vergani et al. (2009) explore the properties and number den-
sities of the post-starburst (PSB) galaxy population, spectroscop-
ically identified in the zCOSMOS sample, as the possible link
population in the transition phase between the blue cloud and
the red-sequence. They found that this galaxy population, which
is affected by a sudden quenching of its star-formation activity,
may increase the stellar mass density of the red-sequence by up
to a non-negligible level of 10%.

8.2. Elliptical/early type galaxy evolution

Hierarchical semi-analytical models (De Lucia et al. 2006) pre-
dict that stars in more massive elliptical galaxies, relative to their
lower-mass counterparts, are older but assemble their mass by
means of mergers later in cosmic time. For example, 50% of el-
lipticals with log(M/M�) > 11 form most (80%) of their stars
at zform � 1.6, but assemble their mass by zassembly � 0.2, which
is defined as the redshift at which most (80%) of the stars that
make up the galaxy at redshift zero are already assembled into a
single object. Galaxies with log(M/M�) > 9.6, instead, have a
median zform � 1.3 and median zassembly � 0.9 (see Figs. 4 and 5
in De Lucia et al. 2006). As pointed out by Cimatti et al. (2006),
this trend is the opposite of that of the mass-assembly downsizing
found for red galaxies in the luminosity function, confirmed by
Scarlata et al. (2007b), i.e., most massive red galaxies assembled
their mass earlier than lower-mass red ones. In the following, we
explore in detail for the zCOSMOS data set the evolution of el-
liptical and all early-type galaxies, using the different classifica-
tion schemes described in Sect. 4 based on colours, morphology,
spectral features, or a combination of them.

Figure 16 of the GSMFs for the different popula-
tions of ETGs: red galaxies (PT = 1), passive galaxies
(log(SSFR/Gyr−1) < −2), spheroidals (MT = 1, ZT = 1 + 2.0,
ZT = 1), absorption-line galaxies (ST = 1), and “bona fide
ETGs” as defined in Sect. 4.

First of all, we note that there are significant differences in
the normalization of the GSMFs at all M, the pure ellipticals
classified by ZEST (ZT = 1) having the lowest value at all red-
shifts and mass ranges explored. In contrast, the shapes of the
various GSMFs are all similar, there being a decline in num-
ber density for M < M∗ for all GSMFs that is described well
by a single Schechter function, except for the GSMF of the
spheroids with MT = 1, which shows an excess at low-mass
(log(M/M�) < 9.5) in the first redshift bin.

We then studied in detail this population of low-mass
spheroids (MT = 1), which dominates the GSMF and exhibits
blue colours (PT > =2, i.e., (U − B)rest < 1). We found 89 of
these objects with log(M/M�) < 9 at low redshift (z < 0.5).
They have quite compact sizes, with a small median effective
radius (re � 0.6 kpc). We also identified a contribution from
blue MRS spheroids (PT > =2, MT = 1) also at high mass
(log(M/M�) > 10.5) at all redshifts (182 objects). This latter
population of massive blue MRS spheroids does not dominate
the high-mass end of the GSMF (∼20%), as the former does
the low-mass end. Therefore, this suggests that the shape of the
GSMF for this population of blue spheroids differs from that
for red spheroids, at least when using MRS morphologies. This
is consistent with the conclusions of Zucca et al. (2009) about
the contribution of this population to the B-band luminosity
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Fig. 16. GSMFs for ETGs using various classification schemes: red
galaxies (PT = 1), passive (log(SSFR/Gyr−1) < −2), spheroidals
(ZT = 1 + 2.0,ZT = 1,MT = 1), absorption-line galaxies (ST = 1),
and “bona fide ETGs” as defined in Sect. 4. Only 1/Vmax determinations
have been plotted, with their uncertainties. Different lines and colours
refer to different redshift ranges (see upper left panel). Grey hatched
region, bounded by solid black lines, refer to local GSMF for ETGs
derived from Baldry et al. (2008, 2006) (see text).

function. However, for these objects, in particular at low mass,
we note that MRS morphologies do not always agree with ZEST
ones, which implies that there are significant uncertainties in
deriving morphologies for faint low-mass objects. We, there-
fore, verified their morphologies visually (i.e., PC, LT, LP). We
found that most of the blue low-mass MRS spheroids are bulge-
dominated spirals (Sa). Most of the massive ones, even if their
morphological classifications are in agreement between the two
methods (ZEST and MRS), appear to be spirals, between Sa and
Sc, although they have morphological parameters (asymmetry
and concentration) that are more similar to those of elliptical
galaxies. Composite spectra of this population were generated
(following Mignoli et al. 2009) by averaging all their spectra
at z < 0.5 and dividing them into low-mass and high-mass ob-
jects. In Fig. 17, the average spectra are plotted: low-mass blue
spheroids show a blue continuum and emission lines typical
of star-forming galaxies, indicating that these galaxies are ex-
periencing significant star-formation, while the high-mass blue
spheroids have on average a red spectrum with absorption lines
that are largely indistinguishable from those of the purely pas-
sive galaxies (see Mignoli et al. 2009), but in addition exhibit
emission lines that could be indicative of some nuclear activity
contamination (i.e., [NII]/Hα and [OIII]/Hβ are consistent with
LINERs). An AGN component may also explain their typically
high concentration index obtained from their HST images. These

Fig. 17. Stacked spectra for galaxies with MRS elliptical morphol-
ogy (MT = 1) and blue colours (PT = 2 + 3 + 4) at low-
mass (log(M/M�) < 9 upper spectrum in blue) and high-mass
(log(M/M�) > 10.5 lower spectrum in red).

AGN might play a role in quenching the SFR in this population
of blue spheroidal massive galaxies, which are possibly in the
transition phase between the blue cloud and the red-sequence.

Finally, we studied the evolution with cosmic time of
the GSMFs of each of the classes of red, passive, ellipti-
cals, spheroids, absorption-line, and “bona fide ETG” galaxies.
In Fig. 16, we show the GSMFs of these various ETG classes at
increasing redshift. We also show, as reference, the local GSMF
of ETGs, which we derived using the global GSMF by Baldry
et al. (2008) and the fraction of red galaxies estimated by Baldry
et al. (2006) for their 4 central environment bins. This is indi-
cated in Fig. 16 by the grey shaded region. We note very simi-
lar evolutions in the ETG population for all the different means
of classifying an ETG. As claimed for red galaxies, we find a
clear “mass-assembly downsizing” evolution, with no evidence
of an increase with cosmic time in the number density of the
most massive ETGs since z ∼ 1 and a progressive increase in the
GSMFs at intermediate mass (log(M/M�) < 11) out to z = 0.
Using M05 models to estimate the stellar masses, we also find
that the same trend is visible in our data, and that the use of these
models does not strongly affect our main conclusions. This is be-
cause in the redshift range studied here (0.1 < z < 1.0), ETGs
have on average old stellar populations that are not dominated
by TP-AGB stars particularly in massive objects.

For massive ETGs, similar results were first noted in the
near-IR (K-band) luminosity function by Pozzetti et al. (2003)
and the mass function by Fontana et al. (2004) in the K20 sur-
vey, using spectral classification, and later confirmed by larger
optical and near-IR surveys, such as the VVDS, using colours
or spectra to define ETGs (Zucca et al. 2007; Arnouts et al.
2007; Vergani et al. 2008). Scarlata et al. (2007b) found that
in COSMOS both morphologically and photometrically selected
subsamples of ETGs show no evolution in their number den-
sity at the bright end of the B-band luminosity function (L >
2.5 L∗) out to z ∼ 0.7, and there is a deficit of a factor of
about 2−3 of fainter ETGs over the same cosmic period, as
also confirmed by Zucca et al. (2009) in the zCOSMOS sample.
Ilbert et al. (2010), selecting ETGs (by morphology or colour)
in SCOSMOS (Sanders et al. 2007) with accurate photomet-
ric redshifts (Ilbert et al. 2009) up to zphoto = 2, found simi-
lar results for massive ETGs at z < 1 (evolution <0.2 dex for
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Fig. 18. Redshift at which the ETG GSMF has decreased by a factor 2
(φz/φ0 = 0.5, i.e., zbuilding, see text) as a function ofM. Left panel: cir-
cles magenta points refer to data derived within zCOSMOS for passive
galaxies (log(SSFR/Gyr−1) < −2): open circles have been derived com-
pletely from zCOSMOS dataset, using as a reference the GSMF in the
first redshift bin (φ0 = φ(z ∼ 0.24), along with the region covered us-
ing various ETG classification criteria; filled circles are zbuilding using
the local ETG GSMF (see text), along with the spread in its shape re-
lated to their enviroment. Dotted magenta curve shows theMmin above
which we are formally complete. Also plotted are zbuilding from SAMs:
WDL08 (shaded region bounded by solid blue lines), S08 (shaded re-
gion bounded by dashed green lines), and MORGANA (shaded re-
gion bounded by dotted black lines), derived using the original GSMF
or convolved with 0.25 dex in mass uncertainties (see Fontanot et al.
2009). Right panel: zbuilding for zCOSMOS data points are compared
with the trend with stellar mass of the median zassembly and zform (80% of
star assembled and formed, respectively) from De Lucia et al. (2006,
DL06) and with the redshift at which the stellar formation ends (80% of
star formed) in local ETGs estimated by Thomas et al. (2009, T09).

log(M/M�) > 11) and a more rapid evolution at higher redshifts
(by a factor of 15−20 between z = 1.5−2 and z = 0.8−1) or
lower masses (increasing by a factor of 4.5 between z = 0.8−1
and z = 0.2−0.4 for log(M/M�) ∼ 10).

8.3. The building redshift of ETGs

Our results suggest that lower mass ETGs (regardless of the
method used to classify them) assembled their mass later than
higher-mass ETGs. We can, indeed, estimate the redshift at
which 50% of ETGs have already built-up their mass (zbuilding),
as a function of stellar mass, i.e., at which redshift their number
density has decreased by a factor of 2 from z = 0 (φz/φ0 = 0.5).
Since we consider the number densities of ETGs only above
z > 0.25, we can derive only upper limits to zbuilding, as defined
above, at least in the low mass range. For this reason, we used as
a local reference the GSMF for ETGs, described in the previous
section and shown in Fig. 16 as a grey shaded region.

Within the zCOSMOS redshift range, we find for ETG
galaxies that zbuilding increases with M regardless of classifica-
tion method, with zbuilding ∼ 0.4, 0.5, and 0.8 for log(M/M�) ∼
10, 10.4, and 10.8, respectively (Fig. 18). At higher mass,
the number density of ETGs is almost constant up to redshift
∼0.7 and decreases by less than a factor of 2 after z ∼ 1, thus we
set 1 as the lower limit to zbuilding for log(M/M�) > 11. Our esti-
mates of zbuilding for passive galaxies (log(SSFR/Gyr−1) < −2)

are shown in Fig. 18: the open circle symbols were derived
completely from the zCOSMOS dataset, using the GSMF in
the first redshift bin (φ0 = φ(z ∼ 0.24) as reference, and are
shown along with the region covered using various ETG clas-
sification criteria. Most of the points have M > Mmin, above
which we are formally complete. Since the local ETG GSMF,
derived by Baldry et al. (2006, 2008) as described previously,
approaches the observed zCOSMOS GSMF in the first redshift
bin for log(M/M�) > 10.5 for passive galaxies, below this mass
the values of zbuilding should be considered upper limits. We also
show zbuilding derived by assuming the local GSMF for ETGs,
along with the region covered using the different fractions of
ETGs in the 4 central environment bins in Baldry et al. (2006).
In addition, systematic uncertainties caused by the different clas-
sification methods could affect our estimates of zbuilding, as for the
zCOSMOS data.

First of all, we note that the “downsizing” trend with mass
in terms of ETG zbuilding is clearly visible. Our data are in very
good agreement with the values derived by Cimatti et al. (2006),
who used the de-evolved luminosity function for galaxies on the
red-sequence. The values of zbuilding are in quite close agreement
with the end of the star formation (80% of the star formed) his-
tories estimated by Thomas et al. (2009) for early-type galaxies
as a function of stellar mass on the basis of their spectral prop-
erties (T09, in the right panel of Fig. 18). This downsizing trend
with stellar mass conflicts instead with the prediction of semi-
analytical models for zassembly (e.g., by De Lucia et al. 2006,
DL06, reproduced here in the right panel of Fig. 18). Given the
increase with mass of the redshift at which the stars are predicted
to form in this model (zform, see Fig. 18 right panel), the decreas-
ing trend with mass of zassembly is caused by the increasing rel-
evance of merging processes (in particular minor merging) with
increasing mass (Wang & Kauffmann 2008; Stewart et al. 2009;
Parry et al. 2009) in the SAMs.

To perform a more accurate comparison with semi-analytical
models (SAM), we used zbuilding derived according to ex-
actly the same definition applied to the data. We adopt the
GSMF predictions for the three prescriptions used in Fontanot
et al. (2009): the most recent implementation of the Munich
SAM (De Lucia & Blaizot 2007; Wang et al. 2008a, hereafter
WDL08), the MORGANA model (Monaco et al. 2007; Lo Faro
et al. 2009), and the fiducial model presented by Somerville
(2008, hereafter S08). We used the same classification crite-
ria for passive galaxies (log(SSFR/Gyr−1) < −2) as used in the
models. The predicted GSMFs for each model are shown in
Fig. 6 of Fontanot et al. (2009). In Fig. 18, we compare zbuilding
derived from GSMF SAM predictions (provided by Fontanot)
and zCOSMOS data using exactly the same definition. For each
model, we show the region covered by zbuilding using the origi-
nal SAM GSMFs and those that take into account the 0.25 dex
of uncertainties in the mass derivation. In contrast to the data,
the semi-analytical models show a reverse trend with mass of
zbuilding, which is similar to the trend of zassembly. Residual small
differences, for example between the determination of mass or
SFR for the data and that of the models (e.g., the presence of
secondary bursts in the model SFH) or in the ETG classification
criteria are unlikely to reconcile the opposite trend with mass.

Taken at face value, the coincidence of zform estimated by
Thomas et al. (2009) and zbuilding argues against the dominant
contribution of mergers (major+minor) at z < 1 in building up
ETG galaxies, as instead predicted by semi-analytical models
(Wang & Kauffmann 2008; Stewart et al. 2009). We therefore
conclude that the build-up of ETG galaxies follows the same
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“downsizing” trend in mass as the formation of their stars, which
disagrees with the “upsizing” trend predicted in SAMs.

8.4. Timescales for the quenching of the star formation
and morphological transformation

The evolution with redshift in the galaxy number density
in different mass ranges for three different samples of ETG
(red (PT = 1), spheroidal (ZT = 1, 2.0), and quiescent
(log(SSFR/Gyr−1) < −1)) galaxies is shown in Fig. 19. We
find that they all show a very similar trend (but a differ-
ent normalization), there being an increase in the number
densities of intermediate-mass ETGs with cosmic time from
z = 1 to the local Universe. This trend is steep for low-to-
intermediate mass galaxies and is flat and almost negligible
only for log(M/M�) > 11 (<0.1 dex between z = 0.85 and
z = 0.25 for log(M/M�) = 11−11.5). The similar evolutions
of red and spheroidal galaxies was already noted by Arnouts
et al. (2007), who commented: “if not by chance, this coinci-
dence could suggest that the build-up of the quiescent sequence
is closely followed or preceded by a morphological transforma-
tion”. In principle, if all the various classification methods here
adopted are “perfect”, that the number density of SED-ETGs is
higher than that of the morpho-ETGs, at a given mass, suggests
that the colour transformation (from blue to red) precedes or has
a shorter timescale than the morphological transformation. From
Fig. 19, the delay time between the colour and the morphologi-
cal transformation could be estimated, at a fixed ρN , to be about
1−2 Gyr (as shown by the arrow for log(M/M�) = 10.7−11).
In addition, since the number density of the low-SSFR popu-
lation is higher than that of the red galaxies (SED-ETGs), we
estimate that the time elapsed for quiescent galaxies to com-
pletely switch-off their SFR and become red is of the same
order (about 1−2 Gyr, shown as an arrow in Fig. 19). Wolf
et al. (2008) reach a similar conclusion in the cluster A901/2
at z ∼ 0.17: the rich red-spiral population at intermediate mass
(log(M/M�) = [10, 11]) is more accurately explained if quench-
ing is a slow process and morphological transformation is de-
layed even more (see also Skibba et al. 2009). The small con-
tribution to the assembly of the red-sequence by the class of
post-starburst galaxies (most of which are assumed to quench
their star formation rapidly) provides additional support to a sce-
nario of delayed/slow quenching (Vergani et al. 2009).

However, we are aware that the colour-selected red galax-
ies may be contaminated by dusty starbursts. We recall here
that, given our 24 μm flux limit of ∼0.3 mJy, only 5%
of red galaxies (SED-ETGs) were detected at 24 μm (all
having log(SSFR/Gyr−1) > −2), and about 23% have −2 <
log(SSFR/Gyr−1) < −1, i.e., they are not completely “dead”.
Bundy et al. 2010, through MIPS stacking analysis, show that
the implied SFRs of red galaxies are on average at least an
order of magnitude below the star-forming population. On the
other hand, there is a non-negligible blue population (∼20%)
among elliptical galaxies, for which therefore the morpholog-
ical transformation could precede or is faster than the colour
transformation (see below for a discussion). Therefore, we
also checked that the number density of red passive galaxies
(PT = 1 and log(SSFR/Gyr−1) < −2), i.e., those that are “red
and dead”, is higher at any given mass and redshift than the
number density of passive elliptical galaxies (ZT = 1, 2.0 and
log(SSFR/Gyr−1) < −2), and that at a given number density and
mass they are delayed by 1−2 Gyr. We conclude that, at least sta-
tistically, the morphological transformation takes a longer time
than for a given galaxy to become “red and dead”.

Fig. 19. Number density evolution for ETGs in different mass ranges:
red galaxies (red filled triangles forPT = 1), spheroidals (dark magenta
empty circles for ZT = 1 + 2.0) and low-SSFR (magenta filled circles
for log(SSFR) < −1). Black filled squares refer to the global population.
Lines have the same meaning as in Fig. 11. In the second panel, we also
indicate by 2 arrows the evolutionary time sequence from quiescent to
red to spheroidal galaxies (see text).

But which physical processes induce these transformations?
All the properties SSFR, colours, and photometric types depend
on the star-formation history, while morphological types mainly
reflect the dynamical history of a galaxy. The transformation
from active blue galaxies to red passive galaxies, as well as the
transformation from spiral disc-dominated to bulge-dominated
systems, could be driven by a variety of processes such as the
ageing of their stellar population or the fading of the disc, be-
cause of the exhaustion of its gas reservoir, gas stripping, or the
quenching of the SFHs, for example by AGN feedback (Menci
et al. 2006; Monaco et al. 2007; Bower et al. 2006), or by trun-
cating the gas accretion from infall or from satellite galaxies.
In addition, “starvation” (or “strangulation”) is expected to af-
fect a galaxy star formation history on a quite long timescale and
therefore to cause a slowly declining activity: when a galaxy is
accreted onto a larger structure, the gas supply can no longer be
replenished by cooling, which is suppressed (Larson et al. 1980).
This process is an important element of semi-analytic models
of galaxy formation. Some of the aforementioned processes are
also obviously environment-dependent.

On the other hand, the strong increase in the number density
of intermediate-mass pure morphological ellipticals (ZT = 1)
or “bona fide ETGs” (red passive spheroidals) provides support
for dynamical processes, such as the merging between two low-
mass galaxies (Toomre & Toomre 1972; Barnes 1992). Mergers
are included in standard semi-analytic models of galaxy forma-
tion and represent indeed the main channel of formation for
bulges. Menci et al. (2002) also included in their hierarchical
semi-analytical models binary aggregations of satellite galaxies
inside a common halo. However, if merger events were respon-
sible for morphological transformations, we would expect to ob-
serve a rapid evolution from blue to red after the formation of
the bulge/elliptical, i.e., after the burst triggered by the merger
(Mihos & Hernquist 1996). We find, instead, that the colour
transformation precedes the morphological one, and that only
a population (∼20%) of massive blue spheroidal galaxies exists,
which could be the end-product of merger events. The massive
tail of this population has some signature of an AGN component
in its stacked spectrum (see Fig. 17), which may be responsible
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Fig. 20. Comparison between observed GSMFs (lines and points) with the regions covered by the predictions (shaded colour regions) of three
semi-analytical models (Morgana, WDL08, and S08 from Fontanot et al. 2009), at increasing redshifts (from top to bottom panels). Left panels:
original GSMFs from SAM. Right panels: SAM GSMFs take into account 0.25 dex of uncertainties in theM derivation.

for quenching the SFR, allowing their transition to red ellipti-
cals with cosmic time. The study of this particular population is
beyond the aim of this paper and will be the subject of future
zCOSMOS papers.

Our results, therefore, suggest that dynamical processes,
other than mergers, are the main mechanisms responsible for the
morphological transformation that follows the colour transfor-
mation. For example, bulge growth through disc instability could
be efficient (Carollo et al. 2001; Bower et al. 2006; Dekel et al.
2009). Disc instability is also a possible formation channel for
bulges in SAMs (De Lucia et al. 2006; Bower et al. 2006; Parry
et al. 2009). Dynamical observations of massive galaxies at z � 2
with SINFONI (Genzel et al. 2006, 2008) also suggest that disc
instability can produce massive bulges, even in the absence of
major mergers. Indeed, dynamical friction and viscous processes
at z � 2 proceed on a timescale of <1 Gyr, which is at least one
order of magnitude faster than in z ∼ 0 disc galaxies. In over-
dense environments, such as clusters, ram pressure may also play
a role, demolishing the star-forming disc (Cortese et al. 2006).
Recently, Bundy et al. (2010) demonstrated that the colour and
morphological transformations should proceed through several
separate stages and explored the strengths and weaknesses of
several more sophisticated explanations, including environmen-
tal effects, internal stabilization, and disc regrowth by means of
gas-rich mergers.

9. Comparison with models

To establish the cause of the “age-downsizing” of elliptical
galaxies, according to which the stars in more massive galax-
ies formed earlier and over a shorter period than those in less

massive galaxies, Cattaneo et al. (2008) discuss a model in which
star formation shutdowns in dark matter haloes of mass above
a critical value of ∼1012 M�. However, this model predicts an
evolution in the massive tail of the GSMF of red galaxies that
is more rapid than that of intermediate-mass red galaxies from
z = 1 to z = 0, which is in contrast, at least qualitatively, with our
results (see Ilbert et al. 2010, for a comparison between model
and data).

The same behaviour is clearly visible in Fig. 6 of Fontanot
et al. (2009), which shows that the evolution of the GSMF for
passive galaxies with redshift follows exactly the opposite trends
with mass and cosmic time observed in the data (compare with
our Fig. 16). They also conclude that a robust prediction of
SAM models seems to be that the evolution of less massive
galaxies is slower than for more massive ones, i.e., the mod-
els do not predict “mass-downsizing” but rather the opposite be-
haviour (sometimes called “upsizing”). Here we recall that the
three semi-analytical model renditions considered in Fontanot
et al. (2009) are indeed unable to reproduce the “mass-assembly
downsizing” evolution of observed ETG GSMF, as parametrized
for example by the median building redshift described in the pre-
vious section (Fig. 18).

In Fig. 20, we also show the direct comparison of zCOS-
MOS ETG GSMF with the SAM model predictions for pas-
sive galaxies (log(SSFR/Gyr−1) < −1). Hatched region show
the range covered by the three models from Fontanot et al.
(2009) for the original GSMFs (left panel) and convolved with
0.25 dex uncertainties in the mass estimate (right panel). A more
detailed and quantitative comparison between each model and
data is beyond the aim of this paper. We first note that the
shape of the predicted GSMFs differs from that of the observed
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GSMFs in all the mass and redshift ranges explored. In partic-
ular, the models are unable to recover the steep decline with
decreasing mass in the number densities of passive ETGs, but
instead overproduce their number densities increasingly with
decreasing mass for log(M/M�) < 10.3. This is because in
the models, intermediate-mass galaxies form too early and are
too passive and red at late times. In contrast, at the massive
mass end (log(M/M�) > 11) the original models have the
well-known problem of underestimating the number density of
massive galaxies at high redshift (for z > 0.6 in zCOSMOS
dataset). We show that the convolution with stellar mass uncer-
tainties (0.25 dex) only partially solve the problem at high red-
shift and high masses (log(M/M�) > 11.3), while models con-
tinue to underpredict GSMFs around log(M/M�) ∼ 11−11.3,
where they fail to reproduce the GSMF shape, and overpro-
duce massive galaxies at low redshifts, as already pointed out
by Fontanot et al. (2009). To qualitatively reconcile data and
models at the massive-end, the mass uncertainties would have
to increase rapidly with redshift, which is not the case for most
current surveys with accurate and multi-band photometry that
extends to near-IR rest-frame wavelengths.

We conclude that the three semi-analytical model explored
here (WDL08, MORGANA, and S08) are unable to completely
reproduce either the observed shape of the GSMFs of passive
galaxies or the evolutionary trend. In particular, SAMs overpre-
dict the low-mass ETG number densities and, even if the un-
certainties in M determination partially account for the under-
prediction at high masses and high redshifts, they predict an
evolution with cosmic time that is of an opposite trend with mass
to that observed for the data, i.e., they are unable to reproduce
the later formation and more rapid evolution in number densities
of the lower mass galaxies (“mass-assembly downsizing”).

10. Summary and conclusions

We have investigated the evolution of the galaxy stellar mass
function up to z = 1 in the zCOSMOS 10k bright spectroscopic
survey using VIMOS spectroscopy (∼8500 galaxies with 15.0 <
I < 22.5 over 1.4 deg2) and multiband photometry (from UV
to near-IR). Our main observational results can be summarized
as follows:

– Unveiling bimodality in the GSMF: the shape of the GSMF
is more accurately reproduced by two Schechter functions
at least up to z � 0.55, the maximum redshift at which we
can explore the GSMF upturn due to our mass limit. This
shape is linked to the bimodality in the galaxy properties of
the ETG and LTG populations, which dominate the GSMF,
respectively, at high masses (log(M/M�) > 10.5) and at
low/intermediate-masses up to the highest redshift explored
(z � 1).

– Mass-assembly downsizing: we find a continuous, rapid in-
crease with cosmic time from z � 1 to z = 0 in the
global GSMF for log(M/M�) < 11 (by a factor of ∼2 for
log(M/M�) ∼ 10.5) and a more slow increase (<15%) for
log(M/M�) > 11. A similar but even stronger trend is in-
ferred for the ETG population, i.e., massive galaxies build-
up their stars and mass earlier than lower mass galaxies. We
show that the zbuilding of ETGs increases rapidly withM from
zbuilding ∼ 0.2 to ∼0.8 for log(M/M�) = 10, 10.8, respec-
tively, and is significantly higher (z >∼ 1) for massive ETGs.

– “SFH-evolved GSMF” and mergers: assuming only a
growth in stellar mass driven by exponentially decreasing
star-formation rates, we find that the predicted “SFH-evolved

GSMFs” agree with the observed GSMFs with differences
of at most 20−40%, even if they predict redder colours than
observed, in particular at low redshift. Therefore, mass as-
sembly is controlled primarily by SFH, which can explain
most of the evolution of the GSMF at intermediate-lowM
(log(M/M�) < 10.6). The low residual evolution of the
GSMF is consistent with 0.16 merger per galaxy per Gyr, on
average, with a hint of a decrease with cosmic time but no
clear dependence on mass. Major merging events contribute
in terms of fewer than 0.1 merger/gal/Gyr (∼0.06 on aver-
age) and are, if not marginal, not the dominant evolutionary
process.

– Mcross and the evolution of the LTGs: the intersection
(Mcross) between the GSMFs of the ETG and LTG pop-
ulations decreases with cosmic time. This is due mainly
to a clear increase with cosmic time in the number den-
sity of ETGs, regardless of their classification method, for
log(M/M�) < 11. In contrast, for LTGs the number den-
sity of blue or disc+irregular galaxies shows only a mild or
negligible evolution, while the most extreme population of
star-forming galaxies (those with high specific star forma-
tion) decreases rapidly in number density with cosmic time,
in particular at high mass (log(M/M�) > 10.3).

– Flow to build-up the red population: we have quanti-
fied the flow rate from blue to red population at dif-
ferent redshifts and masses. We have found a growth
rate in number and mass density of the red galax-
ies of about a few 10−4 gal/Mpc3/Gyr/logM and a few
106−107 M�/Mpc3/Gyr/logM for log(M/M�) < 11, and
lower in value above this mass. The corresponding frac-
tion of blue galaxies that, at any given time, are trans-
forming into red galaxies per Gyr is on average ∼25% for
log(M/M�) < 11. This fraction and the growth rate for
red galaxies increases with cosmic time at log(M/M�) =
10.4−10.7 at least for z < 0.7, while it seems to decrease
with cosmic time at higherM (log(M/M�) = 10.7−11).

– ETG evolutionary sequence: using different methods to clas-
sify ETGs, we have found that the number density of qui-
escent galaxies is higher than that of red galaxies, which is
even higher than that of spheroidals for log(M/M�) < 11.
This behaviour suggests that a transformation occurs from
quiescent to red objects, as inferred mainly from SFHs, be-
fore or on a shorter timescales than the morphological tran-
formation, which is most likely primarily driven by dynami-
cal processes.

– Comparison with SAM: semi-analytical models are unable to
fully account for GSMF evolution, in particular for ETGs.
They predict a different shape at any mass and redshift
explored, there being a strong excess of low-mass pas-
sive galaxies and a deficit of high-mass galaxies at high-
z, disagreement that can be only partially resolved by the
bias introduced by uncertainties in the mass determination.
Furthermore, they predict an “upsizing” evolution in num-
ber density with cosmic time, i.e., mass assemply occurring
slower and earlier in low-mass galaxies, which is the oppo-
site of the “downsizing” trend observed in zCOSMOS data
for the GSMF and quantified by zbuilding.

We attempt to summarise our results within a galaxy evolution-
ary scenario that emerges from several observational studies.
It is almost established that there is an age-downsizing of galaxy
stellar populations, according to which less massive galaxies
contain younger stars, which is also applicable to similar spec-
tral/morphological types both among ETGs (Nelan et al. 2005;
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Thomas et al. 2005; Graves et al. 2007; Fontana et al. 2004)
and LTGs (Noeske et al. 2007a,b). Furthermore, we find that
downsizing is also applicable to the mass-assembly, i.e., mas-
sive galaxies assemble their mass in a single object earlier than
low-mass galaxies, both for the global population and for ETGs,
regardless of their definition (in terms of their colours, morphol-
ogy, or SFR activity).

We therefore propose a scenario where intermediate-mass
galaxies (log(M/M�) = 10−11) decrease their star formation
activity to intermediate values gradually (with an e-folding time
τ = 1−3 Gyr) and finally to that of quiescent galaxies, by
means of the exhaustion of either the gas reservoir or cold gas
accretion, or quenching due to AGN feedback. Noeske et al.
(2007a,b) found that the e-folding time is mass-dependent, being
longer for less massive galaxies, which also have a later onset of
the SFH. Therefore, if no other mechanism intervenes to again
switch on the star-formation activity (e.g., re-juvenation hypoth-
esis, Hasinger et al. 2008), they evolve to have red colours on a
timescale of 1−2 Gyr and finally undergo a dynamical morpho-
logical transformation into spheroidal galaxies.

In this scenario, massive galaxies (log(M/M�) > 11), in par-
ticular ETGs, are already in place at z = 1, and their GSMF
exhibit negligible evolution thereafter. In contrast, the number
density of intermediate-mass ETGs continues to increase with
cosmic time (by a factor ∼4−2 from z = 0.7 to z = 0.2
for log(M/M�) = 10.3−10.7) with a growth rate of a few
10−4 gal/Mpc3/Gyr/logM and a few 107 M�/Mpc3/Gyr/logM.
We have found that the most likely evolutionary process to ex-
plain our results is the transformation from blue to red galax-
ies by means of the smooth decrease or the quenching of
the SFR (as described above), followed by a morphological
transformation probably by means of internal dynamical pro-
cesses, such as disc instabilities. Major merger events are un-
likely to be able to explain why colour transformation precedes
the morphological one. In contrast, blue galaxies at low mass
(log(M/M�) < 10) continue to grow in stellar mass, because
of their high SSFR, and replace intermediate-mass LTGs, whose
density remains almost constant in time. We have found that only
a small fraction of low-mass (log(M/M�) ∼ 10) blue galaxies
need to transform into red galaxies to explain the observed ETG
growth rate at least at z ≥ 0.4. Merger events (minor and ma-
jor) contribute with a rate of ∼0.16 merger/gal/Gyr on average
(of which fewer than 0.1 are major) to form galaxies at redshifts
lower than z ∼ 1.

Following a schematic diagram, as originally proposed by
Faber et al. (2007), this scenario is presented in Fig. 21. The
dominant processes are the transformation with cosmic time
of blue star-forming galaxies of progressively lower mass to
red passive galaxies according to their SFH. Different evolu-
tionary tracks are plotted between 0.1 and 10 Gyr and refer
to constraints on their inferred SFHs with different timescales
(longer for less massive galaxies) and normalized to the total fi-
nal mass (Mtot). As examples that only qualitatively reproduce
our data, we show tracks for models with (τ; log(Mtot/M�)) =
(0.1; 11.5), (0.3; 11.0) [solid red curves]; (0.6; 10.7), (1; 10.3),
(2; 10.0) [short dashed green curves]; (5; 11), (10; 10), (15; 9)
[long dashed blue curves].

We conclude that the build-up of galaxies, and ETGs in
particular, follows the same “downsizing” trend with mass
(i.e., occurring earlier in high-mass galaxies) of the forma-
tion of their stars, which is the opposite of that predicted by
current SAM models. The SAM LCDM models, with rapid
galaxy growth, possibly overestimate the merger rate within ha-
los (and underestimate the time-scale for merging). Our analysis

Fig. 21. Schematic scenario for galaxy evolution. Different ellipses
refer to different redshifts and galaxy populations, while different
evolutionary tracks are plotted between 0.1 and 10 Gyr and refer
to SFHs with different timescales and normalized to the total final
mass ((τ; log(Mtot/M�)) = (0.1; 11.5), (0.3; 11.0) [solid red curves];
(0.6; 10.7), (1; 10.3), (2; 10.0) [short dashed green curves]; (5; 11),
(10; 10), (15; 9) [long dashed blue curves].

also suggests that morphological transformation should occur on
longer timescales than colour transformation. Merging processes
are not marginal but their frequency (∼0.16 merger/gal/Gyr of
which <0.1 are major) appears to decrease with redshift, while
no strong dependence on mass has been found, in disagreement
with SAM models (Wang & Kauffmann 2008; Stewart et al.
2009). The prevailing galaxy formation and evolutionary sce-
nario is therefore moving towards one in which a smoother evo-
lution in mass growth and star formation (due to accretion of
cold gas) and minor merger play a more important role than ma-
jor merging events. In this scenario, however, it appears quite
difficult to explain the “fine-tuning” of the transformation of
low-mass into intermediate-mass blue galaxies required to en-
sure that their number density remains almost constant at any
given mass. In this scenario, we expect negligible evolution of
the galaxy baryonic mass function (GBMF) for the global pop-
ulation at all masses and a decrease with cosmic time in the
GBMF for the blue galaxy population at intermediate-to-high
masses.
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Kovač, K., Lilly, S. J., Knobel, C., et al. 2010a, ApJ, 718, 86
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