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ABSTRACT

Aims. We trace the evolution and the star formation history of passive red galaxies, using a subset of the VIMOS Public Extragalactic
Redshift Survey (VIPERS). The detailed spectral analysis of stellar populations of intermediate-redshift passive red galaxies allows
the build up of their stellar content to be followed over the last 8 billion years.
Methods. We extracted a sample of passive red galaxies in the redshift range 0.4 < z < 1.0 and stellar mass range 10 < log(Mstar/M�)
< 12 from the VIPERS survey. The sample was selected using an evolving cut in the rest-frame U−V color distribution and additional
cuts that ensured high quality. The spectra of passive red galaxies were stacked in narrow bins of stellar mass and redshift. We use
the stacked spectra to measure the 4000 Å break (D4000) and the Hδ Lick index (HδA) with high precision. These spectral features
are used as indicators of the star formation history of passive red galaxies. We compare the results with a grid of synthetic spectra to
constrain the star formation epochs of these galaxies. We characterize the formation redshift-stellar mass relation for intermediate-
redshift passive red galaxies.
Results. We find that at z ∼ 1 stellar populations in low-mass passive red galaxies are younger than in high-mass passive red galaxies,
similar to what is observed at the present epoch. Over the full analyzed redshift range 0.4 < z < 1.0 and stellar mass range 10
< log(Mstar/M�) < 12, the D4000 index increases with redshift, while HδA gets lower. This implies that the stellar populations are
getting older with increasing stellar mass. Comparison to the spectra of passive red galaxies in the SDSS survey (z ∼ 0.2) shows that
the shape of the relations of D4000 and HδA with stellar mass has not changed significantly with redshift. Assuming a single burst
formation, this implies that high-mass passive red galaxies formed their stars at z f orm ∼ 1.7, while low-mass galaxies formed their
main stellar populations more recently, at z f orm ∼ 1. The consistency of these results, which were obtained using two independent
estimators of the formation redshift (D4000 and HδA), further strengthens a scenario in which star formation proceeds from higher to
lower mass systems as time passes, i.e., what has become known as the downsizing picture.

Key words. galaxies: formation – galaxies: evolution – galaxies: stellar content

1. Introduction

According to the Hubble (1936) empirical tuning-fork diagram,
elliptical (E) and lenticular (S0) galaxies form a group known as
early-type galaxies (ETGs). Originally, the separation between
ETGs and spiral galaxies was purely based on the lack of spiral
arms in optical images (Sandage 1961). However, with our im-
proved understanding of galaxy properties, the early-type popu-

? based on observations collected at the European Southern Obser-
vatory, Cerro Paranal, Chile, using the Very Large Telescope under
programs 182.A-0886 and partly 070.A-9007. Also based on obser-
vations obtained with MegaPrime/MegaCam, a joint project of CFHT
and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT),
which is operated by the National Research Council (NRC) of Canada,
the Institut National des Sciences de l’Univers of the Centre National
de la Recherche Scientifique (CNRS) of France, and the University of
Hawaii. This work is based in part on data products produced at TER-
APIX and the Canadian Astronomy Data Centre as part of the Canada-
France-Hawaii Telescope Legacy Survey, a collaborative project of
NRC and CNRS. The VIPERS web site is http://www.vipers.
inaf.it/.

lation can be defined making use of a number of galaxy physical
properties. Most commonly ETGs are described as red galaxies
with old and passively evolving stellar populations and with no
(or a negligible) sign of star formation. In the local Universe,
they are the most massive galaxies and host most of the stel-
lar mass (Baldry et al. 2004). These properties make them ideal
laboratories to trace the history of stellar mass assembly and
formation. Although the properties of ETGs have been exten-
sively studied, leading to the discovery of a number of correla-
tions among them, such as the so-called fundamental plane, the
color-magnitude relation, the Kormendy relation, or the Faber-
Jackson relation (e.g., Dressler et al. 1987; Djorgovski & Davis
1987; Faber 1973; Kormendy 1977; Jeong et al. 2009; Porter
et al. 2014), the physical process involved in their formation and
evolution are still under debate.

Historically, two extreme scenarios for the star formation
history (SFH) of ETGs have been proposed. The classical mono-
lithic collapse assumes that all parts of elliptical galaxies were
formed at the same time after the gravitational collapse of one
or more clumps of gas. According to this model the bulk of stars
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was formed during a violent burst at high redshift, followed by a
passive evolution (Chiosi & Carraro 2002; Romano et al. 2002;
Kaviraj et al. 2005). The alternative hierarchical model postu-
lates that the galaxy formation is a continuous process and indi-
vidual galaxies have assembled their mass gradually through hi-
erarchical merging of lower mass units and gas accretion, where
most of the stellar mass of the ETGs are assembled at relatively
low redshift (Davis et al. 1985; White et al. 1987; De Lucia et al.
2006). As a consequence, the fact that massive ETGs have been
observed at relatively high redshift (e.g., Papovich et al. 2006;
Conselice et al. 2011; Ilbert et al. 2013) has often been consid-
ered evidence of an anti-hierarchical evolutionary scenario for
these objects.

In practice, over the last two decades, it has been shown that
stellar mass plays a fundamental role in regulating star formation
history (and therefore the evolution) of galaxies with low stellar
mass systems having a star formation history significantly more
extended in time than their high stellar mass counterparts (e.g.,
Cowie et al. 1996; Gavazzi & Scodeggio 1996; Thomas et al.
2002; Kauffmann et al. 2003). As a result of this mass depen-
dent evolution, generally known as downsizing (Cowie et al.
1996), stars were formed earlier and faster in massive galax-
ies, and therefore these systems completed their star forma-
tion at higher redshifts than lower mass galaxies. Furthermore
one needs to consider the possibility that star formation history
and mass assembly history do not necessarily proceed along the
same path in a hierarchical scenario. Therefore it becomes neces-
sary to extend the downsizing concept to stellar mass assembly;
i.e., more massive galaxies have assembled their stellar masses
before less massive galaxies (this is called mass-downsizing;
Cimatti et al. 2006). Evidence in favor of the downsizing sce-
nario has been presented by a number of authors (e.g., Ren-
zini 2006; Pozzetti et al. 2010; Cimatti 2007, 2009; Moresco
et al. 2010; Fritz et al. 2009, 2014). The most recent studies
suggest that the most massive ETGs (with stellar masses > 1011

M�) have assembled their masses at relatively high redshifts and
that most of these were already in place since at least z ∼ 1
(e.g., Pozzetti et al. 2010). However, Thomas et al. (2005, 2010)
have shown that the most massive galaxies in the local Universe
(log(Mstar/M�) ∼ 12) were formed at redshift 3 - 5, in contrast
with less massive galaxies (log(Mstar/M�) ∼ 10.5) that formed
at z ∼ 1.

One of the most direct methods to study the evolution of
galaxies and their SFH is based on the measurements of the
4000Å spectral break (hereafter D4000) and of the Balmer ab-
sorption line index HδA. These two spectroscopic indices are
commonly used as age indicators, not only for ETGs, but for the
totality of the galaxy population (e.g., Hamilton 1985; Balogh
et al. 1999; Bruzual & Charlot 2003; Kauffmann et al. 2003;
Moresco et al. 2012). The 4000Å break is the strongest discon-
tinuity in the optical spectrum of a galaxy and is caused by the
accumulation of a large number of absorption lines in a narrow
wavelength range, mainly including ionized metals. In young,
hot stars the elements are multiply ionized and the line opaci-
ties decreases. This is reflected in the strength of D4000, which
is small for young stellar populations and becomes larger for
older galaxies. It means that the break that occurs at 4000Å is
correlated with the age of the stellar population. However, the
age effects are often confused with the impact of metallicity, as
the increase of metallicity may also result in stronger absorption
features. A galaxy becomes redder, as its grows old and more
stars move to the giant branch, but also as metallicity increases
since the stellar photosphere become less transparent, which re-

sults in cooling of the stars. The inability to unambiguously sep-
arate the two effects (age and metallicity), well known as the
age-metallicity degeneracy (Worthey 1994), makes the determi-
nation of the age of the stellar population complicated. Different
color indices are degenerated for old stellar populations (above
age of 5 Gyr), while an increase/decrease of the age of popula-
tion by a factor of three affects indices in a way that is practically
identical with an increase/decrease in metallicity by a factor of
two. This effect is commonly known as 3/2 rule (Worthey 1994).
The D4000 feature is also not fully discriminatory in the sepa-
ration of age and metallicity effects. The mean metallicity sen-
sitivity parameter, the age change, which is needed to balance
the metallicity change so that the index remains constant, is on
the level of 1.3 (with larger numbers indicating greater metallic-
ity sensitivity, Worthey 1994) This degeneracy may make dating
of old stellar populations unreliable. Thus a realistic spread of
metallicities or at least high order Balmer lines (like Hδ or Hγ)
should be included in the models for better age and metal dis-
crimination.

The Hδ absorption line can also be used to date stellar pop-
ulations. The line is hidden in galaxies with an ongoing star for-
mation because of the dominance of hot O and B stars, which
have weak intrinsic absorption lines (Balogh et al. 1999), in the
galaxy spectrum, and the filling of the absorption feature by the
emission coming from HII regions. After the star formation ac-
tivity stops, the equivalent width of Hδ absorption line strongly
increases, reaching a maximum (almost 10Å) when the domi-
nant stellar population in a galaxy consists mainly of the type
A stars (approximately 1 Gyr after the termination of star for-
mation activity), and then decreases continuously as the stellar
population ages even further (Le Borgne et al. 2006). Also in
this case, metallicity plays an important role to determine the
strength of the line, as the mean metallicity sensitivity parameter
for Hδ line is 0.8–1.1 (Worthey & Ottaviani 1997). The Hδ is
more suitable as an age indicator then D4000, as its age sensitiv-
ity is higher. This makes the Hδ line a very useful tool to study
the age of stellar populations and to analyze the SFH of any type
of galaxies.

Stellar ages determined on the basis of spectral features may
also suffer from dust effects (Worthey 1994). However, ETGs
have little dust and, therefore, we do not expect their D4000 and
HδA to be affected by dust attenuation (e.g., MacArthur 2005).

Used together measurements of D4000 and the Hδ line allow
for a significantly improved separation of galaxies into their two
main families with respect to a simple morphological classifica-
tion: those with an ongoing star formation and those without an
ongoing star formation. Studies of the conditional density distri-
butions of D4000 and Hδ features as a function of stellar mass
have shown that local Universe galaxies have a well-defined
transition mass of 3 × 1010M� above which red galaxies with
high surface mass densities contain mainly an old stellar popu-
lation, which dominates the overall galaxy population. However,
below this mass blue, low surface mass densities galaxies with
ongoing star formation, dominate the scene (Kauffmann et al.
2003). Earlier results based on galaxy color and morphology had
shown indications of a similar partitioning (e.g., Scodeggio et al.
2002), but could not identify such a clear transition between the
two populations.

In this paper we extend the analysis of Kauffmann et al.
(2003) by presenting a study of the star formation history for a
large sample of red passive galaxies (ETGs selected based on the
colors) with redshift ranging from 0.4 to 1.0 and stellar masses
from 1010 to 1012 M�. Our analysis is based on the two spectral
features (D4000 and Hδ) measured on the composite spectra of

Article number, page 2 of 17



M. Siudek et al.: VIPERS: Star formation history of passive red galaxies

passive red galaxies extracted from the VIPERS spectroscopic
dataset (Guzzo et al. 2014). We compare the spectroscopic prop-
erties of the stacked spectra with a grid of synthetic models to
constrain the redshift of formation for these objects. To check
the global evolution of passive red galaxies from z = 0.1 to
z = 1.0, we compare the results with those obtained for passive
red galaxies selected from the SDSS survey. In terms of volume
and sampling VIPERS can be considered the z ∼ 1 equivalent of
current state-of-the-art local (z < 0.2) surveys such as the 2dF-
GRS (Colless et al. 2001) and Sloan Digital Sky Survey (SDSS;
Abazajian et al. 2009; York et al. 2000). Thus, we are able to
trace the SFH of passive red galaxies with a comparable statisti-
cal significance.

The paper is organized in the following way. In Sect. 2 we
present the VIPERS data sample and describe the procedure for
the selection of the passive population. In Sect. 3 we introduce
the two spectral indicators, 4000Å break and Hδ line, and de-
scribe the methodology for co-adding spectra. In Sect. 4 we
present our results of the analysis of the spectral indicators. We
show the trends of these features in different redshift and stel-
lar mass ranges for the passive red galaxies sample and compare
these trends to the spectral properties of local passive red galax-
ies. We independently estimate the redshift of formation based
on D4000 and Hδ line indices by comparing them with a grid of
synthetic spectra. In Sect 5 we present a summary of our anal-
ysis. In App. A we show how the selection criterion may affect
our results.

In all the presented analysis, magnitudes and colors are given
in the Vega system unless specified otherwise. Our cosmological
framework assumes Ωm = 0.30, ΩΛ = 0.70, and h70 = H0/(70
kms−1Mpc−1).

2. Data and sample description

2.1. VIPERS

Our work is based on the galaxy sample from the VIMOS Pub-
lic Extragalactic Redshift Survey (VIPERS, Guzzo et al. 2014).
This spectroscopic survey was designed to map in detail the
large-scale spatial distribution and properties of galaxies over
an unprecedented volume of 5 × 107h−3Mpc3 at 0.5 < z < 1.5.
In total almost 100,000 galaxies were observed to provide a rel-
atively high sampling rate (∼ 40%, Guzzo et al. 2014) of the
underlying galaxy population, which is composed of galaxies
with i′AB < 22.5 over an area of ∼ 24 deg2 and is contained
within fields W1 and W4 of the Canada-France-Hawaii Tele-
scope Legacy Survey (CFHTLS)1. A simple and robust pre-
selection in the (u − g) versus (r − i) color-color plane was
used to efficiently remove galaxies with z < 0.5 (Guzzo et al.
2014; Garilli et al. 2014) from the parent photometric sam-
ple. Spectroscopic observations were carried out with the VIsi-
ble Multi-Object Spectrograph (VIMOS; Le Fèvre et al. 2003)
mounted on the ESO Very Large Telescope, using the multi-
object spectroscopy (MOS) mode with the low-resolution red
grism (λblaze = 5810Å, R = 230, 1′′ slit) yielding a spectral cov-
erage between 5500 and 9500Å with an internal dispersion of
7.14Å pixel−1 (Scodeggio et al. 2005). The detailed survey de-
scription can be found in Guzzo et al. (2014). The first data re-
lease (hereafter PDR12) has been already published and detailed
information about the VIPERS sample can be found in Garilli

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://vipers.inaf.it/rel-pdr1.html

et al. (2014). The VIPERS database system and data reduction
pipeline are described in Garilli et al. (2012).

The analysis presented in this paper is based on the VIPERS
internal data release version 5, which contains spectroscopic
measurements for 76,045 objects from the W1 and W4 fields,
which corresponds to 85% of the final sample.

2.2. Luminosities and stellar masses of VIPERS galaxies

Stellar masses for the VIPERS sample were estimated via spec-
tral energy distribution fitting (hereafter SEDs; Davidzon et al.
2013, 2016) using the Hyperzmass code (Bolzonella et al. 2000).
The program was used to fit model SEDs to the multi-band pho-
tometry (in the filters u∗, g

′

, r
′

, i
′

, z
′

,Ks) and to select the best fit-
ting template on the basis of the lowest derived χ2 value. A grid
of SED models was built on the basis of stellar population syn-
thesis models from Bruzual & Charlot 2003 (hereafter BC03),
adopting the Chabrier initial mass function (Chabrier 2003) with
nonevolving stellar metallicity and with either constant or expo-
nentially declining star formation histories. In order to model the
galaxy dust content, both the Calzetti et al. (2000) and Prévot-
Bouchet (Prevot et al. 1984; Bouchet et al. 1985) extinction laws,
with extinction magnitudes ranging from 0 (corresponding to no
dust) up to 3, were used. For a more detailed description of the
VIPERS SED fitting procedure we refer to Davidzon et al. (2013,
2016). Absolute magnitudes were computed starting from the
apparent magnitude in the photometric filter that most closely
matches the selected rest-frame band to which a k correction was
applied based on the best-fitting model SED (details in Davidzon
et al. 2013; Fritz et al. 2014).

2.3. Selection of passive red galaxies

A strong bimodality in many galaxy properties, including colors
(e.g., Bell et al. 2004, Balogh et al. 2004b, Franzetti et al. 2007),
Hα (Balogh et al. 2004a), [OII]λ3727 emission (Mignoli et al.
2009), 4000Å break (Kauffmann et al. 2003), or star formation
history (Brinchmann et al. 2004) has been observed at least up to
z ∼ 1.5. These observed bimodalities allow for a relatively sim-
ple separation of galaxies into red- and blue-type populations.
However, as shown for example by Renzini (2006), ETG sam-
ples selected according to different criteria (photometry, mor-
phology, and spectroscopy) do not fully overlap. For example,
out of the spectroscopically selected SDSS ETGs, only 55% sat-
isfy the equivalent morphological selection, and 70% the equiv-
alent color criterion (Renzini 2006, Table 1). As a result, sam-
ples of ETGs selected by different methods are roughly similar,
but not all the same (Moresco et al. 2013). The most important
reason behind these differences is the fact that most ETG sam-
ples are affected by some level of contamination that primarily
comes from dust-reddened galaxies with relatively low levels of
star formation activity, and this contamination may strongly af-
fect the derived mean properties of the ETGs population. It has
been shown that a contamination at the level of a few percent
from young stars can drastically alter the colors and spectra of
a passive population even if the majority of its mass is provided
by old stars (Trager et al. 2000). Therefore, to derive meaning-
ful mean properties for the population of ETGs it is essential to
build a sample with contamination as low as possible, even at the
cost of a reduced sample completeness.

In case of our analysis we are focused on the ETGs selected
based on colors rather than morphology, and therefore we use
nomenclature red, blue, and green galaxies. General criteria to
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separate the red- and blue-type galaxy populations within the
VIPERS dataset were already discussed by Fritz et al. (2014). In
this work we focus on a sample of passive red galaxies with the
lowest possible contamination and with the best possible result-
ing completeness (better than 75%), up to z = 1. Thus, we base
our passive red galaxies selection on the so-called bimodality cri-
terion of Fritz et al. (2014). In that work it was shown, based on a
comparison between a full spectrophotometric classification and
a simple color selection criterion, that it is possible to use a cut
in galaxy U −V color that evolves with redshift (e.g., Wolf et al.
2009; Peng et al. 2010) to obtain a sample of red passive galax-
ies with almost constant and high (∼ 85%) completeness up to
z = 1 and a contamination from intermediate (green valley) and
blue galaxies that remains lower than 10% until z = 0.8 and then
reaches ∼ 30% at higher redshifts. This bimodality criterion dif-
fers from similar criteria used in other works. It separates galax-
ies into three classes (red, blue, and green types) with the goal to
reduce the contamination by galaxies that have not yet reached
the purely passive evolution stage of red passive galaxies. As
a result of this choice, the U − V color cut used to isolate red
passive galaxies does not coincide with the value at the position
of the local minimum in the global galaxy color distribution. Of
course, since different populations overlap in the boundary re-
gion, it is possible that this specific color cut could lead to some
level of sample incompleteness, which would manifest itself as
a loss of a fraction of the bluest objects among the true red pas-
sive galaxies. A quantitative estimate of the effects that this pos-
sible incompleteness could have on our results is presented in
Appendix A.

Our initial sample consists of VIPERS galaxies from the W1
and W4 fields covering the redshift range 0.4 < z < 1.0, and
with VIPERS redshift measurement confidence flag (z f lg) 3 and
4. As shown by Guzzo et al. (2014), flags 3 and 4 are not sep-
arable and indicate a reliable redshift measurement correspond-
ing to a confidence in the redshift measurement at the level of
99.6%. This confidence flag selection is effectively a selection
in spectra signal-to-noise (S/N) ratio and is dictated by the spec-
tral features measurement criteria on stacked spectra discussed
in Sect. 3.2. Given the wavelength range used for spectra nor-
malization (4010 − 4600Å in the rest frame; see Sect. 3.2) and
the spectral coverage of the VIPERS survey (5500−9500Å), we
decided to limit our sample to galaxies with redshift z < 1 to
measure both spectral features of interest (Hδ and D4000) with
the same quality. The variable U − V color cut from Fritz et al.
(2014) is given by the relation (U − V) = 1.1 − 0.25× z (color in
Vega system), and results in a sample of 8,174 candidate passive
red galaxies.

This sample is further pruned to reduce residual contamina-
tion from star-forming galaxies and to eliminate spectra that are
not suitable for the stacking procedure. In particular we removed
from our sample those spectra that are affected by stronger
than average noise in the rest-frame wavelength range, in which
D4000 and Hδ are measured (3850 − 4250Å), because of either
fringing, strong sky subtraction residuals, or the presence of a
zeroth-order spectrum from a bright object located in an adja-
cent MOS slit. We eliminated 3,295 galaxies affected by such
defects (40.3% of the passive galaxy sample). Moreover, we per-
formed a visual inspection of all remaining spectra, and rejected
all those showing some evidence of ongoing star formation via
the presence of the Hδ and the [OII]λ3727 line in emission. This
final pruning has lead to the rejection of additional 888 spectra
from our sample (10.9% of the passive galaxy sample).

The resulting final sample of passive red galaxies with high
quality spectra is composed of 3,991 galaxies. Fig. 1 shows, for
different redshift bins, the rest-frame U − V color distributions
for the full VIPERS sample (in gray) for the sample of candidate
passive red galaxies obtained using the U−V color cut (in dashed
blue) and for final sample of passive objects with high quality
spectra (in red).

One further independent check on the residual presence of
dusty red spirals inside our passive galaxy sample was carried
out using the Sersic index derived for VIPERS galaxies (Krywult
et al. 2016) using r-band CFHTLS images. We estimate the pos-
sible contamination by dusty spiral galaxies, identified as those
with measured Sersic index n < 1.5, to be less than 6% and,
therefore, we decided against any further pruning of our passive
galaxy sample. The choice of a relatively low value for the Sersic
index boundary is justified by the fact that the index measure-
ments, carried out on ground-based images, are biased toward
lower values than typically measured for fully resolved galaxies
in the local Universe or for high-redshift objects observed with
the Hubble Space Telescope (HST).

Finally, we examined the possibility that the VIPERS sam-
ple definition, based on cuts in the g, r, i color-color plane ( (r −
i) > 0.5 · (u − g) or (r − i) > 0.7, Guzzo et al. 2014), could bias
our passive galaxy sample over the redshift range 0.4 < z < 0.6,
where the completeness of the full VIPERS sample gradually
changes from zero to 100%. As it turns out this color-color cut,
which is removing bluer than average galaxies in that redshift
range, is not affecting our passive galaxy sample. In fact we ob-
serve that the distribution of the D4000 break in individual pas-
sive galaxy spectra is independent from the distance that these
galaxies have from the above color-color cut, and therefore we
conclude that our passive galaxy sample is not significantly bi-
ased toward extremely red (and therefore old) objects even in the
redshift range 0.4 < z < 0.6 .

3. Methodology

3.1. Spectral indicators

In this work we use the D4000 and Hδ indicators as tools to
reconstruct the star formation history of passive red galaxies. We
adopt the narrow definition of the D4000 spectral indicator that
is presented in Balogh et al. (1999) because it is less sensitive
to the reddening effect in comparison to the definition presented
by Bruzual (1983). We denote this index as D4000n and define
it as the ratio between the continuum flux densities in a red band
(4000 − 4100Å) and a blue band (3850 − 3950Å),

D4000n =

(λblue
2 − λblue

1 )
λred

2∫
λred

1

Fνdλ

(λred
2 − λ

red
1 )

λblue
2∫

λblue
1

Fνdλ

, (1)

The spectral regions used to calculate D4000n are indicated in
blue in Fig. 2.

For the Hδ line we use the Hδ Lick index (hereafter HδA),
one among a set of 21 spectral indices known as the Lick-IDS
system (Worthey et al. 1994), defined by Worthey & Ottaviani
(1997) as

HδA = (λ2 − λ1) · (1 − FI/FC), (2)
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Fig. 1: Distribution of rest-frame U − V color of the initial sample of VIPERS galaxies (in gray), the passive galaxy sample defined
solely on the basis of U − V color (in blue), and the final ETG sample (in red) in different redshift bins in the range of 0.4 < z < 1.0
as labeled in each panel. The separation of red, passive galaxies from blue late-type galaxies was defined by an evolving cut in the
U − V color distribution (Fritz et al. 2014). Colors are given in the Vega system.
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Fig. 2: Exemplary stacked spectrum of passive red galaxies
taken from the VIPERS database in the wavelength range 3800
- 5000Å. Blue shaded areas show the ranges used to evaluate the
D4000n break. Red regions correspond to pseudocontinua for the
HδA, while the hatched area shows the HδA bandpass.

where FI is defined as the continuum flux minus the absorp-
tion and FC is the continuum flux; λ2 − λ1 corresponds to the

width of the bandpass used to measure the index. The absorp-
tion line strength is obtained by comparing measurements of the
spectral flux in the central feature bandpass and in two flanking
pseudocontinuum regions. For the HδA index the feature range
is 4083.50 - 4122.25Å, the blue continuum range is 4041.60 -
4079.75Å, and the red continuum range is 4128.50 - 4161.00Å.
The spectral regions used to calculate this index are indicated in
red in Fig. 2.

3.2. Stacking procedure

The typical S/N ratio of VIPERS spectra is enough to measure
the strength of the 4000Å break in individual spectra accurately,
but it is not sufficient to detect or measure the Hδ line with suf-
ficient accuracy. Thus, we co-added individual galaxy spectra to
construct a high S/N ratio composite spectrum, as carried out in
previous studies on the evolution of stellar populations in galax-
ies over the redshift range 0 < z < 1.5 (e.g., Schiavon et al.
2006; Sánchez-Blázquez et al. 2009; Onodera et al. 2012, 2015;
Andrews & Martini 2013; Moresco et al. 2013; Choi et al. 2014;
Price et al. 2014).

Fabello et al. (2011) have found that stacking spectra pro-
vides the means to measure spectral features up to one order of
magnitude below the detection limit for individual spectra, be-
fore non-Gaussian noise becomes dominant, or even deeper if
the noise is well characterized (Delhaize et al. 2013). Co-adding
the rest-frame spectra of N galaxies should reduce the root mean
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Fig. 3: Final numbers of VIPERS spectra of passive red galaxies
for different redshift and stellar mass bins. Bins with insufficient
number of galaxies (< 20), shown in red, are not used in the
following analysis.

square (rms) noise of the resulting spectrum as 1/
√

N up to
N ∼ 300. When stacking more galaxies, the non-Gaussian noise
dominates and the rms of the resulting spectrum is still reduced,
but at a lower rate (Fabello et al. 2011). Thus, if we co-add a
sufficient number of galaxies, the Hδ line becomes measurable
in the final stacked spectra, even if it is indistinguishable from
the noise in the single object observations. Given the relatively
large sample of VIPERS passive red galaxies we have available
(3,991 objects), we are able to stack spectra in narrow redshift
and stellar mass bins, partitioning our dataset in the following
way:

– six redshifts bins (δz = 0.1 from 0.4 to 1.0),
– six stellar mass bins (δMstar = 0.25 dex over the range of

10.00 < log(Mstar/M�) < 11.25 and a wider bin in the range
of 11.25 < log(Mstar/M�) < 12.00 because of the relative
scarcity of high-mass passive red galaxies. The lower stel-
lar mass limit is set to log(Mstar/M�) = 10.00 owing to the
overall mass limit of the spectroscopic VIPERS sample.

A table with the number of passive red galaxies in each stellar
mass and redshift bin is shown in Fig. 3.

The stacking procedure we applied to VIPERS passive
galaxy spectra can be described as follows: (1) individual spectra
are shifted to rest frame and resampled to a constant dispersion
and a common wavelength grid, (2) a scaling factor is derived for
each spectrum using the median flux computed in a wavelength
region between 4010 and 4600Å, (3) individual rest-frame spec-
tra are normalized by dividing the flux at all wavelengths by the
above scaling factor. With this scaling we preserve the equivalent
width of lines, but not their total flux; (4) the stacked spectrum is
obtained by computing the mean flux from all individual spec-
tra at all wavelengths in the common wavelength grid, and (5)
the final stacked spectrum is rescaled by multiplying the flux at
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Fig. 4: Distribution of standard deviations for HδA (upper panel)
and of rms of noise around Hδ line as a function of the num-
ber of co-added spectra. The red dashed line represents 3 times
the standard deviation calculated for spectra composed of all
360 galaxies (upper panel) and median rms of noise reduced by
1/
√

N (lower panel).

all wavelengths by the average value of the individual spectra
scaling factors.

To quantify the minimum number of spectra that needs to be
stacked to provide a robust mean spectrum (in terms of measure-
ments of the HδA index) within a given stellar mass and redshift
bin, we performed a test using the set of 360 galaxies in the red-
shift range 0.6 < z < 0.7 and stellar mass in the range 10.5 <
log(Mstar/M�) < 10.75. We divided this set into independent sub-
sets, which are all composed of a given number of galaxies, and
obtained a stacked spectrum for each subset. We then measured
the HδA index and the noise in the spectral continuum around
the Hδ line on each stacked spectrum. Finally, we computed the
mean value and standard deviation of all these measurements and
repeated the same exercise for different sizes of the independent
subsets; the number of galaxies in each subset could be 2, 4, 6, 8,
10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80, re-
sulting into 180, 90 60, 45, 36, 24, 18, 14, 12, 10, 9, 8, 7, 6, 5, 5,
4, and 4 independent stacked spectra, respectively. The distribu-
tions of the standard deviation in the HδA index measurements,
and of the average continuum rms noise around the Hδ line as
a function of subset size are shown in Fig. 4. The red dashed
line in the upper panel represents three times the uncertainty in
the HδA index measurement calculated on the stacked spectrum
obtained using all the 360 galaxies, whereas in the lower panel
it represents the expected reduction of the spectral continuum
noise in the stacked spectra by a factor of 1/

√
N. Based on the

results of this test we conclude that to obtain a stacked spectrum
that allows a reliable measurement of spectral features, which are
representative of the true mean properties of passive red galaxies
in a given stellar mass and redshift bin, we need to co-add at least
20 individual spectra. Bins with insufficient number of galaxies
are indicated in red in Fig. 3.

The VIPERS passive red galaxies stacked spectra are shown,
limited to the wavelength range 3700 - 4600Å, grouped by red-
shift bins, in Fig. 5, and grouped by stellar mass bins in Fig. 6.
Based on those two figures we can see that there is considerably
more variation among the spectra as a function of stellar mass
(at fixed redshift, Fig. 5) than there is as a function of redshift (at
fixed stellar mass, Fig. 6). The low-mass passive red galaxies are
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Fig. 5: Stacked spectra of VIPERS passive red galaxies in fixed redshift bins and different stellar mass bins. Rest-frame spectra were
normalized in the region 4010 < λ < 4080 and 4125 < λ < 4200 Å.

much bluer and have stronger features around λ ∼ 3800Å than
the higher mass counterparts. Although in this work we are fo-
cusing only on the HδA and D4000n features, we can see that the
stacked spectra of VIPERS passive galaxies contain significantly
more information, which will be exploited in a future paper.

3.3. Spectral features measurement uncertainties

Uncertainties on the spectral features measurements carried out
on stacked spectra must include the effects of population vari-
ance inside each stellar mass and redshift bin, alongside the
pure statistical uncertainty owing to the finite S/N ratio of the
stacked spectra themselves. To include this population variance
effect in our uncertainty estimates we used a Monte Carlo (MC)
approach. For each redshift and stellar mass bin we produced
500 different stacked spectra by drawing individual spectra from
the total dataset with the possibility of repetition, keeping the
number of drawn spectra equal to the total number of individual
spectra. We then measured D4000n and HδA for each stacked
spectrum, and obtained the standard deviation of the measure-
ments for each spectral feature. Since this scatter due to popula-
tion variance is always larger than the statistical uncertainty of
the measurement on the stacked spectrum, we adopted the 1σ of

the distribution of HδA and D4000n measurements on the MC
stacks as the true value for the uncertainty of our measurements.

3.4. The SDSS comparison sample

To investigate evolutionary trends, we extend our redshift base-
line including a local sample of passive red galaxies from the
SDSS dataset. We used the DR12 CAS database3, from which
we have extracted photometric and emission line measurements,
the values of stellar mass, and HδA and D4000n measurements
for all galaxies in the redshift range 0.15 < z < 0.25. Spectral
indicators were measured on single rest-frame spectra using the
same definitions as for the VIPERS sample (see Sect. 3.1). Stel-
lar masses for the SDSS sample were estimated using a Bayesian
statistical approach and based on a grid of models similar to that
outlined by Kauffmann et al. (2003). As spectra were measured
through a 3 arcsec aperture, the models were based only on the
galaxy photometry, rather than on the spectral indices used orig-
inally by Kauffmann et al. (2003). A Kroupa (2001) IMF was
adopted for the SDSS mass estimates, which may introduce a

3 http://skyserver.sdss.org/dr12/en/
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Fig. 6: Stacked spectra of VIPERS passive red galaxies in fixed stellar mass bins and different redshift bins. Rest-frame spectra were
normalized in the region 4010 < λ < 4080 and 4125 < λ < 4200 Å.

slight systematic mean offset with respect to the VIPERS stellar
mass scale for which a Chabrier (2003) IMF was assumed4.

In order to apply the same photometric selection criteria to
the SDSS sample as that used for the VIPERS passive galaxy
sample, we first k corrected the ugriz SDSS model magnitudes.
Magnitudes are estimated using an independent galaxy model
(the better of the exponential or de Vaucouleurs fits in the r
band) and convolved with the band-specific point spread func-
tion (PSF). The model magnitudes are recommended to use for
measuring galaxies colors, which should not be biased in the
absence of color gradients. We used k corrections provided by
the SDSS Photo-z catalog in DR12, which are based on tem-
plate fitting methods as described in Oyaizu et al. (2008). Then
we applied a correction for Galactic extinction computed follow-
ing Schlegel et al. (1998) and finally we derived absolute U and
V magnitudes in the Vega system for each galaxy, following the
conversion recipes provided by Jester et al. (2005). By applying
the Fritz et al. (2014) U − V color selection criterion discussed
in Sect. 2.3 to the sample of SDSS galaxies described above,
we obtained a sample of 72,810 SDSS passive red galaxies. A
further check on the presence of significant Hα and [OII]λ3727

4 The scaling factor from a Chabrier (2003) to a Kroupa (2001) IMF is
∼ 1.1 (Davidzon et al. 2013).

equivalent width in the galaxy spectrum (EW(Hα) < 5Å and
EW([OII]λ3727 < 5Å) has lead to the rejection of 62 galax-
ies, for a final SDSS comparison sample composed of 72,748
galaxies, which we can use as local counterpart of the VIPERS
sample.

We did not build stacked SDSS spectra because the S/N ratio
of individual SDSS spectra is large enough to provide reliable
D4000n and HδA measurements for the single galaxies. There-
fore we simply obtained a linear fit for the D4000n and HδA ver-
sus stellar mass relations to be used as a comparison with similar
relations obtained for the VIPERS passive red galaxies.

4. Results

4.1. Dependence of spectral features on stellar mass

Before examining the age difference between low- and high-
mass passive red galaxies, we look first at the change of spectral
features as a function of stellar mass. The HδA and D4000n mea-
surements derived from the VIPERS stacked spectra are plotted
as a function of stellar mass in Fig. 7, where the stellar mass
value being plotted is the median value for all galaxies within
each bin described in Sect. 3.2. The error bars are taken from
Monte Carlo simulations described in Sect. 3.3. In the same fig-
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ure we also plot the linear fit for HδA and D4000n as a function
of stellar mass for the SDSS passive red galaxies comparison
sample (blue dashed line),

A strong dependence of the two spectral indicators on both
stellar mass and redshift is clearly seen in the two plots. Passive
galaxies at lower redshift have a stronger D4000n and a weaker
HδA with respect to galaxies at higher redshift within any stellar
mass bin. This evolution in spectral features implies that, as ex-
pected for a population of passively evolving galaxies, the lower
redshift stellar populations are older than their higher redshift
counterparts. A detailed analysis of the epoch when stars formed
in these systems is presented in Sect. 4.4. At the same time mas-
sive passive red galaxies have a stronger D4000n break and a
weaker HδA than the lower mass galaxies, within any redshift
bin, with both spectral indicators varying almost linearly as a
function of stellar mass.

The highest stellar mass bins in the redshift range 0.4 < z <
0.6 tend to have high D4000n values well above the value one
would expect based on the observed trends at lower masses or
higher redshift (see Fig. 7a). We do not have any obvious reason
to reject these data points, other than to notice that the number of
galaxies within these two specific bins is very small. Therefore
any currently undetected incompleteness that might be present in
our sample would affect these small samples comparatively more
than all the other, more richly populated, bins (see Sect. 2.3).

The slopes of D4000n and HδA- stellar mass relations (S D,
S H , respectively) do not change significantly in the VIPERS red-
shift range. Thus, we combine the full VIPERS sample to derive
single slope values for the D4000n and HδA- stellar mass rela-
tions.

The D4000n-stellar mass relation found for VIPERS galaxies
is in agreement with that found for zCOSMOS ETGs at a similar
redshift (Moresco et al. 2010). The mean difference in D4000n
between stellar mass 10.2 < log(Mstar/M�) < 10.8 and redshift
range 0.4 < z < 1.0 (to be consistent with the Moresco et al.
(2010) computation) is in fact almost identical to that found for
zCOSMOS (0.11± 0.02, 0.10 ± 0.02, respectively).

Taking advantage of the size of the VIPERS sample,
we can extend our internal comparison to higher stellar
masses and lower redshift. The mean difference in D4000n for
the whole stellar mass (between log(Mstar/M�) ∼ 10.18, and
log(Mstar/M�) ∼ 11.34) and redshift (0.4 < z < 1.0) ranges is
equal to 0.19± 0.04 and is very well matched with the mean dif-
ference we can deduce from the linear fit computed for the SDSS
sample (0.17 ± 0.01).

The dependence of spectral features on mass does not show
any significant evolution from z ∼ 1 to z ∼ 0. Both slopes are
consistent within error bars with those we obtained for the SDSS
comparison sample (S D = 0.141 ± 0.002, S H = −1.141 ± 0.023,
blue dashed lines in Fig. 7). A quantitative comparison between
slopes of D4000n and HδA- stellar mass relations for low- and
high-redshift red passive galaxies is presented in Appendix B.

Our results confirm the dependence of the 4000Å break on
stellar mass among red passive galaxies first discussed for galax-
ies in the local Universe by Kauffmann et al. (2003) and later
observed for galaxies in the redshift range 0.45 < z < 1.0
by Moresco et al. (2010). Now, taking advantage of the large
VIPERS dataset, we extended these results. Here we can see
with good accuracy how this dependence remains basically un-
changed over the whole redshift range 0 < z < 1, except for the
global shift (as a function of cosmic time) toward higher D4000n
values introduced by the aging of the passively evolving red pas-
sive galaxy stellar populations. A new result of this work is that
this evolution is completely mirrored by the evolution of the HδA

index, which becomes weaker with increasing stellar mass and
also shows the signature of a passive evolutionary scenario over
the whole redshift range 0 < z < 1.

As the main driver for the evolution of both spectral indices
is the aging of stellar populations in galaxies (see Kauffmann
et al. 2003), we can conclude that we find clear indications
that, on average, passive red galaxies with lower masses have
younger mean ages. Before we consider this as a strong confir-
mation of the downsizing scenario, in which high-mass passive
red galaxies are populated by older stellar populations than low-
mass galaxies, we also need to consider the possible effect of
changes in metallicity on the D4000n evolution, which we dis-
cuss in Sec. 4.4.

4.2. The HδA - D4000n relation

In the previous section we discussed how the two spectral in-
dices, D4000n and HδA, qualitatively delineate the same evolu-
tionary scenario for the VIPERS passive red galaxies population,
both as a function of stellar mass and redshift. Here we directly
examine the connection between the two indices, which appear
to be very tightly correlated over the full range of stellar masses
and redshifts covered by the VIPERS sample, as shown in Fig. 8.
A small offset is instead present between the VIPERS and the
SDSS data, which is probably due to a combination of the differ-
ent methods of measuring the indices (VIPERS stacked spectra
with respect to to SDSS single spectra) and of the further aging
of the stellar population between the VIPERS lowermost redshift
bin and the SDSS mean redshift.

This correlation is consistent with previous low-redshift re-
sults (e.g., Kauffmann et al. 2003; Le Borgne et al. 2006): low-
mass passive red galaxies have weaker D4000n and stronger
HδA than their high-mass counterparts. This implies that they
are dominated by relatively younger stellar populations, which
are the result of a more recent star formation activity; this is dis-
cussed further in Sect. 4.4. We can also observe a significantly
larger scatter in HδA at fixed D4000n when the D4000n value is
below approximately 1.65 to 1.7. The value of stellar mass that is
associated with this range of D4000n values, within the redshift
bins we are sampling with our data (see Figs. 7 and 8), corre-
sponds very closely to so-called transition mass, where the mass
functions of the star-forming and quiescent galaxy populations
cross (above the transition mass quiescent galaxies are the most
numerous population, while below that mass star-forming galax-
ies become dominant). In the local Universe the transition mass
has been estimated to be 3 · 1010 M� (Kauffmann et al. 2003;
Bell et al. 2007, shown with a blue dashed ellipse in Fig. 8), but
this value has been shown to increase with redshift (Bundy et al.
2005; Pannella et al. 2009; Muzzin et al. 2013; Davidzon et al.
2013), reaching ∼ 1011 M� at z ∼ 1 (Pannella et al. 2009, in-
dicated with a red dashed ellipse in Fig. 8). The axes of these
ellipses correspond to the error bars of the estimates for the two
spectral features in the stellar mass bin coinciding with the tran-
sition mass at the given redshift.

We consider this connection between the scatter in the HδA
versus D4000n relation and the transition mass as evidence of a
specific evolutionary pattern for the passive red galaxies popu-
lation. Above the transition mass, where no significant contami-
nation from recently quenched massive star-forming galaxies is
to be expected for the passive red galaxies population, they seem
to form a rather homogeneous population with their evolution
restricted to a pure passive evolution of their stellar populations.
Below the transition mass, where instead some contamination
from recently quenched star-forming galaxies is to be expected,
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Fig. 7: D4000n and HδA as a function of stellar mass for VIPERS stacked spectra of passive red galaxies. The linear fits to the whole
VIPERS sample and to the SDSS sample are shown as brown dot-dashed and blue dashed lines, respectively. The slopes and relative
uncertainties of the linear relationships between spectral features D4000n and HδA (S D and S H), respectively, and the stellar mass
for the local SDSS sample and for the VIPERS sample are annotated.

the passive red galaxies population appears to be less homoge-
neous with the HδA index indicating the presence of a larger
range of star formation histories.

We find further evidence for this scenario by analyzing the
scatter in HδA index values within single stellar mass and red-
shift bins. We divided the VIPERS passive galaxy samples be-
longing to the lowest and highest mass bin into five subsam-
ples, sorted on the basis of the individual spectrum D4000n mea-
surements, and then we obtained a stacked spectrum for each
subsample, measured the HδA index on these stacked spectra,
and compared the scatter in the measurements between the low-
est and highest mass sets. The result is that within the lowest
mass passive red galaxies the scatter in HδA index is 30 to 40%
larger than what is observed within the highest mass counter-
parts, which is a clear indication that the low-mass passive red
galaxies form a population that is significantly less homoge-
neous than that composed by the high-mass galaxies.

4.3. Metallicity dependences

Before we can confidently claim that our results, discussed in the
previous two sections, are to be considered a confirmation of the
downsizing scenario, providing evidence that massive galaxies
have older stellar populations than less massive galaxies all the
way up to z ∼ 1, we need to consider the possible effects on those
results of a systematic change in the metallicity of the stellar
populations as a function of galaxy stellar mass.

To this purpose, we estimated the influence of the varia-
tion in stellar metallicity from the comparison of our spectral
features measurements with those derived for a grid of syn-
thetic galaxy spectra, based on BC03 models covering a range
of metallicities. The synthetic spectra were generated using the
Padova 1994 stellar evolutionary tracks and the high-resolution
STELIB spectral library with a star formation history assumed
to be a single burst with a timescale τ = 0.1, 0.2, 0.3 Gyr. For
each value of τ, a set of synthetic spectra was obtained for stel-
lar ages in the range from 1 to 10 Gyr, with steps of 0.25 Gyr.
For the grid of model spectra, we calculated D4000n and HδA

using the same definitions and tools discussed in Sect. 3.1. We
then obtained the nominal D4000n and HδA-stellar age relations
based on these measurements for the BC03 models with metal-
licities, log(Z/Z�) = 0.4, log(Z/Z�) = 0.0, log(Z/Z�) = −0.4,
log(Z/Z�) = −0.7 (see Fig. 9),

Spectral features (especially HδA) are sensitive to the spec-
tral resolution of the spectra. Thus, we matched the resolution
between the model and the real VIPERS spectra. The resolu-
tion of the BC03 models we used is 3Å across the wavelength
range from 3200Å to 9500Å. This is significantly higher than
that of the VIPERS spectra that were obtained using the VIMOS
LR-Red grism, which provides a resolving power of approxi-
mately 230. For our target galaxies, covering the redshift range
from 0.5 to 1 with spectral features observed in the wavelength
range from 6000 to 8500Å; this translates into a resolution for
the rest-frame spectra ranging from 13 to 16Å. We have chosen
therefore to downgrade the resolution of the BC03 models to a
common value of 14Å, which provides an excellent match to our
stacked spectra, as shown in Fig. 10, where we have overplotted
a synthetic spectrum with the age of 3 Gyr on a VIPERS stacked
spectrum .

To estimate the variations of stellar metallicity as a function
of galaxy stellar mass we used the work of Gallazzi et al. (2014),
who have estimated a mean metallicity for passive high-mass
(1011 M�) galaxies of log(Z/Z�) = 0.07 ± 0.03, at a mean red-
shift z = 0.7 with a relatively flat slope of the metallicity versus
stellar mass relation (0.11 ± 0.10).

Considering fixed metallicity at the level of solar metallic-
ity, the observed change in D4000n as a function of stellar mass,
shown in Fig 7a, would correspond to the mean age difference
between the high- and low-mass VIPERS passive red galaxies
of approximately 2 Gyr. On the other hand, the mean change of
metallicity for the highest stellar mass bin on the level of 0.1 in
log(Z/Z�) would result in the expected change of D4000n equal
to ±0.06 for galaxies with stellar age ∼ 4 Gyr. According to Gal-
lazzi et al. (2014), the slope of the stellar metallicity-mass rela-
tion for passive galaxies equals to 0.15 ± 0.03 and 0.11 ± 0.10
at z=0.1, and z=0.7, respectively. Such a slope, and change in
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Fig. 8: HδA as a function of D4000n for different redshift and stellar mass bins obtained for VIPERS stacked spectra. Error bars
were obtained on the basis of Monte Carlo simulations. Values of HδA for SDSS passive red galaxies obtained from the linear fit of
HδA-stellar mass relation for median stellar mass bins. D4000n values were obtained in an analogous way. Error bars were derived
from the uncertainties of the linear fits. The spectral feature strength expected for galaxies with stellar mass corresponding to the
transition mass at which the mass functions of the star-forming and quiescent galaxy populations cross is indicated with blue, black,
and red ellipses at z ∼ 0.1, z ∼ 0.7, z ∼ 1, respectively. The error bars of the estimated spectral features for transition masses
correspond to the areas of ellipses.

D4000n , give a predicted slope of D4000n-mass relation on the
level of 0.07, and 0.10, again for z=0.1, and z=0.7, respectively.
These values compose a significant fraction of the slope mea-
sured for the VIPERS sample (S D = 0.164±0.031, see Sect. 4.1).
Thus, we can conclude that the D4000n-mass relation is chang-
ing because of the variation both in the age and metallicity of
stellar populations in passive red galaxies, however, we are not
able to clearly distinguish both effects. We do not consider sig-
nificant for our results the small evolution of stellar metallicity
with redshift that we can expect within the redshift range cov-
ered by our sample, since within these passive red galaxies the
bulk of the stars were already formed at higher redshifts. This
implies no significant changes of metallicity in comparison to
the local Universe (e.g., Carson & Nichol 2010; Gallazzi et al.
2014). Moreover, the solar metallicity was also observed for qui-
escent galaxies at z = 2 (Toft et al. 2012). Thus, we assume the
stellar metallicity evolving with mass at all redshift bins. We ex-
pect solar metallicity for our sample up to 1011 M� and a change
on the order of 0.07 and 0.1 log(Z/Z0) for the higher mass bins
of ∼ 1011.1, ∼ 1011.4 M�, respectively.

4.4. Signatures of downsizing

We estimated the epoch of the last starburst (redshift of forma-
tion, hereafter: z f orm) for the VIPERS passive red galaxies, based
on the spectral feature measurements carried out on the VIPERS
stacked spectra. The measured values were compared with the
values obtained from the BC03 models with a Chabrier IMF and
SFH assuming a single burst (with the same assumptions as in
Sect. 4.3, i.e., with τ =0.1,0.2, 03 Gyr and metallicity evolving
with mass). As z f orm is calculated from the D4000n and HδA-
age relations obtained from BC03 models with a single burst
of star formation, its value corresponds to the representative ap-
proximate epoch of the last major star formation episode within
our passive red galaxies population. As such, it does not carry
any information on the actual formation epoch. The real redshift
of formation and SFH for these galaxies are likely to be more
complex than a single burst at z f orm, however, we adopt this def-
inition of galaxy formation following the standard practice used
in most recent studies on this subject (e.g., Onodera et al. 2015;
Jørgensen & Chiboucas 2013).

In Fig. 11 the redshift of formation as a function of stellar
mass for the VIPERS passive red galaxies derived from D4000n
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Fig. 9: D4000n and HδA as a function of stellar age derived from a grid of synthetic spectra (BC03 model) are plotted assuming
stellar metallicity: log(Z/Z�) = 0.4, log(Z/Z�) = 0.0, log(Z/Z�) = −0.4, log(Z/Z�) = −0.7. The model assumes Chabrier IMF and
one single stellar burst with timescales τ = 0.1, 0.2, 0.3 Gyrs. Dashed lines correspond to τ = 0.1, and 0.3 Gyrs, while the solid
ones to τ = 0.2 Gyr. Gray areas correspond to the ranges of D4000n and HδA obtained for VIPERS stacked spectra of passive red
galaxies.

Fig. 10: VIPERS exemplary stacked spectrum is shown as black
line. A synthetic spectrum with a single burst of duration τ = 0.2
Gyr, solar metallicity, and age of 3 Gyr is overplotted in red.
The high-resolution model was downgraded to the resolution of
∼ 14Å.

(left panel) and HδA (right panel) measurements for a star for-
mation burst of duration τ = 0.2 Gyr and for solar metallicity
are shown. The error bars correspond to the different length of
the burst (τ = 0.1, and 0.3 Gyr),

As shown in Fig. 11, the redshift of formation increases with
the increasing stellar mass in the same redshift bins. Neglect-
ing the small change in metallicity with stellar mass may some-
what affect the estimate of z f orm for high-mass passive red galax-
ies. High-mass galaxies may appear older than low-mass galax-
ies when fitted with a single metallicity model, thus we assume
metallicity dependence on stellar mass. We follow Gallazzi et al.
(2014) to avoid z f orm overestimation for high-mass galaxies. We
use slightly super-solar metallicities of 0.07 and 0.1 log(Z/Z�)
for ∼ 1011.1, ∼ 1011.4 M� passive red galaxies, respectively. We

z
∼ 1010.2 [M�] ∼ 1011.4 [M�]

D4000n HδA D4000n HδA

0.4 < z < 0.5 0.79+0.06
−0.06 0.88+0.05

−0.05 - -
0.5 < z < 0.6 0.88+0.06

−0.07 0.95+0.07
−0.07 1.74+0.25

−0.19 2.19+0.58
−0.40

0.6 < z < 0.7 1.10+0.07
−0.08 1.36+0.19

−0.12 1.54+0.10
−0.09 1.78+0.34

−0.20
0.7 < z < 0.8 1.16+0.10

−0.11 1.16+0.11
−0.10 1.49+0.08

−0.07 1.66+0.14
−0.11

0.8 < z < 0.9 - - 1.63+0.09
−0.08 1.81+0.20

−0.14
0.9 < z < 1.0 - - 1.68+0.09

−0.08 1.81+0.20
−0.14

0.4 < z < 1.0 0.98+0.07
−0.08 1.08+0.10

−0.08 1.62+0.12
−0.10 1.85+0.29

−0.27

Table 1: Epoch of the last starburst estimated from the compar-
ison of D4000n and HδA derived for the VIPERS low-mass and
high-mass passive red galaxies with the corresponding values
obtained from BC03 model assuming stellar metallicity evolv-
ing with mass (0.1 log(Z/Z�) for the highest stellar mass bin).
The error bars correspond to different burst duration (τ = 0.1
and 0.3 Gyrs).

decide to ignore the effect of the deviation from solar metallicity
at the low-mass end of our sample, which is populated by rela-
tively young galaxies, since for younger stellar population ages
the effect of metallicity on both HδA and D4000n is negligible (as
it can be seen in Fig. 9). Since we could exclude that trend would
be due entirely to a change of mean metallicity as a function
of stellar mass, we conclude that z f orm increases with increasing
stellar mass. This result is independent from the z f orm calculation
method; both HδA and D4000n provide similar trends, which is
also a consistency check for our method.

Another interesting trend is observed in Fig. 11: the redshift
of formation increases with increasing redshift of observation in
the same stellar mass bins. This scaling is especially visible for
the less massive systems. This tendency is observed indepen-
dently of the spectral feature used to derive z f orm, thus it cannot
only be explained by a metallicity effect. This result may be a
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Fig. 11: Redshift of formation as a function of stellar mass for a sample of VIPERS passive red galaxies. The error bars correspond
to different burst duration (τ = 0.1 and 0.3 Gyrs). Both calculations were based on the BC03 model assuming stellar metallicity
evolving with mass (0.1 log(Z/Z�) for the highest stellar mass bin)
. The cyan areas correspond to the 1σ weighted distribution of redshift of formation obtained for individual spectra for redshift bin
0.7 < z < 0.8 and different stellar mass bins.

consequence of the progenitor bias; the progenitors of some low-
redshift passive red galaxies were still spiral galaxies or merger
systems at high redshift and, therefore, were not yet part of the
passive sample. Thus, the high-redshift elliptical galaxies would
be a biased subpopulation of the low-redshift galaxies, since
they include only the oldest progenitors of the low-redshift el-
liptical galaxies. This bias may result in an underestimation of
the true evolutionary track of passive red galaxies. As a conse-
quence, passive red galaxies at higher redshift may have a higher
mean z f orm than a sample observed at lower redshifts (e.g., van
Dokkum & Franx 2001; Moresco et al. 2012).

The redshift of formation for VIPERS passive red galaxies in
the lowest and highest stellar mass bins derived from the analy-
sis of D4000n and HδA are reported in Tab. 1. Our estimates im-
ply that massive galaxies (log(Mstar/M�) ∼ 11.4) formed their
stars at z f orm ∼ 1.7, while less massive passive red galaxies
(log(Mstar/M�) ∼ 10.2) formed their stars at z f orm ∼ 1.0. Tak-
ing into account that we are not focused on single galaxies, but
we use a stacking to obtain a set of "average" galaxies for dif-
ferent redshifts and stellar mass bins, the estimated redshift of
formation should be interpreted as the average property of the
bulk of the stellar population of passive red galaxies. The scatter
of the z f orm of stellar populations in individual galaxies is likely
distributed around the mean redshift derived for stacked spectra.
To quantify the scatter of the z f orm distribution, we calculated
z f orm for single galaxies on the basis of their D4000n measure-
ments for all stellar mass bins (10 < log(Mstar/M�) < 12) for
the redshift bin 0.7 < z < 0.8. The ±1σ range for distribution
of z f orm weighted by exp(−σ2

z f orm
/2) is indicated with cyan areas

in Fig. 11a. According to this scatter, the derived mean redshift
of formation should be interpreted as the representative epoch,
while stellar populations in individual passive red galaxies were
formed in the range of −0.34, +0.57 from the mean value ob-
tained for stacked spectra at 0.7 < z < 0.8.

The estimated redshifts of formation for low-mass and high-
mass passive red galaxies using the two age spectral indicators
(see Tab. 1) are in agreement within error bars. Finding similar

epochs of formation based on two independent measurements is
an important robustness test that reduces the chance of system-
atic errors. This also implies that the estimation of one of the age
indicators (D4000n or HδA) is sufficient to establish an epoch of
formation for the stellar populations in the intermediate-redshift
passive red galaxies.

4.5. Comparison with literature

The large majority of studies devoted to obtaining an estimate
of the formation epoch for ETGs are focused on nearby and,
therefore, relatively bright and easy to observe galaxies. How-
ever for these objects the fossil record of the past star formation
activity is difficult to interpret, mostly because of the severe de-
generacy between age and metallicity of the stellar population.
This degeneracy is expected to become less relevant for high-
redshift samples, as the observation epoch gradually approaches
the epoch of star formation, and therefore a certain number of
studies have been carried out recently to address this question
targeting high-z ETGs. The first attempts to derive a formation
epoch for ETGs in the redshift range 0.4 < z < 1.3 were based
on the modeling of the evolution of the fundamental plane rela-
tion for cluster ETGs. Assuming that the evolution of the funda-
mental plane reflects purely the passive evolution of the galax-
ies mass-to-light ratio, it is possible to estimate the formation
epoch for the galaxy population, which is generally located at
z f orm & 2 (e.g., van Dokkum & van der Marel 2007; Saglia et al.
2010; Jørgensen & Chiboucas 2013). More recently it has be-
come possible to obtain formation epoch estimates by directly
modeling the evolution of spectral features in ETGs spectra (e.g.,
Moresco et al. 2010; Choi et al. 2014; Onodera et al. 2015), but
in most cases this exercise has been limited to samples composed
of a few tens of galaxies. Notwithstanding the large uncertainties
associated with these estimates, a general agreement between the
various studies exists both on the epoch of ETGs formation and
on the relative age difference as a function of stellar mass. The
overall picture of z f orm as a function of stellar mass, including
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Fig. 12: Mean epoch of the last starburst derived from the
D4000n and HδA features estimated for VIPERS passive red
galaxies observed at 0.4 < z < 1.0 as a function of stellar
mass. Error bars represent the standard deviation within each
stellar mass bin. Formation redshifts of stellar populations in
intermediate-redshift passive red galaxies derived by Onodera
et al. (2015), Jørgensen & Chiboucas (2013), and Moresco et al.
(2010) are shown by black pentagon, stars, triangles, respec-
tively. Redshifts of formation at which 50% of the stellar mass of
SDSS ETGs was formed as computed by Thomas et al. (2010)
are shown with gray circles. Errors correspond to the difference
in z f orm of 50% and 80% of the stellar mass. Epochs of star
formation in local quiescent galaxies established by Choi et al.
(2014) are shown with gray diamonds.

our own redshift of formation estimates, which was obtained by
averaging together the estimates for our six redshift bins at each
stellar mass value, is shown in Fig. 12.

Our findings, together with results from previous studies,
create a consistent picture of the z f orm-stellar mass relation. On-
odera et al. (2015) established z f orm at the level of 2.3 for a
stacked spectrum of 24 massive (2.3 ·1011 M�), quenched galax-
ies observed in the redshift range 1.25 < z < 2.09 by comparing
its Lick indices with Thomas et al. (2011) models. A similar red-
shift of formation has been derived for three massive, quenched
galaxies in clusters at z = 0.54, 0.83, and 0.89 by Jørgensen &
Chiboucas (2013). Their calculations were also confirmed by an
independent analysis on spectral Lick indices. Jørgensen & Chi-
boucas (2013) have found that redshift of formation is higher
for higher mass galaxies (z f orm ∼ 1.24 for galaxies with stellar
mass ∼ 1010.55 M�, and z f orm ∼ 1.95 for galaxies with stellar
mass ∼ 1011.36 M�). These results, obtained at a similar mean
redshift as for VIPERS sample, correlates very well with our
estimation of redshift of formation. The trend of z f orm increas-
ing with stellar mass has been also found by Moresco et al.
(2010), who have estimated z f orm ≤ 1 for intermediate-redshift
low-mass (log(Mstar/M�) ∼ 10.25) and z f orm ∼ 2 for high-mass
(log(Mstar/M�) ∼ 11) ETGs from zCOSMOS survey.

Moreover, van Dokkum & van der Marel (2007) have found
z f orm ∼ 2.01 after correcting for a progenitor bias for massive
(1011 M�) ETGs in clusters observed at 0.18 < z < 1.28. These
results are all consistent with the trend observed for z f orm-stellar
mass relation established for the VIPERS passive galaxies.

The epoch of star formation established from the analysis of
local passive red galaxies is lower with respect to z f orm derived
from the intermediate-redshift studies at given stellar mass (see
Fig. 12). Thomas et al. (2010) have found that 50% of stellar
mass of low-mass (log(Mstar/M�) ∼ 10) SDSS ETGs has been
formed at z f orm ≤ 1, while for high mass (log(Mstar/M�) ∼ 11.6)
at z f orm ∼ 2. This result is in agreement with that obtained
by Choi et al. (2014), who have found z f orm ≤ 1.5 for quies-
cent SDSS galaxies via a full spectrum fitting of stacked galaxy
spectra within a redshift range 0.1 < z < 0.7. This trend of z f orm
increasing with stellar mass obtained for local quiescent galax-
ies is also found for intermediate-redshift galaxies. The z f orm of
SDSS galaxies are somewhat lower at given stellar mass, which
may be a consequence of a progenitor bias.

Our findings confirm that z f orm of ETGs is shifting to higher
values with increasing mass. The transition mass derived for lo-
cal and intermediate-redshift galaxies (3 · 1010 M� at z ∼ 0.2 and
5 · 1010 M� at z ∼ 0.7, Kauffmann et al. 2003; Pannella et al.
2009) appears to coincide with the region where the z f orm ver-
sus stellar mass relation becomes flatter. Above the transition
mass the population of quiescent galaxies is dominated by old,
passive red galaxies with no sign of star formation. Thus, for
these groups we do not see any major change in their proper-
ties and z f orm-stellar mass relation follows a specified trend. On
the other hand, below the transition mass, we find passive red
galaxies with younger stellar populations. The properties of this
population may be affected by the presence of a small fraction of
galaxies that only recently became passive red galaxies because
below the transition mass the star-forming galaxies represent the
dominant population.

5. Summary

In this work we present the first results of our study of star
formation history of passive red galaxies in the redshift range
0.4 < z < 1. For a reliable estimation of star formation history of
passive red galaxies it is essential to face two main challenges:
to select a non-contaminated and complete sample of passively
evolving galaxies over the wide redshift range and to estimate
their stellar ages. To achieve this goal

– We selected a unique, pure sample of 3,991 passive red
galaxies in the redshift range from 0.4 up to 1.0 with stel-
lar masses 10.00 < log(Mstar/M�) < 12 based on a bimodal
color criterion with an evolving cut (Fritz et al. 2014) and
additional quality ensuring cuts (see Sect. 2.3).

– We performed a spectral analysis based on D4000n and HδA
and their dependence on stellar mass and compared them
with the data from the local Universe to create a continu-
ous picture of star formation history of passive red galaxies
in the redshift range 0.1 < z < 1.0.

– We found that both D4000n and HδA display a strong and
almost linear dependence on stellar mass (see Fig. 7).

– We extended, compared to previous works (Moresco
et al. 2010), the analysis of the dependence of D4000n
on stellar mass and redshift to higher stellar mass
(log(Mstar/M�) ∼ 11.3) and lower redshift (z ∼ 0), finding a
dependency that is consistent with what is found in the local
Universe (〈∆D4000n〉 = 0.19±0.04, 〈∆HδA〉 = −1.57±0.44).

– Our analysis confirms the downsizing scenario, as the red-
shift of formation increases with stellar mass, and massive
galaxies have older stellar populations than less massive
galaxies, with metallicity variations with stellar mass provid-
ing only a relatively minor perturbation to this overall evolu-
tionary picture.
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– We found that z f orm is shifting to higher values with decreas-
ing redshift of observation, which may be a consequence of
a progenitor bias.

– We estimated the single-burst star formation epoch as z f orm ∼

1.7 for massive ETGs ((log(Mstar/M�) > 11), while for less
massive galaxies we obtained z f orm ∼ 1.0. These results are
in agreement with previous estimates based on the model-
ing of the evolution of the fundamental plane relation, or on
spectral indicators such as those used in our analysis. We
also find a very good agreement between the two estimates
of z f orm obtained on the basis of two independent measure-
ments of age indicators: HδA and D4000n.
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Appendix A: Estimation of the bias caused by
sample selection

There are a number of different criteria to select passive galax-
ies. In our paper we used a rather restrictive criterion to min-
imize the contamination of red passive galaxies by blue, star-
forming galaxies. To estimate the possible influence of a sample
selection on our results, we extended our group of red passive
galaxies by including less red VIPERS galaxies in the redshift
range 0.8 < z < 0.9. To select these additional galaxies, we fit
the rest-frame U − V color distribution of VIPERS galaxies in
this redshift bin with a two-Gaussian mixture model5 and select
a group between the place where the blue and red distributions
cross and the bimodal cut adopted in our work (see Fig. A.1).
We selected 13, 90, 44, 26, 8 galaxies fulfilling our additional
selection criteria as for original sample (i.e., spectra without any

5 http://scikit-learn.org/stable/modules/mixture.html

defects in the rest-frame wavelength range 3850 − 4250Å and
without any sign of star formation activity) for stellar mass bins
10.25 < log(Mstar/M�) < 10.50, 10.50 < log(Mstar/M�) < 10.75,
10.75 < log(Mstar/M�) < 11.00, 11.00 < log(Mstar/M�) < 11.25,
11.25 < log(Mstar/M�) < 12.00, respectively. Exemplary distri-
bution of rest-frame U − V color for VIPERS passive galaxies,
also including a part of less red population, is shown in Fig. A.2.
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Fig. A.1: Distribution of rest-frame U − V color of VIPERS
galaxies in redshift bin 0.8 < z < 0.9 is shown in gray. The
dashed blue and solid red lines represent the Gaussian compo-
nents corresponding to blue and red galaxy populations, respec-
tively. The horizontal dashed red lines correspond to the separa-
tion of red passive galaxies between the crossing with blue dis-
tribution and an evolving cut in U −V (Fritz et al. 2014) adopted
in this paper. Colors are given in the Vega system.
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Fig. A.2: Distribution of rest-frame U − V color of VIPERS red
passive galaxies in stellar mass range 10.50 < log(Mstar/M�) <
10.75 and redshift range 0.8 < z < 0.9.

We repeated our analysis; we co-added spectra also includ-
ing in our sample less red passive galaxies and calculated spec-
tral features in the same way as for the sample used in the pa-
per (see Sect. 3). The HδA obtained for a sample selected in a
less restrictive way stay in agreement within error bars with the
result obtained for the sample used in the paper for all stellar
mass bins. The difference between D4000n is less than 1σ. The
D4000n change affects only slightly the D4000n-mass relation
(see Fig. A.3), resulting in a change in a slope lower than 1σ
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(S D = 0.204 ± 0.025, S D = 0.227 ± 0.020 for the sample used
in the paper, and for the extended sample, respectively). Thus,
the bias introduced by lower completeness in respect to bluer
part of passive galaxies population does not change our results
significantly.
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Fig. A.3: D4000n as a function of stellar mass for VIPERS
stacked spectra of passive red galaxies. The linear fits to the sam-
ple used in the paper and to sample including the less red part of
the galaxy population are shown as red and blue dashed lines,
respectively.

Appendix B: Influence of aging on the slopes of
D4000n and HδA- stellar mass relation

The slopes of relations between two spectral indices used in our
analysis (D4000n and HδA) and stellar mass are similar for pas-
sive red galaxies observed in the local Universe and at z ∼ 1.
However, if the changes in D4000n (or HδA) were entirely due
to stellar age differences, where high-mass galaxies are ∼ 2 Gyr
older than low-mass galaxies, the D4000n- stellar mass relation
should be steeper at higher redshift, as the D4000n- stellar age
relation is steeper at lower D4000n/ages (see Fig. 9). Indeed, the
slope of the D4000n-stellar age relation is two times higher for
VIPERS than for SDSS red passive galaxies (S age, Tab. B.1). To
derive those slopes, we fit the relation in the region of stellar
ages obtained on the basis of comparison of D4000n measured
for the full VIPERS sample and for SDSS with the values ob-
tained for the grid of synthetic spectra with solar metallicity (see
Sect. 4.4 and Fig. 9). Assuming such a slope and derived age
difference, we obtained the slope of D4000n-stellar mass relation
(S mass, Tab. B.1). The expected slopes stay in agreement with the
slope obtained for D4000n-stellar mass relation (S D, Tab. B.1).
However, if we want to find the same population of red passive
VIPERS galaxies in the local Universe, we expect the slope of
D4000n-stellar mass to be lower than that observed for SDSS red
passive galaxies. This relation is not evolving because the differ-
ence in age between low- and high-mass bins changes. This may
be an effect of the progenitor bias, which causes the youngest
red passive galaxies observed in the local Universe to drop out of
the high-redshift sample and, therefore, results in a smaller ob-
served age difference. The number density of the most massive
red passive galaxies is almost constant, while for low masses it
increases by a factor of 2-3 between z ∼ 1 and z ∼ 0 (Pozzetti

z S age ± σS age S mass ± σS mass S D ± σS D

D4000n

z ∼ 0.15 0.066 ± 0.004 0.151 ± 0.014 0.141 ± 0.002
z ∼ 0.75 0.136 ± 0.008 0.172 ± 0.010 0.164 ± 0.031

HδA

z ∼ 0.15 -0.329 ± 0.010 -1.119 ± 0.034 -1.141 ± 0.023
z ∼ 0.75 -1.480 ± 0.116 -1.399 ± 0.110 -1.353 ± 0.376

Table B.1: Slopes of D4000n-stellar mass relation (S D) are in
agreement with those expected from the D4000n-stellar age re-
lation (S mass). The sames goes for HδA.

et al. 2010; Moresco et al. 2013). Thus, the age difference for red
passive galaxies at z ∼ 1 is lower than for the local Universe.
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