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Nicolás Cardiel,3 Antonio Cava,3 Ignacio Ferreras,5 Guillermo Barro,3,6 Laurence Tresse,7

Emanuele Daddi,8 Javier Cenarro,9 Christopher J. Conselice,10 Rafael Guzḿan,11
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ABSTRACT
We report on results from the analysis of a stellar mass-selected (log(M∗/M⊙) > 9.0) sample
of 1644 galaxies at 0.65<z<1.1 with ultra-deep (mAB<26.5) optical medium-band (R∼50)
photometry from the Survey for High-z Absorption Red and Dead Sources (SHARDS). The
spectral resolution of SHARDS allows us to consistently measure the strength of the 4000 Å
spectral break [Dn(4000), an excellent age indicator for the stellar populations of quiescent
galaxies] for all galaxies atz∼0.9 down to log(M∗/M⊙)∼9. The Dn(4000) index cannot be
resolved from broad-band photometry, and measurements from optical spectroscopic surveys
are typically limited to galaxies at least×10 more massive. When combined with the rest-
frame U-V colour, (U-V)r, Dn(4000) provides a powerful diagnostic of the extinction affecting
the stellar population that is relatively insensitive to degeneracies with age, metallicity or star
formation history. We use this novel approach to estimate de-reddened colours and light-
weighted stellar ages for individual sources. We explore the relationships linking stellar mass,
(U-V)r , and Dn(4000) for the sources in the sample, and compare them to those found in local
galaxies. The main results are: a) both Dn(4000) and (U-V)r correlate with M∗. The dispersion
in Dn(4000) values at a given M∗ increases with M∗, while the dispersion for (U-V)r decreases
due to the higher average extinction prevalent in massive star-forming galaxies. b) for massive
galaxies, we find a smooth transition between the blue cloud and red sequence in the intrinsic
U-V colour, in contrast with other recent results. c) at a fixed stellar age, we find a positive
correlation between extinction and stellar mass. d) the fraction of sources with declining or
halted star formation increases steeply with the stellar mass, from∼5% at log(M∗/M⊙)=9.0–
9.5 to∼80% at log(M∗/M⊙)>11, in agreement with downsizing scenarios.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies:fundamental parameters
– galaxies: stellar content – galaxies: statistics – infrared: galaxies

1 INTRODUCTION

In the last decade it has been established that the colours and
morphologies of galaxies show bimodal distributions at least
up to z∼3 (e.g. Blanton et al. 2003; Bell et al. 2004; Borch et al.

2006; De Lucia et al. 2007; Ilbert et al. 2009; Williams et al.2009;
Brammer et al. 2009; Xue et al. 2010; Whitaker et al. 2011), and
that they correlate strongly with luminosity (e.g. Lovedayet al.
1992; Marzke et al. 1994; Lin et al. 1996; Christlein 2000) and stel-
lar mass (Xue et al. 2010).
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2 A. Hernán-Caballero et al.

Figure 1. Dependency of the rest-frame U-V colour, (U-V)r , and the 4000 Å index (Dn(4000); Balogh et al. 1999) with stellar age, extinction andmetallicity.
The tracks represent the evolution with time of the (U-V)r and logDn(4000) colours of an instantaneous burst for AV=0 and metallicity Z/Z⊙ = 0.4, 1.0,
and 2.5. The time evolution of a galaxy with Z/Z⊙ = 1.0 and constant SFR is also shown for comparison. Model tracks are computed using GALAXEV
(Bruzual & Charlot 2003) with the STELIB stellar library andPadova1994 isochrones (Bertelli et al. 1994) assuming a Salpeter (1955) initial mass function
(IMF). Extinction produces a reddening that is proportional to AV for both (U-V)r and logDn(4000) . The segmented arrows represent the effect of AV = 1, 2,
and 3 magnitudes assuming a Draine (2003) extinction law with Milky Way grain size distribution (Weingartner & Draine 2001) and RV = 3.1.

In the local Universe, massive galaxies (M∗>1011 M⊙) are typ-
ically spheroids with old stellar populations, which definethe so-
called red sequence in a color-magnitude diagram (CMD), while
the less massive ones (mostly discs) have young stellar popula-
tions and reside in a more spread blue cloud (Strateva et al. 2001;
Kauffmann et al. 2003b; Baldry et al. 2004). Galaxies with inter-
mediate colours (located in the so-called green valley) areless nu-
merous and are considered to be either dusty star-forming systems,
or galaxies transitioning from the blue cloud to the red sequence
after switching off their star formation.

At higher redshift, only increasingly massive galaxies be-
long to the red sequence, and the total mass contained in it at
z∼1 is only half the local value, while the mass in the blue
cloud has remained nearly constant (e.g. Arnouts et al. 2007;
Lotz et al. 2008; Stutz et al. 2008; Taylor et al. 2009; Ilbertet al.
2010; Domı́nguez et al. 2011).

To interpret these observations, a picture has emerged in
which galaxy evolution is strongly coupled to the mass of the
galactic halo and its baryon content. In the so-called downsiz-
ing scenario (Cowie et al. 1996), the most massive galaxies are
formed first and the star formation continues in lower mass sys-
tems until later epochs (Heavens et al. 2004; Bauer et al. 2005;
Pérez-González et al. 2005, 2008; Bundy et al. 2006; Tresse et al.
2007).

Quantifying the downsizing process requires accurate stel-
lar mass estimates for large and representative samples of galax-
ies, as well as a reliable determination of the star formation his-
tory (SFH) of individual galaxies. For stellar masses, fitting UV to
near-infrared SEDs with stellar population synthesis (SPS) mod-
els provides accurate results, with estimated uncertainties around
0.2 dex (e.g. Pérez-González et al. 2008; Marchesini et al. 2009;
Barro et al. 2011). Unfortunately, there is some degeneracyamong
stellar age, obscuration, and metallicity, which in turn introduces
uncertainties in age estimates based on SED fitting. Although NIR
photometry can break to some extent this degeneracy and there
has been some success at obtaining de-reddened color indices (e.g.
Brammer et al. 2009; Cardamone et al. 2010), more specific stellar

age indicators (like the strength of the 4000 Å spectral break) are
required.

The 4000 Å index, Dn(4000), is an excellent age indicator for
the stellar populations of quiescent galaxies (Balogh et al. 1999;
Kauffmann et al. 2003a,b; Kriek et al. 2006; Moresco et al. 2010).
Since Dn(4000) is much less affected by extinction compared to the
U-V colour (see Figure 1), it has also been used to separate star-
forming and passively evolving galaxies (e.g. Vergani et al. 2008).

Large spectroscopic surveys, in particular the Sloan Digi-
tal Sky Survey, have provided a clear picture of the interdepen-
dency of stellar mass, surface density, and star formation history
(Kauffmann et al. 2003b; Heavens et al. 2004; Panter et al. 2007;
Cid Fernandes et al. 2007). Nevertheless, the spectra of stellar pop-
ulations forming all their mass atz∼1 or higher are indistinguish-
able in the local Universe, and to explore the entire SFH of local
galaxies it is necessary to observe their higher redshift analogs. A
typical M∗ = 1010 M⊙ galaxy atz=1 has m∼24 (AB) in the I band,
which matches the current faint limit for the deepest spectroscopic
surveys, such as VVDS-deep (Le Fèvre et al. 2004, 2005). Conse-
quently, spectroscopic surveys favour the most massive galaxies,
while the analysis of the stellar populations in lower-masssystems
has remained constrained by the limitations of broadband SEDs.

Recently, Kriek et al. (2011) demonstrated that the 4000 Å
break can be successfully measured in average SEDs from
medium-band photometry. In this work we use the ultra-deep
(mAB<26.5, 3σ) optical medium-band spectro-photometry pro-
vided by the Survey for High-z Absorption Red and Dead Sources
(SHARDS; Pérez-González et al. 2013) in combination withac-
curate photometric and spectroscopic redshifts and stellar masses
from the Rainbow1 database (Pérez-González et al. 2008; hereafter
PG08) to analyse the stellar populations and star formationhisto-
ries of a mass-selected sample of galaxies at 0.65<z<1.1.

SHARDS is imaging an area of 141 arcmin2 in the GOODS-
North field with GTC/OSIRIS in 24 contiguous medium-band
(R∼50) filters covering the spectral range 500–950 nm. At the time

1 https://rainbowx.fis.ucm.es
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Stellar populations of z∼0.9 galaxies 3

of this writing, the entire survey area has been observed in the 15
filters covering the spectral range 636–883 nm, and one half of the
area has also been observed in the F619W17 filter (central wave-
length: 619 nm, FWHM: 17 nm).

We measure the 4000 Å index in the SHARDS SED of in-
dividual galaxies, and demonstrate that SHARDS photometryof-
fers accurate estimates (when compared to higher resolution spec-
troscopy) if corrected for the limited spectral resolution. We also
explore the relationships linking stellar mass, rest-frame (U-V)
colour, and Dn(4000) index for the sources in the sample, and
compare them to those found in local galaxies. Using a novel ap-
proach, we combine information from the restframe (U-V) colour
and Dn(4000) to obtain an estimate of the extinction affecting the
stellar population that is relatively insensitive to degeneracies with
age, metallicity, and SFH.

The paper is structured as follows: §2 describes the sample
selection and basic sample properties. §3 describes the method
used to measure the strength of the 4000 Å break in the SHARDS
photometry, its uncertainties, and the calibration performed using
higher resolution spectra. §4 presents the main results and§5 dis-
cusses the implications for the downsizing scenario. Throughout
this paper, we use a cosmology with H0 = 70 km s−1 Mpc−1, ΩM =

0.3, andΩΛ = 0.7. All magnitudes refer to the AB system.

2 DATA

In this paper we analyse a stellar mass selected sample. Our parent
sample is the GOODS-North catalog from Rainbow (PG08), with
IRAC 3.6µm as the selection band. The IRAC catalog is estimated
to be 75% (90%) complete atS3.6 = 1.6 (5.0)µJy.

We restrict the sample to galaxies within the 141 arcmin2 area
surveyed by SHARDS, and also apply stellar mass and redshift
constraints to ensure a highly complete sample with reliable mea-
surements of the 4000 Å break in the SHARDS SED (see §2.4 for
the details on the sample selection).

The SHARDS filterset consists of 24 contiguous medium-
band optical filters. All of them have FWHM= 170 Å except the
two reddest ones, which have FWHM= 350 Å. As of May 2013
SHARDS observations are still ongoing, and the current spectral
coverage is limited to 16 filters spanning the 619–883 nm range.

The reduction and calibration procedures applied to SHARDS
data are described in great detail in Pérez-González et al. (2013).
We produced source catalogs by merging the lists of sources de-
tected in individual filters, and then forcing measurementsat all
bands. The FWHM of the point spread function (PSF) of the im-
ages varies between 0.78” and 1.05”, depending on the observing
conditions.

Photometry was extracted using apertures of radiir=0.88”.
This is large enough for PSF variations to be negligible: theme-
dian colour difference between photometry in apertures with radii
0.88” and 1” is<0.03 magnitudes for any pair of images. Using
a larger aperture (such as 1” radius) increases the risk of contam-
ination from nearby sources, while the SNR is largely unaffected.
The median SNR increase going from 0.88” to 1” is 4% for bright
sources (m<24), and just 0.33% for 25<m<26 sources.

We found the closest SHARDS counterpart to each Rainbow
source using a 1” search radius. However, the typical distance is
much lower (median: 0.27”, 95th percentile: 0.6”). Some Rainbow
sources do not have a SHARDS counterpart within 1”. These turn
out to be mostly faint sources in the vicinity of a bright star. Since

they represent a small fraction (<5%) of the total, the results of this
work will not be affected.

2.1 Redshifts

The GOOODS-N field has been thoroughly explored by redshift
surveys, resulting in a large fraction of sources having spectro-
scopic redshifts down to very faint magnitudes. We use the spectro-
scopic redshift catalog from the Rainbow database, which contains
reliable spectroscopic redshifts for 80% of the sources brighter than
R=24. However, since we aim at a mass-complete sample, pho-
tometric redshifts are required to avoid underepresentation of the
faintest sources within our mass and redshift limits.

The photometric redshifts of Rainbow sources are described
in PG08. They use standard template-fitting throughχ2 minimi-
sation with a large set of SPS models covering a range of star
formation histories and extinction. A preliminary catalogof pho-
tometric redshifts using both broadband and SHARDS photome-
try is also available for sources brighter than K=24 (Ferreras et
al., in preparation). It uses a template-matching technique, compar-
ing both broadband photometry (fromU to Spitzer/IRAC 3.6µm)
and the medium band SHARDS data with a grid of 2000 synthetic
templates built from the models of Bruzual & Charlot (2003).The
models explore a wide range of star formation histories, including
dust and emission lines. A comparison with the available spectro-
scopic redshifts in GOODS-N gives an accuracy∆(z)/(1+z)=0.02
(median) for the whole SHARDS dataset down toK<24 in the red-
shift interval of our working sample (with a 1-σ scatter about the
median of just 0.03), in contrast to∼0.05 for the photometric red-
shifts from broadband data alone.

2.2 Stellar masses

The procedure used to estimate stellar masses is described in
great detail by PG08. Very briefly, they used a maximum likeli-
hood estimator to find the SPS model that best fits all the avail-
able photometric data points for wavelengths<4µm (rest-frame).
The stellar emission in the models was taken from the PEGASE
code (Fioc& Rocca-Volmerange 1997) assuming a Salpeter (1955)
IMF with 0.1<M∗/M⊙<100, and star formation histories (SFH) de-
scribed by a declining exponential law with timescaleτ and aget
[i.e, SFR(t) ∝ e−t/τ]. Stellar masses calculated in this way are con-
sidered to be accurate to within a factor of 2–3. The 75% com-
pleteness limit of Rainbow for a passively evolving population is at
log(M∗/M⊙)=9.0 atz=0.65 and log(M∗/M⊙)=9.5 atz=1.07 (PG08,
see also Figure 2). However, most M∗∼109.0 M⊙ galaxies at these
redshifts are actively forming stars and are therefore significantly
brighter than this limit. Since only 7% of galaxies in the 9.0–9.5
mass interval are red [(U-V)r>1.4], we estimate 97–98% complete-
ness in mass at M∗∼109.0M⊙.

2.3 Restframe colours

Rest-frame optical colours are frequently used to distinguish young
from old galaxies in photometric surveys (e.g. Strateva et al. 2001;
Blanton et al. 2003; Baldry et al. 2004). This is because older stel-
lar populations usually have redder optical SEDs compared to
younger ones (albeit extinction by dust can also redden the opti-
cal SED of a young galaxy, see Figure 1).

We compute rest-frame magnitudes in several UV and opti-
cal broadband filters by convolving the SPS model that best fits the

© 2013 RAS, MNRAS000, 1–??
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broadband SED of each source with the filter transmission curve, as
described in PG08. The broad spectral coverage of Rainbow pho-
tometry implies that rest-frame photometry is interpolated between
observed bands. Owing to the accurate photometric redshifts, the
uncertainty in rest-frame colours is comparable to the uncertainty
in observed colours,∼0.1 magnitudes.

In this work we will concentrate specifically on the rest-
frame U-V colour, (U-V)r , which is particularly sensitive to the
age and metallicity of the stellar population because it straddles
the 4000 Å break, and has been widely used in the literature (e.g.
Sandage & Visvanathan 1978; Bower et al. 1992; Bell et al. 2004;
Silverman et al. 2009; Cardamone et al. 2010).

2.4 Selection of a mass-complete sample

The current wavelength coverage of the SHARDS photometry al-
lows for measurement of the 4000 Å break in sources at red-
shift 0.656z61.07. Therefore, we selected from Rainbow only the
sources with redshifts (either spectroscopic or photometric) within
these limits. To ensure high completeness atz∼1 we also restrict the
sample to M∗>109.0 M⊙ sources. In summary, the selection criteria
are as follows:

i) Rainbow source in the GOODS-North field with a 3.6µm
detection

ii) within the area covered by the SHARDS survey
iii) 0.65 6 z6 1.07 (either photometric or spectroscopic)
iv) log(M∗/M⊙) > 9.0
There are 1644 Rainbow/SHARDS sources meeting these cri-

teria. Table 1 summarises the overall properties of the sample. 837
[51%] of the sources in the sample have reliable spectroscopic red-
shifts (hereafter, thezspecsubsample) and the remaining 807 [49%]
depend on a photometric redshift estimate (hereafter, thezphot sub-
sample). 562 of thezphot sources have redshift estimates from the
combined SHARDS and broadband SEDs, while the remaining 245
have redshifts from broadband alone.

The redshift distribution (Figure 3) is rather inhomogeneous
due to the small size of the survey area, which makes it sensitive to
large scale structure. However, we consider the impact of environ-
ment on the results of this work to be negligible (see §4.3).

Stellar masses could be overestimated in sources where emis-
sion from an AGN increases the observed flux in the near- and mid-
infrared bands. A cross-correlation with the Chandra 2 Ms catalog
from Alexander et al. (2003) finds 56 X-ray sources in the mass-
selected sample, but 54 out of the 56 show a clear 1.6µm bump,
suggesting the stellar population dominates the rest-frame near-
infrared emission (Hernán-Caballero et al., in preparation; see also
Alonso-Herrero et al. 2008).

Figure 4 shows the distribution of the optical magnitudes,
measured in apertures of radius 0.88 arcseconds, for two SHARDS
bands close to the blue and red ends of the SHARDS spectral range,
namely F636W17 and F857W17. The magnitude distribution peaks
at m=25 (24) in the F636W17 (F857W17) bands. Note that the
reduction in the number counts for fainter magnitudes is dueto
the redshift and mass constraints of the sample selection and not
the depth of the SHARDS data, which reachesm=26.5 (3σ) in all
bands (Pérez-González et al. 2013).

The typical F636W17-F857W17 color index is∼1 magni-
tude. This implies somewhat higher signal to noise ratios (SNR)
at longer wavelengths for most sources. For example, the frac-
tion of sources with SNR>5(10) increases from 93.4%(85%) in the
F636W17 band to 98.5%(93.7%) in the F857W17 band.

Figure 2. Stellar masses versus redshift for sources with spectroscopic
(blue) and photometric (grey) redshifts studied in this work. The solid green
line represents the 75% completeness limit of Rainbow for a passively
evolving stellar population (PG08).

Figure 3. Redshift distribution for the sources in the sample. The black
solid line represents the total density of sources per unit of redshift, while
grey bars and blue spikes represent the populations with photometric and
spectroscopic redshift, respectively.

3 MEASUREMENT OF THE 4000 Å INDEX

The break in the stellar continuum at 4000 Å is the strongest discon-
tinuity in the optical spectrum of galaxies older than∼1 Gyr, and
arises because of the accumulation of a large number of spectral
lines in a narrow wavelength region. The main contribution to opac-
ity comes from ionised metals. These are highly ionised in hot stars,
effectively decreasing the opacity, and therefore O and B type stars
have much weaker breaks compared to later spectral types (Bruzual
1983). Since hot (massive) stars have short lives, the strength of the
4000 Å break for a single stellar population (SSP) increaseswith
its age. There is also a dependency with the metallicity, butit only
becomes significant for old stellar populations (see Figure1). In
the integrated spectrum of a galaxy, emission from hot youngstars
can easily outshine the old population and produce a weak 4000 Å

© 2013 RAS, MNRAS000, 1–??



Stellar populations of z∼0.9 galaxies 5

Figure 4. Distribution of optical magnitudes in the SHARDS bands
F636W17 (blue) and F857W15 (red) for sources in the mass-selected sam-
ple.

break even if they only represent a small fraction of the total stellar
mass in the galaxy. Therefore, the 4000 Å break provides a light-
weighted characteristic age for the galaxy, which is close to the
mass-weighted age only for passively evolving galaxies.

The strength of the 4000 Å break is commonly measured us-
ing one of two definitions: the “regular” one, D(4000), measures the
ratio between average spectral flux densities (fν) in the rest-frame
bands [4050,4250] and [3750,3950] Å (Bruzual 1983; Hamilton
1985), while the “narrow” index, Dn(4000), uses the ratio between
the bands at [4000,4100] and [3850,3950] Å (Balogh et al. 1999).
The narrow index has the advantage of being less sensitive toex-
tinction and is the preferred choice in most recent studies (e.g.
Kauffmann et al. 2003b; Martin et al. 2007; Silverman et al. 2009;
Gobat et al. 2012).

To calculate the average fν in each of these bands, we shift the
SHARDS SED to the rest-frame of the source, and perform a linear
interpolation of the spectrum between adjacent photometric points.

Visual inspection of all the individual SHARDS SEDs reveals
66 sources with features close to 4000 Å rest-frame that do not
correspond with a 4000 Å break. Only 8 out of these 66 sources
have spectroscopic redshifts. This suggests many of them could
have larger than usual redshift errors. We cautiously put aside these
sources in the analysis of the 4000 Å break strengths. Since they
represent just 4% of the sample, our results will not be significantly
affected.

There are three main sources of uncertainty affecting the
4000 Å break measurements: photometric errors, interpolation er-
rors, and redshift uncertainty. We discuss them in the following.

Photometric errors are lower than 0.1 magnitudes for 83% of
sources in the F636W17 band, and 93% in the F857W17 band.
Nevertheless, the correlation between stellar mass and optical mag-
nitude implies that the photometric errors increase with decreasing
stellar masses. For galaxies in the lowest bin of mass considered
here (9.06 log(M∗/M⊙) < 9.5), 50% (15%) of sources have flux un-
certainties larger than 0.1 magnitudes in the F636W17 (F857W17)
filter.

The interpolation error is the error in the determination ofthe
index due to the limited spectral resolution of the SHARDS SED.
Given the wavelength resolution of the SHARDS SEDs, 1 or 2 pho-
tometric points are within the limits of each rest-frame band defin-

Figure 5. Rest-frame 300–450 nm SHARDS SED of four representative
sources from the sample. Error bars represent the 1-σ uncertainty due to
noise variance in the flux; the uncertainty in the photometric zero-point
(0.05–0.07 magnitudes) is not included. The grey and red bars represent
the bands that define the D(4000) and Dn(4000) indices, respectively. The
large spike at∼375 nm is due to the [Oii] 3727 Å emission line entering
one of the SHARDS filters.

ing the Dn(4000) index, and 2 or 3 in the case of the D(4000) index.
Figure 5 shows the SHARDS SED and integration bands for a few
typical sources.

Compared to a high resolution spectrum, the degradation in
the spectral resolution introduced by the convolution withthe trans-
mission profiles of the SHARDS filterset reduces the contrastof the
4000 Å break, and thus it tends to decrease the measurement ofthe
index. This decrement is larger for Dn(4000) compared to D(4000).
For sources with intense emission in the [Oii] 3727 Å line, the
blue band defining the D(4000) index can be contaminated (see
top left panel in Figure 5), reducing the apparent strength of the
break. To mitigate this issue, in sources with clear [Oii] emission
we substitute the observed flux in the affected band by a log-linear
interpolation of the adjacent ones.

To quantify the influence of the photometric and interpolation
errors in the 4000 Å break measurement, we obtained synthetic
SHARDS photometry on a large sample of optical spectra drawn
from the zCOSMOS (Lilly et al. 2007) Data Release 2. We com-
pared D(4000) and Dn(4000) values measured in the synthetic pho-
tometry with those from the full-resolution spectrum, and obtained
a calibration that converts raw D(4000) values into interpolation
corrected Dn(4000) values. Our procedure for obtaining the syn-
thetic photometry and the calibration is similar to that described by
Kriek et al. (2011), but it uses real spectra as reference instead of
SPS models, and is applied to individual galaxies instead ofaver-
age SEDs. Further details on the calibration method are provided
in the appendix at the end of this paper.

The systematic error in Dn(4000) introduced by the calibration
model is at most∼3%, while the 1-σ dispersion of Dn(4000) values
obtained from the synthetic photometry for a given Dn(4000) is
∼5% and∼8% for photometric uncertainties of∆m = 0.01 and 0.1
magnitudes, respectively.

The total uncertainty in Dn(4000) measurements of SHARDS
sources due to the combination of photometric, interpolation, and
calibration errors is estimated to be∼6% and∼9.5% of the mea-
sured value at m=22.5 and 25.5, respectively.

The redshift uncertainty is significant only for sources that rely

© 2013 RAS, MNRAS000, 1–??



6 A. Hernán-Caballero et al.

Figure 6. Distribution of the relative difference between Dn(4000)
values obtained using the photometric and spectroscopic redshift,
∆Dn(4000)/Dn(4000), for the sources where both redshifts are within the
0.656z61.07 range. 80% of sources have|∆Dn(4000)|/Dn(4000)<0.05, and
93% have|∆Dn(4000)|/Dn(4000)<0.1.

on a photometric redshift estimate, that is, about half of the sample
(see §2). Comparison of photometric and spectroscopic redshifts
for the other half indicates that the distribution of relative errors
∆(z)/(1+z) in the photometric redshifts has median 0.02 and stan-
dard deviation 0.03.

Redshift uncertainties of this order are still sufficiently large to
move in a few casesbothbands defining the index to the same side
of the 4000 Å break, potentially compromising the measurement.
Nevertheless, comparison of Dn(4000) values obtained using both
the photometric and spectroscopic redshifts for thezspecsubsample
indicates that they are within 5% (10%) of each other in 80% (93%)
of cases (Figure 6). Since thezspec subsample is biased in favour
of sources with emission lines, the impact of photometric redshift
errors in Dn(4000) values for thezphot subsample should be even
lower.

In summary, the accuracy of Dn(4000) measurements for the
mass-selected sample of SHARDS galaxies is expected to range
from∼5% in massive galaxies with spectroscopic redshifts to∼10–
15% in low mass galaxies with photometric redshifts.

As a sanity check, we have obtained direct measurements of
the D(4000) index in a sample of 56 high SNR HST/ACS spectra
from the PEARS project2 which have no signs of contamination
from other PEARS sources in their slitless grism spectra. Compar-
ison of D(4000) from the PEARS spectrum and the SHARDS SED
shows that both estimates are compatible within their uncertainties
(the 1-σ dispersion in∆D(4000)/D(4000) is 0.081).

4 RESULTS

4.1 Color-magnitude diagram

It is well known that the colour distribution of galaxies depends on
both luminosity and redshift (e.g. Bell et al. 2004). For a fixed ab-

2 Downloaded from the database at http://archive.stsci.edu/prepds/pears/ .
See also Ferreras et al. (2009).

Figure 7. Rest-frame (U-V) colour versus absolute V-band magnitude for
the sources with spectroscopic (blue) and photometric (grey) redshifts. The
upper and lower dashed lines represent the limit of the red sequence as
defined by Bell et al. (2004) for redshiftsz=0.65 and 1.07, respectively.

solute magnitude, (U-V)r decreases with increasing redshift, while
at a given redshift (U-V)r increases with the luminosity.

Using a large sample of∼25000 sources from the COMBO-17
survey (Wolf et al. 2003) in the redshift range 0.2<z61.1, Bell et al.
(2004) found that the average (U-V)r for red sequence galaxies with
absolute V-band magnitude MV=-20 is:

〈(U − V)〉MV=−20 = 2.17− 0.31z (1)

where we have included the 0.77 magnitudes difference between U-
V colours in the AB and Vega systems. Given the limited redshift
range covered by our sample, the evolution of the red sequence
is expected to be small (∼0.13 magnitudes betweenz=0.65 and
z=1.07, comparable to the uncertainty in the (U-V)r colour of indi-
vidual galaxies).

The slope of the red sequence,d〈(U−V)〉
dMV

, is between -0.05 and
0.1 both in local cluster and field galaxies (Schweizer & Seitzer
1992; Bower et al. 1992; Terlevich et al. 2001; Baldry et al. 2004).
For consistency, we assume the value -0.08 used by Bell et al.
(2004) in their analysis.

Figure 7 shows the (U-V)r versus MV color-magnitude dia-
gram (CMD) of our sample. The dashed lines represent the red se-
quence cuts for redshifts 0.65 and 1.07, using the definitionfrom
Bell et al. (2004):

(U − V)r > 1.92− 0.31z− 0.08(MV + 20) (2)

With this definition, the red sequence contains 350 of the 1669
sources in the sample.

The bimodality in the distribution of the (U-V) colour is more
clearly observed if we correct for the dispersion introduced by the
dependency withz and MV. We define the equivalent (U-V) colour
at redshiftz=0.85 and MV=-20 as:

(U − V)0 = (U − V)r + 0.31(z− 0.85)+ 0.08(MV + 20). (3)

Figure 8 shows the distribution of (U-V)0 for the sample. The
distribution has a main peak at (U-V)0=1.0 corresponding to the
blue cloud, and a secondary, broader one centered at (U-V)0∼1.9.
The minimum between them is at (U-V)0∼1.55, close to the red
sequence cut which is at (U-V)0=1.65.
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Figure 9. The mass dependency of the medium band (left) and broadband (right) SEDs of SHARDS galaxies. Each SED is the average of allthe sources in
the sample within a given stellar mass interval, normalisedatλ = 0.5µm for the SHARDS SED and 1.6µm for the Rainbow SED. The two parallel stripes in
the left plot represent the bands defining the Dn(4000) index, while the dashed line marks the position of the[O ii] 3727 Å emission line.

Figure 8. Distribution of rest-frame (U-V) colour corrected for the depen-
dency with absolute magnitude and redshift as defined by Bellet al. (2004).
The correction is 0.0 for a MV=-20 galaxy atz=0.85 and reaches±0.3 in ex-
treme cases. Errors calculated as the squared root of the number of sources
in each bin. The red dashed line represents the mean U-V colour of red
sequence galaxies from Bell et al. (2004), and the dotted line marks their
definition of the red sequence limit.

4.2 Trends with stellar mass

Figure 9 compares the stacked SED for the sources contained in
5 intervals of log(M∗/M⊙), from 9.0–9.5 to 11.0–12.0. SEDs from
the broadband photometry are normalised at the 1.6µm peak of the
stellar emission. The NIR SED (λ=1–5µm) of these sources shows
little dependency with the stellar mass, unlike the rest-frame opti-
cal range, where there is a clear trend of increasingly red SEDs at
higher stellar masses. This is the expected result if the more mas-
sive galaxies contain on average older stellar populations, but it
could also be produced by increased obscuration or higher metal-

licity in more massive galaxies. Further insight is provided by the
stacked SHARDS SEDs (left panel in Figure 9). The SEDs for the
three lower mass intervals show strong emission in the [Oii] 3727
Å line and a weak 4000 Å break, both features indicative of a young
stellar population. On the other hand, the SEDs of the two higher
mass intervals shown no significant [Oii] emission and a stronger
4000 Å break, hinting at older average stellar ages. This suggests
that stellar age and not obscuration is the main driver of thecorre-
lation between optical colours and stellar mass (see also §4.4).

When considering individual sources, both the Dn(4000) index
and the (U-V)r colour correlate with the stellar mass, albeit with a
high dispersion (see Figure 10). In the (U-V)r vs M∗ diagram there
seems to be a smooth transition between the blue cloud and the
red sequence, with galaxies in the 10.0<log(M∗/M⊙)<10.5 range
placed in most cases within or near the region correspondingto the
green valley at these redshifts.

We note that the correlation between (U-V)r and log(M∗) is
somewhat stronger if considering only thezspec subsample. (r =
0.76 vsr = 0.65 for the entire sample). This is because red (U-V)r

colours at low masses are found almost exclusively inzphot sources.
This does not necessarily imply poor accuracy in the (U-V)r mea-
surements ofzphot sources, since redshift uncertainties are too low
compared to the width of the U and V filters to affect significantly
the (U-V)r color. Rather, it illustrates the bias of spectroscopic sam-
ples (which usually only detect low mass galaxies if they show
prominent emission lines) relatively to a mass-limited sample. In
particular, thezphot subsample shows what looks like a continuation
of the red sequence (i.e., redder (U-V)r colours) down to the mass
limit of the sample. As Figure 11 demonstrates, many of the sources
in the extended red sequence have low Dn(4000) values consistent
with a young but obscured stellar population. However, someof
them show larger Dn(4000) values, consistent with a transitioning
or quiescent galaxy.

The distribution of Dn(4000) versus M∗ shows the same gen-
eral trend of increasing Dn(4000) values at higher masses. Average
Dn(4000) values remain nearly constant at Dn(4000)=1.1–1.2 up to
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M∗∼1010.25M⊙, but they increase steadily for more massive galaxies
(see also Table 1).

While the dispersion in (U-V)r for a given mass is roughly
constant in the entire mass range, maybe even decreasing at the
very high end, for Dn(4000) the dispersion increases significantly
with M∗. This different behaviour is probably due to the higher in-
fluence of extinction on the (U-V)r colour (see §4.4).

An old massive galaxy with M∗=1011M⊙ and Dn(4000)=1.8,
if scaled down, would be detectable by SHARDS down to at least
M∗=109.5M⊙ at z∼1. Given that, it is noteworthy the rarity of old
(Dn(4000)>1.6) galaxies with M∗<1010.5 M⊙.

The region defined by M∗<1010 M⊙ and Dn(4000)>1.3 has a
very small fraction ofzspec sources. Sources with photometric red-
shift in this region are mainly the galaxies with red (U-V)r in the
extended red sequence, but there are also a few young starbursts
where Dn(4000) is grossly overestimated due to the [Oii] 3727 Å
emission line entering the red band defining the Dn(4000) index
because of an overestimated photometric redshift. The latter can
be identified because of their inconsistently low (U-V)r values (see
§4.4).

Although the correlation of (U-V)r and Dn(4000) with the stel-
lar mass is mainly driven by an increase in the average stellar age
in more massive galaxies, the effects of metallicity and extinction
cannot be dismissed. In fact, it is well known that metallicity is
tightly correlated with the stellar mass at least up toz∼1 (the so-
called ZM relation; e.g. Tremonti et al. 2004; Savaglio et al. 2005;
Lamareille et al. 2009; Yabe et al. 2012).

Since Dn(4000) is much less sensitive to extinction compared
to (U-V)r and nearly independent of metallicity for stellar popula-
tions younger than∼1 Gyr (see Figure 1), we can test the impact
of extinction in the relationship between the (U-V)r colour and the
stellar mass by selecting subsamples of sources within narrow in-
tervals of Dn(4000).

Figure 11 shows that there is a general trend of increasing (U-
V)r with M∗ at a fixed Dn(4000), albeit with high dispersion. This
suggests that for a given stellar age, extinction tends to behigher in
the more massive galaxies. Higher extinction in massive butyoung
galaxies would explain our finding of a lower dispersion in the (U-
V)r values of massive galaxies compared to their Dn(4000) values.
For galaxies in the two higher Dn(4000) bins (bottom row in Figure
11) the correlation seems to flatten or even reverse, at leastfor the
zspecsubsample. However, the uncertainty in the slope is higher than
in younger subsamples because there are very few low mass galax-
ies with high Dn(4000) values, and nearly all of them have pho-
tometric redshifts. In addition, we caution that in the older galax-
ies (those with Dn(4000)>1.6) the effect of metallicity in Dn(4000)
and (U-V)r is no longer negligible. In §5.2 we revisit the mass-
extinction relationship with quantitative estimates of AV.

4.3 Dependency with redshift

The redshift range covered by the sample equals 2 Gyr of cosmic
evolution. If the so called downsizing in hierarchical galaxy forma-
tion is significant from z=1.07 to z=0.65, then we should be able
to observe variations in the distribution of the stellar ageindica-
tors between the sources with lower and higher redshift values, at
least for the mass bins where the bulk of the transition from actively
star-forming to quiescent is believed to be taking place at these red-
shifts.

To look for hints of this evolution, we separate the sources
into three redshift intervals representing comparable comoving
volumes: [0.65,0.816), [0.816,0.951), and [0.951,1.07].Figure 12

Figure 10. Rest-frame observed U-V colour (not corrected for extinction;
top panel) and Dn(4000) index (bottom panel) as a function of the stellar
mass. Blue dots and grey squares represent sources with spectroscopic and
photometric redshifts, respectively. Typical uncertainties are shown in the
lower right corner. The open diamonds connected by a solid line represent
median values in bins of mass 0.5 dex wide, while dashed linesindicate
the 16th and 84th percentiles. The shaded area in the top panel represent
the location of the red sequence above the cut defined by Cardamone et al.
(2010) for the redshift range 0.8<z<1.2 and the green dashed line represents
their location for the green valley in the same redshift range.

shows the median values of Dn(4000) and (U-V)r for the three sub-
samples, separated into 5 mass bins.

The U-V colour shows a small but significant evolution with
redshift, being∼0.1–0.2 magnitudes redder atz∼0.7 compared to
z∼1. The redshift evolution seems to increase with the stellarmass,
except maybe in the highest mass interval (M∗/M⊙>1011) where the
larger error bars obfuscate the trend. In the diagram for Dn(4000)
the evolution is much less pronounced, with values being compati-
ble within their uncertainties with a flat slope.

For comparison, tracks corresponding to passive evolutionare
shown as grey lines in Figure 12. The slope of these tracks is much
steeper compared to the redshift evolution observed in the sample,
even in the 10.5–11.0 mass range, indicating that only a small frac-
tion of the galaxies would be evolving passively. Observingsignif-
icant evolution in the (U-V)r colour but not in Dn(4000) suggests
that the redshift dependency of reddening in (U-V)r might in fact
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Figure 11.Rest-frame observed (U-V) colour (not corrected for extinction)
versus stellar mass for several intervals of Dn(4000). Blue dots and grey
squares represent sources with spectroscopic and photometric redshifts, re-
spectively. The dashed line represents the best fitting linear relation consid-
ering bothzspec andzphot sources, while the solid line represents the best
linear fit when considering only sources with spectroscopicredshift.

be related to increased obscuration or higher metallicity at lower
redshifts, instead of older average light-weighted stellar ages.

In such a small field, clustering could contribute a fractionof
the scatter observed. It is evident from Figure 3 that the volume
sampled contains several overdensities and large voids. Neverthe-
less, several works have demonstrated that the environmentdepen-
dency of galaxy colours is weak, at least for early type galaxies
(e.g. Balogh et al. 2004; Hogg et al. 2004; Bernardi et al. 2006). In
the zCOSMOS survey, Cucciati et al. (2010) found that after ac-
counting for the mass dependency in galaxy colours, the colour-
density relation of M∗>1010.7 M⊙ galaxies is flat up toz∼1, while
at lower masses the fraction of red galaxies at 0.1<z<0.5 depends
on the environment. Also in zCOSMOS, Moresco et al. (2010) esti-
mate a difference in the average (U-V)r of red galaxies between un-
derdense and overdense regions of∼0.03 mag, while for Dn(4000)
this difference is∼0.05. Since our three redshift bins likely con-
tain both field and cluster galaxies, the environment contribution to
the variations in the median (U-V)r and Dn(4000) withz should be
significantly lower (unless blue galaxies have a much stronger en-
vironment dependency). This implies that the trends with redshift
of (U-V)r shown in Figure 12 are real.

4.4 The (U-V) versus Dn(4000) diagram

The correlation between values of (U-V)r and Dn(4000) for in-
dividual galaxies is most evident when representing the former
against the latter (Figure 13). The top panel represents (U-V)r ver-
sus Dn(4000) for individual SHARDS galaxies, with color coding

Figure 12.Dependency with redshift of the median values of the rest-frame
(U-V) colour (top) and the 4000 Å index (bottom) for several mass ranges.
Solid symbols represent the median values in three redshiftintervals for
each mass range, with error bars indicating the 67% confidence interval
calculated with bootstrap resampling. The redshift scale is shown at the
top of the plot. The grey solid lines represent tracks for passive evolution
of a SSP with moderate extinction (AV=0.5). All the tracks represent the
redshift dependency of the rest-frame (U-V) colour and Dn(4000) index of
a SSP with different formation redshifts.

for the stellar mass. In the bottom panel, contours represent the
density distribution ofzspecsources, while the black solid line repre-
sents the median (U-V)r value forzspecsources in bins of Dn(4000)
of width ∆=0.1. The largest concentration of sources is at (U-
V)r∼1.0 and Dn(4000)∼1.1, and is composed mainly of galaxies
with M∗<1010 M⊙. On the other hand, the most massive galaxies
cluster around a horizontal branch at (U-V)r∼2.1

The distribution has a knee composed by sources with (U-V)r

values as high as∼2 magnitudes but relatively low Dn(4000).1.4,
which implies relatively young but significantly obscured stellar
populations.

We have overlaid tracks for model galaxies with different
SFHs. The SED corresponding to each SFH was computed using
GALAXEV (Bruzual & Charlot 2003) with the STELIB stellar li-
brary and Padova1994 isochrones (Bertelli et al. 1994), assuming
solar metallicity and a Salpeter (1955) initial mass function (IMF).
Kauffmann et al. (2003a) found that at fixed metallicity and age, the
variations in Dn(4000) between STELIB and other stellar libraries
are∼0.05. The expected values for (U-V)r and Dn(4000) from each
SFH model vary as a function of the extinction AV. Dashed lines in
Figure 13 represent tracks for SSP models, while dotted lines rep-
resent SFHs for galaxies 6 Gyr old with an exponentially declining
SFR.

The very steep slope of the tracks shows that, irrespective
of the SFH of the galaxy, the U-V color index is much more af-
fected by extinction than Dn(4000). Nevertheless, the latter is also
affected, and ignoring extinction would lead to systematically over-
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Figure 13.(Top) rest-frame (U-V) color index versus Dn(4000) for individ-
ual SHARDS galaxies. Open (solid) symbols represent sources with photo-
metric (spectroscopic) redshift. The color coding indicates the stellar mass
range for each source. (Bottom) density countours for the distribution of
sources in thezspecsubsample. The black solid line indicates their median
(U-V)r in bins of Dn(4000) of width 0.1. Dashed lines represent tracks as
a function of extinction for SSP models with ages (left to right): 0.025,
0.1, 0.2, 0.4, 0.6, 1.0, 1.5, 2.5, and 4 Gyr. Dotted lines represent a 6 Gyr
old galaxy with an exponentially declining SFR and e-folding timesτ = 1,
2, and 5 Gyr, and alsoτ = ∞ representing a constant SFR. All templates
are computed with GALAXEV (Bruzual & Charlot 2003) and assume solar
metallicity and a Salpeter (1955) IMF. Each tick representsa 0.5 incre-
ment in AV starting from AV = 0 at the lower end (dot-dashed line), as-
suming a Draine (2003) extinction law with Milky Way grain size distribu-
tion (Weingartner & Draine 2001) and RV = 3.1. The dotted area represents
combinations of (U-V)r and Dn(4000) values that cannot be reproduced
with SSP models for any age, metallicity, or extinction.

estimated stellar ages. In example, a 0.2 Gyr old SSP with AV = 2
mag. has the same Dn(4000) index as a 0.4 Gyr old SSP with AV =

0. Fortunately, their (U-V)r colours are different, and therefore we
can combine the information provided by (U-V)r and Dn(4000) to
estimate AV and obtain de-reddened colours (see §4.5).

The curve connecting the AV=0 marks of all the SSP tracks,
and the track for the youngest SSP define a region in the (U-V)r vs
Dn(4000) diagram whose values can be reproduced by the models.
Outside of this region (dotted area in the bottom panel) there are no
combinations of SFH, metallicity, and extinction explaining their
Dn(4000) and (U-V)r values.

Interestingly, almost all of the sources found in this area ex-
cluded by models have photometric redshifts. Since Dn(4000) is
much more sensitive to redshift uncertainty than (U-V)r , we as-
sume that the deviations are mainly along the X axis. Given the
typical uncertainties expected forzphot sources from the simulations
with spectra (∆Dn(4000)/Dn(4000)∼0.10–0.15; see §3) the disper-

Figure 14. Sketch illustrating how the extinction corrected (U-V)r and
Dn(4000) are estimated (see text). Solid symbols represent the observed (U-
V)r and Dn(4000) of a few representative sources from the sample. Open
symbols represent their maximum likelihood (ML) estimatesafter uncer-
tainties have been considered, and red arrows indicate the de-reddening path
that takes them to the dust-free sequence containing all theextinction cor-
rected estimates. The ellipses in the bottom right corner indicates the typical
1-σ uncertainty in the observed values for a source in thezphot (blue) and
zspec(black) subsamples.

sion observed is consistent with these sources being scattered away
from the region covered by models due to random errors in their
measurement of Dn(4000).

There are a few outliers with very large or very small
Dn(4000), all of them low masszphot sources (open blue symbols
in Figure 13). One mechanism capable of producing large errors
in Dn(4000) from a relatively small redshift error is an emission
line (in particular [Oii] 3727 Å) entering one of the bands defin-
ing the Dn(4000) index. If the blue (red) band is contaminated then
the strength of the break will be under- (over-)estimated. Visual
inspection of these outliers reveals several cases of both kinds in
the sample. Since these sources are low-mass galaxies with blue
(U-V)r colours, intense [Oii] emission from a recent or ongoing
starburst is not surprising. Strong emission lines may alsohave a
noticeable effect on the broadband photometry. However, our rest-
frame colour measurements are largely unaffected because they are
performed on the SPS model that best fits the broadband SED of
each galaxy.

4.5 Breaking the age-extinction degeneracy

The (U-V)r colour and Dn(4000) of AV=0 models are tightly cor-
related irrespective of the metallicity (see Figure 1, right panel)
or SFH (Figure 13, bottom panel). We call the band occupied by
AV=0 models in the (U-V)r vs Dn(4000) diagram the dust-free se-
quence (DFS). Variations in the age, SFH, and metallicity ofthe
models move galaxies along the DFS, but departures from it are
very small. As a consequence, extinction is the only model param-
eter that can take galaxies away from the DFS. This provides us
with a new way of estimating AV that does not require SED fitting
and –more importantly– is not affected by the usual degeneracy
among age, extinction, and metallicity.

The increment in (U-V)r due to extinction –that is, the colour
excess E(U-V)– is proportional to AV and independent of the spec-
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trum of the galaxy. The increment in logDn(4000) due to extinction,
∆logDn(4000), is also proportional to AV. While the proportional-
ity constant for each of them is somewhat dependent on the specific
extinction law assumed, the ratio E(U-V)/∆logDn(4000) is largely
insensitive to changes in the slope of the extinction curve because
the bands defining the Dn(4000) index are between theU and V
bands. Therefore, E(U-V) and∆logDn(4000) are the components of
a vector in the (U-V)r vs logDn(4000) plane (the−→AV vector) whose
direction depends only on the effective wavelengths of theU andV
bands and those defining the Dn(4000) index, but is independent of
any physical property of the galaxy.

Since extinction shifts the DFS in parallel to the−→AV vector,
we define the permitted zone (PZ) as the area of the (U-V)r vs
logDn(4000) plane that is scanned by the DFS at increasing val-
ues of AV. The PZ contains all the combinations of (U-V)r vs
logDn(4000) that can be reproduced by models for any age, SFH,
metallicity, or extinction.

Due to the significant uncertainty in logDn(4000) (∼0.025 for
zspec sources,∼0.05 for zphot ones) and to a lesser extent also in
(U-V)r (∼0.1–0.15), random errors will scatter some galaxies to a
region outside of the PZ (we call it the forbidden zone, FZ). If we
assume that the errors in logDn(4000) and (U-V)r are uncorrelated
and have a normal distribution, then the probability distribution for
the true values of logDn(4000) and (U-V)r is a bidimensional gaus-
sian functiong(Dn,UV) centered on the observed values. If we also
assume that the true values must be inside the PZ, then the max-
imum likelihood (ML) estimates are no longer the observed ones,
but the average –weighted by the probability distribution–of values
inside the PZ. That is:

log Dn(4000)ML =

"
PZ

g(Dn,UV) Dn dDn dUV (4)

(U − V)ML =

"
PZ

g(Dn,UV) UV dDn dUV (5)

Figure 14 shows that this weighted average moves sources in the
FZ to the PZ, and also shifts sources close to the borders of the PZ
to inner regions of it. To obtain de-reddened values for (U-V)r and
logDn(4000) we only need to move the position of the ML estimate
along a line parallel to−→AV until it intersects the DFS. The length of
the segment traveled is then proportional to the implied absorption
in the restframe V band, AV. Assuming a Draine (2003) extinction
law with Milky Way grain size distribution (Weingartner & Draine
2001) and RV = 3.1, a 1 magnitude increment in AV implies E(U-V)
= 0.6 and∆logDn(4000)= 0.022.

Figure 15 shows the de-reddened rest-frame U-V colour, (U-
V)0, as a function of M∗ for the sources in the sample. The less mas-
sive galaxies (M∗ . 1010 M⊙) concentrate in a narrow blue cloud
around (U-V)0 ∼ 0.4, while more massive galaxies show increas-
ingly red (U-V)0, albeit with a high dispersion.

The position of the blue cloud is consistent with that found
by Cardamone et al. (2010) for the extinction corrected U-V colour
of the Extended Chandra Deep Field South galaxies at 0.8<z<1.2.
Nevertheless, their red galaxies clump in a disconnected red se-
quence, while we find a smooth transition from blue to red, with a
very significant number of sources having intermediate colours.

Finding the cause for this discrepancy is not straightforward.
The work by Cardamone et al. (2010) uses stellar templates from
Maraston (2005) and a Kroupa (2001) IMF, while we use the
STELIB stellar library (Bertelli et al. 1994) assuming a Salpeter
(1955) IMF. In principle, our AV estimates are sensitive to the selec-
tion of SPS models, which determine the shape and location ofthe
DFS. However, changes in the DFS are negligible when switching

Figure 15.Extinction corrected rest-frame U-V colour as a function ofthe
stellar mass, with colour coding for AV .

to the models from Maraston (2005), because differences between
the two sets of models are important in the near-infrared, but not so
much between theU andV bands.

The method used to estimate the amount of extinction
may have a larger impact on the outcome. In the work of
Cardamone et al. (2010), they use FAST (Kriek et al. 2009) to esti-
mate the stellar mass, star-formation time scale, star-formation rate,
and AV by fitting the observed SED with single-burst SPS mod-
els. Although the near-infrared photometry helps to break the age-
extinction degeneracy, their AV estimate is influenced by all the
stars in the galaxy, and not just those that dominate the emission in
theU andV bands. If the extinction affecting different stellar pop-
ulations within the galaxy varies with their age or metallicity, it is
conceivable that the de-reddened U-V colours could be biased.

We also find that galaxies with M∗ & 1010 M⊙ show a correla-
tion between (U-V)0 and AV: the more obscured sources also have
bluer de-reddened U-V colours. This is consistent with the expec-
tation of younger starforming galaxies being more dusty than qui-
escent galaxies, but other mechanisms could be responsiblefor this
trend. For instance, if the amount of extinction is somehow over-
estimated then we will over-correct the U-V colour, obtaining the
same correlation.

An independent confirmation of the validity of AV estimates
with the method of projection into the DFS can be obtained using
the rest-frame V-J colour. This colour has a smaller dependency on
the age of stellar populations compared to U-V, and a larger one
on extinction (since the V band is much more affected by extinc-
tion compared to the J band). Because of this, it has been widely
used in combination with another restframe colour, in particu-
lar U-V, to break the age-extinction degeneracy (e.g. Wuytset al.
2007; Williams et al. 2009; Cardamone et al. 2010; Brammer etal.
2011).

In Figure 16 we show AV versus rest-frame V-J, with sepa-
rate colours identifying sources in distinct intervals of Dn(4000).
The correlation between AV and V-J is evident only when consider-
ing galaxies with comparable Dn(4000) values, because the depen-
dency of the V-J colour with age is small but not negligible, and the
typically lower extinction affecting older stellar populations com-
pensates to some extent their redder intrinsic V-J colour. Given the
large dispersion, we take the bisector of the linear fits of AV vs V-J
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Figure 16. Attenuation in the rest-frame V band as a function of the
rest-frame V-J colour. Colours identify subsamples according to their
Dn(4000)values. The continuous lines represent the bisectorof the best-
fitting linear relations for AV vs V-J and V-J vs AV for each subsample.

and V-J vs AV as the best linear model for the relationship between
the two variables (solid lines in Figure 16).

Assuming a Draine (2003) extinction law with Milky Way
grain size distribution (Weingartner & Draine 2001) and RV = 3.1,
the attenuation in the rest-frame J band is AJ ∼ 0.3AV. Therefore,
the theoretical expectation for the slope of the best fittinglinear
model is AV

E(V−J) ∼ 1.4. The observed values range from 0.75 to 1.31
with a mean of 1.05, indicating that in spite of their large uncer-
tainties, our AV estimates are broadly consistent with the observed
restframe V-J colour.

4.6 Average stellar ages

Real galaxies have complicated SFHs, and finding a single value
representing a characteristic stellar age for the entire stellar pop-
ulation is not straightforward. Furthermore, the dependency of
Dn(4000) and (U-V)r with metallicity for old (>1Gyr) stellar pop-
ulations implies that such age estimates are metallicity-dependent
(at least for old populations).

For convenience, we define the light-weighted average stel-
lar age of a galaxy,tssp, as the age of a solar-metallicity SSP that
has a Dn(4000) equal to the extinction corrected Dn(4000) of the
galaxy. While the less massive galaxies in the sample are expected
to have sub-solar metallicity, this does not invalidatetssp estimates
since (U-V)r and Dn(4000) are nearly insensitive to metallicity for
the typical ages of low mass galaxies (see Figure 1). On the other
hand, for galaxies with old stellar populations and sub-(super-)solar
metallicity, tssp will under-(over-)estimate the actual age of their
stellar populations.

Values oftssp may differ significantly from the mean or the
median age of individual stars in the galaxy. In particular,a recent
burst of star formation can easily outshine the older stellar popu-
lation in the UV-optical range and make the entire galaxy appear
young, even if young stars only represent a small fraction ofthe
stellar mass in the galaxy. Therefore, we interprettssp only as an
indicator of the recent SFH of the galaxies.

Figure 17. Distribution of Dn(4000) values for several stellar mass inter-
vals. The black line represents the observed Dn(4000) values, while the
solid histogram represents their maximum likelihood estimates based on
the method described in §4.5. For comparison, the distribution found by
Kauffmann et al. (2003a) in SDSS galaxies is also shown (red histogram).
Dotted lines indicate the median value of each distribution.

5 DISCUSSION

5.1 Comparison to the local Universe

In a large flux-limited sample of local galaxies from the SDSS,
Kauffmann et al. (2003b) found a sharp transition in the physical
properties of galaxies at M∗ = 1010.5 M⊙, with galaxies below that
value having lower surface mass densities, lower concentration in-
dices, and younger stellar populations compared to galaxies above
it.

Figure 17 shows the distribution of Dn(4000) values in bins
of mass 0.5 dex wide for both their local sample and our interme-
diate redshift one. The Dn(4000) distributions for the 0.65<z<1.07
galaxies peak at lower values compared to the local sample inall
the mass intervals. Median values are also consistently lower, indi-
cating significant evolution between these redshifts and the present
epoch.

The bimodal distribution of Dn(4000) values observed for
local galaxies is not well developed in our intermediate redshift
sample, and we can only marginally resolve the two peaks in the
1010.5<M∗/M⊙<1011 mass bin (see Figures 17 and 18). This is be-
cause even the most massive galaxies in our sample have not had
enough time to evolve sufficiently their stellar populations. Further-
more, while in the local sample there is a significant population of
quiescent galaxies for all mass bins except the lowest one, in the
0.65<z<1.07 sample we find high Dn(4000) values only in galaxies
above 1010.5 M⊙, and a significant population of relatively young
galaxies even in the highest mass ranges.

In the local sample, the relative abundances of young and
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Figure 18. Distribution of light-weighted stellar ages for several stellar
mass intervals. The histogram shows the number of sources inintervals
of log tssp of width 0.25, while the continuous curve shows the cumulative
fraction of sources younger than a given age. The dotted linemarks the
median (50% cumulative fraction) of each distribution.

old galaxies vary slowly with the stellar mass, while in the
0.65<z<1.07 sample we find a relatively abrupt transition at
M∗∼1010.5 M⊙ from a distribution dominated by young populations
to another where there are comparable numbers of galaxies with
young and old stars.

5.2 The mass-dependency of extinction

Studies with large spectroscopic samples from the SDSS have
shown that the fundamental property governing extinction of the Hα
emission in star-forming galaxies is the stellar mass (Garn& Best
2010; Zahid et al. 2012, 2013). Here we discuss whether the stellar
mass also influences the extinction affecting the stellar population.

Figure 19 shows AV as a function of M∗ in four intervals of
tssp. Most galaxies concentrate in a relatively narrow band of AV

values between 0.5 and 1.0, and there is not any significant trend
with mass for the sample as a whole other than an increase in dis-
persion in the 1010–1011 M⊙ range. Nevertheless, when sources are
grouped by their light weighted stellar ages, and mean AV values
are calculated in bins of stellar mass, a pattern emerges in which
the mean AV for a given age interval increases with the stellar mass,
reaching a maximum in the 10–10.5 or 10.5–11 mass bin, and sta-
bilises or decreases at higher masses.

The sources with AV>1.5 concentrate in the mass range 1010–
1011 M⊙, with moderate Dn(4000) values indicating relatively
young stellar populations and red V-J confirming high extinction.
These galaxies are among the most massive of the (intrinsic)blue
galaxies (see Figure 15), and their mass distribution is strongly

Figure 19. Apparent absorption in the rest-frame V band versus stellar
mass, with colour coding for the light-weighted stellar age. Big squares
represent mean values of M∗ and AV in bins of stellar mass 0.5 dex wide.

biased against lower mass galaxies compared to less obscured
sources.

For a given mass interval, the mean AV decreases with increas-
ing stellar age. This trend is stronger among the massive galax-
ies (M∗>1010.5 M⊙), where the average AV is >1.2 magnitudes for
tssp<0.3 Gyr but only∼0.6 magnitudes fortssp>1 Gyr. While this is
consistent with expectations of lower extinction in quiescent galax-
ies, we caution that an oldertssp is also the expected result if AV is
somehow underestimated.

5.3 Constraining star formation histories

The light-weighted average stellar age does not provide informa-
tion about the entire SFH of the galaxies. In particular, forgalax-
ies experiencing a recent burst of star formation, the pre-burst
SFH cannot be inferred from these data, since emission from hot
young stars outshines the old population and produces (U-V)r and
Dn(4000) values very close to those of a SSP with the age of the
burst. However, we can still set some interesting constraints on the
SFH of most galaxies. The track for constant SFR in Figure 13
overlaps with that of a SSP 0.3 Gyr old. This implies that galaxies
with log tssp<8.5 have experienced a recent (<300 Myr) increase in
their SFR, while those with larger values are experiencing adecline
in their SFR at least in the last few hundred Myr.

Figure 20 shows the fraction of galaxies withtssp >0.3 Gyr
(that is, with declining SFR) as a function of M∗ for both our sam-
ple and the local SDSS sample of Kauffmann et al. (2003a). In the
latter we assumed solar metallicity and a typical extinction of AV=1
to convert their Dn(4000) values totssp (tssp=0.3 Gyr corresponds
to Dn(4000)=1.3).

The fraction of sources withtssp >0.3 Gyr increases steadily
with the stellar mass in the SHARDS sample, from∼5% in the
lowest mass bin to∼80% in the highest. This indicates that atz∼0.9
star formation is clearly in decline or halted in the most massive
galaxies, but it is still increasing for galaxies below 1010.5 M⊙, in
qualitative agreement with the downsizing paradigm. On theother
hand, in the local SDSS sample the SFR is predominantly in decline
except perhaps in the lowest mass bin, and the fraction oftssp>0.3
Gyr sources reaches levels close to 100% in the most massive bin.

Note, however, that a decline in SFR does not necessarily im-
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Figure 20. Fraction of sources with declining SFR (tssp >0.3 Gyr) as a
function of stellar mass, for the local SDSS sample (red histogram) and the
SHARDS sample (blue histogram). Error bars indicate the 68%confidence
interval calculated using the Wilson formula for binomial distributions. The
dashed line shows the fraction of SDSS sources withtssp >4Gyr, compati-
ble with passive evolution since at leastz∼0.65.

ply that these galaxies will undergo passive evolution downto z∼0.
If we were to start from the 0.65<z<1.07 sample and apply passive
evolution during the next 5–7 Gyr, their Dn(4000) distribution at
z∼0.1 (the median redshift of the SDSS sample) would be pushed to
the right and compressed in the interval Dn(4000)∼1.9–2.1. Clearly,
this is not what we see in the SDSS sample (Figure 17), albeit one
half of the galaxies in the highest mass bin have Dn(4000)>1.9,
equivalent totssp>4 Gyr.

Interestingly, the fraction oftssp>0.3 Gyr sources in the
SHARDS sample is roughly twice the fraction oftssp>4 Gyr
sources in the SDSS sample in all the mass bins. When accounting
for the doubling in the comoving density of galaxies with 1010<

M∗/M⊙<1011.5 sincez∼0.9 [PG08], we have roughly one quiescent
galaxy withtssp>4 Gyr in the SDSS sample for every galaxy with
declining SFR in the SHARDS sample. This suggests that most of
these intermediate-z galaxies might never reactivate their star for-
mation but instead evolve passively until the present time.

In the intermediate mass bins (1010<M∗/M⊙<1011), about 50%
is increasing its SFR and the other 50% decreasing in the SHARDS
sample. Their distribution peaks close to logtssp=8.5, which may
be interpreted in two ways: either most of the galaxies in this
mass range sustain relatively stable SFRs, or they undergo repeated
episodes of star formation, separated by more quiescent periods no
longer than a few hundred Myr.

The highest Dn(4000) values observed in the sample,∼1.8,
correspond totssp∼3-4 Gyr orτ=1 Gyr for a 6 Gyr old galaxy with
an exponentially declining SFR. In any case, this implies that more
than 80% of the stellar mass in these galaxies was already in place
4 Gyr earlier (that is, atz∼2–4) than the epoch observed here. How-
ever, these very old galaxies represent only a very small fraction of
the massive galaxies in the sample. When considering all thegalax-
ies with M∗>1011 M⊙, only 10% of them hastssp>2.5 Gyr.

6 CONCLUSIONS

We have presented the analysis of the stellar populations ofa mass-
selected sample of galaxies atz∼0.9 with ultra-deep (mAB<26.5)
optical medium-band (R∼50) photometry from the Survey for
High-z Absorption Red and Dead Sources (SHARDS). We demon-
strate that the spectral resolution of SHARDS allows for a consis-
tent measure of the Dn(4000) index for all galaxies at 0.65<z<1.07
down to M∗=109 M⊙, roughly 1/10th the threshold of similar studies
based on spectroscopy.

The stacked SHARDS SEDs of sources grouped by their stel-
lar mass show increasingly red continua, stronger 4000 Å breaks,
and weaker [Oii] emission with increasing stellar mass, suggest-
ing that stellar age, and not extinction, is the dominant factor driv-
ing the correlation between optical colours and stellar mass. When
considering individual sources, both Dn(4000) and (U-V)r correlate
with M∗. The dispersion in Dn(4000) values at a given M∗ increases
with M∗, while for (U-V)r decreases due to the higher average ex-
tinction prevalent in massive star-forming galaxies.

We find a small but significant evolution with redshift of the
restframe U-V colour within the sample. Galaxies atz∼0.7 are be-
tween 0.1 and 0.2 magnitudes redder compared to galaxies atz∼1.0
in the same mass range. The stronger evolution occurs at interme-
diate masses (109.5–1010.5 M⊙).

We present a new method for obtaining AV estimates based on
the differences in sensitivity of the (U-V)r and logDn(4000) colours
to extinction. This method allows us to break the degeneracybe-
tween age and extinction, and to produce extinction-corrected ob-
servables.

The extinction corrected U-V colour of blue cloud galaxies in
our sample is consistent with other studies at similar redshifts. Nev-
ertheless, for massive galaxies we find a smooth transition towards
the red sequence, with many sources at intermediate colours, in
contrast to the strong bimodality found by Cardamone et al. (2010).
We interpret the discrepancy as due to differences in the methods
used to estimate the extinction affecting the stellar population.

Compared to local galaxies, the distributions of Dn(4000) for
our sample peak at lower values indicative of younger stellar popu-
lations for all mass ranges. The bimodal distribution of Dn(4000) is
rather absent atz∼0.9 contrarily to the stark one observed in local
galaxies, because even the most massive, already quiescentgalaxies
have not had enough time to evolve sufficiently their stellar popu-
lations. We find a relatively sharp transition at M∗∼1010.5M⊙ from
a distribution dominated by young stellar populations to another
where there are comparable numbers of galaxies with young and
old stars.

When galaxies are grouped by their light weighted stellar
ages, we find a weak positive correlation between extinctionand
stellar mass, which probably arises from the well-known correla-
tion between stellar mass and metallicity.

The fraction of SHARDS sources where star formation is
in decline increases steadily with the stellar mass, from∼5% at
log(M∗/M⊙)=9.0–9.5 to∼80% at log(M∗/M⊙)>11. This indicates
that atz∼0.9 star formation is clearly in decline or halted in the
most massive galaxies, but it is still increasing for galaxies below
1010.5, in qualitative agreement with the downsizing paradigm.

For the more massive galaxies, the comoving density ofz∼0.9
galaxies with declining SFR is comparable to the density of local
galaxies with old (tssp>4Gyr) stellar populations, suggesting that
most of these galaxies never re-activated their star formation.

The higher Dn(4000) values observed in the SHARDS sample
correspond totssp∼3–4Gyr, and imply that at least 80% of the stel-
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lar mass in these galaxies was already in place atz∼2–4. However,
these very old galaxies represent only a small fraction (<10%) of
the M∗>1011 M⊙ galaxies.
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mous referee for their useful comments that helped to improve this
paper.

REFERENCES

Alexander D. M. et al., 2003, AJ, 126, 539
Alonso-Herrero, A. et al., 2008, ApJ, 677, 127
Arnouts S. et al., 2007, A&A, 476, 137
Baldry I. K., Glazebrook K., Brinkmann J., Ivezić Z., Lupton R.
H., Nichol R. C., Szalay A. S., 2004, ApJ, 600, 681

Balogh M. L., et al., 2004, ApJ, 615, 101
Balogh M. L., Morris S. L., Yee H. K. C., Carlberg, R. G., Elling-
son, E., 1999, ApJ, 527, 54

Barro G., et al., 2011, ApJS, 192, 30
Bauer A. E., Drory N., Hill G. J., Feulner G., 2005, ApJL, 621,89
Beaton A. E., Tukey J. W., 1974, Technometrics, 16, 147
Bell E. F., et al., 2004, ApJ, 608, 752
Bernardi M., et al., 2006, AJ, 131, 1288
Bertelli G., Bressan A., Chiosi C., Fagotto F., Nasi E., 1994,
A&AS, 106, 275

Blanton M. R., et al., 2003, ApJ, 594, 186
Borch A., et al., 2006, A&A, 453, 869
Bower R. G., Lucey J. R., Ellis R. S., 1992, MNRAS, 254, 601
Brammer G. B., et al., 2009, ApJ, 706, 173
Brammer G. B., et al., 2011, ApJ, 739, 24
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Bruzual G., 1983, ApJ, 273, 105
Bundy K., et al., 2006, ApJ, 651, 120
Bundy K., et al. 2008, ApJ, 681, 931
Cardamone C. N., Urry C. M., Schawinski K., Treister E., Bram-
mer G., Gawiser E., 2010, ApJ, 721, 38

Chary R., Elbaz D. 2001, ApJ, 556, 562
Christlein D., 2000, ApJ, 545, 145
Cid Fernandes R., Asari N. V., Sodré L., Stasińska G., Mateus A.,
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Le Fèvre, O., et al. 2005, A&A, 439, 845
Lilly S. J., et al. 2007, ApJ, 172, 70
Lin H., Kirshner R. P., Shectman S. A., Landy S. D., Oemler, A.,
Tucker D. L., Schechter P. L., 1996, ApJ, 464, 60

Longhetti M., Saracco, P., 2009, MNRAS, 394, 774, 794
Lotz J. M. et al., 2008, ApJ, 672, 177
Loveday J., Peterson, B. A., Efstathiou G., Maddox S. J., 1992,
ApJ, 390, 338

Maraston C., 2005, MNRAS, 362, 799
Marchesini D., van Dokkum P. G., Förster Schreiber N. M., Franx
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Table 1. General sample properties

Mass range N total Nzspec N Dn(4000) 〈log(M∗/M⊙)〉 〈z〉 〈(U-V)r 〉 〈Dn(4000)〉

9.0–9.5 592 163 549 9.25 0.87 0.96 1.14
9.5–10.0 475 243 457 9.73 0.89 1.10 1.18
10.0–10.5 279 192 277 10.23 0.89 1.40 1.26
10.5–11.0 204 160 204 10.76 0.91 1.79 1.42
11.0–12.0 94 79 91 11.20 0.90 1.90 1.52

Total 1644 837 1578 9.85 0.89 1.23 1.23
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APPENDIX A: CALIBRATION OF D n(4000)
MEASUREMENTS USING ZCOSMOS SPECTRA

A1 Simulation of SHARDS photometry

We simulated SHARDS photometry by convolving a library of op-
tical spectra with the transmission profiles of the SHARDS filters.
The library was selected from the zCOSMOS (Lilly et al. 2007)
Data Release 2, and includes the 1377 sources in the 0.5< z< 1.2
range with reliable redshift determinations that are not classified as
AGN and are brighter than magnitude 22.5 (AB) in thei band. The
cut in optical magnitude ensures the spectrum has a well detected
continuum and the 4000 Å break can be properly measured in the
full resolution spectrum.

Photometric errors are simulated by adding to each magnitude
an error term merr = 0.1σ, whereσ is a random variable with nor-
mal distribution. This roughly corresponds to the 1-σ uncertainty
of the SHARDS photometry at AB magnitude∼25.5, and is higher
than the actual photometric errors for∼85–90% of the SHARDS
sources.

The D(4000) and Dn(4000) indices are measured in the sim-
ulated photometry using the same procedure employed for the
SHARDS data. Figure A1 compares values of the D(4000) and
Dn(4000) indices measured directly on the full resolution zCOS-
MOS spectra (D4C and Dn4C) with those recovered from the syn-
thetic photometry (D4P and Dn4P).

The dispersion in D4P is markedly uniform in the entire range
of 4000 Å break strengths, at about 5% of its average value, while
for Dn4P the dispersion is significantly higher, and also has stronger
bias towards lower values of the index in the simulated photometry
compared to the full resolution spectrum.

A2 Corrected Dn(4000) values

Most recent studies prefer the narrow definition of the 4000 Åin-
dex due to its lower dependency on extinction. This is thus the most
convenient definition for comparison with results from other sam-
ples. Nevertheless, we just showed that at the spectral resolution of
the SHARDS SED (R∼50) the measurement of Dn(4000) is signif-
icantly more affected by the interpolation error when compared to
D(4000).

To overcome this issue, we calculate Dn(4000) values cor-
rected for the interpolation bias from the D(4000) measurements
on the SHARDS photometry. The correction terms are obtained
from polynomial fitting of Dn4C values as a function of D4P in the
zCOSMOS sample. To this aim, the individual zCOSMOS sources
are sorted by their D4P values, and the mean and standard devia-
tion of their D4P and Dn4C values and are calculated in bins of 30
sources each.

Figure A2 shows Dn4C versus D4P and the best fitting linear
and parabolic models. In both cases, the expected values, Dn4M , are
comfortably within one standard deviation from the observed ones,
Dn4C, with the only exception of the lowest and highest D4P bins
for the linear and parabolic models, respectively. Nevertheless, the
linear model fails to predict the convergence of D4P and Dn4C val-
ues at D4P = Dn4C = 1, which is caused by the index measurement
becoming insensitive to the spectral resolution in sourceswith a
flat spectrum near 4000 Å. On the other hand, the parabolic model
reproduces this feature accurately.

The residuals (δM = Dn4C - Dn4M ) show that the parabolic
fit reproduces much better the observed values except in the
1.8<D4P<2.1 range, where both models predict slightly lower val-

Figure A1. Comparison between 4000 Å indices for simulated SHARDS
photometry and those from full resolution zCOSMOS spectra.The blue
dots represent measurements of the “regular” D(4000) index, while the red
ones represent the “narrow” version Dn(4000).

Figure A2. Comparison between Dn(4000) values measured in the full res-
olution spectrum and D(4000) values measured in the synthetic SHARDS
photometry. Black dots represent individual zCOSMOS sources, while red
asterisks mark the average values in bins of 30. Error bars indicate the 1-σ
dispersion in each bin. The green and blue lines represent the best fitting
linear and parabolic models, respectively.

ues than observed (Figure A3). Because of this issues, the parabolic
model is preferred over the linear one.

From the coefficients of the parabolic model we obtain the
correction term,∆, that needs to be subtracted from the D(4000)
values measured in the SHARDS photometry to obtain corrected
Dn(4000) values:

∆ = 0.482(D4P − 1)− 0.263(D4P − 1)2 (A1)

which implies corrections of 0.00, 0.17, and 0.22 at D4P = 1.0, 1.5,
and 2.0, respectively.

The systematic error in Dn4M introduced by the parabolic
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Figure A3. Residuals in Dn(4000) after subtraction of the best fitting linear
(top) and parabolic (bottom) models. Symbols as in Figure A2.

model is at most∼3%, and the 1-σ dispersion of Dn4M values for
a given Dn4C is ∼5%.

A3 Dependency with the photometric errors

The calibration used to obtain corrected Dn(4000) values assumes
photometric uncertainties around 0.1 magnitudes, but in some
sources (particularly the more massive galaxies) these canbe an
order of magnitude lower. Repeating the above calibration steps on
simulated SHARDS data with 0.01 magnitudes uncertainties yields
nearly identical calibration coefficients. Furthermore, the disper-
sion of residuals is only slightly lower (Figure A4), indicating that
it is the interpolation error, and not the photometric errors, the main
cause of dispersion in the Dn4M versus Dn4C relationship.

Figure A4. Distribution of relative errors in the Dn(4000) index measure-
ment for simulated SHARDS data with photometric errors∆m = 0.01
(green bars) and∆m = 0.1 (red line).
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