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ABSTRACT

We report on results from the analysis of a stellar masss=lglog(M/Mg) > 9.0) sample
of 1644 galaxies at 0.6&<1.1 with ultra-deep (s<26.5) optical medium-band (50)
photometry from the Survey for High-z Absorption Red and @&8aurces (SHARDS). The
spectral resolution of SHARDS allows us to consistently suea the strength of the 4000 A
spectral break [R(4000), an excellent age indicator for the stellar popategiof quiescent
galaxies] for all galaxies a~0.9 down to log(M/My)~9. The y(4000) index cannot be
resolved from broad-band photometry, and measurememtsdpaical spectroscopic surveys
are typically limited to galaxies at leagtlO more massive. When combined with the rest-
frame U-V colour, (U-V), Dy(4000) provides a powerful diagnostic of the extinctidieating
the stellar population that is relatively insensitive tgeeeracies with age, metallicity or star
formation history. We use this novel approach to estimateeddened colours and light-
weighted stellar ages for individual sources. We exploea étationships linking stellar mass,
(U-V),, and D,(4000) for the sources in the sample, and compare them te thasd in local
galaxies. The main results are: a) bott(400) and (U-V) correlate with M. The dispersion
in D,(4000) values at a given Mncreases with M while the dispersion for (U-\{)decreases
due to the higher average extinction prevalent in massarefgtming galaxies. b) for massive
galaxies, we find a smooth transition between the blue clodded sequence in the intrinsic
U-V colour, in contrast with other recent results. ¢) at adistellar age, we find a positive
correlation between extinction and stellar mass. d) thetifva of sources with declining or
halted star formation increases steeply with the stellasspimom~5% at log(M./M¢)=9.0—
9.5t0~80% at log(M/Mg)>11, in agreement with downsizing scenarios.

Key words: galaxies: evolution — galaxies: high-redshift — galaxigadamental parameters
— galaxies: stellar content — galaxies: statistics — iefilagalaxies

1 INTRODUCTION 2006; De Lucia et al. 2007; llbert etlal. 2009; Williams e{24009;

Brammer et al. 2009; Xue etlal. 2010; Whitaker et al. 20113 an
In the last decade it has been established that the coloars an that they correlate strongly with luminosity (elg. Lovedsyal.
morpho|ogies of ga|axies show bimodal distributions atsiea 1992; Marzke et al. 1994; Lin etial. 1996; Christlein 2000) atel-
up to z~3 (e.g.l Blanton et al. 2003; Bell etlal. 2004; Borch et al. lar massi(Xue et al. 2010).
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Figure 1. Dependency of the rest-frame U-V colour, (UrVand the 4000 A index (§{4000); Balogh et al. 1999) with stellar age, extinction ametallicity.
The tracks represent the evolution with time of the (Y-¥hd logD3,(4000) colours of an instantaneous burst fay=® and metallicity ZZ, = 0.4, 1.0,
and 2.5. The time evolution of a galaxy withZz = 1.0 and constant SFR is also shown for comparison. Modetgrace computed using GALAXEV
(Bruzual & Charlat 2003) with the STELIB stellar library afhdoval994 isochrones (Bertelli et al. 1994) assuming@egml(1955) initial mass function
(IMF). Extinction produces a reddening that is proportidnaAy for both (U-V) and logD(4000) . The segmented arrows represent ffeceof Ay = 1, 2,
and 3 magnitudes assuming a Draine (2003) extinction latv Mitky Way grain size distribution (Weingartner & Draihe@1) and R, = 3.1.

In the local Universe, massive galaxies,(M 0™ M,) are typ- age indicators (like the strength of the 4000 A spectral irage
ically spheroids with old stellar populations, which defthe so- required.
called red sequence in a color-magnitude diagram (CMD)lewhi The 4000 A index, [Y4000), is an excellent age indicator for

the less massive ones (mostly discs) have young stellarlgopu the stellar populations of quiescent galaxies (Baloghlet999;
tions and reside in a more spread blue cloud (Stratevalef@l.;2 Kauffmann et al. 20032, b; Kriek etlal. 2006; Moresco ét al. 2010).
Kauffmann et all 2003b; Baldry etlal. 2004). Galaxies with inter- Since ,(4000) is much lessfBected by extinction compared to the

mediate colours (located in the so-called green valley)es® nu- U-V colour (see Figurgll), it has also been used to separate st
merous and are considered to be either dusty star-formstgrsg, forming and passively evolving galaxies (e.0. Vergani £2808).

or galaxies transitioning from the blue cloud to the red sege Large spectroscopic surveys, in particular the Sloan Digi-
after switching & their star formation. tal Sky Survey, have provided a clear picture of the inteedep

At higher redshift, only increasingly massive galaxies be- dency of stellar mass, s'urface density, apd st.ar formatistory .
long to the red sequence, and the total mass contained in it at(Kauffmann etall 2003t: Heavens etlal. 2004: Panter etal. 2007;

z~1 is only half the local value, while the mass in the blue CidFernandes etal. 2C07). Nevertheless, the spectrallai giep-

cloud has remained nearly constant (¢.g. Arnoutslet al.|:2007 ulations forming all their mass at1 or higher are indistinguish-
Lotz et al. 2008| Stutz et Hl. 2008; Taylor et al. 2009; literal. able in the local Universe, and to explore the entire SFH céllo

20107 Dominguez et &I, 2011). galaxies it is necessary to observe their higher redshéftogs. A
N typical M, = 10'° M, galaxy atz=1 has m-24 (AB) in the | band,
which matches the current faint limit for the deepest sjpscmpic
surveys, such as VVDS-deep (Le Févre et al. 2004,/2005)s€&0on

To interpret these observations, a picture has emerged in
which galaxy evolution is strongly coupled to the mass of the

galactic ha]o and .its baryon content. In the so-galled dtg;vns quently, spectroscopic surveys favour the most massivegs,
Ing scenario (Cowie et al, 1996.)’ the m_ost massive galawies a while the analysis of the stellar populations in lower-msygstems
formed f',rSt and the star formation contlrlues in lower mass sy has remained constrained by the limitations of broadbardsSE
te'ms until Ia’lter epochs _(Heavens etlal. 2004; Bauer ¢t al5;200 Recently, Kriek et a1. (2011) demonstrated that the 4000 A
Periz-GonzaIez etlal. 2005, 2008; Bundy et al. 2006; &rekal. break can be successfully measured in average SEDs from
2007). medium-band photometry. In this work we use the ultra-deep
Quantifying the downsizing process requires accurate stel (maz<26.5, 3r) optical medium-band spectro-photometry pro-
lar mass estimates for large and representative sampleslaf-g vided by the Survey for High-z Absorption Red and Dead Sairce

ies, as well as a reliable determination of the star fornmakiis- (SHARDS;| Pérez-Gonzalez et al. 2013) in combination veith

tory (SFH) of individual galaxies. For stellar masses,f@tUV to curate photometric and spectroscopic redshifts and stelsses
near-infrared SEDs with stellar population synthesis (SR&8d- from the RainboW databasé (Pérez-Gonzalez et al. 2008; hereafter
els provides accurate results, with estimated unceréairground PGO08) to analyse the stellar populations and star formatisto-

0.2 dex (e.gl Pérez-Gonzalez etlal. 2008; Marchesini G09; ries of a mass-selected sample of galaxies at<z6%5.1.

Barro et all 2011). Unfortunately, there is some degenesauyng SHARDS is imaging an area of 141 arcrhin the GOODS-
stellar age, obscuration, and metallicity, which in turtroduces North field with GTQOSIRIS in 24 contiguous medium-band
uncertainties in age estimates based on SED fitting. AlthduigR (R~50) filters covering the spectral range 500-950 nm. At the tim

photometry can break to some extent this degeneracy and ther
has been some success at obtaining de-reddened colorsiridige
Brammer et al. 2009; Cardamone el al. 2010), more speciflarste ! httpsj/rainbowx.fis.ucm.es
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of this writing, the entire survey area has been observeldarib
filters covering the spectral range 636—-883 nm, and one h#iEo
area has also been observed in the F619W17 filter (centra-wav
length: 619 nm, FWHM: 17 nm).

We measure the 4000 A index in the SHARDS SED of in-
dividual galaxies, and demonstrate that SHARDS photomaftry
fers accurate estimates (when compared to higher resolsgiec-
troscopy) if corrected for the limited spectral resolutidide also
explore the relationships linking stellar mass, rest-gaf-V)
colour, and R(4000) index for the sources in the sample, and
compare them to those found in local galaxies. Using a ngwel a
proach, we combine information from the restframe (U-V)ocol
and 0,(4000) to obtain an estimate of the extinctidieating the
stellar population that is relatively insensitive to degieties with
age, metallicity, and SFH.

The paper is structured as follows: §2 describes the sample
selection and basic sample properties. 83 describes thieothet
used to measure the strength of the 4000 A break in the SHARDS
photometry, its uncertainties, and the calibration penfed using
higher resolution spectra. 84 presents the main result§armtis-
cusses the implications for the downsizing scenario. Tginout
this paper, we use a cosmology witly H 70 km s* Mpc™?, Qu =
0.3, and?, = 0.7. All magnitudes refer to the AB system.

2 DATA

In this paper we analyse a stellar mass selected sample.afentp
sample is the GOODS-North catalog from Rainbow (PGO08), with
IRAC 3.6um as the selection band. The IRAC catalog is estimated
to be 75% (90%) complete 8¢ = 1.6 (5.0)udy.

We restrict the sample to galaxies within the 141 arémaiea
surveyed by SHARDS, and also apply stellar mass and redshift
constraints to ensure a highly complete sample with radiatta-
surements of the 4000 A break in the SHARDS SED (§ed §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 A except the
two reddest ones, which have FWHM350 A. As of May 2013
SHARDS observations are still ongoing, and the currenttsplec
coverage is limited to 16 filters spanning the 619-883 nmaang

The reduction and calibration procedures applied to SHARDS
data are described in great detail in Pérez-Gonzalez (2@13).

We produced source catalogs by merging the lists of sourees d
tected in individual filters, and then forcing measuremexitsll
bands. The FWHM of the point spread function (PSF) of the im-
ages varies between 0.78” and 1.05”, depending on the dhgerv
conditions.

Photometry was extracted using apertures of rad.88".
This is large enough for PSF variations to be negligible: riree
dian colour dfference 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 riskrifioe
ination from nearby sources, while the SNR is largelyfierted.
The median SNR increase going from 0.88" to 1” is 4% for bright
sources (m24), and just 0.33% for 25m<26 sources.

We found the closest SHARDS counterpart to each Rainbow
source using a 1" search radius. However, the typical distas
much lower (median: 0.27”, 95th percentile: 0.6"). SomerfRaiv
sources do not have a SHARDS counterpart within 1”. These tur
out to be mostly faint sources in the vicinity of a bright s&ince
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they represent a small fraction%) of the total, the results of this
work will not be dfected.

2.1 Redshifts

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

The photometric redshifts of Rainbow sources are described
in PGO08. They use standard template-fitting throgghminimi-
sation with a large set of SPS models covering a range of star
formation histories and extinction. A preliminary catalogpho-
tometric redshifts using both broadband and SHARDS photome
try is also available for sources brighter thas-24 (Ferreras et
al., in preparation). It uses a template-matching tecteigampar-
ing both broadband photometry (frobh to SpitzefIRAC 3.6um)
and the medium band SHARDS data with a grid of 2000 synthetic
templates built from the models lof Bruzual & Charlot (200B)e
models explore a wide range of star formation historiedutting
dust and emission lines. A comparison with the availabletspe
scopic redshifts in GOODS-N gives an accurady)/(1+2)=0.02
(median) for the whole SHARDS dataset dowrkta@24 in the red-
shift interval of our working sample (with a &-scatter about the
median of just M3), 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 i
great detail by PGO08. 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 wavelengthdum (rest-frame).
The stellar emission in the models was taken from the PEGASE
code (Fioc& Rocca-Volmerange 1997) assuming a Salpet&5(19
IMF with 0.1<M./My<100, and star formation histories (SFH) de-
scribed by a declining exponential law with timescaland aget

[i.e, SFR() « e"]. 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 popiolais at
log(M./M)=9.0 atz=0.65 and log(M/M.)=9.5 atz=1.07 (PGO08,
see also Figurgl 2). However, mostM0*° M, galaxies at these
redshifts are actively forming stars and are thereforeifsogmtly
brighter than this limit. Since only 7% of galaxies in the-®®
mass interval are red [(U-V3}1.4], we estimate 97-98% complete-
ness in mass at M10°°M,,.

2.3 Restframe colours

Rest-frame optical colours are frequently used to disistgyoung
from old galaxies in photometric surveys (e.g. Stratevd. @001 ;
Blanton et al. 2003; Baldry et al. 2004). This is becauseraiti-
lar populations usually have redder optical SEDs compaced t
younger ones (albeit extinction by dust can also redden plie o
cal SED of a young galaxy, see Figlie 1).

We compute rest-frame magnitudes in several UV and opti-
cal broadband filters by convolving the SPS model that bestti
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broadband SED of each source with the filter transmissiovecas
described in PG08. The broad spectral coverage of Rainbow ph
tometry implies that rest-frame photometry is interpaldtetween
observed bands. Owing to the accurate photometric redstike
uncertainty in rest-frame colours is comparable to the dagy

in observed coloursy0.1 magnitudes.

In this work we will concentrate specifically on the rest-
frame U-V colour, (U-V), which is particularly sensitive to the
age and metallicity of the stellar population because #dstles
the 4000 A break, and has been widely used in the literatuge (e
Sandage & Visvanathan 1978; Bower et al. 1992; Bell et al4200
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 A break in sources at red-
shift 0.6552<1.07. Therefore, we selected from Rainbow only the
sources with redshifts (either spectroscopic or photam)edithin
these limits. To ensure high completeness-dtwe also restrict the
sample to M>10°° M, sources. In summary, the selection criteria
are as follows:

i) Rainbow source in the GOODS-North field with a 36
detection

ii) within the area covered by the SHARDS survey

iii) 0.65 < z< 1.07 (either photometric or spectroscopic)

iv) log(M./M,) > 9.0

There are 1644 Rainbg&HARDS sources meeting these cri-
teria. TabléJl summarises the overall properties of the kar8p7
[51%] of the sources in the sample have reliable spectrisceg-
shifts (hereafter, they,ec sSubsample) and the remaining 807 [49%)]
depend on a photometric redshift estimate (hereaftezthesub-
sample). 562 of theyne Sources have redshift estimates from the
combined SHARDS and broadband SEDs, while the remaining 245
have redshifts from broadband alone.

The redshift distribution (Figuril 3) is rather inhomogeaimeo
due to the small size of the survey area, which makes it $emgit
large scale structure. However, we consider the impact\if@amn
ment on the results of this work to be negligible (seel§4.3).

Stellar masses could be overestimated in sources where emis
sion from an AGN increases the observed flux in the near- add mi
infrared bands. A cross-correlation with the Chandra 2 Malog
from|Alexander et al.| (2003) finds 56 X-ray sources in the mass
selected sample, but 54 out of the 56 show a cleaurih.6ump,
suggesting the stellar population dominates the restdraear-
infrared emission (Hernan-Caballero et al., in preparatsee also
Alonso-Herrero et al. 2008).

Figure[4 shows the distribution of the optical magnitudes,
measured in apertures of radius 0.88 arcseconds, for twdREHA
bands close to the blue and red ends of the SHARDS spectga,ran
namely F636W17 and F857W17. The magnitude distributiokpea
at m=25 (24) in the F636W17 (F857W17) bands. Note that the
reduction in the number counts for fainter magnitudes is wue
the redshift and mass constraints of the sample selectidman
the depth of the SHARDS data, which reaches26.5 (3r) in all
bands|(Pérez-Gonzalez etlal. 2013).

The typical F636W17-F857W17 color index isl magni-
tude. This implies somewhat higher signal to noise ratidsRp
at longer wavelengths for most sources. For example, the fra
tion of sources with SNR5(10) increases from 93.4%(85%) in the
F636W17 band to 98.5%(93.7%) in the F857W17 band.

T T T T T T T T P T
1.5 . . e e oo n
. . oo N I :.
oo, ., YN % e o ~: .S';; H ~
110— . . . e . ...90. . ‘. ‘.:. ...!' . . -
. . . ‘. B o %o eV g . :“ .
° Lt e 2 S e
s 105 .
> . ., .s':'."
2 . Sy
100+ I S
ve * )
w28
95 _
et
9.0 '-'I' o _
065 070 075 080 085 090 095 1.00 1.05
redshift

Figure 2. Stellar masses versus redshift for sources with spectpasco
(blue) and photometric (grey) redshifts studied in thiskv@ihe solid green
line represents the 75% completeness limit of Rainbow forasspely
evolving stellar population (PG08).
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Figure 3. Redshift distribution for the sources in the sample. Thelbla
solid line represents the total density of sources per dmeashift, while
grey bars and blue spikes represent the populations wittoptedric and
spectroscopic redshift, respectively.

3 MEASUREMENT OF THE 4000 A INDEX

The break in the stellar continuum at 4000 A is the strongesbad-
tinuity in the optical spectrum of galaxies older thah Gyr, and
arises because of the accumulation of a large number ofrapect
lines in a narrow wavelength region. The main contributapac-
ity comes from ionised metals. These are highly ionised trstars,
effectively decreasing the opacity, and therefore O and B tigre s
have much weaker breaks compared to later spectral typagyair
1983). Since hot (massive) stars have short lives, thegttrerf the
4000 A break for a single stellar population (SSP) increasits
its age. There is also a dependency with the metallicityjtharily
becomes significant for old stellar populations (see Fijrdn
the integrated spectrum of a galaxy, emission from hot ysiacs
can easily outshine the old population and produce a wea® A00

© 2013 RAS, MNRASDO0,[I-??
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Figure 4. Distribution of optical magnitudes in the SHARDS bands
F636W17 (blue) and F857W15 (red) for sources in the masstse sam-
ple.

break even if they only represent a small fraction of thel &itllar
mass in the galaxy. Therefore, the 4000 A break providesha-lig
weighted characteristic age for the galaxy, which is clas¢he
mass-weighted age only for passively evolving galaxies.

The strength of the 4000 A break is commonly measured us-
ing one of two definitions: the “regular” one, D(4000), meaasithe
ratio between average spectral flux densitigyiff the rest-frame
bands [4050,4250] and [3750,3950] A (Bruzual 1983; Hamilto
1985), while the “narrow” index, F{4000), uses the ratio between
the bands at [4000,4100] and [3850,3950] A (Balogh 2t al9).99
The narrow index has the advantage of being less sensitigg-to
tinction and is the preferred choice in most recent studéeg. (
Kauffmann et al. 2003hb; Martin etlal. 2007; Silverman et al. 2009;
Gobat et al. 2012).

To calculate the averaggih each of these bands, we shift the
SHARDS SED to the rest-frame of the source, and perform atine
interpolation of the spectrum between adjacent photomptints.

Visual inspection of all the individual SHARDS SEDs reveals
66 sources with features close to 4000 A rest-frame that do no
correspond with a 4000 A break. Only 8 out of these 66 sources
have spectroscopic redshifts. This suggests many of therd co
have larger than usual redshift errors. We cautiously pdedhese
sources in the analysis of the 4000 A break strengths. Shee t
represent just 4% of the sample, our results will not be igantly
affected.

There are three main sources of uncertainffeaing the
4000 A break measurements: photometric errors, intelipalatr-
rors, and redshift uncertainty. We discuss them in the ohg.

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 anchbptag-
nitude implies that the photometric errors increase wittrel@sing
stellar masses. For galaxies in the lowest bin of mass ceresd
here (9.0< log(M./M;) < 9.5), 50% (15%) of sources have flux un-
certainties larger than 0.1 magnitudes in the F636W17 (R85)
filter.

The interpolation error is the error in the determinationheaf
index due to the limited spectral resolution of the SHARDDSE
Given the wavelength resolution of the SHARDS SEDs, 1 or 2 pho
tometric points are within the limits of each rest-frame ddefin-
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noise variance in the flux; the uncertainty in the photoroetgro-point
(0.05-0.07 magnitudes) is not included. The grey and red tepresent
the bands that define the D(4000) ang(4D00) indices, respectively. The
large spike at375 nm is due to the [@] 3727 A emission line entering
one of the SHARDS filters.

ing the ,(4000) index, and 2 or 3 in the case of the D(4000) index.
Figurel® 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 wh#ntrans-
mission profiles of the SHARDS filterset reduces the contréite
4000 A break, and thus it tends to decrease the measurenmibet of
index. This decrement is larger for,(#000) compared to D(4000).
For sources with intense emission in the {3727 A line, the
blue band defining the D(4000) index can be contaminated (see
top left panel in Figur€l5), reducing the apparent strendtthe
break. To mitigate this issue, in sources with cleanj@mission
we substitute the observed flux in thezted band by a log-linear
interpolation of the adjacent ones.

To quantify the influence of the photometric and interpolati
errors in the 4000 A break measurement, we obtained syatheti
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 f§4000) values measured in the synthetic pho-
tometry with those from the full-resolution spectrum, afdained
a calibration that converts raw D(4000) values into inté&fon
corrected [(4000) values. Our procedure for obtaining the syn-
thetic photometry and the calibration is similar to thataldmed by
Kriek et al. (2011), but it uses real spectra as referendeadsof
SPS models, and is applied to individual galaxies insteaalvef-
age SEDs. Further details on the calibration method areigedv
in the appendix at the end of this paper.

The systematic error in [#4000) introduced by the calibration
model is at most-3%, while the 1e dispersion of RQ(4000) values
obtained from the synthetic photometry for a givep(4D00) is
~5% and~8% for photometric uncertainties afim = 0.01 and 0.1
magnitudes, respectively.

The total uncertainty in F{4000) measurements of SHARDS
sources due to the combination of photometric, interpatatand
calibration errors is estimated to b&% and~9.5% of the mea-
sured value at m22.5 and 25.5, respectively.

The redshift uncertainty is significant only for sourceg tiedy
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AD,(4000)D,(4000), for the sources where both redshifts are within the
0.65<2<1.07 range. 80% of sources hgu®,(4000})/D,(4000x0.05, and
93% havegAD\,(4000)/D(4000)k0.1.

on a photometric redshift estimate, that is, about half efshmple
(see ER). Comparison of photometric and spectroscopicifésis
for the other half indicates that the distribution of reletierrors
A(2)/(1+2) in the photometric redshifts has median 0.02 and stan-
dard deviation 0.03.

Redshift uncertainties of this order are stilfisciently large to
move in a few casdsothbands defining the index to the same side
of the 4000 A break, potentially compromising the measurgme
Nevertheless, comparison of,(2000) values obtained using both
the photometric and spectroscopic redshifts forahg subsample
indicates that they are within 5% (10%) of each other in 80384»
of cases (FigurEl6). Since tizg,c subsample is biased in favour
of sources with emission lines, the impact of photometrishdft
errors in [3,(4000) values for the,: subsample should be even
lower.

In summary, the accuracy of,1000) measurements for the
mass-selected sample of SHARDS galaxies is expected t@ rang
from ~5% in massive galaxies with spectroscopic redshiftsio—
15% in low mass galaxies with photometric redshifts.

As a sanity check, we have obtained direct measurements o
the D(4000) index in a sample of 56 high SNR HATS spectra
from the PEARS projeEtwhich have no signs of contamination
from other PEARS sources in their slitless grism spectran@o-
ison of D(4000) from the PEARS spectrum and the SHARDS SED
shows that both estimates are compatible within their uacgies
(the 1o dispersion iPAD(4000)YD(4000) is 0.081).

4 RESULTS
4.1 Color-magnitude diagram

Itis well known that the colour distribution of galaxies @epls on
both luminosity and redshift (e.g. Bell et al. 2004). For a&ébab-

2 Downloaded from the database| at hffarchive.stsci.edprepdgpearg.
See also Ferreras et al. (2009).

(U-V), [48]

Figure 7. Rest-frame (U-V) colour versus absolute V-band magnitude f
the sources with spectroscopic (blue) and photometrig/Jgesishifts. The
upper and lower dashed lines represent the limit of the redesee as
defined by Bell et al. (2004) for redshifts:0.65 and 1.07, respectively.

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

Using a large sample 6f25000 sources from the COMBO-17
survey (Wolf et al. 2003) in the redshift range €& 1.1, Bell et al.
(2004) found that the average (U+Mr red sequence galaxies with
absolute V-band magnitude-20 is:

@)

where we have included the 0.77 magnitudégedénce between U-
V colours in the AB and Vega systems. Given the limited reftishi
range covered by our sample, the evolution of the red seguenc
is expected to be smalkQ.13 magnitudes betweer=0.65 and
z=1.07, comparable to the uncertainty in the (U-@dlour of indi-
vidual galaxies).

The slope of the red sequendéi=2 is between -0.05 and
0.1 both in local cluster and field galaxies (Schweizer & Bsit
1992; Bower et al. 1992; Terlevich etial. 2001; Baldry et 804).
For consistency, we assume the value -0.08 used by Bell et al.
(2004) in their analysis.

Figure[T shows the (U-Y)versus M, color-magnitude dia-

(U = V)20 = 217-0.31z

fgram (CMD) of our sample. The dashed lines represent theered s

guence cuts for redshifts 0.65 and 1.07, using the definftiom
Bell et al. (2004):

(U - V), > 1.92— 0.31z - 0.08(My + 20) )

With this definition, the red sequence contains 350 of th®©166
sources in the sample.

The bimodality in the distribution of the (U-V) colour is meor
clearly observed if we correct for the dispersion introalbyg the
dependency witlz and M,. We define the equivalent (U-V) colour
at redshiftz=0.85 and M=-20 as:

(U =V)o = (U = V), +0.31 - 0.85) + 0.08(My + 20). ®3)

Figure[8 shows the distribution of (U-Yjor the sample. The
distribution has a main peak at (U9A1.0 corresponding to the
blue cloud, and a secondary, broader one centered at {J1\9.
The minimum between them is at (UAL1.55, close to the red
sequence cut which is at (U-y51.65.

© 2013 RAS, MNRASDOQ[T-2?
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Figure 9. The mass dependency of the medium band (left) and broadbigihd) SEDs of SHARDS galaxies. Each SED is the average dhalkources in
the sample within a given stellar mass interval, normalastet= 0.5um for the SHARDS SED and 1uén for the Rainbow SED. The two parallel stripes in
the left plot represent the bands defining thg4D00) index, while the dashed line marks the position of@a] 3727 A emission line.

1

200

— T
| IR TR

o
o
T
1

Number of sources
o

Lo

1

50

T
Lo

O~ . . . . 1 ., R - L
0.5 1.0 1.5 2.0
(U-V), + 0.08(My+20) +0.31(z—0.85)

2.5

Figure 8. Distribution of rest-frame (U-V) colour corrected for thepen-
dency with absolute magnitude and redshift as defined byeBel. (2004).
The correction is 0.0 for a M=-20 galaxy ar=0.85 and reaches0.3 in ex-

treme cases. Errors calculated as the squared root of theemehsources
in each bin. The red dashed line represents the mean U-V rcofored

sequence galaxies from Bell et al. (2004), and the dottet riarks their
definition of the red sequence limit.

4.2 Trends with stellar mass

Figure[® compares the stacked SED for the sources contained i
5 intervals of log(M/M), from 9.0-9.5 to 11.0-12.0. SEDs from
the broadband photometry are normalised at theih@eak of the
stellar emission. The NIR SEDI£1-5um) of these sources shows
little dependency with the stellar mass, unlike the restrfe opti-

cal range, where there is a clear trend of increasingly redsSE
higher stellar masses. This is the expected result if thee mas-
sive galaxies contain on average older stellar populatibos it
could also be produced by increased obscuration or high&alme

© 2013 RAS, MNRASD0Q,[T-2?

licity in more massive galaxies. Further insight is proddsy the
stacked SHARDS SEDs (left panel in Figlile 9). The SEDs for the
three lower mass intervals show strong emission in the][8727
Aline and aweak 4000 A break, both features indicative ofuango
stellar population. On the other hand, the SEDs of the twbédrig
mass intervals shown no significant ffPemission and a stronger
4000 A break, hinting at older average stellar ages. Thigestg
that stellar age and not obscuration is the main driver ottree-
lation between optical colours and stellar mass (see blgk).84

When considering individual sources, both thg4®00) index
and the (U-V) colour correlate with the stellar mass, albeit with a
high dispersion (see Figurel10). In the (UrW¥ M, diagram there
seems to be a smooth transition between the blue cloud and the
red sequence, with galaxies in the 10dgy(M./M;)<10.5 range
placed in most cases within or near the region corresporiditite
green valley at these redshifts.

We note that the correlation between (U-\@nd log(M) is
somewhat stronger if considering only thage. subsample.r(=
0.76 vsr = 0.65 for the entire sample). This is because red (U-V)
colours at low masses are found almost exclusivelyifn sources.
This does not necessarily imply poor accuracy in the (Y+ga-
surements of,ne SOUrCes, since redshift uncertainties are too low
compared to the width of the U and V filters tfiect significantly
the (U-V) color. Rather, itillustrates the bias of spectroscopic-sam
ples (which usually only detect low mass galaxies if theywsho
prominent emission lines) relatively to a mass-limited plEmin
particular, thez,ne subsample shows what looks like a continuation
of the red sequence (i.e., redder (U-\¢plours) down to the mass
limit of the sample. As FigufeZ11 demonstrates, many of theces
in the extended red sequence have loy¢4D00) values consistent
with a young but obscured stellar population. However, safe
them show larger F{4000) values, consistent with a transitioning
or quiescent galaxy.

The distribution of [}(4000) versus Mshows the same gen-
eral trend of increasing {§4000) values at higher masses. Average
D (4000) values remain nearly constant a(4900)=1.1-1.2 up to
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M,~10'°%5M, but they increase steadily for more massive galaxies
(see also Tablg 1).

While the dispersion in (U-V)for a given mass is roughly
constant in the entire mass range, maybe even decreasihg at t
very high end, for @(4000) the dispersion increases significantly
with M,. This different behaviour is probably due to the higher in-
fluence of extinction on the (U-Y)olour (see[§414).

An old massive galaxy with M=10'"M, and D,(4000)=1.8,
if scaled down, would be detectable by SHARDS down to at least
M,=10°*M,, atz~1. Given that, it is noteworthy the rarity of old
(Dn(4000)>1.6) galaxies with M<10'°% M.

The region defined by M<10'° M,, and D,(4000)>1.3 has a
very small fraction ofzpec Sources. Sources with photometric red-
shift in this region are mainly the galaxies with red (U-\f) the
extended red sequence, but there are also a few young starbur
where },(4000) is grossly overestimated due to ther[(8727 A
emission line entering the red band defining thg4D00) index
because of an overestimated photometric redshift. Therlatin
be identified because of their inconsistently low (U-Values (see
§4.9).

Although the correlation of (U-V)and D,(4000) with the stel-
lar mass is mainly driven by an increase in the average stajjia
in more massive galaxies, th&ects of metallicity and extinction
cannot be dismissed. In fact, it is well known that metalids
tightly correlated with the stellar mass at least utd (the so-
called ZM relation; e.g. Tremonti etlal. 2004; Savaglio ePAI05;
Lamareille et al. 2009; Yabe et|al. 2012).

Since ,(4000) is much less sensitive to extinction compared
to (U-V), and nearly independent of metallicity for stellar popula-
tions younger than-1 Gyr (see Figurgll), we can test the impact
of extinction in the relationship between the (Ur\éplour and the
stellar mass by selecting subsamples of sources withimwan-
tervals of ,(4000).

Figure11 shows that there is a general trend of increasing (U
V), with M, at a fixed [}(4000), albeit with high dispersion. This
suggests that for a given stellar age, extinction tends todieer in
the more massive galaxies. Higher extinction in massive/buing
galaxies would explain our finding of a lower dispersion ia (h-

V), values of massive galaxies compared to thgif4D00) values.
For galaxies in the two higherJ)4000) bins (bottom row in Figure
[I7) the correlation seems to flatten or even reverse, atfieatte
ZspecSUDsample. However, the uncertainty in the slope is hidtaar t
in younger subsamples because there are very few low mass gal
ies with high §,(4000) values, and nearly all of them have pho-
tometric redshifts. In addition, we caution that in the oldalax-
ies (those with [(4000)>1.6) the &ect of metallicity in [3,(4000)
and (U-V} is no longer negligible. In[8512 we revisit the mass-
extinction relationship with quantitative estimates of. A

4.3 Dependency with redshift

The redshift range covered by the sample equals 2 Gyr of cosmi
evolution. If the so called downsizing in hierarchical ggidorma-
tion is significant from z1.07 to z=0.65, then we should be able
to observe variations in the distribution of the stellar augica-
tors between the sources with lower and higher redshifteglat
least for the mass bins where the bulk of the transition frotively
star-forming to quiescent is believed to be taking plachedé red-
shifts.

To look for hints of this evolution, we separate the sources
into three redshift intervals representing comparable aong
volumes: [0.65,0.816), [0.816,0.951), and [0.951,1.67qure[12

PR W [ [

(U-v),
[ R

1

1

DNn(4000)

10.5
log(M./Mo)

Figure 10. Rest-frame observed U-V colour (not corrected for extorcti

top panel) and (4000) index (bottom panel) as a function of the stellar
mass. Blue dots and grey squares represent sources withosgepic and
photometric redshifts, respectively. Typical unceriasmtare shown in the
lower right corner. The open diamonds connected by a soi@répresent
median values in bins of mass 0.5 dex wide, while dashed Imdtisate

the 16" and 84" percentiles. The shaded area in the top panel represent
the location of the red sequence above the cut defined by @ardaet al.
(2010) for the redshift range 0<&<1.2 and the green dashed line represents
their location for the green valley in the same redshift eang

shows the median values of,(2000) and (U-V) 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 &t0.7 compared to
z~1. The redshift evolution seems to increase with the steikss,
except maybe in the highest mass interval i, >10'") where the
larger error bars obfuscate the trend. In the diagram fgA@0)
the evolution is much less pronounced, with values beingpadim
ble within their uncertainties with a flat slope.

For comparison, tracks corresponding to passive evolatien
shown as grey lines in Figut€l12. The slope of these tracksichm
steeper compared to the redshift evolution observed inahwpke,
even in the 10.5-11.0 mass range, indicating that only al $raet
tion of the galaxies would be evolving passively. Obsengimif-
icant evolution in the (U-V) colour but not in [(4000) suggests
that the redshift dependency of reddening in (J-mjght in fact

© 2013 RAS, MNRASDOQ [T-2?
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Figure 11. Rest-frame observed (U-V) colour (not corrected for extim
versus stellar mass for several intervals gf{(4D00). Blue dots and grey
squares represent sources with spectroscopic and phoioneeishifts, re-
spectively. The dashed line represents the best fittingdireation consid-
ering bothzspec and zynot SOUrces, while the solid line represents the best
linear fit when considering only sources with spectroscogitshift.

be related to increased obscuration or higher metalliditpwer
redshifts, instead of older average light-weighted steltges.

In such a small field, clustering could contribute a fractidén
the scatter observed. It is evident from Figlie 3 that theime!
sampled contains several overdensities and large voiderie-
less, several works have demonstrated that the envirortepen-
dency of galaxy colours is weak, at least for early type gakx
(e.g. Balogh et al. 2004; Hogg etial. 2004 ; Bernardi &t al 620
the zCOSMOS survey, Cucciati et al. (2010) found that after a
counting for the mass dependency in galaxy colours, theucolo
density relation of M>10'%" M, galaxies is flat up t@~1, while
at lower masses the fraction of red galaxies ak@<D.5 depends
on the environment. Also in zCOSMQOS, Moresco et al. (201t es
mate a diference in the average (U-\f red galaxies between un-
derdense and overdense regions-6f03 mag, while for [(4000)
this difference is~0.05. Since our three redshift bins likely con-
tain both field and cluster galaxies, the environment cbation to
the variations in the median (U-Vand D,(4000) withz should be
significantly lower (unless blue galaxies have a much seoeg-
vironment dependency). This implies that the trends wittshéft
of (U-V), shown in Figur&IR2 are real.

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

The correlation between values of (U;Vand [,(4000) for in-
dividual galaxies is most evident when representing thenéor
against the latter (Figufe1L3). The top panel representg)(Uker-
sus [3,(4000) for individual SHARDS galaxies, with color coding

© 2013 RAS, MNRASD0Q,[T-2?

Figure 12. Dependency with redshift of the median values of the rest&
(U-V) colour (top) and the 4000 A index (bottom) for severadsa ranges.
Solid symbols represent the median values in three redsitéitvals for
each mass range, with error bars indicating the 67% confidérterval
calculated with bootstrap resampling. The redshift scalshiown at the
top of the plot. The grey solid lines represent tracks forspasevolution
of a SSP with moderate extinction {A0.5). All the tracks represent the
redshift dependency of the rest-frame (U-V) colour ang4D00) index of
a SSP with diterent formation redshifts.

for the stellar mass. In the bottom panel, contours reptethen
density distribution ofspecSources, while the black solid line repre-
sents the median (U-Vyalue forzspecsources in bins of [{4000)

of width A=0.1. The largest concentration of sources is at (U-
V),~1.0 and }(4000)~1.1, and is composed mainly of galaxies
with M,<10' M. On the other hand, the most massive galaxies
cluster around a horizontal branch at (U-V2.1

The distribution has a knee composed by sources with (U-V)
values as high as2 magnitudes but relatively low [p4000)x1.4,
which implies relatively young but significantly obscuretg|kr
populations.

We have overlaid tracks for model galaxies witHfelient
SFHs. The SED corresponding to each SFH was computed using
GALAXEV (Bruzual & Charlot/2003) with the STELIB stellar li-
brary and Padoval994 isochrones (Bertelli et al. 1994)jrasgy
solar metallicity and a Salpeter (1955) initial mass fumc{iMF).
Kauffmann et al.(2003a) found that at fixed metallicity and age, th
variations in [(4000) between STELIB and other stellar libraries
are~0.05. The expected values for (U-\gnd 0,(4000) from each
SFH model vary as a function of the extinctiog.ADashed lines in
Figure[I3 represent tracks for SSP models, while dotted liep-
resent SFHs for galaxies 6 Gyr old with an exponentially idétd
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 [$4000). Nevertheless, the latter is also
affected, and ignoring extinction would lead to systematyoalier-
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Figure 13.(Top) rest-frame (U-V) color index versus,#000) for individ-

ual SHARDS galaxies. Open (solid) symbols represent sswwith photo-
metric (spectroscopic) redshift. The color coding indisathe stellar mass
range for each source. (Bottom) density countours for tlsgribution of
sources in thespec Subsample. The black solid line indicates their median
(U-V); in bins of D,,(4000) of width 0.1. Dashed lines represent tracks as
a function of extinction for SSP models with ages (left tohtjg 0.025,
0.1, 0.2,0.4, 0.6, 1.0, 1.5, 2.5, and 4 Gyr. Dotted linesaspnt a 6 Gyr
old galaxy with an exponentially declining SFR and e-fofdtmesr = 1,

2, and 5 Gyr, and alse = oo representing a constant SFR. All templates
are computed with GALAXEV/(Bruzual & Char|ot 2003) and assusolar
metallicity and & _Salpefer (1955) IMF. Each tick represen®3.5 incre-
ment in A, starting from A, = 0 at the lower end (dot-dashed line), as-
suming a Draine (2003) extinction law with Milky Way grairzsidistribu-
tion (Weingartner & Drairnie 2001) and/R= 3.1. The dotted area represents
combinations of (U-V) and }(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 wjtk &
mag. has the same,1000) index as a 0.4 Gyr old SSP with A
0. Fortunately, their (U-\f)colours are dferent, and therefore we
can combine the information provided by (U:\g§nd D},(4000) to
estimate A and obtain de-reddened colours (seel§4.5).

The curve connecting the\A0 marks of all the SSP tracks,
and the track for the youngest SSP define a region in the (UW4/)
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Figure 14. Sketch illustrating how the extinction corrected (Ur\gnd
Dn(4000) are estimated (see text). Solid symbols represemttberved (U-

V), and D4(4000) of a few representative sources from the sample. Open
symbols represent their maximum likelihood (ML) estimadé®r uncer-
tainties have been considered, and red arrows indicatesthedtlening path
that takes them to the dust-free sequence containing aéxtiection cor-
rected estimates. The ellipses in the bottom right corrdicates the typical

1-0 uncertainty in the observed values for a source inzifag; (blue) and
Zspec (black) subsamples.

sion observed is consistent with these sources being ssteay
from the region covered by models due to random errors in thei
measurement of [§4000).

There are a few outliers with very large or very small
Dn(4000), all of them low masgnt sources (open blue symbols
in Figure[I3). One mechanism capable of producing largesrro
in D,(4000) from a relatively small redshift error is an emission
line (in particular [On] 3727 A) entering one of the bands defin-
ing the 0,(4000) index. If the blue (red) band is contaminated then
the strength of the break will be under- (over-)estimateidu®
inspection of these outliers reveals several cases of bots kn
the sample. Since these sources are low-mass galaxies hwéh b
(U-V), colours, intense [@Qi] emission from a recent or ongoing
starburst is not surprising. Strong emission lines may hs®@ a
noticeable &ect on the broadband photometry. However, our rest-
frame colour measurements are largelyfieaed 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) colour and R(4000) of A,=0 models are tightly cor-
related irrespective of the metallicity (see Figlite 1, righnel)
or SFH (Figurd_1IB, bottom panel). We call the band occupied by

D, (4000) diagram whose values can be reproduced by the models.A,=0 models in the (U-V)) vs D,(4000) diagram the dust-free se-

Outside of this region (dotted area in the bottom panel)thee no
combinations of SFH, metallicity, and extinction explaigitheir
D, (4000) and (U-V) values.

Interestingly, almost all of the sources found in this area e
cluded by models have photometric redshifts. Sing¢4000) is
much more sensitive to redshift uncertainty than (Y;\We as-
sume that the deviations are mainly along the X axis. Given th
typical uncertainties expected fgy, sources from the simulations
with spectra 4D,(4000)YD,,(4000)~0.10-0.15; sed §3) the disper-

gquence (DFS). Variations in the age, SFH, and metallicityhef
models move galaxies along the DFS, but departures froneit ar
very small. As a consequence, extinction is the only modedmpa
eter that can take galaxies away from the DFS. This provides u
with a new way of estimating @that does not require SED fitting
and —more importantly— is notffacted by the usual degeneracy
among age, extinction, and metallicity.

The increment in (U-V))due to extinction —that is, the colour
excess E(U-V)-is proportional to,2and independent of the spec-

© 2013 RAS, MNRASDOO,[I-7?



trum of the galaxy. The increment in log{#000) due to extinction,
AlogD,(4000), is also proportional to\A While the proportional-
ity constant for each of them is somewhat dependent on tleifigpe
extinction law assumed, the ratio E(U/%)ogD,(4000) is largely
insensitive to changes in the slope of the extinction cueeahse
the bands defining the J4000) index are between thé and V
bands. Therefore, E(U-V) anklogD,(4000) are the components of
a vector in the (U-V) vs logD},(4000) plane (the_&v vector) whose
direction depends only on théfective wavelengths of thg andV
bands and those defining thg(®000) index, but is independent of
any physical property of the galaxy.

Since extinction shifts the DFS in parallel to tWQ vector,
we define the permitted zone (PZ) as the area of the (Uv¥)
logD,(4000) plane that is scanned by the DFS at increasing val-
ues of A,. The PZ contains all the combinations of (Ur\)s
logD,(4000) that can be reproduced by models for any age, SFH,
metallicity, or extinction.

Due to the significant uncertainty in log#000) 0.025 for
Zspec SOUrces,~0.05 for z,n,: Ones) and to a lesser extent also in
(U-V), (~0.1-0.15), random errors will scatter some galaxies to a
region outside of the PZ (we call it the forbidden zone, FZjvé
assume that the errors in log@000) and (U-V) are uncorrelated
and have a normal distribution, then the probability disttion for
the true values of log[§4000) and (U-V) 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 observedson
but the average —weighted by the probability distributiofivalues
inside the PZ. That is:

log Dn(4000),, = f f 9(Dp, UV) Dy, dD, dUV (4
PZ

U=V = ff g(Dn, UV) UV dD, dUV 5)
Pz

Figure[12 shows that this weighted average moves sourcéein t
FZ to the PZ, and also shifts sources close to the bordered?zh
to inner regions of it. To obtain de-reddened values for (lJand
logD,(4000) we only need to move the position of the ML estimate
along a line parallel t&y until it intersects the DFS. The length of
the segment traveled is then proportional to the impliedadi®on
in the restframe V band, A Assuming a Draine (2003) extinction
law with Milky Way grain size distribution (Weingartner & Bine
2001) and R = 3.1, a 1 magnitude increment in, Amplies E(U-V)
= 0.6 andAlogD,(4000)= 0.022.

Figure[I% shows the de-reddened rest-frame U-V colour, (U-
V)o, as a function of Mfor the sources in the sample. The less mas-
sive galaxies (M < 10'° M) concentrate in a narrow blue cloud
around (U-V) ~ 0.4, while more massive galaxies show increas-
ingly red (U-V), albeit with a high dispersion.

The position of the blue cloud is consistent with that found
bylCardamone et al. (2010) for the extinction corrected UaMar
of the Extended Chandra Deep Field South galaxies atz&B2.
Nevertheless, their red galaxies clump in a disconnectddsee
guence, while we find a smooth transition from blue to redhwit
very significant number of sources having intermediateurslo

Finding the cause for this discrepancy is not straightfodwva
The work byl Cardamone etlal. (2010) uses stellar templates fr
Maraston [(2005) and a Kroupa (2001) IMF, while we use the
STELIB stellar library |(Bertelli et al. 1994) assuming_a |Sskr
(1955) IMF-. In principle, our A estimates are sensitive to the selec-
tion of SPS models, which determine the shape and locatitimeof
DFS. However, changes in the DFS are negligible when switchi

© 2013 RAS, MNRASDOQ,[T-2?

Stellar populations of20.9 galaxies 11
; —

2.0 ®o0<a<05 . * . c e o -
Pl ®05<A<T| | o S e w . ;‘.. . ]
[ ol . ers oz, o ]

. P AT
1.5 . ..’ e %0t ¥  o.° 1
r . L oo o o0 . 08° o !
° e "0 '4.‘ o "-;‘ Gt 1
< e . oo o, oa p O i . ° -
>‘ o® :.... o, o. d @8 10.-0 ...so . i
2 1.0k ® o Ostee e gl {1 D) . _|
F.& s °% LR e Do i, e - g
L of ot ¢ A L L A . oA
re 24 ¥ Q5% o 3“ ®.e o ° —
P~ ‘-"c* .: oo o ° i

® d

0.5 % 'uarz "; S e ...o ® o _
R |
G . ]
* ® ., :o « ° o ° 7
0.0 L= . Lo, I L L ]

9.0 9.5 10.0 10.5 11.0 11.5

log(M./Mo)

Figure 15. Extinction corrected rest-frame U-V colour as a functiorthaf
stellar mass, with colour coding fonA

to the models from Maraston (2005), becaus®edénces between
the two sets of models are important in the near-infraretinbtiso
much between thel 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%tio e
mate the stellar mass, star-formation time scale, standton rate,
and A, by fitting the observed SED with single-burst SPS mod-
els. Although the near-infrared photometry helps to bréakage-
extinction degeneracy, their\Aestimate is influenced by all the
stars in the galaxy, and not just those that dominate thesgonisn
theU andV bands. If the extinctionféecting diferent stellar pop-
ulations within the galaxy varies with their age or metaticit is
conceivable that the de-reddened U-V colours could be Biase

We also find that galaxies with Mz 10'° M, show a correla-
tion between (U-Vy and A,: the more obscured sources also have
bluer de-reddened U-V colours. This is consistent with tgee-
tation of younger starforming galaxies being more dusty ttpai-
escent galaxies, but other mechanisms could be respofwilthes
trend. For instance, if the amount of extinction is somehoero
estimated then we will over-correct the U-V colour, obtagthe
same correlation.

An independent confirmation of the validity of,Aestimates
with the method of projection into the DFS can be obtainedgisi
the rest-frame V-J colour. This colour has a smaller deparyden
the age of stellar populations compared to U-V, and a larger o
on extinction (since the V band is much motéeated by extinc-
tion compared to the J band). Because of this, it has beerywide
used in combination with another restframe colour, in parti
lar U-V, to break the age-extinction degeneracy (e.0. Watts.
2007; Williams et al. 2009; Cardamone et al. 2010; Brammatiet
2011).

In Figure[16 we show A versus rest-frame V-J, with sepa-
rate colours identifying sources in distinct intervals of(4D00).
The correlation between,fAand V-J is evident only when consider-
ing galaxies with comparable 3#000) values, because the depen-
dency of the V-J colour with age is small but not negligibleg ¢he
typically lower extinction &ecting older stellar populations com-
pensates to some extent their redder intrinsic V-J coloiverizthe
large dispersion, we take the bisector of the linear fits @A V-J



12  A. Hernan-Caballero et al.
3.0 7 77T ]
[| ® Dn(4000)<1.1 . ]
F| ® 1.1<Dn(4000)<1.2 tel . .. 1
2.5 @ 1.2<Dn(4000)<1.4 . . ]
F 1.4<Dn(4000)<1.6 L e . ]
[ | ® Dn(4000)>1.6 . L ee e, . :/ ]
200 ‘ N
<15 ]
s ]
05F ]
0.0C ]

restframe V-J

Figure 16. Attenuation in the rest-frame V band as a function of the
rest-frame V-J colour. Colours identify subsamples adogrdo their
Dn(4000)values. The continuous lines represent the bisedttine best-
fitting linear relations for A vs V-J and V-J vs A for each subsample.

and V-J vs A as the best linear model for the relationship between
the two variables (solid lines in Figurel16).

Assuming & Drainel (2003) extinction law with Milky Way
grain size distribution (Weingartner & Dralhe 2001) andR3.1,
the attenuation in the rest-frame J band is~A0.3Ay. Therefore,
the theoretical expectation for the slope of the best fittingar
model isE(C—‘iJ ~ 1.4. The observed values range from 0.75to 1.31
with a mean of 1.05, indicating that in spite of their largeen
tainties, our A/ estimates are broadly consistent with the observed
restframe V-J colour.

4.6 Average stellar ages

Real galaxies have complicated SFHs, and finding a singleeval
representing a characteristic stellar age for the entekastpop-
ulation is not straightforward. Furthermore, the depengeaf
Dn(4000) and (U-V) with metallicity for old &1Gyr) stellar pop-
ulations implies that such age estimates are metallicfyeddent
(at least for old populations).

For convenience, we define the light-weighted average stel-
lar age of a galaxytssp, as the age of a solar-metallicity SSP that
has a (4000) equal to the extinction correcteg(B000) of the
galaxy. While the less massive galaxies in the sample arectagp
to have sub-solar metallicity, this does not invalidatgestimates
since (U-V) and D,(4000) are nearly insensitive to metallicity for
the typical ages of low mass galaxies (see Fi@ilire 1). On ther ot
hand, for galaxies with old stellar populations and sulp€st)solar
metallicity, tss, will under-(over-)estimate the actual age of their
stellar populations.

Values oftssp, may difer significantly from the mean or the
median age of individual stars in the galaxy. In particudarecent
burst of star formation can easily outshine the older stgitgou-
lation in the UV-optical range and make the entire galaxyeajpp
young, even if young stars only represent a small fractiothef
stellar mass in the galaxy. Therefore, we interpggfonly as an
indicator of the recent SFH of the galaxies.
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Figure 17. Distribution of D,(4000) values for several stellar mass inter-
vals. The black line represents the observgd4DO00) values, while the
solid histogram represents their maximum likelihood eatem based on
the method described i 84.5. For comparison, the distobuound by
Kauffmann et al.|(2003a) in SDSS galaxies is also shown (red héstgg
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= 10'%5 M, with galaxies below that
value having lower surface mass densities, lower cond@orran-
dices, and younger stellar populations compared to gaateve

it.

Figure[IT shows the distribution of,2+000) values in bins
of mass 0.5 dex wide for both their local sample and our interm
diate redshift one. The [p4000) distributions for the 0.6&<1.07
galaxies peak at lower values compared to the local sam@é in
the mass intervals. Median values are also consistentlgriandi-
cating significant evolution between these redshifts aagpthsent
epoch.

The bimodal distribution of ((4000) values observed for
local galaxies is not well developed in our intermediateshift
sample, and we can only marginally resolve the two peaksén th
10'95<M, /M, <10* mass bin (see Figurésl17 gnd 18). This is be-
cause even the most massive galaxies in our sample havedhot ha
enough time to evolve $ficiently their stellar populations. Further-
more, while in the local sample there is a significant pojpotaof
quiescent galaxies for all mass hins except the lowest onthei
0.65<z<1.07 sample we find high fp4000) values only in galaxies
above 16°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

© 2013 RAS, MNRASDOQ[T1-2?
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Figure 18. Distribution of light-weighted stellar ages for severatlistr
mass intervals. The histogram shows the number of sourcegervals
of logtssp of width 0.25, while the continuous curve shows the curmueati
fraction of sources younger than a given age. The dottedrfingks 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,~10'%5 M, from a distribution dominated by young populations
to another where there are comparable numbers of galaxtes wi
young and old stars.

5.2 The mass-dependency of extinction
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o

Figure 19. Apparent absorption in the rest-frame V band versus stellar
mass, with colour coding for the light-weighted stellar .aBé& squares
represent mean values of.Mnd A, in bins of stellar mass 0.5 dex wide.

biased against lower mass galaxies compared to less olscure
sources.

For a given mass interval, the mean decreases with increas-
ing stellar age. This trend is stronger among the massivaxgal
ies (M.>10'% M,,), where the average\Ais >1.2 magnitudes for
tssp<0.3 Gyr but only~0.6 magnitudes fds,>1 Gyr. While this is
consistent with expectations of lower extinction in quasaalax-
ies, we caution that an oldég, is also the expected result if/As
somehow underestimated.

5.3 Constraining star formation histories

The light-weighted average stellar age does not providernmé-

tion about the entire SFH of the galaxies. In particular,datax-

ies experiencing a recent burst of star formation, the pirstb
SFH cannot be inferred from these data, since emission frmm h
young stars outshines the old population and produces (W)
Dn(4000) values very close to those of a SSP with the age of the
burst. However, we can still set some interesting congsain the
SFH of most galaxies. The track for constant SFR in Fiduie 13

Studies with large spectroscopic samples from the SDSS haveoverlaps with that of a SSP 0.3 Gyr old. This implies that gals

shown that the fundamental property governing extinctich®H,
emission in star-forming galaxies is the stellar mass (@aBest
2010] Zahid et al. 2012, 2013). Here we discuss whether éflaist
mass also influences the extinctidiiezting the stellar population.
Figure[I® shows 4 as a function of M in four intervals of
tssp Most galaxies concentrate in a relatively narrow band of A
values between 0.5 and 1.0, and there is not any significand tr
with mass for the sample as a whole other than an increass-in di

with logtssp<8.5 have experienced a receaB0 Myr) increase in
their SFR, while those with larger values are experiencidgdine
in their SFR at least in the last few hundred Myr.

Figure[20 shows the fraction of galaxies withj, >0.3 Gyr
(that is, with declining SFR) as a function of . Nbr both our sam-
ple and the local SDSS samplelof KBmann et al.|(2003a). In the
latter we assumed solar metallicity and a typical extinctbAy =1
to convert their [3(4000) values tdssp, (tss=0.3 Gyr corresponds

persion in the 1¥-10'* M,, range. Nevertheless, when sources are to D,(4000)=1.3).

grouped by their light weighted stellar ages, and meanvélues
are calculated in bins of stellar mass, a pattern emergesichw

The fraction of sources with, >0.3 Gyr increases steadily
with the stellar mass in the SHARDS sample, frer8% in the

the mean A for a given age interval increases with the stellar mass, lowest mass bin te 80% in the highest. This indicates thatza0.9
reaching a maximum in the 10-10.5 or 10.5-11 mass bin, and sta star formation is clearly in decline or halted in the most shas

bilises or decreases at higher masses.

The sources with &>1.5 concentrate in the mass rangé®:0
10" M,, with moderate [Y4000) values indicating relatively
young stellar populations and red V-J confirming high extorc
These galaxies are among the most massive of the (intribkie)
galaxies (see Figufe1L5), and their mass distribution isngty

© 2013 RAS, MNRASD0Q,[T-2?

galaxies, but it is still increasing for galaxies below*%0M,, in

qualitative agreement with the downsizing paradigm. Onotiher

hand, in the local SDSS sample the SFR is predominantly iirgec

except perhaps in the lowest mass bin, and the fractiog 0f0.3

Gyr sources reaches levels close to 100% in the most maseive b
Note, however, that a decline in SFR does not necessarily im-
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Figure 20. Fraction of sources with declining SFR4, >0.3 Gyr) as a
function of stellar mass, for the local SDSS sample (redfistm) and the
SHARDS sample (blue histogram). Error bars indicate the 68#6idence
interval calculated using the Wilson formula for binomiatdbutions. The
dashed line shows the fraction of SDSS sources with>4Gyr, compati-
ble with passive evolution since at leas0.65.

ply that these galaxies will undergo passive evolution dowz-0.

If we were to start from the 0.65<1.07 sample and apply passive
evolution during the next 5-7 Gyr, their,(#000) distribution at
2~0.1 (the median redshift of the SDSS sample) would be pushed t
the right and compressed in the intervg(#000)~1.9-2.1. Clearly,
this is not what we see in the SDSS sample (Figuie 17), albeit o
half of the galaxies in the highest mass bin hayg4D00)>1.9,
equivalent tdtss>4 Gyr.

Interestingly, the fraction oftss;>0.3 Gyr sources in the
SHARDS sample is roughly twice the fraction &f>4 Gyr
sources in the SDSS sample in all the mass bins. When acogunti
for the doubling in the comoving density of galaxies witht%0
M./M,<10'® sincez~0.9 [PGO08], we have roughly one quiescent
galaxy withtss>4 Gyr in the SDSS sample for every galaxy with
declining SFR in the SHARDS sample. This suggests that nfost o
these intermediate-galaxies might never reactivate their star for-
mation but instead evolve passively until the present time.

In the intermediate mass bins {2aM,/M,<10), about 50%
is increasing its SFR and the other 50% decreasing in the S¥AR
sample. Their distribution peaks close to teg=8.5, which may
be interpreted in two ways: either most of the galaxies i thi
mass range sustain relatively stable SFRs, or they undepgated
episodes of star formation, separated by more quiesceiotigaro
longer than a few hundred Myr.

The highest [X4000) values observed in the sampl€,.8,
correspond tadss~3-4 Gyr orr=1 Gyr for a 6 Gyr old galaxy with
an exponentially declining SFR. In any case, this implied thore
than 80% of the stellar mass in these galaxies was alreadgde p
4 Gyr earlier (that is, at~2—4) than the epoch observed here. How-
ever, these very old galaxies represent only a very smallifna of
the massive galaxies in the sample. When considering ajjdtax-
ies with M,>10'" Mo, only 10% of them hatsp>2.5 Gyr.

6 CONCLUSIONS

We have presented the analysis of the stellar populatioasrass-
selected sample of galaxies &t0.9 with ultra-deep (x<26.5)
optical medium-band (R50) photometry from the Survey for
High-z Absorption Red and Dead Sources (SHARDS). We demon-
strate that the spectral resolution of SHARDS allows for ast®
tent measure of the [p4000) index for all galaxies at 0.62<1.07
down to M.=10° My, roughly ¥10" 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 Aksre
and weaker [Qu] emission with increasing stellar mass, suggest-
ing that stellar age, and not extinction, is the dominantoiadriv-
ing the correlation between optical colours and stellaranéthen
considering individual sources, botk@000) and (U-V) correlate
with M... The dispersion in {4000) values at a given Mncreases
with M., while for (U-V), 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. Galaxiez20.7 are be-
tween 0.1 and 0.2 magnitudes redder compared to galaxieq &
in the same mass range. The stronger evolution occurs aniete
diate masses (20-1019° M,).

We present a new method for obtaining Astimates based on
the diferences in sensitivity of the (U-Vand logD,(4000) colours
to extinction. This method allows us to break the degenebsey
tween age and extinction, and to produce extinction-cteceob-
servables.

The extinction corrected U-V colour of blue cloud galaxies i
our sample is consistent with other studies at similar riédsiNev-
ertheless, for massive galaxies we find a smooth transitieards
the red sequence, with many sources at intermediate coliurs
contrast to the strong bimodality foundby Cardamone leRall ).
We interpret the discrepancy as due tffatiences in the methods
used to estimate the extinctioffecting the stellar population.

Compared to local galaxies, the distributions o{4000) for
our sample peak at lower values indicative of younger stpbigu-
lations for all mass ranges. The bimodal distribution gf4D00) is
rather absent a~0.9 contrarily to the stark one observed in local
galaxies, because even the most massive, already quigsdaxies
have not had enough time to evolveistiently their stellar popu-
lations. We find a relatively sharp transition af M0'*5M, from
a distribution dominated by young stellar populations tothar
where there are comparable numbers of galaxies with youdg an
old stars.

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

The fraction of SHARDS sources where star formation is
in decline increases steadily with the stellar mass, frabfo at
log(M./M)=9.0-9.5 t0~80% at log(M/My)>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 gaaxbelow
10'9%, in qualitative agreement with the downsizing paradigm.

For the more massive galaxies, the comoving densiy-6f9
galaxies with declining SFR is comparable to the densityooél
galaxies with old s>4Gyr) stellar populations, suggesting that
most of these galaxies never re-activated their star faomat

The higher [}(4000) values observed in the SHARDS sample
correspond tdss~3—4Gyr, and imply that at least 80% of the stel-
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lar mass in these galaxies was already in place 2t4. However,
these very old galaxies represent only a small fractiah0@o) of
the M.>10" M,, galaxies.
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Table 1. General sample properties

Mass range N total Mspec N Dn(4000) (log(M+/Mg)) 2 ((U-V)r) (Dn(4000)

9.0-9.5 592 163 549 9.25 0.87 0.96 114
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

© 2013 RAS, MNRASDOQ,[T-2?



18 A. Hernan-Caballero et al.

APPENDIX A: CALIBRATION OF D ,(4000)

MEASUREMENTS USING ZCOSMOS SPECTRA 24 T T T T T T T

Al Simulation of SHARDS photometry %2_2 - VA

We simulated SHARDS photometry by convolving a library of op é ook - “ :.- ]

tical spectra with the transmission profiles of the SHARD® . 5 - N :

The library was selected from the zCOSMQS (Lilly etlal. 2007) é’ 18k % e i

Data Release 2, and includes the 1377 sources inthe §51.2 < .38 _-':;;., :

range with reliable redshift determinations that are nassified as D6k YT ”;" 4

AGN and are brighter than magnitude 22.5 (AB) in thend. The é . ,Lﬁ"

cut in optical magnitude ensures the spectrum has a welteete Ziaf L el -

continuum and the 4000 A break can be properly measured in the § P )

full resolution spectrum. <12f Chl .
Photometric errors are simulated by adding to each magnitud § ‘ . )

an error term g, = 0.10, whereo is a random variable with nor- S10r ': . -

mal distribution. This roughly corresponds to the-luncertainty 08 )

of the SHARDS photometry at AB magnitude®5.5, and is higher
than the actual photometric errors foB5-90% of the SHARDS
sources.

The D(4000) and R(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 Figure Al. Comparison between 4000 A indices for simulated SHARDS
Dx(4000) indices measured directly on the full resolution 820~ Photometry and those from full resolution zZCOSMOS speciie blue
MOS spectra (D4 and Dn4) with those recovered from the syn- dots represent mea“suremepts of_the regular” D(4000) indbite the red
thetic photometry (DA and Dn4). ones represent the “narrow” versioR @000).

The dispersion in Ddis markedly uniform in the entire range
of 4000 A break strengths, at about 5% of its average valugewh
for Dn4p the dispersion is significantly higher, and also has stronge
bias towards lower values of the index in the simulated phetoy 2.0
compared to the full resolution spectrum.

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
4000 A index (full-res. spectrum)

A2 Corrected D,(4000) values

Dn4000 (real)

Most recent studies prefer the narrow definition of the 4000-A
dex due to its lower dependency on extinction. This is thagibst
convenient definition for comparison with results from othem-
ples. Nevertheless, we just showed that at the spectrdutiesoof

the SHARDS SED (R50) the measurement of,4000) is signif-

AN L s B B B B s B B By S B

icantly more &ected by the interpolation error when compared to psT A
il L0 n [ 1 P P n P 1 P P n P 1
D(4000)- 1.0 1.2 1.4 1.6 1.8 2.0 22
To overcome this issue, we calculatg(8000) values cor- D4000 (synth)

rected for the interpolation bias from the D(4000) meas@ms
on the SHAR.DS.p.hotometry. The correction tgrms a":j\ obtained Figure A2. Comparison between {¢4000) values measured in the full res-
from polynomial fitting of Dn@ valuesf asa function of B4in the olution spectrum and D(4000) values measured in the syotB&tARDS
zCOSMOS sample. To this aim, the individual zCOSMOS sources photometry. Black dots represent individual zZCOSMOS sesjravhile red
are sorted by their D4values, and the mean and standard devia- asterisks mark the average values in bins of 30. Error bdisate the 1o
tion of their D4 and Dn4 values and are calculated in bins of 30  dispersion in each bin. The green and blue lines represerteht fitting
sources each. linear and parabolic models, respectively.

Figure[A2 shows Dnd versus D4 and the best fitting linear
and parabolic models. In both cases, the expected valuds,,Bre

comfortably within one standard deviation from the obserses, ues than observed (FigurelA3). Because of this issues, tabgié
Dn4c, with the only exception of the lowest and highest-l¥ns model is preferred over the linear one. _

for the linear and parabolic models, respectively. Newsetss, the From the cotficients of the parabolic model we obtain the
linear model fails to predict the convergence of-2xhd Dn4 val- correction termA, that needs to be subtracted from the D(4000)
ues at D4 = Dn4 = 1, which is caused by the index measurement values measured in the SHARDS photometry to obtain comecte
becoming insensitive to the spectral resolution in soureils a Dn(4000) values:

flat spectrum near 4000 A. On the other hand, the paraboliemod A = 0.482D4p — 1) — 0.263(D4p — 1)? (A1)

reproduces this feature accurately.

The residualsqy = Dn4c - Dn4y) show that the parabolic which implies corrections of 0.00, 0.17, and 0.22 ap[241.0, 1.5,
fit reproduces much better the observed values except in theand 2.0, respectively.
1.8<D4p<2.1 range, where both models predict slightly lower val- The systematic error in Dpdintroduced by the parabolic

© 2013 RAS, MNRASDOQ [T-2?
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Figure A3. Residuals in [3(4000) after subtraction of the best fitting linear
(top) and parabolic (bottom) models. Symbols as in Fifurk A2

model is at most3%, and the 1r dispersion of Dng values for
a given Dn4 is ~5%.

A3 Dependency with the photometric errors

The calibration used to obtain corrected(#000) values assumes
photometric uncertainties around 0.1 magnitudes, but imeso
sources (particularly the more massive galaxies) thesebeasn
order of magnitude lower. Repeating the above calibratiepsson
simulated SHARDS data with 0.01 magnitudes uncertainieldy
nearly identical calibration cdgcients. Furthermore, the disper-
sion of residuals is only slightly lower (Figure A4), inditey that

it is the interpolation error, and not the photometric esrtine main
cause of dispersion in the Dg4versus Dng relationship.

© 2013 RAS, MNRASD0Q,[I-2?
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04 -03 02 -01 -00 01 02 03 04
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Figure A4. Distribution of relative errors in the f§4000) index measure-
ment for simulated SHARDS data with photometric errémrs = 0.01
(green bars) andm = 0.1 (red line).
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