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ABSTRACT

We present the Survey for High-z Absorption Red and Dead Sources (SHARDS), an ESO/GTC
Large Program carried out with the OSIRIS instrument. SHARDS is an ultra-deep optical spectro-
photometric survey covering the wavelength range between 500 and 950 nm with contiguous 24
medium-band filters (R~50) and reaching magnitude 26.5 (30) and sub-arcsec seeing in all bands.
SHARDS’s main aim is obtaining accurate physical properties of intermediate and high-z galaxies
using well-sampled optical SEDs with enough spectral resolution to measure absorption and emis-
sion features, whose analysis will provide reliable stellar population and AGN parameters. Among
the different populations of high-z galaxies, SHARDS principal goal is characterizing in detail mas-
sive quiescent galaxies at z>1, whose existence is one of the major challenges of current hierarchical
models of galaxy formation. In this paper, the basics about the survey observational strategy are
presented, including a detailed discussion of the special reduction and calibration procedures which
should be applied to the GTC/OSIRIS data, and the SHARDS data quality. We present preliminary
results about the detection and study of emission-line galaxies (star-forming objects and AGN) at
z=0-5. We also present and analyze the SEDs for high-z quiescent massive galaxies, discussing on
the improvements introduced by the SHARDS dataset in the analysis of their star formation history.
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The current paradigm of galaxy formation establishes
that the baryons closely follow the evolution of the Cold
Dark Matter (CDM) halos, which cluster and grow hier-
archically as shown in cosmological simulations and semi-
analyticak models of galaxy formation, such as those
in Springel et al. (2005, see also Baugh et al. 1998;
Somerville & Primack 1999; Cole et al. 2000; Somerville
et al. 2008; Ricciardelli & Franceschini 2010). In this
scenario, star formation started within the cooling gas
clouds in merging dark matter halos, after a slow early
collapse regulated by feedback processes. This early star
formation formed relatively small disk systems that later
merged and formed larger (i.e., more massive) spheroidal
systems (see, e.g., Kauffmann et al. 1993; Ellis et al. 2000,
2001)

MORE references in this last one sentence

The global picture about the co-evolution of matter in
the Universe (including all graviting components: CDM
and baryons) is self-consistent and has been successful in
reproducing and even predicting many observables about
galaxy evolution, especially at low redshift. Among the
most relevant successes, we find the good comparison of
models with the observed power spectrum of the Cosmic
Microwave Background (Spergel et al. 2007; Komatsu
et al. 2011) or the Large Scale Structure of the Universe
(Percival et al. 2001; Colless et al. 2001). Also very con-
vincing is the link between observations and theoreti-
cal expectations such as the existence and properties of
the acoustic baryonic oscillations (Eisenstein et al. 2005;
Gaztanaga et al. 2009; Percival et al. 2010). In addi-
tion, the current paradigm of a hierarchical scenario for
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galaxy formation is also supported by the observations of
galaxy mergers at different cosmological distances (e.g.,
van Dokkum et al. 1999; van Dokkum 2005; Miley et al.
2006), and the increase of the fraction of galaxies un-
dergoing mergers as we move to higher redshifts (among
others, Lacey & Cole 1993; Le Fevre et al. 2000; Con-
selice et al. 2003; Bell et al. 2006; Lotz et al. 2008; Lopez-
Sanjuan et al. 2009).

The hierarchical galaxy formation scenario contrasts
with several observational evidence, especially at high
redshift (z>1-2), which favor a more classical mono-
lithic collapse. This formation path was proposed 50
years ago to explain the formation of bulges such as the
Milky Way’s and spheroidal galaxies through a free-fall
rapid collapse causing the formation of the bulk of the
stars in these systems in a short period of time and then
shutting off due to some quenching reason, leaving the
galaxy to evolve passively (e.g., Eggen et al. 1962; Lar-
son 1974). This theory was largely abandoned due, first,
to the compilation of evidence that spheroidal galaxies
suffer merging episodes (Toomre & Toomre 1972), and
also that globular clusters and the general stellar popu-
lation in the in the MW present a relatively wide range
of ages (e.g., Searle & Zinn 1978), which directly points
out to the hierarchical scenario. Then, the hierarchical
picture was adopted instead due to the high degree of
success of the ACDM models and semi-analytic models
mentioned above.

However, rapid early episodes of intense star formation
are indeed consistent (although not uniquely) with obser-
vational facts in nearby galaxies, such as the dominant
old stellar populations in nearby bulges and ellipticals,
their metallicity and a-elements enhancement, and the
dynamics and shape of these systems (e.g., Vazdekis
et al. 1997; Faber et al. 1997; Trager et al. 2000b,a). In
addition, hierarchical models still present severe draw-
backs in several aspects. The most challenging obser-
vational facts for hierarchical models refer to the light-
est and heaviest galaxies. Indeed, hierarchical models
typically present a “satellite problem”, i.e., they pre-
dict many more low-mass galaxies than what is actu-
ally observed (see Kauffmann et al. 1993, 1999; Klypin
et al. 1999; Kravtsov et al. 2004). On the bright end,
models tend also to overpredict the number of massive
galaxies observed in the local Universe, although they
are getting closer to the observations after taking into
account quenching mechanisms (Croton et al. 2006; De
Lucia & Blaizot 2007; Somerville et al. 2008; Ricciardelli
& Franceschini 2010).

The discrepancies between the predictions of current
galaxy formation models based on the ACDM paradigm
and the data are more obvious as we move to higher
redshifts. In the last 15 years, a wide variety of papers
using very heterogeneous data and methods have pre-
sented compelling evidence that the formation of galax-
ies follows a so-called downsizing scenario (Cowie et al.
1996; Heavens et al. 2004; Glazebrook et al. 2004; Bauer
et al. 2005; Pérez-Gonzélez et al. 2005; Arnouts et al.
2007; Pérez-Gonzélez et al. 2008). In this theory, the
most massive galaxies formed first in the history of the
Universe, thus having the oldest stellar populations seen
today. The formation of less massive systems continued
at lower redshifts. Downsizing implies that most of the
star formation in the most massive galaxies happened

quick and stopped for some reason in early times. This
also means that there should be massive passively evolv-
ing galaxies at high redshift. This kind of objects have
indeed been detected at redshifts around z~1-3 with a
variety of techniques (Yan et al. 2000; Franx et al. 2003;
Daddi et al. 2004; Papovich et al. 2006; Cimatti et al.
2008).

The finding of massive galaxies at z=1-3, some of them
already evolving passively, is indeed extremely challeng-
ing for current models of galaxy formation based on the
ACDM matter paradigm, which predict many less mas-
sive systems at high-z than observed (see, e.g., March-
esini et al. 2009; Henriques et al. 2012; Leauthaud et al.
2012). Indeed, the downsizing scenario contradicts, at
least at first sight, the predictions of a hierarchical as-
sembly of the stellar mass in galaxies, i.e., the most mas-
sive galaxies do not seem to be the result of multiple
mergers occurring in a extended period along the Hub-
ble time (Baugh et al. 1998; Cole et al. 2000; Faber et al.
2007). Still, a hierarchical assembly with (maybe multi-
ple) mergers occurring at high redshift between gas-rich
systems (a process close in nature to a monolithic col-
lapse) would be consistent with the downsizing evidence
and the properties of the dominant stellar populations
seen in nearby spheroidal systems.

Our understanding of the processes involved in the
early (z>1) assembly of galaxies (and also the evolution
from the early Universe to the present) is still hampered
by the significant (often systematic) uncertainties in our
estimations of their physical properties. Our global pic-
ture of the galaxy formation will only improve if we are
able to get more robust estimations of some key prop-
erties of galaxies, such as the stellar masses, SFRs, and
extinctions. Jointly with those, we of course need better
estimations of the distances to galaxies based on spec-
troscopic or photometric redshifts, which can be used to
relate the mentioned galaxy properties with other rel-
evant parameters such as the environment. The im-
provements in the determination of stellar masses and
SFRs/extinctions will also mean a better estimation of
the age of the stellar population and the Star Formation
Histories, SFH (see, e.g, Papovich et al. 2001; Fontana
et al. 2006; Kriek et al. 2008; Elsner et al. 2008; Pforr
et al. 2012). Jointly with this observational effort, we
will need better physics in the models, which should give
us, for example, more certain emissivities of the stellar
populations in the rest-frame NIR, now effected by strong
uncertainties due to the little known about the proper-
ties and importance of stellar evolutionary phases such
as the thermally-pulsating TP-AGB phase (see Maraston
2005; Kriek et al. 2010). The task of obtaining more ro-
bust physical parameters of galaxies at cosmological dis-
tances is even more interesting for those massive galaxies
already quiescent and evolving passively at high-z, whose
number densities and properties are the most demanding
challenges of current galaxy evolution models. The cos-
mological importance of these systems is very high, since
they most probably represent the early formation phases
of present-day early-type galaxies.

In this paper, we presented the basics of the Survey for
High-z Absorption Red and Dead Sources (SHARDS), an
ESO/GTC Large Program awarded with 180 hours of
GTC/OSIRIS time during 2010-2013. This project con-
sists of an ultra~-deep (m<26.5 mag) imaging survey in



24 medium-band filters covering the wavelength range
between 500 and 950 nm and targeting the GOODS-N
field. The data acquired by SHARDS allow to accurately
determine the main properties of the stellar populations
present in these galaxies through spectro-photometric
data with a resolution R~50, typically enough to mea-
sure absorption indices such as the D(4000) (e.g., Bruzual
A. 1983; Balogh et al. 1999; Kauffmann et al. 2003a;
Kriek et al. 2011) or Mg(UV) index (Spinrad et al. 1997;
McCarthy et al. 2004; Saracco et al. 2005; Daddi et al.
2005b; Cimatti et al. 2008). The analysis of these spec-
tral features is a powerful method to constrain the solu-
tion of stellar population synthesis models and improve
our estimations of parameters such as the age, SFH, mass
and extinction of galaxies at cosmological distances.

SHARDS inherits the observational strategy of optical
surveys such as COMBO17 (Wolf et al. 2001, 2003), the
COSMOS medium-band survey (Ilbert et al. 2009), AL-
HAMBRA (Moles et al. 2008), or PAU/J-PAS (Benitez
et al. 2009a; Abramo et al. 2011). These projects have
demonstrated the impact of large photometric datasets
on our understanding of the formation of galaxies (see,
among many papers, Bell et al. 2004; Faber et al. 2007;
Wolf et al. 2004; Rix et al. 2004; Borch et al. 2006; Ca-
puti et al. 2006; Scoville et al. 2007; Benitez et al. 2009b;
Cardamone et al. 2010; Whitaker et al. 2011). SHARDS
intends to be a step forward from these surveys in terms
of depth, spectral resolution, and data quality. Our sur-
vey prioritizes the detailed study of the faintest galaxies
at the highest redshifts over the analysis of closer galaxy
populations and the Large Scale Structure at intermedi-
ate redshift, and thus focuses on a smaller area than the
surveys mentioned above. Indeed, SHARDS was planned
to reach up to 3 mag fainter than those surveys, uses typ-
ically twice the number of filters in the same wavelength
range (i.e., our spectral resolution is better), and was ob-
tained in magnificent (sub-arcsec) seeing conditions with
a 10m class telescope. In contrast, it covers a fraction of
the area surveyed by other projects.

In this paper, we present the main technical charac-
teristics of the survey in Section 2, including a thorough
discussion of the reduction and calibration procedures
in Section 3. Next, we present our science verification
results about emission-line and absorption systems. In
Sections 4.1 and 4.2, we discuss about the capacity of the
SHARDS data to select and study emission-line sources
(star-forming galaxies and AGN) at intermediate and
high redshifts (from z~0 to z~5 and beyond). In Sec-
tion 5, we present detailed spectral energy distributions
of massive quiescent galaxies at z>1, and demonstrate
the power of our spectro-photometric data to analyze
the stellar populations in this kind of objects through de-
tailed comparison with stellar population synthesis mod-
els.

Throughout this paper we use AB magnitudes. We
adopt the cosmology Hy = 70 km~'s~'Mpc~t, ©,, = 0.3
and Q)\ =0.7.

2. SURVEY DESCRIPTION

The Survey for High-z Absorption Red and Dead
Sources (SHARDS) is a medium-band optical survey cur-
rently being carried out with the Spanish 10.4m tele-
scope, GTC, and its OSIRIS instrument. SHARDS was
approved in 2010 as an ESO/GTC Large Program and
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F1a. 1.— Observing strategy of SHARDS. We show how the
stacked spectrum of the 13 spectroscopically confirmed quiescent
massive galaxies at 1.4<z<2.0 in GOODS-S (Cimatti et al. 2008,
the stack adds up 480 hours of VLT time) would look like at 4
different redshifts, together with the profiles of the SHARDS filter
system. The sky spectrum is also depicted in green. Using 24
filters (FWHM~17 nm), SHARDS is able to probe the prominent
absorption feature placed at A=265295 nm, distinctive of passively
evolving galaxies (marked in red) with a resolution R~50, measure
it strength with a spectro-photometric technique, and accurately
measure stellar ages, or distances for individual high-z galaxies.
The 900 nm atmospheric window is not covered by our survey,
since it will be covered by another approved GTC Guaranteed Time
project (OTELO, Cepa et al. 2011; Lara-Lépez et al. 2011).

awarded with 180 hours of observing time to obtain data
through contiguous 24 medium-band filters covering the
wavelength range between 500 and 950 nm and target-
ing the GOODS-N field. SHARDS was conceived to an-
alyze in detail the properties of the stellar populations
in 0<z<4 galaxies (and beyond), focusing especially in
the analysis of quiescent massive galaxies at z=1.0-2.5.
To achieve this goal, the survey was planned to obtain
photometric data in as many filters as necessary to cover
the entire optical window with enough spectral resolu-
tion to be able to measure reliably absorption indices
which could be used to perform a detailed and robust
stellar population synthesis. Given that spectral indices,
such as D(4000) or Mg(UV), use spectral windows of
around 100-200 nm, SHARDS'’ filters were built to have
that spectral resolution at z>1, thus imposing widths of
around 17 nm. The brightness of the night sky at wave-
lengths beyond ~800 nm, implies that filters as narrow
as 17 nm would not reach the needed magnitude limit
to study high-z sources, so our 2 reddest filters are twice
as wide. SHARDS was conceived to reach the typical
magnitudes of L* galaxies at z>1 for every single filter,
so the goal was to obtain a depth of 26.5-27.0 mag at the
30 level with sub-arcsec seeing. The final manufacturing
process of the filters resulted in an average width for our
filter set around 15-16 nm, except for the 2 reddest filters,
which have a width around 33-35 nm. Figure 1 shows the
layout of the filter set and the observational strategy of
SHARDS. The characteristics of the filters are given in
Table 1, jointly with other details of the SHARDS data.

SHARDS is being carried out in the GOODS-N field,
one of the most targeted areas of the sky at all wave-
lengths. Virtually all the region covered by ACS is be-
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F1a. 2.— Footprint of the SHARDS data overimposed on the
ACS images from GOODS. The footprints of the HST grism sur-

veys carried out with ACS (PEARS) and WFC3 (PI: Weiner) are
also shown.

ing surveyed by SHARDS using two OSIRIS pointings,
summing up a total surveyed area of ~135 arcmin? (see
Figure 2). The multi-wavelength dataset available in
GOODS-N is extensive, ranging from an ultra-deep X-
ray exposure to the deepest data in the MIR/FIR with
surveys such as FIDEL (Frayer et al. 2006), PEP (Lutz
et al. 2011), HerMES (Oliver et al. 2010), or Herschel-
GOODS (Elbaz et al. 2011), as well as multiple spec-
troscopic redshifts (Wirth et al. 2004; Cowie et al. 2004;
Reddy et al. 2006), a few of them at z>1.5 (Reddy et al.
2005; Barger et al. 2008). Very complementary to the
SHARDS data, GOODS-N counts with intermediate res-
olution spectroscopy obtained with HST (see Figure 2) in
the optical (PEARS, Kiimmel et al. 2009; see also Pirzkal
et al. 2004, 2009) and NIR (PI: B. Weiner). In addition,
the availability of the sky deepest IRAC ([3.6]<26.0 mag)
and MIPS [F(24)>15 pJy] observations ensures the de-
tection of the rest-frame NIR/MIR emission of the galax-
ies and allow us to robustly estimate stellar masses and
SFRs (Pérez-Gonzélez et al. 2005, 2008; Cimatti et al.
2008). Also noticeable is the availability of the deepest
Herschel PACS survey through an Open Time Key Pro-
gram (Herschel-GOODS; Elbaz et al. 2011). This wealth
of data converts GOODS-N in one of the two best re-
gions in the sky for the study of the first galaxies and
their evolution, and the best in the Northern sky Hemi-
sphere.

CANDELS footprint

At the time of publication of this paper, 75% of the
SHARDS data have already been taken. Table 1 presents
the data characteristics for the observed pass-bands in
both SHARDS pointings.

3. DATA REDUCTION AND CALIBRATION
3.1. Reduction pipeline

The GTC/OSIRIS instrument (Cepa 2010) is an op-
tical imager equipped with 2 CCDs, which cover a to-
tal (usable) field-of-view of 7.4'x8.4’. There is a gap
between the 2 detectors, with size 10-12” as measured
directly in our images in different locations along the
gap and after masking non-useful pixels and correcting
for distortions. OSIRIS presents special characteristics
which should be taken into account in the data reduc-
tion procedure. Indeed, apart from the standard reduc-
tion steps (bias subtraction and flat-fielding), our cus-
tom OSIRIS pipeline includes the following additional
steps: illumination correction, background gradient sub-
traction, fringing removal, WCS alignment taking into
account field distortions, and 2-dimensional calibration
of the photometric pass-band and zeropoint. We describe
these steps in detail in the following paragraphs, carefully
describing the non-standard parts of the reduction.

Bias frames were taken each night. These calibration
data were found to be very stable and uniform, with typi-
cal variations of less than 3% from pixel to pixel and from
night to night. Dark current was found to be negligible
in all our data.

Sky flats for each filter in the SHARDS dataset were
taken at sunset and dawn every night. These flats pre-
sented strong gradients across the field (typically, 10-50%
differences in brightness from one edge of the FOV to an-
other), with significant spatial and temporal brightness
variations. These gradients were also seen in science data
during both dark and (especially) gray night time.

After analyzing night and day-time data, we concluded
that these spatial variations were mainly due to the
special characteristics of the OSIRIS instrument, which
operates off-axis for our observational setup (medium-
and broad-band imaging). Indeed, light rays reach the
OSIRIS detector (when not using the tunable filters) in a
wide range of angles of incidence (AOI): —2°<AOI<22°.
Given the typical dependence with the light ray’s AOI
of the central wavelength (CWL) of the passband for in-
terference filters, and the medium-width of our filter set,
our flat-field frames were subject to the spectral features
of the sky spectrum, and its temporal variations.

The optical axis is outside the OSIRIS FOV when us-
ing a single broad- or medium-band filter. For this rea-
son, a gradient is observed in our data (flat-field and
science images), with a symmetry around an horizon-
tal line approximately dissecting in equal parts the FOV
in the vertical direction. The gradient follows a radial
profile centered in the optical axis. It presents varying
structures of different brightnesses whose position and
strength depend on time and the actual filter used. The
brightest structures are located where strong sky emis-
sion lines (or bands) go through the pass-band for each
physical filter as its CWL is changing along the FOV.

This effect directly related to the special characteris-
tics of OSIRIS and our instrumental setup means that it
is very difficult to find a spatially constant light source to
take flat-fields, i.e., a significant part of the structure of
the flat-field frames is linked to the sky spectrum. Thus,
our pipeline included an illumination correction to get rid
of this effect as much as possible. This illumination cor-
rection was carried out by comparing the flat-field images
taken for our medium-band filters with those acquired
through broad-band pass-bands (typically, r- and i-band
filters). For these broad-band filters, the sky spectrum



is averaged in a wide enough spectral range that they
do not show strong spatial variations, and are also very
constant in time. Indeed, the super-skyflat provided by
the observatory and built with thousands of frames show
variations of less than 5% along the FOV and from night
to night.

We used the ratio of our medium-band flat-fields to
the broad-band flat-fields to correct the SHARDS data
for illumination correction. These ratios were smoothed
using a 3*"-order spline.

After applying the flat-field and illumination correc-
tions to the science data, these images presented a highly
symmetric sky gradient, which was subtracted with a
spline interpolation and median filtering, after masking
objects. In order to avoid the effect of the wings of the
objects in this sky determination, we increased the ex-
tension of the sources (typically by a factor of 2 in ra-
dius) taking into account their brightnesses, and we also
masked faint objects which were detected in a prelim-
inary mosaic constructed for each filter adding all the
available data.

The data for the filters whose CWL is redder than
~T00 nm presented some fringing (typically with an in-
tensity below 1%). We removed this additive effect using
the RMFRINGE task in IRAF.

Before stacking all the data together, we calibrated the
World Coordinate System (WCS) for each image using
the positions of several hundred objects for each CCD,
which were cross-correlated with a sample of galaxies de-
tected in the Subaru R-band image of GOODS-N. For
this task, we used the SCamp program, and the WCS
utilities in IRAF, obtaining for each frame an undistorted
image remapped to a TAN-SIP coordinate system. The
distortion in individual frames reaches several arcseconds
in the edges, and the final WCS calibrated images present
a typical position uncertainty around 0.1”throughout the
FOV.

Finally, the SHARDS pipeline stacks together all the
data for a given filter with a sigma-clipping algorithm
to get rid of cosmic rays and artifacts, producing final
mosaics and exposure maps with the same WCS for all
SHARDS filters and for each of our 2 pointings covering
the GOODS-N field.

3.2. Calibration procedures

Given the special characteristics of the OSIRIS in-
strument at GTC, within each single frame taken with
a given physical filter, each pixel sees a different pass-
band. This has a strong effect on the images taken with
medium-band filters, where the shift of the central wave-
length of the actual filter seen by different parts of the de-
tector produces sky gradients and significant difficulties
in obtaining flat-field calibration images, as explained
in the previous section. This translates to the need of
calibrating the SHARDS data in two different aspects:
calibration of the pass-band and determination of the
photometric zeropoint, both as a function of the position
in the FOV. Although part of the spatial variation of the
photometric zeropoint can be removed with an illumina-
tion correction built with broad-band flat-field images,
a small effect can remain in the images, so we tried to
measure it during our calibration procedure. After this
calibration, we would be able to obtain a photometric
catalog for each physical filter, but within this catalog
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Fic. 3.— Top: Calibration of the transmission curve of the

F636W1T7 filter as a function of angle-of-incidence (AOI), obtained
with laboratory data. The central wavelengths (CWL) of each
pass-band are marked with vertical lines. Bottom: Calibration of
the spatial variation of the CWL of the F636W17 filter along the
OSIRIS FOV. The data are fitted with the function in Equation 1,
leaving the position of the optical axis as a fitting parameter.

the flux measurements for each detected source will re-
fer to a different pass-band. We describe the procedures
to carry out the calibration of the SHARDS data in the
following subsections, starting from the CWL calibration
and following with the absolute flux calibration.

3.2.1. Pass-band central wavelength (CWL) calibration

The dependence of the central wavelength (CWL) of
the pass-band seen by different parts of the OSIRIS de-
tector for a given physical filter was calibrated with day-
time imaging and spectroscopic data taken in laboratory
and at GTC. In the lab, we calibrated the transmission
curve for each filter as a function of the angle-of-incidence



TABLE 1
CHARACTERISTICS OF THE SHARDS FILTER SET AND OBSERVATIONS (BEFORE 2012A).

Filter CWL* Width A B Xo Yo rms AZP ms3e my59 seeing
P1 P2 P1 P2 P1 P2 P1 P2
(1) (2) (3) (4) (5) © (M @ © (10) ~ (10) (1) (1) (12) (12)
F619W17  618.9 15.1 623.14 -2.402e-6 -202 985 0.10 0.077 e 26.89 e 27.22 e 0.85 ---
F636W17  638.4 15.4 641.37 -2.587e-6 -116 986 0.10 0.066 0.072 26.78 26.70 27.15 27.17 0.79 0.92
F653W17  653.1 14.8 656.01 -2.634e-6 -151 999 0.10 0.063 0.065 26.91 27.07 27.17 27.15 0.98 1.00
F670W17  668.4 15.3 671.86 -2.600e-6 -183 1037 0.10 0.062 0.064 26.64 26.76 27.12  27.18 0.79 1.07
F687TW17  688.2 15.3 690.50 -2.674e-6 -186 983 0.10 0.050 0.055 27.04 26.85 27.10 27.09 0.84 0.93
F704W17  704.5 17.1 707.78 -2.723e-6 -209 1028 0.10 0.055 0.063 26.71 26.63 27.01  26.95 0.89 0.92
F721W17  720.2 18.2 723.12  -2.969e-6 -94 960 0.10 0.056 0.060 26.60 26.51 26.97 26.96 0.93 1.02
F738W17  737.8 15.0 741.80 -2.41le-6 -328 1050 0.10 0.050 0.061 26.45 26.25 26.95 26.87 0.86 0.90
F755W17  754.5 14.8 758.12 -2.660e-6 -228 1034 0.10 0.050 0.055 26.69 26.37 26.93 26.91 0.92 0.93
F772W17 7709 15.4 774.62 -2.929e-6 -122 1026 0.10 0.054 0.053 26.54 26.34 26.90 26.83 094 1.04
F789W17  789.0 15.5 791.22 -3.087e-6 -123 994 0.10 0.054 0.056 26.22  26.02 26.84 26.63 0.97 0.92
F806W17  805.6 15.6 809.42 -2.939e-6 -200 933 0.10 0.051 0.050 26.39 26.38 26.82  26.77 0.96 0.99
F823W17  825.4 14.7  829.15 -3.055e-6 -153 888 0.10 0.049 0.049 26.59 26.65 26.91 26.89 0.82 0.91
F840W17  840.0 15.4 843.51 -3.103e-6 -237 992 0.10 0.057 0.056 26.13 26.19 26.79 26.74 0.88 0.91
F857TW17  856.4 15.8 859.97 -2.892e¢-6 -249 1002 0.10 0.050 0.051 26.84 26.23 26.88 26.63 0.73 0.95
F883W35  880.3 31.7  885.33 -2.889e-6 -285 978 0.10 0.065 0.057 26.06 26.06 26.64 26.58 0.93 1.02
NoOTE. — (1) Filter name. (2) Central wavelength (in nm) of the filter for angle of incidence AOI=10.5° (approximately that for the center of the

FOV). (3) Filter width (in nm). (4) Coefficient A (in nm) for CWL calibration (from equation 1). (5) Coefficient B (in pixel~?) for CWL calibration
(from equation 1). (6) X coordinate for the OSIRIS optical center (in pixels). (7) Y coordinate for the OSIRIS optical center (in pixels). (8) RMS of
the CWL calibration (in nm). (9) Zeropoint uncertainty for pointings 1 and 2. (10) Sensitivity limit at 3-c level (AB mag) for pointings 1 and 2. (11)

Third quartil of the magnitude distribution (AB mag) for pointings 1 and 2. (12) Average seeing (in arcsec) for pointings 1 and 2.

of the incoming beam. At the telescope, once the fil-
ter were mounted in OSIRIS, we took spectroscopic data
through a special mask with 105 pinholes homogeneously
covering the entire FOV. The positions of those pinholes
were determined in images taken through the mask and
one of our filters. Then we also took spectra of these
pinholes with the R1000B and R1000R grisms (which
cover the entire wavelength range probed by SHARDS)
through our filters, calibrating them with Ne, HgAr, and
Xe arcs. Typical uncertainties in the wavelength solu-
tion were smaller than 0.01 nm. These data were used to
measure the transmission curve at each pinhole position.
Then, we analyzed each curve determining the CWL and
width of the pass-band seen by each pinhole. We found
negligible (less than 0.2 nm) differences of the width of
the pass-bands and shape of the pass-band from one pin-
hole to any other, but a significant symmetric variation
of the CWL around the optical axis, located to the left
of the FOV. The CWLs for all the pinholes were fitted
with a r? function, leaving also the position of the optical
axis as a parameter to fit. An example of the calibration
for one of the SHARDS filters is shown in Figure 3. The
data were fitted with the following function:

CWL(X,Y)=A+Bx /(X —X0)2+ (Y —Yp)2 (1)
where X and Y are the positions (in pixels) in the OSIRIS
FOV, and X and Yj are the position of the optical axis,
combined all of them to give a distance to the optical axis
in pixels. Xy, Yy, A,and B were measured for each one of
the SHARDS filters. When applied to the actual science
data, the optical axis position was converted to RA and
DEC, and the distances were measured in arcmin using
the nominal pixel size of our data, 0.251 arcsec/pixel.

The fitting coefficients in Equation 1 for each one of
the SHARDS filters are given in Table 1.

Example of CWL calibration in real data: mnearby
galaxy. Or leave for Science demonstration or for An-
tonio’s paper.

3.2.2. Photometric calibration

The significant variation of the passband seen by each
galaxy as a function of position in the FOV implies a
complex behavior of the absolute photometric calibra-
tion of the SHARDS images. Moreover, the effects of
this CWL variation on the construction of the flat-field
(explained in Section 3.1) may also affect the flux cali-
bration of the final mosaics. To cope with these issues,
we developed a special flux calibration procedure, aimed
at determining the flux calibration of the SHARDS mo-
saics in each filter as a function of position in the im-
age. Alternatively, since the behavior of the passband
is symmetric around the optical axis and each position
in the FOV is characterized by a central wavelength (as
explained in Section 3.2.1 and defined by Equation 1),
we refer the photometric calibration to CWL values seen
by each position in the FOV, instead of directly relating
the calibration to a position in the images.

The primary flux calibration of the SHARDS mosaics
was performed by comparing the measured photometry
in our images with spectroscopic data. Synthetic fluxes
were obtained by convolving spectra for several sources
in the field with the appropriate transmission curve seen
by that source, according to our calibration of the pass-
band (see Section 3.2.1). The spectra used in this cal-
ibration procedure were taken from 2 different sources:
(1) the HST ACS grism data for compact galaxies from
the PEARS project (Ferreras et al. 2009); and (2) the
spectroscopic data released by the Keck Team Redshift
Survey (Wirth et al. 2004) and DEEP3 (Cooper et al.
2011) taken with the Keck/DEIMOS instrument. Given
that the TKRS and DEEP3 spectra are not flux cali-
brated, they are not completely flat-fielded in the spec-
tral direction (see below), and are subject to the effect of
strong sky emission lines and telluric absorption bands
in certain spectral regions, our primary calibrator is the
PEARS dataset of HST/ACS spectra. The Keck spectra



are used as a consistency check for the primary calibra-
tion. In addition, we also performed another test of the
calibration based on synthetic magnitudes obtained from
stellar population models fitting the broad band photom-
etry for the galaxies with a published spectroscopic red-
shift and compiled in the Rainbow Cosmological Surveys
database (see Pérez-Gonzdlez et al. 2008; Barro et al.
2011a,b). A finer calibration will be carried out in the
future based on high SNR (SNR>10) spectra for bright
objects which are currently being obtained at TNG and
the CAHA 3.5m telescope.

The basic calibration procedure starts with a crude de-
termination of the zeropoint based on the comparison of
photometry in the SHARDS images with R- or I-band
fluxes. This comparison provides a first estimation of the
conversion from counts to AB magnitudes. Then, the
main part of the calibration procedure consists in scal-
ing the HST ACS grism spectra of compact sources ex-
tracted from Ferreras et al. (2009) and high-SNR spectra
downloaded from the PEARS database!” to the broad-
band photometry in the viz bands from ACS. The flux
measurement in the ACS bands is carried out at a large
enough aperture so it can be compared with photome-
try in the SHARDS images with negligible seeing effects
and also avoiding the contamination of nearby sources.
Typically, apertures with radii larger than 1” were used.
The procedure basics are outlined in Figure 4.

Figure 5 shows the results of the calibration based on
HST/ACS spectra. We plot the offset between the cal-
ibration obtained from the analysis of the HST spectra
and the preliminary calibration obtained with the com-
parison with I-band fluxes as a function of the CWL
of the passband seen by each galaxy. In this example,
we show the results for the observations of one of the
SHARDS pointings through the F636W17 filter, where
we count with more than 1,500 ACS spectra to compare.
In the case of the second pointing, PEARS only covered
a part of it, and the number of available ACS spectra is
~900. The derived differential calibration as a function
of wavelength (i.e., position) was applied to the images,
so the final mosaics have a constant zero-point through-
out the whole image. The typical scatter around the
average calibration is 0.05 mag.

The calibration obtained with the HST data was
checked with other spectra found in the literature.
We found nearly 1,000 spectra for sources detected by
SHARDS in the TKRS database and the DEEP3 re-
lease in GOODS-N (Wirth et al. 2004; Cooper et al.
2011). The spectra were all taken with the DEIMOS
instrument on Keck with typical exposure times of 1-
2 hours through R~300-600 grisms. Given that these
surveys were mainly interested in spectroscopic redshifts
based on emission-lines, the typical SNR in the contin-
uum is low (SNR~1 at the original spectral resolution of
0.1 nm). In addition, the spectra are not flux calibrated
and they typically show a decrease of flux to the blue
that seems to arise from the lack of an accurate spec-
tral flat (see Figure 6). For these reasons, we just used
these spectra as a test for our basic absolute flux cali-
bration based on HST data. Prior to this test, we had
to correct the individual ground-based spectra with an
average spectral flat and flux calibrate them. Both pro-

7 http://archive.stsci.edu/prepds/pears/
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cedures were carried out using broad-band photometry
and fits to this photometry with stellar population syn-
thesis models from the Rainbow Cosmological Surveys
database (Pérez-Gonzdlez et al. 2008).

Figure 6 shows a typical spectrum in GOODS-N ex-
tracted from the TKRS database and DEEP3 data re-
lease. After binning the spectrum to a resolution of 2 nm,
we carried out a preliminary flux calibration of the spec-
trum based on the photometric broad-band data around
800 nm (blue stars in the right panels of the figure). An
inspection of the resulting calibrated spectra (thick black
lines in Figure 6) revealed that the spectroscopic data
were not corrected with an adequate spectral flat, result-
ing in a large and increasing flux difference between the
spectra and the broad-band photometric data at shorter
wavelengths (see comparison between black thick lines
and the photometry in Figure 6). To correct for this
effect, we built a master spectral flat by averaging the
comparison between all the available spectra and stellar
population synthesis models fitting the broad-band pho-
tometry (red lines in Figure 6). After applying this cor-
rection, the comparison between the spectra (thin black
lines in Figure 6) and the photometry was better, but still
most sources presented a dimmer flux level in the spec-
tra when compared with the photometry. We identified
this flux difference as an effect of differential extinction,
which was not fully taken into account in the average
spectral flat. To account for this, we applied a final cor-
rection based on a typical extinction curve at Mauna Kea
scaled to account for the difference between the spectra
and the broad-band photometry (especially in the bluest
bands). This final spectrum (green lines in Figure 6) was
then convolved with the SHARDS filter pass-band (the
appropriate one according to the position of the galaxy
in the FOV), providing another independent calibration
for our data.

Finally, the fluxes obtained in the SHARDS band were
compared directly with synthetic magnitudes obtained
by convolving the SHARDS filter pass-bands with stellar
population synthesis models fitting the broad-band pho-
tometry for each source. Note that this calibration test
is not completely independent of the one carried out with
the ground-based spectra since these spectra were par-
tially calibrated with the stellar population fits. More-
over, the comparison with models for individual galax-
ies may be biased due to the presence of emission-lines,
which are not constrained by the broad-band photome-
try. However, templates count with a lower noise and
we have the possibility to compare with a large number
of galaxies, since even the fits for galaxies with no spec-
troscopic redshift could be reliable in a statistical way
since our convolutions with the SHARDS filters are in-
terpolations between broad-band fluxes. Therefore, the
comparison with the templates is another good test of
the absolute flux calibration, and it indeed provided re-
assuring results for all filters.

QUANTIFY EVERYTHING

In summary, the flux calibration of the SHARDS data
was based on the comparison with a combination of
HST/ACS grism spectra, ground-based spectra, and stel-
lar population synthesis models fitting the broad-band
photometry. Based on this calibrators, we estimated the
typical uncertainty in the zeropoints of the SHARDS im-
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Fic. 4.— Examples of the HST/ACS spectra (from the PEARS data described in Ferreras et al. 2009 and the PEARS database) used
in the calibration of the SHARDS data. The figure shows the results for one of the two SHARDS pointings through the filter F687W17,
where we count with more than 1,500 comparison objects. The ACS spectra are shown in black with the gray shaded area depicting the
uncertainties. The spectra are scaled to the ACS wiz photometry, shown in green, including also uncertainties and filter widths. The
convolution of the spectra with the viz filter transmission is shown with squares. The passband for the F687W17 filter seen by each galaxy
is shown in blue, and the convolution with the HST spectra is marked with a red star. Jointly with each spectrum, we show the SHARDS
and i-band ACS images of the galaxy (5" x5") and the color between them as a function of aperture radius. In each plot, the best elliptical
aperture determined by sextractor for the ACS data is shown in green, the best aperture for the SHARDS image is plotted in red, and the
circular aperture used to calibrate the SHARDS data is shown in black. The two panels in the last row show galaxies whose photometry
(and probably the spectra) are affected by contamination from nearby sources. These sources were excluded from our calibration procedure.
They are marked with gray symbols in Figure 5.
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Fia. 5.— Calibration of the SHARDS data for filter F636W17
based on the HST/ACS spectra. The difference between the AB
magnitude obtained from the spectra and the magnitude measured
in the SHARDS images is plotted as a function of CWL of the pass-
band seen by the galaxy (i.e., vs. position in the field-of-view, as
described in Section 3.2.1 and defined by Equation 1). The points
show the calibration obtained from individual galaxies for the best
photometric aperture, i.e., the one enclosing the entire object and
minimizing the uncertainties, the effects of seeing, and the contam-
ination from close neighbors. Objects whose photometry is affected
by nearby sources or have low-SNR spectra are plotted with gray
symbols. Color continuous lines show the median behavior for the
offset calculated with different aperture radii. The final calibration
is shown with a black dashed line, resulting from a polynomial fit
to the best aperture data.

age (see Table 1), typically 0.05-0.08 mag.
-Plot with synthetic data? Scatter from that plot at
least

3.3. Data quality

The SHARDS data presented in this paper was ob-
tained in queue mode, and a maximum seeing threshold
was imposed in 0.9”. This image quality was imposed
in order to reach the necessary flux limits to detect and
reliably measure absorption indices for massive quiescent
galaxies up to z~2.5 (26.5-27.0 mag at the 3o level). In
Table 1, we show the final seeing of the SHARDS images,
measured after carrying out all reduction and calibration
steps. Virtually all SHARDS data was taken under sub-
arcsec conditions.

Concerning the final depth of our images, we give in
Table 1 the typical depths reached at the 3o level, and
the magnitude level corresponding to the third quartile
of the brightness distribution. The desired depths were
reached in most of the filters, with some presenting ex-
ceptional seeing and depth figures.

4. SHARDS SCIENCE VERIFICATION: EMISSION-LINE
SYSTEMS

4.1. ELGSs at interm-z

The study of star-forming galaxies and objects hosting
AGN through the analysis of their emission-line spectra
is one of the main tools in Astrophysics to understand
galaxy evolution. Emission lines can be used to select
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this kind of galaxies, and then to obtain estimations of
relevant physical parameters, being redshift, SFR, metal-
licity, or black hole mass some of the most interesting
(e.g., Charlot & Longhetti 2001, |).

Although the most straight-forward way of getting
emission-line identifications and fluxes is obtaining spec-
troscopic observations, these data are hard to obtain for
large number of objects and very time consuming. More-
over, current spectrographs on the largest telescopes are
only able to reach magnitudes around RI~24-25. This
translates to the fact that spectroscopic data are very
scarce for faint objects, especially at z>1.5, and that
spectroscopic surveys are biased towards bright emission-
line galaxies.

A powerful alternative to spectroscopic surveys are
(ultra-)deep narrow-band imaging observations, which
have been demonstrated to be useful to select emission-
line galaxies (ELGs) at the faintest magnitude range, and
measure important quantities such as equivalent widths
and line fluxes (see, among many, Teplitz et al. 1998;
Kodaira et al. 2003; Ouchi et al. 2004; Willis & Courbin
2005; Ly et al. 2007; Takahashi et al. 2007; Villar et al.
2008; Shioya et al. 2008; Nilsson et al. 2009; Guaita et al.
2010; Hayes et al. 2010a; Ly et al. 2011). In addition,
although imaging data cannot directly provide with ro-
bust identifications and precise observed wavelengths for
emission-lines, they certainly help in the determination
of accurate photometric redshifts even for very high red-
shift sources based on the detection of both emission and
absorption features.

Being SHARDS an ultra-deep medium-band survey, we
have tested whether the data have a large enough spec-
tral resolution to select ELGs and measure the relevant
parameters (EW, flux). Imaging surveys in the optical
aimed at selecting ELGs usually employ narrow-band fil-
ters, narrow meaning widths around 10 nm. SHARDS’
filters are wider, the typical FWHM is 15 nm, but the
depth, photometric accuracy, and imaging quality of the
GTC data can cope with the lower spectral resolution
(R~50), compared to more classical narrow-band sur-
veys.

Figure 7 shows an example of the selection of ELGs
with SHARDS data for one of our 24 filters, the one cen-
tered at 687 nm (filter F687W17). The method is similar
to that used by narrow-band surveys such as the ones
rerefenced above: the flux in a given photometric band
at wavelength Ajne is compared with the average flux
around that wavelength. Sources with emission-lines ly-
ing inside the central filter would present an excess of flux
compared to the average around it, these corresponding
to the spectrum continuum.

Typical narrow-band surveys use a broad-band filter to
determine the continuum (Villar et al. 2008; Takahashi
et al. 2007; Sobral et al. 2009; Hayes et al. 2010b, e.g.,),
or one or several narrow-band filters around a given one
(Sobral et al. 2012; Lee et al. 2012). In our case, the
contiguous spectral coverage of the optical window allows
us to obtain a continuum determination by using the
adjacent filters to a given one. This measurement is very
robust, since it takes into account the intrinsic color of
each galaxy in a close region around the spectral region
of interest, rather than providing an average continuum
value in a wide wavelength range, as would be the case
for surveys using broad-band filters.
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F1G. 6.— Two examples of the ground-based spectra used to test the absolute flux calibration of the SHARDS data. The original spectra
are plotted on the left, indicating the name of the source in the Rainbow Cosmological Surveys database (Pérez-Gonzdlez et al. 2008) the
TKRS and DEEP3 catalogs (Wirth et al. 2004; Cooper et al. 2011) and the spectroscopic redshift of each source. Both on the left and
right panels we mark with a shaded area the regions where strong telluric absorption bands are located. On the right, we show in with
a black thick line the original spectrum for each galaxy after flux scaling it with broad-band photometry, depicted with blue stars (for
the reddest points, which provide a better absolute calibration) and gray symbols (for the bluest bands which are more affected by the
spectral flat and atmospheric extinction corrections) stars. The black thin line shows the same spectrum after applying an average spectral
flat obtained as explained in the text. The green line shows the final ground-based spectrum used for the calibration of SHARDS data,
obtained after applying an atmospheric extinction correction calculated through a comparison with a stellar population synthesis model
fitting the broad-band photometric data, shown in red in the plots. Black squares and circles, and green circles show the convolution of the
previously described spectra (original after flux calibration, after spectral flat-fielding, and after extinction correction, respectively) with

the transmission curves for the broad-band filters.

In order to understand the scatter in Figure 7, we have
analyzed the photometric uncertainties for each galaxy.
The distribution of the typical errors of our data is
shown with a dashed line. Sources whose emission in
the F687TW17 filter is brighter than the average for the
adjacent filters with more than the 3-0 confidence are
located below the continuous orange line. This is the
expected locus for emission-line galaxies. In this plot,
we have marked with green symbols the galaxies with
confirmed spectroscopic redshifts and for which the [OII]
line would lie within the F687W17 pass-band!'®. We are
able to recover more than 90% of the spectroscopically

18 Note that some of these galaxies may not present [OII] emis-
sion, being their spectroscopic redshifts based on some other spec-
tral feature.

confirmed galaxies with an [OII] emission-line expected
within the central filter. A visual inspection of the spec-
tra for the non-selected objects revealed very weak or
even absent [OII] emission-lines. Therefore, we conclude
that the SHARDS data are very effective in isolating
emission-line galaxies at a similar line flux level as deep
spectroscopy.

It is also interesting to note that virtually all the spec-
troscopically confirmed ELGs in Figure 7 are brighter
than R~24.5. This is the spectroscopic limit of the red-
shift surveys carried out in the GOODS-N field, and the
typical detection threshold for the vast majority of data
taken with state-of-the art spectrographs in 10-meter
class telescopes. SHARDS observations reach at least
2 magnitudes fainter, opening the possibility to reliably
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Fic. 7.— Color-magnitude diagram showing emission-line galaxy
candidates at ~687 nm in SHARDS pointing #1. The vertical
axis shows the color between the F687W17 band and the aver-
age magnitude in the adjacent SHARDS bands (F67T0W17 and
F704W17) measured within a circular aperture of radius r=1".
Sources with measured spectroscopic redshifts implying that the
[OII] line lies within the F687W17 filter are marked in green, while
sources whose [OII] emission is located in the adjacent filters are
marked in blue. Solid points show galaxies with a photo-z between
0.7<2z<0.9. The dashed orange lines depict the typical photomet-
ric uncertainty as a function of magnitude. ELGs with an emission
line within the F687W17 filter detected with more than 3-o confi-
dence are found in the region below the bottom orange continuous
line. ELGs with emission-lines within the F670W17 or F704W17
pass-bands should be located above the top orange continuous line.
The vertical orange line shows the 5-0 detection threshold of the
SHARDS survey in the F687W17 band. Only the sources detected
by IRAC for which robust photometric redshifts were estimated
(Pérez-Gonzélez et al. 2008) are depicted.

select and study fainter and/or higher redshift ELGs.

Figure 8 shows the redshift distribution of the sources
selected as ELGs by SHARDS with the F687W17 fil-
ter. The filled histogram represents galaxies with spec-
troscopic redshifts, i.e., confirmed ELGs. The open his-
togram shows the photometric redshifts (Pérez-Gonzalez
et al. 2008) for all ELG candidates. The redshift distri-
butions show that the ELGs selected by SHARDS are
preferentially located in the appropriate redshifts corre-
sponding to the most common emission lines detected in
intermediate and high redshift galaxies. The majority
of the selected sample are [OII] emitters at z~0.85, but
significant redshift peaks are also observed where one ex-
pects other relevant lines such as [OIII], H3, AGN lines
such as CIII] or CIV, and also Lya.

Our observational strategy was conceived to detect and
measure absorption bands. In this regard, the redshift
distribution in Figure 8 also shows peaks around the re-
gions where the Mg+Fe absorption band (at ~280 nm)
would move through the F687W17 passband (z~1.5),
around the Balmer or 4000 A break (z=0.8-1.0), and

also where the ISM dust absorption at 2175 A peak
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Fic. 8.— Photometric redshift distributions of the sources se-
lected as ELGs with the F687W17 filter. The filled histogram
shows the selected galaxies with spectroscopic redshifts. The open
histogram shows all ELG candidates using photometric redshifts
(Pérez-Gonzélez et al. 2008). The expected redshifts for emitters
with some of the most typical lines (e.g., Lya, [OII], [OIII], or He)
are marked with shadowed regions. We also mark spectral features
such as the Mg-Fe absorption band at ~280 nm, or the 2175 A
dust absorption bump (which would imprint an absorption in the
galaxy SED).

could produce a differential attenuation from galaxy to
galaxy. These absorption mimic an emission-line in a
color-magnitude diagram such as the one depicted in Fig-
ure 7 (see also Figure 9).

Figure 9 shows eight examples of galaxies selected
by SHARDS as emission-line sources and counting with
spectroscopic confirmation. These sources have been
selected using the F687TWI17 filter as central band.
The two sources on the top row are example of
low redshift (z~0.3) galaxies detected because of their
[OIII]AN4959,5007 emission. Comparing our photometry
with the available spectroscopy for these galaxies, com-
ing from Keck and HST/ACS grism data, we show that
SHARDS is able to robustly identify emission lines and
measure EWs and fluxes. Unlike the noisy spectra, our
data allow to study the continuum (compare with the
stellar population synthesis models shown in blue, which
were fitted to the broad band data —see Pérez-Gonzélez
et al. 2008-). Using all the SHARDS photometric data-
points, we have estimated this continuum level and, com-
bining this with the flux measurement for the F687W17
filter, we have obtained line fluxes and EWs. When com-
paring to the values obtained from the spectroscopy, we
typically find smaller EWs. We interpret this systematic
difference as an aperture effect, given that our photomet-
ric apertures are typically 1.0-1.5” long in radius, proba-
bly larger than the typical slit widths and extraction sizes
used in spectroscopic surveys. Note that larger apertures
would easily dillute the emission lines in a brighter con-
tinuum, thus resulting in smaller measurements of the
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Fic. 9.— SEDs and postage stamps of some representative examples of the ELG candidates selected with the SHARDS F687W17 filter
(from Figure 7). We show galaxies which have already been spectroscopically confirmed. On the left panel for each galaxy, we depict
the optical SED of the source. Broad-band photometric fluxes are depicted with black (ground-based) and gray (HST) filled stars. Red
symbols show the SHARDS data. Blue lines represent stellar population synthesis models fitting the broad-band data, which were used
to obtain an estimation of the photometric redshift and stellar mass Pérez-Gonzalez et al. (2008). The cyan lines show the ground-based
spectrum (when available), after the spectral and absolute flux calibration explained in Section 3.1. For some sources, we also depict with
a yellow shaded area the available HST/ACS grism spectrum from PEARS (including uncertainties). The wavelength for several typical
emission-lines are marked in green. We also give measurements of EWs and fluxes for the [OII] and [OII] lines when it lies within the
F687TW 17 filter pass-band, using both the spectroscopic and the photometric SHARDS data. On the right for each galaxy, we show postage
stamps in the ACS bands (RGB image) and the SHARDS F687W17 filter. North is up and East is left; image sizes are 10" x10".



EW. Flux measusrement must be more robust, and in-
deed our estimations of the line fluxes are in very good
agreement with the spectrocopic measurements (when
available).

On the second row of Figure 9, we show two exam-
ples of galaxies located in the ELG locus in Figure 9,
but not showing emission lines. These sources were se-
lected due to the significant flux difference between ad-
jacent bands around the 687 nm filter. In this case,
this large color is due to the presence of the Balmer
or 4000 A break at approximately 680 nm (compare
with the spectra and stellar population synthesis mod-
els). These Balmer break/D(4000) sources from the red-
shift tail between the z~0.84 peak, which corresponds to
[OI1] emitters, and z~1.2 seen in the redshift histogram
in Figure 8. The postage stamps show that these sources
are typically red spheroids, where strong 4000 A breaks
are expected. Again, our SHARDS data is able to probe
this spectral region with high accuracy and measure ab-
sorption indices such as the D(4000). We refer the reader
to Section 5 for a discussion of the detection of absorp-
tion features with SHARDS data and the effect on the
uncertainties of the parameters derived with stellar pop-
ulation synthesis models.

The third and fourth rows in Figure 9 show [OII]
emitters with spectroscopic confirmation (from Keck and
HST grism data) selected in the F687W17 band ([OII]
around z=0.84). These are typical examples where it
is clearly demonstrated that SHARDS data is able to
detect faint emission-line galaxies, which may be even
missed by low resolution spectroscopy such as that from
HST/ACS grism data. This is the case for the sources in
the bottom row, whose [OII] emission is not measurable
with HST/ACS data, but confirmed with ground-based
medium-resolution spectroscopy. We would also like to
notice that our medium-band spectro-photometric data
are able to detect and robustly measure emission-lines as
faint as ~5x10717 erg s~ cm 2.

In summary, our science verification test has demon-
strated that SHARDS is able to detect virtually all the
spectroscopically confirmed emission-line galaxies at in-
termediate redshift, opening the possibility to extend and
reach higher completeness in the samples of ELGs in
GOODS-N, and carry out a comprehensive analysis of
star-forming galaxies and AGN down to fainter magni-
tudes (~26.5 mag) than spectroscopic surveys. A com-
plete analysis of the properties of the emission-line galax-
ies detected by SHARDS will be presented in a forthcom-
ing paper (Cava et al. 2012, in preparation).

More comments on galaxies

Victor comments, including references

4.2. ELGSs at very high-z

The ultra-deep imaging data from SHARDS could, in
principle, allow to detect and study sources at very high-
z (z23). Indeed, reaching magnitudes as faint as 26.5-
27.0 mag in all bands from 500 to 941 nm is deep enough
to detect interesting sources such as Ly« emitters (LAES)
at z> 3 and up tp z~6.7 (REFs). Figure 9 showed ex-
amples of ELGs at intermediate redshift (z<1). In Fig-
ure 10, we show one example of a spectroscopically con-
firmed AGN at z>3 where SHARDS data reveals the
presence of several emission lines such as CIII|A1909 or
CIVA1548. The SED of this AGN shows that the spectro-
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photometric data from SHARDS is completely consistent
and provides a similar spectral resolution as the HST
grism data from PEARS. Our data provide very robust
fluxes and flux densities for both emission-lines and the
continuum for a source which is as faint as the typical
spectroscopic limit of ground-based state-of-the-art spec-
trographs in 10m class telescopes (see the noisy Keck
spectrum for this source).

A preliminary analysis of the SHARDS data in four
filters revealed a dozen dropout sources with SEDs con-
sistent with z>4 LAEs and LBGs. Figure 10 shows one
of these LAE candidates at z~5. We refer the reader to
Rodriguez-Espinosa et al. (2012ab) for a more detailed
discussion on the detection and properties of the LAEs
detected by SHARDS.

5. SHARDS SCIENCE VERIFICATION: ABSORPTION
SYSTEMS

The main goal of the SHARDS project is analyzing in
detail the stellar populations in the massive red galax-
ies at high redshift which are already evolving passively.
The survey observational strategy is aimed at construct-
ing rest-frame UV /optical SEDs for this kind of sources
with enough spectral resolution to be able to measure ab-
sorption indices correlated with important physical pa-
rameters such as the age of the stellar populations.

The main absorption index targeted by SHARDS for
high-z red and dead sources is the Mg index, Mgry. This
index probes several absorption lines (e.g., MgI\2852,
MglIIA2800, FeIA??) and has been shown to be a ex-
tremely reliable means to detect quiescent massive galax-
ies. Indeed, the rest-frame UV spectra of red and dead
galaxies is very red and the presence of the absorption
lines can be used to easily distinguish their SED from the
featureless spectrum of a dusty starburst (Daddi et al.
2005a). The relative intensity of these absorptions can be
measured with the Mgy spectral index, directly linked
to the age of the stellar population (e.g., Bruzual & Char-
lot 1993). The index is easily and robustly measurable
in low resolution spectra (R<100, Daddi et al. 2005a).
The index has been successfully used in the past to ob-
tain redshifts and ages of stellar populations in massive
galaxies at high-z (Spinrad et al. 1997; Cimatti et al.
2004; McCarthy et al. 2004; Saracco et al. 2005; Daddi
et al. 2005a).

Other interesting absorption features which are probed
by SHARDS are the Balmer and 4000 A break, or the
Ca HK lines, the G-band, or the Mg;, Mgs and TiO9
molecular bands (among others). All these have been
extensively used to study stellar population ages (among
many, Burstein et al. 1984; Worthey 1994; Worthey et al.
1994; Balogh et al. 1999; Franx et al. 2003; Kauffmann
et al. 2003b; Foérster Schreiber et al. 2004; Gallazzi et al.
2005; Kriek et al. 2006, 2011; Muzzin et al. 2012, see also
the review by Renzini 2006). The spectral resolution
of the SHARDS dataset is adequate for measuring the
Balmer or (D4000) breaks with the same accuracy as the
one achieved in spectroscopic studies of nearby galaxies
and synthesis models, which typically use bands of 10—
20 nm around the feature (Bruzual A. 1983). In the
case of the molecular bands, the SHARDS’ filter widths
are larger than the amplitude of these absorptions, but,
given their strength, they should affect the photometry
in filters such as ours. In addition, as demonstrated in
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Fic. 10.— Examples of SEDs constructed with SHARDS data for z>>3 galaxies. Symbols and lines are the same as the ones explained in
Figure 9. On the left, we show an AGN at z~3.5 with clear detections of emission-lines such as CIII and CIV with the SHARDS spectro-
photometric data. On the right, we show a dropout source which has been selected as a candidate for a LAE at z~5 (Rodriguez-Espinosa
et al. 2012ab). STILL NEEDS A LAE FOR THE SECOND EXAMPLE!!

the previous Section, SHARDS data is also very sensitive
to emission lines, so they can be used to detect low level
residual (unobscured) star formation in massive galaxies
at high-z and confirm their quiescent (jointly with other
methods, such as the study of the MIR/FIR emission).

In this Section, in order to demonstrate the power of
the SHARDS dataset to accurately measure absorption
indices, we present the SEDs built with SHARDS data
for spectroscopically confirmed red and dead massive
galaxies at z>1. Rather than measuring and studying
one specific absorption index, we fit the entire SED of
each galaxy, also including broad-band data up to the
MIR wavelengths probed by Spitzer/IRAC data. We,
therefore, use all the information available for our sam-
ple of red and dead massive galaxies to carry out the
most reliable analysis of their stellar population proper-
ties. We concentrate our study on z>1 to be sure that the
D(4000) and/or Mgy absorption features are probed by
the available data so far.

The sample compiled for this science demonstration
exercise has been extracted from several sources in the
literature. We include the three galaxies (classified as red
nuggets) whose dynamical masses were studied in (New-
man et al. 2010) and are covered by our data. We also
include four galaxies at z>1 from (Ferreras et al. 2009),
who concentrated in intermediate redshift galaxies but
had a few z>1 galaxies in their sample. Given that the
galaxies in this paper count with pseudo-spectrocopic
redshifts coming from HST optical grism data, we com-
pared the quoted redshifts with our photometric redshifts
and only selected the four galaxies with consistent esti-
mations. Finally, we also selected galaxies qualifying as
Extremely Red Objects (ERO) following the definition in
Elston et al. (1988) and citet2000AJ....120..575Y and/or
Distant Red Galaxies at z>1 (Franx et al. 2003), accord-
ing to their observed optical and NIR colors. In order
to avoid dusty starburst in this study and concentrate
in massive galaxies with evolved stellar populations, we
only considered the galaxies undetected in the 24 pm
data, which reach fluxes as low as 30 puJy in GOODS-
N (reduction and catalogs described in Pérez-Gonzalez
et al. 2005 and Pérez-Gonzélez et al. 2008). The final
sample considered in the following discussion is composed

by 27 galaxies whose main properties are given in Table 2.

The SEDs for the sample of 27 massive red and dead
galaxies at z>1 were fitted with several of the most com-
mon stellar population libraries found in the literature.
We considered general exponential decaying models us-
ing the predictions from the following codes:

e the PEGASE code (Fioc & Rocca-Volmerange
1997, P01), assuming a Kroupa (2001) initial mass
function (IMF).

e the (Bruzual & Charlot 2003) models (BC03) with
a (Chabrier 2003) IMF.

e the Charlot & Bruzual 2009 models (CB09) with a
Kroupa or Chabrier IMFs.

e and the Maraston (2005) models (M05) with a
Kroupa IMF.

In all cases, we considered the following mass limits for
the IMF: 0.1<M<100 Mg.

The fitting procedure is explained in detail in Pérez-
Gonzélez et al. (2003) and Pérez-Gonzélez et al. (2008).
Briefly, the photometry is compared with the models as-
suming and exponentially decreasing SFH characterized
by a 7 parameter which runs from 1 Myr (almost iden-
tical to a single stellar population) to 12 Gyr (almost
constant SFH). We run models corresponding to the dif-
ferent metallicities given for each library, which run from
Z5/200 to 2.5x Zg for BC03 and CB09 models, Zs /200
to 5x Zg for P01, and Zg /50 to 2x Zg for M05 models.
We considered an extinction parametrized with a A(V)
value running from 0 mag to 2 mag, with the extinc-
tion law following the law published in (Calzetti et al.
2000). Finally, all ages between 1 Myr to 15 Gyr were
probed to search for the best fitting model minimizing a
x? maximum-likelihood estimator.

In order to study the uncertainties in the derived pa-
rameters and take into account the possible degenera-
cies in the solutions, we run Montecarlo simulations for
each galaxy, randomly varying the photometric data-
points with a Gaussian distribution of width equal to the
photometric uncertainty, and repeating the fit again to
all possible models. We run the code 1000 times and then



analyzed the solutions. This analysis consisted on iden-
tification of clusters of solutions with a k-means method.
Typically, 1 to 3 clusters of solutions were identified for
each galaxy. These different solutions provided with in-
formation about the typical degeneracies of the study of
stellar populations, such as the age-metallicity degener-
acy or the one linked to 7-value and age. For each cluster,
we assigned a probability value given by the number of
solutions belonging to the solutions. In all cases, one so-
lution was dominant, with more than 50% of the solution
data points belonging to it. Table 2 shows the different
solutions for each galaxy and the statistical weight of
each of them.

In Figure 11, we show several representative examples
of the stellar populations synthesis SED modeling and re-
sults for massive quiescent galaxies with a spectroscopic
redshift above z=1. For each galaxy in this figure, we
depict the complete SED and best fitting models for the
different libraries mentioned above, jointly with a close-
up look into the rest-frame UV /optical range probed by
the SHARDS data, several plots showing the results of
the synthesis models, and postage stamps in HST and
SHARDS filters.

The galaxy shown at the top of Figure 11 lies at z~1.25
and our currently available SHARDS data do not cover
the Mgy absorption feature. The stellar population
synthesis analysis shows that there are at least 4 differ-
ent clusters of solutions. Two clusters are consistent with
SSPs (one with solar metallicity, the other one with sub-
solar abundances) with ages between 1 and 5 Gyr, and
another 2 with 7 values between 100 Myr and 1 Gyr.
The latter are significantly more statistically represen-
tative than the former (i.e., models do not favot SSPs).
All solutions are consistent with an extinction around
A(V)=0.3 mag and we find stellar masses within a 0.3dex
around 101987112 M. Interestingly, different models
predict significantly different values for the relevant pa-
rameters, especially for the age and 7 values.

The second example in Figure 11 shows a z=1.29 where
we have been able to measure the Mgyy index, apart
from other spectral features such as ?7?. The stellar pop-
ulation synthesis degeneracies are considerably smaller
than in the first example. Indeed, there is a domi-
nant solution corresponding to a star-forming burst with
7~100 Myr, age around 1 Gyr, A(V)=0.3 mag, solar
metallicity and mass 10'%3 My. Although this solution
clearly dominates for the fidual model, CB09-chab, other
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libraries achieve different results, although with very sim-
ilar statistical weight (i.e., one solution dominates for all
different models).

Finally, the last example in Figure 11 shows the
source at the highest redshift in our sample. Simi-
larly to the previous source, one solution clearly domi-
nates, with parameters 7~100 Myr, age around 0.6 Gyr,
A(V)=0.3 mag, solar metallicity and mass 10%-3 M.
Our fiducial model, however, seems to provide a different
solution to all the restof models, which favor a slightly
more extended SFH, older population (2 Gyr) and heav-
ier masses (10197 Mg).

In order to test how the spectro-photometric data from
SHARDS helps in the stellar population synthesis mod-
elling of the massive quiescent galaxies at z>1, we com-
pare in Figure 77 the results obtained when fitting only
the broad-band data for the galaxy at z=1.40 with those
obtained when adding the SHARDS data.

Absorption vs. extinction

ages, bursty?, star formation mode, chi2 discussion

AGN with 2175 AA bump?

BzK diagram of sources in this section compared to all
SHARDS sources

Fig: Comparison with broad-band results

Fig: SFH of massive galaxies

Fig?: Comparison between models

Completeness of sample compared to EROs

5.1. Improvements in modeling
2175 AA bump.
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TABLE 2
STELLAR POPULATION SYNTHESIS RESULTS FOR RED AND DEAD GALAXIES AT Z>1.

Galaxy z Model T Age A(V) Z M x? Prob.

(1) (2) (3) (4) (5) (6) (7) (8) 9) (10)
J123704.36+621335.03  1.2420 BCO03-chab 328 1717038 0507005 0.400:89  10.9204T9941% 07109 96.0
CB09-chab 496727 4757052 0.30700%  0.209:22  11.009779:029% 08Tl 3586

CBO09-krou .00 1.69702%  0.30700%  0.408:55  10.8638T00%%0  0.9%pZ 497

MO05-krou 501720 4.02709%  0.20700%  0.500:09 11.046470022%  o0.7t0C 565

P01-krou 69129 3.007937  0.50700%  0.209:25 11.087470015% 08Tl 876

J123615.24+620944.52  1.2674 BCO03-chab  1.070) 1.02F01%  1.00T00%  0.205:05 10.9443T0 052 07700 88.9
CB09-chab .07 0724099 0.40700%  1.005:95  10.660510°047C  0.972 348

CBO09-krou 116737 1.027079  0.377595  1.000:99  10.774875:9423  o.8%1-2  99.6

MO05-krou 36710 3.01704%  0.80790°  0.020:90 11.11407094%%  o0.8Fl-l 705

P0O1-krou 16702 4487005  1.017019  0.000:05 113185700125 0.8T L 781

J123627.17+620756.57 1.3950 BCO03-chab 218738 1.12702% 0.337007 0.40889  10.5910700%L 16722 59.9
CB09-chab 6913° 0561005 0.167095  1.005:9) 10.3246T0 005 22729 811

CBO09-krou 501722 2.60703%  0.01700%  0.20:9%  10.6719700°%% 22728 750

MO05-krou 160737 1517015 0.001005  0.025:03 10.4077700539 22728 354

P01-krou s72tisl 2251038 0181000 0.20028 107227100908 1.977%  58.0

J123738.71+621727.86  1.2907 BCO03-chab 5619 2617035 0.20700%  0.200:5) 11.1788T0 0% 1.0tpd 919
CB09-chab 6317 1.027071  0.007008  1.009:59 10.8272F5 032 1.2t07 100.0

CB09-krou 135775 2587020 0.10700%  0.20059 11.146670050%  1.2%0 366

MO05-krou 1.0T81  4.02703%0 0507005 0.02099 113156700175 11702 100.0

P01-krou 484750 3.387041 0217001 0.20992 112311700407 1.atpS 885

J123553.07+621044.47 1.4000 BCO03-chab 624750 2287027 1.10700%  0.200:20  10.80917005%%  0.610%  89.1
CB09-chab 211702 1.087919  0.69700%  1.00805  10.523710°0%%L  0.8T12 444

CB09-krou 471770 2.04753% 0.867007 0.20520 10.702270020%  0.8%5c  66.9

MO5-krou 12227185 3.93704%  1.00700%  0.020:30 10.83427005% o0.8t;l 705

POl-krou  16517%5:7  3.6670% 1.00700%  0.20:23 10.9287700%7 o0.8t;l 918

NoTE. — (1) Name of the galaxy (including J2000 coordinates). (2) Spectroscopic redshift from the literature (see text for

references). (4) Exponential decay factor and uncertainty of the best fitting model (in Myr). (5) Age and uncertainty (in Gyr)
of the best fitting model. (6) Extinction in the V-band and uncertainty (in mag) of the best fitting model. (7) Metallicity and
uncertainty (solar units) of the best fitting model. (8) Stellar mass and uncertainty (solar units). (9) Median and 68% range for
the goodness of the fit (x? value). (10) Statistical significance of this solution (in %).
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