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ABSTRACT

Using a sample of ~28,000 sources selected at 3.6-4.5 microns using Spitzer observations of the Hubble
Deep Field North, the Chandra Deep Field South, and the Lockman Hole (for a total surveyed area
of ~664 arcmin?), we study the evolution of the stellar mass content of the Universe from z=0 to z=4
(in the last 12 Gyr). We calculate stellar masses and photometric redshifts, based on a set of ~2,000
templates built with stellar population and dust emission models fitting the ultraviolet to mid-infrared
spectral energy distributions of galaxies with measured spectroscopic redshifts. We estimate stellar
mass functions for different redshift intervals. We find that 50% of the local stellar mass density was
assembled at 0<z<1 (at an average rate of 0.036 Moyr—1), and at least another 40% at 1<z<4 (at an
average rate of 0.054 Moyr—1). Our results confirm and quantify the “downsizing” scenario of galaxy
formation. We find that the most massive galaxies (M>10129 M) assembled the bulk of their stellar
content rapidly (in 1-2 Gyr) beyond z= 3 in very intense star formation events (producing high specific
star formation rates). Galaxies with 101*°<M<10'2-% M, assembled half of their stellar mass before
z~1.5, and more than 90% of their mass was already in place at z~0.6. Galaxies with M<10'5 M
evolved more slowly (presenting smaller specific star formation rates), assembling half of their stellar
mass before z~1. These galaxies experienced another significant increase in their stellar mass at low
redshift: about 40% of the local stellar mass density of 10%0<M<101% M galaxies was assembled
below z~0.4, most probably through accretion of small satellites producing little star formation. The
cosmic stellar mass density at z>2.5 is dominated by optically faint (R=>25) red galaxies (Distant Red
Galaxies or BzK sources) which account for ~30% of the global population of galaxies, but contribute
with more than 60% to the cosmic stellar mass density. Bluer galaxies (e.g., Lyman Break Galaxies)
are more numerous but less massive, contributing with less than 50% to the global stellar mass density
at high redshift.

Subject headings: galaxies: evolution — galaxies: starburst — galaxies: photometry — galaxies:

high-redshift — infrared: galaxies

1. INTRODUCTION

In the last decade, our knowledge about the formation
and evolution of galaxies has increased significantly with
the advent of deep and/or wide photometric and spec-
troscopic galaxy surveys carried out at different wave-
lengths. This advance in our understanding of the evo-
lution of the Universe is succinctly represented in the so-
called Lilly-Madau plot (Lilly et al. 1996; Madau et al.
1996), a diagram showing the evolution of the Star For-
mation Rate (SFR) density of the Universe as a function
of look-back time (or redshift). Originally, with only a
few points in the diagram, it was clearly visible that in
the last ~8 Gyr (i.e., about 55% of its age) the Universe
experienced a significant decrease (of about a factor of
10) in the rate at which new stars were created. Nowa-
days, there are more than 80 data points in the Lilly-
Madau diagram (see Hopkins 2004 for a nice compila-
tion of results on this topic; see also Schiminovich et al.
2005, Pérez-Gonzélez et al. 2005, and Hopkins & Beacom
2006), and the picture is clearer at z<1, where there is
just a factor of 2 scatter among the estimations com-
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ing from different surveys, and using different selection
techniques and SFR tracers. At z2>1, the uncertainties
are larger, up to a factor of ~5, but there is increasing
evidence that the SFR density remained approximately
constant for 4-5 Gyr (from z~1 to z~4).

Although the Lilly-Madau plot concentrates a large
amount of information about the formation of structures
in the Universe, the (recent) SFR is not the best param-
eter to characterize a galaxy. Indeed, the stellar mass or
the metallicity, which are closely linked to the star forma-
tion history, are more appropriate parameters to follow
the evolution of galaxies. Thus, an increasing number of
studies explore the evolution of the cosmic comoving stel-
lar mass density, showing that it has steadily increased
in the last 12 Gyr (see, e.g., Brinchmann & Ellis 2000,
Dickinson et al. 2003b, Glazebrook et al. 2004, Drory
et al. 2005, Fontana et al. 2006; see also the references
given in Figure 7).

Because of the increasingly large scale of cosmologi-
cal surveys, the problem of the evolution of galaxies is
now being addressed by dividing the samples into ranges
in stellar mass. In this context, the evolution of galax-
ies seems to follow a ’downsizing’ scenario (Cowie et al.
1996), where the most massive galaxies are formed first
in violent episodes of star formation (with high specific
SFRs, i.e., high values of the SFR per unit stellar mass)
and the star formation continues in less massive systems
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until more recent epochs (Bauer et al. 2005; Bundy et al.
2006; Heavens et al. 2004; Juneau et al. 2005; Pérez-
Gonzélez et al. 2005; Tresse et al. 2006). Although the
"downsizing’ picture is being confirmed by an increasing
number of works, the quantification of the process is still
very limited, given the necessity of large samples of high
redshift galaxies with multi-wavelength data to explore
it (covering from the rest-frame ultraviolet to the near-
infrared and beyond).

In contrast with these observational results, classical
models of galaxy evolution assuming a Cold Dark Matter
(CDM) Universe usually predict that the most massive
galaxies assembled late via the coalescence of small halos
that form larger ones (e.g., Baugh et al. 1998; Kauffmann
et al. 1993; Somerville et al. 2001). This contradicts the
observational evidence of the existence of large galaxies
at high redshifts (some of them already harboring old
stellar populations at those early epochs, some with sig-
nificant recent star formation), detected by their unusu-
ally red colors (among others, Dey et al. 1999; Dickinson
et al. 2000; Elston et al. 1988; Franx et al. 2003; Im et al.
2002) or their bright emission at sub-millimeter wave-
lengths (e.g., Hughes et al. 1998; Smail et al. 1997, see
also Blain et al. 2002 for a review). More recent models
based on a ACDM cosmology succeed in predicting the
early formation of massive galaxies by introducing very
large dust extinctions, non-standard Initial Mass Func-
tions, and/or suppression of the star formation due to
the quenching of cooling flows due to supernovae or Ac-
tive Galactic Nuclei (e.g., Baugh et al. 2005; Bower et al.
2006; Cole et al. 2000; Croton et al. 2006; Granato et al.
2004; Nagamine et al. 2005a).

In this paper, we observationally characterize the
build-up of the stellar mass of galaxies in the last
~12 Gyr (almost 90% of the age of the Universe) as a
function of the stellar mass of each object. This is done
by estimating stellar mass functions at different redshifts.
Given that we are interested in the stellar mass assem-
bly of galaxies, it would be convenient to analyze a sam-
ple whose selection is based precisely on that parameter,
the stellar mass. From studies at low and intermedi-
ate redshift, we know that the rest-frame near-infrared
(NIR) emission of galaxies arises mainly from relatively
old stars that usually dominate the total stellar mass of
galaxies, in comparison with younger stellar populations
that may contribute little to the NIR emission and stel-
lar mass, but emit strongly at bluer wavelengths. Indeed,
stellar mass estimations based (only) on photometry at
wavelengths bluer than ~600 nm are particularly trou-
blesome because of the ability of a small population of
young stars to dominate the output of a galaxy. In the
red and NIR, the light is dominated by similar stellar
populations, but the NIR is preferred for estimating stel-
lar masses because of its relative immunity to extinction.
In addition, NIR data is crucial to detect galaxies that
are very faint in the optical (too faint for optical sur-
veys) but may contribute significantly or even dominate
the stellar mass density of the Universe at high-z (e.g.,
Extremely Red Objects, EROs, Elston et al. 1988, Yan
et al. 2000; or Distant Red Galaxies, DRGs, Franx et al.
2003, van Dokkum et al. 2003). These galaxies are usu-
ally missed by selection techniques based on rest-frame
ultraviolet colors (e.g., Lyman Break Galaxies, LBGs;
Steidel et al. 2003). Therefore, a sample selected in the
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rest-frame NIR is the most adequate to attempt a stellar
mass function analysis.

This paper is based on the analysis of a sample of galax-
ies at 0<z<4 selected in 3 different fields (to minimize
cosmic variance problems) at 3.6-4.5 ym with the In-
frared Array Camera (IRAC, Fazio et al. 2004b) on-
board of the Spitzer Space Telescope (Werner et al.
2004). Even at the highest redshift in the sample, the
sources are still selected in the rest-frame NIR (ap-
proximately the J-band), so an IRAC selected sample
uniquely constitutes a statistically complete sample in
stellar mass at all redshifts up to z~4 (to a certain lower
limit based on the flux cut of the sample). In addition,
the estimations of the stellar masses of our galaxies al-
ways count with a NIR band, which significantly reduces
the uncertainties in the derived stellar masses (see, e.g.,
Fontana et al. 2006), since the relatively old stellar pop-
ulation contributing the most to the total stellar mass
of galaxies usually dominates the emission at NIR wave-
lengths, and also because the NIR is relatively free of
extinction effects and hence is better for estimating stel-
lar masses than shorter wavelengths. Our sample selec-
tion constitutes an extension (in area, depth, and con-
sequently, in the number of galaxies detected) of those
used by other groups based on ground-based K-band
data (e.g., Drory et al. 2004 and Fontana et al. 2004).

This paper is organized as follows: Section 2 presents
the dataset and samples of galaxies used in this work.
Section 3 describes the stellar population and dust emis-
sion models used to estimate photometric redshifts, stel-
lar masses, and SFRs for all galaxies in our sample. Here,
we also discuss the uncertainties in these parameters.
Sections 4 and 5 discuss the main results about pho-
tometric redshifts and stellar masses. More precisely, we
present stellar mass functions and densities, discussing
their evolution with redshift. Section 6 divides our sam-
ple into several sub-types (such as DRGs or LBGs), and
discusses the evolution of galaxies of different natures
and their role on the evolution of the stellar mass den-
sity of the Universe as a whole. Section 7 analyzes the
SFRs of the galaxies in our sample and the evolution of
the cosmic SFR density. Finally, Section 8 summarizes
the conclusions of this paper.

Throughout this paper, we use a cosmology with
Hy = 70 kms 'Mpc™!, Oy = 0.3 and A = 0.7.
All magnitudes refer to the AB system. The results
about stellar masses assume a Salpeter (1955) universal
(i.e., constant through time) initial mass function with
0.1<M<100 Mg and a single power-law slope in this
range.

2. DATA AND SAMPLE SELECTION
2.1. The IRAC selected sample

This paper analyzes the main properties of the galaxies
selected by IRAC (hereafter, the IRAC selected sample),
which should be close to a stellar mass selected sample
up to the highest redshifts in our survey. The sample is
drawn from the Spitzer GTO (see, e.g., Pérez-Gonzdlez
et al. 2005) and GOODS (Dickinson et al. 2003a) IRAC
and MIPS observations of the Hubble Deep Field North
(HDF-N) and the Chandra Deep Field South (CDF-S),
and the Spitzer GTO data in the Lockman Hole Field
(LHF). In each field, we concentrated on a reduced sky



area with the deepest coverage by Spitzer, and also ob-

served by other X-ray, va Optical, and NIR SurveyS.TABLE 1. CHARACTERISTICS OF THE DATA COMPILED FOR THE LOCKMAN HOLE.

In the HDF-N, we focused our analysis in 257 arcmin?
centered at a = 12"38™56°, § = +62°14'06"”, J2000,
covering the entire GOODS ACS footprint; in the CDF-
S, in 225 arcmin® centered at a = 03"30™28°%, § =
—27°48'18", J2000, also covering the entire GOODS ACS
footprint; and in the LHF, in a square are of 183 arcmin?
centered at o = 10752™M475. § = +57°29'06”, J2000.
This adds up a total surveyed area of 664 arcmin?.

The reduction, source extraction, and photometry of
the IRAC and MIPS images were performed in the same
way explained in Pérez-Gonzdlez et al. (2005). For the
IRAC images, we detected sources separately in the 2
bluer IRAC bands (at 3.6 um and 4.5 pm), and then
merged the catalogs, removed repeated sources, and mea-
sured aperture photometry in the 4 IRAC images (fix-
ing the positions and forcing the detection in all bands),
obtaining the final integrated magnitude after applying
an aperture correction based on empirical Point Spread
Functions (PSFs). All the sources in the IRAC sample
have measured fluxes at both 3.6 ym and 4.5 pm. For
the MIPS 24 pm images, we measured integrated fluxes
using PSF fits and aperture corrections.

Our IRAC selected sample is composed of 9,074 sources
in the HDF-N, 9,676 in the CDF-S, and 9,149 in the LHF,
for a total of 27,899 sources (i.e., 42 sources/arcmin?).
Out of these, less than 3% (700 sources) are identified
as stars (see the star-galaxy separation method in Sec-
tion 22.5). Based on simulations carried out by adding
artificial sources to the IRAC images and trying to re-
cover their detection and input flux, we estimate that
our IRAC catalogs in the HDF-N and the CDF-S are 75%
(90%) complete down to 1.6 puJy (5.0 nJy) at 3.6 um, and
1.4 uJy (4.0 uJy) at 4.5 pm. For the LHF, where deep
GOODS IRAC data are not available, the 75% (90%)
completeness levels are 2.2 pJy (5.8 pJy) at 3.6 pm,
and 2.0 uJy (4.8 pJy) at 4.5 um. Above the 75% com-
pleteness flux limits, our sample has 7,512 galaxies (af-
ter removal of stars) in the HDF-N, 6,546 galaxies in
the CDF-S, and 5,341 galaxies in the LHF, adding a to-
tal of 19,399 galaxies (29.2 sources/arcmin?). Out of
these, 6,686 (35%) galaxies are detected by MIPS at
24 pm, 3,483 (18%) above our 75% completeness level
(F(24)=80 pJy).

The Spitzer data were complemented with other pub-
licly available and proprietary photometric and spectro-
scopic data in the 3 fields. For the HDF-N and the CDF-
S, the dataset is described in detail in Pérez-Gonzélez
et al. (2005). For this paper, we added in the HDF-N
the JK data described in Villar et al. (2007, in prepa-
ration; with limiting magnitudes* J=22.4 and K=21.4),
GALEX data extracted from the GALEX archive (with
limiting magnitudes NUV=24.9 and FUV=25.3), and
the spectroscopic redshifts published by Reddy et al.
(2006a). In the CDF-S, we added an image of size
37 x 30’ taken in the NB816 filter with the Suprime-
Cam instrument on Subaru (with a limiting magnitude of
N B816=24.8), and the spectroscopic redshifts published
by Vanzella et al. (2006). For the LHF field (not used
in Pérez-Gonzélez et al. 2005), we summarize the main

4 Defined as the third quartile of the magnitude distribution of
our sample.

Band Aeff  Miim Source

(1) 2 3 @

IRAC-3.6 3.561 23.0  Spitzer GTO
IRAC-4.5 4.510 23.0  Spitzer GTO
IRAC-5.8  5.689 22.3  Spitzer GTO
TIRAC-8.0 7.958 22.0  Spitzer GTO

MIPS-24  23.844 20.0 Spitzer GTO

B 0.442 26.0  Subaru Deep imaging®
R 0.652 25.4  Subaru Deep imaging®
1 0.795 25.0  Subaru Deep imaging®
z 0.907 24.5  Subaru Deep imaging®
U 0.361 23.1 ING Archive®

g 0.486 24.0 ING Archive®

i 0.767 22.3 ING Archive®

H 1.649 20.4 TIFKAM®

Note. — (1) Name of the observing band. (2) Effective
wavelength (in pm) of the filter+detector. (3) Limiting AB
magnitudes defined as the third quartile of the magnitude dis-
tribution of our sample. (4) Source from where the data were
obtained: ® publicly available ultra-deep optical data from
the SMOKA Subaru Archive, taken with the Suprime-Cam
instrument on the Subaru Telescope; ® data obtained from
the Archive of the Isaac Newton Group of Telescopes, and
taken with the Wide Field Camera on the 2.5m Isaac New-
ton Telescope; ¢ Data taken with the TIFKAM instrument
on the 2.1 m Telescope at Kitt Peak National Observatory.

characteristics of the data set, including the wavelengths,
limiting magnitudes, and references for each filter in Ta-
ble 1.

2.2. Merged photometric catalog

Aperture matched photometry in all bands was car-
ried out using the procedure described in Pérez-Gonzélez
et al. (2005). Briefly, the coordinates of the IRAC de-
tected sources are cross-correlated with each one of the
UV, optical and NIR catalogs using a search radius of
2.5" (roughly two pixels in the IRAC images) and start-
ing by the deepest images. Once the source was identified
in one image (for most cases, the first one), we took the
Kron (1980) elliptical aperture best enclosing the entire
source from this reference image, and translated it to
all the other bands. The aperture was large enough to
enclose the PSF profile in all UV /optical/NIR images.
For IRAC and MIPS, where the PSFs are comparatively
large, we assumed the integrated magnitude measured in
small apertures (applying aperture corrections), as dis-
cussed at the beginning of Section 2. For GALEX data,
we took the best magnitude given by SEXTRACTOR. For
HST images, we picked the integrated flux of the closest
source measured with SEXTRACTOR, not carrying out any
aperture matching.

In some cases (for 10%-15% of the entire IRAC sample
in each field), there were several UV /optical/NIR coun-
terparts (in ground-based images) for one single IRAC
source within the search radius. For these sources, we
remeasured the IRAC fluxes by fixing the positions of
the blended objects and deconvolving the images using
the IRAC PSFs°.

5 Although the IRAC PSFs have FWHMs of approximately 3,
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Most of the IRAC selected sources are detected in our
deepest Subaru images in the HDF-N: approximately
90% are detected in B, R, and/or I. In these bands,
75% of our sources are brighter than B = 25.5, R = 24.9,
and I = 24.5. In the CDF-S, 90% of the sources are de-
tected in the N B816 filter, and 75% of them are brighter
than NB816 = 24.8. In the same field, about 70% of
sources are detected in B (75% of them are brighter
than B = 25.3), 60% in R (75% of them brighter than
R = 24.8), and 40% in I (75% of sources brighter than
I =23.7). MIPS at 24 pm is able to detect about 25% of
the IRAC sources (75% of them above F(24)=40 uJy).

A negligible fraction (not large enough to change our
results significantly) within the sample of IRAC sources
(less than 3%) was detected in less than 5 filters (our
limit to calculate a reliable photometric redshift), all of
them with fluxes below the 75% completeness level.

2.3. The optically (I-band) selected sample

We complemented the IRAC selected sample described
in the previous sections with a sample of galaxies selected
in a ground-based optical image. Our goal was to check
the effect on our results of the galaxies missed by IRAC,
i.e., galaxies which are relatively faint in the rest-frame
NIR but can be detected in deep optical imaging. This
sample of NIR-faint galaxies should allow us to probe the
stellar mass functions at small masses below the IRAC
detection limits (and at higher masses, where the galaxies
should also be detected by IRAC).

We selected the deepest ground-based images in a band
common (or similar) to the 3 fields, namely, the Subaru
I-band images in the LHF and the HDF-N, and the Sub-
aru N B816 image (close to an I-band image, and also
very deep) in the CDF-S. Hereafter, we will refer to this
sample as the I-band selected galaxies.

We concentrated our analysis of the I-band selected
sample on the region covered by the other surveys, and
enclosing a similar number of sources as those detected
with the IRAC selection. We used an area of 101 arcmin?
centered at o = 12"37™00°, § = +62°13/30” (J2000) in
the HDF-N, 103 ? at o = 03"32m28% § = —27°48/54"
(J2000) in the CDF-S, and 70 2 at a = 10M52m48° § =
+57°2924" in the LHF. The samples are formed by 7,326
sources (112 of them identified as stars) in the HDF-
N, 6,680 (87 stars) in the CDF-S, and 6,797 (99 stars)
in the LHF, for a total of 20,505 galaxies with 1<25.5
(75 sources/arcmin?).

A merged photometric catalog at all available wave-
lengths was also constructed for this sample as explained
in Pérez-Gonzélez et al. (2005) and Section 22.2. Again,
a negligible fraction of the I-band selected sample, only
2%, is detected in less than 5 filters.

More than 90% of the I-band selected sources were also
detected in deep BV Rz imaging. In these bands, 75% of
our I/-band sources are brighter than B=26.0, V=25.8,
R=25.5, and 2=25.1. About 50%-55% of the I-band
sample is detected by IRAC (at 3.6 and 4.5 pm; at 5.8

the determination of the central position of each IRAC source can
be determined more accurately (the actual value depending on
the brightness of the source) and sources are resolved for separa-
tions of the order of ~1”. This means that if the source positions
are known, we can identify and deblend IRAC sources separated
~1" from each other (using a similar method to that explained in
Grazian et al. 2006).
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and 8.0 pum, the fraction drops to 40%-45%). MIPS at
24 pm is able to detect about 7% of the I-band sources
above F'(24)=80 uJy.

2.4. The spectroscopic sample

Both the HDF-N and the CDF-S include a large compi-
lation of spectroscopic redshifts obtained by several sur-
veys. Unfortunately, there is no public spectroscopic sur-
vey in the LHF, so this field could not be used for build-
ing templates to estimate photometric redshifts (see Sec-
tion 33.5). In the HDF-N, we used 1,699 spectroscopic
redshifts (~20% of the entire sample in that field) found
in Wirth et al. (2004), Cowie et al. (2004), and Reddy
et al. (2006a). Only a fraction of those redshifts (1,340
sources) are flagged as high reliability (larger than 80%).
In the CDF-S, we compiled 1,410 spectroscopic redshifts
(about 15% of the sample in that field), 891 of them
flagged as reliable with a probability larger than 80%,
from several sources: Le Fevre et al. (2004), Szokoly et al.
(2004), Vanzella et al. (2005), and Vanzella et al. (2006).
More than half of the highly-reliable spectroscopic red-
shifts are below z=1.0 (55% in the CDF-S, and 80% in
the HDF-N), and most of them are below z=1.5 (95% in
the CDF-S, and 97% in the HDF-N). These spectroscopic
redshifts were complemented with photometric redshifts
estimated as explained in Section 3 3.5.

2.5. Star-galazy separation

In order to separate galaxies from stars in the merged
photometric catalogs, we used 7 criteria, one based on the
STELLARITY parameter given by SEXTRACTOR (Bertin &
Arnouts 1996), and the other 6 criteria based on color-
color and color-magnitude diagrams using optical and
NIR fluxes. All objects detected in more than one op-
tical or NIR band, and presenting an average value of
the STELLARITY parameter larger than 0.95 were identi-
fied as stars. An object was also considered a star if it
satisfied any of these color equations (when fluxes were
available), extracted from Eisenhardt et al. (2004) and
Rowan-Robinson et al. (2005): a) [3.6] — [8.0] > —2 and
[3.6]—[8.0] < —1 and [8.0] < 20., or [3.6]—[4.5] > —1 and
[3.6] —[4.5] < —0.5 and [4.5] < 19.5; b) [5.8] —[8.0] > —1,
[5.8] — [4.5] < —0.2 and [8.0] < 20.; ¢) I — [8.0] < —1
or I —[3.6] <1 and [3.6] < 18. or I — [8.0] < —1 and
[3.6) — [8.0] < —=1;d) B—1 > 2 x (I —[3.6]) + 0.070; e)
J — K +0.956 < 0.5; and f) [3.6],» — 0.460 — [3.6]auto >
—0.25 and [3.6] < 15. and [3.6] ;7 —0.460 — [3.6]auto < 0.2,
or [3.6],17 — [3.6]auto < —0.25, where [band], is the mag-

nitude in a 3” diameter aperture, and [band]auto is the
MAG_AUTO magnitude given by SEXTRACTOR (an esti-
mation of the integrated magnitude). The star-galaxy
separation for the IRAC sample was checked against the
galactic number counts published by Fazio et al. (2004a,
see also the stellar number counts predicted by Arendt
et al. 1998 and Wainscoat et al. 1992), finding very good
agreement with our results (absolute differences of less
than 0.1dex at all fluxes down to the limits of our sur-
vey). Note that these authors also show that the stars
dominate the number counts at the bright end, but they
are a minor contributor at faint magnitudes ([3.6]218),
the range where our extra-galactic analysis is concen-
trated.



3. ESTIMATION OF PHOTOMETRIC REDSHIFTS, STELLAR
MASSES, AND STAR FORMATION RATES

3.1. Template generation

The estimation of the photometric redshift, stellar
mass, and SFR of each galaxy in our IRAC and I-band
selected samples was carried out in a two step process.
Given the significant degeneracies inherent to any stel-
lar population modelling, and in order to get the best
estimations of the interesting parameters, we decided to
first build a reference set of stellar population and dust
emission templates, which could be used afterwards to
obtain photometric redshifts, stellar masses, and SFRs
for the entire sample. The reference template set was
built with the galaxies in our spectroscopic sample with
highly reliable redshifts and well-covered (with enough
data points from the rest-frame UV to NIR/MIR wave-
lengths) spectral energy distributions (SEDs). This is the
same approach we chose in Pérez-Gonzélez et al. (2005).

As a major improvement of our photometric redshift
technique described in Pérez-Gonzélez et al. (2005), we
(significantly) increased the spectral resolution of the
templates by fitting the SEDs of the galaxies in the ref-
erence spectroscopic sample with models of the stellar
population and dust emission.

3.2. Stellar population synthesis models

For the stellar population synthesis, we carried out two
sets of fits: 1) one set assuming that the star forma-
tion history of each galaxy can be described by a de-
clining exponential law with time scale 7, age ¢ (i.e.,
SFR(t) o e */7), metallicity Z, and attenuated by an
amount described by the quantity A(V) (1-POP mod-
els, hereafter, see also Gil de Paz & Madore 2002); and
2) another set (2-POP models, hereafter) assuming one
recent instantaneous burst of star formation of age tyou,
metallicity Zyo, and extinction A(V)you, overimposed on
an evolved stellar population characterized by o4, told,
Zod, and A(V)og. The attenuation at any wavelength
was calculated from the free parameter A(V') using the
Charlot & Fall (2000, CF00 hereafter) recipe. In this
work, the attenuation of the gas and stellar emissions is
divided into three components, based on a simple sce-
nario: the light arising from the newly-formed stars, em-
bedded in a birth cloud, is attenuated by the material
in the HII region, by a surrounding shell of molecular
and/or non-ionized atomic gas and dust, and finally by
the inter-stellar medium. The extinction law is approx-
imated by a power-law function of the form Ay oc A"
(the authors suggest n = —0.7). There is also a de-
pendence of the birth cloud extinction on the age of the
stars: for stars younger than 10 Myr (the typical lifetime
of molecular clouds) the extinction is p times larger than
for older stars, where u~0.3 (with significant scatter).
We also ran a set of models assuming that the attenua-
tion law was similar to the one found for local starbursts
by Calzetti et al. (2000, CALZOO0 recipe, hereafter). The
stellar emission in our models was taken from the PE-
GASE code (Fioc & Rocca-Volmerange 1997), assum-
ing a Salpeter (1955) initial mass function (IMF) with
0.1<M<100 My and a single power-law slope through
the entire mass range. We also added the emission from
the gas heated by the stars (emission lines and nebular
continuum) using the emission and recombination coef-
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ficients given by Ferland (1980) for an electron temper-
ature T, = 10* K, the relations given by Brocklehurst
(1971), and the theoretical line-ratios expected for a low
density gas (n. = 102cm=2) with T, = 10*K in the re-
combination Case B (Osterbrock 1989).

The 1-POP models required 4 parameters to fit. Our
fitting routine probed the solution space in the following
ranges for the parameters [1,t, Z, A(V)]: i) we assumed
7 values from an almost instantaneous burst (7 = 1 Myr)
to an almost constant SFR, (7 = 100 Gyr) using a loga-
rithmic interval of 0.1dex (in yr) for a total of 51 steps;
i1) ages were probed from ¢t = 1 Myr to ¢t = 13.5 Gyr
in logarithmic intervals for a total of 60 steps, con-
straining the solution for each object so the computed
age was not larger than the age of the Universe at the
redshift of the galaxy; iii) we used the 7 discrete val-
ues of the metallicity available in the PEGASE code
[0.005,0.0.02,0.2,0.4,1.0,2.5,5.0] X Zg; and iv) extinc-
tion values ranged from A(V') = 0 mag to A(V) = 5 mag
in intervals of 0.10 mag (51 steps).

For the 2-POP models, each one of the 2 stellar pop-
ulations requires in principle 4 parameters to fit, but
we forced the recent burst to be instantaneous, so the
young stellar population only requires 3 free parameters
to fit. Added to those 7 parameters, one more param-
eter is necessary, the burst strength b, to describe the
fraction of the total stellar mass of the galaxy that the
recent burst has created. Our fitting routine probed the
solution space in the following ranges for the param-
eters [Toldy to]d; Zold7 A(V)old; Tyou; tyou; Zyou7 A(V)you; b]
i) Tola = 1 Myr to o4 = 100 Gyr using a logarithmic
interval of 0.1dex; ii) toa = 1 Gyr to toq = 13.5 Gyr
in logarithmic intervals (constrained by the age of the
Universe at the redshift of each galaxy); iii) Zoa=
[0.005,0.0.02,0.2,0.4,1.0,2.5,5.0] X Zg; iv) A(V)ola =
0 mag to A(V)oa = 5 mag in intervals of 0.1 mag;
v) we assumed an instantaneous burst for the recent
star formation event (i.e., Tyou = 1 Myr, so actually
this is not a free parameter); vi) tyou = 1 Myr to
tyou = 1 Gyr in logarithmic intervals (constrained by
the age of the Universe at the redshift of each galaxy);
V1) Zyou= [0.005,0.0.02,0.2,0.4,1.0,2.5,5.0] X Zg; viii)
A(V)ola = 0 mag to A(V)oia = 8 mag in intervals of
0.1 mag; and iz) the burst strength could take values
from 0.5% to 15% in steps of 0.5%.

3.3. Stellar population synthesis fitting procedure

The stellar population synthesis models were compared
with the observed photometric data of the galaxies in
the spectroscopic sample using a maximum likelihood
estimator similar to the one defined in Equation 6 by
Pérez-Gonzélez et al. (2003b), which takes into account
the uncertainties in each data point. All data points
for rest-frame wavelengths bluer than 4 pm (where stars
should dominate the integrated emission of the galaxy)
were included in the fit.

Given the large number of possible solutions (1 x 10°
in the 1-POP case and 3 x 10! for the 2-POP models),
the amount of photometric data to fit (up to 48 bands
in the case of the sources in the CDF-S, 16 in the HDF-
N, and 14 in the LHF), and the number of galaxies in
our samples (more than 50,000 adding IRAC and I-band
selected galaxies), the time requirements to probe the
complete solution space for each galaxy (each one at a
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certain redshift) were prohibitively high. Therefore, we
had to use a minimization procedure to search for the
best solution without evaluating the minimization func-
tion at all points in the grid of solutions. The minimiza-
tion procedure was a two step algorithm. First, we used
a genetic algorithm that started with 200 “individuals”
(i.e., 200 points in the solution space), whose “genome”
was formed by the 4 or 8 free parameters in our minimiza-
tion problem. The 200 individuals were “coupled” ran-
domly (obtaining 100 couples). Each one of these couples
(formed by “parents”) produced 2 “descendants”. Each
descendant was built by combining randomly the param-
eters of the parents and checking that the descendant was
a better solution for the minimization problem than its
parents. If that was not possible after 10 “births”, the
best individuals were kept. After every 10 combinations
of parameters, we allowed a random mutation in one of
them. After all the couples had produced 2 descendants,
we eliminated the parents or descendants that produced
the worst results for the minimization problem until 200
individuals survived, and then started again the proce-
dure for another generation with the best 200 individ-
uals. The total number of generations was set to 100.
For the final generation, we took the 4 best individuals
(the best 4 solutions of the minimization problem) and
produced small grids of solutions around them (with a
width equal to one tenth of the full size of the solution
space for each free parameter). We evaluated all the so-
lutions in these grids, and found the best solution and
confidence intervals. Our minimization procedure was
tested for a subsample of 1,000 galaxies in the 1-POP
case by comparing the best solution found by the al-
gorithm with that obtained by evaluating all the grid
points in the entire solution space. For this test sample,
the minimization algorithm recovered the best solution
for ~50% of the galaxies. For the rest of sources, the
difference between the best value and the value recov-
ered by the minimization algorithm was always smaller
or equal to one tenth of the size of the grid for each free
parameter. We will come back to the discussion of the
goodness of the minimization algorithm in Section 3 3.6,
when we discuss the quality of the derived photometric
redshifts, stellar masses, and SFRs.

3.4. Dust emission models

Once the stellar spectrum was modeled, we subtracted
the predicted fluxes from the photometric data points at
rest-frame wavelengths redder than 4 pm (if present) to
obtain the emission arising from the dust. This “IR ex-
cess” was then fitted with one of the dust emission models
of Chary & Elbaz (2001). We selected the model best re-
producing the colors of the dust emission, if several pho-
tometric points were available (for relatively low redshift;
see the second SED fitting example in Figure 1), or the
model giving the closest value to the observed monochro-
matic luminosity if only one IR photometric point was
available (see the third example in Figure 1). To check
the uncertainties in the derived IR-based SFRs, we also
used the models of Dale & Helou (2002) and Rieke et al.
(2007, in preparation) in the fitting of the “IR excess”.

3.5. Photometric redshifts, stellar masses, and SFRs

Our final reference template set is composed of 2,074
galaxies (1,310 galaxies from the HDF-N and 764 from

SLAR A U AL

the CDF-S), for which we obtained 1,666 different 1-
POP+dust models (each one of them with a unique com-
bination of the free parameters), and 1,958 2-POP+dust
models. As mentioned earlier, these galaxies were se-
lected from the spectroscopic sample, all of them hav-
ing a spectroscopic redshift measured with a reliability
probability larger than 80%. In addition, all the refer-
ence sources should have more than 10 different photo-
metric data points in their SEDs covering the UV, op-
tical, and NIR/MIR, spectral ranges. Three examples of
these templates are shown in Figure 1, and discussed in
Section 33.6. The entire template set is available upon
request to the authors.

The photometric redshift estimation for each galaxy
in our survey was carried out in a similar way to that
described in Pérez-Gonzélez et al. (2005). Briefly, the
observed data (fluxes and uncertainties) were compared
with the redshifted models (with steps of Az=0.01) us-
ing a x? minimization algorithm. The technique also
includes a preliminary detection of the 1.6 pym bump
feature (if present) which helped to constrain the final
solution and get rid of outliers. The template giving
the best solution at each redshift also had to provide
an age of the stellar population younger than the age of
the Universe at that redshift. The photometric redshift
probability distribution was built with the best values of
the x? estimator (corresponding to the model best re-
producing the observed SED) at each redshift, and the
most probable redshift and uncertainty were estimated
from that probability distribution (as a mean weighted
with the probabilities, see Bolzonella et al. 2000).

From the best model and most probable photometric
redshift, we could also obtain an estimation of the stellar
mass, as the model established the monochromatic lu-
minosity per unit of stellar mass at all wavelengths. By
scaling this model to the observed monochromatic lumi-
nosities (multiplying by a factor), we obtained the stellar
mass of each galaxy. The final stellar mass and associated
uncertainty for each galaxy were obtained as the average
and standard deviation of the stellar masses obtained for
each observed photometric band. The uncertainty in-
cludes both the effect of the photometric errors and the
uncertainty in the determination of the redshift. The av-
erage stellar mass uncertainty is 0.2dex, typical of any
stellar population study (the typical accuracy of stellar
masses obtained with stellar population synthesis models
is a factor of 2-3; see, e.g., Fontana et al. 2006; Kauff-
mann et al. 2003; Pérez-Gonzalez et al. 2003c; Papovich
et al. 2006).

Star formation rates were estimated from the total IR
luminosity [L(8 — 1000)] calculated by integrating the
dust emission models for each galaxy between 8 um and
1000 pm. Galaxies not detected by MIPS at 24 ym were
assumed to have an upper limit flux of F'(24) = 60 ulJy.
The final SFR estimation also includes the contribution
from unobscured star formation detected directly in the
UV. According to Bell et al. (2005), we can estimate the
total SFR for each galaxy from L(8 —1000) and L(0.28),
where L(0.28) = vL,(0.28) is the monochromatic lumi-
nosity at 0.28 pm measured directly from the stellar pop-
ulation model for each galaxy. The conversion factor is
taken from Kennicutt (1998) for a Salpeter (1955) IMF:



SFR=1.8x10"'°[L(8-1000)+3.3L(0.28)] /Lo Mayr~!
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In order to characterize the uncertainties of the SFRs
derived with our models, we also calculated IR-based
SFRs by estimating monochromatic luminosities at rest-
frame wavelengths 6.7 pm, 12 ym, and 15 ym. The inte-
grated luminosity L(8—1000) can be obtained from these
monochromatic luminosities by applying the empirical
relationships found in Chary & Elbaz (2001). Another
estimation of the SFR can be obtained from the rest-
frame monochromatic luminosity at 24 ym applying the
equation given in Alonso-Herrero et al. (2006). We will
discuss the uncertainties in the SFR estimations in Sec-
tion 33.63.6.4.

3.6. Fwaluation of the modelling procedure and derived
parameters

3.6.1. Some examples of SED fits

Figure 1 shows three examples of the dust and stel-
lar population models for IRAC sources at different red-
shifts. The three panels on the left show the fits for the
1-POP case, and the three panels on the right show the
fits for the 2-POP case for the same sources.

The upper two panels present a source nicely fitted
by a single old stellar population with intermediate ex-
tinction, no current star formation (a bulge dominated
galaxy), and no detection at 24 pum. In this case, al-
though the photometry at rest-frame wavelengths redder
than 4 pm was not used in the model fitting, those points
are well reproduced with just stellar emission. When fit-
ting the same SED with a 2-POP model, we recover very
similar parameters to the 1-POP case, with a minor con-
tribution (just 1% in mass) from a more recent burst.
Note that both types of models give very similar stellar
mass values.

The second example (middle row) shows an intermedi-
ate redshift galaxy detected at 24 pm. This galaxy can
be fitted either by an old single stellar population with
a large extinction or with a combination of an old stellar
population with very low attenuation and a more recent
burst contributing about 13% to the total stellar mass of
the galaxy. This recent burst presents a relatively large
dust attenuation that could be responsible for the emis-
sion in the MIR/FIR, (the galaxy is detected at 24 um).
For this galaxy, dust emits a significant fraction (about
50%) of the 8 pum luminosity (rest-frame 4 ym) and al-
most 100% of the 24 ym luminosity (rest-frame 12 pm).
The 1-POP models give a larger stellar mass value than
the 2-POP models (still, the difference is a factor of 3,
comparable to the typical uncertainty in stellar popula-
tion studies) because a lot of stars are necessary to fit
the high NIR photometric data points, while a lot of ex-
tinction is necessary to simultaneously fit the UV /optical
fluxes.

The third example (bottom row) is a high redshift
galaxy with a very blue spectrum. It can be fitted either
with an almost continuous unattenuated star formation
(based on the high 7 value) lasting about 100 Myr, or
with a similar primary burst (producing 93% of all the
stellar mass) followed by a more recent (10 Myr) and
much more attenuated (A(V)you=7 mag and a strong
MIR emission detected at 24 pm) event of star formation.

Note also that the IRAC photometric point at 8.0 pm
is too high in comparison with the combined star+dust
models. At wavelengths around A~4-10 um or even at
A~2-10 pm for very luminous IR sources, the integrated
emission comes from both the dust and the stars in com-
parable fractions. In this overlap region between the dust
and stellar models, the spectrum may show prominent
emission-lines or PAH features which are not found in
the stellar and dust emission models. For example, there
is a PAH feature at rest-frame 3.3 um (very weak in all
dust models in the Chary & Elbaz 2001 or Dale & Helou
2002 libraries) which may have a non-negligible contri-
bution to the global emission in this spectral region.

3.6.2. Statistical evaluation of the photometric
redshifts

The main three parameters that we want to extract
from the SED fits are the photometric redshift, the stel-
lar mass, and the SFR of each galaxy. The quality of our
photometric redshifts is checked in Figure 2 for the fields
with extensive spectroscopic data: the HDF-N and the
CDF-S. Unfortunately, given that there is not a system-
atic public spectroscopic survey in the LHF, we cannot
check our photometric redshifts directly in this field. In
spite of this, the photometry in the LHF is as good or
even better (given that the optical images are ultra-deep
observations taken with Subaru) than in the other two
fields, and the general redshift distribution for the LHF
sources is similar to that in the HDF-N and the CDF-S.
Consequently, we conclude that the quality of the photo-
metric redshifts in the LHF must be comparable to the
other two fields (see also the discussion about the redshift
distribution of our sample in Section 4).

The top panel of Figure 2 shows the comparison of
our photometric redshifts and spectroscopic redshifts
for the IRAC selected sample in the HDF-N (for the
1,699 sources with available spectroscopy). The aver-
age (median) redshift difference (6z=2spec-Zphoto) is 0.014
(0.010), comparable to the redshift step used in our
photometric redshift technique. This demonstrates that
there are no systematic errors in our redshifts. Almost all
sources, 95%, have values of ¢,/(142)<0.2 (where o, is
the absolute value of 6z), 88% of the objects present val-
ues of 0,/(14+2)<0.1, and 70% have o,/(1+2)<0.05. The
average (median) value of o, /(1+z) is 0.055 (0.032). Very
similar statistics are obtained for the I-band selected
sample: 94% of these sources present 0,/(142)<0.2, 86%
0,/(142)<0.1, and the average (median) o,/(14z) is
0.060 (0.036).

The quality of the photometric redshifts in the CDF-
S for IRAC selected sources is shown in the bottom
panel of Figure 2. The average (median) value 0z is
0.020 (0.015). In this field, 93% of the objects have val-
ues of 0,/(142)<0.2, 85% of the objects have values of
0,/(1+42)<0.1, and 67% have o,/(1+2)<0.05. The aver-
age (median) o,/(14z) is 0.060 (0.040). For the I-band
selected sources, the numbers are similar: 92% of these
sources present o,/(1+42)<0.2, 80% o,/(1+2)<0.1, and
the average (median) o,/(14z) is 0.080 (0.047).

The photometric redshift error distribution for differ-
ent magnitude and redshift intervals are used in Section 5
to estimate the uncertainties in the stellar mass func-
tions. In addition, the redshift intervals in that Section
and the following are constructed assuming that the typi-



- A e AA LA e Y

)‘rest ['u'm]
0.2 0.5 10
o :1:
Q[ IRACO34096 1
o Do :
er Do : 7]
o : : ::1 : 1
— 0 . " \
= | s L
a Y I \
L I .
T : o SR AN
I leg(r/yn=7.20
ol Iog(t]/;‘(r)=9<95 ‘ )
E A(V)/mag 13 : E
L log(ll /il p)= 10 63 )l
0 b z=0.14490 ~
A | I P .11‘. el
0.5 1 2 5 10
)\obs [,u'm]
)‘rest ['u'm]
1 10
—
IRAC023624 = |
o o
O : : i
= A
3ol e 4
S + :
r B i Iog(T/yr) 6 60 )
- 7 rlog(t/yr) 7.47 .
e [0g(Z/Z)=-2.301 -
- 'A(V)/mag—‘ 3 -
Eo—— '|og(,u/,u®) 11 10 ]
- ,z-o 94560 : ]
1 10
)\obs [,u'm]
)‘rest [/"'m]
0.1 1 10
frrr T ToTrrhTTTn AN
[ IRACD26253 ]
o
o F =
S ]
! !
L2 E 3
A Iog(T/yr)L10 70 ]
I Iog(t/yr)=8 30: )
i Iog(Z/ZG,) =0. sga 1
AV)/ mog;—O 0
3 Iog(.ll,/.MQ) =10.96 E
r 2—2 59200 : 1
L LT r,’,“,,;,,:| - L
1 10
)\obs [um]

F1Gg. 1.— Three examples of the stellar population and dust emission modelling of IRAC selected sources in the spectroscopic sample.
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The spectroscopic redshift and main stellar population parameters of the best fit are given in each panel.

error bars show the photometric points used in the stellar population fits (wavelengths bluer than 4 pum). Horizontal error bars for each
photometric point show the width of the filter. Open black stars are the photometric data points used in the modelling of the dust emission.
The left panel of each row shows the 1-POP stellar emission fits with a cyan line, and the final fit (including nebular continuum and emission
lines) with a red continuous line. On the right panel of each row, the same SEDs have been fitted with the 2-POP models, where one stellar
population is plotted with a cyan line, the other population with a magenta line, and the addition of both with a red line (including nebular
continuum and emission lines). For all panels, the dust emission model taken from Chary & Elbaz (2001) which best reproduces the MIR
emission (if present) has been plotted with a dashed red line. Green vertical lines show the positions of the most interesting emission-lines

in the optical and NIR spectral ranges.
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FiGc. 2.— Comparison of the spectroscopic and photometric red-
shifts for IRAC selected sources in the HDF-N (top panel) and
the CDF-S (bottom panel). Gray symbols are sources with spec-
troscopic redshifts which have a reliability probability lower than
80%. Open stars are sources detected in less than five bands. The
dashed lines show the equality line, and the o,/(142)<0.1 area.

cal photometric redshift error is o,/(142)~0.1 (equation
valid for more than 85% of our sample).

3.6.3. Statistical evaluation of the stellar masses

In this section, we discuss the quality of our stellar
masses, and the possible systematics introduced by our
fitting algorithm and the a priori assumptions of the
models.

First, we checked how well the minimization algorithm
of our SED fitting technique recovered the stellar mass
value corresponding to the model best fitting the data.

-

For that purpose, we used 1,000 randomly selected galax-
ies for which we probed all the nodes in the solution grid
for the 1-POP case (for the 2-POP case, the number of
points in the solution grid is too large to attempt the
individual evaluation of all of them). On average, the
difference between the stellar mass estimated with the
minimization algorithm and the stellar mass given by
the model best fitting the SED is 0.002dex, the median
is 0.000dex, the standard deviation is 0.07dex, and there
are not any absolute differences larger than 0.30dex.
These statistics confirm that the minimization algorithm
is able to recover the best stellar mass estimate within
the typical uncertainties in stellar populations synthesis
analysis (a factor of 2-3).

We also compared the stellar masses obtained with the
1-POP and 2-POP models. For about 70% (55%) of
the galaxies, both estimates are equal within a factor of
0.3dex (0.2dex). However, for the rest of galaxies (most
of them with M<10'%® M), the 2-POP estimates are
higher (with the most extreme cases showing a difference
of up to a factor of 10). On average, stellar masses de-
rived with 2-POP models are 0.18dex higher than those
derived with 1-POP models. This can be explained by
the fact that most of the photometric data points in
the modelling fits are found in UV /optical wavelengths,
where the emission of relatively young stars is significant.
Older stars, possibly much more numerous and dominat-
ing the global stellar mass of a galaxy, may be hidden
by the intensity of more recent starbursts. This effect
should be more noticeable in less massive systems pre-
senting bright recent bursts involving a relatively high
fraction of the total stellar mass of the galaxy. Only in
the 2-POP models are we able to take this effect into ac-
count, and that is why in this case we systematically ob-
tain larger stellar masses for some galaxies. We conclude
that the choice of the 1-POP or 2-POP models does not
change the stellar masses significantly (more than the
typical uncertainties of a factor of 2-3) in a statistical
sense.

The stellar masses obtained with the PEGASE code
(Fioc & Rocca-Volmerange 1997) were compared with
the values estimated by using the BC03 models from
Bruzual & Charlot (2003). On average, the BC03 mod-
els give stellar masses larger by 0.03dex (less than 10%),
with a scatter of 0.18dex. For 95% of the galaxies, the
stellar mass difference is lower than a factor of 3. We
also fitted the SEDs with the M05 models developed by
Maraston (2005, see also Bruzual 2007), which include
a more refined treatment of the emission from thermally
pulsating asymptotic giant branch stars, and are claimed
to obtain stellar masses that can be lower by as much as
60% (based on the prediction of lower NIR mass-to-light
ratios for some ages). On average, the M05 models give
stellar masses smaller by 0.14dex (less than 30%), with
a scatter of 0.22dex. For 96% of the galaxies, the stellar
mass difference is lower than a factor of 3.

One important a priori assumption of any stellar pop-
ulation modelling is the treatment of extinction by dust.
We compared the stellar masses obtained with the two
different extinction recipes we considered (CF00 and
CALZ00). For about 80% (65%) of the galaxies, both
estimates are equal within a factor of 0.3dex (0.2dex).
For the rest of galaxies (again, most of them with
M<1019% M), the estimates using the CF00 recipe
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are higher up to a factor of 5. On average, stellar masses
derived with the CF00 recipe are 0.10dex higher than
those derived with CALZ00 law. As discussed in Pérez-
Gonzélez et al. (2003c), in the CF00 recipe the atten-
uation of the emission arising from the stars is always
(except for very young bursts) larger than the attenua-
tion of the gas emission. The CALZ00 recipe shows a
opposite behavior, given that the attenuation of the stel-
lar emission is roughly half of the attenuation of the gas
emission. Moreover, the attenuation wavelength depen-
dence (from the UV to the NIR) proposed by CF00 is
shallower than the one in CALZ00. This leads to a need
of more stars to obtain the same observed luminosity for
equal values of the extinction in the CFO00 case, which
explains the larger stellar masses derived for this case
(on average). However, the final effect on the masses is
of the order of 0.1dex, which demonstrates that choice of
an extinction recipe does not change the stellar masses
more than the typical uncertainties.

Another important assumption of the stellar popula-
tion models is the IMF, which has a direct effect on the
derived stellar masses. Different IMFs produce stellar
spectra with very similar colors, but with less or more
stars, which causes a systematic uncertainty in the final
stellar mass estimations. For example, a Kroupa et al.
(1993) IMF (as the one used in Borch et al. 2006) predicts
stellar masses smaller than ours by a factor of ~1.7, or a
Baldry & Glazebrook (2003) IMF (used in, for example,
Glazebrook et al. 2004) predicts also smaller masses by a
factor of ~1.8. All our results and those extracted from
the literature were normalized to a Salpeter (1955) IMF
with 0.1<M <100 M. If the IMF is universal (the same
at all redshifts), this choice should not affect our results
other than an overall normalization. A discussion about
changes in the IMF from galaxy to galaxy is far out of
scope of this paper.

Finally, we performed another test of the goodness
of our stellar mass estimates by comparing the results
obtained from direct comparison of the SEDs with the
entire grid of stellar population models (once the red-
shift of a galaxy is known) with the results obtained
with the photometric redshift technique using the empir-
ically built set of models, from which we obtained stellar
mass estimates for all galaxies. We find a very good
agreement between these two stellar mass calculations:
90% of galaxies present an average difference between the
two mass estimates of less than 0.01dex, and the scatter
around this value is 0.15dex.

Based on this discussion, the choices of 1-POP or 2-
POP models, distinct stellar population libraries, differ-
ent IMFs, or different extinction recipes produce changes
in the derived stellar masses of the same order or smaller
than the typical error in any stellar population synthesis
analysis (a factor of 2-3), directly linked to the degen-
eracies of the solutions to the problem. Thus, in the
following Sections we will only present our results ob-
tained with the stellar masses estimated with the 1-POP
models, the Calzetti et al. (2000) extinction law, and a
Salpeter (1955) IMF. This choice will also allow us to
compare directly with other previous works found in the
literature, that usually assume these characteristics in
their modelling procedures.

3.6.4. Statistical evaluation of the SFRs
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In order to understand the systematic and random un-
certainties of our estimations of the SFR for each galaxy,
we carried out two tests.

First, we used 3 different dust emission template sets
built by Chary & Elbaz (2001), Dale & Helou (2002), and
Rieke et al. (2007, in preparation). The values of the IR
SFR [estimated from L(8 — 1000) using the conversion
factor found in Kennicutt 1998] derived with the Chary
& Elbaz (2001) models were systematically smaller than
the SFRs derived with the Dale & Helou (2002) models
(on average, 0.1dex) and Rieke et al. (2007, in prepa-
ration) templates (on average, 0.2dex). To take into ac-
count the systematic uncertainties introduced by the use
of a particular set of models, we finally considered an
average value of the estimations from the three template
sets. The typical uncertainty of this average value (based
on the standard deviation of the 3 estimations) is about
50%.

The second test consisted in obtaining IR-based SFRs
with different methods. Classically, IR-based SFRs are
calculated from the integrated IR luminosity L(8—1000).
The quantity L(8 — 1000) can be estimated for each
galaxy by fitting the IR spectrum with models of the
dust emission. For our galaxies, this translates to a sig-
nificant extrapolation in the templates, since the reddest
point in our SEDs corresponds to the observed MIPS
24 pm emission, and we are assuming that a color or a
single photometric point in the MIR is closely related to
the emission in the FIR, which dominates the integrated
IR luminosity. However, one can also avoid this large
extrapolation by estimating monochromatic luminosities
at specific wavelengths which are not far from the red-
dest photometric point in our SEDs. In this sense, we
estimated monochromatic luminosities at 6.7 ym, 12 pm,
and 15 pm, and then calculated the integrated luminosi-
ties L(8 — 1000) using the empirical relationships built
by Chary & Elbaz (2001). Another independent SFR
estimation was obtained by interpolating in the models
to measure the rest-frame MIPS 24 ym monochromatic
luminosity. This luminosity was converted to a SFR us-
ing the calibration given in Alonso-Herrero et al. (2006).
The typical scatter of these different IR-based SFR. esti-
mations obtained from monochromatic emissions is 30%.

From these tests, we conclude that our IR-based SFR
estimations are good within a factor of 2, which is con-
sistent with other evaluations of IR-based SFRs (e.g.,
Caputi et al. 2006; Le Floc’h et al. 2005; Papovich &
Bell 2002).

4. REDSHIFT DISTRIBUTION OF OUR SAMPLE

Figure 3 shows the redshift distribution of our IRAC
selected sample (average number density and number
densities in each field), and the subsample detected also
by MIPS at 24 ym. Only sources with fluxes above our
75% completeness levels are included. The distributions
have been constructed taking into account the typical
photometric redshift error (o,/(1+2z)~0.1), i.e, Figure 3
represents the real redshift distribution convolved with
the photometric redshift probability distribution.

Figure 3 demonstrates the importance of cosmic vari-
ance effects on deep photometric surveys. Indeed, large
scale structures are clearly visible and located at differ-
ent redshifts for our 3 fields, especially at z<1. The
HDF-N shows two very prominent density peaks at z~0.5
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Fic. 3.— Redshift distribution of our IRAC selected sample
(including all galaxies above the 75% completeness level). The
three fields used in this paper are plotted with different colors,
and the average number densities are plotted in black. Continuous
lines refer to the number densities for the entire IRAC selected
sample (scale on the left vertical axis), and dashed lines refer to
the subsample detected also at 24 pum (scale on the right vertical
axis). A similar redshift distribution is obtained for the I-band
selected sample.

and z~0.9, consistent with the spectroscopic redshift his-
togram found in figure 16 of Wirth et al. (2004). There
are also minor prominences at z=1.5-2.0 and z=2.0-2.5,
which are also seen in the spectroscopic follow-up of UV-
selected galaxies in Reddy et al. (2006a). The CDF-S
presents very prominent density peaks at z~ 0.3, z~0.7,
and a broad bump between z~1.1 and z~1.4, which coin-
cides (after convolution with the typical photometric red-
shift uncertainty) with the most prominent spectroscop-
ically confirmed peaks found in figure 7 of Vanzella et al.
(2006). The LHF shows an enhanced density at z<0.3,
z~0.7-1.0 and a very prominent peak at z=1.5-1.8, con-
sistent with the high density of x-ray sources found by
Mainieri et al. (2002) and Zappacosta et al. (2005) at
z~0.8 and z~1.6-1.8, and the analysis of the shallower
IRAC SWIRE data in Rowan-Robinson et al. (2005).
Only by combining data for several fields are we able
to smooth out cosmic variance effects. Indeed, the aver-
age redshift distributions for IRAC sources (black con-
tinuous line) and MIPS sources (black dashed line) are
much smoother than the analogous curves for the in-
dividual fields. The shape of the redshift distribution
for the TIRAC sample is typical of a flux limited sample
with a roughly homogeneous detection probability, i.e,
the detection of a source depends only on its magnitude
(see, e.g., Benitez 2000). The detection probability of
our IRAC survey peaks at around z=0.8-1.0. For z<0.6,
the detection of sources is dominated by the surveyed vol-
ume, and after z~1.0, the detection probability decreases
exponentially up to z~4. About half of our sample lies
at z20.9, ~40% at z>1, and ~20% at z>1.5. The bulk
of the galaxies in this study (~90%) lie at z<2. This
implies that our results about stellar mass functions and
densities are very robust up to z~2, just where our photo-
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metric redshifts are empirically well tested. Beyond that
point, we still include ~3000 galaxies, enough to still
obtain statistically meaningful results (although system-
atic errors such as redshift outliers will also contribute
more to the errors above z=2). The statistics for the
I-band selected sample are very similar to those for the
IRAC sample: the average distribution peaks at around
z=0.7, and then decays exponentially, enclosing about
50% of the sources below z=0.9, 80% at z<1.5, and 10%
at z>2.0.

Figure 3 also shows the redshift distribution of the
IRAC sources detected by MIPS at 24 um and hav-
ing F(24)=80 puJy (dashed lines). The redshift distri-
bution is similar to that presented in Pérez-Gonzélez
et al. (2005), but the improvement in the photometric
redshift estimations reveals a more pronounced density
bump at z~1.7 and a weak bump at z~2.6. The origin
of these bumps can be found in the increase of the de-
tection probability induced by prominent PAH features
entering the MIPS 24 pum filter as we move to higher
redshifts (see also Caputi et al. 2006). Indeed, a typi-
cal PAH spectrum shows an absence of features around
A=10 pm, which produces the detection local minimum
at z~1.3 observed in Figure 3. At 6SA<10 pum, there are
several PAH features (the most prominent at 5.5 pm and
7.7 pm) that are responsible for the bumps in the red-
shift distribution. Note that the final detected density
for MIPS sources is a convolution of the real redshift dis-
tribution of galaxies (affected by large scale structure),
the detection probability (dependent on the limiting flux
of the survey and the spectra of the galaxies), and the
photometric redshift uncertainty distribution. These two
effects (detection probability and photometric redshift
uncertainties) result in blurring out redshift-dependent
features so they are at lower contrast to the overall real
distribution.

5. STELLAR MASS FUNCTIONS AND DENSITIES
5.1. Completeness of the sample

Figure 4 shows the distribution of stellar masses of in-
dividual galaxies in our IRAC survey as a function of
redshift. The blue line shows the stellar mass corre-
sponding to a passively evolving galaxy formed in a single
instantaneous burst of star formation occurred at z=oo
and having a 3.6 ym flux equal to the 75% completeness
level of our IRAC sample. The stellar mass calculated in
this way assumes the maximum mass-to-light ratio, that
given by the oldest instantaneously formed stellar pop-
ulation possible at each redshift. Any burst occurring
after the primary placed at z=oo should decrease the ob-
served mass-to-light ratio, thus giving a smaller stellar
mass. Therefore, the values given by the blue curve in
Figure 4 are the minimum stellar masses that a maxi-
mally old galaxy with a flux equal to the 3.6 ym 75%
completeness level should present, and we must be de-
tecting all galaxies (actually, at least 75% of all galaxies)
with stellar masses above this curve present in the sur-
veyed volume. Note that if the density of galaxies of a
given stellar mass at a certain redshift is very small, our
surveyed volume may not be large enough to enclose any
galaxy of that mass (we would not detect any, although
there certainly exist galaxies of that mass in the Universe
at that redshift). This is the effect seen in Figure 4 at
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Fic. 4.— Distribution of the stellar masses of all individual
galaxies in the IRAC (all symbols) and MIPS (red symbols) se-
lected samples as a function of redshift (shown with a logarithmic
scale in the quantity 14z in the bottom horizontal axis and the cor-
responding look-back times in the top axis). The blue line shows
the stellar mass value at each redshift above which our IRAC sur-
vey is 75% complete. Sources whose stellar mass is beyond the
vertical axis scale are plotted with arrows at the source redshift.

high stellar masses: at z<0.2, our surveyed volume is not
enough to detect galaxies with M>101-0 M, and we
can only detect galaxies with M>10'20 M, at z>0.8.

The estimations of the stellar mass functions in the
following sections will be carried out for stellar masses
above the completeness level shown in Figure 4, i.e., no
completeness correction will be carried out to try to re-
cover the stellar mass function at smaller masses (below
the blue curve in Figure 4).

5.2. Stellar mass function estimation procedure

The entire redshift range 0<z<4 was divided into 12
intervals, the size of each bin chosen to have a statisti-
cally representative number of galaxies and taking into
account the typical photometric redshift errors. For each
redshift bin, we estimated a bivariate luminosity-stellar
mass function. The procedure is identical to that used in
Pérez-Gonzélez et al. (2003a). The bivariate luminosity-
stellar mass function, BLMF or ®(L, M), is defined as
the number density of galaxies (in a limited co-moving
volume given by our surveyed area and the redshift in-
terval considered) with a given luminosity in a certain
band and a given stellar mass. This definition is an
extension of the bivariate luminosity function (Loveday
2000). The estimation of the BLMF was performed with
a stepwise maximum likelihood (SWML) technique (Ef-
stathiou et al. 1988, see also Willmer 1997), extended
to consider two independent variables. In the classical
SWML method, the errors in the BLMF are estimated
from the covariance matrix. In our case, the estimation
of the BLMF uncertainties was carried out by combining
the SWML technique with a Montecarlo method to take
into account the photometric redshift errors and outliers,

as we did in Pérez-Gonzélez et al. (2005, see also Chen
et al. 2003).

To estimate stellar mass functions, we used the IRAC
3.6 um band as the luminosity variable in the BLMF,
given that this is the filter where the selection of the sam-
ple was carried out. For the I-band selected sample, we
used the [ filter as the selection band. Once the BLMF
is estimated, if we integrate it through all luminosities,
we can estimate the number density of galaxies with a
given stellar mass, i.e., the stellar mass function, SMF or
dsm(M). We only estimated the stellar mass function
down to the completeness threshold of the stellar mass
discussed in Section 55.1.

The results for the SMF were fitted with a smooth
function using a Schechter (1976) parametrization, to fa-
cilitate comparison with similar fits in the literature. For
the 4 bins at highest redshifts, the faint-end slope of the
SMF was poorly constrained by our data, so we combined
our results with other estimations of the stellar mass
functions found in the literature. These estimations are
based on the analysis of galaxy samples typically selected
at optical wavelengths, thus being more effective than us
in probing the low mass regime of the stellar mass func-
tion. The SMF points, errors, and Schechter fits for each
redshift bin are shown in Figures 5 and 6 (black filled
and open stars for the IRAC and I-band selected sam-
ples, respectively). These figures also show other SMF
estimations found in the literature (color points, see cap-
tions for references). The plots also depict the SMFs and
fits for the subsample of galaxies detected simultaneously
by IRAC and MIPS at 24 um (filled circles). The data
points and Schechter fit parameters are given in the elec-
tronic Tables 2 and 3, respectively.

5.3. The local stellar mass function and density

Figure 5 shows our estimations of the local stellar mass
function (including sources at 0.0<z<0.2) based on both
the IRAC (filled stars) and I-band (open stars) selected
samples. Given that we are surveying a very limited vol-
ume in the local Universe, we do not detect many sources
with M>1011% Mg (this explains the large errors in
this mass regime), but our statistics are much better at
low masses. Our results are very similar to those pub-
lished by Cole et al. (2001) and Bell et al. (2003) based
on NIR 2MASS data down to the completeness limit of
their surveys (M~10%% Mg). Our deeper data confirm
the faint-end slope estimated by Cole et al. (2001) down
to even smaller masses, M~10%9 M. We also find a
steepening of the stellar mass function at M<10%0 Mg
(at least for M>10"Y Mg, our completeness level at
z~0).

By integrating our local SMF, we obtain a value for the
local stellar mass density of p,=10874F011 Af o Mpc—2,
in excellent agreement with the values found in Salucci
& Persic g1999 ), Cole et al. (2001), and Bell et al. (2003)

=108-75.8.76 8.74 M Mpec~3, respectively). The steep-
emng of the stellar mass functlon at M<10%9 Mg has
no significant effect on the integrated stellar mass den-
sity: the galaxies with 107-8<M<10%° M, contribute
less than 3% to the total stellar mass density.

Figure 5 also shows the SMF of the sources detected
by MIPS at 24 um, i.e., the galaxies with active star
formation (filled circles and dashed line fit). The MIPS
results (data points and fit) are in excellent agreement
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F1a. 5.— Local stellar mass function estimated with the IRAC
selected (filled stars), I-band selected (open stars), and MIPS se-
lected (filled circles) samples at z<0.2. For clarity, the I-band data
points have been artificially drifted from the original x-position
(the same as the ones for the IRAC selected sample) and we do
not show the uncertainties for the MIPS data points. The vertical
gray dashed line shows the completeness level of our IRAC survey
in the local Universe. The Schechter fit to the IRAC and I-band
data is shown with a black continuous line. Our estimation of the
local stellar mass function is compared with the one estimated by
Cole et al. (2001, red crosses and line), and by Bell et al. (2003, blue
line). The best Schechter fit to the data for the MIPS sample (i.e.,
for local star-forming galaxies) is plotted with a dashed line. This
SMF is compared with the one published by Pérez-Gonzalez et al.
(2003a, green asterisks and line) for Ha-selected local star-forming
galaxies.

with those published by Pérez-Gonzdlez et al. (2003a)
for a Ha-selected sample of star-forming galaxies in the
local Universe. The local stellar mass density locked in
star-forming galaxies is p'=107-84%0-08 A Mpc~3, i.e.,
13+4% of the global stellar mass density in the local
Universe is found in active star-forming galaxies. Fig-
ure 5 also shows that approximately 1 of every 4 galax-
ies in the local Universe with M <1005 M, is forming
stars currently and would be detected in the IR or with
a SFR tracer such as the Ha emission. At higher stellar
masses, the fraction of star-forming galaxies decreases by
more than a factor of 2 (e.g., ~10% of all galaxies with
M=10119 M are forming stars actively).

5.4. The evolution of the stellar mass function

Figure 6 presents the global stellar mass functions es-
timated in the 12 redshift intervals up to z=4. We show
the results obtained with the IRAC selected (filled black
stars), the I-band selected (open black stars), and the
MIPS selected (filled circles) samples. Other estimations
found in the literature are also plotted at each redshift
interval (normalized to the Salpeter 1955 IMF). We have

fitted our SMF data points (and for z>1, also the data
points from other works to better constrain the slope
at lighter masses) to a Schechter function. In the case
of the 24 pym galaxies, we assumed the same faint-end
slope estimated for the global SMF.

Our results show that the local density of galaxies
(shown with a gray line in all panels) with masses
M=>10'%2 M, was already reached by the SMF at z=2.5-
3.0, i.e., the most massive galaxies were already in place
at that redshift (approximately 11 Gyr ago). The mass
assembly of galaxies shifts to smaller masses as we move
to lower redshifts. By z~1, the SMF has reached nearly
the local density for galaxies with M>10'1% M. At
z<1, the star formation in the Universe occurs mainly in
galaxies with M <1015 M. It is also interesting to no-
tice the significant evolution (approximately a factor of
0.2dex or 60%, as shown by our data, and also confirmed
by the results of Pannella et al. 2006 and Borch et al.
2006) of the SMF between z~0.4 and z=0 (i.e., a period
of 4 Gyr) for stellar masses 10° < M<10M M. We will
comment more on this recent evolution in Section 55.5.

Figure 6 also shows that the slope of the SMF at low
masses remains approximately constant up to at least
z~2 at a value a=-1.2+0.1 (consistent with the mod-
els in Nagamine et al. 2005b). Only at very low masses
(M=Z10%9 Mg at z<1 and M <1000 M, at higher red-
shifts), the SMF seems to become steeper (based on our
results and those from other surveys), but this steepening
has a minor effect on the global stellar mass density.

5.5. The evolution of the cosmic stellar mass density

The SMFs were integrated for all masses above the
completeness level to obtain the observed cosmic co-
moving stellar mass density. We also integrated the
Schechter fits to estimate an extrapolated value of the
cosmic stellar mass density at each redshift interval. In
Figure 7, we present these results, comparing them with
other estimations of the stellar mass density available in
the literature (see the captions of Figures 6 and 7 for
references). Our central data points are fitted with a
Chebyshev polynomial with variable (1+z) and 8" or-
der 6 (the minimum order necessary to fit the data).

Figure 7 shows that there is a relatively large increase
(by a factor of ~1.3) in the stellar mass density of the
Universe in the last 4 Gyr (from z~0.4 to z=0). This
result is confirmed not only by our work, but also by all
the stellar mass density estimations at z<0.4 (Salucci &
Persic 1999 and Cole et al. 2001 in the local Universe,
and Brinchmann & Ellis 2000 and Borch et al. 2006 at
250.4). As we discussed in Section 5 5.4, this significant
recent evolution of the stellar mass density is mainly due
to a ~60% increase in the number density of galaxies
with 102 < M<101 M. As suggested by Tresse et
al. (2006), since the cosmic SFR density continues to de-
cline or stays at a very low value at z=0—0.4 (based on
SFR tracers at all wavelengths; see, e.g., Pérez-Gonzalez
et al. 2005), the number density increase in the last 4 Gyr
must have occurred by either accretion of small satellite
galaxies or by major mergers between gas-depleted galax-

6 The coefficients of the Chebyshev polynomial fit (with variable
1+2) to the stellar mass density evolution are [3.753x 108, —2.317 x
108,9.126 x 107, —2.815 x 107,1.704 x 106, —4.331 x 10%,1.132 x
107, —1.457 x 107].
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FiGc. 6.— Stellar mass functions for 12 redshift intervals from z=0 to z=4. Our estimations at each redshift interval are plotted with black
filled stars and errors for the IRAC selected sample, and with open black stars for the I-band selected sample (errors for this sample are
not plotted for clarity). Filled circles show the SMF for galaxies detected by MIPS at 24 um. The SMF data (our estimations and others)
are fitted with a Schechter (1976) function (black continuous line for the global SMF, and dashed line for the SMF for 24 pum sources).
All panels show the local SMF from Cole et al. (2001) with a gray curve. The vertical dotted line shows our 75% completeness limit for
the IRAC selected sample. Color points show estimations from other papers: red crosses come from Cole et al. (2001, C01); orange open
triangles from Borch et al. (2006, B06); magenta crosses from Pannella et al. (2006); red squares from Drory et al. (2004, D04) and Drory
et al. (2005, D05); green crossed circles from Fontana et al. (2003, FC03), Fontana et al. (2004, F04), and Fontana et al. (2006, F06); and
purple squares from Conselice et al. (2005, C05). Green asterisks at 0.0<z<0.2 show the stellar mass function of local star-forming galaxies

(Pérez-Gonzélez et al. 2003a, P03).

ies (i.e., mergers accompanied by very little star forma-
tion). In addition, given that both in the local Universe
and at z~0.4 the SMFs steepen at low stellar masses
(M<10%9 M), the minor merger possibility (accretion
of M<10%-0 M, galaxies producing very few or even no
new stars at all) seem to be the main means of galaxies
with M=10%0711-0 M to increase their stellar mass in
the last 4 Gyr.

The evolution in the previous 3—4 Gyr (between z~1.0
and z~0.4) was slightly slower. About 25% of the lo-
cal stellar mass density was assembled in that period,
adding up a total decrease of about 50% in the stellar
mass density from z=0 to z=1.

At z~1.0 (8 Gyr ago), the evolution of the stellar mass
density of the Universe becomes faster (approximately a

factor of 2), just when the cosmic SFR density reaches
a maximum (see, e.g., Pérez-Gonzdlez et al. 2005) and
the galaxies with M>1019° M dominate the produc-
tion of stars in the Universe. The rate at which the
Universe is creating stars stays at approximately a con-
stant level or decays very slowly from z~1 up to at least
z~ 2 (10 Gyr ago). Between z~1 and z~2, the density of
galaxies with M2>101%5 M decreases significantly (by
a factor of 3—4). This population of galaxies evolving
rapidly at 1<z<2 (in about 2 Gyr) seem to be domi-
nated by early-type objects (see, e.g., Abraham et al.
2006)

Beyond z~2, the errors in the stellar mass density es-
timates and the differences between the observed and
extrapolated values become increasingly larger. We find
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F1G. 7.— Evolution of the stellar mass density of the Universe as function of redshift (shown with a logarithmic scale in the quantity
14z in the bottom horizontal axis and the corresponding look-back times in the top axis). Our estimations are plotted with black filled
stars (based on the integration of the stellar mass functions with a Schechter parametrization) and open circles (observed values down to
the completeness level), and fitted to a Chebyshev polynomial with variable (1+z) and 8*® order (dot-dashed line). Color points and error
bars show other estimations found in the literature. To the references mentioned in the caption of Figure 6, we have also added estimations
from Salucci & Persic (1999, SP99), Brinchmann & Ellis (2000, BE00), Dickinson et al. (2003b, D03), and Glazebrook et al. (2004, G04).
The inset shows the same evolution of the stellar mass density of the Universe, but this time with a linear scale in look-back time in the

horizontal axis.

that the rate at which stars are being formed remains
constant or even increases slightly, while the giant galax-
ies with M~10'20 M, are finishing the assembly of
most of their stellar mass.

The different steps in the assembly of the cosmic stel-
lar mass density shown in Figure 7 are consistent with
the latest results on the evolution of the observed UV
luminosity density of the Universe up to z~5 (Tresse et
al. 2006), which present a maximum at around z=1.2
(with a value approximately 6 times larger than the lo-
cal UV luminosity density), decrease slightly (by a factor
of 1.5) from z=1.2 to z~2, and increase again up to z~4.
Moreover, a very similar evolution is observed in the cos-
mic SFR density obtained with IR Spitzer/MIPS obser-
vations up to z~2.5 (Pérez-Gonzélez et al. 2005), and
also UV and sub-mm/radio observations up to z~5 (see
Hopkins & Beacom 2006). Our results are also consis-
tent with the hydrodynamical models of Nagamine et al.
(2006), which predict that ~60% of the present stellar
mass density was already formed by z=1. However, the
discrepancy is significant at z>1, where these models pre-
dict a larger stellar mass density than any observation

(i.e., they predict a quicker formation of the most mas-
sive galaxies). The semi-analytic models of Cole et al.
(2000) match our results better at z=3-4, where they
predict a stellar mass density of about 10% the present
value.

5.6. Quantifying “downsizing”

The previous discussion about the evolution of the
cosmic stellar mass density is clearly consistent with a
“downsizing” scenario for galaxy formation. We quan-
tify some properties of this “downsizing” theory in Fig-
ure 8, were we plot the fraction of the total local stellar
mass density already assembled in galaxies of a given
stellar mass at each redshift. This Figure shows that
the most massive systems (M>10'20 M, orange wider
continuous line) formed first (they assembled more than
80% of their total stellar mass before z=3) and very
rapidly (about 40% of their mass was assembled in
1 Gyr between z=4 and z=3). Systems with masses
101 T< M <1029 M, assembled their stellar mass more
slowly: from z~4 to z~2.5 (1.5 Gyr), they assembled
around 50% of their stars, and then evolved slowly to
reach the local density at low redshift. Less massive



- A e ARA AR e Y AR

TABLE 2. STELLAR MASS FUNCTIONS FOR THE GLOBAL AND STAR-FORMING POP-

ULATION OF GALAXIES.

Redshift range log(M)®  log(drac)?  log(dr_pana)® log(énps)?

00<2<02 7.8 —0.987;%:?(8)% _1'07();%:(5;%??
S0 MMl Tl
84 _1o30t0isl ) oor0l? .
8.6 o rodss T T0AE ) aaot0.0as
88 152770190 1 5ogt0isl o 070050
0.0 16507008 aen T35 o oroT004s
99 _ipprrOddl earlR 0 G888
PR . S T .
0.6 _186270308 _eeoF0d8 oo F006r
08 107670188 _jgizoidl 50a0088
100 1066 0180 ggrrodf D 53400
102 _o0s1t02I8 o0 FOBE L 0T 0008
10.4 _2'125;81332 —2.166;8:833 _2'813-7—818%
10.6 _2.089;8:%52 _2.157;81383 —2.882;8:8$‘%’
108 —2.0370d00 5 gppr308 oot
11'0 —2.508;81828 "999_0.243 -©98_0.059
11.2 —2.566;81283
11.4 _2.952;83%8
11.6 _3.343;81288

: 949 _9.999

118 —3.37470 000 e

Pror<0d B2 -LTan LA
ot Mgt )
o8 _pmsgrodfd o 70188
00  _1830t0158 ) gea¥aitd
909 _1060t0103 _ gguFOirs
904  _2035t0100 o 0er02i8
06  _2072t0100 o aaF0 1t .
08  _213070I01 o5 ¥, ppor00ss
100 2209 01 oo, 8RR o rBi
102 229970088 o g ¥006T o 6oak 00
104 23070818 o gy ¥00r o oo r B8

: U7 g o255 340 _ 547 0024 193

106 —2377H050 2401055 —2.84070%
108 -2493%050 2519007,  —28545000
1.0 —2.77470588  —2.7437055)  —3.033F 0000
112 283270500 —2.79370350 335470100
114 =3.073T0050  —3.011703550  —3.44770 00
116 —3.280701%0 3315700  —3.78575 78
L8 —4.18970 5, : —4.24875 308
12.0 —4.61670-350 .

Note. — ¢ In units of M. ” In units of Mpc™2 (log M) 1.

galaxies assembled their mass at even a slower speed,
reaching the local density at very recent epochs. Again,
this plot shows the rapid recent evolution of the galax-
ies with masses M~101%5 M, which assembled ~40%
of their mass in the last 3 Gyr. The “downsizing” sce-
nario is also confirmed by the distribution of median
ages (estimated from our stellar population models) as
a function of stellar mass. We find that the median
age and quartiles for galaxies with M<1039 M, are
log (t/yr) = 8.09:2, for 108-0<M<10%% Mg, log (t/yr) =
8.3%:2, for 109Y<M<10'9% M, log(t/yr) = 8.923,
for 10100« M<10110 My log(t/yr) = 9133 for
1010« M<10M5 Mg log(t/yr) = 9.235, and for

M>1015 Mg log (t/yr) = 9.133. Note that for the
most massive galaxies, formed at higher redshifts, the
age of the Universe is very similar to the derived stellar
population ages, i.e., the age of the Universe is a strong
constrain for the most massive systems.

Our results are consistent with the stellar population
models assumed by Brown et al. (2007) for the most lu-
minous (and probably most massive) red galaxies. Ac-
cording to this paper, red massive galaxies start form-
ing at an early epoch, at z=4, following an exponential
SF law with a short 7=0.6 Gyr. Jimenez et al. (2006)
find that the most massive early-type galaxies in the lo-
cal Universe formed at z>2.5 and experienced a very
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rapid chemical enrichment, lasting 1-2 Gyr. Also van der
Wel et al. (2005) find signs of the formation of massive
(M>2 x 10 Mg, according to these authors) early-
type galaxies at z=>2, while less massive systems present
lower formation redshifts (1<z<2). The analysis of op-
tical spectra for spheroidal and bulge-dominated galax-
ies at 0.2<z<1.2 by Treu et al. (2005) also reveals that
most of the mass (99%) in systems with M>10'"> Mg
formed at z>2, while most recent bursts (at z~1.2) can
account for 20%-40% of the total stellar mass of galaxies
with M<101% M. Glazebrook et al. (2004) estimates
that 38+18% of the stellar mass density in galaxies with
M>1010-8 M were already in place at z=1, consistent
with our value of ~45%. At z=1.8, Glazebrook et al.
(2004) obtain 16+£6%, also in agreement with our own
estimation of ~21%.

If we consider a high value of the fraction of the stel-
lar mass density already assembled at a given redshift,
above which the star formation in a galaxy should be

relatively low, e.g., 80%, Figure 8 shows that galax-
ies with M~1010% M reached that level at z~0.2,
systems with M~1011% Mg at z~0.4, and galaxies
with M~10-"5 M around z~0.7. These numbers are
roughly consistent with the (142)3-5 evolution estimated
by Bundy et al. (2006) for the quenching stellar mass
(Mgq), a mass limit above which the star formation ap-
pears to be suppressed.

According to Figure 8, 50% of the stars in galaxies
with M>10'"9 M, were already in place at z~0.9. This
compares well with the prediction from the models in De
Lucia et al. (2006) which establish that half of the stars in
objects of this mass are assembled into single objects at
z~0.8. However, these models also predict that most of
these stars were already formed at z~2.5, but were placed
in several objects that would coalesce into a single object
later. This hierarchical scenario could be reconciled with
our results if the global production of stars in systems
with M>1019 Mg is dominated by the most massive
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systems with M>10'2" M, which formed most of their
mass at z2>2.5 (50% of their mass would be assembled
by z~4 according to Nagamine et al. 2005b, in agree-
ment with Figure 8) and assembled very rapidly (in a
way closer to a monolithic collapse than to a hierarchical
coalescence), but less massive systems formed their stars
later and/or assembled half of their mass from several
progenitors in the time interval between z~2.5 and z~1
(about 4 Gyr), and most of their mass (80%) not before
z~0.5. To confirm this scenario, it would be necessary to
probe the stellar mass function at low masses (for objects
that would act as building blocks for the galaxies with

MZ10119 M), but the scatter of the currently avail-
able SMF estimations at low masses in this redshift range
is too large to obtain robust results (maybe due to cosmic
variance effects). Indeed, our estimations of the cosmic
stellar mass density at z>3 are affected by the large un-
certainties at masses below 10! M (this explains the
large difference between the observed and extrapolated
values of the density at z>3). The dual galaxy formation
scenario (quasi-monolithic and rapid collapse of the most
massive galaxies which cease to form stars at a certain
epoch, and hierarchical collapse for less massive systems)
has been reproduced by other models where AGNs are
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supposed to quench the star formation in very massive
halos (see, e.g., Bower et al. 2006; Croton et al. 2006).
It is also interesting to note the change in slope at
z~0.7 of the curves shown in Figure 8. At this redshift,
the fraction of the local stellar mass density in galaxies
with masses above 107 M, which remained almost
constant from z~2.5, rapidly (in ~1 Gyr) increases a 30%
to reach the local value. In contrast, at z~0.7 (but above
z~0.4) less massive objects (M<10-5 M) start to ac-
cumulate stellar mass less rapidly than at higher red-

shifts. At z~0.4, where the most massive galaxies have
already reached the current density, low-mass galaxies
start to form again a significant number of their stars at
a more rapid rate than at 0.4<z<0.8. Thus, this redshift
interval represents an epoch of “upsizing” in the galaxy
formation history, probably related to a transition be-
tween an epoch dominated by the “downsizing” forma-
tion of the spheroids (first the most massive, and then
less-massive ones) to an epoch where the also “downsiz-
ing” formation of the disks (from high-mass disks first
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TABLE 3. RESULTS OF THE SCHECHTER (1976) FITS TO THE GLOBAL AND STAR-
FORMING STELLAR MASS FUNCTIONS.

GLOBAL STAR-FORMING
Redshift range a log(M*)*  log(¢*)?  log(px)®  log(p2™*)° asF log(Mgp)®  log(¢p)®  log(pfF)  log(pg"s)e
00<2<0.2 -1.1940.13 11.1940.28 -2.53+0.25 8.74+£0.12 8.74 -1.16+0.13 10.84+0.16 -3.05+0.17 7.84+0.07 7.84
02<2<04 -1.23£0.09 11.33+0.11 -2.80+0.16 8.62+0.05 8.60 21.2340.09 11.3140.08 -3.27+0.06 8.13+0.05 8.10
04<2<0.6 -1.2240.11  11.2840.16 -2.784+0.20 8.57£0.06 8.58 -1.2240.11  11.2540.14 -3.164+0.07 8.17+0.08 8.18
06 <2<0.8 -1.21+0.11  11.214+0.12 -2.75+0.16 8.53£0.05 8.52 -1.214£0.11  11.1140.06 -2.974+0.07 8.21£0.03 8.13
08<2<1.0 -1.26£0.07 11.254£0.08 -2.87+0.13 8.4840.06 8.46 -1.26£0.07 11.1940.08 -3.124+0.07 8.17£0.03 8.13
1.0<2<1.3 -1.25+0.10 11.304+0.19 -3.08+0.19 8.31+£0.07 8.31 -1.25+0.10 11.4440.07 -3.5940.06 7.94+0.03 7.83
13<2z<16 -1.2240.08 11.33£0.10 -3.22+0.12 8.1940.04 8.18 21.2240.08 11.5240.10 -3.84+0.07 7.75+0.05 7.69
1.6 <2<20 -1.23+0.09 11.424+0.14 -3.47+0.18 8.03£0.06 8.00 -1.23+0.09 11.49+0.05 -3.83+0.08 7.74+0.04 7.71
20<2<25 -1.23£0.09 11.4440.25 -3.584+0.22 7.9340.11 7.87 -1.23£0.09 11.4940.18 -3.94£0.16 7.63£0.07 7.42
25<2<30 -1.2040.28 11.3640.40 -3.61+0.44 7.81+0.17 7.74 -1.2040.28 11.64+0.15 -4.2240.13  7.4840.07 7.39
3.0<2<35 -1.2240.02 11.374+0.10 -3.784+0.11 7.67£0.09 7.41 -1.2240.02 11.39+£0.31 -4.104+0.36 7.37£0.15 7.25
3.5 <2<4.0 -1.2240.02 11.384+0.11 -3.95+0.23 7.51+0.14 7.28 -1.2240.02 11.654+0.13 -4.544+0.16 7.1940.06 6.97
Note. — ¢ In units of M. ® In units of Mpc™2 (log M)~ 1. © In units of MgMpc™3.
Look—back ti G While results supporting the “downsizing” forma-
ook—back time (Gyr) tion scenario in spheroids are numerous (see references
o 1 3 5 7 9 11 above), evidence for “downsizing” in morphologically-
©F ' 7 classified spiral disks are more limited. A notorious ex-
i ception is the work of Bundy et al. (2006), where the
r fraction of the total mass contributed by spirals of dif-
. { ferent mass is found to significantly evolve from z=1.2,
i N | where the largest contributors are spirals with masses
I \ above 10! M, to z=0.5, where low-mass spirals domi-
— 3t ) | nate (see their Figure 8).
—~ o . . .
) The “upsizing” supported by the results in Figure 8
:L L 1 would also be consistent with a hierarchical scenario of
\\5 galaxy formation, where less massive systems form con-
~ tinuously (i.e., their density monotonically increases),
o - 41 and at some time they merge to form larger systems.
>~ This could be an explanation for the stop in the evolution
N of M<10'0> M, galaxies, whose stellar mass density
:\i remains approximately constant from z~0.8 to z~0.2,
* QO | . .
Q N 10109 4y /u <1010 maybe because these galaxies are merging to form larger
°© ones. This would end up in the increase of the stellar
10"5¢ /<10 mass density in more massive systems, which is actually
@ observed in Figure 8, and in the global increase of the
cosmic stellar mass density, which was discussed in Fig-
1 1 1 1 1 1 R T R R ure 7'
0 1 2 3 4
6. THE NATURE OF THE TRAC SAMPLE: COMPARISON WITH
z OTHER SURVEYS
Fic. 8.— Fraction of the local stellar mass density already as- In this Section, we will discuss the main properties of

sembled at a given redshift for several mass intervals (wider lines
referring to more massive systems). Only results for masses above
our 75% completeness level at each redshift are shown.

to low-mass disks at z<0.4) plays a more important role
in terms of formation of stellar mass. In this sense, it
is worth recalling here that low-mass disks are the dom-
inant population of star-forming galaxies in the Local
Universe (Pérez-Gonzdlez et al. 2001). Note that we are
not claiming here that disks started to form at z~0.7.
A simple delay in the formation of disks compared with
spheroids of similar mass might result (under the right
circumstances) in such transition epoch.

the sources in our IRAC sample, comparing them with
the populations of galaxies detected with different selec-
tion techniques by other surveys. The results discussed
in this Section are summarized in Tables 4 and 5.

Based on the observed photometric data points and
the SED fit for each galaxy in our sample, we estimated
observed magnitudes in 9 bands (FUV, NUV, U,, B,
G, R, z, J, and K) in order to test which of our galax-
ies would qualify as Lyman Break Galaxies (LBGs) at
z~1 (GALEX LBGs, Burgarella et al. 2006), at z=1.5—
2.5 (LBG-BM and LBG-BX galaxies in Steidel et al.
2004), and at z~3 (“classical” LBGs, Steidel et al. 2003),
and which of our galaxies would qualify as Distant Red
Galaxies (DRGs; Franx et al. 2003; van Dokkum et al.
2003) or Bz K sources (Daddi et al. 2004).



TABLE 4. THE IRAC SAMPLE: COMPARISON WITH OTHER SURVEYS.

Number of sources/MIPS detections

Number of sources

IRAC® LBGP DRG* BzK® LBG? DRG® BzK® JUST

Redshift GALEX BM BX ?classic” PE SF DRG® BzK® LBGY IRAC®*¢
(0.0,0.2 1473/242 0/0 81/11 510/94 2/0 9/4 0/0 468/62 3 9 243 655
(0.2,0.4 1745/375 0/0 121/10 183/30 5/0 8/1 0/0 318/54 1 8 134 1252
(0.4,0.6 2473/660 0/0 26/1 6/1 9/1 37/4 1/0 303/39 1 32 29 2152
(0.6,0.8 3953/979 0/0 55/2 6/0 1/0 38/9 2/1 403/55 1 27 39 3514
(0.8,1.0 4226/1065 300/117 273/43 12/2 0/0 78/28 2/0 508,/109 7 46 192 3314
(1.0,1.3 4140/1012 189/66 1100/189 117/25 1/1 118/48 21/5 1060/130 13 87 540 2233
(1.3,1.6 2040/619 0/0 817/213 141/48 5/2 61/26 105/32  1458/439 2 58 804 315
(1.6,2.0 1640/532 0/0 414/105 412/129 24/8 55/18 104/33 1417/468 8 55 821 90
(2.0,2.5 1404/439 0/0 144/39 551/154 95/29 231/109 49/17 1274/406 43 230 762 52
(2.5,3.0 882/264 0/0 4/0 135/31 278/82 253/127  23/15 677/197 59 234 322 68
(3.0,3.5 558/162 0/0 0/0 1/1 365/85 171/93 15/10 294/104 49 144 194 52
(3.5,4.0 529/95 0/0 0/0 4/0 276/36 165/59 33/20 115/23 40 102 65 117
Note. — ¢ Any magnitude. b Magnitude limited to R<25.5. ¢ IRAC sources not recovered by any other selection criteria (i.e., they are not

LBGs, DRGs, or BzK galaxies).

We identified LBGs following Steidel et al. (2003) and
Steidel et al. (2004), which establish the locus of LBGs
inaUn—G vs. G— R color-color diagram, and the
magnitude cut (R<25.5) for their survey. We identified
GALEX LBGs with an analog procedure, but this time
using a color criteria based on GALEX UV photomet-
ric bands (see Burgarella et al. 2006). Following Franx
et al. (2003), we defined DRGs as the galaxies presenting
a color J — K ¢>1.37 [corresponding to (J — K)vega>2.3].
Finally, we identified star-forming Bz K galaxies (BzK-
SF) and passively evolving BzK galaxies (BzK-PE) us-
ing Equations (2) and (3) in Daddi et al. (2004). In
our IRAC selected sample, we identified 6,656 sources as
LBGs with R<25.5 (summing up all types), 763 sources
as DRGs with K<22.9, and 2,426 as BzK sources with
K<22.9 and z>1.4 (summing up the two types).

The average surface density of LBGs with R<25.5 de-
tected by our IRAC survey is 10.0 LBGs/arcmin?. We
detect 0.7 LBGs/arcmin? with the GALEX bands and
NUV<25.0, a higher density than the one given by Bur-
garella et al. (2006, 0.3 arcmin?), but closer to the density
given in Burgarella et al. (2007, 1.0 arcmin®). We find
4.6 LBG-BMs/arcmin® (5.3 LBG-BMs/arcmin® with-
out any optical magnitude cut), 3.1 LBG-BXs/arcmin?
(3.6 LBG-BXs/arcmin? without any optical magnitude
cut), and 1.6 “classical” LBGs/arcmin® (2.0 “classical”
LBGs/arcmin? at any R-magnitude), very similar val-
ues to those found in Steidel et al. (2004, 5.3 LBG-
BMs/arcmin® and 3.6 LBG-BXs/arcmin®) and Steidel
et al. (2003, 1.7 “classical” LBGs/arcmin?). Adelberger
et al. (2004) and Grazian et al. (2007) also find very
similar surface densities for the 3 types of LBGs at
z>1. The median magnitudes for the LBG sub-sample
are R=24.6 and K=23.1, a very faint NIR magnitude
only reachable by the deepest ground-based or IRAC
surveys. The average photometric redshifts of the dif-
ferent types of LBGs (R<25.5) are: <z>=1.0+0.1 for
GALEX LBGs, <z>=1.440.3 for LBG-BM (not ac-
counting for the redshift interlopers at z<1, about 17%
of all the sources identified as LBG-BM), <z>=2.0+0.4

for LBG-BX (not accounting for the redshift interlop-
ers at z<1, about 34% of all the sources identified as
LBG-BX), and <z>=3.1+0.5 for “classical” LBGs. The
average spectroscopic redshifts for these types of objects
(using the sources where spectroscopy is available) are
<z>=1.040.2 for GALEX LBGs (spectroscopic redshifts
are available for 28% of this sub-sample), <z>=1.4+0.3
for LBGs-BM (spectroscopic redshifts are available for
9% of this sub-sample), <z>=1.740.4 for LBGs-BX (us-
ing data for 5% of this sub-sample), and <z>=2.5+1.0
for “classical” LBGs (using data for 2% of this sub-
sample). The average photometric redshifts are also con-
sistent with the average spectroscopic values published
by Steidel et al. (2003) and Steidel et al. (2004), which
support the high quality of our photometric redshifts.

The average surface density of DRGs in our IRAC sur-
vey is 1.8 DRGs/arcmin? (1.1 DRGs/arcmin? for sources
with K <22.9), a value in between the densities quoted by
Franx et al. (2003, 3.0 DRGs/arcmin?), Férster Schreiber
et al. (2004, 1.0-1.6 DRGs/arcmin?), and Papovich et al.
(2006, 0.8 DRGs/arcmin?). The median magnitudes for
the DRG sub-sample are R=25.7 (a very faint optical
magnitude beyond the reach of most UV /optical sur-
veys) and K=22.6. The average photometric redshift
of the DRGs (K <22.9) is <z>=2.2£1.0, consistent with
the values given in Franx et al. (2003) and Papovich et al.
(2006). Spectroscopic redshifts are available for just 4%
of the DRGs, with an average of <z>=1.540.9, a lower
value than the photometric estimation, probably due to
the bias of spectroscopic surveys towards the optically
brightest sources (whose probability of being at lower
redshifts is relatively larger).

The average surface density of BzK galaxies at z>1.4
down to K=21.9 is 1.3 BzKs/arcmin®, divided into
0.2 BzK-PE/arcmin® and 1.1 BzK-SF /arcmin®. This is
consistent with the densities given in Daddi et al. (2004,
0.22 BzK-PE/arcmin® and 0.91 BzK-SF/arcmin?) for
the same brightness limit. At fainter magnitudes,
K <22.9, we identify 0.4 Bz K-PE/arcmin® and 3.3 Bz K-

SF/arcmin?, close to the values found by Reddy
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TABLE 5. THE IRAC SAMPLE: STELLAR MASS STATISTICS AND CONTRIBUTION

TO THE STELLAR MASS DENSITY.

Stellar masses® and percentage of total stellar mass density

Redshift ~ ALL LBG DRG BzK
IRAC  Any magnitude R<25.5 Any magnitude K<22.9 Any magnitude K<22.9

(0.0,0.2] 7.45;% 7.2§é 12% 7.45;5 12% 7.7%; 0% 8.3§;§ 0% 6.6%:% 1% 7.35;% 1%
(0.2,0.4] 8.88:% 8.133 6% 825@ 6% 8.5g: 0% 8.98:6 0% 7.95:g 4% 8.78:9 3%
(0.4,0.6] 9.6% i 9'03»3 0% 9.1§;§ 0% 8.63;42L 1% 9.5% A 1% 9'08% 3% 9.48;8 2%
(0.6,0.8 9.7?02-2 9.18;§ 5% 9.28;§ 5% 9.7% ; 1% 10.1?07-2 0% 9.18;4gl 6% 9.7%, 5 6%
(0.8,1.0] 9.8?033 9.7 o, 18% 9.7% 3L 18% 9.99 5 1% 10.2?085 1% 0457 8% 10.0?05-3 7%
(1.0,1.3] 9.8?04'3 9.58;2 22% 9.6?02'0 21% 10.1?056 8% 10.4?097 8% 9.6% o 19% 10.2?085 17%
(1.3,1.6] 10.2?087 9.9%, 52 24% 10.0?063 23% 10.7@;; % 11.0@;% % 10.2?08-6 2% 10.6@:% 67%
(1.6,2.0] 10.3}% 10.1?05;5 44% 10.2?085 42% 107304 % 109305 6% 10.3?097 93% 107304 87%
(2.0,2.5] 1043070 10.2%§;§ 52% 10.2%5;8 45% 110157 34% ILligg 81% 10.4%(9);3 97% 10,9575 83%
(2.5,3.0] 1043070 10.395 45% 103¢7  34% 11008 63% L1230 53% 10507 87% L0 69%
(3.0,3.5] 105300 10.4?05;9 62% 10.3?05;8 44% LL1ig8 73% 1143 62% 107303 81% L3 64%
(3.5,4.0) 10.5180 104108 45% 10.45%7  34% 11.0152  69% 11.31% 50% 109152 56% 11.4H-6 39%
Note. — * Logarithms of the median and quartiles of the distribution of stellar masses in units of [Mg].

et al. (2006b, 0.24 BzK-PE/arcmin?® and 3.1 BzK-
SF/arcmin®) and Grazian et al. (2007, 0.65 BzK-
PE/arcmin® and 3.2 BzK-SF/arcmin?) for the same
magnitude cut. At even fainter K-band magnitudes,
the source density of galaxies identified as BzK contin-
ues rising (especially the SF sub-type) as redshift inter-
lopers become more numerous (up to 40%). The aver-
age photometric redshift of BzK galaxies (K<22.9) is
<z>=2.140.7 for BzK-PE and <z>=2.0+0.5 for BzK-
SF (removing the interlopers at z<1.4, a 20% of all
BzK-PE and 40% of all BzK-SF galaxies), again con-
sistent with the literature. Spectroscopic values are
<z>=1.740.2 (for 1% of BzK-PEs) and <z>=1.840.5
(using 2% of BzK-SFs).

These figures (densities and average redshifts) demon-
strate that our IRAC survey constitute an almost com-
plete census of the galaxies at z<4, including most of
the LBGs, DRGs, and Bz K sources, the most important
populations of galaxies selected at z>1. Still, some of the
IRAC sources are not recovered by any of these selection
criteria (even when no magnitude cut is performed for
LBGs, DRGs, or BzK sources). The numbers of these
galaxies just recovered by the deep IRAC observations
are given in Table 4.

The LBG population accounts for a negligible fraction
(less than 10%) of the entire IRAC sample at 0.4<z<1.0.
At 2<0.4, ~30% of IRAC galaxies are classified as LBGs
(40% at 0.0<z<0.2 and 20% at 0.2<z<0.4), most of them
within the LBG-BX sub-type, which has a significant
fraction of z<1 interlopers at bright apparent magnitudes
(see Steidel et al. 2004). LBGs selected with GALEX
bands are also a minor fraction (around 5%) of the to-
tal number of IRAC galaxies at 0.8<z<1.3. However,
at z>1, other LBG sub-type start to be very numerous
and even dominate the IRAC galaxy counts: ~35% of all
the sources in our IRAC survey at 1.0<z<1.3 are LBGs
(80% of them LBG-BMs), 50%-60% at 1.3<z<3.0 (with
similar contributions from the different sub-types), 65%
at 3.0<z<3.5 (all of them “classical” LBGs), and 50% at
3.5<z<4.0 (all of them “classical” LBGs). These frac-

tions are slightly higher for LBGs not limited by any
R-band magnitude.

The median stellar masses of LBGs range from
1096 Mg to 10192 Mg at 1<z<2.5. These values are
0.1-0.2dex lower than the median stellar masses for the
global population of IRAC sources at each redshift in-
terval. For this reason, although their numbers are rel-
atively large (even dominate the number counts), LBGs
have a less important contribution to the global stel-
lar mass density. Indeed, at 1.0<z<1.6, they harbor
less than 25% of the total stellar mass density’. At
1.6<z<4.0, they account for 35%-45% of the total stel-
lar mass density (roughly consistent with the estimations
from the models in Nagamine et al. 2005b). These per-
centages increase by 5%-15% if we consider all LBGs
without any R-band cut, then making our estimations
consistent with those in Grazian et al. (2007, where they
do not apply any magnitude cut).

Around 10% of LBGs are detected by MIPS at 24 pm
above the 75% completeness flux level (20% with any
flux), especially at 1.6<z<2.5, where MIPS is more ef-
ficient detecting sources due to the pass of the 7.7 um
PAH feature through the filter. At z>2.5, the fraction
of MIPS detections is about 10%, consistent with Huang
et al. (2005). MIPS detections are more common for the
highest mass galaxies: the median stellar mass for 24 ym
detected LBGs (10199 Mg at z~2.5 and 101! M, at
z~3.0 for sources with F'(24)=80 uJy) is ~0.8dex larger
than the median for all LBGs. LBGs with MIPS detec-
tions account for 10%—-20% of the total stellar mass at
z>1.5.

In contrast with the previous figures for LBGs, DRGs
are less numerous but more massive. DRGs only ac-
count for 15% of the sources at 2.0<z<2.5, and ~30%
at 2.5<z<4.0. However, their median stellar masses
are larger than those of LBGs at each redshift, and

7 This percentage has been calculated by adding the total stellar
masses of LBGs in that redshift interval, and dividing it by the total
stellar masses of all galaxies. This must be analogous to dividing
the stellar mass densities of both galaxy populations for a fixed
volume (that enclosed at the given redshift interval).



even larger than the median for the entire population
of IRAC sources. For 1<z<2, their median masses are
0.3-0.5dex larger than those for the entire IRAC popu-
lation, and at z>2 they remain ~0.6dex larger (with a
median of 10119 M). This translates to DRGs account-
ing for 70% of the total stellar mass at z>2.5 (~35% at
2.0<z<2.5, and less than 10% below z=2). Note that
most of the stellar mass density of the Universe at z>2.5
would not be detected by optical surveys reaching depths
brighter than R~25.5. Within the DRG population,
about 40% are detected by MIPS at 24 um (up to 50% at
2.0<z<3.5), and these objects have median stellar masses
0.1-0.3dex larger than the median for all DRGs. DRGs
with MIPS detections account for more than 40% of the
total stellar mass at z>2.5 (20% at 2.0<z<2.5, and less
than 5% at z<2.0) .

The BzK criterium is very effective in detecting mas-
sive galaxies at z>1.5, even more than the J — K selec-
tion of DRGs. Up to 75%-95% of the IRAC sources at
1.3<z<2.5 are recovered by the BzK selection, 80% at
2.5<2<3.0, 55% at 3.0<z<3.5, and 30% beyond z=3.5. If
we only consider BzK galaxies with K<22.9, these per-
centages decrease by a factor of ~2. Most of the BzK
galaxies are classified as star-forming (typically 90%).
Median masses for BzK galaxies range from 10192 at
z=1.5t0 1006 at z=3.0 and 10'°° at z=4.0, 0.1-0.4 dex
larger than median stellar masses for the whole IRAC
sample. This translates into Bz K galaxies tracing a large
fraction of the stellar mass density at z>1.5: more than
55% and up to 97% at z>1.3. Again, if we only con-
sider BzK galaxies with K<22.9, these percentages de-
crease by 15%-20%. Typically, 30% or more BzK galax-
ies are detected by MIPS at 24 pm, with a predilection for
the passively evolving sub-type at z>2 (~60% ~30% of
BzK-PE and BzK-SF galaxies are detected by MIPS).
This means that passively evolving BzK galaxies may
still harbor significant star formation or obscured AGNs.

Very few galaxies are identified as LBGs and DRGs si-
multaneously in our IRAC survey: just 5% of all galaxies
at 2.0<z<3.0, ~8% at z>3, and less than 1% elsewhere.
However, this does not mean that the 2 selection crite-
ria are completely orthogonal. Indeed, about 20% of the
DRGs at z=2-3 and 30% of the DRGs at z>3 qualify as
LBGs, and 15% of LBGs at z>2.5 are DRGs. Most of the
LBGs that also qualify as DRGs lie in the “classical” sub-
type (more than 95% of them), which makes our results
also consistent with the fractions found in Grazian et al.
(2007), who only discussed BM-BX objects. Note that
if we only consider the DRGs brighter than K=21.9, the
fraction of LBGs that are also DRGs drops below the
5% level, in good agreement with the 10% upper limit
prediction from the hydrodynamic models of Nagamine
et al. (2005a).

The BzK and DRG selection criteria present a large
overlap. Around 20%—-30% of all IRAC galaxies at z>2
are recovered by both selection techniques, especially by
the BzK-SF criterium. Indeed, more than 95% of all
DRGs at 1.5<z<3.0 are BzK galaxies, most of them
(~90%) within the star-forming BzK sub-type. DRGs
are only a minor contributor to the BzK population at
2<3, where less than 35% of BzK sources are DRGs,
but this percentage rises to 70% at z>3.5. It is also
interesting to mention that 50% of BzK-PE galaxies at
2.0<z<2.5 and all the BzK-PE galaxies at z>2.5 are
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Fi1a. 9.— Evolution of the co-moving SFR density of the Universe
(Lilly-Madau plot, Lilly et al. 1996; Madau et al. 1996). Filled
stars and thin error bars show the SFR density estimations based
on the time derivative of the stellar mass density evolution shown
in Figure 7. Open circles show the derivative for the observed
values of the stellar mass density. The colored points (shown with
error bars) are extracted from different sources in the literature
(using different SFR tracers), normalized to the same cosmology
by Hopkins (2004) and Hopkins & Beacom (2006). Red symbols are
estimations based on Hydrogen emission-lines, and green points on
[OII]A\3737 SFR estimations. UV-based data points are plotted in
blue. Cyan estimations are based on mid-infrared data. Magenta
points are based on sub-mm and radio observations. The yellow
point is based on X-ray data. Thick black error bars show weighted
averages and standard deviations of the literature data points for
the 12 redshift intervals considered for the stellar mass functions in
this paper. These averages are fitted to a Chebyshev polynomial
of 13t" order (dash-dotted line).

DRGs.

None of the LBGs lie in the BzK-PE type, but the
BzK-SF type also has a large overlap with the LBG
population: more than 95% of BM-BX galaxies up to
z>2 are recovered in the BzK diagram (consistent with
Reddy et al. 2005), and less than 40% in the case of
“classical” LBGs at z>3.

7. LINKING STELLAR MASSES AND STAR FORMATION RATES
UP TO zZ=4

7.1. The evolution of the cosmic star formation rate
density

The time derivative of the stellar mass density func-
tion plotted in Figure 7 gives the evolution of the SFR
density of the Universe, i.e., the well-known Lilly-Madau
plot (Lilly et al. 1996; Madau et al. 1996). For each
pair of stellar mass density points in Figure 7, we have
estimated the SFR (averaged through the time interval
enclosed by the points) necessary to produce the stellar

4
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mass density difference between the corresponding red-
shifts. These estimations are plotted in Figure 9 with
filled black stars (open circles show the average SFRs
derived from the observed stellar mass density values),
and compared with other cosmic SFR density estima-
tions (based on direct SFR measurements) found in the
literature. Surprisingly, our estimations of the cosmic
SFR density are systematically smaller than the previ-
ously published results (a factor of ~2 at z<1 and up
to a factor of 10 at high redshift). This important dis-
crepancy has also been remarked by Hopkins & Beacom
(2006) and Borch et al. (2006), who integrate the time
evolution of the cosmic SFR density to obtain the evo-
lution of the stellar mass density. Hopkins & Beacom
(2006) argue that the difference can be related to a lim-
itation in our understanding of the IMF, given that the
direct SFR estimations are sensitive to the high mass end
of the IMF, while the stellar mass estimations are sensi-
tive to the low mass end. The origin of the discrepancy
can also be linked to the way we estimate SFR densities.
In our case, we assumed that star formation occurred at
a constant rate within a redshift (time) interval in Fig-
ure 7, and calculated an average SFR density. However,
if star formation occurs in very short episodes (very dif-
ferent from a constant rate), one could measure SFRs
for each galaxy that are larger than the constant rate,
but still produce the same amount of stars in the same
time interval. If this interpretation is right, then the star
formation at the highest redshifts should occur in very
intense and rapid events, since the difference between
the literature data points and our average SFR densi-
ties are larger than at low redshift. Finally, the reader
should also note the very high SFR density derived for
0.0<z<0.4 from the stellar mass density derivative, di-
rectly related to the significant increase in the stellar
mass density of the Universe in this time period, as dis-
cussed in previous Sections. Direct SFR density mea-
surements at z<0.4 are a factor of 2—4 smaller, which
indicates that the evolution of the stellar mass function
at low redshift is not governed by star formation (but by
mergers) and/or we may be underestimating the stellar
mass density at z~0.4 (if there is a numerous population
of low mass galaxies below our detection limit, which can
merge together in the last 4 Gyr to increase the density
of galaxies with mass M=10"1! M) or overestimating
the local value.

7.2. Specific star formation rates

Figure 10 shows the evolution of the specific SFR (SFR
per stellar mass unit) of the Universe, calculated by
dividing the Chebyshev fit to the cosmic SFR density
(given in Figure 9%) by the Chebyshev fit to the stellar
mass evolution (given in Figure 7). There is a contin-
uous increase of the specific SFR of the Universe as we
move to higher redshifts. If we consider the evolution of
the specific SFR for different stellar mass intervals (color
lines in Figure 10), we clearly see that the most massive
galaxies (M>10"17 M) presented very large specific
SFRs at high redshift. These galaxies exhibit values of

8 The coefficients of the Chebyshev polynomial fit
(with variable 14z) to the SFR density evolution are
[0.3267,0.0818, —0.0772, —0.0140, 0.0043, 0.0114, 0.0043, —0.0091,
0.0072,0.0135, —0.0091, —0.0134, 0.0048].
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Fic. 10.— Evolution of the cosmic specific SFR. The black
continuous line shows the evolution derived from the Chebyshev fits
to the SFR and stellar mass density evolution plotted in Figures 7
and 9. The gray shaded area depicts the typical uncertainties in the
calculation of the cosmic specific SFR. Color lines join the median
values of the distribution of specific SFRs of our IRAC sample for
several mass intervals, while vertical error bars show the quartiles
of that distribution. For clarity, we have only depicted the quartiles
for non-consecutive mass intervals. We only show the median and
quartiles for redshift bins where we detect more than 10 galaxies
within a given stellar mass interval. Dashed lines mark the redshift
ranges where our sample is less than 75% complete for the given
mass interval.

the SFR that are so large that they could double their
stellar mass in just 0.1 Gyr (see the scale on the left axis)
at z=3-4. As we move to lower redshifts, their specific
SFRs decrease considerably, by a factor of 10 from z~4
to z~2.5 (in less than 1.5 Gyr), and by almost a factor
of 100 from z~4 to z~1.5 (in 3 Gyr). For lower stellar
masses, the evolution is less pronounced. For example,
galaxies with 10190<M<10'"% M, whose evolution is
very similar to the cosmic average, present a decrease in
the specific SFR of a factor of 10 from z~2.5 to z~0.5
(in 6 Gyr). The evolution at z<1 is very similar for
all the stellar mass intervals, as already noted by Zheng
et al. (2007), with a change of about a factor of 10 in
this period of ~8 Gyr. In this period, there is a signifi-
cant luminosity (and maybe density) evolution of lumi-
nous IR galaxies (Chary & Elbaz 2001; Pérez-Gonzalez
et al. 2005). This evolution is also detected in our stellar
mass analysis, given that the fraction of the total stellar
mass density locked in galaxies emitting strongly in the
thermal IR (and being detected by MIPS) increase from
about 10% at z=0 to ~50% at z=0.7-1.0 (where LIRGs
dominate the cosmic SFR density), and then remains ap-
proximately constant up to z=4 (where LIRGs and even
ULIRGs dominate the SFR density).

The evolution of the cosmic specific SFR is also con-



sistent with the “downsizing” picture described in Sec-
tion 55.6, where the most massive galaxies formed most
of their mass at z>3 in very intense and rapid episodes
of star formation, presenting high specific SFRs which
would double the stellar mass of these systems in time
scales shorter than 1 Gyr. Less massive systems assem-
bled more slowly, presenting specific SFRs which would
double their mass in time scales comparable to the look-
back time of the Universe at each redshift.

8. CONCLUSIONS

We characterize the mass assembly of galaxies in the
last 12 Gyr (~90% of the Hubble time) by analyz-
ing the stellar mass functions and densities estimated
from a sample of ~28,000 sources selected in the rest-
frame near-infrared. The sample has been built from
Spitzer/IRAC (the selection being made at 3.6 ym and
4.5 pm) observations of 3 fields: the Hubble Deep Field
North, the Chandra Deep Field South, and the Lock-
man Hole. This IRAC sample is 75% complete down to
1.6 pJy ([3.6]=23.4), which translates to an approximate
stellar mass completeness level of at least 10° M, up to
z=0.5, 1019 Mg up to z=1.0, and 10 Mg up to z=4.0.
In order to analyze the effects on our results of low mass
galaxies faint at rest-frame near-infrared wavelengths, we
complement the IRAC survey with an optically (1<25.5)
selected sample of a similar size.

We estimate photometric redshifts, stellar masses, and
star formation rates for all galaxies using a set of empir-
ical templates built by modelling the stellar population
and dust emission of galaxies with known spectroscopic
redshifts. The quality of our photometric redshifts is
very good for more than 85% of the sample, and good
for nearly 95%. We analyze the goodness of the stellar
mass and star formation rate estimates, finding that they
are accurate within a factor of 2-3.

Our estimation of the local stellar mass function is
in good agreement with previous estimations based on
2MASS data (Bell et al. 2003; Cole et al. 2001). We find
a slope of a~—1.2 at low stellar masses (similar values
are also found for stellar mass functions at all redshifts
up to z=4), and a pronounced steepening of the stellar
mass function at M<10° M. Approximately 1 out of 4
local galaxies are actively forming stars. Around 10-15%
of the global stellar mass density in the local Universe is
found in active star-forming galaxies (in agreement with
Pérez-Gonzélez et al. 2003a), and this percentage rises to
~50% at z~1, remaining approximately constant beyond
that redshift.

Our results indicate that the most massive systems
(M>10'2" M) assembled the bulk of their stellar
mass in a very rapid collapse (half of their stellar mass
in less than 1 Gyr) at early epochs (z>3 or 11 Gyr
ago), close to what can be regarded as a monolithic col-
lapse. The formation was characterized by large spe-
cific SFRs with doubling times of about 0.1 Gyr. Galax-
ies with 1011°<M<10'2:% M, formed more slowly, as-
sembling half of their stellar mass before z~1.5 (more
than 9 Gyr ago) and more than 90% of their stel-
lar mass beyond z~0.6. Less massive systems (with
1099<M<10'10 M) formed at even a slower speed:
half of their stellar mass was assembled beyond z~1
(more than 7 Gyr ago), and they experienced a signifi-

cant increase in their stellar mass (20%-40%) recently (at
2<0.4 or in the last 3 Gyr), probably by dry accretion of
small satellite galaxies. The specific SFRs of these galax-
ies evolved (closely to the cosmic average) from 10 Gyr—!
at z~4 to less than 0.1 Gyr~! in the local Universe.

We find that approximately half of the local stel-
lar mass density was already formed at z~1 (8 Gyr
ago), which translates to an average assembling rate of
0.036 Muyr—!. At least another 40% of the local stellar
mass density assembled from z=1 to z=4 (in 4 Gyr) at
an average rate of 0.054 Mgyr—1!.

We confirm that galaxy formation follows a “downsiz-
ing” scenario (Cowie et al. 1996). Our results are broadly
consistent with previous observational works that con-
firm this formation theory (Fontana et al. 2006; Glaze-
brook et al. 2004; Heavens et al. 2004; Juneau et al. 2005;
Pérez-Gonzélez et al. 2005), and with models of galaxy
formation (e.g., Bower et al. 2006; Croton et al. 2006;
Nagamine et al. 2004). At low redshift (z<1), there is
also an “upsizing” effect, when intermediate mass galax-
ies (M=10"1' M) increase their density by accretion
or coalescence of previously formed smaller galaxies.

We have also analyzed the nature of the galaxies in our
sample, comparing them with the populations of sources
detected with different selection techniques by other sur-
veys. Based on the measured number densities and red-
shifts, we conclude that our survey constitutes an almost
complete census of the different populations of galaxies
at high redshifts, including most of the Lyman Break
Galaxies (LBGs) at 1<z<3.5, most of the Distant Red
Galaxies (DRGs) at z22, and most of the BzK galaxies
at z>1.4. LBGs dominate the number counts of IRAC
galaxies at high redshift, being about a factor of 2-3 more
numerous than DRGs and Bz K galaxies, but most of the
stellar mass density (more than 50% and up to 97%) at
z>2.5 resides in the latter, while LBGs account for less
than 50% of the total stellar mass density.
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