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ABSTRACT

Examining a sample of massive galaxies @t z < 2.5 with Kyega< 22 from the Great Observatories Origins
Deep Survey, we compare photometry from Spitzer at mid- antH, to submillimeter, radio and rest-frame
ultraviolet wavelengths, to test the agreement betwedardiit tracers of star formation rates (SFRs) and to
explore the implications for galaxy assembly. Ees 2 galaxies with moderate luminositidsg(;m < 10M1L,),

we find that the SFR can be estimated consistently from théiwawelength data based on local luminosity
correlations. However, 20-30% of massive galaxies, andynaththose withLg,m > 10, show a mid-IR
excess which is likely due to the presence of obscured agtigii, as shown in a companion paper. There is
a tight and roughly linear correlation between stellar naas$ SFR for 24im-detected galaxies. For a given
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mass, the SFR at= 2 was larger by a factor of 4 and~ 30 relative to that in star forming galaxieszat 1
andz = 0, respectively. Typical ultraluminous infrared galaxigd IRGs) atz = 2 are relatively 'transparent’
to ultraviolet light, and their activity is long livedg, 400 Myr), unlike that in local ULIRGs and high redshift
submillimeter-selected galaxies. ULIRGs are the commoderad star formation in massive galaxiezat 2,
and the high duty cycle suggests that major mergers are ealdminant trigger for this activity. Current
galaxy formation models underpredict the normalizatiothef mass-SFR correlation by about a factor of 4,
and the space density of ULIRGs by an order of magnitude, ivetlaptter agreement far> 1.4 quiescent

galaxies.

Subject headinggalaxies: evolution — galaxies: formation — cosmology: etvations — galaxies: star-

bursts — galaxies: high-redshift

1. INTRODUCTION

Tracing the buildup of galaxies at high redshifts requires
reliable measurements of two fundamental quantitiestastel
masses and star-formation rates (SFR). The integratemhist
of star-formation rates within galaxies provides a lowaniti
to their stellar mass growth. Stellar mass growth in excéss o
this contribution is to be ascribed to galaxy mergers. Mést o
the rise in the space density of massive galaxies takes jplace
the cosmic time interval between- 3 andz~ 1 (e.g., Dick-
inson et al. 2003; Rudnick et al. 2003; 2006; Fontana et al.

2004; 2006; Daddi et al. 2004a, DO4a hereafter; van Dokkum

2006; Franceschini et al. 2006; Pozzetti et al. 2007; Arqout
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et al. 2007). It is still unclear, however, what is the major
channel for galaxy growth during this period, and the quan-
titative role of mergers in building up the mass of galaxies.
Violent starbursts have been found to be common irzthe?
universe (D04a, Daddi et al. 2005b, DO5b hereafter; Shapley
et al. 2005; Forster-Schreiber et al. 2004a), but theiveglee

on the mass growth of galaxies critically depends on the ef-
fective duration of these vigorous star-formation evenése(
DO05b). To make substantial progress one needs to look at the
distribution of star-formation rates in distant galaxigspr-

der to ascertain the relative frequency of these events gmon
massive galaxies. This requires accurate measurememts of i
dividual star-formation rates in large samples of distaihg-

ies.

The advent of the Spitzer Space Telescope holds substantial
promise to achieve these goals, as it now routinely alloves on
to detect distant galaxies with the Multiband Imaging Pho-
tometer for Spitzer (MIPS) at 24m all the way to redshift of
~ 3 (and even beyond). This corresponds to the rest-frame
spectral mid-IR region (5—1&n), which tends to be dom-
inated by polycyclic aromatic hydrocarbon features (PAH).
In the local universe, the mid-IR luminosities of galaxies a
known to correlate with the total infrared luminositidsg;
see Chary & Elbaz 2001; Elbaz et al. 2002; Dale & Helou
2002; Forster-Schreiber et al. 2004b), a well establisihellg
of the star-formation rate of galaxies. Problems however ex
ist because the PAH emission is known to be reduced at low
metallicities (Engelbracht et al. 2005; Madden et al. 2006)
Spitzer observations show a substantial scatter in thd loca
correlation of mid-IR luminosity vs. the total infrared lirm
nosity Lig (Dale et al. 2005; Smith et al. 2006; Armus et al.
2006). In addition, a substantial contribution to the nid-|
light can come from the accretion disks of Active Galactic
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Nuclei (AGNs). AGNs in distant galaxies can be identified by
their X-ray emission, but this would not be detectable-at2
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2005), in the form of mock lightcones presented by Kitzbich-
ler & White (2007). This allows us to constrain the models

in the case of large column densities of obscuring materialand gain insights into the nature of star forming galaxies at

even for luminous AGN (e.g., as in the case of NGC 1068).
Several recent surveys have used the:24emission in

1 < z < 3 galaxies in order to estimate their ongoing star-

formation rates and related quantities (e.g., Pérez-Genza

high redshifts.

The paper is organized as follows. The sample selection of
z ~ 2 galaxies, with spectroscopic and photometric redshifts
are presented in Sectibh 2. The multiwavelength datasets us

et al. 2005; Reddy et al. 2005; DO5b, Papovich et al. 2006; are presented in Sectibh 3, with a discussion of known limita

Caputi et al. 2006ab; etc.). This is generally accomplighed
using prescriptions relating the mid-IR luminositylig, as
calibrated in the spectral libraries from Chary & Elbaz (200

CEO1 hereafter) and Dale & Helou (2002; DHO2 hereafter),

tions of each dataset as a star formation indicator, edpecia
for high redshift galaxies. Sectidmh 4 compares therBrest-
frame luminosities of galaxies (estimated from their.2d
flux densities) to those at other wavelengths, while Se@ion

although sometimes other empirical conversions have beerfocuses on the use of ultraviolet (UV) luminosities and on
used (see, e.g., Caputi et al. 2007). However, it remains tothe reliability of extinction corrections. A suggestedipec

be established to which extent these estimates are stilkacc
rate forz ~ 2 galaxies. For example, the impact of the sili-
cate 9.7um absorption feature at high redshift has still to be

for estimating SFRs iz = 2 galaxy samples is given in Sec-
tion[6. We present the implications of our findings for the
characterization of star formation in distant galaxiedaxg

quantified, and the relative strength of the PAH emission as agrowth and the comparison with theoretical models in Sec-

function of star formation activity might be different atghi
redshift with respect to the local Universe.
Using multi-wavelength data from the Northern field of the

tion[@. Our conclusions are summarized in Sedtion 8. We as-
sume a Salpeter initial mass function (IMF) from 0.1 and 100
Mo, and a WMAP3 cosmology witli2,, Oy = 0.76,0.24,

Great Observatories Origins Deep Survey (GOODS), DO5bandh = Holkm s~ Mpc~] /100= 0.73 (Spergel et al. 2007).

showed that the average SED of massive 2 galaxies is
consistent with that of present—day ULIRGs. This impligs, o

Throughout the paper we use magnitudes in the Vega scale,
unless stated otherwise.

average, a good agreement between star-formation tragers a

calibrated locally and based on the radio, far-IR, mid-IR an
even UV (corrected for the extinction by dust) and the X-ray.

2. SAMPLES OFZ~ 2 GALAXIES IN GOODS
The sample of galaxies analyzed in this study has been se-

This agreement is encouraging in view of our need to estimatelected in theK-band, and applying thBzK selection tech-

the star-formation rates in distant galaxies, especidilgry
the currently limitations in probing the luminosities oflae
ies atz~ 2 atthe peak of the far-IR emission-ab0— 100um
in the rest-frame. In this regard, the situation will evellty
improve with Herschel, and later on with ALMA. In DO5b a
number of interesting features of high redshifts ULIRGsaver
discussed, e.g., that they may have fairly long duty cyabek a
that they appear to be relatively 'transparent’ to the UVpho

nique introduced by Daddi et al. (2004b; D04b hereafter),
that allows us to define highly complete samples of galaxies
in the redshift range .4 < z < 2.5. Unless explicitly stated
otherwise, we limit the analysis 8zK star forming galaxies
(or sBzKs, as opposed to the passive onepBeKs), as we
aim to focus on galaxies with active star formation. In the
GOODS-N field we have selected 273 galaxie&te: 20.5,
corresponding to the 5-sigma detection limit of the datatak

tons. These and other aspects are visited again here in morgith the Flamingos camera on the Mayall 4m NOAO tele-

detail.
The main aim of this paper is to verify to which extent this

scope (the dataset used here is slightly deeper than that use
in DO5b). In the GOODS-S field we selected 1018 sources

agreement among the various star formation tracers persistdetected wittS/N > 5 down toK < 22. The GOODS-S field

individually for distant massive galaxies, hence to whigh e

K-band VLT ISAAC data is not homogeneously deep over the

tent SFRs can be unambiguously measured at high redshift. Irwhole field, but reasonably complete over the whole used area

particular, reliable SFRs are instrumental for relatinghtem
other galaxy properties in a meaningful way. For example, re
cent surveys have shown that a tight correlation exists-a

at theseK-band limits. We have excluded from the analysis
all hard X-ray detected galaxies in both GOODS fields, us-
ing the catalogs of Alexander et al. (2003), and galaxiel wit

and atz= 1 between the stellar mass and the SFRs of blue,power law SEDs over the 3.6—24n wavelength range ob-

actively star forming galaxies (Noeske et al. 2007; Elbad.et
2007). Itis not yet clear if such a fundamental correlatien e
ists also at higher redshifts, when most of the stars in massi
galaxies were formed.

For this work we make use of some of the deepest multi-

served by the Spitzer Infrared Array Camera (IRAC) as likely
AGN-dominated sources. Only a handful of power-law galax-
ies remain undetected in our deep X-ray imaging data. Also,
in both fields we only consider galaxies whose IRAC coun-
terpart is closer than 0’5rom the K-band position. We have

wavelength datasets, available as part of GOODS. In particu empirically verified that this criterion is efficient at exding
lar, compared to DO5b, we use here a much deeper 1.4 GHzources where the IRAC bands photometry is substantially
dataset over GOODS-North (GOODS-N hereafter) obtainedcontaminated by blending due to the relatively poor IRAC

with the Very Large Array (VLA) (Morrison et al. in prepa-
ration), and 7Q:m photometry from both GOODS fields
from Frayer et al. (2006). Also crucial to this work is the
large dataset of spectroscopic redshifts that is available
us, including the VLT/FORS2 spectroscopic redshifts fa th
GOODS-South field (GOODS-S hereafter; Vanzella et al.

PSF of about 1/6 Statistically, this excludes some 10% of
the galaxies, for the accurate IRAC detection procedunes ca
ried out in GOODS and based on mexhat kernel detections
using SExtractor (Dickinson et al., in preparation). Thitee

rion is required in order to have reliable photometry over th
IRAC bands (hence solid photometric redshift estimatas), a

2005, 2006) and those from the ultradeep spectroscopy of theo avoid problems with blending in the MIPS 2 photome-

GMASS survey (Kurk et al., in preparation). Finally, we have
used in this work the latest realization of galaxy formation

models based on the Millennium simulations (Springel et al.

try. The 24um flux densities (Chary et al., in preparation) are
in fact estimated using prior source positions from the IRAC
catalogs.
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FiG. 1.— Comparison of spectroscopic and photometric redétifgalaxies in GOODS-N (left panel) and in GOODS-S (righh@a The GOODS-S
photometric redshifts that we use are taken from Graziah €@06), and we show in the right panel of this figure onlysthgalaxies that did not already have
a spectroscopic redshift in Grazian et al. (2006).
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FIG. 2.— The redshift distribution of the~ 2 sample of galaxies considered in this paper for GOODS-l glenel) and GOODS-S (right panel). Solid
histogram refer to spectroscopic redshifts, while the grhfsttogram is for photometric redshifts fBzK selected star-forming galaxies.

In both fields we used multiband photometry in the optical are in slightly better agreement with the spectroscopie red
and near-IR (see Giavalisco et al. 2004 for datasets descripshifts and we decided to adopt them for the present analysis.
tions), updated to the latest releases and observatiori3s SE ~ Spectroscopic redshifts are available in GOODS for a fairly
were derived using the method described, e.g., in DO4b andrepresentative fraction of the galaxy sample consider#usn
DO5b. Photometric redshifts were determined in both fields paper. When limiting to spectroscopic redshifts with flags
for all BzK selectedz ~ 2 galaxies by fitting to the empirical warranting reliability, redshifts are available for 179aaes
templates of Coleman et al. (1980), as described in DO4abin GOODS-S (17% of the total sample) and 57 in GOODS-N
However, for the GOODS-S field we find that the photomet- (21% of the sample). For GOODS-S, in addition to all sources
ric redshifts measured by Grazian et al. (2006), which idelu  of publicly available redshifts (VVDS: Le Fevre et al. 2004;
deep U-band data similarly to what we have in GOODS-N, GOODS/FORS2: Vanzella et al. 2005, 2006; K20 survey:
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Mignoli et al. 2005; CDFS survey: Szokoly et al. 2004) we

have most notably used results of redshift surveys devdlope ‘ ? ‘ ; P
as part of GOODS or in collaboration with GOODS, that ex- 10 |- { SCUBA 850um 7 -
plicitly targeted thez ~ 2 galaxies. This includes the Galaxy F T T T T T — T T
Mass Assembly Spectroscopic Survey (Kurk et al. 2006, and i pad | MIPS 70Mm/1/ 1
in preparatiof) that targetedzpnot > 1.4 galaxies selected L/ : R ]
at 4.5um (IRAC channel 2) to a limiting AB magnitude = / :

23. For the GOODS-N field major sourceszof 1.4 spectro- o=e 0 E
scopic redshifts are Keck LR-blue and DEIMOS observations o/ /" ALA 1.4 GHz ]

carried out within GOODS (Stern et al., in preparation) and —
the BM/BX samples of Reddy et al. (2006b), in addition to = | /
the TKRS survey (Wirth et al. 2004). Fou L

Fig.[d panels show the comparison of photometric and spec- g
troscopic redshifts for our samples BzK selected galaxies. r
The dispersion of the residual in the difference between-spe -
troscopic and photometric redshiftsa$zspec— Zphot) ~ 0.25 "
for GOODS-N and GOODS-S. The larger number of outliers g |-
in the full samples, with respect to tidzK samples, shows F

;UV E(B-V)

AY
Ll

T IMIPS 24pm

jUV E(B-V)
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that the use of thBzK selection does help in defining a clean
sample ofz ~ 2 galaxies, which is substantially free from
lower redshift contaminants. We have identified a small sam- *
ple of galaxies in both fields with strong discrepancies be-
tween spectroscopic and photometric redshifts. From a care
ful analys's, of the mUItlwavelength SED O,f these (,)Ut“ere* W Fig.3.—The limitingLr that can be detected with the various tracers used
found that in most cases the spectroscopic redshift apfears in this work. We consider limits of 144y (35) for radio 1.4 GHz, 12.Jy

be the wrong one, and we have adopted the photometric red{3o) for MIPS 24m, 1.8 mJy for MIPS 7qum (30) and 4 mJy for 85gm

; i ; inr (flux density of typical detections, Pope et al. 2006, somallsragions in
shift for the analySlS' This does not affect any of our major GOODS-N have actually somewhat fainter detections). Wetlhisenodel

Con_dUSionS' . L . of CEO1 to convert flux densities intor as a function of redshift, except
Fig.[2 panels show the redshift distribution of the sources for radio where we use the radio-IR correlation. For the Ui effective
used for the analysis a@f~ 2 SFR indicators in this paper. We  SFR limit in our samples (formally converted itz using Eq. 1) is given in

; ; ; ; ; ; principle by the depth of the B-band imaging € 27 AB, 3v), from which
do not include in the analysis carried out in the next sestion we derive the UV luminosity. In case of non-zero dust redagitihe reached

the objects in the tails of the distributions, with eitlzer 1.2 SFR limit is less deep. MIPS 24m is by far the deepest long wavelength
orz> 3. probe of SFR and IR luminosities at these high redshifts.

Redshift

3. MULTIWAVELENGTH DATASETS, THEIR INTERPRETATION AND
KNOWN LIMITATIONS

A major focus of this paper is the comparison between lu-
minosities at various wavelengths, each of which is known to
correlate with the SFR in galaxies. In order to put emission

at different wavelengths onto a common footing for intereom we will compare the derived equivalebi or SFR values,

parison, we will adopt nominal conversions between these obI King f t which Id t coh t beh
served luminosities and fiducial quantities such as thd tota 100KINg for agreement, which wou'd suggest conérent behav-

infrared luminosity Lig, integrated from 8 to 10Qam) oran 107 from low to high redshift, or for discrepancies, whichyna
equivalent star formation rate (SFR). The usé gfas a star ~ Sug9est that other effects are coming into play.

formation indicator implies that all energy from star fortioa _Following Kennicutt (1998,)' we may express the conver-
is absorbed by dust and re-radiated in the thermal infrared >'O" betweet and SFR as:

and that there are no other significant sources for dustrigeati _ _
Neither assumption is universally correct: on the one hand n SFRR[Moyr 1) = 1.73x 10" %L [Lo). (1)

all UV photons from young massive stars may be absorbed byThis conversion depends on the adopted IMF; here we have
dust, whereas emission from an AGN can boost emission atadopted the IMF of Salpeter (1955). Given this relation,
various wavelengths, including the infrared luminosiy. SFRR andLir can be seen as equivalent quantities for star
Thus, SFR estimates based onlylor would result in un-  forming galaxies. In order to estimate the total SFR, we
derestimates in the former case, and in overestimates of thenyst also include the contribution of energetic emissiomfr

true SFR in the latter. Starburst aIaX|e_s with the hlgh SFRSyoung, massive stars that is not absorbed and reprocessed by
(many tens to hundreds M, yr~-) and infrared luminosi-  dust. We estimate it from the rest-frame UV luminosity as in

ties Lir > 10''L; are called luminous infrared galaxies or Eq. 5 of DO4b, with no reddening correction, so to have:
LIRGs; then, folLig > 10L., one refers to ultraluminous in-

indicators, and give a description of the techniques usad+o
alyze the data, and of the recipes used to convert the olaserve
emission to SFRs. These recipes are generally based on em-
pirical calibrations in the local universe. In the next satt

frared galaxies, or ULIRGs; we will also refer to objectstwit SFRot = SFRR + SF 2
Lir > 10%3L, as hyperluminous, or HyLIRGS) characteristic o AR IRJV’uncorre_CtEd _( )
of some the ~ 2 galaxies studied here. Values fgg and the We shall return to the conversion of UV light to SFR in Sec-

SFR may differ substantially, depending on the specificetrac  tion 3.6. The second term above is negligible for red gataxie

used to evaluate them. In this section, we present the differ ~as for most of theBzK-selectedz ~ 2 sources withK < 20,
but becomes more relevant at fainter magnitudes when bluer

14 see http://www.arcetri.astro.it/cimatti/gmass/gniatssl galaxies are more prevalent.
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FIG. 4.— The detection rate at 24n of thez ~ 2 galaxies in our sample as
a function of the K-band limiting magnitude (cumulativediians), for the
GOODS-S (solid line) and GOODS-N (dotted line) fields. Readi are for
a detection limit of 10Q.Jy, matched by most shallower surveys performed
at 24um with Spitzer. The very large detection fraction in GOODStap
K = 22 is in line with the expectations based on Elg. 3.

3.1. Spitzer MIPS 24im imaging

5

for Log(Leum/Le) < 9.75; while for the DHO2 templates it is:

Lir

Log( - Lgum

) =1.21x Log( 3

)—1.25 (5)
© ©

Here, and in the remainder of the papgi8um) is vL, at
8um. The two relations give the sanhgr ~ 5 x 10, for
Lg,m ~ 5x 10%0, For higherLg,m the CEO1 templates re-
sult in increasingly larger values &fg, up to a factor of 2.3
for Lg,m = 10Y2L.. At Lg,m < 5x 10'L, the CEO1 tem-
plates results in lowel g values with respect to DHO2. For
the range of interest in this work, the differences are agvay
well within a factor of 2, also due to the two-slope depengenc
of the CEO1 conversion.

3.2. Spitzer MIPS 7@m imaging

The 70um data used here are a combination of all of the
GOODS-N and GOODS-S available to us from the Spitzer
programs ID-3325, -20147, -81, and -30948. The data were
reduced following the techniques given in Frayer et al. €00
These data represent 3 hours of integration over the full
GOODS-N field and the central (49010 region of GOODS-

S. The outer regions of GOODS-S have an integration time of
about 2 hours. The typicalo3limit of these data is 1.8mJy

at 70um in the deepest regions. OnlyBzK star forming

z~ 2 galaxies are individually detected at i/t (6 of which

are in GOODS-N, a likely effect of small number statistics).
Therefore, we used stacking techniques to measure average
properties of galaxies at #0n. Bright low-redshift sources
were removed from the data to avoid biasing the stacking re-
sults. We convert the 7@m flux densities into total IR lumi-
nosities again using the CE01 and DHO2 template libraries.
Being closer to the peak of IR SEDs, the conversion of ob-

Both GOODS-N and S have been observed with Spitzerserved 7q:m flux densities intd_jr is much less critical than

MIPS at 24um for about 10 hours per sky pixels. See D05b
for a slightly more detailed description of these datasets a
for the associations of 24m flux densities to K-selected
galaxies. Catalogs for the 24n sources will be presented by
Chary et al. (in preparation). Forza= 2 galaxy the 24m
emission corresponds to approximately ann8 rest-frame
measurement. For each galaxy in thé £ z < 2.5 redshift
range we have derived bolometric infrared luminositiesfro
the observed flux density at 24n and using the luminosity
dependent SED libraries of Chary & Elbaz (2001) and Dale
& Helou (2002). In practice, this is done by interpolating
over the template SEDs, sorting the valuelLgf that corre-
sponds to the observed 2 flux density. This determination
of the bolometric IR luminosity implies a large extrapabat]

as the~ 8 um rest-frame luminosity is generally a small frac-

tion of Lr, and therefore the result is template-dependent. For

this reason we also derived more dire¢tr8 rest-frame lumi-
nosities from the 24m flux density, using the model SEDs
(from CEO1 and DHO02) only to K-correct the measurement
from 24m observed to @m rest-frame luminosities (this K-
correction is also template dependent but generally small i
the probed redshift range, within a factor of 2). For the CE01
templates the relations betwek(8,m) andLr is:

Lir Lsum

Log( L ) =1.50x Log(L—) —4.31 3)
for Log(Ls,m/Ls) > 9.75, and
LOQ(LLﬂ) =0.93x LOQ(@) +1.23 (4)
© ®

for 24um, even az ~ 2.

3.3. VLA 1.4 GHz radio imaging

For this work, we use new ultradeep 20 cm (1.4 GHz) imag-
ing of the GOODS-N obtained at the VLA in various array
configurations for maximizing the data quality and the dy-
namic range (Morrison et al., in preparation). Coaddedéo th
previous radio data (mostly from Richards et al. 2000), the
new data currently reach an rms of 4.8y per beam over the
field. We then assume a radio spectral index —0.8 for
deriving 1.4 GHz rest-frame radio luminosities from the ob-
served flux density. The local radio-IR correlation (Condbn
al. 1992; Yun, Reddy & Condon 2001) is used to estimate the
bolometric IR luminosity from the radio luminosity:

Lr/Lo =35x 1012 (1.4GH2 [WHZz?Y ()

Using radio luminosities to estimaltgr for our sources im-
plies assuming that the radio-IR correlation still holdhigh
redshift. The dispersion of the local radio-IR correlateam
reach a factor of 2 for the most luminous sources (Yun et al.
2001), with luminosities comparable to those of the objects
detectable at ~ 2. The introduction of a K-correction term,
to derive 1.4 GHz rest-frame flux densities from the observed
ones, can introduce extra noise (or a bias) if the radio dkpe
different from the assumed value. This effect is likely deral
than the intrinsic dispersion seen locally, as a 10% error in
the slope translate in a similar error in the intrinsic 1.42GH
rest-frame flux density and therefore in the estimatgd

In order to reach deeper radio flux densities, we stacked in-
dividually undetected sources using the following techeiq
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FIG. 5.— Spitzer MIPS 24:m flux density for galaxies witiK < 20.5 in the GOODS-N field (left panel) and those with< 22.0 in the GOODS-S field (right
panel). Black filled symbols are for galaxies with known gpEscopic redshift, while red empty symbols are photoroetdshifts. The tracks show expected
24,m flux densities for galaxies with total IR luminosity of #010'2, 10'3L, (LIRGs, ULIRGSs, HyLIRGs), based on the model SEDs of Chary Etbaz
(2001).

We measured the average radio flux density level iff aal in the present work, we detect five objects at 880 We note
dius aperture and correlated this measure to the total fladio ~ again here that we are excluding all submm galaxies (SMGs)
density using simulated radio sources of various flux densi-that are individually detected in hard X-rays.

ties (defining an aperture correction, about a factor of.1.4) We obtained SCUBA 850m stacking of individually un-

By measuring a large number of empty regions in the radio detected sources by estimating flux densities and erroms fro
image we estimated the rms fluctuations of this measure inthe super-map at the position of each program galaxy, and
order to associate an error to each measure. This allows ushen proceeding as in DO5b.

to recover radio flux densities of ultra-faint sources with a Using sub-mm flux densities at 8n to infer bolometric
rms of 4.7uJy per source, very close to the noise per beam.luminosities [r) relies on assumptions for the long wave-
We used a 1 radius aperture, very close to the radio beam length shape of the SED, i.e., on dust temperatures. For this
size, after testing a variety of apertures from"0® 2’, as it work, we continue to use the SED shape templates of CEO1
provides the best compromise between final S/N and the neand DHO2, derived from local correlations. THigso,m to
cessity to measure over a relatively large area in ordergge co Lg conversion is to first approximation independent of red-
with possible coordinate misalignments. To statisticalty shift for the 14 < z < 2.5 range explored here. However,
count for the coordinate mismatches (of order of 0.190.2 the conversion is not perfectly linear. According to the CEO
By applying this procedure to bright, individually detette templates, a ULIRGLl(r = 10¥2L@) would have a flux den-
galaxies based on the K-band prior position, and comparingsity of about 1 mJy at these redshifts, raising to about 46 mJ
the result to radio flux densities derived by direct fit of the for a HyLIRG (Ligr = 10'L.). DHO2 templates give- 20%
profiles, we found that the radio flux densities required an av higher flux densities at a givelhr, over the same regime
erage additional correction of 10%. All these measurementsof luminosities. The non linearity is due to the luminosity-
and errors take into account the primary beam correction fortemperature trend observed in the local Universe (less-lumi
off-axis measurements. For obtaining stacking measuresmen nous galaxies harbor colder dust).

of undetected sources we obtained weighted averages of the

flux densities measured in this way. 3.5. X-ray imaging

. . We use the catalog of X-ray detected sources of Alexander
3.4. SCUBA 850 mum imaging etal. (2003). All sources detected in the hard X-ray bandwer
The GOODS-N field has been observed with the Submil- excluded from the SFR analysis in this paper as likely contai

limeter Common User Bolometer Array (SCUBA) at 840 ing AGNs. SFRs can be derived from the soft band 0.5-2 keV
in a variety of programs, whose data have been merged tofluxes (mapping closely to the 2—-8 keV rest-frame band) at
gether into a so-called super-map by Borys et al. (2003) andz = 2 (see e.g., Ranalli et al. 2004, Persic et al. 2004, Horn-
Pope et al. (2005). The depth of the submillimeter (submm) schemeier et al. 2005), provided that no substantial AGN con
map is highly variable over the field. In DO5b, we found that tamination is present at those energies. We have performed
only one GOODS-NBzK galaxy with K < 20 is individu- X-ray stacking ofBzK samples over the two fields. Results
ally detected at 85@m in the catalog described in Pope et al. are presented in Paper Il, as an assessment of the presence of
(2006). When consideringzK galaxies down t& < 20.5, as AGNs is required for interpreting the X-ray stacking result
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3.6. UV based SFR estimates It is worth mentioning to which extent the analysis pre-

Ongoing SFRs iz~ 2 galaxies are estimated using the Uy S€Nnted in this paper depends on the adopted IMF, i.e., a

Lo . - . Salpeter (1955) IMF from 0.1 to 1@, All of the luminosi-
luminosity, follqwmg th_e prescriptions in D04b. The 1500A ties that we use as SFR indicators are sensitive to the popula
rest-frame luminosity is derived from the obser/dand tion of high mass starsX 5M..), but the bulk of the mass in
flux density, and a K-correction term is derived based on the g o)

. : -\ stars that is actually formed is dominated by lower mass star
redshift of each source (photometric or spectroscopicyand Therefore, changing the slope of the low-mass end of the IMF,

UV spectral slope. Then L(1500A) is converted into a SFR ¢ " 3dopting the IMF of Kroupa (2001) or Chabrier (2003)
using Eq. 5 of DO4b, i.e.: that are in better agreement with current observations|avou
justimply lower overall SFRs, i.e., different normalizats in
SFRMuyr 1) = Lisoderg s tHz 1] /(8.85x 1077).  (7) Egs. 1 and 7 and different stellar masses (by nearly the same

The amount of dust reddening is estimated adopting a afactor). We prefer to quote numbers for Salpeter IMF for con-

Calzetti et al. (2000) reddening law (see also Meurer, Heck- SIStENcy with much of the literature in the field.

man & Calzetti 1998), and using the relation from D04b: However, changing the intermediate or high-mass slope
could have a significant effect on the relative conversiais b

tween different SF indicators, since stars in different snas
E(B—V)=025B-2+01)as ®) ranges can be responsible for varying contributions to the
An attenuation oAys00= 10x E(B—V) mag is then adopted  different SF indicators. For example, the radio emission is
to obtain dust-corrected SFRs from Eq. 8. With this proce- thought to be powered by higher mass stars than the IR or the
dure we obtain reddening corrected SFRs consistent to whay)v emission (e.g., Condon et al. 1992), and a steeper IMF
derived with SED fitting (D04b) for the bulk df-selected  slope at the high masses would systematically increase the
z~ 2 galaxies. IR/UV over radio luminosities. Timescale issues, e.g., ob-
Clearly, this technique is affected by several limitatioms  serving a starburst very close to the beginning (Roussel et
applying a reddening correction (which median is a factor of al. 2003) or a long time after the SFR peak, can also alter
~ 40 forK < 20,z = 2 galaxies), the technique assumes that the luminosity ratios. Conceivably, IMF and star formation
the UV spectral slope is entirely due to reddening, rathemth  timescale are partly degenerate for some of the effectswbat
to the presence of evolved stellar populations. Theref@e w discuss later in the paper. We neglect timescale effectsein t
expect it should only work for actively star forming galaxie  following of the paper.
Even more importantly, it is well known that strongest star-
bursts are opaque to UV radiation and its total SFR activity ~ 3.8. Limiting depths and effect of photometric redshifts
cannot.be reliably_ estimated solely from the UV, even after Fig.[3 shows the limiting sensitivity to bolometric IR Iu-
reddening corrections (e.g., Goldader et al. 2002; Buak et a minosity from the various tracers using the recipes desdrib

2005). Things can be different though at higher redshitts, a i, the previous sections (deep radio and SCUBA photometry
shown later in the paper (see also Flores et al. 2004; DO5bgre available only in GOODS-N). It is clear that the MIPS
Reddy et al. 2005). 24,m flux density is the most sensitive IR tracer by at least
an order of magnitude, allowing in GOODS to detect galax-
3.7. IMF related effects ies withLig ~ 10L., for most of the 14 < z < 2.5 redshift
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range considered here. This is illustrated in Eig. 4, shgwin L (24um)/Ly(CEO1)

that the fraction oz ~ 2 galaxies in our sample detected at 1010 101 1012 101 1014
24 m remains very high, over 60% even at te< 22 limit T T
of the GOODS-S field. Even lower SFRs can in principle F :

be derived from the UV over the whole redshift range, pro- i
vided there is no or just small dust obscuration. An unred- -
dened galaxy at = 2 with B = 27 AB (3o limit) would have -
SFR= 0.6 M., yr 1. A more practical limit is given by the

faintest galaxy detectable in the-band K = 22) havingno 5 10*
dust reddening, which would have SFR10 M., yr—1 for =
z= 2, similar to the depth reached at 2¢. In the case =

of galaxies with non zero dust reddening we can measure—
the SFRs only above higher limits. For example, a galaxy T
with B = 27 andE(B—V) = 0.4 (the median value at the 3
brightK < 20 limits) would have SFR 25 M, yr *atz=2 ~ S10% ¢ °
(Fig.[3). It is therefore quite interesting to compare UV and
24,m based SFR andr estimates, given that these are the
most powerful tracers, and available for nearly all ofthe2
galaxies in our GOODS sample.

The dependence &fr with redshift is generally steep, and ; ;
varying as a function of redshift itself, except for SCUBA  10% =04l e
850u:m photometry. In turn, photometric redshift errors prop- 101 ot 10t
agate intd_jgr and SFR errors differently when different trac- L(8um)/Lg
ers are Lfsed- We note, howeV_en that this is _mltlgated when g 7. Comparison, foz ~ 2 galaxies in the GOODS-N field, of the
considering the ratios dfjgr derived from two independent total IR luminosity (r) as inferred from radio (using the local radig
tracers, as is generally done in this paper. Even in this, casecorrelation; Condon 1992; Yun et al. 2001) to ther8 rest-frame luminos-

however, one can commit significant errors in cases of catas- (derived from the 24 observed flux density). Black and red symbols
’ are as in Figlls. The green points show the results of stagkidip unde-

trophic redshift failqres, e.g.,ifa gala_xy ak 2is mistaken  ected sources in 3 bins of:Bn luminosity. The blue points show the average
to be atz~ 3. In this case, thég derived from the 24:im trend versus &m luminosity, including both radio detected and undetected

or 70pm data could be strongly overestimated relative to that sources. The solid lines show the expected correlationdbasehe CEO1
derived from, e.g., 20 cm data or from the UV, due to the and DHO2 templates. Hard X-ray detected AGNSs are excluded.
stronger K-corrections for the emission in the MIPS band-
passes. We take these effects into account when comparin
the SFRs from different tracers. In general, the high qualit
of the adopted photometric redshift (see FEig. 1) shouldtlimi
this problem to a small minority of cases. In addition, we use

— 1018

— 1012

L(8-1000um)/L,

101t

ges, with respect to local sources.

4.2. MIPS 24um versus radio luminosities

the extensive spectroscopic redshift sample to conselatat _Bolometric luminosities derived from the 24n flux den-
conclusion first derived using the full combination of spect  Sities are compared to those derived from radio in[Hig. 7, for
scopic and photometric redshifts. GOODS-Nz ~ 2 galaxies. For radio detected sources (about

21% of the total sample ti = 20.5) the average galaxy has
Lir ~ 10%L., and there is overall agreement between.2%
and radio derived luminosities, for both CEO1 and DHO2 tem-
i L . plates. However, a large scatter is present and there ae-gal
4.1. Bolometric luminosities from the 24n flux densities ies with 24um to radio inferred. g ratios much different from
Fig. [  shows the flux density versus redshift relation of unity in both directions. We will come back to these sources
MIPS 24um detected sources in the two GOODS fields, to later in this section. For 94% (46/49) of the galaxies with
the corresponding-band limit in each field. Fig]6 shows L(8um) > 2x 10'L, the radio detection (or limit) implies a
the bolometric IR luminosity inferred from the 24n flux higherLr estimated from 24m with respect to radio, using
densities using the CEO1 templates. From both sets of fig-either CEO1 or DHO2 templates.
ures it is apparent that moving to higher redshifts souréts w We used radio stacking in order to investigate trends for
brighter and brightek,r are found, implying (after account-  radio-undetected sources. Green symbols in Eg. 7 show
ing for volume effects) a rapid brightening of the IR luminos  the result for radio-undetected sources, stacked as aidanct
ity function (as already emphasized in the literature;,d.g. of the 8um rest-frame luminosity, in turn derived from the
Floc'h et al. 2005; Caputi et al. 2007). However, it is some- 24um flux density. Stacked flux densities are in the range of
what surprising that the rise extends all the way to redshift 3—7uJy, comparable to or larger than the single beam noise,
z~ 3, and sources withjg ~ 103, and everiL ;g ~ 10", and the signal to noise of the detections is larger than Jin al
appear in the GOODS fields (see Peres Gonzales et al. 2004ases. The stacking emphasizes the existence of a sulbktanti
Papovich et al. 2006; Caputi et al. 2006 for similar resulfs) ~ population of sources with(8um) > 2 x 10*'L., where the
due to star-formation, these extreme luminosities would im Lir estimated from 24m exceeds on average by an order of
ply obscured SFRs up to 10008, yr—1. Such extremely = magnitude the same quantity derived from radio. When con-
high SFRs as inferred from 24m flux densities are some- sidering together radio detections and non-detectionsege
what suspicious, suggesting that the mid-IR light may not be @ good agreement at loly(8.m) luminosities and an overall
entirely powered by star formation, or may be reflect différe  increasing discrepancy of highe(8.m) /Lir with respect to
intrinsic mid-IR properties of these= 2 star forming galax-  both CE01 and DH02 templates. Aof8um) > 2 x 10*L,

4. IR BOLOMETRIC LUMINOSITIES FROM MID-IR, SUB-MM AND
RADIO
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FIG. 9.— The comparison of SCUBA 85%fm inferredLgr for z~ 2
objects to the 24m based luminosities. For the 5 SMGs (red squares) we
have photometric redshifts2< z < 2.8. The green points show stacking of
850um undetected sources. Hard X-ray detected AGNSs are excluded

[Lir(24um) > 4 x 10%L . ], the average overestimate is about
a factor of 3. It can be noticed from Figl 7 that radio limits
move to highelLr in the right part of the plot. This corre-

radio luminosities, that on the contrary show a radio-dstiv
bolometric luminosity that exceeds by a factgr3 (and up

to ~ 30) that inferred fromL(8um). This could be due to
additional radio emission from an AGN (despite non detec-
tion at X-ray wavelengths), as suggested also by Donley et al
(2007), mostly in lower redshift sources. Some sources tigh
have 24um deficit as expected in the case of very low metal-
licity (Engelbracht et al. 2005; Madden et al. 2006), or ia th
case of a strong 9./m silicate absorption entering the 2¢h
bandpass. The latter case can happen forl.5, and we do
find that 6 out of the 8 galaxies are indeed &4 z< 1.8.

4.3. MIPS 24um versus MIPS 7¢m

We have cross-checked this result using additibpalndi-
cators. Fig[B panels show the comparison with luminosities
inferred from the MIPS 7@m flux densities from the sur-
vey of Frayer et al. (2006; and in preparation). In the area
with available deep 70m imaging from Spitzer, about 200
arcmir? from the two fields, there are only a handful of indi-
vidually detected galaxies at, 1.4. The 7Qum imaging has
reached much shallowéyg limits than the 24:m data; how-
ever the non-detections are meaningful for the sources with
higherLg as inferred from the 24m data and imply that
Lir from 24m is overestimated in those sources. Similarly
to radio, we have performed stacking of galaxies au/m0
in both GOODS fields, binning the individually undetected
galaxies as a function of their;8n rest-frame luminosities
(see green boxes in Figl 8). Again, the most notable feature
is that sources with the brightest.é rest-frame luminosities
are not correspondingly brighter at #th, as would be ex-
pected on the basis of local templates. The averagentd
24 um flux density ratio is~ 6 — 7 for sources with. (8um) ~

sponds to the fact that most of these putative HyLIRGs (from 10'L ., and of- 3 for those withL (8um) > 2x 10'1L,. Tem-

24 ;um) tend to lie at higher redshift than average.

plates from CEO1 and DHO2 predict instead that the:m0

There are eight galaxies, spread over a range of mid-IR ando 24.m flux density ratio az ~ 2 should steeply increase
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FIG. 10.— The 24um inferred luminosities are compared to the UV light
from star-formation reprocessed into the IR ($Ffbscured. The latter is
defined as the difference between the dust-corrected anohtwerected SFR
estimated from the 1500A rest-frame luminosities. The fgoits show
the behavior of the median galaxy, for the usual 3 bins @h&est-frame
luminosity. Hard X-ray detected AGNSs are excluded.

with intrinsicLjg. A similar trend is found by Papovich by al.
(2007) inz = 2 galaxies.

Notice that contrarily to the radio case, for a giuga the
70um to 24um flux density ratio is fairly independent on the
redshift, for a given template, in the range considerediahcl
ing 2 < z< 3, due to more similar K-corrections. Therefore
these conclusions are relatively robust against unceiain
coming from photometric redshifts.

4.4, MIPS 24um versus SCUBA 850m

Finally, we have used the SCUBA super-map from Borys
et al. (2003) in order to investigate the comparison of 850
versus 24:m inferredL g values forz ~ 2 galaxies. Only
5 galaxies in the sample are individually detected, all at th
highest luminosities. For 4 of them the bolometric lumirosi
ties inferred from the 24m and 85Qum flux densities are in

E. Daddi et al.

z~ 2 sources. This also confirms the result that for the most
luminous 8:m rest-frame galaxies, the/®n luminosity is in
excess of what the local templates would predict giverLthe

of the galaxies estimated from other means. As to first order
the 850um flux density is independent of redshifts for IR lu-
minous galaxies within the probed redshift range, findiregg th
same 85@:m for the two bins shown in Fig. 9 while their aver-
age §&:m luminosity differers by a factor of 4 testifies again

for a large scatter in 8m to bolometrid_ g luminosity ratio

for high-zLIRGs and ULIRGs in our K-selected sample.

5. SFR FROM UV LIGHT. 'TRANSPARENT ULIRGS AT Z~ 2

DO05b found that the UV estimated SFRs, averaged over the
full sample ofBzK star forming galaxies witlk < 20, was
well within a factor of 2 of the average of the estimates de-
rived from the radio, mid-IR, X-rays and sub-mm data. This
suggested that —at least on average— UV is a a good tracer of
star-formation for massive= 2 galaxies, as advocated e.g.,
also by Reddy et al. (2005). We investigate here to which ex-
tent this remains valid when considering individual gadasxi

5.1. UV versus MIPS 24m

Fig.[I0 shows the UV estimate of tlidscuredSFR as a
function of the 8&:m rest-frame luminosities, for the GOODS-
S field only where we reach much fainter star-forming galax-
ies. This quantity is defined as:

Sl:RJV,obscured: SI:FQJV,corr - Sl:RJV,uncorra (9)

where the correction is for dust extinction, as described in
Section 3.6. The term SR obscuredS €quivalentto SFR in
Egs. 1 and 2. Moreover, entering with this quantity into Eq. 1
and solving folL g one gets the expected infrared luminosity
as due to the partial obscuration of the star formation aad th
reprocessing of its UV photons, i.d,gr(UV), also plotted

in Fig.[10. For this comparison we limit to sources detected
at 24pm and to galaxies where th® — z)ag color is well
estimated, with total error below 0.4 mag (corresponding to
maximum acceptable error of a factor of 2.5 in the reddening
correction to the SFR). At low Bm rest-frame luminosities,
there is a fairly good agreement between IR light (and SFR)
estimated from UV and from the 24m flux density, which

is within a factor of 2 for most galaxies. The two estimates
start to diverge fot.(8um) ~ 4 x 10'°, and byL (8um) >

2 x 1011, the UV underestimates the IR light by more than
a factor of~ 6 compared to the mid-IR. However, given the
discussion in the previous section, it is not clear how often

good agreement with expectations based on local templatesthis is due to an underestimate of the obscuration of the UV

while in a single case the 24m flux density lead to over-
predictingLigr by over an order of magnitude compared to
SCUBA. It is interesting to notice that this result is diffet
from the findings by Pope et al. (2006) for 8t selected
galaxies, where for typical galaxies the 8&@ flux density

light, or to an excess emission at 2d.

5.2. UV versus radio

In order to further check the reliability UV-derived SFRs
we compared UV-based estimates to radio observations. For

was in excess of what could have been predicted from theradio detected sources (20% of the sample) we find that the

24 m flux density. Our 5 sub-mm detectBdK galaxies rep-

median ratio between the IR luminosity estimated from the

resents actually a small part of the Pope et al. (2006) sam-adio to that from the UV is about a factor of 2, as shown in

ple. The most likely explanation of the differences is thmt t
sub-mm selection favors galaxies with relatively cold dast
emphasized also in Pope et al. (2006).

We stacked 850m undetected sources as a function of
their 8 um luminosities. We detect the intermediate and
highest luminosity bins only, both with S/N=4 a&gko,m ~

Fig.[11. This is likely the effect of the limiting flux density

in the radio, such that only the sources with brightest con-

tinuum are detected (i.e., the Malmquist bias). When stack-

ing radio-undetected sources as a function of UV inferred

Lir, and considering together radio-detected and undetected
sources, Fid. 11 shows that the ratio of UV to radig’s ap-

1.3mJy. This is consistent with the result presented in DO5b pear to be very close to unity at all UV luminosities, within

and Knudsen et al. (2005) for SCUBA stacking of distant

the errors. This implies that the UV-based SFR, corrected fo
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FIG. 12.— The ratio of mid-IR and radio inferred SFRs to UV inéair
ones. Green points are the stacking of radio undetectedein the 3 bins
defined by dotted lines. Number of sources stacked in eacls beported.
Hard X-ray detected AGNSs are excluded.

FIG. 11.— The comparison of radio to UV estimated total IR lunsities.
Green points show the stacking of radio undetected soundix® i3 bins de-
fined by the dotted vertical lines. Blue points show the ayewf all galaxies
(including detections) in the same 3 bins. Hard X-ray detdGNs are
excluded.

galaxies. There aBPears to be a shift of UV saturation level
dust reddening, is on average a good tracer of SFR even fofrom aboutLig = 10''L. atz= 0 to Lir greater than a few
the case of ULIRGs with,g > 10%2L .. 10%L,, atz=2. This is in line with the overall rise of the

On the other hand, there are also evidences of extreme obSFR density of the Universe during these epochs.
scuration at UV wavelengths. For 2-3 sources in the sample Thus, it appears that the UV is on average performing well
the UV underestimatesg by a factor up to 10-30 (some of for the Lig < 10'?L;, z= 2 galaxies. However, for the dis-
these objects might be radio loud AGN, despite their non de-crepant cases withr (24.m) > Lir (UV) (see again Fig. 10)
tection in the X-ray). For the most luminous sources with it remains unclear whether the discrepancy is due to excess
Lir > 2 x 10'? based on radio (a limit above which we should obscuration or to an intrinsic 24n excess. To disentangle
have a complete sample over GOODS-N) the median galaxythis ambiguity we have again used the radio as a diagnostic
has UV underestimatingr by a factor of 2.7. For the typi-  tool. In Fig.[12 we show the total SFR [from Eq. 2 using
cal (or median) ULIRG in our sample, however, the UV ap- Lir(24xm) as input into Eq. 1] of the radio-derived SFRs,
pears to provide a fairly good estimate lgg, with no sys- both normalized to the reddening corrected SFR from the UV.
tematic trend/offset with respect to the radio estimatdss T  For the sources whose SFR derived from thg.@4flux den-
is quite different from local ULIRGs, where the UV is known sity exceeds by more of a factor of 3 that derived from the
to underestimate g by factors 2 10 (Trentham et al. 1999; UV, we find that only~ 10-15% of them have a similar or
Goldader et al. 2002) even after correcting for dust extimct ~ larger excess also in the radio (and thus could be represent

Similarly, for z~ 2 SMGs the UV underestimates SFRs ULIRGs with anomalously high obscuration). For the major-
by an average factor of 120 (Chapman et al. 2005). For theity of 24 um excess objects, however, we find again that radio
5 galaxies in GOODS-N t& = 20.5 that are detected by SFRs agree with UV SFRs, suggesting again that it isra4
SCUBA at 85Qum, the 3 objects where the UV slope can flux density to be genuinely in excess also with respect to the
be estimated with relatively good S/N the ratio of radio- to UV luminosity.
UV-derived SFR is in the range between 3 and 35. For the
other two objects, with a poorer quality UV-derived SFRsthi ,
ratio is also~ 30. As we are considering here a subsam- galaxies
ple of SMGs with bright near-IR magnitudes, it is likely that  The discrepancies that have emerged from the comparisons
we are limiting to the least obscured sources in their class,in the previous sections lead to the question of how well we
hence these results appear to be consistent with Chapman fan correct UV luminosities for dust reddening, given the
al. (2005). adopted reddening law, and if the mid-IR excess is somewhat

Allin all, there seems to be evidence that the typical 2 related to dust reddening and UV slopes. FEig. 13 shows the
ULIRG is fairly 'transparent’ to UV light, the word meaning ratio of “total” SFR as from Eq. 2 estimated from the mid-
that we can estimate its SFR given its rest-frame UV 1500A IR using the 24:m flux densities over the UV-corrected SFR,
luminosity and UV slope. However, at much brighter bolo- as a function of the estimated reddening from Eq. 8. There
metric luminosities, well in excess of 1., the UV starts  appears to be no appreciable trend of a larger such ratio as a
to saturate, as inferred from the brightest radio or sub-mmfunction of reddening. This implies that if excess obsdorat

5.3. Reliability of reddening correction and quiescent
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FiG. 13.— Theratio of SFR inferred from 24m (plus the UV uncorrected
one) to the SFR derived from UV only and corrected for dushekbn using
a Calzetti law, is plotted as a function of the reddening E(Brnferred from
the UV slope (through théB — z) g color, as defined in D04b). We classify
galaxies above the dashed horizontal linendd-IR excesgalaxies. The
nature of such sources is investigated in detail in Paper 1.

is present over what corrected using the Calzetti et al.@R00
law, then the UV slope has to be very poorly correlated with

such an excess obscuration.gfey obscuration would work,

but all known dust absorbers are not grey. On the other hand
for the average galaxy, correcting the observed UV luminosi
ties based on the UV slope and using the Calzetti et al. red-

dening law, allows us to obtain fairly robust SFR estimaass,
indeed illustrated by Fig. 13.

galaxies, where the UV corrected for dust extinction presid
an incorrect estimate of the ongoing SFR activity.

5.4. The nature of mid-IR excess galaxies

The results of the previous sections have clearly singled
out the existence of a population ot~ 2 galaxies that we
call mid-IR excess galaxies, for which the MIPS 24 flux
densities would imply IR bolometric luminosities and SFR in
excees to those implied by all other available tracers of sta
formation activity. We emphasize that the existence oféhes
mid-IR excess galaxies is independent on the classes of tem-
plates used or on the particular recipe to convert an obderve
24 m flux density atz ~ 2 into a measure of SFRk. The
result shown in Figs. 7-10 can be read as evidence that at a
fixed bolometric luminosity arountigr ~ 10'2L, there is a
very large scatter df(8m), and one can objectively define
mid-IR excess galaxies as the galaxies with the largest ob-
served_(8um) for a givelLr.

Understanding and investigating the nature of these seurce
and the origin of the mid-IR excess has potentially far reach
ing implications. These aspects are directly developedlin f
in Paperll. In such paper we provide evidence indicating
that mid-IR excess galaxies contain heavily obscurednofte
Compton Thick, AGNs. We then argue that the AGN ener-
getic input is the most likely cause of the mid-IR excess in
these galaxies.

6. STAR FORMATION RATES INZ= 2 GALAXIES: A RECIPE

We summarize the work described in the previous sections
by suggesting a recipe for obtaining the best estimates of
SFRs for samples of ~ 2 galaxies, by exploiting a variety
of multiwavelength SFR indicators as available in GOODS
(and many of the current surveys, although to less deeslevel
such as e.g., in COSMOS, Scoville et al. 2007). This proce-
dure assumes that galaxies hosting relatively unobscuned a
luminous AGN have been eliminated from the sample, e.g,.
by means of deep X-ray imaging.

1) Compare UV-derived SFRs (SFRV, corr)), obtained

There are a few galaxies where the reddening corrected SFR
from the UV exceeds that derived from the mid-IR by more
than a factor of 3. As opposed to 2¢h excess objects, Fig. 112
shows that in most of these cases it is the UV that is overes-
timating SFRs. These latter ones are mostly confined to the
sources with reddest colors, and are likely galaxies in & pos
starburst phase that are on their way to turn passive/gnésc
In these cases, the redness of the UV continuum is due to a
dearth of young/massive stars rather than to dust reddening
and the SFR inferred from the UV, corrected for dust extinc-
tion following the recipes of Section 3.6, is obviously c¥er
timated. These sources are intermediate cases between pas-
sive BzK galaxies and star-forming ones, and similar to the
two blue systems discussed in Daddi et al. (2005a). The frac-
tion of these systems is fairly small, implying a rapid tran-
sition from the star-forming stage to the passive one. This
is related to the possible presence insaRzK samples of 3) In the cases where SKRid — IR+ UV) is larger than
sources with passive or quiescent stellar populationspras e about 3 times SFRJV,corr), i.e., for mid-IR excess
phasized by Grazian, Nonino & Gallozzi (2007) and Quadri galaxies, use SHRV, corr) as the best SFR indicator,
et al. (2007). The 25% discrepancy between average radio as it is likely that there is a contribution to the 24n
and UV estimates of g for the most luminous UV galax- flux density from other than star formation. Availability
ies (see the blue points in Fig.]11) is completely solved by of deep radio imaging and/or submm/mm imaging, can
excluding these nearly quiescent sources (about 20% of the allow one to identify the subsample of galaxies among
radio undetected galaxies in that bin). Clearly, MIPS.84 these that are actuallypaqueto UV light, and longer
photometry is required to identify these likghpst starburst wavelength estimates of SFR are to be used in the latter.

as described in Sectidn 3.6, to the ones obtained from
the 24,m flux density, using the CEO1 or DHO2 tem-
plates. For the sources where SFRd—IR+UV) and
SFRUV,corr) agree within a factor of- 3 (Fig.[12),

use the 24um based SFR plus the UV-based SFR un-
corrected for reddening (i.e., SARiId — IR+ UV)) as

the best estimate for the galaxy SFR. These sources are
calledmid-IR normalstar forming galaxies.

2) For the sources where SERid — IR+ UV) is lower
than about one third of SKRV,corr), use only the
24;m based SFR (SHRiid— IR)) as the best estimate.
These sources are not likely to have the UV/optical light
dominated by young massive stars, and are probably
quiescent or post starbursts (Higl 12).
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FIG. 14.— The same of Fig. 10, but distinguishikgband faint (left panel) and bright (right panel) galaxiésclear shift in the mean trend between mid-IR
luminosity and SFR is detected.

To our understanding these recipes makes the best possimid-IR starts to be systematically in excess of radio (BEig. 7
ble use of the multiwavelength database currently avalabl and therefore ULIRG densities derived from MIPS ;24
in order to cope with the limitations of each individual star data are likely to be overestimated. We notice however that
formation indicator. In particular, they are meant to singl the number of ULIRGs inferred from MIPS 2 emission
out those sources where a particular method is bound to fail,does not increase appreciably when moving from the sample
e.g., because the UV slope reflects age rather than reddeningith K < 20.5 in GOODS-N to the one limited & < 22.0
effects, or the mid-IR output is partly powered by an AGN.  in GOODS-S. On the other hand, there can be some sources

In principle, the similarity in the trends observed in Fig. 7 that are not classified as ULIRGs in the UV due to obscura-
10 could suggest to define modified, highly non linear rela- tion. Also, the radio flux density limits over this redshdinge
tions between @m luminosities and g for z= 2 galaxies, are very close to the ULIRG detection threshold, and hence a
as suggested also by Papovich et al. (2007), for recoveringadio-based estimate could be somewhat incomplete. There-
corrected_r for all galaxies. However, Fifl. 14 shows thatin fore, we average the UV/radio and MIPS estimates to derive
practice any such relation would be dependent on the sampléJLIRG space densities @t~ 2. Combining GOODS-N (154
properties itself, e.g. shifting as a functiontofband magni- ~ arcmirf) and GOODS-S (140 arcrfirused in this work),
tude, and therefore not well defined in general. and correcting the ULIRG counts to compensate for the fact
that we are including only sources not blended in the IRAC
images, we finally derive a sky density of ULIRGs of 0.6

In this section, we exploit the results presented so farjand  arcmin2. Using the comoving volume within.4d < z < 2.5
particular the improved SFRs for our sample of star-forming (Fig.[2), this implies a space density o6k« 104 Mpc 3.
galaxies atz ~ 2, in order to address a number of issues The uncertainty in this density is order of 0.2 dex, when ac-
which are relevant for our understanding of the nature of sta counting for the scatter in the ULIRG counts from the differ-
formation and mass assembly in such galaxies. entLr tracers, as mentioned above. We note that we have
) ) excluded galaxies with hard X-ray detections from this anal

7.1. The cosmic evolution of ULIRGs ysis as likely hosting AGNs. If we use the 2# emission for

As already shown by DO5b (see also Papovich et al. 2006;the X-ray AGNs to estimater, the sample of ULIRGs in-
Reddy et al. 2006a; Caputi et al. 2007), the typical massivecreases by 15-20%, thus still within the range of unceritsnt
(M 2 10"M,, yr—1) star-forming galaxy at= 2 isa ULIRG,  estimated above. The space density of ULIRGsat2 is a
i.e., it appear to haver ~ 10'L., or more. Here, we pro-  factor of 1000 larger than in the local Universe (e.g., Sasde
vide a more detailed estimate of the space density-ef2  er al. 2003), confirming the previous estimate of DOSb.
ULIRGs using multiwavelength information. In GOODS-  In a similar way, we derive the space density of ULIRGs in
N there are 11BzK galaxies that are classified as ULIRGs GOODS atz= 1, taking galaxies with 0 < z < 1.3 (using
based on their 2&m flux densities, 58 based on UV SFRs, Pphotometric and spectroscopic redshifts) and estimatjng
and 45 based on radio emission (or up to 69 if considering theusing 24um flux densities. We find only 7 such sources in
undetected radio sources with limits still consistent wita ~ the combined GOODS, which implies a space density »f 2
ULIRG regime). Similarly, in GOODS-S there are 1B5Ks 10-°, an order of magnitude lower than thatzat 2.1°
classified as ULIRGs from their 24m flux densities, and
50 from the UV SFRs. At luminosities dfig = 10*L., the

7. IMPLICATIONS

15 Adding hard X-ray detected galaxies only marginally insesathe esti-
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implemented in the Millennium models in order to allow them

In Fig.[T8 we compare these results to predictions from theto reproduce the existence of passive and massive galaxies
Millennium simulation of galaxy formation (Springel et al. both at high and low redshifts (de Lucia et al. 2006). The Op-
2005). We use the lightcones based on semianalitic modelgenheimer & Daveé (2006) models, lacking the crucial mech-
presented by Kitzbichler & White (2007). For a Kroupa et anism of AGN feedback, predict very low space density of
al. (2001) or Chabrier (2003) IMF the ULIRG regime corre- passive galaxies at~1-2, much below the observed density.
sponds to a star-formation rate of 129 yr—1, lower than the In Fig.[16 we show the number counts péssive BzK
rate reported in Eq. 1 for a Salpeter IMF. We considered all (PBzK) galaxies from Kong et al. (2006). These objects, se-
simulated galaxies with SFR above this threshold as ULIRGs.lected according to the criteria defined in D04b, are exjgecte
We explicitly quote here results for the Kroupa (2001) and to provide a fair census of the populationzof 1.4 passively
Chabrier (2003) IMFs because these are favored by observa€volving systems (see, e.g., Daddi et al 2005a; Arnouts et al
tions in the local Universe and therefore more appropriate f 2007). In GOODS the B-band data are not deep enough to
comparison to predictions of SFRs in galaxies. The modelreliably distinguish passive from star-formizK galaxies

underpredicts the space density of ULIRGs at bothl and

z= 2 by at least an order of magnitude. Only at higher red-

shifts, 3< z< 5, do the Millennium models predict a ULIRG
space density as large as that which we obserze-a2. This

using the color definition of DO4b. However, we may approx-
imate this by using the number counts of GOOB&K galax-
ies that have SFR 10M.yr~! based on the 24m measure-
ments. As we have shown in Fig. 3, the MIPS,24 observa-

suggests that star-formation in massive galaxies occurs to tions are very sensitive for detecting low rates of star f@rm
early in the simulations, or was terminated too early due to tion, and in particular to identify galaxies with red UV skxp
the adopted truncation of SFR from AGN feedback (e.g., Cro- but relatively low SFRs (Fig.12). The counts of galaxiegwit
ton et al. 2006). However, we reach similar conclusion when SFR< 10 Moyr—! from the combined GOODS N&S fields
comparing to simulated galaxy catalogs based on the modeBre shown in Fig._16. These are lower than giizK counts

of Oppenheimer & Davé (2006), which also predicts a com- of Kong et al. (2006), most likely due to cosmic variance, as

parably large space density of ULIRGS onlyzap- 2. these sources are very strongly clustered (Kong et al. 2006)
The larger COSMOS survey may provide more robust statis-

tics on the abundance of passive galaxies, although we note
that the 24um data in COSMOS (Sanders et al. 2007) are
shallower and cannot set such tight constraints on low SFRs
atz~ 2.

Overall, the Millennium simulations predictions, shown in
Fig.[18, seem to reproduce the data reasonably well, given
the large uncertainties, perhaps somewhat overestinidting
counts of galaxies with relatively low SFRs.

7.2. Counts of passive galaxies

One possible means for reconciling the models with the ob-
servations would be to delay star-formation until lateraymo
Therefore, it is important to compare observations and ihode
predictions for the abundance of passive, non-star-fagmin
galaxies az ~ 2. In fact, the feedback from AGNs has been

mated ULIRG space density alsozat 1.
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7.3. The duty cycle of 2 2 ULIRGs the star forming3zK region.

The Millennium models might under-predict the ULIRG By tal;]ing ';]hezminir?lumdSFR for e?Ch oﬁject, estimated
space density if the star formation episodes were shod/ive TOM €ither the 2&m flux density or from the extinction—
so that the peak SFR is missed caught when averaging oveforrected UV luminosity, we find that the fraction of ULIRGs
the simulation time steps (250 Myr at= 2 for the evolu- ~ @mong the most massive galaxiezat 2 is 39+ 5% (Pois-

tion of the dark matter, with much finer steps for physical SON counting error only). This very conservative estimate s
processes computed in the semi-analytic models). It igther & Similar constraint on the duty cycle of the ULIRG phase in

fore important to try to constrain the duration of the phase a Massive higre galaxies, i.e.,X, 40%. The cosmic time span
high redshifts. This is also relevant in order to evaluate th ©laPsing during the redshiftrangelk z< 2.5is about 2 Gyr,
contribution from this star-formation mode to the assembly With only 1 Gyr per galaxy available on average (given the
of stars in massive galaxies. In DO5b it was suggested that€@sonably flat redshift distribution within these limitShis
duty cycles are high, based on the very large detection ratdmplies that these ULIRG phase will last for at least some

and brightness of the most massive galaxies airfd Ca- 400 Myr, one order of magnitude longer than what is currently
puti etlgl. (2006) agree with this (I:\:)ngusi)(;ln bztsed on their €stimated for SMGs at similar redshifts, or for local ULIRGs

24,m study ofz = 2 galaxies in GOODS. We investigate this (see, e.g., Greve et al. 2005; Tacconi et al. 2006; althoegh s
pointin more detail here, in the light of our new results om th /S0 Swinbank et al. 2006).
comparison of the different star formation estimators. 7 4. The star formation mass correlation atz2

In order to do this, we consider a mass— and volume-limited , . ,
sample oBzK galaxies, and evaluate the fraction of ULIRGs We can gain further insights on the nature of star-formation
in the sample. If ULIRGs stopped forming stars, they would &tZ= 2 by examining correlations between galaxy mass and
remain in the mass-selected sample as passive or slowdy staStar formation rates. Recently, Noeske et al. (2007) and El-
forming galaxies. The fraction of ULIRGs in this mass- baz et al. (2007) have shown that star formation and stellar
selected sample is therefore a lower limit to their duty eycl Mass define a tight correlation (0.2 dex scatter) in galeadies
as the ULIRG phase could have started well before the galaxZ~ 1, with rough proportionality (logarithmic slope of 0.9).
ies reached the required mass threshold, or at an earlier eradimilar proportionality is also seen at= 0 in data from the
before the redshift boundary of the sample considered here. Sloan Digital Sky Survey (Elbaz et al. 2007), although with

To build a mass-limited sample af~ 2 galaxies, we con- @ lower no_rmalllzat_lon reflecting the overall decline in casm
sider all of thez > 1.4 BzK galaxies, including both star form-  SFR density with time. _
ing and passive galaxies. The latter were excluded for the Fig-[L7 (left panel) shows the SFR- stellar mass relation for
analyses in previous parts of the paper. We use the empiri-galaxies az~ 2 in GOODS-S using the UV to derive SFRs.
cal mass estimate described in D04b that is based on detailed? this plot, we show only those sources with MIPS detec-
SED fitting results with the Bruzual & Charlot (2003) models ton, with 24um-derived SFR not less than 1/2 of the UV one
performed by Fontana et al. (2004). This calibration allows (f0 avoid estimating SFR from UV for evolved galaxies, see
us to associate a mass to each galaxy based on its K-banfi9-12) and with a well-defined UV slope for obtaining an ac-
magnitude, with a correction for varyirg /L ratio based on ~ curate reddening estimate. We find that a proportionality wi
the observed — K color. Maraston et al. (2006; 2007) have & logarithmic slope of 0.9 (blue line in Fig.117), normalized
shown that for passive galaxies, where the overall SED ist0 the median SFR/Mratio of the sample (2.4 Gyt), pro-
dominated by 0.5-1 Gyr old stars, the use of the Maraston vides a good f|t to the data, W.I'[h semi interquartile range of
(2005) model libraries results in masses that are smaller byonly 0.16 dex in the SFR/M ratio. We have cross-checked the
0.2-0.3 dex (see also Bruzual 2007). For star-fornBag validity of this relation in GOODS-N using the deep radio ob-
galaxies, where the young stellar component dominates theservations. We have divided the galaxies (limitete- 20.5,
light, we find (Maraston et al., in preparation) that the Mara @ Smaller range than what plotted in Figl 17) in 3 independent
ton models provid®/ /L ratios that are consistent on average Mass ranges and obtained the average SFR in the bin using the
with those from Bruzual & Charlot (2003). radio, averaging together radio detections and non detexti

In theM > 101M,, sample constructed in this manner, we The green points in Fif. 17 show that the star formation tesul
find 34 galaxies ar ~ 2 in GOODS-S and 38 in GOoDs- from the stacked radio emission agree very well with the-rela
N. Only 1/34 of the GOODS-S galaxies above this mass tion that we derive from the UV light. This check is important

threshold hak > 20.5, which suggests that the sample is Pecause itis based on an indicator that should, in prindjele
fairly complete also in the GOODS-N to this limit. The More solid than UV, and also because it allows us to include

space density of massive galaxies with> 101'M., is about ~ Many of the massive galaxies for which UV SFR could not be
8x 105 Mpc 3. This estimate is within a factor o€ 2 of estimated due to their faintness in the optical bands.

the one reported by van Dokkum et al. (2006) using the larger Due to the substantial presence of mid-IR excess objects at

; ; ono - Za 2, we do not expect that this relation can be accurately
gﬂt;glrcm?;gggj despite the different methods for estimating recovered using the 24m inferred SFRs. This explains why

In order to estimate SFRs, we use both MIPS##%and Caputi et al. (2006b) find a much looser correlation between

the UV luminosities corrected for reddening. While we have SFR and masses far= 2 galaxies. If we use 24m inferred
shown that SFRs inferred from 24n are suspect if they are SFR only for those galaxies where this quantity is within a
substantially larger those derived from the UV data, the MIP fak::to_r ofSBF(I;f the UV onle (_thefn?lld-IR n_ormal qbrlleﬁwe
data are also very efficient for measuring relatively low SFR © tS'\r} aF' [ﬂ'mqsi corre ?t'on ully consistent with t

in red galaxies where UV-reddening estimates would be in " YV (Fig.L17, right panel). .

turn overestimated (see Fig.]12). Therefore, the MIPS data Thez= 2 correlation appears to have a slope similar to that
are ideal for isolating the most quiescent galaxies evehdn t at lower redshifts. Instead, the normalizatiozat2 is a fac-

; tor of 3.7 larger than that at= 1, and 27 times larger than at
case that some low level residual SFRs place these sources @P: 0 (Elbaz et al. 2007: Noeske et al. 2007). At fixed stellar
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The inferred correlation is quite tight, with semi interqua

[ T T ] tile range of only 0.16 dex in the dispersion of specific SFRs.
We caution that, having used mainly the UV as a SFR estima-
1000 - tor, we cannotreliably rule out the presence of a larger rmmb
of outliers at low stellar masses, for which we might strgngl
underestimate the SFR from the UV. These cannot be reliably
identified to meaningful depths with radio data (due to the flu
density limits of current observations), nor at;/2% (due to
the existence of mid-IR excess sources). We will have to wait
for Herschel and ALMA to address this issue accurately.

Submillimeter-selected galaxies are strong outliers i® th
trend, however. Tacconi et al. (2006) estimate that SMGs
in their sample have typicallir = 10*°L., and dynamical
masses< 101M,, (see also Greve et al. 2005 for similar re-
sults). For a given stellar mass (assuming that most of the dy
namical mass in the central regions of SMGs is stellar), SMGs
are forming stars at a 10x or larger rate respect to ordinary
massive star forming galaxies. Their space density is glso a
proximately an order of magnitude smaller. SMGgat 2
appear to be like LIRGs and ULIRGs at 0, i.e., relatively
. rare objects and outliers of the mass-SFR correlation (kee E

00

SFR [Mgyr—]

10

Yool

101 1ot baz et al. 2007). To this regard, it is not surprising that muc
Stellar Mass [Mg] shorter star formation duty cycles and lifetimes have baen i
, : , ferred for SMGs and local ULIRGsg 100Myr; Greve et al.
FIG. 18.— The same of Fid._17, but here simulated galaxieg -at . ’
1.90+ 0.05 are plotted, taken from the Millennium lightcones of Kitzh- 2005; Solomon & Vanden Bout 2005). These represent short-
ler & White (2007). The cyan line is a power law with slope &%, and the lived stages of the life of galaxies, due, e.g., to ongoinggme

blue solid line is the same of the one in Hig] 17, showing treraye trend ers or some temporary perturbations (see, e.g., Dannardiaue

for the GOODSBzK sample at the same redshift. al. 2006 for a discussion). ULIRGs and SMGs also generally
have smaller physical sizes (Tacconi et al. 2006) than thbse
more ordinary massive, star-forming galaxieg at2 (D04a;

mass, star forming galaxies were much more active on aver-Ravindranath et al. 2007, in preparation), suggestingttteat

age in the past. This is most likely due to a larger abundanceSMGs are in more advanced merger states.

of gas, depleted with passing of time. We have used the mock lightcones from Kitzbichler et
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al. (2007), based on the Millennium simulations, to explore
the comparison of mass and SFRzat 2 in these models
(Fig.[18). As emphasized already by Finlator et al. (2006) th
orethical simulations quite naturally predict the exiseiof
correlations between galaxies SFRs and stellar masses. How
ever, we find that at fixed stellar masses, the model galax-
ies are forming stars at about 1/4 of the observed rate for
galaxies withM ~ 10''M.,. The correlation is also substan-
tially tilted, with decreasing specific SFR at larger masses
seems that a major change required for models would be to in-
crease the star-formation efficiency (and thus the typiE&)S
at all masses for star-forming galaxies at redshi8s0z < 3,
while still keeping the current proportion of massive géatax
in a passive/quiescent state. Interestingly, we find thaeif
reproduce Fig.18 plotting simulated Millennium galaxi¢s a
z=3instead o= 1.9, we find that simulated galaxies match
the z= 2 GOODS galaxies quite accurately, with the same
SFR versus mass normalization, slope and with similar scat-
ter. This again reinforces the idea that SFR and mass growth
happens too early in the current version of the simulations.
The observed mass-SFR correlation defines a more basic
dichotomy of galaxy properties than those based on colors,
as emphasized also by Elbaz et al. (2007). In future papers,
we will investigate other physical properties of 2 galax-
ies (like morphology) as a function of their distance frora th
correlation. Finally, we note that the trend of SFR incregsi
with galaxy mass, and the fact that star formation is susthin
with long duty cycles, formally imply very rapid growth of
the stellar mass during the period spanned by the observa-
tions. We confirm the conclusions of DO5b, that the epoch
within 1.4 < z< 2.5 corresponds to the major build-up period
of the most massive galaxies in the local Universe.

8. SUMMARY AND CONCLUSIONS

We have investigated the properties of K-selected, star
forming galaxies az ~ 2 in the GOODS fields, by means
of over 1000 galaxies with.4 < z < 2.5, several hundred of
which have measured spectroscopic redshifts. We have used
the deepest observations at a variety of wavelengths,dnclu
ing radio, Spitzer 24m and 7Qum, SCUBA 85Qum and UV
light, in order to derive and compare multiwavelength lumi-
nosities of galaxies, and to investigate the reliabilitythedse
luminosities for measuring star formation rates. Our figdin
can be summarized as follow:

e For most galaxies with moderate mid-IR luminosities,
L(8um) < 10*L., Spitzer 24um measurements can be
used to estimate total infrared luminosities and star for-
mation rates of galaxies at~ 2. The ratios of the
mid-IR luminosities to those at other wavelengths (ra-
dio, 70um, 850um and even reddening-corrected UV
light) are consistent with expectations from local cor-
relations, provided that their mid-IR luminosities is not
too large.

e However, most galaxies with.(8um) > (1-2) x
10'L ., show a mid-IR excess with respect to all other
luminosities, compared to that expected from local cor-
relations, and on ratios observed in less luminpgs?
galaxies. We therefore report the discovery of a large
population ofz ~ 2 galaxies with intrinsic mid-IR ex-
cess. We investigate the nature of these sources in
a companion paper (Daddi et al. 2007; Paper Il here-
after), concluding that these objects contain heavily ob-
scured, often Compton thick, AGN.

e The presence of %alaxies with seemingly extreme
SFR> 1000Mg, yr~ estimated from 24m flux den-
sities is nearly always due to the existence of these
mid-IR excess sources. A large proportion of 2d
sources ar ~ 2 detected in Spitzer surveys shallower
than GOODS will be mid-IR excess objects, and their
star formation rates and infrared luminosities may be
greatly overestimated if bolometric corrections from lo-
cal starburst galaxy templates are applied. The true SFR
of these objects rarely exceeds a few hundviedyr—1.

e Fortypicalz= 2 galaxies, observed at fainter;2# flux
densities, the local correlations among the SFR tracers
that we have probed here still hold within the uncertain-
ties.

e The observed UV luminosity, corrected for dust redden-
ing based on the observed UV slope using a Calzetti
et al. (2000) extinction law, allows one to obtain reli-
able estimate of the SFR activity for a large majority
of z= 2 galaxies. This is demonstrated in comparison
with mid-IR estimates (except for sources with intrinsic
mid-IR excess), and with radio, 70n and 85Q:m ob-
servations through stacking in bins of UV and mid-IR
luminosity. The typical ULIRG ak = 2 is 'transpar-
ent’ to UV light, contrary to present—day ULIRGs and
toz=2 SMGs.

e As exceptions, we do find a minority af~ 2 galax-

ies which appear to be opaque to UV emission from
star formation. Even after correction for dust redden-
ing, the SFR derived from the UV light in these ob-
jects is underestimated by large amounts. These ob-
jects are similar to SMGs, and given the depths of cur-
rent GOODS multiwavelength data, they are best rec-
ognized as highly obscured outliers by comparing their
UV and radio properties.

e Similarly, there is a small population of K-selected
sources that are classified as star forming galaxies based
on optical-UV colors (e.g., with thBzK diagram) but
for which the UV estimates of SFR greatly overpre-
dict the true amount of SFR. These are probably post-
starburst galaxies, whose red UV colors are not only
due to dust reddening, but also have important contribu-
tions from intrinsically cooler, lower-mass stars. Also
these objects can be identified from the comparison of
UV and mid-IR based SFRs.

e Exploiting all availablez= 2 SFR estimators, we have
derived a measure of the space density of ULIRGs at
z~ 2 in the GOODS fields. We find a space den-
sity of about 2x 10~% Mpc—2 and a sky density of 0.6
arcmirm? at 14 < z< 2.5. This is a factor of 10 larger
than the abundance predicted by semianalitic models
based on the Millennium simulations.

e Similarly, we have used our improved understanding
of z= 2 SFR tracers to investigate the abundance of
z ~ 2 massive galaxies with low ongoing SFR (below
10 My, yr 1. We have computed number counts of
these galaxies as a function of their K-band magnitude,
and find that the counts are lower than that of passive
(pBzK) objects selected by Kong et al. (2006), likely
due to cosmic variance and possibly to some contam-
ination of pBzK samples fronz < 1.4 dusty galaxies.
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Predictions based on the Millennium simulations can
reasonably well account for the space density of these
galaxies.

with similar slope and similarly small scatter to what
observed, but with much lower normalization than the
observed one.

e We conclude by suggesting that current realizations
of galaxy formation models could come to fairly good
agreement with the observations available for 2
galaxies if, by some means, the major periods of star
formation activity could be delayed until later epochs
than in current implementations.

e We have built a mass-limited sample of galaxies with
M > 10'M,, atz~ 2. By estimating the distribution
of SFRs in these galaxies, we derive lower limits to the
duty cycle of ULIRGs. This is defined as the fraction of
ULIRGSs inside the mass-limited sample. We conclude
that this duty cycle is at least 0.4. This is much larger
than the duty cycle estimated for local ULIRGs, and
also forz= 2 SMGs. The relatively large duty cycles
imply SFR duration at ULIRG levels of order of 0.5 Gyr
or more. This also implies that large gas reservoirs have
to existin most of the massize= 2 galaxies, or that gas
must be accreted very efficiently over time.

We thank the rest of the GMASS team for allowing us to
use the still unpublished spectroscopic redshifts, andhae
many other members of the GOODS team, who have helped
e We have found that a relatively tight stellar mass-SFR to make these observations possible. We are grateful to/Emil

relation is already in place a = 2, for star form- MacDonald, Daniel Stern and Hy Spinrad for collecting some

ing galaxies detected at 24n, with a scatter (semi-  of the redshifts used in this work, and to Manfred Kitzbichle
interquartile range) of only 0.16 dex in the specific star Romeel Davé and collaborators for the galaxy catalogs based
formation rate. This has been derived mainly basing on on their model predictions. ED gratefully acknowledges
the UV estimates of SFRs, and confirmed through radio NASA support (at the beginning of this work) through the
stacking of galaxies in mass bins and using SFRs de-Spitzer Fellowship Program, award 1268429. DMA thanks
rived from the 24um flux density, once mid-IR excess the Royal Society for funding. JK acknowledges financial
objects are excluded from the sample. The typical star support from the German Science Foundation (DFG) under
forming galaxy atz = 2 is forming stars more rapidly  contract SFB-439. Support for this work, part of the Spitzer
by factors of 3.7 and 27 respect to an object with sim- Space Telescope Legacy Science Program, was provided by
ilar mass az =1 andz= 0. Current numerical simu- NASA, Contract Number 1224666 issued by the JPL, Cal-

lations are able to reproduce the mass-SFR correlationtech, under NASA contract 1407.
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