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ABSTRACT

Aims. The goal of this work is to infer the star formation propestand the mass assembly process of high redsh§t{® < 2.5)
galaxies from their IR emission using the 2¢h band of MIPS-Spitzer.

Methods. We used an updated version of the GOODS-MUSIC catalog, withitwavelength coverage from 0.3 to 24n and
spectroscopic or accurate photometric redshifts. We tesstiow the catalog has been extended with the addition oflRniiLixes
derived from the MIPS 24m image. We compared twoftirent estimators for the star formation rate (SFR hergafbae is the
total infrared emission as derived from 2#h, estimated using both synthetic and empirical IR templalée other one is a multi-
wavelength fit to the full galaxy SED, which automaticallyxaants for dust reddening and age—star formation activagederacies.
With both estimates we computed the SFR density and thefep8EiR.

Results. We show that the two SFR indicators are roughly consistee the involved uncertainties are taken into account. KMewe
they show a systematic trend, with IR-based estimates dirmpéhe fit-based ones for increasing star formation raiiéh Wis new
catalog, we show tha#) At z > 0.3, the star formation rate is well correlated with stellaissyand this relationship seems to steepen
with redshift if one relies on the IR-based estimates of fig;B) The contribution to the global SFRD by massive galaxiesiases
with redshift up to~ 2.5, faster than for galaxies of lower mass, but appears tefiat higherz; c) Despite this increase, the most
important contributors to the SFRD at anpre galaxies around, or immediately below, the charatieggellar massd) At z ~ 2,
massive galaxies are actively star-forming, with a mediBR S 300M,yr~*. During this epoch, they assemble a substantial part of
their final stellar mass) The specific SFR (SSFR) shows a clear bimodal distribution.

Conclusions. The analysis of the SFR density and the SSFR seems to supedainsizing scenario, according to which high mass
galaxies have formed their stars earlier and faster thanltdwemass counterparts. A comparison with recent rendtiof theoretical
simulations of galaxy formation and evolution shows thasth models follow the global increase of the SSFR with rédahd
forecast the existence of quiescent galaxies even-al.5. However, the average SSFR is systematically under-gesgtiby all the
models considered.

Key words. Galaxies: evolution - Galaxies: high-redshift - Galaxiegidamental parameters - Galaxies: photometry - Galaxies:
starburst

1. Introduction and then much mildly up to the present epoch, while less mas-
i ) ) i ) sive galaxies keep evolving, suggests that massive galexist

Answering the basic questions about birth, formation, magsye peen already formed lay~ 1.5. Besides, several groups
buildup and evolution of galaxies throughout the cosmicetim (e.g[Faber et al. 2007; Brown ef al. 2007) studied the eioolut
one of the major goals of observational extragalactic astiy. ot massive galaxies at< 1, and their migration from the blue

In the past years this issue has been approached freud to the red sequence. It is worth noting that opticabolz
a double point of view. Many previous works have meaions [Bell et all 2004; Zucca etlal. 2006) suggest that tha-nu
sured a rapid evolution of the stellar mass density betweggr of massive galaxies, as well as the stellar mass on the red
z ~ 1 andz ~ 3 (Dickinson et all 2003; Fontana et al. 2003sequence, nearly doubled since 1, in qualitative agreement
2004;| Glazebrook et al. 2004; Drory et al. 2004; Fontana'et glith the hierarchical merging scenario.
2006; Rudnick et al. 2006; Papovich elial. 2006; Yan &t al6200
Pozzetti et all 2007) and have demonstrated that a sutatanti As a parallel line of study, an analysis of the rate at which
fraction (30-50%) of the stellar mass formed at that epotie Tgalaxies are forming stars throughtdrent epochs showed that
differential evolution of the galaxy stellar mass functionomde they are actually experiencing an extremely active phaslkeean
ing to which massive galaxies evolve very fast upzter 1.5 same redshift range (e.g. Lilly etial. 1996; Madau et al. 1996
Steidel et al. 1999; Hopkins 2004; Hopkins & Beacom 2006;
Send offprint requests  to: P. Santini, e-mail: [Daddi et al. 2007b). Galaxies seem to form their stars follow
santini@oa-roma.inaf.it ing the so-calleddownsizing scenario, in which the star for-
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mation shifts from high mass to low mass galaxies as reety of diferent libraries are used for this purpose (e.g.,
shift decreases. According to this picture, which was finst i\Chary & Elbaz 2001; Dale & Helou 2002; Lagache et al. 2003;
troduced by Cowie et al. (1996), who studied the evolution &iebenmorgen & Kriigel 2007, and so on). A notable limitatio
the Kg band luminosity function with redshift, most massiveo the reliability of IR-based SFR tracers concerns obsture
galaxies assemble their mass both earlier and more quickigNs. In these objects, indeed, the IR emission is caused by
than their lower mass counterparts, which, conversely; camatter accretion on the central black hole rather than by dus
tinue to form stars until recent epochs. Later on, many otheeating from young stars.

groups (e.g.) Brinchmann & Ellis 2000; Fontana etlal. 2003; In this paper we use the GOODS-MUSIC catalog to inves-
Feulner et al. 200%; Pérez-Gonzalez et al. 2005; Papetiah tigate properties of star-forming galaxies up to redsh#t @nd
2006; Damen et al. 2009) derived confirmations afosnsiz- describe the mass assembly process from their mid-IR emnissi
ing behaviour from the study of the specific star formation rat&he paper is organized as follows. In Sect. 2, we remind teieba
defined as the star formation rate per unit mass, fierdint features of the GOODS-MUSIC dataset and explain the innova-
redshifts. However, it is worth mentioning that deep radie otions concerning its latest version, and we explain how & ha
servations|(Dunne et al. 2009) apparently do not confirm tHi®en updated with the addition of the 2¢h photometric band.
scenario. Thelownsizing picture is only apparently contradict-We derive and compare star formation rates from IR— and fit—
ing the hierarchical growth scenario: in fact, the most rivass based estimators in Sect. 3. In Sect. 4, we present a studhieon t
structures we see today result from merging processes bptwmass assembly process in the high redshift Universe and a com
smaller structures which were sitting on large scale ovesities parison with theoretical models predictions. Finally, wensna-

and have collapsed when the Universe was much younger thizme our work and our conclusions in Sect. 5. In Appendix A we
today. describe in more details how we convert mid-IR fluxes into to-

To reproduce such an early formation of massive galatal infrared luminosities and we show a comparison between t
ies (seel_Thomas etlal. 2005), already “red and dead” differenttemplates used, and in Appendix B we present the error
high z theoretical models had to introduce venffi€ analysis performed on the fit-based SFR estimates.
cient star formation processes together with their sup- Throughout this work, unless otherwise stated, we assume
pression by means of Active Galactic Nuclei and supesiSalpeter (1955) initial mass function (IMF) and we adopt th
novae quenching of the cooling flows (Menciet al. 2006\-CDM concordance cosmological model(H 70 knysMpc,
Kitzbichler & White |2007; | Bower et al. _2006;__Croton et alQy = 0.3 andQ, = 0.7).

2006; Nagamine et al. 2006; Monaco et al. 2007), gravitation

heating [(Khochfar & Ostriker 2008; Johansson et al. 2009) gr

shock heating (Dekel & Birnboirn 2006). Such models inghtIg' The data sample

differ in their predictions mainly because they adogfedent 2 1. The new GOODS-MUSIC sample

processes to shut down the star formation. ) )

Both stellar masses and star formation rate estimates Y@ Present and use here an updated version of the multiicolou
affected by a number of uncertainties. The measure of tROODS-MUSIC sample (GOODS MuUlticolour Southern
star formation rate (SFR) is especiallyfitiult to handle. The Infrared Catalog; Grazian etlal. 2006), extracted from this-p
high amount of energy produced by newly born stars is emiic data of the GOODS-South survey (G|§1vallsco etal. 2004).
ted throughout the galaxy spectral energy distributiond{SE In the following, we shall refer to thl_s version of the cagilms.
from X-rays to radio frequencies. Evidently, it is impossib GOODS-MUSIC v2, to dierentiate it from the former public
to directly measure the total light emitted by young and ma¥€rsion, Whlch is named v1 hereafter. The new version is also
sive stars, and calibration factors and corrections arairegy Made publicly avallabIE.
to estimate it from any of these frequency randes (Kenhicutt ' ne 15-bands multi-wavelength coverage ranges from 0.35
1998; Bell[ 2003{ Calzetfi 2008). One of the most used estim@-24xm , as a result of the combination of images coming from
tors is the UV rest-frame band, where young and massive stdferent instruments (2.2ESO, VLT-VIMOS, ACS-HST, VLT-
emit most of their light. However, dust absorbs, reproceasel SAAC, Spitzer-IRAC, Spitzer-MIPS). Such catalog covens a
re-radiates UV photons at near-to-far IR wavelengths. Hen@rea.of« 143.2 arcmifAlocated in the Chandr.a Deep Fle;ld Sputh
the reliability of UV luminosity as a SFR tracer depends ofnd it is made of 15208 sources._After culllngl Galactic stiars
large and uncertain corrections relying upon the dust ptigse contains 14999 objects selected in theand or in theKs band
which are not clearly known yel (Calzetti ef al. 1094: Caizetor at 4.5um. ,
1997,12001). Moreover, the UV-upturn atshortward of 2500  1he Wthcl)le catalqlg br:ast b((aje? cross-correlaied W|th§;;taegtro-
A (e.g/Han et 8l. 2007), especially in elliptical galaxiesn po- SCOP!C catalogs avarabie (o dale, and a Spectroscopitireds
tegtiaglly bias the SFR)estirFrzate a}{ very FI)ow regdshift. Sirﬁ)vxe thas been assigned tal2 % of sources. For all other objects

most intense star formation episodes are expected to hap ghave c:zom_pgtgd We” cahbrated photometric redshiftegiai .
in dusty regions, most of the power coming from star-formin andardy~ minimization technique over a large set of synthetic

(SF) galaxies is emitted in this wavelength range, and the dgPectral templates.

emission peak is the dominant component of SF galaxies SED The previous version of_the cat_alog and th? proc_edures
(Adelberger & Steidel 2000; Calzetti ef al. 2000). Thus, e fr 2dopted to extract photometric redshifts and physical grtigs
quent approach consists in adopting a conversion to tremsfd©’ ach object are described at length in Grazian et al.6P00
the total emitted IR luminosity (k hereafter) into a star for- and Fontana et al. (2006). W'th respect to the prew_ousco@,tal
mation rate estimation which is noffected by dust obscuration'V€ have performed a set of improvements to the optical-iear-
(Kennicut{ 1998). data, the major being:

The total infrared luminosity is generally estimated thgbu 1 1he catalog is available in electronic form at the CDS
the comparison between observed SEDs and synthetic tea- anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) via
plates, although sometimes empirical conversions have b&gpy/cdsweb.u-strasbg/gi-birygcat?fA+A/. It is also possible to
used |(Takeuchietall. 2005; Bavouzetetal. 2007). A vadewnload the catalog at the WEB site htfibc.mporzio.astro.jgoods.
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— In addition to objects selected in the A@8nd in the ISAAC inated by an unresolved central source. Such sources typi-
Ks bands, we have also included objects selected on the cally have spectra classified as Narrow Line AGNs. The opti-
IRAC 4.5um image, hence including sources which are de- cal morphologies of all remaining X-ray sources do not show

tected at 4.5m but very faint or undetected even in tkg a dominating central point like source, and — where avail-
band. A full description of these objects is beyond the scope able — have typically spectra classified as Emission Line sta
of the present paper and will be presented elsewhere. forming galaxies. Such objects have been kept in our galaxy

— We have revised the photometry in the four IRAC bands us- sample.
ing an updated version of the PSF-matching kernels, as re-
leased by the Spitzer Science Center. As a consequence, welThe major new ingredient of this new version of the
also adopted a larger kernel, to fully account for the larggOODS-MUSIC catalog, however, is the inclusion of the
tails of the IRAC PSFs. 24 um photometry for all galaxies in the sample, which is the
— We have adopted a revised procedure for estimating th®in focus of the present paper. We describe the adopted-proc
background in the IRAC images. Using the objects’ positures and results in the following.
tions and IRAC fluxes from the GOODS-MUSIC v1 catalog,
we have created realistic simulated images in the four IR
bands by smoothing sources to the nominal IRAC PSFS.%F?' MIPS 24 um catalog
accurate background estimation was performed by subtragle have extended the GOODS-MUSIC catalog with the addi-
ing these simulated images from the original ones and by litien of the mid-IR fluxes derived from the public 24n im-
early interpolating the residual emission. Since the ay@raage of the Multiband Imager Photometer for Spitzer (MIPS,
value of the apparent IRAC background is negative, this hRg$eke et all 2004) on-board Spitzer Space Telescope. Ain th
led to an increase in the adopted background, with respecttse of the IRAC images, given the very large PSF of this image
the GOODS-MUSIC v1 version. (~ 5.2 arcsec), to properly detect and de-blend objects we have
— These two changes have modified the IRAC photometemployed a PSF-matching technique, which is performeddy th
Because of the new kernels, the brightest objects havegftware ConvPhot (De Santis etlal. 2007). It measures t®lou
higher flux, and have a typicalffget in the magnitudes of petween two images havingfiirent qualities by exploiting the
0.23, 0.14, 0.22, 0.35 respectively in the 3.6, 4.5, 5.8 andsBatial and morphological information contained in thehieig
um images, with respect to the GOODS-MUSIC v1 catalogesolution image.
in agreement with the recent analysis of Wuyts et al. (2008). When applying ConvPhot to our case, each object is ex-
This dfect is largely mitigated for fainter galaxies, since theacted from the high resolutiarband ACS-HST (PSF 0.12")
higher background now adopted has led to an underestimiat@ige, which is used aspior to extract the objects’ positions,

of their fluxes. . . it is filtered with a convolution kernel, and it is finally sedl
— Overall, the revised IRAC photometry has a modest impagirough ay? minimization over all image pixels to match the
on the estimate of photometric redshifts, sineg.tv> — intensity in the MIPS image. To fully use the positional info

Zphot vi) ~ 0.01+ 0.16 on the whole sample and 0.01+ mation of the ACS images, and keep the consistency witlzthe
0.03 when a 3—clipping analysis is performed (see alsgelected sample, we keep using #mnd ACS-HST as prior,
Wuyts et al.|(2008)). augmented by artificial objects placed where galaxies teec
— A more informative test on the accuracy of photometric reénly in K or 4.5um are located.
shifts comes from the enlargement of the sample of galax- In our case, the MIPS-Spitzer and ACS-HST images have
ies with spectroscopic redshifts, that we obtained by agldipixel scales of 1.2 and 0.03 arcgeigel, that would make im-
new spectra from recent public surveys (Vanzella et al. 20Q&acticable the use of ConvPhot even with fast workstatidas
Popesso et al. 2009). In addition, we have also had accesgigke the computation feasible, we rebinned the ACS detectio
the spectra of the GMASS survey (Cimatti et al. 2008), prighage by a factor & 8 (0.24 arcsegpixel).
to their publication. The final sample now includes 1888 |n regions where the crowding of tiedetected sources is
galaxies, three times larger than the spectroscopic sampléarge, the fit may become unconstrained or degenerate dhe to t
Grazian et al..(2006). The additional spectra are mostly rghrge size of the MIPS PSF. To prevent this, we put an addition
ative to galaxies that are both fainter and at higher retishitonstraint on the fitted fluxes that must be non-negativettior
than in the original sample. Without significant refinemenispjects whose flux is forced to zero, we provide an upper limit
in the adopted templates, we then find that the absolute se#drived from the analysis of the mean rms in the object area.
ter |AZ] = |Zspe — Zphot|/(1 + Zspe) has a slightly larger aver-  The behaviour of ConvPhot in such extreme applications
age value. Quantitatively, the average absolute scattems has been tested with several simulations, which can be fisund
(|AZ) = 0.06, instead of 0.045 obtained for the GOODSpe Santis et al/ (2007). These tests indicate that estinmased
MUSIC v1 catalog. However, when only the brightest galaxitudes are not biased by theférent qualities of the two images

ies are considered, we find comparable values with respg@id by the undersampling of the high resolution image aéter r
to [Grazian et al. (2006X|AZ) = 0.043). We have verified binning.

that this is due to an increased number of outliers, as shown Finally, from visual inspection of sources with unusual
by a 3r—clipping analysis, which provide$Az) = 0.027 colours, we removed from the cataleg30 objects whose flux
and Q032 for the complete datasets of v1 and v2 cataloggs not correctly assigned. We have also verified, by examina
respectively. ) tion of the residuals, that there is not any significantlyghbti

— We have removed Galactic stars and performed a more cagurce in MIPS image apart from the ones considered. We end
ful selection of the galaxy sample to identify AGN sourcesip with 3313 ¢ 22% of total) detected objects and 11841
For the latter, we have first removed all objects whose spectr. 78%) 1 upper limits.
show Broad Line emission. Then, we have cross-correlated Despite the validation tests gave satisfying results, wetmu
our catalog with the X-ray catalog of Brusa et al. (in prep.}tress that the intrinsic limitations due to the poor retioiu
and removed all X-ray detected sources whose flux is dogF the MIPS image cannot be completely overcome, in partic-
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ular for sources which are blended even in detection image,
i.e. sources whose profiles overlap in the A€Bnage. In this R

; . L . J
case, the separation between the two — or more — objects car®® { E

become even smaller than the positional accuracy of the MIPS | :E—::
images, and the association betweeretdetected and the MIPS =
sources relies on the accuracy of the astrometric solutoal- wE Yo e 3

low a check against possible misidentifications, we havecss

ated each source with a flag to quantify the number of possildle | ]
contaminants, at dfierent distances. Such flag is attached witly’ | 0 i
the public catalog and we warn the user to check against pds- ~ ]
sible systematic errors. The results that we shall presetitd > [ :
following are not sensitive to the inclusion of the most lhed 3
sources, which therefore have not been removed. N E

It may be interesting to show thefect of this procedure > | %

on the 24um number counts, shown in Figl 1. We present botR » 1
the counts derived by ConvPhot as well as those obtained by aoa | E
SExtractor catalog which has been produced by adopting cor- [«  convPhot T ]

5 2ia=i]

T

rected aperture magnitudes at 6 arcsec. The blue shaded re- ;

gion shows 24um counts from_Papovich etlal. (2004). They oo1 b © SExtractor ; 4

counted sources in fivefiigrent fields (CDF-S among them) us- * % ]
Ll

ing DAOPHOT software. The green solid line (error bars are no e T
10 100 1000 10t

large enough to be seen) represents Shupe et al.|(2008)scount
in the SWIRE field performed by SExtractor. ConvPhot (black Faguml Y]

dots) gives consistent results with previous works of oter
thors up to the lowest fluxes and with our SExtractor cataldgd- 1-24um flux number counts measured by ConvPhot (black
(red circles) aF > 10Quy. filled circles) and SExtractor (red empty circles). Errordiaave

The agreement at bright fluxes confirms the simulations aR§€N computed as the square root of the number of objects in
validation tests presented in De Santis ét al. (2007), shopthiat each bin. We compared our results to Papovich et al. (20G#) an
the fluxes estimated by ConvPhot agree with those estimgted1uPe et al-[(2008) 24m counts (blue and green shaded re-
a self-standing detection with SExtractor for sourcesananot 910N)-
severely blended. For the blended fraction of the objeats-h
ever, the fluxes estimated by ConvPhot can be slightly lower,
since part of the flux is ascribed to the fainter contaminan@@ses (F24.m coops-music/Fa4mrFireworks) ~ 1.2 and
which are not detected in the 24n image alone. (F24um coobs-music / F24:m pra) ~ 0.91).

It is more interesting to look at the behaviour at faint fluxes
where the a priori knowledg_e of the object positio_n, due ® ty 3 The gata selection
use of thez, Ks and 4.5um images for the detection, allows
to push the flux estimate at much fainter limits, reducingghe As pointed out above, we removed from our catalog Galactic
fects of blending and confusion. As expected, indeed, $Etdr Stars and both spectroscopic or X-ray detected AGN sources.
counts drop & at ~100uJy, where the confusion limit preventsMoreover, we only consider the redshift range 0.3 — 2.5. From
the detection of fainter sources, while ConvPhot allows do gguch sample, we shall regard the following two subsamples:
much deeper. ConvPhot number counts present a double slope,
with a break point located at100 uJy, which we consider an — the purelyKs—selected sample (subsample A), made of 2602
intrinsic property of the sample. The slope and the norraaliz ~ galaxies. Of these, 983 (379) are p detections with
tion at the faint end agree with the estimate$ of Papovicheta F24m > 20 (83)uJy and 1619 have been assigned an upper
(2004), who carefully computed a correction for the incom- limit; . o .
pleteness due to poor resolution at faint limits. Papovicile — the sample originated by the combination of the following
(2004) and following papers estimated that the source tlietec ~ Cuts:z < 26 orKs < 235 ormys < 232 (subsample B). It
in MIPS-CDFS is 80% complete at 83y, that typically corre-  includes 7923 galaxies, of which 1167 (416) areu2d de-
sponds t&S/N ~ 28-30 in our fitting procedure. For consistency ~ tections with B4,m > 20 (83)uJy and 6756 are upper limits.
with such works, we will therefore distinguish between ckge
with fluxes above this limit and those detected at |o\B¢N, . .
down to fluxes~20 pJy, which corresponds to our flux counts3- Comparison between SFR indicators
limit. The mediar5/N at this flux limitis~ 67, although atail 3 ; grr estimators: IR-, fit— and UV—based SER
is present at lower values 8fN caused by the sources blending.

Nevertheless, such tail includes only a small number ofabje Under the assumption that most of the photons coming from

Finally, we cross-correlated our 24m catalog both newly formed stars are absorbed and re-emitted by dust,ithe m
with  FIREWORKS catalog | (Wuyts etlal. _2008) and witHR emission is in principle the most sensitive tracer of ttar s
the one released by the GOODS Te&ar(Chary [2006), formation rate. In addition, a small fraction of unhindep-
who adopted a similar source extraction technique. THhens will be anyway detected at UV wavelengths. A widely used
overall agreement is good, with a smallffset in both SFR indicator is therefore a combination of IR and UV lumi-
nosity, which supplies complementary knowledge about thwe s

2 GOODS-South MIPS 24 micron source list v0.91 from GOOD®rmation process| (Iglesias-Paramo etlal. 2006; Caleeti.
data release (DR3). 2007). For 24um detected sources, we estimate the instanta-
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neous SFR using the same calibration as Papovich ét al.Y20@rthese recipes is the adoption of a minimum age of 0.1 Gyr.
and Bell et al.|(2005): Below this value, the relation between UV luminosity and sta
_ formation rate changes rapidly with the age of the stellg-po

SFRRr+uv/Moyr™ = 1.8x 107X Lpo /Lo (1) ulation, leading to very large values of inferred SFRs. We ar

_ aware that exponential star formation histories may nothiee t
Loot = (22 Luv + LiR) () Pest choice in some cases. However, modeling in detail tre st

Lr has been computed by fitting 24m emission to formation history of our galaxies is beyond the scope of the
Dale & Heloli (2002) (DH hereafter) synthetic templates,elyd Present paper, whose aim is to compare the star formaties rat
adopted in the recent literature. In appendix A, we prese#rived from the IR emission with the ones based on the widely
a comparison among the resulting:Lpredicted by dferent Uused SED fitting procedures.
model libraries|(Chary & Elbaz 2001; Polletta et al. 2007). We will refer to this SFR estimation as SER

We include the rest-frame UV luminosity, uncorrected for We have also fitted our data using the more recent Maraston
extinction, derived from the SED fitting techniquepL= 1.5x  (2005) and Charlot & Bruzual (in prep., see Bruzual 2007a,b)
L,7004 This latter amount, albeit often negligible, accounts fancluding an improved TP-AGB stars treatment. The stellassn
the contribution from young unobscured stars. estimates inferred using these new models are presented in

We then applied a lowering correction to the estimate olsalimbeni et al..(2009) and are lower by 0.2 dex approxirgatel
tained by ed. 11 following Papovich et/al. (2007). They find th@ompared to the ones computed with Bruzual & Chillot (2003)
24 um flux, fitted with the same DH library, overestimates thenodels. However, the extrapolated SFR values induce afsigni
SFR with respect to the case where longer wavelengths (70 dcwht overestimate (especially in the case_of Maraston 5200
160um MIPS bands) are considered as well, and they correct tii@dels) in the measure of the SFR density that we present in
trend using an empirical second-order polynomial. In appen Sect[4.R. We suspect that part of this discrepancy is due-to p
A we show a further confirmation for applying this correctionculiar shapes in the near-IR side of the spectrum, whichylike
for bright sources, |r estimated by synthetic models has valeause the worsg? that we measure compared to the one com-
ues which are up to a factor 10 higher compared ¢ fire- puted using Bruzual & Charlot (2003) models. Since a proper
dicted by the empirical library of Polletta et al. (2007)mflar comparison between stellar population models is out of the
results have also been published by Bavouzetlet al. (20Q¥) aope of this paper, and pending further tests on these nelw mo

Rieke et al.|(2009). els, we keep adopting the widely used Bruzual & Charlot (2003
In the following, we will refer to the estimate in elgl 1 agemplate library and refer to possible future works for maee
SFRRr+uv- tails on this point.

A complementary approach to estimate the star formation At z > 1.5, it is possible to obtain an independent estimate
rate, as well as other galaxy physical properties (such &s,maf the SFR using the observédsy, and the observed slope of
age, dust extinction and so on), is the SED fitting. A grid ahe UV continuum to estimate th&(B — V), rather than the
spectral templates is computed from standard spectrahegist multi-wavelength fit. In the following we shall use the conve
models, and the expected magnitudes in our filter set are-calgjons adopted by Daddi etlal. (2004), culling a sample of BzK—
lated. The derived template library is compared with thelavask galaxies from our catalog and deriving the relevant SFR us
able photometry and the best fitting template is adoptedrdecoing the Daddi et a1/ (2004) scaling relatio8§Ryy /Moyr
ing to ay? minimization. During the fitting process the redshift_;5,0/Lo, with Ly = 8.85 x 107%erg s *Hz%, and Assoo
is fixed to the spectroscopic or photometric one. The physiced x E(B - V), whereE(B - V) = 0.25(B — z+ 0.1)ag.
parameters associated to each galaxy are obtained fronestie b \ye will refer to this SFR estimation as SER.
fitting template up to 5..xm rest-frame. This analysis assumes For clarity, SFRs lower than 0.0.yr have been forced
that the overall galaxy SED can be represented as a puréty st 4 91 yr-L in the following analysis
SED, extincted by a single attenuation law, and that thevasle ' © '
E(B-V) and basic stellar parameters (mostly age and star forma-
tion history, but also metallicity) can be simultaneoustgov- 3.2. Comparison between IR— and fit-based tracers
ered with a multi-wavelength fit. It is to be noted that partane . ] ] )
degeneracies can not be completely removed, especiallgtat hWe can now discuss the consistency of thigedent SFR esti-
redshift. Previous studieS (Papovich etlal. 2001; Shaplalf e Mates. We will use in this section th@-selected sample (sub-
2001/2005) demonstrated that, while stellar masses ateleel Sample A) to ensure a proper sampling of the full SED, e.g. to
termined' the SED f|tt|ng procedure does not Strong'y cairstr belsure that all the bandS, or most of them, are availablénéor t
star formation histories at high redshifts, where the uagaties fitting procedure.
become larger due to the SFR—age—metallicity degener&aies ~ We start from the redshift range3- 1.5, plotting in Fig[2
this reason, the uncertainties associated to the SFR vasies the comparison between SRR,y and SFR:. We include both
mated from the SED fitting are larger than those associatedthie 24um detected galaxies as well as the undetected ones, for
the IR tracer. which only upper limits on SFR,yy can be obtained. These

In our analysis, we estimated star formation rates (alotig wiupper limits are somewhat misleading for the interpretatb
stellar masses) using Bruzual & Chalrlot (2003) syntheticmothe figure: since the SED fitting can reach lower nominal v@lue
els, fitting the whole 14 bands photometry (from theéband to for the SFR, the scatter in SRRseems to be larger than that in
8 um). We parameterize the star formation histories with a v&FRr+uv-
riety of exponentially declining laws (with timescalesang- Given the many uncertainties involved in both estimators,
ing from 0.1 to 15 Gyr), metallicities (from Z 0.02 Z, to the overall consistency between them appears reassunagt A
Z = 25 Z,) and dust extinctions (& E(B-V) < 1.1, with a from offsets and other systematics, that we shall discuss below,
Calzetti or Small Magellanic extinction curve). Detailg given the majority of galaxies are assigned a consistent SFR,rend t
in Table 1 of Fontana et al. (2004),in_ Fontana etlal. (2006) anumber of severe inconsistencies is small. Such incomsigte
in|Grazian et al.[ (2006, 2007). The onlyffdirence with respect may be due to two dierent origins.
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For a more detailed discussion on the robustness of the fit—
based SFR estimates, the related error analysig@ondntours,
we refer the reader to Appendix B.

The existing systematic trends can be better appreciated by
looking at Fig[B (a), where we plot the SRR,v/SFR; ratio for
the 24um detected sample. First, we note that the scatter in the
SFRr+uv/SFR; distribution widens with redshift. This is prob-
ably due to a combination offfects: as we move to high red-
shifts, galaxies become intrinsically fainter and the-rfraime
spectral coverage gets narrower, making the SED fitting more
uncertain; likewise, 24m based indicators could become more
uncertain as the filter moves away from the rest—frame mid-IR
and approaches the PAH region.

More interestingly, a correlation between the
SFRRr.uv/SFR; ratio and SFi..yv can be observed. Indeed, if
we focus our attention on galaxies which form from 10 to 100
Moyr~t, the SFRk.uv/SFRi distribution (black histograms)
is centered at unity and fairly symmetric. Conversely, giala
with a milder activity (gray shaded histograms), presenieio
SFRgruv/SFR; ratios, and a first hint of highly star-forming
galaxies (red horizontally shaded histogram), i.e. okjewking
more than 10M,yr 1, shows higher SFR,uv/SFR; ratios.

The same systematidfects are seen at higher redshift. The
upper panel of Figl]3 (b) shows the ratio SERv/SFR;; in
the 15 — 2.5 range. It is immediately clear that the spread is
larger than at lower redshifts, and that a large number @aibj
with SFRgruv/SFRit >> 1 is observed. The observed spread is
not surprising, since a similar disagreement, up to two rerdé
magnitude in single galaxies at comparable redshifts, Ineady
been noticed by the similar analysisiof Papovich et al. (2006
At these redshifts, the faintness of the galaxies and tlye laf
corrections in the mid-IR are clearly even mofgeetive in in-

bins for the wholeKs—selected sample. Filled black dots are focreasing the noise in both estimates. The fastdrshift of the
the F24,m > 20 1Jy subsample; small gray dots refer to galaxiedistribution of galaxies with SFR between 10 and 1gyr !
undetected at 24m, and must be regarded as upper limits. This consistent with the uncertainty associated with the tsplé

blue circle identifies an obscured AGN candidate

, selected according to a similar technique as the one pezbén
Fiore et al.|(2008) (see text). The red line defines the lo&RE Uy =
SFR;;. The typical uncertainties associated with both estimages
shown in the lower panel. The intrinsic parameter degegédraolved
with the SED fitting procedure is responsible for the largerartainties
associated with SRR Units areMgyr .

On one side, galaxies with SRERmuch larger than

brary used to computegk (see Appendix A).

It is therefore interesting to compare these estimates with
the pure UV-based SkRy described above. The relation be-
tween SFRk.uv and SFRk,uv/SFRi500 ratio is shown in the
lower panel of Fig[B (b). Following Daddi etlal. (2004), we ap
plied this recipe only to the sample of BzK-SF in the redshift
range of interest. The scatter is significantly reduced amegh
to the upper panel, but the same trend to present an IR excess
still appears for highly star-forming objects.

To some extent, the excess of mid-IR derived star forma-

SFRgr.uv can in principle arise from incorrect fitting of redtion rate is most likely due to the presence of highly obsdure

galaxies. For such objects, the SED fitting could errongoass!

AGNSs. |Daddi et al.|(2007a) made the assumption that all the

sign a large amount of dust to an otherwise dust-free, pelgsivmid-IR excess objects drawn from the BzK-SF sample (i.e. all

evolving population. Despite the relatively large numbfgpas-

objects of lower panel of Fifl] 3 (b) with SERuv/SFRis00> 3)

sively evolving galaxies a < 1.5, the number of these misiden-are powered by obscured AGNSs. Following &elient approach,

tifications is very small at < 1, and low evenazt = 1 — 1.5.

On the other side, galaxies with SRRy >> SFR;; can be
obtained either when the opposite misidentification oc¢eug.
for dusty star-forming galaxies fitted with a passively evol

Fiore et al. |(2008) identified a population of highly obsalre
AGNSs candidates in the wholes—selected sample, selected by
their very red spectrunf4.m/F(R) > 1000 ancR — Ks > 4.5)

(see also Dey et al. 2008). In this work, in order to use fluxes d

ing SED) or, more interestingly, when the mid-IR emission #&ctly measured in our catalog, we selected the very saneetsbj

due to additional processes, not observable in thgoptical

following the criteriumFa4,m/F(1) > 1000 andl — Ks > 4.5,

regime_ Typ|ca| cases are AGN emission or additional star fd’Vthh we checked to be consistent with that used in Fiore!et al

mation activity completely dust enshrouded. Ak 1.5, such
objects are again very rare in our sample. In particularSthR
of the very few galaxies with SRR.uv ~ 2 — 6 Mgyr~! and

(2008). Such objects are shown as blue open circles in [Higs. 2
and3.

The presence of highly obscured AGNs could also induce the

SFRi < IMgyr~t atz < 1 is likely overestimated, resulting observed trend in the SERyuv/SFR; ratio, since they are ex-

from the incorrect application of a star-forming templateat
more quiescent galaxy (see Hig. A.3).

pected to be harboured in high mass galaxies, that are oagever
highly star-forming. Indeed, a correlation between thetfom
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Fig. 3. Left panels in (a) and left top panel in (b): relation betw&&Rg  uv/SFR;; ratio and SFig,yy in the diferent redshift bins
for the Fogm > 83 udy (black dots) and 26 Fo4,m[udy] < 83 detected galaxies (gray dots); blue circles identifycabsd AGN

candidates, selected according to a similar techniqueeasrib presented in Fiore el al. (2008) (see text). Left migdtes! in (b):

relation between SRR, uv/SFRisgo ratio and SFig., v in the redshift bin 1.5-2.5 for the subsample of BzK-SF galspsymbols
are as in the other panels. Right panels in (a) and (b): bldk,gray (diagonally) shaded and red (horizontally) gfthldistograms
show SFRk,uv/SFRit (SFRrsuv/ SFRis00 in the middle panel in (b)) values respectively for<BFRg uv[Moyr™1] < 100,

SFRRr+uv[Moyr 1] < 10 and SFRg.uv[Moyr ] > 100 samples. Units andoyr 1.

of obscured AGNs and the stellar mass is shown in Daddi et 4l. Mass assembly and downsizing

(20074a). . . .
We now discuss the star formation properties of our galary-sa

ple as a function of redshift and stellar mass.
, . ) With respect to other surveys, our sample has the distinc-
However, we find that the trend in the SRRyv/SFRit ratio tiye advantage of being selected through a multi-waveteagt
extends also at lower star formation rates (with averageegal yroach. In this section we will use the subsample B. Kae
Iowgr than unity) and at Iower re.dshifts. It.is therefore_spbhe andmys cuts ensure a proper sampling of highly absorbed star-
thatit reflects a change in the intrinsic physical propewistar- - forming galaxies, and hence a likely complete census of all
forming galaxies. A possible explanation is related to ifiety  4ajaxies with large SFR. On the other hand, the desglected

effects. Galaxies with sub—solar metallicities have lower-fRid sample collects the fainter and bluer galaxies with low leoé
emission (at least atuBn, [Calzetti et al. 2007) and higher UV y,st extinction and star formation rate.

luminosity than solar ones, for a given level of SFR. The ob- 5 this catalog, we will derive the SFR using the
_served trend can thgrefore be due to a metallicity t_re.nquvhiSFRRJrUV estimates fé)r all objects Withzg,m > 20uJy, and the

is natural to expect given the observed mass-metalliddfion  gep “for all the fainter objects, and we will refer to it as IR—
from low to high redshifts (Maiolino et 5. 2008, and referes 5501 We remind that the SRR,y star formation rates are de-
therein). Unfortunately, a direct check of the statemeowvalls ;o4 py the mid-IR emission, computed with the DH synthetic
not feasible. Reliable metallicities can not be inferreaiforoad -, 4els and adopting the lowering correction of Papovicilet

band SED fitting, and high resolution spectroscopy is N@gss 2607 at large SFRs. This technique has been widely adopted
to properly distinguish between SEDs characterized Bgwint i, (he recent literature, and we adopt it as baseline. At sinees
lines and hence metallicities. time, we will mention how the results would be changed by us-
ing SFR; for all the objects. We will use the stellar masses esti-
mates resulting from the SED fitting analysis as describesi@b
Alternatively, the observed trend can be taken as evidence Finally, to avoid to bias the IR-based SFR estimates, in
for a failure of the assumption that a single attenuationdaw the following we will remove the obscured AGN candidates
adequately model the output from a star-forming galaxy. (Fiore et all 2008) from our analysis. We are aware that the re
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this relation by plotting in Fid.J4 the star formation rateeafch
galaxy as a function of the corresponding stellar mass.

1000 It is immediately clear that a trend between star formation
T 100 rate and stellar mass is present at all redshifts. Thisioelas
% 10 neither tight nor univocal, of course: at all redshifts,éed, there
= exists a fraction of galaxies with low star formation rate atso
o 1 shown by the inset histograms. The SFR distribution geteemor
& 0.1 and more bimodal with decreasing redshifts. Eig. 4 also show
oL b that at the highest redshifts only the most massive galaties
90&0 B already witnessing a quiescent phase.
= 100 We note that we are incomplete at low masses and SFRs be-
5 cause of the magnitude limit of the sample.
5 10 Nevertheless, there is a clear trend between SFR and M
; 1 of the star-forming galaxies. To quantify it, we have com-
B o1 puted a Z—clipped least square, assuming the rela8$iR =
' A(M/10"M,)?. We find values forA, 8) equal to (23.33, 0.70),
% - (38.91, 0.73), (46.18, 0.65), (128.03, 0.85), respedtiuelthe
— L four redshift bins fromz ~ 0.3 toz ~ 2.5. The increase of the
v 100 Z// normalizationA is robust, and it is due to the global increase
» 10 ,.i-‘ of the star formation rate with redshift. The steepeninghef t
2 1 g slope, instead, is less robust, since it depends on thehtbices
= ;”/A used for ther—clipping and on the SED fitting parameters, e.g.
n 01 l,/ the minimum galaxy age. With a3-clipping, slopes can vary by
900 Ff,, ~ 20%. Cons.idering.these un_certainties, our results areoacbr
;,/4'% ggg?gmentwnh previous studies (Daddi et al. 2007b; Elbar e

It is interesting to note that the correlation between SFR an
stellar mass holds also using the SF&stimates. While the two
correlations are consistent at intermediate redshifésskbpe of
the SFR; one is steeper at low redshift (0.90) and milder at high
redshift (0.42), because of the systematic trends showigif8F

SFR (Mgyr~1)
[any
B O
o &
N ‘{\\31‘—1\\1

SN

0.1

0.01 & : d
107 108 10° 10t 101 102

MASS (M) 4.2. The evolution of the cosmic star formation rate density

The most concise representation of the evolution of the star

Fig. 4. Left panels: relation between the star formation rate af@rmation rate across cosmic time is the Star Formation Rate
the stellar mass of the GOODS-MUSIC galaxies fiedent red- Density (SFRD), that we show in Figl. 5. , ,
shifts; large dots represent the galaxies with SFR deriveahf e Show both the IR—derived estimates (continuous lines) as
the 24um emission, while small ones are 24n undetected v_veII as those obtained purely byfche SED fit (da_lshed linehim t
galaxies, with SFR derived from the SED fitting analysis; ref@ure only, we extend the analysis to the redshift b2z < 3.
solid lines show the @—clipped least square fit described in tha? this redshift regime, the IR templates are hardly represe
text; green dashed line in the highest redshift bin repisste tive, since the 24im band is not representative of trr\e dust emis-
correlation found by Daddi etal. (2007b). Right panels: SFRON peak anymore, although the Dale & Helou (2002) models
distribution in two mass bins, #0— 10M,, (plain black his- are still formally applicable. For these reasons, the 8Ffy es-
tograms) and 18 — 102M,, (shaded red histograms). timate is very tentative and should_be Iopke_d at with caution _
Because of the complex selection criteria that we adopted, i
is not easy to compute the corrections necessary to inchale t
. . . ) contribution of galaxies fainter than those included in sam-
moval of this population will cause a depleting of the star fopyie Thanks to our mid-IR selection, we assume that we ireclud
mation rate measured at high masses. Indeed, AGNs are knowgy|y all highly star-forming galaxies. The missed fractis
to reside preferentially in high mass sources (Bestlet @520 therefore mainly made of galaxies with low star formatiotihac
Daddi et all 2007a, Brusa et al., in prep.); although a high-fr i1 sampled by the—selection. A good approximation for our
tion of IR emission is thqught to originate from accretio-pr incompleteness can be obtained by fitting the star formatiten
cesses, some fraction of it likely derives from star formati  fnction computed on the-selected sample in each redshift bin.
Volumes have been computed with th&/ 4.« method. We find
that the SFR functions can be fitted with Schechter functions
having slopes- —1.5. We then correct our observations with the
A direct relation between the stellar mass and the star fooma contributions extrapolated from the fitted functions at ISR
rate in high redshift galaxies has been recently shown latk:a values. The corrections are small for< 2.5, of the order of
1 (Elbaz et al. 2007) and in a subsample of star-forming B&K—3.0%, consistently with the assumption that the sample is-com
atz ~ 2 (Daddi et al. 2007b). To some extent, this is at variangdete at high star formation rate values.zAt 2.5 the corrections
with the properties of galaxies in the local Universe, whbie are higher than 50%.
most massive galaxies have very low levels of star formation We first note that the total SFRD (upper panel of FEif. 5)
rate (Heavens et 8l. 2004). We present the global evolutionwhich we derive from our sample (black stars) nicely matches

4.1. The stellar mass—SFR relation
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Fig.5. Upper panel: the redshift evolution of the total cosmi€ig. 6. The contribution to the cosmic SFRD by galaxies of given

SFRD. Solid lines refer to IR-based estimates, dashed immeanass, in two redshift bins. Solid and dashed lines are cosdput

SED fitting estimates. The compilation lof Hopkins & Beacomassumingf(M) = 1. The dashed line in the lower panel corre-

(2006) is shown as small gray dots. Lower panel: the redshséftond to the ~ 1 line of the upper panel. Dotted lines are com-

evolution of the cosmic SFRD by galaxies offdrent masses. puted assumin@(M) # 1 (see text). Black filled dots: this work;

Only galaxies above the completeness limit in stellar masskdue squares: Combo-17 (Zheng et al. 2007); red open teang|

each redshift (see last column of table 1) are shown. Sal@sli GDDS (Juneau et al. 2005).

refer to IR-based estimates, dashed lines to SED fitting esti

mates. Black, red and blue symbols correspondffeidint mass

ranges as shown in the legend. Error bars include unceesint

on the SFR estimates and Poissonian errors. massive galaxies, where a number of physical processes-are e
pected to suppress the star formation mofficiently than in
lower mass galaxies.

the compilation of other surveys made [by Hopkins & Beacom The exact values of the SFRD depend very sensitively on
(2006), normalized to a standard Salpeter IMF, and it is misothe mass ranges adopted. Our mass bin choice is determined by
agreement with Le Floc’h et al. (2005) Caputi et al. (200 arthe intention of having good statistics in each bin. Keeping
Rodighiero et al. (in prep.). n_1i_nd th_is warning, our observations_ seem to supportjthmf

It is more interesting to study the trend of the SFRD fo#2Ng picture for the reasons mentioned above. Indeed, in the
galaxies of dfferent stellar masses (lower panel of Fig. 5yedshiftinterval 0.3 —1.5, where all mass samples are cetepl
Previous surveys, such as the Combo+17 (Zhendlet al. 2¢a7, theé SFRD derived from the IR emission increases by a factor
traced the evolution of the SFRD up to~ 1) and the GDDS 1.8, 2.75 and 9 respectively for bins of increasing mass. léée a
one [Juneau et I, 2005, that first presented the evolutitimeof fécover a similar steepening of the slope of the relatioween
SFRD in aKsselected sample up =~ 2), have shown that the average star formation rate per unit mass (which isedeat
the contribution to the SFRD by the more massive galaxies (tyn Sect[4.B) and the redshift as moving from low to high mass
ically those withM > 10'M,) is negligible at small redshift, 9alaxies.
and becomes much largerat > 1, witnessing the major epoch  Inany case, at all observed redshifts the more massive-galax
of formation of the more massive galaxies. Our data confiisn tHes do not dominate the global SFRD. To some extent, this
picture, with an increase by a factor 20 frams 0.5toz~ 2. The may follow from the exact choice of the mass bins. However,
sharp decline at lovz suggests that these structures must haiteis easy to predict that the major contributors to the globa
formed their stars at earlier epochs. Keeping in mind theativ SFRD are galaxies immediately below the characteristicsmas
above about the reliability of SFRuy atz > 2.5, we note that M*. The number of galaxies of given mals§M) at any red-
the increase of the star formation rate densitpin> 10'*M, shift can be represented as a Schechter functfM] o
galaxies appearsto haltat 2.5. This is expected since, at theséM/M*)*exp(-=M/M*)). Given the tight correlation between
z, the number density o1 > 10*'M,, galaxies drops quickly stellar mass and star formation rate described ablve (V?),
(Fontana et al. 2006; Marchesini et|al. 2008). and assuming that the fraction of star-forming galaxieig i),

The evolution of the SFRD for galaxies offiirent stellar the contribution to the cosmic SFRD for galaxies in a logarit
masses is one of the many evidencedmfnsizing. Indeed, the Mic intervaldlogM is simply
downsizing can be seen as an evolution of the slope of the SFRD
as a function of redshift, which gets steeper as high massgal d(SFRD(M))

)@ 1 *
ies are considered. This is due to the more rapid evolution ofglog(M) (M/M*)™#*exp(-M/M") f (M) ®3)
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Sincee is in the range~ —1.2/ — 1.4 (Fontana et al. 2006) ( SSFR[Gyr!])
andg =~ 0.6 — 0.9 (see above, relating to the IR-based es- Az IR+UV SED fitting  Mym[Mg]
timate), and ignoring for the momeri{M), the shape of the
d(SFRD(M))/dlog(M) is that of a Schechter function with pos- 03-0.6 02750022 0570:0.137 510

0.6-1.0 0.48#A0.017 0.654+0.103 8 10°
1.0-1.5 0.755%0.029 0.853:0.168 2 10Y
15-25 1.65%0.058 0.424:0.122 7-10Y

itive slope, which has a peak arourM* and decreases at
log(M) < log(M*). The shape of (M) is somewhat more uncer-
tain. We will simply assume that the fraction of active gadax

above the characteristic mass is around 05-atl and around Table 1. Average observed SSFR afférent redshifts using IR—
0.8 atz ~ 2 and that it will likely be larger at smaller masses, fit_pased estimates. Only galaxies above the compitene

(around 0.8 az ~ 1 and around unity a ~ 2). As aresult, it |imjt in stellar mass, shown in the last column of the tabkeyéh
will further decrease the distribution d{SFRD(M))/diog(M)  peen considered. SSFRs and masses are calibratéd to zalpet
at large masses, withouffacting the low mass regime. E)1955) IME.

Using the parameters of the Galaxy Mass Function o
tained in|Fontanaetall (2006), and the SFR-stellar mass
correlation shown above, we have computed the expected
d(SFRD(M))/dlog(M) distribution in two redshift bins, 0.8-1.2 g¢riped in Sec{3]1 and in Appendix A. On the other side, us-
and 1.5-2, where the data fromferent surveys (Zheng etal.jhg more recent models of stellar populations (Marastor6200
2007;[ Juneau et al. 2005) can be combined. To convert masgg|d slightly decrease the average stellar masses (by 20% o
and SFRs ot Zheng etal. (2007) from_.a Chabrier (2003) {gerage, see Salimbeni etlal. 2009), and hence increase-he d
alSalpeter| (1955) IMF we use a factor of 1.78 (Bundy et g3lyeq SSFER.
2006) and 1.5|(Ferreras et al. 2005) respectively. Massés an st of all, we notice a strong bimodality in the SSFR dis-

SFRs ofl Juneau etlal. (2005) were instead renormalized frefption. Two distinct populations, together with someiszes
alBaldry & Glazebrock (2003) to la_Salpeter (1955) IMF USINGing between the two, are detectable, one made up of young,
the f{;\ctors 1.82 (Juneau et lal. 2005) and 2 (Hopkins & Beacq{give and blue galaxies (the so-called blue cloud) and tiero
2006). one consisting of old, “red and dead”, early type galaxies! (r

Note that the argument presented above is fi@ceed by sequence) (see also Fig. 4). The loci of these two population
the well known discrepancy between the directly measuressma e consistent with the selectionlin Salimbeni étlal. (2088)

density and the one inferred from the integration of thefslar yeen early and late type galaxies. It is noticeable howethes
mation rate density (Wilkins et 5l. 2008). The point hereslogyqlved objects are already in place even at the highest red-
not concern the integrated amount of stars formed, but #Wly {gift. \We reserve a more complete discussion of these abject
analytical shape of the SFRD. tolFontana et al. (2009).

The result is shown in Fid.l 6, where we plot the expected A rend for the specific star formation rate to increase with
d(SFRD(M))/dlog(M) distribution both assuming(M) = 1 regshift at a given stellar mass is evident: galaxies tend to

and af (M) which decreases for increasing masses and decré@gr, their stars more actively at higher redshifts. In fabe

bulk of active sources shifts to higher values of SSFR with
fH€reasing redshift. Our findings are in good agreement with
Pérez-Gonzalez etlal. (2005) and Papovich et al. (2006).

UV A significant fraction of the sample, increasing with redtshi

is in an active phase. It is natural to compare the SSFR (which

bylZzheng et 8l.(2007), who infer SFR estimates using the sa
method that we adopt to compute SkRyv. On the contrary,
Juneau et all (2005) estimate the SFR from the rest-frame
continuum, and obtain lower values compared to KRR . The

differences likely stem from theftiérent selection criteria and has the units of the inverse of a timescale) with the invef e
SFR estimators used in their work.

A - ) . __— age of the Universe at the corresponding redsbiit). We will
This analysis confirms that the major contribution to the Stdafine galaxies wittM/SFR < ty(2) as “active” in the follow-

forrganoln (El)e?vesr]:romhgalame_s hawg%gm_?ﬁ.ses around or IIiT‘\'g, since they are experiencing a major episode of starderm
mediately below t .ehcharactelrls_tlc mf h' SllzsRsDtafte';fnde_nt 'S tion, potentially building up a substantial fraction of ih&tellar
not inconsistent with the evolution of the otffdrent g@ss in this episod® Galaxies selected following this criterium

mass bins that we show in Figl 5. Indeed, the combination formi ; ; :
. . " orming stars more actively compared to their past hjisto
the steepening of the SFR—-M relation, the increase of the S At 15 < 7z < 25, the fraction of active galaxies in the to-

values with increasing redshift, and the lower fraction cifvee ftal sample is 65%, and their mean SFR is 37yrL. In or-

galaxies at lowz, prevails over the éect due to the decrease of o compute the total stellar mass produced within thds re
the characteristic stellar mass at increasing shift interval, it would be necessary to know the duration of
the active phase. At this purpose, we use a duty cycle argu-
4.3. The specific star formation rate and the comparison with ment and suppose that the active fraction of galaxies is#di
theoretical models tive of the time interval spent in an active phase. We adapt th
o ] assumption that the active fraction is stable within thesiéft
We plot in Fig [T the relation between the stellar mass and th considered. The time spanned in the 1.5-2.5 redshét-int
specific star formation rate (SSFR hereatter) for all g@lsudi- 51 corresponds to 1.5 Gyr. By multiplying the fraction of ac
vided into redshift bins. To make the comparison between ogfe galaxies by the time available, we derived an average du
findings and the Millennium Simulation prgdlct|0ns feasidbe [ation of the active phase of 0.98 Gyr. The average amount of
convert our masses and SFR tolthe Chalbrier (2003) IMF useddy|jar mass assembled within each galaxy during thesesburs

the Millennium Simulation. is obtained as the product of the average SFR by the average
We remind that our estimates of the SSFR are somewhat at

the lower side of the possible estimates adopting standard v 3 |ndeed, ifM = (SFR)pas Xty (2), Wher&(SFR) 4 is the star forma-

ues for SFRk.uv. On one side, the conversion between mid-1iRon rate averaged over the whole age of the Universe at tiiesgond-
flux and SFR includes a lowering factor for large SFRs, as deg z, the requiremen8FR/M > (ty(2)) ™ impliesSFR > (SFR)ag.
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Fig. 7. Relation between the specific star formation rate and tHEismass calibrated to la_ Chabrier (2003) IMF. Larger dots
correspond to 24m sources with fm > 83uly, while smaller ones show 24n detections with 200y < Fogm < 83uly. Plus
refer to 24um upper limits. Dotted lines correspond to constant SFRs 01100 and 1008,yr 1. The horizontal dashed lines
indicate the inverse of the age of the Universe at the ceffiteach redshift interval. Shaded contour levels (at 0.050%6,150%
and 80% level) represent the predictions ofithe KitzbickI&hite (2007) rendition of the Millennium Simulation.

duration of the active phase, and it is equal t6 8 10'!M,, redshift bin for the IR— and the fit-based estimates, alorify wi
which represents a significant fraction of the final stellarss the mass cuts, computed as described in Fontana et al! (2006)
of the galaxies considered. Although quite simplified, #risl-
ysis implies that most of the stellar mass of massive gadeisie =~ We show in Fig.[V the predictions of a semi-analytical
assembled during a long-lasting active phase.@t<lz < 2.5. rendition of |Kitzbichler & White (2007) of the Millennium
It is important to remark that this process of intense star fdN-body dark matter Simulation | (Springel et al. 2005;
mation occurs directly within already massive galaxies),anLemson & Springell 2006/ De Lucia & Blaizot 2007), which
given its intensity, prevails over growth due to mergingrege adopts a WMAP1 cosmology. We find that the model grossly
of already formed progenitors. A similar point is also staty  predicts an overall trend consistent with our findings. TBES
Daddi et al. [(2007b). Independent arguments converginfren tlecreases with stellar mass (at given redshift) and ineseas
same result are based on the tightness of the SFR-massmelatiith redshift (at given stellar mass). In addition, it foasts the
(Noeske et &l._2007), on the kinematics of disks (Crescilet gkistence of quiescent galaxies everzat 1.5. However, the
2009) and on the analysis of the accretion histories of dark maverage observed SSFR is systematically under-predietied (
ter haloes in the Millennium Simulation (Genel ellal. 2008). least above our mass limit) by a facte8-5 by the Millennium

Simulation. A similar trend for the Millennium Simulatiort a

z ~ 2 was already shown by Daddi et al. (2007b).

To provide a further physical insight in this process, weehav

compared our results with the predictions of three recesth ~ We also compared our findings with the semi-analytical
retical models of galaxy formation and evolution. Our saenpmodels of_ Menci et al.[ (2006) (adopting a cosmology consis-
is affected by mass incompleteness, so only galaxies above tiet with WMAP1) and MORGANA|(Monaco et gl. 2007, up-
completeness limit in each redshift bin have been congilfere dated by Lo Faro et al. subm., adopting a WMAP3 cosmology).
the comparison. Note that such limit is dependent on théhifids They show very similar trends with respect to the Millennium
bin. In Tabld_1 we report the average SSFR as a function of tBamulation, with only slightly diferent normalizations.
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Fig. 8. Average SSFR in each redshift bin. Black solid lines rérig. 9. Number density of star forming galaxies as a function
fer to IR-based estimates, dashed lines to the SED fitting estf redshift and lower SFR. Filled symbols represent our ob-
mate. Error bars for the fit—-based estimate are larger th@sethservations corresponding to the SFR thresholds shown in the
of the IR-based one because of the intrinsic parameter degegend. Open gray symbols at ~ 2 are the predictions of
eracy involved with the SED fitting procedure. In the uppéfhochfar & Silk (2008) model.

panel we show the comparison with Menci et al. (2006) semi-

analytical model (red triangles), which adopts a Salp&t@bb)
IMF. In the lower panel we compare our data with the predi
tions of the Millennium Simulatior_(Kitzbichler & White 200
(blue squares) and MORGANA (green circles), which adopt
Chabrier ((2003) IMF. The comparison is done above the co
pleteness limit in stellar mass, which igférent in each redshift
bin (see text and tablé 1).

%_)WS an increased star formatioiffieiency which results in a
etter agreement with observations.
We then considered the number density of galaxies having
ar formation rates higher than a fixed threshold as a func-
tion of redshift, and compared our observations with the ehod
of [Khochfar & Silk (2008) atz ~ 2. Fig.[9 shows our data
(filled symbols) as well as theoretical predictions (opemsy
bols). The SFR limits have been chosen in order to compake wit
_ ] Khochfar & Silk (2008) resulfs The agreement is very good for
_InFig.[8 we plot the average SSFR as a function of the reghjects withSFR > 90Muyr—*, while the model slightly under-
predicted by the three theoretical models. Once again, We Ofyrmation rate.
consider galaxies above the completeness limit in massdn ea A most comprehensive comparison between theoretical pre-

redshift bin (see last column in talhle 1). The trend depintedt gictions and observations can be found in Fontanotlet abSpR0
therefore be considered not an intrinsic trend, since websre

serving diferent populations at theféérent redshifts because of _ _
the mass cuts. Errors on the average SSFR have been estimatggummary and discussion

through a Monte Carlo simulation. We have presented in this paper a revised version of our

We find that although all models taken into account represqons \MUSIC photometric catalog of the GOODS-S field.
duce the global observed trend, they predict an averagéostar r,q major new feature of this release, on which the scierfiic

mation activity lower than the one observed in most of thesmag, sjon is hased upon, is the inclusion of theu@d data taken
regimes. The observed star formation occurring in Situ i8M&., ) the Spitzer MIPS public images, of which we provide a
Sive g_alaxes IS Igrgerthan the one predicted by a factof@-5 ot consistent photometry for each object in the cataltg.

the Millennium Simulation and for MORGANA, and around 1Cimployed a PSF-matching technique, performed by ConvPhot

forMenci et al. (2006) model. Daddi etlal. (2007b) claimstth D : AT 20
the star formation rates predicted by the Millennium Sirtiata %?(ﬂ}lgﬁirﬁg( theeshailgﬁsr:;(c)llﬁtiguct)- Qctso imggseulrgeﬁ(? gf;ol;c;g;egy
are up to one order of magnitude lower than the observed ong3act the objects’ positions. This allows to redudieets of

atz ~ 2. Similar mismatch at these redshifts between observ, ; : ) ;
SFRs and those expected by various kind of theoretical rspd imfeunssl?onng(())f'ﬁwgrlcljlgg glsegdlng problems caused by the larg

independently on their physical processes implementstiuave We have used this new catalog to study the star-forming

been found and discussed by Davé (2008). In order to releoncj ; ; N
data and model predictions, Khochfar & Silk (2008) sugges@éOpertles of galaxies up= 2.5.
possible scenario for the formation of galaxies at highétls 4 Note that they adopt a Chabrier IMF, so the SFR thresholds hav

which is mainly driven by cold accretion flows. Their model albeen renormalized adopting the conversion factors in Bett.
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We have first compared the estimates of the SFR obtainieds steeper az ~ 0.5 and it gets flatter at high redshift, keep-
from the total IR luminosity (SFR.uv) and from the SED fit- ing very similar in the two intermediate redshift bins. As &s
ting analysis to the overall 0.3 to #m photometry (SFR), the star formation rate density and the specific star foonati
which are the two major estimators of the SFR used so far fiate are concerned, the two techniques used to estimatéte S
high redshift galaxies. We find that the two tracers are divergive consistent results up m~ 1.5. However, significant dlier-
consistent, especially in the redshift range 0.3 — 1.5. Meeadl ences arise at redshift 1.5, where the IR-based SFRD flattens
median ratio between SiERyy and SFR; is around unity, with and the fit-based one starts to decline. The average IR-based
a limited number of objects severely discrepant. The agee¢mSSFR monotonically increases up to the highest observed red
between the two estimators appears to depend on redshiftawi shifts, while the fit-based one has a turn-over aroznd 1.5
larger scatter at increasing redshifts, and a slight systiermver- and then decreases. The trends above directly reflect theaor
estimate of SFR with respect to SFR,yv at the lowest redshift tion between SFR,yv and SFR;.
bin (0.3 — 0.6). The scatter increases significantlyzat 1.5, We use our results on the redshift evolution of the specific
where the IR UV value is systematically larger than the one restar formation rate, and its trend with the stellar massnyes-
sulting from the SED fitting analysis for bright objects. Hower, tigate the predictions of a set of theoretical models of xgala
these results stem from a systematic trend that holds aédl rformation inA-CDM scenario.
shifts. Indeed, in galaxies with star formation rated OM,,/yr On one side, these models reproduce the global trend that we
the fit—derived SFR is on average larger than R/, while find in the data — the most important being the increase of the
the opposite holds at SFR 100M./yr. Itis at present dficult  specific star formation rate with redshift, and its trendhitie
to ascertain the origin of this systematic trend. It can be tu stellar mass. Somewhat surprisingly, however, the ave3&§R
systematics in interpreting the data, either arising in$ of galaxies in our sample is significantly larger than prestic
fitting technique as the target galaxies move in redshifinor by theoretical models, in most of the mass regimes. Esdigntia
the templates used in the extrapolation of the mid-IR oleskrvafter including a strict completeness limit in stellar mass find
flux, especially at high redshift, when it samples the PAHaeg that the typical SSFR of galaxies of given mass is a factaasit|
Alternatively, it could be due to physical origins, such asetal- ~ 3 — 5 higher than predicted by the models we have included
licity trend or a failure of the assumption that a singlemtigtion here. This mismatch is very clear for massive galaxis &
law can adequately model the output from a star-forminggala 10'*M,) atz ~ 2 and for less massive galaxieszat 1, where
Keeping in mind these uncertainties in the estimate of tlee have most of the statistics.
star formation rate, we summarize here the basic results ob- It is not obvious to ascertain the origin of this mismatch.
tained adopting SFR.uv, which we assume to be a more reOn one hand, it could be due to a genuine failure of the mod-
liable tracer since it is not dust extincted. els. Generically, such models tend to quench the star fasmat
rate in massive galaxies to prevent the formation of bluantyi
— We show that, at all redshifts considered here, there is-a cgalaxies at low redshift, and to reproduce the existenceaf r
relation between the stellar mass and the star formatien ratassive galaxies at high redshift. The mismatch that wergbse
of star-forming galaxies. The logarithmic slope of thisresr could reveal that the feedback and star formation recipejtad
lation, after applying a—clip to remove all quiescent galax-are too simplified or incorrect. Most of the models considéne
ies, is in the range.6-0.9, with some indications of a steep-this work adopt the commonly used star formation scenaiitb, w
ening with increasing redshift. gas uniformly collapsing towards the centre and formingga st
— The SFRD derived from our sample agrees with the globlle disk. New processes are now being explored|(e.g. Deled| et
trend already depicted by other surveys. When splitted @B09), which involve a more rapid formation of galaxies tigh
cording to stellar mass, it shows that more massive galacold streams and which could lead to a better agreement With o
ies enter in their active phase at redshifts higher thandowgervations.
mass ones. At > 2.5, the increase in the SFRD due to the Alternatively, the mismatch could be due to the overestmat
more massive galaxies (wit > 10''M,) appears to halt, of the stellar mass of the typical star-forming galaxy — for i
in broad agreement with the expectations of theoreticakmastance, due to a combination of the overestimate of merging
els (Menci et al. 2004; Bower etlal. 2006). This is mainly duevents and of the star formation activity in its past histogy at
to the fact that galaxies above such mass value become edshifts higher than those sampled in this work. A possibte
tremely rare at these redshifts. The increasing of the sdbpesequence of this can be noticed in the overestimate of tharste
the SFRD with redshift of samples of increasing mass seemsass function expected by the Millennium Simulation at high

to support thelownsizing scenario. redshifts compared to the observations (Kitzbichler & Whit
— At all redshifts, the main contributors to the cosmic SFRR007).

are galaxies around, or slightly below, the characterssét Additional evidences for an incorrect treatment of the

lar massM*. star formation processes derive from the recent works of

— Massive galaxies a=~ 2 are vigorously forming stars, typi-|[Fontanot et al. (2009) and Lo Faro et al. (subm.). In the mod-
cally at a rate of 30Myr—1. A simple duty—cycle argument els they find an excess of low mass galaxieg at2 and faint
(see Seci.4]3) suggests that they assemble a significant fiBGs atz > 3 respectively, which is likely balanced by the sup-
tion of the final stellar mass during this phase. pression of the star formation in order to reproduce the wese

— The specific star formation rate of our sample shows a wedlvolution of the SFRD.
defined bimodal distribution, with a clear separation betwe  However, we must remark that the interpretation of the ob-
actively star-forming and passively evolving galaxies. servations is fiected by a number of uncertainties, such as un-

certainties on the stellar mass estimates or uncertaiotigs
While these results are grossly independent on the particiating both from the templates used to converu@¥4fluxes into
lar star formation rate estimate, the specific details seedet total infrared luminosities (see Appendix A) and in the SBD fi
pend on the chosen indicator. In particular, the corretabie- ting analysis. An example of these uncertainties is givethiey
tween the SFR and the stellar mass still holds using;SFRt mismatch between the integrated star formation rate deasd
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the stellar mass density. Such disagreement can be afle\isgt

P. Santini et al.: Star formation and mass assembly infeidéhift galaxies

Elbaz, D., Daddi, E., Le Borgne, D., et al. 2007, A&A, 468, 33

an evolving IMF (Wilkins et al. 2008; Davée 2008), which wdul Faber, S. M., Willmer, C. N. A., Wolf, C., etal. 2007, ApJ, 6@55

provide lower values for the SFR.

To make conclusive, quantitative statements in this dvact

it is ultimately needed to improve the reliability of the SFiRa-
surements, especially for high redshift galaxies. Fonttiog IR

Ferreras, I., Saha, P., & Williams, L. L. R. 2005, ApJ, 623, L5

Feulner, G., Gabasch, A., Salvato, M., et al. 2005, ApJ, 693,

Fiore, F., Grazian, A., Santini, P., et al. 2008, ApJ, 672, 94

Fontana, A., Donnarumma, |., Vanzella, E., et al. 2003, Thstrophysical
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facilities, such as Herschel and ALMA, will probably give as Fontana, A., Pozzetti, L., Donnarumma, I, et al. 2004, dwimy &

more coherent picture.

Astrophysics, 424, 23
Fontana, A., Salimbeni, S., Grazian, A., et al. 2006, Asiron & Astrophysics,
459, 745

Acknowledgements. We are grateful to Pierluigi Monaco, Niv Drory and Fontana, A., Santini, P., Grazian, A., et al. 2009, Accegtedpublication in

Andrew Hopkins for the useful discussions. Observationseewarried out with
the Very Large Telescope at the ESO Paranal Observatory trtdgram IDs
LP168.A-0485 and ID 170.A-0788 and the ESO Science ArchidietuProgram
IDs 64.0-0643, 66.A-0572, 68.A-0544, 164.0-0561, 163294) and 60.A-
9120. The Millennium Simulation databases used in this papé the web ap-
plication providing online access to them were construetegart of the activi-
ties of the German Astrophysical Virtual Observatory. Wk has been partly
funded by ASI, under the COFIS contract.

References

Adelberger, K. L. & Steidel, C. C. 2000, The Astrophysicalidwl, 544, 218

Baldry, I. K. & Glazebrook, K. 2003, ApJ, 593, 258

Bavouzet, N., Dole, H., Le Floc'h, E., et al. 2007, ArXiv eifgs, 712

Bell, E. F. 2003, ApJ, 586, 794

Bell, E. F., Papovich, C., Wolf, C., et al. 2005, The Astropiogl Journal, 625,
23

Bell, E. F., Wolf, C., Meisenheimer, K., et al. 2004, ApJ, 60882

Best, P. N., Kaffimann, G., Heckman, T. M., et al. 2005, MNRAS, 362, 25

Bower, R. G., Benson, A. J., Malbon, R., et al. 2006, MNRAS),3#45

Brinchmann, J. & Ellis, R. S. 2000, ApJ, 536, L77

Brown, M. J. I., Dey, A., Jannuzi, B. T., et al. 2007, ApJ, 6888

Bruzual, G. 2007a, ArXiv Astrophysics e-prints

Bruzual, G. 2007b, in Astronomical Society of the Pacific féoence Series,
Vol. 374, From Stars to Galaxies: Building the Pieces to @Uilp the
Universe, ed. A. Vallenari, R. Tantalo, L. Portinari, & A. Mtti, 303+

Bruzual, G. & Charlot, S. 2003, Royal Astronomical Socidfignthly Notices,
344, 1000

Bundy, K., Ellis, R. S., Conselice, C. J., et al. 2006, ApJ,,6E20

Calzetti, D. 1997, AJ, 113, 162

Calzetti, D. 2001, PASP, 113, 1449

Calzetti, D. 2008, in Astronomical Society of the Pacific @wance Series, Vol.
390, Astronomical Society of the Pacific Conference Seeids). H. Knapen,
T.J. Mahoney, & A. Vazdekis, 124

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 5882

Calzetti, D., Kennicutt, R. C., Engelbracht, C. W., et al020ApJ, 666, 870

Calzetti, D., Kinney, A. L., & Storchi-Bergmann, T. 1994, Ap129, 582

Caputi, K. I., Lagache, G., Yan, L., et al. 2007, ApJ, 660, 97

Chabrier, G. 2003, ApJ, 586, L133

Chary, R. & Elbaz, D. 2001, The Astrophysical Journal, 55, 5

Chary, R. R. 2006, arXiv:astro-f#612736

Cimatti, A., Cassata, P., Pozzetti, L., et al. 2008, A&A, 432

Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, Al21839

Cresci, G., Hicks, E. K. S., Genzel, R., et al. 2009, ArXivra{s 0902.4701

Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MN8A367, 864

Daddi, E., Alexander, D. M., Dickinson, M., et al. 2007a, AfJ0, 173

Daddi, E., Cimatti, A., Renzini, A., et al. 2004, ApJ, 617674

Daddi, E., Dickinson, M., Morrison, G., et al. 2007b, ApJO6156

Dale, D. A. & Helou, G. 2002, The Astrophysical Journal, 5759

Damen, M., Labbé, I., Franx, M., et al. 2009, ApJ, 690, 937

Davé, R. 2008, MNRAS, 385, 147

De Lucia, G. & Blaizot, J. 2007, Royal Astronomical Socigionthly Notices,
375, 2

De Santis, C., Grazian, A., Fontana, A., & Santini, P. 2008wMstronomy, 12,
271

Dekel, A. & Birnboim, Y. 2006, MNRAS, 368, 2

Dekel, A., Birnboim, Y., Engel, G., et al. 2009, Nature, 4831

Dey, A., Soifer, B. T., Desai, V., et al. 2008, ApJ, 677, 943

Dickinson, M., Papovich, C., Ferguson, H. C., & Budavari2003, ApJ, 587,
25

Drory, N., Bender, R., Feulner, G., et al. 2004, The Astrgitsl Journal, 608,
742

Dunne, L., lvison, R. J., Maddox, S., et al. 2009, MNRAS, 334,

Elbaz, D., Cesarsky, C. J., Chanial, P., et al. 2002, Astron& Astrophysics,
384, 848

A&A

Fontanot, F., De Lucia, G., Monaco, P., Somerville, R. S.,adtHhi, P. 2009,
ArXiv e-prints 0901.1130

Genel, S., Genzel, R., Bouché, N., et al. 2008, ApJ, 688, 789

Giavalisco, M., Ferguson, H. C., Koekemoer, A. M., et al.208pJ, 600, L93

Glazebrook, K., Abraham, R. G., McCarthy, P. J., et al. 200&ture, 430, 181

Grazian, A., Fontana, A., De Santis, C., et al. 2006, Astnoné. Astrophysics,
449, 951

Grazian, A., Salimbeni,
Astrophysics, 465, 393

Han, Z., Podsiadlowski, P., & Lynas-Gray, A. E. 2007, MNRAS80, 1098

Heavens, A., Panter, B., Jimenez, R., & Dunlop, J. 2004, idadP8, 625

Hopkins, A. M. 2004, The Astrophysical Journal, 615, 209

Hopkins, A. M. & Beacom, J. F. 2006, ApJ, 651, 142

Iglesias-Paramo, J., Buat, V., Takeuchi, T. T., et al. 2@G&S, 164, 38

Johansson, P. H., Naab, T., & Ostriker, J. P. 2009, ArXiviatpi0903.2840

Juneau, S., Glazebrook, K., Crampton, D., et al. 2005, A9, 6135

Kennicutt, Jr., R. C. 1998, Annu. Rev. Astron. Astrophys,, B39

Khochfar, S. & Ostriker, J. P. 2008, ApJ, 680, 54

Khochfar, S. & Silk, J. 2008, ArXiv e-prints 0812.1183

Kitzbichler, M. G. & White, S. D. M. 2007, Royal Astronomic&ociety,
Monthly Notices, 376, 2

Lagache, G., Dole, H., & Puget, J.-L. 2003, Royal Astron@hiSociety,
Monthly Notices, 338, 555

Le Floc’h, E., Papovich, C., Dole, H., et al. 2005, ApJ, 6329 1

Lemson, G. & Springel, V. 2006, in Astronomical Society of tfPacific
Conference Series, Vol. 351, Astronomical Data Analysistv@oe and
Systems XV, ed. C. Gabriel, C. Arviset, D. Ponz, & S. Enric@E2—+

Lilly, S. J., Le Fevre, O., Hammer, F., & Crampton, D. 1996e Wstrophysical
Journal Letters, 460, L4

Madau, P., Ferguson, H. C., Dickinson, M. E., et al. 1996,dRéstronomical
Society, Monthly Notices, 283, 1388

Maiolino, R., Nagao, T., Grazian, A, et al. 2008, A&A, 48834

Maraston, C. 2005, MNRAS, 362, 799

Marchesini, D., van Dokkum, P. G., Forster Schreiber, N.é#lal. 2008, ArXiv
e-prints:0811.1773

Marcillac, D., Elbaz, D., Chary, R. R., et al. 2006, Astrono& Astrophysics,
451, 57

Menci, N., Cavaliere, A., Fontana, A., et al. 2004, ApJ, 6,

Menci, N., Fontana, A., Giallongo, E., Grazian, A., & Salienly S. 2006, The
Astrophysical Journal, 647, 753

Monaco, P., Fontanot, F., & Fani, G. 2007, MNRAS, 375, 1189

Nagamine, K., Ostriker, J. P., Fukugita, M., & Cen, R. 2006, 2653, 881

Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, Ap0, 683

Papovich, C. & Bell, E. F. 2002, The Astrophysical Journatéswrs, 579, L1

Papovich, C., Dickinson, M., & Ferguson, H. C. 2001, ApJ, 555

Papovich, C., Dole, H., Egami, E., et al. 2004, ApJS, 154, 70

Papovich, C., Moustakas, L. A., Dickinson, M., et al. 2008gTAstrophysical
Journal, 640, 92

Papovich, C., Rudnick, G., Le Floc'h, E., et al. 2007, Ap.B,66

Pérez-Gonzalez, P. G., Rieke, G. H., Egami, E., et al. 2088 Astrophysical
Journal, 630, 82

Polletta, M., Tajer, M., Maraschi, L., et al. 2007, The Agtgsical Journal, 663,
81

Popesso, P., Dickinson, M., Nonino, M., et al. 2009, A&A, 4843

Pozzetti, L., Bolzonella, M., Lamareille, F., et al. 200&A, 474, 443

Rieke, G. H., Alonso-Herrero, A., Weiner, B. J., et al. 208p,), 692, 556

Rieke, G. H., Young, E. T., Engelbracht, C. W., et al. 2004 Hstrophysical
Journal Supplement Series, 154, 25

Rudnick, G., Labbg, I., Forster Schreiber, N. M., et aD&0The Astrophysical
Journal, 650, 624

Salimbeni, S., Fontana, A., Giallongo, E., et al. 2009, Ar&iprints 0901.3540

Salimbeni, S., Giallongo, E., Menci, N., et al. 2008, A&A, 74763

Salpeter, E. E. 1955, ApJ, 121, 161

Shapley, A. E., Steidel, C. C., Adelberger, K. L., et al. 208pJ, 562, 95

Shapley, A. E., Steidel, C. C., Erb, D. K., et al. 2005, ApJ,698

S., Pentericci, L., et al. 2007, réspmy &


http://lanl.arxiv.org/abs/astro-ph/0612736

P. Santini et al.: Star formation and mass assembly in higéhié& galaxies 15

Shupe, D. L., Rowan-Robinson, M., Lonsdale, C. J., et al82843, 135, 1050
Siebenmorgen, R & KrUgel, E 2007’ Astronomy & AStrOpb$$i461, 445 »v T T T T T vvuw”v T T T T T T vHH‘A
Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Na{435, 629

Steidel, C. C., Adelberger, K. L., Giavalisco, M., DickimsdV., & Pettini, M. 2o 08==z<06 T 06==<t0 I
1999, The Astrophysical Journal, 519, 1 T

Takeuchi, T. T., Buat, V., Iglesias-Paramo, J., Bosellj,@Burgarella, D. 2005, 27
Astronomy & Astrophysics, 432, 423 ~

Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira2@5, ApJ,
621, 673 E‘ig

Vanzella, E., Cristiani, S., Dickinson, M., et al. 2008, A&478, 83
Wilkins, S. M., Trentham, N., & Hopkins, A. M. 2008, MNRAS, 38687 L
Wuyts, S., Labbé, I., Schreiber, N. M. F., et al. 2008, A[8R,®85 05
Yan, H., Dickinson, M., Giavalisco, M., et al. 2006, ApJ, 634 T T R T
Zheng, X. Z., Bell, E. F., Papovich, C., et al. 2007, ApJ, 6641 L L AN I L AN
Zhu, Y.-N., Wu, H., Cao, C., & Li, H.-N. 2008, ApJ, 686, 155

Zucca, E., libert, O., Bardelli, S., et al. 2006, A&A, 455387 25 1M0E2cds T W2 .
Lo
ag 2
. A A ~ 15
Appendix A: The estimate of total infrared %&

luminosity 1

T

We present here the details regarding the method used texonv os

mid-IR fluxes into total infrared luminosities and compadne t TRSETTE R BN VIE ST T ST

results obtained from fferent template libraries. 10 100 oo 1 " 1J°°] 1000
Supposing that the IR emission is primarily due to dust heat- FRaluly] i

ing caused by star formation, the SFR results proportiomal t i i .
the dust thermal emission of the galaky. Kennicutt (1998) a9 A-1. Comparison between the total infrared luminosity es-

serts that the total infrared luminositygLemitted between 8 timated with Dale & Heloul(2002) and Chary & Elbaz (2001)

and 1000um is a good tracer of the SFR. At the redshift Ofempllayes in dfgrent redshift bins. The.two synthetic libraries

our interest £ ~ 0.3 — 2.5), MIPS 24um band probes the rest-Predictions are in good agreement within a fast@.

frame mid-IR emission, which has been demonstrated to cor-

relate with Lg (e.g., LChary & Elbaz 2001; Elbaz et al. 2002;

Papovich & Bell 2002; Takeuchi etlal. 2005; Zhu et al. 2008). Lo g
Lir extrapolation from 24/m observations is quite a deli- F

cate point as dust emits most of its light at longer wavelesigt . =~ 1 &

T Ty T

T

.,‘)( T N TS S
L oo L e e e Rl et
E SRR A 2 A \.::..G.. ':..-#;:“ 3 3

Moreover, the rest-frame region under study is particuleoim- 25 | ) S T : I
plex given the presence of polycyclic aromatic hydrocarbor_ o1 * * * £ .

(PAH) lines. In principle, these aspects could easily l@addn 2
negligible errors in the determination ofdLvalues. Therefore, =, [ ]
we employed two dierent methods to infer g, examining and 03sz<06 f 0.6 <z < 1.0
comparing both synthetic and empirical templates using<gtr
selected subsample (subsample A).

Firstly, according to what is usually done in litera-
ture, we considered Dale & Helou (2002) (DH hereafter) and
Chary & Elbaz (2001) (CE hereafter) synthetic librariese3tn =z. *¢
models do not extend to ficiently short wavelengths to fit the —
SED shape, i.e. they do not include the stellar contribytol ™ o1 ¢ 3
atz > 1 MIPS 24um band solely can be fitted, the other bandg.. ; Ix ]
moving out of the model range or being shifted to the regiof oo ¢ + .
dominated by star light. Each model is associated with argive Eo poszcls ¥ Lo sz <2s g
Lir. In the case of CE library, each model is provided with its o, L x 1 i
absolute normalization, and hence with a given total irfdldu- TS S PV TP OVS R PHVIT SRR POOIE
minosity. As for the DH library, we assigned a giveg lto each 10 100 w000 10 Foa[ }00] 1000
template using the empirical relationlin Marcillac et alOQ®) Fa4{uly] HY
betweenL,r and the predicted®°/f1% colour. In both cases, _| , ) o )
model which best reproduces the24 observed luminosity and Mated with Dale & Helau (2002) and Polletta et al. (2007) tem-
normalized it using the flux dierence between the model andlates. Black and gray dots and red crosses indicate olfigeets
the observed galaxy. respectively by starburst, sp|ra_1I—I|ke and early-typepéates by
In Fig.[A we show a comparison betwees las predicted by Polletta et al.[(2007). Synthetic models appear to ovemedé
the two diferent model libraries. As already noticed in literaturkir at bright luminosities in the highest redshift bin when com-
(Papovich et al. 2006; Marcillac etlal. 2006), they give éens Pared to empirical templates.
tent results within a factor 2-3, with the highesffdiences ap-
pearing at high redshifts and high luminosities. Yet, itasgible
to observe a few trends with both luminosity and redshiftalhi A new kind of approach in our work consists in employing
depend on the specific templates details. empirical local spectra to fit the overall galaxy SED shape in

0.001 -+ E
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stead of the 24im luminosity. Indeed, these spectra do include
the stellar contribution as well as dust emission. We carsidl - T T T

Polletta et al.[(2007) spectra (POL hereafter). This lijp@m- 0% e e S
prises early type, spiral, starburst andfelient kinds of AGN wor b » ".“'3 ER ]
local templates, ranging from100 A to ~5 mm. The wide — - s R 0 ATt ]
wavelength extension allows us to fit the SED shape using the 1o ¢ s i A M E

multi-band catalog. After performing several tests, weidiet

to carry out a fit over 5 bands (IRAC bands24 um), in order

to exclude the optical range, where the evolution of thdastel
component dominates over the dust emission. Since we raimove ¢ E
AGN-dominated objects from our sample, we only fitearly type ey . ., . . . . ., ]
and star-forming models. If we instead include AGN SEDs, es- .. [
timated L are only poorly &ected, resulting in slightly lower i
values (see also_Papovich etlal. 2007). Despite the pods-stat 1o ¢

F. > 83 uly
100 = ° E

et

5 g‘_,';:_: 2

R R R T TR
tical weight (one amongst five bands) and the larger noige, the | © ety ;{*ﬁ‘“ AR
24 um band is still fitted acceptably. The mean deviation bes " . O PN E
tween observed and fitted magnitudes for,24 detections is %‘E woo Ll 2N B0 ]
(-0.27 + 0.74) mag, with 76% of objects consistent withior,1 EL AT Faoum > 83 uly E
82% of objects consistent withirv2and 85% within 3 (con- 100 | I‘" 4
sidering theF,4 > 20 pJy subsample). An example offtir- 2 ]
ent kinds of spectral energy distributions fitted by Padiedt al. ee—
(2007) templates is reported in Fig. A.2. Redshift

Figure[A.3 shows the comparison betweepr Estimates ob-

tained with DH synthetic library and POL empirical one, , i .

Sources classification based on the spectral shape fittiegag F19- A-4. Relation between total infrared luminosity gl-
with what presumed from 24m emission. As expected, the onlycomputed using._Dale & Heloul (2002) (upper panel) and
galaxies fitted by early type SEDs (red crosses) have veny zPolletta et al. (2007) templates (lower panel), and reddBldick
24,;m emission. Moreover, objects tend to be fitted by starbur§0ts represent fluxes above 88, gray+ black dots refer to our
like models (black dots) rather than spiral-like ones (glags) Sample limited at 2@Jy.

as redshift increases. Although the scatter between thestio

mates Ly is larger than in the previous case (note that, contrarily

to Fig.[A, the y-scale is logarithmic), we find global cansi attentive analysis they show a systematic trend dependitigeo
tency between the two adopted procedures. The only relev&ifitR itself which is discussed in the text. In order to asdeseet
deviation dfects the highest redshift bin: in this redshift rangkability of the SFR measures inferred from the SED fittingda
synthetic models appear to over-predict, by up to a facter Ience of the concrete evidence of such characteristic tiead
Lir for bright objects. The same behaviour has been observedke use of the error analysis which has already been widely
in [IPapovich et al. (2007), where 24n flux, fitted with DH li- adopted in similar cases (Papovich etial. 2001; Fontana et al
brary, seems to overestimate the SFR (which is fairly prop@006,.2009). Briefly, the full synthetic library used to firftet
tional to Lig) with respect to the case where longer wavelengtlest fit spectrum is compared with the observed SED of each
(70 and 16Qum MIPS bands) are considered as well. They cogalaxy. For each spectral model (i.e. for each combinaticineo
rect this trend using an empirical second-order polynoréial free parameterage, 7, Z, E(B - V)), the probabilityP of the
similar trend for the 24:m flux to overestimate | at bright resultingy? is computed and retained, along with the associated
luminosities has also been pointed out in Bavouzetlet aD{P0 SFR. In the case of galaxies with photometrionly, an addi-
and Rieke et all (2009). tional source of error is the redshift uncertainty. To actdor

In our work we use Dale & Helou (2002) library for consisthis, the error analysis has been done leaving the redshét f
tency with previous works and for which the lowering corieet within the local minimum aroundgge.
needed to estimate the SFR has been provided by Papovich et alWe have chosen two subsamples for performing the er-
(2007). ror analysis, exemplifying respectively the cases RRR <<

We show L, estimated using both synthetic (DH) and emSFR;; and SFRs,uv >> SFRy. These two subsamples have
pirical (POL) templates, as a function of redshift in HigdA. been named subsample A and subsample B, and have been
Once again, the two libraries give fairly consistent resuMll in  selected with the aim of having good statistics in both cases
all, the conversion between fluxes and total infrared lursityo Subsample A is made of galaxies havingg 0< z < 1.0,
does not depend on the assumed templates in a significant v@yRr,uv < 10Moyr* and SFRk,uv/SFRit < 0.8. Subsample
The observed lr—redshift relation is in agreement with the ond® is composed of galaxies in the redshift bin 1.5 — 2.5, with
presented by Pérez-Gonzalez étlal. (2005). As expecedy& SFRg.uv > 200Moyr—* and 2< SFRg,uv/SFRi < 20. Highly
only able to detect the more luminous sources as we movediascured AGN candidates have been removed by both subsam-
higher redshift. ples.

The results of our analysis are shown in Hig.]B.1. We
show the probability distribution of the star formationasiesti-
mated through the SED fitting averaged over each subsample.
In Sect[3.2 we have compared twdtdrent tracers for the starWe plot the probability associated to the SFR inferred from
formation rate, one derived from the 24n emission and the the generic fitted template, SERas a function of the ratio
other inferred from a SED fitting technique. Although the tw&FR/SFR,«+it- We also show the distribution and the average
estimators have been found to be overall consistent, to @ mealue of SFRk . uv/SFRes fit-

Appendix B: Error analysis on SFR
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Fig. B.1. Probability distribution of the star formation rates es-
timated through the SED fitting technique averaged over each
subsample. Upper and lower panels show respectively subsam
ple A and B (see text). The solid line shows the probability as
sociated to the SFR inferred from the generic fitted template
SFR, as a function of the ratio SERSFR.eqfit. The dotted line
shows the distribution of SRR uv/SFRes+it fOr all the galaxies

in the subsample. The dashed line shows the average value for
SFRRr+uv/SFRhestfit-

As expected, the probability curve is much wider at higher
redshifts than at lowez, where also the spread of our data gets
larger (see Fig3). This is due to the faintness of the galax-
ies observed at these redshifts and to the lakgeorrections.
However, it is clear from Fig.Bl1 that the SED fitting for gala
ies in both subsamples is well constrained, and that therade
average SFR is significantly higher (lower) than the oneveelri
from the IR emission. Indeed, the average {ER//SFRes it
(dashed line) as well as their distribution (dotted lin@s lon
the tail of the SFRSFR,e«+it distribution.

We also inspected the individual probability curves, cdnsi
ering, for each source, the ratio between the probabilityasf
ing SFR from the SED fitting equal to SIHRyy and the best
fit probability P(SFR=SFRR.uv)/P(SFR=SFRue«it)- The frac-
tion of galaxies having this ratio greater than 0.4 is 5.6% an
18.8% in subsample A and B respectively.

Finally, according to a Kolmogorov Smirnov test, the proba-
bility that the SFR values derived from the two tracers agsair
from the same distribution is negligible.4110-**and 26-102°
respectively for subsample A and subsample B).
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Fig. A.2. Different typical observed spectral energy distributionsfittgPolletta et al! (2007) templates. From top left, in datk-
wise direction, galaxies have been fitted by an ellipticabiaal and two starbursts templates. The green shadedriegiicates the
wavelength range used for the fitting procedure.
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