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ABSTRACT

We use a deef,; <25 galaxy sample in the Hubble Deep Field—South to trace the evolution of the cos-
mological stellar mass density from= 0.5 26=3 . We find clear evidence for a decrease of the average stellar
mass density at high redshift<z< 3.5 ,thati§2°% of the local value, 2 times higher than observed in the
Hubble Deep Field—North. To take into account for the selection effects, we define a homogeneous subsample
of galaxies with10'° M, < M, < 10" M, : in this sample, the mass densitg:al 205° % of the local value.

In the mass-limited subsamplezt 2 , the fraction of passively fading galaxies is at most 25%, although they
can contribute up to about 40% of the stellar mass density. On the other hand, star-forming galaxies at

form stars with an average specific rate of at IélEM,) = 4 x 10°° ~'\g times higher than the< 1 value.

This implies that UV-bright star-forming galaxies are substancial contributors to the rise of the stellar mass density
with cosmic time. Although these results are globally consistent W4@DM scenarios, the present rendition of
semianalytic models fails to match the stellar mass density produced by more massive galaxies present at
z>2.

Subject headings. galaxies: evolution — galaxies: formation — galaxies: high-redshift
On-line material: color figures

1. INTRODUCTION 2. STELLAR MASSES FROM THE HDF-S DATA

The most distinctive features of current theories of galaxy ~The data that we use here are the results of the HDF-S
formation is the mechanism relating the assembly of the ga- multiwavelength deep imaging survey, which combines the
lactic potential wells (mainly determined by the dark matter Hubble Space Telescope optical data (Casertano et al. 2000)
content) to the build-up of the stellar population contained in the F300W, FA50W, F606W, and F814W filters (hereafter
therein. Hierarchical theories of galaxy formation are charac- U, B, V, andl) and the ultradeep VLT-ISAAC IR images in
terized by a gradual enrichment of the star content of galaxiesthe Js, H, andKs filters (the AB photometric system has been
driven by their progressive growth through merging events. used th_l’OUghOUt the Letter). The Jattel’ data, Wh|Ch are in com-
This implies an appreciable antievolution witlf the galactic =~ Mon with the FIRES survey (Labbet al. 2003; Franx et al.
stellar mass distribution, in particular for the massive galaxies, 2003), have typical exposure times of about 30 hr in each filter

which, in such theories, have assembled relatively late. and were reduced and analyzed following the recipes of Van-
Recent surveys have started to directly follow this process Z€lla etal. (2001) and Fontana et al. (2000, FO0). An a posteriori
by estimating the stellar mass content of galaxies up~ _correlation with the FIRES data shows a good agreement in

either from detailed spectral analysis (Kauffmann et al. 2003) the measured colors and nois_e estimate_s. We_wi_ll use here the
or from multiwavelength imaging observations (Giallongo et Kas < 25sample, where the signal-to-noise ratio is larger than

al. 1998; Brinchmann & Ellis 2000, hereafter BEOO; Drory et 2: although our results rely essentially on the brighter objects.
al. 2001; Cole et al. 2001; Papovich et al. 2001, hereafter po1:The sample contains 302 objects, 59 with spectroscopic redshift

Shapley et al. 2001; Dickinson et al. 2003, hereafter D03). (Vanzella et al. 2002; Sawicki & Mallen-Omelas 2003), that
The latter technique relies on multicolor broadband imag- Were used to verify that the accuracy of photometric redshifts

ing—extended into the near-IR range—to estimate the stellars corriiparablt? to our rr]esults in the ';DhF'N' I fth
content by a comparison with spectral synthesis models. In this In this clata! og,bwe ave estimate: ht e ste ?r Cor;;ten.t 0 tde
work we present the results that this technique yields when HDF-S galaxies by a comparison with spectral synthesis mod-

; ; els, following the recipes of previous works (Giallongo et al.
applied to the Hubble Deep Field—South (HDF-S) data at ;> - < ) ) .
0< z< 3.2and compare them with the predictions of a semi- t1h998’ BEOO; FOOt, P.Olt'. D03), 'r? partlcu(ljatri,] wg havel gd&'?teldt
analytic model in aA-dominated cosmology @, = 0.3 , .'c>ame parameterization. we have usedine bruzua arlo
Q, = 0.7, andH, = 70 km s* Mpc ). A Salpeter initial mass (1993) GISSEL 2000 code with Salpeter IMF, a range of ex-
qunctioﬁ '(IMF) ios used in the Letter. ponentially declining star formation histories with timescales
' from 7 = 0.1 Gyr to 7 = © Gyr, metallicities ofZ/Z_ =

* INAF, Osservatorio Astronomico di Roma, via Frascati 33, [-00040 Mon- 0.02 0.2, 1, 2.5, and dust extinctiok E(.B_V) <1]. Asin
teporzio, ltaly. F0O, we have also added a set of multiple-burst models, al-

2 European Southern Observatory, Karl-Schwarzschild-Strasse 2, D-85748though only 5% of the objects turned out to be fitted by such
Garching, Germany. o _ _ models. The best-fitting model to the observed multiwavelength
|_35'i\‘2A2Fi32§§\‘/3;V?:§|30 Astronomico di Padova, Vicolo dellOsservatorio 2, (jstribution (at the spectroscopic or photometric redshifts) is

*INAF, Osser\’/atoric; Astronomico di Trieste, via G. B. Tiepolo 11, I-34131 l'.lsed to estimate the Ste"a.‘r maﬁgs (which includes a corr'ec-
Trieste, Italy. tion for the recycled fraction) in each galaxy sample. As in

% INAF, Osservatorio Astronomico di Brera, via E. Bianchi, 46 Merate, Italy. P01, we tested both a SMC-like extinction curve (used as at-
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tenuation) and a Calzetti et al. (2000) one. With the latter, the
mass estimates are slightly smaller than SMC (25% on aver-
age), since the Calzetti curve yields lower fitted ages than the
SMC, with an unpleasant fraction of 40% of galaxies with ages
<0.1 Gyr at anyz. The fits based on the Calzetti curve have 1om |-
also typically pooretg? and would be preferred only for 20% 2
(40%) of thez< 2 £> 2) galaxies. Given the uncertainties in
the dust treatment, and because of these systematic differences,
we present both results separately, with more emphasis on the 10"t
SMC-based results. ¥

The uncertainties involved in this approach, due to the de-
generacy among the input models as well as from photometric
noise and from the use of photometric redshifts, have been
estimated on the basis of the reduggédcomputed as in FOO.
The 1 0 confidence levels on the fitted parameters (such as Fol . 1
mass, age, and star formation rate) have been obtained by scan- 105 | 4. — 100
ning the model grid and retaining only the models that have P ]
X2 < XEesur + 1. Prior to this, as in P01, we have rescaled the Eo
noise in bright objects in order to hawyg..... = 1 The scan For
is performed either at fixed redshift (for objects with known 107 e b e o
spectroscopic redshift) or allowing the models to move around Redshift
the bESt-flttlng. photometric redshifts. “ . »  F1G. 1.—Galaxy stellar masses in the HDF-S sample as a functianTdfe

m the fOHOW'ng_' we shall 61_'59 make use ofa maximal mass points represent the “best-fit” estimates with SMC extinction curve of the
estimate to provide upper limits to the estimated stellar massstellar masses (squares are objects with spectrosgpgieror bars show the
of each object, being still broadly consistent with the observed 1 o confidence level and are computed including both the SMC and the Calzetti
colors. We have first assumed that all the UV light is due to extinction laws. The solid line has been computed from the CDM hierarchical

- L : - models of Menci et al. (2002), such that about three objects are expected from
a recent starburst with minima, /L ratio (Obtamed from a z = 0to z = 3. The short- and long-dashed lines represent two possible se-

model With_ constant S_FFZ = 0.2Z, age= 0.2 Gyr) and |ection curves above which the sample is mass complete (see text for details).
computed its contribution to thi§-band flux. Then, we have  [See the electronic edition of the Journal for a color version of this figure.]

used a maximally old stellar population to convert the residual
K band toM, . To check whether the evolution of the more massive galaxies
We remind thatlR-selected samples do not strictly corre- in our sample is consistent with theoretical expectations, we
spond to mass-selected ones. At any z, the faint side of the  have used the CDM models of Menci et al. (2002) to compute
sample is biased against the detection of high-mass, low-a thresholdV; defined such that one expects one galaxy above
luminosity objects, i.e., old, passively evolving, or highly ex- it (in the area sampled by the HDF-S observations) per unit
tincted galaxies. Because of the uncertainties in the modelingredshift (Fig. 1,solid line). The curve follows the growth of
of such objects, it is difficult to define a clear selection thresh- the high-mass tail of the galaxy stellar mass function on a
old. We plot in Figure 1 two selection curves, such that objects hierarchical scenario. Quantitatively, we find 17 galaxies above
above the lines should be used to compute statistics that requiréhe threshold, against the expected three, first evidence that the
mass-selected samples, although several objects of lower maskigh-mass tail of the galaxy stellar mass function is not ade-
(i.e., star-forming galaxies with lowevl,/L ) are detected. In quately followed by present CDM models.
one case we use a GISSEL 2000 dust-free passively evolving In the upper panel of Figure 2, we present the stellar mass
model ignited by an instantaneous burst of subsolar metallicity densityp,(zZ) computed from our whole sample with the stan-
at z = 18 (short-dashed ling); in another we use the more dard 1V, estimator, corrected to account for incompleteness
realistic model of Le Borgne & Rocca-Volmerange (20@2g- analogously to D03. We plot separately both the SMC and the
dashed line) that reproduces the colors of local EO and that Calzetti-based estimates. We also plot other available estimates
self-consistently includes the effects of finite burst duration, of the stellar mass density as obtained from other surveys at
dust absorption, and metallicity evolution. z=1 (BEOO; Cohen 2002), and most notably with the HDF-
Our sample is definitely incomplete below these curves, andN results (D03), that have similar depth, size, and adopted
reasonably complete above, except for strongly obscuredtechnique. While the evolution at< 1.5 in both HDFs is con-
sources. In the following we will roughly adopt a completeness sistent within errors (and with other surveys), it is remarkable
limit at M = 10" M, atz> 2. to observe that we find in the HDF-S a stellar mass density at
2<z<3.2that is about 2 times higher than in HDF-N.

At face value, the observed values @{2) withess a fast
increase of the stellar mass density from 7% to 15% of the
Figure 1 shows the best-fit stellar mass derived for eachlocal (with an upper limit of 40%) at> 2 to about unity at
galaxy in the HDF-S, at the corresponding redshifts. We notez< 1, i.e., in a relatively short amount of cosmic time. Fol-
that, due to the small volume sampled by the HDF-S, the mostlowing Cole et al. (2001) and D03, we have compared the
massive objects have typical masses arourid Q, even at observed evolution with available theoretical expectations. We
low-to-intermediatez, nearly a factor of 10 smaller than those use an analytic fit to the global star formation rate of Steidel

obtained by larger area surveys. We note, however, that severaét al. (1999), with two different dust extinction&(B—V) =
objects abové/, = 10"°M_ existabove= 2 , the most mas- 0, 0.15] and our CDM hierarchical model; both the CDM model
sive being an extremely red object &f,, = 2.8  with, = and the integrated contribution of the global star formation rate
2 x 10" Mg, which is better described in a separate paper with a reasonable dust extinction provide a good fit to the data.
(Saracco et al. 2003). However, a clean interpretation of the HDF-S data must take
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) ) ) ) Fic. 3.—Rest-frame properties af>-2 galaxies from spectral fitting of the
Fic. 2.—Evolution of the stellar mass density as a function of redshift. HDF-S sample. The vertical dashed line shows the rough estimated limit for

Upper panel: Observed values as estimated from the present wsatd( mass completeness in tze-2  samp. Best-fit age (divided by the cor-
squares, SMC; crosses, Calzetti) and from similar surveys: Dickinson et al.  responding Hubble time) as a function of stellar mass. For comparison, we
(2003, open squares), Cohen (2002,0pen triangles), Brinchmann & Ellis show in the right vertical axis the corresponding agesat2.5 b) Specific

(2000, filled triangles), and Cole et al. (2001gircle). Upper error bars are star formation rate as a function of stellar mass, compared with the average
extended at the level obtained from the “maximal mass” model; lower error relations aD.2< z< 0.5 thin dotted line) and at0.75< z< 1 ¢olid ling) from

bars represent the number counts noise. The two solid lines are the result ofBrinchmann & Ellis (2000). The thick dashed line corresponds to our fit to
integrating the cosmic star formation history with and without dugpér and the whole SMC sample. In both cases, filled dots represent the SMC-based
lower curves, respectively). The dashed line is the result of the CDM hier-  estimates, small dots the Calzetti ones. Encircled points represent the objects
archical model of Menci et al. (2002).ower panel: Symbols and curves as  with J-K > 1.34 discussed by Franx et al. (2003). Error bars are shown for

in above, but computed only in the fixed mass interg@1° Mg <M, < a few objects, for the SMC case only; the large error bars on the most massive
10" My, [See the electronic edition of the Journal for a color version of this objects reflect the ambiguity in its nature, between passively fading and dusty
figure] star-forming objects. Note also that errors are typically correlated, as shown

by the 1o confidence regions shown for one of the objects. Empty points
into account that the sampling of the underlying galaxy stellar sh;"(‘;btgecésmﬁ,fj’}iﬂwg\f&1th:3”-ains tf‘.;‘;"é’;’é’;gtﬁ‘ejséﬁ-secc"éﬁgfeisﬁtfférgevcvjnfﬁr
mass function may be incomplete on t.he massive side, becagsgrightlyj higher masses but Witgout éltering the order WithJ respect to nfaess. [
of the small HDF-S area, and may be inhomogenous at its faintihe eectronic edition of the Journal for a color version of this figure.]
side due to its varying depth as a function ofFor these
reasons, we have also obtained a homogeneous estimate of its o
evolution computing the mass density only H*® M, < sample is distributed over a large range (J—K),s <1.5
M, < 10" M, (Fig. 2,lower panel), where our sample is com- suggestive _of a significant spread in the stellar popula_tlon ages.
plete and well sampled at atl This range is slightly below  Thisis confirmed by the ages obtained from the best-fit spectral
the typical Schechter mass in the local mass function of Cole templates, which are plotted as a functionMf  in the upper
et al. (2001). Similarly, we have also computed the same quan-Panel of Figure 3. It is shown that the observed rangé-af

tity in the HDF-N field, using the data of PO1 and DO3. colors translates into a spread of fitted ages, ranging from 10
In this homogeneous subsample of relatively massive gal-t0 3 x 10° Gyr for the completeM, = 10" M, subsample,
axies, the stellar mass density a2 in the HDE-S is With about half of the sample close to the relevant Hubble time.

= 2072°% of the local value and approaches the local one at At lower masses, the fraction of younger objects seems to
z < 1. If we reproduce this selection criteria in our CDM model increase, a result that is likely affected by the biases against
(see Fig. 2), we find that the present CDM rendition dramat- 0ld/passive low mass objects. _

ically fails to reproduce the stellar mass density in massive At the same time, we find that most of the sample is UV
galaxies az> 2 . Again, we find that the HDF-N is undera- Dright (see Poli et al. 2003, Fig. 2) and is restricted to
bundant of massive galaxies with respect to HDF-S but is nev-the range of0.1=V—I < 0.5 corresponding to 0.05s

ertheless well above the CDM predictionszat 2.75 . E(B—V) = 0.2 for an SMC extinction curve. We will use in
the following the derived best-fit star formation rates (that in-

clude a correction for reddening), which are in agreement with
those derived with a fixed conversion between the SFR and
We will analyze here the physical properties of the sample L,,,, assuming arE(B—V) = 0.15
of K < 25 galaxies atz,,,,> 2 , which consists of 75 objects, Only seven “red” objects are detected at both large
including the 14 objects withJ(-K),; > 1.34emphasized by = V—I = 1andJ—K = 1.5 a combination that may be due either
Franx et al. (2003). to a strongly absorbed star-forming galaxy or to a passively
First, we use the—K color to sample the amplitude of the fading stellar population, an ambiguity that cannot be safely
rest-frame D4000 break, which is sensitive to the age of the removed without spectroscopy (Cimatti et al. 2002). For the
stellar population We find that most of théselectedz > 2 present data set, we have found that the spectral fitting to the

4. STAR-FORMING AND PASSIVE GALAXIES ATz> 2
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completeUBVIJHK distribution slightly prefers the “passive” 1. We find clear evidence for a decrease of the observed
spectral model; when we force the star-forming dusty solution stellar mass density with increasing redshifts2A&t z< 3.5  the
by selecting/age> 2 , we find that typicaf., -valuesarelarger stellar mass density of both of the whatg, <25  sample and
by a factor of 2, albe_lt_ still statlstlcal_ly accepta_bkée(,_s 14 ). of the homogeneous subsample of galaxies it M_ <

The output of the fitting procedure is sum.marlzed in thg lower M. < 10" M. are about 15%—20% (with a solid upper®b5und
panel of Figure 3, where we plot the specific star formation rate £ 20%) of ®h local val lue 2 i hiaher th h
M/M, for the K-selectedz>2 sample. At lower redshifts, the 0 0) of the ocal value, a value times higher than the
evolution ofM/M. has been studied by BEQO, of which we plot 2nalogous result in the HDF-N (Dickinson et al. 2003), and
in Figure 3 their average relations 8t2<z<0.5 and at approaches the local value onlyza& 1 . The UV-based cosmic
0.75< z< 1. They showed evidence for an increase of the ay- star formation history (e.g., Steidel et al. 1999) reproduces the
erageM/M, (at a giveM, ) witlz, we find that the trend of =~ observed evolution of the totgl(z)  (Fig. 1).
increasingM/M, witte still continues az = 3 . A regression to 2. In the mass-limited subsamplezat 2 , we find that the
our data yielddog (M/M,) = 2.18—1.245log M,) , i.e., the  fraction of passively fading galaxies & most 25%, and they

same slope but a factor of 3 higher thanthe 1~ data. At the can contribute up to about 40% of the measured stellar mass
median value of theM, >10" M, complete sampM,(= density.

3.2 x 10" M), the average specific star formation rate as de- 3 Galaxies oM ~ 3x 10°M. at>2 form stars at a
rived from the linear interpolation /M, ) = 4 x 10yt specific rate of at I*eas(ll\'/llM*> = 4®x 10 vk a value 3
We also note that the adoption of a Calzetti extinction curve . . ) )
would shift this it to a much higher value &f/M,) = 2.3 x tlme_s hlghe_r than yvhat is opservecta_i 1 (_BEOO). The inverse
10° yr*. We have found that the average Schlparameter of this rate is the time required for these objects to double their
SFR x age/massas estimated from the best-fit quantities, is Mass, assuming constant star formation rate; in our sample,
about 0.8 in this star-forming sample, suggesting a long durationthis turns out to be 2.5 Gyr, comparable both to the Hubble
of the starburst activity. time of the sample and to the cosmic time uztes 1 . Given
At the same time, we plot in Figure 3 the seven “red” objects the high fraction of star-forming galaxies in our mass-complete
(over 30 of the mass-complete subsample) discussed beforesample ay =~ 2.5 , it is likely that their observed star formation

These objects hawd/M, <10 ™ vk i.e., more than 10times  gpigndes last long enough to build up a substancial fraction of
lower that the typicak > 2 population if we adopt the “pas- the observed mass density zt 1

sively fading” fitting models, but follow the average trend if
we adopt the “star-forming” solution. Given the ambiguity of
their spectral classification, they can be used to obtain an upper
limit to the fraction of galaxies that formed most of their stars o .
in short episodes prior the time they are observed. In the HDF- O"ef?”v the$e data suggest a scenario in ‘.Nh'Ch th_e grov_vth
S, these “passively fading” objects contribute at most to about of p.(Z) in relatively magswe gala>§|es is consistent with their
25% of the total number density of the mass-complete sub- UV-inferred star formation properties.
sample ofz= 3 galaxies. In this case, the cosmological mass Finally, the large best-fit ages and Schlparameters of our
density due to these seven objectsli®5 x 10" M, Mpc  z> 2 galaxies suggest that the global star formation rate should
and hence contributes up t840% of the total mass density have been relatively high up to very high consistent with
of the mass-complete subsample, which4i& x 10" M the results of recent searchegzoet 5-6  galaxies (e.g., Fontana
Mpc 3. As can be derived from Figure 3, the mass density doeset al. 2003).
not change appreciably if we assume the star-forming dusty At first glance, this scenario is broadly consistent with the
solution for these objects. CDM theoretical expectation, where both “quiescent” star for-
Finally, we note that most of these “red” objects are drawn mation rate and bursts during gas-rich mergings occur at a high
from the 0—K),g > 1.34 subsample discussed by Franx et al. rate az> 1 . Despite this, our rendition of CDM models largely
(2003), although other objects of this class are actively starfails to reproduce the mass density of the most massive gal-
forming. The total mass density in th&«K),; > 1.34sample axies, even if we assume the average value between HDF-N

is 3.7 x 10’ M, Mpc 2. and HDF-S. Hence, the failure to reproduce the amount of
baryons condensed into stars suggests that the star formation
5. SUMMARY in these massive objects occurs in a more efficient fashion than
We have used new ultradedplK images of the HDF-S to ~ what was accounted for by our recipes, as also suggested by
trace the evolution of the stellar mass dengit{z) from other results directly related to the high star formation rates
0.5to z = 3.5, with the following main results: found atz> 3 (Fontana et al. 2003; Poli et al. 2003).
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