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ABSTRACT

We present the results of a deep, wide-area, optical andiResurvey of massive high-redshift galaxies. The
Prime Focus Camera (Suprime-Cam) on the Subaru telescapesed to obtaiBRIZ imaging over 2x 940
arcmir? fields, whileJKs imaging was provided by the SOFI camera at the New Techndletgscope (NTT)

for a subset of the area, partly from the ESO Imaging Survé§)(En this paper, we report on the properties of
K-band—selected galaxies, identified from a total area 820 arcmir to Kvega= 19, of which 320 arcmifi

are complete t&vega = 20. TheBzK selection technique was used to assemble complete sanfésuat
500 candidate massive star-forming galaxies (sBzKs) amditab60 candidate massive passively evolving
galaxies (pBzKs) at.# < z < 2.5; and the(R— K)vega > 5 color criterion was used to assemble a sample of

about 850 extremely red objects (EROs). We accurately measuface densities of2040.05 arcmin? and
0.38+0.03 arcmin 2 for the sBzKs and the pBzKs, respectively. Both sBzKs and{sBare strongly clustered,

at a level at least comparable to that of EROs, with pBzKs appg more clustered than sBzKs. We estimate
the reddening, star formation rates (SFRs) and stellar esast.) for the ensemble of sBzKs, confirming
that toKyega ~ 20 typical (median) values atd, ~ 10! M, SFR~ 190M.yr~1, andE(B—V) ~ 0.44. A
correlation is detected such that the most massive galakes 2 are also the most actively star-forming, an
effect that can be seen as a manifestatiodafnsizingat early epochs. The space density of massive pBzKs
atz~ 1.4— 2 that we derive is 20%7% that of similarly massive early-type galaxieszat 0. Adding this
space density to that of our massive star forming class, sBzKthe same redshift range produces a closer
comparison with the local early-type galaxy populatiortunaly implying that we are detecting star formation
in a sizable fraction of massive galaxieszat 1.4, which has been quenched by the present day. Follow-up
optical and near infrared spectroscopy is in progress & 8@ Very Large Telescope (VLT) and at the Subaru
telescope, in order to elucidate more thoroughly the foionand evolution of massive galaxies.

Subject headingsgalaxies: evolution — galaxies: high-redshift — cosmologjpservations — galaxies:
photometry

1. INTRODUCTION Cole et al.2000; Menci et al. 2002; Somerville 2004a) and

Despite the recent extraordinary progress in observattionaOt.hr(]er Lnodels.predwtmg a quite mild eYozlté%op,ZBngrgén line
cosmology and the successful convergence on a single cos/ith observations (e.g., Nagamine et al. 2001; 2005; Gmnat

mological model, galaxy formation and evolution largely re €t al-2004; Somerville etal. 2004b; a direct comparison of
main an open issue. One critical aspect is how and whensuch models can be found in Fig. 9 of Fontana et al. 2004).

the present-day most massive galaxies (e.g. ellipticabgal Moreover, models that provide an acceptable fit to the galaxy
ies and bulges wittM, > 10LM.) were built up and what stellar mass function a> 1 may differ conS|1derany in the
type of evolution characterized their growth over cosmic &ctual properties of the galaxies wiih. =, 104M; atz 2 1,
time (e.g., Cimatti etal. 2004; Glazebrook et al. 2004, and With some models predicting very few, if any, passively evol

references therein). Indeed, various current renditidns o iré:g gala}xieslatztgloejelvlredcshifwts, at\/lagggzgévitéldr_ecer?iwgi}%S
the ACDM hierarchical merging paradigm differ enormously (S imatti et ai 00L cCarthy et al. ; Daddietal. 2005a
in this respect, with some models predicting the virtually araﬁ:_::o etal. AC). del th each oth
complete disappearance of such galaxiezbyl—2 (e.g., While variousACDM models may agree with each other
atz~ 0 (where they all are tuned) their dramatic divergence
! Based on data collected at Subaru Telescope (program SO2Bwhich with increasing redshift gives us powerful leverage to re-
is operated by the National Astronomical Observatory ofdapilso based strict the choice among them, thus aiding understanding of
on data collected at the New Technology Telescope (progfaml169.A- the physics of galaxy formation and evolution. Hence, a di-

0725; 67.A-0244(A); 164.0-0561), which is operated by thedpean South- : ; :
ern Observatory. rect observational mapping of galaxy evolution through cos
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mic time is particularly important and rewarding, espdgial tometry are described, together with the first results on K-
if a significant number of massive galaxies at Z < 3 can band selected samples of distant, high redshift massiexgal
be identified and studied. In this regard, the critical ques- ies. Compared to optical, the near-IR selection (in paldicu
tions concern the evolution with redshift of the number den- in the K band) offers several advantages, including the rel-
sity of massive galaxies and their star formation histories ative insensitivity of the k-corrections to galaxy typegeav
as reflected by their colors and spectral energy distribgtio at high redshift, the less severe dust extinction effetts, t
(SEDs). These questions have just started to be addressedeaker dependence on the instantaneous star formation ac-
by various spectroscopy projects, such as the K20 surveytivity, and a tighter correlation with the stellar mass oé th
(Cimatti et al. 2002a, 52 arcnfl)y) the Hubble Deep Fields galaxies. Therefore, the study of faint galaxy samples se-
(HDFs; Ferguson et al. 2000, 5.3 arciin the HDF-North lected in the near-infrared have long been recognized a$ ide
and 4.4 arcmifiin the HDF-South), the Great Observato- tools to study the process of mass assembly at high redshift
ries Origins Deep Survey (GOODS; Giavalisco et al. 2004, (Broadhurst et al. 1992; Kauffmann & Charlot 1998; Cimatti
320 arcmirk in the North and South fields combined) the et al. 2002a).
HST/ACS Ultra Deep Field (S. Beckwith et al. 2006, in prepa-  The paper is organized as follows: Section 2 describes the
ration; 12 arcmif), the Gemini Deep Deep Survey (Abraham observations and the data reduction. Section 3 discusses th
etal.2004, 121 arcmf), and the extension down to~ 2 photometric calibration of the images. Section 4 presdms t
of the Lyman break galaxy (LBG) project (Steidel et al. 2004, selection and number counts for EROs, sBzKs, and pBzKs.
~ 100 arcmir). However, massive galaxies are quite rare Section 5 presents the analysis of the clustering of fielebgal
and likely highly clustered at all redshifts, and hence $mal ies, EROs, sBzKs, and pBzKs. The properties of sBzKs are
areas such as those explored so far are subject to large copresented in Section 6. Finally, a brief summary is presente
mic variance (Daddi et al. 2000; Bell et al. 2004; Somerville in Section 7. Throughout the paper, we use the Salpeter IMF
etal.2004c). Therefore, although these observation haveextending between 0.1 and 100, and a cosmology with
demonstrated that old, passive and massive galaxies do exig2, = 0.7,y = 0.3, anch = Ho(km s~* Mpc~1) /100=0.71.
in the field out taz ~ 2, it remains to be firmly established how For the sake of comparison with previous works, magnitudes
their number and evolutionary properties evolve with rétish ~ and colors in both AB and Vega systems have to be dsed.
up toz~ 2 and beyond.

To make a major step forward we are undertaking fairly 2. OBSERVATIONS
deep, wide-field imaging with the Suprime-Cam on Subaru  Tyg widely separated fields were imaged as a part of our
of two fields of 940 arcmifi each for part of which near- survey: one centered ai(J2000)= 11"24M505, §(J2000)=
IR data are available from ESO New Technology Telescope _ 512420/ (hereafter Deep3a-F), and the the second, the
(NTT) observations. The extensive imaging has supporteds,_cyjjed “Daddi field” (hereafter Daddi-F; Daddi et al. BP0
the spectroscopic follow-up with the VLT and the Subaru .qntered ata(J2000)= 14492, 6(J2060): 09°0000".
telescopes, for which part of the data have already been sepeyiis of the optical and near-IR observations are shown in

cured. The prime aim of this survey is to understand how andrap e 1. Figurgll shows the layout of the two areas observed.
when the present-day massive galaxies formed, and to this

end, the imaging observations have been optimized for the 2.1. Near-IR imaging and data reduction
use of optical/near-IR multi-color selection criteria dentify
both star-forming and passive galaxiez at 2.

Color criteria are quite efficient in singling out high redsh
galaxies. The best-known example is the dropout techniqu

for selecting LBGs (Steidel et al. 1996). Besides targeting ; s . .
LBGs, color criteria have also been used to search for pas-detector, which, when used together with its large field obje

sively evolving galaxies at high redshifts, such as extigme Ve, provides images with a pixel scale ¢29 and a field of

red objects (EROSs) at redshifts- 1 (Thompson et al. 1999;  View of ~4.9x 4.9 arcmirf.

McCarthy 2004) and distant red aalaxies (DRGs) at redshifts P€€p3a-F is part of the ESO Deep Public Survey (DPS)
z,g Za(rFr;/nx et ;ﬁgooé)s' antred galaxies ( s) at redshi Scarried out by the ESO Imaging Survey (EIS) program (Ren-

Recently, using the highly complete spectroscopic retishif zini & da Costa 1999) (see http://www.eso.org/scienci/eis

database of the K20 survey, Daddi et al. (2004a) introduced’ n€ Deep3a SOFI observations cover a total area of about

a new criterion for obtaining virtually complete samples of 220 arcmirt in the K band, most at the relatively shallow lim-

galaxies in the redshift range4l< z < 2.5, based orB, z IS Of Kvega~ 19.0-19.5. About 320 arcmfrthe region used
andK<? imaging: star-forming galaxies are identified requir- " {he present paper, Eave_ mluch éjeeper mtggraﬂon;_ with a
ing BzK = (z— K)ag — (B—2Z)ag > —0.2 (for convenience, minimum 3600s per sky pixel (and up to 2 hr) reaching to

. L . Kvega < 20 anddega 2 22. The NTTJ- andK-band images
we use the term sBzKs for galaxies selected in this way); and’Yeg2 ega~ & X .
passively evolving galaxies at>, 1.4 requiringBzK < —0.2 of Deep3a-F were retrieved from the ESO Science Archive

and(z— K)ag > 2.5 (hereafter pBzKs). This criterion is red- and reduced using the EIS/MVM pipeline for automated re-
deni(ng inglg%endeng for star-f(?rming)galaxies in the setbct duction of optical/infrared images (Vandame 2002). Theé-sof
redshift range, thus allowing us also to select the reddest m ware pt)ré)_ducesé);‘ullyt.redl#lc??l "T(‘f.‘ges danfd. wglghtt-)maps garry-
dust-extinguished galaxies, together with those that &te o Isnugb?rl;ctilgr? SfLijl’Stl:g? dlgrn' ifei-fasgg,imi\_ remsgtg]gléinam

and passively evolving. This should allow for a relativehy u y P 9 g (éfig

; ; ; s : 2 - for translation, rotation and stretching of the image) asd a
biased selection of ~ 2 galaxies within the magnitude limit ; L S J M ;
of the samples studied. trometric calibration. Mosaicking of individual SOFI field

In this paper observations, data reduction and galaxy pho- 3 The relevant conversions between Vega and AB magnitudesigqpaper

areBag = Bvega— 0.08, Rag = Rvega+ 0.22,Zag = Zvega+ 0.53, andKag =
2 hereafterK band for short Kvegat+ 187, o o

Infrared observations in the near-infrared passhasthd
Ks were obtained using the SOFI camera (Moorwood, Cuby
& Lidman 1998) mounted on the New Technology Telescope
(NTT) at La Silla. SOFI is equipped with a Rockwell 1G24
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TABLE 1
JOURNAL OF OBSERVATIONS
Filter Telescope Obs. date Exps. Seeing MyimP Area
(sec) 0O (mag) (arcmiR)

Deep3a-F
B Subaru Mar.5, 03 3900 0.77 27.4 940
Re Subaru Mar.4-5, 03 7320 0.85 26.9 940
| Subaru Mar.4-5, 03 5700 0.77 26.5 940
v 4 Subaru Mar.4-5, 03 9900 0.80 26.0 940
J NTT Jan.00-Feb.01 3600 0.76 23.4 320
Ks NTT Jan.00-Feb.01 4800 0.76 22.7 320

Daddi-F
B Subaru Mar. 5, 03 1500 0.75 27.0 940
Re WHT May 19-21, 98 3600 0.70 25.6 715
| Subaru Mar. 5, 03 1800 0.90 26.0 940
z Subaru Mar. 4-5, 03 2610 0.80 255 940
Ks NTT Mar. 27-30, 99 720 0.90 21.5 600

aexposure value for K-band images are “typical values"; ege t

bThe limiting magnitude (in AB) is defined as the brightnessesponding
to 50 on a 2’ diameter aperture.

°R— andK-band data of Daddi-F are described in Daddi et al. (2000).

a) Daddi-F

8.800 b) Deep3a-F

-21.500

-21.550

8.900

-21.600

9.000 -21.650

DEC(2000)

-21.700

DEC(2000)

9.100 -21.750

-21.800

9.200 -21.850

222.200 222.300 222.400 222,500 222,600 171500 171.400 171.300 171.200 171.100 171.000
RA(2000) RA(2000)

Fic. 1.— Composite pseudo-color images of Daddi-F (a) and Deé&p®). The RGB colors are assignedzio |-, and B-band images, 940 arcnfin
respectively. The green area outlined near the center afithges is the field wheré-band images have been obtained by NTT (600 arémiga for Daddi-F
and 320 arcmifiarea for Deep3a-F).

was based on the astrometric solution. with its 10 2k x4k MIT/LL CCDs covers a contiguous area
Photometric calibration was performed using standard star of 34 x 27 with a pixel scale of (202 pixel! (Miyazaki

from Persson et al. (1998), and the calibration performed aset al. 2002). Deep3a-F was observed with the four standard

linear fits in airmass and color index whenever the airmads an broad-bandfiltersB, R; (hereafteRband),, andZ (hereafter

color coverage allowed for it. The reduced NKfband data  zband) on the two nights of 2003 March 4-5 withD—0".9

and WHT R-band data for Daddi-F were taken from Daddi seeing. During the same nights also Daddi-F was imagBd in

et al. (2000). The average seeing and the size of the final coadl, andzto a somewhat shallower magnitude limit to match the

ded images are reported in Table 1. shalloweRR andK data from Daddi et al. (2000). A relatively
long unit exposure time of several hundred seconds was used
2.2. Optical imaging and data reduction in order to reach background-noise-dominated levels. tisr t

reason bright stars, which are saturated in the optical @mag

Deep optical imaging was obtained with the Prime Fo- }jilave been excluded by subsequent analysis.

cus Camera on the Subaru Telescope, Suprime-Cam, whic
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During the same nights the photometric standard-star fieldet al. (1997) models.
SA95 (Landolt 1992) was observed 8B+, —R, andl —band Figure3 shows a comparison of K-band number counts in
flux calibration, and the SDSS standard-star fields SA95- our survey with a compilation of literature counts. No afpgm
190 and SA95-193 were observed felband flux calibration ~ was made to correct for different filterkd or K). No correc-
(Smith et al. 2002). tions for incompleteness were applied to our data, and we ex-

The Subaru imaging was reduced using the pipeline pack-cluded the stars, using the method in SECl. 3.1. The filled cir
age SDFRED (Yagi etal.2002; Ouchi etal.2004). The cles and filled squares correspond, respectively, to thetsou
package includes overscan correction, bias subtractiai, fl of Deep3a-F and Daddi-F. As shown in the figure, our counts
fielding, correction for image distortion, PSF matching (by are in good agreement with those of previous surveys.
Gaussian smoothing), sky subtraction, and mosaickings Bia .
subtraction and flat fielding were processed in the same man- 3.1. Star-galaxy separation
ner as for the conventional single chip CCD. Stellar objects are isolated with the color criterion (Diadd

In mosaicking, the relative positions (shifts and rotasion et al. 2004a)z— K)ag < 0.3(B—2)ag — 0.5. In Fig.[2 we
and relative throughput between frames taken with differen compare the efficiency of such a color-based star-galasy cla
CCDs and exposures are calculated using stars common tagification with the one based on tB&xt r act or parameter
adjacent frames and runniSgxt r act or (Bertin & Arnout CLASS_STAR, which is based on the shape of the object’s

1996) with an S/N = 10 threshold. profile in the imaging data. It is clear that the color classi-
fication is superior, allowing us to reliably classify stans
3. PHOTOMETRY to the faintest limits in the survey. Howev@&Ext r act or

appear to find resolved in the imaging data a small fraction
of objects that are color-classified as stars. Most likélgse
are blue galaxies scattered into the stellar color bouadéy
photometric uncertainties.

We obtained K-selected catalogs of objects in our sur-
vey by detecting sources in the K-band mosaics. For the
Daddi-F we used the sample Kfselected galaxies defined
in Daddi et al.(2000). SExtract or (Bertin & Arnouts
1996) was used to perform the image analysis and source 4. CANDIDATES OF SBZKS, [BZKS AND EROS

detection in Deep3a-F. The total magnitudes were then de- |, this section, we select sBzKs, pBzKs and EROs in the

fined as the brightest between the Kron automatic aperturéneensa-F and Daddi-F, using the multicolor catalog based
magnitudes and the corrected aperture magnitude. Muticol 4, the NIR K-band image (see Sdgt. 3). Forthcoming papers
photometry in all the available bands was obtained by run-, . giscuss the selection of DRGS € K > 2.3 objects) and

ning SExt ract or in double image mode, after aligning all | g ysing thaRIzJKphotometry from our database.
imaging to the K-band mosaic. Colors were measured using

2" diameter aperture magnitudes, corrected for the flux loss 4.1. Selection of sBzKs and pBzKs
of stars. The aperture corrections were estimated from the |, order to apply theBzK selection criteria consistently

difference between thBExt r act or Kron automatic aper-  ith Daddi et al. (2004a), we first accounted for the differ-
ture magnitudes (MAG_AUTO) and the’ 2perture magni-  gn¢ shapes of the filters used, and applied a correction term
tudes, resulting in a range of 0.10 - 0.30 mag, depending o, the B-pand. The B-band filter used at the Subaru tele-
the seeing. All magnitudes were corrected for Galactic ex-goqpe s significantly redder than that used at the VLT by
tinction (Ag = 0.18 and 013 for Deep3a-F and Daddi-F, re-  paqqj et al. (2004a). We then carefully compared the stellar
spectively) taken from Schlegel et al. (1998), using theiemp e ence in our survey to that of Daddi et al. (2004a), using
ical selective extinction function of Cardelli et al. (198&ith the Pickles (1998) stellar spectra and the Lejeune et 69_’7019
R/ =Av/E(B-V)=3.L1. . corrected models as a guide, and applied small color terms to
In Deep3a-F we selected objectst@ga < 20, overatotal g ;andz—K (smaller than- 0.1 mags in all cases), in order
sky area of 320 arcmfn Simulations of point sources show  to obtain a fully consistent match. In the following we retfier
thatin all the area the completeness is well above 90% &t thes BzK photometry for the system defined in this way, consistent
K-band levels. We recall that objects in Daddi-F were selitct  with the originalBzK definition by Daddi et al. (2004a).
to completeness limits dfvega < 18.8 over an area of 700 Figure[® shows th®zK color diagram of K-selected ob-
arcmir? (but we limit our discussion in this paper to the 600 jects in Deep3a-F and Daddi-F. Using the color criteriomfro
arcmir? covered by the Subaru observations) anéigya < Daddi et al. (2004a)BzK= (z— K)ag — (B—2)ag > —0.2,
19.2 over a sub-area of 440 arcriifsee Daddi et al. 2000 for 387 galaxies witfKvega < 20 were selected in Deep3a-F as
more details). sBzKs, which occupy a narrow range on the left of the solid
The total area surveyed, as discussed in this paper, thereline in Fig.[Ba. Using3zK < —0.2 and(z—K)ag > 2.5, 121
fore ranges from a combined area of 920 aréh{ibaddi-F objects were selected as candidate pBzKs, which lie in the
and Deep3a-F) dfvega < 18.8 to 320 arcmiA (Deep3a-F) at  top-right part of Figlba. Tkega < 20 a surface density of
Kvega < 20. 1.20+ 0.05 arcmin2 and of 038+ 0.03 arcmir? is derived
Objects in Deep3a-F and Daddi-F were cross-correlatedseparately for sBzKs and pBzKs, respectively (PoissoRn’s er
with those available from the 2MASS survey (Cutri rors only). The surface density of sBzKs is larger but still
et al. 2003) in the J and K bands, resulting in good photomet-consistent within @ with the Q91+ 0.13 arcmin 2 found in
ric agreement at better than the 3% level. In order to furtherthe 52 arcmif of the K20 field (Daddi et al. 2004a), and with
verify the photometric zero points we checked the colors of the 110+ 0.08 arcmin? found in the GOODS North field
stars (Fig[R), selected from tBzK diagram following Daddi ~ (Daddi et al. 2005b). Instead, the surface density of pBzKs
et al. (2004a; see SdcEB.1). From these color-color pJavees  recovered here is significantly larger than what found irhbot
find that the colors of stellar objects in our data are consis-fields. This may well be the result of cosmic variance, given
tent with those of Pickles (1998), with offsets, if any<00.1 the strong clustering of pBzKs (see Secfibn 5), and theielow
mag at most. Similar agreement is found with the Lejeune overall surface density.
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FiG. 2.— Optical two-color plots oK-selected objects in our survey: the left panels sBowR vs. R— | colors; the right panels ha&— | vs. R— zcolors
(all in AB scale). Galaxies are shown as filled points andsstéth green asterisks (based on BeK color star-galaxy seperation, S4ctl3. Be¢ the electronic
edition of the Journal for the color version of this figyre.

Using the same criteria, we select sBzKs and pBzKs in the Subaru+Suprime-CarR-band filter is much narrower than
Daddi-F field. In Daddi-F 108 sBzKs and 48 pBzKs are se- the above, although it does have a very close effective wave-
lected, and they are plotted in FI3. 5c. The density of sBzKs length. As a result, distart~ 1 early-type galaxy spectra
and pBzKs in Daddi-F is consistent with that in Deep3a, if as well as M-type stars appear to have much redlerK

limited atKyega < 19. color, by about~0.3 mag, depending on exact redshift and
spectral shape. Therefore, we selected EROs in Deep3a-F
4.2. Selection of EROs with the criterionRsyparu— K > 3.7 (AB magnitudes), cor-

responding closely t&ynt — K > 3.35 (AB magnitudes) or

. - : - RwHT — K > 5 (Vega magnitudes). In Deep3a-F, 513 EROs
_Rleke,d& ngkel (198]?)’ agd alre defmehd r;]ere as objec;s haviyere selected g[da(\/gga< 290, and tr)1ey are p?otted in Fifll 5b
g]_% recor(r)gggc?r;é?r-]lg trglr?e_ E?Agri 33u 25_t4 %RS_ @E{%’g re  With solid red triangles, for a surface density of 1.6 arcfin
known to be a mixture of mainly_two different populations To the samévega < 20 limit, this agrees well with the density

atz 2 0.8: passively evolving old elliptical galaxies and dusty found, e.g., in the K20 survey{(1.5 arcmir ), or in the 180
starburst (or edge-on spiral) galaxies whose UV luminesiti  rCmilt survey by Georgakakis et al. (2005). In the Daddi-F,
are strongly absorbed by internal dust (Cimatti et al. 2002b 337 EROs were selected with the criterRpnT —K >3.35,
Yan et al. 2004, Moustakas et al. 2004). In Daddi-F, EROs consistent with what done in Deep3a, and are plotted in
were selected and studied by Daddi et al. (2000) using variou Fig-[3d as red solid triangles. The surface density of EROs
R—K thresholds. In order to apply a consistent ERO selectionin both fields atKyega < 18.4 can be compared, with overall
in Deep3a-F, we considered the filter shapes and transmissiogood consistency, to the one derived from the large ¥ deg
curves. While the same K-band filters (and the same tele-survey by Brown et al. (2005).

scope and instrument) were used for K-band imaging in the The peak of the EROs redshift distribution iszat 1 (e.g.,
two fields, the R-band filters used in the two fields differ sub- Cimatti et al.2002a). By looking at thBzK properties of
stantially. In the Daddi-F the WHT R-band filter was used, EROs we can estimate how many of them lie in the tugéil
which is very similar, e.g., to the R-band filter of FORS at z > 1.4, thus testing the shape of their redshift distribution.
the VLT used by the K20 survey (Cimatti et al. 2002a). The In the Deep3a-F t&vega < 20 some 90 of the EROs are also

EROs were first identified iflK-band surveys by Elston,



N (/deg?/0.5 mag)

10°

10*

1000

100

X. Kong et al.

s Daddi—F
e Deepla—F

» 8O
pp
* B @Fx
| § )]
<
n

> O X O % + *

e

McCracken et al. (2000)
Glazebrook et al. (1995)
Gardner et al. (1993)
MclLeod et al. (1995)
Soifer et al. (1994)
McCracken et al. (2000)
Huang et al. (1997)
Moustakas et al. (1997)
Saracco et al. (1997)
Vandame et al. (2002)

Huang et al. (2001) ]
Kummel & Wagner (2001) |
Saracco et al. (2001)

» X <o oo

20

10

KVegc1

Fic. 3.— Differential K band galaxy counts from Deep3a-F and Daddi-F, compared avigdmpilation of results taken from various sourceSeq the
electronic edition of the Journal for the color version oftfigure]

sBzKs, thus likely belong to the category of dusty starburst NIR apparent magnitudeEyega < 17 mag), and the slopes of
EROs atz > 1.4, while 121 EROs are classified as pBzKs. the counts for EROs, sBzKs and pBzKs are steeper than that
Totally, ~ 41% of EROs are selected with tiBzK criteria, of the full K-selected sample.

thus expected to lie in the high-z tad £ 1.4) for Kyega < 20 The open squares with a solid line in Hij. 6 shows the num-
sample. This result is consistent with the value of 35% found ber counts for sBzKs in Deep3a-F. The fraction of sBzKs in
in the 52 arcmif of the K20 field (Daddi et al. 2004a), and Deep3a-F increases very steeply towards fainter magrsitude
with the similar estimates of Moustakas et al. (2004) for the The triangles with a solid line and crosses with a solid line
full GOODS-South area. In the Daddi-F, Kgega < 19.2, 49 show, respectively, the number counts of EROs and pBzKs in
of the EROs are also sBzKs; and 48 of them are also pBzKs.Deep3a-F. The open squares with a dot-dashed line iffFig. 6
About 29% of EROs aKyega < 19.2 are in the high-z tail at ~ show the number counts for sBzKs in Daddi-F. The counts of
z>14. sBzKs in Daddi-F are almost identical to those in Deep3a-F,
to their limit of Kyega~ 19. The triangles with a dot-dashed
line and crosses with a dot-dashed line in Elg. 6 show respec-
tively the number counts for EROs and pBzKs in Daddi-F.

For EROs, the slope of the number counts is variable, be-
ing steeper at bright magnitudes and flattening out toward
faint magnitudes. A break in the counts is present\aga ~
18.0, very similar to the break in the ERO number counts
observed by McCarthy et al. (2001) and Smith et al. (2002).
The pBzKs number counts have a similar shape, but the
break in the counts slope is apparently shifted—1.5 mag
fainter. There are indications that EROs and pBzKs have

4.3. Number counts of EROs, sBzKs, and pBzKs

Simple surface densities provide limited insight into the
nature of different kind of galaxies. However, number-
magnitude relations, commonly called number counts, pro-
vide a statistical probe of both the space distribution ddixxra
ies and its evolution. For this reason, we derivedand
differential number counts for EROs, sBzKs and pBzKs in
our fields, and plotted them in Figuté 6. The differential
number counts in 0.5 mag bins are shown in Table 2. Also

shown are the number counts for Klitselected field galax- : P,

R . . s . fairly narrow redshift distributions: peakedat 1 for EROs

ﬁﬁr']n dE))te- Sggﬁé’; (|?r|1rec)|e@mt?hzoélgrggegsa%dpﬁjgdg IfoFr (so@muEl;\r- (Cimatti et al. 2002b; Yan et al. 2004; Doherty et al. 2005) an
’ : Par atz~ 1.7 for pBzKs (Daddi et al. 2004b; 2005a). The number

ir?ig?]'r eAdgrif{gngg;ff;:g'?E%hggaztggigc ;%g%égg:)tﬂ:\tgl;ain t counts might therefore be direct probes of their respetiive
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Fic. 4.— Star/galaxy separatiorLeft: K—band magnitude vs. thstellarity indexparameter (CLASS_STAR) frorSExt r act or for objects (small
dotted points) in Deep3a-F. The dashed lines are CLASS_SFAMS5 andKyega = 18.0; objects with(z— K)ag — 0.3(B—2)ag < —0.5 are plotted as open
circles. Right B— z againstz— K for objects in Deep3a-F. objects with CLASS_STAR0.95 andKVega < 180 are plotted as triangles, and those with
(z—K)ag —0.3(B—2)ag < —0.5 are plotted as open circles. Stars correspond to steljactsbgiven in Pickles (1998). The dot-dashed life;- K) =

0.3(B—2z) — 0.5, denotes the boundary between stars and galaxies adoptted study; an object is regarded as a star, if it is locadvithis line. Bee the
electronic edition of the Journal for the color version oftfigure]

TABLE 2
DIFFERENTIAL NUMBER COUNTS INO.5 MAGNITUDE BINS OF EROs, sBzK s, AND PBzK s IN DEEP3A-F AND DADDI-F.
Deep3a-F in log (N/d&d0.5mag) Daddi-F in log (N/ded/0.5mag)
K bin center Galaxies EROs sBzKs pBzKs K bin center Galaxies RO& sBzKs pBzKs
16.75 2.981 1.353 — — 16.75 2.888 1.254 —
17.00 3.109 1.654 — — 17.00 3.023 1.555 — —
17.25 3.213 1.830 — — 17.25 3.165 1.891 — —
17.50 3.337 2.198 — — 17.50 3.323 2.120 — —
17.75 3.470 2.483 1.353 — 17.75 3.426 2.321 1.254 —
18.00 3.565 2.675 1.654 1.052 18.00 3.498 2.590 1.622 1.078
18.25 3.678 2.822 2.006 1.830 18.25 3.569 2.786 1.923 1.379
18.50 3.764 3.025 2.228 2.353 18.50 3.669 2.888 2.209 1.891
18.75 3.802 3.138 2.529 2.467 18.65 3.708 2.990 2.342 2.175
19.00 3.859 3.145 2.724 2.596 19.00 3.783 3.063 2.834 2.461
19.25 3.911 3.162 2971 2.608 — — — — —
19.50 3.983 3.201 3.228 2.675 — — — — —
19.75 4.072 3.297 3.470 2.759 — — — — —

minosity function, and the shift in the countsis indeed ¢®ns  of structures. In this section we estimate over the two fields
tent with the different typical redshifts of the two popudet the angular correlation of the general galaxy population as
of galaxies. well as of the EROs, sBzKs and pBzKs.

The counts of sBzKs have roughly the same slope at all K- In order to measure the angular correlation function of the
band magnitudes. This is consistent with the much wider red-various galaxy samples, we apply the Landy & Szalay tech-
shift distribution of this class of galaxies. However, w@egt nique (Landy & Szalay 1993; Kerscher et al. 2000), follow-
that at bright magnitudes AGN contamination might be more ing the approach already described in Daddi et al. (2000), to
relevant than aKyega ~ 20. Correcting for this, the counts which we refer for formulae and definitions.
of non-AGN sBzKs galaxies at bright magnitudes might be
intrinsically steeper. 5.1. Clustering of the K-selected field galaxies

In our analysis a fixed slop&= 0.8 was assumed for the
two-point correlation functiony(§) = A x 107°]. This is
Measuring the clustering of galaxies provides an additiona consistent with the typical slopes measured in both faidt an
tool for studying the evolution of galaxies and the formatio bright surveys and furthermore makes it possible to diyectl

5. CLUSTERING OF KSELECTED GALAXY POPULATIONS
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FiG. 5.— Two-color(z—K)ag Vs (B — z)ag diagram for the galaxies in the Deep3a-F and Daddi-F fielddax@es at high redshifts are highlighted. The
diagonal solid line defines the regi®@zK= (z— K)ag — (B—2z)ag > —0.2 that is efficient to isolate > 1.4 star forming galaxies (sBzKs). The horizontal
dot-dashed line further defines the regi@an- K)ag > 2.5 that contains old galaxies at> 1.4 (pBzKs). The dashed lines seperate regions occupied fsyastd
galaxies. Filled stars show objects classified as starigéx— K)ag — 0.3(B— z)ag < —0.5; open stars show stellar objects from the K20 survey (Datldi.
2005a); squares represent sBzKs; circles represent pBa#isgles represent galaxies witR— K)ag > 3.35 (EROs). Galaxies lying out of tHgzK regions,
thus likely having in general redshifts less than 1.4, argsi plotted as black points.

compare our results with the published ones that were ob-we limit ours to the area with all thBRIzK-band data; and (2)
tained adopting the same slope (see Daddi et al. 2000 for mor¢he star-galaxy separation was done by different methads. |
details). Daddi et al. (2000) th&Ext ract or CLASS_STARmor-

In Figures[¥ andd8 the bias-corrected two-point correla- phologicalparameter was used, while tplotometriccrite-
tion functionsw(f) of Daddi-F and Deep3a-F are shown as rion of Daddi et al. (2004a) is used here. Column 10 of Teble 3
squares; the bins have a constant logarithmic widtlog 6 = lists the clustering amplitudes of all theselected galaxies in
0.1), with the bin centers ranging from 3.6 11.8 for both Daddi et al. (2000). FoKvega= 18.5 and fainter bins thé-
fields. These values of are large enough to avoid prob- values in the two samples are in fair agreement, but for the
lems of under-counting caused by the crowding of galaxy brightest bin Kyega= 18) theA-value in Daddi et al. (2000) is
isophotes and yet are much smaller than the extent of the in-1.3 x 103, 45% smaller than that found here3gx 10-9),

dividual fields. The dashed line shows the power-law cor- probably mainly due to the more efficient star-galaxy separa
relation function given by a least square fit to the measuredtion employed here (Se€_B.1). Apart from this small dipere
correlations. We clearly detect a positive correlatiomalg  ancy, we find good agreement between our results and those
for both fields with an angular dependence broadly consis-of Daddi et al. (2000) and Oliver et al. (2004).

tent with the adopted slop&= 0.8. The derived cluster- The clustering amplitudes in Deep3a-F tend to be slightly
ing amplitudes (wherd\ is the amplitude of the true angu- put systematically smaller than in Daddi-F, which is likely
lar correlation at 1) are presented in the third column of Ta-  caused by the intrinsic variance among different fields, de-
ble[3 and of Tablgl4 for Daddi-F and Deep3a-F, respectively, pending on the survey geometry, surface density and cluster
and shown in Fig[d9. We compare our result on Daddi-F ing properties (see SeEib.5).

with those previously reported by Daddi et al. (2000), since  We find a smooth decline in amplitude with K-band
we use the samk-band images for this field. The present magnitude that is consistent with the results from Roche
K-selected galaxy sample is however different from that of et al. (2003), Fang et al. (2004), and Oliver et al. (2004)e Th
Daddi etal. (2000) in thta; (1) the area (6@E&cmirf) is  decline is not as steep as in the range<1Byega < 18 (see
smaller than that (70drcmir?) in Daddi et al. (2000), because e.g. Roche et al. 1999). The flattening, which extends up
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Fic. 6.— K-band differential galaxy number counts for EROs, k8and pBzKs, compared with thé-selected field galaxies as in F[g. 3. The solid curves
show the number counts for objects in Deep3a-F, and thealdtedl curves show the number counts for objects in Daddid&hdles, open squares and crosses
show the number counts for EROs, sBzKs and pBzKs, resphctivkhe circles and squares show tkeselected field galaxies in Deep3a-F and Daddi-F,
respectively.

TABLE 3
CLUSTERING AMPLITUDES FOR THEK-SELECTED SAMPLE EROs, sBzKs, AND PBzK's IN DADDI-F.
Galaxies EROs sBzKs pBzKs Daddi et al. (2000)
K limit?2 num. A[10°%]P num. A[10°9] num. A[1079] num. A[10°-3] Gal® ERO$
18.0 978 2.36:0.94 51 23.68:4.18 7 — 1 — 1.3 24
18.5 1589 2.160.40 132 22.082.82 21 24.08:9.80 5 — 1.6 22
18.8 2089 1.930.30 228 14.681.64 43 18.98-7.52 20 24.76:9.92 1.5 14
19.2 2081 1.680.28 264 13.281.26 92 11.58:6.61 40 22.98:7.63 1.6 13

#The area foKvega< 18.8 mag is about 600 arcmfinand forKvega= 19.2
it is about 440 arcmth

bThe amplitude of the true angular correlation & the value of theC is
5.46 and 5.74 for the whole and the deeper area, respectively

®The last two columns show the clustering amplitudes for theekected
galaxies and the EROs in Daddi et al. (2000).

TABLE 4
CLUSTERING AMPLITUDES FOR THEK-SELECTED SAMPLE EROs, sBzK s, AND PBzK's IN DEEP3A-F.
Galaxies EROs sBzKs pBzKs
K limit num. A[10-3]2 num. A[10°9] num. A[1077] num. A[1077]
18.5 997 1.96:1.04 95 14.782.20 13 — 8 —
18.8 1332 1.6%0.76 166 9.291.60 27 29.58:5.80 26 40.98:7.55
19.5 2284 1.240.41 340 4.890.78 129 6.763.14 71 21.46:3.00
20.0 3333 1.140.28 513 4.250.52 387 4.951.69 121 10.482.83

aThe amplitude of the true angular correlation af the value of theC is
6.63.
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to K ~ 22-24 (Carlberg et al. 1997; Daddi et al. 2003) has galaxies have a quite inhomogeneous distribution. Thigis n
been interpreted as due to the existence of strongly ckister an artifact of variations of the detection limits over thédg

K-selected galaxy populations extending to redstufts 1— because the Monte Carlo simulations show that differences
3 (Daddi et al. 2003). Beside the well knowre 1 EROs in detection completeness within small.(#x 4'.0) areas in
strongly clustered galaxy populations, other populatieitis the image are very small, and that the detection completenes
high angular clustering indeed exist with redshift extegdb does not correlate with the distribution of the sBzKs.
z~ 2.5 at least, as discussed in the next sections. The resulting angular correlation functions for the sBzKs
are shown in Figld7 and Fi@l 8 for the two fields. Again, a
5.2. Clustering of the EROs sloped = 0.8 provides a good fit to the data. The best fit

We estimate the clustering properties of the EROs, usingValues ofA are reported in column 7 of Talle 3 and TéHle 4.

the large sample of EROs derived from our two fields. Fig- Thew(d = 1°) amplitudes of sBzKs in Daddi-F are 24«
uresIDa) anl_10b) clearly show, from both fields, that the sky103, 189 x 103 and 115 x 103 atKyega= 185, 18.8 and
distribution of EROs is very inhomogeneous, as first noted by 19.2, respectively. For sBzKs in Deep3a-F, @) ampli-
Daddi et al. (2000). The two-point correlation functions ar  tudes become 29 x 1073, 6.70x 103 and 495x 102 at
shown in Fig[¥ anfl8 for Daddi-F and Deep3a-F, and the dot-Kyega = 18.8, 19.5 and 20.0, respectively. The sBzKs ap-
dashed lines show the power-law correlation function given pear to be strongly clustered in both fields, and the clusgeri
by a least squares fit to the measured values. The corredationstrength increases with thé-band flux. Actually, they are
are well fitted by @ = 0.8 power law. as strongly clustered as the EROs. Strong clustering of the
A strong clustering of the EROs is indeed present at all sBzKs was also inferred by Daddi et al. (2004b), by detecting
scales that could be studied, and its amplitude is aboutiene o significant redshift spikes in a sample of just niigga < 20
der of magnitude higher than that of the field populationat th sBzKs with spectroscopic redshifts in the rangeé & z <
sameKyega limits, in agreement with previous findings (Daddi  2.3. Albeit without spectroscopic redshifts, the present re-
et al. 2000; Firth et al. 2002; Brown et al. 2005; Georgakakis sult is instead based on a sample of 500 sBzKs. Adelberger
et al. 2005). The derived clustering amplitudes are redante et al. (2005) also found that UV-selected, star forming gala
column (5) of Tabl€I3 and Tablg 4 for Daddi-F and Deep3a-F, ies with Kyega < 20.5 in the redshift range.8 < z< 2.6 are
respectively. The amplitudes shown in HI§. 9 suggest a trendstrongly clustered. Our results are in good agreement with
of decreasing strength of the clustering for fainter EROs in these previous findings.

both fields.
For theKyega < 18.5 and 188 mag subsamples of Daddi-F, 5.4. Clustering of the passive BzKs
the correlation function signal is significant at ther 1evel FiguresCIDe) anf10f) display the sky distribution of the

with clustering amplitudes = 22.0 x 10~ and 146 x 10°2, pBzKs in Daddi-F and Deep3a-F, and show that also these
respectively. For the subsample wilega < 19.2 mag, the  gajaxies have a very inhomogeneous distribution. We then
detected signal is significant at the k0confidence level — gerve the angular two-point correlation function of pBzKs
(A=132x107). In column 11 of Tabl€l3 we also list the ging the same method as in the previous subsections.
clustering amplitudes of EROs in Daddi et al. (2000), which ~ Thg resulting angular correlation functions for the pBzKs
are in good agreement with the present findings. Using agre shown in Figl]7 and Fi§l 8 for the two fields. Again, a
~ 180 arcmir Ks-band survey of a region within the Phoenix sloped = 0.8 provides a good fit to the data. The best fit
Deep Survey, Georgakakis et al. (2005) have analyzed a samyg|yes ofA are reported in column (9) of Talle 3 and TdHle 4.
ple of 100 EROs brighter thaéega= 19 mag, and estimated  The pBzKs appear to be the most strongly clustered galaxy
an amplituded = 11.7 x 10~3, consistent with our results. population in both fields (withh = 22.9 x 102 for Kvega <

As for theK-selected galaxies, the clustering amplitude of 19 » pBzKs in Daddi-F and = 10.4 x 103 for Kyega < 20.0
EROs in Deep3a-F is slightly smaller than that in Daddi-F. pBzKs in Deep3a-F), and the clustering strength increases

The clustering amplitudes are= 9.29 x 102 for Kvega < with increasing-band flux.

18.8 EROs, and\ = 4.25x 103 for Kvega< 20. EROs, which

is weaker than thé = 8.7 x 10723 for Kvega < 20 EROs in 5.5. K-band dependence and field-to-field variations of
Georgakakis et al. (2005). Field-to-field variation is orfe o clustering measurements

possible reasons for this discrepancy, which is discussed i Fig.[@ summarizes the clustering measurements for the pop-
Sect[L.b. ulations examined (field galaxies, EROs, and BzKs), as a

_ We notice that our results are solid against possible contam fynction of theK-band limiting magnitudes of the samples.
ination by stars. Contamination by unclustered population cjear trends wittK are present for all samples, showing that
(i.e. stars) would reduce the amplitude of the angular eorre fainter galaxies have likely lower intrinsic (real spack)se
lation function by(1— f)<, wheref is the fractional contam-  tering, consistent with the fact that objects with fairkeare
ination of the sample. The prime candidates for contamina-|ess massive, or have wider redshift distributions, or bEt
tion among EROs are red_ foreground Galactic stars (note thathe EROS (see Sedf1.2) we have found evidence that faint
stars are not contaminating BzK samplt_es), which can haveKVegal< 20 samples have indeed a higher proportion of galax-
red R—K colors. However, we have rejected stars among jes in thez > 1.4 tail, with respect to brighteKyega < 19
EROs using the photometric criterion for star-galaxy sapar gpjects, and thus a wider redshift distribution. As already
tions (see Sedf_3.1). Therefore, our clustering measurme noted, all color-selected high-redshift populations asb-s
refer to extragalactic EROs only. stantially more clustered than field galaxies, at all the miag
. . tudes probed here. The reason for the stronger angulaeclust
5.3. Clustering of the star-forming BzKs ing of pBzKs, compared, e.g, to sBzKs or EROs, is likely (at
Figures[IDc) an@10d) display the sky distribution of the least in part) their narrower redshift distributiond ¥ z < 2
sBzKs in Daddi-F and Deep3a-F, and shows that also thesgDaddi et al. 2004a; 2005a). In future papers, we will use the
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FiG. 7.— Observed, bias-corrected two-point correlationsttier Daddi-F sample of field galaxies (squares), EROs (tiéashgsBzKs (filled circles), and
pBzKs (stars). The error bars on the direct estimator vadwesls errors. To make this plot clear, we show the error bars of ER@spBzKs only, the error
bars of field galaxies are smaller, and the error bars of sBzKdarger than those of EROs. The lines (dashed, dot-dadb#dd, dash-dot-dotted) show the
power-law fitted to thev(#). Because of the small number of objects included, some béms not populated.

Limber equation, with knowledge of the redshift distritaunts, redshift objects between the two fields, sometimes largar th
to compare the real space correlation length of the differen expected on the basis of the errors on each clustering mea-
populations. surements. We remind the reader that realiskiternaler-

For strongly clustered populations, with angular clusigri  rors on the angular clustering of EROs, as well as sBzKs
amplitudesA ~ 1072, a large cosmic variance of clustering and pBzKs are likely larger than the Poissonian ones that we
is expected, which is relevant also on fields of the size of quote. Following the recipes by Daddi et al. (2001) we esti-
the ones studied here (see Daddi et al. 2001; 2003). Theranate that the typical total accuracy for our measurements of
are in fact variations in our clustering measurements fghhi A= 0.02, when includingxternalvariance, is on the order of
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Fic. 8.— Same as F@@ 7, but for Deep3a-F.
30%. to ~ 20% precision for EROs and sBzKs, and to 30% preci-

sion for pBzKs.
5.6. Cosmic variance in the number counts

The presence of strong clustering will also produce substan
tial field to field variations in the number counts. Given the  The accurate analysis of the physical properties of high
available measurements of angular clustering, presemteei  redshift galaxies (such as SFR, stellar mass, etc.) rexjuire
previous sections, we are able to quantify the expected vari the knowledge of their spectroscopic redshift. VLT VIMOS
ance in the galaxies counts, following e.g. eq. (8) of Daddi spectra for objects culled by the present sample of sBzKs and
etal.(2000). We estimate that, for the Deep3a-F limit of EROs have been recently secured and are now being analyzed,
Kvega < 20, the integrated numbers of objects are measuredand will be used in future publications. In the meantime, es-

6. PROPERTIES OF BzKsS
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FIG. 9.— Angular clustering amplitudes of field galaxies, EREBzKs, and pBzKs shown as a function of #iéband limiting magnitudes of the sample
analyzed. Tabldd 3 afil 4 summarize the measurements togétiéheir (Poisson) errorsSee the electronic edition of the Journal for the color v@nsif this
figure]

timates of these quantities can be derived on the basis of thehat forBzK galaxies this method provid€gB — V) with an
present photometric data, following the recipes calitatae rms dispersion of the residuals of about 0.06, if compared to
Daddi et al. (2004a), to which we refer for definitions and a values derived with knowledge of the redshifts, and with the
more detailed discussion of the recipes. use of the full multicolor SED. With knowledge of reddening,
While errors by a factor of 2 or more may affect individual the reddening corrected B-band flux is used to estimate the
estimates done in this way, when applied to whole popula- 1500A rest-frame luminosity, assuming an average redshift
tion of BzK-selected galaxies these estimates should be rela41.9, which can be translated into SFR on the basis, e.g., of
tively robust, on average, because the Daddi et al.'s (2004athe Bruzual & Charlot (2003) models. Daddi et al. (2005b)
relations were derived from a sample of galaxies with spec-showed that SFRs derived in this way are consistent with ra-
troscopic redshifts. The estimates presented here thus repdio and far-IR based estimates, for the average sBzKs.
resent a significant improvement on the similar ones pravide TheE(B—V) and SFR histograms of the sBzKs in Daddi-F
by Daddi et al. (2004a) because of the 6 to 20 times larger areaand Deep3a-F are shown in Figl 11. About 95% of the sBzKs
probed (depending on magnitude) with respect to the K20 sur-in Daddi-F Kvega < 19.2) have SFR- 70Muyr—1, and the
vey, which should help to significantly reduce the impact of yedian SFR is about 370, yr-1. About 90% of the sBzKs
cosmic variance. in Deep3a-F Kyega < 20.0) have SFR70Myyr~1, and the

6.1. Reddening and star formation rates m@l%ian SZR I8 138MQYF:- i PP
Following Daddi et al. (2004a), estimates of the reddening timatidmt% |€2Er(eB _e\r,“)”i 8 24 (\:/ggnasfstenﬂ?, \fvitﬁ 'Sa‘ffai
E(B—V) and SFR for sBzKs can be obtained from 8K et al. (2004a; 2005b). Of sBzKs 55% haléB — V) > 0.4,

colors and fluxes alone (see Daddi et al. 2004a for more deye |imit at which we estimate the UV-based criteria of Stei-
tails). The reddening can be estimated byBhez color, pro- g et a1, (2004) would fail at selectirg~ 2 galaxies. There-

vidin_g ameasure of the_ UV slope. The Daddi et al.’s recipe is fore, we estimate thak 55% of thez ~ 2 galaxies would
consistent with the recipes by Meurer et al. (1999) and Kong e missed by the UV criteria. This is similar to, but higher,

et al. (2004) for a Calzetti et al. (2000) extinction law, ®&S 141 the 40% estimated by Reddy et al. (2005). Th babl
on the UV continuum slope. Daddi et al. (2004a) showed an the 40% estimated by Reddy et al.( ). The probable
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reason for the small discrepancy is that Reddy et al. (2005)correlation between SFR and reddeningAer2 star-forming
excluded from their sample the reddest sBzKs for which the galaxies, with galaxies with higher star formation rategdg
optical magnitudes could not be accurately measured in thei more dust obscuration. A positive correlation between SFR
data. and reddening also exists in the local universe (see Fig. 1 of
Calzetti 2004), and was also found by Adelberger & Steidel
6.2. Stellar masses of sBzKs and pBzKs (2000) forz ~ 3 LBGs, on a smaller range of reddening.

Using BCO3 models, spectroscopic redshifts of individual " FiguredIPc) and12d), we plot the relation between color

K20 galaxies, and their whold BVRIZJHK SED, Fontana ~ €XCeSSE(B—V) and stellar mass of the sBzKs in Daddi-F
et al. (2004) have estimated the stellar-mass contentiftieal ~ @nd Deep3a-F. The Spearman rank correlation coefficient is
K20 galaxies (using a Salpeter IMF from 0.1 to 100 Mas s = 0-53 for Daddi-F and's = 0.63 for Deep3a-F, indicat-
adopted in this paper). The individual mass estimates for 31IN9 that the correlation betwedi(B — V) and stellar mass is
non-AGN sBzKs and pBzKs objects with> 1.4 have been significant at the> 7o level in both fields. In this case the es-
used by Daddi et al. (2004a) to calibrate an empirical retati ~ timate of the stellar mass depends only mildly on the assumed

giving the stellar mass for both sBzKs and pBzKs as a func- '¢ddening, and therefore the correlation is likely to beirnt
tion of their observe&-band total magnitude ar- K color.  SIC, With more massive galaxies being also more absorbed.
This relation allows one to estimate the stellar mass with un _ GIven the previous two correlation, not surprisingly we
certainties on single objects of about 60% compared to the?!SC_find a correlation between SFR and stellar mass (Fig-
estimates based on knowledge of redshifts and using the fulllrel12e an@12f). The Spearman rank correlation coefficient

multicolor SEDs. The relatively small variance is introgdc 1S 's = 0.30 for Daddi-F, ands = 0.45 for Deep3a-F, indi-
by intrinsic differences in the luminosity distance, in gL cating that the correlation between SFR and stellar mass is

ratio for given magnitudes and/or colors. significant at the_> 40 level in both f|eId§. The origin of the
The histograms for the stellar mass of the sBzKs derived in Sharp edge in Fid.12e) and FIg.l 12f) is caused by the color
this way are shown in Fif_11e and Figl 11f. About 95% of the lIMit BzK > —0.2 for selecting sBzKs. To show this clearly,
sBzKs in Daddi-F havél, > 10''M., and the median stellar W€ POt galaxies with-0.2 < BzK < 0.0 as open squares in
mass is 2 x 1011M.. ; in Deep3a-F~ 40% of the sBzKs have Fig.[12f). However, no or very few~ 2 galaxies exist below
M. > 10'M.,, the median stellar massis8.7 x 10°°M..,, a theBzK > —0.2 line, and therefore the upper edge shown in

difference due to the different limiting magnitude in the two  th€ figure appears to be intrinsic, showing a limit on the max-

fields. imum SFR that is likely to be present in a galaxy of a given
Using the same method, we also estimate the stellar mas§"@SS: . . .

of the pBzKs in both fields, and plot them in Flgl1le and , At Z = 0 the vast majority of massive galaxies

Fig.[T1f as the dotted line. The median stellar mass of pBzKs (M: < 104!M.) are passively evolving, “red” galaxies (e.g.,

in Daddi-F is~ 2.5 x 10*M,,, and in Deep3a-F is- 1.6 x Baldry et al. 2004), while instead at~ 2, actively star-
10'M.,, respectively. Again, the higher masses for sBzKs forming (sBzKs) and passive (pBzKs) galaxies exist in samil

in Daddi-F compared to Deep3a-F result from the shallower "Umbers, and Fig. 12 shows that the most massive sBzKs tend
K-band limit. also to be the most actively star forming. This can be seen

It is worth notina that in thek 20 sample there @s yet another manifestation of thlewnsizingeffect (e.g.,
g vega < Op Cowie et al. 1996; Kodama et al. 2004; Treu et al. 2005), with
are barely any pBzKs less massive thax T01°M,, (see

. : \ massive galaxies completing their star formation at ariezarl
0,
Fig. [1f), while over 50% of sBzKs are less massive than o, comnared to less massive galaxies, which instead have
this limit. This is primarily a result of pBzKs being by con-

struction redder thariz — K)as — 2.5, and hence Eq. (6) more prolonged star formation histories.

; . . . : Because of the correlations discussed above, UV-selected
and Eq. (7) in Daddi et al. (20042) Witiega < 20 implies samples ofz ~ 2 galaxies (Steidel et al. 2004) will tend to

«27x10'%;. Note that above ¥8M., (above which referentially miss the most star-forming and most massive
our sample should be reasonably complete) the numbers Ogalaxies. Still, because of the large scattering in theetarr
sBzKs and pBzKs are similar. We return to this point in the {ions, some of the latter galaxies will also be selected @ th
last section. UV, as can be seen in FigJ12 and as emphasized in Shapley

. . " et al. (2004; 2005).
6.3. Correlation between physical quantities

FiguredTPa) anf12b) show the correlation between color 6.4. Mass and SFR densities
excessE(B —V) and SFR for the sBzKs in Daddi-F and In this subsection we derive the contribution of the sBzKs
Deep3a-F, respectively. The Spearman rank correlation co4o the integrated star formation rate density (SFRD) at2
efficients ares = 0.40 for Daddi-F ands = 0.57 for Deep3a-  and of sBzKs and pBzKs to the stellar mass density-at.
F. This implies that the SFR is significantly correlated to Some fraction of the sBzKs galaxies are known to be AGN-
E(B—-V), ata> 50 level, and the reddest galaxies have the dominated galaxies (Daddi et al. 2004b; 2005b; Reddy et al.
highest SFR. Part of this correlation can arise from simple 2005). To estimate the AGN contamination, we have used the
error propagation, as an overestimate (underestimatdjeof t 80 ks XMM-NewtonX-ray data that are available for Daddi-
reddening automatically leads to an overestimate (untleres F (Brusa et al. 2005). A circular region of 1dadius from
mate) of the SFR of a galaxy. In Fig:12a) and [Eig. 12b) the the point of maximum exposure time include 70 sBzKs 18 of
arrow shows the resulting slope of the correlated reddeningwhich are identified with X-ray sources using’aradius error
errors, which indeed is parallel to the apparent corratatio circle (see FiglZl2). This fraction is comparable to the one
However, the scatter in the original SERB— V) correlation estimated in the CDFS field (Daddi et al. 2004b) and in the
[0E(B—V) ~ 0.06; Daddi et al. 2004a] is much smaller than GOODS-N field (Daddi et al. 2005b; Reddy et al. 2005), for
what needed to produce the full correlation seen in[Elly. 12a)which > 1 Ms Chandra data are available. Based also on the
andI2b). We conclude that there is evidence foinansic latter result, we assume the AGN contamination is about 25%,
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and we adopt this fraction to statistically correct projesrt  one-third of the estimate that we have obtained here. Part of
derived from our sBzKs samples. the difference is due to the absence of the reddest sBzKs from
The left panel of FiglZI3 shows the differential contribu- the Reddy et al. (2005) sample, as already noticed. However,
tion to the SFR density at~ 2 from sBzKs as a function  most of the difference is likely due to the fact that the Reddy
of their K-band magnitude. Using the volume in the redshift et al. (2005) SFR estimate is based primarily on the X-ray
range 14 <z < 2.5 (Daddi et al. 2004a; see also Reddy et emission interpreted with the Ranalli et al. (2003) relatio
al. 2005), an SFRD of.08 M, yr-1 Mpc—3 is derived from  As shown by Daddi et al. (2005b), the X-ray emission inter-
the sBzKs Kyega < 20) in Deep3a-F, and an SFRD o0@4 preted in this way typically underestimates the SFR of sBzKs
Mo yr~! Mpc—3 is derived from the sBzK{ega < 19.2) in by factors of 2-3, with respect to the radio-, mid-IR- and far
Daddi-F. These estimates are reduced, respectively,0® 0 [R-based SFR estimates, all of which are also in reasonable
Mo yrt Mpc—3 (Kvega < 20) and 0.018M, yr— Mpc—3 agreement with the UV-corrected SFR estimate. .
(Kvega < 19.2) when subtracting an estimated 25% AGN con- _ The right panel of FigllI3 shows the differential contribu-
tamination. Using the same method and the 24 sBzKs intion to the stellar mass densify atz=~ 2 from sBzKs and
the K20/GOODS-S sample, Daddi et al. (2004a) derived anPBZKs as a function of theiK-band magnitude. The open

SFRD Q044- 0.008M,, yr—1 Mpc3 for the volume in the ~ Squares and triangles represent values that were caldulate
redshift range % < 7525 i.e. ~ 25% lower than that de-  from all sBzKs, the solid symbols represent values cortecte

rived here, possibly due to cosmic variance. However, notefor the AGN contamination. The stars and crosses represent
that there appears to be just a hint for the increasing tnend i the mass density contributed by pBzKs.

SFRD withK magnitude to flatten out &ega ~ 20, indicat- The stellar mass density in Deep3a-F, m_tgg_rated to our
ing that a substantial contribution to the total SFRD isljike Kvega < 20 catalog limit, is log. = 7.7 M Mpc™~, in excel-

to come fromKyega > 20 sBzKs, and therefore the values de- lent agreement with the value reported3|n Table 4 of Fontana
rived here should be regarded as lower limits. etal. (2004), i.e., log. = 7.86 Mg Mpc™= for 1.5 <z< 2.0

Recently, Reddy et al. (2005) provided an estimate for the 9alaxies, andlog. =7.65M, Mpc~3for2.0< z< 2.5 galax-
SFRD 0fKyega < 20 SBzKs of < 0.02M,, yr—L Mpc3, about i€, but now from a much bigger sample. These estimates
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also agree with the lgg ~ 7.5 M, Mpc—2 estimate ag ~ 2

by Dickinson et al. (2003), although their selection is much
deeperfas < 26.5), although it extends over a much smaller
field (HDF). So, while our sample is likely to miss the con-
tribution of low-mass galaxies, the Dickinson et al. saniple
likely to underestimate the contribution of high-mass gis
due to the small field and cosmic variance. There is little evi
dence for flattening of log, by Kvega= 20. As already noted,
the total stellar mass density at- 2 has to be significantly
larger than that estimated here, i.e., only from the coutrib
tion of Kyega < 20 BzK-selected galaxies.

There are 121 pBzKs in Deep3a-F, and fer100 of
them we deriveM, > 10'! M.,. Correspondingly, the num-
ber density of pBzKs withtM, > 10'* M., over the range
1452520 is (1.8+0.2) x 104 Mpc—2 (Poisson error  ies have median reddenifigB — V) ~ 0.44, average SFR
only). This compares t0.8 x 104 Mpc—2 over the same  190M.yr 1, and typical stellar masses 10''M.,. Correla-
redshift range as estimated by Daddi et al. (2005a) using sixtions between physical quantities are detected: the most ma
objects in the Hubble Ultra Deep Field (HUDF) with spectro- sive galaxies are those with the largest SFRs and optical red
scopic redshift. While the Daddi et al. (2005a) HUDF sample deninge(B—V). The high SFRs and masses of these galaxies

ulations at each redshift are likely to be connected to each
other in evolutionary terms, and therefore the strong elust
ing of EROs and BzKs makes quite plausible an evolutionary
link between BzKs at ~ 2 and EROs at ~ 1, with star for-
mation in sBzKs subsiding by~ 1 thus producing passively
evolving EROs. While some pBzKs may well experience sec-
ondary, stochastic starbursts at lower redshift, the dletwa
lutionary trend of the galaxy population is dominated by sta
formation being progressively quenched in massive gadaxie
with the quenching epoch of galaxies depending on environ-
mental density, being earlier in high-density regions.

3. Using approximate relations from Daddi et al. (2004a)
and multicolor photometry, we estimated the color excess,
SFR and stellar mass of sBzKs. Thésgga < 20 galax-

is important to establish that most pBzKs are indeed pagsive
evolving galaxies at.8 < z< 2.5, their density measurements
is fairly uncertain due to cosmic variance. Being derivexatfr

an area which isv 30 times larger than HUDF, the results

add further support to the notion that these 2 star-forming
galaxies are among the precursorz of 1 passive EROs and
z~ 0 early-type galaxies.

4. The contribution to the total star formation rate density

presented here for the number density of massive, passivelyatz~ 2 was estimated for thi§ega < 20 sBzKs in our fields.

evolving galaxies in Deep3a-F in the quoted redshift range

These vigorous starbursts produce an SFRDR06 M., yr—*

should be much less prone to cosmic variance. Hence, wevipc3, which is already comparable to the global SFRD at

estimate that, compared to the local valug at0 (9x 10~#
Mpc—3, Baldry et al. 2004), at.#4 < z < 2 there appears to
be about 20%: 7% of massive ¥ 10'M..,), passively evolv-
ing galaxies, with the error above accounting also for cosmi
variance.

7. SUMMARY AND CONCLUSIONS

This paper presents the results of a survey bas&RinJK
photometry obtained by combining Subaru optical and ESO
near-IR data over two separate fields (Deep3a-F and Daddi
F). Complete K-selected samples of galaxies were selecte
to Kyvega < 20 in the Deep3a-F over 320 arcrfiimand to
Kvega~ 19 in the Daddi-F over a field roughly twice the area.
Deep multicolor photometry in thBRIzbands were obtained
for the objects in both fields. Object catalogs constructe
from these deep data contain more thafidijects in the NIR
bandpasses. Galaxband number counts were derived and
found to be in excellent agreement with previous survey re-
sults.

We have used color criteria to select candidate mas-
sive galaxies at high redshift, such BzK-selected star-
forming (sBzKs) and passively evolving (pBzKs) galaxies at
1452525, and EROs, and derived their number counts.
The main results can be summarized as follows.

1. Down to theK-band limit of the survey the log of the
number counts of sBzKs increases linearly with khenagni-
tude, while that of pBzKs flattens out B¢ega ~ 19. Over
the Deep3a-F we select 387 sBzKs and 121 pBzKs down
to Kyvega = 20, roughly a factor of 10 more than over the
52 arcmirt fields of the K20 survey. This corresponds to
a ~ 30% higher surface density, quite possibly the result of
cosmic variance. Over Daddi-F we select 108 sBzKs and 48
pBzKs down toKyega = 19.2.

2. The clustering properties (angular two-point correlati
function) of EROs an&zK-selected galaxies (both sBzKs and
pBzKs) are very similar, and their clustering amplitudes ar
about a factor of 10 higher than those of generic galaxies in
the same magnitude range. The most strongly clustered pop

d

d

Zz~ 2 as estimated from other surveys and simulations (e.g.
Springel & Hernqwist 2003; Heavens et al. 2004). However,
a sizable additional contribution is expected fréiga > 20
sBzKs.

5. In a similar fashion, the stellar mass of pBzKs was ob-
tained, with the result that the number densitygga < 20

pBzKs more massive than ¥/, is about 20%:-7% of that

of similarly massive, early-type galaxies at= 0, indicat-

ing that additional activity and subsequent quenchingarf st
ormation in 2 10*M,, star-forming galaxies must account
or increasing the number of massive passive galaxies by
a factor of about 5 fronz = 1.7. The number density of

2 10"M,, sBzKs is similar to that ofpBzKs. Given their
strong star-formation activity, it seems that by 1-1.4 the

full population of local 2, 10"M,, passive galaxies could be
eventually assembled as a result.

This result, advocated also in Daddi et al. (2005b), may
appear in contradiction with the recent finding by Bell et al.
(2004) of a factor of 2 decrease in the number density of early
type galaxies atz ~ 1, with respect to the local value (see
also Faber et al. 2005). However, our analysis of the Bell
et al (2004) results shows that most of this evolution is to be
ascribed to the progressive disappearence with increesiag
shift of the fainter galaxies, while the population of thagbt-
est, most massive galaxies being substantially stables Thi
would be, in fact, another manifestation of thewnsizingef-
fect. A future publication will address this point in its fful
details and implications.

Mapping the metamorphosis of active star-forming galax-
ies into passively evolving, early-type galaxies from high
low redshifts, and as a function of galaxy mass and environ-
ment is one of the primary goals of the main ongoing galaxy
surveys. Using Subaru and VLT telescopes, optical and near-
infrared spectra are being obtained, with targets from the
present database having been selected according to the same
criteria adopted in this paper. Future papers in this seriks
present further scientific results from thggot survey, along
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with a variety of data products.
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