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ABSTRACT

We present a study of protoclusters associated with higghittdadio galaxies. We imaged MRC 1017-22G=(1.77) and MRC 0156-
252 (z = 2.02) using the near-infrared wide-field§7x 7.5") imager VLT/HAWK-I in the Y, H andK sbands. We present the first deep
Y-band galaxy number counts within a large areaQ0 arcmir). We then develop a purely near-infrared colour selecéshmique
to isolate galaxies at.@8 < z < 3 that may be associated with the two targets, dividing them(i) red passively evolving or dusty
star-forming galaxies d(ii) blug/'star-formation dominated galaxies with little or no dusttiBtargeted fields show an excess of star-
forming galaxies with respect to control fields. No clearrdemsity of red galaxies is detected in the surroundings REM.017-220
although the spatial distribution of the red galaxies rddema filament-like structure within which the radio galé&gmbedded. In
contrast, a significant overdensity of red galaxies is detein the field of MRC 0156-252, ranging from a factor~o2 — 3 times the
field density at large scales.&2Mpc, angular distance) up to a factor-ef3 — 4 times the field density within a 1 Mpc radius of the
radio galaxy. Half of these red galaxies have colours ctersisvith red sequence modelszat 2, with a large fraction being bright
(Ks < 215, i.e. massive). In addition, we also find a small group ohg&ls within 3 of MRC 0156-252 suggesting that the radio
galaxy has multiple companions within50 kpc. We conclude that the field of MRC0156-252 shows mamarkable similarities
with the well-studied protocluster surrounding PKS1182-%=2.16) suggesting that MRC 0156-252 is associated with axgala
protocluster ar ~ 2.

Key words. large scale structure - galaxies: clusters: general - gedarvolution - galaxies: high redshift - galaxies: indivals
(MRC 1017-220; MRC 0156-252)

1. Introduction sive and star-forming galaxies occurred in clusters, orelsi¢o

It is well established that the evolution of galaxies strlgmgStUdy overdensities at higher redshifts.

depends on environment. In the nearby Universe, the high- Y h ber of k | | hiah red
est density regions (e.g., the cores of local galaxy cleyter . owever, the number of known galaxy clusters at high red-
are dominated by red, early-type galaxies with the fractbn shifts (Z_> 1) is small. Indeed, gearch_mg for hlgher redsmft clus-
blue galaxies with on-going star-formation significantigagler (S rapidly becomes challenging using classical deteatieth-
than lower density regions (Dressler 1980; Tanakalet al520(5st such as using red-sequence algorithms aimed at idegify

Postman et al. 2005; Balogh et al. 2007; Poggiantilet al. )ZOOE?d galaxy overdensities (Gladders & ee 2000; Andreoniet al

The spectra of these red passively evolving galaxies showt308) or detecting the extended X-ray emission from theintr

- : . luster medium/(Stanford etlal. 2006; Rosati et al. 20048200
characteristic break at 4000A — i.e., the light from old -stefJntil recently, the two highest redshift clusters were disc

lar populations is more prominent than that emitted by yaung )
R ' : ered through X-rays: XMMXCS J2215.9-1738 at= 1.457
stars. These galaxies lie on a tight red sequence in colofr- : ; L
. . . . ith 17 spectroscopically confirmed members within theselu
irg21%2';%?/9“%{'1'9;2&?&86?(ijr:ecsiuhsigsssgfogya\rl];zzgtg:i :gdhgeql uetlje{vr virial radius;| Stanford et al. 2006; Hilton et al. 2007%)da
‘ = : MMU J2235.3-2557 az = 1.39 (with 34 spectroscopicall
shlfts z ~ 1.5;/Stanford et al. 2005, 2006; Mei etlal. 2006, 2003-( nfirmed members: Rosati e al (2009) Gal%xies i thpe cb?/e o
Lidman et all 2008; Kurk et al. 2009). To understand when thﬁjﬁ’l = : ’

: : this second cluster already lie on a well defined and tighseed
red sequence appeared, i.e., when the segregation bet Nklence (Lidman et &l. 2008). These X-ray selected clusters w

* Based on observations obtained at the European SouthB@Wweverrecently supersceded by th? discovery of a galansj_cl
Observatory using the Very Large Telescope on Cerro Patarmigh ter atz = 1.62, CIG J0218-0510, using photometric redshifts.
ESO programs 081.A-0673(A) and 083.A-0231(A). Itis located in the Subar¥MM-Newton deep field and has 15
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confirmed members to date (Tanaka et al. 2010; Papovich et(®ILT) in 2008 and 2009 in a set of three filtersl{Ksor JHK s
2010). depending on the redshift of the targeted HzRG). This paperr
One of the mostféicient methods to search for galaxy clusports the results on our two lowest redshift targets. A camgpa

ters at even higher redshifts £ 1.5) is to look in the vicinity paper presents results on the higher redshift targets liHzttc
of high-redshift radio galaxies (HzRGs hereafter). Themexg al., 2010).
ies are among the most massive galaxies in the Universe (M We design a news near-infrared criterion to isolate galax-
10'*M,; [Rocca-Volmerange etlal. 2004; Seymour et al. 200#®s at 16 < z < 3. We apply this selection technique to
and are good tracers of high density regions in the early usiudy the galaxy population in the vicinity of the lowest shidt
verse (see Miley & De Breutck 2008, for a review on HzRGs andzRGs of the HAWK-| sample: MRC 1017-229 € 1.77) and
their surroundings). Narrow line emitter surveys of HzZRGs MRC 0156-252 £ = 2.02). We first describe i§2 the multi-
2 < z < 5 show that they are often located in overdense regiongvelength data available for the targets and four contetddi
designated as ‘protoclusters’ that are likely to be the pnitgrs  (including two sub-fields of GOODS South). The extraction of
of the present day massive groups and clusters (Venemahs ethe source catalogues and galaxy number counts are dekcribe
2002, 2005, 2007; Pentericci el lal. 2000; Kurk et al. 2004k Tin §3 and §4. Section 5 presents the colour-colour selection
narrow line emitters are, however, only a low-mass subset tethnique we developed to isolate cluster member candidate
the general population of UV-selected, star-forming gasx z > 1.6. The properties of these cluster candidates, such as over-
(Miley et al.|2004; Overzier et al. 2008) and likely do not repdensities and spatial distribution are detailed§é Section 7
resent the majority of the total stellar mass. summarizes our results.
Studies have tried to identify more massive cluster galax- We assume a\CDM cosmology withHy = 70 km s?
ies associated with these radio-loud sources by lookingher Mpc™, Q, = 0.3 andQ, = 0.7. All magnitudes are expressed
red passively evolving galaxies that may be populating tres in the AB photometric system unless stated otherwise.
of high redshift clusters. Best etlal. (2003) observed, fane-
ple, the environment of powerful radio-loud sourcez at 1.6
and found overdensities of red galaxid®{ K > 4) on two 2. The data
scales around the AGN: a pronounced central peak (Withgwl The targets
150 kpc) and weaker excesses between 1 afdvipc radius. ~ g
More recently| Galametz etlal. (2009) studied the enviraimene present a study of the two lowest redshifts targets of the
of 7C 1756+6520, a radio galaxy a = 1.416, and found an HAWK-I sample: MRC 1017-220 and MRC 0156-252, observed
excess of red sources (passive, early-type galaxy camdidat with HAWK-I in the Y, H andK s bands.
z > 1.4) within 2 Mpc of the HzZRG. A galaxy cluster associated MRC 1017-220 t = 1.768; R.A.: 10:19:49.05, Dec.: -
with 7C 1756+6520 has since been spectroscopically confirme:19:58.03, J2000, 3gn, = 107811 W Hz™Y) is our lowest
(Galametz et al. 2010). At higher redshifisX 2), studies have redshift targeted HZRG. We note that this HzRG is a broad
searched for red evolved galaxies by bracketing the re@shifjine radio galaxy/(Kapahi et 8. 1998) and is unresolved lith
4000A break with near-infrared filters. Kajisawa et al. (€00 near-infrared and radio (Pentericci et al. 2001). Invediing ex-
explored the environments of six HZRGszat 2.5 and isolated tremely red objects (ERO® — K > 6) around highe AGN,
the evolved galaxy populationat- 2 using purely near-infrared|Cimatti et al.|(2000) found an excess of EROs in the closewvici
(JHKs) colour cuts|_ Kodama et al. (2007) used the same nedy-of MRC 1017-220 compared to the field.
infrared criteria to select protocluster member candilatehe We also targeted the field around MRC 0156-252 @.016;
field of HZRGs at 2< z < 3 (see also Zirm et al. 2008, forR.A.:01:58:33.63, Dec.: -24:59:31. 101, = 10?77 W Hz™1).
a near-infrared study of a forming red sequence in a progecltThis HzZRG has been reported to be a quasar obscured by dust
ter atz = 2.16). They both found that some of their targete(Eales & Rawlings 1996; McCarthy et/al. 1992).
fields contained overdensities by a factor of 3 compared to
blank fields. Recent spectroscopic follow-up of these redces ) )
has been conducted in a couple of these protocluster fields%g- OPservations and data reduction
Doherty et al.|(2010). They confirm two red galaxies assediaty 5 1 New VLT/HAWK-I data
with PKS 1138-262 az = 2.16, a dusty star-forming galaxy
and an evolved galaxy with little ongoing star formatione$a The two HzRG fields were imaged between April 2008 and
HzRG companions have an estimated mass-e64x 101'M,. August 2009 in Service Mode with VI/HAWK-1. HAWK-1 is
Doherty et al.[(2010) also confirm that a pure near-inframéd ca wide-field imager on UT4 with a field of view of5 x 7.5’
terion is dficient at selecting high redshift galaxies — e.g. 56%quipped with a mosaic of four Hawaii 2RG 204&048 pixel
of their JHK-selected galaxies with spectroscopic redshift fafletectors separated by a gap of 15he pixel scale is Q064"
at 23 < z < 3.1. However, the low success rate of their spedhe field of MRC 1017-220 was observed in Spring 2008 for
troscopic campaign confirms however the challenge in degivi122 min in theY band @c = 10210A), 53 min in theH band
redshifts for passively evolving galaxies whose spectradip (1c = 16200A) and 33 min in th&'s band Qc = 21460A).
show prominent and easily identifiable emission lines. MRC 0156-252 was also observed in the same set of filters:
Building on these previous studies of individual HzZR@O00 min in theY band (Autumn 2008), 47 min in thid band
fields, we defined a first uniformly selected sample of the maatd 33 min in theKs band (August 2009). In order to avoid
powerful radio galaxies in the pivotal redshift rang& ¥ z < the gaps between the chips and to have a deeper coverage of
2.6 where we expect the cluster galaxies to start settling en tfhe immediate surroundings of the HzRGs, MRC 1017-220 and
red sequence. Our method is to select potential cluster medRC 0156-252 were placed near the center of one of the chips.
bers (in particular, evolved passive galaxies) using ideaared Two control fields (hereafter CF1 and CF2, respectively
colour cuts. We observed our sample with the High Acuity Wideentered on R.A.: 11:39:59.66, Dec.: -11:24:29.5 and R.A.
field K-band Imager (HAWK-1|_Pirard et al. 2004; Casali et al16:02:06.80, Dec.: -17:25:31.7) were also observed frony Ma
2006; | Kissler-Patig et al. 2008) on the Very Large Telescope September 2008 in thé H andK s bands.
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Table 1. HAWK-| observations

Field R.A2 Dec? Band Exp.Time Seeing Limit
J2000 J2000 min arcsec 0430)
MRC 1017-220 10:19:54.18 -22:18:27.17Y 122 Q80 2591 (2547)
H 53 063 2489 (2445)
Ks 33 055 2436 (2392)
MRC 0156-252 01:58:39.16 -25:00:51.01Y 200 054 2642 (2598)
H 47 050 2491 (2447)
Ks 33 056 2442 (2398)
CF1 11:39:59.66 -11:24:29.50 Y 122 058 2580 (2536)
H 53 052 2418 (2374)
CF2 16:02:06.80 -17:25:31.70Y 122 053 2578 (2534)
H 53 064 2490 (2446)
Ks 33 052 2435 (2391)

& Coordinates are given at the center of the HAWK-band image.

Part of eachY-band observation was observed in pho-
tometric sky conditions. A standard star, selected from the
United Kingdom Infrared Telescope (UKIRT) faint standdisis
(Hawarden et al. 2001), was observed immediately afterdhe s
ence data to flux calibrate theband image.

Between January and March 2008, the entrance window
of HAWK-| suffered a degradation and, as a consequence, the
shadow of the camera spider became visible on the data. The
data thus contain the convolution of the spider shadow with
the rotating pupil image, resulting in a cross pattern whigh
peats the spider symmetry in the backgrdlns advised by r
the HAWK-I User Support Team, we reduced the time for each 151
sub-integration to attenuate the cross pattern. Howeoenes
HAWK-I data taken between April and August 2008 show an in-
crease in the sky noise independently of the configuratidheof
observations and the cross pattern is therefore very hasdito
tract (e.g.H andKs-bands of CF1). During the data reduction
phase, we optimized the subtraction of the cross patternwéie

1.5 UKIRT/2Mass

Y-K (Vega)

MRC 1017-220

moving the background. Unfortunately, the cross pattertién oof . ‘ ‘ ‘ ‘
Ks-band of CF1 could not be properly subtracted and the image 0.2 0.4 0.6 0.8 10
is unusable. JK (Vega)

The data were reduced using the EBIWM (or ‘alambic’)
reduction pipeling (Vvandamée 2004). The image processing folFig. 1. Colour-colour diagram¥ - K vs J— K) for the stars from
lowed standard near-infrared reduction steps : dark sttidra  a combined UKIDS®MASS catalogue (top panel) and for the
division by normalized sky flats, subtraction of the backgrd, 2MASS stars of the MRC 1017-220 field (bottom panel), shown
fringing correction and harmonization of the four chip gaiA  as an example for the calibration of teband HAWK-I data.
distortion correction was applied to each chip using starsf Stars are well fitted by an empirical colour-colour relafipn—
the USNO-B1.0/(Monet et al. 2003) catalogue. The images WeGyega = 1.45% (J — K)vega (sOlid line). The standard deviation
finally stacked using the same astrometric catalogue (fbdés  (0.07) of the distribution is shown by the dotted lines.
tails on the pipeline, see Vandame 2004).

2.2 2. Photometric calibration ages, determined in randomly distributed’1 diameter aper-
] . tures, are reported in Talle 1.

The H and Ks-bands were flux calibrated using the 2MASS  \ye derive the zeropoint of th¥-band using the standard
point source catalogue (Skrutskie et.al. 2006) for objedth W stars observations and then refine it using empiricallyveeri

11 < K < 145 (i.e. 22 stars for MRC 1017-220, 13 forpear-infrared colour relations for stars. Using the WideldFi
MRC 0156-252, 9 for CF1 and 37 for CF2). 2MASS stars tqnfrared Camera (WFCAM) Science Archilzevhich holds im-

tal magnitudes were estimated using SExtractor Kron afertigges and catalogues of the UKIRT Infrared Deep Sky Surveys
(MAG_AUTO parameter). The derived zeropoints are accuraigk|Dss), we retrieve stars from a8 1.5 square degree region
to 0.06 magnitudes. Thes2and 3r detection limits of our im-  (centered around R.A.: 14:00:00, Dec.: 10:00:00) and misteh

1 See [ http/www.eso.orgpbservingdfo/quality HAWKI /Problemg Y-photometry of UKIDSS (data re.lease 5) with 2MAS$nd_
PupilGhosts.ntml _and _httpnww.eso.orgscifacilitiegparangl  [<-Photometry. We extract stars with accurate photometry, in
instrumentgawkjdogHAWKI-NEWS-2008-07-11.pdf for details on J andKs (less than @5 magnitude errors; 1707 stars). Hi§. 1
the HAWK-I entrance window problem (top panel) shows the location of these stars ilY & K)vega VS

2 httpy/archive.eso.oyfgmgeso-datalata-packaggsso-mvm-
software-package 3 httpy/surveys.roe.ac.usa
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(J = K)vega colour-colour diagram. Both UKIDSS and 2MASS
use Vega photometric systems so Vega magnitudes are used in
this analysis for consistency. The colour-colour relafarstars

is well-fit by a simple linear function — K)yega = 1.45x (J -

K)vega (Standard deviation of.07). We extract the 2MASS stars I
from the HzRGs fields and the two control fields and refine the  -27.42:00-
zeropoints previously derived from the standard stars robse [
tions using the above colour-colour relation See the bofianel

of Fig.[d for an example of the calibration method used for the
MRC 1017-220 field. Thef@sets applied to the initial zeropoint
are less than.03 mag. We estimate an averagé®mag un-
certainty in they-band photometry of MRC 1017-220, CF1 and L
CF2 and (07 mag for MRC 0156-252. This last field contains = 274&00-
fewer stars and thus its photometry is slightly more unaerta L
The 2r and 3r limiting magnitudes of the/-band data (deter- i
mined in random B” diameter apertures) are given in Table 1. 2751:00

LI L I L B L L L B L L B L IO

-27:39:00 —

-27:45:00 -

ec.

2.2.3. Archival GOODS-S data L

-27:54:00 -

The Southern field of the Great Observatories Origins Deep g

Survey (GOODS-S|_Dickinson etlal. 2003) was observed, in

H and Ks using VLT/ISAAC from October 1999 to January - ' 1

2007. The data were reduced with the ZBI®@M pipeline by B T e P P

the GOODS team (Retlzet al. 2010). The final data release, o - TTRa - -

available since September 2007, includes 24 ISAAC fields in

and 26 ISAAC fields irKs as well as the finaH andKscom- _ . _

bined mosaifcovering respectively 158 and 1731 arcmirf.  Fig.2. Ks-band combined mosaic of the 26 tiles observed by
The GOODS-MUIlticolor Southern Infrared Catﬂ)g VLT/ISAAC in GOODS-S. The 24 fields also observeddrare

(GOODS-MUSIC; [ Grazian et hl._2006b;_Santini et al._200d)ighlighted by the red dashed line. The two VHRWK-I Y-

is a multiwavelength catalogue of GOODS-S, coveringand observed as part of the science verification of theunstr

1432 arcmirt and cross-correlated optical, (b, v, i, z from Mmentare overlaid (orange: GOODS1, green: GOODS2).

HubblgACS and VLTVIMOS), near-infrared (see above), mid-

i2nfraredSQ:) Itzer/Irac [-3'6]’ (54h5]ft [58], [8.0]_Iagld Sﬁc)itzelr/zl\é}IPSf PGS spectrophotometric atlas (Hewett et al. 2006). Foh eac
24, SeCloscone [edshit ave avalable 0f 1236 o By tn bt fing SED prowdes ivemagnitude of the st

24 fields inH and 22 of the 26 fields iiKs. We make use of and: combined with the flux measured in the image, a zeropoint
the GOODS-MUSIC photometry to caIiBrate the and Ks T.he Image zeropoint is derived from t.he average of thg indi-
GOODS-S mosaics. Theo2and 3r limiting magnitudes in vidual zeropoints and has an uncertainty of 0.05 _magnl_tudes
random 15" diametér aperture are 3 (2492) and 2520 We also independently determine thfeband zeropoint using

(24.76) forH andKs. 2MASS stars in the GOODS-S field (8 stars) and the relation

. I Y — K = 1.45( - K) used for photometric calibration §2.2.2
As part of the VLJHAWK-I Science Verification pro- and find results consistent withinO3 mag. TheY-band 2r (30)

grams, two_sub-fields of GOODS-S were observedYirin g iting magnitudes in random.8” diameter aperture are 28

December 2007, centered respectively on R.A.: 03:32:40. 26.50) and 2641 (2597) for GOODS1 and GOODS?2 respec-

Dec.: -27:51:41.6 (355 min; PIl: Fontana, A., GOODS1, her vely
after) and R.A.: 03:32:29.71, Dec.: -27:44:38.6 %145 mih; P '
Venemans, B., GOODS2, hereafter). See etal
(2010) for further details on the data. The seeing of these im. Source extraction

ages is consistent with the one of the ISAACand Ks im- ] ) )
ages i.e.~ 05— 0.6”. Fig.[2 shows theks-band mosaic of HAWK:-I data, especially those taken prior to May 2009, canta
GOODS-S with theH-band (red) and the twd-band fields, crosstalk between the amplifiers of the chips i.e., all theces
GOODSI1 (orange) and GOODS2 (green) overlaid. We redu@e repeated on some of the other 32 amplifiers groducmg a
the data using ES®VM pipeline. The images are astrometSeries of crater-like artifacts arrayed horizont _

rically calibrated using a source catalogue extracted ftoen [2008). Due toits intensity, only crosstalk produced by thigt-
GOODSK s-band mosaic. To flux calibrate the images, we s&st objects is observed out of the background, e.g., in the im
lect all objects in the field classified as stellar in the NXBAC ~ age, all sources withamassvega < 15.5. Regions fiected by
Extragalactic Database (NED). Broad band photometry feseh Crosstalk were masked before extracting the source catedog
stars are taken from the Multiwavelength Survey by Yalérosstalkis more prominentin theband since the image is the
Chile (MUSYC) catalogues (Gawiser ef 06). The broageepest and stars are brighter in bluer bands. We therefste fi

band SED of the stars are fit using stellar templates from tigentify by eye the crosstalk in thé-band. A map is created
to flag the crosstalkfBected pixels by 4 x 4” squared masks.

4 The reduced single field images and final mosaics are pubh€ flag area accounts for less than 2% of the finmhages for
licly available at [http7archive.eso.of@rchivdadgGOODS| MRC 1017-220 and CF1 and less than 1% for GOODS-S. The
ISAAC_imagingv2.Qgoodsreq.html CF2 field contains numerous bright stars and% of the final

5 Publicly available &t httgibc.mporzio.astro.jgoodggoods.php mosaic is flagged. We also flag regiortBeated by bright stars
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that dominate their surroundings as well as the noisy edfjes o
the images. P
The source detection was performed using SExtractor g &8
(Bertin & Arnouts 1996) with a detection threshold of2 g P
independently for each filter. We used aperture magnitudes i & °
(SExtractor MAGAPER) within a fixed 25” diameter aperture - ¥ |
to measure colours. Based on the profile of stars irkte&and i % ]
data of the HzRGs fields, we estimate that an aperture5f 2
diameter contains about 95% of the source flux. Using such an I s
. . . . | //? e MRC 1017-220 +
aperture is therefore a good compromise between including a 100k /l MRG 0156-252
much flux from the source as possible, but limiting backgtbun g ﬁ% o CF1+CF2+GOODS
contamination for faint objects. However, the fraction sbarrce i T 4 GOODS
flux contained in a " aperture strongly depends on the seeing Le
of the image and we smoothed the images @edént bands to 1020 e e
the same seeing to ensure accurate colour measurements. 16 18 20 22 24 26 28
The 3-band images of MRC 1017-220 and CF2 have sig- Y (AB)
nificantly different seeings from filter to filter. We therefore .
smoothed our images to the worst seeing. Fhand K s-band e
images of the field of MRC 1017-220 were smoothed to tB& O ¥
seeing of theYy-band. Similarly, theY and Ks-band images of I o ¥ o &
CF2 were smoothed to the@%’ seeing of theH-band. We de- \ .
tected the sources on the unsmoothed images and determined  **'F ’;{* E
the aperture photometry on the smoothed images. We explain i F
§5.3 how we handle upper limits in colours. Total magnitudes
are determined using SExtractor parameter MAGTO on the
original unsmoothed images. 10° t
All magnitudes were corrected for Galactic extinction i [ e
(calculated for HAWK-I filters) using the dust maps of L lb

N/mag/deg”
<

MRC 1017-220
MRC 0156-252
CF1+CF2+GOODS -

N/mag/deg
“ure
\><9
d:%
L]

©

Yan et al. 1998
Chen et al. 2002
Moy et al. 2003
Metcalfe et al. 2006

> oX + %

Schlegel et al.| (1998) and assumifRy = Ay/E(B - V) =
3.1 extinction law of__ Cardelli et al. (1939). All the fields are 1% S
at high galactic latitudeb( > 20). Corrections are small for 16 18 20 22 24 26
the MRC 1017-220 field (054, 0029, Q019 mag inY, H H (AB)
and Ks respectively), the MRC 0156-252 field.(d3, Q007,
0.004 mag) and CF1 (033, 0018, Q011 mag). Due to a lot S L L PP
of dust along the line of sight, corrections for CF2 are, om th 10°F ¥ E
contrary, rather big (344, 0187, 0118). We do not apply the i ko0 .
negligible < 0.01 in Y and< 0.005 forH andKs) extinction I o®
corrections for the GOODS-S field. , % S
We evaluated the completeness limits of the images using 10 E ol E
a IRAF gallist andmkobjects routines drtdata package)
to simulate artificial galaxies, both elliptical and spigalaxies.
We chose a uniform distribution of galaxy morphologies veith oL i,
minimum galaxy axial ratidy/a of 0.8 and a maximum half flux g | EF
radius of 0. We adopted a de Vaucouleurs and an exponen- i J@ ‘
tial disk surface brightness law for ellipticals and sgEnaspec- L me
tively. For both types of galaxies, we generated catalogdies 1021 ‘ ‘ ‘ ‘ |
5000 objects and added them to ¥eH andK simages, includ- 6 18 20 2 24 2
ing Poisson noise. We determined how many artificial sources Ks (AB)
were recovered using the same SExtractor configuration files
used to detect the real sources. The 90% completeness limits )
for elliptical (spiral) galaxies are 2@ (233), 229 (222) and Fig. 3. Galaxy number counts ivi, H andK sfor the field around
224 (217)inY, H andK srespectively for MRC 1017-220, 44 MRC 1017-220 (red dots), MRC 0156-252 (orange dots) and

(23.8), 232 (225) and 224 (218) for MRC 0156-252. the combined control fields (green diamonds). We do not apply
completeness correction. We isolate galaxies from stargyus

] the stellar index CLASSTAR in SExtractor. Counts from the
4. Galaxy number counts in Y, H and Ks literature are overplotted fdd andKs. For theY-band, we de-
We derive the dferential galaxy number counts in the HzR ive counts from the two GOODS-$%field and the two control

: . i CF1 and CF2) untlY < 24. Galaxy counts are also de-
fields for each band (see F[g. 3). We only consider the deep §'tds ( ;
regions of the final images, i.e., we discard the shallowest {Ilved from GOODS-S only for sources with 23 ¥ < 255.

: : : ‘ » The best fit of theY-band number counts by a two power-law
ions resulting from the gap between chips (central ‘c . X
\?vell as the edgges of the %gge ie. 423%% t(he imagez(.}?/SVe model is shown by the dashed line ($gk also overplotted on

also derive the galaxy number counts combining the two COW_eH-band number counts for comparison).

trol fields: CF1, CF2 and the GOODS-S data for thand H
bands. For th& sband, number counts are determined from CF2

& e MRC 1017-220
#4\- o MRC 0156-252
CF2+GOODS J

N/mag/deg’
k'

<o

* Maihara et al. 2001

o Kummel & Wagner 2001
* Saracco et al. 2001

A Huang et al. 2001

+ Elston et al. 2006
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Table 2. Galaxy number counts i¥-band (N(mag.ded))

1.0 T

Mag. 1017 0156 CRsGOODS-S GOODS-S I m

W @ Q @) ©) , /¥
17.75 747 485 470 - 081 o
1825 896 1213 759 - , W'l
18.75 1792 1940 1228 - AV
19.25 1792 3881 2131 - |
19.75 3286 3759 3468 - g osl /
20.25 5377 6913 6141 - > |
20.75 8812 7276 9464 - g
21.25 15682 13461 13293 - g |
21.75 18818 17585 18531 - < oal i
22.25 24494 26801 24816 - £ o
2275 33156 36746 36845 -
2325 31066 47054 46742 44807 ,
23.75 35397 58817 54652 54695 02l 1
2425 - 78948 - 74609 I
24.75 76683 4 "

0.0 . /1 L M
1 1.5 2 2.5
and GOODS-S, since CF1 was not observeld n\We separate Wavelength (um)

galaxies from stars using the SExtractor CLASEAR param-

eter. We test the optimal values for this parameter for each i ] o

age with stars from 2MASS and USNO in flux bins of 1 ma§i9.-4. Redshifted (toz = 1.9) spectral energy distribution of

(0.6 <CLASS STAR< 0.9). models of 2 Gyr-old galaxies assuming an exponential degfin
Table[2 reports (for the first time) théband galaxy number star format|0n1h|story withr = 0.1, 0.3, 05 anql 1.(from yellow

counts. Counts for the two HzRGs fields (columns 2 and 3) deblue; see Fid.J5 for colours). The transmission curvesef t

given to the 90% completeness limit. Due to the lower conplet TAWK-I filters Y, H andKs and the position of the restframe

ness limits of CF1 and CF2, we first derive counts Yox 24 4000A break (dashed line) are overlaid.

from the four fields (CFACF2+GOODSHGOODS?2) i.e., a to-

tal area of about 200 arcnfifsee Tabl€l2, column 4). We also

derive the counts for 23 Y < 255 from GOODS-S only (col- 516 sources in the field of MRC 1017-220 (MRC 0156-252)

umn 5). than our control fields (CFACF2+GOODS). Similar results are

_For the two other bands, we compare the galaxy Coufind in thek s-band number counts where an excess of sources

with results from the literature: Yan etal. (1993); Chenlet ayith 195 < Ks < 225 (27.4 + 0.4%) is found in the field of

(2002); Moy et al. [(2003)|_Metcalfe etial. (2006) fét and MRC 0156-252 compared to our control fields (GEZOODS).

Malh’ara etal.(2001); Kimmel & Wagner (2001); Saracco et alp excess of sources with B < Ks < 215 (17.8 = 0.6%)

(2001); Huang et al. (2001); Elston ef al. (2006) os. No at- i5 150 seen in the field of MRC 1017-220. We do not observe

tempt is made to correct for the incompleteness, nor cofoect gch excesses in theband (which is below the 40004 break at

differences of filter passbands (elg.or Ks). z ~ 2). This suggests that both HzRG fields contain an excess of
Number counts have been frequently used to test modgdg galaxies.

of galaxy evolution. Although such an analysis is beyond the

scope of this paper, we note however that the slope shown by

the Y-band counts is consistent with thé-band. Imai et &l. ;

(2007) fitted theid-band counts (derived from tH&< ARI North 5. Search for candidate cluster members at z~ 2

Ecliptic Pole survey) by two power-laws of the foft{mag) = 5.1, YHK colour selection of galaxies at z> 1.6

ax 10°m9-15) with a break in the slope d{ega ~ 19.5. Adopting

a similar fitting function, we find that thé-band counts are well Colour criteria éiciently select high-redshift galaxies in a rela-

fitted by two power-lawsa = 25+ 5;b = 0.45+0.02forY < 21 tively narrow redshift range and permit to isolate potdrias-

anda = 380+ 5:b = 0.25+ 0.02 for Y > 21. These best- ter members associated with HzRGs. At high redshifts @<

fit slopes are plotted in Fig.3 (top panel) and overplottedhen 3), the position of the 4000A break in galaxies falls betwien

H-band counts (middle panel) for comparison. ThendH- J andH-band. Pure near-infrared colours have thus been used

band counts are found to be consistent. Similarly to Imal.et 40 isolate candidate protocluster members at this redstrifie,

(2007), we note that th&s-band number counts show a les®.9. J — K)vega > 2.3, designed by the FIRES team (Franx et al.

abrupt change of slope at 189 K < 21 and cannot easily bel2003) which allows them to select Distant Red Galaxies (DRGs

modeled by two power-laws. However, these single colour cuts mostly pick out red paggiv
As shown in Fig[B (top panel), thé number counts of the evolving or dusty galaxies and miss galaxies with contirsuou

HzRG fields are in good agreement with counts derived frogtar-formation with little or no dust.

the control fields. We note that there is a deficit of sources in |Kajisawa et al.| (2006) defined a two-colour selection tech-

the MRC 1017-220 field af > 23, which cannot be explainednique that combined, H and K colours to select both red,

by a lack of depth of the data since the 90% completeness lipéssive and blue, star-forming galaxieszat 2. This criterion

is reached a¥¥ = 24 mag. Interestingly, the galaxy counts ofJ - K > 2x (H - K) + 0.5 & J - K > 1.5; Vega system) is

the targeted HzRG fields show an excess of galaxigs fior almost insensitive to dust extinction since the reddenigior

205 < H < 225 where we find 22 + 0.6% (223 + 0.6%) (E(B-V)) is parallel to the colour selection.
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the 4000A break at = 1.9 (dashed line) are also overlaid. We

e S ] note that ther andH filters bracketestframe 4000A. They fil-
[ e 1203 Gir 1 ter is narrow (widtk=0.1um, about 3 times narrower thahand
[ e 1=050Gyr 1 Ks). TheY — H colour is therefore very sensitive at selecting
257 e 1=0.7 Gyr galaxies at the targeted redshifts.
e 1=1.0Gyr Fig.[H shows the same Bruzual & Charlot (2003) SED mod-
I ® 1=5.0Gyr elsinaY — H vs H — K colour-colour diagram at various red-
20 7 shifts, with a constant population age of 2 Gyr (top pandl), o
g at various population ages € 1.5 to 275 Gyr) atz = 1.77
- [ r-YHK andz = 2.02 (bottom panel). Az = 0, galaxies have consis-
> 151 tently lowY — H colours (0< Y - H < 0.3). Beyondz ~ 1.4,
L b-YHK the Y — H colour becomes redder when the 4000A break en-
i | ters theY-band. TheH — K colour stays almost constant until
1.0 E(B-V)=0.2 7] z ~ 2.5 when the 4000A break enters tHeband. Byz > 3, the
1 Y — H (H — K) colour becomes rapidly bluer (redder) than those
[ 1 of galaxies at b < z < 3. This general trend is observed for all
05 A models. However, the variations on both the- H andH - K
I t=2 Gyr ] colours are more pronounced for galaxies with short dewiini
I 1 star-formation histories i.e. those with stronger 4000Aatks.
00 Lo b b e b b Galaxies withr < 0.5Gyr andz > 1.6 haveY—H > 1.5. Galaxies
02 0.0 0.2 H_E"" 0.6 0.8 1.0 with longer star-formation histories never become so red.
We define a new colour criterion, analogous to the
Kajisawa et al.[(2006) two-colourHK selection technique, to
3.0 select galaxies at@ < z < 3 (Fig.[3, dashed line):
25} #=LI7 e Y-H>07nY-H>2x(H-K)+03 Q@)
2.0} 4 .
< i/ f A single-colour criterion is defined to separate red gakxie
y 15 = ~ with old stellar population from blue star-forming galasie
“’V;g | (/ 1 Y-H>15 @)
0.5} + 1
ool | | - similar to the single-colour criteriord(— K)vega > 2.3 that

0200 02 04 06 08 020002040608 10 selects DRGs at > 2. This criterion is shown in Fig]5 as the
H-K horizontal solid line. The cut &t — H = 1.5 was optimized to
isolate the reddest population of galaxiezat 1.6. By anal-

Fig. 5.Bruzual & Charldt (2003) model predictions offiirent ©9Y WithKodama etal. (2007)“notat|ons\IH§ and bJHK)
stellar populations in ¥—H vsH—~K colour-colour diagram (see fOr galaxies selected by the Kajisawa €t al. (2006) neasiatl
text for details on the models). The dashed line accountthor Cfiteria, galaxies selected by equationsH() are referred to
two-colour selection designed to isolate galaxiezatl.6. The S I'YHK galaxies and galaxies selected by equation (1) with
horizontal line ¥ —=H > 1.5) shows the single-colour selection to! — H < 1.5 are referred to as WHK galaxies.
separate red passively evolving galaxie¥ &K galaxies) from The YHK criterion is insensitive to dust extinction since it

star-forming ones (B¥HK galaxies). We assume an exponentidlaS een defined parallel to the reddening veE(@ - V) (see
declining star formation history with = 0.1, 0.3, 05, 0.7, 1 "19-5; black arrow). However, the dusty star-forming gadasxat

and 5 Gyr (see legendJop: for increasing redshiftsz(= 0 to 2> 1.6 will have similar colours to non dusty, passively evolving
z = 3, each (6 bin marked by coloured points) and a consta@@laxies, and will also be selected by theHK criterion. Our
age of 2 Gyr, the stars correspondingzie= 1.77. The black criterion _thereforg does not enable us to clea_lrly distisiguhe
arrow indicates the reddening vect(B — V) = 0.2 as parame- red passive galaxies from the dusty star-forming ones.

terized by Cardelli et all (1939Bottom: for various population

ages{= 15,2, 25,275 Gyr, coloured points with—H getting 5.2 Reliability of the YHK colour selection

redder with ages) &= 1.77 andz = 2.02. ] o
We examine theYHK colours of galaxies in GOODS-S us-

ing the spectroscopic redshifts available in the GOODS-MUS

At the redshift of the targeted HzRGs, the 4000A break matalogue (se€2.2.2) and combining the two archivitband
between theY and theJ-band. One can therefore use tfle (GOODS1 and GOODS?2) images with theandKs GOODS-
band instead of thd-band in a similar method o Kajisawa et al'S mosaics. We select sources that have a reliable photoinetry
(2006) to search for cluster members around MRC 1017-220 addandK s (less than @ magnitude errors), are detected|2n
MRC 0156-252. We use Bruzual & Charlot (2003) models to déhe two Y-band images, and have a reliable spectroscopic red-
termine the colours of fierent stellar populations at= 1.77 shift (flag 0: very good or 1: good). Fi§] 6 (top panel) shows
andz = 2.02. In the models, we assume a solar metallicity artte distribution of these sources in tlfélK colour-colour dia-
alChabrier/(2003) initial mass function. Fig. 4 shows dusef gram i.e., 72 stars (stars), 316 galaxieg at 1.6 (black dots),
SED predictions for galaxies with an exponentially dedgi 20 galaxies with B < z < 2.1 (orange circles) and 10 galax-
star formation history withr = 0.1 tor = 1 Gyratz= 1.9. The ies withz > 2.1 (red circles). AGN (defined as ‘BLAGN’ or
HAWK-I transmission filters (black curves) and the positifh ‘NLAGN’ in GOODS-MUSIC) are not considered here. We
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AL e e Fig. 7. Photometric redshift distribution of th€HK-selected

-1.0 -0.5 0.0 05 1.0 15 sources for YHK galaxies (top panel) and ¥HK galaxies

H-K (bottom panel) in GOODSAGOODS?2 for both the @ detec-

tion limits (solid histogram) and the limit of completenesshe

S e A HAWK-I data (filled histogram). Photometric redshifts arerh
Kurk et al. 2009 (1.601<z<1.621) ,/ Santini et al. 2009.

Spectral Class: 4

® Early type ’
@ Intermediate type Y

® Late type °o also overplot colours of stars from the digital stellar aped-

brary from Pickles| (1998). We note that/P® (65%) galaxies at

1.6 < z< 2.1 are selected by théHK criteria. The criterion ef-

ficiently removes foreground galaxies i.e., only/246 (< 5%)

galaxies withz < 1.6 are found in thevHK-selected region.

4/10 (40%) of galaxies witlz > 2.1 are selected by théeHK

criterion indicating that the selection will be notably tami-

nated by background objects.

Rettura et al(2010) present a sample of 27 early-type galax

ies with 109 < z < 1.35 found in the GOODS-S field. 18

of them are imaged and detected Qo) in the Y band (see

green triangles in Fig.]6) and have colours consistent witld-m

els predictions. Only one of them (the highest redshift cewat

z = 1.35) is selected by th¥HK criterion showing that con-

R T T T B tamination by lower redshift passively evolving galaxieséry

-1.0 -0.5 0.0 05 1.0 15 small.

H-K Cimatti et al. (2008) studied a sample of 13 old, passive
galaxies atz > 1.4 found in the northern part of GOODS-S
covered by the Galaxy Mass Assembly ultra-deep Spectrascop

Fig.6. YHK colour-colour diagrams of sources with spectrogryey (GMASS| Kurk et al. 2008). Ten of these objects have
scopic redshifts from the literature (GOODS-S field). The sg 1 5 including three az > 1.8. The seven others are part of

lection criteria (1) and (2) are shown by the dashed and solid overdensity at ~ 1.6 presented in Kurk et al. (2009). The
horizontal lines respectivelflop: Sources with spectroscopiciy ee passive galaxies at> 1.8 are well detected ilY (in the
redshifts from the GOODS-MUSIC catalogue (see legend feyoopg2 field),H andKs (see orange triangles in Fig. 6, top
symbols) and stars from the Pickles 1998 stellar spectrdlfluxpaneD_ Two of them havé—H > 1.5. The third one is a EHK
brary. We overplot early-type galaxies from Rettura etz010) - ga1axy, but has a red - H colour, close to the selection limit.

?rtofn Ei*gtt?zt\g?"(;gcge( t?:;?] gﬁzsglrzngaelat);;gng ?zs 1r§s Kurk et al. (2009) discovered a galaxy overdensityatl.6,
. 9 9 g P&yith 42 spectroscopically confirmed members in the GMASS

tively). Bottom: Members of the overdensity at~ 1.6 found in . ; .
3 area. Five galaxies have an early-type spectral class,alexigs
GOODS-S [(Kurk et al. 2009). Colours of the symbols accounfe at an intermediate stage (early-type but with sign offeta

for the spectral class of the_group members: red, green and biu’;\tion; intermediate type, hereafter) and 35 are late tybexg

for early—type, early—type with signs of star formation date ies. All 42 members are detected in the GOODSRand. Eight

type galaxies respectively. late-type galaxies have magnitude errors larger thamag in
eitherY, H or Ks and will not be considered in our analysis.
Fig.[@ (bottom panel) shows the colours of the 34 remaining
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sources in therHK colour-colour diagram, the colours of the
symbols indicating their spectral class. I

The five early-type galaxies and the two ‘intermediate type’ 251
galaxies are also reported lin_Cimatti et al. (Z008) as passiv 3
galaxies. All seven sources are selected by\h criterion.
Four early-type and one ‘intermediate type’ aréHK galaxies
and the last two sources areviiK galaxies. 1227 (44%) of
the late type galaxies are selected by the criterion shovting
limitation atz < 1.6. We also note that the [ONB727A doublet
falls in theY-band at 16 < z < 2. If present, and has a large
equivalent width, the emission line could bias the soitdmnd
magnitude and thus if¢ — H colour, with the galaxy appearing
bluer than expected. Since the majority§0%) of the late-type
galaxies from Kurk et al. (2009) shows the [Oll] line in their
spectra, this could explain the blue colours of some of them.

We further test th&’HK criterion using the photometric red-
shifts @Zpnot; hereafter) available in the GOODS-MUSIC cata- | i
logue. Using the multiwavelength photometry of the GOODS-S e L L
field,|Grazian et al! (2006b) applied a photometric redstuitte RA
to their catalogue. They tested their code with the avadlapkc-
troscopic redshifts and found an accuracyef 0.03x (1+2) Fig.9. 3-colour image (R, G, B foKs, H, Y) of the 20’ x 20”
(Grazian et al. 2006a). field of view around MRC 0156-252 (North is Up, East Left).

We examine thegne of the YHK-selected galaxies within A is the radio galaxy. B and C, previously reported in Penteri
the 2r detection limits as well as within the 90% completenes¥ al. 2001, are respectively selected by théHK and bYHK
limits of the HAWK-I data i.e., the completeness of passize r criterion. An additional component, D, is also found aligmeth
ellipticals for the rYHK galaxies and the completeness of spirdlRC 1056-252, B and C but too faint isto be classified by
galaxies for the bYHK galaxies. Fig[]7 shows the photometri®ur near-infrared criterion.
redshift distribution of the ¥HK galaxies (top panel) and the
b-YHK galaxies (bottom panel). We find that 77%{2Z1% in
the completeness limits) of theviH K galaxies and 68% (47%)
of the b-YHK havezyg > 1.6 which confirms the ficiency of
the selection criteria.

The r-YHK criterion is dficient at selecting galaxies at th
targeted redshifts with 42% (50%) of the sources wit& &
Zoht < 2.1. Within the limits of completeness, the YHK
criterion is also #icient with 38% of galaxies having.d <

-24:59:30—

35—

-24:59:40—

them the 2 limits of our Y-band images. Sources with lower
limits falling in the r-YHK selection area of the colour-colour
diagram are overplotted in red. These objects are partlgula
interesting since they have very réd H colours which suggests
ethey have strong 4000A breaks.

Within our 2o~ limits in Y, H andKs, we find 38 rYHK
galaxies (151 b¥HK galaxies) in MRC 1017-220, 105 (191) in

Zphot < 2.1. The photometric redshift distribution becomes muc'MIRC 0156-252, 47 (196) in GOODSI, 48 (176) in GOODS2

S . d 38 (81) in CF2. We note that since the idagnitude limits
broader when considering fainter sources and extends dswal " . . .
higher redshift sources. A?th@ﬂimits, 27% of bYHK sources a_nd area slightly vary from field to field, these numbers ate no
have 16 < z < 2.1. We note that if indeed an overdensity of re&"reg;%ggirgﬁ)z‘ratzlzeog)o(;nligl?géhZ{' the populations of EROS
or blue galaxies is present in the surroundings of the HzR@s, R-K) S 6)' in 14 fields around radioﬁoﬁd AGN ab 15
sample ofYHK-selected galaxies in these fields would contain.(fs Vega T~

: ; : luding MRC 1017-220. An excess of EROs was found in the
higher fraction of sources at the targeted redshifts. Thegme- ine . iy
ages given earlier are therefore expected to be lower limits field of MRC 1017-220, with three EROs located withi¥'2of

the HzRG. Two of the three were observed in spectroscopyein th
H-band with VLT/IISAAC (Cimatti et al. 1999) and a ‘spectro-
5.3. The YHK -selected galaxies photometric’ redshiftZspnet) Was derived for both sources com-
bining the ISAAC spectrum continuum and broad-band photom-
We apply theYHK criteria to the five fields witifHK cover- etry. The two sources, J101948-2219.8 (R.A.: 10:19:4 D@8,
age i.e., MRC 1017-220, MRC 0156-252, CF2, GOODS1 an@2:19:46.6 Kyega = 187, Zephot = 1.52+ 0.12) and J101950-
GOODS2. We consider sources with @ @etection in all three 2220.9 (R.A.: 10:19:49.76, Dec.: -22:20:53Kyega = 1886,
bands. Ther — H vs H — K colour-colour diagrams for the five zy,, = 1.50+ 0.25), were both classified as early-type galaxies
fields are shown in Fi@]8. Red and blue circles indicatélik  due to their SEDs consistent with no dust extinction. We labk
and bYHK galaxies respectively. the colours of these two objects (see black squares[Figt8, b
We overplot sources detected (withior Bmits) in H andKs tom left panel) and both are selected by th& K criterion.
but not in ourY-band catalogue. In order to place these sourcel®wever, only deeper spectroscopy over a wider wavelength
in the colour-colour diagram, we assume a lower limit onYhe range will confirm whether those two targets have redshdis c
band magnitude (see arrows, Hij. 8). We use SExtractor ih dastent with MRC 1017-220.
mode using the source positions in tHa-band and deriving Pentericci et al. | (2001) presented near-infrared NICMOS
aperture photometry for these sources onvtiEand. For sources imaging of MRC 0156-252. They found two objects withih &
brighter that our & detection limits but that were not part ofthe radio galaxy, the three sources being aligned in thetitie
our Y-band catalogue (i.e. beyond our completeness limits), wéthe radio axis (i.e. NBBW). Fig.[9 is a three-colour image
assign ther-band photometry derived from the aperture placeaf the close vicinity of MRC 0156-252. Three objects are ob-
at theKs-band source position. For fainter sources, we assigerved near MRC 0156-252. We label the components using the
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GOODs1

3T

GOODS2

Y-H

15

+

15

Fig. 8. Colour-colour diagram¥ — H vsH — K for all the fields :Top panels: Control fields: GOODS1 (left), GOODS2 (middle) and
CF2 (right).Bottom panels. HzRG fields: MRC 1017-220 (left) and MRC 0156-252 (right). et galaxies detected down to the
20 detection limits inY, H andKs (black dots). rtYHK and b¥YHK galaxies are designed by red and blue circles. Arrows itglica
lower limits for sources detected kh andK s but not inY. The radio galaxies are marked by the yellow stars in theohofianels.
We also indicate with black open squares the two EROs foutitkeifield of MRC 1017-220 (bottom left panel, Cimatti et al999
and the two sources found withirf ®f MRC 0156-252 (bottom right panel) corresponding to otg@&:(the bYHK galaxy) and C
(the r-YHK galaxy) in Fig[®.

same notation as Pentericci et al. (2001) (A for MRC 0156;252. Candidates properties

B and C for the two eastern components), adding ‘D’ for thegithi

faint source to the west of the HzRG. As previously noticed i6.1. Surface densities of YHK -selected galaxies

Pentericci et al! (2001), component C is much redder than com N )

ponent B. C is a ¥HK galaxy and B is a B¥HK galaxy. B and We compare the surface de_nsmes of’meK-seI_ected galaxies _

C are indicated by black squares in Fiiy. 8, bottom right pabel in the five fields to determine whether there is an oyerdenslty

is detected but is very faint i s (< 20 level) and was therefore Of sources around the targeted HzRGs. For a direct field @ fiel

not considered in the candidate selection process. Sgeopyg Comparison, we cut the catalogues at the completeness it

is required to prove the association of these objects withatio the shallowest HAWK-I images (s€&; Y < 24,H < 229 and

galaxy but their physical closeness and colours strongjgest Ks < 22.4). Table[3 summarizes the densities for both the r-

that they are associated with MRC 0156-252. The scale of this!K and b¥HK galaxies in the five fields assuming Poisson

system is similar to the structure associated with PKS 12&8- errors for the source densities.

i.e., about 18 (see Miley et al. 2006, Fig. 2). As far as the YHK galaxies are concerned, the fields around
MRC 1017-220, CF2 and GOODS1 have similar densities. As
expected, GOODS2 which contains the overdensity at1.6
described in_Kurk et al.| (2009) is slightly denser than aver-
age, e.g. by a factor of. 7+ 0.7 compared to GOODS1. The
field around MRC 0156-252 is significantly overdense comgpare
to all the other fields: by a factor of. B+ 1.1 compared to
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Table 3. Number densities ofHK-selected galaxies

1500 MRC1017-220 E
Field Area rYHK® b-YHK? : 320
(arcmir?) (deg) (deg) _ 1o00p ]
MRC1017-220 58 720+ 220 2530+ 410 _g'} 0ok 410 5
MRC1017-220 ¢ 1Mpc) 110 1800+ 770 3240+ 1030 3 F 4 L EI-
MRC0156-252 59 2220+ 370 2010+ 350 E o ll l \. ‘ ‘ 10 an:
MRC0156-252 £ 1Mpc) 110 2520+ 910 1800+ 770 g F I
CF2 543 930+ 250 1460+ 310 é 500 310 e
GOODS1 58 640+ 210 1570+ 340 A F E
GOODS2 5 1070+ 280 1790+ 360 L 15001 MRC0156-252 -
5 [ 420 o
& Within 90% completeness limits; densities were rounded amity. @ 1000 ] %
& soofF H l J10
or . i . 4 | 0
MRC 1017-220, 3 + 1.3 compared to GOODS1 and12: 0.6 g w \ ]
compared to GOOD$2 500 EN
We also derive densities within 1 Mpe @/, angular separa- 190 105 200 208 210 218 220
tion) for both HzZRGs corresponding to the classical esgémat K(AB)

of virial radius in the highest redshift clusters known tadeda
(e.g. LHilton et all 2007). In the close vicinity of MRC 0156+ig.10. Number counts of the excess WHK-selected galax-
252, the rYHK density is even higher:.8 + 1.9 times denser ies (per 06 Ks mag bin) found in the surroundings of
than GOODS1 and.2 + 1.1 times denser than the (overdensédlRC 1017-220 (top panel) and MRC 0156-252 (bottom
GOODS?2 field. panel). We first derive reference number counts for the r-

As far as the bYHK galaxies are concerned, densitie¥HK (red) and bYHK (blue) galaxies from the control fields:
are more similar from field to field. However, we find thaCF2+GOODSHX*GOODS2 and then subtract them from the
GOODS2 and the HzRGs fields are slightly denser than averagember counts of th&HK galaxies found in the field of the
MRC 1017-220 is the densest field. The region within 1 Mpc ¢fzRGs. We assume poissonian errors. Densities are given in s
the radio galaxy is 2 + 0.8 times denser than CF2. The field ofdeg. (left axis). Excess number of galaxies for each HzRd@ fiel
MRC 0156-252 is also denser, by a factor af 4 0.4 compared (~ 60 sg. arcmin) is shown on the right axis.
to CF2.

We also derive the number counts of thélK-selected
galaxies in all the targeted fields. Reference number camets (ks < 20) in the field of MRC 0156-252 as compared to the
derived for both 'YHK and b¥YHK selected galaxies combin-control fields. The overdensity of red sources in the field of
ing CF2, GOODS1, GOODS2 and subtracted from the numh@RC 0156-252 becomes prominentias > 21 with an excess
counts of the targeted HzRGs fields. figl 10 illustrates the-n of 10 to 20 galaxies in the field (by bin ofSmag) compared to
ber counts of this ‘excess’ ofHK galaxies per b Ks mag average. Atz ~ 2, such magnitudes iKs for elliptical galaxies
bin suspected to be associated with the HzRGs. Errors on bg#irespond to masses of severat'M, (Kodama et all_2007;
the radio galaxies fields and reference fields number couets|Rocca-Volmerange et /al. 2004) suggesting that if the ovesitie
added in quadrature. We assumelthe Gehrels (1986) small nigf@tected is indeed associated with MRC 0156-252, the HzRG
bers approximation for Poisson distributions. would lie in a structure that already contains very masges;

As for Tabld.3, this analysis is made in the limits of comsijvely evolving galaxies.
pleteness of the (shallowest) data for a direct field to fielech<
parison. However, due to the selection technique combiriéd w
our completeness limits, we do not select\8K galaxies in 6.2. Spatial distribution of the candidates

tmhe fﬁltdséwnh_rthﬁl setlrecttiotrr]]iget,t\ingl raEidiytri]ncorr:plerteam&_tt fﬁr The spatial distribution of th¥HK-selected galaxies (detected
agnituges. 1o Iustrate this, we Jook at the colours within our 2~ magnitude limits) in the two GOODS fields is

galaxies in the field of MRC 0156-252. On average, they hayg .\, iy Fig[Ill for YHK and b¥YHK galaxies in red and

(H ~ Ks) ~ 0.4 and(Y ~ H) ~ 1.7. The completeness limit blue large circles. Sources detectedYinH and Ks (207) are

i;ng ,fﬁg:;}jggg{%g‘g ijzs:i tiﬁﬁgggf;gg?nmgcg{n ZIe%eZS (narked with black dots. Sources detecteddimndKs but not
L P 9 P Py, though falling in the ’YHK selection area (i.e. red arrows

half a magnitude deeper Kis. We therefore limit the analysis tos, Fig. ), are overplotted in small red dots. Due to the deep

Ks ; 22: ificant . in thaK b ts of GOODSY-band, there are only two such sources.We observe a
0 signiticant excess 1s seen in nuMber counts of a5y inhomogeneity in the distributions oyHK and b¥YHK

the Mi%\(lgf'zlzo f(ijeld contw_par%d to T_he g:om_rol fieltqls. Thelegélaxies in the northern part of the field (GOODS2). A concen-
cess o , aiready mentioned eartier in this SECon 1S alSatinn of both red and blue galaxies is found at the locatibn

observed in Fig_l0 with an excessio6 > 205 sources. The thez = 1.6 galaxy overdensity presented.in Kurk et al. (2009),

field of MSVC %156'%52ba|50 shows an excefssbqf E?ﬂ»d 20 confirming again thefiiciency of theYHK criterion at detecting
sources. We do not observe an excess of bright red SOUrSes)'s ol structures.

5 The YHK colour selection is very sensitive to the photometric cali- /e Note that the northern part of GOODS1 (the south-

bration of the images and theband zeropoint has relatively large erroren part of the GOODS field) is more populated with'HH
bars (007). We note however that even if the zeropoint wiised by - galaxies than the rest of GOODS1. The spatial distributibn o

0.07, the field would still be overdense in red galaxies byctofeof 24  b-YHK galaxies is more homogenous, but we also observe a
compared to MRC 1017-220 andicompared to GOODS?2. clear concentration of YHK galaxies at the same position as
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Fig. 11. Spatial distribution of therHK-selected galaxies in the GOODS fields (GOOBSDODS2). We also indicate with
open circles the 6 ¥HK and 12 bYHK galaxies, spectroscopically confirmed members of the @resity atz ~ 1.6 reported
by [Kurk et al. (2009), symbols colours accounting for theegbjspectral class (see Fig. 6, lower panel). ThrégHix galaxies
confirmed atz ~ 1.6 from the ESO GOODS spectroscopy are also indicated by lsiqeares.

the excess of ¥HK galaxies (i.e. at R.A: 5315 and Dec+ also observed in the South-East part of the field (at R2A.66-
—27.83). We therefore confirm the results|of Kurk et al. (20099.70, Dee-25.05). However, no counterpart of this blue galaxy
and_ Castellano et al. (2007) that the overdensity spreagh-so excess is seen in theYiHK galaxy distribution.

ward. Three of the i¥HK galaxies have a spectroscopically

confirmed redshift of 1.6 from the ESO GOODS spectroscopy. . ;

(reported in the GOODS-MUSIC catalogue; see the three bla@d: The colour-magnitude diagram

squares in Fid. 11, right panel). . The distribution of the candidates in thé — H vs Ks
The spatial distribution of theYHK galaxies around colour-magnitude diagram is shown in Fig] 13. Red and blue
MRC 1017-220, MRC 0156-252 and in CF2 is shown in Eig. 12jled circles indicate YHK and bYHK galaxies respectively.
r-YHK and bYHK galaxies are shown as red and blue large ciandidates in the close vicinity of the HzRGs ¢ 2’ corre-
cles (firstand second column) respectively.Sources detétH  sponding to 1 Mpc at the HzRG redshifts) are shown by larger
andKswith lower limits in Y and selected by ourYHK criteria  cjrcles in the bottom panels. Both HzRGs are marked by yellow
are shown by small red dots. Distances from both HzRGs (ygfarf. We overplot the expected location of a sequence of pas-
low Star) are indicated on the top an(_j I’Ight _aXIS of the fomtflrsiveb/ evo|ving ga|axies (taken from the Coma cluster at O)
panels. We do not see any specific distributiolybfK-selected atz = 1.77 andz = 2.02 for three diferent formation redshifts
galaxies in CF2 (Fid.12, bottom row). _ (zs = 3, 4 and 5). Models at = 1.6 are also overplotted as the
For MRC 1017-220, we indicate the two EROs with spectr@gOODS colour-magnitude diagrams (top panels) since a galax
photometric redshift from Cimatti et al. (1999) by black ages. structure az = 1.6 is known to lie in these fields (s¢6.1).
The r-YHK-selected ga|aXieS have a non uniform Spa'[ial distri- The nght insets of each panel give the histogram oMheH
bution over the field, with a hint of a filamentary distributim  colours of the candidates galaxieszat- 1.6. It is now well
the NW-SE direction in which lies the radio galaxy. No clegas known that galaxies in clusters show a strong bimodalitp@irt
tial inhomogeneity is observed for theHK galaxies except a colour distribution, with star-forming non-dusty galaieeing
slight excess in the southern part of the field. We note that tiyn, the bluer side, and passively evolving galaxies on théeed
resultis in agreement with previous studies which showriéat sige (corresponding to the location of the red sequence)-sep
galaxies are more strongly clustered than blue cnes (Daddii € rated by a ‘green valley’ of intermediate type objects. A bital
2000; Brown et al. 2003; Kong et/al. 2006). repartition is suggested in the histograms of the two HzRGs

A visual inspection of the field around MRC 0156-252 Condower panels) with two peaks on both sidesYof- H ~ 1.5
firms the overdensity of red objects around the HzRG, with the

r-YHK being more concentrated around the HzRG. A concentra? we note that at the redshift of MRC 1017-220 £ 1.77), the
tion of b-YHK galaxies is seen in the immediate{ 2') North-  [011] 43727A line is falling in theY band which can explain the very
West of the HZRG. A second concentration of blue galaxieshieY — H colour of the HzRG.




Audrey Galametz et al.: Galaxy protocluster candidatesrat@adio galaxies at < z < 2

AR.A. (arcmin)
2 0

-22.25

-22.35-

L 1 L L 1 L
155.00 154.95

AR.A. (arcmin)
2 0

N

-24.95—

s -25.001

-25.05—

T T
MRC 0156-252 (r-YHK)

-17.35-

-17.40

Dec.

-17.45-

-17.50 |

CF2 (-YHK)

Fig. 12. Spatial distribution of th&HK-selected galaxies in the fields around MRC 1017-220 and MEEB252 and the control

o

A Dec. (arcmin)

N

A Dec. (arcmin)

Dec.

AR.A. (arcmin)
2 0

4
—— [ [ T 7
r MRC 1017-220 (b-YHK) 16
-22.25 1
L -14
1=
[ 1 E
e
-22.30 12 8
L 1 9
[
1 o
| <
[ -0
-22.35 7
| —+-2
S R A R S SR B
155.05 155.00 154.95 154.90
AR.A. (arcmin)
2 0 -2
[ T T T T 3
L MRC 0156-252 (b-YHK) 14
-24.95—
b 5
£
-25.00(~ s
3]
[
L a)
<
-25.05—
29.75
T
17351 CF2 (b-YHK) ,
-17.40
-17.45
-17.50

field CF2: bYHK galaxies in blue and YHK galaxies in red (arrows of Fifj] 8 in small red dots).



14 Audrey Galametz et al.: Galaxy protocluster candidatesral radio galaxies at< z < 2

3.57”\\\\\\\ HHH‘H\ T T T T T T T T T T T T[T rrTT HHHHVA 35 3.5:\\\\\\\\ T T T T T T T T T T T T T[T T [T T T T rrrT HHHHVA 35
30f | 3.0 3.0f ] 3.0
GOODS1 . [ GooDS2
2.5 1 2.5 2.5} y 2.5
]
2.0fF ] 2.0 2.0F ] 2.0
T T
> > 0
15F 1.5 150 15
Lo} 1.0 10f 1.0
osf . 05 05F: | ° 05
0.0 Leoconsiilos it 1 .+ oo 0.0 Limsiustisinnils A4 oo
18 19 20 21 22 23 24 0 20 40 18 19 20 21 22 23 24 0 20 40
K Nber Gal K Nber Gal
3.57”\\\\\\\ LR R R R R R RN RN EEEEEEE RS HHHHVA 35 357 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ |RARRARRRR} RAARLARRRN RARRSARRLS 35
[ ] . T
3.0f g ! ; 3.0 3.0F 3.0
MRC1017-220 FLE 1 MRC0156-252
251 W g 25 25
2.0 2.0
T
>
1.5 15
1.0 1.0
05 0.5
0] TR I T L | 0.0 m | 0.0
18 19 20 21 22 23 24 0 20 40 0 20 40
K Nber Gal Nber Gal

Fig. 13. Colour-magnitude diagram¥ (- H vs K) of the two GOODS fields and the environments of the HzZRGs.rTYidK and
b-YHK galaxies are marked by red and blue d¥tidK galaxies within 1 Mpc of the HzRGs are highlighted by bigganbols and
error bars in the two lower panels. The yellow stars inditiaeradio galaxies. Thes2detection limit of theK s bands are shown by
the dotted lines. Models of a red sequence atl.77 andz = 2.02 are overplotted in the bottom left and right panels rethygelg
(solid lines). For information, models of red sequence-atl.6 are also overplotted in the GOODS panels — correspondititgto
redshift of the galaxy structure confirmed by Kurk et al. (2D the GOODS field (dashed lines). Models indicate the ipted
colours of a passively evolving stellar populatiapn € 3, 4 and 5 from bottom to top). We also show on the right sideacheplot,
the histogram of th&y — H colours of all the candidate cluster members (both red anel ghlaxies; open histograms). The filled
histograms (two lower panels) correspondtdK-selected galaxies within 1 Mpc of the HzRGs.

corresponding to the separation criteria that was desitmiso- We also note similarities between the colour-magnitude dia
late passively evolving galaxies from star-forming bluesn  gram of MRC 0156-252 and that of PKS 1138-262 presented in

o Kodama et al[(2007). The¥HK galaxies that lie on the red se-
Half of the red sources within 1 Mpc of MRC 0156-252 hav g :
colours consistent with red sequence-like galaxies -at2.02. ‘auence models in the field of MRC 0156-252 have2 < 23

. . .~ with a high fraction of them« 40%) lying on the brighter
The scatter of these sources is quite large (ov&mag), the in- L . : ;
trinsic scatter being enlarged by errors on ¥aband photome- end (21< K < 21.5). This is consistent with the field around

N . PKS 1138-262, where the majority of the red near-infrared se
try, and contamination from backgroyfateground galaxies. If | 2 '~ O (= K)vega > 2.3) which lay on the red sequence

some of the red galaxies re indeed passively evolving gaéad had 205 < K < 23 and half of them hald < 21.5. This suggests
z ~ 2, they would have been formed at very high redshift with fat both fields contain massive red galaxieé '

formation redshiftzs > 3.
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