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ABSTRACT
We study the environments of 6 radio galaxies.2t2 z < 2.6 using wide-field near-infrared
images. We use colour cuts to identify galaxies in this rétdslinge, and find that three of
the radio galaxies are surrounded by significant surfacedewsities of such galaxies. The
excess galaxies that comprise these overdensities argtiustered, suggesting they are
physically associated. The colour distribution of the gia responsible for the overdensity
are consistent with those of galaxies that lie within a nemedshift range at ~ 2.4. Thus the
excess galaxies are consistent with being companions oéthie galaxies. The overdensities
have estimated masses in excess éf M., and are dense enough to collapse into virizalised
structures by the present day: these structures may evitvgioups or clusters of galaxies.
A flux-limited sample of protocluster galaxies wikh< 20.6 mag is derived by statisti-
cally subtracting the fore- and background galaxies. Thewalistribution of the protoclus-
ter galaxies is bimodal, consisting of a dominant blue seqeiecomprising 7210% of the
galaxies, and a poorly populated red sequence. The blueghuster galaxies have similar
colours to local star-forming irregular galaxiés{ Vag ~ 0.6), suggesting most protocluster
galaxies are still forming stars at the observed epoch. Thedwnlours and lack of a dominant
protocluster red sequence implies that these cluster igaléarm the bulk of their stars at
z< 3.
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1 INTRODUCTION place this epoch of intense star formationzat 2 — 3, which

in the local Uni | lust dominated b d we can thus assume to be an important time in the formation
n the local Universe galaxy clusters are dominated by red clusters (van Do 2 Marel 2007: Kurk etlal. 2009:
early-type galaxies (Dressler 1980) that sit on a tightdnge- Papovich et a.. 2010: Tanaka ellal. 2010).

qguence in colour-magnitude space known as the red sequence

(Visvanathan & Sandage 1977). These galaxies containvehssi A protocluster is a large-scale overdense region in they earl
evolving stellar populations, and have little on-goingr star- Universe, whose properties are consistent with it beinggeamitor

mation. The intrinsic scatter of galaxies about the red eeger  ©Of a local galaxy cluster. Such objects are observed at avines
is small (e.g.| Bower et al. 1992: Stanford etlal, 1998), anothb  their member galaxies are not yet virialized within singlester-
the scatter and slope of the sequence does not evolve with red sized dark matter halos. To qualify as a protocluster, angoxer-

shift (Blakeslee et al._2003; Gladders etlal. 1998). Theselte dense region must have a mass comparable to that of loc&dus

suggest that the stars in cluster elliptical galaxies fatrive a of galaxies {1 > 10'*M ), and be dense enough to collapse before
brief but vigorous epoch of star formation. Current estesat z=0.
An efficient technique for finding the progenitors of cluster
involves targeting high redshift radio galaxies (HzRGsala&y
* E-mail: nina.hatch@nottingham.ac.uk formation is expected to be more efficient in high density en-
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vironments than in the field, due to the abundance of surround
ing gas [(Gunn & Gdtt 1972). Therefore one may expect HzRGs,
which are among the most massive galaxies in the early Usaver
(Rocca-Volmerange etlal. 2004; Seymour et al. 2007), togiitip
the location of the highest density regions, such as prastets.
Searches for galaxy overdensities near these objects bavked

in detections of large-scale structures and protoclustpreo z =

5.2 (e.g.,.Le Fevre etal. 1996; Pentericci etial. 2000; Kurkiet a
[2000/ 2004; Best et Al. 2003; Overzier €f al. 2006; Venemaak e
12007; Overzier et al. 2008).

We have performed an infrared survey of the fields of 8 pow-
erful radio galaxies with redshifts in the range X z< 2.6 us-
ing the wide-field near-infrared imager HAWK-I on the VLT. &h
aim of the survey is to identify protoclusters and study tleamher
galaxies and their evolution over this redshift range. TH&\HK-
| data on the two lowest redshift targets MRC 161220 and
MRC 0156 252 are presented in Galametz €tlal. (2010).

In this paper we present HAWK-I data for the 6 highest red-
shift targets, ranging from.2 < z< 2.6. In Sectior P we describe
the observations and data reduction. Sec{idng]3 — 5 lay eugvi
dence that 3 out of 6 of the radio galaxies lie within galaxgtpf
clusters. In Sectidnl 6 we discuss the properties of the ewsities,
and the colours of the galaxies within the 3 protoclustedates.

Fluxes are calibrated using the Vega magnitude scale unless

noted otherwise. A flaACDM cosmology is assumed throughout,
with Qy = 0.3, Qp = 0.7 and Hy=70kms I Mpc 1. The distance
scale az= 2.4 is 8.139 kpd/, or ~1.7 co-moving Mpd/ Distances
are given in co-moving units, unless stated otherwise.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Target selection and observations

Six HzRGs with redshifts between 2.28 and 2.55 were selected
from the compendium of Miley & De Breuck (2008). The targets
were chosen based on their distributions in right ascensiecli-
nation, and redshift, and their bright radio luminositysdbmnz >
10785W Hz 1), and not on any prior information about surround-
ing galaxy overdensities. Co-ordinates of the selectegketarand
the control field are given in Tab[é 1.

The 6 HzRG fields and a blank control field were observed
in service mode using the High Acuity Wide field K-band Imager
(HAWK-I; Kissler-Patig et all 2008) on the ESO Very Large &el
scope (VLT) UT4-YEPUN telescope in Paranal, Chile during th
period April-September 2008. HAWK-I is a near-infrared eaa
comprising of four Hawaii-2 2048x2048 pixel detectors saped
by a gap of~15". The camera spans5/x 7.5 arcmin with a pixel
scale of 0.106 arcsec per pixel.

The telescope pointing was optimised so that the HzZRG were
placed close to the centre of the HAWK-I field of view, but ade
larcmin away from the chip gaps, and bright stars did not fall
within the field of view. Each target was observed throughlthe
andKsfilters and total exposure times for all targets are provided
in Table[1. The telescope dithered every 2 mins which redult a
~1arcmin-wide cross-shaped region on the final mosaic wiere t
image depth is shallower.

During the observing period the anti-reflection coatinghef t
Dewar window of HAWK-I was damaged resulting in small cross-
shaped patterns on the exposures. These patterns, causked by
spider of the secondary mirror, rotated as the telescopkedathe
targets as HAWK-I is situated on the Nasmyth focus. These pat
terns were not adequately removed by the background stibtrac

step unless the telescope had not moved far between swecessi
exposures. Thus the integration time between dithers whseel
from 2 mins to 1 min for all images obtained after May 2008.

2.2 Datareduction

The data were reduced using the ESO/M2004) data
reduction pipeline optimised for the reduction of our HAWHata.

The usual near-infrared reduction steps were taken, ingudiark
subtraction, flat-field removal, harmonising the gain offthe de-
tectors, removal of fringing, sky-subtraction, creatidrbad pixel

and weight maps, calculating the relative astrometry betwbe
chips and the absolute astrometry.

USNO-B1 catalogueOS) were used to cal-
culate the first-guess astrometric solutions for K®images. A
catalogue was then compiled from the objects detected iKthe
images and used to calculate the astrometric solution oj el
H images. The accuracy of the relative astrometry betweei3 the
images of each target is typically within 0.1 pixel, but thesalute
astrometry is limited by the USNO-B1 catalogue which has@n a
curacy of 0.2 arcsec, equivalent to 2 HAWK-I pixels.

After the sky background was removed from each exposure by
MVM in a two step process, low level large-scale variatioreyav
still seen across each quadrant and most notably betweeguae
rants of the reduced images. Therefore the sky backgrouititeof
final images was measured and subtracted using a local lwaidyr
estimator with SExtractor (BACKPHOTOYPE LOCAL).

The data were flux calibrated with 2MASS catalogues, using
13— 15.5mag stars within the target fields. The calibration was
checked using 13 14 mag stars within standard star fields taken
within 2 hours of the observations. Typically the zero-peide-
termined from both methods agreed within the uncertainies
0.05 mag).

The end products of this reduction process are a scienceeimag
containing the reduced data of the target, and an effectipesaire-
time image, which is an exposure-time map that has been nor-
malised to account for differences in sensitivity betweas four
detectors of HAWK-I and the chip gaps.

The 3 colour images of a target were convolved to match the
lowest resolution image using thRAF packagePSFMATCH The
convolution kernels were optimised so that the stellar gnaurves
(created by median combining at least 20 bright and undatlira
stars in each image) converged to within 3% at and beyond a 1
radius. The & image depths given in Tallé 1 were measured by
placing 2’ diameter apertures at multiple random positions.

2.3 Masking of cross-talk, bright objects, and regions with
low exposure time

Each of the four HAWK-I detectors contain 32 amplifiers. Gros
talk between the amplifiers produce a series of artefactésged
horizontally with respect to each star in the field at regu@dr
pixel intervals 8). These artefacts appeater-
like and although are produced for every object in the ficdyt
are only detectable above the noise if the star is brightan #p-
proximatelyd = 14.5 mag (although this is strongly dependent on
the seeing). The artefacts were most pronounced in the Jgep
ages. 2 x 1” rectangular regions were masked at 64 pixels inter-
vals from each star brighter thdn~ 14.5 across the entire detector
quadrant. Cross-talk was greatly reduced in programs wbdexf-
ter ESO semester 82.
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Table 1. Summary of the target fields and the HAWK-I observations. M6 radio luminosities, given in column 3, are from Miley & @Breuck (2008).

Radio galaxy Radio galaxy Radio luminosity Centre of field deteft Filter Exposuretime & depth Seeing
coordinates (J2000) Log(500 MHz) (J2000) (hours) (Vega) WKMM)
MRC 1324 —-262 13:26:54.6 —26:31:42 28.46 13:26:51 —26530:5 2.28 J 3.42 24.9 0.7
H 0.88 23.6 0.7
Ks 0.42 22.0 0.42
USS 1425-148 14:28:41.7 -15:02:28.4 28.66 14:28:53 -148301 2.35 J 3.15 25.0 0.65
H 0.72 23.0 0.6
Ks 0.56 22.0 0.6
MRC0406—-244  04:08:51.5 -24:18:16.7 29.03 04:08:43 —23517 2.43 J 3.38 24.8 0.4
H 0.84 23.5 0.7
Ks 0.53 22.8 0.74
MG 2308+ 0336  23:08:25.1 +03:37:03.9 28.51 23:08:28 +03:36:15 246 J 3.40 25.5 0.55
H 0.88 23.4 0.55
Ks 0.56 22.4 0.5
MRC2104-242  21:06:58.3 —24:05:09.0 28.84 21:06:55 -23104 2.49 J 3.38 25.3 0.65
H 0.67 23.8 0.75
Ks 1.53 22.6 0.6
MRC 2139 -292 21:42:16.6 —28:58:38.2 28.74 21:42:10 -28%9 2.55 J 3.58 25.3 0.45
H 1.70 24.0 0.55
Ks 0.53 22.7 0.6
Control field - - 01:28:04 —26:26:08 - J 3.18 25.2 0.7
H 0.84 23.5 0.65
Ks 0.53 22.7 0.7

Bright stars and nearby galaxies were also masked becausencreases by this correction by a few percent, up to 20% fer th
they cover a significant amount of area in some fields and there smallest objects.

fore reduce the total area where faint galaxies could bectimte Uncertainties on the fluxes in each band were estimated
All objects brighter tharKs= 16 mag were masked out. Finally all  througho? = 50§kgrd+ OB isson WhereOpgra is the image back-
pixels with less than 30 percent of the maximum effectiveosxpe ground noise an@pissoniS the Poisson uncertainty in the num-
time were masked as these regions are incomplete even &t brig ber of detected electrons (flux in ADtkffective instrument gain)
magnitudes and could lead to spurious detections. measured by SExtractor.

2.4 Source detection

Sources were detected using SExtradtor (Bertin & ArnbuB619
in double image mode using weight& images as detection im- 2.5 Image completeness
ages. The weighted images, created by multiplying the reikis
images by the square root of their associated effective swpe
time maps, take into account the varying background noigd.le
Sources were defined as groups of 5 pixels that arecl&iove

the local background noise. The data were filtered, befojecob
detection, with Gaussian filters of width and size that medictne
seeing.

The colour of objects were measured from the PSF-matched
images using apertures of approximately 2 arcsec diafhatetal
Ksfluxes were measured from the high-resolutiaimages using
Kron apertures (FLUXAUTO parameter of SExtractor).

Photometry in Kron apertures can underestimate the total flu
especially if the source is faint. Therefore aperture attioas were
applied to convert th& s Kron fluxes to totaKs fluxes Kiot). Cor-
rection factors were determined from stellar growth cunfdsight
unsaturated stars in thés images: a circular aperture, of the same
total area as the Kron aperture of each object, was used to mea
sure the amount of light missed by the Kron aperture. The amou
of aperture correction depends on the PSF of the image, and on
the source size and brightness, but the source flux was tlypica

The point-source and galaxy completion of tie HAWK-| data
was calculated by simulating 3000 point sources or galasies
each image (in batches of 1000) using thaF packagessAL-
LIST and MKOBJECT. The simulated galaxies were set to have a
2.5 pixel half-light radius, as observed for bright galaxie the
images, and we assume the elliptical-to-spiral fractio.4 and
maximum elliptical axial ratio is 0.3.

The image completion is uneven due to the varying effective
exposure time, so each simulated source was assigned ativeffe
exposure time calculated from the weights map. The sourees w
then detected with SExtractor, grouped into 4 bins of eiffeatx-
posure time, and the completion level calculated for eanhRe-
gions with low effective exposure time have lower completiev-
els than regions with high effective exposure times. Theage
completion for the entire image was created by averagingahe
pletion of the 4 exposure-time categories, weighted by tthetibn
of image area that lies within each exposure time category.

The average galaxy completion of each image is shown in
Fig.d. The 90% completeness is the limit to which the entine i
age is complete to at least 90%, including regions with loigcef
tive exposure time. Below this limit the galaxy completenissnot
1 The exception is the MRC 2139 - 292 field, for which’2apertures were uniform across the images because of the varying effectipe-e
used, since the stellar growth curves of the 3 images onlyerge to less sure time. The images are completext®.6 mag fainter for point
than 3% beyond this diameter. sources.
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Figure 1. The average completeness of extended sources in all 7 edserv
Ksfields. The images are complete00.6 mag fainter for point sources
than extended sources. The entire image is complete tosatfea90% lim-
iting magnitude, including regions with low effective exquue time. Below
this limit the galaxy completeness is not uniform acrossithages. 90%
galaxy completeness limits are given in the legend.

2.6 Stellar classification

At bright magnitudesK < 19 mag), SExtractor can adequately se-
lect unresolved objects based on their morphology, butstblisc-
tion method is not adequate at faint magnitudes. Therefojects
were classified as stars based on their near-infrared coldine
near-infrared colours of bright stars were examined in theur-
magnitude diagrams of the 7 observed fields, and the foligwin
colour-selection criteria were designed to separate Btarsgalax-
ies. Stars were defined as objects which obey all of the fatligw
conditions:

J-H<055 N H-K<085 N J-K<115. 1)

These criteria were tested using the Pickles stellar §bwdt stars
are selected by this criteria, except for very red stars sisdh or
early T-type dwarfs, but the density of such stars is very low

We identify stars in both the control fields and the HzRG fields
using the same colour criteria so the results presentedsimibrk
are not sensitive to moderate changes in these criterianglima
these colour cuts by up to 0.1 mag does not affect our comeigsi

3 IDENTIFYING OVERDENSITIES IN THE RADIO

GALAXY FIELDS
3.1 Galaxy number counts

Differential K-band galaxy number counts were measured from the
HzRG fields and the control field (CF) and are compared to galax
counts from the literature in Figl 2. The galaxy number ceuvere

not corrected for completeness, and no attempt was maderazto
for the difference in the filter bandpasses.

The observed number counts are fully consistent with litera
ture counts up to the completion limit of the images: therads
large galaxy excess in any HzRG field compared to the control
field or the literature. Any protocluster structure asswtiawith
the HzZRGs may only contribute a small fraction of the galaxie
the observed field.

The wide-field HAWK-I images contain a large contribution
of foreground and background objects which dominate ovgr an

— T
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i Zog ® |
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Figure 2. Galaxy number counts i for the 6 radio galaxy fields compared
to the control field (CF) and values taken from the literatie complete-
ness correction was applied to the radio galaxy fields or @Erd is good
agreement between the radio galaxy fields and data fromtératlire, in
particular between 17.5 and 20.5 mag. The radio galaxy fiddsot con-
tain a large excess of galaxies.

structure associated with the radio galaxy. Additionatlgsmic
variance of these galaxies may hide a protocluster, or make a
gion appear overdense through chance superpositionhkiisfore
necessary to remove as many interloping galaxies as peds#l
fore searching for structures around the HzRGs.

3.2 Selecting galaxies a2.2 < z< 2.7

To identify galaxy overdensities near the HzZRGs we attemjsd-
late galaxies at.2 < z < 2.7. For galaxies in this redshift range
the Balmer and 400D break lies between th#andH filter band-
passes.

3.2.1 Colours of galaxies with photometric redshifts inriéuege
2.2 < Zphot < 2.7

Fig.[d plots the near-IR colours of all galaxies within the ded
K—selected Ultra Deep Survey (UOO?). This field
is covered by deefB, V, R, i, Z, J, H, K, Spitzer3.6um and
4.5um data. An updated version of thé-selected catalogue of
Williams et al. I(ZOOQa) is used, in which the data from UKIDSS
Datarelease 1is supplemented wittband data from the UKIDSS
Data release 3 (see Williams etlal. 2009b for details). Iritemfdto

the photometric catalogues we use the photometric redsif-
logues compiled ih Williams et al. (2009b). We refer the evao
\williams et al. (2009a]b) for further details on both catales.

A sample of galaxies were selected from the UDS which have
photometric redshifts in the range22< z < 2.7. These galaxies
have similar redshifts as the HzRGs, and are likely to hawe-si
lar colours to the companions of the radio galaxies. To obtfaé
correct galaxy colours, it is essential that the Balmerd40Break
of the UDS galaxies falls between theandH bands, just like the

© RAS, MNRASO000, 000-000



20 T T e e

t—— Continuous SF
= = = 10 Myrs

1.5

051

0.0
0.0

02 04 06 08

H-K

1.0

Figure 3. Near-IR colours of galaxies in the 0.8 degDS (grey circles),
UDS galaxies with 2 < zphot < 2.7 (black solid circles), and the 6 ob-
served HzRGs (open circles). Red lines mark JkK criteria designed
to select galaxies at the same redshift as the HzRGs. 98% & gHax-

ies with 22 < zppet < 2.7 satisfy theALL-JHK criterion (solid black line).
mt @3) models of galaxies at 2.4 are overplotted.
Each track corresponds to galaxies with ages evolving fr@h @ 26 Gyr

(J —H reddens with ages). The 6 tracks have different star foondtisto-
ries: continuous star formation (solid line), and expoiadigtdeclining star
formation (dotted lines) wittr = 1,05,0.1 and 005 Gyr (from bottom to
top) andt = 0.01 Gyr (dashed line). The reddening vector is shown by the
black arrow.

HzRGs. Therefore we only select galaxies whose redshifbéive
log x2 < 2.9, and a narrow redshift probability distribution, such
that the & confidence intervals of the redshift estimate lie within
the redshift range .2 < z< 2.7. This resulted in a sample of 89
galaxies withK;or < 20.6 mag. These galaxies are plotted in Elg. 3
as filled black circles. Hereafter this sample is referredsgynor
UDS.

3.2.2 Colour criteria to sele®.2 < z< 2.7 galaxies

[Kajisawa et al.[(2006) arid Kodama et Al. (2007) devised d@ico

selection criterion,

J-H>H-K+05n J-K>15

(JHK).

which selects galaxies whose Balmer or 4Q0freaks are brack-
eted by thel andH passbands, so it is well suited to our purpose
of selecting galaxies at the same redshift aszhe2.4 HzRGs.
Galaxies selected by this criterion are referred tdldK galaxies
following the convention of Kajisawa etlal. (2006).

Approximately half (53%) of UDS galaxies who satisfy the
JHK criteria have photometric redshifts in the rang2 2 zppot <
2.7. This selection technique has also been spectroscopieated
by[Doherty et al.[(2010), who found that 10 out of 8K galaxies
lie in the redshift range .2 < z < 2.7. Therefore approximately
half of the JHK galaxies in the HzRG fields are likely to lie near
the redshift of the HzRG.

This JHK criterion is biased toward selecting galaxies with
low star formation rates, and cannot deteet 2.4 galaxies with
continuous star formation histories (see Elg. 3). Over 85%he

© RAS, MNRASO000, 000-000
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Figure 4. Comparison of the 3 control fields: the solid line is the
230 arcmin control field (CF+) consisting of the observed control fietd a
the outer regions of the radio galaxy fields; the dotted kriéaé 56 arcmif
observed control field (CF); and dashed line is 0.8deé®S. Error bars
come from Poisson statistics. There is good agreement betai 3 con-
trol fields for both colour-selected galaxy populations.

UDS galaxies with photometric redshifts in the rang&2 zppot <

2.7 do not meet thdHK criteria, so many protocluster galaxy can-
didates may be missed. We therefore define a second coloes cri
rion

J-H>H-K-015 (ALL-JHK),

which is marked by the solid black line in Fid. 3. 98% of UDS
galaxies with photometric redshifts in the rang@ 2 zypot < 2.7
fall within this colour criterion. However only a minorityf ahis
sample will lie at the same redshift as the HzRGs, since dily#l
the UDS galaxies that satisfy this criterion have photoinetd-
shifts in the range .2 < Zphot < 2.7.

Luminous radio galaxies are among the brightest galaxies at
all redshifts|(Rocca-Volmerange eflal. 2004) so accompangio-
tocluster galaxies are likely to be fainter than the HzRGse T
brightest HzZRG haKot = 17.7 mag, so we assume that all galax-
ies withKiot < 17.5 mag are interlopers. Only the MRC 2104 —242
field contains an excess of galaxies wikyt < 17.5mag (see
Fig.[d). Visual inspection of these galaxies reveal thay thave
large angular sizes and blue near-infrared colours, scetreelkely
to be low redshift interlopers. For the rest of this work géa
with Kiot < 17.5 mag are removed from the catalogues of the HzZRG
fields and control fields.

3.3 Comparison control fields

Reference control fields are required to identify overdéssiin
the radio galaxy fields. A control field (CF) was observed whith
same instrumental set-up as the radio galaxy fields, altpvian

a direct comparison without observational bias. This airfteld

is a single HAWK-I field-of-view (56 arcmff) so is sensitive to
cosmic variance. Therefore a larger control field was cosalpily
supplementing the CF with the outer regions of the 6 radie>gal
fields i.e. the regions beyond 3 arcmia § Mpc co-moving az =
2.4) of the HzRGs. This combined control field results in a total
area of 230 arcmt hereafter referred to as CF+.

The cumulative surface density within the control field (CF)
CF+ , and the 0.8dégUDS are compared in Figl 4. The surface
density of galaxies in the CF+ is generally lower than or attime
level as the CF for all magnitudes, so the CF+ field is not aonta
inated by large numbers of protocluster galaxies. The 280iaf
CF+ is therefore used as the control field in the rest of thigwo

A larger control field is required to determine the uncertain
ties due to the field-to-field variation of galaxy number dsun
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Figure 5. Surface overdensity within 1.6f the radio galaxies (top) and be-
yond 3 (bottom).JHK galaxies are plotted in green whitd_L-JHK galax-

ies are plotted in black. The surface overdensity was medsising galax-
ies with Kot < 20.6 and the HzRGs are not included. Three out of 6 fields
contain significant overdensities in these two colouretel populations.
None of the fields are overdense beyohdadhich tells us that the overden-
sities are not due to zeropoint errors.

For this purpose we use the 0.8d4edDS. Colour transforma-
tions are required to shift the observed UDS colours to HAWK-
colours since the UDS was observed with filters that have mifft
passbands than HAWK-I filters. These transformaflonsre de-
termined using stellar population models of high-redgjefaxies,
and by matching the galaxy number counts and colour digtoibsi

of the JHK andALL-JHK populations in the UDS to the CF+ (i.e.,
ensuring the UDS cumulative number counts in Eig. 4 matcketho
of CF+). Therefore these transformations may not be switédyl
sources with different colours, such as stars.

3.4 Surface density of galaxies in the HzRG fields

The galaxy surface overdensily, is theexcessurface density of
galaxies. Itis calculated &% = (Zops— 2)/Z, whereZgpsis the ob-
served surface density, ads the expected surface density mea-
sured from the CF+ control field.

The surface overdensity of thiHK and ALL-JHK galaxies
was measured within 3 co-moving Mpc (1.8f the HzRGs. This
distance corresponds to approximately the virial radiua ofas-
sive local cluster. The fields were selected to include thREGiz,
so these galaxies were not included in eitherdH& or ALL-JHK
sample. The results are shown in [Elg. 5 and the number and over
density of each population are listed in Table 2. The erros bep-
resent I field-to-field variations in the surface density measured
from 10,000 randomly positioned cells within the UDS. Thédfe

2

Knawk—1 = Kups+ 0.0Q(H —K)uyps—0.0635;
(H — K)HAWK—I = 1.08(H — K)UDsf 0.138;
(I=H)nawk-1 =0.91(J — H)yps+0.0673

containing USS 1425 — 148, MG 23880336 and MRC 2104 —242
are at least @ overdense in botdHK andALL-JHK galaxies. The
other 3 fields show no significant overdensity in either papioh.

The surface overdensity of thiHK and ALL-JHK galaxies
were also measured beyondd the HzRGs (see bottom panel of
Fig.[3). There are no significant overdensities in the owgions of
any field so the overdensities near the radio galaxies areaused
by zeropoint errors or inadequate subtraction of stars.

MRC 0406 —244 has a slight overdensity JHK galaxies
within 1.5 and a I under-density in the outer regions. Therefore
the 1.8 cell around the radio galaxy is significantly overdense in
comparison to its local surroundings suggesting MRC 040642
may have several nearby companions.

The spatial distribution o§HK and ALL-JHK galaxies in the
6 radio galaxy fields are shown in Hig. 6. A visual inspectién o
these maps confirms that the fields containing USS 1425-148,
MG 2308+ 0336 and MRC 2104 —242 contain significantly more
ALL-JHK andJHK galaxies than expected, whilst the 3 fields con-
taining MRC 1324 — 262, MRC 0406 — 244 and MRC 2139 -292 do
not.

3.5 Significance of the surface overdensities

The significance of the galaxy overdensity is the joint plolits
of finding an overdensity in botBHK and ALL-JHK populations.
Since the populations are not mutually exclusive, the ficance
of each population cannot be simply combined. Instead 0080
dom 1.8 radius cells within the 0.8 d8gUDS were used to de-
termine the probability of finding a cell which is as denselss t
regions surrounding the HzRGs in botlh L-JHK and JHK popu-
lations.

The probability of finding a 1/8radius cell within the UDS,
with surface overdensities§,9 equal or greater than each of
the radio galaxy fields is listed in the bottom row of Tafble 2.
Between 26% and 43% of all UDS regions were as dense as
the 1.8 radius cells around MRC 1324 —-262, MRC 0406 —244 or
MRC 2139292, so these fields do not contain more galaxies tha
expected. The probability of finding regions as dense asthos
rounding USS 1425 —148, MG 23680336 and MRC 2104 —242
is ~ 0.3%, so the number of galaxies in these fields deviate from
the expected galaxy density by 3

4 AUTO-CORRELATION FUNCTION ANALYSIS

If the galaxies responsible for the overdensities in the &adense
HzRG fields are physically associated they should be styaigs-
tered. Whereas if the overdensity is caused by a chancefine-
sight alignment the clustering signal is not expected tottmmnger
than average. This clustering signal was measured usingutioe
correlation function.

4.1 Angular correlation function

The two-point angular correlation functiow(8), is defined as the
excesprobability of finding two objects, in region¥2; anddQy,
separated by a distanée

OP = 23,1+ W(6)]6Q16Qy, @
where X s is the surface density of galaxies in the field consid-
ered. Sinc&psis taken into accounty(8) will not be stronger in
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Field MRC1324-262 USS1425-148 MRCO0406-244 MG23@836 MRC2104-242 MRC2139-292
Type of galaxy

ALL-JHK —0.2+£0.2 (65) 03+0.2 (91) —0.2+£0.2 (66) 04+0.2 (110) 05+0.2 (115) —0.3+£0.2 (58)
JHK —0.1+0.7 (2) 19+0.8 (6) 03+0.7 (3) 16+0.7 (6) 17+0.7 (6) —-0.2+0.7 (2)

Fraction of 1.8adius UDS
cells as dense as HzRG field 38% 0.3% 26% 0.4% 0.3% 43%

Table 2.Galaxy overdensities of all colour-selected populatioithin 1.8 of the 6 HzZRGs. The number of galaxies in each sample are githe parentheses.
We do not include the HzRGs in these calculations. The piitityabf finding a 1.8 radius cell in the UDS which is at least as dense in both cedelected
populations is given in the bottom row. The overdensitiesiad USS 1425 —148, MG 23080336 and MRC 2104 —242 deviate from the expected galaxy

density by~ 30.

MRC1324-262

arcmins

arcmins

USS1425-148

arcmins

arcmins

arcmins

MRC0406-244

arcmins

MG2308+0336

arcmins

arcmins

MRC2139-292

arcmins

MRC2104-242

arcmins arcmins arcmins

Figure 6. Spatial distribution of theJHK (red) andALL-JHK (black) galaxies in the 6 radio galaxy fields. Galaxies vt < 20.6 are marked as filled
circles, whileJHK galaxies with 206 < Kot < 22.0 are open circles. The yellow star marks the positions oHhRGs and the dotted circles denotes' 1.8
from the HzRGs. The fields in the top row have no significantdsesity within 1.8 of the radio galaxies, whilst the fields in the bottom row eimt> 10
overdensities of botALL-JHK andJHK galaxies.

overdense regions just because there are more galaxiesé/Nbeeal in each region, and the random catalogue constructed bjnglac
Landy & Szalaly|(1993) estimator fov(6): 100 times as many objects at random locations in each of tee 8 r
gions. Terms involving random points were normalised siet t
w(g) = DP(6) = 2DR(0) + RR6) (3  ZeDR(6) = ZgRR6) = ZgDD(6).
RR(6) 7 The angular correlation function was measured in 4 indepen-
dent bins: 0.001 - 0/10.1-0.3, 0.3-0.%, and 0.5-0.7 The uncer-
where DD(8), DR(8), and RR6) are the number of data-data, tainty was estimated by bootstrap resampiing (Ling 5t &81and

data-random, and random-random pairs respectively, wagiular is quoted at the d level. To measure the clustering signab) was
separation betweef) and6 1. )
approximated by a power law,

To effectively sample the geometry of the detection area and
take into account boundary effects, the random catalogwes w
constructed in the following way. The weight map image was di
vided into 4 regions of approximately equal effective expes whereAy, is the amplitude of the angular correlation function, and
time. The number of objects witkior < 20.6 mag were counted B is the slope. We corrected for the integral constraint, twhes

w(8)=An0 P —IC, (4)
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Figure 7. The angular auto-correlation beyond(8pen circles and dotted
line) and within 1.8 (filled circles and solid line) of the 3 HzRGS in over-
dense fields. The angular correlation function of all gaaxiear the HZRGs
is consistent with further afield (top panel). The bottomegdamows the an-
gular correlation function of a sample of galaxies that aor#t 1.5 times
more galaxies near the HzRGs than in the outer regions. Tjadaries are
more strongly clustered close to the HzZRGs, where there igréfisant
overdensity, than further afield, suggesting the galaxéepansible for the
overdensity are physically associated.

sults from the finite field size, using a constal@, determined
from the random catalogues following the approach usédfaynté

(1994) and Roche et al. (1999):

SiAv0 PRR )
~ g2 SPWG (
C= 0 ="srr(a) ©)
The slope was assumed to Be= 0.6 (Adelberger et al. 2005) as
there is insufficient data to fit both the slope and the aniditThe

amplitude of the angular correlation functioky, was determined
by fitting Eqn[4.

4.2 Galaxy sample

To test the angular correlation function analysis we measur
Ay, for all galaxies with 15 < Kiot < 20.6, both within 1.8
(Ainnen), and beyond 3of USS 1425148, MRC 2104 —-242 and
MG 2308+ 0336 Aouter). Since the galaxies responsible for the
overdensity make up a negligible fraction of this galaxy pkmn
any strong clustering signal of the excess galaxies will hsked,
and we expechinner to be consistent withyter-

To recover the clustering signal of the galaxies respoadiol
the overdensity we select a sample of galaxies which cantain
large excess. All 3 overdense fields contai times the expected
density ofJHK galaxies, but there are too few galaxies in this sam-
ple to obtain a measure vf 6) in 4 independené bins. We there-
fore select galaxies that meet a similar, but slightly malexed
colour criterion § —H > H — K + 0.25). 58 galaxies with such
colours lie within 1.80f the 3 overdense HzRGs (a number density
of 2arcmin 2), compared to 279 in the CF+ (1.2 arcmf), indi-
cating an overdensity of 0.7. Therefore the excess galaxé® up
40% of this sample.

We measured the amplitude of the angular correlation func-

tion of galaxies withJ—H > H — K +0.25 colours within 1.8

of USS 1425 -148, MRC 2104 — 242 and MG 2308336 Ainner)-

This was compared to th&, of galaxies with the same colours and
magnitudes that lie beyond 8f the same HzZRGsRgte). In this
sample the clustering signal of the excess galaxies shatldbean
strongly masked. If the excess galaxies are physicallycéasal,

we expechinner to be greater thaAguter-

4.3 Results

The auto-correlation functions are plotted in [Eig. 7 for galax-
ies (top panel) and galaxies with-H > H — K + 0.25 (bottom
panel). The auto-correlation function of the galaxies Inely8 of
the HzRGs and within 1’8are plotted as open and solid circles
respectively, and the amplitud@gter and Ajnner are given in the
legend.

As expectedA,, of all galaxies near the 3 overdense HzRGs is
consistent with that measured in the outer regidggier= Ainner=
0.1. The angular correlation function of both regions agreallat
scales, suggesting there is no bias due to the differeramegand
thatw(6) and Ay, for the overdense sample may be robustly com-
pared without fear of systematic bias.

Galaxies with] —H > H — K 4-0.25 colours that lie within 1.8
of the HzRGs have largev(6) at all scales compared to the outer
region of the fieldsAjnner is 2 times greater thaffouter, however the
uncertainties are large due to the small number of galari¢sis
galaxy sample, and this result is significant to onty. Nonethe-
less the galaxies responsible for the overdensity are ntcegy
clustered near the HzZRGs than similarly selected galaxikesger
radii. This suggests the galaxies responsible for the evesity are
physically associated with one another.

We have checked our results assumifg= 0.8, which is
also commonly used in the literature. We find tidgt is reduced
by a factor of approximately 2, but the disparity betwe®juter
and Ajnner is still present for galaxies with —H > H — K +0.25
colours.

5 PROPERTIES OF THE PROTOCLUSTER GALAXY
CANDIDATES

In this section we aim to measure the propertiealbprotocluster
galaxy candidates in the 3 overdense HzRG fields.

Only a small fraction of protocluster galaxy candidated wil
be in theJHK sample, as this criterion selects less than 15% of
galaxies at 2 < zphot < 2.7. Thus theJHK galaxies are not repre-
sentative of the entire galaxy population surrounding taRE8s.

Most of thez ~ 2.4 protocluster galaxy candidates are ex-
pected to beALL-JHK galaxies, as this sample encompasses 98%
of galaxies with 2 < zypt < 2.7. However the overdensity of
ALL-JHK galaxies in the 3 overdense HzRG fields~is0.4, so
more than 70% ofALL-JHK galaxies lie in the foreground or
background. This interloper population must be removethftioe
ALL-JHK sample to reveal the properties of the protocluster galaxy
candidates galaxies.
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5.1 Deriving a flux-limited sample of protocluster galaxies co-moving Mpc

through statistical subtraction 2
L ) B A A |
— K,,<20.6 ’

o

We do not know which particulakLL-JHK galaxy is an interloper, 300
but we can statistically subtract the interloping galaxiesn the
ALL-JHK sample.

To derived the statistical galaxy excess, the number densit
magnitudes and colours of the interlopers were measuredtfie
control field (CF+), and subtracted from the galaxy countshef
3 overdense HzRG fields. If the galaxy overdensities are due t
protoclusters, this method should ideally remove all fovegd and
background galaxies, to leave only the protocluster gataxi

A major advantage of this method is that, by construction, a
flux-limited sample of candidate protocluster galaxieselested,
irrespective of colour or star formation history. This alus to
determine the colours and magnitudesibiprotocluster members.

Accurate statistical subtraction requires both the caoffietl
(CF+) and the overdense fields be complete to the same magni-
tude. Thus the galaxy catalogues are limited to the 90% ocetexpl 0= i
ness limit of the lowest-exposure time region in the shadistfield

. . 0 1 2 3 4
(Ktot < 20.6 mag), and the derived sample of excess galaxies are )
complete to this flux limit. R (arcmin)

250

200

150

100

50

Statistical excess of galaxies within R

Figure 8. The cumulative number of excess galaxies With < 20.6 within
5.1.1 Uncertainties and biases a projected distance R of the 3 HzRGs in overdense fields (4851148,
MRC 2104 —242 and MG 2308 0336). The radial extent of the average

The greatest uncertainty in the statistical subtractiothoiecomes overdensity is located where the cumulative distributitops increasing.

from F:osmic varianpe of the interloping galaxy p(.)pulati.d'm Approximately 220 excess galaxies are situated withir %0-moving
quantify the uncertainty, we ran 1000 Monte Carlo simulzias- Mpc) of the 3 radio galaxies. Theverageprotocluster contains 1/3 of the
ing the UDS, by selecting and combining 3 randon 2atlius re- shown numbers. The grey shaded area shawgeld-to-field variations.

gions and subtracting the interloping galaxies as meaduoeda

randomly positioned 230 arcrfinegion. The standard deviation of ) ) ]
the resulting statistical excess (or deficit) gives toeuncertainty ~ and our selection method preferentially selects filametmas are

in the removal of the interloping population. When derivitg close to being perpendicular to the plane of the sky. Theeetfus
uncertainty on a galaxy property, such as colour, galaxie® wi- estimate of the volume is very uncertain.

vided in colour bins and the uncertainty is the standardadien
within each colour bin.

To check that selectingLL-JHK galaxies does not bias the re- 5.3  Colours of the excess galaxies

sults, we tested the statistical subtraction method udigataxies The colour distribution of the statistical excess was dtigy sub-
with Kiot < 20.6. The derived properties of the excess galaxies are tracting the colour distribution of the interlopidd.L-JHK galaxies
fully consistent with the following presented results, ahisug- (measured from the CF+ and normalised by area) from the colou
gests that few, if any, protocluster galaxy candidates emsowed distribution ofALL-JHK galaxies within the 3 HzRGs in overdense
by making theALL-JHK selection. fields.

Ideally the colours of all excess galaxies within the HzRG

) N fields should be derived. However, the variance due to tleeloper
5.2 Radial extent and volume of the overdensities population is approximately proportional to the field ar€here-
To determine the radial extent of the overdensity, we measur fore the colours of the statistical excess was only measuitiih
the statistical excess &LL-JHK galaxies within a projected ra-  3-5C0-moving Mpc (23 of USS 1425 — 148, MG 2308 0336 and
dius, R, of the HzRGs. This was achieved by countiig.-JHK MRC 2104 -242, Where the number of excess galaxies is mane tha
galaxies within a radius R of USS 1425—148, MRC 2104 —242 4 times the uncertainty (see Fig. 8).
and MG 2308+ 0336, and subtracting the expected number of
ALL-JHK galaxies within this area (determined from CF+). The
radial extent of the overdensity is marked where the cunvelat
distribution stops increasing.

By inspection of the cumulative distribution in Fig. 8, wedin Fig.[d displays the colour distribution &fLL-JHK galaxies in the
that theaverageoverdensity extends to a projected radius-@&.5 CF+, galaxies within 2/1of the 3 overdense HzRGs, and the de-
(6 co-moving Mpc atz = 2.4) and contains approximately #20 rived statistical galaxy excess. The colour distributibthe statis-
galaxies withKiot < 20.6. Half of the statistical excess lies within  tical excess differs from the control field, which is quaetifusing
1.8 (3 co-moving Mpc) of the HzRGs, so this central region is a two-sided Kolmogorov-Smirnov (KS) test.

5.3.1 Comparing the colours of the excess galaxies to contro
field galaxies

twice as dense as the entire overdensity. The KS test requires continuous unbinned data, so a mock cat-
Assuming the overdensity lies in a cube of side 12 Mpc, the alogue of galaxy colours was created by sampling randorresalu

co-moving of the overdensity is 1700 Mp&. Dark matter simula- whilst constraining the catalogue to match the observeolucalis-

tions of the early Universe show that matter collapses im@ats, tribution of the statistical excess. The KS test was peréath000
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Figure 10. The observed near-infrared colours afg; fluxes of the statistical galaxy excess (solid black hisiogs) compared to those of tlag,orUDS
sample (dashed red histogramy,orUDS galaxies are selected from the UDS to have @) 2 zpnot < 2.7, (ii) log X2 < 2.9, and (iii) the 37 confidence
intervals of the redshift estimate lie within the redshifhge 22 < z < 2.7. There are 87 galaxies in tlg,,rUDS sample, and the distributions have been
normalised to the number of excess galaxies.The coloursrasses ofynorUDS and excess galaxies are similar with KS probability 20,82. The red
tail seen in both) — H colour distributions is unique to galaxies a2 z < 2.7, whose redshifted Balmer break shifts betweenJthadH passbands. The
J —H colour distribution is bimodal, with a strong peak of bludagées and an extended tail of red galaxies. There is no premipeak of red galaxies. The
expected positions of the= 2.4 red sequence are marked as dot-dashed, dotted, and dimglsedslsuming the galaxies formedzat= 3,4,5 respectively.
Most protocluster galaxies are blue so they are still fogrstars az ~ 2.4, and the red galaxies are consistent with a formation idste; ~ 3
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Figure 9. The top panel shows th@ — H colour distribution of galax-
ies in the 3 overdense fields (dashed histogram) and CF+igslaxor-
malised to the same area (grey histogram). The differenteelea these
two distributions reveal thd — H colours of the excess galaxies, which
is shown in the bottom panel in the solid black histogram. A-sided
Kolmogorov-Smirnov test comparing the colours of the egaggalaxies to
the CF+ galaxies results in preb0.001, implying the colour distribution
of the two groups of galaxies differ significantly. The excxemlaxies are
therefore not randomly drawn from all redshifts, but prdpailomprise a
group of galaxies at a particular redshift.

times and in each test the colours of the excess galaxiesdnena
from a different set of random values. The probability, pegithe
significance level of the test (ranging between 0 and 1) arideis
median of all derived p.

The KS test rejects the null hypothesis with p=0.001, so the
colour distribution of the excess galaxies differs sigaifitty from
the colour distribution of galaxies in the CF+. The excedaxges
in the 3 overdense fields are not drawn randomly from the obntr
field population and are therefore unlikely to be caused byaace
line-of-sight alignment.

5.3.2 Comparing the colours of the excess galaxiegiq z 2.4
galaxies

The colour distribution of UDS galaxies with photometridshifts
in the range 2 < Zphot < 2.7 (Zonot—UDS sample; see Section
B:21) is shown in Fig.20. The distribution is similar to tthd
2 < Zphot < 3.5 galaxies il Wuyts et all_(2007) which span simi-
lar quxe. Both distributions peak d —V ~ 0.5, and there are
relatively few galaxies redder thdd —V = 1.0, or bluer than
U —V = 0.0 (see Fig. 8 ih Wuyts et Al. 2007). Thg,orUDS sam-
ple is bluer than the 2 z < 3 galaxies of van Dokkum et al. (2006),
but their study is limited to galaxies with stellar massesaggr than
10" M, which are generally brighter than our flux-limited sample.
We conclude that the colour distribution of thg,,-UDS sample
is a good representation of- 2.4 galaxy colours.

TheJ —H andH — K colours, and fluxes of galaxies compris-
ing the statistical excess are compared to the UDS galaxites w
2.2 < Zppot< 2.7 1in Fig[10. The flux distributions of both samples
are consistent, so a robust comparison of the two samplebean
made.

3 (U—=V) res{AB) = 1.26 x (J—H) — 0.558 for galaxies a ~ 2.4
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The colour distributions of the excess galaxies are very-sim
lar to the UDSzypot ~ 2.4 galaxies. The red tail in the—H colour
distribution is unique to galaxies at2< z < 2.7. It is caused by
Balmer break of galaxies at this redshift lying between dtend
H passbands. Both the excess galaxies andyhig~ 2.4 galax-
ies have this red tail in th@ — H colour distribution. A KS test
does not reject the null hypothesis that the excess galarigshe

Galaxy overdensities atz2.4 11

The number density of excess galaxies with-Mx 101°M,
within 6 Mpc of the 3 overdense HzRGs is 2412/V Mpc~3.
The uncertainties quoted include uncertainties in the nessis
mation and the statistical subtraction of the interlopAssuming
V ~ 1700 Mp@, the galaxy overdensity i&y ~ 42+ 21. The bias
parameter for galaxies with a number density & 310 *Mpc 3

atz~ 2.4 is~ 3 (Quadri et dl. 2007), thus the mass overdensity is

UDS zypot ~ 2.4 galaxies are drawn from the same underlying dis- m = 14+7.

tribution (p=0.82). Since the excess galaxies have sidita and
H — K colours, and magnitudes o~ 2.4 galaxies, it is likely that
they are situated at the same redshift as the HzRGs.

6 DISCUSSION

The 3 HzRGs USS1425-148, MG2308336 and

The mass contained within the average radio galaxy overden-
sity is ~ 2 — 7 x 10"M,, which is comparable to the mass of
present-day clusters of galaxies, and is consistent withnthss
estimates of other HzRG-selected protoclust
2007).

The volume of the overdensity is very uncertain (see Section
[E2), but this does not affect the estimation of mass endlasghin
the overdensity, as the volume in Equafibn 6 cancels wittvtie

MRC 2104 -242, are surrounded by galaxy surface overden- ume used to calculaid,.

sities that deviate from the expected density loy. Fhe excess
galaxies responsible for the overdensities are stronglgteted,
suggesting they are physically associated. One of the gggin
pieces of evidence that the candidate protocluster galaaie
associated with the radio galaxies is the similarity betwéee
colours of the candidate protocluster galaxies apght ~ 2.4
galaxies in theK—selected Ultra-Deep Survey (see Fid. 10). It
would be a strange coincidence that the colour and luminosit
distributions match so well if both these samples did notsigin

of z~ 2.4 galaxies, especially considering they were selected by

different methods. In this section we examine the propertie
these overdensities.

6.1 Evolution of the overdensities aroundz ~ 2.4 HzRGs
6.1.1 Average mass enclosed in the overdensities

Assuming all the mass within the volume collapses into alsing
virialized structure, the mass of the collapsed structsiestimated

by

M = pV(1+ dm) (6)
(Steidel et dl. 1998) where V is the volume of the overdengiip
the average density of the Universeqk 101°M.Mpc—3), anddn

is the mass overdensity, related to the galaxy overdertsigugh
the bias paramete, = Jy/b.

6.1.2 Collapse time

In a matter dominated Universe, the time for a uniform sphere
separate from the Hubble flow and collapse~ig1/6nG p)L/2
(Peacodk 1999). The collapse time for these cluster-sizerien-
sities is~ 6 Gyr. This estimate is very uncertain as the volume of
the overdensity is poorly constrained, but this short paiéatime
implies these overdensities may virialize by the present da

In conclusion, the 3 HzRG fields with significant projected
surface overdensities fulfil the main physical requireraefur
evolving into a galaxy cluster or group by the present day.

6.2 Rest-frameU —V colours of galaxies inz > 2
protoclusters

The rest-framéJ —V colours of the flux-limited sample of proto-
cluster candidates are derived through—V) resf AB) = 1.26 x
(J — Hobserved — 0.558 and shown in Fig.10. The colour distri-
bution is bimodal, consisting of a dominant blue sequennd,a
poorly populated red tail. 7 10% of the protocluster galaxies are
blue with (U —V)ag < 0.85. However, this is an upper limit as
blue galaxies are detected to lower masses than red galeties
flux-limited sample.

The blue protocluster candidates have a typical cololt ef

To determine the overdensity of galaxies, we compare the Vag ~ 0.6 mag, which is bluer than local spiral galaxies, and typical

number density of galaxies in the overdensities to zhe 2.5
field. ML@Q) measure the densityzof 2.4 galax-
ies with M> 4 x 1019M, to be 33 x 10 *Mpc 3. Stellar masses
of the excess galaxies were estimated fri§py using the same
[Bruzual & Charldt [(2003) stellar synthesis models as Wuytdle
(2009). Six stellar synthesis models (plotted in Flg. 3) avezd-
shifted toz = 2.35, 2.46 and 2.49 (i.e., the redshifts of the radio
galaxies). Moderate amounts of dust extinction (ug\W&1 mag)
were applied to the models, and the models were convolved wit
the HAWK-1 J, H andKs filter bandwidths to obtain the follow-
ing relation: logM.. = [Ktot —43.32(£0.15) —2.79(+0.16) x (J —
H)]/ —2.5. The uncertainties are derived from the Scatter about
the linear relation.

Some galaxies responsible for the overdensity hveH ~
1.5 so the flux-limited sample is only complete to a mass-lirit o
~ 6x 10'°M,. Therefore the number density of-M4 x 101°M,
galaxies in the HzRG fields, and the mass estimates of thelewer
sities, are lower limits.
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of a present-day irregular galaxy. Such blue colours sughes
these galaxies are forming stars.

The colours of the galaxies in the red tail of the distribatio
are consistent with that of a cluster red sequence whichéddriine
majority of its stars azs ~ 3, a mere & Gyr before the epoch of
observation. However, the red sequence is poorly populzdet
pared to those observed in clusterz at 1.6 (e.g.l.
[2003:/ Papovich et al. 2010; Tanaka el al. 2010). The erroti®n
observed colours and the slightly different redshifts &f HzRGs
may increase the scatter of the galaxies on the red sequence.

A colour bimodality, and prominent red sequence has been
found up toz ~ 2.5 using large area photometric surveys (e.g.,
Williams et al| 20094; Brammer etlal. 2009). These survegber
much larger volumes than the protoclusters, and detecttegrea
numbers of massive galaxies that populate the red sequ&hee.
lack of a strong red sequence in the 3 protocluster candidags
be due to the low number of massive galaxies within each proto
cluster.
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No significant difference is observed between the colours of virialize by z~ 0. Thus these objects may evolve into groups or

the protocluster galaxies and field galaxieggb; ~ 2.4. This sug-
gests that global environmental effects have yet to beconper-
tant in clusters by ~ 2.4. However, the samples of protocluster
and field galaxies are selected by different methods, so fraime
from making detailed comparisons between these two pdpntat

I.5) found a significant fraction of the gala
ies in az = 2.3 protocluster were detected in the rest-frame UV.
Hence these galaxies were still forming stars and wereivelat
blue at this redshift, which is consistent with our findingkrough
detailed SED modelling, the ages and stellar masses afth23
protocluster galaxies were found to be a factor of 2 gredtan t
field galaxies. While our data does not allow us to perfornna si
ilar analysis, future follow-up observations may revealheide-
spread such evolutionary trends are among samples of fustoc
ters.

Our results show that the majority of galaxies in the 2
protocluster candidates have colours typical of star-fogngalax-
ies. The colour, low scatter and non-evolving slope of thbttred
sequence in lower-redshift clusters imply the stars thastite
cluster ellipticals formed contemporaneouslyzat 2 .
11997 d8; Mei etlal. 2009). The scatter afuic
of the red sequence ina= 1.62 cluster indicates this epoch of
intense stellar-buildup occurred at= 2.4 +0.15 I.
M), whilst the evolution in the mass-to-light ratio ofipi-
cal galaxies up t@ = 1.3 imply a formation redshift of 2- 2.5
(van Dokkum & van der Margl 2007). The> 2 protocluster can-
didates may have been caught in this starburst phase, duhiict
they form the bulk of the stellar population that will latesside in
their elliptical galaxies.

7 CONCLUSIONS

We have conducted a near-infrared survey of the environmient
6 high redshift radio galaxies (HzRG) at22< z < 2.7. We use
colour-cuts to identify galaxies in this redshift intervahd find ex-

clusters of galaxies by the present day.

We find the rest-fram& —V colour distribution of the flux-
limited sample of protocluster galaxies is bimodal, catirsisof
a dominant blue sequence and a poorly populated red sequence
77+10% of protocluster galaxies have blue colours, typicatar-s
forming galaxies. This implies that the bulk of stars thatstdute
cluster ellipticals have not formed lzy~ 2.4, or are too blue to lie
on the red sequence. Thie-V colours of the protocluster member
candidates are consistent with a formation redshif gf3.
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