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ABSTRACT

We present a study of galaxy populations in the central regfahe IRAC-selected, X-ray detected galaxy
cluster Cl J1449+0856 at= 2. Based on a sample of spectroscopic and photometric clustabers, we in-
vestigate stellar populations and morphological strectfrcluster galaxies over an area~d.7Mpc around
the cluster core. The cluster stands out as a clear ovetddruh in redshift space, and in the spatial distri-
bution of galaxies close to the center of the extended X-raigsion. The cluster core region £ 200 kpc)
shows a clearly enhanced passive fraction with respect Itb [égels. However, together with a population
of massive passive galaxies mostly with early-type morpgiels, it also hosts massive actively star-forming,
often highly dust-reddened sources. Close to the clusteéece multi-component system of passive and star-
forming galaxies could be the future BCG still assemblinge @¥serve a clear correlation between passive
stellar populations and an early-type morphology, in ame® with field studies at similar redshift. Passive
early-type galaxies in this clusters are typically a fa@ smaller than similarly massive early-typez at0,
but also on average larger by a factoR than their field analogs at~ 2, lending support to recent claims of
an accelerated structural evolution in high-redshift @éegrsvironments. These results point towards the early
formation of a population of massive galaxies, alreadywaboth in their structure and stellar populations,
coexisting with still-actively forming massive galaxiesthe central regions of young clusters 10 billion years
ago.

Subject headings: galaxies: clusters (Cl J1449+0856) — galaxies: evolutigalaxies: high redshift — galaxies:
structure — galaxies: stellar content

1. INTRODUCTION forez ~ 1 (e.g., De Propris et 8l. 2007, Lidman etlal. 2008,
In the nearby Universe and at least up telz over- Andreori 2008, Mancone etlal. 2010, Strazzullo &t al. 2010).
dense environments, and specifically galaxy cluster cores, While detailed studies of cluster galaxy populations ake re

are invariably found to preferentially host galaxy popula- atively common up to redshift one, they become increasingly

tions dominated by massive, passive early-type galaxigs (e
among many others,
Baldry et al. 2006, van der Wel etlal. 2007, Patel et al. 2009,

rarer at higher redshifts, and in particular beyand 1.5,

Dressler 1080. Postmanl ét al | 2005due to observational challenges both in reliably identidyi

tlusters, and in accurately determining the propertieb@if t

Rosati et al. 2009, Peng etlal. 2010b, Wetzel &t al.2012). Thedalaxies. Nonetheless, tize> 1.5 range is a crucial epoch

way these galaxies are formed and evolve is a longstand
ing matter of debate, with different pieces of their forma-
tion history, and in particular peculiarities with resptctield
galaxies, being put together thanks to high-redshift olaser
tions (e.g., van Dokkum & van der Marel 2007, Gobat et al.
2008, Meij et all 2009, Rettura et al. 2010) as well as fossil-

1o study massive cluster galaxies close to their main forma-
tion epoch. Indeed, recent observationzof 1.5 clusters
started to show that massive galaxy populations are often in
a still active formation stage, even in the cluster core.(e.g
Tran et all 2010, Hilton et &l. 2010, Hayashi et al. 2010 2011,
Santos et al. 2011, Fassbender €t al. 2011b).

record studies (e.g.. Thomas etlal. 2005 2010). Most stud- From the theoretical point of view, current models, while

ies agree on the early formation of a population of massive

cluster early-types, with their stars formed at high refishi

(z ~ 2 or beyond), and their mass largely assembled be-
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invoking an early formation for the stars ending up in mas-
sive early-type galaxies today, maintain their hierarahia-
ture in predicting the late assembly of their stellar mass
from smaller, mostly passive progenitors (e.g., De Lucalet
2006, Johansson etlal. 2012). The relevance of such merg-
ing events, as well as of other processes (e.g., AGN or stella
feedback), possibly affecting both the star formationdrigt
and the galaxy structure in the evolutionary path of these sy
tems, may be probed by the (albeit biased and complicated)
comparison of cluster galaxy samples at different redshift

Reaching the cosmic epochs when massive cluster galax-
ies are still forming is thus fundamental in order to dirgctl
observe the formation of the bulk of the stars, the way stel-
lar mass is assembled, and their morphological evolutiat, t
together lead to the massive early-types dominating aluste
cores at later times.

Ideally, this kind of investigation is carried out in clus-
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ters which are not pre-selected based on the characteristic 2. DATA AND SAMPLE SELECTION
of their galaxy populations, but rather based on their mass i "
or overdensity. At this redshift, and with current facéi 2.1 Catalogs and derived quantities
X-ray selection becomes very challenging for the identifica 2.1.1. Photometry
tion of moderately massive systems representative of e pr  We use photometry measured on imaging in the U,V
genitors of typical lower-redshift clusters. On the othandi, (VLT/FORS), B,R,i,z (Subaru/Suprime-Cam), Y,J,H (Sub-
“IRAC-selected” clusters identified based on overdersitie  aru/MOIRCS, plus additional VLT/ISAAC data for J and)K
stellar mass-limited galaxy samples_(Eisenhardtiet al8200 F140W (HST/WFC3), and 3.6,4uf (Spitzer/IRAC) bands.
Papovich 2008), ideally with a-posteriori detection of @y Sources were extracted with SExtractor (Bertin & Arnouts
erally faint) X-ray emission, offer a suitable alternativethe 1996) on the F140W image, and photometry was measured
identification of clusters beyorg~ 1.5. in two ways, producing two independent multi-wavelength
In this work, we study galaxy populations in the IRAC- catalogs. One catalog is based on aperture photometry) (1.5”
selected and X-ray detected cluster Cl J1449+0856 at ~ measured with SExtractor, corrected for the differentlteso
2 (RA = 14h49m14s, Dec =°8621", |Gobatetall 2011, tion of the images by using aperture corrections estimated
2013). This is among the most distant spectroscopically con on each image from the growth curve of point-like sources.
firmed galaxy clusters discovered so far, and the most distanThe other catalog is based on photometry measured on each
with a detected X-ray emission. The first spectroscopic in- image by fitting with Galfit((Peng et Hl. 2002 2010a) Gaus-
vestigation with VLT/VIMOS and FORS2 spectroscopy on sian profiles, convolved with the image PSF, at the positfon o
a wide field around the cluster, found a peak in the redshift the F140W sources. While the two approches yield broadly
distr}ibution of star-forming galaxies at~ 2.07 (Gobat et al. consistent measurements, in most cases aperture phoyometr
2011). . . will be more accurafe On the other hand, and especially in
Subsequent follow-up on the cluster center with slitless crowded fields typical of a cluster core, blending may be a se-
HST/WFC3 spectroscopy, unveiled a much stronger peak inyere jssue and the second approach offers a way to deal with
the redshift distribution at z=2, which is the most prominen it |n order to take this into account, in the following we Wil
peak in the area of the galaxy overdensity, and containstabouyse hoth catalogs as described in detail in se€fionl2.1.2.
20 spectroscopic cluster members to date, including spectr | the following we select a sample witth < 25.7
scopically confirmed massive passive red galaxies in the clu (corresponding to the 1O limit in a 1” aperture), within
ter core (Gobat et al. 2013). CI J1449+0856 is thus now spec-gn area of3.3 square arcminutes uniformly covered in the
troscopically confirmed to be at z=2. _ _ WFC3/F140W imaging. This catalog contair870 ob-
Given the massive use of photometric redshifts required tojects. Seven point-like sources (in the F140W image) down
carry out this work, we are not able to distinguish galaxies to m, ,, ~ 22 were removed:; at fainter magnitudes, we further
at z=2 from galaxies at z=2.07, and we thus retain sourcesemoved- 30 sources which may be stars based on their BzK
belonging to the z=2.07 structure in our sample of candidateco|ors {Daddi et 2. 2004). The inclusion or removal of these
members (unless a spectroscopic redshiftis available}h®n  goyrces has no impact on the results of this work. The galaxy

other hand, as discussed in detail in the Gobat et al. (2013)5ample we use in the following thus containd30 galaxies
companion paper, the z=2.07 redshift peak seems to be assQtown tomy 4 = 25.7.

ciated to a large scale, less prominent, diffuse structuinegh

does not significantly contribute to the overdensity in teie-c 2.1.2. Photometric redshifts
tral cluster region studied here, and is likely not to signifi ] .
cantly affect most of the results presented in this work. From the 13-bands photometry, we estimated photometric

A wide multi-wavelength coverage, and high-resolution redshifts (photo-zs) with EAZY, using the standard set of
restframe optical imaging, allow us to study in detail funda templates (Brammer etial. 2008 2011, Whitaker €t al. 2011).
mental properties of cluster galaxies already 10 billioarge ~ Before the actual photo-z estimation, we determined pos-
ago. In particular, we focus in this paper on the identifarati ~ Sible offsets in the photometry in different bands by itera-
of a population of passive candidate members, and on theittively comparing the best-fit vs. measured photometry atifixe
structural properties. The trademark cluster-core gakmp  (Spectroscopic) redshift (e.g., Capak et al. 2007, llbeatle
to z ~ 1, massive galaxies with low star formation are in fact 12009) for a sample of- 110 sources with redshifts mea-
expected to be significantly rarer by redshift two, apprimgh  sured from WFC3 grism spectroscopy over the whole WFC3-
the epoch where not only they are still forming many of their covered field (Gobat et al. 2013). Systematic offsets be-
stars, but also when velocity dispersion in the cluster eore tween measured photometry and model SED for spectro-
still low enough that merging-driven mass assembly can playscopic sources can be attributed to different causes includ
an important role. Although conclusive evidence is stitikda ing zero-point and/or aperture correction errors, as well a
ing, the early merging of already gas-poor galaxies in am-ove model uncertainti€s In the following, we use photometry
dense environment might also affect the structural praggert  corrected for these systematic offsets; we note that the off
of the resulting massive, passive systems, producing igalax
which are structurally more evolved than their field counter  * Note that this is not a general statement: it is true, astefiom simu-

parts While statistics are still poor Cl J1449+0856 offer lations, given the specific approach and settings we usertAgiuindication
: f of the generally more accurate aperture photometry in osg,céomes from

one of the very rare chances of studying passive early-type%hoto_Z performance as discussed in sedfionP.1.2.

very close to their formation epoch, together with stillaelty 2 Out of these, 94 are in the uniformly covered WFC3 image aseal in
forming galaxies, in an already relatively evolved clustare. the following analysis of galaxy populations, the remagnbeing located in
Throughout this work we assum@y=0.3, Q,=0.7, the external part of the WFC3 image.

- 1 -1 g ; 3 For our catalogs and with our settings, offsets were in masés<10-
Ho=70kms Mpc -, anda Salpeter (1955) IMF. MagthdeS 20%, except for bands with large uncertainties in the deteation of the

and colors are in the AB system. photometric zero-point — as often suggested also by costanf SEDs of
stars with stellar templates — and/or in the instrumentaese function.
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L B R B VI BN/ We identified sources potentially affected by neighbor’s
] contamination by selecting in theslind 3.6:m bands objects

3.0 Fe \OHZS o1 R which were falling in the circle contaning 99% of the flux of
9 i< PR B AP A ] a different sourck In the area and magnitude range that we
2.5F *I<25 TS . ] use in this work, about 10% of our sample is classified as po-
f k.. * ] tentially contaminated at the K-band resolutie®(65”), and
. 20r '-Q*s ] ~50% at the IRAC resolution~2”).
2 : W g ] For uncontaminated sources we use photo-zs from the SEx-
N o1 5F LT & . tractor catalog, as well as for sources where only the IRAC
; PG 4 ] photometry is flagged as potentially contaminated and the
10F F’ JR— SExtractor-based photo-zs with and without IRAC bands are
I o .3. ¢ ] consistent. For the remaining sources (about 20% of the sam-
[ th ] ple) photos-zs from the Galfit catalog are used.
0.5 e ¢ E Applying this approach and comparing to the spectroscopic
3 y ] sample, and in spite of the comprehensibly smaller fraction
. o04F ' ' i (30%) of potentially contaminated sources in the spectro-
g T ] scopic vs. the full sample (50%), we find that we can sig-
N% 0.2F pi ! . nificantly reduce the fraction of catastrophic outliers,ilerh
- o ol & T 1, b . ] retaining the higher photo-z accuracy obtained with apertu
i 0.0F—* -'.t.!ﬁ'.o‘,:{z{.d‘. ‘°a,-.'. 2t " photometry for the majority of the sample. The final photo-z
< —02F Ve ] catalog we use in the following has a scatter (as estimated
N T . ] with the normalized median absolute deviation (NMAD),
< -0.4¢F . . . | . ] Hoaglin et al. 1983) of 5.7% inz/(1+2), and 3% catastrophic
outliers (AZ/(1 + 2) > 0.2) (at least half of these have a “less
05 10 15 20 25 3.0 reliable” spectroscopic redshift determination, see Faf).
Zepoc The comparison of photometric redshifts with the available

spectroscopic sample is shown in Figlite 1. For comparison
FIG. 1.— The comparison of photometric and spectroscopic itsishr with other studies, we note that, thanks to the WFC3 slitless

the available spectroscopic sample. All available spsctipic redshifts are spectroscopy, the spectroscopic sample we use is conlsiglera

shown, but secure and less relialalge: determinations are shown as black deeper than those generally obtained from ground-based spe

and gray dots, respectively. The lower panel Sh6§&-*= vs. zgpec. In troscopy, with the median | band magnitude of our spectro-

oS 30 oma ik T ani sy e avpond s SCopIC sample 25, and almost 80% of the sample fanter than
A L : . gt -~ 1=24. For instance, considering only spectroscopic saurce

mgr}g%gtnzc.)urces brighter thar:25 and 23 mag, respectively, as indicated in brighter than 1=25 (23) the NMAD scatter At/(l+ Z) would

be<4.5%  2.5%).

sets determined for the two independent photometric agdalo

(SExtractor- and Galfit-based) are generally consistethtimvi 2.1.3. Sellar masses

~10%.

The interquartile redshift range of the spectroscopic $amp
is z=[1.1-2] (with redshifts up to3), and its interquartile
My 40 range ismy4e=[22.7-24.3] (reaching up toy4o ~ 25.5).
Therefore, while compared to the whole samplemafiy <
25.7 sources the spectroscopic sample is obviously typically
brighter, it can still be considered generally repres@reaif
sources in the magnitude and redshift ranges that are the foc
of this study.

Photo-zs were determined for both (SExtractor-
based) catalogs, and for the SExtractor catalog they wsoe a
determined excluding the IRAC bands. The comparison o
these three different photo-z determinations was used {0 im
prove the photo—z accuracy, selecting for each source #te be
estimate to be used, as follows. By comparison with the
spectroscopic catalog, we find that photo—zs determinexd fro

aperture photometry including IRAC bands show the lowest than 50%, and only3% of sources have correction factors
scatter, but also a significant fraction of outliers (alnii). > 2. While this approach corrects for the bulk of the flux

For sources in the magnitude range typical of our spectro-I te that it Still reli imatin the tditat
scopic sample, outliers may be due to fatal errors and/or de—o.sﬁ’g\ll_%r;(oju.r%' Sl}l re |e§ ondapprpxma mgb % h
generacies (e.g., a double-peaked photo—z probabiliti-dis Wl't or ¢ ag_ It Is .ﬁ?’e hon IUISt onel arr]‘_ thus ne-
bution), with these conditions worsened by systematicetdfs 9 ectstargﬁ/ (t:(t)hor gra; |en'E[_W|tﬁ|n ttbetga axy.t IT this respefct
in the photometry (of some bands) due to bad resolution (and\’;’]e nc(;) ?f‘ a Ie SYyS %mﬁ Ico SSeE etween ste Iar masmﬁs rd
thus contamination by neighboring sources). In such casest® Galfit catalog and the two SExtractor catalogs (with an
the Galfit-based photometry — and thus the derived photo-z — This approach is quite conservative in that it does not makaraptions
may be more accurate than SExtractor aperture photometrypn the relative flux of the neighbors and includes potentatamination also
as discussed above. from much fainter sources.

Stellar masses were determined with FAST (Kriek et al.
2009) on the 13-bands U to 4u%m photometry, using
Bruzual & Charlat [(2003, hereafter, BC0O3) delayed expo-
nentially declining star formation histories (SFHg(t) o«
Lexp(-t/7)) with 0.01< 7 <10 Gyr, solar metallicities,
éalpeter IMF, and the_Calzetti etial. (2000) reddening law
with E(B-V) up to 1 mag. Stellar masses were independently
derived for both the SExtractor and the Galfit catalogs: for
and Galfit- Sources where contamination was expected to significafatly a
| fect the aperture-based SED, as discussed concerning-photo
§ZS in section 2.112, stellar masses from the Galfit catalog we
used.

Masses from the SExtractor catalog were corrected to "to-
tal” masses using the ratio between AUTO and aperture flux
in the detection image (F140W). For thg4o < 25.7 sam-
ple, more than 90% of the objects have a correction lower
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without IRAC, corrected to total masses) is less than 0.ldex actual fitting. The input flux is recovered within 10% down
with a scatter of up te-0.3dex. Leaving the metallicity free, to M4 = 24.5 (corresponding te-30 times the noise in a 1”
and using exponentially declining SFHs rather than delayedaperture). At this magnitude, these simulations suggest th
exponentials, would introduce no systematics for the over-the error on the semi-major axis+4€0, 15, 25% for profiles
all sample and a further scatter of less than 0.1dex in stella with nsggc <1.5, 1.5-3,>3, respectively, while the error on
mass (which is small compared to the scatter estimated abovéhe Sersic index is between 25% for late-type profiles and
at fixed metallicity and SFH). With respect to the choice of ~ 30% for early-type profiles. In addition, as it is known from
the SFH, we note that it has been shown how other formsprevious work (e.g., Trujillo et al. 2006b, Sargent et al020
of SFHs might be more appropriate for star-forming galaxiesPannella et al. 2009) at faint magnitudes the Sersic index of
at high redshift/(Maraston etial. 2010, Papovich et al. 2011) high-Sersic profiles tends to be underestimated; with aur se
For what directly concerns this work, rising or constantgpo tings, atm 40 = 24.5, these simulations find a median offset in
sibly truncated) SFHs would change the stellar masses of outhe Sersic index of about10% for early-type profiles (disk-
targets negligibly, and in any case well within the estirdate like profiles are unaffected). This systematic underegtona
errors. Other parameters which may be more affected by thds negligible down tamg4o ~ 24, where errors on semi-major
SFH choice (like, notably, star formation rates and ages ofaxis are<5%, 20%, and errors Qmse 5c <15%, 20%, for low-
star-forming galaxies) are not used in this paper. and high-Sersic profiles, respectively. All parametersatb
On the other hand, using Maraston (2005, hereafter, MO5)kinds of profiles, are retrieved at better than 10% down to
rather than BC0O3 models would produce stellar masses sysfm 4o ~ 23 (corresponding to SANLOO in a 1" aperture).
tematically smaller (overall for the sample of interest)dy Based on these simulations we Bgf = 24.5 as the limit-
factor~0.15dex, with a scatter 6f0.15dex; this is discussed ing magnitude where we consider our surface brightness mod-
in detail below, where relevant. After accounting forthewev  elling reliable. Beside the genenath4o < 25.7 sample, we
all 0.15dex systematic offset, the stellar mass determoimat ~ will thus consider thismgo < 24.5 sample for the morpho-
with BC0O3 and M05 models (with metallicity either fixed to logical analysis. Galaxy sizes quoted in the following dre t
Z,, or allowed to vary within a factor 2 from aJ are con- circularised half-light radii, calculated from the Gallidsed
sistent within a factor of at most 2 for90% of the sample of  parameters as the effective semi-major axis times the squar
interest. root of the axis ratio.
Finally, the median formal error on stellar masses for our .
sample of candidate members is 0.2-0.3 dex (or 0.1-0.15 dex 2.3. The candidate member sample
for myye < 24.5). In summary, we thus estimate a typical A spectroscopic redshift is measured for about one fourth
accuracy of about a factor 2 for the stellar mass deternainati  of the m4o < 25.7 sample, and for45% of themyso < 24.5
for our targets. sample. Based on the available spectroscopy, and otherwise
on the photo-z analysis, we thus determine which sources in
: : our sample are (candidate) cluster members.
2.2. Morphological analysis We select as spectroscopic members all sources with spec-
A rough indication of galaxy structure (early type vs. late troscopic redshift B7 < z < 2.01. All other spectroscopic
type), effective radius and ellipticity, was obtained bydab  sources are considered interlopers. From the spectrascopi
ing of the 2D surface brightness distribution, carried oithbw  sample of Gobat et al. (2013), we retain 14 cluster mem-
Galfit (version 3) assuming a single Sersic profile for each pers in the area studied in this work. One source in the
F140W-detected source. The modeling was performed on thel1.97 < z < 2.01 range, close to the edge of the studied area,
WFC3 F140W image, which has the best resolution in our is not in our catalog being close to a bright star. From its
data set, and probes the restframe optical light (appraeima  spectrum it is classified as a star forming source, and given
B band) at the cluster redshift. We used a PSF built from theits position more than 600 kpc away from the cluster cen-
data by using median stacking of 6 high S/N stars in the field. ter it would not alter (if anything it would rather reinfoice
The background was measured and subtracted locally over théhe conclusions of this study. Furthermore, an X-ray detkct
whole image, and was fixed to zero in the fit. The whole im- AGN classified as a cluster member in Gobat et al. (2013) is
age (and thus each source) was fitted multiple times, split innot included in our member sample. This source appears to
overlapping cutouts of different siZesnodeling simultane-  have a very close neighbor at0.5” distance (with undeter-
ously all sources in the cutout. mined redshift), producing a likely significant contamionat
In order to estimate the reliability of the results as a func- to its observed SED. Assuming that both sources belong to the
tion of magnitude and profile type, specifically for the im- cluster, and that the measured photometry is not significant
age and fitting settings that we used, we carried out simula-altered by the emission of the AGN, the total observed SED
tions of the fitting procedure by adding synthetic sources in produced by both sources would suggest a dusty star-forming
blank parts of the image. Sources with a range of magnitudesstellar population. The morphology of the AGN host appears
Nsersic, radius, ellipticity and position angle were added and very compact, essentially unresolved (although its magseit
then fitted with Galfit using the same procedure used for realis close to the limit where we can carry out a reliable morpho-
objects. These simulations provide an estimate of thehiélia  logical analysis). Because of such considerable uncéigain
ity of our analysis in somewhat “optimistic conditionsese in determining the properties of this source, we will not<on
they assume that sources are relatively isolated, regelar S sider it in the following analysis of galaxies in Cl J1449%683
sic profiles, convolved with the same PSF that we use for the For all sources without an available spectroscopic regshif
we rely on photo-zs. In determining membership by photo-
" g Ford{each Source,”ﬂ}et fine}tlhestimgte Iof egg‘; parar??ter :vggg/ﬂah} ?ﬁ zs, we decided not to purely rely on the redshift probability
L et mg s i eskluls s£o% on At least S0% of e disribution estimated by EAZY for each object. We adopied
interest (mqo < 24.5, see below) has results derived from the median of at iNstead an hybrid approach, taking into account also the “em
least 5 £10) different fits, respectively. pirical” photo-z uncertainty as independently determibgd
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comparison with the spectroscopic sample. By analysing . . . .
photo-z results for spectroscopic sources (for the fulcspe c
troscopic sample, not just cluster members) as a function of 30 .
photo-z probability distribution and quality of the best ¥ite C
first estimated the likely reliability of a photo-z given ddds 25 i
andy? calculated by EAZY (within our catalog). Based on

Meigow <24.5 3

such comparison, we deemed as “most reliable” photo-zs with 20 i
0dds-98% and ay? within three times the mediay? in our = =
catalog. To the other extreme, we defined as “unreliable” L
photo-zs with odds lower than 95%, or witif worse than 10 ;
six times the mediag?. :

For the purpose of membership assignment, the full sample 5E
was then split in three classes of objects, identified as-inte E
lopers, “likely” candidate members, and “possible” caradiéd z
members (which are lower-priority candidates, mainly due t 50 :
a more uncertain photo-z determination), as follows. Based £
on the observed scatter af/(1+z) (Sec[ 2.1]2), and consid- 2
ering the estimated low fraction of catastrophic failural§, 40
galaxies with a photo-z beyondrZrom the cluster redshift E
are considered interlopers, except those withir3abd with 30E
a photo-z deemed unreliable, which are retained as possible< E
members. All galaxies with a photo-z withirr2rom the 20 g
cluster redshift are considered as possible members, unles E
they have a highly reliable photo-z and an integrated photo- :
z probability distribution within @ of the cluster redshfft 10 o E
P(zy) >30%, which classifies them as likely members. All £/ —_Iﬁ_r,
galaxies with a photo-z withindt of the cluster redshift are 2 . . . 3
selected as likely members. 0 1 2 3
Likely members make up15% of the full sample, and a redshift
further 15% is made of possible members. The remaining

~ 70% of the full sample is rejected as foregrour@8%%) or
0 P ) 9 65 0) FiG. 2.— The redshift distribution in the cluster field. Graydmshow the

baCkground(”:!-5%) m,te”Opers' . distribution (of photometric redshifts, or spectroscopitere available) of
For comparison with other studies, we note th@/4 of all sources in the target area downnsg =24.5 and 25.7 (upper and lower
galaxies selected as likely members h&¢e,) >30% (with panel, respectively). The contributions of galaxies idient as interlopers,
P(z4) >20% for almost all likely members), and in turn "pots)lsible” and “Iike(ljy" c(ljulster members, e?s desc;}ibgd ie thixt,barﬁ showln
. . e . as blue, orange and red lines, respectively. Dashed gray imboth panels
>80% of gaIaX|_es W'trP_(Zd) >30% are classlfled as “kely show a modeling of the redshift distribution in this fieldtlvand without the
members, making the likely-member selection roughly sim- cluster contribution (see text).

ilar to that used by e.gl, Tranetal. (2010), Papovich et al.

(2012). On the other hand, possible members H2{z) (> 10'%M,) galaxies at T7 < z < 2.1 (the photo-z range most

as low as~ 1%, with an interquartile range d?(zi) of  affected by cluster members) in the area within 150 kpc from
about 6-22%. The inclusion of possible members thus bringsthe cluster center, is about 30 times larger than in the géner
our selection closer to more conservativé)-based cri- field (Alog(n/Mpc®) = 1.49+ 0.15 dex].

teria adopted by other studies as e.g., Tanaka et al. [(2012), we note that, by comparison with the spectroscopic sample,
Raichoor & Andreon((2012). In fact, in this work galaxies our selection of candidate cluster members is highly cotaple
with a P(zy) larger than 10% are essentially always included (all the 19 spectroscopic cluster members in the area probed
in the candidate sample (as either likely or possible mes)ber by WFC3 grism data would be classified as likely candidate
unless they are spectroscopic interlopers. Overall, tleese  members based on their photo-zs). On the other hand, as a

tion we use is thus quite conservative, which is reflected in tradeoff for completeness, the sample of candidate members
the considerations about completeness and contaminasion d s significantly contaminated by interlopers.

cussed below. As a rough estimate of such contamination, we find that
by comparison with the spectroscopic sample about half of
2.3.1. Completeness and contamination of the candidate member the sample of “likely” cluster members would be interlop-
sample ers. We note that this fraction increases significantlyspos

. e . bly to ~80%, for “possible” members, for the obvious rea-
Figure[2 shows the redshift distribution in the considered Sgn that, b; selectFi)on, this sample is made of objects with a

area, down tamgo =24.5 and 25.7, highlighting the differ-  5h6t9-2 more distant from the cluster redshift, and in most

ent contribution of interlopers vs. possible and likely can ; i i

. cases poorly constrained. For such (typically faint) sesyc
didate cluster members. The presence of the cluster on the poorly (typically )
underlying field redshift distribution is clearly visibleyven 7 We verified that the comoving number density measured in eid i
in this distribution largely based on photo-zs. By comparis  the 1< z < 1.5 range, which is not affected by the cluster, is in excellent
with comoving number densities measured in wide fields (e_g__agreement with what measured(by Muzzin étlal. (2013). Alde tiat, even

: : : -~ inthe 17 < z < 2.1 range affected by the cluster, the comoving number
Muzzin etal 2013) the comoving number denSIty of massive density of massive galaxies beyond 200 kpc from the clusetec is only

24+3%0,057 a factor~4 times the density in the general fieldl¢g(n/Mpc3) = 0.58 +
6 Thatis,P(zy) = [, 5.005, P(D0Z 0.15 dex).
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not only it is difficult to obtain a reliable redshift estineat A
but also to estimate photo-z accuracy and contamination. On | ®0 passive likely/possible mertbers @ ¢
. . . ® 0 SF likely/possible memb¥rs
the other hand, as we show in the following, the vast major- o interlopers ot 7<2, 7252
ity of these uncertain candidates is made of low-mass star- ;| «®m<25.7, 24.5_ ° i

forming galaxies that do not enter our mass-complete sam-g
ples, and have generally little weight in our conclusiong W €
finally note that spectroscopic interlopers classified leedyi @ i . o0
and possible members are generally close to the cluster red— 1.5} ° / o
shift (> 90% at 18 < z< 2.1 and 14 < z < 2.7, for likely and ! 1

|
=)
possible members, respectively). 2 I oo e O Y o ° %e
As a further check of the relevance of contamination, we o 8 28, ¢ o O o
model the redshift distribution in Figuf@ 2 with &z) = 100 st de ™ § oe° .
B2 () . . L '8.': % S e b o o
C x T2 e (@Y (Brainerd et all_1996) for the field plus a N Tt . . e,
Gaussian centered at z=2 for the cluster (dashed gray lines i "; * ° ]
the figure). The modeling is only done with the purpose ofes- 0.5 ® ° / .
timating the cluster and field contributionsinth8 k z< 2.5 N T N
redshift rang®, as relevant to membership determination. 0.5 1.0 1.5 2.0
For themuo < 25.7 sample (lower panel of Figuig 2), restfrome V—J [AB mag]

the o of the Gaussian is fixed tO_ the Scatt_er eStimate_d for k16 3.— The restframe U-V vs V-J color-color plot. Larger/sfaabym-
the photo-zs, and from the modeling we estimate that, in thebols show galaxies brighter than the two limits useda <24.5 and 25.7,
1.5 < z < 2.5 range, about one third of this sample should be respectively). The solid line shows the separation cdtetietween passive

made of cluster galaxies Therefore statistically we &hou and star-forming galaxies at~ 2 as adopted in Williams etlal. (2009) — dot-
) ! ted lines are, as a reference).1 mag around this limit. Interlopers in the

have in our catalog, in this redshift and magnitude ranges,ore- and background are shown as light and dark gray symi&iéoured
about 40 cluster members: we have 14 spectroscopic memsymbols show cluster candidate members (“likely” and "fies as full and
bers, and then 31 likely and 40 possible candidates. Assumempty circles), red for passive and blue for star-formingrses according to
ing our estimated 50% contamination for likely members and e SED classification — see text for details. _
80% contamination for possible members, yield84 mem-  extensive WFC3 spectroscopy, some properties of the cluste
bers in very close agreement with the statistical estimate. ~ galaxy populations are clearly visible, even after dilotif

For themyao < 24.5 sample, the photo-z scatter is smaller their signal with field galaxies, as discussed below.
(~ 5%), and furthermore many cluster members are spectro- As discussed in sectidn 2.2, for all analyses involving the
scopically confirmed, resulting in a tighter Gaussian in the characterisation of galaxy morphological structure, vneitli
upper panel of FigurEl2, thus for the bright sample we useOur sample to objects brighter thamso = 24.5. The sam-
0.1 < o < 0.15. For this sample, we estimate that about 50% Ple is thus reduced te 170 sources, out of which 13 and 12
(and at least 40%) of the galaxies should be cluster membersgalaxies are spectroscopic and candidates members, respec
thus statistically~ 29 (and at least 23) cluster members in this tively. o .
magnitude and redshift range in our catalog. Since we have 13 The mass completeness limits corresponding to the mag-
spectroscopic members and 12 candidates, this could sugge#itudesnao =25.7 and 24.5, estimated for an SSP formed
that, for the bright sample, our membership determinasion i atzi = 5, with solar metallicity and no dust reddening, are
less affected by contamination (as could be expected).-Over ~ 8.5x 10°M, and 25x 10'%,, respectively (Salpeter IMF).
all, this check confirms that our estimate of contaminatan f

the whole sample is realistic, if anything somewhat too high 2.4. Passive and star-forming galaxies
for bright sources. In order to broadly characterize the stellar populatiorppro
] erties of individual sources, we split the sample in two sd&s
2.3.2. Final samples of galaxies which are either essentially passively evajyor

In the end, we have a sample of 96 candidates, with 14 specstill actively forming stars. We initially assign galaxiesone
troscopic members, 31 “likely” and 51 “possible” candidéite ~ class or the other based on their restframe U-V and V-J col-
down tormy4o = 25.7. Based on the considerations discussed OrS (€.g.LWuyts et al. 2007, hereafter UVJ classificatias),

above, we expect the whole sample of candidate members t&alculated based on its redshift and the appropriate oederv
include about 50 interlopers, for the most part (3/4) sect SED (as selected in Selc. 211.2; spectroscopic redshifts are
as possible members. used where available). We use here the division between pas-

We stress that, because of the significant contamination ofSive and active galaxies in the U-V vs V-J plane as adopted in
our candidate member sample by field galaxies at similar red-Williams et al. {2009). _
shift, in most of this paper we will not be able to investigate ~ We then re-fit the observed SEDs of candidate members,

the detailed comparison of galaxy properties in cluster andat fixed redshift (photo-z or spectroscopic value), using-co
field environment az ~ 2. On the other hand, in spite of binations of templates from two different libraries. Thesffir
the significant contamination or in some cases thanks to thdibrary includes only BCO3 passive templates (age4.5 and
age> 0.6 Gyr), with different metallicities, no dust attenua-

8 We useB=0.72,2,=0.17 formuag < 24.5, andB=1, zp=0.51 formyag < tion, and a range of ages appropriate for the redshift rafige o
25.7, but note that given the very small area we probe, and theacsnation the candidate members. This library is thus only appropriat
from the cluster itself, these data are not ideal for modelifz), and thus the for passive galaxies in the relevant redshift range with |
parameters determined here should not be considered ferajgrurposes. - ! . - '

9 Four more sources classified as possible members are endbiedie tle dust atte_nuauon. The second library includes qnly BCO3
halos of bright objects and were excluded, because of thelear nature and ~ templates with constant SFH, attenuated by dust with E(B-V)

severely corrupted photometry. up to 1.2, and with a range of ages appropriate for the red-
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shift considered. This library may thus only describe adjiv Figure[® shows local density maps of the same sample
star-forming (SF) populations with a broad range in dust at- of candidate cluster membemygo < 25.7), as well as of
tenuation, including highly reddened sources. the mass-complete sample (logM/\+9.9), to picture more

If we compare the/? of the best-fits for cluster members clearly their projected distribution, the density enhaneat
obtained with these two libraries and with the EAZY stan- around the cluster center (taken as the center of the exdende
dard templates, we generally find that more than half of the X-ray emission, as quoted in Gobat etlal. 2011), and possi-
galaxies UVJ-classified as star-forming are best-fitted thie ble surrounding structures. As an estimator of local (pro-
EAZY library (lowesty? in 55% of cases), 40% are best-fitted jected) density, we used the density based on the distance to
by the constant SFH library, and only 4% have the lowé&st  the 39 nearest neighbouEs. We correct for edge effects by
with the passive library. Instead, candidate membersielass accounting for uncovered area within the distance to tHe 3
fied as UVJ-passive are essentially never best-fitted by con-nearest neighbour, however minor edge effects may stitl per
stant SFH templates (with the exception of a source close tosist. Contours from the density map of the full flux-limited
the dividing line), and in 90% of cases has,csve < XZary Mo < 25.7 sample of candidate members (top-left panel of
(we note that the best-fit EAZY SED can also be essentially Figure[$) are shown overlaid on the WFC3 F140W image in
passive, with the greatest contribution coming from tetgsla  Figure[®. Figurés also shows local density maps of differ-
of evolved populations. In the great majority of cases, this ent sub-populations of the mass-complete sample, to ligihli
alternative classification based on the comparison of SED fittheir different (projected) distribution.
with different libraries agrees with the UVJ selection. bry Figures 4 anfl5 clearly show the characteristic nature of the
few cases the two classifications do not agree (see Figure 3)galaxies in the central concentration, including many wass
these are close to the dividing line of the UVJ plot, where it red, passive sources within 100-150 kpc of the cluster cente
is thus particularly useful to also have a different apphgac West of the cluster center, these figures show an overdensity
and/or faint sources whose SED is poorly constrained dueof galaxies which seem distinct in nature, less massive, sta
to large photometric errors. In these few cases we adopt thgorming, and (whenever the measurement is possible) with a
SED-based classification. late-type structure (Figufé 7). Half of these are spectypisc

Our sample of candidate members is thus ultimately divided cally confirmed to be cluster members.
in 18 passive (6 secure members plus 4 likely and 8 possible Another overdensity in the projected distribution of candi
candidates) and 78 actively star-forming galaxies (8 secur date members is located south-east of the cluster centar Ho
members plus 27 likely and 43 possible candidates). ever, as Figurel4 shows, it is made in large part of candidates
less likely to be at the cluster redshift, and it containspercs
3. GALAXIES ASSOCIATED WITH THE CL1449+0856 STRUCTURE  tr95copically confirmed member. The reality of this struetu

As discussed above, our selection of candidate membersould not be confirmed with the current spectroscopic cover-
should be highly complete but also significantly affected by age, partly due to observational issues (being locatedeat th
contamination from interlopers. While it is impossible ® r  edge of the field fully covered by WFC3 grism spectroscopy
move this contamination based on photometric redshifts, wewith all 4 orientations, and being made in large part of faint
can at least statistically investigate some propertieshef t sources).
cluster galaxy populations which are strong enough not to be Considering the mass-complete sample (blue and purple

diluted by the significant presence of interlopers. squares in Figurlgl4), and in spite of dilution due to integiop
) o ] contamination, a concentration of massive, of optically re
3.1. Projected distribution of candidate members (restframe U-\#1.3'1), and of passive galaxies in the clus-

We show in Figuregl4 arld 5 the projected distribution of ter core is evident. This central concentration appears-to i
candidate cluster members in the field. Note that both fig- clude mostly passive sources, but also some dust-reddened
ures show all candidate members — according to the specificstar-forming galaxies. These results seem to be largely sta
selection as labeled in individual panels — and are thus af-ble against the inclusion of interlopers. In fact, due toshe
fected by interloper contamination (as discussed in sestio lection criteria a large fraction of the less likely ("pdsisi”)
[2.31 and 2.3]2). While the more uncertain "possible” mem- members is made of low-mass star-forming galaxies below
bers make up about half of the futh49 < 25.7 candidate sam-  the mass completeness limit (75%, vs 50% for “likely” mem-
ple, their contribution is higher at low masses, and goesxdow bers). More specifically, the concentration of massive, red
to <30% and 25% for the logM/M >9.9 and logM/M, >10.4 and passive galaxies in the cluster core does not depend on
mass-complete samples highlighted in the figures. Account-the inclusion of less-likely members.
ing for spectroscopic members and the estimated contamina-
tion for “likely” and “possible” candidates, we estimateath 3.2. Structural and stellar population properties
these mass-complete samples are affected by an overall con- poqgive systems, as well as more massive galaxies

tamination of< 40% and~ 30%, for logM/M> >9.9 and  (15gm/M, >10.5), seem to be effectively segregated in the

logM/M, >10.4, respectively. . . ; o
Figure[4 shows individually all galaxies in the field, high- i%%téallgéufsrger;rt%ge'%rlhgggrggﬁtrtgfrds of these galaxiethisi

lighting "possible” and "likely” candidate members, as el At jeast in the mass range probed by our morphological
as the nature of their stellar populations as estimated fromanalysis (logM/M, >10.4), this segregation is also evident

their SED (sectioh 214). for high-Sersic systems(> 2), which are all within a clus-
10 when a spectroscopic redshift is not available, as disduabeve we [tz]ercenmc distance 0+150 kpC, as shown in FlgurE$ 5 and
fix the redshift to the photometric value, which is a sensiiieice given that "
a photometric redshift is incomparably better constrainéth the general
template library. Nonetheless, we note that for most (70%4¢he passive 11 The restframe U-¥1.3 threshold, as used here when referring to opti-
sources, constant SFH templates give a poorer fit even ihifeds left as a cally red sources, is close to the observed Y-K color cut urs&8iobat et al.
free parameter. (2011).
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FIG. 4.— Left: The distribution of galaxies brighter tham 40 = 25.7 in the studied field. Interlopers are plotted as gray csskile passive and star-forming
candidate members are highlighted in red and blue, respactiFilled and empty circles show likely and possible ddates, and spectroscopically confirmed
members are marked with a small green point in the centegeLand small circles show sources brighter thagy = 24.5 andm4o = 25.7. Yellow squares
mark candidate members with restframe &-¥.3, while blue and purple squares show thess complete samples of members more massive than log#91.9
and 10.4, respectively. Solid gray circles show clustdraenadii of 250 and 500 kpc (proper) at the cluster redshiforth is up, East to the leftRight: A
close-up of the left-hand panel in the cluster center. Sysae the same, gray circles mark clustercentric radii & &0d 200 kpc (proper) at the cluster
redshift. Two AGNs spectroscopically confirmed to belongh® cluster (Gobat et al. 2013) are marked by green stars.

This extends to a z=2 cluster previous results showingilar early-type fraction is found in the passive populatafn
that, already before ~ 1, the central regions of clusters our sample of interlopers at3 < z < 2.5. Conversely,
and groups generally exhibit a segregation of more massivepnly 1Oj4°% of star-forming candidate members more mas-
older, or morphologically evolved galaxies (e.g., amortg ot sive than the same limit are classified as morphologicayearl
ers|Rosati et al. 2009, Mei etlal. 2012, Muzzin et al. 2012). types. For comparison, Papovich et al. (2012) finds thattiabou
In particular, the studies of Kurk etlal. (2009), Tanaka et al 80% of candidate members in the cluster XMMLSS J02182-
(2012 2010b), Papovich etlal. (2010 2012) of two X-ray de- 05102 atz ~ 1.6 have Resc > 2 (in @ mass range similar to
tected low-mass clusters at ~ 1.6, suggest that at least ours).
some overdense structures, even with relatively low masses In turn, ~75fgo% of the logM/M, >10.4 candidate mem-
and already az > 1.5, host in their core galaxy popula- bers with an early-type morphology also appear to be pas-
tions which are particularly evolved, in terms of their siu  sive, with a similar fraction in our sample of interlopers at
ture, stellar populations, and assembled stellar masg@ms ¢ 1.5 < z < 3, although statistics are too poor to draw conclu-
pared to lower density regions at the same epoch, and possions. For comparisoh, Bell etlal. (2012) finds about 60% of
sibly in spite of the coexistence in the same volume of a early-type galaxies to be passive,zat 2, down to a stellar
population of galaxies which are instead still activelynier ~ mass limit of 55 x 10'*°M.
ing (e.g.,. Tran etal. 2010). Indeed, we recall results from _ _ .
several studies suggesting that, everz a 2, some proto- 3.3. The environmental signature on galaxy populations
cluster environments may already host galaxies more mas- In Figure[8 we show the projected number density profile
sive, with older stars, and more evolved structure, thanfor the whole mass complete sample of candidate members
their surroundings (e.gl, _Steidel et al. 2005, Kodamalet al. more massive than 1M, as well as for passive galaxies in
2007, Tanaka et al. 2010a, Hatch et al. 2011, Zirm et al.' 2012 this sample, and the related stellar mass profiles. For the pu
Spitler et all 2012). pose of this figure, the cluster center is taken at the cefiter o

With respect to the comparison of structural and stellar pop the galaxy overdensity, roughly located on a complex multi-
ulation properties, we note the clear correlation in our-sam component galaxy system, with asymmetric halos and tails
ple of candidate members (at least in the probed mass rangeglearly suggestive of an ongoing merging, thet in Gobatlet al
between a high-Sersic profile and evolved host stellar pop-(2011) was identified as the possible proto-BCG still in ayver
ulations (Figurél7), consistent with previous observatiah  active formation phase. This is offset b¥0 kpc (in projec-
similar redshifts in both field and high-density environrtsen tion) from the estimated center of the X-ray emission. Note
(e.g., . Cimatti et &l. 2003, Kurk etlal. 2009, Wuyts et al. 2011 that this offset is similar to what observed in lower redshif
Cameron et al. 2011, Bell etial. 2012, Papovich et al. 2012, clusters and groups, and is anyway comparable to the uncer-
Tanaka et al. 2012, Patel et al. 2012a). As discussed also inainty on the X-ray centroid position (Fassbender &t al1201
more detail below, 78%%"2 of candidate members more mas- [George et &[. 2012). All profiles shown take into account the
sive than the logM/M >10.4 threshold for morphological contamination by interlopers by resampling multiple tirthes

analysis, and identified as passive, havg4s >2. A sim- sample of candidate members, according to the contamimatio
estimates discussed above. The errors shown on the number
12 Here and in the following, errors on the fraction are caladdollowing density profiles are the largest between the Poisson error on

Cameron[(2011). the counts and the scatter due to the resampling. For stel-
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Projected number density [deg™]
0 550x10°  1,10x10®  1.65x10%  2.20x108

logM/Mg,, > 10.4

mass complete, logM/M,,, < 10.5 mass complete, U=V blue logM/Mgye > 10.4, N < 2

mass complete, logM/M,,, > 10.5 mass complete, U-V red mass complete, quiescent logM/Mg,, > 10.4, Nepaie > 2

FIG. 5.— Top panels: The projected density of candidate members around thercefitlke extended X-ray emission. A smoothed magxgfor the whole
flux-limited sample of candidate cluster members dowmigy = 25.7 (left panel, same sample as in Figlife 4), and for the maspletersamples of candidate
members with logM/M >9.9 and 10.4, respectively (middle and right pan&ljddle and lower panels: the two rightmost panels show tliig maps for high
and low Sersic index candidate members, for the logM/M0.4 sample shown in the top right panel. All other panelscivido not rely on morphological
analysis, showtz maps for different sub-populations of the full mass comp@gM/M, >9.9) sample shown in the top middle panel. These sub-popuagat
are selected in stellar mass, restframe U-V color, or standtion classification (thus essentially specific star fation rate), as indicated at the bottom of each
map. In all panels, the dashed circle shows the footprint@tatalog we used, while the two solid gray circles showtetaentric distances of 250 and 500 kpc

at the cluster redshift, from the center of the extended yXeraission. North is up, East to the left. Note that these mefes to the full sample of candidate
members, with no correction for contamination by interlspe
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FIG. 6.— The WFC3 F140W image of the studied area. Contours corre
spond to the density map of the full flux-limited sample ofdidate members
shown in Figurd b (top-left panel), with colors correspamgdio projected
number density levels in the same color scale. The dashelé sinows the
footprint of the catalog we used, as in Figlite 5. In the bottamel, a close-
up of the inner cluster region (white square in upper pasethown. White
circles show radii of 100 and 200 kpc (proper) at the clusdshift.

Strazzullo et al.

this profile (650kpc from the cluster center) would be about
250+ 100 times the density in the field at~ 2 (from wide
field measurements, e.d. Muzzin etlal. 2013, , see also sec-
tion[2.3.1), reaching central densities 4-5 orders of magei
larger than in the field within 100 kpc from the cluster center
We stress that this is only a simplistic approximation flusi
tration purposes, and of course we have no proof - and likely
no expectations - that this cluster is spherically simmetri

The purpose of Figurel 8 is to quantitatively show the in-
creased galaxy density of candidate members in the clus-
ter central region. A proper investigation of the shape
of the galaxy number density profile is beyond the scope
of this work, but we show as a reference the best-
fitting projected g-model® ((r) = oo(1 + (:)9)7,
Cavaliere & Fusco-Femiano 1978, witly the central pro-
jected densityyqore the core radius, angd the outer slope)
to the number density profile (black points) as a black line.
The profile suggests thaif, there is a core, it is very small

25

2.0

1.5

1.0

0.5

0.0 L L L
0.0 0.5 1.0 1.5
V-J
FiG. 7.— The projected distribution (top panel, as in Fiddrert) the UVJ

2.0

lar mass profiles, an error of a factor two on stellar mass is restframe color-color plot (bottom panel) of the sampleasfaidate members

included. At these masses the impact of less-likely (“possi
ble”) members is marginal, and we verify that the inclusion
or exclusion of these galaxies does not affect the profiles. T
light gray crosses in Figué 8 show, as a simplistic illustra

the density profile obtained by deprojecting the observed pr
file (black points) assuming spherical symmetry, with a sim-
ple approach similar to McLaughlin (1999), and assuming no
significant contribution to the overdensity beyond 650 kpc.

brighter than the limit for morphological analysig 4o < 24.5. This sample is
flux-limited, not mass complete: sources below the estimated mass complete-
ness of logM/M,=10.4 are highlighted with gray squares. Solid/empty sym-
bols show likely/possible members, respectively. Galxiassified as pas-
sive or star-forming are colored in red and blue, while galsxvith anse sc
higher or below 2 are shown as ellipses and spirals, respictiGalaxies

for which no acceptable fit could be obtained are plottediasgtes: visual
inspection shows that only one could be an early-type, ayeaseurce very
close to the cluster center.

Based on this estimate, the average volume number density 13 a generalization of core profiles which is often used to désceluster

of massive galaxies>( 10'*°M,) within the region probed by

galaxy number density profiles (e/g.. Girardi €t al. 2998nke et al. 2009).



Galaxy population properties in a2 cluster 11

(core radius 289 kpc), as also observed in low-redshift clus- o 10 ]
ters (e.g., Biviano & Girardi 2003). The best-fit~ 0.9 is L o8F o ]
close to typical values observed in the nearby Universe,(e.g 8 ﬁ 3
Popesso et al. 2004). Given the small offset between the X- <= 0.6F ]
ray centroid and the center of the overdensity, we note that € 0.4k + 3
this figure would be essentially the same if considering the g o logM/M_ >10 ]
X-ray centroid as the cluster center, the only relevantogffe 3 02F  @logM/Mon>10.5 + .
being the increase of the core size~t®0 kpc. 7 00 logM/My,,> 11 ]

The upper panel of Figufé 8 shows the fraction of candidate & " number denstty, ofl 3 —
members which are classified as passive in two radial bins & 10000k Onumbe(; deqsity,"qufescem 1 10 a
(within and beyond a clustercentric distance of 150 kpa), fo > = mass dZL'zE& guiescent E <
three mass-limited samples (logM§10, 10.5, and 11). In geprs?ecﬁdMnuq\tierl 4 oxic zﬁ
spite of the relatively poor statistics and of the contariare. 2 4000 ensity (N/Mpe? — left oxis]l |
by field galaxies, this Figure clearly shows that a largec-fra  § 2
tion of galaxies has already suppressed star formationein th ’: ] GE’)
cluster center, corresponding to the high-density redioms X 100 410 ©
by the profile in the bottom panel. The effectis seenin all the g ] @
mass-limited samples shown, with the possible exception of 5 1. €
the most massive systems1(0*'M). Statistics are too poor £ 10 1107 ¢
to draw any conclusion, but the lack of a clear environmental 2 — ] o
effect for the most massive galaxies would hint at a predom- § 1 , = . Jion®
inant role of mass-related factors (so-called “mass quench 100 1000
ing”, e.g.,.Baldry et al. 2006, Peng el al. 2010b), rathentha r (kpc)

local density, in quenching galaxies at the highest masses, Fic. 8.— Bottom: Number density profile of clust o imated
; o I ; IG. 8.— Bottom: Number density profile of cluster galaxies as estimate

at thIS_ eDOCh and for this kind of environment (bUt See, €.9., from the sample of candidate members (see text for detaipck and
Muzzin et al. 2012, for clusters at~ 1) In th,e Ol_"ter b'n, red symbols show the whole population more massive thdfiMg, and
(bEIWQeI’I 15Q ane 700 kp(_:) the passive fraction is CONSIS-  the sub-sample of galaxies classified as passive, respigcflack and red
tent with the field value (estimated from these same datausin symbols are slightly offset for clarity). Error bars inckithe Poisson error
galaxies classified as interlopers & & z < 2.5 and keeping ~ 2nd the uncertainties in membership determination (séf ke light gray
into account the resampling of candidate members) Howevercrosses show a simplistic deprojection of the observeditygmsfile assum-

. A H ing spherical symmetry (see text; units are galaxiesAvigad on the left-
we remind the reader that where the overdensity of clusterhand'y-axis). The gray-shaded and red-hatched areas sadwieired stellar
galaxies dr0p$, _ql|Utl0n from contamination dramaticalty mass density profiles (right-hand scale) for the same twekng- 10'°Mo,
fects the possibility to recover the properties of clustdag- whole population and passive sources, respectivelgp: The fraction of
ies. which thus appear similar to those of the field sample passive galaxies in two radial bins of clustercentric radiu< 150 kpc and
Sta{tistically Correcting for the contamination by int S "150< r < 700 kpc, solid symbols) as estimated from the sample of dateli

— . ¢ ' @m ' cluster members (see text for details). The passive fractsomeasured from
as it is done here, is expepted to give Iovyer passive fragtion these same data in the field (galaxies classified as intesi@pd5 < z < 2.5)
(if field galaxies have a higher star-forming fraction), @sp  is shown with empty symbols. Black, dark-gray and lightygsgmbols show
cially in the outer regions were field contamination is more Mass-complete samples with logMi\4+-10,10.5, 11, respectively.
significant. Finally, we note that the passive fraction that
measure in the field is consistent with previous determina-populations, as discussed in the introduction.

tions at redshift two, for instance we find a passive fraction Based on the results of SED fitting, in our sample there

of 50 + 15% at masses logM/M = 1115+ 0.35, close — are nine candidate members with stellar masses exceeding
given the uncertainties — to the estimates of €.q., Daddi et a 10''M,, six of which are spectroscopic members. These ob-
(2005a), Brammer et al. (2011), Patel etlal. (2012b). jects are mostly concentrated close to the cluster cenitr, w

Compared taz ~ 1 clusters, we find as expected higher 5 of them within a clustercentric distandg <100 kpc. Only
star-forming fractions, but we recall the caveat just dis- two are classified as actively star-forming based on oue-crit
cussed above which might bias high our estimates. For in-ria: one candidate ak; > 600 kpc, and one component of the
stance, in the range 10.2BgM/M < 10.95,[Muzzin et al. proto-BCG system that from recent analysis seems indeed to
(2012) finds about 20% of cluster galaxies with still active be associated with the cluster (Gobat et al. 2013). Accgrdin
star formation within 200 kpc from the cluster core, while to our criteria, its SED is classified as star-forming. While
we estimate about 50%. However, at high stellar masseshe photometry of this source is likely significantly affedt
(logM/Mg >10.95) 7Q§8% of galaxies within 200 kpc ap- by the presence of multiple components and neighbors, a de-
pear to be already passive, a result which is not likely to betection in the Herschel PACS imaging indeed suggests a SFR
produced by field contamination, and is already similar &0 th of order~100M,/yr (Gobat et al. 2013). All the other seven
low (~ 20%) star-forming fractions estimated by Muzzin et >10"'M,, candidate members are classified as passive, four of
al. in theirz ~ 1 sample. them with an early-type morphology, although one is embed-
. . ded in a large asymmetric halo with features suggestive of a

3.4. The high-mass tail recent interaction. The remaining three galaxies classife

At z < 1.5, very massive galaxies are a characteris- passive aré) a likely member of disky morphologii) a pos-
tic population of cluster cores, which generally exhibliet  sible member with distorted shape showing a large tail, and
most evolved morphological structures and stellar popula-iii) a galaxy very close~(1.5") to the star-forming component
tions. However, studies af> 1.5 clusters often show signifi-  of the proto-BCG mentioned above, identified in Gobat &t al.
cant activity (from both the star formation and mass assgmbl (2011) as a proto-BCG component itself, and for which we
points of view) even at the high-mass tail of cluster galaxy were not able to obtain a reliable Sersic fit, likely due to its
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complicated surroundings. The F140W images of these thredlius is likely not much larger than 500 kpc, and thus that a
galaxies are shown in Figuré 9. r < 500 kpc area accounts for most of the mass in galaxies in
In spite of the mentioned caveats, these observations wouldhis system (as would be also suggested by Figlure 8). We es-
thus picture the high-mass end galaxy population in this-clu  timate the stellar mass in galaxies within this afekeeping
ter as a mix of passive galaxies with already establishdg-ear into account contamination by interlopers as discussedeabo
type morphologies, and of galaxies which are instead still a and extrapolating down to stellar masses of\Mg assuming
tively forming their stars, assembling their mass, orregfg  that the shape of the mass function is similar to what mea-
their structure, in some cases clearly through interastitve sured at 15 < z < 2 bylllbert et al. |(2010). The stellar mass
note that, with the exception of the proto-BCG complex, the calculated in this way is21x10'°M,. Based on this, we then
central region withinc150 kpc from the cluster center hosts estimate the cluster mass using its relation (in the nearty U
the most evolved of these very massive galaxies, while thoseverse) with stellar mass in galaxies as determined by Amdreo
star-forming or with disk or irregular morphologies tygdiga (2012). Since as discussed above we do not knowsgeor
lie outside of the cluster core, d§ > 350 kpc. rao0t° Of this cluster, we apply both local calibrations based
As already mentioned in sectibh 3, the most massive galax-on stellar mass withinsgo andrqo, in the reasonable assump-
ies in the core of this cluster already show a very high passiv tion that the 500 kpc radius we use must be between or close
fraction (8320% for the fully spectroscopically confirmed to one of them. The two estimates, —45 x 10M,, are

sample of M-10'"M, members within 150 kpc from the consistent given the uncertainty of at least 50%. This would
cluster center), close to the estimate by Raichoor & Andreoncorrespond to a stellar mass fraction within the 500 kpc
(2012) for very massive galaxies close to the central area ofarea of~4-5%, also in agreement with other measurements
JKCS 041, assumed to be at rough|y similar redshift. uptoz ~ 1 (G|0d|n| etal. 2009, Leau.thaud et .al. 2012, for
As also found in other studies at this redshift, the frac- the same IMF). On the other hand, while there is currently no
tion of very massive galaxies which have already attained €vidence for a significant evolution of the stellar mass-frac
an early-type morphology is significantly lower than at lowe tion in clusters up te ~ 1, there might well be a stronger
redshift. Both in our cluster and8.< z < 2.5 field samples, ~ €volution betweez ~ 1 and 2. The actual amount of such
40+15% of galaxies more massive than'id,, are classified ~ evolution is difficult to quantify, and we note just for refer
as morphological early-types (or 20% for > 2 x 10"M, ence that the Bower etlal. (2006) semi-analytic model would
in agreement with Buitrago et/al. 2011). On the other hand, Predicta slightly lower stellar mass fraction for groupétir-
the fraction of early-types could be larger forl0''M,, pas- sized haloes a = 2 (Balogh et al. 2008), which would thus
sive galaxies (6@15%, larger than the 28.5% estimated by mildly increase, by~-30%, our estimate for the cluster mass.

van der Wel et al[(2011), but still consistent given the iign ~_In any case, our revised estimate of the cluster mass based
icant errors). on stellar mass in galaxies is close to previous deternansgti

We stress nonetheless once more that, given the significant
assumptions and uncertainties involved, this remains anly
crude guess.

4. PASSIVE EARLY-TYPE GALAXIES

According to the criteria described above, down to the com-

pleteness mass limit of. B x 10°M, we identify 8 passive
& “likely” members and 4 passive “possible” members. As dis-
[ , cussed above and shown in Figlte 4, these candidate mem-

FiG. 9.— WFC3 F140W cutouts of the three massive candidate meambe bers — and in particular those. most likely associated wiéh th
classified as passive (from both criteria described in seid), that do not  cluster — tend to be located in the cluster core, at a cluster-
have an early-type morphology (left and middle panel) omfbich a reliable centric radius 0k150 kpc. As expected, the fraction of can-
fit could not be obtained (right panel). Cutout size is 3"~@6 kpc at z=2. didate members classified as passive strongly dependslon ste

lar mass. At masses below logM4w 10.5 passive galaxies
. ) ) seem very rare: we have only two in our mass-complete sam-

3.5. An estimate of the cluster mass fromits host galaxies ple, making up 1%5% of the 99 <logM/M,, < 10.5 popu-

As reported in[ Gobatethal (2011), the total mass of lation of cluster candidates. Statistics are poor, and the e
Cl J1449+0856 as inferred from its X-ray luminosity would act number could be affected by contamination and photo-
be Mogo = 5.3 + 1 10"Mg,,. [Gobatetal.[(2011) also at- Z uncertainties, but there seems to be a paucity of passive
tempted an independent estimate of the cluster mass baseeandidate members at low stellar masses in our sample (see
on the stellar mass contained in the red galaxies in the veryalso e.g., among others, Kodama et al. 2004, De Lucid et al.
central (20”,~170 kpc) overdensity. We attempt here a re- .2007, IIbe_rt et al. ZQJ.(),_RUanCk et_al. 2012, at lower to sim-
finement of this estimate based on the sample of candidatdlar redshifts, and in different environments). The passiv
members within a clustercentric radius of 500 kpc. We stressfraction increases at higher masses, getting t62%80 at
that this only gives a very rough indication of the clustessja ~ 10.5 <logM/M,, < 11, and up to the 80% for logM/M, > 11
since besides the biases related to the selection of caadida as quoted in SGPU@A- . .
members, which are extensively discussed above, there are Down to our limit for morphological analysisno < 24.5,
many additional important uncertainties including ourdgn ~ M> 2.5 x 10'%Mj), our passive sample contains 8 “likely”
rance of the cluster virial radius, and of the redshift etiolu
up toz ~ 2 of the relation between cluster total mass and _ 54 \é\i’gucrf&e“ for a small fraction of uncovered area beyond 3f) kee
Ste”.ar mass in gaIaX|es. . . . 15 As for _the usual definitiqn:5oo andrago are the radii withi_n Whiqh the
~ Given the cluster redshift as well as the previous mass €Smean density of the cluster is 500 and 200 times, respegtithe critical
timates, it is reasonable to assume that the cluster vaial r density of the Universe at the cluster redshift.
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F1G. 10.— WFC3 F140W cutouts of the 6 massive passive membebhsanmitesc > 2. The top, middle, and bottom panels show the image, moddl, a
residual for these six sources. Cutout size is 3"+26 kpc at z=2.

and one “possible” candidate members. While the surfaceour grism data, that their redshift can be measured discard-
brightness distribution of most of these 9 sources may be de-ing their association with the cluster. This sample of field
scribed with an > 2 Sersic profile and is overall suggestive z ~ 2 passive galaxies might thus be, in principle, not com-
of an early-type structure, this sample also includes theeth  pletely representative of the logMiM> 10.4 population of
massive ¢ 10'M,) passive systems with disk, distorted or passive galaxies at this redshift. On the other hand, we also
undetermined morphology, that were discussed in seci#n 3. note that at the mass of these interlopersi(0'M,) all the
(Figurd9). These three galaxies are excluded from theviello  passive cluster early-types are spectroscopically coatifiso

ing analysis. Cutouts of the six remaining bona-fide passiveat least at these masses there is no uncertainty due to member
cluster early-types (five spectroscopic and one likely meanb  ship determination and we can make a meaningful, homoge-
are shown in Figurie 10, together with their Sersic models andneous comparison between cluster and field passive eardy-ty

residual map$. galaxies in our field.
Analogously, in the redshift range close to the clustes @
z < 3, corresponding ta1Gyr around z=2) we identify 6 4.1. The mass-size relation of passive cluster early-types

(all spectroscopic) interlopers classified as passive atidav
likely early-type morphologl. The passive nature inferred
from their photometry is also confirmed by their spectra.
Cutouts of the 6 passive interlopers are shown in Figureot 1, t
gether with their Sersic models and residual maps. We ireclud
in this sample two sources with kBsesc < 2, which is be-
low the nsersic = 2 threshold adopted in this wofk and one
high-reersic source which shows signatures of interactfon

We note that this sample of interlopers might be biased,
since due to our membership criteria sources in this redshif

{ﬁnge arebh_ke;]I%/ to be <r:lla55|(1;|ed as_tc):land|date rrgember?] unlesgyis important caveat, we just note that the median elliggtic
ey are bright enough, and possibly compact enough given_ g 3 of the cluster early-types seems very similar to what is
16 . . observed at low redshift (e.g., Holden et al. 2009) in a simil

These include the early-type galaxy surrounded by a largeaetric =

halo already mentioned in section 3.4 — this source will lghlighted below mass range_. . .

were relevant. All galaxies in Figure[JP? appear to be more com-
17 We note that, although four of these interlopers have a aimddshift pact than similarly massive early-types in the nearby Uni-

1.86 < z < 1.90, the projected separation between any two of them is stt lea verse, in agreement with many previous studies at high

200 kpc, and three out of four lie at more than 300 kpc from thster center. redshift in clusters and field (e.g., among many oth-

18 . . : ‘

19 iﬂgiﬁ&fg‘fﬁ;’"ﬁjﬁ i%atr;fzc:?tﬁ _members with arbése < 2. ers,[ Daddi et al.[ (2005b), Truijillo etlal. (2006a), Zirm et al
ght-hand panels of Fifuie 1d zapears = - L y 4 \ /

in Figure[T2 with a logM/M=11.2 and an effective radius of 0.95 kpc. If  (2007), [Cimatti et &l. (2908), van der Wel et al.__(2008),

fitting the faint component north of the source, its Sersieinand size are  |Rettura et al. [(2010),_Williams etlall (2010), Cassatalet al.

reduced by 30-40%. As Figufe]12 shows, adopting the loweresitimate,  (20171)] Cameron et al. (2011), but see alsole.g. Saracc et al

or excluding this source (as well as the twesg: < 2 systems) from the (200())’ Onodera et &l (‘2010) ,Mancini ot & (2_.010))

sample, would not change our conclusions. - - :
For comparison, we show in Figufel12 the most com-

In Figure[12 we show the ellipticity and circularised effec-
tive radius vs stellar mass for the passive candidate mem-
bers withnsgsec > 2, or in fact> 2.5 for all but one of
the plotted sources. The six passive spectroscopic ipterlo
ers at 15 < z < 3 are also shown, including those with
1.5 < nggrgc < 2 as spiral symbols.

While the average ellipticity of the cluster early-typesds
to be somewhat lower than for those in the field, statisties ar
too poor to draw any significant conclusion concerning en-
vironmental dependence as well as redshift evolution. With
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FIG. 11.— WFC3 F140W cutouts of the 6 massive passive interfopéth ansesc > 1.5. The top, middle, and bottom panels show the image, modél, a
residual for these six sources. Cutout size is 3"+B5 kpc in the considered redshift range.

monly used local reference relation (Shen €t al. 2003), laed t 1.0F
determination by Valentinuzzi etlal. (2010) for nearby elus s ]
ter early-types. While the_Shen et al. (2003) relation has 0'8;_ g
been shown to be affected by some errors and biases (€.9:5 o 6F 1

T
1

Guo et al: 2009, Taylor et al. 2010, Valentinuzzi et al. 2010) = . * ¢

due to its widespread use in previous work we use it as the= 0.4 | =
z=0 reference to compute size evolution factors, for ease of ¢ L L ° ]
comparison with other results. We remind the reader that, 9-2[ ® E
while our morphological analisys is carried out in the rest- 0.0 :

frame optical £4700A), the_Shen et Al. (2003) sizes are still 10k .

measured at longer wavelength (z band), which might raise
issues of morphological k-correction, although up to now o
this does not seem to be a serious concern for the kind ~—
of sources studied here (Cassata &t al. 2010, Damjanov et al. 5 I
2011/ Cameron et al. 2011). o - i g
While keeping in mind the small size of our sample, from
Figure[12 interlopers seem to have a larger spread in size,
and to be systematically more compact than candidate mem-
bers of similar mas8. As compared to the Shen ei al. (2003)
relation, cluster early-types have sizes smaller on aeerag
by a factorre/reshen2003 = 0.44 + 0.06 (rms range~ 0.2- )
0.7), while field early-types have an averagére shen2003 = 10"
0.22 + 0.06 (rms raggev 0.1-0.5). This would support (at
least at masses 10''M,) recent claims on the typically
larger sizes of early-types in ,h'gh'redSh'ft dens_e envients FiG. 12.— The ellipticity and effective radius as a function t#llsr mass,
(Cooper et all_2012, Papovich et al. 2012, Zirm etal. 2012, for cluster (black) and field (gray,8 < z < 3) passive early-type galaxies
Tanaka et al. 2012). in the probed area. Two field galaxies wittbk nsersic < 2 are included,
Although still debated, a correlation has been claimed by ﬁ”d are shown as spiral symbols. In the bottom panel, the aoll dashed
; . ] ines show, respectively, the local determination of tieflat-mass size rela-
Several_StUd|eS across a broad redshift ra_nge, betweemh_e S tion by[Shen et al! (2003) for early-type galaxies, and_byeMahuzzi et al.
of passive early-types and the age of their stellar popriati (2010) for nearby cluster early-types. The dotted linesisioo reference the
with older galaxies having smaller sizes, (€.g., Bernardlle  [Shen et&l[(2003) relation scaled by a factor 2,3, and 4 & siz

(2010), Valentinuzzi et al. (2010), Saracco etal. (20113 an : L
references therein. but see also results in B.a.. Cimatl et 'eSPect, we note that the difference in size between cluster

2012)] Onodera et [, (2012), Whitaker et al. (2012)). Iath 2nd field early-types in Figufe 1.2 does not seem to reflect a
( ) ) . (2012)) difference in age. We show in Figurel13 the size evolution
20\\e note that this is not due to the largé ¥ z < 3 bin — in fact, the four factorr for th(?ZlOllMO sources W'th respect to tl:‘e Shen et al.
very compact galaxies are very close to the cluster redshif8 < z < 1.9, (2003) relation, vs. the “age”, defined as the time when half
while the two atz > 2.5 have sizes closer to the cluster members. of the stellar mass at the epoch of observations was formed

d

Ive ra
T
1

effect

stellar mass (M,,)
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(based on the star formation history of the best-fitting nhode are essentially no passive early-types within df the local
SED). At M>10*M,, the cluster and field samples are com- relation. This might be linked to the still incomplete evidn
parable in stellar mass, sizes are relatively well consdai of a massive, core galaxy population at this epoch, at least i
and both samples are fully spectroscopically confirmed. Ourthis cluster.
poor statistics and very rough age estimates do notallowust On the other hand, the evolution of the mass-size rela-
draw any conclusion on the age vs size relation of earlygype tion does not necessarily imply an evolution in size of indi-
in this work, but we cannot see any evidence of segregationvidual galaxies, and its interpretation is complicated by-s
in this figure between cluster and field galaxies, besides theeral biases and selection effects, as discussed in many stud
larges sizes of cluster early-types, already shown in Eigur ies including e.g., Franx etlal. (2008), Bernardi etlal. (201

. Hopkins et al. [(2010), Williams et all (2010), Saracco ét al.

Assuming a size evolution of the form (1#z)x would (2009 2010 2011), Poggianti et &l. (2012). In particulag, th
be 0.75:-0.15 for cluster early-types, and %£@.2 for the mismatch between samples of early-types at different red-
field. This amount of size evolution for field early-types at shifts is often considered as a significant contributionhi® t
this redshift would be in close agreement with previous es- observed evolution of the mass size relation, as recenthy su
timates (e.g.,._van Dokkum etlal. 2008, Buitrago et al. 2008, marized by e.g., Carollo et al. (2013) and Cassatalet al 3201
van der Wel et al. 2008, Cassata et al. 2011, Damjanov et alwith representative early-type samples ugte 1 and 3. In
2011, [Cimatti et al.| 2012) Patel etal. 2012b), although fact, as observed in the general field and, albeit with some
other studies have found somewhat milder evolution (e.g.,differences, in all environments, continuous quenchingfaif
Cimatti et al.. 2008, _Papovich etlal. 2012, but see discussionforming galaxies through cosmic times significantly inaes
below). We note that such comparison may be biased by thethe number density of passive galaxies — by about an or-
many systematics affecting the measurement of the mass-sizder of magnitude in the field between~ 2 and today, in
relation, especially at different redshifts and on différéata the mass range of our passive sample (e.qg. llbert et al/ 2013,
sets. Nonetheless, taken at face value, our estimate ofzéhe s IMuzzin et all 20113). If galaxies quenched more recently have
evolution factor for early-types is consistent with the esfa- typically larger sizes (as for the age-size correlationulsed
tions from previous measurements. above), the observed mass-size relation evolves eveniif ind

Interpreting the difference in average size of field and-clus vidual early-types in the high-redshift samples do not. In-
ter early-types as evidence that structural evolution eebc  deed| Valentinuzzi et al. (2010) showed how early-typeh wit
erated in the cluster environment, would suggest that clus-sizes below the Shen et al. (2003) relation by a factor 2-3 can
ter early-types reach - on average - the observed (at2) be found also in nearby clusters, even at high stellar masses
size about 3 Gyr earlier than early-types in the figskum- (> 10''M,). Such compact galaxies tend to have older stel-
ing a smooth evolution of the form given above in the field, lar populations than average-sized ones, and thus made it
down to at leasz ~ 0.8. Note that, while some work pre- into the early-type samples at earlier times, shifting the a
sented evidence for a smooth size evolution in the B< 2 erage mass-size relation at higher redshifts to lower skxes
range(Damjanov et &l. 2011), other studies suggest that evotempts to model the effect of such kind of progenitor bias
lution could be faster before~ 2 (Cimatti et all 2012). With  on the mass-size relation evolution (van der Wel et al. 2009,
this important caveat, we note for comparison that a differ- Valentinuzzi et all. 2010) suggested that, by comparing/earl
ence in stellar populations has sometimes been interpasted type samples at redshift 2 and 0, the observed z=2 mass-size
a delay in the formation of the bulk of the stars in field rela- relation could be shifted to lower sizes by a facta30% even
tive to cluster early-types ranging from0.4 to 2 Gyr (e.g.,  without any size evolution of the individual z=2 galaxiesr O
Thomas et &l. 2005, Bernardi etlal. 2005, Clemensl|et al! 2006the other hand, we recall that the analysis of size evolution
van Dokkum & van der Margl 20017, Rogers et al. 2010, all in in age-controlled samples by Cimatti et al. (2012), albgit a
the nearby Universe). However, several other studies, in-
cluding work at higher redshifts, generally concluded that 1.0 ' ' ' ' '
if there is a delay it is small~<( 0.5 Gyr), and often as- - Zem>3 0
cribed the slightly different stellar populations to a mooen- o8k Zom>S 0
plex difference of star formation histories in differentven L ;
ronments rather than a delay in the bulk of the star forma- [ i

tion (e.g.. Moran et al. 2005, Gobat etlal. 2008, Thomasiet al.
2010, Rettura et al. 2011, and references therein).

In any case, Figure12 excludes the presence of extremely
compact passive early-types in the cluster, at least in tmsm @
range and area probed here. We recall however that this sam- L ]
ple does not include the passive component of the proto-BCG, r 1
for which we do not have a reliable estimate of morphologi- 0.21 E ]
cal parameters, as well as the red, compact AGN host that
we discarded from the spectroscopic member sample dueto  0.0[ ! ! ! ! !

re/ re.shen2003

severe uncertainties in the determination of its propgras 0.0 0.5 1.0 1.5 2.0 2.5 3.0
discussed in sectidn 2.3. In principle, either or both might ‘age’ (Gyr)

be examples of very compact early-types in the cluster core.

Besides this caveat, cluster passive early-types seenvio ha Fic. 13.— The “age” vs size evolution factor for the 10"'M cluster

sizes typically a factor2-3 smaller than similarly massive (b'gct't‘] S{mtﬁ's) t?\”dJ'ﬁ!d.t(gfay fs%mbol'st)t Pfss'vetiaf'gﬁ%'gﬁ.e F'gt"ﬂzt'
H H H . an e text 1or tne aernition O e plotted quantiues)a Ines are no

Qarly-types n the, nearby Unlv_erse' With th,e pOSS|bIe.excep errors on the size determination (see Fidurde 12), but shewfflset in evolu-

tion of the massive source with asymmetric halo which, as tion factor if using M5 rather than BCO3 stellar masses ftiersame local

mentioned above, may suggest a post-interaction stage, the reference .
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fected by some cavedts might suggest that the effect of this environment.

bias could instead be relatively mild. Although such amount e A first analysis of the spatial distribution of galaxies
of progenitor bias would be, in any case, insufficient toyfull around the cluster center would suggest a profile shapelbvera
explain our observed size evolution, it still complicatae t  similar to what observed in nearby clusters, consisterit @it
guantification of the relevance of size evolution for indival small-cores model withg ~ 0.9.

galaxies, especially when coupled to other biases andmyste e From the estimated stellar mass in galaxies, and using the
atics on the determination of sizes (el.g., Pannellalet 81920 relation between stellar mass and total mass of groups and
Mancini et al/ 2010) and stellar masses (IMF, stellar popula clusters in the nearby Universe, we obtain an indicative est
tion models, etc.). In this respect, we note that stellarsmss  mate for the cluster mass of about 50'3M, consistent with
estimated with the M05 models for the sample of early-types the mass inferred from the X-ray emission.

in Figure[12 are lower by, on average, about a factor 2, thus e We observe a clear correlation between an early-type mor-
decreasing the average evolution facty/fe shen2003 ~ 0.7 phology and passive stellar populations, as also observed i

rather than- 0.4 with BCO3 masses, see also Figuré 13). lower density environments at similar redshift.
e Massive passive early-types in this cluster are smaller on
5. SUMMARY average by a factor 2-3 with respect to the Shenlet al. (2003)

We have studied galaxy populations in the field of the z=2 determination of the = 0 stellar mass vs. size relation. How-
galaxy cluster Cl J1449+0856, using samples of (candidate)ever, they appear typically larger by about a factor 2 thaui-si
members selected through spectroscopic and photometric re larly massive field galaxies at the same epoch. While stztist
shifts. Our mass completeness limit is about®, (or are still very limited, this would lend support to recenticia
2.5x10'%M,, where morphological analysis is involved) at the Of accelerated structural evolution in high-redshift alerse
cluster redshift, thus probing the massive populationaster environments. _ )
galaxies. This study pictures Cl 1449+0856 as a still-forming cluster

We summarise below our main results: which retains some expected characteristics of low-mass sy

« In spite of the residual contamination from field galaxies, tems at early times, including massive galaxies still @tjyiv
which is expected to be relevant especially at low masses, th forming close to its center, and likely infalling substrues
cluster clearly stands out as an overdensity both in thehiftds ~ accreting onto the central regions lower mass, less evolved
distribution and in the projected distribution of galaxiethe ~ galaxies. On the other hand it shows how, at the same time,
sky, close to the center of the extended X-ray emission.dn th early formed massive galaxies, quite evolved both in their
centralr < 100 kpc region, the projected number density of structure and in their stellar content, are a major compbnen
cluster galaxies more massive tharl0'°M,, is estimated to ~ Of galaxy populations in cluster cores already 10 billioarge
exceed 100 galaxies/Mpdor a stellar mass density exceed- ago.
ing 10"M/Mpc?2.

e The highest density cluster core is already traced by a
population of massive, quiescent, early-type galaxiesth@n We thank Maurilio Pannella, Anna Cibinel, Mark Sargent,
other hand, massive star forming galaxies, often signifigan Matthieu Béthermin, Gabriella De Lucia, and Stefano An-
dust reddened, also populate the cluster core, as observed idreon for valuable inputs, suggestions or comments atwsirio
otherz > 1.5 clusters. It thus appears that the core of Cl stages of this work. We also thank the referee for construc-
J1449+0856 might be in a transitional phase, where a populative feedback which improved the presentation of this study
tion of already massive and passive early-types coexidts wi VS, RG, and ED were supported by grants ERC-StG UP-
galaxies still actively forming their stars, and in someesas GAL 240039 and ANR-08-JCJC-0008. AC acknowledges the
reshaping their structure through interactions or merging grants ASI n.1/023/12/0 "Attivita relative alla fase B2ffer la

¢ Besides the central overdensity which hosts the most mas-missione Euclid” and MIUR PRIN 2010-2011 "The dark Uni-
sive and evolved galaxy populations, a secondary galaxy converse and the cosmic evolution of baryons: from current sur-
centration at~250 kpc seems to host galaxies of clearly dis- veys to Euclid”. Partly based on data collected at the Subaru
tinct nature, with lower masses, on-going star formation, a Telescope, operated by the National Astronomical Observa-
late-type morphologies. tory of Japan, and at the Very Large Telescope, operated by

e Environmental signatures on galaxy populations are evi-the European Southern Observatory. Partly based on obser-
dent within~200 kpc from the cluster center, where the great vations made under program GO-11648 with the NASA/ESA
majority of morphological early-types and of passive geax  Hubble Space Telescope, which is operated by the Associ-
are concentratred, resulting in a clear increase of theygass ation of Universities for Research in Astronomy, Inc., un-
fraction of massive galaxies. However, at the highest nsasse der NASA contract NAS 5-26555. Partly based on observa-
(> 10'*M,) the passive fraction is closer to (and consistent tions made under programs GTO-64 and GO-80103 with the
with, given our uncertainties) the field level, which mighgs Spitzer Space Telescope, which is operated by the Jet Propul
gest a predominant role of mass over environment quenchingsion Laboratory, California Institute of Technology under
for most massive galaxies at this redshift and in this kind of contract with NASA.”

21 Besides the intrinsic difficulties in estimating galaxy sg@imatti et al.

o . uniform across their sample - see original paper for details
(2012) used a compilation of literature data, thus age nteasents were not P 9 pap
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