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ABSTRACT

We present a multi-wavelength study of galaxy populations in the core of the massive, X-ray luminous cluster XMMU J2235 at
z = 1.39, based on high quality VLT and HST photometry at optical and near-infrared wavelengths.

We derive luminosity functions in the z, H, and K bands, approximately corresponding to restframe U, R and z band. These show
a faint-end slope consistent with being flat, and a characteristic magnitude M* close to passive evolution predictions of M* of local
massive clusters, with a formation redshift z > 2.

The color—magnitude and color-mass diagrams show evidence of a tight red sequence (intrinsic scatter <0.08) of massive galaxies
already in place, with overall old stellar populations and generally early-type morphology. Beside the red colors, these massive
(>6 x 10'° M) galaxies typically show early-type spectral features, and rest-frame far-UV emission consistent with very low star
formation rates (SFR < 0.2 Mg yr™).

Star forming spectroscopic members, with SFR of up to ~100 M/yr, are all located at clustercentric distances 2250 kpc, with the
central cluster region already appearing effectively quenched. Most part of the cluster galaxies more massive than 6 x 10'® M, within
the studied area do not appear to host significant levels of star formation.

The high-mass end of the galaxy populations in the core of this cluster appears to be in a very advanced evolutionary stage, not only
in terms of formation of the stellar populations, but also of the assembly of the stellar mass. The high-mass end of the galaxy stellar
mass function is essentially already in place. The stellar mass fraction estimated within rsyy (~1%, Kroupa IMF) is already similar to
that of local massive clusters.

On the other hand, surface brightness distribution modeling of the massive red sequence galaxies may suggest that their size is often
smaller than expected based on the local stellar mass vs. size relation. An evolution of the stellar mass vs. size relation might imply
that, in spite of the overall early assembly of these sources, their evolution is not complete, and processes like minor (and likely dry)
merging might still shape the structural properties of these objects to resemble those of their local counterparts, without substantially
affecting their stellar mass or host stellar populations. Nonetheless, a definite conclusion on the actual relevance of size evolution for
the studied early-type sample is precluded by possible systematics and biases.

Key words. galaxies: clusters: individual: XMMU J2235.3-2557 — galaxies: evolution — galaxies: high-redshift —
galaxies: luminosity function, mass function — galaxies: fundamental parameters

* Based on observations made with the NASA/ESA Hubble Space

Telescope under Program IDs 10698, 10496, and 10531, and with the IDs 60.A-9284, 072.A-0706, 073.A-0737, 074.A-0023, 077.A-0177,

Very Large Telescope at the ESO Paranal Observatory under Program  077.A-0110, 079.A-0758, and 081.A-0759.
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1. Introduction

Galaxy clusters at high redshift provide us with a unique yet
rare chance to investigate the effect of the highest density envi-
ronments on the evolution of galaxy populations. Due to the ex-
treme rarity of massive galaxy clusters, and especially more so at
early cosmic epochs, even wide-area deep surveys do not probe
these peculiar environments which thus need to be searched and
identified in specifically designed surveys, and then followed-up
with observations across a wide range of wavelengths in order to
maximize the scientific return of their discovery.

Thanks to considerable efforts with on-going cluster sur-
veys, which are utilizing a variety of methods (e.g., Gladders
& Yee 2000; Rosati et al. 2002; Eisenhardt et al. 2004; Wilson
et al. 2005; Wittman et al. 2006; Fassbender 2008; Staniszewski
et al. 2009; Andreon et al. 2009; Demarco et al. 2010, and refer-
ences therein), the number of known high-redshift clusters is in-
creasing, however only a handful of spectroscopically confirmed
galaxy clusters beyond redshift 1.3 have been discovered to date
(Mullis et al. 2005; Stanford et al. 2005, 2006; Eisenhardt et al.
2008; Wilson et al. 2009; Papovich et al. 2010; Tanaka et al.
2010).

Galaxy clusters at such high redshifts are not only important
for studying the emergence of the large scale structure and for
constraining cosmological models, but also specifically for the
evolution of massive early-type galaxies which seem to dom-
inate massive cluster galaxy populations even beyond redshift
one. The further back in cosmic time we can reach, and thus
the closer we can get to the major stages of the galaxy forma-
tion process, the tighter are the constraints we can set on the
evolution of these galaxies, as well as on the relevance of the
cluster environment in shaping their physical properties (among
many others, Toft et al. 2004; Blakeslee et al. 2006; Andreon
2006; Strazzullo et al. 2006; De Propris et al. 2007; De Lucia
et al. 2007; Kodama et al. 2007; Holden et al. 2007; Zirm et al.
2008; Andreon 2008; Lidman et al. 2008; Gobat et al. 2008;
Muzzin et al. 2008; Rettura et al. 2010; Mei et al. 2009; Collins
et al. 2009; Hilton et al. 2009; Rosati et al. 2009, and references
therein).

While the detailed study of galaxies with stellar masses
M S 101 M, is still limited at z > 1, even with the current
generation of 10 m class telescopes, massive galaxy populations
can be studied out to high redshift in sufficient detail, in terms of
their structure, star formation histories, and stellar masses. These
studies allow us to constrain the evolution of massive galaxies in
more nuances than the old, and now widely superseded in its
original form, “monolithic vs. hierarchical” question. This pro-
vides valuable input to theoretical modeling of galaxy evolution,
the detailed comparison of cluster and field galaxies being one
of the many examples (Menci et al. 2008; Romeo et al. 2008).

Taking advantage of the full range of available observations,
across the widest possible range of cosmic epochs and envi-
ronments, has become particularly important in order to probe
different aspects of galaxy evolution, and to test specific pre-
dictions of theoretical models. As an example, the introduction
of various forms of so-called feedback mechanisms to modu-
late galaxy evolution has reconciled previously considered “anti-
hierarchical” observations with hierarchical predictions (e.g.,
De Lucia et al. 2006; Bower et al. 2006, and references therein),
and elucidated the decoupling between star formation and mass
assembly histories of massive galaxies. In order to probe these
two processes independently, galaxy evolution has to be stud-
ied by directly sampling galaxy populations up to the highest
redshifts.
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Fig. 1. A color image of XMMU J2235 obtained by combining the ACS
F775W and F850LP and NICMOS F160W images (North is up, East to
the leff). The image shows a region of about 2 X 2 arcmin?, correspond-
ing to about 1 x 1 Mpc? at the cluster redshift.

In this work we present multi-wavelength observations of
the X-ray luminous galaxy cluster XMMU J2235-2557 (Mullis
et al. 2005, hereafter XMMU J2235, RA = 22P35m20%.82,
Dec = —25°57'40.3”, J2000) at z = 1.39, which is the most
massive virialized structure discovered beyond redshift one (Jee
et al. 2009; Rosati et al. 2009), spectroscopically confirmed with
30 cluster members with redshift in the range 1.37 < z < 1.41.
This is a follow-up work of the first multi-wavelegth analysis
presented in Rosati et al. (2009), which uses an enhanced data
set and is aimed at obtaining a more comprehensive picture on
the star formation, stellar mass distribution, and morphological
structure of the galaxy populations in the cluster central regions.

Throughout this paper, we adopt a Hy = 70 kms™' Mpc~!,
Om = 0.3, Qp = 0.7 cosmology, and the AB magnitude system.

2. Data and derived quantities
2.1. Observations and catalog production

This work is based on a multi-wavelength dataset collected in the
field of XMMU J2235 with the VLT and HST in the wavelength
range 3500 A to 2 um. In the following we use VLT photometry
(VIMOS U, FORS2 R, HAWK-I J and K;) and spectroscopy
(FORS2), and HST photometry (ACS F775W and F850LP —
hereafter i and z, and NICMOS F160W - hereafter H). A de-
scription of the first available HST/ACS data and VLT spectro-
scopic campaign has been published in Rosati et al. (2009); in
this work we use the full presently available ACS dataset, includ-
ing images from program GO-10496 (Dawson et al. 2009), as
was presented in Jee et al. (2009). VLT/HAWK-I data have been
published in Lidman et al. (2008), while VLT/FORS2 imaging
was presented in Mullis et al. (2005), thus we refer to these pa-
pers for a full description of these observations.

The NICMOS F160W data we used in this work were ob-
tained in August 2008 (GO 14, Proposal ID 10531, PI: Mullis),
resulting in a mosaic of about 2.5 x 2.5 arcmin? with an average
exposure time of ~1 h.
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Table 1. Summary of the imaging data used in this work.

Telescope/Instrument Filter FWHM Area (total/used)
(arcsec) (arcmin?)
VLT/VIMOS U 0.8 50/10.3
VLT/FORS?2 R_SPECIAL 0.75 50/10.3
HST/ACS F775W 0.1 11/10.3
HST/ACS F850LP 0.1 11/10.3
VLT/HAWK-I J 0.55 180/10.3
HST/NICMOS F160W 0.35 6.2/6.2
VLT/HAWK-I K 0.4 180/10.3

Notes. Columns 1 and 2 list the instruments and filters with which im-
ages were acquired. Column 3 gives an estimate of the image resolution.
Column 4 gives the total area of the image/mosaic in each passband, and
the actual area used to build the multi-wavelength catalog. Further de-
tails about these images, and additional information specific to their use
for different purposes in this work, are given in the text.

The U band data (ESO 079.A-0758, PI: Nonino) were ob-
tained in August 2007 with VIMOS at the VLT. 32 dithered ob-
servations were collected for a total of 6 h 20 m with seeing con-
ditions ranging from 0”5 to 1”2. The images were reduced and
stacked in a similar fashion to Nonino et al. (2009). The zero
point of the mosaic was derived using standard stars observed in
photometric nights. The limiting magnitude of the mosaic cov-
ering the cluster was estimated from the counts distribution in a
2" aperture' centered on 5000 random points. After correcting
for aperture effects (0.19 mag), and for the effect of the correla-
tion in the noise introduced by the coaddition step (0.2 mag), the
final value is 28.8 AB mag (10).

Source extraction and photometry were performed with
SExtractor (Bertin & Arnouts 1996), either in single-image (for
the determination of MAG_AUTOs used for deriving the lumi-
nosity functions) or in dual-image mode (for the determination
of aperture colors used for deriving the broad-band SEDs). We
adopted MAG_AUTO as an estimate of total magnitude, while
colors (and thus the broad-band SEDs) were estimated in aper-
tures of 1”7 and 1.5”. These aperture sizes where chosen based
on the typical angular size of galaxies at the redshift we are inter-
ested in, and on the resolution of the available data. The 1" aper-
tures allow us to measure colors of cluster members within 1-2
effective radii (see Sect. 4), while for estimating stellar masses
we used the 1.5” apertures as a compromise between optimising
the S /N, minimising the effect of neighbors, and reducing the
errors on the correction to total masses (see Sect. 2.3).

The angular resolution of our imaging data ranges from a
FWHM of ~0.1” for the ACS images to ~0.8"” for ground-based
optical images (see Table 1). In order to match these different
resolutions in the multicolor photometric catalog, aperture cor-
rections were applied in each passband as estimated from the
growth-curve of point-like sources in the field (similar to the ap-
proach described in e.g. Rettura et al. 2006). This resolution-
matching approach allows us to measure accurate photometry
without degrading the image quality in any of the passbands,
which is an important advantage when dealing with a crowded
field such as a cluster core’.

! Here and in the following, aperture sizes refer to the aperture
diameter.

2 For aperture sizes used in this work, and for our worse resolution
of ~0.8”, we estimate through simulation of synthetic sources (with
the IRAF task mkobjects) that this resolution-matching approach cor-
rects for systematics of 0.1 to 0.5 mag (depending on the aperture size),
with a residual systematic offset of 0.01-0.04 mag for a de Vaucouleurs

Magnitudes were corrected for Galactic extinction according
to Schlegel et al. (1998).

Multi-wavelength photometric and morphological catalogs
for the available sample of ~30 spectroscopically confirmed
cluster members will be published in a forthcoming paper
(Nuifiez et al., in prep.).

2.2. Photometric redshifts

We used the U, R, i, z, J, H, K; photometric coverage of the
XMMU J2235 field, to estimate photometric redshifts (photo-zs)
by comparing the observed photometry with a library of 33
SED templates covering a range of star-formation histories, ages
and dust content. Together with local galaxy templates (e.g.,
Coleman et al. 1980; Mannucci et al. 2001; Kinney et al. 1996),
we used a set of semi-empirical templates based on observa-
tions plus fitted SED models (Maraston 1998; Bruzual & Charlot
2003) of ~300 galaxies in the FORS Deep Field (Heidt et al.
2003) and Hubble Deep Field (Williams et al. 1996), in order
to better represent objects to higher redshifts. A different prior
on the redshift distribution is assumed for different types of tem-
plates (e.g. an old local elliptical template is assumed to be in-
creasingly unlikely at higher redshifts, while templates corre-
sponding to young stellar populations or QSOs are assumed to
have a basically flat likelihood across the whole redshift range
probed). In addition, a weak broad prior on the absolute optical
and NIR magnitude lowers the probability to have magnitudes
brighter than —25 and fainter than —13. Ly-a forest depletion
of galaxy templates is implemented according to Madau (1995).
The “best-fit” photo-z zphot is chosen as the redshift maximiz-
ing the probability among all templates, and an error on Zppe iS
defined as e phoy = [Zi(zi — thot)2Pi j]l/ 2 with z; the considered
redshift steps, and P;; the contribution of the jth template to the
total probability function at redshift z;. We refer to Bender et al.
(2001); Gabasch et al. (2004); Brimioulle et al. (2008) for a de-
tailed description of both the photo-z estimation method, and the
construction of the templates.

Systematic offsets between the measured and template-
predicted colors as a function of redshift (which may be due for
instance to errors in the estimated zero-point and aperture cor-
rections, uncertainties in the filter response curves, or system-
atics in the templates) were estimated using ~70 spectroscopic
redshifts available within the ~3” x 3’ field, and corrected for
in order to minimize the systematic shift between observed and
predicted colors for well-fitted spectroscopic galaxies.

The photo-z performance against the available spectroscopic
sample is shown in the top panel of Fig. 2. The figure clearly
shows the impact of the lack of coverage between the U and
R passbands at lower redshifts, in particular at z < 0.6 where
the 4000 A break is poorly sampled by the available photomet-
ric coverage, often resulting in unconstrained, inaccurate photo-
7’s. However, by comparison with a spectroscopic sample of
~50 objects in the redshift range 1 < z < 2 (~ 40% of these
are cluster members), we estimate a systematic offset (median
Az/(1 + 2)) of 0.006, a scatter of Az/(1 +2) < 6%>, and 4%
catastrophic outliers (two objects with |Az/(1 + z)| > 20%; we

profile with effective radius 0.24” (~2 kpc at z = 1.39, about the me-
dian effective radius of our red-sequence sample), and ~0.05 mag for
effective radii of 1.2” (~10 kpc at z = 1.39, about our largest effective
radius), and a scatter of about 0.01-0.02 mag.

3 The NMAD estimator (Hoaglin et al. 1983; Ilbert et al. 2009) gives
a scatter of 0.045 for the whole spectroscopic sample, and 0.03 in the
range 1 <z <2.
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Fig. 2. Top panel: photometric vs. spectroscopic redshifts for the whole
spectroscopic sample within the considered field (one point at z = 3.26
with photo-z = 3.44 is not plotted). The gray line traces the bisector.
Gray symbols show uncertain spectroscopic redshifts (quality flag B or
worse, see Rosati et al. 2009; these objects are plotted together with
the secure redshifts in the lower panels). Middle panel: Az/(1 + z) as
a function of redshift for the spectroscopic sample at 1 < z < 2 (one
catastrophic outlier with an (uncertain) redshift z = 1.06 and a photo-
z = 1.64 falls out of the plot). The dotted line and the gray shaded area
show the median and the 16th—84th percentile range of Az/(1 + z). The
hatched area shows the Az/(1 + z) scatter as estimated by the NMAD
estimator. Bottom panel: the spectroscopic (solid black line) and photo-
metric (dashed line) redshift distribution of bright (H < 22.2) galaxies
in the studied field. The gray histogram shows instead the photometric
redshift distribution of all spectroscopic cluster members. Histograms
are slightly offset for clarity.

note that both sources have a spectroscopic redshift deemed un-
certain, with a quality flag B or worse, see Rosati et al. 2009).
The middle panel of Fig. 2 shows in more detail the photo-z per-
formance in the 1 < z < 2 range, suggesting that in the rele-
vant redshift range we can derive accurate enough photo-zs*. In
the bottom panel of Fig. 2 we compare the spectroscopic (solid
black line) and photometric (dashed line) redshift distributions
in this redshift range for bright galaxies (<M* + 1), where we
have enough spectroscopic coverage (see below, also figures in
Sect. 4). While the peak at the cluster redshift is also visible in

4 Out of 7 catastrophic failures over the whole 0 < z < 3.5 redshift
range, four have an uncertain spectroscopic redshift, and two are z ~
0.3 sources for which the photo-z is essentially unconstrained, as the
errorbars in Fig. 2 show.
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the photo-z distribution, the gray histogram shows the spread in
photo-zs of all available spectroscopic members (regardless of
their magnitude).

By comparison with the available spectroscopic sample, we
estimate that by selecting photo-z candidates within 30 of the
cluster redshift (1 < z < 1.8) we include all spectroscopic mem-
bers, while slightly more than half of the selected sources are
interlopers (94% of which in the range 1 < zgpec < 1.8)°.

2.3. Stellar masses

Stellar masses were obtained by fitting Bruzual & Charlot (2003)
models to the (resolution-matched) U, R, i, z, J, H, K; SEDs as
measured in 1.5” apertures (as described in e.g., Gobat et al.
2008; Rosati et al. 2009). Stellar masses are determined for mod-
els of fixed solar metallicity and with a Salpeter (1955) IMF,
however for the purpose of comparison with other literature sam-
ples (see below) stellar masses are converted to Kroupa (2001)
IMF masses®. Different determinations of the stellar masses
were derived, using different star formation histories (exponen-
tially declining, delayed exponentially declining, with or without
a recent burst of star formation), including or not dust attenua-
tion. These different determinations mostly agree within better
than 50%, (the scatter between different determinations is about
~30%), and never differ by more than a factor of two. We will
consider this ~30% scatter as an estimate of the typical error
on the stellar masses due to different SFHs and dust properties,
however we remind the reader that this estimate does not include
other systematics, including those due to IMF and metallicity be-
ing different from what we assumed.

In order to obtain total stellar masses, the masses derived
from the SEDs measured within a radius of 0.75” were renor-
malized by the flux ratio between the 1.5” aperture magni-
tude and the total (MAG_AUTO) magnitude in the z band.
This approximation neglects the effects of a change in stellar
mass-to-light ratio in the very external regions of the galaxies.
However, given the typical galaxy sizes, the correction is gener-
ally small: among the sample relevant to this work (1 < z < 2,
log(M./My) > 10.4), the median correction is less than 10%, and
for the great part of the sources is less than 50%. We thus expect
this error not to significantly affect our results, also in view of the
uncertainties generally affecting SED-determined stellar masses
(e.g., Longhetti & Saracco 2009).

2.4. Structural properties

We used the GALFIT (Peng et al. 2002) software to model sur-
face brightness profiles of sources brighter than z ~ 24.2. We
set this magnitude limit based on S/N considerations, accord-
ing to previous results on the accuracy of the retrieved parame-
ters as a function of magnitude (S/N) from simulations of sur-
face brightness fitting (e.g., among others, Ravindranath et al.
2006; Pannella et al. 2009b, see also below), as well as visual

5> While the 30 photo-z retained samples are used to include all plau-
sible cluster members, for the purpose of statistical analysis (as for in-
stance in Sect. 6), in the following we also use 20~ photo-z retained sam-
ples. Based on the comparison with the spectroscopic sample, these too
are estimated to be virtually 100% complete, and affected by an almost
50% contamination by interlopers. In the stellar mass range relevant to
this work (M > 10'° M), the difference between the two samples is
just ~10 sources, with almost 90% of the 30~ sample belonging to the
20 sample as well.

6 Log(Masskroupa) = Log(Masssapeter) — 0.19.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015251&pdf_id=2

V. Strazzullo et al.: Cluster galaxies at z ~ 1.4

morphology (Postman et al. 2005). This is sufficient to probe the
morphologies of red galaxies in XMMU J2235 down to ~M* +1.

We fitted PSF-convolved Sersic (1968) profiles to ACS
z band images, using the PSF models derived from principal
component analysis (Jee et al. 2007, 2009); using a stack of
high S/N, unsaturated point-like sources in the field does not
change our results. The possibility offered by GALFIT to simul-
taneously fit multiple sources is particularly useful in a clus-
ter environment: when fitting a galaxy surface brightness, all
nearby sources’ brighter than magg,jaxy + 3 were also modeled
at the same time, reducing biases produced by contamination by
neighbors.

A detailed description of the morphological properties of
bright cluster galaxies, and a comprehensive morphological
analysis including the high-resolution ground-based NIR data,
will be presented in Nuifiez et al. (in prep.). In the following we
only use the Sersic index ngeic to broadly classify galaxies in
early and late morphological types, and the estimated (circular-
ized) effective radius as an estimate of the galaxy size.

3. Luminosity functions

The luminosity function (LF) of galaxies in the central region
of XMMU J2235 was determined in three passbands (z, H, Kj),
roughly corresponding to restframe U, R, and z bands. The re-
gions actually used for the LF determination were about 7.5, 6,
and 7 arcmin?, in the z, H, and K; bands, respectively. At the
cluster redshift, the area probed extends out to a clustercentric
distance of about 700 kpc. The completeness limits of the z, H,
and K band images were estimated based on the turnover of the
number counts of sources with S/N > 10, and turn out to be
~25.3,25, and 23, respectively.

For the purpose of statistical subtraction of background con-
tamination, we also made use of publicly available photometry
acquired with the same, or very similar, instrument/filter as the
XMMU J2235 images. For the K; band we used VLT/ISAAC
K band photometry in a ~60 square arcmin region within
the GOODS CDE-S field (v2.0 release, Retzlaff et al. 2010).
Only regions with a 100 depth comparable or better than the
XMMU J2235 K, image were used. For the H band we used the
NICMOS imaging on a ~5 arcmin? region in the Hubble Ultra
Deep Field (Thompson et al. 2005), while for the z band we used
ACS photometry in the GOODS (North and South) fields (v2.0
release, Giavalisco et al. 2004; Giavalisco et al., in prep.), for an
overall area of more than 200 arcmin?.

For all fields, point-like sources were identified and removed
based on the combination of morphological/concentration
parameters  estimated by  SExtractor (MAG_AUTO,
FLUX_RADIUS, CLASS_STAR, FWHM_IMAGE) on
the z band image.

Luminosity functions (LFs) were determined by means of
statistical background subtraction, but at the same time taking
full advantage of the available spectroscopic and photometric
redshift information. The best purely statistical approach would
avoid binning the data, and would derive the cluster galaxy LF
by simultaneously modeling the number counts in the cluster
and in a control field, as described in detail in Andreon et al.
(2005). However, this approach would not allow us to take into
account the information about cluster membership that we de-
rive by other means (spectroscopic and photometric redshifts).

7 Sources within a region of dimensions about 4 times the dimension
of the source as estimated through SExtractor parameters (ISO_AREA,
position angle).

While information on cluster membership is obviously always
relevant, its specific importance in the determination of the LF
(and its errors) depends on different factors including the quality
of such membership information and how much it contributes to
the constraints on the LE. When only one cluster field is avail-
able, the statistics at the LF bright end is very poor; furthermore,
particularly in the case of very distant clusters, the imaging depth
can reach at most about 3—4 mag fainter than M*. In these con-
ditions, it is very important to make full use of all the available
information, in order to best constrain the LF even when the in-
trinsically low counts would make its purely statistical determi-
nation relatively loose.

We thus adopted the following approach (which extends with
the use of photo-zs the approach adopted in Strazzullo et al.
2006): we first determined the LF in each passband by subtract-
ing the (area normalised) counts in the control field from the
counts in the cluster field. The error on the excess counts was de-
termined by summing in quadrature the Poissonian errors® from
both cluster and field counts (even though it is dominated by
the cluster contribution when the cluster field is much smaller
than the control field). The error contribution coming from cos-
mic variance due to galaxy clustering, as estimated according to
Huang et al. (1997), is much smaller than the Poisson error (a
factor of a few percent at most) and was neglected (see also e.g.,
Andreon et al. 2005; Strazzullo et al. 2006).

We then took into account the spectroscopic information, im-
posing that in each magnitude bin the excess counts are at least
equal to the spectroscopic members in that bin. The spectro-
scopic (and photo-z) information is also considered in the de-
termination of the final error on the excess counts in each bin.
The membership for the brightest galaxy populations in the core
of XMMU J2235 can be considered quite well established (see
also figures in Sect. 4 below). In the critical (for the LF deter-
mination) range from the BCG magnitude to M*, the spectro-
scopic completeness is about 70%. Furthermore, basically all
plausible members brighter than M* were targeted for spectro-
scopic follow-up, and thus the remaining sources without spec-
troscopic redshift have a photo-z far below the cluster redshift,
and well beyond 30 from the cluster redshift according to the
photo-z estimated rms. Therefore, in estimating the error on the
excess counts, we assumed that: i) when all objects in a magni-
tude bin have a spectroscopic redshift, or a photo-z beyond 30
from the cluster redshift, the LF is basically “membership de-
termined” without the error contribution from the background
counts; ii) the lower limit on the excess counts cannot go be-
low the lower limit based on the spectroscopic excess counts;
and iii) the upper limit on the excess counts is limited by the
upper limit on the counts of spectroscopic members plus photo-
z candidate members within 30~ from the cluster redshift. We
remind the reader that the 30~ photo-z retained sample is esti-
mated to be 100% complete, and affected by a 250% contami-
nation, thus we expect the upper limits based on such sample to
be robust.

In Fig. 3 we show the binned LFs determined in this way
in the three z, H, and K passbands. The available photome-
try reaches out to ~M* + 2 or M* + 4 depending on the pass-
band. For ease of comparison, all LFs are plotted in Fig. 3 over
a magnitude range of about 5 mag, from ~M* —2 to ~M* + 3.5.
The formal best-fit Schechter (1976) function determined by
x> minimization on the binned counts plotted, with errors as de-
scribed above, is also shown. For the H band we plot both the

8 PFollowing Gehrels (1986), upper limits are estimated as N + 1+ (N +

0.75)"/2, and lower limits as N(1 — 55 — #ﬁ)?
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Fig. 3. Bottom panels: the luminosity function of galaxies in the central region (within ~700 kpc of the cluster center) of XMMU J2235, in the z,
H and K bands. Solid symbols show binned counts (with 1o errors, see text for details), and black lines show the best-fit Schechter function as
determined for magnitudes brighter than ~M* + 2. Confidence levels (1, 2, 30") on the two relevant parameters (characteristic magnitude M* and
faint end slope «) are plotted in the small insets. In the central panel (H band LF) and corresponding inset, the gray lines show the best-fit Schechter
function and confidence levels for the fit down to ~M* + 4. The formal best-fit values and 1o errors for M* and «, as fitted down to ~M* + 2, in
the three passbands are: M; = 22.8 £ 0.6, @, = —-0.95+ 0.6, M, = 21.4* ), ay = 1%, (M}, = 21.2%33, ay = —1.2*32, down to ~M" + 4),
My, = 20.9’:8:2, g, = —1.0“_’8:2. Upper panels: the evolution of M* with redshift as observed in the z, H and K, band, according to Kodama &
Arimoto (1997) models, for three formation redshifts zz = 2, 3, 5. Solid symbols show M* (and errors) as determined from the LFs in the lower

panels.

LF determined for galaxies brighter than M* + 2, as for the z and
K bands, and down to ~M* + 4, which is only probed by the H
band. In all cases, the best-fit faint-end slope is close to flat and
the characteristic magnitude M* is close to the predictions of
passive evolution of the local M*, assuming that the bulk of the
stellar populations are formed at a redshift ~3. This is shown in
the upper panels of Fig. 3, showing the redshift evolution of M*
based on Kodama & Arimoto (1997) models, in each of the three
passbands, together with the M* determination from the LFs in
the lower panels. The errors on M* are determined based on the
two-parameter confidence levels plotted in the small insets in the
lower panels.

While the K band still samples the restframe near-infrared
light, which can be considered as a probe of the stellar mass, the
H and particularly z bands sample wavelengths more affected by
recent or on-going star formation activity. Nonetheless, the LFs
in all three passbands suggest a similar M* evolution. The flat
faint-end slope, and the measured M close to passive evolution
predictions of the local cluster galaxy LF, point toward the LF
bright end being similar to that of local clusters, beside evolu-
tion of the stellar populations. This extends to z ~ 1.4 previous
findings on the early assembly of the massive galaxy popula-
tions in the cluster core regions (De Propris et al. 1999; Nakata
et al. 2001; Kodama & Bower 2003; Toft et al. 2003; Ellis &
Jones 2004; Toft et al. 2004; Andreon 2006; Strazzullo et al.
2006; De Propris et al. 2007; Muzzin et al. 2008; Mancone et al.
2010).
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4. Stellar population properties of cluster galaxies

In the following, we investigate the properties of cluster galaxies
in XMMU J2235, and of their host stellar populations, by means
of direct, simpler approaches (as the color-magnitude diagrams)
and of more detailed modeling (SED fitting with stellar popula-
tion synthesis models), using the photometric and spectroscopic
measurements described above.

4.1. Color—magnitude diagrams

Color—magnitude diagrams (CMDs) shown in the following re-
fer to a region of about 3 x 3 arcmin? in the cluster center (the
maximum distance from the BCG is about 1.2 Mpc). The H band
image only covers a portion of this area, corresponding to a
~2.4 x 2.4 arcmin? square centered on the BCG, which trans-
lates into ~1200 x 1200 kpc? at z = 1.39.

Colors used in the following are based on resolution-
matched magnitudes measured in a 1" aperture, which minimize
the photometric errors (and possible contamination by neigh-
bors), especially for fainter sources. We note that an indepen-
dent, alternative approach based on model total magnitudes and
aperture colors obtained via surface brightness fitting of each
source, gives results in very good agreement with those obtained
here (Nuiiez et al., in prep.). We thus assume that the systematic
errors affecting MAG_AUTO as an estimate of total magnitude,
and aperture colors obtained as described above, do not signifi-
cantly affect our results.
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z—H [AB mag]
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Fig.4. The color—-magnitude diagram in the central region (r <
600 kpc) of XMMU J2235. All sources in the field are shown, except for
point-like sources. Filled circles are spectroscopic members and large
empty circles show photo-z retained sources (0.96 < z < 1.82). Gray
symbols (crosses and pluses) show spectroscopic and photo-z interlop-
ers, respectively. The colored lines show the expected location of the
red sequence at z ~ 1.4 based on Kodama & Arimoto (1997) models
for different formation redshifts (z; = 2, 3, 5, as indicated). The slanted
continuous line shows the 100~ completeness (for the overall catalog,
considering AUTO apertures). The plotted z— H colors are derived from
resolution-matched 1” aperture magnitudes, and error bars include the
estimated error contribution from the resolution-matching procedure.
Error bars are plotted only for retained sources.

In Fig. 4, we plot the z — H vs. H CMD. All objects in the
field are plotted, except for point-like sources which were re-
moved (see Sect. 3). Spectroscopic cluster members are plot-
ted as filled symbols, while spectroscopic interlopers are plot-
ted as crosses. For consistency with Lidman et al. (2008) and
Rosati et al. (2009), we define as cluster members all objects
with 1.37 < z < 1.41.

In addition to excluding spectroscopic interlopers, we can
further clean the CMD in Fig. 4 of obvious fore — and back-
ground objects by excluding sources with a photo-z beyond 30
of the cluster redshift (photo-z < 0.96 or >1.82). These most
likely interlopers are plotted in Fig. 4 as plus symbols, while the
retained sources with photo-z within 30 of the cluster redshift
are plotted as empty circles. The whole H < 24.5 galaxy sample
plotted in Fig. 4 contains 391 sources, out of which 205 have a
photo-z within 30 from the cluster redshift, 21 are spectroscopic
cluster members, and 24 are spectroscopic interlopers. As ex-
plained above, the sample selected by retaining photo-z candi-
date members within 3¢ of the cluster redshift is virtually 100%
complete, but affected by a >50% contamination, thus we point
out that the only purpose of the “photo-z cleaned samples” plot-
ted in the following Figs. 5 and 6 is to show more clearly the
bright cluster population by removing the contamination of ob-
vious foreground sources.

In Fig. 5, we plot the z—H vs. H and z—J vs. ] CMDs, show-
ing only spectroscopic cluster members and photo-z retained
sources. The observed z band well matches the restframe U band
of the cluster galaxies, and the J and H bands sample the rest-
frame SED of cluster members at ~5000 A and ~6700 A, respec-
tively. The colors shown in Fig. 5 thus correspond approximately
to restframe colors U — B/U — V and U — R. While the observed
z — J color best samples the amplitude of the 4000 A break,
the z — H vs. H CMD benefits from the excellent photometric

z—J [AB magq]

z—H [AB magq]

20 21 22

Fig.5. Color—magnitude diagrams in the central region of XMMU
J2235. Only spectroscopic members and photo-z retained sources
(0.96 < z < 1.82) are shown. Filled blue and red symbols show spectro-
scopically confirmed members with and without detectable [OII] emis-
sion, respectively. The dotted, dashed and long-dashed lines show the
expected location of the red sequence based on Kodama & Arimoto
(1997) models for different formation redshifts. The dark purple line
in the lower panel shows a fit to the red sequence galaxies within the
gray shaded region. The shape of all symbols are coded according to
morphological classification in the z band: circles are galaxies with
Nsersic > 2, spiral symbols are galaxies with ngeie < 2, squares are
(mostly faint) objects for which no reliable classification is available.

accuracy and depth provided by HST imaging. Nonetheless, the
presence of a tight red sequence is evident in both CMDs, with
the zero-point and slope of the bright red sequence in good
agreement with Kodama & Arimoto (1997) model predictions
for a formation redshift zs ~ 3. The intrinsic scatter of the bright
z— H red sequence (within the shaded area of Fig. 5) is estimated
to be 0.08 + 0.01, independent of considering only morphologi-
cal early-types or all red sequence galaxies. This estimate of the
intrinsic scatter only takes into account photometric errors as es-
timated by SExtractor; considering the error introduced by the
adopted PSF matching approach could lower the intrinsic scatter
to values as low as 0.05 = 0.015.

We can roughly estimate the backward evolution of the
XMMU J2235 red sequence bright-end (within the shaded area
in Fig. 5) with a simplistic approach. The restframe U — B scatter
calculated from synthetic colors for the red-sequence galaxies is
~0.06, in good agreement with previous estimates at similar red-
shifts (Blakeslee et al. 2006; Gobat et al. 2008; Mei et al. 2009).
Assuming that the star formation histories of the bright red se-
quence galaxies may be described by a simple exponentially
declining star formation rate with time-scale 7, we evolved the
z ~ 1.39 red-sequence galaxies to earlier epochs (see also a more
detailed analysis in Gobat et al. 2008). In general agreement
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Fig. 6. Color-mass diagrams in the central region of XMMU J2235.
Only spectroscopic members and photo-z retained sources (0.96 < z <
1.82) are shown. Symbols and color coding as in Fig. 5. The thick gray
line across all panels shows the estimated mass completeness limit (see
text).

with the Gobat et al. (2008) results based on the red sequence
of RDCS1252 at z ~ 1.2, we find that beyond redshift 2 (e.g.
~1 Gyr earlier than the observed epoch for XMMU J2235) a
significant part of the red sequence galaxies would no longer
be classified as “red”, and the scatter of the remaining “red se-
quence” would be substantially larger than what measured in
XMMU J2235. We note that this simplistic de-evolution of the
red sequence does not take into account the whole population of
massive galaxies in XMMU J2235 and the effects of dust extinc-
tion, thus does not include the contribution to the red sequence
by reddened starbursts. By redshift ~2.3, ~40% of the initial red-
sequence sources would not be “red”; those still appearing as
a “red sequence” would have an average age/r ~ 35, thus they
would have joined the red sequence relatively recently. This is
in overall agreement with red-sequence observations at z > 2 in
proto-clusters as well as in the field (e.g., Kodama et al. 2007,
Kriek et al. 2008; Zirm et al. 2008).

‘We note that these CMDs are based on resolution-matched,
fixed-aperture photometry in a 1” aperture, corresponding to a
physical radius of ~4.2 kpc, and to about 1.8 times the me-
dian effective radius measured for the bright red-sequence early-
types. Since the resolution-matching is performed independently
on each passband image, the agreement of the formation epochs
as estimated from the z — H and z — J CMDs suggests that the
determined CMDs should not be significantly affected by sys-
tematics introduced by the resolution-matching procedure.

The presence of a tight red sequence in XMMU J2235 has al-
ready been reported in Lidman et al. (2008), based on the same
high quality ground-based NIR photometry used in this work.
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The Lidman et al. (2008) J — K, vs. K, CMD was built within
a distance of 900 kpc from the cluster center, and the parame-
ters of the red sequence were determined based on 9 bright red-
sequence galaxies within a smaller region (» < 90 kpc from the
cluster center), four of which are spectroscopic members. Zero-
point and slope of the J — K vs. K red sequence are in good
agreement with simple stellar population (SSP) models, repro-
ducing the red sequence in the Coma cluster, formed at z ~ 4.
Therefore, while the observed J — K, color at z = 1.39 is not
the best choice to probe the stellar population ages, and while
even high quality ground-based imaging hardly competes with
HST imaging, especially in crowded fields, our z — H vs. H
color—magnitude relation substantially confirms the results of
Lidman et al. (2008) on the presence of a tight red sequence of
bright, passively evolving galaxies which formed their stars at
high redshift. In addition, we note that the formation epoch of
massive red sequence galaxies estimated in Fig. 5 by compar-
ison with Kodama & Arimoto models, are in excellent agree-
ment with the star-formation history derived by modeling the
spectro-photomeric data of these galaxies (Rosati et al. 2009)
with Bruzual & Charlot (2003) models.

In Fig. 5, spectroscopic cluster members are color-coded ac-
cording to the detection or non-detection of [OII] emission in
their spectra; however, note that due to the quality of our spec-
tra, [OII] equivalent widths of less than 5 A cannot be detected
(Rosati et al. 2009). As noted in Lidman et al. (2008) and Rosati
et al. (2009), emission line members tend to avoid the central
area of the cluster, the closest emission-line member being at a
distance of ~240 kpc from the BCG. We note that, even though
the spectroscopic sample is generally not complete, according to
the photo-z selection it is likely to be complete (in the central
~1200 x 1200 kpc? region) for sources brighter than M*, and
>80% complete for masses larger than 10'! My).

We also make use of the morphological information in the
ACS z band to broadly classify sources in early and late mor-
phological types. We are mainly interested in identifying late
type galaxies on the red sequence, since these might be dusty
star-forming galaxies landing on the red sequence because of
dust reddening instead of the old age of their stars. As a re-
sult, these objects might bias our analysis and interpretation of
the red sequence. The separation of early and late morpholog-
ical types based on the Sersic index ngeic alone is known not
to be very accurate (e.g., Blakeslee et al. 2003), and a multi-
parametric classification should be adopted for a robust char-
acterization. However, in this work we only aim at classifying
galaxies in very broad morphological classes, which can be ac-
complished with good statistical accuracy by using the Sersic
index alone (e.g. Blanton et al. 2003; Ravindranath et al. 2004;
Pannella et al. 2006). In the following, we will use ngersic > 2
as the threshold to identify morphological early-types. With this
selection, we are likely to include basically all ellipticals, and
the vast majority of SO galaxies, while having some contamina-
tion mainly from late-types with a significant bulge component.
Such a threshold is a conservative choice from the point of view
of the characterization of the red sequence sample, which will
include some late morphological types. On the other hand, when
considering the morphological mix of galaxy populations on the
red sequence, we remind the reader that our early-type sample
might be affected by such contamination.

In Fig. 5, we thus plot with different symbols galaxies for
which we were able to perform a morphological analysis, ac-
cording to their Sersic index (circles for ngesic > 2, spiral sym-
bols for ngesic < 2). Most of the bright red-sequence galaxies in
the cluster core are morphologically early types according to this
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criterion (~90% down to M*). Visual inspection of the images
of red sequence galaxies (gray shaded area in Fig. 5) confirmed
the results based on the automated classification, in particular a
dominance of early-type galaxies and a minor contribution from
late types (often hosting a prominent bulge).

All but one of the spectroscopic members classified as mor-
phological early types do not have detectable [OII] emission.
The one exception is a galaxy with ngersic ~ 2.4 and intermediate
colors (z = J ~ 1.1, z = K; ~ 1.8), located more than 900 kpc
away from the cluster center. [OII] emission is detected in most
of the spectroscopic members classified as morphological late
types. A fraction (~30%) of the (incomplete) sample of spec-
troscopic members classified as morphological late types lie on
or close to the red sequence. Also, about 40% of the spectro-
scopic members morphologically classified as late-types within
the studied field have no detectable [OII] emission, thus likely
an [OII] EW < 5 A. All but one of these late-type galaxies with-
out detectable [OII] are relatively blue (as compared to the red
sequence); none of them is located in the very central area of the
cluster, the closest to the BCG is at a distance of about 150 kpc,
while the others are more than 600 kpc away.

Unfortunately, our sample of Ilate-type spectroscopic
members is inevitably incomplete (many late-type candidate
members are beyond the spectroscopic limit). Much larger sam-
ples will be needed to disentangle morphological and spectro-
photometric evolution of cluster galaxies at this redshift. We
also note that [OII] emission might also be due to AGN activ-
ity rather than star formation (Yan et al. 2006), especially for
objects with a typically red SED. Nonetheless, we also note that
the only [OII] emitter actually lying on the red sequence has a
late-type morphology; its colors would be ~0.2—0.3 mag bluer
in a larger aperture including the extended disk. This source is
located at a distance of ~860 kpc from the cluster center. None
of the red-sequence galaxies shown in Fig. 5 is detected as an
X-ray point source. We note that the 190 ks Chandra observa-
tions of this field allow the detection of AGN with X-ray lumi-
nosities Lx 2 10* erg s~! in the 2—10 keV band.

4.2. Color-mass diagrams and star formation rates

We show in Fig. 6 the color-stellar mass diagram in the cen-
tral cluster area, as in Fig. 5. While overall similar to the
color—magnitude diagram in terms of bimodality of the galaxy
populations, the color-mass diagram yields more fundamental
insight because of the disentanglement between color, magni-
tude, and mass-to-light ratio.

Colors were derived from resolution-matched photometry
measured in 1”7 apertures, as described above. The derivation of
stellar masses is described in Sect. 2.3, and an approximate esti-
mate of the mass completeness limit of this sample, derived from
the z band 100 completeness assuming a SSP of solar metallicity
formed at 5 < z < 10, is shown by the thick gray line in Fig. 6.

Figure 6 confirms that high mass galaxies (210! M) are al-
ready in place in the core region of XMMU J2235, and that this
high-mass population is dominated by red-sequence galaxies,
mainly of early-type morphology, generally lacking evidence of
significant star formation activity. The stellar mass of the BCG
is close to the stellar mass of local BCGs in massive clusters
(see Collins et al. 2009; Stott et al. 2010, for a broader picture).
According to semi-analytical predictions (De Lucia et al. 2006),
a BCG at z ~ 1.4 will have typically assembled only ~20% of
the final stellar mass it will reach at z = 0. In such a model, the
BCG of XMMU J2235 would thus eventually become an object

of 2.3x10'? My; while not impossible, this would certainly put it
at the very high-mass end of local BCGs. We note however that
this same model predicts a slower evolution for BCGs of most
massive, X-ray luminous clusters as XMMU J2235.

Figure 6 clearly shows that, even at z ~ 1.4, there are es-
sentially no blue galaxies in the most massive populations liv-
ing in the core of such a massive cluster. As expected, going
to lower masses the importance of late-type galaxies (from both
the morphological and the photometric point of view) increases.
It may be interesting to note that blue, disk-dominated spectro-
scopic members with [OII] emission generally lie at masses be-
low ~5 x 10' M. We note again here that the spectroscopic
sample is biased against red galaxies at these masses, because
of their intrinsic faintness due to their higher mass-to-light ratio,
and to the lack of emission lines.

While keeping in mind that the rest-frame FUV light may
be heavily affected by dust attenuation, we further note here that
the rest-frame 1500 A flux of massive (>6 x 10'© M,) red se-
quence early-types is indeed consistent with these galaxies host-
ing no significant star formation. After removing galaxies whose
U band photometry is likely contaminated by other sources, we
stacked U band images for eight early-types more massive than
6 x 10'° My (six out of these eight are spectroscopic mem-
bers). We found no significant detection and obtained a 5o U-
band upper limit of 27.5 AB mag, corresponding to a (not dust-
corrected) star formation rate (SFR) of ~0.15 M, yr~! (for com-
parison, Rettura et al. 2010 estimated by U-band stacking an
upper limit of ~0.3 Mg yr~! for the SFR in massive early-types
in the z ~ 1.2 cluster RDCS J1252-2927).

For comparison, the SFR of the spectroscopic members lying
below the zx = 2 model in Fig. 5 was also estimated based on the
measured U band (rest-frame ~1500 A) photometry. Since we
know that these are star-forming sources, we estimated a dust at-
tenuation correction for the ~1500 A rest-frame luminosity from
the restframe far-UV — near-UV color (Daddi et al. 2007; Salim
et al. 2007; Pannella et al. 2009a), which in our case in sampled
by the observed U and R bands. SFRs derived with these dust
attenuations following e.g. Daddi et al. (2007), range between 6
and 50-90 M, yr~!' depending on the assumed relation, with
a median of ~20 My yr~!. Specific SFRs (SSFR, SFR/stellar
mass) are between 0.2 and 2—6 Gyr~! (also depending on the
specific relation used), with an average of ~1 Gyr~'. We re-
mind the reader of the uncertainties which affect these values
due to the scatter in the assumed relations, filter mis-match, and
general difficulties in estimating correct dust attenuation values
for a given source/sample (for instance, Salim et al. 2007 note
that their attenuations as a function of UV color are system-
atically lower than other estimates by e.g. Meurer et al. 1999;
Seibert et al. 2005). For comparison we also estimated dust ex-
tinction for these sources with a different approach, based on the
correlation between dust attenuation and stellar mass for star-
forming galaxies, assuming that these objects follow a correla-
tion similar to that of field galaxies at comparable redshift. We
estimated the dust attenuation for the 1500 A rest-frame lumi-
nosity based on the galaxy stellar mass according to the relation
determined for z ~ 1.7 galaxies in Pannella et al. (2009a), ob-
taining an independent estimate of the SFR. We note that since
the relation between stellar mass and dust attenuation is redshift
dependent (given the secular decline of (S)SFR), we corrected
for the cosmic time difference between z = 1.7 and z = 1.39
according to Eq. (2) in Pannella et al. (2009a). The SFRs for
the blue cluster members derived in this way range between
~6 Mg yr~! and ~100 M, yr~!, with a median of ~25 M yr~'.
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Fig.7. The projected distribution around the cluster BCG of 2-0 re-
tained photo-z candidate members (spectroscopic interlopers are not
plotted). Symbol shape is coded as in Figs. 5 and 6, external color cod-
ing reflects the z— H color while symbol size scales with stellar mass (as
indicated). Color filling, for spectroscopic members, is blue for galax-
ies with detected [OII] emission, red otherwise. The small inset at the
bottom of the plot shows a larger view of the central ~0.2 x 0.2 arcmin®
(~98 x 98 kpc?). Gray lines show radii of 100 to 700 kpc (with a step
of 100 kpc).

SSFRs range between ~0.3 Gyr~! and ~3 Gyr™!, with an aver-
age SSFR ~ 1.3 Gyr~!. Stellar masses of these sources are in the
range 1-7 X 10'° M. Due to the observational bias, most of the
passive spectroscopic members lie at masses above this range.
At masses below ~5 x 10'° M, with the available spectroscopic
data, redshifts can be measured only for sources with a relevant
amount of star formation (and without extreme dust extinction).
As Fig. 6 shows, the star forming spectroscopic members dis-
cussed above are among the bluest sources in the cluster galaxy
populations in their mass range.

Finally, Fig. 7 summarizes the information concerning stel-
lar masses, (spectro-)photometric and morphological properties
of 20" photo-z retained candidate cluster members together with
their projected distance from the cluster centre. Recent work on
high redshift clusters at z ~ 1.45 and 1.62, corresponding to cos-
mic times about 0.2 Gyr and 0.6 Gyr earlier than XMMU J2235,
suggested that a significant star formation activity might be oc-
curring in the very central regions (r < 250-500 kpc, Hilton
et al. 2010; Tran et al. 2010) of clusters in a less advanced evo-
lutionary stage. However, as Fig. 7 shows, star formation appears
to be effectively quenched in the core of a more evolved, massive
X-ray luminous cluster as XMMU J2235. The relevance of very
reddened star formation contaminating the cluster red sequence
could be addressed with future observations (NIR spectroscopy,
Herschel IR photometry), however, even though the rest-frame
NUYV (U band) photometry might be affected by dust extinction,
the early-type morphological appearance and spectral features
of the central massive red galaxies suggest that these are more
likely passive early-types than highly attenuated starbursts.
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5. Stellar masses and sizes of massive cluster
early-types

The above analysis in the central regions of a particularly mas-
sive, distant X-ray luminous cluster shows that the high-mass
population of cluster galaxies primarily of early-type morphol-
ogy is substantially in place at epochs earlier than redshift one, in
relation to both the formation of the bulk of their stars (at z > 2)
and of the assembly of the bulk of their stellar mass. This points
toward little evolution occurring in massive galaxy populations
in the most dense environments over the last 9 billion years. On
the other hand, it is interesting to remember that the structural
properties of such massive objects might be different from those
of similar galaxies in the local Universe. As pointed out in sev-
eral studies (e.g., Daddi et al. 2005; Trujillo et al. 2006b,a, 2007,
Longhetti et al. 2007; Cimatti et al. 2008; Buitrago et al. 2008;
van der Wel et al. 2008; Damjanov et al. 2009; Rettura et al.
2010; Williams et al. 2010; Taylor et al. 2010, and references
therein), massive early-type galaxies at high redshift appear to
be (on average) more compact than their local counterparts, their
size being smaller than that of local early-types of comparable
mass (but see also results and discussion in e.g. Mancini et al.
2010; Onodera et al. 2010; Valentinuzzi et al. 2010; Saracco
et al. 2010, and references therein). Indeed, as shown in Fig. §,
also the massive early-type galaxies in the core of XMMU J2235
appear to be generally smaller than those in the local Universe.
Figure 8 shows the stellar mass against the (circularized) ef-
fective radius’ as measured from the surface brightness fit in the
z band (Sect. 2.4), for bright early-type'® red sequence galax-
ies (within the gray shaded area in Fig. 5). Most of this sam-
ple is made of spectroscopic cluster members. For comparison
we show the local stellar mass vs. size relation as measured
for SDSS early-type galaxies by Shen et al. (2003), which is
commonly used as the local reference. We note that the size
used by Shen et al. (2003) was measured in the z band, while
in our case galaxy sizes are measured in the observed z band,
corresponding to the restframe U band, which might imply is-
sues due to morphological K-corrections. However, sizes mea-
sured in bluer bands are expected to be larger than sizes mea-
sured in redder bands (e.g., Barden et al. 2005; Mclntosh et al.
2005; Trujillo et al. 2007). Therefore our galaxy sizes, if mea-
sured in the restframe z band would be, if anything, smaller
than those plotted in Fig. 8, as it is indeed suggested for this
very sample by the comparison of surface brightness fitting re-
sults in the observed z and K passbands (Nuiiez et al., in prep.).
Therefore, taken at face value, the comparison of our early-type
sample with the local Shen et al. (2003) reference implies that
the size of massive early-types in XMMU J2235 is on average
about ~50% of what expected based on the local relation (me-
dian r/r,-o = 0.46 + 0.08). We note that the most massive object
in Fig. 8 is the cluster BCG; while the size of this galaxy is quite
large and it lies on the local relation, we note that BCGs tend

° Six (one) sources out of the 15 plotted in Fig. 8 have a formal uncer-
tainty on their size lower than 15% (10%). Keeping into account results
from simulations or multiple independent fitting (e.g. Pignatelli et al.
2006; Buitrago et al. 2008; Pannella et al. 2009b) on the typical uncer-
tainty on the galaxy size (~10—15%) achievable by surface brightness
fitting for sources of S/N similar to those used here, we increase the
error bar for these six sources to reflect an uncertainty of 15%.

10 Galaxies in this sample were classified as “early-types” based on
their Sersic index larger than 2, as discussed above. We note that out of
15 galaxies plotted in Fig. 8, only two (with Sersic indices 2.3 and 2.4)
would not have entered the “early-type sample” if using a Sersic index
threshold of 2.5.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015251&pdf_id=7

V. Strazzullo et al.: Cluster galaxies at z ~ 1.4

Ay -

effective radius (kpc)
I\

10"

stellar mass (Mg,,)

Fig. 8. The stellar mass vs. size relation for massive red-sequence early-
type galaxies in the core of XMMU J2235. Filled symbols are spectro-
scopic members, empty symbols are sources with photo-z within 30
of the cluster redshift. The black line and shaded area show the Shen
et al. (2003) determination of the local stellar mass vs. size relation and
its scatter (1o), based on a sample of SDSS early-types. The dotted
line shows the Shen et al. (2003) relation shifted by a factor 2 in size.
The gray line with errorbars shows the local mass vs. size relation de-
termined by Valentinuzzi et al. (2010) for a sample of nearby cluster
galaxies.

to be larger than similarly massive (non-BCG) galaxies (e.g.,
von der Linden et al. 2007).

The smaller sizes of XMMU J2235 massive early-types
compared to local early-types suggest a scenario where the
evolution of these massive red-sequence galaxies is not actu-
ally fully completed at early epochs, as would be suggested by
the color—magnitude and color-mass relations, as well as the
LF evolution. This leaves room for processes such as minor (and
likely fairly dry) merging events to be relevant at later epochs
to shape the final structural properties of these galaxies, without
substantially altering their stellar masses and stellar populations
(see e.g. Hopkins et al. 2010, and references therein; see also
discussion in Nipoti et al. 2009).

On the other hand, we should note that the comparison of
the stellar mass vs. size relation with a local sample, as shown
in Fig. 8, may be affected by systematics in the determination of
stellar masses at different redshifts, observational biases in the
determination of galaxy sizes (Pannella et al. 2009b; Mancini
et al. 2010), and a possible mismatch between the observed high
redshift sample and the local reference, which are discussed in
more detail below.

In Fig. 8 we also plot the local stellar mass vs. size rela-
tion for a sample of nearby cluster galaxies as measured by
Valentinuzzi et al. (2010). While consistent at 10~ with the Shen
etal. (2003) relation, the Valentinuzzi et al. (2010) determination
is systematically offset (possibly due to an offset with respect to
the stellar mass estimates used in Shen et al. 2003, rather than
because of environmental effects, see discussion in the original
paper — see also results from Graham & Worley 2008). Using the

Valentinuzzi et al. (2010) relation as the local reference thus re-
duces the difference between our sample and local massive (clus-
ter) early-types (median r/r,—og = 0.64 + 0.08).

In addition, Maraston (2005) has pointed out how a different
treatment of the thermally pulsing asymptotic giant branch (TP-
AGB) phase of stellar evolution may introduce additional (to
those mentioned in Sect. 4.2) systematics in the stellar masses,
whose significance depends on the age of the stellar populations.
This may be particularly relevant when comparing early-type
galaxies at different redshifts, because while local early-types
are too old for TP-AGB phase making a significant difference, at
higher redshifts they inevitably become closer to hosting the in-
termediate age stellar populations for which a different TP-AGB
phase treatment may have an important effect. For the sample
relevant to Fig. 8, stellar masses estimated with the Maraston
(2005) models are lower by about 0.1 dex than the masses plot-
ted, estimated with Bruzual & Charlot (2003). Using these lower
masses, the size of galaxies in Fig. 8 are ~50% and ~70% of
those of early-types at z = 0, based on the local relations by Shen
et al. (2003) and Valentinuzzi et al. (2010) (r/r,—o = 0.5%0.1 and
0.72 £ 0.1, respectively). We note that if we use the updated ver-
sion of the Bruzual & Charlot (2003) models (often referred to
as CBO07), incorporating an improved prescription for the treat-
ment of the TP-AGB phase, stellar masses for the Fig. 8 sample
are lower (in median) by 0.03 dex; CBO7 mass estimates for this
sample range from almost 30% lower to ~10% higher compared
to Bruzual & Charlot (2003).

A combination of systematics in stellar masses and mismatch
with the local reference relation might thus shift the (median)
difference in size of XMMU J2235 and local early-types be-
tween a factor slightly over 2 and a factor 1.4.

We note that other effects might also systematically bias the
stellar masses and sizes used above. Again, we recall that our
sizes were estimated in the restframe U band, while we are com-
paring with local galaxy sizes measured in the z (Shen et al.
2003) and V (Valentinuzzi et al. 2010) passbands. Based on pre-
vious work (Mclntosh et al. 2005; Barden et al. 2005; Trujillo
et al. 2007; Szomoru et al. 2010), correcting our sizes to the
restframe z/V bands might reduce our sizes by a factor of up to
30%, and thus increase the median difference in size with local
counterparts to up to a factor ~3 (using Bruzual & Charlot 2003
stellar masses, and the Shen et al. 2003 local reference).

We also remind the reader that the stellar masses used here
were derived assuming a fixed, solar metallicity. Should the
metallicity of the galaxies in Fig. 8 be lower than solar, their
stellar masses would be higher, by a factor about 15% and 2%
for metallicites of 0.004 and 0.008, respectively. If their metallic-
ity is supersolar, their stellar masses would be lower, by a factor
~30% for a metallicity of 0.05.

Finally, we note that the sizes we used were estimated based
on a Sersic profile fit with varying nseic. Therefore, for the sam-
ple of early types plotted in Fig. 8, ngsersic 1S not fixed to 4, but
ranges between ~2.5—6 with an average ngeic ~ 3.5. Because
of the correlation between the estimated ngeic and size, an ob-
ject with a ngesic = 4 profile which is fitted with a lower Sersic
index (possibly due to the faintness of the source) will also have
its size biased to a lower value. In order to estimate the relevance
of such an effect, we fitted all sources in Fig. 8 with ngesic fixed
to 4. This produces a very mild difference (on average <15%) in
the estimated sizes, and overall negligible difference ($5%) in
the evolution factors quoted above.

Although the above results imply an evolution of the stellar
mass vs. size relation by a factor of about 1.4 to more than 2, this
evolution does not necessarily imply that the invidual galaxies in
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our early-type sample will evolve by this factor by redshift zero.
Several studies showed how the population of early-type galax-
ies is increased, as a function of cosmic time, by the evolution of
late-type, star-forming galaxies into quiescent early-types (e.g.,
among many others, Bell et al. 2004; Pannella et al. 2006; Faber
et al. 2007; Brown et al. 2007; Franx et al. 2008, and references
therein). It is thus very likely that a significant fraction of early-
types at z = 0 were still forming stars at z = 1.4 (or did not
yet have an early-type morphology), and were added to the lo-
cal “reference” early-type sample at later cosmic times. Together
with the present-day correlation (at fixed mass) between galaxy
size and age of its host stellar populations, this may indeed sug-
gest that the comparison of high-redshift early-type samples with
local samples might artificially produce a “size evolution” sig-
nature, because the high-redshift sample does not account for
the whole progenitor population of the local sample (see dis-
cussion in e.g. Franx et al. (2008); van der Wel et al. (2009);
Valentinuzzi et al. (2010); Bernardi et al. (2010); Williams et al.
(2010)). According to van der Wel et al. (2009, their Fig. 5) and
Valentinuzzi et al. (2010, their Fig. 4), the systematic exclusion
from the high-redshift sample of the progenitors of younger lo-
cal early-types, which tend to have larger sizes, might produce
a difference in size of a factor as large as 1.3 at the redshift of
XMMU J2235.

A definite conclusion on the actual relevance of size evolu-
tion for our sample of massive cluster early-types is thus pre-
cluded by the possible biases mentioned above. It remains clear
that the significant range of galaxy sizes at all redshifts requires
much larger samples in order to draw a conclusive picture of the
mass and environmental dependence of galaxy size evolution.

Finally, for the sake of completeness, we note that by com-
paring the sizes of our spectroscopic members of late-type mor-
phology with the typical size of late-type galaxies in the nearby
Universe (Shen et al. 2003; as well as Maltby et al. 2010 specif-
ically in “cluster” and “cluster core” environments), we cannot
find evidence of significant size evolution at fixed stellar mass
for disk-dominated galaxies. The formal difference we find by
comparing our late-type sizes at masses 10'°~10'! M, with clus-
ter galaxies at z ~ 0.2 (Maltby et al. 2010) would be up to ~15%
(for our standard Bruzual & Charlot 2003 stellar masses), but
given the large uncertainties inherent in the comparison (as dis-
cussed above), and the fact that our spectroscopic late-type sam-
ple suitable for this comparison is small (510 galaxies) and in-
complete, we cannot derive any definite conclusion.

6. The stellar mass function

Since the observed K-band light probes the rest-frame z band of
galaxies at the cluster redshift, the Ks-band LF derived in Sect. 3
can be used to estimate the stellar mass function of galaxies in
the central region (r S rspp) of XMMU J2235.

We note that, while a galaxy NIR luminosity has a milder
sensitivity to recent star formation and dust attenuation as
compared to luminosity at shorter wavelengths, stellar masses
derived from the NIR luminosity alone may still suffer from sys-
tematics of up to a factor ~2 depending on different mass-to-
light (M/L) ratios of different galaxies. Based on stellar masses
of sources with photo-zs within 20~ of the cluster redshift, we
calibrated the stellar mass vs. observed Ki-band luminosity re-
lation finding a scatter of ~0.3 dex for the whole sample and
of ~0.15 dex when considering blue and red galaxies separately
(using a color threshold of z — H ~ 1.5).

We therefore applied a statistical correction for different
M/ L ratios of cluster galaxies in the K;-band selected sample,

Page 12 of 14

¢ [arbitrary units]

10.0 10.5 11.0 11.5
Log(Mstcrs/Msum)

Fig.9. The galaxy stellar mass function in the central region of
XMMU J2235, as derived from the K,-band LF (solid symbols). Empty
black circles show the stellar mass function derived from individual
SED-estimated stellar masses of spectroscopic and photo-z retained
members (see text for details). Gray symbols show previous determina-
tions (Kodama & Bower 2003; Strazzullo et al. 2006) at z ~ 1 (squares)
and z ~ 1.2 (circles). All mass functions are arbitrarily rescaled. The
dotted line shows the mass completeness limit as estimated from the
K image 100~ completeness.

and derived the mass function and its uncertainties as follows.
Firstly, we estimated the fraction of red and blue cluster galax-
ies as a function of Ks-band luminosity based on the 20~ photo-z
retained sample, based on both the z — H and z — J colors, yield-
ing consistent results. Because of the ~100% completeness and
~50% contamination of this sample, we may expect that the es-
timated relative contributions of red and blue cluster galaxies are
possibly biased toward a higher blue fraction, since the interlop-
ers contaminating our sample will be, on average, preferentially
bluer than cluster galaxies. This would result in a possibly lower
M/ Lratio used to statistically convert the K-band light to stellar
mass (and thus lower masses).

Once the relative contributions of red and blue galaxies, and
the typical M/ L ratios of these two populations were determined,
the K-band LF was translated into a stellar mass function by
means of 1000 realizations taking into account the error on the
LF (as plotted in Fig. 3), the estimated scatter in the M/L ratios
of red and blue galaxies, and the error in the red/blue galaxy
fractions.

The derived stellar mass function is shown in Fig. 9. Solid
black symbols and errorbars show the median and 16—84th per-
centiles of the distribution obtained through the 1000 realiza-
tions. For comparison, we also show (empty black symbols) the
stellar mass function that is directly obtained from the individual
SED-estimated stellar masses of the spectroscopic members plus
photo-z retained sources randomly sampled assuming a ~50%
contamination by interlopers. These two largely independent de-
terminations of the stellar mass function in the central region of
XMMU J2235 are perfectly consistent. The shape of the mass
function determined here is in very good agreement with (arbi-
trarily rescaled) previous measurements in clusters at z ~ 1 and
z ~ 1.2 (Kodama & Bower 2003; Strazzullo et al. 2006, both
scaled to a Kroupa IMF), once again suggesting an early assem-
bly of massive galaxies at least in overdense environments, with
the high-mass end population essentially in place at one third of
the Hubble time.
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The area considered here lies within » < 90” = 765 kpc,
which is very close to the estimated rsoo for XMMU J2235
(rs00 ~ 0.75 Mpc, Rosati et al. 2009). The total projected stel-
lar mass within this area, inferred from integrating the K band
LF and converting the total K-band luminosity (L, 500,proj
O*L'T(2+@) = 11£2x10" Ly) to stellar mass, is Mgars 500,proj =
6’:2 x 10'2 M, with errors including the uncertainties on the LF
parameters and the scatter in the galaxy M/L ratios. For compar-
ison, the stellar mass in galaxies more massive than ~10'0 M,
statistically determined from the photo-z retained sample within
the same area (see mass function in Fig. 9), is ~3 x 102 M.

Following Rosati et al. (2009) the total projected mass within
this radius is Mo 500proj = 7 £ 2 X 10'* M. The ratio of total
mass to K-band luminosity in the projected area within rsgg is
thus Mtot,500,proj/LK,500,proj = 60 + 20 My/Ls, while the stellar
mass fraction is Miars 500,proj/ Miot,500pr0j = 0.0097005, in close
agreement with determinations for massive clusters at lower red-
shifts (e.g., Lin et al. 2003; Ettori et al. 2009; Giodini et al. 2009;
Andreon 2010).

7. Summary

We presented a study of galaxy populations in the core of the
massive cluster XMMU J2235 at z = 1.39, making use of high
quality VLT and HST multi-wavelength photometry in seven
passbands from U to K, sampling the rest-frame SED of cluster
members from the NUV to the NIR.

We derived luminosity functions in the z, H, and K bands,
approximately corresponding to the rest-frame U, R, and
z bands. These extend the study of the galaxy luminosity func-
tion in massive X-ray luminous clusters beyond z ~ 1.3, and are
among the deepest determinations at z > 1. All three determi-
nations of the luminosity function, probing down to ~M* + 2 or
M* + 4 depending on the passband, are consistent with having
a flat faint-end slope and a characteristic magnitude M* close to
passive evolution predictions of the M™* of local massive clusters
with a formation redshift z > 2.

The color-magnitude and color-mass diagrams in the core re-
gion of XMMU J2235 show evidence of a tight (intrinsic scatter
<0.08) red sequence of massive galaxies, with overall old stel-
lar populations (zy > 2), no evidence of significant on-going star
formation (SFR < 0.2 My yr™'), and generally early-type mor-
phology. The spectroscopic sample is essentially complete at the
high-mass end, and strongly suggests that the most massive clus-
ter galaxy populations in the core of this cluster are already dom-
inated by early-type galaxies, both in terms of galaxy structure
and of overall spectro-photometric properties.

Star formation appears effectively quenched at masses higher
than ~6 x 10'© M. Also, active star formation is suppressed
in the very central regions, with all spectroscopically confirmed
star forming cluster members located at » 2 250 kpc from the
BCG.

In agreement with previous work at lower redshifts, these
data point toward an early assembly of massive cluster galaxies,
not only in terms of the formation of their stars, as suggested by
their broad-band SEDs, as well as by their spectra (Rosati et al.
2009), but also of the assembly of their stellar mass, as suggested
by the SED-derived stellar masses of individual sources, by the
close-to-passive evolution of the luminosity function bright-end,
and by the galaxy stellar mass function. As an additional ev-
idence that XMMU J2235 is in a very advanced evolutionary
stage already at this redshift, we estimate a stellar mass fraction
within rsg of about 1%, similar to local massive clusters.

On the other hand, comparing the size of the massive red-
sequence galaxies to the size of similarly massive local early-
types, suggests a possible size evolution of up to a factor ~2.
This may imply that, in spite of the overall early assembly of
these sources, room is left for processes like minor (and likely
dry) merging to shape the structural properties of these objects
to resemble those of their local counterparts, without substan-
tially affecting their stellar mass or galaxy populations. We dis-
cussed how the role of possible systematics makes it still diffi-
cult to draw firm conclusions on the magnitude of such a size
evolution, and on whether this evolution might be different from
the one estimated in field galaxy samples over the same redshift
range. Much larger samples of high-redshift (cluster) early-type
galaxies are needed to derive a conclusive picture of the mass
and environmental dependence of their size evolution.

Future observations at IR, mm and radio wavelengths, prob-
ing dust-unbiased star formation and the cold gas component,
will enhance our understanding of the mass growth, star forma-
tion, and structural evolution of high-redshift cluster galaxies.
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