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VLT AND ACS OBSERVATIONS OF RDCS J1252.9�2927: DYNAMICAL STRUCTURE
AND GALAXY POPULATIONS IN A MASSIVE CLUSTER AT z = 1.2371
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ABSTRACT

We present results from an extensive spectroscopic survey, carried out with VLT FORS, and from an extensive
multiwavelength imaging data set from the HSTAdvanced Camera for Surveys and ground-based facilities, of the
cluster of galaxies RDCS J1252.9�2927. We have spectroscopically confirmed 38 cluster members in the redshift
range 1:22 < z < 1:25. A cluster median redshift of z ¼ 1:237 and a rest-frame velocity dispersion of 747þ74

�84 km s�1

are obtained. Using the 38 confirmed redshifts, we were able to resolve, for the first time at z > 1, kinematic structure.
The velocity distribution, which is not Gaussian at the 95% confidence level, is consistent with two groups that are
also responsible for the projected east-west elongation of the cluster. The groups are composed of 26 and 12 galaxies
with velocity dispersions of 486þ47

�85 and 426
þ57
�105 km s�1, respectively. The elongation is also seen in the intracluster

gas and the dark matter distribution. This leads us to conclude that RDCS J1252.9�2927 has not yet reached a final
virial state. We extend the analysis of the color-magnitude diagram of spectroscopic members to more than 1 Mpc
from the cluster center. The scatter and slope of non-[O ii]-emitting cluster members in the near-IR red sequence is
similar to that seen in clusters at lower redshift. Furthermore, most of the galaxies with luminosities greater than
�K�

s þ1:5 do not show any [O ii], indicating that these more luminous, redder galaxies have stopped forming stars
earlier than the fainter, bluer galaxies. Our observations provide detailed dynamical and spectrophotometric infor-
mation on galaxies in this exceptional high-redshift cluster, delivering an in-depth view of structure formation at this
epoch only 5 Gyr after the big bang.

Subject headinggs: galaxies: clusters: general — galaxies: clusters: individual (ClG J1252.9�2927)

Online material: color figures, extended figure set

1. INTRODUCTION

Clusters of galaxies are tracers of the peaks of matter density
in the universe. Studying them over a wide range in redshift pro-
vides an insight into the process of mass assembly of structures
through cosmic history, from galactic to Mpc scales. They are
suitable laboratories in which to study galaxy populations, pro-
viding clues to better understand the effects of the local environ-
ment on galaxy properties and galaxy evolution. Cluster X-ray
luminosity and temperature indicate the existence of massive
systems (M > 1014 M�) already when the universe was half its
present age (Jeltema et al. 2001; Maughan et al. 2003, 2004;
Rosati et al. 2004; Mullis et al. 2005). While some of these clus-

ters have a relaxed X-ray morphology by z � 0:8 (Maughan
et al. 2004), others show clear signatures of being still in a for-
mation stage, as indicated by their filamentary morphology and
the presence of substructure (Gioia et al. 1999, 2004; Demarco
et al. 2005; Girardi et al. 2005; Tanaka et al. 2006).
The dense cluster environment has a profound effect on the

properties of the cluster galaxies. Most notably, early-type galax-
ies are more prevalent in clusters than in low-density field envi-
ronments (Dressler 1980), and this morphology-density relation
has existed since z � 1 (Dressler et al. 1997; Smith et al. 2005;
Postman et al. 2005). The existence of the morphology-density
relation suggests that the properties of the stellar populations of
galaxies also depend on their environment, which is corrobo-
rated by the relation between star formation history, color, and
environment (Balogh et al. 1998; Helsdon & Ponman 2003;1 Based on observations carried out with the ESO VLT under programs
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Kauffmann et al. 2004; Wake et al. 2005; Postman et al. 2005;
Homeier et al. 2006a; Thomas & Katgert 2006).

Measurements of the evolution of the mass-to-light ratio of
massive cluster early-type galaxies have demonstrated that
their stellar populations were largely formed at z > 2 (e.g., van
Dokkum & Stanford 2003; Holden et al. 2005). The slow evolu-
tion of the color-magnitude relation (e.g., Blakeslee et al. 2003b,
2006; Holden et al. 2004;Mei et al. 2006a, 2006b; Homeier et al.
2006b) shows that this is the case for early-type galaxies well
below the characteristic luminosity, although there seems to be a
lack of faint, red galaxies at redshifts higher than z � 0:5 (Tanaka
et al. 2005). Remarkably, massive field early-type galaxies have
been shown to be not much younger, in terms of their stellar pop-
ulations, than cluster early-type galaxies with the same mass (van
der Wel et al. 2005; Treu et al. 2005; van Dokkum & van der
Marel 2006). This raises the question whether galaxy mass or
environment is the most important driver of galaxy evolution.

Most of our knowledge of cluster evolution comes from ob-
servations at redshift lower than unity and a few sparse data sets
at z ¼ 1Y1.3. Observing galaxy clusters at z > 1 is difficult, and
only a small number of galaxy clusters at such a high redshift
have been confirmed to date (Stanford et al. 1997, 2002, 2005,
2006; Rosati et al. 1999, 2004; Hashimoto et al. 2004; Mullis
et al. 2005; Brodwin et al. 2006; Elston et al. 2006). With the
primordial activity of cluster and massive galaxy formation
happening at z k 1, the observations of systems at those redshifts
offer the possibility of learning more about their physical proper-
ties at an epoch when baryons are first being assembled into grav-
itationally bound systems within massive dark matter halos. One
of those high-redshift clusters, RDCS J1252.9�2927 (Rosati
et al. 2004), is a massive X-ray luminous system at z ¼ 1:24
selected from the ROSAT Deep Cluster Survey (RDCS; Rosati
et al. 1998), which has been the center of an intensive multi-
wavelength campaign in the past 5 years.

RDCS J1252.9�2927 (�J2000 = 12
h52m48s, �J2000 =�29

�
2700000)

was discovered in the 15.7 ks ROSAT PSPC field with ID
WP300093 at an off-axis angle of 13.90 with 31 net counts, cor-
responding to a flux of (2:5� 0:9) ; 10�14 ergs cm�2 s�1 in the
0.5Y2 keV band. I-band imaging (30minute exposure), obtained
with the Prime Focus camera at the CTIO 4 m telescope in Feb-
ruary 1997, revealed a faint (I ’ 21:7) galaxy pair very close to
the X-ray centroid position. In November 1998, J- and Ks-band
imaging obtained with SofI (Moorwood et al. 1998) on the ESO
New Technology Telescope (NTT) showed a clear overdensity
of red galaxies with J � Ks ’ 1:9, typical of early-type galaxies
at z > 1 (Lidman et al. 2004).

X-ray imaging with Chandra and XMM-Newton has been ob-
tained, allowing a complete modeling of the X-ray surface bright-
ness of the cluster together with an unprecedented accuracy in
the estimation of its temperature, metallicity, and dynamical mass
(Rosati et al. 2004). RDCS J1252.9�2927 is a massive structure
with a luminosity ofLX(bol) ¼ (6:6� 1:1) ; 1044 ergs s�1 (H0 ¼
70 km s�1Mpc�1,�m ¼ 0:3, and�k ¼ 0:7) measured within an
aperture of 6000 (500 kpc) radius and a total mass of M ¼ (1:9�
0:3) ; 1014 M� within a R500 radius

19 of 536� 40 kpc (Rosati
et al. 2004). Its intracluster medium (ICM) is characterized by a
temperatureTX ¼ 6:0þ0:7

�0:5 keV and ametallicityZ ¼ 0:36þ0:12
�0:10 Z�

(Rosati et al. 2004), and the surface brightness profile shows a
discontinuity typical of cold fronts systems found in Chandra
observations of low-redshift clusters.

High angular resolution optical observations of the cluster with
the Advanced Camera for Surveys (ACS; Ford et al. 1998) on the
Hubble Space Telescope (HST ) delivered unprecedented mor-
phological information on the cluster galaxy populations as
well as accurate photometry (Blakeslee et al. 2003b). Additional
ground-based photometry in the near-IR (Lidman et al. 2004)
has been obtained with ISAAC (Infrared Spectrometer and Array
Camera) on the ESO Very Large Telescope (VLT), while Spitzer
IRACobservations ofRDCS J1252.9�2927 (S.A. Stanford et al.,
in preparation) have made it possible to sample the rest-frame
near-IR light of the cluster.

During the past few years we have carried out an extensive
spectroscopic survey of RDCS J1252.9�2927with the ESOVLT,
with the aim of confirming a large fraction of the cluster popu-
lation. This effort has yielded the most complete spectroscopic
data set so far on this cluster. In this paper we present the results
from this ESO VLT/FORS (Focal Reducer and low-dispersion
Spectrograph) spectroscopic program in combination with ACS
and VLT/ISAAC imaging data. This investigation aims to spec-
troscopically identify the cluster galaxy populations in order to
study the cluster dynamics from galaxy kinematics and the spec-
trophotometric properties of cluster members. Unless otherwise
indicated, we assume a�CDM cosmology withH0 ¼ 70 km s�1

Mpc�1, �M ¼ 0:3, and �� ¼ 0:7.

2. DATA SET AND DATA REDUCTION

2.1. ACS and Ground-based Imaging Data

Imaging observations of RDCS J1252.9�2927 in the optical
have been carried out from the ground and from space. The ACS
Wide Field Camera (WFC) on HSTwas used to obtain imaging
with the F775W and F850LP filters (hereafter i775 and z850, re-
spectively), as part of a guaranteed time observation program
(ObsID 9290). Three orbits in i775 and five orbits in z850 were
completed during 2002 May and June, distributed in a 2 ; 2 mo-
saic pattern. The pointings overlapped about 10, producing expo-
sures of 12 orbits in i775 and 20 orbits in z850 of the cluster core. A
more detailed description of the ACS data on RDCS J1252.9�
2927 is presented in Blakeslee et al. (2003b).

The ground-based optical data were collected with FORS2
(Appenzeller & Rupprecht 1992) on the VLT, under ESO pro-
gram 169.A-0458(A). The imaging data in the B, V, and R bands20

were obtained between 2003March 1 andMarch 3, in very good
seeing conditions. The co-added images have FWHM of 0.6600

in the B band, 0.6000 in the V band, and 0.5600 in the R band. The
photometric calibration was done using the many Landolt field
stars that were observed during the same nights. The images
have been corrected for instrumental response, bias, and flat, in
a standard manner. All images were photometrically aligned by
using about 100 bright but unsaturated stars in the field, which
showed that the nights were indeed photometric. The images
were astrometrically flattened and then finally co-added. As a
further check, the same point sources used for the single-image
photo alignment were compared with FORS1 data acquired in
May 1999, in the same B, V, and R bands. The mean differences
in magnitude for the selected objects were�0:006� 0:030 in B
and 0:015� 0:021 in V. In the R band, a V � R color term cor-
rection was found giving a mean difference of 0:002� 0:032.

Ground-based near-IR imaging observations of RDCS J1252.9�
2927 were taken with ISAAC (Moorwood et al. 1999) on the

20 The B, V, and R bands correspond to the B_BESSEL, V_BESSEL and
R_SPECIAL (FORS2) or R_BESSEL (FORS 1) filters, respectively.

19 R� is defined as the radius within which the mean density is � times the
critical density of the universe at a given redshift.
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ESO VLT and are described in Lidman et al. (2004) . In the cen-
tral regions of the cluster the data reach limiting magnitudes (5 �
limit over a 0.900 diameter aperture) of 26.5 (AB) and 26.0 (AB)
in the J and Ks bands, respectively. Since then, these data have
been reprocessed to optimize image quality and to facilitate the
computation of aperture corrections over the entire region cov-
ered by near-IR observations. The image quality in the repro-
cessed images varies from 0.3200 to 0.4300. The FWHM of point
sources in a single tile is relatively constant, and this makes it
simpler to compute these aperture corrections, whereas the FWHM
of point sources in the mosaic varies from tile to tile. Hence,
rather than combining the images into a single mosaic, each tile
was processed and analyzed separately. This means that some
objects appear multiple times, as there is considerable overlap
between different tiles. To handle this, we create catalogs for each
tile, and if a source is in more than one catalog, we average the
result. We also compute an error from the different measurements
and compare it to the error computed in SExtractor. If the source is
in only one catalog, we use the error computed in SExtractor;
otherwise we use either the SExtractor error or the error derived
from the multiple measurements, whichever is largest. Magni-
tudes are measured in 10 pixel diameter apertures (�1.500) and
then corrected to larger apertures (400 diameter) using stars in each
tile to compute aperture corrections.

2.2. The Photometric Catalog

A first multicolor catalog was built out of the above data sets.
This catalog contained the photometry computed from the ISAAC
mosaic as described in Lidman et al. (2004) without including
the more recently reprocessed ISAAC photometry (see x 2.1).
We note that the original ISAAC photometry in Lidman et al.
(2004) and the reprocessed one presented here (see below) are in
good agreement with each other, showing median differences of
0.002 in Ks and 0.007 in Js with dispersion (�) values of 0.064
and 0.033, respectively. The ACS, FORS2, and ISAAC images
have different PSF FWHM. In order to avoid source blending
due to a plain smoothing of the best-seeing images to match the
worst one, we adopt a different strategy to correct for these dif-
ferent PSFs. Using the same bright pointlike sources as before
(see x 2.1), we construct growth curves. We then computed the
aperture magnitude for all ground-based and ACS images using
an aperture of 1.500 diameter. An aperture correction from1.500 to
400 diameter is first computed using point sources, and then ap-
plied to all sources in the optical (ACS and FORS2) and near-IR
(ISAAC) bands. Although this aperture correction is not strictly
equivalent to the smoothing technique, we have checked, using
the ACS data, that the two approaches give consistent results.
Themain advantage of using this approach instead of the smooth-
ing one in this analysis is that we avoid significant source blend-
ing, especially in the central region of the cluster. This catalog was
used to select candidates for spectroscopy while preparing most
of the FORS2 masks.

The final photometric catalog published in this work and show-
ing only spectroscopic cluster members is presented in Table 3. It
contains the B-,V-, and R-band photometry from FORS2, the i775-
and z850-band photometry from ACS, and the newly processed Js
and Ks ISAAC photometry, all of them as described above. The
magnitudes are aperture corrected to a radius of 200 and are in
the AB system (Oke 1974). To transform our photometry from
the Vega system to the AB system, we recomputed AB correc-
tions adopting the latest available Vega spectrum. The AB correc-
tions for the B, V, R, Js, J, and Ks filters are�0.088, 0.052, 0.244,
0.968, 0.964, and 1.899 respectively. For the i775 and z850 filters

we use AB correction values of 0.401 and 0.569, respectively
(Blakeslee et al. 2003a). Values in Table 3 are corrected for Ga-
lactic extinction. In order to take into account the Galactic red-
dening in our analyses, we used the extinction maps of Schlegel
et al. (1998). The corrections for the B, V, R, i775, z850, Js, and Ks

bands are 0.323, 0.248, 0.200, 0.145, 0.127, 0.067 and 0.027,
respectively. Near-IR magnitudes presented in Figures 2 and 14
are placed on the 2MASS J, Ks system (Carpenter 2001; Cohen
et al. 2003). The corresponding transformation, including the Ga-
lactic reddening correction, is given by:

(J � Ks)2MASS ¼ 1:038(Js � Ks)ISAAC � 0:048 ð1Þ

and

Ks;2MASS ¼ Ks; ISAAC � 0:028: ð2Þ

Unless otherwise stated, magnitudes presented throughout this
paper are in the AB system.

2.3. Photometric Selection

The above photometric information was used to compute
photometric redshifts (Benı́tez 2000) for all the objects within
the field of view (FoV) covered by the ISAAC mosaic (Lidman
et al. 2004). This region was chosen in order to have optical ACS,
optical FORS2, and near-IR ISAAC photometry available (see
Fig. 1) to compute photometric redshifts. The set of galaxy tem-
plates for the photometric redshift calculations is presented in
Benı́tez et al. (2004). Photometric redshifts together with color-
color diagrams were used to select candidate galaxies for spec-
troscopy. In our first spectroscopic campaign, galaxies withKs <
21, Js � Ks < 2:1, and R� Ks > 3 were targeted. This selec-
tion of the spectroscopic sample, indicated by the dashed lines in

Fig. 1.—Projected distribution of cluster members on the sky (north is up
and east is to the left). Circles are non-star-forming galaxies, and triangles are
galaxies showing [O ii] (k3727) in their spectrum. The background image cor-
responds to the FORS2 coverage in BVR, the darker image corresponds to the
z850 ACS data, and the dashed lines show the field covered by ISAAC. The over-
all shape of the distribution of confirmed galaxy members is clearly elongated in
the east-west direction.
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Figure 2, minimizes the pollution by field galaxies, although it
can be slightly biased against very red (Js � Ksk 2:2) cluster gal-
axies. This primary selection was complemented by another one
on the V � I versus I � z850 plane in order to improve the selec-
tion of Balmer-break and [O ii] (k3727) galaxies. The color tracks
in Figure 2 correspond to different evolutionary models, com-
puted with the BC03 code (Bruzual & Charlot 2003), reproduc-
ing galaxy colors observed at z ¼ 1:237 for different ages (from
1 to 5Gyr). Thesemodels were employed together with the avail-

able multicolor information to guide the selection of targets. The
orange lines represent single burst, solar metallicity models with
burst durations of 0.5 Gyr (dot-dashed ), 1.0 Gyr (dashed ), and
2.0 Gyr (solid ). The green lines represent exponentially declin-
ing star formation rate (SFR), solar metallicity models with char-
acteristic times of � ¼ 1 Gyr (dot-dashed ), � ¼ 2 Gyr (dashed ),
and � ¼ 5 Gyr (solid ). Model points, indicated by small open
circles, are spaced by 0.5 Gyr in age and are in the ISAAC sys-
tem. The blue line corresponds to six starburst galaxy templates
from Kinney et al. (1996), hereafter KC templates, spanning the
mean color excess range 0:0 < E(B� V ) < 0:70 andmarked by
open diamonds. In subsequent campaigns, we took advantage of
photometric redshifts in the range 1:1P zphotP 1:3 as they be-
came available.

2.4. VLT Spectroscopy

A total of 15 masks were designed to be observed with FORS1
and FORS2. The data were obtained as part of an ESO Large
Program (LP-166.A-0701) and two subsequent ESO proposals
(69.A-0683 and 073.A-0832). The spectroscopic observations
started in 2000 March and ended in 2004 April. The first mask
was observed in MOS mode with FORS1 and the 300I grism,
whereas the other 14masks were all observed with FORS2. Spec-
troscopywith FORS2was carried out with both the 300I and 150I
grisms. All the masks designed for MXU spectroscopy were
observed with the 300I grism, while all but one MOS mode ob-
servations were carried out with the 150I grism. The slit width
for MXU observations was set to 100, while the MOSmasks were
designed with slit widths of 1.400 and 1.700. A summary of our
spectroscopic observations is presented in Table 1 and more de-
tailed information about theMOS andMXUmodes as well as the
grism characteristics are given in Demarco et al. (2005). From
2002 October on, the observations were carried out with a CCD
mosaic composed of two 2k ; 4k MIT/LL detectors with in-
creased sensitivity (�30%) in the red, allowing us to obtain a bet-
ter success rate than previous observations with the old FORS2
CCD. The data were reduced following the same procedure de-
scribed in Demarco et al. (2005).

TABLE 1

Summary of the VLT Spectroscopic Data Obtained for RDCS J1252.9�2927

Mask Name Date Telescope Instrument a Grism/Filterb

Exposure

Time

(hr) Mask

m1 .............................. 2001 Mar UT2 FORS2 300I/OG590 4.9 MXU

m2 .............................. 2001 Mar UT2 FORS2 300I/OG590 4.0 MXU

m3 .............................. 2001 Mar UT2 FORS2 300I/OG590 0.9 MXU

m3 .............................. 2001 Apr UT2 FORS2 300I/none 4.5 MXU

m4 .............................. 2001 Mar UT2 FORS2 300I/OG590 1.7 MOS

m4 .............................. 2001 Mar UT2 FORS2 150I/GG435 1.4 MOS

m5 .............................. 2001 Mar UT2 FORS2 150I/GG435 1.3 MOS

m6 .............................. 2001 Apr UT2 FORS2 300I/none 4.5 MXU

m7 .............................. 2001 Apr UT2 FORS2 150I/none 2.0 MOS

m8 .............................. 2001 Apr UT2 FORS2 150I/none 2.0 MOS

m9 .............................. 2001 Apr UT2 FORS2 150I/none 1.0 MOS

m10 ............................ 2001 Apr UT2 FORS2 300I/none 2.5 MXU

m11............................. 2002 Oct UT4 FORS2� 300I/none 6.5 MXU

m12 ............................ 2003 Feb UT4 FORS2� 300I/none 3.7 MXU

m13 ............................ 2003 Feb UT4 FORS2� 300I/none 3.0 MXU

m14 ............................ 2004 Apr UT4 FORS2� 300I/none 4.7 MXU

m15 ............................ 2004 Apr UT4 FORS2� 300I/none 4.7 MXU

a The asterisk (�) indicates observations carried out with the mosaic of two 2k ; 4k MIT CCDs.
b Grism/Filter corresponds to the grism /order sorting filter combination used.

Fig. 2.—Color-color selection of the spectroscopic sample. Galaxies with
Ks < 21, J � Ks < 2:1, and R� Ks > 3 were targeted. The different color tracks
correspond to different evolutionary models, computed with Bruzual & Charlot’s
code, and to 6 KC templates with different E(B� V ) color excess (see text
for details). The square indicates the spectroscopically confirmed cluster AGN
( ID 174). Filled circles indicate passive members, while filled triangles indicate
emission-line [O ii] (k3727) members. Small dots are objects in our full photo-
metric catalog. [See the electronic edition of the Journal for a color version of this
figure.]
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TABLE 2

Spectroscopically Confirmed Cluster Members

ID

(1)

R.A.

(2)

Decl.

(3)

z

(4)

R

(5)

Spectral Featuresa

(6)

Emission Line

Flag

(7)

Flux [O ii]

(8)

EW [O ii]

(9)

SFR

(10)

137....................... 12 52 57.65 �29 28 07.5 1.2475 � 0.0004 2.37 Mg i; Ca ii (H+K); D4000; H� 0 . . . . . . . . .

149....................... 12 52 49.65 �29 28 03.7 1.2382 � 0.0003 3.45 Mg i; Ca ii (H+K); D4000; H� 0 . . . . . . . . .

174....................... 12 52 49.82 �29 27 54.9 1.2382 � 0.0002 4.73 [O ii] 1 1.25 � 0.04 �596 � 528 0.7 � 0.2

205....................... 12 52 51.98 �29 27 46.2 1.2318 � 0.0003 4.11 Mg i; Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

206....................... 12 52 48.74 �29 27 45.3 1.2353 � 0.0003 3.11 H8; Mg i; H6; Ca ii (H+K); D4000 0 . . . . . . . . .

247....................... 12 52 51.15 �29 27 31.4 1.2351 � 0.0002 5.79 H8; H6; Ca ii (H+K); D4000; H�; Ca i 0 . . . . . . . . .

248....................... 12 52 57.39 �29 27 32.1 1.2322 � 0.0001 4.91 [O ii]; Ca ii (H); Ca i 1 0.54 � 0.20 �63 � 24 0.3 � 0.2

265....................... 12 52 57.64 �29 27 29.8 1.2358 � 0.0004 1.98 H8; Ca ii (K); D4000 0 . . . . . . . . .

282....................... 12 52 54.42 �29 27 23.7 1.2472 � 0.0004 1.99 Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

289....................... 12 52 54.54 �29 27 17.1 1.2378 � 0.0006 2.23 H9; D4000; Ca i 0 . . . . . . . . .

291....................... 12 52 54.41 �29 27 17.7 1.2343 � 0.0003 5.21 Fe i; H9; H8; Ca ii (H+K); D4000; H� 0 . . . . . . . . .

294....................... 12 52 52.31 �29 27 19.1 1.2455 � 0.0003 4.13 Mg i; Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

304....................... 12 52 54.02 �29 27 18.5 1.2384 � 0.0003 3.96 Mg i; H6; Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

309....................... 12 52 50.66 �29 27 18.1 1.2312 � 0.0002 3.92 [O ii]; H6; Ca ii (H+K); H�; Ca i 1 0.85 � 0.20 �32 � 8 0.5 � 0.2

310....................... 12 52 52.39 �29 27 18.0 1.2342 � 0.0003 3.69 Fe i; He i; H8; Mg i; H6; Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

313....................... 12 52 55.22 �29 27 16.7 1.2455 � 0.0006 3.58 Fe i; H10; Mg i; Ca ii (H+K); D4000; Ca i 0 . . . . . . . . .

330....................... 12 52 58.67 �29 27 10.4 1.2297 � 0.0003 4.09 He i; H9; H8; Mg i; H6; Ca ii (H+K); D4000; H� 0 . . . . . . . . .

338....................... 12 52 53.93 �29 27 09.9 1.2312 � 0.0003 4.09 Fe i; He i; H8; Mg i; Ca ii (H+K); D4000; H�; Ca i 0 . . . . . . . . .

339....................... 12 52 55.63 �29 27 09.7 1.2274 � 0.0002 3.43 [O ii]; H9; H8 1 1.78 � 0.20 �34 � 4 1.0 � 0.4

345....................... 12 52 46.98 �29 27 07.7 1.2379 � 0.0004 1.00 H10; Mg i; [O ii]; D4000 1 5.00 � 2.85 �40 � 23 2.9 � 2.4

366....................... 12 52 48.64 �29 26 59.7 1.2371 � 0.0001 6.92 [O ii] 1 0.08 � 0.03 �106 � 36 0.05 � 0.03

367....................... 12 52 57.27 �29 27 02.3 1.2295 � 0.0003 6.92 Mg i; Ca ii (H+K); D4000 0 . . . . . . . . .

370....................... 12 53 06.41 �29 27 02.4 1.2373 � 0.0010 1.24 Fe i; H10; Mg i; Ca ii (H+K); D4000 0 . . . . . . . . .

407....................... 12 53 00.00 �29 26 09.8 1.2354 � 0.0002 5.92 H8; Mg i; Ca ii (H+K); D4000; H�; Ca i 0 . . . . . . . . .

419....................... 12 52 41.81 �29 26 45.5 1.2338 � 0.0001 5.07 [O ii] 1 1.71 � 0.72 �79 � 33 1.0 � 0.7

432....................... 12 52 58.19 �29 26 41.6 1.2416 � 0.0003 4.19 H10; Mg i; H6; Ca ii (H+K); D4000 0 . . . . . . . . .

442....................... 12 52 54.52 �29 26 39.8 1.2306 � 0.0003 3.63 He i; Mg i; H6; Ca ii (H+K); D4000 0 . . . . . . . . .

445....................... 12 52 59.98 �29 26 27.2 1.2400 � 0.0004 2.94 [O ii]; H10; Mg i; H6; Ca ii (H+K) 1 1.33 � 0.27 �30 � 6 0.8 � 0.4

515....................... 12 52 55.44 �29 26 12.2 1.2402 � 0.0001 5.26 He i; H9; Ca ii (H+K); [O ii] 1 0.91 � 0.20 �55 � 12 0.5 � 0.3

619....................... 12 53 00.23 �29 25 42.7 1.2432 � 0.0004 1.38 [O ii]; Ca i 1 6.70 � 1.56 �28 � 7 3.9 � 1.9

726....................... 12 53 05.93 �29 26 31.4 1.2273 � 0.0001 2.79 [O ii] 1 3.33 � 0.65 �130 � 25 1.9 � 0.9

2065..................... 12 53 03.30 �29 25 39.3 1.2327 � 0.0001 15.54 [O ii] 1 5.09 � 0.51 �145 � 15 3.0 � 1.0

3159..................... 12 53 00.53 �29 26 51.2 1.2459 � 0.0003 1.87 [O ii]; H10; H9; H8 1 0.56 � 0.14 �30 � 7 0.3 � 0.2

6301..................... 12 53 03.50 �29 24 48.6 1.2408 � 0.0001 7.36 [O ii] 1 4.68 � 1.16 �80 � 20 2.7 � 1.4

6306..................... 12 52 48.68 �29 24 59.3 1.2380 � 0.0001 4.45 [O ii]; H9; H8; Mg i; H6; Ca ii (H+K); H� 1 3.20 � 0.47 �44 � 6 1.9 � 0.7

7001..................... 12 52 48.61 �29 30 33.5 1.2368 � 0.0003 2.49 Fe i; He i; [O ii]; H9; H8; Mg i; H6; Ca ii (H+K); H� 1 0.32 � 0.09 �25 � 7 0.2 � 0.1

7005..................... 12 52 49.93 �29 29 52.3 1.2416 � 0.0006 3.28 He i; H10; H8; Mg i; H6; Ca ii (H+K); D4000; H� 0 . . . . . . . . .

9000..................... 12 53 04.81 �29 26 58.6 1.2438 � 0.0001 3.20 [O ii] 1 0.30 � 0.01 �100 � 42 0.2 � 0.1

Notes.—Cols. (2), (3): R.A. and decl. (J2000). Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Col. (4): Redshift and its formal error as obtained
from the cross-correlation. Col (5): Correlation coefficient, R, as defined in Tonry & Davis (1979). Col. (6): Most prominent spectral features identified in the spectrum. Col. (7): Emission line flag assigned to the object. A
value of 0 corresponds to galaxies without emission lines, and a value of 1 corresponds to galaxies with narrow emission lines. Cols. (8)Y (10): Integrated [O ii] line flux (in ;10�17 ergs s�1 cm�2), the [O ii] line equivalent
width (EW; in 8), and the star-formation rate (SFR), in M� yr�1.

a Most prominent spectral features: Fe i (k3581), He i (k3614), [O ii] (k3727), H10 (k3750), H9 (k3770), H8 (k3799), Mg i(k3834), H6 (k3889), the Ca ii lines H (k3934) and K (k3969), the decrement at 4000 8

(D4000), H� (k4102), and Ca i (k4227).



The efficient selection criteria of targets based on high-quality
imaging data has been a key piece in the success of our spectro-
scopic campaign. From a total number of 418 galaxies targeted
with the 15 masks on FORS (see Table 1), we were able to obtain
282 (67%) redshifts, fromwhich 227 (54%) correspond to secure
measurements. We consider as cluster members all galaxies in
the redshift range 1:22 < z < 1:25, which corresponds to about
�3�

v
around the cluster median velocity, where �

v
is the cluster

velocity dispersion (see x 3.1).With this criterion, 38 galaxies are
classified as spectroscopic cluster members (see Table 2). The
signal-to-noise ratio (S/N) per resolution element of cluster mem-
ber galaxies in the range 3995 8 < k < 4085 8 rest-frame is
observed to vary between�1 and�10. The redshifts and the cor-
responding error bars were obtained from the cross-correlation
between the object and a template spectra as described in
Demarco et al. (2005). In the cases of very poor S/N (� 1), the
redshift was determined from the identification of [O ii] (k3727)
in the spectrum. In the case of passive galaxies, i.e., galaxies with
an absorption-line spectrum and no visible emission lines, the
redshift was obtained from the cross-correlation technique as

implemented in the RVSAO/XCSAO task in IRAF. In 23 objects
(all with S/N > 2:5), Ca ii (H+K) features were identified as
well. However, further spectroscopic classification, such as the
one proposed by Dressler et al. (1999) was not possible with the
current data due to the lack of an accurate measurement of the H�
(k4102) feature. In general, we avoided observing the same ob-
ject more than once; however, we obtained more than one red-
shift measurement for a small number of objects. This allowed us
to estimate total (random+systematic) errors, yielding typical
values of �z � 12 ; 10�4. This value represents a more rigorous
estimate of the redshift errors, since the formal errors given
by the cross-correlation (Tonry & Davis 1979) are known to be
smaller than the true errors (e.g., Malumuth et al. 1992; Bardelli
et al. 1994; Ellingson&Yee 1994; Quintana et al. 2000), andwill
be used in computations.

Those spectroscopic members for which FORS2 and ISAAC
photometry is available (see Table 3) are shown in Figure 2. The
red circles indicate spectroscopically confirmed non-emission-
line members, while blue triangles indicate emission-line [O ii]
(k3727) confirmed members. The emission-line object in the

TABLE 3

Photometric Catalog of Spectroscopically Confirmed Cluster Members

ID K tot
s B� V V � R V � i775 R� Ks i775 � z850 Js � Ks T Type

137.......................... 20.97 � 0.01 0.60 � 0.15 1.42 � 0.08 2.56 � 0.06 3.72 � 0.05 0.93 � 0.02 0.76 � 0.02 �5

149.......................... 21.01 � 0.01 1.21 � 0.31 1.68 � 0.09 2.80 � 0.08 3.84 � 0.05 0.90 � 0.02 0.84 � 0.02 �2

174.......................... 20.98 � 0.02 0.27 � 0.10 0.51 � 0.08 1.37 � 0.06 3.85 � 0.06 0.74 � 0.05 1.25 � 0.03 8

205.......................... 21.03 � 0.02 1.24 � 0.26 1.00 � 0.08 2.20 � 0.06 3.94 � 0.06 0.92 � 0.02 0.80 � 0.02 �2

206.......................... 20.96 � 0.01 0.52 � 0.15 1.32 � 0.08 2.29 � 0.07 3.78 � 0.05 0.98 � 0.03 0.81 � 0.02 �5

247.......................... 19.53 � 0.01 1.22 � 0.11 1.26 � 0.04 2.38 � 0.03 4.00 � 0.03 0.99 � 0.01 0.82 � 0.01 �5

248.......................... 21.68 � 0.07 0.21 � 0.08 0.32 � 0.06 0.96 � 0.04 2.79 � 0.06 0.68 � 0.02 1.00 � 0.04 8

265.......................... 21.02 � 0.01 0.79 � 0.15 1.04 � 0.07 2.15 � 0.05 3.82 � 0.05 0.97 � 0.02 0.85 � 0.02 �2

282.......................... 20.60 � 0.05 1.02 � 0.20 1.13 � 0.08 2.31 � 0.06 4.28 � 0.06 0.95 � 0.01 0.96 � 0.02 �5

289.......................... 19.54 � 0.04 0.80 � 0.12 1.45 � 0.06 2.49 � 0.04 4.02 � 0.04 0.96 � 0.01 0.87 � 0.01 �5

291.......................... 19.22 � 0.03 1.11 � 0.11 1.28 � 0.04 2.34 � 0.03 4.09 � 0.03 0.96 � 0.01 0.91 � 0.01 �5

294.......................... 20.31 � 0.05 1.08 � 0.13 1.21 � 0.06 2.23 � 0.04 3.97 � 0.04 0.93 � 0.01 0.89 � 0.01 �5

304.......................... 19.75 � 0.11 1.28 � 0.18 1.45 � 0.06 2.58 � 0.05 4.25 � 0.04 0.97 � 0.01 0.94 � 0.02 �5

309.......................... 20.97 � 0.01 0.66 � 0.09 0.78 � 0.05 1.47 � 0.03 3.27 � 0.04 0.94 � 0.01 0.87 � 0.02 �2

310.......................... 20.54 � 0.03 1.08 � 0.15 0.99 � 0.06 2.00 � 0.04 3.99 � 0.05 0.89 � 0.01 0.91 � 0.02 �5

313.......................... 20.32 � 0.01 99 1.52 � 0.09 2.74 � 0.07 4.45 � 0.05 1.02 � 0.01 1.00 � 0.01 �5

330.......................... 20.85 � 0.01 0.69 � 0.16 1.39 � 0.08 2.55 � 0.06 3.94 � 0.05 0.88 � 0.02 0.86 � 0.02 �5

338.......................... 20.93 � 0.02 1.18 � 0.22 1.28 � 0.08 2.33 � 0.06 3.92 � 0.05 0.92 � 0.01 0.88 � 0.03 �5

339.......................... 20.85 � 0.01 0.04 � 0.04 0.20 � 0.04 0.63 � 0.02 2.40 � 0.03 0.64 � 0.01 0.92 � 0.02 8

345.......................... 20.76 � 0.01 0.33 � 0.10 1.07 � 0.06 2.09 � 0.04 3.71 � 0.04 0.99 � 0.01 0.85 � 0.02 3

366.......................... 22.26 � 0.08 0.17 � 0.04 0.14 � 0.04 0.65 � 0.02 1.71 � 0.06 0.52 � 0.01 0.55 � 0.06 3

367.......................... 20.97 � 0.04 0.69 � 0.14 1.05 � 0.07 2.03 � 0.05 3.90 � 0.05 0.95 � 0.02 0.78 � 0.02 �2

370.......................... 21.33 � 0.06 99 1.76 � 0.14 3.07 � 0.12 4.32 � 0.11 1.00 � 0.03 1.00 � 0.14 �1

407.......................... 20.21 � 0.01 1.13 � 0.21 1.62 � 0.07 2.78 � 0.06 4.29 � 0.04 0.99 � 0.02 0.92 � 0.01 �2

419.......................... 21.89 � 0.08 0.23 � 0.06 0.32 � 0.05 0.83 � 0.04 2.49 � 0.14 0.69 � 0.02 0.71 � 0.19 8

432.......................... 21.47 � 0.01 0.69 � 0.20 0.91 � 0.11 2.35 � 0.08 4.22 � 0.08 0.81 � 0.04 0.86 � 0.03 �5

442.......................... 21.26 � 0.05 0.39 � 0.17 1.40 � 0.09 2.59 � 0.07 3.84 � 0.06 0.91 � 0.01 0.77 � 0.02 �5

445.......................... 20.31 � 0.01 0.44 � 0.07 0.83 � 0.05 1.63 � 0.04 3.51 � 0.04 0.91 � 0.02 0.84 � 0.01 �5

515.......................... 22.07 � 0.11 0.03 � 0.04 0.24 � 0.04 0.70 � 0.02 1.65 � 0.06 0.46 � 0.01 0.48 � 0.09 8

619.......................... 21.65 � 0.02 0.20 � 0.06 0.27 � 0.05 0.93 � 0.04 2.36 � 0.05 0.70 � 0.04 0.61 � 0.04 6

726.......................... 23.15 � 0.16 0.06 � 0.06 0.26 � 0.05 0.65 � 0.04 1.12 � 0.43 0.33 � 0.04 0.18 � 0.52 �

2065........................ 22.78 � 0.05 0.09 � 0.04 0.20 � 0.04 0.58 � 0.03 1.23 � 0.07 0.43 � 0.03 0.34 � 0.08 8

3159........................ 23.87 � 0.09 0.55 � 0.05 0.23 � 0.04 0.52 � 0.03 0.62 � 0.12 0.14 � 0.03 0.07 � 0.13 0

6301........................ 99 0.00 � 0.04 0.22 � 0.04 0.48 � 0.04 99 0.43 � 0.04 99 0

6306........................ 99 0.29 � 0.07 0.63 � 0.05 1.22 � 0.04 99 0.85 � 0.03 99 1

7001........................ 99 99 99 99 99 99 99 �

7005........................ 99 1.06 � 0.21 1.16 � 0.08 2.14 � 0.07 99 0.88 � 0.04 99 �1

9000........................ 99 0.23 � 0.11 0.36 � 0.09 0.87 � 0.08 99 0.61 � 0.08 99 8

Notes.—The galaxy ID in the catalog is given in the first column. Magnitudes in the AB system, corrected for galactic reddening, and the corresponding errors are
given in the following columns. B, V, and Rmagnitudes were obtained with VLT/FORS; i775 and z850 magnitudes are from HST/ACS; and the near-IR magnitudes are
from the reprocessed VLT/ ISAAC data. A value of 99 has been assigned to unavailable photometry. The last column gives the morphological T-type (de Vaucouleurs
et al. 1976) of the galaxy, as determined by Postman et al. (2005).

SPECTROSCOPIC SURVEY OF RDCS J1252.9�2927 169



upper right side of the plot, marked with a square, corresponds to
an X-ray source at the cluster redshift ( ID 174; see Rosati et al.
2004; Martel et al. 2007). Note the unusual morphology of this
source (see Fig. 5.3), with a faint red nucleus and an irregular,
diffuse structure (also see Martel et al. 2007). In Table 4 we pres-
ent the X-ray information corresponding to this source and other
X-ray sources in the cluster FoV, for which a redshift measure-
ment was obtained. The X-ray fluxes and rest frame X-ray lu-
minosities in the soft ([0.5Y2] keV) and hard ([2Y10] keV) bands
were extracted from the 190 ks Chandra observations (Rosati
et al. 2004), assuming a power-law spectrum with photon index
1.4.

We estimated the success rate of our spectroscopic survey as
the ratio of the number of objects with spectroscopic redshifts to
the number of objects that were targeted for spectroscopy as a
function of Ks (AB) magnitude. The data were binned in�Ks ¼
0:5 mag intervals and include only objects for which an estimate
of their Ks magnitude is available, as shown in Figure 3. Beside
the overall success rate of our survey (solid histogram), the suc-
cess rate for galaxies from the primary color-color selection (see
x 2.1) is shown as the dashed histogram. A secondary color-color
selection, defined by I � z850 > 0:4, I � z850 < 0:85, V � I >
0:2, V � I < 1:2, V � I > ½2:4 (I � z850)� 1:12�, and V � I <
½7:0 (I � z850)� 2:3�, was used to identify possible Balmer-break
and star-forming galaxies. The success rate of this additional cut
in color-color space is shown in Figure 3 as the dotted histogram.
For galaxies within the primary color-color cut, the success rate
decreases dramatically, from about 85% to about 20%, for gal-
axies with magnitudes fainter than 21.5 in Ks. At fainter magni-
tudes, the secondary color-color selection was more effective, as
intended, at detecting sources with emission lines, increasing the
number of galaxies per mask for which a redshift could easily be
obtained. This secondary selection allowed us to obtain the red-
shift for 23 faint objects with Ks > 21:5. This corresponds to
�12% of all (no color restriction) targeted sources with Ks >
21:5. We note that all the sources within the V � I versus I �
z850 cut with Ks > 21:5 and spectroscopic confirmation show
some star-forming activity, while there are no targeted objects in
this secondary color-color region with Ks < 20:2. The V � I
versus I � z850 selection was intended to target star-forming
galaxies at the cluster redshift; however, only eight members
with [O ii] were confirmed this way. In addition, no secure red-
shift was obtained for objects with Ks < 20:5 in this secondary
color-color selecting area.

3. ANALYSIS

3.1. Member Selection and Global Properties

The distribution in redshift space of the 227 galaxies with a
secure estimate of their redshift is shown in Figure 4. The bin size
of the histogram is �z ¼ 0:01. We perform the adaptive-kernel
method (hereafter DEDICA; Pisani 1993, 1996; Fadda et al.
1996; Girardi et al. 1996; Girardi & Mezzetti 2001) to search for
the significant (>99% confidence level [c.l.]) peaks in the ve-
locity distribution. This procedure detects RDCS J1252.9�2927

TABLE 4

X-Ray Point Sources, in the Cluster Field of View, Detected by Chandra

ID

(1)

R.A.

(2)

Decl.

(3)

z

(4)

fX[0.5Y2]

(5)

fX[2Y10]

(6)

LX[0.5Y2]

(7)

LX[2Y10]

(8)

425........................ 12 52 58.14 �29 26 49.3 0.4694 5.1E�16 2.3E�15 3.3E+41 1.5E+42

69.......................... 12 53 03.60 �29 28 28.4 0.4762 1.1E�15 6.8E�15 7.3E+41 4.6E+42

7006...................... 12 52 56.96 �29 30 10.9 0.7313 1.4E�15 3.3E�15 2.4E+42 5.7E+42

661........................ 12 53 01.50 �29 25 38.8 0.7439 1.4E�14 2.6E�14 2.6E+43 4.8E+43

217........................ 12 53 03.64 �29 27 42.1 0.7533 3.3E�16 9.0E�16 6.1E+41 1.7E+42

3043...................... 12 53 00.39 �29 29 17.2 0.8220 2.9E�15 1.1E�14 6.5E+42 2.4E+43

355........................ 12 52 42.48 �29 27 03.0 0.8440 4.2E�16 9.5E�16 9.9E+41 2.3E+42

612........................ 12 52 59.93 �29 25 18.4 1.1764 1.1E�15 4.5E�15 5.5E+42 2.2E+43

174........................ 12 52 49.82 �29 27 54.9 1.2382 1.9E�16 1.6E�15 1.1E+42 8.6E+42

321........................ 12 52 40.36 �29 27 14.1 1.3479 1.6E�16 5.6E�15 1.1E+42 3.6E+43

374........................ 12 52 50.08 �29 27 00.7 1.5198 1.6E�15 3.5E�15 1.4E+43 3.0E+43

Notes.—Cols. (2), (3): Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arc-
seconds. Col. (4): Spectroscopic redshift of the source. Cols. (5), (6): Flux, in units of ergs s�1 cm�2, in the [0.5Y2] and [2Y10] keV bands of
Chandra. Cols. (7), (8): Rest-frame X-ray luminosity, in units of ergs s�1, in the [0.5Y2] and [2Y10] keV bands.

Fig. 3.—Success rate of the spectroscopic survey, defined as the ratio of the
number of objects with spectroscopic redshifts to the number of objects that were
targeted for spectroscopy as a function of Ks magnitude, shown by the solid
histogram. The data were binned in �Ks ¼ 0:5 mag intervals. This distribution
includes only objects for which an estimate of their Ks magnitude is available.
The dashed histogram shows the success rate only considering our main color-
color selection, R� Ks > 3 and J � Ks < 2:1, while the dotted histogram shows
the same ratio only considering the secondary color-color selection: I � z850 >
0:4, I � z850 < 0:85, V � I > 0:2, V � I < 1:2, V � I > ½2:4(I � z850)�1:12�,
and V � I < ½7:0(I � z850)� 2:3�. This secondary selection was intended to
target Balmer-break and star-forming galaxies. The dot-dashed line corresponds
to the Ks magnitude of the brightest cluster member.
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as the strongest peak at z � 1:24 (see Fig. 4), populated by 38
galaxies (hereafter referred to as cluster members), the largest
number of spectroscopic members discovered so far in a cluster
of galaxies at z > 1, distributed over a region of 1.8 Mpc in
radius. Out of non-member galaxies, 169 and 20 are foreground
and background galaxies, respectively (see Table 5). In partic-
ular, 33 foreground galaxies belong to a dense peak at z � 0:74.
This structure, in the redshift range 0:70 < z < 0:79 (see Table 5),
has a 3 � clipped mean redshift of z̄ ¼ 0:7429� 0:0024. The
projected distribution of these sources extends over a region of
about 5.60 a side in front of the cluster, showing a small concen-
tration of about 10 galaxies at about 10 north from the cluster cen-
ter. There is no X-ray extended emission associated with this
structure, indicating the lack of a hot gas component, although
we note that there are three X-ray point sources at this redshift
(see Table 4). This ‘‘group’’ may contribute to overestimations of
the cluster mass obtained by weak-lensing analyses, as discussed
in Lombardi et al. (2005).

By applying the biweight estimator to the cluster members
(Beers et al. 1990), we compute a mean cluster redshift of zh i ¼
1:2370� 0:0004. We estimate the line-of-sight (LOS) velocity
dispersion, �

v
, by using the biweight estimator and applying the

cosmological correction and the standard correction for velocity
errors (Danese et al. 1980).We obtain�

v
¼ 747þ74

�84 kms�1, where
errors are estimated through a bootstrap technique. The spec-
troscopic information available on the cluster member sample is
given in Table 2, while the ACS and ground-based photometry
of cluster members is presented in Table 3. Figure Set 5 show
500 ; 500 thumbnail images of the 37 spectroscopic cluster galax-
ies in the FoV of ACS together with the corresponding FORS
spectrum. The first two panels correspond to the i775 (rest-frame
U ) and z850 (rest-frame B) data. The most prominent spectral
features identified in each spectrum in the displayed wavelength
range are indicated (see figure caption for details). One cluster
member, ID 7001, is out of the ACS FoV, and its spectrum is
shown in Figure 6. For completeness, in Figure 7 we show the
optical spectrum of the 10 non-cluster-member active galactic
nuclei (AGNs) listed in Table 4. We do not present any analysis

Fig. 4.—Redshift distribution of the 227 galaxies with a secure estimate of
their redshifts. The bin size of the histogram is�z ¼ 0:01. RDCS J1252.9�2927
appears as the strongest peak of the distribution with a median redshift of z ¼
1:2373 (3 � clipped mean of z̄ ¼ 1:2371� 0:0009), with 38 galaxies within the
range 1:22 < z < 1:25. A number of smaller peaks in the survey distribution are
observed along the line of sight to the cluster, where a significant peak at z ’ 0:74
is detected. This ‘‘group,’’ composed of 31 galaxies, has a 3 � clipped mean red-
shift of z̄ ¼ 0:7429� 0:0024.

TABLE 5

Spectroscopic Data of Field Galaxies

ID

(1)

R.A.

(2)

Decl.

(3)

z

(4)

z Error

(5)

128......................... 12 53 05.23 �29 28 08.2 0.0811 0.0008

723......................... 12 52 44.53 �29 29 10.0 0.0844 0.0012

413......................... 12 52 48.10 �29 26 50.7 0.0906 0.0011

29........................... 12 52 55.14 �29 28 49.5 0.1092 0.0009

787......................... 12 52 49.99 �29 30 00.7 0.1637 0.0004

718......................... 12 53 00.43 �29 24 35.3 0.1784 0.0010

624......................... 12 52 59.72 �29 25 41.6 0.1798 0.0008

179......................... 12 52 59.88 �29 27 50.4 0.1952 0.0007

502......................... 12 52 40.33 �29 26 20.2 0.2461 0.0005

273......................... 12 52 44.34 �29 27 29.6 0.2471 0.0001

219......................... 12 52 44.27 �29 27 40.1 0.2476 0.0005

3096....................... 12 52 45.39 �29 29 27.5 0.2604 0.0002

371......................... 12 52 47.38 �29 27 02.5 0.2613 0.0008

31........................... 12 52 48.07 �29 28 42.2 0.2615 0.0007

535......................... 12 52 51.52 �29 25 58.1 0.2693 0.0010

792......................... 12 53 09.19 �29 27 36.3 0.2781 0.0006

746......................... 12 53 05.03 �29 26 15.2 0.2788 0.0007

162......................... 12 52 44.63 �29 28 00.3 0.2882 0.0007

594......................... 12 52 48.67 �29 25 10.9 0.2979 0.0004

449......................... 12 52 49.21 �29 26 39.1 0.3060 0.0001

72........................... 12 53 06.18 �29 28 28.6 0.3233 0.0005

241......................... 12 52 57.98 �29 27 36.2 0.3305 0.0005

250......................... 12 52 46.42 �29 27 28.3 0.3452 0.0014

4052....................... 12 53 06.44 �29 26 50.1 0.3483 0.0004

361......................... 12 53 00.97 �29 27 04.0 0.3492 0.0001

341......................... 12 52 54.73 �29 27 10.5 0.3515 0.0007

27........................... 12 52 50.15 �29 28 53.9 0.3749 0.0005

467......................... 12 52 53.07 �29 26 31.4 0.3760 0.0006

325......................... 12 52 40.53 �29 27 14.0 0.3962 0.0001

181......................... 12 53 09.80 �29 27 51.6 0.4013 0.0004

180......................... 12 52 56.32 �29 27 51.4 0.4050 0.0007

365......................... 12 52 58.61 �29 27 03.0 0.4058 0.0004

790......................... 12 52 59.31 �29 29 57.0 0.4296 0.0006

736......................... 12 53 03.33 �29 24 17.1 0.4346 0.0006

730......................... 12 52 44.87 �29 27 00.7 0.4602 0.0002

4010....................... 12 53 10.59 �29 26 02.9 0.4687 0.0002

552......................... 12 53 08.59 �29 25 58.4 0.4687 0.0006

629......................... 12 52 56.07 �29 25 25.2 0.4689 0.0004

492......................... 12 52 54.71 �29 26 23.1 0.4690 0.0004

269......................... 12 52 56.13 �29 27 22.1 0.4692 0.0004

425......................... 12 52 58.14 �29 26 49.3 0.4694 0.0006

69........................... 12 53 03.60 �29 28 28.4 0.4762 0.0005

22........................... 12 52 47.45 �29 28 56.7 0.4827 0.0004

714......................... 12 53 09.89 �29 26 37.1 0.4861 0.0006

571......................... 12 52 44.92 �29 25 47.2 0.4941 0.0007

153......................... 12 52 47.06 �29 28 03.2 0.5110 0.0002

546......................... 12 52 51.31 �29 25 58.1 0.5125 0.0009

656......................... 12 52 48.90 �29 25 37.7 0.5375 0.0004

649......................... 12 52 49.03 �29 25 37.4 0.5390 0.0004

469......................... 12 52 45.78 �29 26 30.9 0.5408 0.0005

717......................... 12 53 03.78 �29 24 34.9 0.5530 0.0005

788......................... 12 52 52.25 �29 30 14.1 0.5573 0.0005

71........................... 12 53 08.30 �29 28 30.3 0.5616 0.0002

756......................... 12 52 40.61 �29 27 10.3 0.5952 0.0006

377......................... 12 53 00.10 �29 27 01.2 0.6678 0.0003

737......................... 12 52 53.31 �29 24 43.3 0.6700 0.0005

127......................... 12 52 59.38 �29 28 11.5 0.6701 0.0002

1............................. 12 52 45.89 �29 29 04.0 0.6705 0.0005

222......................... 12 52 53.09 �29 27 39.6 0.6719 0.0002

193......................... 12 52 51.10 �29 27 49.0 0.6721 0.0002

528......................... 12 52 57.67 �29 26 05.2 0.6723 0.0008

398......................... 12 52 54.57 �29 26 48.5 0.6733 0.0003

405......................... 12 53 00.24 �29 26 47.8 0.6744 0.0006

720......................... 12 52 48.01 �29 29 10.0 0.6802 0.0006

441� ....................... 12 52 46.03 �29 26 40.1 0.7201 0.0004
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TABLE 5—Continued

ID

(1)

R.A.

(2)

Decl.

(3)

z

(4)

z Error

(5)

175� ....................... 12 52 58.98 �29 27 56.3 0.7217 0.0010

7006� ..................... 12 52 56.96 �29 30 10.9 0.7313 0.0002

508� ....................... 12 52 54.75 �29 26 14.7 0.7331 0.0003

537� ....................... 12 52 54.50 �29 26 05.4 0.7333 0.0003

465� ....................... 12 52 52.88 �29 26 31.9 0.7336 0.0003

495� ....................... 12 52 56.38 �29 26 22.3 0.7336 0.0002

488� ....................... 12 52 52.38 �29 26 23.3 0.7340 0.0002

458� ....................... 12 52 54.45 �29 26 31.6 0.7341 0.0003

539� ....................... 12 52 53.95 �29 26 05.6 0.7351 0.0003

713� ....................... 12 52 51.22 �29 30 21.2 0.7352 0.0003

231� ....................... 12 52 55.97 �29 27 35.9 0.7353 0.0004

519� ....................... 12 52 53.62 �29 26 10.1 0.7354 0.0001

225� ....................... 12 52 56.64 �29 27 39.9 0.7360 0.0002

6308� ..................... 12 52 48.75 �29 29 49.7 0.7364 0.0002

526� ....................... 12 52 56.74 �29 26 00.6 0.7394 0.0002

596� ....................... 12 53 01.65 �29 25 10.5 0.7397 0.0003

305� ....................... 12 52 50.43 �29 27 19.0 0.7424 0.0004

39� ......................... 12 52 58.52 �29 28 39.0 0.7425 0.0009

521� ....................... 12 53 08.70 �29 26 08.9 0.7431 0.0004

4043� ..................... 12 53 05.84 �29 26 42.2 0.7436 0.0002

3182� ..................... 12 52 53.17 �29 27 19.5 0.7437 0.0004

661� ....................... 12 53 01.50 �29 25 38.8 0.7439 0.0001

235� ....................... 12 53 08.72 �29 27 36.6 0.7447 0.0004

383� ....................... 12 53 08.67 �29 27 00.8 0.7458 0.0005

613� ....................... 12 52 56.00 �29 25 12.9 0.7470 0.0006

2060� ..................... 12 52 58.19 �29 25 36.2 0.7502 0.0001

217� ....................... 12 53 03.64 �29 27 42.1 0.7533 0.0003

411� ....................... 12 53 06.98 �29 26 50.5 0.7588 0.0003

511� ....................... 12 52 56.06 �29 26 15.1 0.7592 0.0004

4019� ..................... 12 53 12.36 �29 26 12.9 0.7635 0.0001

2007� ..................... 12 52 52.49 �29 29 25.0 0.7802 0.0003

551� ....................... 12 52 41.73 �29 25 56.2 0.7823 0.0007

380......................... 12 52 49.65 �29 27 01.9 0.8208 0.0003

66........................... 12 52 55.80 �29 28 32.2 0.8214 0.0003

3043....................... 12 53 00.39 �29 29 17.2 0.8220 0.0001

402......................... 12 52 49.53 �29 26 54.9 0.8226 0.0005

6309....................... 12 52 44.95 �29 29 52.9 0.8348 0.0003

260......................... 12 52 50.26 �29 27 27.5 0.8429 0.0004

208......................... 12 52 50.97 �29 27 45.8 0.8434 0.0001

355......................... 12 52 42.48 �29 27 03.0 0.8440 0.0002

408......................... 12 52 50.75 �29 26 39.3 0.8462 0.0004

7003....................... 12 52 43.44 �29 29 09.9 0.8474 0.0002

334......................... 12 52 53.97 �29 27 08.4 0.8493 0.0003

389......................... 12 52 57.19 �29 26 46.8 0.8523 0.0004

2456....................... 12 53 01.62 �29 27 03.9 0.8531 0.0007

67........................... 12 52 47.25 �29 28 29.2 0.8539 0.0004

503......................... 12 52 52.85 �29 26 17.0 0.8750 0.0001

758......................... 12 53 05.03 �29 27 37.1 0.8801 0.0003

199......................... 12 52 46.53 �29 27 46.8 0.9002 0.0002

704......................... 12 52 56.33 �29 25 00.5 0.9002 0.0004

755......................... 12 52 41.88 �29 28 14.4 0.9026 0.0004

585......................... 12 52 59.24 �29 25 46.5 0.9147 0.0002

701......................... 12 52 42.61 �29 27 29.2 0.9551 0.0001

708......................... 12 52 54.90 �29 29 26.7 0.9598 0.0015

536......................... 12 52 56.75 �29 25 56.3 0.9662 0.0003

644......................... 12 52 54.68 �29 25 29.6 0.9672 0.0002

500......................... 12 52 56.77 �29 26 20.6 0.9677 0.0003

15........................... 12 52 47.79 �29 28 57.9 0.9813 0.0002

566......................... 12 53 07.21 �29 25 53.8 0.9815 0.0006

61........................... 12 52 47.91 �29 28 33.7 0.9815 0.0003

60016..................... 12 52 44.92 �29 30 28.1 0.9835 0.0002

734......................... 12 52 40.07 �29 27 01.7 0.9881 0.0002

635......................... 12 53 02.29 �29 25 41.7 0.9966 0.0004

3162....................... 12 53 00.04 �29 26 28.5 1.0197 0.0001

95........................... 12 52 53.35 �29 28 22.2 1.0436 0.0003

582......................... 12 52 56.67 �29 25 43.5 1.0486 0.0005

TABLE 5—Continued

ID

(1)

R.A.

(2)

Decl.

(3)

z

(4)

z Error

(5)

122......................... 12 52 57.03 �29 28 14.3 1.0487 0.0003

715......................... 12 53 09.21 �29 26 37.9 1.0488 0.0003

120......................... 12 52 55.98 �29 28 12.4 1.0497 0.0002

615......................... 12 52 57.05 �29 25 13.9 1.0497 0.0004

607......................... 12 52 54.33 �29 25 10.3 1.0501 0.0003

2994....................... 12 52 55.96 �29 29 08.4 1.0535 0.0002

643......................... 12 52 49.11 �29 25 27.5 1.0690 0.0002

453......................... 12 53 05.12 �29 26 29.4 1.0701 0.0004

3004....................... 12 52 57.00 �29 29 09.8 1.0905 0.0003

707......................... 12 52 59.26 �29 29 14.9 1.1149 0.0001

576......................... 12 52 55.28 �29 25 49.3 1.1151 0.0005

648......................... 12 53 03.18 �29 25 33.6 1.1205 0.0001

617......................... 12 53 01.32 �29 25 17.8 1.1214 0.0002

523......................... 12 52 57.86 �29 26 08.5 1.1215 0.0002

658......................... 12 53 03.16 �29 25 39.1 1.1221 0.0002

652......................... 12 53 03.34 �29 25 37.7 1.1222 0.0002

336......................... 12 52 43.73 �29 27 09.5 1.1224 0.0005

653......................... 12 52 52.45 �29 25 36.1 1.1228 0.0002

2806....................... 12 52 45.46 �29 28 23.9 1.1682 0.0003

2983....................... 12 52 50.45 �29 29 09.1 1.1706 0.0002

6302....................... 12 53 05.91 �29 25 10.8 1.1733 0.0002

610......................... 12 52 58.60 �29 25 15.1 1.1747 0.0004

634......................... 12 52 58.13 �29 25 41.2 1.1755 0.0003

612......................... 12 52 59.93 �29 25 18.4 1.1764 0.0003

24........................... 12 52 53.43 �29 28 51.7 1.1772 0.0004

456......................... 12 53 03.00 �29 26 35.8 1.1775 0.0003

646......................... 12 52 58.33 �29 25 33.0 1.1813 0.0003

448......................... 12 52 58.79 �29 26 37.0 1.1871 0.0002

2993....................... 12 52 53.19 �29 29 08.8 1.1939 0.0002

93........................... 12 52 45.62 �29 28 21.5 1.1940 0.0002

2545b..................... 12 53 02.07 �29 27 20.8 1.2055 0.0003

25........................... 12 52 58.07 �29 28 52.3 1.2087 0.0003

4001....................... 12 53 08.39 �29 25 50.2 1.2092 0.0002

308......................... 12 53 02.12 �29 27 19.4 1.2095 0.0002

44........................... 12 52 57.89 �29 28 44.2 1.2103 0.0003

2545....................... 12 53 02.06 �29 27 21.7 1.2105 0.0003

574......................... 12 52 59.86 �29 25 46.9 1.2119 0.0002

581......................... 12 52 58.74 �29 25 47.5 1.2148 0.0002

716......................... 12 52 40.38 �29 27 45.6 1.2714 0.0003

392......................... 12 53 05.05 �29 26 58.8 1.2720 0.0003

311......................... 12 52 53.76 �29 27 16.1 1.2751 0.0002

2824....................... 12 52 53.53 �29 28 28.6 1.2940 0.0002

3018....................... 12 52 50.13 �29 29 16.8 1.2949 0.0003

147......................... 12 52 52.48 �29 28 03.4 1.3259 0.0007

420......................... 12 52 41.19 �29 26 50.9 1.3470 0.0005

321......................... 12 52 40.36 �29 27 14.1 1.3479 0.0009

357......................... 12 53 03.00 �29 26 58.9 1.3725 0.0003

33........................... 12 52 47.91 �29 28 50.2 1.4566 0.0003

60005..................... 12 52 46.80 �29 29 44.6 1.4586 0.0006

10........................... 12 52 52.50 �29 29 00.7 1.4652 0.0003

2585....................... 12 52 53.62 �29 27 28.5 1.4847 0.0003

374......................... 12 52 50.08 �29 27 00.7 1.5198 0.0003

50........................... 12 52 44.92 �29 28 43.1 1.5219 0.0004

2710....................... 12 52 49.20 �29 28 03.3 1.5235 0.0004

401......................... 12 52 56.67 �29 26 55.8 1.5245 0.0002

197......................... 12 52 49.94 �29 27 50.4 1.5254 0.0005

2987....................... 12 52 47.85 �29 29 21.1 1.5765 0.0003

60013..................... 12 53 02.39 �29 24 52.4 1.8065 0.0008

Notes.—Col. (1): Object ID in the catalog. Cols. (2), (3): Right ascension
(R.A.) and declination (Decl.), J2000 coordinates. Units of right ascension are
hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds. Cols. (4), (5): Redshift and formal error in redshift as obtained
from the cross-correlation. The table has been ordered from low to high redshift.
A prominent ‘‘structure’’ in redshift can be seen at redshift z � 0:74 (see x 3.1).
Objects belonging to this ‘‘structure’’ are marked with an asterisk.



of the spectroscopic properties of these sources, as this is beyond
the scope of this work. Figure 8 shows the distribution of RDCS
J1252.9�2927 member galaxies in velocity and redshift space.
The hatched area indicates the distribution of star-forming mem-
bers. The secondary selection in V � I versus I � z850 allowed
the discovery of 8 of the 17 cluster members with [O ii] (k3727)
emission lines. If we separate cluster members into two cate-
gories, passive and star-forming galaxies, there is no significant
offset in median velocity between the two categories (see Fig. 8).
The mean redshift of passive and emission-line [O ii] spectro-
scopic members is 1:2373� 0:0057 and 1:2369� 0:0054, re-
spectively. The velocity dispersions of these populations are also
consistent with each other and with the overall cluster velocity
dispersion, within the uncertainties.

In Figure 9 we show the rest-frame velocity versus projected
distance from the cluster center (bottom panel). Hereafter we
consider as cluster center the position of the X-ray center (Rosati
et al. 2004): R.A. 12h52m54.4s, decl. �29

�
27017.500 (J2000.0).

We also show the rest-frame velocities of the three brightest clus-
ter members (IDs 291, 247, and 289, hereafter referred to as
BCM1, BCM2, and BCM3). BCM1 is about 0.3 mag brighter in
Ks than BCM2 and BCM3 (Fig. 9, top panel). BCM1 and BCM3
are closely located near the position of the X-ray center and
the peak of the galaxy distribution as recovered from the two-
dimensional DEDICA method.

Assuming that RDCS J1252.9�2927 is in dynamical equilib-
rium (this will be discussed in x 4), we can compute global virial

quantities. Following the prescriptions of Girardi & Mezzetti
(2001), we assume for the radius of the quasi-virialized region
Rvir ¼ R178 ¼ 0:17 ; �

v
/H(z) ¼ 1:61Mpc (see their eq. [1] after

introducing the scaling with H(z); see also eq. [8] of Carlberg
et al. [1997] for R200). Therefore, our spectroscopic catalog sam-
ples the whole cluster virialized region. We can compute the mass
using the virial theorem (Limber & Mathews 1960; Girardi et al.
1998) under the assumption that the galaxies trace the total mass,

M ¼ Msvir � SPT; ð3Þ

where

Msvir ¼
3�

2

� �

�2
v
RPV

G

� �

ð4Þ

is the standard virial mass, RPV a projected radius (equal to 2
times the harmonic radius), and SPT is the surface pressure term
correction (The & White 1986). The estimate of �

v
is generally

robust when computed within a large cluster region, as shown in
Figure 10. At radii larger than 1.4 Mpc, the profile becomes flat-
ter, consistent with observations of low-redshift clusters (Girardi
et al. 1996; Fadda et al. 1996), suggesting that at large cluster
radii any velocity anisotropy of cluster galaxies does not affect
the value of �

v
(<R).We thus consider the above global value, �

v
,

as the cluster velocity dispersion. The value of RPV depends on
the size of the considered region, so that the computed mass in-
creases (but not linearly) when increasing the considered re-
gion. Using the 37 galaxies within Rvir , we obtain RPV ¼ 1:09�
0:15 Mpc. As for the SPTcorrection, we assume a correction fac-
tor of 20%, which we obtained by combining data on many clus-
ters (e.g., Carlberg et al. 1997; Girardi et al. 1998). This leads to a
virial mass M (<Rvir ¼ 1:61 Mpc) ¼ 5:3þ1:3

�1:4 ; 10
14 M�.

We also used an alternative estimate of the virial mass (see
eq. [13] of Girardi et al. 1998). This alternative estimate is based
on the knowledge of the galaxy distribution and, in particular, a
galaxy King-like distribution with parameters typical of nearby/
medium-redshift clusters: a core radius Rcore ¼ 1/20 ; Rvir and a
slope parameter �Bt ¼ 0:8 (which gives a volume galaxy density
at large radii as r�3�Bt ¼ r�2:4; Girardi &Mezzetti 2001). For the
whole virialized region we obtain RPV ¼ 1:20Mpc, where a 25%
error is expected due to the fact that typical, rather than individual,
galaxy distribution parameters are assumed. This leads to a virial
massM (<Rvir ¼ 1:61 Mpc) ¼ 5:9þ1:9

�2:0 ; 10
14 M�, in good agree-

ment with the above value.

Fig. Set 5.—The sample of 37 spectroscopic members in the ACS field of view. The left andmiddle panels showACS cutouts in the i775 and z850 bands, respectively.
Each cutout is 500 a side, and the number in the panels corresponds to the galaxy ID. The right panel shows the corresponding VLT/FORS spectrum. The most prominent
spectral features identified in each spectrum in the wavelength range shown here are marked (see footnote in Table 2 for the list of spectral features). The spectra have been
smoothed by 5 pixels (1 pixel � 2.5 8). [See the electronic edition of the Journal for Figs. 5.2Y5.37 ]

Fig. 5.1. Galaxy 137

Fig. 6.—VLT/FORS spectrum of cluster member ID 7001. This object was
discovered outside the ACS field of view. Most prominent spectral features in the
wavelength range shown here are marked (see footnote in Table 2 for the list of
spectral features). The spectrum has been smoothed by 5 pixels (1 pixel� 3.18).
[See the electronic edition of the Journal for a color version of this figure.]
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Fig. 7.—Optical spectrum of a spectroscopically identified non-cluster-member AGNs in the field of view of RDCS J1252.9�2927. Most prominent spectral
features are indicated: Mg i (k2798), N v, [O ii] (k3727), H8, Mg i (k3834), H6, Ca ii (H), Ca ii (K), D4000, H�, G, H�, H�, [O iii], Mg, and CaFe. The vertical dashed line
indicates the telluric A-band feature at 7600 8. The spectra have been smoothed by 5 pixels (1 pixel � 3.0 8). [See the electronic edition of the Journal for a color
version of this figure.]



To compare our result with the estimate obtained from the
X-ray data for a smaller cluster region (Rosati et al. 2004), we
assume that the cluster is described by a King-like mass distribu-
tion (see above) or, alternatively, a NFW profile where the mass-
dependent concentration parameter is taken from Navarro et al.

(1997) and rescaled by the factor 1þ z (Bullock et al. 2001;
Dolag et al. 2004). We obtainMproj(<R ¼ 0:536 Mpc) ¼ (1:6 �
2:3) ; 1014 M�, in good agreement with that found by Rosati
et al. (2004). This value is also in agreement with that found by
Ettori et al. (2004) within a similar projected radius. Using the
same mass distributions we also compute the projected mass
within 1Mpc for comparison with the weak-lensing analysis by
Lombardi et al. (2005). The cluster mass distribution is trun-
cated at one virial radius or, alternatively, at two virial radii.
The range of our results is Mproj(<R ¼ 1 Mpc) ¼ (4:5Y6:3) ;
1014 M�, in agreement with Lombardi et al. (2005), when tak-
ing into account the uncertainties on the mass values, although
systematically lower.

By comparing the cluster X-ray luminosity (Rosati et al. 2004)
and the cluster velocity dispersion derived above with the LX-�v

relation presented in Figure 2 of Xue&Wu (2000), we see a good
agreement between the observed LX and �

v
values in RDCS

J1252.9�2927 and those from >100 galaxy clusters selected
from the literature. Using the best-fit �

v
-T relation from Xue &

Wu (2000) without taking into account the fit errors, we obtain
a temperature of T ¼ 3:89þ0:61

�0:65 keV for a velocity dispersion of
�

v
¼ 747þ74

�84 km s�1. This temperature is more than 3 � away
from the observed value of TX ¼ 6:0þ0:7

�0:5 keV (Rosati et al. 2004),
and still �0.5 � lower if the fit errors are considered.

3.2. Substructures and Projected Distribution

We analyze the velocity distribution to look for possible de-
viations fromGaussianity that could provide important signatures
of complex dynamics. For the following tests the null hypothesis
is that the velocity distribution is a single Gaussian.

Fig. 8.—Redshift and velocity distribution of cluster members. The y-axis in-
dicates the number of objects, and the histogrambin size has been set to�z ¼ 0:002.
Assuming a Gaussian distribution in velocity of the spectroscopic members, the me-
dian redshift of the distribution is z ¼ 1:2373 (vertical dashed line), and the global
velocity dispersion is 747þ74

�84 km s�1, based on the biweight estimator (Beers et al.
1990). The hatched area indicates the distribution of star-forming ([O ii] (k3727))
members. The mean redshift and velocity dispersion of passive and [O ii] cluster
members are consistent with each other and with the overall cluster values within
the uncertainties.

Fig. 9.—Bottom: Rest-frame velocity vs. projected distance from the cluster
center (taken as the X-ray center; Rosati et al. 2004) of the 38 galaxies assigned to
the cluster. Top: Velocity histogram of the 38 galaxies assigned to the cluster (solid
line). Velocities of the three brightest galaxies are pointed out. The two dashed
Gaussians correspond to the 3D KMM partition (KMM1 and KMM2, from left to
right) while the dotted Gaussians indicate the two groups detected by the WGAP
procedure (WGAP1 andWGAP2, from left to right). The 3Ddiagnostics is, in gen-
eral, themost sensitive indicator of the presence of substructure. Therefore, we con-
sider the KMM groups as a robust characterization of the cluster substructure.

Fig. 10.—Rest-frame integrated velocity dispersion profile of RDCS J1252.9�
2927. At the cluster redshift (z ¼ 1:237), 0.50 corresponds to 250 kpc. The dashed
line indicates the overall rest-frame cluster velocity dispersion (�

v
¼ 747þ74

�84 km s�1)
obtained from the biweight estimator (Beers et al. 1990), with the corresponding
error bars as dot-dashed lines. The filled circles are the integrated rest-frame ve-
locity dispersion calculated at the given radius by using all the galaxies within that
radius (Girardi et al. 1996). These values were obtained by using Tukey’s biweight
estimator (Press et al. 1992), correcting for velocity errors (Danese et al. 1980).
Error bars are obtained from the fractional uncertainty in estimate for �

v
(Taylor

1997). The cluster velocity dispersion values are observed to be robust at radii
larger than 17000 (1.4 Mpc), i.e., at these radii, any velocity anisotropy of cluster
galaxies does not affect the value of �

v
(<R).
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We compute three shape estimators, i.e., the kurtosis, the
skewness, and the scaled tail index (see, e.g., Beers et al. 1991).
The value of the normalized kurtosis (�0.754) shows evidence
that the velocity distribution differs from a Gaussian, being lighter
tailed, with a c.l. of �95%Y99% (see Table 2 of Bird & Beers
1993).

Then we investigate the presence of gaps in the distribution. A
weighted gap in the space of the ordered velocities is defined as
the difference between two contiguous velocities, weighted by
the location of these velocities with respect to the middle of the
data.We obtain values for these gaps relative to their average size,
precisely the mid-mean of the weighted-gap distribution.We look
for normalized gaps larger than 2.25, since in random draws of a
Gaussian distribution they arise in at most about 3% of the cases,
independent of the sample size (Wainer & Schacht 1978; Beers
et al. 1991 ). One significant gap in the ordered velocity data set
is detected dividing the data set into two subsets containing 26
and 12 galaxies from ‘‘low’’ to ‘‘high’’ velocities (hereafter referred
to as the WGAP1 and WGAP2 groups; see top panel in Fig. 9).
We compare these two subsets applying the two-dimensional
Kolmogorov-Smirnov tests to the galaxy positions (2DKS test;
see Fasano & Franceschini 1987), as implemented by Press et al.
(1992). In spite of the modest statistics, we find amarginal signifi-
cance (89% c.l.) for the difference. The ‘‘high’’ velocityWGAP2
group is located to the east of the ‘‘low’’ velocity groupWGAP1
(see Fig. 11).

To further investigate the substructure membership we use the
Kaye’s mixture model (KMM) test as implemented by Ashman
et al. (1994). The KMMalgorithm fits a user-specified number of
Gaussian distributions to a data set and assesses the improve-
ment of that fit over a single Gaussian. In addition, it provides the
maximum likelihood estimate of the unknown n-mode Gaus-
sians and an assignment of objects into groups. However, one of
the major uncertainties of this method is the optimal choice of the

number of groups for the partition. Using the results of the gap
analysis, we decide to fit two groups and determine the first guess
for the group partition. We do not find any group partition which
provides a significantly better description of the velocity distri-
bution with respect to a single Gaussian in the one-dimensional
(1D) analysis. However, since the three-dimensional (3D) di-
agnostic is, in general, the most sensitive indicator of the pres-
ence of substructure (e.g., Pinkney et al. 1996), we apply the 3D
version of the KMM software using simultaneous galaxy veloc-
ity and position. In the 3D case we find that a two-group partition
of 26 and 12 galaxies (hereafter the KMM1 and KMM2 groups)
better describes the velocity distribution at the 95.6% c.l., ac-
cording to the likelihood ratio test (see Fig. 9). These groups are
located at�354� 159 and 845� 182 km s�1with respect to the
cluster mean velocity, and to the west and east of the cluster cen-
ter, respectively. The velocity dispersions of KMM1 and KMM2
are estimated to be 486þ47

�85 and 426þ57
�105 km s�1, respectively.

This partition corresponds to that indicated by the weighted gap
analysis with the difference of two galaxies (see Fig. 11). These
velocity dispersion values are less robust than the overall clus-
ter velocity dispersion due to uncertainties in the membership of
galaxies in KMM1 and KMM2, although the detection and lo-
cation of the substructures are reliable. By assuming dynami-
cal equilibrium and theoretically estimating RPV for each KMM
group, as done in x 3.1 for the whole cluster, we obtain masses
of M (<R200 ¼ 1:05 Mpc) ¼ 1:6þ0:5

�0:7 ; 10
14 M� for KMM1 and

M (<R200 ¼ 0:92 Mpc)¼ 1:1þ0:4
�0:6 ;10

14 M� forKMM2.Wenote
that the sum of these masses is about the half of the cluster mass;
we will come back to this in x 4.
To look for further evidence that RDCS J1252.9�2927 is still

not completely dynamically relaxed, we analyzed the velocity of
the brightest galaxy BCM1. In fact, since its location coincides
with the XYray center, it is expected that BCM1 is at the center of
the cluster potential and thus at the center of the velocity distri-
bution. We find that BCM1 shows evidence of peculiarity at the
>95% c.l. according to the Indicator test by Gebhardt & Beers
(1991), while it lies very close to the peak of the velocity distri-
butions of KMM1 (see Fig. 9). We finally note that the close
pair of luminous galaxies BCM1 and BCM3 are separated by
�550 km s�1 in rest-frame velocity and, as first noted by Blakeslee
et al. (2003b), in interaction, as supported by Rettura et al. (2006),
who see signs of interaction in the form of an S-shaped residual
after galaxy subtraction linking the two galaxy centers. In ad-
dition, BCM2 is near the edge of the coma-like structure of the
X-ray surface brightness reported by Rosati et al. (2004).
In Figure 1 we show the projected distribution of RDCS

J1252.9�2927 spectroscopic members on the plane of the sky.21

Circles are passive galaxies, and triangles are emission line mem-
bers. The overall shape of the distribution of confirmed galaxy
members is clearly elongated in the east-west direction, as pre-
viously reported in Toft et al. (2004) based on the Ks-band light
distribution of photometric cluster members, although more uni-
form than that of other high-redshift clusters (see, e.g., Gioia
et al. 1999;Demarco et al. 2005;Girardi et al. 2005). The projected
distribution of the KMM groups is consistent with the overall
cluster galaxy distribution, suggesting that the observed elonga-
tion is caused by the merger of both groups.

3.3. Spectral Properties of Cluster Galaxies

The spectral features of cluster members indicate the stellar
content of galaxies in RDCS J1252.9�2927, and the [O ii] line

Fig. 11.—Projected distribution on the sky of the 38 member galaxies: open
squares and crosses indicate galaxies assigned to KMM1 and KMM2 groups, re-
spectively. The two large open circles indicate the two galaxies that give the dif-
ference in membership with WGAP1 andWGAP2 groups. The plot is centered
on the XY ray cluster center. KMM1 is mostly located to the west of the cluster
center, while KMM2 is mostly to the east, and the degree of merging observed
from galaxy positions shows that these two groups have already started viriali-
zation in the main cluster potential.

21 The background image corresponds to the ACS combined i775- and z850-
band data.
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was used to estimate the SFR for some members. The spectrum
of each of the 37 cluster members in the ACS FoV is shown in
the last panel for each object in Figure Set 5, while the spectrum
of the spectroscopic member outside the FoVof ACS is shown in
Figure 6. The flux calibration of the spectra is not accurate in the
very red. Following Homeier et al. (2005) we estimated the SFR
for the 17 member galaxies with [O ii] k3727 in their spectra. We
measured the integrated flux of the [O ii] line using the bandpass
defined in Tran et al. (2003). In two cases with a very low S/N
continuum (IDs 174 and 9000), the [O ii] line flux was under-
estimated due to sky oversubtraction. Previous to these measure-
ments, all the spectra were Doppler corrected by using the task
dopcor in IRAF. These line fluxes were converted into L½O ii�

luminosities by assuming that all these galaxies are at the same
distance, corresponding to the median redshift of the cluster (z ¼
1:237). SFRs were derived from the L½O ii� values by following
the prescription of Kewley et al. (2004):

SFR½O ii�(M� yr�1) ¼ (6:58� 1:65) ; 10�42L½O ii�(ergs s
�1);

ð5Þ

which takes into account the mean reddening-corrected
[O ii]/H� ¼ (1:2� 0:3) ratio from the Nearby Field Galaxies
Survey (Jansen et al. 2000). We do not correct for metallicity or
dust extinction effects on the [O ii] flux measurements, so our
SFRs estimates should be considered as lower limits to the true
SFR. The [O ii] line can be considerably affected by dust absorp-
tion, giving SFRs 1 or 2 orders of magnitude lower than SFRs
unaffected by dust at 15 �m (Duc et al. 2002; Coia et al. 2005). A
more robust SFR indicator is the H� line (see, e.g., Charlot &
Longhetti 2001); however, at the cluster redshift this line is not
observed in the optical. IR luminosities can also be used as rea-
sonable tracers of SFR in galaxies (Kewley et al. 2002; Calzetti
et al. 2005). Integrated [O ii] line flux measurements, [O ii] equiv-
alent widths, and SFR values derived from L½O ii� of star-forming
cluster galaxies are given in Table 2. Error bars are estimated by
taking into account the rms fluctuation in flux within the two
sidebands at both sides of the [O ii] bandpass, as defined in Tran
et al. (2003). Themedian value of the derived SFRs is 0.7M� yr�1,
with a few galaxies reaching SFRs greater than 2.0M� yr�1 (see
Table 2). Typical errors in the SFR are about 47%, reaching
values greater than 60% in a couple of cases. Our median SFR
value is consistent within the errors with the mean SFR (0:17�
0:02 h�2

100 M� yr�1) derived by Balogh et al. (1998) from the
[O ii] (k3727) emission line for cluster galaxies at large (R200 �
1:5Y2 h�1

100 Mpc) clustercentric radii and in the redshift range
0:18 < z < 0:55. These values are, however, much lower than
that of�3 h�2

100 M� yr�1 derived for cluster galaxies at z � 0:75
from H� (Finn et al. 2005), and even lower than the H� SFR of
field galaxies at z � 1 (Glazebrook et al. 1999; Doherty et al.
2004). In spite of the little or no evolution in SFR between the
sample of Balogh et al. (1998) and our sample, this comparison
can be affected by dust (see x 3.5) and metallicity effects on the
[O ii] line; therefore, a fair comparison requires H� and IR mea-
surements of the true SFR in order to quantify the amount of evo-
lution. The lack of SFRmeasurements in cluster galaxies at z > 1
and the limitations of our data prevent us from studying the evo-
lution of the SFR in clusters from z � 1:3 down to the local
universe.

The co-added spectrum of the 17 star-forming cluster mem-
bers is shown in Figure 12. The presence of young stellar pop-
ulations (A- and F-type stars) is inferred by the detection of
Balmer absorption lines.Most of these galaxies present irregular,

extended features, most likely the home for the young stars and
where most of the star-forming activity takes place. In particular,
we note that object ID 6306, with an i775 � z850 ¼ 0:85 color,
presents a spectrum showing a young poststarburst component
(prominent Balmer absorption features) in addition to ongoing
star formation activity ([O ii] in emission; see Fig. 5.35). This
galaxy can therefore be classified as an E+A+[O ii] galaxy (e.g.,
Demarco et al. 2005). We also note that ID 7001 has similar
characteristics.

On the other hand, there is an indication of the remaining
traces of the latest episode of star formation in some of the mas-
sive, passive early-type galaxies in the cluster. Due to the lower
S/N of our spectra at wavelengths larger than about 9000 8, an
accurate measurement of the EWof the H� absorption feature is
not possible. Therefore, an identification of the poststarburst stel-
lar populations in individual early-type cluster galaxies cannot
be properly done with the existing data. However, by co-adding
the spectra of the 10 brightest passive galaxies in RDCS J1252.9�
2927 (Rosati 2004), a prominent H� feature emerges and some
other higher order Balmer features become visible. In Figure 13
we show the co-added spectra of the 10 (top panel) and 20 (bottom
panel) brightest (in Ks) passive cluster members. An increase of
the H� (about 36%) and other Balmer absorption features equiv-
alent width can be seen when including fainter early-type mem-
bers. We note that the H� absorption line can indeed clearly be
seen in the individual spectrum of the first, second, third, and
fifth brightest cluster members (in z850) after a total integration
time of 24 hr (Holden et al. 2005). A more detailed quantita-
tive analysis of this observation is underway (P. Rosati et al., in
preparation).

3.4. Color-Magnitude Distribution of Cluster Galaxies

Lidman et al. (2004) included all galaxieswithin 2000 (0.17Mpc)
of the cluster center in their J � Ks versus Ks color-magnitude

Fig. 12.—Co-added spectrum of the 17 spectroscopically confirmed star-
forming members in RDCS J1252.9�2927. The most prominent spectral fea-
tures in the displayed wavelength range are indicated. From right to left, the
dashed lines are features of the Balmer series: H�, H	 (next to the Ca ii H line),
and the higher order features H6, H7, H8, H9, and H10. The solid lines are the
[O ii] (k3727) emission feature and the Ca ii K and H absorption features. The
dotted line indicates the A-band telluric feature at 7600 8. The spectrum has
been smoothed by 5 pixels (1 pixel � 3.1 8).
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diagram of RDCS J1252.9�2927. In this paper, we produce a
second color-magnitude diagram using the reprocessed ISAAC
data, but here we only use galaxies with measured redshifts. The
stellar symbols in Figure 14 represent spectroscopically con-
firmed stars. Crosses are non-cluster members, i.e., objects with
redshift z � 1:22 or z 	 1:25. Filled circles are cluster members
without detectable [O ii] (k3727) emission. The filled trian-
gles, on the other hand, are cluster members with [O ii] emis-
sion. The dotted red line is the fit published in Lidman et al.
(2004). At that time, only a limited number of redshifts were avail-
able, so, to limit the effect of contamination from non-cluster
members, only galaxies within 2000 of the cluster center and
within the blue rectangle in Figure 14 were used in fitting the CM
relation. Here, only cluster members without [O ii] are used in the
fit, which is shown as the solid red line. No other restrictions are
used. The slope and scatter about the two fits are listed in Table 6
and are calculated as explained in Lidman et al. (2004). Within
the statistical error both fits are the same. Therefore, as in Lidman
et al. (2004), the values obtained here for the slope and scatter
about the new fit imply that passive galaxies in RDCS J1252.9�
2927 are home to old stellar populations with a mean age of
�3 Gyr (according to solar metallicity, single stellar population
models of Bruzual & Charlot 2003). This corresponds to a for-
mation redshift of z� � 3 for the bulk of the stars in these gal-
axies. The values of the slope and scatter presented in this work
were obtained using all passivemembers up tomore than 0.5Mpc
from the center, without restricting ourselves to the central 4000

(diameter; � 0.3 Mpc) as in Lidman et al. (2004), and are con-
sistent with measurements in lower redshift clusters (Stanford
et al. 1998).

Looking at morphology and colors, we do not see any indi-
cation of the existence of a population of S0 galaxies with a bluer
(with respect to elliptical galaxies) color-magnitude sequence, in
contrast to what has been observed in the galaxy cluster RDCS
J0910+5422 at z ¼ 1:1 (Mei et al. 2006a). As pointed out byMei
et al. (2006a), the existence of a bluer color-magnitude sequence
of the S0 galaxies with respect to the elliptical galaxies in RDCS
J0910+5422 could be the result of a still forming cluster, with these
bluer S0 galaxies being part of a group infalling from the field onto
amore evolved red cluster population.RDCS J1252.9�2927pres-
ents a more evolved structure, having a more evolved early-type
population, with elliptical and S0 galaxies distributed over a com-
mon red sequence.
From Figure 14, we observe that all spectroscopic members

without detectable [O ii] (k3727) emission have magnitudes
brighter than Ks ¼ 21:5, corresponding to �K�

s þ 1:5 (K�
s; rest ¼

�24) at z ¼ 1:237 (Strazzullo et al. 2006). This indicates the

Fig. 13.—Co-added spectrum of the 10 (top) and 20 (bottom) brightest (in
Ks) passive cluster members. Prominent Balmer absorption features become vis-
ible by co-adding spectra, indicating the existence of poststarburst stellar pop-
ulations in passive early-type galaxies at this redshift (see footnote in Table 2
for a list of spectral features). The spectra have been smoothed by 5 pixels
(1 pixel� 2.58). [See the electronic edition of the Journal for a color version of
this figure.]

TABLE 6

Color-Magnitude Fitting

Fit No. Slope

Color at

Ks = 18.5

Intrinsic

Scatter Comments

1............... �0.048 � 0.015 1.85 0.070 Lidman et al. (2004)

2............... �0.042 � 0.022 1.87 0.061 This work

Note.—Only spectroscopic members without [O ii] emission are used to fit
the CM relation (solid red line in Fig. 14).

Fig. 14.—Near-IR (reprocessed ISAACdata) color-magnitude diagram (CMD)
of spectroscopic cluster members. Colors and magnitudes are shown in the
2MASS (Carpenter 2001; Cohen et al. 2003) and AB systems. The star symbols
represent spectroscopically confirmed stars. Crosses are non-cluster members,
i.e., objects with redshift z � 1:22 or z 	 1:25. Filled red circles are spectroscopic
cluster members (objects with redshift in the range 1:22 < z < 1:25) without
detectable [O ii] (k3727) emission. The filled blue triangles are cluster members
with [O ii] emission. The dotted red line is the fit published in Lidman et al.
(2004), including only galaxies within 2000 (0.17 Mpc) of the cluster center and
within the blue rectangle. The solid red line (fit 2 in Table 6) is the fit presented
in this work using only cluster members without [O ii] ( filled red circles). The
slope and scatter about the two fits are listed in Table 6. The reddest star-forming
member in the diagram corresponds to the confirmed AGN (ID 174). In this study
we extend the analysis of the color-magnitude diagram of RDCS J1252.9�2927 to
more than 1Mpc in radius from the cluster center, and show that the red sequence
extends to more than 0.5 Mpc in clustercentric radius. [See the electronic edition
of the Journal for a color version of this figure.]
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spectroscopic limit for galaxies with no detectable [O ii] emis-
sion, while star-forming objects can be confirmed down to Ks �
24 (�K�

s þ 4). Star formation is active in faint (>K�
s þ 1:5), less

massive objects with only a few star-forming members with
Ks < 21:5. One of these objects is ID 174, the cluster mem-
ber AGN, which is also the reddest (J � Ks � 1:3) member in
Figure 14. The other star-forming galaxies ( IDs 309, 339, 445
and 345) are well located within the near-IR CM relation.

If the fit of the cluster red sequence were restricted to cluster
members brighter than �K�

s , the resulting slope would be con-
siderably flatter. This steepening of the slope when including
fainter passive members could be due in part to the selection ef-
fect imposed by our inability to detect passive members below
the spectroscopic limit of our survey. Star-forming objects, hav-
ing bluer colors, would contribute to produce a fit slope steeper
than the one obtained if only more luminous and passive (redder)
objects were considered. The selection effect caused by the spec-
troscopic limit of passive galaxies prevent us from properly in-
vestigating the faint end of the red cluster sequence, in particular
its buildup at this high redshift. As indicated by Tanaka et al.
(2005), the faint end of the red cluster sequence seems to be still
under construction at z � 0:8. The observed deficiency of galax-
ies at the faint end in z � 0:8 clusters suggests that part of the
blue cluster galaxy population may well be the progenitors of the
present-day faint-end population of the red sequence (De Lucia
et al. 2004), as supported by recent high-resolution simulations
(De Lucia et al. 2006), which, however, find it difficult to repro-
duce such tight color sequences at this redshift. More observa-
tions are needed to firmly establish this.

In Figure 15 we show the color-magnitude diagram using the
ACS filters. Here we include spectroscopically confirmed pas-
sive (red circles) and emission-line (blue triangles) cluster mem-
bers. Squares are objects with photometric redshifts (Benı́tez
2000) in the range 1:12 < zphot < 1:35 and within an aperture of

1 Mpc centered in the cluster (we excluded known spectroscopic
nonmembers). These photometric redshifts have been corrected
for a systematic deviation zspec� zphot

� �

¼ 0:17. The red sequence
can be traced down to a magnitude of z850 ¼ 24:5 in these ACS
bandpasses, vanishing quickly at fainter magnitudes. However,
this cutoff magnitude can be affected by uncertainties in the pho-
tometric redshifts.

3.5. Color-Color Distribution of Cluster Galaxies

The distribution of spectroscopic cluster members in color-
color space is shown in Figure 16. Red filled circles correspond
to passive galaxies, and blue filled triangles to [O ii] emission
galaxies. The open square indicates the only known AGN at the
cluster redshift ( ID 174; see x 2.4). A clear separation between
passive and star-forming galaxies is seen, with the exception of
three emission-line galaxies, IDs 309, 345 and 445, which are
located in the locus of passive members. These galaxies are also
located in the red sequence of both i775 � z850 versus z850 and
Js � Ks versusKs color-magnitude diagrams. The estimated SFR
for these objects varies from 0.5 to 2.9 M� yr�1 (see Table 2),
although the error bars are large.

The shape of the continuum and the [O ii] (k3727) line of IDs
345 and 445 are consistent with their red (i775 � z850 � 0:95,
Js � Ks � 0:8) colors and star-forming nature. ID 309, on the
other hand, shows a rather flat continuum up to 90008, suggest-
ing that we are looking at a dust-rich star-forming galaxy. The
increase in number of sky lines, a relatively low S/N (�3), and
therefore a poorer extraction of the continuum beyond 8500 8,
may have caused the flattening of the spectrum toward red wave-
lengths, in contrast to its red i775 � z850 color. These galaxies are
located within an annulus spanning from �0.4 to �0.8 Mpc in

Fig. 15.—ACScolor-magnitude diagram (CMD) of spectroscopic clustermem-
bers (circles and triangles) and photometricmembers (squares). Photometric red-
shifts are computed by using the Bayesian method (Benı́tez 2000; Benı́tez et al.
2004). Colors and magnitudes are computed in the AB system. Red circles cor-
respond to passive members, while blue triangles correspond to [O ii] emission-
line galaxies. The best-fit color-magnitude relation and scatter fromBlakeslee et al.
(2003b) are shown in green. Only objects within the central1 Mpc region around
the cluster center and with 1:14 < zphot < 1:34 are shown. A color-magnitude
relation for early-type galaxies is seen down to z850 ¼ 24:5 (dashed vertical line).
At fainter magnitudes this relation seems to be truncated in the bandpasses shown
here, although this cutoff magnitude can be affected by uncertainties in the pho-
tometric redshifts. [See the electronic edition of the Journal for a color version of
this figure.]

Fig. 16.—Distribution of spectroscopic cluster members in color-color space.
All magnitudes are AB. Red filled circles correspond to passive galaxies, and blue
filled triangles to [O ii] emission galaxies. The open square indicates the only
known AGN at the cluster redshift ( ID 174). Model tracks are the same as those
used in Fig. 2, spanning from 1 to 5Gyr with intervals of 0.5 Gyr (see text). In this
plot we show at the same time the color of passive and star-forming galaxies in
both ACS and ISAAC filters. We note that this color-color diagram improves the
selection of passive, red objects with respect to a J � K color cut only. [See the
electronic edition of the Journal for a color version of this figure.]
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radius from the two central bright elliptical galaxies, which cor-
responds to R/R200 ’ 0:43Y0:85 in Postman et al. (2005). The
morphology-radius relation obtained for a composite cluster sam-
ple of seven galaxy clusters (including RDCS J1252.9�2927) at
z � 1 observed with the ACS (Postman et al. 2005) shows that
these objects are in a region where the average fraction of early-
type galaxies (�39%) is about half that of late-type galaxies
(�61%). Red, possibly obscured, star-forming galaxies in clusters
at low redshift have already been reported in the literature (Duc
et al. 2002; Coia et al. 2005;Wolf et al. 2005; Popesso et al. 2006),
while similar objects have also been observed at redshift z > 0:8
(van Dokkum & Stanford 2003; Demarco et al. 2005) and in the
field up to z � 2 (Franzetti et al. 2006).

Finally, we note that the two other [O ii] galaxies with colors
Js � Ks > 0:9 (IDs 248 and 339), excluding the X-ray source
ID 174, can be starburst galaxies with E(B� V ) > 0:39 (Kinney
et al. 1996), as shown in Figures 2 and 16, while the colors of the
rest of the member star-forming galaxies can be reproduced by
galaxies with Z ¼ Z� and exponential SFRs (see Figs. 2 and 16).
We also note that ID 339, with an elongated and irregular mor-
phology, has a blue color in the optical (i775 � z850 ¼ 0:64) but
a red color in the near-IR (Js � Ks ¼ 0:92), suggesting that this
star-forming galaxy has a significant amount of dust obscuring an
important fraction of its ‘‘blue’’ light.

3.6. Morphologies and Spectrophotometric Properties

The morphological T-type class (de Vaucouleurs et al. 1976)
as determined by Postman et al. (2005) for cluster members is
given in Table 3. T-type values range from �5 for elliptical gal-
axies to 8 for disk/irregular galaxies. Avalue of�2 corresponds
to S0 galaxies, values between �1 and 1 are assigned to mor-
phologies between S0 and Sa, and a value of 6 corresponds to an
Sd morphology. In general, we observe the well-known correla-
tion between morphology and SFR.Most of the star-forming ob-
jects in this cluster have irregular morphologies or irregular disky
structures where star formation is taking place. One of these,
ID 6301, may be a possible merger with two compact bright re-
gions surrounded by a gas envelope. Another one, ID 619, shows
clear spiral-arm features and could also be a merger. In contrast,
most of the passive galaxies have morphologies typical of ellip-
tical and S0 galaxies, with no ongoing star formation due to their
poor or zero gas content.

Passive early-type galaxies have red colors, while star-forming
late-type galaxies are blue, (see Fig. 14), a manifestation of the
well-known correlation between stellar populations and morphol-
ogy. However, in Figure 14 we observe that a few star-forming
galaxies have colors as red as the passive cluster members in the
red sequence. One of these sources is ID 174, the confirmed clus-
ter member X-ray source (see x 2.4), with a J � Ks color about
0.35 mag redder than the average color of red sequence mem-
bers and whose star formation could be due to the central, dust-
obscured AGN. The other red, star-forming sources in the red
sequence of Figure 14 are IDs 248, 309, 339, 345, and 445.While
IDs 248 and 339 show an irregular disky appearance, IDs 309,
345, and 445 are characterized by a prominent central bulge sur-
rounded by a diffuse disk structure (see Fig. Set 5). We observe
that IDs 309, 345 and 445 also have red i775 � z850 colors (i775 �
z850 � 0:95) that locate them in the locus occupied by red, passive
galaxies in Figure 16. While the star formation in these sources
must be occurring in their gas-rich regions, their red colors should
arise from the combined effect of old stellar populations and dust
reddening. One interesting object is ID 726. This source is very
compact and also shows a clear [O ii] emission line in its spec-
trum, as shown in Figure 5.31. In addition, its blue color (see

Table 3) is consistent with the flat continuum of its spectrum.
With a magnitude MB ¼ �20:74, this object can be considered
in the class of luminous compact blue galaxies reported in the
literature (e.g., Werk et al. 2004; Hammer et al. 2005; Noeske
et al. 2006). This object has a very compact morphology (it is sim-
ilar to the PSF), so Postman et al. did not provide a morphological
T-type for it (see Table 3).

4. DISCUSSION AND CONCLUSIONS

We have combined an extensive multiwavelength data set to
provide a comprehensive picture of the X-ray luminous, massive
cluster of galaxies RDCS J1252.9�2927 at z ¼ 1:237. ACS data
provide detailed morphological information for galaxies, and
accurate photometry. By using FORS on the VLT, we were able
to spectroscopically confirm 38 cluster members. The overall
projected distribution of spectroscopic cluster members presents
a clear elongation in the east-west direction, consistent with the
elongation observed in the gas (Rosati et al. 2004) and dark mat-
ter (Lombardi et al. 2005) distributions. As pointed out by Rosati
et al. (2004), the X-ray surface brightness distribution of the core
of RDCS J1252.9�2927 has a comet-like shape, resembling a
cold front in low-redshift clusters (e.g., Mazzotta et al. 2001)
produced by a merging process of a subclump in the east-west
direction.
The velocity dispersion �

v
of the cluster members is

747þ74
�84 km s�1. Assuming virial equilibrium, we find that the

virial mass is�5 ; 1014 M�. Our mass estimates are also consis-
tent with themass estimates from theX-ray data (Rosati et al. 2004;
Ettori et al. 2004) and the weak-lensing mass map (Lombardi
et al. 2005). Our value of �

v
is also consistent with the LX-�v

relation for clusters, but turns out to be in disagreement with the
�
v
-TX relation (Xue &Wu 2000). While the observed LX and TX

values follow the LX-TX relation of Xue &Wu (2000), the devia-
tion from the �

v
-TX relation may be the signature of a galaxy dis-

tribution still not in fully dynamical equilibrium.
Indeed, RDCS J1252.9�2927 has not yet attained an equilib-

rium state, as suggested by a more detailed analysis of the ve-
locity distribution of cluster members. RDCS J1252.9�2927 is
the most distant cluster for which a substructure analysis can be
attempted. The kurtosis (Beers et al. 1991) indicates that the ve-
locity distribution of cluster members is not Gaussian at the
>95% c.l. The weighted gap procedure finds a significant gap in
the space of ordered velocities, and a 3D KMM study detects
substructure in velocity at the 95.6% c.l. The substructure is com-
posed by two groups of galaxies which are mostly distributed in a
east-west direction on the sky, as shown in Figure 11. Twenty-six
galaxies are confirmed in the ‘‘low-velocity’’ group (centered at
�354� 159 km s�1 with respect to the cluster mean velocity),
with a velocity dispersion of 486þ47

�85 km s�1 and locatedmostly to
the west of the cluster center. Twelve galaxies are confirmed in the
‘‘high-velocity’’ group (centered at 845� 182 km s�1 with re-
spect to the cluster mean velocity), with a velocity dispersion of
426þ57

�105 km s�1 and locatedmostly to the east of the cluster center.
The existence of the above correlations between positions and

velocities of cluster galaxies is a footprint of real substructure. In
particular, it suggests that RDCS J1252.9�2927 is forming via a
merger along the east-west direction. Going further, we estimate
the mass contained within R200 for each group (see x 3.2). The
sum of these two masses is about half of the cluster mass, and
should be considered as a lower limit of the cluster mass. These
groups may be the virialized cores of two larger systems, with
possibly Rk 2R200 and larger velocity dispersions. The fact that
the X-ray emission presents a single peak, although elongated in
morphology, indicates that these two groups have already started

DEMARCO ET AL.180 Vol. 663



virialization. This is supported by the degree of merging of the
groupmembers as shown in Figure 11. Our substructure analysis
has thus found the remnant traces of two subclusters merging
parallel to the sky, as suggested by the lack of a clear bimodal
distribution of the overall cluster velocity field.

By using the �
v
-TX relation for groups in Xue & Wu (2000),

we find that both groups have velocity dispersions consistent
with the same temperature of�2 keV. This temperature is incon-
sistent with the overall cluster temperature of�6 keV, yet it cor-
responds to about half the total cluster X-ray luminosity according
to the group LX-TX relation (Xue &Wu 2000). Thus, both groups
seem to be independently virialized, and the sum of their X-ray
luminosities would be approximately equal to the total cluster LX.
The temperature value of the overall ICM would have been the
consequence of gas particle interactions at an earlier epoch during
the merger of the groups. By the epoch of observation, the overall
ICM is consistent with being in an almost isothermal hydrostatic
equilibrium in a single potential well, while the groups are fos-
silized in the velocity dispersion substructure. The agreement of
the observed cluster LX and TX values with the LX-TX relation
and the deviation of the cluster values from the �

v
-TX relation

show that the gas in the cluster is more relaxed than the galaxies.
Since galaxies behave more like dark matter particles, they still
need more time to reach the �

v
-TX relation expected for the clus-

ter. In summary, the elongated shape of the cluster structure (in
all its components, baryons and dark matter) and the substruc-
ture in velocity leads us to conclude that RDCS J1252.9�2927
has not yet reached a final virial state; we may be seeing gravi-
tational collapse of two or more subclusters along a high-density
filament.

In this work we present an improved analysis of the near-IR
color-magnitude diagram of galaxies in RDCS J1252.9�2927,
based on ISAAC data that have been reprocessed in order to op-
timize image quality and obtain more accurate photometry over
the entire region covered by near-IR observations. We use only
spectroscopic cluster members, and the analysis extends over
more than 1 Mpc from the cluster center, in contrast to previous
studies. The fit to the red cluster sequence, including all passive
spectroscopic members, yields slope and scatter values consis-
tent with the result of Blakeslee et al. (2003b) and Lidman et al.
(2004) . This indicates that the early-type galaxy cluster popu-
lation has formed most of its stellar content at z � 3 and has

passively evolved since down to the epoch of observation, as
previously shown for z � 1 clusters (van Dokkum & Stanford
2003; Blakeslee et al. 2003b, 2006; Lidman et al. 2004;Mei et al.
2006a, 2006b ). If we restrict the fit of the cluster red sequence to
spectroscopic members brighter than �K�

s , the slope becomes
significantly shallower, suggesting that the CM relation of pas-
sively evolving systems may be nonlinear, although this could
also be due to a selection effect. The [O ii] emission line observed
in 17 cluster galaxies allows us to estimate a lower limit value of
0.7 M� yr�1 for the median SFR in the cluster. Only 5 out of 25
spectroscopic members that are brighter than K�

s þ 1:5 show on-
going star formation. Three star-forming galaxies have colors as
red as galaxies in the red cluster sequence of both i775 � z850 versus
z850 (optical) and Js � Ks versus Ks (near-IR) color-magnitude
diagrams. One additional star-forming galaxy is observed in the red
sequence of the near-IR color-magnitude diagram, but not in the
optical one, suggesting that we are observing a dust-rich galaxy.
Finally, a highly obscuredAGN is observed to be a spectroscopic
member of RDCS J1252.9�2927, and we do not find any evi-
dence of ‘‘red mergers’’ like those observed in the galaxy cluster
MS 1054 (van Dokkum et al. 1999 ).

The projected distribution of passive and star-forming galax-
ies in this cluster shows a spectrum-density relation that quali-
tatively resembles the observed morphology-density relation at
z � 1 (Smith et al. 2005; Postman et al. 2005): passive, early-
type galaxies dominate the cluster core, while star-forming, late-
type galaxies are found in the outskirts of the cluster. From a
dynamical point of view, we are witnessing hierarchical structure
formation: we are observing a merger of two large groups of gal-
axies into a more massive structure.

This work would not have been possible without the dedicated
efforts of ESO staff, in both Chile and Europe. ACS was devel-
oped under NASA contract NAS5-32865. We are grateful to
K. Anderson, D. Magee, J. McCann, S. Busching, A. Framarini,
and T. Allen for their invaluable contributions to the ACS proj-
ect. R. D. acknowledge the hospitality and support of ESO in
Garching. S. A. S.’s work was performed under the auspices of
the US Department of Energy, National Nuclear Security Admin-
istration, at the University of California, Lawrence Livermore
National Laboratory, under contract W-7405-Eng-48.
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