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Abstract. In this paper we study the environment of RDCS J1252.9-2927, at z = 1.237,
using the catalog of Tanaka et al.(2009) with optical-NIR photometric data and redshifts
for 120 galaxies. The data from this catalog cover a wide field of 875 arcmin® (25
arcmin X 35 arcmin field), making possible the study of the large-scale structures in the
field of RDCS J1252.9-2927 cluster. The color-color and color-magnitude diagrams of
the galaxies that belong to the large-scale structures CLUMP 1 and CLUMP 2 in the
RDCS J1252.9-2927 environment are presented. A large population of Extremely Red
Galaxies (ERGs) in the studied sample of galaxies is determined. The photometric
properties of galaxies in pairs and groups in the CLUMP 1 and CLUMP 2 are also
analyzed.
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1. INTRODUCTION

The RDCS J1252.9-2927 cluster is one of the highest redshift X-ray clusters
that was discovered in ROSAT Deep Cluster Survey (Rosati et al., 2004). In the
cosmological model Hy = 70 km s~ Mpc~1,Q,,, = 0.3, Q4 = 0.7, h = 0.7, the total
mass of the cluster inside 0.5 Mpc radius was estimated by Rosati et al. (2004) as
being M (< 0.5Mpc) = (1.9+£0.3) x ML

In the same cosmological model, Lombardi ef al. (2005) determined the total
mass inside 1 Mpc radius to be M (< 1Mpc) = (8 £0.3) x ML

Blakeslee et al. (2003) reported the images obtained with the Advanced Cam-
era for Surveys (ACS) on the Hubble Space Telescope (HST) in the F775W and
F850LP bandpasses. A tight colour-magnitude relation (CMR) of early-type galax-
ies belonging to this cluster was revealed by these authors. In the core of the cluster
a central pair of galaxies, with signs of dynamical interaction, surrounded by a large
early-type galaxy population were determined due to the special resolution of ACS.

Lidman et al. (2004), Toft et al. (2004), and Strazzullo et al. (2006) obtained
the ground-based near-IR imaging of RDCS J1252.9-2927 environment, underlying a
clear near-IR color-magnitude relation (CMR). The luminosity function of the cluster
galaxies was analyzed too, and a shallower slope than the value measured at similar
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restframe wavelength in clusters in the local universe was revealed.

Due to a detailed dynamical and spectrophotometric information on galaxies
in RDCS J1252.9-2927 high redshift cluster, Demarco ef al. (2007) provided an
in-depth view of structure formation at this epoch.

Tanaka et al. (2009) extended the investigation, obtaining wide-field imaging
observations of the X-ray luminous cluster RDCS J1252.9-2927. Several galaxy
groups that seem to be embedded in a filamentary structure extending from the cluster
core are present inside the cluster.

Using GMOS on Gemini-South and FORS2 on VLT, Tanaka et al. (2009)
performed a spectroscopic study of the galaxies in order to determine if these galaxies
are physically associated to the cluster. The authors concluded that three groups
contain galaxies at the cluster redshift, being probably bound to the cluster. The
presence of such a filamentary structure as traced by galaxy groups at z > 1 was for
the first time confirmed.

In the previous paper (Popescu, 2011) we combined the catalog of Demarco et
al. (2007), that contains optical-NIR photometric data, redshifts, and morphology
for galaxies (in a 36 arcmin? field), with Hubble Space Telescope/ Advanced Cam-
era for Surveys archival images (from Hubble Space Telescope Archive at Canadian
Astronomy Data Centre). The distribution of galaxies in the field of RDCS J1252.9-
2927, taking into account their spectroscopic redshifts and morphology was ana-
lyzed. The role of color-color and color-magnitude diagrams in the characterization
of Extremely Red Objects (EROs) was underlined. The photometric and morphologi-
cal properties of galaxies in pairs and groups in the RDCS J1252.9-2927 environment
were also determined. We especially consider the role of galaxy-galaxy interactions
in triggering the star formation, and strong modification of galaxy morphologies and
colors.

In this paper we study the environment of RDCS J1252.9-2927, at z = 1.237,
using the catalog of Tanaka ef al. (2009) with optical-NIR photometric data and
redshifts for 120 galaxies.

The data from this catalog cover a large field of 875 arcmin? (25 arcmin x 35
arcmin field), making possible the study of the large-scale structures in the field of
RDCS J1252.9-2927.

The color-color and color-magnitude diagrams of the galaxies that belong to
the large-scale structures CLUMP 1 and CLUMP 2 in the RDCS J1252.9-2927 envi-
ronment are presented. The photometric properties of galaxies in pairs and groups in
the CLUMP 1 and CLUMP 2 are also analyzed.



3 Galaxy evolution in the environment of RDCS J1252.9-2927 at z ~ 1.24 97

2. DISTRIBUTION OF GALAXIES - TANAKA CATALOG

In the cosmological model Hy = 70 km s~ Mpc~1,Q,, = 0.3, and 2, = 0.7,
at the cluster redshift of z = 1.237, a linear size of 0.5 Mpc corresponds to 1’ on the
sky (i.e. 1” on the sky corresponds to 8.33 kpc in a physical distance).

Fig.1 presents the 2D distribution of galaxies in the RDCS J1252.9-2927 field
for:

- the catalog of Demarco et al. (2007), with (B, V, R, 1775, 2850, K') optical-
NIR photometric data, redshifts, and morphology for 38 confirmed cluster galaxies
and redshifts for 189 field galaxies (in a 36 arcmin? field)- see Popescu (2011);

- the catalog of Tanaka et al. (2009), with (V, R, 4/, 2/, Ks) optical-NIR
photometric data and redshifts for 120 galaxies positioned in CLUMP 1, CLUMP 2,
CLUMP 3 and CLUMP 4 (in a 875 arcmin? field).

In both catalogs the magnitudes are on the AB system (Oke, 1974), being cor-
rected for Galactic extinction.

Tanaka et al. (2007) observed RDCS J1252.9-2927 with Suprime-Cam (Miya-
zaki et al. , 2002) on the Subaru Telescope in the (V, R, ', ') bands, and K-band
imaging with WFCAM on UKIRT (Henry et al. , 2000) and K -band imaging
with SOFI on the ESO NTT (Moorwood, Cuby, and Lidman, 1998). In Tanaka et
al. (2007) were for the first time presented four poor groups around the RDCS
J1252.9-2927 cluster at z ~ 1.24.

In order to obtain spectroscopic follow-up observations of the structures dis-
covered in Tanaka ef al. (2007), Tanaka et al. (2009) used GMOS on Gemini-South
(Hook et al. , 2004) and FORS2 on VLT UT1 (Appenzeller et al. , 1998). The
catalog obtained by Tanaka ef al. (2009) contains 102 objects with secure redshifts
and 18 objects with possible redshifts.

In Fig.1, the RDCS J1252.9-2927 cluster can be clearly identified at the centre
of the field, containing 38 confirmed cluster galaxies (big dots) and 189 field galaxies
(small dots). In this figure North is up and Est is to the right. The distribution of
z ~ 1.24 galaxies presents clumpy structures that surround the central main cluster.
It can be observed the presence of a chain of clumps towards the N-NE direction
from the cluster RDCS J1252.9-2927, reprezented by the CLUMP 1 and CLUMP 2,
and extending over 15 Mpc transverse comoving distance. At the E-NE and W-SW
of the main cluster a few more clumps are present. The CLUMP 3 and CLUMP 4
are located at E-NE of the main cluster, and W-SW of the main cluster, respectively.
A large filamentary structure extending about 20 Mpc transverse comoving distance
in the NE-SW direction is present.

The 3D distribution of the galaxies in the RDCS J1252.9-2927 cluster field
function of the position (X,Y) and the spectroscopic redshifts z is presented in Fig.2.
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Fig. 1 — The 2D distribution of the galaxies in the RDCS J1252.9-2927 cluster field.
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Fig. 2 — The 3D distribution of the galaxies in the RDCS J1252.9-2927 cluster field
as function of the position (X,Y) and the spectroscopic redshifts z.

3. COLOR-MAGNITUDE AND COLOR-COLOR DIAGRAMS OF
THE GALAXIES IN CLUMP 1 AND CLUMP 2

Elston et al. (1988) first discovered a special population denoted extremely
red objects (EROs). These objects are characterized by very red optical and near-
infrared colors, and are difficult to be classified due to their faintness. Extremely Red
Galaxies (ERGs) are a subset of EROs, and are considered to be a mixture of mainly
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two different populations at redshifts higher than z = 1.

The red colors of ERGs population are consistent with the following two classes
of galaxies:

i) passively evolving early-type galaxies (elliptical and SO) in the redshift range
1<2z2<2;

ii) high-redshift dusty starburst galaxies (characterized by high star-formation
rates) whose UV luminosities are strongly absorbed by internal dust, or AGN red-
dened by strong dust extinction.

For the identification of galaxies clusters at z > 1, the selection criteria of the
passively evolving elliptical galaxies by means of red optical and near-infrared colors
have been usually used. Because the 4000 A break falls between R- (or I-, J-) band
and K band, at z > 1 old passively-evolving galaxies should be characterized by
red optical-NIR colors, which are redder than most galactic stars and field galaxies
colors.

Both galaxy populations mentioned above satisfy color thresholds for ERGs
such as (R — K)vega > 5, (I = K)vega > 4, (V —1I)vega > 3.5, and have moder-
ately faint near-infrared magnitudes (K ~ 17.5 —20). These two populations can
be separated by their morphology, spectra or color. Using the color-color diagrams,
(R—K) vs (J — K) colors, Mannucci ef al. (2002) have separated the two popu-
lations, and have found that the two populations have similar abundances in their 57
ERGs sample.

To analyze the ERGs in the Tanaka catalogue, we have to transform the pho-
tometry from the AB system to the Vega-based system using Fukugita, Shimasaku
and Ichikawa (1995) transformations. The AB magnitudes and Vega-based magni-
tudes are denoted with (AB) and (Vega), respectively.

In our analysis the following transformation formulae from AB magnitudes to
Vega-based magnitudes are considered:

Wega = Vap —0.011; Ryegq = Rap —0.199 (1)

Wega = Tap — 0.401; 2y g0 = 24 — 0.549 ()

For K magnitude the scales between the Vega-based magnitudes and the AB
magnitudes are given by the formulae (Miyazaki ef al. , 2003):

Ksyega=Ksap—1.8 3)

(R—KS)yega=(R—Ks)ap+1.6 4)

In this paper we define ERGs as objects whose color is equal to or redder
than 3.4 (i.e. the condition (R — K's)ap > 3.4). This is the equivalent of the usual
definition relation (R — K )yegq > 5.
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Because the goal of this paper is to analyze the ERGs distribution and the in-
teractions effects on galaxies colors, in the sequel we analyze the color distribution
of the galaxies that belong to CLUMP 1 and CLUMP 2 together (these two clumps
being positioned very close to one another).

Fig.3 presents the 2D distribution of galaxies in CLUMP 1 and CLUMP 2,
function of the spectroscopic redshifts z. From the 58 galaxies that belong to CLUMP
1 and CLUMP 2, in Fig.3 are represented 46 galaxies as follows: big dots - 18 galax-
ies with z = 1.234; diamonds - 5 galaxies with z = 1.21; (+) - 11 galaxies with
1.18 < z < 1.198; small dots - 12 galaxies with z = 1.1. With big squares are
marked the 15 galaxies that belong to the sample of galaxies pairs from CLUMP
1 and CLUMP 2.
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Fig. 3 — The 2D distribution of the galaxies in the CLUMP 1 and CLUMP 2 function of
the spectroscopic redshifts z. The symbols are as follows: big dots - 18 galaxies
with z = 1.234; diamonds - 5 galaxies with z = 1.21; (+) - 11 galaxies with
1.18 < z < 1.198; small dots - 12 galaxies with z = 1.1.

The color-magnitude diagrams (R — Ks)ap — Kap, (i’ — Ks)ap — Kap and
color-color diagram (R — Ks)ap — (i’ — Ks)ap of galaxies function of the spec-
troscopic redshifts z are presented in Fig.4. The symbols in Fig.4 are the same as
in Fig.3. The dashed horizontal line in Fig.4 (top panel) represents the threshold
(R— K s)ap = 3.4 for the selection of ERGs. In Fig.4 (middle panel) the two dashed
horizontal lines represent the boundaries (i' — Ks)ap = 2.5 and (i — Ks)ap = 3.5
for the galaxies in the red sequence. The vertical line represents the separation line
between red and blue galaxies for (i — K') 4p = 2.5, in Fig.4 (bottom panel).

The presence of a large population of ERGs in the CLUMP 1 and CLUMP
2 from the Catalog of Tanaka et al. (2009) is revealed by the color-color diagram
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(R— Ks)ap — (i’ — Ks) ap. The clustering of the 14 ERGs in specific colors ranges
is obvious. The concentrations of red galaxies in the two clumps strongly suggest
that these clumps are physically bound systems.

The color-color diagram (V' —i') 45 — (¢’ — 2) 4B, presented in Fig.5, is useful
for the selection of Balmer/4000 A break galaxies and star-forming galaxies applying
the selection criteria (Demarco et al. , 2007):

0.4 < (i'=2)ap <0.87;0.2 < (V—i)ap <12 5)
241" —2)ap—1.12< (V=i ) ap <7(i' —2) ap — 2.3 (6)

The two population of old passive evolving galaxies and star-forming galax-
ies are well delimited in the (R — K s)ap — (/' — Ks) ap (Fig.4, bottom panel) and
(V —i")ap — (' — 2) ap (Fig.5) color-color diagrams. The red galaxies have colors
in the specific range of the old passively evolving galaxies at z ~ 1. The condi-
tion 2.5 < (' — Ks)ap < 3.5 is broad enough to include galaxies from the color-
magnitude diagram in the red sequence. Also, the red sequence of studied galaxies
is well delimited in the color-magnitude diagram (R — Ks)4p — Ksap from Fig.4
(top panel).

4. THE GALAXY PAIRS SAMPLE

To select kinematic galaxy pairs, in our study three steps are followed:

(1) For each galaxy in the spectroscopic redshift sample are determined the
kinematic companions with a relative line-of-sight velocity difference |Av| < 500
km s~! and a projected physical separation (onto the plane of the sky) Tproj < 300
h~! kpc.

(2) In the selected kinematic companions sample, close pairs are considered if
they satisfy 10 h™! kpc < 7,07 < 50 h™! kpc (Lin et al. , 2007; Patton and Atfield
2008; Patton et al. , 2011).

(3) Wide pairs are identified as kinematic companions with 50 h—'kpc < rp <
300 h—! kpe.

The linear distance between two galaxies can be obtained using the projected
separation:

Tproj = 0da(zp). ©)
The rest-frame relative velocity along the line of sight is determined as:
Av=cl|zc—zp|/(1+zp). (8)

In these formulae zp is the redshift of the principal (more luminous) galaxy in
the pair; z¢ is the redshift of the companion galaxy; 6 is the angular separation of the
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Fig. 4 — The (R— Ks) sp — K s o p color-magnitude diagram(top panel); (i’ — Ks)ap — Ksap
color-magnitude diagram (middle panel); (R — Ks) s — (i’ — Ks 4 g) color-color diagram (bottom
panel); The symbols are as follows: big dots - 18 galaxies with z ~ 1.234; diamonds - 5 galaxies with
z=1.21; (+) - 11 galaxies with 1.18 < z < 1.198; small dots - 12 galaxies with z = 1.1.

two galaxies on the sky plane (in arcsec); d4(z) is the angular scale at redshift z (in
kpc/arcsec).

Because for the 46 galaxies in CLUMP 1 and CLUMP 2 secure redshifts are
available, in the selection of our galaxy pairs sample we have the redshifts for both
members of a pair. In this way the contamination due to unrelated foreground/ back-
ground companions is excluded, and we can compare intrinsic galaxy properties as a
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function of projected physical separation and relative line-of-sight velocity.

In Table 1 the photometric characteristics of the 15 galaxies in the galaxy pairs
sample are described. We observe that the galaxies in pairs present obvious features
of interactions, with bluer (V —i’) 4 and (¢' — 2’) o colors, as characteristics of
interactions/mergers that trigger star formation activity.

Among the 15 galaxies that form 5 pairs and 2 triplets, only the pair formed
by galaxies with identification number ID13 and ID15 has the projected distance less
than 50 h~'kpc, being a close pair of galaxies. The other galaxies represent wide
pairs o galaxies, with projected distances in the range 100 h~'kpc < rp < 270 h=!
kpc.

5. THE EFFECTS OF INTERACTIONS/MERGERS ON GALAXIES COLORS

Because of the different procedures for defining samples of galaxy pairs, the
determined mergers present different properties.

Concluding, there are two main ways to define samples of mergers:

1) Based on morphological criteria - this procedure is focused on structural
disturbances and/or tidal features (Bridge et al. , 2010; Chou et al. , 2011). Mergers
tend to present strong morphological disturbances at the first encounter and the last
merging stage. Then, the morphological selection criteria are biased toward selecting
mergers at the final merging stages.

2) Based on a kinematic selection - this procedure identifies mergers by limiting
the projected physical separation and the velocity differences between two close pair
members (Patton et al. , 2000; Lin et al. , 2008; Patton and Atfield , 2008; Patton et
al. ,2011).

In our study we used the kinematic selection in the detection of the galaxy
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Table 1

The photometric characteristics of galaxy pairs sample

ID [ Kap | zspec | (R—Ks)ap | (' =Ks)ap | V—i)ap | (' —2")asB
5 19.06 | 1.235 3.70 2.80 2.70 0.90
6 20.17 | 1.237 3.90 2.92 2.25 0.90
19 | 20.88 | 1.234 3.02 2.70 3.41 0.75
17 | 20.87 | 1.226 3.34 3.06 0.93 1.18
22 | 21.14 | 1.231 3.41 2.68 1.31 1.02
13 | 2040 | 1.231 2.99 2.56 1.11 0.83
15 19.32 | 1.235 3.29 2.71 1.32 0.80
18 | 19.22 | 1.233 3.60 2.85 1.89 1.01
21 | 20.10 | 1.234 2.60 2.14 1.18 0.62
14 | 19.44 | 1.235 3.62 2.72 1.65 0.83
14 | 19.44 | 1.235 3.62 2.72 1.65 0.83
47 | 2047 | 1.231 2.09 1.88 0.47 0.67
2 22.08 | 1.068 2.23 1.83 0.60 0.52
1 24.63 | 1.071 0.83 0.40 0.37 0.34
8 20.77 | 1.070 3.03 2.66 3.06 0.94
9 20.98 | 1.070 2.57 2.03 1.21 0.49

mergers sample, as was presented in the previous section.

In order to investigate the interactions/mergers effects on galaxy colors, in Fig.6
the color-magnitude diagram (R — K's)4p — Kap and color-color diagram (R —
Ks)ap — (i' — Ks) g for the 15 galaxies in pairs are presented.

In Fig.7 is displayed the color-color diagram (V —i’) a4 — (i’ — 2) ap for the
studied pairs of galaxies. This diagram is useful for the selection of Balmer/4000 A
break galaxies and star-forming galaxies applying the selection criteria of Demarco
etal. (2007).

In Figs. 6 and 7, the galaxies in pairs are represented with: big dots (ID5
and ID6 galaxies); diamonds (ID19, ID17, ID22 galaxies ); crosses (ID13, ID15
galaxies); (X) (ID18, ID21, ID14 galaxies); squares (ID14, ID47 galaxies); small
diamonds (ID1, ID2 galaxies); small dots (ID8, ID9 galaxies).

Clear evidences of interaction-induced star formation within the blue galax-
ies in pairs is revealed by Fig.7. Here a higher fraction of extremely blue galaxies
are positioned in the star forming galaxy region. Also, the presence of red-red pair
(candidate for dry merger), blue-blue pair (candidate for wet merger), and red-blue
pair (candidate for mixed pair) in the determined sample of galaxy pairs can be ob-
served in Fig.7. The wet mergers refer to galaxy mergers between gas-rich galaxies
(i.e. mergers between galaxies with intense star formation), while dry mergers are
those mergers between gas-poor galaxies (i.e. mergers between elliptical/spheroidal
galaxies, that have weak star formation).

We classify as red fraction, the fraction of galaxies that either belong to the red
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sequence or to the ERGs population (extremely red galaxies).

In the case of the galaxy pair sample from CLUMP 1 and CLUMP 2, one
observes that the majority of blue-blue pairs are found in field-like environments.
Also, red-red pairs and blue-red pairs tend to lie in denser environments (group and/or
cluster-like environments), as can be seen from Fig.3 and Table 1 inspection.

The group of galaxies with z ~ 1.24 contains mainly red-red pairs and 3 mixed
red-blue pairs, as can be observed from Table 1.

The only close pair of galaxy (ID13, ID15), with r, = 41.5 kpc, belonging to
the group of galaxies with z ~ 1.24, has the photometric characteristics:

- ID2 galaxy: K 4p5=20.40, (R— Ks)p=2.99, (i/ — Ks)ap=2.56, (V — i’)AB=1.1 1,
(i' —2") ap=0.83;
-ID1 galaxy: K4p=19.32, (R— Ks)ap=3.29, (i' — Ks)ap=2.71, (V —4') 4p=1.32,
(i' — 2') ap= 0.80.

The clump of galaxies with z ~ 1.1 contains only 2 galaxy pairs that present
the most bluer colors in the sample. These pairs are positioned in a field-like envi-
ronment.

The blue - blue pair (ID2, ID1) has a projected distance 7, = 132 kpc and the
photometric characteristics:

- ID2 galaxy: K p=22.08, (R— Ks)4p=2.23, (' — K s) ap=1.83, (V —i') 4.5=0.70,
(i' = 2" ap=0.52;
-ID1 galaxy: K4p=24.63, (R— Ks)ap=0.83, (i' — K s) 45=0.40, (V —4') 45=0.37,
(i' — 2" ap=0.34.

This galaxy pair contains the faintest and bluest galaxies in the sample of 46
galaxies from CLUMP 1 and CLUMP 2.

The red - blue pair (ID8, ID9) has the photometric characteristics:

- 1D8 galaxy: K 45=20.77, (R— K ) ap=3.03, (i’ — K s) ap=2.66, (V —1') 43=3.06,
(1" — 2" ap=0.94;
- ID9 galaxy: K 45=20.98, (R— Ks)Ap=2.57, (i' — K$) 4p=2.03, (V —i') ap=1.21,
(i" —2") ap=0.49.

The wet and dry merging populations show different evolutionary trends. In
their recent studies, Lin ef al. (2008), De Propris et al. (2010), and Chou et
al. (2011) show that the fraction of dry mergers (from the total merging galaxy
population) is low at high redshifts (at z > 0.5), but becomes important at low red-
shifts (z < 0.2).

6. CONCLUSIONS

In this paper we study the environment of RDCS J1252.9-2927, at z = 1.237,
using the catalog of Tanaka ef al. (2009) with optical-NIR photometric data and
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Fig. 6 — The (R — Ks) s — K54 color-magnitude diagram for the galaxy pair sample (top panel)
and (R— Ks)ap — (i’ — K s 4p) color-color diagram (bottom panel).
The symbols are as follows: big dots (IDS5 and ID6 galaxies); diamonds (ID19, ID17, ID22 galaxies );
crosses (ID13, ID15 galaxies); (X) (ID18, ID21, ID14 galaxies); squares (ID14, ID47 galaxies);
small diamonds (ID1, ID2 galaxies); small dots (ID8, ID9 galaxies).

redshifts for 120 galaxies. The data from this catalog cover a wide field of 875
arcmin? (25 arcmin x 35 arcmin field).

In the field of RDCS J1252.9-2927, the distribution of galaxies presents 4
clumpy structures that surround the central main cluster. A large filamentary struc-
ture extending about ~ 20 Mpc in the NE-SW direction is present. Because of the
concentrations of red galaxies in the clumps, it is strongly suggested that these are
physically bound systems.

The color-color and color-magnitude diagrams of the galaxies that belong to the
large-scale structures CLUMP 1 and CLUMP 2 in the RDCS J1252.9-2927 environ-
ment are presented. By means of these diagrams, a large population of 14 Extremely
Red Galaxies (ERGs) is determined.

A strong pair isolation criterion in terms of the apparent angular separation and
rest-frame line-of-sight velocity difference is used to obtain the galaxy pairs sample.
The photometric properties of galaxies in pairs and triplets in CLUMP 1 and CLUMP
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2 are also analyzed. A large fraction of red galaxies in pairs or triplets is determined
(11 red galaxies from the 15 galaxies in pairs). The redder colours are due to the
higher densities of galaxies (especially for CLUMP 2) and the fact that galaxy colour
and local density are correlated. The bluer optical-NIR colors of galaxies is a result
of an increased star formation rate due to possible interactions/mergers.
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