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1 INTRODUCTION

ABSTRACT

We present the results of a search for galaxy clusters and groups in the 2 deg? of the
COSMOS field using all available X-ray observations from the XMM-Newton and Chandra
observatories. We reach an X-ray flux limit of 3 < 1026 ergcm™2s ™" in the 0.5-2 keV range,
and identify 247 X-ray groups with Myg. = 8 x 10%2-3 x 10 M at a redshift range of
0.08 =< z < 1.53, using the multiband photometric redshift and the master spectroscopic
redshift catalogues of the COSMOS. The X-ray centres of groups are determined using
high-resolution Chandra imaging. We investigate the relations between the offset of the
brightest group galaxies (BGGs) from halo X-ray centre and group properties and compare
with predictions from semi-analytic models and hydrodynamical simulations. We find that
BGG offset decreases with both increasing halo mass and decreasing redshift with no strong
dependence on the X-ray flux and SNR. We show that the BGG offset decreases as a function
of increasing magnitude gap with no considerable redshift-dependent trend. The stellar mass
of BGGs in observations extends over a wider dynamic range compared to model predictions.
At z < 0.5, the central dominant BGGs become more massive than those with large offsets
by up to 0.3 dex, in agreement with model prediction. The observed and predicted log-normal
scatter in the stellar mass of both low- and large-offset BGGs at fixed halo mass is 0.3 dex.

Key words: galaxies: clusters: general —galaxies: evolution—galaxies: groups: general —
galaxies: statistics —galaxies: stellar content — X-rays: galaxies: clusters.

leading to a sharp decline in star formation, reddening its colour.
Strong tidal stripping can eject stars or even disrupt the satellite

According to the standard scenario of galaxy formation, galaxies
form via cooling and condensing gas at the bottom of the potential
wells of a population of hierarchically merging dark matter haloes
(White & Rees 1978). After a halo and its “central’ galaxy fall into
a larger system, it becomes a subhalo and its galaxy becomes a
‘satellite’. The cold gas of this satellite galaxy may be stripped,
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altogether, providing more material for the disc of the central galaxy
of the massive halo and the stars’ stellar halo. Consequently, the
central galaxy can grow and become the most massive and luminous
galaxy in the system (e.g. Springel et al. 2005; Skibba et al. 2010;
Guo et al. 2011; Henriques et al. 2015, 2017).

Following this paradigm and the -cold dark matter ( CDM)
model, several semi-analytic models have been implemented using
the Millennium simulations (1&I1) (e.g. Springel et al. 2005; Bower
et al. 2006; De Lucia & Blaizot 2007; Guo et al. 2011; Henriques
et al. 2015). However, observations show that the ‘central galaxy
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paradigm’ (CGP), which predicts that central galaxies are the most
massive and brightest cluster/group galaxies, is not always true
(Beers & Geller 1983; Sanderson, Edge & Smith 2009; Skibba
et al. 2010). Skibba et al. (2010) analysed the offsets of the line-of-
sight velocities and projected positions of brightest group galaxies
(BGGs) relative to the other group members using the Sloan Digital
Sky Survey (SDSS) cluster catalogue of Yang et al. (2007) and ruled
out the CGP.

The assumption of CGP is critical in a number of measurements
such as halo mass estimates using satellite kinematics (e.g. More
et al. 2008), strong and weak lensing (e.g. Kochanek 1995; Sheldon
et al. 2009), halo occupation modelling (Tinker et al. 2008), and
algorithms for identifying groups (Yang et al. 2007; Yang, Mo &
Van den Bosch 2009; Yang et al. 2012). It is also well known that
central galaxies exhibit different characteristics such as size, mor-
phology, colour, star formation, radio, and active galactic nucleus
(AGN) activities compared to the satellite galaxies of the same stel-
lar mass. The dependence of the central galaxy properties on the halo
properties such as halo mass has been found to be strong (De Lu-
cia & Blaizot 2007; Van Den Bosch et al. 2008; Skibba & Sheth
2009; Gozaliasl et al. 20144, 2016, 2018). Admittedly, these results
suggest that a precise definition of central galaxies is essential for a
precise modelling of galaxies and interpreting the observational re-
sults. This paper investigates the validity of the CGP in X-ray galaxy
groups quantifying the offset of the projected positions of BGGs
relative to the peak of the X-ray emissions from the intragroup hot
gas and medium.

Galaxy evolution is thought to be the result of halo growth, as
well as several other galaxy formation processes (e.g. star formation,
feedback from star formation and AGN), and environmental effects.
To recognize the role of various physical processes of galaxy for-
mation and to link galaxies to their dark matter haloes, studies look
for the relation between the halo mass function and the stellar mass
function. The stellar-to-halo mass relation is thought to be related to
the star formation efficiency, and to the strength of feedback from
star formation and AGN. It has broadly been studied as a function
of time using several techniques such as matching the abundances
of observed galaxies and simulated dark haloes ranked by stellar
and dark matter mass (Behroozi, Conroy & Wechsler 2010; Moster,
Naab & White 2013), the conditional luminosity function method
proposed by Yang et al. (2012), by the halo occupation distribu-
tion (HOD) formalism (Moster et al. 2010; Behroozi, Wechsler &
Conroy 2013; Moster et al. 2013), and by combining the HOD,
N-body simulations, galaxy clustering, and galaxy—galaxy lensing
techniques (Leauthaud et al. 2012; Coupon et al. 2015).

Observations indicate that there is a strong correlation between
the stellar mass of central galaxies and halo mass of hosting haloes,
particularly at low halo masses (Mo0s ~ 10'> M ). The stellar mass
of satellite galaxies does not show such a dependence on halo mass.
Both observations and simulations indicate the presence of a large
scatter in the stellar mass of central galaxies at fixed halo mass
(Moster et al. 2010; Behroozi et al. 2010, 2013; Coupon et al. 2015;
Matthee et al. 2017).

Several studies (e.g. Behroozi et al. 2010; Coupon et al. 2015;
Matthee et al. 2017) have searched for the origin of this scatter and
have quantified the different sources of systematic errors, such as
varying the assumed cosmology, initial mass function, the stellar
population model (SPE), and the dust attenuation laws. Despite
these efforts, the inconsistencies between the observational data
and model predictions illustrate that scatter in the stellar mass of
central galaxies is still an unresolved problem. However, the effect
of CGP on the scatter of stellar mass has not been enunciated yet,
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while it is well known that the properties of galaxies change with
increasing the offset between the galaxy position and the centre of
clusters. The primary goal of this study is to address the presence
of an offset between the coordinate of the most massive galaxy
and the position of the X-ray peak. We construct the stellar mass
distribution and compare the corresponding distribution for BGGs
with low and high offsets from the group X-ray centres. We also
examine the impact of the offset on the scatter in the stellar mass of
the central massive galaxies at fixed halo masses.

The COSMOS survey covers 2 deg? equatorial field and was
designed to probe the formation and evolution of galaxies, star for-
mation, AGN, and dark matter with large-scale structure (LSS) as
a function of local galaxy environment and redshift out to z = 6
(Scoville et al. 2007). The COSMOS survey has been observed
by a number of major space- and ground-based telescopes, no-
tably by the XMM-Newton, Chandra, HST, GALEX, MIPS/Spitzer,
PACS/Herschel and SPIRE/Herschel, VISTA, and SUBARU tele-
scopes, and offers a unique combination of deep (AB  25-26), mul-
tiwavelength data (0.25um 24 pm). We use the COSMOS2015
catalogue of photometric redshifts of over half a million sources
with an excellent precision of 0 ,/1+2,) = 0.007 (Laigle, Capak &
Scoville 2016). The COSMOS field has frequently been of the
focus of spectroscopic redshift surveys. The unique data of spec-
troscopic and multiband photometric redshifts of galaxies together
with the X-ray data provided by Chandra COSMOS-Legacy Sur-
vey (Elvis et al. 2009; Civano et al. 2016; Marchesi et al. 2016)
and XMM-Newton observations allow us to revise the detection of
X-ray galaxy groups and clusters in COSMOS as previously pre-
sented by Finoguenov et al. (2007) and George et al. (2011). This
study aims to improve the determination of the position of the X-ray
peak (centre) and the redshift of groups and clusters.

This study presents a unique catalogue of 247 X-ray groups of
galaxies identified in 2 deg? of the COSMOS field (Scoville et al.
2007) at a redshift range of 0.08 < z < 1.53 with a mass range of
Magoe = 8 % 10%-3 % 10* M . High-mass systems in this halo-
mass range are on the border line between groups and clusters
but for the purpose of this paper we will refer to these systems
only as groups. We select the most massive group galaxies within
R200 (Where the internal density of haloes is 200 times the critical
density of the Universe). Since the most massive group galaxies are
generally the most luminous group galaxies, we will refer to these
galaxies as BGGs in this study. We quantify the projected separation
between the position of BGGs and the IGM X-ray emission peaks,
defining the BGG offset as the ratio of this angular separation to the
group’s Rygo and estimate differences between the stellar properties
of the central dominant BGGs and the BGGs with large offsets.
We interpret our observational results through a comparison with
predictions from two semi-analytic models (SAMs) implemented
based on the output data of the Millennium simulations by Guo et al.
(2011, hereafter G11) and Henriques et al. (2015, hereafter H15).
In addition, for the comparison of our observational results with
those from hydrodynamical simulations, we use BGGs and galaxy
groups selected from the Magneticum Pathfinder simulation,* which
adopts a WMAP7 (Komatsu et al. 2011) cosmology (Dolag et al. in
preparation).

This paper is organized as follows. In Section 2, we describe
the catalogues of the spectroscopic and photometric redshift of
galaxies used in this study. Section 3 describes the procedures for
identification of groups, revision of the X-ray centre and redshift of

Lwww.magneticum.org

6102 YoJel\ 8z uo sesn ABojouyos ] Jo a1niinsu) eiuioled Aq €601 1 ZS/SYSE/S/S8A0BISqe-aj0nE/SeiuW/woo dnoolwepeoe//:sdiy Woll papeojumod


http://www.magneticum.org

groups, and a description of the new catalogue of groups. Section 4
presents the sample definition, the BGG selection, the BGG offset
from the X-ray centroid, the evolution, and distribution of the BGG
offset. It also presents the relations between the offset with halo
mass, the X-ray flux, and the magnitude gap between the first and
second ranked BGGs. Section 5 presents the differences in the stellar
mass of BGGs selected within different aperture sizes: 0.5Rsq0, Rsgo,
and Rpg. It also presents the non-parametric distribution of the
stellar mass and the scatter in the stellar mass of BGGs. Section 6
summarizes the results and conclusions.

Unless stated otherwise, we adopt a cosmological model, with
( , wm,h)=(0.70, 0.3, 0.71), where the Hubble constant is
parametrized as 100 hkms™* Mpc_l, and quote uncertainties at the
68 per cent confidence level.

2 THE COSMOS SURVEY DATA

2.1 The COSMOS survey

The Cosmological Evolution Survey (COSMOS) is a deep multi-
band survey centred at (Ra, Dec) = (+150.1192, +2.2058) and
covering a 2 deg? area. The full definition and survey goals can be
found in Scoville et al. (2007).

COSMOS is the largest field that has been observed by the Hub-
ble Space telescope (HST) so far. In addition, COSMOS guaran-
tees full spectral coverage with multiwavelength imaging and spec-
troscopy from X-ray to radio wavelengths by the major space-based
telescopes (Hubble, Spitzer, GALEX, XMM, Chandra, Herschel,
and NuStar) and the large ground-based observatories (Keck, Sub-
aru, VLA, ESO-VLT, UKIRT, NOAO, CFHT, JCMT, ALMA, and
others).?

Over 2 million galaxies have been detected in the deep opti-
cal images (e.g. i band) (llbert et al. 2008), and 1.2 million in
the NIR (Laigle et al. 2016), spanning over 2/3 of cosmic time. The
Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS) is also a part of this field that has been surveyed deeper
in the NIR with HST (Nayyeri et al. 2017). The unique multiwave-
lengths data set of COSMOS enables a precise determination of the
photometric redshift of galaxies (e.g. Laigle et al. 2016). It allows
us to study the star formation history and AGNs over z=0.5-6 (e.g.
Karim et al. 2011; Ceraj et al. 2018). Furthermore, the multibands
data enable us to detect galaxy groups and clusters (Finoguenov
et al. 2007; George et al. 2011), protoclusters, and X-ray group
from the core of a high-z protocluster (Wang et al. 2016).

2.2 The COSMOS spectroscopic redshift surveys

COSMOS isaunique field inits unparalleled spectroscopic observa-
tions. Since 2007, a number of spectroscopic follow-up campaigns
have been accomplished in the COSMOS field (e.g. Lilly et al.
2007; Kartaltepe et al. 2010; Comparat et al. 2015; Le Fevre et al.
2015). The spectroscopic observations of the COSMOS galaxies
are still ongoing and Hasinger et al. (2018) present more recently
spectroscopic redshifts for 10 718 objects in the COSMOS field,
observed through multislit spectroscopy with the Deep Imaging
Multi-Object Spectrograph (DEIMOS) on the Keck Il telescope in

2For more information on the COSMOS multiwavelengths observations, the
list of broad-, intermediate-, and narrow-band filters, and the filter transmis-
sions that are used by COSMOS, we refer readers to the COSMOS home
web page (http://cosmos.astro.caltech.edu/).
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the wavelength range  550-980 nm. The catalogue contains 6617
objects with high-quality spectra (two or more spectral features),
and 1798 objects with a single spectroscopic feature confirmed by
the photometric redshift.

Table 1 provides a list of important characteristics of the
spectroscopic redshift surveys. Columns 1 and 2 list the survey
name/reference and instrument/telescopes, respectively. Columns
3, 4, and 5 report the number of objects with secure redshift deter-
mination, the median redshift, and the redshift range of the survey,
respectively. Column 6 shows the median i* band magnitude of
galaxies for each survey (Laigle et al. 2016; Hasinger et al. 2018).

In this study, we use an updated catalogue of 36 274 galaxies with
secure spectroscopic redshifts by M. Salvato et al. (in preparation)
and Hasinger et al. (2018) to determine the redshift of our groups,
when possible.

2.3 The COSMOS photometric redshifts

When there are not enough galaxies with spectroscopic redshifts
within an extended X-ray source to update the redshift of associated
group, we revise the redshift of this source and its group using
recent photometric redshifts catalogues, notably, the COSMOS2015
catalogue (Laigle et al. 2016) and the earlier catalogues presented in
Ilbert et al. (2008), McCracken et al. (2012), and Ilbert et al. (2013).
All these catalogues use the SED-fitting method and apply the le
Phare code to measure the photometric redshifts and stellar masses
with a x? template-fitting method. The details of the method can be
found in Ilbert et al. (2008) and Ilbert et al. (2013).

The COSMO0S2015 catalogue contains precise photometric red-
shifts and stellar masses for over half a million sources. The object
detection in this catalogue has been done using YJHK; data from
the UltraVISTA-DR2 survey. However, for the better estimate of the
photometric redshifts, a combination of 31 band data has been used.
A summary of available data in each band, the average limiting mag-
nitudes, and the central wavelength of each band has been presented
in table 1 of Laigle et al. (2016). The COSMOS2015 catalogue is
also a unique catalogue in terms of the accuracy of photometric
redshifts. Using a secure sample of spectroscopic redshifts such
as zCOSMOS-bright (see Table 1), the precision of the photo-z of
galaxies is found to reach 0 ,/1+) = 0.007 with a catastrophic
failure fraction of n = 0.5 per cent. At 3 < z < 6, the photo-z
precision was obtained as 0 ,/1+2,) = 0.021. Section 4.3 and fig.
11in Laigle et al. (2016) present a detailed analysis on the accuracy
of the photo-z for two types of star-forming and quiescent galaxies
with different i-band magnitude ranges from 16 to 27 mag. This
figure is in agreement with fig. 8 in Ilbert et al. (2006), who indicate
that the spectral type is not the dominant factor, and that the redshift
and the magnitude are more relevant to the photo-z accuracy. We
emphasize that early-type galaxies produce a lower quality photo-z
(in both Laigle et al. 2016 and Ilbert et al. 2006 analyses), probably,
because we do not have a sufficiently large variety of templates for
this population.

The COSMOS2015 catalogue covers effective areas of 0.46 deg?
Ultra deep and 0.92 deg? of deep UltraVISTA surveys. At the deep-
est regions, the stellar mass of galaxies reaches a 90 per cent com-
pleteness limit of 10°° M  to z = 4.0. Details of these regions can
be found in section 7.1 (fig. 1 and table 7) by Laigle etal. (2016). For
more details on the photo-z estimate and the stellar mass estimation,
we refer the reader to Laigle et al. (2016).

For maximizing catalogue completeness for bluer objects and
at higher redshifts, Laigle et al. (2016) detected objects on a
X2 sum of the YIJHK; and Subaru SUPRIME-CAM broad-band
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Table 1. Characteristics of the spectroscopic redshift samples. Only the most secure spectroscopic redshifts are considered (those with a flag between 3 and
4). The redshift range, median redshift, and apparent magnitude in the band are provided for each selected sample.

Spectroscopic survey reference Instrument/telescope Np Zmed Zrange ir;ed
zCOSMOS-bright (Lilly et al. 2007) VIMOS/VLT 8608 0.48 [0.02, 1.19] 216
Comparat et al. (2015) FORS2/VLT 788 0.89 [0.07, 3.65] 22.6
P. Capak et al. (in preparation); Kartaltepe et al. (2010) DEIMOS/Keck 11 2022 0.93 [0.02, 5.87] 23.2
Roseboom et al. (2012) FMOS/Subaru 26 1.21 [0.82, 1.50] 225
Onodera et al. (2012) MOIRCS/Subaru 10 1.41 [1.24,2.09] 23.9
FMOS-COSMOS (Silverman et al. 2015) FMOS/Subaru 178 1.56 [1.34,1.73] 235
WFC3-grism (Krogager et al. 2014) WFC3/HST 11 2.03 [1.88, 2.54] 25.1
zCOSMOS-deep (S. Lilly et al. in preparation) VIMOS/VLT 767 211 [1.50, 2.50] 23.8
MOSDEF (Kriek et al. 2015) MOSFIRE/Keck I 80 2.15 [0.80, 3.71] 24.2
M. Stockmann et al. (in preparation); Zabl (2015) XSHOOTER/VLT 14 2.19 [1.98, 2.48] 22.2
VUDS (Le Févre et al. 2015) VIMOS/VLT 998 2.70 [0.10, 4.93] 246
DEIMOS 10K (Hasinger et al. 2018) DEIMOS/Keck I1 6617 land 4 [0.00, 6.00] 23

z** (central wavelength of 910.572 nm) images. However, this
catalogue misses around 25 per cent of blue objects that were de-
tected in the i-selected catalogue by Ilbert et al. (2008). Thus, for
a complete identification of groups within the whole 2 deg? area
of the COSMOS field and a complete selection of group mem-
bers, besides the COSMOS2015 catalogue, we utilize the earlier
i-band selected v.2 catalogue of photometric redshifts by Ilbert
et al. (2008) and McCracken et al. (2012). In addition, Marchesi
et al. (2016) present a catalogue of 4016 X-ray sources and AGNs
in the COSMOS field and measure precise photometric redshifts of
these objects; we thus use the photometric redshifts of these X-ray
sources from Marchesi et al. (2016). If there are any missing objects
and galaxies associated with the extended X-ray emission sources,
we determine the overdensity of galaxies using the photometric
redshift catalogue presented in Ilbert et al. (2013).

3 IDENTIFICATION OF X-RAY GALAXY
GROUPS AND CLUSTERS

The initial catalogues of the COSMOS X-ray groups were pub-
lished in Finoguenov et al. (2007) and George et al. (2011). These
catalogues combined the available Chandra and XMM-Newton data
with developments in the photometric data sets, used for identifi-
cation of galaxy groups, with confident identification reaching a
redshift of 1. They cover mostly massive groups and clusters that
are bright in X-rays. For the full details of group identification, we
refer readers to Finoguenov et al. (2007), Finoguenov et al. (2009),
Finoguenov et al. (2010, 2015), George et al. (2011), and Gozaliasl
et al. (2014a).

In this section, we briefly describe the revision of the X-ray
centres of the groups using the combined data of Chandra and
XMM, application of the red-sequence finder as a primary procedure
for cluster and group identification, and the redshift improvement
of galaxy groups relative to their early identification by Finoguenov
et al. (2007) and George et al. (2011). Finally, we assign a quality
flag to each group based on a visual inspection of the combined
X-ray data of the extended sources and the optical RGB images
(i, r, and g broad-bands of Suprime-Cam) of galaxies within Rago
and present the catalogue.

3.1 The revision of the group X-ray centre

Since then, the visionary Chandra programme has been completed
(Elvis et al. 2009; Civano et al. 2016), providing the high-resolution
imaging across the full COSMOS field. In addition, the status of
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photometric data provides robust identification of galaxy groups to
a much higher redshift. The revised catalogue of extended X-ray
sources in COSMOS, released as a part of this paper, is obtained
by co-adding all the existing Chandra and XMM-Newton data in
the field. It is very similar to the catalogue used in George et al.
(2011), but extends the list of sources beyond the redshift of 1. In
addition, we are able to improve on the precision of the centres
for extended sources, using the smaller scale emission, detected by
Chandra, reducing the statistical uncertainty on the centring from
15arcsec in George et al. (2011) to 5arcsec. The scales of source
confusion are also improved from 32 to 16 arcsec.

Following Finoguenov et al. (2009), in this work we consider
the detection using the same spatial scales of 32-128 arcsec as em-
ployed in our XMM work. On those scales, the combined Chandra
data add 30 per cent to the existing exposure (or 14 per cent in sen-
sitivity), on average, which results in marginal improvements in the
catalogue. The main change, possible with Chandra data, is related
to the better centring of X-ray emission; as small scales, 16 arcsec
scales can also be used. This is of primary importance for the goals
of this paper: to separate the BGGs based on the deviation from
the X-ray centre. In this work, we increase the sensitivity by using
combined Chandra + XMM data on 16 arcsec scales after reject-
ing the possibility of point source contamination using Chandra
data on scales of a few arcseconds, which is sensitive even to three
times fainter point sources (Civano et al. 2016). Fig. 1 shows the
combined Chandra and XMM-Newton 0.5-2 keV wavelet-filtered
image of the extended X-ray emission sources in the COSMOS
field. The emission on scales of 16-256 arcsec is shown. The white
contours denote the level of emission at 6 < 1077, 3.5 < 1076, and
1.2 x 107 erg s~ cm=2 arcmin ™ levels. The emission on scales of
16 arcsec is used to improve the centring. The catalogue of sources
corresponds to the signal detected on the 32-128 arcsec scales.

3.2 The red-sequence application

In order to ensure the group and cluster identification, we also use
the so-called and refined red-sequence method as described in more
detail in Finoguenov et al. (2010, 2015). This is a further refinement
of the photo-z concentration technique that is used for identification
of groups and assigning their redshift (Finoguenov et al. 2007;
George et al. 2011).

We run the red-sequence finder for all galaxies located within
each extended X-ray emission source. We apply the red-sequence
finder to detect any group candidate at a given redshift within dif-
ferent aperture sizes from the X-ray centre/peak of each extended
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Figure 1. The combined Chandra and XMM-Newton 0.5-2 keV wavelet-filtered image of the extended X-ray emission in the COSMOS field. The emission
on scales of 16-256arcsec is shown. The white contours denote the level of emission at 6 < 10717, 3.5 x 10716, and 1.2 x 10~5 ergs~ cm~2 arcmin >
levels. The emission on scales of 16 arcsec is used to improve the centring. The catalogue of sources corresponds to the signal detected on the 32—-128 arcsec
scales. The lowest level of the emission corresponds to real detection only for large-scale sources with areas of 10 square arcmin or more.

X-ray source. The first aperture size that we use to select galaxies
for the red-sequence test corresponds to 0.5 Mpc (physical) from
the centre of X-ray emission at a given redshift. We also run the red-
sequence finder within Rsgy radius of groups that are in common
with the Finoguenov et al. (2007) and George et al. (2011) cata-
logues. The application of the red-sequence method can be found
in detail in Finoguenov et al. (2010, 2015). As described in these
papers, we measure a redshift for any overdensity of red galaxies
at the position of a group candidate. To quantify the significance
of each red sequence, we assume an aperture of the same size at
a random position in the COSMOS field and implement the same
procedure 5000 times. We apply a 20 clipping when estimating the
mean/dispersion of redshift. Thus, group regions should be clipped
out from the mean/dispersion estimates. This provides us with an
average number of red galaxies and their dispersion in the field at a
given redshift. The significance of any detected red sequence within
an extended X-ray source is evaluated as a relative overdensity of
the group candidate to that of the field. Fig. 2 compares the median
significance of the first (black data points) and second (red data
points) solutions (red sequences) versus the redshift. We find that
the primary red sequence is always quite significant and more ro-
bust than the second red sequence by at least a factor of 2—-3 times.

4 | primary red-sequence
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Figure2. The median of the identification significance versus the redshift of
groups when searching for identifying them using the red-sequence method.
The black and red data points present the first and second most significant
solutions or the primary and secondary red sequences corresponding to each
extended X-ray source.
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