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ABSTRACT
We used optical imaging and spectroscopic data to derive substructure estimates for local
Universe (z < 0.11) galaxy clusters from two different samples. The first was selected through
the Sunyaev–Zel’dovich (SZ) effect by the Planck satellite, and the second is an X-ray-selected
sample. In agreement to X-ray substructure estimates, we found that the SZ systems have a
larger fraction of substructure than the X-ray clusters. We have also found evidence that the
higher mass regime of the SZ clusters, compared to the X-ray sample, explains the larger
fraction of disturbed objects in the Planck data. Although we detect a redshift evolution in the
substructure fraction, it is not sufficient to explain the different results between the higher-z SZ
sample and the X-ray one. We have also verified a good agreement (∼ 60 per cent) between
the optical and X-ray substructure estimates. However, the best level of agreement is given by
the substructure classification given by measures based on the brightest cluster galaxy (BCG),
either the BCG−X-ray centroid offset, or the magnitude gap between the first and second
BCGs. We advocate the use of those two parameters as the most reliable and cheap way to
assess cluster dynamical state. We recommend an offset cut-off ∼0.01 × R500 to separate
relaxed and disturbed clusters. Regarding the magnitude gap, the separation can be done at
�m12 = 1.0. The central galaxy paradigm (CGP) may not be valid for ∼ 20 per cent of relaxed
massive clusters. This fraction increases to ∼ 60 per cent for disturbed systems.

Key words: galaxies: clusters: general – galaxies: clusters: intracluster medium – X-rays:
galaxies: clusters.

1 IN T RO D U C T I O N

Galaxy clusters are the largest collapsed structures in the Universe,
representing highly biased peaks of the dark matter large-scale struc-
ture (LSS). The cluster mass function and its time evolution is a key
cosmological probe, as the variation in the cluster abundance over
cosmic time strongly depends on many cosmological parameters,
such as σ 8, �m, and �λ (Eke et al. 1998; Bahcall et al. 2003; Rozo
et al. 2010; Allen, Evrard & Mantz 2011; Mantz et al. 2014; de
Haan et al. 2016; Planck Collaboration XXIV 2016; Schellenberger
& Reiprich 2017).

� E-mail: plopes@astro.ufrj.br

To use cluster number counting to constrain cosmological pa-
rameters, the cluster total mass is primordial. Masses can be esti-
mated using X-ray data under the assumption of hydrostatic equilib-
rium, through measurements of the velocity dispersion of the cluster
galaxies (under the assumption of virial equilibrium) and by means
of weak and strong lensing. Deriving masses through one of these
methods is impractical for large samples, at any redshift, as they are
observationally very expensive. Hence, the common approach is to
use robust scaling relations that relate total masses with an easily
observed quantity such as X-ray luminosity (LX), richness (Ngal), or
optical luminosity (Lopt) (Lopes et al. 2009b; Rozo et al. 2010).

To construct such relations, the wavelength of cluster selection
plays a significant role. Because different physical mechanisms are
responsible for radiation production in different wavelength ranges,
clusters of galaxies detected using different techniques do not
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constitute a homogeneous population. These systematic differences
between samples, which can include the degree of cluster virial-
ization, impact both the slope and the scatter of cluster scaling
relations. Therefore, an accurate knowledge of biases related to the
wavelength used for the identification and characterization of clus-
ters of galaxies is a necessary step to allow the use of these systems
as cosmological tools. The approach to address these biases is the
investigation of complementary properties of clusters selected in
other wavelength regimes (Donahue et al. 2002; Lopes et al. 2006;
Dai, Kochanek & Morgan 2007; Gal et al. 2009).

This issue has been highlighted in the last few years with the
availability of cluster samples selected through the SZ effect by
the Planck satellite. Due to the different dependence of the SZ
effect and X-ray emission on the gas density, there is currently a
debate regarding whether the two experiments are detecting the
same population of galaxy clusters. In particular, it has been shown
that the Planck catalogues contain a smaller fraction of cool core
(hereafter CC) or relaxed systems in comparison to flux limited X-
ray samples (Planck Collaboration XI 2011; Andrade-Santos et al.
2017; Rossetti et al. 2017). The presence of substructure is a clear
sign of incomplete relaxation in a cluster that can also impact the
scatter of cluster scaling relations. Even the overabundance of CC
clusters in X-ray flux limited samples leads to an increased scatter
of the mass–luminosity relation (Chon, Böhringer & Smith 2012).

Estimates of the fraction of cluster substructure vary from ∼20
to ∼80 per cent. One of the main reasons for this large scatter is the
method employed for substructure detection (Kolokotronis et al.
2001), but the choice of centroid, radius, magnitude range and, of
course, the wavelength of observation are also important. Lopes
et al. (2006) applied four substructure tests to photometric data
of 10 190 optically selected clusters finding that the fraction of
disturbed systems varies between 13 and 45 per cent. Wen & Han
(2013) also used photometric data to develop a method to esti-
mate cluster substructure. After applying it to 2092 rich clusters
they found that 28 per cent exhibit no signs of substructure. Using
photometric and spectroscopic information, Lopes et al. (2009a,b)
found that 23 per cent of clusters are not relaxed according to the �

test (Dressler & Shectman 1988). They also found that the exclusion
of systems with substructure has no impact in cluster scaling rela-
tions. Regarding the comparison of the CC fraction in X-ray and SZ
samples, it has been found that the former contain a larger fraction
of CC systems. For instance, Rossetti et al. (2017) found 59 versus
29 per cent of CC systems in X-ray and SZ samples, respectively.
Andrade-Santos et al. (2017) found similar results after employing
four indicators of the CC state. Lovisari et al. (2017) corroborate
those results using eight morphological parameters applied to SZ
and X-ray clusters.

Until today this comparison of the fraction of relaxed clusters in
SZ and X-rays has not been done using optical substructure esti-
mates. This is one of the main goals of the current paper, for which
we used the SZ and X-ray samples presented by Andrade-Santos
et al. (2017). We also compare the performance of different esti-
mators of the cluster dynamical state: the four X-ray CC measures
from Andrade-Santos et al. (2017), plus the six optical estimates
we adopt in this paper [two of which are based on the properties of
the brightest cluster galaxies (BCGs)]. We show here that the most
reliable and cheap way to assess a cluster dynamical state is through
the BCG offset and this result has a promising impact on studies
that rely on large samples of galaxy clusters.

This paper is organized as follows: in Section 2, we describe
the cluster samples, as well as the galaxy redshift surveys used in
this work and the derivation of cluster properties from their galaxy

distribution (σ P, R500, M500, R200, and M200). Section 3 is devoted
to describe the selection of the first and second brightest cluster
galaxies, while Section 4 describes the optical substructure tests we
employed. Our main results are presented in Section 5 and further
discussed in Section 6. In Section 7, we draw our conclusions. The
cosmology assumed in this work is �m = 0.3, �λ = 0.7, and H0 =
100 h km s−1 Mpc−1, with h set to 0.7.

2 DATA

2.1 Cluster sample

This work is based on the two samples presented by Andrade-
Santos et al. (2017). The first is based on the Planck Early Sunyaev–
Zel’dovich (ESZ) sample of 189 SZ clusters, containing 164 clus-
ters at z < 0.35. These clusters have been followed up in X-rays
by the Chandra–Planck Legacy Program for Massive Clusters of
Galaxies.1 The second data set is composed of 100 clusters from a
flux-limited X-ray sample for which Chandra data are also avail-
able. Most (∼90 per cent) of the clusters in this data set are located
below z = 0.1, with the remaining objects spread up to z ∼ 0.2. The
Planck ESZ and X-ray samples have 49 clusters in common.

Here, we want to estimate optical substructure for those objects,
using 3D (RA, Dec., z) data for their members. We have drawn
these data from different surveys. In the Northern hemisphere, our
data come from the Sloan Digital Sky Survey (SDSS), while in
the south we use the 2dF Galaxy Redshift Survey (2dFGRS) and
the 6dF Galaxy Survey (6dFGS). Our data set is then limited to
z = 0.11, as we respect the redshift limits of these three surveys
(z = 0.10 for SDSS, z = 0.11 for the 2dF and z = 0.055 for the
6dF). As the completeness of these surveys is affected by issues like
fibre collision, we have also gathered additional redshifts from the
NASA/IPAC Extragalactic Database (NED).

We start by selecting all clusters, from the two data sets of
Andrade-Santos et al. (2017), with a redshift value smaller than
each of the surveys above and falling within the footprint of those
surveys. From the 164 Planck ESZ objects, we have found 22 clus-
ters within SDSS, 2 in the 2dF region, and 18 in the 6dF footprint.
The combined optical data for the ESZ has 40 clusters. For each
of the common clusters among the three data sets, we keep the one
with more galaxies available. Out of the 100 X-ray systems, we
found 33 objects in SDSS, 6 in the 2dF and 27 in the 6dF survey.
The combined X-ray sample after accounting for clusters selected
twice has 62 systems. Note that we have fewer ESZ clusters in com-
parison to the X-ray sample (the opposite of the original samples)
as most of the 164 ESZ clusters are above z = 0.1, as seen in fig. 1
of Andrade-Santos et al. (2017). The opposite is true for the X-ray
sample. Our combined ESZ and X-ray sample has 72 clusters, with
30 objects in common to the two data sets. Among the 72 clusters,
there are 10 secondary subclusters identified in X-rays. We kept
those separately as done by Andrade-Santos et al. (2017).

Table A1 lists the main characteristics of the 72 clusters of this
work. The derivation of these cluster properties is described in
Section 2.6. The cluster name is in column 1; coordinates are shown
in columns 2 and 3; redshift in column 4; velocity dispersion is in
column 5; while the characteristic radii and masses (R500, M500,
R200, and M200) are in columns 6–9.

In Fig. 1, we display some of the optical properties (see Sec-
tion 2.6) of the two samples (ESZ and X-ray). The distributions

1hea-www.cfa.harvard.edu/CHANDRA PLANCK CLUSTERS/
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Figure 1. Optical properties of the two samples used in this work. The X-ray sample is displayed by the red solid line and the ESZ is the blue dashed line. On
the top left, we compare the redshift distributions, while the total number of members per cluster is in the top right. In the bottom panels, we show the velocity
dispersion (left) and R500 distributions (right). In all panels, we also show the value of the KS test and p-value from the comparison of the samples.

of redshift (left) and number of members (right) are in the top
panels, while the velocity dispersion is on the left bottom panel
and R500 is in the bottom right. The Kolmogorov–Smirnov (KS)
statistics between the two samples and the respective p-value of
the test are also listed. From that we conclude that the distri-
butions of redshift and number of members are not significantly
different between the two samples. However, their mass distribu-
tions (indicated by their physical radius and velocity dispersions)
are different. Although, the current work is limited to lower z

– the ESZ sample has more massive clusters (as in the original
samples).

2.2 Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is an imaging and spectro-
scopic survey that began in 2000, progressing in different phases.
Currently, it is on its fourth phase. SDSS obtained deep multiband

images for one third of the sky and acquired spectra for more than
three million celestial objects. The SDSS data are public with pe-
riodic releases to the astronomical community. Currently, SDSS is
on its data release 14 (DR14).

In order to have the largest number of redshifts, we initially
planned to use the SDSS DR14 data. However, due to the changes
in the photometric pipeline after the DR8 (Aihara et al. 2011), some
bright galaxies have their fluxes underestimated. We noticed this
when selecting the brightest cluster galaxies (BCGs) of our sample.
Hence, we decided to use all galaxies with spectra in SDSS DR14 or
DR7, keeping the DR7 magnitude whenever available. Otherwise
we used the DR14 magnitude. None the less, magnitudes are only
used in our work for studying the first- and second-ranked galaxies
in the cluster, which we refer to, for simplicity, as ‘first BCG’ and
‘second BCG’, respectively. For each cluster from Andrade-Santos
et al. (2017), we searched for galaxies in SDSS within 5 Mpc of the
X-ray centroid.

MNRAS 478, 5473–5490 (2018)
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2.3 2dF Galaxy Redshift Survey

The 2dFGRS is a spectroscopic survey conducted in the Southern
hemisphere at the Anglo-Australian Observatory. The survey and its
data base are described in Colless et al. (2001), with its final release
happening in 2003, with a total number of 245 591 unique objects
with spectra, mainly galaxies. The survey was designed to obtain
spectra for objects brighter than an extinction-corrected magnitude
of bJ = 19.45. As above, we searched for galaxies for every cluster
using an aperture of 5 Mpc. We converted the SuperCOSMOS rF

magnitudes to the SDSS photometric system using equation (1)
from Peacock et al. (2016).

2.4 6dF Galaxy Survey

The 6dFGS mapped nearly half of the nearby Universe over 6
yr (∼17 000 square degrees of the southern sky), yielding a new
catalogue of 125 071 galaxies with median redshift z = 0.053. The
magnitude limit of the sample is bJ = 16.75 or rF = 15.60. Its
final data release was available on 2009 (Jones et al. 2009). We
used all the 125 071 galaxies from the 6dF to search for galaxies
within 5 Mpc from the X-ray centres. As above, the SuperCOSMOS
rF magnitudes were transformed to the SDSS photometric system
through the use of equation (1) from Peacock et al. (2016).

2.5 NASA/IPAC Extragalactic Database redshifts

The NED2 data base is a multiwavelength collection of informa-
tion on extragalactic objects, being actively updated with different
sky surveys and results from research publications. We selected all
galaxies in NED with a reliable spectroscopic redshift within 5 Mpc
from each cluster in our sample. For this selection, we considered
the quality code on the redshifts. We used the galaxies with the
code listed as ‘blank’ (‘usually a reliable spectroscopic value’) or
‘SPEC’ (‘an explicitly declared spectroscopic value’). We verified
the magnitude distributions of the galaxy samples after including
the NED redshifts and found we reach at least the same limits as
the original data sets (SDSS, 2dF, and 6dF).

The use of NED galaxies greatly improved the number of red-
shifts available for the clusters in our sample. For northern clusters
(SDSS footprint) the median increment in the number of redshifts
available was of ∼ 7 per cent. This is in good agreement with the
expected loss due to the fibre collisions in SDSS. For the 6dF sample
in the south the number of galaxies available increased by �3 times.
In Fig. 2, we show an example of two clusters for which the extra
galaxies from NED represented an important addition to our analy-
sis. This is easily seem in the comparison between the left and right
panels (before and after inclusion of NED redshifts).

2.6 Galaxy cluster properties

For each cluster, we adopted the X-ray centroid listed by Andrade-
Santos et al. (2017). However, as we have the spectroscopic redshifts
of galaxies in the region of all clusters we recomputed the cluster
redshift. We do so after applying the gap technique described in
Katgert et al. (1996), using a density gap (Adami et al. 1998; Lopes
2007; Lopes et al. 2009a) that scales with the number of galaxies
available. The gap technique is used to identify groups in redshift
space. We applied it to all galaxies within 0.50 h−1 Mpc of the

2http://ned.ipac.caltech.edu

cluster centre. Within such a small aperture it is common to identify
only one significant group. However, if more than one is found we
keep the one that is closest to the cluster X-ray centre. The cluster
redshift is then given by the biweight estimate (Beers, Flynn &
Gebhardt 1990) of the galaxy redshifts of the chosen group. As a
byproduct we also obtain the velocity limits (vlo and vhi) of the
cluster within this radius. These values are used as input for the
code employed to reject interlopers and derive a final list of cluster
members.

The procedure adopted for the membership selection is the ‘shift-
ing gapper’ technique (Fadda et al. 1996), described in detail at
Lopes et al. (2009a). It is based on the application of the gap tech-
nique in radial bins from the cluster centre. We adopt a bin size of
0.42 h−1 Mpc (0.60 Mpc for h = 0.7) or larger if less than 15 galax-
ies are selected. In every bin, we eliminate galaxies not associated
with the main body of the cluster. The procedure is repeated until
no more galaxies are rejected as interlopers. One great advantage of
the method is to make no hypothesis about the dynamical status of
the cluster. When running this procedure, we consider all galaxies
within 2.5h−1 Mpc (3.57 Mpc for h = 0.7) from the cluster centre
and with |cz − czcluster| ≤ 4000 km s−1.

Next, we perform a virial analysis to obtain estimates of the
velocity dispersion, the physical radius, and mass (σ P, R500, R200,
M500, and M200). We derive a robust velocity dispersion estimate
(σ P) using the gapper or biweight estimator, depending if <15
(gapper) or ≥15 (biweight) galaxies are available (Beers et al. 1990).
The velocity dispersion is also corrected for velocity errors. We then
obtain an estimate of the projected ‘virial radius’ and a first estimate
of the virial mass (Girardi et al. 1998). Assuming a NFW profile
(Navarro, Frenk & White 1997) and applying the surface pressure
term correction to the mass estimate, we obtain final estimates for
the mass (M500 and M200), as well as for the physical radius (R500

and R200).

3 BCG I DENTI FI CATI ON

To select the BCGs, we adopt a similar approach as the one de-
scribed in Lavoie et al. (2016). We have also considered a max-
imum radius of 0.5 × R500 to identify the BCG among all the
previously selected member galaxies. The main differences here
are the use of the r band and the fact we have a robust member-
ship selection. As we are restricted to low-z clusters, for which a
large number of spectroscopic redshifts are available, we can ap-
ply the ‘shifting gapper’ technique described in Section 2.6. To
obtain absolute magnitudes in the r-band we employ the formula:
Mr = mr − DM − kcorr − Qz, where DM is the distance mod-
ulus (using the galaxy redshift), kcorr is the k-correction, and Qz
(Q = −1.4, Yee & López-Cruz 1999) is a mild evolutionary cor-
rection applied to the magnitudes. For the SDSS data, we use the
k-correction derived through a template fitting procedure, while for
galaxies in the 2dF and 6dF regions, we used a k-correction typical
of elliptical (E) galaxies (Lopes et al. 2009a,b) obtained through the
convolution of an E spectral energy distribution with the SDSS r
filter.

The approach above normally results in a reliable BCG selection
as the galaxy presenting the highest r-band luminosity. However, in
a few cases, the BCG has not been spectroscopically observed or
the available magnitude is wrong (fainter than the expected value).
Hence, for the galaxies in the SDSS footprint we verified if a brighter
galaxy without a spectrum could be the BCG. A visual inspection
was also performed (by PAAL) for the central regions of all clusters.
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Figure 2. Example of two clusters for which the NED redshifts represented an important step towards better mass and substructure estimates. In the top
panels, we show the projected distribution of galaxies in the cluster Abell 119. The SDSS DR14 distribution is on the left and the one with NED galaxies on
the right. The bottom panels display the phase-space distribution of galaxies in the cluster Abell 3558. On the left we have the 6dF galaxies, while on the right
the distribution with NED objects is shown. On all panels, member galaxies are shown with filled symbols, while interlopers are displayed by open circles.
The estimated mass and total number of galaxies available (including interlopers) are given on the top of each panel. On all panels, the dashed lines indicate
R500 and R200.

In the north, we used the navigate3 tool available in the SDSS sky
server. For clusters in the south (2dF and 6dF areas), the visual
inspection was based on the ESASky 2.0 portal,4 from which we
checked the DSS2 colour images.

Differently from Lavoie et al. (2016), we used the same radius
0.5 × R500 for the selection of the second BCG. They modified the
search radius to R500, which can lead to wrong selection due to larger
background/foreground contamination. That is not a problem in our
case, as we use only spectroscopically selected members. However,
a search radius larger than the one used for the first BCG selection
may also result in the selection of the first-ranked galaxy of a nearby
system, e.g. in case of merging clusters. As many Planck clusters
show substructure and some of them are merging clusters we may
find systems separated by small distances (�R500). Hence, the use

3http://skyserver.sdss.org/dr14/en/tools/chart/navi.aspx
4http://sky.esa.int

of the same radius to select the BCG and second brightest cluster
galaxies seems more appropriate.

4 SUBSTRU CTURE ESTI MATES

Based on the optical data described above, we derived six estimates
of the dynamical stage of the clusters. The first three methods listed
below are fully described in Pinkney et al. (1996), who evaluated
the performance of 31 statistical tests. The three tests we employed
are: the Dressler & Shectman (DS or �), the symmetry (β), and the
Lee 3D statistics. In one dimension (1D), using galaxy velocities,
we used the Anderson–Darling (AD) statistic. The other two diag-
nostics are based on the offset between the BCG position and the
X-ray centroid, as well as the magnitude difference of the first and
second brightest cluster galaxies.

We apply the substructure tests for all galaxies inside an aper-
ture of radius R500 around the cluster centre. The AD requires a
minimum number of eight galaxies. This is true for all systems in

MNRAS 478, 5473–5490 (2018)
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our sample, except for one object. For this cluster, we enlarged the
radius by 10 per cent (less than the R500 error), only to run the AD
test, to guarantee the minimum number. We chose to work with this
aperture (R500) to be in agreement with the one used for investi-
gating substructures in X-rays with Chandra data (Andrade-Santos
et al. 2017).

The significance level of the three substructure tests from Pinkney
et al. (1996) is determined through Monte Carlo simulations, for
which we have 500 realizations. We compute the number of Monte
Carlo simulations which resulted in a larger value for a given sub-
structure statistics than the real data. Then we divide this number
by the number of realizations. We adopt a significance threshold
of 5 per cent. This means that a substructure estimate is considered
as significant if at most 25 simulated data sets have substructure
statistics higher than the observations. Further details can be found
in Pinkney et al. (1996) and Lopes et al. (2006). In Table A2, we list
the values of the three substructure tests from Pinkney et al. (1996)
and their significance levels. We also list the AD statistic and its
associated p-value, as well as the BCG coordinates, offsets, and
magnitude gaps. A brief description of the six optical substructure
tests is given below.

Regarding the X-ray estimates, the four parameters used by
Andrade-Santos et al. (2017) to identify cool-core clusters are: (i)
the concentration parameter (CSB), defined as the ratio of the inte-
grated emissivity profile within 0.15 × R500 to that within R500; (ii)
another concentration parameter (CSB4), which is the ratio of the
integrated emissivity profile within 40 kpc to that within 400 kpc;
(iii) the cuspiness of the gas density profile (δ), the negative of the
logarithmic derivative of the gas density with respect to the radius,
measured at 0.04 × R500; and (iv) the central gas density (ncore),
measured at 0.01 × R500. For further details, we refer the reader to
the work of Andrade-Santos et al. (2017).

4.1 Optical substructure

4.1.1 The DS test

The first substructure test we employed is the 3D DS or � test
(Dressler & Shectman 1988). The algorithm computes the mean
velocity and standard deviation (σ ) of each galaxy and its Nnn near-
est neighbours, where Nnn = N1/2 and N is the number of galaxies
in the cluster region. These local values are compared to the global
mean and σ (obtained with all galaxies). A deviation from the global
value is given by equation (1). Substructure is estimated with the
cumulative deviation � (

∑
δi). Objects with no substructure have

� ∼ N.

δ2
i =

(
Nnn + 1

σ 2

)
[(v̄local − v̄)2 + (σlocal − σ )2]. (1)

4.1.2 The symmetry test

The two-dimensional (2D) symmetry or β test was introduced by
West, Oemler & Dekel (1988). This test searches for significant de-
viations from mirror symmetry about the cluster centre. For every
galaxy ‘i’, a local density estimate di is obtained from the mean
distance to the N1/2 nearest neighbours. The local density, d◦, for
a point ‘◦’ diametrical to a galaxy ‘i’ is also obtained. For a sym-
metric galaxy distribution, the two estimates should, on average, be
approximately equal. This is not the case for clumpy distributions.

The asymmetry for a given galaxy ‘i’ is given by

βi = log

(
d◦
di

)
, (2)

The β-statistic is defined as the average value <β i> over all galax-
ies. For a symmetric distribution <β> ≈ 0, but values of <β>

significantly larger than 0 indicate asymmetries.

4.1.3 The Lee 3D test

The Lee statistic (Lee 1979) is a test of bimodality in distributions,
based on a maximum likelihood technique to separate a data set of
two or more dimensions into two parts.

In two dimensions, the algorithm begins by projecting the N
points on to a line, making the angle φ relative to a second line.
The first line is then rotated in small steps in the range of 0◦ <

φ < 180◦. For each different orientation, the points assume a new
coordinate as they are projected on to the line. Next, a search for
the best partition into a ‘left’ and ‘right’ clump is performed. For
all N − 1 partitions, σ l, σ r, and σ T are computed for the left, right,
and total samples, respectively. The Lee statistic (L) is a function
of those values. In 3D, the velocity dispersion is used as a weight in
the computation of L. The main advantage of the Lee 3D test is the
insensitivity to non-substructure that may appear as substructure to
other tests (such as elongation).

4.1.4 The AD test

The AD test is a normality statistical test, based on the comparison
of the empirical distribution function and the ideal case of a normal
distribution (for further details, see Hou et al. 2009; Roberts, Parker
& Hlavacek-Larrondo 2018). The test does not require binning or
graphical analysis. In the recent years, it has been more commonly
used in astronomy (Hou et al. 2009; Ribeiro, Lopes & Trevisan
2010, 2011; Krause, Ribeiro & Lopes 2013; Ribeiro et al. 2013a;
Ribeiro, Lopes & Rembold 2013b; Roberts et al. 2018).

We apply the AD test to the velocity distribution of galaxies in
the clusters. For relaxed systems, the galaxy distribution is expected
to be well represented by a normal, while perturbed systems should
be characterized by larger deviations from normality.

For the current work, we follow the simple prescription given
by Roberts et al. (2018) to classify Gaussian (G) and non-Gaussian
(NG), or relaxed or not, clusters. They chose a critical p-value of
0.10 from the AD test. Relaxed (G) clusters have p-values pAD

> 0.10, while disturbed (NG) systems have pAD ≤ 0.10. They
mention that their results are not sensitive to the precise p-value
choice around this critical value.

4.1.5 The BCG X-ray centroid offset

The X-ray emission peak is a good representation of the bottom of
the gravitational potential of galaxy clusters, being a good indicator
of the centre of the X-ray distribution. It is also well known that
BCGs should, in general, be located very close to the cluster centre
(Jones & Forman 1984; Postman & Lauer 1995; Lin & Mohr 2004;
Lin et al. 2017). Hence, the offset between the X-ray centre and the
BCG position can be used as an indication of the dynamical state
of a cluster. We expect nearly zero positional offsets for relaxed
clusters, but non-negligible offsets for disturbed systems.

Initially, in agreement with Lavoie et al. (2016), we adopted an
offset between the BCG and the X-ray centroid of 0.05 × R500 to
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Figure 3. BCG−X-ray offset distribution. The solid black line displays the
offsets in units of R500, while the red dashed line is in Mpc.

separate relaxed and non-relaxed systems. However, we decided
to search for an optimal break value of the BCG to X-ray cen-
troid offset, finding that a more rigorous criterion works better
(see details in Section 5.2). We then decided to classify clusters as
relaxed if the BCG−X-ray offsets are < 0.01 × R500. Disturbed
objects are those with offsets ≥0.01 × R500. Fig. 3 shows the
BCG−X-ray offset distribution, in units of R500 (solid line) and in
Mpc (dashed line).

This criterion roughly corresponds to an offset of ∼10 kpc. Taking
into account the Chandra angular resolution of 0.5 arcsec and a 0.16
arcsec astrometric error for point sources in the Chandra Source
Catalog (Rots & Budavári 2011), it is reasonable to conservatively
assume an error <1 arcsec for extended sources. At the maximum
redshift of our sample (z = 0.11), the angular scale is 2.006 kpc per
arcsec. Hence, using the Chandra X-ray peak measurements from
Andrade-Santos et al. (2017), the offset we want to probe (0.01 ×
R500 or ∼10 kpc) is at least five times the angular error in the X-ray
centroid. At redshift, one this offset would still be larger than the
Chandra precision.

4.1.6 The magnitude difference between the first and second BCGs

The central location of BCGs also favours their growth through
the accretion of minor galaxies that are driven to central parts of
clusters. Since dynamical-friction time-scales are inversely propor-
tional to the galaxy mass, more massive satellites tend to merge
with the central galaxy before the less massive ones. As a result
the BCG tends to increase its luminosity difference over time rel-
ative to its neighbours. This is measured by the ‘magnitude gap’
between the BCG and other cluster galaxies, traditionally the sec-
ond BCG. Thus, the luminosity gap �m12 provides a measure of
galaxy, but also cluster, evolution (Tremaine & Richstone 1977;
Postman & Lauer 1995; Lavoie et al. 2016; Golden-Marx & Miller
2018).

In the current work, we try to assess the possibility of using the
magnitude gap �m12 as an indicator of the cluster dynamical status.
We found in Section 5 that at a value of �m12 = 1.0 it is possible

to separate relaxed and perturbed clusters, the latter having smaller
gaps.

5 R ESULTS

5.1 Fraction of relaxed clusters

We summarize our main results regarding the fraction of relaxed
clusters identified by the different substructure tests in Table 1.
The percentage of clusters classified as relaxed according to each
test is listed for the ESZ and X-ray samples. In the last column,
we indicate the number of clusters in each sample. In the last two
lines, we also show the results with optimal values for the X-ray
classification. Our motivation for that comes from the analysis of
Lovisari et al. (2017), who compared the performance of differ-
ent X-ray morphological estimators. Some other works doing that
in X-rays are Rasia, Meneghetti & Ettori (2013), who used X-ray
simulations and Donahue et al. (2016) who worked with X-ray, but
also SZ and mass maps. In particular, using eight X-ray morpho-
logical parameters to classify clusters, Lovisari et al. (2017) find
that the distributions of all the parameters show an overlap between
relaxed and disturbed clusters. Even for the parameters with little
overlap (centroid-shift, concentration, and power ratio), there is no
clear cut between the two populations. Hence, instead of using a
simple value to classify regular and disturbed systems, they provide
limits (or cuts) for each parameter to construct samples with high
completeness of relaxed/disturbed clusters. These samples may not
have high purity, so that Lovisari et al. (2017) also provide the best
cuts to build samples of relaxed/disturbed clusters with high purity
(see their Table 1).

We do not do exactly that, but we decided to adopt different cuts
(to separate relaxed and disturbed systems) than those provided
by Andrade-Santos et al. (2017) for the four X-ray parameters.
Hence, we searched for the optimal values of those parameters
(CSB, CSB4, δ, and ncore). For each parameter, we vary its value
adopted to split the cluster population in relaxed and disturbed,
building the distributions for the other three parameters. Then we
chose the best separation of the two populations according to the
KS test. The original cuts (or break values) adopted by Andrade-
Santos et al. (2017) are CSB = 0.40, CSB4 = 0.075, δ = 0.50 and
ncore = 1.5 × 10−2 cm−3. The optimal break values we found are
CSB = 0.26, CSB4 = 0.055, δ = 0.46 and ncore = 8 × 10−3 cm−3.
The fraction of relaxed clusters obtained with these optimal val-
ues for the X-ray classification are listed in the last two lines of
Table 1.

Although our samples are much smaller than the original ones
used by Andrade-Santos et al. (2017), we verify a good agreement
(first two lines of Table 1) with the fraction of CC clusters they
reported. The only property showing a slight disagreement is the
Cuspiness (δ) for the ESZ clusters. We corroborate their results
regarding the larger fraction of CC clusters in the X-ray-selected
systems, although the difference between the ESZ and X-ray frac-
tions is less pronounced for the CSB measure. As expected, the re-
sults with the optimal break values show larger fractions of relaxed
clusters, especially for CSB. According to the results presented by
Lovisari et al. (2017), our new cuts privilege the selection of more
relaxed clusters. However, it is important to stress this was not our
goal, as we simply searched for the best break values to split clusters
in two populations (of relaxed and disturbed objects). Despite the
adoption of the optimal break values, when comparing the EsZ and
X-ray samples we still detect a larger fraction of relaxed clusters
for the latter.
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Table 1. Percentage of clusters classified as relaxed according to each test for the ESZ and X-ray samples. The last two lines show the results with optimal
break values for the X-ray classification (see the text in Section 5.1).

β � L3D AD Offset �m12 CSB CSB4 δ ncore Ncls

ESZ 63 ± 8 48 ± 8 53 ± 8 53 ± 8 48 ± 8 38 ± 8 25 ± 7 38 ± 8 50 ± 8 38 ± 8 40
X-ray 66 ± 6 56 ± 6 65 ± 6 55 ± 6 66 ± 6 47 ± 6 35 ± 6 61 ± 6 68 ± 6 52 ± 6 62
ESZ – – – – – – 48 ± 8 53 ± 8 53 ± 8 50 ± 8 40
X-ray – – – – – – 65 ± 6 69 ± 6 68 ± 6 69 ± 6 62

In Table 1, we can also see that with the optical tests we still find
the nominal fraction of relaxed clusters to be higher in the X-ray
sample. However, the results differ by more than 10 per cent only
for the Lee 3D test and for the classification done according to the
BCG−X-ray offset. This is one of the main results from our work:
the corroboration of different cluster populations present in the SZ
and X-ray selected samples.

We can also verify that the fractions of relaxed clusters derived
from the optical tests are generally larger than the ones indicated by
the X-ray properties, when considering the original break values.
However, both the optical and the X-ray tests show a large variation.
For instance, for the X-ray sample, the fraction of relaxed clusters
varies from 35 per cent to 68 per cent, while it goes from 25 per cent
to 50 per cent for the ESZ sample. For the optical indicators, the
corresponding fractions of relaxed systems range from 47 per cent
to 66 per cent, for the X-ray sample, and 38 per cent to 63 per cent
for the ESZ sample. If we consider the X-ray results obtained with
the optimal break values we find fractions of relaxed clusters in
better agreement with the optical classifications.

5.2 Comparison of substructure measurements

In Table 2, we show the comparison between all the substructure
indicators. Note the X-ray classification considers the original break
values of Andrade-Santos et al. (2017). The fraction of agreement
between two estimates for classifying clusters as relaxed or not
relaxed is shown. The recovery rate of each of the four optical
tests (β, �, Lee 3D, and AD) when compared to the four X-ray
measures is about ∼ 55 per cent, with slightly better results for the
� (DS) test and worst for the AD. However, the best performances
are given by the indicators related to the BCGs (offset to the X-
ray position and �m12). These indicators of the dynamical state
of the cluster have a recovery rate of the X-ray estimates of ∼
70 per cent. This is another main result from this work: the BCG
to X-ray offset and �m12 trace very well the dynamical state of
clusters as indicated by the X-ray morphological parameters. As
the two parameters are observationally cheap, especially �m12, this
represents a straightforward way to classify clusters. It requires only
the X-ray centroid and the BCG position, or the magnitudes of the
two BCGs.

Table 3 is analogous to Table 2, but considering the X-ray classi-
fication with the optimal break values we discussed above. Hence,
the comparison between optical parameters is not changed. We can
see the recovery rate of each of the four optical tests (β, � and
Lee 3D, AD) when compared to the four X-ray measures is slightly
better now, being about ∼ 60 per cent, the exception being the AD
measure. Although the AD results are now improved, they still give
a fraction of agreement of ∼ 50 per cent with the X-ray classifi-
cations. The best performances are again obtained by the BCG to
X-ray Offset and �m12. In particular, the first one is much improved,
giving a fraction of agreement of ∼ 75 per cent. It is important to
stress that the optimal break values lead to a better agreement among

the X-ray classifications themselves. Before (Table 2), the recovery
rate of each of the four X-ray indicators was ∼ 80 per cent, and it is
now ∼ 90 per cent (Table 3).

As mentioned in Section 4.1.5, we adopt a different criterion than
Lavoie et al. (2016) to classify clusters (as relaxed or not) based on
the BCG−X-ray offset. In a similar way to what was described
for the optimal choice of the X-ray break values, we allowed the
BCG−X-ray offset break value to vary while splitting the cluster
population in relaxed and disturbed, building the distributions for the
four X-ray parameters. Next, we selected the best separation of the
two populations according to the KS test. We found that a cut at 0.01
× R500 leads to a much better separation than using the 0.05 × R500

value listed in Lavoie et al. (2016). Actually, the best results were
found for a slightly smaller offset (0.008 × R500). The new choice
naturally reflects in the recovery rate of the X-ray results. Using the
former value (0.05 × R500) the percentage of agreement between the
BCG−X-ray offset classification and the four X-ray properties is
47 per cent (CSB), 64 per cent (CSB4), 71 per cent (δ), and 54 per cent
(ncore). As we can see from Table 2 those numbers are, for the offset
cut proposed in this paper, 63 per cent (CSB), 72 per cent (CSB4),
73 per cent (δ), and 65 per cent (ncore), being even better in Table 3.
A similar search for the best break value of �m12 leads to the
conclusion that we can reliably split relaxed and disturbed clusters,
according to the magnitude gap, at �m12 = 1.0. Relaxed clusters
have �m12 > 1.0, while the opposite is true for disturbed systems.

In Fig. 4, we show the distribution of the four X-ray parameters.
Relaxed clusters are displayed by solid red lines, while disturbed
systems are in blue dashed lines. The separation is done according to
the BCG−X-ray centroid offset. The KS and p-values are indicated
on all panels. It is well known that the BCG−X-ray offset provides
a very reliable way to classify the dynamical state of clusters (Jones
& Forman 1984; Postman & Lauer 1995; Lin & Mohr 2004; Lavoie
et al. 2016). This is verified in Fig. 4, but we further show that the
threshold adopted should be very small (0.01 × R500), as this value
results in a much better separation of clusters according to all the
four X-ray properties.

In Fig. 5, we show similar results to Fig. 4, but the cluster sep-
aration into relaxed or disturbed systems is done according to the
magnitude gap between the first and second brightest cluster galax-
ies. We see that this parameter is also a reliable proxy to the cluster
dynamical state, like the BCG−X-ray offset described above. The
main advantage of this method is that it depends only on the proper
selection of the two brightest galaxies within the cluster. It does not
even require the availability of X-ray data. It is not observationally
expensive like optical substructure tests, because it does not require
redshifts of a large number of galaxies in the cluster. The magnitude
gap is, therefore, a cheap and reliable classification method for sit-
uations where a simple assessment of the cluster evolutionary state,
and not the global cluster structure, is desired. If the X-ray centroid
is also known the BCG−X-ray offset can also be employed.

Our main results regarding the comparison of morphological es-
timators seem to be in disagreement with the recent work of Roberts
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Table 2. Comparison between all the substructure estimates for the full sample with 72 clusters. Fraction of agreement for each pair of substructure (or CC)
measures. Results based on the original X-ray classification (see the text in Section 5.1).

β � L3D AD Offset �m12 CSB CSB4 δ ncore

β 1.00 0.69 0.72 0.59 0.54 0.49 0.51 0.56 0.58 0.52
� – 1.00 0.55 0.62 0.56 0.58 0.62 0.51 0.52 0.58
L3D – – 1.00 0.54 0.56 0.49 0.51 0.56 0.55 0.49
AD – – – 1.00 0.52 0.51 0.44 0.44 0.51 0.51
Offset – – – – 1.00 0.68 0.63 0.72 0.73 0.65
�m12 – – – – – 1.00 0.68 0.76 0.75 0.75
CSB – – – – – – 1.00 0.75 0.65 0.82
CSB4 – – – – – – – 1.00 0.90 0.85
δ – – – – – – – – 1.00 0.80
ncore – – – – – – – – – 1.00

Table 3. Comparison between all the substructure estimates for the full sample with 72 clusters. Fraction of agreement for each pair of substructure (or CC)
measures. Results based on the break optimal values for the X-ray classification (see the text in Section 5.1).

β � L3D AD Offset �m12 CSB CSB4 δ ncore

β 1.00 0.69 0.72 0.59 0.54 0.49 0.55 0.59 0.56 0.58
� – 1.00 0.55 0.62 0.56 0.58 0.61 0.54 0.51 0.52
L3D – – 1.00 0.54 0.56 0.49 0.58 0.62 0.56 0.61
AD – – – 1.00 0.52 0.51 0.48 0.52 0.49 0.51
Offset – – – – 1.00 0.68 0.68 0.77 0.75 0.76
�m12 – – – – – 1.00 0.72 0.70 0.73 0.72
CSB – – – – – – 1.00 0.85 0.85 0.89
CSB4 – – – – – – – 1.00 0.94 0.96
δ – – – – – – – – 1.00 0.96
ncore – – – – – – – – – 1.00
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Figure 4. Distribution of the four X-ray structural parameters. On the top
left we show the concentration within 0.15 −1.0R500, while in the top right
the results are for the concentration within 40–400 kpc. In the bottom left, we
have the cuspiness distribution, while the central density is on the bottom
right. On all panels, clusters are classified as relaxed (solid red lines) or
with substructure (blue dashed lines) according to the BCG−X-ray centroid
offset. The KS and p-values are shown on all panels.

et al. (2018), who also compared X-ray and optical parameters to
assess the cluster dynamical state. They find, for instance, that the
offset between the BCG and cluster centroid is not a good tracer
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Figure 5. Analogous to the previous figure, except for the way clusters
are classified as relaxed or not. Instead of using the BCG−X-ray offset, we
consider the magnitude gap between the first and second brightest galaxies.

of cluster relaxation, but the AD test is. This is nearly opposite to
our conclusion. Unfortunately, the only identical parameter between
our work and theirs is the AD statistic, making a direct comparison
of two pairs of parameters impossible. Besides AD, they used two
other optical relaxation proxies: the ‘stellar mass ratio’ (M2/M1)
between the two brightest cluster galaxies, and the projected off-
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set between the BCG and the luminosity-weighted cluster centre
(δRMMG). In X-rays, they use the Photon asymmetry (Aphot) and the
centroid shift (w). In principle, M2/M1 should be similar to �m12,
but it is subject to larger errors from the SED fitting procedure. The
same can be said for δRMMG that should correlate well with the BCG
X-ray centroid offset. However, the choice of a luminosity-weighted
cluster centre (instead of the X-ray centroid) may not be the best,
as the luminosity-weighted measure may be affected by issues like
incompleteness in the spectroscopic data (e.g. fibre collision issue).

However, perhaps the most important difference from our work
is the cluster sample. Roberts et al. (2018) use the Yang catalogue,
with at least 10 members, resulting in a sample with most objects
more massive than 1014 M�, up to z = 0.2. From Fig. 9, we can
see the Yang catalogue at M >1014 M� is still much less massive
than the ESZ and X-ray samples we use. More important is the
fact that the SDSS main redshift survey is complete to z = 0.1.
At this redshift, the survey is complete to M∗ + 1. As pointed out
in Lopes et al. (2009a), a proper assessment of the cluster mass
requires completeness at least to M∗ + 1. Hence, at z > 0.1, even
having a large number of galaxies, the velocity dispersion, radius,
and mass estimates may be biased. The same is probably true for the
substructure estimates. Although they claim no difference in their
results for clusters at z > 0.1 or z < 0.1, we think the use of SDSS
z > 0.1, and all the differences in the tests and samples mentioned
above, prevent a proper comparison to our work.

5.3 Central galaxy paradigm

A common assumption made in many studies is the central galaxy
paradigm (CGP). According to it, in a dark matter halo the brightest
(and most massive) halo galaxy (BHG) resides at rest at the centre
of the dark matter potential well.

Many different studies investigated if the CGP is valid. Although
they find most BCGs are nearly at rest at the central position of the
parent cluster, some of them are not (Postman & Lauer 1995; Lin &
Mohr 2004; Coziol et al. 2009). In particular, van den Bosch et al.
(2005) and Skibba et al. (2011) find evidence for violation of the
CGP, with the latter pointing to its validity only for very low-mass
haloes (M � 1013 h−1 M�). A detailed discussion of this topic is
beyond the goal of this paper. However, we still investigate if the
velocity offsets of the BCGs are small (consistent with the CGP) or
not.

In Fig. 6, we show the BCG velocity offsets relative to their parent
clusters. We do so for relaxed (solid red lines) and disturbed (blue
dashed lines) clusters, using the classification from the magnitude
gap (�m12). We see that for relaxed clusters the BCG have small
velocity offsets most of times, being consistent with the CGP. For
the disturbed clusters the distribution is broader, so that a large
fraction of BCGs are not at rest relative to their parent systems. In
particular, from all 72 clusters in our sample we have 14 per cent
with BCG absolute velocity offsets > 500 km s−1 and 42 per cent
with |�v| > 200 km s−1. The latter fraction is also found using a cut
in normalized velocity offset (|�v/σ v| > 0.30). If we consider only
the relaxed clusters (according to the �m12 classification) we have
20 per cent of clusters (BCGs) with |�v| > 200 km s−1 (or |�v/σ v|
> 0.30). For the disturbed clusters we find 57 per cent objects with
the same velocity differences.

Using a large sample of 452 BCG dominated Abell clusters, Co-
ziol et al. (2009) found that the BCGs have a median normalized
velocity offset of 0.32. In our sample, dominated by rich massive
clusters, we find a median value |�v/σ v| = 0.23. For the relaxed
systems this value decreases to 0.18, while it is 0.34 for the disturbed

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5

0.
0

0.
5

1.
0

1.
5

2.
0

BCG velocity offset

Vlos (103 km s−1)

D
en

si
ty

Δ m12 no sub 
Δ m12 with sub 

Figure 6. BCG velocity offset distributions for relaxed (solid red lines)
and disturbed (blue dashed lines) systems according to the magnitude gap
classification.

systems. Coziol et al. (2009) conclude the BCG peculiar velocity
is not dependent of the cluster richness and slightly depends on the
Bautz−Morgan type. It is not our goal to make a detailed compar-
ison with their results. However, from our results above, it seems
their sample is largely dominated by disturbed objects, as the me-
dian |�v/σ v| for our full sample is smaller than theirs, but agrees
with them for our subset of disturbed systems.

We therefore conclude that for massive systems the CGP may
not be valid for a considerable fraction of objects, depending on
the maximum velocity separation you allow. For |�v/σ v| > 0.30,
this fraction is 42 per cent, raising to 57 per cent for the disturbed
clusters and being 20 per cent for the relaxed systems. Although
one fifth could be thought as a large number of relaxed clusters
violating the CGP, it is important to keep in mind that some residual
oscillation (due to previous major mergers) may persist long after
the overall cluster relaxation (Harvey et al. 2017).

6 D ISCUSSION

With the availability of the cluster samples recently selected by the
Planck satellite, it has been realized that they present fewer CC
or relaxed systems in comparison to flux limited X-ray samples
(Planck Collaboration XI 2011; Rossetti et al. 2017). The different
dependence of the X-ray emission and SZ signal on the gas density
could be responsible for the discrepant results. The X-ray emission
scales with the square of the gas density, while SZ surveys are less
sensitive to the central gas density. Hence, X-ray surveys are more
likely to select more centrally peaked, relaxed systems (known
as CC bias, Eckert, Molendi & Paltani 2011) at fixed mass, in
comparison with SZ experiments. Additionally, this Malmquist bias
also leads to an increased scatter of the mass–luminosity relation of
flux limited X-ray samples (Chon et al. 2012).

None the less, recent results from Chon & Böhringer (2017)
indicate that the main reason for the different fractions of CC clus-
ters in X-ray and SZ samples is the fact that the X-ray samples
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are constructed from flux limited surveys, in opposition to a mass
limited, nearly distance independent, SZ selection. They reach that
conclusion by deriving morphological parameters and CC fractions
of clusters in an X-ray volume limited sample, as well as two X-ray
flux limited samples.

In this work, we used an X-ray flux limited and an ESZ samples.
However, both were limited in redshift (z = 0.11) due to the in-
completeness in galaxy samples with spectroscopic redshifts above
this limit. Even with this constraint, we still find larger fractions of
CC clusters in the X-ray selected sample when using the X-ray CC
parameters from Andrade-Santos et al. (2017). The results based
on the optical substructure estimates tend to agree with that, except
for the β and AD tests. The Lee 3D and the BCG−X-ray offset
show the largest differences between the ESZ and X-ray relaxed
fractions.

At first, it seems the results from this work (using optical substruc-
ture estimates) are discrepant when compared to what is inferred
from the X-ray measurements. However, as seen in Table 1 there is
a large variation in the fractions of CC obtained from the four X-ray
properties for the two samples. The difference between optical and
X-ray results is also smaller when considering the optimal break
values (last two lines of Table 1). From Tables 2 and 3, we also
see the fraction of agreement of the X-ray measures could show
a large variation, from 65 to 90 per cent (with the original break
values considered in Table 2).

None the less, we tried to minimize possible differences in the
optical and X-ray substructure estimates. For instance, we ran the
four optical tests (β, � and Lee 3D, AD) within R500, the same aper-
ture used for the X-ray measurements. It is well known that larger
apertures could result in smaller fractions of relaxed clusters as we
probe non-equilibrium regions, dominated by infalling populations.
This can be seen in Fig. 7, where we display, as an example, the
fraction of relaxed clusters as a function of the aperture adopted to
measure substructure with the � test. The NoSOCS sample shows a
variation of relaxed systems of ∼ 90 per cent to 72 per cent, from ∼
0.5 to 3.0 × R500. The ESZ+X-ray samples vary from ∼82 per cent
to 43 per cent, between ∼ 0.5 and 1.5 × R500. From this plot, we
can see that the fraction of relaxed clusters of the two samples are
very different, being smaller for the ESZ+X-ray sample. The radial
dependence is also more pronounced for this data set.

From this result, we infer that the mass limit of the different
samples can probably also explain the discrepant fractions of relaxed
objects, at least on what regards the results based on the DS test.
This is further explored in Fig. 8, where we show the variation of
the fraction of relaxed clusters as a function of velocity dispersion,
for the DS test (top), and magnitude gap (bottom). The top panel
displays the results for the NoSOCS and ESZ+X-ray samples, in
each case obtained with two apertures. For both samples, the lower
fractions were computed within R200, while the higher fractions
were derived with 0.5 × R200 (NoSOCS) and 0.5 × R500 (ESZ+X-
ray). In the bottom panel, we show the results for the ESZ+X-ray
plus the sample of Yang et al. (2007). From the Yang et al. (2007)
catalogue, we only use objects with σ P ≥ 150 km s−1. The first and
second BCGs were selected as in Trevisan & Mamon (2017), but
using the same aperture as in the current work. We can see the � test
results vary with mass (velocity dispersion), while those from the
magnitude gap are nearly constant with σ P. This last measurement
is central, while the first depends on the galaxy distribution up to
R200, hence, being more sensitive to infalling populations.

From the upper panel of Fig. 8, we can also verify some other
interesting points. First, the variation with σ P is significant only for
systems with σ P � 400 km s−1. Secondly, the mass dependence of

Figure 7. Fraction of relaxed clusters as a function of the radius used
for estimating substructure with the DS test. We show the results for the
combined ESZ plus X-ray samples at z < 0.11 (circles), as well as the
results for the NoSOCS sample (triangles) with 183 clusters described in
Lopes et al. (2009a). The results for the current work (ESZ+X-ray) were
originally obtained within R500 and here we also show within 0.5 × R500 and
R200. The NoSOCS sample had substructure measurements within R200 and
we also show here with 0.5, 1.5, and 2.0 × R200. For our data, we find R200

∼ 1.39 × R500. We use that scale to display the above results as a function
of R500.

the fraction of relaxed clusters is much less pronounced within a
small aperture. So, if the substructure test is restricted to the central
region of clusters (which is generally the case for X-ray data), it
may be impossible to detect a variation with mass, especially if the
analysis is based on massive systems, such as in the ESZ+X-ray
sample (blue circles). Finally, it is important to mention there is no
bias in the mass correlation we show, as we adopted a large aperture
(R200) that scales with mass. However, even the results within R500

are still consistent with a mass dependence of the fraction of relaxed
clusters.

We have also found some indication that the CSB and CSB4 pa-
rameters depend on cluster mass, while δ and ncore do not. However,
due to the small sample size, the error bars are large. None the less,
it is important to mention that δ and ncore are central measurements,
which are not sensitive to large-scale variations in the gas distribu-
tion. In this case, the size of the cluster is not important. Similar
conclusions are also reached for the β test and the BCG−X-ray
offset.

In Fig. 9, we show the cluster mass boxplot of the samples dis-
played in Figs 8 and 10. We can see that the ESZ and X-ray samples
of Andrade-Santos et al. (2017) are the most massive, with the
first having the largest median mass value and largest fraction of
massive objects. The NoSOCS and XXL (Extragalactic observa-
tion programme of the space mission XMM–Newton) samples have
similar median masses, but the former is more extended to low and
high mass regimes. The group sample from Yang et al. (2007) is by
far the least massive one, not extending further to the lower masses
as we cut the sample at σ P = 150 km s−1.
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Figure 8. Fraction of relaxed clusters as a function of cluster velocity
dispersion. In the top panel, we show the � test results for the NoSOCS
(triangles) sample (Lopes et al. 2009a) and the combined ESZ plus X-
ray samples (circles) at z < 0.11. For each sample, we show two results,
computed at two different apertures. For both samples the lower fractions
were obtained within R200. The higher fractions were derived using 0.5
× R200 (NoSOCS) and 0.5 × R500 (ESZ+X-ray). In the bottom panel, we
display the results for the magnitude gap for the ESZ+X-ray sample (circles),
as well as the sample described in Trevisan & Mamon (2017) (from which
we used the 893 groups with σP ≥ 150 km s−1). This sample is displayed
with the squares.
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Figure 9. Mass boxplot of the samples seen in Figs 8 and 10. Data points
outside the whiskers are plotted individually as outliers. The box width
scales with the square root of each sample size.

Figure 10. Fraction of relaxed clusters as a function of redshift. We show
the results for the 62 lower redshift X-ray clusters analysed in the current
work with an open circle. Results from the XXL sample (85 clusters, Lavoie
et al. 2016) are displayed with the open triangles. These two data sets
consider the BCG−X-ray offset. For the XMM data, we separate relaxed
from disturbed clusters at 0.03 × R500. The cross shows the result for the
full X-ray sample (112 objects) and the stars indicate the ESZ (199 cluster)
data from Andrade-Santos et al. (2017). These two results are based on the
CSB4 parameter.

Another possible explanation for the larger fraction of disturbed
systems in the SZ sample in Andrade-Santos et al. (2017) is the
higher redshift limit (z ∼ 0.3) of that sample compared to the
X-ray one (z ∼ 0.1). In a hierarchical Universe, it is expected
that the fraction of clusters with substructure, as well as cluster
morphology (Ho, Bahcall & Bode 2006), evolve with redshift. As
the Universe ages, the fraction of relaxed systems should increase,
with most disturbed systems being the more massive ones. This
morphological evolution is seen in simulations (Ho et al. 2006), but
some observational results indicate little or zero redshift evolution
(Weißmann, Böhringer & Chon 2013; Nurgaliev et al. 2017). As
we have already shown the fraction of relaxed systems is smaller
for massive objects (Figs 7 and 8), we now investigate the possible
substructure dependence with redshift.

In Fig. 10, we display the redshift variation of three samples. The
ESZ and X-ray ones from Andrade-Santos et al. (2017), as well as
the XXL (Lavoie et al. 2016). For the two samples from Andrade-
Santos et al. (2017), we used the CSB4 parameter. In that case, we
could consider the full data sets (199 objects for the ESZ and 112
in the X-ray). For those two data sets (but at z < 0.11) and for the
XXL data, we also considered the BCG−X-ray offset. Due to the
larger angular error in the X-ray centroid from XMM, we decided
to use an intermediate criterion between theirs (Lavoie et al. 2016)
and ours to separate relaxed and disturbed systems for XXL. The
separation is done at 0.03 × R500.

We can see a steep evolution in the fraction of relaxed clusters
with redshift in the XXL data (from z ∼ 0.6 to ∼0.15). The X-ray
sample (using the BCG−X-ray offset) from Andrade-Santos et al.
(2017) at z ∼ 0.05 is consistent with the XXL results. Considering
CSB4 the ESZ sample shows a constant behaviour between z ∼0.24
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and ∼0.08, while the X-ray sample (Andrade-Santos et al. 2017)
is still consistent with the evolution inferred from XXL. Hence,
even though we see a redshift evolution down to z ∼ 0.1 from the
XXL survey, the ESZ sample shows no evolution in the redshift
range common with the XXL data. This is due to the fact that the
ESZ clusters represent a nearly mass-limited sample, independent
of redshift. So, its substructure fraction reflects the typical values
of clusters of that mass range. In other words, we cannot claim that
the substructure fraction difference between ESZ and X-ray clusters
from Andrade-Santos et al. (2017) is due to the different redshifts
probed. The main reason for the substructure fraction difference is
thus, probably, the mass.

7 C O N C L U S I O N S

In this work, we investigated if the fraction of relaxed clusters in
an X-ray-selected sample is larger than in a SZ catalogue. This
result has been found before from X-ray estimates of the cluster
dynamical state. For the first time, we show that is also the case
when considering optical properties to trace cluster substructure
(Table 1).

The SZ and X-ray samples we used are from Andrade-Santos
et al. (2017). The first has clusters up to a larger redshift limit (z
∼ 0.35) and is composed of more massive clusters (see Fig. 9). In
order to have enough redshifts per cluster, we only studied objects at
z < 0.11, in agreement with the completeness limits of the surveys
we used (SDSS, 2dFGRS, and 6dF). We also added redshifts from
NED to our data. After eliminating interlopers and selecting cluster
members we performed a virial analysis, deriving velocity disper-
sion, physical radius and mass for all objects. The final SZ sample
has 40 clusters, while the X-ray one has 62, and the combined data
set comprises 72 systems. We employed four optical substructure
tests to our data (β, �, Lee 3D and AD). We have also estimated
the dynamical state of the clusters from the BCG−X-ray offset, and
from the magnitude gap between the first and second BCGs.

Besides using the optical substructure estimates to corroborate
the higher fraction of relaxed systems in X-ray selected samples
compared to SZ ones, we investigate if cluster mass plays a role on
that. We found that optical substructure tests applied to the whole
galaxy distribution depend on cluster mass (even within R500), but
centrally located tests do not (Figs. 7 and 8). In the first case we have
the β, � and Lee 3D tests, while those based on the BCG lie in the
second class. Similar results are found for the X-ray substructure
estimates (CSB, CSB4, δ and ncore). We have also shown that cluster
substructure evolves with redshift (Fig. 10), but that does not explain
the higher fraction of disturbed objects in the higher-z SZ sample
compared to the X-ray one.

Finally, we obtained a good agreement (∼ 60 per cent) between
the optical and X-ray substructure estimates. Nonetheless, the agree-
ment is better for the substructure inferred from the BCG, either
using the BCG−X-ray offset, or the magnitude gap. Hence, we ad-
vocate using those estimates as the most reliable and cheap way
to assess a cluster dynamical state. However, we noticed that the
BCG−X-ray offset threshold should be smaller than normally used
in the literature. We found an optimal cut at ∼0.01 × R500. Regard-
ing the magnitude gap we separate relaxed from disturbed clusters
at �m12 = 1.0.5 We should also note the above values obtained in
the current study are based on a small redshift range (z < 0.11).

5Note that the �m12 limit to separate relaxed and non-relaxed clusters may
vary with the maximum distance allowed for obtaining the second brightest

We plan to extend this analysis to higher redshifts. We also aim
to perform a comparison of cluster mass estimates obtained in the
optical (using galaxy velocities and weak lensing) and in X-rays.
Another goal for a forthcoming work is to investigate the mass cali-
bration of these different samples and the impact of substructure on
the mass estimates (Lopes et al. 2009b). Finally, we will investigate
a possible correlation between the BCG properties (Sérsic index,
star formation rate, etc.) and the cluster dynamical state. The char-
acterization of the dynamical state of clusters and its impact on the
mass calibration are important steps for the proper use of clusters
as cosmological probes from large scale surveys.
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Table A1. Main properties of the 72 clusters.

Name RA Dec. z� σ P R500 M500 R200 M200

(J2000) (J2000) (km s−1) (Mpc) (1014 M�) (Mpc) (1014 M�)

A2734 2.84036 −28.85404 0.0613 532.2 +30.4
−23.2 0.78 +0.03

−0.02 1.43 +0.16
−0.13 1.07 +0.04

−0.03 1.48 +0.17
−0.13

A85 10.45996 −9.30265 0.0555 846.6 +47.3
−39.5 1.57 +0.06

−0.05 11.68 +1.31
−1.09 2.20 +0.08

−0.07 12.70 +1.42
−1.19

A119 14.06754 −1.24972 0.0441 750.0 +34.0
−28.6 1.33 +0.25

−0.12 6.96 +3.94
−1.91 1.84 +0.35

−0.17 7.43 +4.21
−2.04

A193 21.28150 8.69999 0.0487 616.3 +60.4
−51.0 0.94 +0.06

−0.05 2.44 +0.48
−0.41 1.32 +0.09

−0.07 2.73 +0.54
−0.46

EXO0422 66.46318 −8.55954 0.0392 284.4 +72.7
−39.8 0.52 +0.09

−0.05 0.42 +0.22
−0.12 0.72 +0.12

−0.07 0.44 +0.23
−0.13

A496 68.40797 −13.26168 0.0326 686.7 +30.9
−25.8 1.24 +0.23

−0.11 5.64 +3.06
−1.52 1.72 +0.31

−0.15 5.99 +3.25
−1.61

S0540 85.02782 −40.83657 0.0365 477.2 +189.7
−100.1 0.89 +0.24

−0.13 2.06 +1.64
−0.87 1.23 +0.33

−0.17 2.20 +1.75
−0.93

A548e 87.15963 −25.47783 0.0403 642.4 +19.7
−16.6 1.24 +0.03

−0.02 5.59 +0.34
−0.29 1.71 +0.04

−0.03 5.92 +0.36
−0.31

A3376 90.42327 −39.98886 0.0461 661.7 +37.1
−31.5 1.12 +0.04

−0.04 4.21 +0.47
−0.40 1.55 +0.06

−0.05 4.44 +0.50
−0.42

bA3376 90.54907 −39.95732 0.0462 655.8 +37.1
−28.9 1.12 +0.04

−0.03 4.20 +0.48
−0.37 1.55 +0.06

−0.05 4.42 +0.50
−0.39

A3391 96.58534 −53.69329 0.0554 952.0 +40.9
−34.1 1.63 +0.05

−0.04 12.89 +1.11
−0.93 2.27 +0.07

−0.05 14.05 +1.21
−1.01

A3395 96.70078 −54.54923 0.0514 867.2 +37.5
−24.1 1.46 +0.04

−0.03 9.31 +0.81
−0.52 2.03 +0.06

−0.04 10.02 +0.87
−0.56

bA3395 96.90003 −54.44629 0.0505 855.1 +32.3
−29.3 1.42 +0.04

−0.03 8.59 +0.65
−0.59 1.98 +0.05

−0.05 9.23 +0.70
−0.64

bA754 137.19782 −9.64124 0.0543 930.5 +36.1
−28.8 1.58 +0.24

−0.13 11.71 +5.37
−2.87 2.20 +0.34

−0.18 12.72 +5.84
−3.12

A754 137.33525 −9.68431 0.0543 903.5 +36.6
−30.8 1.53 +0.23

−0.13 10.68 +4.90
−2.64 2.13 +0.33

−0.18 11.56 +5.31
−2.86

G269.51+26.42 159.17049 −27.52653 0.0124 648.4 +24.6
−22.1 1.08 +0.26

−0.11 3.64 +2.65
−1.10 1.49 +0.36

−0.15 3.82 +2.78
−1.16

G241.85+51.53 159.91688 5.16102 0.0695 640.2 +47.3
−31.3 1.25 +0.06

−0.04 5.91 +0.88
−0.58 1.73 +0.09

−0.06 6.28 +0.93
−0.62

USGCS152 162.60879 −12.84501 0.0154 179.0 +40.8
−24.7 0.44 +0.07

−0.04 0.24 +0.11
−0.07 0.60 +0.09

−0.06 0.24 +0.11
−0.07

G172.88+65.32 167.91863 40.84118 0.0758 562.1 +31.0
−25.8 1.27 +0.05

−0.04 6.20 +0.69
−0.57 1.75 +0.06

−0.05 6.59 +0.73
−0.61

bG243.57+67.76 173.21115 14.45586 0.0815 616.1 +53.9
−38.7 1.36 +0.08

−0.06 7.67 +1.34
−0.97 1.88 +0.11

−0.08 8.21 +1.44
−1.04

G243.57+67.76 173.21315 14.49224 0.0818 629.2 +53.0
−41.1 1.37 +0.08

−0.06 7.85 +1.33
−1.03 1.90 +0.11

−0.08 8.41 +1.42
−1.10

G234.59+73.01 176.18399 19.70444 0.0216 603.6 +26.1
−23.2 1.23 +0.23

−0.11 5.41 +3.02
−1.48 1.70 +0.32

−0.16 5.74 +3.21
−1.57

ZwCl1215 184.42165 3.65612 0.0768 735.0 +44.4
−36.1 1.46 +0.06

−0.05 9.61 +1.17
−0.95 2.04 +0.08

−0.07 10.36 +1.26
−1.02

bA3528s 193.59224 −29.01311 0.0539 963.9 +52.3
−43.9 1.67 +0.06

−0.05 13.92 +1.51
−1.27 2.33 +0.08

−0.07 15.22 +1.66
−1.39

A3528n 193.59252 −29.01299 0.0539 963.9 +52.3
−43.9 1.67 +0.06

−0.05 13.92 +1.51
−1.27 2.33 +0.08

−0.07 15.22 +1.66
−1.39

A3528s 193.66960 −29.22793 0.0545 896.7 +45.2
−38.4 1.62 +0.05

−0.05 12.65 +1.28
−1.09 2.26 +0.08

−0.06 13.78 +1.39
−1.19

A1644 194.29821 −17.40932 0.0471 924.0 +44.6
−41.5 1.48 +0.05

−0.04 9.64 +0.93
−0.87 2.06 +0.07

−0.06 10.40 +1.01
−0.94

A3532 194.34180 −30.36371 0.0558 640.9 +33.9
−25.1 1.33 +0.05

−0.03 7.12 +0.75
−0.56 1.85 +0.07

−0.05 7.60 +0.80
−0.60

A1650 194.67264 −1.76207 0.0842 731.2 +38.6
−32.0 1.45 +0.05

−0.04 9.47 +1.00
−0.83 2.02 +0.07

−0.06 10.20 +1.08
−0.89

A1651 194.84308 −4.19592 0.0848 836.4 +33.2
−30.1 1.64 +0.04

−0.04 13.61 +1.08
−0.98 2.29 +0.06

−0.06 14.84 +1.18
−1.07

G057.33+88.01 194.94856 27.95189 0.0232 911.3 +22.9
−19.6 1.66 +0.27

−0.14 13.37 +6.60
−3.36 2.32 +0.38

−0.19 14.60 +7.21
−3.67

A1736 201.75385 −27.19644 0.0456 918.2 +87.6
−66.4 1.39 +0.09

−0.07 7.91 +1.51
−1.15 1.95 +0.12

−0.09 8.79 +1.68
−1.27

A3558 201.98677 −31.49551 0.0475 872.5 +20.1
−17.4 1.68 +0.26

−0.14 14.16 +6.58
−3.45 2.35 +0.36

−0.19 15.49 +7.20
−3.77

bA3558 202.44904 −31.60724 0.0490 890.3 +21.4
−17.4 1.70 +0.25

−0.14 14.59 +6.54
−3.48 2.38 +0.35

−0.19 15.98 +7.16
−3.82

bA3562 202.86448 −31.82171 0.0457 901.0 +22.9
−18.9 1.68 +0.28

−0.14 13.98 +6.99
−3.53 2.34 +0.39

−0.20 15.29 +7.64
−3.87

A3560 203.11565 −33.14266 0.0489 662.5 +34.1
−27.2 1.13 +0.04

−0.03 4.34 +0.45
−0.36 1.57 +0.05

−0.04 4.58 +0.47
−0.38

A3562 203.39470 −31.67291 0.0489 894.1 +24.5
−20.9 1.60 +0.25

−0.13 12.29 +5.76
−3.02 2.24 +0.35

−0.18 13.37 +6.27
−3.28

A1767 204.02488 59.20234 0.0707 737.2 +48.3
−36.9 1.45 +0.06

−0.05 9.29 +1.22
−0.93 2.02 +0.09

−0.07 10.00 +1.31
−1.00

A1775 205.45360 26.37219 0.0754 418.7 +29.0
−14.5 0.95 +0.04

−0.02 2.58 +0.36
−0.18 1.30 +0.06

−0.03 2.69 +0.37
−0.19

A3571 206.86712 −32.86611 0.0393 911.7 +52.9
−45.8 1.35 +0.05

−0.05 7.24 +0.84
−0.73 1.87 +0.07

−0.06 7.74 +0.90
−0.78

A1795 207.21963 26.59200 0.0629 696.5 +39.8
−32.6 1.36 +0.05

−0.04 7.66 +0.88
−0.72 1.89 +0.07

−0.06 8.20 +0.94
−0.77

A1831 209.81413 27.97623 0.0630 335.2 +30.9
−21.2 0.91 +0.06

−0.04 2.30 +0.42
−0.29 1.26 +0.08

−0.05 2.39 +0.44
−0.30

bMKW8 219.59114 3.66998 0.0270 344.7 +12.6
−12.0 0.91 +0.02

−0.02 2.22 +0.16
−0.16 1.26 +0.03

−0.03 2.31 +0.17
−0.16

MKW8 220.16445 3.47031 0.0269 463.8 +20.4
−18.8 1.08 +0.03

−0.03 3.68 +0.32
−0.30 1.49 +0.04

−0.04 3.86 +0.34
−0.31

A2029 227.73382 5.74455 0.0774 955.1 +32.5
−26.0 1.85 +0.04

−0.03 19.50 +1.33
−1.07 2.60 +0.06

−0.05 21.60 +1.47
−1.18

A2052 229.18537 7.02162 0.0349 450.1 +33.8
−25.4 1.05 +0.05

−0.04 3.40 +0.51
−0.39 1.45 +0.07

−0.05 3.56 +0.54
−0.40

A2061 230.30289 30.63350 0.0773 807.7 +34.1
−29.2 1.50 +0.04

−0.04 10.40 +0.88
−0.76 2.09 +0.06

−0.05 11.25 +0.95
−0.82

MKW3s 230.46593 7.70879 0.0448 549.3 +35.3
−26.2 1.09 +0.05

−0.03 3.87 +0.50
−0.37 1.51 +0.06

−0.05 4.06 +0.52
−0.39

A2065 230.62280 27.70521 0.0735 1101.8 +45.8
−40.4 1.91 +0.05

−0.05 21.28 +1.77
−1.56 2.69 +0.07

−0.07 23.66 +1.97
−1.74

A2063 230.77138 8.60957 0.0344 608.1 +34.2
−28.9 1.22 +0.05

−0.04 5.29 +0.60
−0.50 1.68 +0.06

−0.05 5.60 +0.63
−0.53

A2107 234.91288 21.78285 0.0416 521.1 +40.4
−32.8 1.07 +0.06

−0.05 3.67 +0.57
−0.46 1.48 +0.08

−0.06 3.86 +0.60
−0.49

A2142 239.58792 27.22996 0.0894 852.4 +33.7
−29.1 1.70 +0.23

−0.13 15.31 +6.27
−3.57 2.38 +0.33

−0.19 16.78 +6.87
−3.91

A2147 240.55862 15.97118 0.0365 1068.2 +30.2
−25.3 2.02 +0.27

−0.15 24.16 +9.53
−5.42 2.84 +0.37

−0.21 27.05 +10.67
−6.07

A2151 241.14913 17.72143 0.0349 851.6 +31.1
−27.8 1.68 +0.27

−0.14 13.84 +6.61
−3.48 2.34 +0.37

−0.20 15.13 +7.22
−3.80

AWM4 241.23602 23.93267 0.0320 315.7 +33.4
−23.1 0.81 +0.06

−0.04 1.58 +0.34
−0.23 1.12 +0.08

−0.05 1.63 +0.35
−0.24

G049.33+44.38 245.12627 29.89331 0.0964 555.0 +45.3
−26.8 1.23 +0.07

−0.04 5.82 +0.95
−0.57 1.71 +0.09

−0.06 6.19 +1.01
−0.61

A2199 247.15930 39.55093 0.0306 669.0 +21.2
−18.1 1.46 +0.21

−0.11 9.03 +3.89
−2.14 2.02 +0.29

−0.16 9.73 +4.19
−2.30

A2244 255.67738 34.06060 0.1004 885.7 +58.4
−40.9 1.54 +0.07

−0.05 11.36 +1.50
−1.06 2.14 +0.09

−0.07 12.31 +1.63
−1.15

A2249 257.44080 34.45566 0.0838 894.7 +54.5
−49.7 1.56 +0.06

−0.06 11.69 +1.43
−1.31 2.18 +0.09

−0.08 12.69 +1.55
−1.42

A2255 258.18160 64.06303 0.0800 928.3 +43.4
−35.6 1.58 +0.05

−0.04 12.12 +1.13
−0.93 2.21 +0.07

−0.06 13.17 +1.23
−1.01

NGC6338 258.84579 57.41119 0.0290 478.0 +27.9
−23.1 1.05 +0.04

−0.03 3.41 +0.40
−0.33 1.45 +0.06

−0.05 3.57 +0.42
−0.35

bNGC6338 258.84653 57.43462 0.0291 482.1 +28.0
−22.8 1.06 +0.04

−0.03 3.45 +0.40
−0.33 1.46 +0.06

−0.05 3.62 +0.42
−0.34

G345.40-39.34 312.98733 −52.63006 0.0455 742.8 +23.7
−25.6 1.44 +0.03

−0.03 8.79 +0.57
−0.61 2.00 +0.04

−0.05 9.54 +0.61
−0.66

bG345.40-39.34 312.99799 −52.78586 0.0452 750.7 +28.4
−24.3 1.42 +0.04

−0.03 8.45 +0.65
−0.55 1.97 +0.05

−0.04 9.08 +0.69
−0.59

A2457 338.92141 1.48650 0.0582 597.1 +52.6
−37.9 1.15 +0.07

−0.05 4.56 +0.80
−0.58 1.59 +0.09

−0.07 4.84 +0.85
−0.62

A2572 349.30335 18.70286 0.0392 467.6 +51.7
−34.2 0.97 +0.07

−0.05 2.68 +0.59
−0.39 1.33 +0.10

−0.07 2.80 +0.62
−0.41

A2593 351.08690 14.64490 0.0412 524.8 +33.9
−31.2 1.15 +0.05

−0.05 4.54 +0.59
−0.54 1.59 +0.07

−0.06 4.79 +0.62
−0.57

A2597 351.33235 −12.12388 0.0831 438.2 +54.4
−34.2 1.03 +0.09

−0.05 3.41 +0.85
−0.54 1.43 +0.12

−0.08 3.57 +0.90
−0.57

A2626 354.12631 21.14673 0.0558 650.4 +66.5
−52.0 1.15 +0.08

−0.06 4.60 +0.94
−0.74 1.61 +0.11

−0.09 4.96 +1.02
−0.80

A4038 356.92869 −28.14290 0.0298 743.7 +30.4
−27.6 1.25 +0.03

−0.03 5.78 +0.47
−0.43 1.74 +0.05

−0.04 6.13 +0.50
−0.46

A2665 357.71104 6.14991 0.0565 564.6 +63.8
−46.0 0.84 +0.06

−0.05 1.80 +0.42
−0.30 1.20 +0.09

−0.07 2.07 +0.48
−0.34

A4059 359.25423 −34.75899 0.0494 611.0 +42.9
−34.1 0.83 +0.04

−0.03 1.72 +0.24
−0.19 1.14 +0.05

−0.04 1.78 +0.25
−0.20
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Table A2. Substructure measures, BCG coordinates, offsets and magnitude gaps for the 72 clusters. First, we list the values of the three substructure tests
from Pinkney et al. (1996) and their significance levels (β, � or DS and Lee 3D tests). Next, we give the AD statistic and its associated p-value. Finally, we
list the BCG coordinates, absolute magnitude, BCG offset to the X-ray centre (in kpc and R500), and the BCG velocity offset.

Name β βsig � �s L3D L3Ds AD pAD RA(BCG) Dec. (BCG) Mr (BCG) �m12 Offset Offset �v

(J2000) (J2000) (kpc) (R500) (km s−1)

A2734 1.6 0.202 83.4 0.008 1.2 0.866 0.5 2.6e−01 2.84021 −28.85433 −23.73 2.61 1.4 0.002 175.7
A85 4.2 0.156 226.6 0.012 1.2 0.421 1.3 1.7e−03 10.46021 −9.30318 −23.73 1.11 2.3 0.002 −30.0
A119 24.0 0.012 324.6 0.000 1.1 0.543 0.5 2.1e−01 14.06715 −1.25537 −23.48 0.49 17.9 0.013 113.0
A193 −29.4 0.754 49.8 0.635 1.5 0.082 0.4 3.2e−01 21.28179 8.69923 −22.73 0.60 2.8 0.003 120.5
EXO0422 −29.3 0.106 4.0 0.998 2.2 0.715 0.2 8.9e−01 66.46392 −8.56069 −22.15 0.11 3.8 0.007 −302.8
A496 −9.5 0.926 278.1 0.054 1.2 0.012 0.2 7.6e−01 68.40768 −13.26194 −23.87 1.93 0.9 0.001 66.0
S0540 3.1 0.116 16.5 0.036 2.0 0.257 0.2 9.4e−01 85.02775 −40.83672 −23.09 1.71 24.8 0.028 −208.4
A548e 5.6 0.148 192.3 0.002 1.2 0.126 1.7 2.6e−04 87.15983 −25.47786 −23.13 0.16 0.5 0.000 −212.0
A3376 −7.1 0.482 107.7 0.669 1.6 0.000 0.7 8.6e−02 90.54045 −39.94987 −22.74 0.69 322.4 0.287 −152.0
bA3376 14.7 0.086 91.9 0.451 1.5 0.000 0.8 4.5e−02 90.54045 −39.94987 −22.74 0.69 32.8 0.029 −174.8
A3391 10.0 0.188 80.3 0.168 1.2 0.489 0.4 3.2e−01 96.58415 −53.69285 −22.03 −0.09 3.2 0.002 −87.2
A3395 5.1 0.160 187.2 0.086 1.4 0.004 0.5 2.1e−01 96.70658 −54.54296 −23.63 0.37 25.7 0.018 177.2
bA3395 10.7 0.090 224.7 0.026 1.2 0.365 0.4 4.2e−01 96.90121 −54.44948 −23.26 −0.37 11.6 0.008 −586.7
bA754 41.7 0.000 394.4 0.054 1.2 0.000 0.3 6.6e-01 137.13499 −9.62988 −23.78 1.15 242.2 0.154 137.9
A754 42.8 0.000 334.0 0.118 1.3 0.000 0.2 7.9e−01 137.33005 −9.69982 −22.62 0.12 62.2 0.041 −12.9
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A3571 39.7 0.004 120.1 0.531 1.2 0.565 0.3 6.9e−01 206.86825 −32.86497 −24.36 2.63 4.1 0.003 −211.7
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A4038 39.1 0.016 205.6 0.000 1.2 0.303 0.7 5.3e−02 356.93765 −28.14075 −23.75 1.22 17.6 0.014 −287.2
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Figure B1. Optical galaxy distributions for the 72 clusters in our sample. Each row shows the results for one cluster. In the left panels, we display the projected
sky distribution (in units of R500). The blue cross indicates the X-ray centre, while the cyan dot represents the BCG position (also in the right panels). In the
central panels we show the velocity distributions, with the BCG indicated by the cyan bar. The left and central panels only have galaxies within R500. The right
panels display the phase-space diagrams. On all panels, only members are displayed. The seven flags shown on the central panel mean 0 = relaxed and 1 =
disturbed. The classifications (top down) are given by the AD, DS, BCG offset, CSB, CSB4, δ, and ncore, respectively. Note: a portion of this figure is shown
here for guidance regarding its form and content. A full version is available in the electronic edition of the MNRAS.
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A P P E N D I X B: O P T I C A L G A L A X Y
DISTR IBU TION S

Fig. B1 shows the optical galaxy distributions of the 72 systems used
in this work. The projected sky distribution is on the left, while the
velocity distribution is on the central panels and the phase-space
is on the right. The left and centre panels only have the member
galaxies within R500.

A P P E N D I X C : N OT E S O N I N D I V I D UA L
CL U STERS

In the following, we make specific remarks for some clusters of our
sample.

(i) Abell 1775: There is a bright galaxy very close in projection
to the BCG and the X-ray centre. This galaxy could be mistakenly
selected as the second brightest galaxy if a proper membership
selection was not performed. The galaxy has a velocity offset of
−1793.4 km s−1. The cluster is classified as relaxed according to all
the tests indicated in the central panel of Fig. B1.

(ii) Abell 1831: We think the redshift (z = 0.0615) reported in the
literature is likely wrong. The reasons are explained below. There
is a galaxy brighter than the chosen BCG and coincident to the X-
ray position, but with velocity offset equal to 3868.2 km s−1. This
is the BCG of the background cluster WHL J135915.1+275834,
with photometric redshift zphot = 0.0746 (Wen, Han & Liu 2010).
Its BCG has redshift z = 0.0759. Hence, we have two clusters,
Abell 1831 and WHL J135915.1+275834, nearly coincident on
the plane of the sky but separated by ∼3900 km s−1. The X-ray
emission is mostly associated with the background object. As the
Abell catalogue. The X-ray emission is mostly associated to with-
the1999) mention that a background object was already indicated
by Chen et al. (1998). In any case, for this work, we did the anal-
ysis around the original redshift listed to Abell 1831. The value
we computed is z = 0.0630. Due to that, this cluster was classi-
fied as disturbed according to the BCG−X-ray offset. However,
it is important to mention the galaxy distribution at z ∼ 0.0630,
within R500, also indicates substructure from the DS and AD tests.
On the contrary, all the X-ray parameters point to a relaxed clus-
ter (see flags listed on Fig. B1). As we mentioned above, the
X-ray distribution is likely associated to the background object,
that has a BCG coincident to the X-ray emission (indicating no
substructure).

(iii) MKW8: This cluster has two bright galaxies near the X-ray
centre.

(iv) bMKW8: This object is nearly coincident with a background
cluster with zphhot = 0.2193 (WHL J143821.9+034013). ABELL
1942 is also close in projected coordinates. It is not clear if the
X-ray emission is associated with the background system.

(v) Abell 2142 (PLCKESZ G044.22+48.68): This cluster has
two bright galaxies near the X-ray centre.

(vi) bNGC6338: This system is nearly identical to NGC6338,
with very similar central coordinates, redshift, and BCG.

(vii) Abell 754 (PLCKESZ G239.28+24.76): This cluster is
very close on the plane of the sky to bA754 (bG239.28+24.76).
In fact, it is classified as an ongoing merger cluster (Inoue et al.
2016). Both clusters show large offsets to the X-ray emission. It is
very hard to separate the two systems and their galaxy components.
As a consequence, the BCG of the first cluster is selected as the
second brightest galaxy of the second cluster.

(viii) Abell 3376 (PLCKESZ G246.52-26.05): This system is
also a double cluster, very close to bA3376 (bG246.52-26.05). It is
classified as a dissociative merging cluster (Monteiro-Oliveira et al.
2017), with associated radio relics (Colafrancesco, Marchegiani &
Paulo 2017). Both systems have large offsets to the X-ray emission.

(ix) Abell 3395 (PLCKESZ G263.20-25.21): This is another ex-
ample of a double cluster, very close to bA3395 (bG2263.20-25.21).
It was also previously classified as a merging system (Lakhchaura
et al. 2011). In particular, according to Donnelly et al. (2001) it
appears to be nearly at first core passage. For the second cluster the
BCG is coincident with the X-ray centroid.

(x) Abell 3558 (PLCKESZ G311.99+30.71): This is one more
double cluster, very close to bA3558 (bG311.99+30.71). This sys-
tems is located at the core of the Shapley supercluster (Hanami et al.
1999). It is also suggested as probably a merger seen just after the
first core–core encounter Bardelli et al. (2002). For both clusters,
the BCG is coincident with the respective X-ray position.

(xi) PLCKESZ G345.40-39.34 (Abell 3716S): This is another
double cluster (bG345.40-39.34) in our sample. Differently than
other objects listed above, the system is seen as double not only in
the plane of the sky but also in the phase space diagram. For the
first cluster, the BCG is coincident with the X-ray centroid. The
two clusters are close enough in the plane of the sky .40-39.34
(Abell 3716S): This is another double cluster (bG345.40-39.34) in
our sample. Differently than other objects listed above, the system
is seen as double not only in the plane of the sky, B1).

(xii) Abell 3562: This a double cluster (bA3562), also part of the
A3558 complex in the centre of the Shapley supercluster (Bardelli
et al. 2002). There is also a radio halo at the centre of the cluster
A3562 (Venturi et al. 2003). The BCGs of each cluster (A3562
and bA3562) are coincident to their respective X-ray peak, but the
velocity offset of the BCG from bA3562 is −548.0 km s−1. The
inspection of the phase space of this cluster (see Fig. B1) indicates
the redshift distribution could be incomplete or perhaps we could
have used the BCG as the cluster redshift. However, we preferred to
follow the same procedure as for the other clusters on what regards
the cluster redshift determination (see Section 2.6).

(xiii) Abell 3571 (PLCKESZ G316.34+28.54): This object is
classified as relaxed by all our substructure tests (in the optical and
X-rays), except for the β test. Previous analysis also considered
it as a relaxed system (Quintana & de Souza 1993; Nevalainen,
Markevitch & Forman 2000), but from a radio survey in the A3571
cluster complex Venturi et al. (2002) suggest what is seen is the
final stage of a merger event. The cluster A3571 is the final product
after virialization of the merger, with gas and galaxy distributions
relaxed within it, but unrelaxed in the outskirts.

(xiv) Abell 2151: This object is classified as relaxed according
to all X-ray substructure measurements, as well as the BCG offset
and the AD test. But it is not according to the � test and the
magnitude gap. From Fig. B1, we see there is a concentration of
galaxies next to the BCG, within 0.5 × R500, which explain the � test
result and possibly the small magnitude gap between the first two
BCGs.

(xv) Abell 4038: This cluster is classified as disturbed by all
optical tests, except the Lee 3D and �m12, but is considered as
relaxed by all the four X-ray substructure parameters. The cluster
has two bright galaxies in the centre. A radio relic is also reported
by Slee & Roy (1998) and Kale & Dwarakanath (2012).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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