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A B S T R A C T 

Theoretical and observational studies have suggested that ram-pressure stripping (RPS) by the intracluster medium can be 
enhanced during cluster interactions, boosting the formation of the ‘jellyfish’ galaxies. In this work, we study the incidence 
of galaxies undergoing RPS in 52 clusters of different dynamical states. We use optical data from the WINGS/OmegaWINGS 

surv e ys and archi v al X-ray data to characterize the dynamical state of our cluster sample, applying eight different proxies. We 
then compute the number of RPS candidates relative to the infalling population of blue late-type galaxies within a fixed circular 
aperture in each cluster. We find no clear correlation between the fractions of RPS candidates and the different cluster dynamical 
state proxies considered. These fractions also show no apparent correlation with cluster mass. To construct a dynamical state 
classification closer to a merging ‘sequence’, we perform a visual classification of the dynamical states of the clusters, combining 

information available in optical, X-ray, and radio wavelengths. We find a mild increase in the RPS fraction in interacting clusters 
with respect to all other classes (including post-mergers). This mild enhancement could hint at a short-lived enhanced RPS in 

ongoing cluster mergers. Ho we ver, our results are not statistically significant due to the low galaxy numbers. We note this is the 
first homogeneous attempt to quantify the effect of cluster dynamical state on RPS using a large cluster sample, but even larger 
(especially wider) multiwavelength surveys are needed to confirm the results. 

Key words: galaxies: clusters: general – galaxies: clusters: intracluster medium – galaxies: evolution. 

1  I N T RO D U C T I O N  

Galaxies are distributed in different environments through clusters, 
groups, filaments, and voids glowing in the cosmic web with the 
most diverse shapes. Elliptical galaxies are more likely to be found in 
high-density environments, while spirals are more commonly found 
in low-density regions (Dressler 1980 ). This observed dichotomy 
triggered the search for the physical mechanisms responsible for 
causing it. 

No wadays, we kno w a large number of gravitational and hy- 
drodynamical phenomena that can influence galaxy evolution (see 
Boselli & Gavazzi 2006 , for a review). The primary gravitational 
processes are galaxy harassment (accumulation of successive fast 

� E-mail: ana.lourenco@postgrado.uv.cl (ACCL); yara.jaffe@usm.cl (YLJ) 

encounters within clusters, Moore et al. 1996 ), g alaxy–g alaxy in- 
teractions (Spitzer & Baade 1951 ), and galaxy–cluster interactions 
(Byrd & Valtonen 1990 ). These mechanisms act on all galac- 
tic components, particularly gas, stars, and dark matter. On the 
other hand, hydrodynamical processes such as thermal e v aporation 
(Cowie & Songaila 1977 ), viscous stripping (Nulsen 1982 ), and 
ram-pressure stripping (RPS, Gunn & Gott 1972 ) affect directly 
only the gas component. In addition, starvation (Larson, Tinsley & 

Caldwell 1980 ) and pre-processing (Fujita & Goto 2004 ) combine 
gravitational and hydrodynamical mechanisms. Among all of those 
mentioned physical processes, RPS has been pro v en to be one of the 
most efficient for impacting galaxy evolution inside clusters (Boselli, 
Fossati & Sun 2022 ). 

In particular, it has been shown that significant gas removal occurs 
on the first infall and that RPS is more efficient in massive clusters 
where it can start stripping galaxies at larger cluster-centric radii 
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(Jaff ́e et al. 2015 , 2018 ; Oman et al. 2021 ). Also, RPS can enhance 
star formation (SF) for the galaxies’ stellar mass, as seen on the 
SF main sequence (Bekki 2009 ; Vulcani et al. 2018 ) and produce 
optically bright tails of stripped material, which give rise to jellyfish- 
like features (Smith et al. 2010 ; Ebeling, Stephenson & Edge 2014 ; 
Fumagalli et al. 2014 ; Poggianti et al. 2017 ). 

Models of RPS often assume simplified virialized and symmetric 
clusters. Ho we ver, in the hierarchical scenario, clusters of galaxies 
continue to grow from the accretion of small groups and even from 

collisions with structures of comparable size (Press & Schechter 
1974 ). Cosmological simulations indeed show that massive clusters 
( ∼10 15 h −1 M �) in the local Univ erse hav e accreted ∼40 per cent of 
their galaxies through groups more massive than 10 13 h −1 M � (McGee 
et al. 2009 ). In addition, observations suggest that 10–20 per cent 
of clusters at z < 0.3 are under going mer gers with other clusters 
(Katayama et al. 2003 ; Sanderson, Edge & Smith 2009 ; Hudson et al. 
2010 ). Major cluster–cluster mergers are one of the most energetic 
phenomena since the big bang and can release � 10 64 ergs of energy 
during one crossing time ( ∼ 1 Gyr) (Sarazin 2002 ). 

The idea that highly energetic phenomena, such as the accretion 
of large galaxy groups or collisions between galaxy clusters, e x ert 
a significant impact on the galaxy evolution has been referred to 
as ‘post-processing’ (Vijayaraghavan & Ricker 2013 ). This idea has 
been supported by observational studies that found quenching of 
the SF (Fujita & Nagashima 1999 ; Domainko et al. 2006 ; Kapferer 
et al. 2009 ), enhanced SF in galaxies near shock regions of the 
intracluster medium (ICM) (Stroe et al. 2014 , 2015 ), both quenching 
and enhancement of the SF (Hwang & Lee 2009 ; Ma et al. 2010 ; 
Stroe et al. 2014 ; Kelkar et al. 2020 ), and enhancement of RPS in 
dynamically disturbed clusters (Owers et al. 2012 ; Rawle et al. 2014 ; 
McPartland et al. 2016 ; Ebeling & Kalita 2019 ; Roman-Oliveira et al. 
2019 ; Ruggiero et al. 2019 ). Similarly, hydrodynamical simulations 
show that cluster mergers can increase the RPS through higher ICM 

densities or relativ e v elocities between the galaxies and the ICM 

(Vijayaraghavan & Ricker 2013 ; McPartland et al. 2016 ; Ruggiero 
et al. 2019 ). These apparently contradictory results show that the 
impact of cluster growth on galaxy evolution is not fully understood. 

One of the main difficulties in galaxy evolution studies in disturbed 
clusters is defining, robustly, the dynamical state of large samples 
of clusters in a way that the time sequence and magnitude of the 
disturbances are portrayed. There are many substructure diagnostics 
for galaxy clusters at different wavelengths, each reflecting a different 
aspect of a cluster’s dynamical state. For instance, the X-ray emission 
from the ICM has been widely used to study merger-induced shocks 
(Markevitch & Vikhlinin 2007 ; Botteon, Gastaldello & Brunetti 
2018 ; Ha, Ryu & Kang 2018 ) and cold fronts (CFs, Ascasibar & 

Markevitch 2006 ; Owers et al. 2009 ). These are isobaric surface 
brightness discontinuities where the denser regions are colder than 
the rarefied ones and provide evidence of gas motion even in clusters 
that suffered minor mergers (Birnboim, Keshet & Hernquist 2010 ; 
Ghizzardi, Rossetti & Molendi 2010 ; Hallman et al. 2010 ). 

On the other hand, if we look at clusters in the optical, we can often 
find substructures traced by the cluster galaxies themselves, which 
can share common positions and velocities. Optical substructures are 
indeed recently accreted haloes that can lose 25–45 per cent of their 
mass per pericentric passage (Taylor & Babul 2004 ), getting mostly 
disrupted within 1–3 Gyr after infall (Choque-Challapa et al. 2019 ; 
Benavides, Sales & Abadi 2020 ). 

Because of the collisional nature of the ICM, the X-ray performs 
better than the optical in tracing interactions for longer. Poole et al. 
( 2006 ) showed, using a simulated Chandra image of a cluster system, 
that X-ray morphological parameters and offset between the X-ray 

peak and centre of mass can be identified up to the second pericentric 
passage at z = 0.1, and significant temperature fluctuations can 
persist even after the system reaches virialization. Moderate and 
massive mergers last for 4.5–5.5 Gyr, while minor mergers last 
for up to ∼2 Gyr longer in their set of simulations. The intrinsic 
characteristics of each dynamical state method, such as the time- 
scale of relaxation, require that more than one diagnostics be used in 
order to obtain a robust classification of a large sample. 

In this paper, we perform the largest and most homogeneous 
observational study to date of the impact of cluster dynamical state 
on RPS. We do this by computing the incidence of RPS candidates 
(relative to the infalling population of cluster galaxies) as a function 
of a variety of proxies for cluster dynamical state for a large sample of 
nearby clusters hosting RPS candidates from Poggianti et al. ( 2016 , 
P16 hereafter). P16 is the largest and most homogeneous sample 
of optically selected RPS candidates in the nearby Universe. The 
importance of RPS in local clusters was recently investigated in 
Vulcani et al. ( 2022 , V22 hereafter), by characterizing the fraction of 
galaxies with optical ram-pressure features using the same data set. 
Our study expands V22 by comparing the RPS candidate fractions 
against cluster dynamical state and also considering several important 
caveats. 

This paper has the following structure. In Section 2 , we present 
our cluster and galaxy sample. In Section 3 , we present the different 
methods used to robustly classify the clusters’ dynamical states. In 
Section 4 , we compare the fractions of RPS candidates in different 
apertures against cluster dynamical state, and finally, the discussions 
and conclusions of our analysis are given in Sections 5 and 6 . 

Throughout this paper, we adopt a � CDM cosmology with H 0 = 

70 km s −1 Mpc −1 , �M 

= 0.3, �� 

= 0.7. 

2  DATA  A N D  SAMPLES  

Since this study attempts to statistically address the incidence of 
RPS candidates in clusters of different dynamical states, we based 
our analysis on the largest and most homogeneous sample of 
optically selected RPS candidates at lo w redshift kno wn to date 
( P16 , described in Section 2.2.1 ). This sample of stripped galaxies is 
ideal, as it is hosted by a wide variety of clusters with homogeneous 
optical data from the WIde-field Nearby Galaxy Cluster Surv e y 
(WINGS) and OmegaWINGS (Section 2.1 ), some of which are also 
co v ered by archi v al Chandra and XMM–Newton X-ray data and radio 
observations (Sections 2.1.2 and 3.3 ), as described in the following. 

2.1 Cluster sample 

WINGS (Fasano et al. 2006 ) is a multiwavelength imaging survey 
primarily in B and V bands (Varela et al. 2009 ) of 77 X-ray selected 
clusters of galaxies in the local Universe (Ebeling et al. 1996 , 1998 , 
2000 ) limited only on the distance from the galactic plane ( b ≥
20 ◦) and in redshift ( z = 0.04–0.07). A multi-object spectroscopic 
follow-up obtained data for galaxies in 48 of those clusters (Cava 
et al. 2009 ; Moretti et al. 2014 ). The WINGS sample co v ers a wide 
range of masses M 200 ( ∼5 × 10 14 to > 10 15 M �), X-ray luminosities 
(log L X = 43.2–44.7, measured in the 0.1–2.4 keV energy band) and 
has a field of view (FOV) of 34 arcmin × 34 arcmin. When observed 
with good seeing, most of the clusters reached a magnitude V ∼ 22.0 
mag or even fainter than this. The OmegaWINGS survey extended the 
co v erage area to 1 ◦ × 1 ◦ of each cluster, for 46 clusters (Gullieuszik 
et al. 2015 ) from which 33 also had spectroscopic follow-up (Moretti 
et al. 2017 ). 
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The physical radius R 200 is taken from Biviano et al. ( 2017 ) when 
available; if not, they were obtained by following the method used 
in Durret et al. 2022 ), inserting the observed line of sight velocity 
dispersion in σ cl = 1090 × [ h ( z) × M 200 ] 1/3 , equation (1) from 

Munari et al. ( 2013 ) and the relation 

R 200 = 

(
G M 200 

100 H 

2 ( z) 

)1 / 3 

, (1) 

where the Hubble constant at z is H 

2 ( z) = H 

2 
0 [ �0 (1 + z) 3 + �R (1 + 

z ) 2 + �� 

] and h ( z ) = H ( z )/100 (Peebles 1993 ). M 200 is expressed in 
units of 10 15 M �, and σ cl is the uni-dimensional velocity dispersion 
in units of km s −1 . 

In total, WINGS and Ome gaWINGS hav e obtained 24 122 galaxy 
redshifts. After a recent systematic search for additional redshifts 
in the photometric sample, V22 and references therein increased 
the spectroscopic sample to 46 700. The additional redshifts were 
considered for assigning cluster membership and for the substructure 
analysis (see Section 3.1.1 ). The cluster members were identified 
based on a 3 σ clipping method as described in Paccagnella et al. 
( 2017 ). 

2.1.1 P16 cluster sample 

The parent cluster sample comprises 72 WINGS clusters from P16 
(41 are also in OmegaWINGS), which presented the first sizeable 
systematic search for RPS candidates at low redshift. Details about 
the galaxies in this sample can be found in Section 2.2 

The spatial co v erage of the clusters in the WINGS/OmegaWINGS 

surv e ys varies as a result of the different cluster sizes and redshifts 
and the different FOV of the surv e ys. To obtain a physical radius 
that maximized the size of our cluster sample and its radial extent, 
we calculated the maximum radii for which each cluster is fully 
co v ered by the FOV of the WINGS and/or OmegaWINGS surveys, 
finding a range from 0.3 R 200 to 2.1 R 200 . Ideally, we w ould lik e to 
study galaxies well beyond R 200 to understand how the different 
dynamical states impact the incidence of RPS candidates in the 
infalling region. Ho we ver, this is not al w ays possible, and limiting 
the analysis to clusters that satisfy this criterion would limit the 
sample significantly. We found that 75 per cent of the sample have 
spatial co v erage reaching 0 . 7 R 200 or be yond. This radial cut limits 
our sample to 52 clusters from P16 in the different dynamical states 
without penalizing the sample size significantly. We, therefore, use 
these 52 clusters in our analysis. 

2.1.2 X-ray sample 

We cross-matched the P16 sample with a catalogue of 964 galaxy 
clusters from Chandra with X-ray morphological parameters com- 
puted by Yuan & Han ( 2020 , Y20 hereafter). Subsequently, we 
replicated the aforementioned process with the sample of a comple- 
mentary study for 1308 clusters from XMM-Newton performed by 
Yuan, Han & Wen ( 2022 , Y22 hereafter). Analysing the correlation 
between these parameters helps to build the widely used dynamical 
state diagnostics presented in Section 3 . We found 35 Chandra and 
36 XMM–Newton clusters that have complete photometric coverage 
at 0 . 7 R 200 and are in common with P16 , for a total of 45 distinct 
objects. 

As a sanity check, we compared the X-ray morphological param- 
eters obtained in YH20 with the ones obtained in Y22 for the 26 
objects in common between the two data sets. Overall we found a 
small departure from the reference 1:1 line and a high Spearman 

Figure 1. Mass distribution of the different cluster samples used in this 
paper. Masses were retrieved from Biviano et al. ( 2017 ). The parent sample 
is from P16 (52 clusters), followed by the cluster samples with available X- 
ray data (45 clusters), and the spectroscopically complete cluster sample (49 
clusters). Only clusters that have complete photometric co v erage at 0 . 7 R 200 

are included in those samples. 

correlation coefficient ( ≥0.7), which agrees with Y22, who run a 
similar comparison with a larger cluster sample of 351 clusters. 
Therefore, we decided to merge both catalogues. We preferentially 
used the Chandra data since their spatial resolution is better than the 
XMM–Newton . This feature is very important to the dynamical state 
classification of the cluster sample. 

2.1.3 Spectroscopically complete sample 

Out of 52 P16 clusters that reached 0 . 7 R 200 , 49 have spectroscopic 
completeness > 50 per cent at a total magnitude brighter than 
V = 17 . 77 mag. We refer to these clusters as the spectroscopically 
complete sample. This magnitude limit comes from the photometric 
analysis performed in Section 4.1 , where we correct the RPS 

candidate fractions for the field contamination. It was necessary to 
use this limit so that we could compare both samples, photometric 
and spectroscopic, fairly. 

Fig. 1 shows the halo mass distribution of the different samples 
used in this paper, including the P16 , X-ray, and spectroscopically 
complete samples mentioned in this section. These masses were 
computed in Biviano et al. ( 2017 ). In Table A1 , we specify to which 
sample(s) each cluster belongs. 

2.2 Galaxy sample 

WINGS and OmegaWINGS provide valuable information for their 
galaxy samples, such as galaxy colour and morphology, as well as 
spectroscopic quantities, permitting the study of galaxy evolution in 
the local Universe in an unprecedented way with a large sample. 

The total absolute magnitudes, M B and M V , were derived from the 
total (SEXTRACT OR AUT O) observed B and V magnitudes (Moretti 
et al. 2014 ; Gullieuszik et al. 2015 ), corrected for distance modu- 
lus, foreground Galaxy extinction, and k -corrected using tabulated 
morphology dependant values from Poggianti ( 1997 ). Morphologies 
were obtained by MORPHOT (Fasano et al. 2012 ), an automated, 
non-parametric tool for the morphological-type estimate of large 
galaxy samples. 
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In our photometric and spectroscopic analysis, we only use 
galaxies with M V < −19.5, which is the magnitude limit used 
in MORPHOT classifications. Similar to Fasano et al. ( 2012 ), we 
consider late-type galaxies, the ones with MORPHOT classifications 
within 0.5 ≤ Morphological Type ≤ 10.5. This revised Hubble type 
range encompasses S0/a, Sa, Sab, Sb, Sbc, Sc, Scd, Sd, Sdm, Sm, 
Im, and compact irregular galaxies (cI). 

The BCGs used in this work are primarily those identified in 
Fasano et al. ( 2010 ). Because in this paper we use BCGs to 
define the cluster centre (when possible, see Section 3.6 ), we 
revised case by case using the optical and X-ray data in hand and 
found that in a few cases, their BCGs were not the bright galaxy 
closest to the X-ray emission peak. We describe these cases in 
Appendix A . 

2.2.1 RPS candidates 

In P16 , the identification and classification of the RPS candidates 
were made by a few human classifiers with no information about 
the galaxy environment, cluster centre or memberships. The P16 
cluster sample only included clusters with B and/or V -band seeing 
≤ 1 . 2 arcsec to visually search for the RPS candidates. Galaxies with 
tails, gas disturbance, asymmetrical star formation, and bow shock 
features were selected as RPS candidates. The classifiers assigned a 
classification (Jclass) from 1 to 5 according to how confident they 
were that the galaxy was undergoing RPS. We excluded all the P16 
candidates that were flagged with possible gravitational interaction 
(with comments such as ‘tidal’, ‘merger’, or ‘harassed’), getting a 
final sample of 53 blue late-type RPS candidates in 52 P16 clusters. 
We stress that clusters with no candidates within 0 . 7 R 200 are also 
included in our analysis. 

As discussed in P16 , most RPS candidates have low Jclass. In fact, 
in our sample, only ∼28 per cent of the RPS candidates have a Jclass 
value of 3 or higher. While it is true that lower Jclass values indicate 
more uncertain cases of RPS, based on GASP. 1 data of a subset of the 
P16 RPS candidates, Poggianti et al. (in preparation) show that the 
‘success rate’ of identifying ram-pressure stripped galaxies (across 
all Jclass values) through broad-band optical imaging in local clusters 
is approximate ∼86 per cent. In other words, the vast majority of the 
RPS candidates used in our study are expected to be ‘real’ cases of 
RPS at play. 

3  DETERMINING  CLUSTERS  DY NA M I C A L  

STATE  

As discussed before, due to observational limitations and biases, 
it is very difficult to reliably quantify cluster substructures using 
a single proxy. For this reason, we employed all the information 
that was available to quantify the amount of substructure in our 
sample. In particular, we combined several optical and X-ray 
disturbance proxies available in the literature for the P16 sample 
and additionally derived other parameters described below in order 
to understand how those different techniques correlate with each 
other. 

1 GAs Stripping Phenomena in galaxies with MUSE (GASP) is an integral- 
field spectroscopic surv e y with MUSE at the VLT aimed at studying gas 
removal processes in galaxies (Poggianti et al. 2017 ). 

3.1 Optical proxies 

3.1.1 Dressler–Shectman analysis 

The Dressler–Schectman (DS) test (Dressler & Shectman 1988 ) 
estimates the presence of substructures within a cluster by identifying 
the nearest neighbours N nn of each galaxy (confirmed spectroscopic 
member) and comparing the difference of their kinematics with the 
global kinematics of that cluster. More precisely, the test computes 
the differences between the velocity of each galaxy v local , and velocity 
dispersion σ local with respect to the cluster mean, v cl and σ cl . The 
following equation gives the deviations of the individual galaxies to 
the global kinematic parameters of the cluster: 

δ2 
i = 

(
N nn + 1 

σ 2 
cl 

)[ 
( v i local − v cl ) 

2 + ( σ i 
local − σcl ) 

2 
] 
. (2) 

This test can be e v aluated in two different ways. (i) If the sum of 
deltas divided by the number of members exceeds 1, the cluster is 
said to have substructures. (ii) The result obtained in (i) can be further 
investigated by using Monte Carlo re-sampling of the local velocity 
values to obtain the probability that the cluster has a substructure 
(e.g. Jaff ́e et al. 2013 ). Ho we ver, these methods do not identify which 
galaxies are members of the substructures. 

Biviano et al. ( 2017 ) introduced an impro v ed v ersion of the 
DS test that is capable of identifying which galaxies belong to a 
substructure, the DS + technique. This method is fully described 
in Biviano et al. ( 2017 ) and tested with numerical simulations in 
Benavides, Biviano & Abadi ( 2023 ). Here we briefly summarize it. 
DS + does not restrict N nn to a fixed number. Instead, it considers 
any possible multiplicity of neighbouring galaxies and checks for 
differences in their kinematics from that of the cluster as a whole. 
After assigning a significance to each detected group using Monte 
Carlo re-sampling, the groups that share one or more galaxies with a 
more significant group are disregarded to a v oid overlapping. Groups 
that are close enough in distance and velocity are merged to a v oid 
fragmentation (see equation (3) of Benavides et al. 2023 ). In addition, 
the DS + method differs from the DS method in that it considers 
the deviations in the first and second moments of the velocity 
distributions separately. Since real groups are not expected to have 
velocity dispersion larger than clusters, DS + does not consider as 
significant positi ve de viations of the velocity dispersion of the type 
σ i 

local > σcl . Moreo v er, DS + encompasses σ cl ( R ), i.e. the cluster 
velocity dispersion profile (VDP), and not the whole cluster velocity 
dispersion, as reference. Two choices are possible for the VDP: one is 
obtained by smoothing the observed cluster VDP with the LOWESS 

(LWS) technique (Gebhardt et al. 1994 ), the other is based on the 
Navarro–Frenk–White (NFW) mass profile (Navarro, Frenk & White 
1997 ), as described in Biviano et al. ( 2017 ). 

We e v aluate two global substructure indicators based on prelim- 
inary work where the authors applied DS + on simulated data 
(Benavides et al. 2023 ). One is f sub , the fraction of members that 
belong to subclusters, N sub , with respect to the number of members 
in the whole cluster, N mem 

. The other is f max , the fraction of members 
that belong to the richest subcluster, N max , with respect to N mem 

. We 
have values for each of f sub = 

N sub 
N mem 

and f max = 

N max 
N mem 

. 
We chose to present in this work only the results obtained with 

the LWS VDP since using this profile f sub and f max correlate slightly 
better than when using the Navarro et al. ( 1997 ) mass profile. 
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3.1.2 Magnitude Gap 

During the growth of a halo, the central galaxy undergoes several 
mergers, cannibalizing the satellite galaxies (e.g. Contreras-Santos 
et al. 2022 ). Over time, the difference between the mass of the 
central and satellite galaxies increases, which also expresses itself in a 
greater difference in magnitude. The time a halo was formed is linked 
to its dynamical state. Dynamically evolved clusters tend to have a 
large magnitude gap between their first and second-ranked galaxies. 
Hence, the magnitude gap has been widely used in the literature 
to se gre gate between dynamical states (e.g. Dariush et al. 2007 ; 
Gozaliasl et al. 2014 ; Raouf et al. 2019 ). In particular, a magnitude 
gap ≥2 has traditionally been used to distinguish a special class of 
v ery passiv e systems where no significant interaction happened in 
their recent history. These systems are known as fossil groups (Jones 
et al. 2003 ). 

Following the method described by Dariush et al. ( 2007 ), we 
searched for the two brightest galaxies in the absolute V magnitude 
within a radius of 0 . 5 R 200 around the brightest galaxies of each 
cluster identified in Fasano et al. ( 2010 ). Late-type galaxies and 
non-members (based on available spectroscopic redshifts, when 
available) were excluded from this search. The magnitude gap � M 1, 2 

is obtained with the following equation, 

�M 1 , 2 = V rank2 − V rank1 (3) 

where V rank1 and V rank2 are the absolute V magnitudes of the first and 
second-ranked galaxies, respectively. 

3.2 X-ray proxies 

Here we present several X-ray morphological parameters computed 
in YH20 and in Y22 that have been extensively used in the literature to 
classify the dynamical state of galaxy clusters. Inspired by traditional 
optical parameters (see Conselice 2003 ), these X-ray proxies include 
concentration (how centrally concentrated the X-ray emission is), 
centroid shift (how much the centroid mo v es as the aperture size 
changes), asymmetry (degree of asymmetry in the cluster’s surface 
brightness distribution), and power ratio (how non-uniform mass 
distribution within the cluster is). 

These X-ray morphological parameters of fer v aluable insights 
into the dynamical state of galaxy clusters. Relaxed clusters are 
usually more concentrated, and less asymmetric, with smaller power 
ratios and centroid shifts. For more detailed information on the 
morphological parameters computation, refer to YH20 and Y22. 

3.2.1 Cold fronts 

Chandra sub-arcsecond angular resolution enabled the first obser- 
vations of cold fronts (Markevitch et al. 2000 ). CFs are sharp 
discontinuities observed in the X-ray surface brightness maps (see 
Markevitch & Vikhlinin 2007 , for a review), where the denser side 
of the front is colder. The pressure remains nearly constant in a CF. 
Across the CF, a jump in gas metallicity has been seen in multiple 
instances, possibly due to enriched low entropy gas being stripped 
by ram-pressure from satellite galaxies in the rich environment 
(Markevitch et al. 2000 ; Simionescu et al. 2010 ; Ghizzardi, De 
Grandi & Molendi 2013 ). CFs are mainly grouped into two classes 
according to their formation mechanism, merger-remnant cold fronts 
(MCF) and sloshing cold fronts (SCFs). The collision of two shocks 
or gas streams can provide an alternative way of forming a cold 
front (Zinger et al. 2018 ). MCFs form at the leading edge of 
the substructure due to ram-pressure confinement of the infalling 

substructure when a cold and dense substructure dives through a 
hotter and more diffuse medium (Markevitch et al. 2000 ; Vikhlinin, 
Markevitch & Murray 2001 ). SCFs occur when an off-axis minor 
merger disturbs the cool core of the main cluster. The disturber inserts 
angular momentum into the main cluster while crossing it, causing its 
internal configuration to ‘slosh’ subsonically around the gravitational 
potential. This disturbance creates spiral-like patterns around the 
cluster core, extending to large radii (Tittley & Henriksen 2005 ; 
Ascasibar & Markevitch 2006 ; Lagan ́a et al. 2010 ; Roediger et al. 
2011 ; ZuHone 2011 ; Vaezzadeh et al. 2022 ). CFs play a significant 
part in the o v erall ICM dynamics because of the variety of formation 
methods and their widespread nature in the ICM. We searched for 
evidence of CF in the literature when available, as shown in Table 
A1 . 

3.3 Radio proxies 

The shock waves and turbulence induced by mergers in the ICM 

often manifest as diffuse radio emissions such as radio relics and 
haloes that can be used as a further diagnostic of the dynamical state 
of the cluster (for a re vie w see Brunetti & Jones 2014 ; van Weeren 
et al. 2019 ). Radio relics are megaparsec-sized radio emissions. The 
shocks travelling through the ICM re-accelerate the cosmic rays (CR) 
in the ICM. The synchrotron emission observed in radio relics is 
produced by re-accelerated CRe (electrons). The turbulence injected 
by the merger often produces large-scale, unpolarized radio sources, 
known as radio haloes, in the cluster centre. 

Some clusters in our sample have information in the litera- 
ture about the presence of radio relics and haloes. We caution 
that not all the clusters were observed at radio wavelengths and 
that the observations were carried out at different frequencies 
and sensitivities. Although recently, relics were observed in pre- 
merger clusters (Gu et al. 2019 ; Sarkar et al. 2022 ), typically, 
radio haloes and relics are evidence of post-merger events. We 
list the references for the clusters with radio relics and haloes in 
Table A1 . 

3.4 Combined wavelength proxies 

Sev eral studies hav e shown that the gas disturbance can be inferred 
by the projected offset between the X-ray peak and the BCG, � X BCG 

(Katayama et al. 2003 ; Sanderson et al. 2009 ; Hudson et al. 2010 ; 
Lopes et al. 2018 ; Zenteno et al. 2020 ), since major mergers can 
cause offsets of dozens of kilo-parsecs ( ∼ 939 h 

−1 
71 kpc for A3376, 

Hudson et al. 2010 ). Similarly, other authors have used the separation 
between the X-ray centroid and the BCG to infer the dynamical state 
of the clusters. The distance to the X-ray peak was found to be more 
ef fecti ve for segregating major mergers, since only major mergers can 
cause the X-ray peak to dissociate considerably from the BCG (De 
Luca et al. 2021 ). On the other hand, according to Mann & Ebeling 
( 2012 ), using the X-ray centroid/peak does not change the results 
significantly. Rasia et al. ( 2013 ) and De Luca et al. ( 2021 ) found 
that a combination of X-ray morphology with dynamical parameters 
gives a better inference of the cluster dynamical state. � X BCG suffers 
from projection effects and is most sensitive to plane-of-the-sky 
mergers, while dynamical proxies are best for line-of-sight (LOS) 
interactions. 

3.5 Correlation between dynamical state proxies 

In Fig. 2 , we present the Spearman correlation matrix of the main 
(optical and X-ray) dynamical state diagnostics used in this work 
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Figure 2. Correlation matrix of the main dynamical state diagnostics used in this work and the fractions of ram-pressure candidates within a 0 . 7 R 200 radius. 
The different proxies are explained in Section 3 , and the last column is discussed in Section 4.1 . The panels on the top of the diagonal show the Spearman 
correlation coefficient. The coloured panels show the most significant correlations (blue) and anticorrelation (red). The Spearman correlation varies from −1 to 
1. A strong correlation is close to 1, a strong anticorrelation is close to −1, and values around 0 do not correlate. The panels on the diagonal show the distributions 
of each proxy, while the ones on the bottom of the diagonal show the bi-variate scatter plots (grey dots show each cluster in our sample) with linear fits (black 
lines). There is no clear separation between relaxed and disturbed clusters. RPS fractions do not correlate with the dynamical state proxies used in this work. 

and the fractions of infalling galaxies (blue late-type) undergoing 
RPS within a 0 . 7 R 200 aperture (which will be discussed in Section 
4 ). The correlations between each pair of diagnostics are given on 
the top of the matrix diagonal. On the bottom of the diagonal, we 
see the bi-variate scatter plots with the linear model fitted lines. The 
distribution of each variable is shown on the diagonal as density plots. 
After running a Gaussian mixture model for the dynamical state 
parameters, we found that except for f max and the offset between 

� X BCG , which are bi-modal, the dynamical state proxies of our 
sample of clusters are uni-modal. This agrees with the results from 

Campitiello et al. ( 2022 ) for the distribution of the X-ray morphologi- 
cal parameters of 118 clusters observed with XMM–Ne wton . Ov erall, 
most of the clusters present intermediate values for the different 
diagnostics. Only a few clusters are v ery relax ed or very disturbed. 
Perfect correlations or anticorrelations are those close to 1 or −1, 
respecti vely. The v alues close to zero do not correlate. We coloured 
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Figure 3. Flowchart used to tentatively classify the dynamical state sequence and define cluster centres. This classification was only done for clusters with 
X-ray data. 

the strongest correlation (blue) and anticorrelation coefficients 
(red). 

According to the results shown in Fig. 2 , the parameters that better 
correlate are the concentration (c) and the centroid shift ( ω) ( −0.80), 
followed by the concentration and the asymmetry ( α) ( −0.71), and 
the concentration and power ratio ( P 3 ) ( −0.68), all of which are 
derived from X-ray. 

The optical parameters do not have strong correlations between 
them. f sub weakly anticorrelates with � M 1, 2 ( −0.24) and exhibits 
a marginally stronger correlation with f max (0.36). This apparent 
correlation is driven by an outlier, though. Roberts, Parker & 

Hlavacek-Larrondo ( 2018 ) compared X-ray morphology parameters 
(asymmetry and centroid shift) with optical dynamical state diag- 
nostics (Anderson-Darling statistic, stellar mass gap between the 
first and second most massive galaxies, and offset between the most 
massive cluster galaxy and the luminosity-weighted centre). They 
found a strong correlation between the centroid shift and the stellar 
mass gap in their cluster sample. We can compare our results to 
theirs by assuming that the magnitude gap can be used as a proxy for 
the mass gap. Their results are at odds with ours since we found a 
very weak anticorrelation between centroid shift and magnitude gap 
( −0.14). This can be due to the fact that their sample co v ers a much 
wider redshift range than ours. 

There are many obstacles in identifying dynamical states using 
the most diverse techniques presented here. The in-homogeneity in 
clusters that have good quality data in the same X-ray telescope, such 
as Chandra and XMM–Newton , considerably reduces the subsample 
of clusters for which we can make the comparison shown in Fig. 2 . 

Other factors that impacted the size of this subsample were the lack 
of photometric and mainly spectroscopic co v erage for large fractions 
of a cluster’s R 200 and the spectroscopic completeness. 

3.6 Defining a dynamical state sequence 

In the previous section, we saw ho w dif ferent diagnostics for cluster 
dynamical states could yield different results, with the X-ray proxies 
being more consistent for this sample. In this section, we take a closer 
look at all the available data for the X-ray sample to define a discrete 
combined classification of the clusters that tentatively reflects the 
time sequence of the interaction and/or its intensity. At the same 
time, we use this classification to define, for each case, the centre to 
consider in our analysis (Section 4 ). To this end, we constructed a 
flo wchart, sho wn in Fig. 3 , which yields the five different possibilities 
for the cluster’s dynamical states and centres described below. The 
dynamical sequence is done by comparing the positions of the BCG 

with the X-ray peak and checking whether there are secondary X-ray 
peaks and if there are radio relics seen. If multiple X-ray structures 
are visible, the brightest galaxy in each structure is considered a 
BCG, leading to multiple ‘BCGs’ in a single cluster. 

(i) Pre-merger : This class of clusters has multiple and comparable 
size X-ray clumps, each with a matching BCG (within 1 arcmin). We 
based the choice of this radius on the fact that only four BCGs in our 
sample have an ef fecti ve radius greater than 1 arcmin. In our pre- 
merger classification, the X-ray clumps are separated by less than 
R 200 and 3 σ cl in velocities (using the most massive cluster radius and 
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Figure 4. Left: Concentration versus centroid shift of clusters that are in the X-ray sample coloured by our dynamical state sequence defined in the flowchart. 
Disturbed clusters have large centroid shifts and small concentrations. The disturbance of the clusters increases from the bottom left quadrant to the top right 
quadrant. Right: Magnitude gap versus f sub also coloured according to the dynamical state sequence from the flowchart. The black dashed line is the Raouf et al. 
( 2019 ) criteria to se gre gate the relaxed clusters above it. In both panels, disturbed clusters have a small magnitude gap and large f sub . Green and red ‘X’ shows 
radio relics and SCFs, respectively. Purple crosses show the clusters with radio haloes. The red open circles show the clusters with MCFs. 

velocity dispersion as reference). Usually, these pre-merging clusters 
do not present diffuse radio emissions, although radio shocks have 
been observed in the pre-merger state of the cluster pair 1E 2216.0–
0401/1E 2215.7–0404 (Gu et al. 2019 ) and recently in Abell 98 
(Sarkar et al. 2022 ). The moti v ation for not including these clusters 
in the interacting category comes from the fact that we are interested 
in investigating whether pre-merging environments can enhance RPS 

candidate fractions. We use the midpoint between the two BCGs as 
the centre of the pre-merger systems in our analysis as an attempt to 
measure the enhancement caused by the ICM compression between 
two clumps. 

(ii) Relaxed : The X-ray surface brightness map is concentrated, 
single-peaked, regular, and the X-ray peak coincides with the BCG 

(within 1 arcmin). In this case, we use the BCG as the centre. 
There is a second case of relaxed clusters where the BCG and 
the X-ray peak coincide within the 1 arcmin criteria, but the X- 
ray morphology shows more than one clump of comparable sizes, 
with BCGs separated by more than R 200 and/or velocity differences 
larger than 3 σ cl . In these cases, we treat them as two separate relaxed 
structures and use the BCG of each one as their centres. 

(iii) Mildly interacting : The X-ray surface brightness morphol- 
ogy of the cluster is still concentrated, but there is a mild amount 
of optical and/or X-ray substructures (subclumps) or disturbances 
(such as an X-ray spiral/sloshing pattern in the core). Since the 
interactions are usually small in those cases, the BCG and main X- 
ray peak are within 1 arcmin of separation, and we use the BCG as the 
centre. 

(iv) Interacting : When the X-ray emission of the cluster is 
extended, distorted or multipeaked (but clumps do not have a clear 
separation), we classify the cluster as interacting and use the BCG 

as the centre. When a cluster has multiple comparable X-ray clumps 
and no matching BCGs (within 1 arcmin of the X-ray peak) for those 
clumps, we classify it as interacting and use the central bright galaxy 
near the main peak as the centre. 

(v) Post-merger : If the cluster is undergoing a significant merger 
and also shows the presence of X-ray shocks or diffuse radio emission 
(relics or halo), we consider it a post-merger. In this case, we use the 

midpoint between the BCGs as the centre, similar to what was done 
for the post-merger system A3376 by Kelkar et al. ( 2020 ). 

In Fig. 4 , we plot the X-ray (left) and optical (right) dynamical 
state diagnostics with the best correlation coefficients, colour- 
coded by the visual dynamical state sequence performed in this 
section. Clusters with literature information (see Table A1 ) for 
radio relics, haloes, sloshing, and merger cold fronts are high- 
lighted. Note that in the right-hand panel (optical proxies), there 
are more clusters than in Fig. 2 , where we could only use clus- 
ters that were simultaneously in the X-ray and spectroscopically 
complete samples to be able to directly compare against X-ray 
proxies 2 Overall, Fig. 4 shows that our flowchart dynamical state 
sequence is in best agreement with the X-ray diagnostics. This 
is expected since the flowchart was mainly based on some X- 
ray-dependent criteria, but it also adds optical information to this 
kind of diagnostic, making explicit, for example, that the cluster 
A3716, an outlier in the X-ray diagnostics plot, is a pre-merger 
cluster. 

The most disturbed clusters should be naturally found in the 
upper right corner of the left-hand plot of Fig. 4 , with high X- 
ray centroid shift and lower concentration. In fact, Rasia et al. 
( 2013 ) found that radio relics/haloes tend to be located in this 
quadrant, which is something our sample shows as well. Another 
interesting feature is that clusters with SCF fall in the lower- 
left ‘relaxed’ quadrant of this plot. This is not surprising when 
considering that SCF are caused by very minor interactions relative 
to a cluster merger. In the right-hand panel of Fig. 4 , the situation 
is less clear, as the optical proxies for cluster dynamical states 
are not as well correlated with each other nor with the flowchart 
dynamical state sequence. Clusters with radio relics prefer regions 
with smaller magnitude gaps (expected in cluster mergers) and those 
with SCF are more scattered, but with a pre-dominant presence 

2 Note that adding the missing clusters in Fig. 2 only causes a minor change 
in the distribution shape and correlation coefficients for the optical proxies. 
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towards the relaxed region, as defined by the line of Raouf et al. 
( 2019 ). 

4  I N C I D E N C E  O F  RPS  C A N D I DAT E S  A S  A  

F U N C T I O N  O F  CLUSTER  DY NA M I C A L  STATE  

We are now in the position of understanding how a cluster’s 
dynamical state influences RPS. We compute the incidence of 
stripped candidates in the P16 sample by measuring the fraction of 
galaxies undergoing RPS relative to the infalling population, which 
we characterize as blue late-type galaxies. These gas-rich galaxies 
are likely the most susceptible to RPS. Also, they were previously 
used in V22 to obtain similar RPS fractions. 

In order to define the blue galaxies, we fit the distribution of B − V 

colour in separate M V bins with two Gaussians. The peak value of the 
redder Gaussian w as tak en as the midpoint of the red sequence, and 
the scatter was taken as the standard deviation. This was repeated 
across four magnitude bins, and then we used the line 1 σ below 

the resultant linear fit to separate red sequence galaxies from blue 
galaxies. The equation of the derived line is: 

( M B − M V ) = −0 . 037 × M V + 0 . 046 . (4) 

Galaxies with a B − V colour bluer than this relation are considered 
blue. This method is similar to that used in Crossett et al. ( 2017 , 
2022 ). 

Furthermore, we computed the RPS candidate fractions consider- 
ing two samples. We first considered the (larger) photometric galaxy 
sample, and to account for the fact that we do not have cluster 
memberships for the whole photometric sample, we performed a 
correction for field contamination (Section 4.1 ). Then, to test if 
the lack of cluster memberships was biasing our results, we re-did 
the analysis considering the (smaller) spectroscopic galaxy sample, 
where we can select cluster members with confidence and exclude all 
the non-members in the computation of the RPS candidate fraction 
(Section 4.2 ). 

4.1 Photometric RPS fractions 

To compute the RPS candidate fractions from the photometric galaxy 
sample, we counted the number of RPS candidates that are blue 
late-type galaxies within 0 . 7 R 200 , N 

BSp 
RPS (see justification in Section 

2.1.1 ). Then, we measured the total number of blue late-type galaxies 
in the same area, N 

BSp . To account for the field contamination, we 
subtracted the expected number of blue late-type galaxies in the field 
within the same area. The percentage of blue late-type galaxies in the 
field was estimated following the method used in Fasano et al. ( 2015 ). 
Similar to them, we used a comparison field sample of galaxies 
from the P ado va-Millennium Galaxy and Group catalogue (PM2GC, 
Calvi, Poggianti & Vulcani 2011 ; Calvi et al. 2012 ), which encom- 
passes a spectroscopic sample of galaxies at 0.03 ≤ z ≤ 0.11 brighter 
than M B = −18.7. The PM2GC sample comes from the Millennium 

Galaxy Catalogue (Liske et al. 2003 ; Driver et al. 2005 ), a deep B - 
band equatorial surv e y, complete down to B = 20 representative of 
the general field population in the local Universe. Utilizing PM2GC 

data has the benefit that both the imaging instrumentation [Wide 
Field Camera (WFC) at Isaac Newton Telescope (INT)] and the 
technique used to determine the morphological types [MORPHOT] 
are identical for PM2GC and WINGS galaxies. This ensures that the 
two samples are fully morphologically consistent. We then computed 
the fraction of blue late-type galaxies brighter than V = 17.77 in the 
field, which is ∼40 per cent, and we used this value to correct the 
cluster N 

BSp . 

Photometric RPS counts ( N 

BSp 
RPS ) were also corrected for field 

contamination. In the comparison field sample for the WINGS 

surv e y, PM2GC, only 6.7 per cent of the blue late-type with no 
gravitational interaction flags were classified as RPS candidates 
by P16 . Poggianti (in preparation) found that 86 per cent of the 
galaxies identified in clusters are genuine RPS. Therefore, we assume 
a similar success rate in this sample and consider 14 per cent of 
the candidates not genuine. A deduction of 0.14 is applied to the 
photometric fractions, to account for galaxy candidates that may 
not be undergoing RPS. We had a total of 39.6 blue late-type RPS 

candidates and 430.3 blue late-type galaxies, after correcting for the 
field contamination, in the 52 clusters of this sample (19 clusters had 
their photometric RPS fractions equal to zero). Equation ( 5 ) defines 
the field-corrected photometric fractions of RPS candidate galaxies 
tabulated in Table A1 

F 

phot 
RPS = 

N 

BSp 
RPS (1 − 0 . 067 − 0 . 14) 

N 

BSp (1 − 0 . 4) 
. (5) 

4.2 Spectroscopic RPS fractions 

To check if our photometric analysis was leading us to a false result, 
we also computed the spectroscopic RPS candidates fraction. In this 
analysis, we consider only confirmed spectroscopic members and 
clusters with spectroscopic completeness higher than 50 per cent. 
We have a total of 47 clusters in the spectroscopic sample. 

The spectroscopic RPS fractions F 

spec 
RPS were calculated by dividing 

the number of blue late-type RPS member candidates M 

BSp 
RPS by the 

total number of blue late-type members M 

BSp in that same aperture 
of 0 . 7 R 200 , as described in equation ( 6 ). Overall we had 364 blue 
late-type members and 30.1 blue late-type RPS candidates (GASP 

surv e y success rate-corrected) tabulated in Table A1 : 

F 

spec 
RPS = 

M 

BSp 
RPS (1 − 0 . 14) 

M 

BSp 
. (6) 

This method is similar to the method applied in V22 , with the 
exception that we restricted the physical radius and only used 
spectroscopically complete clusters in our analysis. 

In Fig. 5 , we compare the distributions of photometric and 
spectroscopic RPS candidates fractions. Both distributions reach 
similar values and are comparable. In fact, the mean RPS candidate 
fraction of the photometric sample (12 ± 2 per cent) is consistent 
with the spectroscopic one (11 ± 2 per cent). We computed the bi- 
nomial confidence intervals following Cameron ( 2011 ). The method 
employed for calculating our confidence intervals is specifically 
designed for smaller fractions and yields reliable results for sample 
sizes ranging from small to intermediate. All uncertainties reported in 
this paper will be presented at a confidence level of c = 0.683, which 
is equi v alent to 1 σ . Despite a few outliers, we found that F 

spec 
RPS fall 

close to a 1:1 ratio with the photometric fractions. The distributions 
of the photometric and spectroscopic RPS fractions are very similar 
(see Fig. 5 ). 

Our main goal was to see how the RPS fractions compared with 
cluster dynamical state, so we started by comparing the F 

spec 
RPS with 

the eight different proxies for cluster dynamical state described in 
Section 2 and obtained no clear correlation, as can be seen in Fig. 2 
through the low correlation coefficients given between F 

spec 
RPS and the 

other variables. Fig. 6 shows this result in more detail, with X-ray 
(left) and optical (right) dynamical state diagnostics similar to Fig. 4 , 
but this time colour-coded by F 

spec 
RPS . We use spectroscopic fractions 

because they are more reliable than photometric ones, as they do 
not need statistical correction for the field contamination. The lack 
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Figure 5. Comparison between photometric and spectroscopic RPS candi- 
dates fraction distributions. The grey histogram shows the distribution of the 
photometric RPS candidate fractions, while the blue hashed histogram shows 
the distribution of the spectroscopic RPS candidate fractions. The subplot in 
the top right corner compares photometric and spectroscopic RPS fractions 
for the common clusters in both samples. The 1:1 reference line is shown in 
red, and the binomial uncertainties are shown as black error bars. 

of correlation between the F 

spec 
RPS fractions and the dynamical state 

of the cluster is still visible. We can even see that the highest RPS 

fractions sometimes appear in the most relaxed quadrant (bottom left) 
of the scatter plot in the left panel. We note that the results shown in 
Figs 6 and 2 do not significantly change when using F 

phot 
RPS instead of 

F 

spec 
RPS . 
In Fig. 7 , we further study how the (photometric and spectroscopic) 

RPS fractions vary along the visually defined dynamical state 
sequence. Although the spectroscopically complete cluster sample 
is smaller than the one used for the photometric analysis, the RPS 

fraction distributions are similar. Interestingly, when using the visual 
classification for the dynamical state in a sequence, we find a 
constant RPS candidate fraction from the ‘pre-merger’ state to the 
‘relaxed’ and ‘mildly interacting’ ones, and hints of an increase 
of the RPS candidate fraction for ‘interacting’ clusters, followed 
by an equally mild decrease of the fraction for the ‘post-merger’ 
class. The possible RPS fraction enhancement in the interacting class 
and subsequent decay in the post-merger class could be interpreted 
as a consequence of either the rapid time-scales involved in the 
stripping process in a post-merging environment or the searched 
area not co v ering the radius where the bulk of RPS happens in these 
violent environments. Unfortunately, the sample is too small to allow 

dra wing an y significant conclusion from it. A Kruskal–Wallis H test 
(Kruskal & Wallis 1952 ) showed that there was no statistically signifi- 
cant difference in RPS fractions between the different dynamical state 
classes. 

5  DISCUSSION  

In this paper, we have studied the influence of cluster buildup on the 
quenching of galaxies via RPS, using, for the first time, a sizeable ho- 
mogeneous sample of stripped galaxies in a large sample of clusters. 
In particular, we computed the incidence of RPS candidates relative 
to the infalling blue late-type population within a fixed physical 
radius for 52 clusters with different dynamical states, determined 
using a variety of X-ray and optical proxies. We found no clear 
correlation with any of the dynamical state proxies used. The lack of 

correlation is seen when using photometric data (and correcting for 
field contamination) as well as when using confirmed spectroscopic 
members only. Ho we ver, after visually classifying the sample in 
a dynamical state sequence, we observe a constant fraction going 
from ‘pre-mergers’ to ‘relaxed’ and ‘mildly interacting’ clusters, 
and a possible (mild) enhancement in the RPS candidate fractions 
of the interacting clusters, which then goes back to the nominal 
value for the ‘post-merger’ class (see Fig. 7 ). The results are not 
statistically significant, but if they were to be confirmed, they point 
to an enhancement in the RPS (post-processing) in ongoing cluster 
mergers which occur on a fast time-scale, but there are many caveats 
involved, discussed below. 

There could be sev eral e xplanations for the mild RPS increase in 
the interacting sample with respect to the other classes, in particular, 
the post-merger bin, which are associated with the many challenges 
in the study of galaxy populations in merging clusters, listed and 
discussed in the following: 

(i) Cluster co vera g e: In significantly disturbed clusters, mergers or 
post-mergers, much of the action (including RPS) could be happening 
outside the core of the cluster ( r > 0 . 7 R 200 ), where we do not have 
homogeneous data co v erage. Only in clusters that are merging along 
the line of sight (LOS) we could see the merger close to the core. 
LOS mergers are generally better traced by the optical diagnostics, 
such as f sub and � M 1, 2 . The fact that we do not find a clear correlation 
between the cluster dynamical state and the RPS candidates incidence 
using this kind of diagnostics plays against this hypothesis. 

(ii) Cluster size: To compare the incidence of any galaxy popula- 
tion between clusters, we need to search around the same physical 
radius (e.g R 200 ). Ho we ver, in disturbed clusters, the physical size 
measurement can be unreliable (and has a different meaning), as 
its often derived from the dynamical mass (i.e. velocity dispersion). 
A more reliable alternative to estimate cluster mass in these cases 
is through gravitational lensing, which is beyond the scope of this 
manuscript. 

(iii) Cluster mass: Before drawing conclusions about the influence 
of the cluster dynamical states in the incidence of RPS, it is essential 
to check for possible correlations with cluster mass. RPS depends 
on the density of the ICM and is quadratically dependent on the 
velocity of the galaxies relative to the ICM, and both those quantities 
are higher in massive clusters, so one can naively expect a higher 
incidence of RPS galaxies in more massive clusters. However, there 
are contradictory results in the literature. 
In recent work, Roberts et al. ( 2021a , b ) identified jellyfish galaxies 
in ∼500 low-mass galaxy groups and 29 clusters ( M 180 ∼ 10 12.5 

to ∼ 10 15 M �) using radio continuum data. They found a factor 
of 2 increase in the fraction of stripped galaxies with respect to 
the star-forming galaxy population from groups to clusters but with 
significant scatter within the cluster sample. 
Wang et al. ( 2020 ) used HI-detected galaxies from the Arecibo 
Le gac y F ast ALF A (ALF ALF A) surv e y (Haynes et al. 2018 ) in 26 
X-ray-selected clusters ( M 200 ∼ 3.8 × 10 13 to ∼ 1.3 × 10 15 M �) to 
estimate the ram-pressure strength at different radii of their cluster 
sample. They found that the RPS strength depends on the cluster mass 
and the projected phase space diagram position. They also computed 
the fractions of HI-rich galaxies affected by RPS. Their RPS fractions 
are higher in the massive clusters ( M 200 > 2 × 10 14 M �). They also 
showed that galaxies could undergo RPS at larger radii in massive 
clusters, in agreement with other studies (e.g. Jaff ́e et al. 2018 ; Pallero 
et al. 2019 ; Gullieuszik et al. 2020 ; Pallero et al. 2022 ). 
In the optical, V22 found no correlation between the fraction of 
RPS galaxies relative to the infalling population of blue spirals and 
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Figure 6. The same dynamical state diagnostics as in Fig. 4 , this time coloured according to the logarithm of the spectroscopic fractions of galaxies undergoing 
RPS. Clusters with F 

spec 
RPS = 0 are shown as black squares. Only clusters that are spectroscopically complete are plotted. The highest RPS candidate fractions 

very often lie on the more relaxed quadrant. 

Figure 7. Fraction of RPS candidates relative to the infalling population 
as a function of the dynamical state sequence defined visually (see the 
flowchart). The dashed blue and the solid red lines show the spectroscopic 
and photometric RPS candidate fractions, respectively. The 1 σ binomial 
confidence intervals are shown. There is a possible enhancement in the RPS 
fractions in the interacting class, but it is not statistically significant. 

the cluster velocity dispersion, σ cl , or the cluster X-ray luminosity, 
L X . This could, in principle, be affected by interacting clusters with 
unreliable masses. To account for this, in Fig. 8 , we investigated 
whether the spectroscopic fractions of the RPS candidates we 
have computed show any dependence on the halo mass and X-ray 
luminosity measured in the 0.1–2.4 keV energy band for ROSAT data 
in Ebeling et al. ( 1996 , 1998 , 2000 ) excluding interacting clusters. 
In fact, we only consider the relaxed and mildly interacting clusters 
from our flowchart dynamical state sequence. Even when cleaning 
the sample, we still do not find a correlation between the incidence 
of RPS candidates and cluster mass. 

Figure 8. Cluster RPS spectroscopic fractions versus halo masses coloured 
by the cluster X-ray luminosity measured in the 0.1–2.4 keV energy band for 
ROSAT data in Ebeling et al. ( 1996 , 1998 , 2000 ). In this plot, we are showing 
only the relaxed and mildly interacting clusters. Massive clusters are not the 
ones with the highest RPS candidate fractions. The 1 σ confidence interval is 
computed as in Cameron ( 2011 ). 

In summary, our optical quantification of the incidence of RPS 

galaxies in clusters does not show the same trends with cluster mass as 
studies in radio wav elengths. Low-frequenc y radio continuum can be 
more sensitive to RPS than the optical, as the non-thermal interstellar 
medium components appear more affected by RPS (Roberts et al. 
2021a , b ; Ignesti et al. 2022 , 2023 ). Another explanation for the 
discrepancy between the wavelengths is that optical selection fa v ours 
galaxies with star formation in the tail. Our sample selection might 
underestimate the total number of galaxies. Some galaxies at peak 
stripping show a lack of star formation in the tail (e.g. Boselli 
et al. 2016 ; Laudari et al. 2022 ). Additionally, optical wavelengths 
only allow us to observe galaxies that had time to form new stars 
from the stripped gas (e.g. Poggianti et al. 2019 ; Gullieuszik et al. 
2020 ). Our results are in line with Gullieuszik et al. ( 2020 ), who 
used MUSE data from the GASP surv e y to analyse the dependency 
of the SFR in the tails of stripped gas on galaxy and clusters’ 
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properties, including cluster mass. They conclude that the interplay 
between all the parameters involved is complex and that there is 
no single dominant parameter impacting the observed SFR amount. 
Their conclusion could be related to our findings on the global RPS 

candidate fractions. 
(iv) Cluster members: Regarding the previous point, the disturbed 

clusters also challenge defining true members of very close pre- 
mergers. We dealt with this by treating systems that are separated 
by less than R 200 as if they were the same, but we expect some 
contamination from interlopers. 

(v) Cluster centres: In relaxed clusters, the X-ray peak, centroids, 
BCG, and density peak are close to each other. Ho we ver, during 
merging events, the galaxy density peak can be very displaced from 

the X-ray centroid ( ∼0.2 Mpc for the bullet cluster, Clowe et al. 
2006 ). In this work, we used the symmetry of the cluster system to 
determine its centre. We assumed that the midpoint between the two 
central brightest galaxies in a cluster system represents the system’s 
centre of mass better than the X-ray peak or the BCG. 

(vi) Galaxy populations: Using HST images for a few 

intermediate- z clusters, previous studies such as Owers et al. ( 2012 ), 
Rawle et al. ( 2014 ), Ebeling & Kalita ( 2019 ), and Roman-Oliveira 
et al. ( 2019 ) have focused on the absolute number or RPS features 
strength of stripped galaxies without accounting for the size of this 
population relative to the infalling blue late-type galaxies or the 
physical size of the explored region. On the contrary, in our study, 
we compute for the first time in a homogeneous cluster sample the 
fraction of galaxies undergoing RPS relative to the infalling popu- 
lation in a fixed aperture, normalized by cluster size. V22 estimated 
similar RPS candidate fractions using the P16 sample and additional 
candidates in the same clusters. The main difference with our study 
is that they did not take into account the cluster size or limited their 
sample to clusters with spectroscopic completeness > 50 per cent, 
as we did in this work. Also, we only considered P16 galaxies 
and not the new candidates since these were searched only among 
spectroscopic members, and we used photometric and spectroscopic 
fractions, which would have been difficult to compare otherwise. 
Additionally, part of their new RPS candidates are unwinding spirals. 
When the P16 sample was compiled, the unwinding effect of RPS on 
the spiral arms of galaxies was still unknown (Bellhouse et al. 2021 ). 
V22 have found that about 35 per cent of the total population of 
non-interacting blue late-type cluster galaxies are undergoing RPS. 
When using only the P16 candidates they obtain ∼15 −20 per cent. 
Despite the different methods, this is close to the spectroscopic and 
photometric RPS fractions we measure within 0.7 R 200 , which are 
∼11 −12 per cent. Given that V22 found new RPS candidates in the 
same clusters, our fractions can be considered lower limits. 

6  SUMMARY  A N D  C O N C L U S I O N S  

This work studies the incidence of RPS candidates relative to the 
infalling population of galaxies in clusters of different dynamical 
states using the largest and most homogeneous sample of RPS 

candidates at low redshift from P16 and a variety of cluster dynamical 
state proxies. 

In summary, the main results are: 

(i) We computed the photometric and spectroscopic fractions of 
RPS candidates relative to the infalling population of blue spiral 
galaxies in each cluster. The former was carefully corrected by the 
expected field contamination, while the latter used confirmed cluster 
members. They both considered the same circular area within the 
clusters (with a radius of 0 . 7 R 200 ) for homogeneity. Both fractions 

are in general agreement with some scatter. The mean RPS candidate 
fraction of both samples is around 11 −12 per cent. 

(ii) We found no correlation between RPS candidate fractions 
and a variety of automatic cluster dynamical state indicators. In 
particular, we examined eight optical and X-ray indicators, including 
X-ray concentration and the magnitude gap between the two brightest 
galaxies. 

(iii) We further constructed a ‘cluster merger sequence’ by split- 
ting the sample into five different dynamical state classes (pre- 
merger, relaxed, interacting, interacting and post-merger) following 
a visual dynamical state classification flowchart based on optical, 
X-ray, and radio data. When doing this, we found hints of an RPS 

candidate fraction enhancement in the interacting class, followed by 
a decay in the post-merger bin. The results, ho we ver, are dri ven by 
a limited number of interacting and post-merger clusters (five and 
five) and are not statistically significant. 

(iv) We found no apparent correlation between RPS candidate 
fractions and cluster mass or X-ray luminosity, even when excluding 
the disturbed clusters from our sample. This could be associated with 
the small radius co v erage of our analysis or the complexity of the 
RPS process. 

A few studies of individual interacting clusters found elevated 
numbers of galaxies’ RPS features. These studies, together with 
theoretical predictions, built a common understanding that collisions 
between clusters would increase the fractions of galaxies undergoing 
RPS. This work is the first attempt to quantify the effect of cluster 
dynamical stage in RPS in a homogeneous way using a large cluster 
sample. Overall, we find hints of a possible RPS enhancement in 
interacting clusters. The low confidence in our results is due to the 
ine vitably lo w-number statistics (despite using the largest homo- 
geneous sample available) and the complexity of cluster growth. 
In particular, the limited co v erage of cluster observations and the 
nature of the optical selection of RPS galaxies, which requires star 
formation in the striped tails. 

Our study, with its methods and special considerations, can serve as 
a guide for future studies using even larger samples of RPS candidates 
currently being assembled 3 , and also wider multiwavelength cluster 
co v erage, such as the upcoming WEAVE (Jin et al. 2023 ) and 
CHANCES (Haines et al. 2023 ) wide-field cluster spectroscopic 
surv e ys and the eROSITA X-ray mission (Merloni et al. 2012 ). 
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APPENDIX  A :  C E N T R E S  F O R  C O M P U T I N G  

F R AC T I O N S  A N D  VISUAL  DY NA M I C A L  STATE  

SE QU ENCE  (FLOWCHART)  

Merging clusters often have several X-ray surface brightness peaks, 
each possibly associated with a local BCG. Their gas morphology 
can be highly irregular, and their surface brightness is often low in 
the X-ray causing the centre determination to be very challenging. 
In major mergers, the BCG can be significantly displaced from the 
X-ray peak. 

Also, the determination of BCGs is not al w ays so evident. In 
most cases, we used Fasano et al. ( 2010 )’s BCG, which was located 
near the X-ray centre. The clusters where Fasano et al. ( 2010 ) 
and this work disagree about the BCGs are only five: A3560, 
A3158, A1736, A1631a, and Zwicky 8852. After inspecting the 
images, we found that for A1631a and A3158, the BCG indicated 
by Fasano et al. ( 2010 ) was not located in the centre of the X- 
ray emission, whereas the one identified in this work was. The 
BCGs this work identified in A3560, A3158, A1736, and Z8852 
are in the list of cD galaxies, table 2, of Fasano et al. ( 2010 ). 
Their coordinates are listed in Table A1 . In these cases, we adopted 
this work’s BCG as the centre to be consistent with the flowchart 
in Fig. 3 . The BCG identified by Fasano et al. ( 2010 ) and this 
work for RX1022 is the same (WINGSJ005822.88 + 265152.6), 
although it is not the bright galaxy associated with the main X- 
ray concentration (WINGSJ102209.99 + 383123.8). We used the 
latter bright galaxy as a centre to be consistent with our flowchart. 
A similar case happened in two other clusters. In A2415, we had to 
replace the BCG (WINGSJ220526.12-054431.1) with the galaxy 
WINGSJ220538.62-053532.0 located at the centre of the X-ray 
emission. The other case, A2399, is a very complex merging system 

identified as a bullet-like cluster by Louren c ¸o et al. ( 2020 ). This 
work identified more than one central bright galaxy associated with 
the X-ray emission. We opted to use the galaxy WINGSJ215729.43- 
074744.1 as the centre. 

Below, we list and describe the most challenging clusters for centre 
determination. 

Abell 168: This post-merger system has a very irregular and faint 
X-ray emission. Previous works identified cold fronts (Hallman & 

Markevitch 2004 ) and radio relics (Dwarakanath et al. 2018 ). The 
radio relics in this cluster are very asymmetrical. After careful 
inspection of the X-ray and optical images, we chose as the centre the 
midpoint between the BCG WINGS J011457.58 + 002551.1, which 
is associated with the X-ray peak, and the seventh brightest member 

galaxy (WINGSJ011515.77 + 001248.6), which seems to be the 
brightest galaxy associated with the southern X-ray clump centre. 

Abell 3376: This system is one of the most extreme cases 
of post-merger in our sample. It has two megaparsec-sized arc- 
shaped radio relics (Bagchi et al. 2006 ), and its X-ray emission 
is very asymmetric (Akamatsu et al. 2012 ; Urdampilleta et al. 2018 ). 
Simulations (Machado & Lima Neto 2013 ) and observations (Durret 
et al. 2013 ; Monteiro-Oliveira et al. 2017 ) suggest that this system 

results from the collision between two clusters with a mass ratio 3–
6:1. We used the midpoint between the BCG (WINGSJ060041.09- 
400240.4) and the bright galaxy (WINGSJ060217.27-395634.2) as 
the system centre. 

Abell 754: Displaying X-ray shocks and radio relics (Macario 
et al. 2011 ), cold fronts (Ghizzardi et al. 2010 ), and a halo 
(Kass & Wasserman 1995 ; Bacchi et al. 2003 ), this system 

is yet another case of a post-merger in the plane of the sky. 
The distribution of galaxies is quite complex (Fabricant et al. 
1986 ; Zabludoff & Zaritsky 1995 ). The two main concentrations 
of galaxies correspond to the two components of diffuse radio 
emission (Bacchi et al. 2003 ; Inoue et al. 2016 ). To compute 
the centre, we used the midpoint between WINGSJ090832.39- 
093747.3 and WINGSJ090919.21-094158.9 bright elliptical 
galaxies. 

Abell 3667: Abell 3667 is a bright X-ray source (5 . 1 ×
10 44 erg s −1 ; Ebeling et al. 1996 ), and evidence of merger activity 
has been observed with various X-ray instruments, e.g. ROSAT 

(Knopp, Henry & Briel 1996 ), Chandra (Vikhlinin et al. 2001 ; 
Mazzotta, Fusco-Femiano & Vikhlinin 2002 ), XMM -Newton (Briel, 
Finoguenov & Henry 2004 ), Suzaku (Nakazawa et al. 2009 ), and also 
in other wavelengths, e.g. radio (Rottgering et al. 1997 ). The central 
cluster hosts an X-ray mushroom-shaped feature, probably resulting 
from the disrupted cool core of a subcluster that passed its centre 
1 Gyr ago (Roettiger, Burns & Stone 1999 ; Sarazin et al. 2016 ). 
Abell 3667 is also one of our sample’s most complex interacting 
systems. It has optical substructures, a cold front, and interesting 
diffuse radio features such as double relics and an unpolarized 
bridge associated with a merging event (Rottgering et al. 1997 ). 
We used as its centre the computed midpoint between the BCG 

(WINGSJ201227.32-564936.3) and the galaxy WINGSJ201050.55- 
564024.5. 

Abell 3528: This double system (Raychaudhury et al. 1991 ) is 
composed of a northern and southern cluster, A3528-N and A3528- 
S, respectively, each of them with well-centred BCGs separated by 
13.3 arcmin ( ∼0.45 R 200 ) in projection and a slight velocity difference 
( ∼ 357 km / s). Both components are cool core and relaxed (Andrade- 
Santos et al. 2017 ; Lopes et al. 2018 ; Lagan ́a, Durret & Lopes 
2019 ). Optical (Baldi, Bardelli & Zucca 2001 ; Bardelli, Zucca & 

Baldi 2001 ) and radio observations (Reid, Hunstead & Pierre 1998 ; 
Venturi et al. 2001 ) indicate this is a pre-merger system close to 
virial equilibrium in the central regions of its components. We 
used the midpoint of the northern (WINGSJ125422.23-290046.8) 
and southern (WINGSJ125441.01-291339.5) X-ray concentrations 
BCGs as the system centre. 

Abell 3716: Analysing X-ray data from Chandra , XMM -Newton, 
and ROSAT (Andrade-Santos et al. 2015 ) concluded that A3716 is a 
double cluster separated in projection by 400 kpc. This system shows 
bi-modality in spatial distribution and position–velocity diagram 

(Lopes et al. 2018 ). Bilton et al. ( 2019 ) surmised that the cluster pair is 
in an early stage of merger by studying its kinematics, which corrob- 
orates with a dynamical analysis performed by Andrade-Santos et al. 
( 2015 ) that shows that this system is probably gravitationally bound 
and will undergo core passage in 500 ± 200 Myr. We calculate the 
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Table A1. P16 clusters that co v er 0 . 7 R 200 . 

Cluster Chandra XMM–Newton Spec. complete SCF MCF Relic Halo Flowchart RA fc DEC fc F 
phot 
RPS F 

spec 
RPS 

(J2000) (J2000) 

A85 Yes Yes Yes c a 3 10.46 − 9 .30 0 .06 0 .07 
A133 Yes Yes Yes l 3 15.67 − 21 .88 0 .31 0 .57 
A147 No no no 17.05 2 .19 0 .07 
A151 No Yes Yes 2 17.21 − 15 .41 0 .06 0 .13 
A160 Yes Yes Yes 3 18.25 15 .49 0 .05 0 .06 
A168 no Yes Yes e f 5 18.78 0 .32 0 .12 0 .16 
A193 Yes no Yes 2 21.28 8 .70 0 .00 0 .00 
A500 no Yes Yes 3 69.72 − 22 .11 0 .22 0 .19 
A602 no Yes Yes 4 118.36 29 .36 0 .00 0 .00 
A754 Yes Yes Yes a f f 5 137.23 − 9 .66 0 .00 0 .00 
A957x Yes no Yes 3 153.41 − 0 .93 0 .26 0 .21 
A1069 no Yes Yes 4 159.93 − 8 .69 0 .00 0 .00 
A1291 no no Yes 173.10 55 .97 0 .00 0 .00 
A1631a no no Yes 193.33 − 15 .53 0 .21 0 .14 
A1668 Yes no Yes 3 195.94 19 .27 0 .37 0 .29 
A1795 Yes Yes Yes k 3 207.22 26 .59 0 .13 0 .14 
A1831 Yes Yes Yes 3 209.81 27 .98 0 .19 0 .00 
A1983 no Yes Yes 2 223.23 16 .70 0 .13 0 .12 
A1991 Yes Yes Yes 2 223.63 18 .64 0 .20 0 .19 
A2107 Yes no Yes 2 234.91 21 .78 0 .00 0 .00 
A2124 Yes Yes Yes 2 236.25 36 .11 0 .27 0 .43 
A2149 no no Yes 240.37 53 .95 0 .25 0 .86 
A2169 no no Yes 243.49 49 .19 0 .00 0 .00 
A2382 no no Yes 327.98 − 15 .71 0 .04 0 .00 
A2399 no Yes Yes g 4 329.37 − 7 .80 0 .16 0 .14 
A2415 Yes Yes Yes 4 331.41 − 5 .59 0 .48 0 .34 
A2457 Yes no Yes 3 338.92 1 .48 0 .00 0 .00 
A2593 Yes no Yes 351.08 14 .65 0 .10 0 .00 
A2626 Yes Yes Yes i 3 354.13 21 .15 0 .12 0 .19 
A2657 Yes Yes Yes 3 356.24 9 .19 0 .00 0 .00 
A2717 Yes Yes Yes 2 0.80 − 35 .94 0 .00 0 .00 
A2734 Yes Yes Yes 2 2.84 − 28 .85 0 .84 0 .00 
A3128 Yes Yes Yes 3 52.46 − 52 .58 0 .00 0 .00 
A3158 Yes Yes Yes m 4 55.72 − 53 .63 0 .28 0 .14 
A3266 Yes Yes Yes a n n 5 67.81 − 61 .45 0 .04 0 .04 
A3376 Yes Yes Yes j f 5 90.37 − 39 .99 0 .08 0 .08 
A3490 no Yes no 3 176.34 − 34 .43 0 .47 
A3528 Yes Yes Yes 1 193.63 − 29 .12 0 .00 0 .00 
A3530/32 Yes Yes Yes 1 194.12 − 30 .36 0 .18 0 .17 
A3556 no no Yes 201.03 − 31 .67 0 .00 0 .00 
A3558 Yes Yes Yes b 3 201.99 − 31 .50 0 .05 0 .07 
A3560 Yes Yes Yes d 3 203.18 − 33 .14 0 .10 0 .10 
A3667 Yes Yes Yes a f 5 302.91 − 56 .75 0 .06 0 .07 
A3716 Yes Yes Yes 1 313.01 − 52 .71 0 .10 0 .00 
A3809 Yes no Yes 3 326.75 − 43 .90 0 .00 0 .00 
A3880 Yes no Yes 2 336.98 − 30 .58 0 .11 0 .14 
A4059 Yes Yes Yes h 3 359.25 − 34 .76 0 .06 0 .09 
RX1022 Yes Yes no 3 155.54 38 .52 0 .00 
RX1740 no Yes Yes 2 265.13 35 .65 0 .00 
MKW3s Yes Yes Yes 2 230.47 7 .71 0 .00 0 .00 
Z2844 no Yes Yes 2 150.65 32 .71 0 .00 0 .00 
IIZW108 Yes no Yes 3 318.48 2 .57 0 .00 0 .00 
a Ghizzardi et al. ( 2010 ); 
b Rossetti et al. ( 2007 ); 
c Ichinohe et al. ( 2015 ); 
d Venturi et al. ( 2013 ); 
e Hallman & Markevitch ( 2004 ); 
f van Weeren et al. ( 2019 , and references therein); 
g Mitsuishi et al. ( 2018 ); 
h Lagan ́a, Andrade-Santos & Lima Neto ( 2010 ); 
i Ignesti et al. ( 2018 ); 
j Urdampilleta et al. ( 2018 ); 
k Walker, Fabian & Kosec ( 2014 ); 
l Randall et al. ( 2010 ); 
m Wang et al. ( 2010 ); 
n Riseley et al. ( 2022 ). 
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system’s centre as the midpoint between the BCG of the northern X- 
ray concentration (WINGSJ205156.94-523746.8) and the southern 
X-ray concentration (WINGSJ205209.55-524745.4). 

Abell 3530 and Abell 3532: This cluster pair is part of the Shapley 
supercluster and is separated by 22.8 arcmin (0.95 R 200 ). The BCG of 
A3530 is the galaxy WINGSJ125535.99-302051.3, and the BCG of 

A3532 is WINGSJ125721.97-302149.1. According to Lakhchaura 
et al. ( 2013 ) the two clusters are approaching each other for the first 
time. 
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