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A B S T R A C T 

In the theoretical framework of hierarchical structure formation, galaxy clusters evolve through continuous accretion and mergers 
of substructures. Cosmological simulations have revealed the best picture of the universe as a 3D filamentary network of dark- 
matter distribution called the cosmic web. Galaxy clusters are found to form at the nodes of this network and are the regions 
of high merging activity. Such mergers being highly energetic, contain a wealth of information about the dynamical evolution 

of structures in the Uni verse. Observ ational v alidation of this scenario needs a colossal effort to identify numerous events from 

all-sk y surv e ys. Therefore, such efforts are sparse in literature and tend to focus on individual systems. In this work, we present 
an impro v ed search algorithm for identifying interacting galaxy clusters and have successfully produced a comprehensive list 
of systems from SDSS DR-17. By proposing a set of physically moti v ated criteria, we classified these interacting clusters 
into two broad classes, ‘merging’ and ‘pre-mer ging/postmer ging’ systems. Interestingly, as predicted by simulations, we found 

that most cases show cluster interaction along the prominent cosmic filaments of galaxy distribution (i.e. the proxy for dark 

matter filaments), with the most violent ones at their nodes. Moreo v er, we traced the imprint of interactions through multiband 

signatures, such as diffuse cluster emissions in radio or X-rays. Although we could not find direct evidence of diffuse emission 

from connecting filaments and ridges; our catalogue of interacting clusters will ease locating such faintest emissions as data 
from sensitive telescopes such as eROSITA or SKA , becomes accessible. 

Key words: methods: numerical – surv e ys – galaxies: clusters: intracluster medium – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he most widely accepted cosmological model, � -cold dark matter
 � CDM) features a hierarchical merging mechanism for structure
ormation at large scales (White & Rees 1978 ; Diemand & Moore
011 ). Here, the most fundamental unit of cosmological structure
s a dark matter (DM) halo (Navarro, Frenk & White 1996 ). It
an withstand cosmic expansion by virtue of gravitationally bound
atter. DM halo can also possess a virialized substructure, that grav-

tationally interacts with the ordinary matter enabling the formation
f stars and galaxies (Diemand, Kuhlen & Madau 2007 ). Galaxies
nder go mer ger to form galaxy groups; several galaxy groups under
he action of gravity may form clusters of galaxies (Bykov et al.
015 ). At large scales, the observed cosmological structure forms
 web-like pattern and galaxies are seen to be distributed along the
lamentary connections of this web which are typically of a few to a
ew tens of Mpc in length (Matsubara 2006 ). As most of the matter is
resent along the filaments in the cosmic web (Lovisari et al. 2021 ),
t is expected that most of the clusters also form and interact on these
laments. The nodes where the filaments merge are also the locations
 E-mail: surajit.paul@manipal.edu 
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f the interaction of galaxy clusters and occasionally that even may
ead to the formation of super-clusters. 

A cluster merger event is highly energetic, with the release of
p to 10 65 erg of binding energy during mergers. Such an event
reates very high-pressure gradients at the cluster core and heats the
ntra-cluster medium (ICM). As a result, the ICM starts expanding
nd can often give rise to shocks (Paul et al. 2011 ) and chaotic
egions of magneto-hydrodynamic turbulence, which are driven into
he ICM. A strong thermal bremsstrahlung X-ray radiation can
lso be observed from these nodes of hot plasma where galaxy
lusters are formed (Forman & Jones 1982 ). Galaxy clusters also
xhibit a non-thermal component of the emission. Due to the cluster-
ize magnetic fields, possibly amplified by the merger turbulence
Miniati & Beresnyak 2015 ; Beresnyak & Miniati 2016 ), the particles
ccelerated to relativistic velocities emit synchrotron radiation which
an be observed in radio wavelengths (Feretti et al. 2012 ; van Weeren
t al. 2019 ). Thus, the study of interacting galaxy clusters is insightful
o understanding multiple phenomena such as the energy evolution
n the Universe, the nature of dark matter, dynamical processes of
lasma, and large-scale structure as a whole. 
Studying structures in the Universe at large scales is limited by

he availability of large surv e y data. While X-ray observations are so
ar the best method to probe the ICM, there is no deep all-sky survey
n X-rays available in the public domain and would have to wait
© The Author(s) 2024. 
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ill eROSITA data becomes public (Bulbul et al. 2022 ). Currently, 
he most detailed all-sky survey data of galaxies is available in 
ptical wavelengths. Ho we ver, optical data does not provide direct 
nformation on the diffuse gravitationally bound baryonic matter 
f large-scale structures, such as the medium in groups or clusters
f galaxies. Rather, the identification of clusters in optical studies 
equires the implementation of techniques and has been best done 
o far by running clustering algorithms on the galaxy surv e y data
e.g. Huchra & Geller 1982 ; Berlind et al. 2006 ). In this context,
he most commonly used clustering algorithm is the conventional 
riends-of-friends (FoF) and has been able to detect galaxy clusters 
airly reliably (Tempel et al. 2014 ; hereafter Tempel14 ). Ho we ver,
he implementation of the FoF algorithm to search galaxy clusters is
ot al w ays straightforw ard. As galaxy clusters can have a wide range
f mass and physical dimensions, the parameters of the clustering 
lgorithm need to be tuned such that most of the real clusters are
obustly detected o v er the entire sk y. The usual F oF method uses a
ramework to form a connected group in which the friends and the
oF are searched within a predefined radius known as the linking 

ength. 
Normally, the linking length is chosen to be a weighted mean 

istance of the member elements in a search volume (Huchra & 

eller 1982 ). There are a few heuristic arguments to determine the
est value of the weight factor based on the spherical collapse model
normally, this weight factor or the linking parameter is taken to 

e 0.2 (White 2001 ). Ho we ver, dif ferent works carried out have
ndertaken substantially different values which better suited their 
espective science goals (Tago et al. 2008 ). 

While the FoF methods are often used to find structures from
arge galaxy redshift surv e ys (Botzler et al. 2004 ; Murphy, Eke &
renk 2011 , e.g.) and cosmological dark matter simulations, ef- 
orts to locate interacting systems are very rare. There have been 
ome pre vious ef forts for a large volume algorithmic detection 
f interacting clusters, most recently by (Tempel et al. 2017 ). 
o we ver, gi ven the highly complex nature of the interaction, the

uthors concluded that visually inspecting each system remains the 
est way o v er algorithmic detection. The authors also pointed out
hat there were known merging systems that were not classified 
y their algorithm. Additionally, these efforts remained limited 
nly to merging systems and do not further discuss interacting 
ubstructures, or pre/post-merging scenarios for instance. Though 
here are a few known events of interacting galaxy clusters, they are

ainly found in studies on a case-by-case basis (Zhang et al. 2021 ;
chellenberger et al. 2022 ). These systems were usually spotted by 
xamining merging signatures from deep observations of multiband 
iffuse emissions. A thorough detection of such systems will only 
e possible when the sensitive multiband all-sky survey images 
ecome available or approximate locations of probable sources can 
e identified by running some algorithm on large sensitive survey 
ata. Ho we ver, for direct detection, carrying out all-sky surveys at
igh sensitivity (required to capture diffuse emissions) is a daunting 
ask and may become possible only in the far future. On the other
and, there has been no all-sky algorithmic search for interacting 
lusters that cross-validate multiband signatures, creating a void 
n understanding the dynamical evolution of structures in the 
niverse. 
In this work, we attempt to search such interacting clusters and 

heir multiwaveband features. Ho we ver, they are known to be highly
omplex, where the role of dark matter and gravitationally trapped 
as cannot be ne glected. F or e xample, it is known that the DM being
ollisionless, will undergo passage much earlier than the baryonic 
atter (Dawson et al. 2012 ). In this sense, galaxy redshift surveys
ontain only a partial picture of interacting clusters as galaxies are
 minor part of the total baryonic gas present in the Universe.
n the other hand, a huge advantage of redshift surv e ys is that

hey are one of the richest and most complete data sets to work
ith, and departing from this resource would not be desirable. Our

fforts were therefore focused on the following question – can the 
inking parameters in the clustering algorithm be informed by a 
upporting data set which is closer to real physically interacting 
lusters? We try to answer this question by formulating a no v el
ptimization problem by implementing an optimized, physically 
nformed F oF algorithm, dev eloping reasonable interaction criteria 
o detect and classify interacting clusters into two broad phases, and
nally, pro viding a multiwav elength o v ervie w of a fe w of the systems
hich stand as validation to the attempt to detect diffuse intergalactic
aterial, and provides a more complete picture of the interaction 

cenario. 
The structure of the paper is as follows. Section 2 co v ers the details

f the algorithm we developed for this work and a brief analysis of
ts performance. The data used in this work has also been detailed
ere. We present the interesting candidates from our search and 
heir multiband signatures in Section 3 . Finally, we summarize and
onclude the paper in Section 4 . Throughout this paper we assume,
ubble constant H 0 = 70.00 km s −1 Mpc −1 , matter density �m 

= 0.3,
ark energy density �� 

= 0.7. 

 S E A R C H I N G  I NTERAC TI NG  G A L A X Y  

LUSTERS  

n a broader sense, when a system of multiple (at least a pair of)
alaxy clusters come so nearby that their individual medium gets ac-
reted and starts mixing up, the system would be called in an interact-
ng state (e.g. Clowe, Gonzalez & Markevitch 2004 ). Naturally, these
ystems would pass through pre-mer ging, mer ging and post-mer ging
hases as it evolves in time. However, because of their high dynamical 
ctivity and complicated mass and energy distribution, it would be 
ery difficult to identify their exact phase of mergers. One of the early
ttempts for a large dedicated algorithmic search for merging clusters 
as made by Tempel et al. ( 2017 ). In our case, the challenge in
redicting clusters in various merging stages is threefold. The first is
eliably extracting clusters from the survey data. Once the clusters are
xtracted, further refinement needs to be performed, as the interaction 
f subsystems within massive clusters is the most likely candidate for
 merger. The ultimate challenge lies in appropriately deciphering 
he merging phase of the system. Therefore, it demands a proper
cheme which we summarized in Fig. 1 and elaborated in the further
ections. 

.1 Primary data set for this study 

ince the optical galaxy surv e ys pro vide the deepest and widest
k y co v erage as well as the best redshift information, we chose
o work with the optical galaxy surv e y data. Currently, the latest
alaxy data available is from the Sloan Digital Sky Survey Data
elease 17 (SDSS DR17; Abdurro’uf et al. 2022 ) and naturally
e chose this as the primary data set for this study. The galaxy
ata has been downloaded from the SDSS sky server using the
ppropriate { \ sc SQL } query. We only select the spectroscopic class
f ‘galaxies’ and restricted the search to the northern sky up to
edshift z = 0.2. The selected sample contains o v er 700 000 galaxies
ith spectroscopically or photometrically determined redshifts. 
MNRAS 528, 5924–5951 (2024) 
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Figure 1. Flowchart of the algorithm used. 
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.2 Our group finding algorithm 

pon procuring the data from the SDSS archive, we further formulate
 group-finding scheme based on the FoF algorithm. The central idea
ehind a group-finding algorithm is to group all the galaxies which
ie within a predefined distance (linking length) from each other.
ere, the direct friends are the ones who directly come within this
redefined distance from the galaxy under consideration and FoF are
hose who are similarly connected via a direct fried. The very first of
uch algorithms were developed by Huchra & Geller ( 1982 ) on cFA
edshift surv e ys where the authors used the linking length based on
NRAS 528, 5924–5951 (2024) 
rojected separation and line-of-sight velocity difference of galaxies
n the examined volume. 

For this work, we have used the open-source { \ sc sFoF } group
nding algorithm by Farrens et al. ( 2011 ). This package fits to
ur plan well, as there is significant room for customization; also,
here is a scope for automation. This enabled us to incorporate the
etermination of physically moti v ated linking length for identifying
he structures as discussed in the following section. 

.3 Choice of initial linking parameters 

ince the FoF algorithm gathers elements in the searched region that
re close to each other to form a group, defining a connecting radius to
ive a numerical value to the closeness is essential. Such a distance is
alled the linking length and is usually taken as a fractional multiple
f the mean separation of the elements in the locally searched volume
e.g. Tempel et al. 2016 ). The exact choice of linking parameters is
ormally moti v ated by the scientific goal of the study, and it is known
hat small changes tend to cause significant differences in the formed
roups (for a re vie w, refer to Duarte & Mamon 2014 ). For example,
he linking parameters tuned for a large-volume ( ∼100s of Mpc 3 )
edshift surv e y sample from mock catalogues may not be sensitive
nough to delineate interacting systems lying close by ( ∼10 Mpc),
r dynamical substructures within a cluster, which is a key area of
his study . Ideally , we want the algorithm to be sensiti ve to wards
nteracting systems (which corresponds to finer linking parameters),
ut we also wish to preserve the purity of halos a v oiding spurious
etections (corresponding to slightly coarser linking parameters).
hus, we need to explore the linking parameter space to optimize

he parameters that best pick up the actual, physically interacting
lusters. We choose to adapt our starting point based on the work
one by Tago et al. ( 2008 ) on SDSS DR 5, corresponding to z 0 
 250 km s −1 and r 0 = 0.25 Mpc. In principle, any reasonable choice

f initial linking parameters can be made, as we expect the optimizer
o take care of the trade-offs and arrive at a global extremum. Hence,
he Initial choice of linking length matters, although only marginally.

.4 Scaling relation for linking length 

s most surv e ys are flux-limited, only the brightest cluster members
re visible at deeper redshifts due to the limit on the telescope
ensitivity. These bright galaxies usually reside nearby the core of
he clusters and may not account for the missing galaxies accurately.
his would impact the measurement of the true size of the groups,
specially in the line of sight ( Tempel14 ). Hence, an appropriate
caling of linking parameters needs to be done separately in redshift
pace. For the line of sight linking length, we used the scaling relation
vailable in { \ sc sFoF } , as described below. 

 ( z) ∝ L 0 

(
d N 

d Z 

× d z 

d V 

× 1 

A sky 

)−0 . 5 

(1) 

where d N 
d Z represents the surface number density of galaxies for the

urv e y redshift range, d z 
d V is the differential comoving volume and

 sky is the fractional sky coverage of the sample. This surface number
ensity-based scaling does not take in magnitude-based pre-selection
for detailed description, please see Farrens et al. 2011 ) 

.5 Mass estimation of the detected clusters 

he large galaxy redshift surv e ys do not provide the mass
nformation for each of the detected galaxies. Ho we ver, mass
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s an important parameter in finding gravitational clustering 
Gupta & Paul 2023 ) and thus needs to be estimated from
he information available in the surv e y data. Here, to estimate
he masses of clusters, we undertook the single parametrized 
avarro-Frenk-White (NFW) profile approach similar to 
empel14 . 
The NFW profile (Navarro, Frenk & White 1997 ) is given by, 

( r) = 

δc ρcrit 

r 
R s 

(
1 + 

r 
R s 

)2 (2) 

here R s represents a scaled radius and ρcrit is the critical density of
he universe. This profile can be entirely parametrized on the cluster’s
irial mass ( M 200 ). We start by making an initial guess about the virial
ass of the cluster. In our case, for simplicity, we assumed a constant
ass for each galaxy, so that the cluster mass is proportional to the

ichness of the cluster. Any reasonable initial guess can be made. 
ssuming that clusters tend to be virialized in regions where the 
ensity is 200 times the critical density of the universe ( ρcrit ) at that
edshift, the virial radius corresponding to this mass was calculated 
s 

 200 = 

(
3 M 200 

4 π 200 ρcrit 

)1 / 3 

(3) 

Furthermore, the δc of equation ( 2 ) has been parametrized using
oncentration parameter [i.e. c 200 in equation ( 4 )] and scale radius
i.e. R s ; equation 5 ) which are in turn a deri v ati ve of the initial guess
ass. 

log ( c 200 ) = 0 . 83 − 0 . 098 log 

(
M 200 

10 12 h 

−1 M �

)
(4) 

 s = 

c 200 

r 200 
(5) 

Finally, the δc can be computed from 

c = 

200 

3 

c 3 200 

ln 1 + c 200 − c 200 
1 + c 200 

(6) 

Therefore, from equation ( 3 ), ( 4 ), ( 5 ), and ( 6 ), the NFW profile
equation 2 ) is shown to have sole dependence on the initial guess
f M 200 and thus a method needs to be implemented to achieve more
ccurate value of the mass. 

The refinement of guess mass has been achieved through an 
terative process considering a simple hydrostatic equilibrium of 
he system, 2 T = U i.e. virialization, where T is kinetic en-
rgy and U is the potential energy of the identified clusters.
he potential energy associated with the cluster can be estimated 
s 

 = G 

M 200 

R g 

(7) 

here R g is the gravitational radius and G is the constant of
ravitation. By equating the abo v e-stated potential energy to potential 
nergy obtained by integrating the NFW profile (Binney & Tremaine 
008 ), 

 = 4 πG 

∫ r 200 

0 

M ( r ) 

r 
ρ( r ) r 2 d r (8) 

e computed out R g . Finally, a convergent solution was obtained by
pdating M 200 iteratively as M 

new 
200 in 

 

new 
200 = 2 . 3525 × 10 12 R g 

( σv 

100 

)2 M �
Mpc km 

2 s −2 
(9) 

he exit condition can be imposed by monitoring the rate of
onvergence of this algorithm. As an estimate, we found that the 
ifference of computed mass becomes smaller than 0.1 per cent per
teration, after an average of 15 iterations for each cluster, which we
hose as a reasonable exit condition for the mass computation loop
n our algorithm. 

.6 Performance of LL-optimized cluster finder 

he optimization has been obtained by defining the objective function 
s the accuracy of centre-matching with the Planck SZ cluster centres
Planck Collaboration XXVII 2016 ). The Sun yaev–Zeldo vich (SZ) 
ffect (Zeldovich & Sunyaev 1969 ) is a mainstream method in
stronomy to reliably detect galaxy clusters. Planck SZ cluster surv e y
ata release 2 (Planck SZ2) has identified o v er 1000 confirmed
lusters using the SZ signal, providing a statistically rele v ant data
et for implementing an optimization algorithm. The optimization 
etric here is simply the ratio of the number of FoF cluster centres
atched with SZ cluster centres in the search bin to the total number

f SZ clusters present. This matching accuracy is a measure of
ompleteness. Ideally, we want the linking lengths to be tuned on
hysical information such that a complete SZ cluster sample is 
etected via the FoF algorithm. We maximize this ratio by varying the
inking parameters, by starting with the initial conditions mentioned 
n Section 2.3 . In order to ensure that the optimization process is
ree from biases and performs uniform clustering in the entire search
pace, we assess the accuracy of cluster-finding across the sectors 
ith the help of a heatmap. Once the final groups are formed, their

entres are compared with the PSZ2 catalogue within some tolerance. 
ased on this, we can define the sector-wise accuracy, as the ratio of
entre-matched PSZ2 clusters to the total PSZ2 clusters present in the
ector under consideration. The final sector-wise accuracy is shown 
n Fig. 2 . 

The fractions in each sector represent the accuracy achieved from 

.0 to 1.0. A ne gativ e number indicates the absence of data, either
DSS ( −2) or Planck-SZ2 ( −1). In some sectors, the data is available,
o we ver, the number is too less to perform clustering. Such sectors
re indicated by ( −3). Using this, a mean accuracy of close to 83
er cent has been achieved in centre-matching of SZ clusters to FoF
lusters in the entire search re gion, e xcluding the ne gativ e grids in
ig. 2 . 
In quite a few cluster-finding studies, the ratio of radial to

ransverse linking lengths is assumed empirically, based on their 
pecific scientific goals (Duarte & Mamon 2014 ). In these studies,
he actual values are then determined by running the cluster-finder 
n a mock catalogue with known outcome (e.g. Berlind et al.
006 ). Such studies essentially model the linking parameters without 
onsidering any physical pointers, such as SZ clusters used in this
ork, and are thus radically different from our work. The flux-

imited catalogue prepared by Tempel14 is a well-cited reliable 
ork which also takes care of finger-of-god effect and redshift- 
ased dimming effects. There, the ratio of linking lengths was taken
s 10. 

As a measure of relative performance, we analyse the position 
ffsets in locating centres of PSZ2 clusters (which serves as observed
round truth) to this independent study by Tempel and our work.
he distribution of offsets between centres determined by the two 
ethods mentioned abo v e has been shown in Fig. 3 . The dashed lines

how the best-fitting Gaussians for both distributions. By comparing 
he means and standard deviations for both catalogues, it can be
nferred that the cluster centres are more accurately determined, with 
 comparatively tighter spread in this current work. Additionally, the 
xpected match with a larger number of PSZ2 clusters ensured the
etection of more actual clusters. 
MNRAS 528, 5924–5951 (2024) 
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Figure 2. Sector-wise accuracy map of the optimization process. Each box is a 15 ◦ × 15 ◦ sector in the sky. The fractions in each sector represent the accuracy 
achieved from 0.0 to 1.0. ( −1) and (-2), respectuvely indicates missing PSZ2 and SDSS data, and ( −3) indicates no clusters found as a result of poor SDSS data. 

Figure 3. Distribution of position offsets for PSZ2 clusters for Tempel14 
and this work. 
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Figure 4. Cluster richness versus cluster mass plotted for Tempel et. al. 
2014 (purple) and this work (gold). A cutoff of Ngal = 7 is applied to ensure 
uniformity between both the data sets i.e. the richness threshold of this work. 
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As a final metric of reliability, we checked for the existence of
lusters from robust well-known catalogues (such as Abell) into
lusters identified with our method. For Abell clusters, 191 out of 379
bjects could be centre-matched using the same linking parameters in
he same search volume. While about 2400 of 12 000 WHL clusters
ould be centre-matched, this percentage may not be representative
s accurate spectroscopic redshifts are not available with most of the
HL clusters. 

.6.1 Quantitative analysis of the constructed group catalogue 

o ensure that clusters generated by our clustering algorithm remain
argely analogous to other cluster-finding studies, we can analyse
he properties of clusters as a whole. Fig. 4 shows the comparison
f cluster mass and cluster richness of this work with flux-limited
roup catalogue of Tempel14 . This comparison provides one way to
how that the physical properties of clusters do not show reasonable
eviation from an acceptable catalogue validated by calculating a
ass function. Ho we ver, for a stricter and more robust means of
 v aluation, a completeness study with a mock catalogue is needed.
or this, an n-body cosmological simulation based on an identical
R17 sample will be required, which can be the topic of a separate

ndependent study. Ho we v er, it is be yond the scope of the current
ork. 
NRAS 528, 5924–5951 (2024) 
.7 Refining substructures and galaxy groups 

fter identifying the structures using the optimized search param-
ters, our further task would be to determine the merging states.
o we v er, empirically, we e xpect merging systems to lie in close
roximity to each other. Therefore, even though optimized, an a ver -
ge linking length used for the entire sky may not al w ays be suitable
o distinctly identify all those close-by structures. Consequently, our
rouping algorithm may classify them as a single cluster and hence
e may miss out on those interacting systems. We thus need a robust
ay to pick up substructures from the prepared cluster catalogue. In

his study, a ‘substructure’ is essentially a signature of incomplete
elaxation in the identified clusters. The sub-structures may be found
ither in the positional distribution or in the velocity dispersion of
he member galaxies, or in both. In practice, various statistical tests
ave been formulated to pick up such substructures [Bird 1994 ; West,
ones & Forman 1995 ; for a re vie w, refer to Pinkney et al. ( 1996 )].
n this work, we have utilized a couple of such tests, the Dressler–
hectman (DS) test (delta test) by Dressler & Shectman ( 1988 ) and

he Alpha test by West & Bothun ( 1990 ). 
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Figure 5. An example bubble plot generated after DS test. The radii of circles 
and colours are proportional to e δ . A substructure can be seen to the south. 
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.7.1 DS test 

n the DS test, a delta statistic for each member galaxy of a cluster
nder consideration is computed as 

i = 

(
NN n 

σglobal 
( ̄V local − V̄ global ) 

2 + ( σlocal − σglobal ) 
2 

)1 / 2 

(10) 

here NN n refers to the number of spatially nearest neighbours for
he galaxy (typically N n is taken as the square root of cluster richness

 

N gal ), the local quantities refer to quantities associated with the 
ocal group, while global quantities are of the entire cluster. This delta
tatistic is a measure of how different the local galaxy environment 
s from the global cluster; and is sensitive to both plane-of-sky 
istribution as well as the velocity dispersion. The delta statistic 
or the cluster can be then computed by taking the sum of individual
alaxy statistics, � = 

∑ 

δi . The results of the delta test performed on
 chosen cluster from our catalogue can be visualized in the bubble
lots as shown in Fig. 5 . Each galaxy is represented as a circle
ith a radius proportional to the delta statistic. A clear evidence of

ubstructure can be observed in the plot. 

.7.2 Alpha test 

here may be situations where substructures are superimposed in 
lane-of-sk y or hav e similar dispersion means. In such cases, the
S test does not provide desired results. As a countermeasure, we 
erform the Alpha test, also known as the centroid shift test. The
dvantage of the alpha test is that the galaxies are weighted in inverse
roportion to the local group’s line-of-sight velocity dispersion, 
nd hence, galaxies with smaller velocity dispersion dominate the 
tatistic, which can be suppressed in the DS test. To perform the alpha
est, we first calculate the centroids of plane-of-sky distribution, 

 ̄x , ȳ ) = ( 
1 

N gal 

∑ 

x i , 
1 

N gal 

∑ 

y i ) (11) 

Thereafter, for each galaxy, N nearest neighbours are selected to 
ompute velocity dispersion, σ local and each galaxy is assigned a 
eight, w = 

1 
σlocal 

. Further, for N v nearest neighbours in velocity 
pace, a new centroid is calculated as, 

 ̄x ′ , ȳ ′ ) = ( 

∑ N v + 1 
i= 1 x i w i ∑ N v + 1 

i= 1 w i 

, 

∑ N v + 1 
i= 1 y i w i ∑ N v + 1 

i= 1 w i 

) (12) 

The unweighted centroid shift for each galaxy is then calculated 
s, 

i = [( ̄x ′ − x̄ ) 2 + ( ̄y ′ − ȳ ) 2 ] 1 / 2 (13) 

Finally, the alpha statistic for the cluster is measured as the mean
f γ i values, 

= 

1 

N gal 

∑ 

i 

γi (14) 

Pinkney et al. ( 1996 ) did not find the superimposition to be a major
bstacle for this test. Hence, we can combine this with the DS test to
btain a robust mean of e v aluating substructures. 

.7.3 Test normalization and hypothesis testing 

he risk with any statistical substructure test is the false-positive 
rising due to correlated positions and velocities of member galaxies. 
o tackle this issue, we randomly shuffle the velocities of galaxies
ithout changing their positions and perform the tests. This ensures 

hat any correlation, if exists, is broken and the true substructure
s tested for. Based on this logic, a systematic hypothesis testing
tudy was also carried out in the following way. We performed
00 Montecarlo simulations for each cluster and computed the 
evel of significance as the fraction of Montecarlo iterations where 
he resulting statistic exceeded the observed statistic to the total 

onte Carlo iterations (100 in this case). Such as, for delta test,
 p = 

N �>� obs 

N total 
). We then selected the clusters with p < 0.05 for either

f the tests, split the cluster into substructures as indicated by the
ests, and merged them into the main catalogue. 

.8 Criterion for cluster merging phases 

nce we adequately delineated the substructures, a further inspection 
as done to identify merger phases. We kept our criterion for defining

he dynamical phases as simple as possible, ho we ver, made sure that
he criteria were physically moti v ated. 

Studies related to cluster mass estimation using top-hat filtered 
pherical o v erdensities (Peebles 1993 ) hav e shown that spherically
ollapsing cosmic structures are seen to be virialized in regions where
he mean mass density is roughly 200 times the critical density of
he universe. This radius is called r 200 and is considered to be the
haracteristic radius of galaxy clusters [for a re vie w, see Reiprich
t al. ( 2013 )]. It is thus a natural choice to consider this radius to
etermine the interaction between two clusters. If this characteristic 
adius o v erlaps for tw o clusters, it w ould be safe to conclude that their
ember galaxies and intergalactic medium are within the interaction 

ange of each other, indicating a merger. Beyond the virial radius,
ost of the interesting physics associated with a cluster lies roughly
ithin the region of ∼3 × r 200 , as this range contains the first

urnaround radius (Liddle & Lyth 2000 ). This is also the region
here extreme peripheral radio relics can also be seen (Molnar et al.
009 ; Bagchi et al. 2011 ). At scales larger than this, physics goes
eyond the collapsing objects and goes to the filamentary region 
ade up of a warm-hot intergalactic medium (WHIM). It is therefore

ogical to assume 3 × r 200 as the outer interaction limit for the
luster medium. Theoretical and computational works predict some 
nteresting observ able ef fects of cluster interaction in this region
MNRAS 528, 5924–5951 (2024) 



5930 T. Oak and S. Paul 

M

(  

h  

2  

u
 

t  

c  

c  

m  

m

 

m  

r  

r  

(  

b  

s  

T  

o  

b  

o  

c

e

w  

g  

e  

m  

t  

d  

p

w  

t  

m  

b  

r

3
I
C

T  

l  

b  

a  

m  

N  

i  

n  

t  

B  

s  

p  

c  

a  

(  

c
K  

f  

s  

a  

i
 

a  

(  

t  

1  

s  

R  

F  

I  

o  

(
 

e  

m  

T  

a  

m  

c  

2  

h  

s  

d  

m  

f  

F  

c  

A  

c  

I  

p  

g  

w  

e  

t  

a  

l  

c
 

a  

s  

S  

(  

w  

(  

i  

a
 

t  

i  

s  

t  

o  

e  

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/5924/7571556 by R
am

an R
esearch Institute user on 27 M

ay 2024
Gu et al. 2019 ; Bonafede et al. 2022 ). A fe w observ ational e vidences
ave also been reported recently (Giovannini et al. 2010 ; Govoni et al.
019 ). Thus the abo v e understanding of the cluster systems provides
s with the clue to define the merging phases. 
We, first calculated the value of the usual virial radius, commonly

aken as r 200 , for each group assuming spherical symmetry taking
entres as the centre of mass of the distribution. The radius of the
luster ( r ) can also be estimated from the spatial dispersion of its
embers. We used the following criterion to declare the system as
erging. 

r sep ≤ max { r1 + r2 , r1 200 + r2 200 } (15) 

Here, r1 and r2 are the radii estimated by spatial dispersion of
embers, r 1 200 , r 2 200 are the radii corresponding to o v erdensity

adius of 200 times the critical density of the universe at the cluster
edshift; usually considered as the virial radius of the systems
procedure as described in Section 2.5 ), and r sep is the separation
etween the clusters. For clusters which are in a pre or post-merging
tate, we expect them to be gravitationally influenced by each other.
his interaction is expected to elongate the cluster along the direction
f attraction. An estimate for this elongation vector can be obtained
y taking the difference between the centre of mass and the centre
f the spatial extent of the galaxy distribution inside the identified
luster. We therefore construct an elongation vector as, 

�  = 

∑ 

i 

( μi − m i ) ̂  e i (16) 

here μ is the centroid, m is the median of the distribution in a
iven dimension, and ̀ i ′ is an index which runs over the dimensions,
.g. the line of sight component of this vector is ( μz − m z ) ̂  e z , which
easures the difference in redshift centroid and redshift median of

he distribution of galaxies in the cluster. Using the elongation vector
efined abo v e, we further defined the criteria for pre-merging and
ost-merging systems as 

r sep > max { r1 + r2 , r1 200 + r2 200 } 
r sep ≤ max { 3(r1 + r2) , 3(r1 200 + r2 200 ) } 
� e 1 · � e 2 ≤ −0 . 966 

(17) 

here r sep is the haversine separation. The first criterion ensures
hat a merging system is not reclassified as a pre-merging or post-

erging system. The second and third criteria form the definition
ased on separation and antiparallel orientation of elongation vectors,
espectively. 

 E XPECTED  M U LT I BA N D  T R AC E R S  F O R  T H E  

DENTIFIED  INTERAC TING  G A L A X Y  

L USTERS  

he observations revealed the web-like distribution of galaxies at
arge scales (Matsubara 2006 ). These structures are understood to
e initiated from the primordial density fluctuation and mediated
nd influenced by non-linear growth at late times due to rapid
erger and accretion processes (van de Weygaert et al. 2016 ).
aturally, the nodes of this cosmic web are expected to host several

nteracting clusters, and occasionally multiple nearby interacting
odes along the large filaments form w all-lik e great attractors called
he superclusters (e.g. de Vaucouleurs 1953 ; Zucca et al. 1993 ;
agchi et al. 2017 ) While galaxy distrib ution unra vels the filamentary

tructure in the Univ erse, e xcept in the nodes, the diffuse intergalactic
lasma is yet to be conclusively detected (Fang et al. 2005 ). Since
osmological simulations have already indicated the presence of
NRAS 528, 5924–5951 (2024) 
n intergalactic medium in filaments in the form of the WHIM
Dave et al. 2001 ), observational detection became essential for its
onfirmation. Nevertheless, WHIM being not enough hot ( << 10 7 

), to become detectable, needs dynamical activity in the medium
or additional energization. Such as the activity in the inter-cluster
paces during pre- and post-merger phases. We thus expect to observe
 few specific characteristic diffuse emission features from these
nteracting systems linked to their dynamical activities. 

Since galaxy clusters form at the nodes of the cosmic web, they
re massive and hot, more so when they interact with each other
e.g. Markevitch, Sarazin & Vikhlinin 1999 ). The hot plasma of
he ICM, through bremsstrahlung emits diffuse X-rays (Sarazin
988 ). Ho we ver, at present, there are no highly sensitive all-
ky X-ray surveys in the public domain. Thus, we resort to the
OSAT surv e y which was done in 1990–91 (Voges et al. 1999 ).
or a few well-studied systems, detailed X-ray maps are available.
n such cases, we used public data from NASA Chandra X-ray
bserv atory (Ev ans et al. 2010 ), or XMM–Newton mission archi ves
Jansen et al. 2001 ). 

Furthermore, it is a well-established fact that the diffuse radio
mission seen in galaxy clusters is an outcome of the hierarchical
erging process (Feretti & Giovannini 2008 ; van Weeren et al. 2019 ).
his diffuse emission is of synchrotron origin and arises due to
ccelerating relativistic electrons as they move through cluster-scale
agnetic fields. The cause of the acceleration of the particles can be

onnected to merger activity (Cassano et al. 2010 ; van Weeren et al.
010 ), i.e. a shock front, or scattering across regions of magneto-
ydrodynamic turbulence. The extended diffuse radio emission is
ometimes visible as a bridge connecting two massive clusters.
e Jong et al. ( 2022 ) have recently reported that the acceleration
echanism for such emission is similar, where particles scatter

rom magnetic inhomogeneities, sometimes called the second-order
ermi acceleration. Another significant effect of massive interacting
lusters can be found on the member galaxies of these structures.
s the member galaxies get attracted towards the massive core the

lusters or super-clusters, due to their rapid motion through the hot
CM, possibly during the interacting phase, the y e xperience ram
ressure. The magnitude of this ram pressure can be enough to strip
ravitationally bound gas from these galaxies, often rendering them
ith a long tail of diffuse radio emission (Lal et al. 2022 ; Venturi

t al. 2022 ). Moreo v er, this ram pressure stripping (RPS) is thought
o have a profound impact on star formation and galaxy evolution as
 whole. Since these features of cluster galaxies are the imprints of
arge mass distribution, may act as the tracers of interacting galaxy
lusters. 

The ideal instrument to observe this diffuse emission must have
 high sensitivity to low surface brightness, as well as a sufficiently
mall beam size to distinguish point sources (Feretti et al. 2012 ).
ince the diffuse sources are expected to have a steep spectrum
e.g. Giovannini et al. 1993 ), low-frequency observations are suited
ell. Keeping all of this in view, we select LOw-Frequency ARray

LOFAR) Two-metre Sky Survey (LoTSS; Shimwell et al. 2022 )
mages as the primary source to check for diffuse radio emission
round the identified clusters. 

Here, in Table 1 we listed out and briefly mentioned about only
he interacting systems that are detected with diffuse radio emission
n LoTSS-2 images. Ho we ver, a comprehensi ve list of all interacting
ystems detected by our algorithm is presented as a supplementary
able attached to this paper. The detailed properties of each of the
bjects mentioned in Table 1 are presented in further texts. In
ach of the image panels describing these sources, we plotted the
DSS galaxies in that particular region (e.g. Fig. 6 a). To construct
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Table 1. Summary of interacting systems which show diffuse emission as 
tracers described in this work. 

System R.A. (Deg) Dec. (Deg) z M ( ×10 13 M �) 

M61 ∗ 146.421 54.645 0.0465 3.11877 
146.796 54.429 0.0462 4.17813 

M137 ∗ 227.502 33.464 0.1128 34.26554 
227.548 33.515 0.1127 55.27979 

PPM93 ∗ 163.580 54.849 0.0718 5.37769 
163.652 54.862 0.0727 3.91902 

PPM95 ∗ 167.338 41.559 0.0763 9.13971 
167.850 39.602 0.076 2.15536 
167.928 40.854 0.0755 34.25835 
168.013 40.538 0.0752 1.0386 
168.392 40.284 0.0753 5.30148 

PPM144 ∗ 215.274 48.309 0.0742 2.0842 
215.552 48.542 0.0726 17.90491 

PPM164 ∗ 225.138 47.274 0.0874 9.01206 
225.506 47.291 0.0888 0.36345 

PPM169 ∗ 230.222 30.539 0.0779 1.41221 
230.412 30.677 0.0788 2.19787 

(The full table for merging and pre/post-merging can be found as Supple- 
mentary Tables 1 and 2). 
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hese images, an appropriate angular and redshift limit has been 
hosen adaptively so as to enhance and visualize the galaxy filaments 
urrounding the interacting system. The FoF-identified clusters are 
lightly exaggerated by choosing larger points and different colours 
o represent the members of each galaxy group. The dashed circles are
ho wn at dif ferent o v erdensities, the inner circle represent an estimate
f r 200 , while the outer circle shows the estimate of 3 × r 200 . An
dditional redshift-based transparency was also added to background 
alaxies to distinctly project the interacting systems. In the remaining 
arts of this section, we present only a subset few systems which
xhibit characteristic multiband signatures and interesting dynamical 
cenarios; while details of other systems exhibiting diffuse emission 
an be found in Appendix A . 

.1 Systems detected as a part of supercluster 

lthough there are several accounts of superclusters being identified 
n optical wavelengths (Einasto & Einasto 1987 ; Zucca et al. 1993 ;
inasto et al. 1994 ), there is very limited literature available for

adio and X-ray wavelengths. When the clusters undergo merging 
nd accretion, the ICM may get spewed across the filament which 
orms during merger (Paul et al. 2011 ). Thus, the filamentary material
onnecting them can also exhibit traces of diffuse radio and X- 
ay emission (Giovannini et al. 2010 ), although it tends to be
xtremely faint, and currently lies beyond the sensitivity of most 
f the surv e ys. Recently, de Jong et al. ( 2022 ) reported a radio
ridge between clusters Abell 399 and Abell 401. Such filamentary 
onnections have also been observed in X-ray wavelengths (Parekh 
t al. 2017 ). Planck Collaboration VIII ( 2013 ) is a first and re-
arkable example of observation of filaments using the SZ effect 

s well. 
Depending on the choice of linking parameter, the algorithm may 

e able to detect parts of a much larger interacting system. In this
ection, we report systems which are detected as part of optical 
uperclusters which also sho w dif fuse radio and X-ray emission
earby cluster centres. The locations of these systems may pro v e
o be interesting regions to spot radio filaments when even more
ensitiv e all-sk y surv e ys are carried out in future. 

.1.1 Abell 1190—Abell 1203 (PPM95) 

ig. 6 (a) shows the plot of SDSS DR 17 galaxies in nearby fields
here a system of five clusters can be seen all together. Of these,

he northernmost cluster corresponds to Abell 1173, the central 
lusters correspond to Abell 1203/Abell 1190 and the southernmost 
luster lies close to WHL J111213.6 + 394013. These systems are
ocated at the mean redshift of z = 0.076. The identified systems
re seen to fall on a filamentary extension spanning almost 10
pc. Previously, Abell 1190 and 1203 were detected as a part

f the SCL 38 supercluster by Einasto et al. ( 2011 ) in optical
avelengths based on data from SDSS DR 7, which is consistent
ith the present work. Here, Abell 1190 can be identified with
iffuse emission both in X-ray (e.g. CHEX-MATE Collaboration 
021 ) and Radio wavelengths (Botteon et al. 2022 ). The extension
f the emission of the source at the centre of Abell 1190 is around
00 kpc (3 σ ). Abell 1203 does not show any distinct emission in
his image, ho we v er, detailed Chandr a data indeed sho ws dif fuse X-
ay emission originating from the ICM. The detection of this radio
mission could have been hampered by the presence of a bright radio
alaxy in the foreground. The southernmost cluster is devoid of any
mission at the identified centre. In Fig. 7 , XMM X-ray contours are
 v erlaid onto a LoTSS-2 low-resolution image. Abell 1203 shows
rregular morphology possibly indicating that the cluster may be in a
ynamically active state. Planck Collaboration XXVII ( 2016 ) report 
he mass of Abell 1190 as M 500 of 2 . 45 × 10 14 M �. Our estimated

ass of Abell 1190 is around 7 . 7 × 10 13 M �. In X-rays, this cluster is
ound to be moderately luminous ( L x = 1 . 048 × 10 44 ergs −1 ) having
 temperature of 4 . 061 + 0 . 344 

−0 . 336 keV (Migkas et al. 2020 ). 

.1.2 Abell 2061 (PPM169) 

he corona borealis supercluster is one of the most prominent 
uperclusters in the northern sky (Postman, Geller & Huchra 1988 ).
n literature, it is noted that more than five Abell clusters are in
he process of infall and merger in this system. Our algorithm has
een able to detect a merging substructure in Abell 2061, which is
 part of the larger Corona Borealis supercluster. This interacting 
ystem lies at a mean redshift of z = 0.078. Fig. 8 (a) displays the
DSS galaxy distribution in the field nearby the clusters. A very
rominent filament can be seen that emerges from NE–SW which 
ppears to host this interacting system. Planck Collaboration XXVII 
 2016 ) report a mass of M 500 = 3 . 59 × 10 14 M �. Struble & Rood
 1999 ) have shown that this cluster exhibits a velocity dispersion
f 1020 km s −1 which is high for a cluster of this mass, and thus
ndicative of dynamical activity in the ICM. In Fig. 8 (c), it can be
een that the o v erall X-ray morphology is irregular, and elongated
long the galaxy filament seen in Fig. 8 (a). Migkas et al. ( 2020 )
ave reported the X-ray temperature of 4 . 668 + 0 . 141 

−0 . 159 keV and a X-
ay luminosity of L x = 1 . 873 × 10 44 erg −1 . This suggests that the
luster is moderately hot and luminous. 

Farnsworth et al. ( 2013 ) reported a possibility of radio filament
etween Abell 2061 and Abell 2067 which lies to the NE along
he same filament. In the LoTSS 2 map (see Fig. 8 c), we found
n elongated diffuse emission starting from A2061 and traces of 
iffuse radio emission along the filament. A bow shock feature 
an also be seen ahead of cluster A2061 towards the south–west.
he angular extent for radio emission from relic is ∼ 475 kpc
ith radio flux density 342 ± 34 mJy. For the halo, the angular
MNRAS 528, 5924–5951 (2024) 
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M

Figure 6. Abell 1190—Abell 1203 : Panel (a) : Plot of SDSS DR 17 galaxies. The dotted circles represent the bounds of r 200 and 3 r 200 , respectiv ely. P anel (b) : 
Pan-STARRS i-band optical image overlaid by LoTSS-2 low-resolution image contours [at 3, 9, 27, 81, 243] of σ where σrms = 150 μJy beam 

−1 . Panel (c) : 
LoTSS-2 point source subtracted image with same contours (grey) overlaid with XMM–Newton (39 ks exposure data) contours (yellow) for Abell 1190. Panel 
(d) Abell 1203 field LoTSS-2 low resolution image with contours (grey) [3, 9, 27, 81, 243] of σ where σrms = 250 μJy beam 

−1 o v erlaid with XMM–Newton 
contours (yellow; 15.9 ks exposure data). 
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xtension is about 1020 kpc with the diffuse radio flux density of
07 ± 41 mJy. For this central diffuse emission, Farnsworth et al.
 2013 ) reported an integrated spectrum of α1 . 4 

0 . 3 = 1 . 8 ± 0 . 3 using the
reen Bank Telescope , making this an ultra-steep spectrum source.
wing to these radio features, this system becomes a potential site

or observing inter-cluster radio bridges and WHIM filament using
 ven sensiti ve interferometers like SKA in future. 
NRAS 528, 5924–5951 (2024) 
.2 Planck clusters in LoTSS-2 region 

he Planck SZ2 catalogue contains more than 1200 confirmed galaxy
lusters found by the virtue of SZ effect. SZ-identified galaxy clusters
re considered to be reliable as they are independent of redshift
Mroczkowski et al. 2019 ), and therefore not hampered by any
election or projection effects. The second data release of the Planck
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Figure 7. From top to bottom: Abell 1173, Abell 1190, and Abell 1203. XMM 

X-ray contours (yellow) along with ROSAT (white) contours are o v erlaid onto 
LoTSS-2 low-resolution image with contour levels (grey) at [3, 9, 27, 81, 243] 
of σ where σrms = 250 μJy beam 
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Z catalogue has reliability close to or upwards of 90 per cent.
Planck Collaboration XXVII 2016 ) 

In this section, we describe the list of interacting clusters with at
east one confirmed PSZ2 cluster member which lies in the field of
oTSS-2. These clusters are independently identified with diffuse 

adio emission in the work by Botteon et al. ( 2022 ); ho we ver, the
ynamical states of these sources and their multiwaveband features 
ave not been explored well. The other additional properties rele v ant
o the interaction scenario are also presented here in the further
ections. 

.2.1 PSZ2 G053.53 + 59.52 (Abell 2034/M137) 

ig. 9 (a) shows a plot of SDSS galaxies in the field of Abell 2034
learly highlighting the identified merging system in colour. This 
ystem is well known and studied in great detail by many authors
eporting many multiband signatures of interaction. This system is 
ocated at the mean redshift of z = 0.113. A prominent filament can be
een just northwards of the cluster spanning from west to east. Planck
ollaboration XXVII ( 2016 ) have reported the cluster mass of M 500 

f 5 . 85 × 10 14 M �,while we estimate an upper limit on mass as M ∼
 × 10 14 M �. From the weak-lensing maps, the bimodal structure 
north–south) of this cluster can clearly be identified, along with 
dditional mass peaks revealing a highly irregular structure (Okabe & 

metsu 2008 ). A comparatively recent study by Monteiro-Oliveira 
t al. ( 2018 ) related to the numerical density distribution of the
ed sequence galaxies, reveals a third structure towards the west, 
long with historically identified north and south substructures. This 
elati vely ne w insight is consistent with the centres identified in this
ork. Early shallower X-ray observations of this cluster suggested 

he presence of a cold front, ho we ver, Owers et al. ( 2013 ) pro v ed with
eeper observations that the signature was a shock front with a Mach
umber M = 1 . 59 + 0 . 06 

−0 . 07 . Critically, the authors also confirmed the
xistence of a substructure just ahead of the shock which is a remnant
f the merging substructure. Migkas et al. ( 2020 ) have reported the
luster to be hot, with an X-ray temperature of 7 . 8 + 0 . 1 

−0 . 1 keV , using the
ata from NASA Chandra observatory; while the X-ray luminosity 
ound to be L x = 3 . 5 × 10 44 erg s −1 . 

Giovannini et al. ( 2009 ) and van Weeren et al. ( 2011 ) were a
ew preliminary works that explored diffuse radio emission in this 
luster. The interpretation of the 144 MHz radio image shows the
resence of several large-scale diffuse radio sources. The region near 
he centres shows diffuse radio emission and a structure resembling 
he radio filaments appears to be connecting the two centres. A
istinct relic can also be clearly seen in the southern part of the
mage. The extent of the central diffuse radio emission source is

1.4 Mpc with a total flux density of 2.0 ± 0.2 Jy. The extent of
he nearby southern relic is ∼600 kpc with a total flux density of
04 ± 10 mJy . Previously , Shimwell et al. ( 2016 ) have performed
 detailed study on all the prominent diffuse sources present in the
earby field of this system. In addition to these, the detection of a
andidate RPS source (see Fig. 9 d) in the LoTSS 2 high-resolution
ap provides a clue to the presence of strong dynamical activities in

he system. The stretched-out radio tail in the galaxy was found
o point away from the cluster centre possibly indicating strong 
am pressure striping of its gas arising from its motion through the
ot ICM. 

.2.2 PSZ2 G080.16 + 57.65 (Abell 2018/PPM164) 

he region surrounding this cluster is seen to be rich in the number of
alaxies, as shown in 10 (a). A couple of filamentary structures can
e spotted around the located centre, approximately from north–
outh and east–west. It appears that the system may lie on the
ode (intersection) of filaments, As a result, this system may have
ndergone several interactions in the past and may do so in the future,
hus making it difficult to reliably associate the merger signatures 
ith specific clusters. We identify PSZ2 G080.16 + 57.65, also 
nown as Abell 2018, in an interacting state with nearby cluster
DSS-C4-DR3 3314, located at the mean redshift of z = 0.088.
lanck Collaboration XXVII ( 2016 ) have reported cluster mass M 500 

f 2 . 51 × 10 14 M �. We have estimated a mass of ∼ 9 × 10 13 M �
or Abell 2018 and lower limit of 3 × 10 12 M � for SDSS-C4-DR3
314. The X-ray morphology of Abell 2018 is seen to be mildly
longated and clumpy, indicative of an unrelaxed state. Campitiello 
t al. ( 2022 ) have shown that this cluster possesses an extremely
ynamic morphology and is the eighth most dynamically active 
luster amongst their sample of 118 clusters. The authors have also
eported an asymmetry parameter of 1.5 ± 0.4 which is a measure
f departure from the spherically distributed luminosity profile. 
aul et al. ( 2021 ) have calculated the X-ray luminosity of L x =
 . 14 + 0 . 04 

−0 . 03 × 10 43 ergs −1 which tells that the cluster is moderately
uminous. 

LoTSS-2 low-resolution images reveal the presence of several 
iffuse structures, most prominently a cluster radio shock to the 
outheast of the Abell 2018 centre, as well as a diffuse emission,
ust off-centre. The larger elongation of the radio shock is roughly
erpendicular to the estimated merger axis, with its extent being ∼
MNRAS 528, 5924–5951 (2024) 
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Figure 8. Abell 2061 . Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS r-band optical image o v erlaid with LoTSS-2 low resolution image contours at [3, 
6, 9, 12, 15, 18] of σ where σrms = 200 μJy beam 

−1 . Panel (c) : C { \ sc handra } X-ray contours (yellow) with exposure of 33 ks o v erlaid on LoTSS-2 point 
source subtracted image with contours (grey) with the same levels as in Panel (b) . Panel (d) : A candidate RPS galaxy in the field of A2061; Pan-STARRS i-band 
optical image o v erlaid with contours (grey) at [3, 6, 9, 12] of local σ rms where σrms = 80 μJy beam 
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.0 Mpc. We also calculated the radio flux density of 38 ± 5 mJy.
he off-centre diffuse emission has an ultra-steep spectral index of
400 
144 = −1 . 6; ho we ver, as it is neither located exactly at the centre,
or at the outskirts, the identity of this emission remains doubted
Paul et al. 2021 ). The LoFAR LBA images (see Fig. 10 d) show
iffuse radio sources along the relic as well as a small source near the
luster centre. We have computed the flux density of 735 ± 84 mJy
or the relic, and 755 ± 18 mJy for the diffuse patch. This computes
NRAS 528, 5924–5951 (2024) 
o α54 
144 = −1 . 1. Thus, it can further strengthen our argument with

his additional information from the LBA data that the emission
s a steep spectrum, possibly indicating a relic. With the insight
rom this work, it may be possible that the emission arises due to a
istorical shock seen in interaction with the halo. The other cluster,
DSS-C4-DR3 3314 does not show any well-defined diffuse radio
ignatures, which may be due to its extremely low mass as estimated
y us. 
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Figure 9. PSZ2 G053.53 + 59.52. Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS optical image o v erlaid with LoTSS-2 low resolution image contours at 
[3, 6, 12, 24, 48...] of σ where σrms = 100 μJy beam 

−1 . Panel (c) : XMM–Newton X-ray contours (yellow) with exposure of 13 ks o v erlaid on LoTSS-2 point 
source subtracted image with contours (grey) at [3, 6, 9, 12, 15] of local σ rms where σrms = 300 μJy beam 

−1 . Panel (d) : A candidate RPS galaxy in the field of 
PSZ2 G053.53 + 59.52; Pan-STARRS i-band optical image overlaid with contours (grey) at [3, 6, 9, 12] of local σ rms where σrms = 95 μJy beam 
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.2.3 PSZ2 G089.52 + 62.34 (PPM144) 

his couplet of interacting system is located at a mean redshift
f z = 0.07. The region surrounding this system is galaxy-rich, 
nd a filamentary structure of SDSS galaxies can be seen orig-
nating from NE–SW in Fig. 11 . We compute the mass of the
ntire interacting system to be 1.9 × 10 14 M �. Struble & Rood
 1999 ) have reported a velocity dispersion of this cluster to be
803 km s −1 which is relatively higher for the cluster of this mass.
lin & Krywult ( 2006 ) find a substructure in this system with an
rientation similar to that we found in this work (NE–SW). In
ig. 11 (c), the X-ray morphology appears to be extremely clumpy and 

rregular, strongly suggesting a highly disturbed cluster medium. The 
luster is also moderately luminous with L x = 2 . 54 × 10 44 erg −1 .
Paul et al. 2021 ). 
MNRAS 528, 5924–5951 (2024) 
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Figure 10. PSZ2 G080.16 + 57.65 (a) : A plot of SDSS galaxies. Panel (b) : DSS red band optical image o v erlaid with LoTSS-2 low-resolution image contours 
at [3, 6, 9, 12, 15, 18] of σ where σrms = 150 μJy beam 

−1 . Panel (c) : XMM–Newton X-ray contours (yellow) with exposure of 35.50 ks o v erlaid on LoTSS-2 
point source subtracted image with contour levels (grey) at [3, 6, 9, 12, 15] of σ where σrms = 390 μJy beam 

−1 . Panel (c) LoFAR LBA Sk y Surv e y low-resolution 
image o v erlaid with radio contours at [3, 6, 9, 12, 15] of local σ rms where σrms = 4 . 0 mJy beam 
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van Weeren et al. ( 2019 ) reported the presence of radio relics in the
ystem for the first time. Apart from the Northern prominent relic, the
ystem is also known to host a second inner relic (Paul et al. 2021 );
lso along NE closer to the cluster core. We compute the flux density
f the outer relic to be 58.2 ± 20.4 mJy. In the LoTSS low-resolution
mage Fig. 11 (c), another diffuse signature can be observed near the
luster centre. Prima-facie, it appears to be a tailed galaxy, ho we ver,
he optical signature seems to be missing in Fig. 11 (b). 
NRAS 528, 5924–5951 (2024) 
.3 Non-Planck clusters in LoTSS-2 region 

he SZ signal is strongly related to the mass of a cluster, mainly
he luminous mass in the ICM (Metzler 1998 ). For a few low-mass
ystems, it is possible that the signature was beyond the reach of
SZ2 surv e y sensitivity. Such clusters may still continue to e xhibit
iffuse radio and X-ray sources due to their high dynamical activities.
his section represents such clusters which are centre-matched from
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Figure 11. PSZ2 G089.52 + 62.34. Panel (a) : A plot of SDSS galaxies. 
Panel (b) : DSS r-band optical image overlaid with LoTSS-2 low resolution 
image contours at [3, 6, 9, 12, 15, 18] of σ where σrms = 250 μJy beam 

−1 . 
P anel (c) : XMM–Ne wton X-ray contours (yellow) with e xposure of 19 ks 
o v erlaid on LoTSS-2 point source subtracted image with same contour levels 
(grey). 
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ny of the SDSS, WHL, or NSC cluster catalogues. These catalogues
re based on observations in optical wavelengths. The utility of the
atalogues is that they have a very large coverage, and low false
etection rates (Wen, Han & Liu 2012 ). 

.3.1 RXCJ1053.7 + 5452 (PPM193) 

ocated at the mean redshift of z = 0.070, our algorithm has flagged
his system as a pre-mer ging/post-mer ging system. Although this 
ystem shows up in the SDSS cluster catalogue, it has been studied
n little detail until now. The neighbourhood of this system shows the
resence of a few other clusters and a subtle filament-like structure
oughly extending from northwest towards the centre as evident in 
ig. 12 (a). The total mass of this cluster obtained in this work is ∼
 . 0 × 10 14 M �. The central velocity dispersion of galaxies of 665 + 51 

−45 ,
eported by Aguerri, S ́anchez-Janssen & Mu ̃ noz-Tu ̃ n ́on ( 2007 ), does
ot indicate any extreme dynamical acti vity. Ho we ver, Golovich et al. 
 2019 ) have previously identified this as a merging system and report
 general bi-modality present in the central region based on X-ray
eaks. The X-ray morphology shows X-ray centre lies slightly ahead 
f the optical centre identified in this work, which is a possible
ndication of the independent evolution of dark and baryonic matter 
n a galaxy cluster as it undergoes interaction. A thorough X-ray study
sing Suzaku and Chandra telescopes has been done by Itahana et al.
 2017 ), where, a particular focus has been given to the region near the
elic that this system is known to host. They report a temperature of
 . 04 + 1 . 08 

−1 . 08 keV for the cluster. Considering the mass of this system, this
verage temperature is significantly lower which may have resulted 
ecause of high cooling flows in the cluster centre of the cool-core
luster (Itahana et al. 2017 ). Nevertheless, the authors also suggested
hat the low temperature has been aided by the adiabatic expansion
hich follows a recent collision. In addition, the authors reported 
 sudden drop in temperature and density outwards of the surface
rightness edge, indicating a cold front. If true, the presence of a
old front will solidify the interaction scenario presented in this 
ork along the east–west direction. 
A significantly large radio shock can be seen to the right of

he identified centres in the LoTSS low-resolution images (see 
ig. 12 c). The larger elongation of this diffuse emission is roughly
erpendicular to the merger axis. The extent of this radio shock is
770 kpc with a radio flux density 193 ± 20 mJy. Until now, due to
 lack of multiband radio observations, the spectral index of the relic
emained undetermined. Using the 1382 MHz observations carried 
ut by van Weeren et al. ( 2011 ) we calculate the spectral index of
he diffuse emission source to be α1382 

144 ∼ −1 . 1; which is steep as
xpected for a relic. The absence of any optical source in Fig. 12 (b),
nd the steep spectral index is clear evidence for a radio-relic
ature of this diffuse radio source. As a tracer of interaction in this
ystem, we identified an RPS galaxy candidate in a LoTSS-2 high-
esolution map (see Fig. 12 d). The contours show stripping of gas
owards the northeast, with the cluster centre located roughly to the
outhwest. 

.3.2 SDSS-C4-DR3-3088 (M61) 

n Fig. 13 (a), a faint filament-like structure is visible from top
o bottom left. The neighbourhood of this galaxy cluster is rich
n number. Our algorithm has classified this as a merging system
omprising of two members. This system lies at the mean redshift
f z = 0.046. The 61 member galaxies of this cluster were identified
y Simard et al. ( 2009 ), who also report the velocity dispersion of
he member galaxies to be σ = 556 ± 61. The authors reported a
MNRAS 528, 5924–5951 (2024) 
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Figure 12. RXC J1053.7 + 5452 . Panel (a) : A plot of SDSS galaxies in the nearby field. Panel (b) : LoTSS-2 low resolution image contours at [3, 6, 9, 12, 15, 
18] of σ where σ= 200 μJy beam 

−1 o v erlaid on DSS optical image. Panel (c) Chandra X-ray contours (yellow) with exposure 24.76 ks overlaid on LoTSS-2 
low-resolution image at the same contour levels (grey) with σ= 175 μJy beam 

−1 . Panel (d) : A candidate RPS galaxy in the field of RXC J1053.7 + 5452. 
LoTSS high-resolution contours at [3, 4, 5, 6, 7] σ where σ= 25 μJy beam 

−1 o v erlaid on PanSTARRS r-band optical image. 
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ass of 2.88 × 10 14 M �, while Mandal et al. ( 2020 ) reported M 500 

o be 1 . 6 + 0 . 39 
−0 . 36 × 10 14 M �, derived from X-ray observations. In this

ork, we estimate the mass of this cluster to be a lower limit of
7 × 10 13 M �. Mandal et al. ( 2020 ) have studied the cluster in both

-ray and radio wavelengths and reported an X-ray temperature of
 . 1 ± 0 . 4 keV which is an indication that the cluster is moderately
ot considering that the cluster has a low mass. The centre identified
n this work o v erlaps with the X-ray peak reported by the authors;
NRAS 528, 5924–5951 (2024) 
o we ver, it appears to be originating from a point source, possibly a
rightest cluster galaxy (BCG) with signatures in optical and radio
ounterparts. The o v erall X-ray morphology of this cluster is highly
rregular and extremely clumpy which points to high dynamical
ctivity. A general bimodal structure can be seen in X-ray contours
here the eastern lobe encompasses the BCG. The western lobe

ontains several optically bright galaxies and the centre is marked by
he C4 cluster catalogue (Miller et al. 2005 ). 
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Figure 13. SDSS-C4-DR3-3088 . Panel (a) : A plot of SDSS galaxies in the 
nearby field. Panel (b) : LoTSS-2 low-resolution image contours at [3, 6, 12, 
24, 48] of σ where σ= 450 μJy beam 

−1 o v erlaid on DSS optical image. Panel 
(c) : Chandra X-ray contours overlaid on LoTSS-2 low-resolution image with 
same contour levels (grey). 
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This cluster is known to host an ultra-steep spectrum source with
150–610 = −1.74 ± 0.23 (Mandal et al. 2020 ). The authors also
rgued that a strong morphological link exists between bright radio 
alaxy in the field of this cluster and this diffuse emission. An
dditional remark that the authors make is that the kinematic time of
nergized electrons is much larger than the radiative lifetimes in this
ase which points to the re vi v al of fossil electrons. An explanation for
his re vi v al may be the interaction described in this work. LoTSS-2
ow-resolution images show the mentioned revived plasma source. 

e report the linear extension for the diffuse source to be ∼330 kpc,
ith the total 3 σ flux density of 3.4 ± 0.3 Jy. The flux density of

his source is relatively higher than the usual cluster peripheral relics
uggestive of local re-energization of the plasma. 

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

n this work, we present an impro v ed search algorithm for identifying
nteracting galaxy clusters from large optical galaxy surv e y data and
nterpret the interaction scenario traced by multiband signatures of 
uch systems. A comprehensive catalog of interacting systems has 
een prepared implementing an optimized FoF clustering algorithm 

n the latest data from SDSS DR-17. This algorithm has been in
se since the 1980s because of its simplicity of implementation 
nd cheap computational cost. Here, we employed an open-source 
ackage of the FoF algorithm by Samuel Farrens ( { \ sc sFoF } ;
arrens et al. 2011 ) for our study. To account for selection effects,
 \ sc sFoF } uses a scaling relation for the linking parameters. It
as been observed that the output of the FoF algorithm is highly
ensitive to the choice of this linking parameter which in turn
epends on the goal of the study (Tago et al. 2008 ). Moreo v er, the
inking parameter significantly depends on various technical and 
strophysical conditions and therefore varies o v er the sky patches.
nlike the usual method of determining of linking-length using a 
ock catalogue from simulated clusters, which lacks the real sky 

onditions, we use an optimization technique based on the physical 
erification of real galaxy clusters. To ensure that our algorithm 

s successful in locating actual clusters to its maximum possible 
ccuracy, we for the first time, designed the algorithm that optimizes
he linking length o v er the full surv e y volume based on the Planck
Z galaxy cluster catalogue. 
Interacting clusters so far have largely been studied on an indi-

idual basis. Very few attempts have been made to systematically 
dentify and catalogue interacting clusters. Most recently Tempel 
t al. ( 2017 ) have performed a somewhat similar study using SDSS
R-12 and concluded that due to the complicated nature of merging

ystems, automatic detection is not a straightforward procedure. In 
his work, by setting reasonable criteria, we defined the dynamical 
tates of the cluster systems into two different categories, namely 
erging and pre-merging/post-merging. Our criteria are based on 

hysical and geometrical parameters of clusters such as virial radius, 
longation and haversine separation which has enabled us to remo v e
uch of the ambiguity associated with merging clusters. Ho we ver, 
e should admit that distinctly defining pre- and post-merging 

ituations remains error-prone. 
It is quite well known that galaxy clusters evolve through the

rocess of hierarchical merging as well as continuous accretion. 
osmological simulations revealed that, at large scales, nodes of the 
osmic web represent the region of high merging activity. Clusters 
hich lie along the filaments are also likely to under go mer ging or
ave undergone merging in the past. 
Since cluster interactions and the presence of filaments are 

xpected to correlate, we can think of galaxy filaments in redshift
MNRAS 528, 5924–5951 (2024) 
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urv e ys as the tracers of interacting systems as flagged by the
lgorithm we have described. We also present the interaction scenario
or each detected system from this viewpoint. 

.1 Systems detected as parts of supercluster 

ur algorithm is so designed that it can detect a system with at least
wo interacting clusters to as many as objects that pass the criteria
aid down by us to locate the interacting systems. Superclusters are
he largest members in the hierarchical scheme of the cosmic web
here even multiple massive clusters come closer and interact with

ach other to form a pattern of voids and filaments of galaxies and
alaxy clusters (Matsubara 2006 ). In this work, we have identified
uch a system which is in fact a part of a much larger supercluster
amely SCL-38 supercluster as identified by Einasto et al. ( 2011 ).
ur algorithm identified a total of five galaxy clusters which include
bell 1173, Abell 1190, and Abell 1203 with a combined mass of

round 5 × 10 14 M � This supercluster is also known to host two more
bell clusters, Abell 1155 and Abell 1187, which did not match our

riteria of interaction. The largest separation among the five clusters
n the system is at least 10 Mpc, possibly making the densest part of
 much larger structure which also includes two more Abell clusters
s mentioned abo v e. Of these fiv e clusters, Abell 1190 is the most
assive system, and hence comes as the prominent detection in our

lgorithm as well in LoTSS diffuse radio maps, and two more have
een also detected in X-rays. While galaxy distribution clearly shows
 filamentary connection, no tracers for the intergalactic medium be
etected in radio or X-rays at the current sensitivity. Along with
bell 1190, we have also detected the Abell 2061 system, which is
art of the larger Corona borealis supercluster. The Corona Borealis
upercluster is known to host more than five clusters which are
upposed to be gravitationally bound and collapsing. Of these, we
etect subgroups which fit our interaction criteria in the vicinity
f A2061. The centres reported in this work suggest a dynamical
cenario that is consistent with a highly characteristic diffuse radio
mission spanning NW–SE hosted the system. The distribution
f SDSS galaxies is also preferentially along similar directions.
lthough in the LoTSS-2 subtracted map, there are hints of faint

adio emission originating all across this intergalactic filamentary
egion, no claim can be made with confidence at current sensitivity;
ut this makes Abell 2061 a rather interesting candidate for potential
adio bridge observations using future telescopes. 

.2 Interacting systems 

part from being connected by filaments, interacting clusters also
how signs of strong dynamical activities through thermal (e.g. X-
ays) and non-thermal (e.g. radio) emission features. Such emissions
re diffuse in nature and therefore linked to tenuous intra- and inter-
luster medium of these systems (Forman & Jones 1982 ; van Weeren
t al. 2019 ). Synchrotron radio emissions detected in these sources
re in various forms, such as radio-halos or radio relics (see van
eeren et al. 2019 ; Paul et al. 2023 for the classifications), and are

ften linked to the galaxy-cluster formation dynamics, providing the
trong evidence of the presence of cosmic magnetic fields. Moreo v er,
hese radio sources elucidate the astrophysical process of particle
cceleration in these systems. 

.2.1 Radio halos 

s we have already elaborated, due to the presence of magnetic
elds, the electrons in the ICM that are accelerated to relativistic
NRAS 528, 5924–5951 (2024) 
nergies through cluster interactions, quickly lose energy by syn-
hrotron radiation, peaking at radio wave bands. Turbulence being
he dominant particle accelerator in the densest central part of the
luster, manifests itself as extended central diffuse radio sources that
oughly follow the ICM distribution and are termed as radio halos.
he previous works related to this topic have shown that there is
 strong linkage between cluster mergers and radio halos (Cassano
010 ), making radio halos a good indicator for the interaction of
assive systems. 
In this work, many of the systems that are flagged as interacting

ystems show at least one of them hosts a radio halo. Abell 1190, part
f the supercluster system SCL 38 hosts a halo-like emission with
n extension of 400 kpc. A2061 also hosts a confirmed radio halo
ith the flux density of 407 ± 41, and its extent stretches as large as
 Mpc. Similarly, PSZ2 G053.53 + 59.52, a very closely interacting
wo-cluster system, was found to host a large diffuse radio emission
ermeating the entire X-ray halo. Ho we ver, it seems the emission is
ontaminated with many radio galaxies. 

.2.2 Radio shocks (relics) and revived fossil plasma sources 

adio relics or cluster radio shocks are usually considered as markers
f shock generated during cluster mergers or due to adiabatic
ompression in the intermediate space between two interacting
lusters (Gu et al. 2019 ). These shocks are found to be supersonic (i.e.
ach number M > 1) that can only be generated during violent major

luster mergers (Paul et al. 2011 ) and therefore are the unambiguous
ignature of interacting systems. Since, astrophysical shocks can
ccelerate particles to relativistic energies through dif fusi ve shock
cceleration, under the influence of μG magnetic fields they emit
ynchrotron radiation (Ryu et al. 2003 ). These are sources of diffuse
adio emission with the usual extension of a few hundred kpc to

pc (van Weeren et al. 2019 ) and are mostly found near the cluster
eriphery. 
Many of the interacting systems identified by our algorithm show

rominent radio relics confirming their dynamical activities. For
xample, RXC J1053.7 + 5452 is a system with a characteristically
arge radio shock. This feature has an extension of about 770 kpc
nd exhibits a spectral index of ∼−1.1, as estimated by us using
oTSS-2 low-resolution maps. 
Furthermore, PSZ2 G080.16 + 57.65 and G089.52 + 62.34 are also

etected with relic-like emissions. PSZ2 G053.53 + 59.52 is a
ell-studied system with high dynamical activity (Shimwell et al.
016 ). According to the criteria proposed in this work, the system is
urrently in the merging phase, ho we ver, the presence of unclassified
elic-like features in the surrounding region indicates that other
erger events may have also taken place in the past. 
Another class of ultra-steep-spectrum cluster diffuse radio sources

alled the re vi ved fossil plasma sources have been disco v ered in
umbers in recent years (see Paul et al. 2023 , for a re vie w). It is likely,
hat the fossil electrons from tailed radio galaxies and lobes of radio
alaxies which are deposited in the ICM get re vi ved during merger
nd accretion processes (Enßlin & Gopal-Krishna 2001 ). SDSS-C4-
R3-3088 represents such a case of a re vi ved fossil plasma source. 

.2.3 Ram pr essur e stripped galaxies as the interaction marker 

he ICM tends to be hot ( � 10 7 K), and even more so in the case of
nteracting clusters due to gas sloshing that results from dynamical
cti vities (ZuHone, Marke vitch & Johnson 2010 ). As the member
alaxies of a cluster mo v e through this hot ICM, the y e xperience a
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am pressure that strips the gravitationally bound gas from a galaxy, 
 process known as the RPS (Nulsen 1982 ). In the case of spiral
alaxies, this effect is easier to observe in their radio features, since
he radio tail can be seen to extend much beyond the galactic disc,
hich may itself appear bow-shaped. The tail emanating due to the 

tripping of gas is usually pointed away from the cluster centre as
he galaxy falls towards it. RPS galaxies can thus be seen as an
dditional tracer of cluster interaction (Ebeling & Kalita 2019 ). Fig. 
2 (d) shows such a galaxy identified by Poggianti et al. ( 2016 ).
dditionally, using the information from LoTSS-2 high-resolution 
aps, and the centre and merger axis location, we found a few more

uch RPS candidates, as shown in Figs 8 , 9 (d), 12 (d), and A3 It is to be
oted that a detailed multiwavelength study is needed for confirming 
he RPS galaxies; which is beyond the scope of this paper. 

Finally, we may conclude that, by implementing a physically 
ele v ant ne w optimization scheme for choosing linking length in the
 xisting F oF algorithm, we successfully produced a comprehensiv e 
ist of interacting galaxy cluster systems from the latest SDSS data 
elease, DR-17. We have also proposed a set of physically moti v ated
riteria and classified these interacting systems into two phases, 
merging’ and ‘pre-merging/post-merging’. Interestingly, we found 
hat the bulk of cases show cluster interaction along the prominent 
osmic filaments (as seen in SDSS optical galaxy distribution) with 
he most violent ones at their nodes. Important to mention here is,
his is exactly what the cosmological simulations based on L-CDM 

osmology predict. The imprint of interactions such as diffuse cluster 
missions in radio or X-rays, has also been identified in many of these
ystems or in their proximity. 

While these systems show the well-established multiband emis- 
ion features as a sign of interaction, such as radio halos, relics or
e vi ved fossil plasma as well as clumpy and elongated morphology in
-rays, in a handful of cases the nature of the emission features could
ot be characterized. Moreo v er, the non-detection of filamentary con- 
ections and ridges etc. in the available multiband deep images and 
urv e ys made it difficult to show the direct evidence for interactions in
hese systems. Nevertheless, we are hopeful that with the upcoming 
 xtremely sensitiv e radio interferometers, such as SKA , or with the
ROSITA telescope in X-rays, it may also be possible to detect the
aint filamentary materials that span several Mpc connecting these 
nteracting clusters. It would thus be useful to have a catalogue 
f interacting systems, such as the one we presented here, to hunt
or such extremely faint signatures. Once a large number of such 
ystems, undergoing various phases of a merger are catalogued, it 
ill also be possible to stack them and make predictions for the

equired detection sensitivity for future surv e ys. 
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PPENDIX  A :  MULTIWAV ELENGTH  

NTERA  C T I O N  T R A  C E R S  O F  SYSTEMS  

0.1 PSZ2 G095.22 + 67.41 (PPM136) 

he couplet of interacting clusters, PSZ2 G095.22 + 67.41 flagged 
y our algorithm can be seen in Fig. A1 (c). The system lies in
 galaxy-rich neighbourhood, with a subtle filamentary structure 
manating from the southwest towards the centre of the image. 
he first studies of interaction associated with this cluster are 
ery recent (van Weeren et al. 2021 ), and the entire dynamical
cenario is still not fully understood. This is a relatively smaller 
luster with an estimated mass of only ∼ 5 × 10 13 M �, located 
t a mean redshift of z = 0.063. The X-ray morphology of the
luster is clumpy and irregular indicating that the cluster is not in a
elaxed state, and is possibly undergoing a merger along the east–
est direction which coincides with the apparent stretch of galactic 
lament. 
LoTSS low-resolution images reveal an elongated diffuse structure 

o the east of centres. This was first claimed as a candidate relic by
an Weeren et al. ( 2021 ). This diffuse emission has an extent of
385 kpc with a radio flux density of 15.7 ± 2.9 mJy. Botteon

t al. ( 2022 ) do not report a well-observed diffuse emission in the
entral region of this cluster. The Planck centre is slightly off from
he centre which can be identified from the X-ray contours, nicely 
ncompassing the BCG. Interestingly, the point source subtracted 
mage reveals a diffuse emission which appears to be in the vicinity
f the centre, and the radio contours primarily indicate that the 
mission does not arise from the BCG. Although prima facie, it
ppears to be a halo. It exhibits a very low flux ( ∼6 mJy) and
s not properly aligned with the X-ray centre. Stronger evidence 
or the eastern relic-like emission can be found in LoFAR LBA
mages (see Fig. A1 d). With a flux density of 130 ± 19 mJy for
he source in the LBA image, we estimated an upper limit on the
pectral index as α56 

144 − 2 . 2 which is indicative of an ultra-steep
pectrum relic. 
0.2 PSZ2 G057.78 + 52.32 (Abell 2124/PPM175) 

 prominent filamentary structure can be seen going from top 
eft to bottom right in Fig. A2 (a). PSZ2 G057.78 + 52.32, also
nown as Abell 2124 is seen to be interacting with a nearby cluster
r19:[BWF2006] 21613 and is in the state of pre-merger/post- 
erger. This system is located at a mean redshift of z = 0.065. Abell

124 is a fairly well-studied cluster. One of the first studies based on
ptical data shows the presence of two substructures, one roughly to
he north of the centre, and one to the south at the scale of ∼130 kpc
Flin & Krywult 2006 ). This is a possible indicator that the cluster
ay have undergone interactions in the past. Planck Collaboration 

 2016 ) report a M 500 of 2 . 38 × 10 14 M �. Bilton, Pimbblet & Gordon
 2020 ) have calculated the velocity dispersion of 751 40 

80 which points
owards high dynamic activity. In addition to this, Poggianti et al.
 2016 ) have found six candidate jellyfish galaxies in the field of
bell 2124. Fig. A2 (d) shows one of such ram pressure-stripped
alaxies, JW76, where the centres and merger axis lie roughly to
he northwest of this galaxy. Migkas et al. ( 2020 ) have determined
he X-ray temperature of 5 . 17 + 0 . 36 

−0 . 29 keV using data from Chandra
bservatory, which can be considered to be hot for the mass the cluster
as. It is also highly luminous with 0.5–7.0 keV X-ray luminosity of
 . 4 ± 0 . 1 × 10 43 ergs −1 . The o v erall X-ray morphology is re gular,
o we ver, it is asymmetric and slightly elongated in the NW-SE
irection (Lakhchaura & Singh 2014 ). The authors also disco v er
 mismatch between the X-ray peak and optical peak in the central
egion of this cluster pointing towards ongoing galactic merger. The 
ther cluster, Mr19:[BWF2006] 21613 shows no signatures in radio 
r X-rays, which may be accounted for its low mass. 
The first radio study of Abell 2124 was performed by Hanisch

 1984 ) to search for halo using WSRT. The authors conclude that
o significant halo-like emission can be associated with this cluster. 
o we ver, the 144 MHz LoTSS point source subtracted image reveals

n elongated diffuse emission nearby one of the centres along the
erger axis. We calculate the size of this diffuse emission to be

round ∼890 kpc with a radio flux density of 48 ± 6 mJy. Radio
ontours on the optical image reveal that this emission may be arising
rom the BCG. 

0.3 Abell 2249 (M72) 

his pair of clusters is located at a mean redshift of z = 0.084.
ig. A3 (a) shows the plot of SDSS galaxies in the nearby field. The

nteracting system is seen to lie on the galaxy filament spanning
oughly NE–SW and is present in a galaxy-rich neighbourhood. 
truble & Rood ( 1999 ) claim that the cluster has galactic velocity
ispersion of 548 km s −1 which is moderate, expecting a dynamical 
ctivity. Planck Collaboration ( 2016 ) report the cluster mass of M 5 00
.73 × 10 14 M �. According to our analysis, the mass is around M 5 00
.2 × 10 14 M �. The X-ray morphology appears to be clumpy and
rregular and slightly extended along the filament which can be seen
n panel (a). The X-ray temperature of 5 . 837 + 0 . 376 

−0 . 353 keV while the
-ray luminosity of L x = 1 . 772 × 10 44 erg −1 has been reported by
igkas et al. ( 2020 ) using the data from NASA Chandra observatory.

his is suggestive of the fact that this cluster is moderately hot and
elatively less luminous. 

PSZ2 G057.61 + 34.93 is a system known for a characteristically
arge radio relic. Locatelli et al. ( 2020 ) have identified this system as
 dif fusi ve shock acceleration candidate. The large relic may be from
 merger event that happened along this filament. The presence of
right radio sources nearby the centres makes it difficult to confirm
he presence of a halo; ho we ver, the point source subtracted image
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http://dx.doi.org/10.1088/0067-0049/199/2/34
http://dx.doi.org/10.1086/168360
http://dx.doi.org/10.1086/309673
http://dx.doi.org/10.1051/0004-6361:20000357
http://dx.doi.org/10.1093/mnras/183.3.341
http://dx.doi.org/10.1093/mnras/stx2568
http://dx.doi.org/10.1093/mnras/staa2363
http://dx.doi.org/10.1093/mnras/stac1037
http://dx.doi.org/10.1007/BF00661821
http://dx.doi.org/10.1051/0004-6361/202141540
http://dx.doi.org/10.1086/172530
http://dx.doi.org/10.1088/0004-637X/717/2/908
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stae200#supplementary-data


5944 T. Oak and S. Paul 

M

Figure A1. PSZ2 G095.22 + 67.41 . Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS red band optical image overlaid with LoTSS-2 low resolution image 
contours at [3, 6, 9, 12, 15] of σ where σrms = 200 μJy beam 

−1 . Panel (c) : XMM–Newton X-ray contours (yellow) with exposure of 24 ks overlaid on LoTSS-2 
point source subtracted image with contour lev els (gre y) [3, 6, 9, 12, 15] of σ where σrms = 300 μJy beam 

−1 . Panel (d): LoFAR LBA Sk y Surv e y low-resolution 
image o v erlaid with radio contours at [3, 6, 9, 12, 15] of local σ rms where σrms = 4 . 5 mJy beam 
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oes show a diffuse radio emission. The angular extent of the relic is
834 . 938 kpc with a diffuse radio flux density of 208.301 ± 21.36

Jy. Fig. A3 (d) shows a candidate RPS galaxy; a possible indicator
f the dynamical cluster environment causing the stripping of galactic
as. 
NRAS 528, 5924–5951 (2024) 

o  

i  

P  
0.4 PSZ2 G149.22 + 54.18 (M74) 

SZ2 G149.22 + 54.18 is a couplet of interacting systems as flagged
y our algorithm. The merger axis spans roughly along NW-SE. From
ig. A4 (a), it can be seen that the system is present in the vicinity of
ther galaxy clusters that are present to the southwest. The cluster
s relatively massive with mass of 5 . 9 + 0 . 2 

−0 . 2 × 10 14 M � according to
lanck Collaboration ( 2016 ). We report the combined NFW M 200 of
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Figure A2. PSZ2 G057.78 + 52.32 . Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS r-band optical image overlaid with LoTSS-2 low resolution image 
contours at [3, 6, 9, 12, 15] of σ where σrms = 500 μJy beam 

−1 . Panel (c) : XMM–Newton X-ray contours (yellow) with exposure of 35 ks overlaid on LoTSS-2 
point source subtracted image with same contour levels (grey) at σrms = 350 μJy beam 

−1 Panel (d) : A candidate ram pressure stripped galaxy; Pan-STARRS 
r-band optical image o v erlaid with LoTSS-2 high-resolution image with contour levels of [3, 6, 9, 12] at σrms = 80 μJy beam 
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his cluster as 3.866 × 10 14 M �. (Migkas et al. 2020 ) have reported
he X-ray luminosity of L x = 3 . 504 × 10 44 erg −1 and a temperature
f 9 . 937 + 1 . 282 

−0 . 912 keV indicating this is a moderately luminous and very
ot galaxy cluster. In panel A4 (c) it can be seen that the X-ray
orphology is roughly symmetrical and not clumpy, and o v erlaps 

he diffuse radio emission. Yuan, Han & Wen ( 2022 ) report an X-ray

I

oncentration parameter (c) of 0.1360 ± 0.0034 which is a signature 
hat the cluster is not relaxed (for relaxed clusters c ∼ 1). 

The cluster is known to host an ultra-steep spectrum radio halo,
Wilber et al. 2018 ) with a spectral index of −1.71 ± 0.19. This can
lso be seen in LoTSS low-resolution images from Fig. A4 (a) and
c). The halo has a diffuse radio flux density of 305.6 ± 58.7 mJy.
n the context of the connection between merging galaxy clusters 
MNRAS 528, 5924–5951 (2024) 
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M

Figure A3. Abell 2249 . Panel (a) : A plot of SDSS galaxies in the nearby field. Panel (b) : LoTSS-2 low-resolution image contours at [3, 6, 12, 24, 48, 96] of σ
where σ= 450 μJy beam 

−1 o v erlaid on DSS r-band optical image. Panel (c) : LoTSS–low-resolution image o v erlaid with X-ray contours from XMM–Newton 
27 ks data. Panel (d) : A candidate ram pressure stripped galaxy; Pan-STARRS r-band optical image overlaid with LoTSS-2 high-resolution image with contour 
levels of [3, 6, 9, 12] at σ= 80 μJy beam 
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nd exhibiting radio halo, Cuciti et al. ( 2015 ) reports that this cluster
s undergoing a merger event. A detailed study of radio emissions
s performed by Osinga et al. ( 2021 ). The authors also establish
he connection with the radio-tailed galaxy towards the south of
he cluster, which is also a possible indication of an active cluster

edium undergoing interaction. 
NRAS 528, 5924–5951 (2024) 

d  

v  
0.5 PSZ2 G067.17 + 67.46 (M124) 

his merging system is located at the mean redshift of z = 0.167.
 subtle filamentary structure can be seen just to the west of the

dentified system, roughly stretching from NE–SW ( A5 ). PSZ2
067.17 + 67.46 is a well-studied system and known to be
ynamically active. Barrena, Girardi & Boschin ( 2013 ) reported a
elocity dispersion of σ = 1210 + 125 

−110 km s −1 . The cluster is massive
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MNRAS 528, 5924–5951 (2024) 

Figure A4. PSZ2 G149.22 + 54.18. Panel (a) : A plot of SDSS galaxies. 
Panel (b) : DSS r-band optical image overlaid with LoTSS-2 low resolution 
image contours at [3, 6, 9, 12, 15] of σ where σrms = 500 μJy beam 

−1 . 
P anel (c) : Chandr a X-ray contours (yellow) with exposure of 19 ks o v er- 
laid on LoTSS-2 point source subtracted image with same contour levels 
(grey). 

Figure A5. PSZ2 G067.17 + 67.46. Panel (a) : A plot of SDSS galaxies. 
Panel (b) : PAN-STARRS r-band optical image overlaid with LoTSS-2 
low resolution image contours at [3, 6, 9, 12, 15] of σ where σrms = 

300 μJy beam 

−1 . P anel (c) : Chandr a X-ray contours (yellow) with exposure 
of 28 ks o v erlaid on LoTSS-2 point source subtracted image with same 
contour levels (grey). 
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Figure A6. PSZ2 G113.29-29.69. Panel (a) : A plot of SDSS galaxies. Panel 
(b) : DSS r-band optical image o v erlaid with LoTSS-2 low resolution image 
contours at [3, 6, 9, 12, 15] of σ where σrms = 100 μJy beam 

−1 . Panel (c) : 
XMM–Newton X-ray contours (yellow) with exposure of 36 ks o v erlaid on 
LoTSS-2 point source subtracted image with same contour levels (grey). 

Figure A7. Abell 0084 . Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS 
r-band optical image o v erlaid with LoTSS-2 low resolution image contours 
at [3, 6, 9, 12, 15, 18] of σ where σrms = 150 μJy beam 

−1 . Panel (c) : XMM–
Newton X-ray contours (yellow) with exposure of 8 ks o v erlaid on LoTSS-2 
point source subtracted image with same contour levels (grey). 
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MNRAS 528, 5924–5951 (2024) 

Figure A8. Abell 1738 . Panel (a) : A plot of SDSS galaxies. Panel (b) : DSS 
r-band optical image o v erlaid with LoTSS-2 low resolution image contours at 
[3, 6, 9, 12, 15] of σ where σrms = 6 mJy beam 

−1 . Panel (c) : XMM–Newton 
X-ray contours (yellow) with exposure of 14 ks overlaid on LoTSS-2 point 
source subtracted image with same contour levels (grey). 

Figure A9. WHL1007006.4 + 354041 . Panel (a) : A plot of SDSS galaxies. 
Panel (b) : DSS r-band optical image overlaid with LoTSS-2 low resolution 
image contours at [3, 6, 9, 12, 15, 18] of σ where σrms = 400 μJy beam 

−1 . 
Panel (c) : ROSAT X-ray contours (yellow) with exposure of 19 ks overlaid 
on LoTSS-2 point source subtracted image with same contour levels (grey). 
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MNRAS 528, 5924–5951 (2024) 

Figure A10. Abell 0021—PSZ2 G114.90-34.35 . Panel (a) : A plot of 
SDSS galaxies. Panel (b) : DSS r-band optical image o v erlaid with LoTSS- 
2 low resolution image contours at [3, 6, 9, 12, 15, 18] of σ where 
σrms = 600 μJy beam 

−1 . Panel (c) : ROSAT X-ray contours (yellow) with 
exposure of 14 ks overlaid on LoTSS-2 point source subtracted image with 
same contour levels (grey). 
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M = 7.3 ± 0.3 × 10 14 M � (Planck Collaboration 2016 )], hot ( T x =
 . 055 + 0 . 368 

−0 . 287 keV), and highly luminous [ L x = 9 . 214 × 10 44 erg −1 

Migkas et al. 2020 )]. We report the mass of the cluster to be around
4 × 10 14 M � Although the o v erall X-ray morphology appears

o be symmetric in Fig. A5 (b); there are recent reports of features
ndicating of dynamical activity in the ICM. Rahaman, Raja & Datta
 2022 ) report the presence of multiple shock fronts using the data
rom the Chandra X-ray observatory. The authors also suggested
hat there may be multiple merger axes corresponding to axial and
quatorial shocks which have Mach numbers in the range of 1.13–
.64. In addition to this, with the help of morphological X-ray
arameters, (Buote & Tsai 1996 ) have shown that this cluster is
ot relaxed. 
PSZ2 G067.17 + 67.46 exhibits complex radio features as seen

n Fig. A5 (c). A detailed analysis of this diffuse emission is done by
andal et al. ( 2019 ). The spectrum of diffuse emission is ultra-steep

n nature ( α = −2.17 ± 0.11). Earlier thought to be purely a halo,
he authors conclude that the diffuse emission is arising from the
ombination of a radio phoenix candidate, a radio halo candidate
nd a tailed radio galaxy visible to the west. The eastern emission
een is bright with a flux density of 489 ± 148 mJy. The tailed galaxy
s indicative of mildly relativistic electron injection, i.e. an evidence
hat this cluster is dynamically active. 

0.6 PSZ2 G113.29-29.69 (PPM8) 

ocated in a galaxy-rich environment at the mean redshift of z =
.010, PSZ2 G113.29-29.69 is a merging system (see Fig. A6 ).
ccording to Planck Collaboration ( 2016 ), the cluster has a mass
f 3.71 × 10 14 M �, has low-to-moderate X-ray luminosity of
 x = 2 . 565 × 10 44 erg −1 ; and is moderately hot with an X-ray

emperature of T x = 4 . 674 + 0 . 389 
−0 . 321 keV (Migkas et al. 2020 ). Ho we ver,

e estimate the upper limit on the cluster mass of 7.6 × 10 14 M �.
he X-ray morphology appears to be symmetric, and mildly clumpy
s seen in Fig. A6 (c). Yuan & Han ( 2020 ) report a relatively high
entroid shift parameter ( log 10 w = −2.47 ± 0.02), computed from
handra X-ray observations, which possibly indicates that cluster
ay not be relaxed. Additionally, the authors also report an X-ray

elta-parameter of 0.42 ± 0.01, which, being positive, also points
owards a non-relaxed dynamical state. 

To the southwest of the flagged system, a disproportionately
arge diffuse radio emission can be seen ( A6 c). The flux density
f this emission is high at 1741 ± 178 mJy. This emission appears
enerally bimodal, with an optical galaxy signature present at the
entre, which indicates a radio AGN; ho we ver, the radio lobes also
xhibit a disturbed structure, emanating to the south, in a roughly
erpendicular direction to the AGN axis. This might be due to the
ynamically active state of the cluster. Additionally, at the cluster
entre, another diffuse source can be seen. Botteon et al. ( 2022 ) do
ot classify this into any category; ho we ver, from the morphology,
t appears to be a tailed radio galaxy infalling towards the cluster
entre. 

0.7 Abell 0084 (M7) 

bell 84 can be seen to lie in the vicinity of another cluster present
o the southeast ( A7 a). This pair of interacting systems is located at
he mean redshift of z = 0.103. We have computed the mass of this
luster as 1.99 × 10 14 M � which suggests that this cluster is relatively
mall. Strazzullo et al. ( 2005 ) have reported the X-ray luminosity of
 x = 1 . 82 × 10 44 erg −1 in BAX 0.1–2.4 KeV band. This indicates



Interacting clusters 5951 

t  

s  

l

w  

l  

e  

t
o  

d

A

A
t  

l  

r  

a
a
c
w

 

d  

e  

s  

b  

d  

c

A

A  

z  

b
W  

b  

s
i

 

w  

b  

p  

s
s  

b
c

A

T  

t
h  

g  

F  

w  

e  

o  

d  

o  

2
m  

e  

h  

1  

r  

d
A  

i  

(  

t  

i  

a
c
i

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/5924/7571556 by R
am

an R
esearch Institute user on 27 M

ay 2024
hat the cluster has low to moderate luminosity. The cluster does not
how significant X-ray emission from ICM which may be due to its
ow mass. 

The radio features, as seen in Fig. A7 (a), appear generally bimodal, 
ith diffuse emission present to the SW of the image in the LoTSS

ow-resolution images. The upper limit on the flux density of this
mission is around 4339 ± 86.80 mJy. Hoang et al. ( 2022 ) reported
his emission as a candidate radio halo. Deeper radio and X-ray 
bservations are needed to fully confirm the origin and nature of this
iffuse emission. 

0.8 Abell 1738 (M107) 

 filament-like structure can be seen originating from the Northeast 
o the Southwest in Fig. A8 (a). This is a triplet of merging system
ocated at the mean redshift of 0.115. Planck Collaboration ( 2016 )
eported the cluster mass as 2.1 × 10 14 M � which is same as our
lgorithm has estimated. The literature on this cluster is fairly recent 
nd limited. The X-ray morphology appears to be irregular and 
lumpy. Near the centre, the X-ray contours show a tail-like feature, 
hich may be the hot matter originating from the galactic centre. 
The central diffuse radio emission has an upper limit on the flux

ensity of 1712 ± 34 mJy. From the morphology of the diffuse
mission, it appears to be originating from a galaxy, which is
upported by the optical signature in Fig. A8 (b). This may also
e the case of RPS arising from the disturbed cluster medium. The
irection of galactic material emanating due to this ram pressure is
onsistent with the centres identified in this work. 

0.9 WHLJ1007006.4 + 354041 (PPM29) 

 system of four interacting systems located at a mean redshift of
 = 0.14 has been flagged by our algorithm. From Fig. A9 (a), it can
e seen that the system is located in a galaxy-rich environment. 
e report the upper limit for the total mass of this system to

e around 3.842 × 10 14 M �. ROSAT contours in Fig. A9 (a)
how an elongated and clumpy morphology, ho we ver for accurate 
nterpretation, detailed X-ray maps would be needed. 
The Author(s) 2024. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
The system shows a diffuse radio source which does not o v erlap
ith X-ray contours. The larger elongation of this source appears to
e perpendicular to the merger axis (NW–SE). All of these features
rimarily indicate that this could be a candidate relic. Ho we ver,
everal optical signatures are present within the radio contours as 
een in Fig. A9 (b), suggesting that part of this emission could also
e from galaxies. A dedicated multiwavelength study is needed to 
onfirm the origin and nature of this source. 

0.10 Abell 0021—PSZ2 G114.90-34.35 (PPM10) 

his system of two premer ging/postmer ging clusters is located at
he mean redshift of z = 0.093. Several interacting substructures 
ave been flagged by the algorithm in this w ork. A filament-lik e
alaxy distribution can be seen to form in the central region of
ig. A10 (a). Abell 0021 (Northern of the two) is a massive cluster
ith a weak lensing mass of M 500 of 6.1 × 10 14 M � (Herbonnet

t al. 2020 ). This is comparable with mass from our estimation
f ∼4.4 × 10 14 M �. Struble & Rood ( 1999 ) report a velocity
ispersion of 621 km s −1 which is relatively low. The other member
f this system is PSZ2 G114.90-34.35 with a mass of M 500 of
.47 × 10 14 M � (Planck Collaboration 2016 ) is relatively less 
assiv e. The o v erall re gion sho ws se veral sources of dif fuse X-ray

mission as seen in Fig. A10 (c). Abell 0021 is reported be moderately
ot ( T x = 6 . 134 + 0 . 648 

−0 . 434 keV ) and of relatively low luminosity ( L x =
 . 428 × 10 44 erg −1 ) by Migkas et al. ( 2020 ). Although plenty of X-
ay signatures are present, both the clusters do not show noticeable
iffuse radio emission in LoTSS low-resolution images as seen in 
10 (c). This is slightly surprising, as we estimate the combined

nteracting mass around 6.7 × 10 14 M �. Interestingly, Bonjean et al.
 2018 ) have shown the presence of a gaseous filament connecting the
wo systems using an SZ map and galaxy field. This can also be seen
n Fig. A10 (a). Based on this report and our work, this site becomes
n interesting candidate to observe WHIM filament and possibly a 
onnecting radio bridge with upcoming SKA and other advanced 
nterferometers. 
MNRAS 528, 5924–5951 (2024) 
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