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ABSTRACT

Context. Superclusters of galaxies represent dynamically active environments in which galaxies and their systems form and evolve.

Aims. We study the substructure, connectivity, and galaxy content of galaxy clusters A1656 and A1367 in the Coma supercluster and
of A1185 in the Leo supercluster with the aim of understanding the evolution of clusters from turnaround to virialisation, and the
evolution of whole superclusters.

Methods. We used data from the Sloan Digital Sky Survey DR10 MAIN galaxy sample and from DESI cluster catalogues. The
projected phase space diagram and the distribution of mass were used to identify regions of various infall stages (early and late infall,
and regions of ongoing infall, i.e. regions of influence), their characteristic radii, embedded mass, and density contrasts in order to
study the evolution of clusters with the spherical collapse model. We determined the substructure of clusters using normal mixture
modelling and their connectivity by counting filaments in the cluster’s regions of influence. We analysed galaxy content in clusters
and in their environment and derived scaling relations between cluster masses.

Results. All three clusters have a substructure with two to five components and up to six filaments connected to them. The radii of
regions of influence are R;y; ~ 4 h™' Mpc, and the density contrast at their borders is Ap;,; ~ 50 — 60. The scaling relations between
the masses of clusters have a very small scatter. The galaxy content of the clusters and of their regions of influence vary from cluster
to cluster. In high-density regions (superclusters), the percentage of quiescent galaxies is higher than in low-density regions between
superclusters, where approximately one-fourth of the galaxies are still quiescent.

Conclusions. The collapse of the regions of influence of clusters started at redshifts z ~ 0.4 — 0.5. Clusters will be virialised ap-
proximately in = 3.3 Gyrs. Clusters in superclusters will not merge, and their present-day turnaround regions will be virialised in
~ 10 Gyrs. The large variety of properties of clusters suggests that they have followed different paths during evolution.
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. Introduction

he large-scale distribution of matter in the Universe forms a
attern called the cosmic web — a huge network of galaxies and
alaxy groups and clusters connected by galaxy filaments and
eparated by huge underdense regions where the density of mat-
er is clearly lower (Joeveer et al. 1978; Kofman & Shandarin
988). Among the various structures of the cosmic web, rich
alaxy clusters deserve special attention. Rich clusters are the
largest objects in the cosmic web that can currently be viri-
alised (Kravtsov & Borgani 2012). Galaxy clusters as nodes in
the cosmic web grow by infall of galaxies and groups along
filaments. Simulations have shown that present-day rich clus-
ters with a mass of at least M.y ~ 10'*M,, have collected their
galaxies along filaments from regions with co-moving radii of
at least 10 4#~! Mpc (Chiang et al. 2013). These regions around
clusters are referred to as the spheres of dynamical influence of
the clusters, and in these areas, all galaxies, groups, and fila-
ments are falling into clusters (Einasto et al. 2020, 2021). The
sizes of the regions of the dynamical influence depend on the
cluster mass and on the assembly history of the infalling sys-

tems (Chiang et al. 2013; Bahé et al. 2013). Simulations have
demonstrated that the properties of clusters and the properties of
their close environment are related; more massive clusters also
have a higher number of substructures and higher connectivity
(number of filaments connected to a cluster) (Codis et al. 2018;
Gouin et al. 2021; Boldrini & Laigle 2025).

These results have been confirmed by observational studies.
All rich clusters in the nearby Universe lie in filaments in su-
perclusters or in supercluster outskirts. More massive and richer
clusters tend to have a more complicated or clumpy structure,
characterised by higher multimodality (a larger number of sub-
structures), and they contain a higher fraction of quiescent galax-
ies than less massive clusters. In the spheres of influence of clus-
ters, the connectivity is higher for rich clusters (Einasto et al.
2012; Gouin et al. 2021; Einasto et al. 2022a, 2024, and refer-
ences therein).

Simultaneous studies of substructure, connectivity, and the
galaxy content of clusters and their spheres of influence from
observations have only been done for a small number of clus-
ters, namely, the richest clusters in A2142 and in the Corona Bo-
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realis superclusters (Einasto et al. 2020, 2021). One aim of this
study is to extend the sample of clusters for which substructure,
connectivity, and the galaxy content are analysed together. We
analysed the properties and galaxy content of the richest clusters
in the Coma and Leo superclusters, namely, the low z = 0.03
redshift Coma (Abell cluster A1656), A1367, and A1185 clus-
ters (see Table 1). These clusters have been studied extensively,
and this makes them ideal testbeds for comparing various meth-
ods and results (see, for example, Seth & Raychaudhury 2020;
Malavasi et al. 2020; Jiménez-Teja et al. 2025, and references
therein).

The evolution of a spherical perturbation in an expanding
universe, which becomes a rich cluster in the present-day Uni-
verse, is usually described by applying the spherical collapse
model (Peebles 1980, 1984; Lahav et al. 1991). In this model,
the evolution of a spherical shell is determined by the mass in
its interior. At first, overdensities in the cosmic web expand as
the universe expands. If the mass within the overdensity is suf-
ficiently high (as in progenitors of present-day rich clusters),
at a certain moment the expansion stops and the collapse be-
gins. This epoch is called the turnaround. The final stage of the
collapse is called virialisation. Overdensities in which the den-
sity contrast at present is not high enough for turnaround may
reach turnaround in the future. Therefore, the evolution of a
spherical overdensity is characterised by the following impor-
tant epochs and corresponding characteristic density contrasts:
turnaround, future collapse, and virialisation (Chon et al. 2015;
Gramann et al. 2015). In our study, we calculate the mass (den-
sity) distribution around clusters to find masses and radii at char-
acteristic density contrasts and find redshifts of the main epochs
for these three clusters. These redshifts are used to discuss their
possible evolution.

These epochs are related to the various stages of the infall of
galaxies to clusters (early and late infall of galaxies and regions
of ongoing infall where galaxies are falling into clusters, i.e. re-
gions of influence of clusters), which can be studied with the
projected phase space (PPS) diagram. Using the PPS diagram,
Einasto et al. (2020) and Einasto et al. (2021) detected several
density minima in the distribution of galaxies and galaxy groups
around the richest galaxy clusters, which mark different infall re-
gions in and around clusters with their characteristic radii; clus-
ter radius, R, and the radius of the sphere of influence around
clusters, Ri,r. We applied the PPS diagram to find these regions
and to determine the corresponding radii for clusters under study.
To determine the connectivity of clusters, we searched for fila-
ments within the spheres of influence.

We determined the substructure of clusters in two different
ways. First, we applied a normal mixture model to determine
the substructure of clusters, as this was done, for example, in
Einasto et al. (2012). Second, we compared the substructure of
clusters determined in this way with DESI clusters presented in
a merging cluster catalogue by Wen et al. (2024). Then we com-
pared the masses, substructure, connectivity, various characteris-
tic radii, and galaxy content of clusters. Usually, it is considered
that galaxies in groups and clusters are mostly passive, with old
stellar populations, while galaxies falling into clusters for the
first time are either star forming or were preprocessed in groups
before infall into clusters (see, for example Bahé et al. 2013, for
a brief review and references). Therefore, the study of the galaxy
content of components in clusters together with their location
in the PPS diagram as well as the study of galaxy content in a
larger-scale environment around clusters may shed light on the
infall history of structures in and near clusters.
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Our main dataset is the Sloan Digital Sky Survey (SDSS)
DR10 MAIN spectroscopic galaxy sample in the redshift range
0.009 < z < 0.200. SDSS data are used to calculate the
luminosity-density field of galaxies, to determine groups and
filaments in the galaxy distribution, and to get data on galaxy
properties (Aihara et al. 2011; Ahn et al. 2014). The luminosity-
density field with a smoothing length of 8 4~ Mpc, D8, charac-
terises the global environment of galaxies and was used to deter-
mine supercluster member galaxies and groups.

In addition to the SDSS data, we also used data from
the catalogue of galaxy clusters based on photometrical data
of galaxies from the Dark Energy Spectroscopic Instrument
(DESI) Legacy Survey DR10 (DESI Collaboration et al. 2024)!
by Wen & Han (2024) (hereafter WH24). On the basis of this
catalogue, Wen et al. (2024) compiled a catalogue of merging
galaxy clusters and subclusters. We additionally used the data
from this catalogue. We identified rich clusters in the Coma-
Leo region in all of these catalogues and compared the substruc-
ture of clusters based on various data. In accordance with the
studies by Einasto et al. (2020) and Einasto et al. (2021) on rich
galaxy clusters in superclusters, we applied the following cos-
mological parameters: the Hubble parameter Hy = 100 4 km s~!
Mpc~!, the matter density Q,, = 0.27, and the dark energy den-
sity Qa = 0.73 (Komatsu et al. 2011).

2. Data

Superclusters in the Coma-Leo region were identified in the
supercluster catalogue by Liivamégi et al. (2012), based on the

luminosity-density field with smoothing length 8 4~! Mpc, D8

. . . . . 5 101052
(in units of mean luminosity—density, {mean = 1.65-10 2 W

Liivamégi et al. 2012). In the luminosity-density field, con-
nected regions with the luminosity-density above a threshold
density of D8 = 5.0 can be defined as superclusters. Under-
dense regions between superclusters can be divided as super-
cluster outskirts with 1 < D8 < 5.0, and extreme underdense
regions (voids or watershed regions) with D8 < 1.0 (see also
Einasto et al. 2022a, 2024, for this division). Luminosity-density
field characterises the global environment of galaxies and can be
used to determine supercluster member galaxies and groups. Our
final dataset, which includes the Coma and the Leo superclusters,
is from the redshift range 0.02 < z < 0.05, and sky coordinate
range 160" < R.A. < 210", and 15" < Dec. < 34",

Groups and clusters of galaxies: SDSS sample. We used
data from cluster and group catalogues by Tempel et al. (2014b),
based on the SDSS DR10 MAIN spectroscopic galaxy sam-
ple with Galactic extinction-corrected apparent r magnitudes
r < 17.77 and redshifts 0.009 < z < 0.200 (Aihara et al.
2011; Ahnetal. 2014). Corresponding group catalogues are
available at the CDS 2. Groups have been determined by ap-
plying the friends-of-friends (FoF) clustering analysis method
(Zeldovich et al. 1982; Huchra & Geller 1982). Galaxies with-
out any close neighbours are classified as single galaxies which
may be the brightest galaxies of faint groups where other group
members are too faint to be included in the SDSS spectroscopic
sample, or these galaxies may also be systems in which one lu-
minous galaxy is surrounded by dwarf satellites. We focused on
the richest clusters in the Coma and Leo superclusters, A1656,
A1367, and A1185. For comparison, we used data also on the
richest clusters in the Corona Borealis and A2142 superclusters,

! https://www.legacysurvey.org/
2 cdsarc.u-strasbg.fr
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A2065, A2061, A2089, Gr2064, and A2142 (Einasto et al. 2020,
2021).

Groups and clusters of galaxies: DESI sample. WH24 cata-
logue of galaxy clusters is based on galaxy data from the DESI
Legacy Survey DR10. From this catalogue we extracted data on
galaxy clusters which lie in the Coma-Leo region, in total 29
clusters with at least six member galaxies. WH24 cluster cata-
logue is based on photometric redshifts of galaxies, but, if avail-
able, the redshifts of the brightest cluster galaxies were used as
the cluster redshifts. All clusters in the Coma-Leo region from
WH24 have spectroscopic redshifts.

We present data on the richest clusters in the Coma-Leo su-
perclusters region for both samples in Tables 1 and B.1, respec-
tively. These tables provide data on cluster coordinates, richness,
luminosity and mass. In Table 1 mass of the cluster is taken from
Tempel et al. (2014b), and it is calculated assuming the Navarro-
Frenk-White (NFW) density profile. In this Table, and in the fur-
ther text, we used the notation cluster gravitational radius R for
the radius sometimes called the dynamical virial radius, in order
to avoid confusion with other (cosmological) definitions. WH24
provide cluster radius r5ypp and mass M5, which are the radius
and mass within which the mean density is 500 times the critical
density of the universe. It also provides the number of member
galaxy candidates within rsgp, Ngar.

We also used the catalogue of merging clusters and subclus-
ters based on WH24 catalogue (hereafter WH24m; Wen et al.
2024). In WH24m, partner cluster systems have been defined
as clusters which were close enough to each other to probably
be gravitationally bound. The most massive cluster in these sys-
tems was considered the main cluster, and other cluster(s) were
considered partner clusters. The criteria to be partner systems
were small separation in the sky plane, with maximum differ-
ence as 5rsgo, and a small velocity difference, with the maximum
1500 km/s (see WH24m for details). WH24 and WH24m cluster
catalogues are available on the cluster catalogue web page 3

Filament membership of galaxies, groups, and clusters. To
detect filaments and their members, we employed data from the
filament catalogues by Tempel et al. (2014a) and Tempel et al.
(2016), available at 4_In these studies, 3D galaxy filaments were
detected by applying a marked point process to the SDSS galaxy
distribution (Bisous model, and hereafter Bisous filaments). For
each galaxy, a distance from the nearest filament axis was cal-
culated. A galaxy was considered to be a filament member if its
distance from the nearest filament axis Dy < 0.5 h~!' Mpc.

Data on star formation properties of galaxies. Data of the
galaxy properties were taken from the SDSS DR10 web page °.
In addition, we analysed the star formation properties of galax-
ies, using D, (4000) index and star formation rate log SFR, taken
from the MPA-JHU spectroscopic catalogue (Tremonti et al.
2004; Brinchmann et al. 2004).

The D,,(4000) index (Balogh et al. 1999) is correlated with
the time passed since the most recent star formation event in a
galaxy (Kauffmann et al. 2003). According to this index galax-
ies can be divided into classes with old stellar populations and
galaxies which are actively forming stars at present. The lim-
iting value D,(4000) = 1.55 corresponds to the mean age of
stellar populations in a galaxy 1.5 Gyr (Kauffmann et al. 2003;
Haines et al. 2017). Kauffmann et al. (2003) also showed that
D, (4000) > 1.75 corresponds to a mean age of stellar popula-

3 http://zmtt.bao.ac.cn/galaxy\_clusters/.

4 cdsarc.u-strasbg.fr

5 http://skyserver.sdss3.org/dr10/en/help/browser/
browser.aspx

tions of about 4 Gyr (for Solar metallicity) or older (for lower
metallicities). Galaxies with D,(4000) > 2.0 may have stel-
lar populations formed even more than 10 Gyr ago. Following
Einasto et al. (2022a), we called the population of galaxies with
D,(4000) > 1.75 as galaxies with very old (VO) stellar pop-
ulations. Galaxies with D,(4000) < 1.35 have young stellar
populations with a mean age of < 0.6 Gyr (Kauffmann et al.
2003). Using the star formation rate, star-forming and pas-
sive (quenched) galaxies can be divided at logSFR = -0.5.
Quenched galaxies have log SFR < —0.5, and for star-forming
galaxies log SFR > —0.5. Some galaxies with D,(4000) > 1.75
have log SFR > —0.5, thus they may still be forming stars. How-
ever, such galaxies comprise less than 2 % of the galaxies in the
sample. Therefore, the use of limit D,(4000) = 1.75 to sepa-
rate VO galaxies is justified, as was also found in Einasto et al.
(2022a). Galaxies with D, (4000) > 2.0 form = 1 % of all galax-
ies in our sample.

Figure 1, where we plot log SFR versus D,(4000), shows
these limits with horizontal and vertical lines. These limits are
used to study galaxies with various stellar populations in clusters
and in surrounding regions. At the farthest end of our sample, an
absolute magnitude limit for a complete sample is M, = —18.30.
We used this limit when we compared star formation properties
of galaxies in the whole sample separately for galaxies in super-
clusters and in low-density regions around them.

2.2

2.0

L L L L L
15 -10 -05 0.0 05 1.0 15
log SFR

1
-2.0

Fig. 1. Star formation rate (log SFR) versus D, (4000) index for galaxies
with M, = —18.30. Horizontal lines show D, (4000) limits for galaxies
with stellar populations of different ages, 1.35, 1.75, and 2.0 (see text
for details), and the vertical line shows the limit log SFR = —0.5 that
separates star-forming and quenched galaxies.

3. Methods
3.1. Spherical collapse model

We applied the spherical collapse model to describe the evolu-
tion of galaxy clusters as collapsing spherical shells. Evolution
of galaxy clusters in these models can be described using sev-
eral important epochs with characteristic density contrasts. In an
expanding ACDM universe, all the densities and density con-
trasts depend on redshift. In the local Universe (z = 0) char-
acteristic density contrasts for cosmological parameters applied
in this paper are as follows. Density contrast for virialisation
is Apy;; = 217, turnaround density contrast Ap,, = 13.1, and
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Table 1. Data on rich galaxy clusters in the Coma and Leo superclusters based on SDSS DR10.

@ @ 3 @ & © D & & do9 dy d2 d3 d4
No. AbellID ID Ngu R.A. Dec. z o, Ry Rmax Mnew L M/L D8
1 A1656 52 680 1947 279 0.024 840 0.68 2.7 091 255 357 11.7

2 A1367 90 245 1762 20.0 0.023 685 0.51 2.0 046 1.15 400 &5

3 Al1185 607 211 167.6 284 0.034 610 0.61 22 047 115 409 64

Notes. Columns are as follows: (1): Order number of the cluster; (2): Abell ID number of the cluster; (3): ID of the cluster from Tempel et al.
(2014b); (4): Number of galaxies in the cluster, Ny ; (5)—-(6): cluster centre right ascension and declination (in degrees); (7): redshift of the cluster;
(8): line-of-sight velocity dispersion of cluster member galaxies, in kms™'; (9): cluster gravitational radius R, (in h~! Mpc); (10): maximum radius
of a cluster in the plane of the sky (in A~! Mpc); (11): mass of the cluster assuming an NFW density profile, Mxgw, (in 10°h7'My); (12): cluster
total luminosity (in 10'2A72L); (13): mass-to-light ratio (in & My/Ls); (14): luminosity-density field value at the location of the cluster, D8, in

units of the mean density as described in the text.

density contrast at present for the objects that will collapse in
the future (future collapse) is Aprc = 8.73. The density con-
trast Apzc = 5.41 corresponds to so-called zero gravity (ZG),
at which the radial peculiar velocity component of the test par-
ticle velocity equals the Hubble expansion and the gravitational
attraction of the system and its expansion are equal. We describe
the spherical collapse model and its characteristic epochs with
their density contrasts calculations as a function of redshift and
other parameters in detail in Sect. A.

Undoubtedly, applying the spherical collapse model is an ap-
proximation only as nearly all real galactic systems are non-
spherical. However, as demonstrated by Korkidis et al. (2020),
comparing results of N-body simulations with the spherical col-
lapse model calculations, this model also characterises the evolu-
tion of non-spherical systems (galaxy clusters) rather well. Thus,
this justifies approximation in our analysis.

‘We defined the turnaround region around a cluster as the re-
gion at which border the “observed” density contrast is equal to
the density contrast of turnaround, Ap,,. Under the “observed”
we mean the densities we calculated from the masses around
clusters based on the dynamical masses of clusters and groups.
Based on this definition, we found the radius and mass within
the turnaround region, Ry, and M, (see also Einasto 2025, about
the masses of superclusters). Also, we found the radius and mass
around clusters within the virialisation region, Ry, and M,; us-
ing density contrast Ap,;,, and within the future collapse region,
Rrc and Mg using density contrast Apgc. We used these data to
predict the future evolution of clusters and the whole superclus-
ters.

For a spherical volume, the ratio of the density to the mean
density (overdensity), Ap = p/pm, at different redshifts can be
calculated as (see Eq. A.6)

M R
1057~ 1M )\ 5h~'Mpc

mo ey

-3
Ap =6.88Q ] ( ) “(1+2)73,

where 0 is the matter density parameter at present.

Using Eq. (1) we can calculate the relation between the mass
and radius of an overdensity at various density contrasts and red-
shifts. For the mass within a sphere of influence, the density con-
trast in Eq. (1) corresponds to the density contrast, Ap;,, deter-
mined in this study. In Fig. 2 we show the mass-radius relation
calculated using the cosmological parameters used in our study.
In this figure, different lines show the mass versus radius of a
spherical shell for a series of density contrasts (the turnaround,
future collapse, and zero gravity), and for the density contrasts
at the borders of the spheres of influence, Ap;, ¢, as shown in this
study.
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Fig. 2. Mass-radius relation from the spherical collapse model. Dif-
ferent lines correspond to the masses for different density contrasts, Ap
(Eq. 1). Lines Mgy—M3, correspond to the density contrasts, Ap;,r, at the
borders of the spheres of influence as found for clusters. Lines M3,
My 73, and Ms4; corresponds to the turnaround, future collapse, and
zero gravity density contrasts. All lines are calculated for the redshift
z=0.03.

3.2. Substructure of clusters

We searched for possible substructure of rich clusters in two
ways. First, we applied the package mclust for multidimen-
sional normal mixture modelling, classification and cluster-
ing (Fraley & Raftery 2006) from R statistical environment
(Ihaka & Gentleman 1996)°. mclust package have been used
to search for substructure in galaxy clusters in, for example,
Einasto et al. (2012). This package studies a finite mixture of
distributions, in which each component is taken to correspond
to a different subgroup of the cluster. mclust finds for each data-
point the probability to belong to a component. The mean uncer-
tainty for the full sample is a statistical estimate of the reliability
of the results. As an input for mclust, we used the sky coordi-
nates and line-of-sight velocities (calculated from their redshifts)
of the cluster member galaxies. The best solution for the com-
ponents was chosen using the Bayesian information criterion
(BIC). The algorithm finds components, their membership and
probabilities for galaxies to belong to a component simultane-
ously. Einasto et al. (2012) tested how the errors in line-of-sight
velocities of galaxies affect the reliability of the results of mclust.
They applied test in which they shifted randomly the peculiar

¢ http://www.r-project.org
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velocities of galaxies; these random shifts were chosen from a
Gaussian distribution with the dispersion equal to the velocity
dispersion of galaxies in a cluster. Such tests were performed
1000 times. The number of the components found by mclust
remained unchanged, demonstrating that the results are robust
against such errors. Second, we compared the substructure ob-
tained in this way with partner clusters from WH24m catalogue
(Wen et al. 2024).

3.3. Projected phase space diagram and various infall
regions

In the PPS diagram we plotted line-of-sight velocities of galax-
ies with respect to the cluster mean velocity versus the projected
clustercentric distance of galaxies. Simulations show that in this
diagram, galaxies at small projected clustercentric distance form
an early infall population with infall times 7eany > 1 Gyr. The
early infall region approximately corresponds to the virialised
part of the clusters. Galaxies at large projected clustercentric dis-
tance form late infall populations with i, < 1 Gyr (Oman et al.
2013; Muzzin et al. 2014; Haines et al. 2015; Costa et al. 2024).
Borders of these infall regions can be approximately found as
follows (Oman et al. 2013):

4 D,
3 Rvir

V= Vmean | _

+2, (2)

Tl

where v are the velocities of the galaxies, o is the velocity dis-
persion of galaxies in the cluster, D, is the projected cluster-
centric distance of galaxies, and Ry is the cluster virial radius.
Galaxies at small clustercentric distances may have been infallen
at redshifts z > 1, as suggested by ages of stellar populations of
the brightest cluster galaxies (Einasto et al. 2022a).

Gravitational radius of clusters, Ry, is taken from
Tempel et al. (2014b). This is the radius used in the scalar
virial theorem (Binney & Tremaine 2008, Eq. 4.2.49a) and it
should not be confused with the cosmological virial radius
(Binney & Tremaine 2008, Eq. 9.66). We used the projected
phase space diagram to determine regions of late infall of galax-
ies with characteristic radius R¢. In the PPS diagram R is
marked by a small minimum in the clustercentric distance dis-
tributions of galaxies (Einasto et al. 2020, 2021). Usually R is
called the splashback radius—radius, at which the density pro-
file of a cluster changes, and the slope of the correlation function
of galaxies also changes, which is a signature of the crossover
from galaxy correlations within a cluster to correlations in small
groups in filaments between clusters (Einasto 1991; More et al.
2015; Haines et al. 2015; Rhee et al. 2017). At this radius outer
(infalling) components and substructures reach the main compo-
nent (main cluster) and galaxy orbits change (More et al. 2015).
The value of this radius and how it is related to the other radii
of the cluster depends on the structure and dynamical history
of the cluster, and different probes may give different values for
this radius (More et al. 2015; Lebeau et al. 2024). As we did not
have data on galaxy orbits in our study, we called this radius as
cluster radius R.;. This radius approximately borders the late in-
fall region of the cluster. We applied Eq. 2 with R to show a
late infall time region in the PPS diagram. Another radius which
characterises clusters is their maximum size on the sky, Rpax,
provided in Tempel et al. (2014b).

The border of the sphere of influence of groups is marked by
another small minimum in the galaxy distribution around clus-
ters in the PPS diagram. It defines the radius of the spheres of
influence, Rjys (Einasto et al. 2020, 2021). Within the sphere of

influence, galaxies and groups are falling into clusters. This is
what Fong & Han (2021) proposed to call the depletion radius.
We calculated the distribution of mass around clusters as the
sum of masses of the main cluster and groups in these regions
and used it to calculate the mass within the region of influence,
Min¢, and corresponding density contrast, Api,s. With spherical
collapse model and Ap;i,s we found at which redshifts regions
of influence were at turnaround, and when in the future these
regions will virialise.

3.4. Connectivity of clusters

The 3D connectivity of clusters is defined as the number of
galaxy filaments, C = Nj;, connected to a cluster (Colombi et al.
2000; Codis et al. 2018). However, detecting filaments around
clusters using observational data may be complicated due to
the sometimes messy structures surrounding clusters (e.g. ex-
tended substructures) and infalling galaxies and groups. Elon-
gated groups and also elongated substructures of clusters may
be (mis)classified as short filaments. In order to determine the
connectivity of clusters, we used Bisous filaments, as described
above, and excluded very short filaments with a length of Fe, <
3 h™'Mpc, as they are less reliable. We note that galaxies are
considered filament members if their distance to the nearest fila-
mentaxisis Dy < 0.5 h~' Mpc. We defined long filaments as fil-
aments with a length of F llen > 5 ! Mpc and short filaments as
those with a length of 3 < F}j, <5 h~' Mpc. We found the total

number of filaments, Ngl” , and the number of long filaments, Nél,
for each cluster within the region of influence of a cluster. This
approach was used to determine the connectivity of the richest
clusters in the A2142 and the Corona Borealis superclusters in
Einasto et al. (2020) and Einasto et al. (2021). We compared our
results with those obtained by Malavasi et al. (2020), who used
the Discrete Persistent Structure Extractor (DisPerSe) to extract
filaments in the Coma supercluster region, and with those by
HyeongHan et al. (2024), who studied intracluster filaments in
the Coma cluster.

4. Results

We present the results of our analysis in this section. We start
with the overall analysis of the luminosity-density field and
galaxy and group content of the region under study. Then we
analyse the substructure and connectivity of clusters. Next, we
determine different infall regions of clusters with their charac-
teristic radii and calculate the density contrasts around clusters
based on the mass distribution. Then we analyse the galaxy con-
tent in clusters, in their regions of influence, and in superclusters
and low-density regions around clusters, and we analyse the re-
lation between masses of clusters and masses embedded in their
regions of influence and turnaround.

4.1. Structure of the Coma and Leo superclusters

We used the luminosity-density field to determine supercluster
borders and to separate galaxies, groups, and clusters in super-
clusters and in surrounding low-density regions. Figure 3 (up-
per panel) shows the sky distribution of groups in our sample
in a sky area covering the Coma and the Leo superclusters. We
see that the luminous groups are mostly located in superclus-
ter regions with D8 > 5.0, together with very poor groups and
single galaxies. This figure shows also, that while in the envi-
ronment of A1656 and A1185 galaxy filaments are dominating,
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Fig. 3. Upper panel: Sky distribution of groups (filled circles and crosses) and single galaxies (empty circles) in the region of the Coma and the
Leo superclusters. Colours of symbols show groups in different global luminosity-density regions (orange D8 > 5, blue 5 > D8 > 1.5, and grey
crosses D8 < 1.5). To avoid strong projections, we only plot single galaxies in superclusters (D8 > 5). Filament member galaxies in groups are
shown with magenta x-s and single galaxies with green x-s. Violet stars show members of long filaments with length F; lle . >5h™' Mpc. In groups
we show the location of the brightest group galaxies only. Dark red circles: Ly, > 15X 10'°h72L,. Member galaxies of clusters A1656, A1367, and
A1185 are shown in red, green, and blue. Black circles mark the location of groups from WH24 catalogue, circle sizes are proportional to group
richness. Lower panels: Number density distribution of galaxies in groups and single galaxies between clusters A1656 and A1367 (left panel),
and A1367 and A1185 (right panel). Here, d; denotes the coordinate on a straight line between the clusters, and red and blue lines show the linear
density and linear number density distributions, respectively. The cross-section radius, where the densities were evaluated, was 8 Mpc h™!. The

vertical dashed and dotted lines show influence and turnaround radii locations away from their respective end-point clusters.

the environment of A1367 is rich in galaxy groups (see also
Seth & Raychaudhury 2020, who discussed groups surround-
ing this cluster). Cluster environments were also discussed in
the early study of the Coma supercluster (Gregory & Thompson
1978). There is a minimum in the group and galaxy distribution
around each cluster at distances ~ 8 — 10 4~! Mpc. We shall dis-
cuss this in Sect. 5.

Figure 3 shows that there is a quite clear filament connect-
ing clusters A1656 and A1367. The clusters A1367 and A1185
are separated by low-density environment (blue symbols, and
the lack of orange symbols between these clusters, Fig. 3). In
the lower panels of Fig. 3 we show the linear density of galax-
ies versus their distances along the straight line connecting the
clusters from A1656 to A1367 (left panel), and from A1367
to A1185 (right panel). We can notice that along the filaments,
there are minima in the grouped galaxy distributions at distances
~ 4 h™' Mpc and = 8 #~! Mpc from each cluster.
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4.2. Substructure and connectivity of clusters

To analyse the substructure of clusters, we found components of
each cluster, using SDSS data and applying mclust. The num-
ber of components, Neomp, and their properties are given in Ta-
ble B.2. Independently, we found from WH24m partner cluster
systems (Table B.1). The number of components, Neomp, and the
number of partners using WH24 and WH24m data, Npa, as well
as other main parameters of the three main clusters are given in
Table 2.

In Fig. 4, for each cluster, we show the distribution of galax-
ies in the cluster and around it in the sky plane (upper row), as
well as the PPS diagram (middle row), and the density contrast
op, calculated from the distribution of mass around clusters, ver-
sus clustercentric distance R (lower row). In the sky plane plot in
upper panels, we show the border of the sphere of influence and
mark partner clusters from the WH24m catalogue.

Table 2 and Fig. 4 show that all clusters in our study
have substructure. The Coma cluster, A1656, consists of two
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Fig. 4. Upper row: Distribution of galaxies in clusters and in their environment in the plane of the sky. Left: A1656. Middle: A1367. Right:
A1185. Symbols of different colours show galaxies in different components of the cluster: the redder the colour, the higher the median values
of the D,(4000) index of galaxies are in a component. Black crosses show galaxies of short filaments (F}, <5 h~! Mpc), and dark blue crosses
show galaxies in long filaments (F] llen > 5 i~ Mpc). Dark red circles show clusters from WH24m catalogue. Circle sizes are proportional to the
number of galaxies in a cluster. Orange circles show the regions of influence, with R;,;. Middle row: Distribution of the clustercentric distances, D,
(upper panels), and the PPS diagram (lower panels). Symbols are as in the upper panels. Vertical lines show the cluster radius, R, and the radius
of the sphere of influence, R;,;. In the lower panel, the dark blue region is the early infall region, and light blue is the late infall region. Lower
row: Density contrast, 6p, versus clustercentric distance. Vertical line shows the radius of the sphere of influence, R;,¢, and horizontal lines mark
the characteristic density contrasts, as shown in the Figure. The blue area shows turnaround region, and the light blue area shows future collapse
region.

main components (components 1 and 3 in Table 2) and three
smaller components in the outer parts of the cluster (Fig. 4) (see
also Durret et al. 1997, where two main components were dis-
cussed). Component 4 may be an endpoint of an infalling fil-
ament (HyeongHan et al. 2024). Interestingly, A1656 is often

considered as a typical relaxed cluster (Boselli & Gavazzi 2006;
Seth & Raychaudhury 2020). In contrast and in agreement with
our results, other studies found that the Coma cluster represents
a typical cluster with substructure (see Biviano 1998, for an early
review). In agreement with this, Caretta et al. (2023) showed that
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A1656 has a significant substructure in which massive compo-
nent (central cluster) is accreting smaller groups. A recent anal-
ysis of intracluster light in the A1656 suggests that even the
main component of this cluster has subclumps, and the brightest
galaxies in it are in the process of merging (Jiménez-Teja et al.
2025).

The cluster A1367 is known as a dynamically active clus-
ter with two components and a merger shock (see Deshev et al.
2022; Ge et al. 2019, and references therein). Our analysis re-
vealed these components, and a short filament in the direction of
merger shock described by Ge et al. (2019).

In cluster A1185, usually the galaxy NGC 3550 is consid-
ered as the main (brightest) galaxy (Westetal. 2011). How-
ever, in Tempel et al. (2014b), this is the second brightest galaxy
in this cluster. The brightest galaxy and the second brightest
galaxy both lie in the main component of the cluster and are
offset with its X-ray centre (West et al. 2011). Main component
of A1185 hosts also interacting galaxy NGC 3561 (Arp 105),
a signature of dynamical activity (West et al. 2022). One com-
ponent, identified with the WH24 cluster J110718.2+283140,
maybe a terminal part of a long filament. Another WH24 cluster,
J111203.34+273523, may represent a group, falling into cluster
along filament which points towards A1367.

Our results of substructure analysis are in a good agree-
ment with partner systems from the WH24m catalogue. Main
clusters in the WH24m partner systems can be identified with
the richest components among substructures, and partners with
poor components. There are two exceptions. WH24 cluster
J115242.6 + 2037534, one of the partner clusters of the cluster
A1367, corresponds in our catalogue to a short filament within
it’s sphere of influence. Poor cluster J114612.2 + 202330 is not
among A1367 partners, probably due to a redshift difference and
strict definition of partner clusters in WH24m. When we com-
pared the masses of clusters, the sum of the masses of part-
ner cluster systems from WH24m agreed well with the cluster
masses from SDSS data. However, our analysis did not detect
fine details in each component of clusters, as, for example, in
Jiménez-Teja et al. (2025) for the Coma cluster. This compari-
son shows that, in fact, in different studies the same structures
have been found, but, due to the different definitions, these sys-
tems may have been identified differently (short filament versus
partner cluster versus cluster component). Also, the use of mclust
have its limitations. It assumes Gaussianity, and it performs bet-
ter with a large number of galaxies in a cluster (Ribeiro et al.
2013). However, the good agreement between different substruc-
ture and partner cluster analysis shows that mclust gives reliable
results.

Connectivity of clusters. To determine the connectivity of
clusters, we first analysed the PPS diagram of clusters (Fig. 4,
middle row) in order to find the radius of the sphere of influence
of clusters, Riy¢. The border of the sphere of influence is marked
by a small minimum in the galaxy distribution around clusters in
the PPS diagrams. The values of Rj,s are given in Table 2. The
radius of influence for A1656, R} '1956 ~ 4h~' Mpc agrees well
with the radius which was determined by Benisty et al. (2025)
as a distance from the cluster centre, at which the velocities
of galaxies change. Also other clusters have approximately the
same radii of influence, Riys ~ 3.877! Mpc.

The median value of the ratio of radii R, and Ry.x in our
study iS Rci/Rmax = 0.71. Gouin et al. (2022) showed that the
parameter which characterises the shape of clusters seems to
change at relative radius reg = 0.75, which approximately cor-
responds to our ratio R¢j/Rmax. As R is close to the radius at
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which galaxy orbits change, the change in the shape parameter
in Gouin et al. (2022) may be related to that.

Next, we identified galaxy filaments within Rj,¢, which de-
fines the 3D connectivity of clusters. We provide in Table 2

the number of all filaments N2, and the number of long fila-

ments, Nfli(f"g , connected to a given cluster. For comparison with
previous work, we show in Table 2 also data on the character-
istic radii, masses, and connectivity for the rich clusters in the
Corona Borealis and in the A2142 superclusters. Data on these
clusters (A2065, A2061, A2089, Gr2064 in the Corona Borealis
supercluster, and A2142 in the SC1 A2142) in Table 2 are from
Einasto et al. (2020) and Einasto et al. (2021). We see that clus-
ters in the Coma and Leo superclusters have lower connectivity
than clusters in the Corona Borealis supercluster. Especially high
is the connectivity of the cluster of the highest mass, A2065.

In this study we considered galaxies as filament members if
their distance to the nearest filament axis Dy < 0.5 A~! Mpc.
Typical width of filaments is approximately 1 #~' Mpc, as also
found from IllustrisTNG simulations for the present epoch by
Yang et al. (2025) (1 — 1.5 A~! Mpc in their study where they
use DisPerSE filament finder to identify filaments). Einasto et al.
(2020) analyse how the use of different distances to the nearest
filament axis Dy; affects the detection of filaments and, conse-
quently, the connectivity of clusters. The use of large Dy; may
merge close filaments near clusters (as in the case of filaments at
east side of the Coma cluster), decreasing the value of connec-
tivity of clusters. Also, the use of larger D; may make filaments
wider and sparser, or even create false filaments from sparse dis-
tribution of galaxies and groups. The exact change in filament
properties depends on the configuration of galaxies near clus-
ters. Einasto et al. (2020) also analyse how the use of larger D ;;
may affect the connectivity of groups outside clusters, in low-
density environment. We refer to Einasto et al. (2020), Sect. 4
for the details of this analysis.

Malavasi et al. (2020) use the DisPerSE filament finder to
detect long filaments around A1656. In this study three long fil-
aments are detected. This is less than in our study; the difference
is related to the different methods to define filaments. The struc-
ture at approximately R.A. ~ 196" and Dec. ~ 26 in Fig. 4
(upper left panel) is identified as a filament in our study, but it is
not among filaments in Malavasi et al. (2020) (see their Fig.2).

We note that components in A1656 agree well with the posi-
tions of intracluster filaments found by HyeongHan et al. (2024)
in A1656, based on weak lensing analysis of Hyper Suprime-
Cam imaging data (their N and W filaments). One short fila-
ment in our study coincides with their SE filament. Moreover,
Keshet et al. (2017) reported a discovery of a virial shock re-
gion around A1656 with radius of about 5 Mpc. The borders of
this shock region approximately agree with the borders of the re-
gion of influence around this cluster. Mirakhor & Walker (2020)
detected an extended X-ray emission in the direction of the fila-
ment from A1656 towards A1367, seen also in Fig. 4. Another
shock is related to components 4 and 5. Filament end W was also
reported by Chen et al. (2025).

Two long filaments connected to the cluster A1367 have
been noted earlier by Cortese et al. (2004) and West & Blakeslee
(2000). Cortese et al. (2004) described A1367 as dynamically
young cluster of two components, as also found in our analysis.

4.3. Density contrasts, characteristic radii, and masses

In Fig. 4 (lower panels) we present the density contrast Ap for
each cluster in our study, calculated using the distribution of
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Table 2. Properties of clusters in superclusters.

(H (2 3 @ (5) (6) (7N @ (10) b (12) 13) (14
No. AbellID  Neomp  Npar R Rint Mine  Apig  Rp M,  Rpc Mpc  N& Né(fng
Coma and Leo superclusters

1 A1656 5 4 1.8 4.0 1.3+04 60+10 7.9 2.0£0.7 10.0 2.5+0.8 6 5

2 A1367 2 4 1.4 38 08+£04 50+10 7.2 1.5+0.5 9.8 2.0«0.8 6 2

3 AlI85 4 3 1.0 38 10+03 6055 7.0 14405 80 1.8+0.7 5 3
Corona Borealis and A2142 superclusters

4 A2065 4 2.5 6.0 2.6 30 9.5 3.7 119 4.3 9 4

5 A2061 2 1.4 4.0 0.9 40 64 1.2 8.6 1.8 8 5

6 A2089 1 1.3 3.0 0.5 45 5.6 0.8 6.9 0.9 2 1

7  Gr2064 3 1.4 4.0 0.7 30 49 0.7 8.5 1.6 6 3

8 A2142 5 1.8 5.0 1.8 30 8.0 2.3 9 24 6-7 6-7

Notes. Columns are as follows: (1): Order number of the cluster; (2): Abell ID number of the cluster; (3): Number of substructures; (4): Number
of clusters and in cluster partner systems in WH24 and WH24m catalogues; (5): Cluster radius (see text for definition), R.;, in /= Mpc; (6): Radius
of the sphere of influence, Ri,;, in h~! Mpc; (7): Mass embedded in the sphere of influence, M, f» in 10" h~'My; (8): The density contrast at the
border of the sphere of influence, Apiys; (9): Radius of the turnaround region, R,,, in h! Mpc; (10): Mass embedded within the turnaround region,
M,,, in 101" My; (11): Radius of the future collapse region, Ry, in h~! Mpc; (12): Mass embedded within the future collapse region, Mr¢, in
10547 My; (13-14): The number of all filaments and long filaments filaments connected to a cluster, N3/, and Nfi”]'lg with length F}, > 5 k™' Mpc.

mass around clusters. In this figure the blue area shows the
turnaround region, and light blue area corresponds to the future
collapse region. From Fig 4 we can find the characteristic density
contrast at the borders of the regions of influence and the mass
embedded within these regions, Ap;,r, and M,,r. Using Fig. 4
we also found radii and embedded masses for the characteris-
tic epochs of the spherical collapse model, namely, turnaround,
future collapse, and zero gravity (with corresponding radii and
masses Ry, Rrc, Ry, and My, Mgc, M,,). The values of these
radii, masses, and density contrasts (for the spheres of influence)
are given in Table 2.

For A1656, characteristic radii can be compared with those
presented in Fig. 2 by Teerikorpi et al. (2015), which presents
the so-called A significance diagram — another way to show the
relation between the mass (density contrast) and the radius of
an object. For the A1656 cluster Teerikorpi et al. (2015) present
several regions. At small radius (R = 1.4) the figure shows the
location of the A1656 cluster itself, larger radius (R = 4.8) corre-
sponds to the region of influence around A1656, in a good agree-
ment with our estimate. The largest radius for A1656 is R = 14
— approximately the radius of the zero gravity region around the
cluster.

4.4. Galaxy content

Next, we analysed the star formation properties of galaxies in
clusters and around them, using star formation rates log (SFR)
and D,(4000) index. Distribution of these parameters are given
in Fig. 5 separately for galaxies in clusters and in the regions of
influence of clusters, in high-density regions (excluding clusters)
and in low-density regions, in filaments and outside of filaments.
Galaxies are considered as filament members if their distance to
the nearest filament axis Ds; <= 0.5 h~! Mpc, otherwise they
are located outside filaments. For these subsamples we show in
Table 3 the median values of log (SFR) and D, (4000). Galaxy
content of components in clusters is given in Table B.2. Calcu-
lations presented in Table B.2 have been made using absolute
magnitude limit M, < —18.3, in order to compare magnitude-
limited samples.

Table 3 and Fig. 5 show, as expected, that clusters and su-
perclusters, in general, contain a higher percentage of quenched
galaxies with no active star formation than regions around them,
and low-density regions between superclusters. We tested the
statistical significance of the difference in galaxy populations be-
tween high and low global density environments and between
filament member galaxies and those not in filaments using the
Kolmogorov-Smirnov (KS) test. We considered that if p < 0.01
then the differences between distributions are highly significant.
We did not apply the KS test when samples were too small, with
fewer than 20 galaxies (Ribeiro et al. 2013; Einasto et al. 2024).

First, we compared galaxy populations in clusters A1656,
A1367, and A1185, and found that these are different with very
high significance, with p < 0.01 between all cluster pairs. Galax-
ies with the oldest stellar populations, D, (4000) > 2.0, reside
in A1656 cluster, and also in the environments of clusters. In
A1656 and A1367 the percentage of quenched galaxies in clus-
ters is higher than in their regions of influence. In A1656, the
main component and third component (orange symbols in Fig. 4)
embed the highest percentage of passive galaxies with old stel-
lar populations among different components in this cluster. KS
test tells that galaxy populations in A1656 and its region of in-
fluence are different with high significance level (p < 0.01).
The cluster A1367 and especially its region of influence, has a
higher percentage of star-forming galaxies; populations are dif-
ferent with a high significance level, p < 0.01. This was also
noted by Rakos et al. (2007). In A1367 the main component has
a higher percentage of passive galaxies with old stellar popula-
tions. The second component has a higher percentage of star-
forming galaxies. The SFRs in the first and second component
of A1367 are different with high significance (p < 0.01), but the
difference between the D,(4000) index values is not significant,
with p < 0.11. This is because of almost similar percentage of
galaxies with very old stellar populations in these two compo-
nents.

For A1185 we see the opposite — the cluster itself has a
higher percentage of star-forming galaxies than its surrounding
region. According to the SFR, the star formation properties of
galaxies in the cluster and in it’s sphere of influence are dif-
ferent with high significance (p < 0.01). However, the signif-
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Fig. 5. Star formation rate logS FR (left) and D,(4000) index for galaxies in clusters, in the regions of influence (i) of clusters, in the high-
density regions (D85, excluding clusters; global luminosity-density D8 > 5), and in the low-density regions (D805, D8 < 5 in the units of mean
luminosity-density) of our sample and filament members (with distance from the nearest filament axis Dy; <= 0.5 h~! Mpc) and non-member
galaxies (Dyy > 0.5 h™! Mpc). Different samples are marked in the figure. We only considered filaments with length Ly > 3 h~! Mpc as more
reliable. The horizontal line in the left panel corresponds to logS FR = —0.5, and lines in the right panel correspond to D, (4000) = 1.55, 1.75, and
2.0.

Table 3. Galaxy content of clusters and areas around them.

) [©) €) 4) ®) (0) @) ®)
No. AbellID N NP'  logSFRG, logSFR/ — Dnddl,  Dndnl,
CI
I Al656 325 39 -1.56 -1.25 1.83 172
2 AI367 134 279 -1.37 -0.65 1.76 1.40
3 ALI8S 144 306 -0.97 -1.19 1.68 1.55
NDP® NDVS log SFRDT  log SFRUEY Dl Dndbss
904 8016 -0.57 -0.38 1.52 1.40
NED NS logSFRIT, log SFRYT  Dndll Dndrti
2771 5331 -0.39 -0.41 1.42 141

Notes. Columns are as follows: (1): Order number of the cluster; (2): Abell ID number of the cluster; (3): Number galaxies with M, < —18.3 with
measured star formation rate and D,(4000) values in the cluster; (4): Number galaxies with M, < —18.3 with measured star formation rate and
D, (4000) values in the region of influence of the cluster. (5-8): Median values of star formation rate and D, (4000) index, log SFR,eq and Dnédeq

in clusters, in the regions of influence of clusters, and the environment defined by global density field and filament membership.

icance of differences is low if we consider the D, (4000) in-
dex, with p < 0.3. This mainly comes from the low percent-
age of quenched galaxies in its main component (Table B.2),
and it is related to a lower percentage of galaxies with very old
stellar populations, D,(4000) > 1.75 in this cluster. As noted
in Sect. 4.2, this component shows various signatures of ongo-
ing dynamical activity, as the decentering of its brightest galaxy
and the presence of interacting galaxies (West et al. 2011, 2022).
This may result in excess star formation in this component. In
the third component of A1185 the percentage of passive galax-
ies with old stellar populations is also very low.

The results on galaxy properties in clusters and their regions
of influence for A1656 and A1367 agree with the finding by
Einasto et al. (2021) in their study of the Corona Borealis (CB)
supercluster. They find a certain concordance between galaxy
clusters and their close environment: clusters with a lower frac-
tion of quiescent galaxies also have a lower fraction of such
galaxies among infalling groups and filaments. Clusters A1367
and Gr2064 in the CB also have the same total number of fila-
ments connected to them, N4 = 6 (Table 2). However, A1656
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also has six filaments and a larger number of substructures while
having a lower percentage of star-forming galaxies in its neigh-
bourhood. The cluster A1185 has an even lower percentage of
quiescent galaxies in the main component of the cluster than in
its sphere of influence. This shows a large variety in galaxy pop-
ulations of clusters and around them.

The difference between galaxy populations in high (exclud-
ing rich clusters) and low global density environments is also
highly significant. It is interesting to note that galaxies with
the oldest stellar populations (D,(4000) > 2.0) reside also in
the low-density environments populated mostly by poor groups
and single galaxies. We tested whether this result changes if
we change the threshold density D8 used to separate high and
low global density regions. We compared galaxy content of high
and low global density environments using global density range
4 < D8 < 6. This changes the number of galaxies in high- and
low global density environments, and also changes the median
values of D,(4000) index and log SFR, but this change is very
small, less than 1 %, and statistical significance of the differ-
ences remains very high, with p << 0.01. This agrees well with
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Fig. 6. Number of filaments connected to a cluster, Ny, versus the clus-
ter mass, M. Symbol sizes are proportional to the number of compo-
nents in a cluster, Neomp. The numbers are order numbers of a cluster
from Table 2. Red symbols show the number of all filaments, and blue
symbols the number of long filaments with F’ 1’ . > 5 h™' Mpc. Light red
and orange symbols and dark blue symbols correspond to clusters with
higher values of star-forming galaxies, A1367 and A1185 (clusters 2
and 3).

the much more detailed comparison of the galaxy content of var-
ious global environments in Einasto et al. (2022a).

However, galaxy populations in filaments and outside of fil-
aments are statistically similar. This similarity does not change
if we change the criteria of filament membership (distance of a
galaxy to the filament axis, to be a member of a filament). Such
similarity was noticed also in Perez et al. (2024) who analysed
the effect of filaments of galaxies from IllustrisTNG simulations.
One reason for this similarity may be that filaments may cross
regions of various global densities. Long filaments may extend
from high-density cores of superclusters to low-density regions
(voids) and may be populated differently along the filaments (see
also corresponding discussion in Einasto et al. 2020).

We emphasise that in total, quiescent galaxies outside clus-
ters in the low global luminosity-density regions outnumber al-
most ten times the same population in three richest clusters in
our study (Fig. 5 and Table 3). Even in the low-density region
among grouped and single galaxies 25 % have very old stellar
populations, an indicator of preprocessing of these galaxies far
fromrich clusters. The same was shown in Einasto et al. (2022a),
who discussed the possible mechanisms of galaxy quenching in
poor groups and in those galaxies which do not belong to any
group in low-density environment.

In Fig. 6, we compare cluster masses, substructure, connec-
tivity, and galaxy content, and show the trend that clusters with
a higher mass also have a larger number of filaments connected
to them, and a larger number of components. The cluster with
the highest mass in our sample, A2065 in the Corona Borealis
supercluster (ID = 4), has the largest total number of filaments
connected to it. From Table 2 we see that it also has the highest
mass embedded in it’s sphere of influence. Corresponding values
for A1656 (cluster 1 in Fig. 6) are close to those for the clus-
ter A2142 (cluster 8). Our mass estimates approximately agree
with those from the constrained simulations of the local Universe
(Herndndez-Martinez et al. 2024). Figure 6 also shows variety
in cluster properties — one of the clusters with a higher percent-
age of star-forming galaxies (A1367, cluster 2) has small values
of substructure and connectivity, while A1185 (cluster 3) has a

large number of components, but three long filaments connected
to it.

4.5. Scaling relations for masses and radii of clusters

To find possible scaling relations between different masses of
clusters and their environment, and between various radii of
clusters, we present in Fig. 7 the masses of clusters M, ver-
sus mass in the regions of influence (Miy¢, left panel), and in
the turnaround region (M,,, right panel). In Fig. 7 symbols sizes
are proportional to the total number of filaments connected to a
cluster, and colours indicate the percentage of quiescent galax-
ies in a cluster, as determined in Sect. 4.4. In Fig. 8§ we show
the relations between various radii of clusters and their environ-
ment; the cluster gravitational radii R, and radii Ry, Rinf, and Ry,.
Figure 7 shows tight correlation between cluster masses and the
mass embedded in the region of influence and in the turnaround
region. For all clusters the mass in their spheres of influence
is My = 1.6M. + 0.2, for all masses and connectivities. The
turnaround mass M,, ~ 2.2M + 0.3.

The scaling relations between different mass estimates of
clusters were presented by Maraboli et al. (2025). In comparison
with our work, there are important differences. Maraboli et al.
(2025) determined the scaling relations between cluster masses
Mo (the radius within region in which the mean density is 200
times the critical density of the universe), and Mpy,,,, the mass
calculated using Hernquist profile (see Maraboli et al. 2025, for
details), in other words, within the same dark matter halo. They
detected linear scaling relations in the case of clusters with-
out significant substructure. In our calculations regions of in-
fluence and turnaround regions correspond to the environment
of clusters beyond the cluster dark matter haloes, and all clus-
ters have substructure. The sizes of the regions of influence
and turnaround regions are larger for more massive clusters
which represent deep potential wells, and embed larger number
of galaxies, groups, and filaments (Fig. 6 and Fig. 8). Groups
near more massive clusters may also be of higher mass than
groups near less massive clusters (environmental enhancement
of galaxy groups, see, for example, Einasto et al. 2003). There-
fore, positive correlations between masses are expected. How-
ever, it is interesting that the scatter in the relations between
masses is so small, as the structures surrounding each cluster are
different. The regions of influence around A1656 and A1185 are
dominated by filaments while A1367 is surrounded by a large
number of galaxy groups. The scatter of the scaling relations be-
tween radii in Fig. 8 is larger. Thus, before making conclusions
we need to study larger sample of clusters. Our findings extend
the scaling relations between different mass estimates of galaxy
clusters to a larger radii than in previous studies.

5. Discussion

We showed that all three clusters in our sample have substruc-
ture, with 2 — 5 components and up to six filaments connected
to them. Substructures found in our study agree well with parent
clusters from the DESI cluster catalogue. More massive clusters
have a higher number of components and higher connectivity,
but the scatter is large. We also found the characteristic radii
of clusters, R, Rinf, Rw, and Rgc, and the distribution of mass
around clusters, which gives us the density contrast at the bor-
ders of the regions of influence of clusters, Api,r = 50 — 60, as
well as the sizes and masses of turnaround and future collapse re-
gions. According to the star formation properties, A1656 and its
region of influence contain the lowest percentage of star-forming
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high percentage of quiescent galaxies, and light red and orange symbols show clusters with a lower percentage of quiescent galaxies (light red -
A1367, and orange - A1185). Dashed lines show 10 errors of the linear fit, and error bars show mass errors (Table 2). Numbers are order numbers
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Fig. 8. Scaling relations between the cluster gravitational radii, R,, and
cluster radii, R; (dark red); the radii of the regions of influence, R,y
(blue); and the radii of the turnaround regions, R, (orange). Parameters
of the linear scaling relations are given in the figure. Dashed lines show
1o errors of linear fit, and error bars show radii errors. Numbers are
order numbers of a cluster from Table 2.

galaxies among clusters under study. Especially high is the per-
centage of star-forming galaxies in cluster A1185, and in the re-
gion of influence of the cluster A1367. This percentage is also
higher than in and around comparison clusters from the A2142
and the Corona Borealis superclusters. The scaling relation be-
tween cluster masses and the mass embedded in the region of
influence and in the turnaround region has a very small scatter.
Below, we discuss what our results tell us about the evolution of
clusters.

5.1. Evolution of clusters: From formation to future

Cluster formation and virialisation. Simulations show that the
formation of structures in the universe — galaxies, groups, and
clusters is modulated by the combination of density waves.
Galaxies and their systems can form in the density field
where positive phases combine so that the combination of
small- and large-scale density perturbations is sufficiently high
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(Einasto et al. 2011; Suhhonenko et al. 2011; Peebles 2021). The
richest clusters form at the highest combined density peaks and
grow by the infall of galaxies and groups along filaments. Based
on zoom-in simulations of galaxy clusters (THE THREEHUN-
DRED project) Kuchner et al. (2022) estimated that up to 45 %
of galaxies fall into clusters along filaments. Chiang et al. (2013)
estimate that protoclusters of Coma-like clusters with present-
day mass M,y ~ 1.0 x 10"M, increased their masses ten
times during evolution from z = 2 (approximately 10 Gyr ago)
to the present day. An effective radius of such clusters was
Rt = 7 — 8 h™' Mpc at redshift z = 2. The masses of proto-
clusters with present-day mass Mo ~ 0.5 x 10"°M,, (as A1367
and A1185) were approximately five times lower at z = 2, and
their effective radius at 7 = 2 was Reg ~ 5 h™! Mpc. The actual
growth of a particular protocluster depends on its surrounding
structures.

Based on the density contrast evolution, the turnaround of the
virialised central parts of clusters in our study with Ap = Apy;; at
present occured approximately at redshift z ~ 0.7 (Fig. A.1) or
when the age of the Universe was 7.5 Gyr. At that time, in A1656
galaxies with D,(4000) > 2 already stopped forming stars. The
percentage of such galaxies is the highest in the main compo-
nent and in the third component of A1656. Such galaxies formed
their stellar populations approximately 10 Gy ago, at redshift
z = 1.5 — 2. Other components have lower D, (4000) and higher
star formation rate values. The W direction from A1656 with its
substructures and filaments pointing towards A1367 is probably
the main direction for cluster growth for A1656. This interpre-
tation agrees with the position of components and filaments in
the PPS diagram (Fig. 4), as well as with the predictions from
simulations and observations of the evolution of protoclusters,
and the brightest cluster galaxies (Chiang et al. 2013; Lin et al.
2025; Hewitt et al. 2025).

In other clusters the percentage of star-forming galaxies is
higher than in A1656 at present, and we may assume that it was
higher also at redshifts z = 0.7. The PPS diagram shows that the
second component of A1367 lies in the late infall region. Fig-
ure 3 shows that in the surroundings of A1367 there is more
galaxy groups than in the neighbourhood of A1656, with the
higher percentage of star-forming galaxies in its region of in-
fluence than in the cluster or in the region of influence of A1656
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(groups and galaxy populations in A1367 were also described
in Seth & Raychaudhury 2020). We may assume that with its
lower mass, the infall of surrounding groups has been slower in
this cluster, which leads to longer timescales of cluster forma-
tion and group merger times in comparison with A1656, and to
ongoing star formation activity in the cluster and its region of
influence.

In the cluster A1185 the main component has lower per-
centage of passive galaxies with old stellar populations than an-
other, smaller component. This may be related to the clumpy
distribution of passive galaxies in the main component, a sig-
nature of dynamical activity in this component, seen also in
the X-ray maps of the cluster. This activity enhances the star
formation in galaxies (Mahdavi et al. 1996; Hoessel et al. 1985;
West et al. 2011; Hernandez-Fernandez et al. 2012). However,
Jiménez-Teja et al. (2025) determined many small subclumps
also in the A1656, while the percentage of star-forming galax-
ies in Coma is lower than in A1185. The third component in
A1185 with the highest percentage of star-forming galaxies and
the youngest stellar populations may represent a small group
falling into the cluster for the first time.

Clusters, especially A1656 have galaxies with the oldest stel-
lar populations in their main component (early infall region). Re-
cently, Hewitt et al. (2025) showed that in the GOGREEN and
GCLASS surveys at redshifts 0.8 < z < 1.5, cores of clus-
ters have higher fraction of quiescent galaxies than outskirts of
clusters, in agreement with findings in our study. Hewitt et al.
(2025) suggest that in the early infall (core) region of clusters
galaxy quenching is mostly related to accelerated mass depen-
dent quenching of galaxies in protoclusters, while in late infall
(non-core) regions quenching is better described by environmen-
tal, mass-independent processes of infalling galaxy populations.

Regions of influence. Present-day regions of influence were
next regions around clusters to reach turnaround and to start col-
lapse. We found that the radii of the regions of influence of clus-
ters are Riyr ~ 4 h™! Mpc, and the density contrast at the borders
of these regions is Apjyr = 40 — 70.

The relation between the present (at z = 0.02 — 0.03) den-
sity contrast and the turnaround redshift z;, at a specific redshift
is presented in Fig. A.4. We can see that if the present den-
sity contrast at the borders of regions of influence is Apjs =~
40 — 70, then the turnaround should have occurred at redshifts
Zta = 0.47 — 0.57. In the Corona Borealis and A2142 super-
clusters (at z = 0.07 — 0.09) Apinr = 30 — 40, which means
that regions of influence of rich clusters in these superclus-
ters were at the turnaround and started to collapse at redshift
Zta = 0.48—0.55 (Einasto et al. 2020, 2021). Figure A.2 suggests
that if the turnaround occurred at the redshifts z, ~ 0.4 — 0.6
then such regions will virialise in the future, approximately af-
ter 3.3 Gyr from now (at the age of the Universe ~ 17.1 Gyr,
corresponding to z = —0.2 in Fig. A.2).

Turnaround and future evolution. The current radii of
turnaround regions around A1656 and A1367 are R, = 7 —
8 h™'Mpc, and the radii of the future collapse regions are
Rec ~ 8 — 10 h™! Mpc (Table 2). Mass, embedded in these re-
gions are of order of My, =~ (1.5 —2.5) X 10°M,, and Mpe =~
(2.0 — 2.5) x 10"°M,. Based on Fig. A.2, we can predict that
the regions at turnaround now (at z = 0) will be virialised after
10 Gyrs from now, at the age of the Universe = 22.9 Gyr.

Figure 3 shows that the distance between these clusters is
approximately 24 h~! Mpc, with the minimum in the distribu-
tion of groups between clusters approximately at 9 4~ Mpc from
A1656. Although at these distances there is a maximum of sin-
gle galaxy distribution, these galaxies do not contribute much to

the total mass 7. Therefore, even if we underestimate the mass
and size of the turnaround region around A1656 and around
A1367, it is still unlikely that A1656 and A1367 will merge in
the future to form massive, collapsing supercluster core. This
conclusion is somewhat different made by Ziiiiga et al. (2024),
who proposed that the clusters A1656 and A1367 perhaps may
collapse in the future into one system. To merge in the future,
the size of the future collapse regions around clusters A1656
and A1367 should be at least 12 — 13 47! Mpc, so that these
regions overlap and can collapse together. This means that the
mass in these regions should be at least M = 5 — 10 X 10"°M,,
(see Fig. 2). This mass is in the same order as the mass of a
collapsing core of the Shapley supercluster which embeds 11
rich clusters or in the Corona Borealis supercluster (Chon et al.
2015; Einasto et al. 2021; Aghanim et al. 2024). Also, this leads
to 5-10 times higher mass-to-light ratio of these clusters, up to
M/L = 3000 — 4000, which is highly unlikely (see also discus-
sion of mass-to-light ratios and the size of collapsing regions in
Einasto et al. 2015, 2022b).

The cluster A1185 is far away from other clusters in our
sample, and it will collapse separately. Its future collapse size
and mass are of order of RA!*8.1 h™'Mpc and Mp\'® ~

1.8 x 10" My, (Table 2). It is interesting to note that although the
environments of both A1656 and A1185 are dominated by fila-
ments, their evolution and present dynamical state is different, as
suggests the galaxy content of these clusters and their regions of
influence.

Einasto et al. (2014) and Cohen et al. (2017) showed that in
superclusters where galaxy clusters are connected by a large
number of filaments (superclusters of (multi)spider type) the
fraction of star-forming galaxies is higher, and clusters have
more substructures than in superclusters with simple structure
(small number of filaments between clusters). In agreement with
this, Ko et al. (2024) found that clusters with larger number of
FoF-connected structures in their neighbourhood tend to have
higher fraction of star-forming galaxies at redshifts approxi-
mately 0.4 and higher, up to redshifts z = 0.9. At still higher
redshifts clusters have high fraction of star-forming galaxies no
matter how large is the number of connected structures around
them - the properties of clusters in the IllustrisTNG simulation
at redshift z = 1 are quite homogeneous.

Clusters grow by infall of matter from surroundings, and
simulations enable their evolution to be followed back up to
very high redshifts (Chiang et al. 2013, 2017). Masses of mas-
sive clusters have grown more than twice since redshift z = 1
(Kim et al. 2015). The properties of clusters in the IlustrisTNG
simulation at redshift z = 1 are quite homogeneous (Ko et al.
2024). We found that the properties of clusters in our sample
show large variety in substructure, connectivity, and galaxy con-
tent. We may assume that the origin of this variety is related to
the evolution of clusters from z = 1 to the present. This shows
the need for a further study of a large sample of clusters both
from observations and simulations.

5.2. Cluster masses, connectivity, and substructure

In Fig. 6 we showed large variety in the connectivity of clusters
of the same mass, or, in other words, clusters of the same con-
nectivity and/or the same number of components may have very
different masses. We can compare this result with the masses,

7 For example, Einasto et al. (2021) found that approximately 5% of
the mass of the Corona Borealis supercluster comes from single galax-
ies.
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dynamical state, and connectivity of clusters in IllustrisTNG300
simulations by Gouin et al. (2021). Gouin et al. (2021) found
that at the same cluster mass, relaxed clusters from Illustris
TNG300 simulations have lower connectivity determined using
T-ReX filament finder, than unrelaxed clusters. We get the same
trend, but there are differences. In our study, the scatter in con-
nectivity values is larger than found in Gouin et al. (2021), and
we apply Bisous filament finder (Tempel et al. 2014a, 2016). We
found that the connectivity values, when using all filaments, are
C =2 -9, and for long filaments connectivity C = 1 — 5, versus
C = 3 — 4 in Gouin et al. (2021)). Also, in Gouin et al. (2021)
connectivity is higher for clusters with substructure (nonregular
clusters). In our study all clusters have substructure, and masses
of clusters are higher than in IllustrisSTNG300 simulations. Partly
the differences between the studies come from different defini-
tion of filaments and connectivity.

Theoretical predictions in Codis et al. (2018) showed that the
connectivity of massive haloes is approximately 5. The number
of long filaments in our study is lower than that, but the number
of all filaments, on average, agree with this prediction. These
examples show the same trends between masses, connectivity,
and substructure using different estimates of the substructure and
connectivity of clusters, but also emphasise that direct compari-
son of different studies may not be straightforward, as the results
depend on the methods applied to determine connectivity and
substructure. Also, if filaments are connected to a cluster from
both sides, then in our study these are considered as different fil-
aments, but in some other studies - as the same filament (see also
Codis et al. 2018). The comparison of cluster masses, substruc-
ture and connectivity from observations and simulations is yet to
be done in the future studies.

5.3. Large-scale environment of galaxies

In the supercluster outskirt regions (in superclusters, excluding
rich clusters, thus in poor groups and clusters and among sin-
gle galaxies), there is approximately ten times more quiescent
galaxies than in clusters. In the whole superclusters (D8 > 5) the
percentage of quiescent galaxies is higher than in low-density
regions between superclusters (D8 < 5), with median values
D,(4000)meq = 1.52 in superclusters and D, (4000)meq = 1.40
in low-density region between superclusters (see Table 3, for
D8 > 5 and D8 < 5, respectively). Singh et al. (2025) found
that quiescent galaxies at z = 3 are similar in various environ-
ments (protoclusters, filaments). They concluded that quenching
mechanisms are likely driven by similar physical processes in-
dependent of their environments. This is the same conclusion as
in Einasto et al. (2022a, 2024); Bidaran et al. (2025): quenching
occurs in all environments, and in low-density environments the
number of quenched galaxies is even larger than in rich clusters
(Table 3, the last line).

Gouin et al. (2020) analysed galaxy content in clusters and
filaments from Magneticum hydrodynamical simulations and
found that passive galaxies trace filamentary pattern around
clusters better than star-forming galaxies. This suggests that
quenching mechanisms are related to processes within galax-
ies and their dark matter haloes or in their immediate neigh-
bourhood (infalling filaments), like AGN feedback, morpholog-
ical quenching, detachment of primordial filaments and others
are more important in quenching galaxy formation in galaxies
in low-density environments than environmental processes re-
lated to galaxy mergers and interactions in high-density environ-
ments. Galaxy quenching via detachment of primordial filaments
(Cosmic Web Detachment, CWD) have been described in de-
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tail by Aragon Calvo et al. (2019). They show that the accretion
of gas into galaxies from primordial gaseous filaments around
them stops when these filaments are disrupted due to the influ-
ence of other galaxies, infall to groups and so on. This process
leads to the end of star formation in galaxies, combining several
mechanisms such as starvation, harassment, and strangulation.
Einasto et al. (2022a) suggested that the CWD may be one of
the mechanisms of galaxy quenching in global low-density en-
vironments. Song et al. (2021) apply DisPerSE filament finder
to galaxies from HORIZON-AGN simulations and find that the
star formation in galaxies is suppressed at the edge of filaments.
They suggest that gas transfer to haloes becomes less efficient
closer to filaments which may explain the higher percentage of
passive galaxies in filaments.

6. Summary

We have studied the substructure, connectivity, galaxy content,
characteristic radii, and mass distribution of the richest clusters
in the Coma and Leo superclusters, A1656, A1367, and A1185
and their environments. We used these data to analyse the time-
line of the formation and evolution of these clusters and super-
clusters. We summarise our results as follows:

1) The clusters under study have two to four components and
a connectivity of C = 5 — 6. The highest percentage of qui-
escent galaxies is in A1656, and the lowest is in A1185. In
the region of influence of A1185, the percentage of quies-
cent galaxies is higher than in the cluster itself, due to the
high percentage of quiescent galaxies in an infalling group.

2) Outside of the clusters, in the superclusters and in the low-
density region between superclusters with no rich groups,
approximately 25% of the galaxies are quiescent. They are
mostly located in small groups, or they are single galaxies.
As the richest clusters contain only a small fraction of all
galaxies, quiescent galaxies outside of rich clusters outnum-
ber such galaxies in clusters by at least a factor of ten.

3) The radii of the regions of influence of all clusters is Riys =~
4 h™! Mpc, and the density contrast is Apy, ¢ ~ 50 — 60. This
suggests that the turnaround of the regions of influence oc-
curred, and the collapse started at redshifts of z = 0.4 — 0.5.
The turnaround regions around clusters will virialise in the
future, approximately 9 — 10 Gyr from now.

4) In the future, these clusters will not merge; they will form
separate collapsing structures with radii of Rpc ~ 8 —
10 2! Mpcand masses of Mgc ~ (1.8 = 2.5) x 10°M,,.

5) Our study extends the known scaling relations between clus-
ter masses to larger distances from clusters. The scaling re-
lations between the cluster mass and the mass embedded in
the regions of influence and in the turnaround regions have a
very small scatter.

The properties of clusters (their substructure, connectivity,
and galaxy content) vary strongly, which suggests that they each
experienced a different evolution. Our findings indicate the self-
similarity of mass distribution around clusters and extend the
scaling relations between different mass estimates of galaxy
clusters to a larger radii than in previous studies. Ko et al. (2024)
showed that at redshift z = 1 and higher, the properties of clusters
in the IustrisTNG300 simulation are quite homogeneous. The
scatter of cluster connectivities in the IllustrisTNG simulation
is lower than found in our study Gouin et al. (2021). According
to Horizon Run 4 simulations, the clusters with a present-day
mass of order of M ~ x 10'>M, have gathered half of their
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masses between redshifts 1 and 0 (Kim et al. 2015). This rises
the question as to whether the large variety of present-day clus-
ter properties appeared during the evolution in last 7 — 8 Gyrs
or if there is a difference between observations and simulations.
These questions point to the significance of conducting future
studies that analyse a large number of clusters, their environ-
ments, connectivity, and galaxy properties simultaneously us-
ing both observations and large simulations. Such studies will
involve the use of data from present and forthcoming surveys
such as the J-PAS survey (Benitez et al. 2014) and especially the
forthcoming 4MOST survey (de Jong et al. 2019; Driver et al.
2019; Taylor et al. 2023) and data from multiwavelength studies.
In the future, the 4MOST cluster survey will increase the number
of clusters and supercluster regions that can be studied in detail,
including the environment of clusters up to SR»y (Sifén et al.
2025).
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Appendix A: Spherical collapse and virialisation
model

Let us have a spherical overdensity Ap = p/p,, within a radius
R, where p is the matter density in the volume, and p,, is the
mean matter density. As the universe expands, the overdensity
expands also. In principle, some matter falls to the overdensity,
but it is not dominating, and usually, the mass of the overdensity
is assumed to be constant (as we also do). The growth of masses
are large at the formation stages of overdensities at very high
redshifts (z > 20 — 30) but such high redshifts are beyond our
analysis.

In overdensity regions, due to internal gravitation, expansion
is slower than in the surrounding background. At a particular
moment, the (slower) expansion may stop, and the region starts
to contract. This is called a turnaround epoch. Depending on a
value of the density contrast Ap, the turnaround may occur in the
past, present, or future or may not occur at all. We can calculate
these “critical” density contrasts for a given cosmological model.

Let us now fix our cosmological model. We assume an ex-
panding ACDM universe. Cosmological parameters are taken
from Komatsu et al. (2011): present matter density and dark en-
ergy density parameters €,,0 = 0.27 and Q¢ = 0.73, respec-
tively. The Universe is assumed to be flat Q = 1 with dark energy
parameter w = —1. In our cosmological model, we do not look
at a very early time. Thus, we need not to consider radiation; the
matter is only baryonic and dark matter. The density of the dark
energy is assumed to be constant in space and time.

The time evolution of the matter density parameter is

QmO(] + 2)3
Q.2 = A.l
@ Quo(1 +2)% + Qpp (A-D
and of the Hubble function is
H(z) = Ho VQuo(1 +2)* + Qpo. (A2)

The scale factor of the universe is designated as a. In fol-
lowing we use standard designations: overdensity is Ap = p/pp,
turnaround redshift is z;, and overdensity at turnaround is Apy,.
Density contrast at an arbitrary time is

Ap = Apia (x/y)?, (A3)

where x = a/a;, and y = R/R,, are the scale factor and density
contrast radius in turnaround units. Time, in this case, is also in
dimensionless units

T= H(Zm) VQm(Zm)t

(see, for example, Wang & Steinhardt 1998).

Differential equations describing the time evolution of x and
y were derived by Wang & Steinhardt (1998, Appendix A) and
Lee & Ng (2010). The analytical solution of the equation for x
in the form of a hypergeometric function is well-known

11 3
F _7_7§7_pr =T
222 pa

(A4)

2
§x3/2

(AS)

Here F is the hypergeometric function. The solution of the equa-
tion for y can be written as an integral, with integration con-
stants derived from the boundary conditions at the turnaround
(Eqgs.2.13and 2.20 in Lee & Ng (2010)). Parameter Ap,, in these
equations can be calculated then from the condition that y(0) = 0
for different z,, values. We calculated corresponding integrals
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numerically and derived Ap,, values. Although an analytical ap-
proximation formula was proposed by Lee & Ng (2010) we cal-
culated more precise Ap,, values ourselves.

In this way, for a fixed turnaround redshift z;, we have corre-
sponding density contrast Ap,, and functions x(7) and y(t). Cor-
responding density contrasts as a function of 7 (and thereafter of
z) result directly from Eq. A.3. If density contrast is expressed
relative to local matter density, then

pﬁ = pio(uz)*3 = 0.860-1072Q°L (1+2) 3 M/R?, (A.6)

where M is in units of (h~'My) and R in (A~ 'kpc).

Let us turn now to virialisation. In the spherical collapse
model, after the overdensity starts to contract, the final stage is
the collapsed structure with a theoretical radius of zero—a sin-
gularity. In real, there exist several relaxation processes such as
mixing of orbits, violent relaxation, and Landau damping,® al-
lowing us to avoid the singularity. Thus, the final stage should
be a virialised state. It is usually postulated that in the contract-
ing stage, the virialised state (equilibrium) is reached at the ra-
dius from which the virial theorem holds. We also use this to
define the virial radius and designate it as R,;,. Using the virial
theorem, it can be shown that in the case of the EdS universe,
the virial radius is R,;» = 0.5 R;, (see, for example, Lahav et al.
1991), giving the corresponding density contrast value 147 (in-
stead of the usual value 178, derived by allowing the system to
contract to singularity).

In the case of a nonzero cosmological constant (oo = const),
it is necessary to include also the dark energy terms to the virial
theorem equation (Lahav et al. 1991; Wang & Steinhardt 1998).
In this case (pp = const), the dark energy does not virialise (only
the matter does) but still acts as a background and contributes to
gravitational potential. Potential energy is not a function of time
and energy is conserved. Using again the variable y as R,;, =
Yyir Ryg, 1t can be shown (see Maor & Lahav 2005; Wang 2006;
Lee & Ng 2010) that the virial theorem gives us for y (or more
precisely for y,;) the relation

1 (01
y3+—(p—’—2)y
4 \pa

Ap =

Pra

=0.
8oa

(A7)

A similar equation was derived earlier by Lahav etal. (1991);
Wang & Steinhardt (1998) but for pressure-less dark energy
(w=0).

In the case of variable dark energy density (op # const),
virialisation is much more complicated. In this case, one should
consider that the dark energy is in direct gravitational interaction
with the matter (it is not a constant background any more), and
its contribution to gravitational potential is more complicated.
Energy is not conserved also. In most general form, this was
studied by Maor & Lahav (2005) and Chang et al. (2018).

In the present paper, we assume a constant dark energy den-
sity as supported by current CMB data (w = —1 within the er-
rors). In calculations, we fixed first a turnaround redshift z,. This
gives us py; = Pim(21a) = Quin(21a)per(214) and we solved Eq. A.7 to

8 Mixing: Fundamental frequencies of nearby orbits differ a little, and
thus their positions in phase space start to differ more and more, ulti-
mately reaching a quasi-stationary state. In the case of chaotic orbits,
these orbits move away exponentially from each other and end up fill-
ing all the available space. Violent relaxation: A nonstationary potential
changes particle energies so that their energy distribution expands. Lan-
dau damping: An exchange of energies between the perturbation waves
and particles causes an increase of kinetic energies of particles due to
the damping of waves.
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Fig. A.1. Density contrast at the virialised epoch Ap,;, as a function of
corresponding redshift z,;, (time in upper axis). Negative redshift values
must be interpreted as future cosmological times, shown in upper axis.
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Fig. A.2. Relation between the turnaround and virial redshifts, z,, and
Zvir- Negative redshift values must be interpreted as future cosmological
times; timelines (corresponding age of the Universe) are shown in the
right and upper axes. Systems which expansion have turned around at
z = 0.4 (green dash-dotted line) or at z = 0.7 (blue dashed line) will be
virialised in future (at 17.1 Gyr) or now (at 13.8 Gyr).

find y,; and corresponding dimensionless time 7,;- from Eq. A 4.
After that, we calculated x,; from Eq. A.5. The density contrast
corresponding to virialisation

Apvir = A,Om (xvir/yvir)3 (AS)

Virialisation time (and thereafter redshift) can be calculated
again from Eq. A.4. This is the density contrast at which the col-
lapse stops (does not go to zero), and the overdensity is virialised
due to the processes referred to above.

Calculated density contrasts as a function of virialisation red-
shifts are shown in Fig. A.1. We see that the density contrast cor-
responding to the virialisation in the local Universe (z = 0) in the
case of our used cosmological parameters is Ap,;, = 217. This is
similar to the density contrast used in literature and corresponds
to the radius Ry(9. However, we point out that the value is a func-
tion of redshift. For example, for systems at redshift z = 0.5, all
regions with Ap > 169 are virialised.

Virialisation redshift is related to turnaround redshift

Xyir(Zyir + 1) = (21a + 1). (A9)
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Fig. A.3. Density contrasts Ap = p/p,, at z = 0.03 as a function of viri-
alisation redshifts z,;. Negative redshift values must be interpreted as
future cosmological times (timeline is shown in the upper axis). Green
dot-dashed line corresponds to the density contrast Ap = 30, and blue
dashed line to the density contrast Ap = 60, the range Ap;,; found in
this study.
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Fig. A.4. Density contrast Ap at redshift z = 0.02 — 0.03 (upper and
lower curves, respectively) for Q,,, = 0.27, if the turnaround occurred at
redshifts in the interval z = 0.6 — 0.2. Thicker parts of the curves corre-
spond to the density contrasts Ap = 30 — 60 (see Table 2 and Fig. A.3).

Although, in principle, x,; is also a function of z,, this depen-
dence is quite weak and from Fig. A.2 is is seen that Eq. A.9
is nearly a linear relation. Turnaround redshift corresponding to
Zyir = 018 744 = 0.665.

Now we can calculate density contrasts p/p,, and densities
P/ pmo at any redshift, when the corresponding region is virialised
at a certain redshift. In Fig. A.3 these values are given for a red-
shift z = 0.03, corresponding approximately to the clusters from
the present paper, as a function of virialisation redshift. One can
see that in the case of the present clusters at redshifts z ~ 0.03, all
regions with density contrasts p/p, > 210 have been virialised
by the time we observe them. Corresponding value for the BOSS
Great Wall is p/p,, > 169. We also calculated the density con-
trasts at our clusters redshifts for cases in which the turnaround
occurs at redshifts in the range of z = 0.6 — 0.2. In our calcula-
tions, we used formulae derived by Lee & Ng (2010). We show
the results for Q;, = 0.27 in Fig. A 4.
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Appendix B: Data on clusters: DESI clusters, and substructure

In this section we present data on clusters from WH24 catalogue (DESI data, Table B.1), and data on substructure of clusters, with
identifications based on WH24m catalogue, and on HyeongHan et al. (2024) (Table B.2).

Table B.1. Data of rich galaxy clusters in the Coma and Leo superclusters identified in the WH24 cluster catalogue.

&) 2) 3) “) ) ©® D ®
1D Name R.A. Dec. Zcl 500 Ms()() Ngal
A1656

1 J130008.1+275837 195.0339 27.97697 0.0266 1.262 4.94 95
2 J125612.2+274444 194.0506 27.74549 0.0231 0.792 1.21 30
3 J125732.0+282837 194.3832 28.47696 0.0226 0.671 0.51 14
4 J130133.6+290750 195.3900 29.13058 0.0245 0.596 0.52 7

1 J114402.24+195659 176.0090 19.94982 0.0210 0.856 1.73 28
2 J114612.2+202330 176.5508 20.39164 0.0231 0.709 0.73 8
3 J114041.7+202035 175.1736 20.34297 0.0218 0.628 0.71 6
4 J115242.64+203753 178.1775 20.63131 0.0222 0.694 0.85 11

1 J111038.4+284603 167.6601 28.76758 0.0348 0.910 2.06 35
2 J110718.2+283140 166.8258 28.52776 0.0332 0.636  0.59 11
3 J111203.3+273523 168.0139 27.58977 0.0350 0.581 0.58 10

Notes. Columns are as follows: (1): Cluster nr; (2): Cluster name with J2000 coordinates; (3-4): Right Ascension (R.A. J2000) and Declination
(Dec. J2000) of the cluster (in degrees); (5): cluster redshift z.; (6): cluster radius, sy, in Mpc; (7): cluster mass, Msg, in units of 10'* My; (8):
number of member galaxy candidates within rsgg.

Table B.2. Substructure of clusters.

(O] 3 4) (5) (6) @) (8) 9)
No. Ngi RA. Dec. Distyed  Zmed 10gSFRueq  Dy(4000),04 ID
A1656
T 295 1949 2775 67.02 0022 175 .72 1;SE
2 60 1948 28.89 7324 0.024 -1.52 1.67 34N
3119 1955 28.10  63.75 0.020 -1.75 1.72 SE
4 48 1932 2737  70.84 0.023 -1.62 1.64 w
5 158 1942 2748 7449 0.024 -1.53 1.65 2,3;W
AT367
T 178 1761 1984 6534 0.021 154 1.60 I
2 67 1763 2032 7484 0.024 -1.18 1.46 2
ATI85
T 91 1677 28.69 99.0 0.032 1.26 r.e2 I
2 23 1680 2757 1051 0.034 -1.53 1.76 3
327 1668 28.66  100.0 0.032 -0.56 1.25 2
4 60 1677 2826 1085 0.035 -1.01 1.57

Notes. Columns are as follows: (1): Component number; (2): Number of galaxies in a component; (3-4): Median Right Ascension (R.A.) and
Declination (Dec.) of galaxies in a component (in degrees); (5): Median uncorrected distance of galaxies in a component, Distyeq, in 4~ Mpc;
(6): Median observed redshift of galaxies in a component, zyeq; (7): Median value of star formation rate of galaxies in a component, 0gS FR,.q;
(8): Median value of D,(4000) index of galaxies in a component, D,(4000),,4; (9): identification of a component with structures from other
studies. Numbers are numbers of partner clusters from WH24m catalogue (Table B.1). W, N, and SE denotes endpoints of filaments as identified
in HyeongHan et al. (2024).
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Appendix C: SDSS and DESI surveys

We are pleased to thank the SDSS survey team and DESI sur-
vey team for the publicly available data releases. Funding for
the Sloan Digital Sky Survey (SDSS) and SDSS-II has been
provided by the Alfred P. Sloan Foundation, the Participating
Institutions, the National Science Foundation, the U.S. Depart-
ment of Energy, the National Aeronautics and Space Adminis-
tration, the Japanese Monbukagakusho, and the Max Planck So-
ciety, and the Higher Education Funding Council for England.
The SDSS? is managed by the Astrophysical Research Consor-
tium (ARC) for the Participating Institutions. The Participating
Institutions are the American Museum of Natural History, As-
trophysical Institute Potsdam, University of Basel, University of
Cambridge, Case Western Reserve University, The University of
Chicago, Drexel University, Fermilab, the Institute for Advanced
Study, the Japan Participation Group, The Johns Hopkins Uni-
versity, the Joint Institute for Nuclear Astrophysics, the Kavli
Institute for Particle Astrophysics and Cosmology, the Korean
Scientist Group, the Chinese Academy of Sciences (LAMOST),
Los Alamos National Laboratory, the Max-Planck-Institute for
Astronomy (MPIA), the Max-Planck-Institute for Astrophysics
(MPA), New Mexico State University, Ohio State University,
University of Pittsburgh, University of Portsmouth, Princeton
University, the United States Naval Observatory, and the Uni-
versity of Washington.

The DESI Legacy Surveys consist of three individual and
complementary projects: the Dark Energy Camera Legacy Sur-
vey (DECaLS; Proposal ID #2014B-0404; PIs: David Schlegel
and Arjun Dey), the Beijing-Arizona Sky Survey (BASS; NOAO
Prop. ID #2015A-0801; PIs: Zhou Xu and Xiaohui Fan), and
the Mayall z-band Legacy Survey (MzLS; Prop. ID #2016A-
0453; PI: Arjun Dey). DECaLS, BASS and MzLS together in-
clude data obtained, respectively, at the Blanco telescope, Cerro
Tololo Inter-American Observatory, NSF’s NOIRLab; the Bok
telescope, Steward Observatory, University of Arizona; and the
Mayall telescope, Kitt Peak National Observatory, NOIRLab.
Pipeline processing and analyses of the data were supported
by NOIRLab and the Lawrence Berkeley National Laboratory
(LBNL). The Legacy Surveys project is honored to be permitted
to conduct astronomical research on Iolkam Du’ag (Kitt Peak),
a mountain with particular significance to the Tohono O’odham
Nation.

NOIRLab is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation. LBNL is managed by the
Regents of the University of California under contract to the U.S.
Department of Energy.

This project used data obtained with the Dark Energy Cam-
era (DECam), which was constructed by the Dark Energy Sur-
vey (DES) collaboration. Funding for the DES Projects has been
provided by the U.S. Department of Energy, the U.S. National
Science Foundation, the Ministry of Science and Education of
Spain, the Science and Technology Facilities Council of the
United Kingdom, the Higher Education Funding Council for
England, the National Center for Supercomputing Applications
at the University of Illinois at Urbana-Champaign, the Kavli In-
stitute of Cosmological Physics at the University of Chicago,
Center for Cosmology and Astro-Particle Physics at the Ohio
State University, the Mitchell Institute for Fundamental Physics
and Astronomy at Texas A&M University, Financiadora de Es-
tudos e Projetos, Fundacao Carlos Chagas Filho de Amparo, Fi-
nanciadora de Estudos e Projetos, Fundacao Carlos Chagas Filho

% http://www.sdss.org/

de Amparo a Pesquisa do Estado do Rio de Janeiro, Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico and the
Ministerio da Ciencia, Tecnologia e Inovacao, the Deutsche
Forschungsgemeinschaft and the Collaborating Institutions in
the Dark Energy Survey. The Collaborating Institutions are Ar-
gonne National Laboratory, the University of California at Santa
Cruz, the University of Cambridge, Centro de Investigaciones
Energeticas, Medioambientales y Tecnologicas-Madrid, the Uni-
versity of Chicago, University College London, the DES-Brazil
Consortium, the University of Edinburgh, the Eidgenossische
Technische Hochschule (ETH) Zurich, Fermi National Acceler-
ator Laboratory, the University of Illinois at Urbana-Champaign,
the Institut de Ciencies de I’Espai (IEEC/CSIC), the Institut de
Fisica d’Altes Energies, Lawrence Berkeley National Labora-
tory, the Ludwig Maximilians Universitat Munchen and the as-
sociated Excellence Cluster Universe, the University of Michi-
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