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ABSTRACT. In our detailed study of the inner
structure of PF galaxy clusters, we found different
kinds of substructures in these objects. Most of the
detected substructures are quite common. In additi-
on to the classical filamentary features described by
Rood and coauthors’ papers, we include complex cross-
shaped substructures and short dense chains of galaxies
as regular. We suppose that regular substructures are
connected with the Large-Scale Structure of the Uni-
verse elements, which form the parent cluster node.
Our previous studies were based on the list of galaxi-
es of the Muenster Red Sky Survey, which has no
redshifts. It allowed us to study only the 2D distributi-
on of galaxies inside the cluster. Modern data, such
as the Sloan Digital Sky Survey, the VIMOS Public
Extragalactic Redshift Survey, the Euclid Wide Survey,
and others, give us the opportunity for 3D studies of
these objects.

We improved the base online versi-
on of the “Cluster Cartography 2D” tool
(https://clustercartography.github.io/) into the

“Cluster Cartography 2D+” tool. It allows to apply
the algorithms developed for 2D version to the
detection of regular substructures on a statistically
significant level for the 3D distribution of galaxies in
the rectangular projections. We tested this opportuni-
ty on artificial galaxy clusters with different kinds of
substructures. We have shown that using 2D projecti-
ons allows us to detect the 3D regular substructures,
and to restore their real shapes and directions.

Keywords: Universe, LSC: galaxy clusters:
morphology: inner structure, substructures; data
analysis.

AHOTAIIIY. B mammx monepefHix poborax, IO
IIPUCBAYEH] JIETAJIBHOMY JOCJIJI2KEHHIO BHYTPINTHBOL
Oy/I0BM CKYITUYeHb TaJlakTuk katajory PF, Oymu Buss-
JileHi pi3Hi B HiACTPYKTYp y mux o0’ekrax. Biab-
ITCTh BUABJIEHUX HiJCTPYKTYP 3YCTPIdarOThCs JOCUTH
qacto. Ha mogaTox 10 Kiaacuaaux imaMeHTapHuX 0CO-

O6amBocTeit, O OysiM OmMcaHi Ie y cTarTax Pyma Ta
CIIIBABTOPIB, MU BKJIIOYAEMO JIO PETYJIAPHUX MiJICTPY-
KTYP CKJIaJIHI XPECTOMOJIOHI yTBOPEHHS Ta KOPOTKI
IMUIbHI JIAHITIOKKKW TajJaKTUK. TaKu MiJICTPYKTYpH,
CKOpiIe 3a Bce, MOB’sA3aHi 3 egemMeHTaMu Besmkomac-
mrrabuol Ctpykrypu Beecsity, 1m0 ¢hopMioTs By30i1, B
fKOMY BUHUKAE CKyITueHHs rajakTuk. Harre mocstimxke-
HHS 0a3yBaJIOCS Ha, CHUCKY TaJaKTUK MIOHCTEPCHKOTO
oruisiy 4epsonoro ueba (Muenster Red Sky Survey),
AKWH 103BOJIst€ HAM BuB4YaTH Juire 2D posmosin rasa-
KTHK BcepeiuHi ckymdenHs. Cydaci JaHi, Taki sK
Sloan  Digital Sky Survey, VIMOS Public
Extragalactic Redshift Survey, Euclid Wide Survey Ta
iHmm, AarTh MOXKJEBICTE 3D JociimKeHb IS IIUX
06’€eKTiB.

Mu BJIOCKOHAJTUIIN 6a30By
BepCifo mporpaMu Cluster Cartography
(https://clustercartography.github.io) mo 2D pieHs
Cluster Cartography 2D+-. Ile mo3BoJisie 3acTOCOBYBa~
TH aJrOPUTMH, siKi OyJI0 pO3PODJIEHO Ta MPOTECTOBAHO
y 2D Bepcii, 10 BUSBJIEHHS PETryASpHAX CyOCTPYKTYP
Ha CTATUCTUYIHO 3HAUYIIOMY piBHI mia 3D posmomity
raJlakTuKk  y  [psIMOKYTHUX  IpoekIisix.  Mu
MEePEeBIpMWIIA 11 MOXKJMUBOCTI HA IMITYYHUX CKYITUYCH-

OHJIAITH-

HAX TaJaKTHK 3 Pi3HUMEU Bugamu cyocTpykryp. Mu
MoKa3aJId, IO BUKOPHUCTAaHHA 2D MpOeKIiiit T03BOJISIE
nam BusBaatu 3D peryaspHi mizcrpykTypm Ta
BitHOBIIOBATH TX peasibHi (hopMuU Ta OpieHTAITl.

Kumrouosi cooBa: Bceecsir, Besmkomacurrabua crpy
KTypa: CKYITIYeHHS TAJIAKTHK: MOP)OJIOTist: BHYTPIIIHS
Oy/10Ba, CyOCTPYKTYpH; aHAI3 JTaHUX.

1. Introduction

The elements of the Large Scale Structure of the
Universe (LSS) evolve in interaction with its surround-
ings. The co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial fluctuations of the den-
sity and Hubble flow produce the different variants
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of expansion/contraction: 3D contraction gives spher-
ical or ellipsoidal structures, 2D leads to filaments,
and the walls are formed due to 1D contraction. Ac-
cording to modern scenarios, the evolution of the ele-
ments of LSS occurs in interaction with its surround-
ings. This co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial fluctuations of the density
and Hubble flow produce the different variants of ex-
pansion/contraction: 3D contraction gives spherical or
ellipsoidal structures, 2D leads to filaments, and the
walls are formed due to 1D contraction. The numer-
ical simulations from the first (Klypin & Shandarin,
1983) to the latest (Springel et al., 2005, Vogelsberger
et al., 2014, Artale et al., 2017, Cui et al., 2018, To-
moaki et al., 2021) showed that the multi-speed ex-
pansion leads to the arising Cosmic web nodes in the
crossing filaments and walls, and the largest LSS ele-
ments, such as galaxy clusters or superclusters, occur
in the nodes of the cosmic web. It corresponds to the
results of the observations (Wen et al., 2009, Dietrich
et al., 2012, Parekh et al., 2020). Tracing the cosmic
web in the densest nodes allows us to detail the con-
straints of the cosmological models. The number of
filaments connected to a given node is attributed as
the node connectivity or multiplicity. Theory and sim-
ulations show that connectivity and multiplicity can be
expected to increase with node mass or environmental
density (Aragén-Calvo et al., 2010, Codis et al., 2018,
Gouin et al., 2021; Kraljic et al., 2022, Malavasi et
al., 2023). In observations, connectivity multiplicity in
relation to its mass, dynamical status, and galaxy pop-
ulation was explored at galaxy cluster scales in Sarron
et al. (2019), Darragh Ford et al., (2019), Lee et al.
(2019). Probably, the node’s connectivity at galaxy
cluster scales must manifest inside the cluster as corre-
sponding substructures at the same stage of evolution
according to Struble & Rood (1987).

Our previous research was directed to the study of
substructures in galaxy clusters in fields with differ-
ent densities, from the richest regions (Panko et al.,
2021) to isolated galaxy clusters (Panko et al., 2022).
In all cases, we detected the different kinds of regu-
lar substructures, such as linear ones from wide bands
to thin filaments, crosses and semi-crosses, and short
dense curve stripes in the 2D distribution of galaxies
for PF galaxy clusters (Panko & Flin, 2006). Our ap-
proach was described in Panko (2025), and Yemelyanov
& Panko (2021) papers. We detected substructures in
the clusters, which are probably footprints of the fila-
ments connected to the parent cluster node.

“Cluster Cartography 2D” tool, CC 2D further,
https://clustercartography.github.io/ is used to study
substructures on galaxy clusters for 2D input data.
The improved “Cluster Cartography 2D+” tool, on
the same web page, allows us to detect substructures

in 3D data. In the paper, we discussed the perspec-
tives of the improved tool for the 3D study of galaxy
clusters, using a simulated distribution of galaxies
in the cluster. In the future, the CC 2D+ tool can
be used for modern data of the Sloan Digital Sky
Survey (SDSS, York et al., 2000),, the VIMOS Public
Extragalactic Redshift Survey (VIPERS, Scodeggio et
al., 2018), or the Euclid Wide Survey (EWS, Euclid
Collaboration: Scaramella et al., 2022).

2. “Cluster Cartography 2D+”

Web version of CC 2D tool contains functions for
processing data, calculating statistics, and plotting
maps, histograms, and graphics, which are built us-
ing different parameters, such as the radii and widths
of the rings in determining the degree of the concentra-
tion to the center, the widths of the bands in determin-
ing of the degree of the concentration in the linear sub-
structures, the presence of the Binggeli effect (Binggeli,
1982) both for all galaxies and separated substructures,
etc. (Yemelyanov & Panko, 2021). We can search for
the position of the greatest density of galaxies in the
cluster field, detect the regular linear and cross-type
substructures, study the rope of the brightest galaxies,
and analyze the shape of the members of the cluster
based on the algorithms described in Panko (2025) pa-
per. We can also create a list of galaxies forming the
regular substructures.

The difference in the CC 2D+ input file is the 3rd co-
ordinate placed in the last column. All the capabilities
of the CC 2D+ version was retained and can be used
for various projections of 3D data. The RA and Dec
data correspond to the X and Y coordinate axes, and
the distance or redshift z corresponds to the Z axis. If
we have no distance or need to analyze the 2D data,
the last column is not considered.

In the CC 2D+, the RA and Dec coordinates of
galaxies are shown as the projection of one from our
test cluster onto the celestial sphere (Fig.1la). The
2D+ tool allows us to create the 3D color map of
the cluster, where the color of the symbol illustrates
the galaxy distance from the cluster center. CC
2D+ gives the possibility to rotate the cluster and to
create cluster maps in the other projections XZ and
YZ, where Z is the distance/redshift of the galaxy
(Fig. 1b, ¢). Thus, we can study the 3D distribution
of galaxies in three rectangular projections: RA and
Dec, RA and 2z, Dec. and z. The ability to rotate the
cluster to an arbitrary angle also allows us to find
the best orientation for visibility of the substructure.
It is illustrated in Fig.2. The initial view of the
cluster is shown in Fig. 2a, while the turned cluster in
Fig. 2b shows all linear elements of the compound cross.
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Figure 1: Artificial open cluster with 3D compound cross-type substructure in the different projections: a) for
RA and Dec. axes, b) for RA and z axes, and c)for Dec. and z axes, arrow points to 2 stripes of the cross

combined in Dec— z projection
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Figure 2: The 3D map of the artificial cluster with
components of the compound cross are clearly seen, ¢)

3. 3D substructures search discussion

For testing the CC 2D+ tool, we create a set of ar-
tificial galaxy clusters with different morphologies and
substructure’ types. We constructed the next types of
distribution of galaxies:

e the cluster open type as a base element for the
next steps;

e the cluster with the spherical or ellipsoidal core;
e the open cluster with the wall;
e the open cluster with the single filament;

e the open cluster having a compound 3D substruc-
ture cross-type.

All simulated features were constructed based on an
open cluster with additional elements. The distribu-
tions of the galaxies in a thin wall or filaments were
constructed using the Box - Miller transformation.

200 a(degrees)

¢ 7%:“";%
Lt b) 0

compound cross: a) initial view, b) turned map, all
radial LightHouseBeam diagram fir the turned map

Obviously, the degree of concentration of galaxies
toward the cluster center does not depend on the pro-
jection. Nevertheless, such clusters we must consider
in the three projections for the estimation of the real
core shape and orientation.

The filament inside the cluster looks like linear sub-
structure in all projections, except for the case of spe-
cial orientation: when the filament directs along the
line of sight, it will be seen as a concentration towards
the cluster center, and we obtain the false morpholog-
ical classification as “Concentrated cluster”. If the an-
gle between the linear substructure and the line of sight
is small, we detect it as a dense short chain. They are
rare special cases. However, we must take into account
these.

Another rare special case is the wall-type substruc-
ture, which is seen as a filament. But, in some pro-
jections, we can lose such a substructure in the back-
ground of other cluster members. The 2D+ tool allows
us to rotate the 3D cluster map. It gives the possibility
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of confident detection for all filaments and walls with
visual control.

The last test artificial cluster with the compound
cross connecting 4 different filaments, is shown in Fig. 1
in all projections. The some cross elements can be lost
in projections, as in Figlec. The initial 3D color map
of the test cluster is shown in Fig. 2a. It’s like to RA—
Dec. projection map (Fig. 1a). The optimal view of the
substructure is shown in Fig. 26, and the corresponding
radial LightHouseBeam diagram is present in Fig.2c.
The diagram was created on the 2D projection of the
rotated cluster. This diagram is the visualization of
LightHouseBeam analysis, which shows all linear ele-
ments of the compound cross.

The reliability of the real substructures identification
is confirmed by both the observed distribution of bright
galaxies in the cluster and the alignment of galaxies rel-
ative to substructures in accordance with the work of
Joachimi et al. (2015). For the PF clusters we have the
2D position and orientations for galaxies from Muen-
ster Red sky Survey (Ungrue at al., 2003) Unfortu-
nately, in 3D we have no space alignment of galaxies,
even if we have the distances. So, in the 3D case, we
can confirm the reliability of the substructure only by
the brightest galaxies’ positions.

The observational data for our further research
can be selected in the NASA/TPAC Extragalactic
Database (https://www.ipac.caltech.edu/project/ned,
https://ned.ipac.caltech.edu/), where some PF Galaxy
Clusters (Panko & Flin, 2006) are present too.

4. Conclusion

We created the “Cluster Cartography 2D+" tool,
which allows the detection of regular substructures in
3D data for galaxy clusters. All types of substructures,
such as planes, filaments, and complex crosses, can be
detected in three projections: RA and Dec., RA and
z, and Dec. and z, using corresponding well-tested
algorithms. In the CC 2D+ tool, we can also create
3D maps and turn them for an arbitrary angle for
the best visibility of the substructure. The CC 2D+
tool is advisable for estimating the central core shape
and orientation, too. We plan to create the Spherical
Density Chart (3D analog of the Polar Density Chart
in LightHouseBeam analysis) and use our tool to
study the galaxy clusters in modern 3D data.
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