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Abstract

One intriguing approach for studying the dynamical evolution of galaxy clusters is to compare the spatial
distributions among various components such as dark matter, member galaxies, gas, and intracluster light (ICL).
Utilizing the recently introduced weighted overlap coefficient (WOC), we analyze the spatial distributions of
components within 174 galaxy clusters (Mtot> 5× 1013Me, z= 0.625) at varying dynamical states in the
cosmological hydrodynamical simulation Horizon Run 5. We observe that the distributions of gas and the
combination of ICL with the brightest cluster galaxy (BCG) closely resembles the dark matter distribution,
particularly in more relaxed clusters, characterized by the half-mass epoch. The similarity in spatial distribution
between dark matter and BCG+ICL mimics the changes in the dynamical state of clusters during a major merger.
Notably, at redshifts >1, BCG+ICL traced dark matter more accurately than the gas. Additionally, we examined
the one-dimensional radial profiles of each component, which show that the BCG+ICL is a sensitive component
revealing the dynamical state of clusters. We propose a new method that can approximately recover the dark matter
profile by scaling the BCG+ICL radial profile. Furthermore, we find a recipe for tracing dark matter in unrelaxed
clusters by including the most massive satellite galaxies together with the BCG+ICL distribution. Combining the
BCG+ICL and the gas distribution enhances the dark matter tracing ability. Our results imply that the BCG+ICL
distribution is an effective tracer for the dark matter distribution, and the similarity of the spatial distribution may
be a useful probe of the dynamical state of a cluster.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Galactic and extragalactic astronomy (563); Dark
matter (353); Hydrodynamical simulations (767)

1. Introduction

Galaxy clusters lie at a unique crossroads in the field of
astrophysics and cosmology, enabling us to probe the large-
scale structure formation and the influences of dark matter and
dark energy on the expansion history of the Universe
(Voit 2005; Kravtsov & Borgani 2012). Examining cluster
properties that reflect their evolutionary state offers valuable
insight into the formation process of clusters. Among these
properties, the phenomenon of intracluster light (ICL), which
refers to the luminosity emitted by stars not tethered to any
specific cluster member galaxy, has emerged as a promising
means to unravel the assembly history of galaxy clusters
(Zwicky 1951; Gregg & West 1998; Feldmeier et al. 2002;
Lin & Mohr 2004; Gonzalez et al. 2005; Mihos et al. 2005;
Zibetti et al. 2005; Mihos et al. 2017; DeMaio et al. 2018;
Ko & Jee 2018; Jiménez-Teja et al. 2019; Montes et al. 2021;

Yoo et al. 2021; and Contini 2021 for a recent review). The
ICL comprises a considerable fraction of stars, ranging from
0% to 40% of the total cluster light (Burke et al. 2015; Jiménez-
Teja et al. 2018; Montes & Trujillo 2018; Yoo et al. 2021;
Montes 2022; Joo & Jee 2023). Studies using simulations have
revealed that various dynamical interactions among galaxies
within the cluster environment, such as violent relaxation after
major merging, tidal stripping, and tidal disruption of galaxies,
contribute to the ICL (Conroy et al. 2007; Murante et al. 2007;
Purcell et al. 2007; Puchwein et al. 2010; Rudick et al. 2011;
Contini et al. 2014, 2018; Cooper et al. 2015).
A critical aspect of the study of galaxy cluster evolution is

understanding how the spatial distribution of dark matter varies
with factors such as redshift, mass, and the dynamical state of
the cluster. Gravitational weak lensing is an effective method of
studying the dark matter distribution within clusters (Kaiser &
Squires 1993; Clowe et al. 2006; Jee et al. 2007; Okabe et al.
2014). However, such studies require the identification of a
large number of background galaxies and accurate measure-
ment of their shape, which is quite challenging. Consequently,
additional quantities that can reveal the dark matter distribution
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and provide supplementary information on clusters are
desirable.

Like dark matter, ICL is collisionless and gravitationally
bound to the overall gravitational potential of its host cluster
rather than to that of individual galaxies. Within the ΛCDM
cosmological framework, galaxy clusters grow through the
hierarchical merging of smaller structures, and it is reasonable
to expect that such merging events can enrich the ICL. Prior
works have demonstrated that the ICL traces the dark matter
distribution well (Montes & Trujillo 2019; Alonso Asensio
et al. 2020; Yoo et al. 2022), and the properties of ICL are
closely related to the evolutionary state of galaxy clusters.
Therefore, comparing the spatial distributions of ICL and dark
matter could prove to be a critical step toward utilizing ICL as a
luminous dark matter tracer and a probe of the evolutionary
state of galaxy clusters.

We apply a novel approach to assess the similarity between
two-dimensional spatial distributions, denoted as the weighted
overlap coefficient (WOC; Yoo et al. 2022) method. Our study
compares two spatial distributions without assuming any
specific relationship between their respective signal strengths.
The WOC method computes the overlap fraction between two
distributions across various density threshold levels while
incorporating signal strength weighting and normalizing
similarity measures to a range of 0–1. The method is
nonparametric and intuitive, and it avoids numerical errors
associated with fitting, enabling robust similarity quantification
under different smoothing factors, centers, and binning choices.
Additionally, WOC performs well for disconnected contours
and masked maps with multiple significant substructures, as
exemplified by the Bullet cluster and Coma cluster undergoing
active merging events. Unlike other methods, WOC does not
require computing individual contours, reducing bias in
masked maps.

To explore the ICL, which comprises unbound stars within
galaxy clusters, leveraging high-fidelity numerical simulations
is crucial. The Horizon Run 5 (HR5) stands as a significant
cosmological hydrodynamical simulation, characterized by a
box size of approximately a gigaparsec and a spatial resolution
of roughly one kiloparsec. The extensive number of galaxy
clusters generated within HR5, coupled with its high resolution,
empowers us to provide dependable insights into the generation
and spatial distributions of ICL.

In Section 2, we introduce our method and discuss its
application. In Section 3, we define the simulated data we will
use. We describe the cluster components and dynamical state
parameters used in the analysis in Section 4. We present our
results in Section 5 and discuss the results in Section 6. We
conclude and summarize them in Section 7.

2. Weighted Overlap Coefficient Method

We quantify the similarity between two distributions of
surface brightness or density by using the WOC (Yoo et al.
2022), which is a number between 0 and 1. Measurement of the
WOC of two distributions proceeds as follows. First, the two
maps are smoothed over the same angular or spatial scale, and
the areas enclosed by the isodensity contours are measured at a
set of threshold levels, as can be see in Figure 1. Then, in the
comparison map, we find the threshold levels of contours that
enclose the same areas as those in the reference map. The
degree of overlap of these matched areas between two
distributions is used to calculate the WOC with our choice of

weights that take into account contour area and threshold
density.
Specifically, suppose we are comparing a reference map A

with a comparison map B using n sets of matched regions Ai

and Bi with area(Ai)= area(Bi). Let the i= 1 level correspond
to the highest level. The WOC is defined as
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where fi= area(Ai ∩ Bi)/area(Ai) is the fraction of overlapping
area between the ith contours of two maps, wi =
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1 1å- - is a normalized weight weighing

higher-level contour areas more, and w i A i j A j, , ,A
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r r= år are normalized weights giving more

weights to higher threshold values. Terms ρA,i and ρB,i denote
the density threshold at ith level on map A and map B,
respectively.
Therefore, contour areas and threshold levels are taken into

account in our weighting system. The WOC parameter
quantifies the spatial correspondence of two maps rather than
their relative signal strengths or the exact shape of their
profiles. The WOC method works well even for disconnected
regions and does not require computation of individual
contours, making it less biased when working with masked
maps with boundaries. Detailed information on the methodol-
ogy, tests on robustness, and comparison with other methods
can be found in Yoo et al. (2022).

3. Simulation Data

3.1. Horizon Run 5

HR5 is a cosmological hydrodynamical zoomed-in simula-
tion that aims to investigate galaxy formation and evolution in
a cubic volume with a side length of Lbox= 1049 cMpc. HR5 is
run using a modified version (Lee et al. 2021) of the adaptive
mesh refinement code RAMSES (Teyssier 2002). HR5 has
a zoomed region of the cuboid geometry of ( )L x,y,z

zoom =
( )1049, 119, 127 cMpc crossing the central region of the
simulation box. The cubic grids in HR5 are refined down to
ΔL∼ 1 pkpc in the zoomed region. HR5 adopts the
cosmological parameters compatible with the results of Planck

Figure 1. Cartoon schematic of the WOC method. It involves assessing the
overlap of contours between two distributions at different density threshold
levels. The fraction of this overlapping area is computed, and weights are
applied based on signal strength to quantify their overall similarity, resulting in
a normalized value ranging from 0 to 1. For additional information, refer to
Section 2.
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Collaboration et al. (2016): Ωm= 0.3, ΩΛ= 0.7, Ωb= 0.047,
and σ8= 0.816. The initial condition of HR5 is generated using
the MUSIC package (Hahn & Abel 2011) at z= 200 based on
the second-order Lagrangian perturbation theory (2LPT; Scoc-
cimarro 1998; L’Huillier et al. 2014).

HR5 has 256 (grid level 8) coarse grids on a side, and the
zoomed region of a cuboid geometry initially has
8192× 930× 994 grids at grid level 13. The high-resolution
region is accordingly surrounded by padding grids of levels
from 9 to 12. A dark matter particle has a mass of
6.89× 107Me at level 13, and its mass rises by a factor of 8
with each decrease of grid level. Grids are refined adaptively
based on the octree mesh scheme down to ΔL∼ 1 pkpc when
their density exceeds the density of a grid enclosing eight dark
matter particles at Level 13. HR5 ends at the redshift of
z= 0.625 at which the age of the universe is ∼7.7 Gyr for the
cosmology adopted in HR5.

RAMSES has key physical ingredients in the form of subgrid
recipes that govern the evolution of baryons. Gas cooling is
computed using the cooling functions of Sutherland & Dopita
(1993) in a temperature range of 104–108.5 K, and fine-structure
line cooling is also implemented into RAMSES for a medium of
the temperature down to ∼750 K using the cooling functions of
Dalgarno & McCray (1972). Cosmic reionization is approxi-
mated by assuming the assumption of a uniform UV
background (Haardt & Madau 1996). Star formation rate is
computed using the statistical approach of Rasera & Teyssier
(2006) based on the Schmidt law (Schmidt 1959). Supernova
feedback operates in thermal and kinetic modes (Dubois &
Teyssier 2008), and active galactic nucleus feedback operates
in radio-jet and quasar modes switched by the Eddington
ratio (Dubois et al. 2012). A massive black hole (MBH)
initially has a mass of 104Me and it is seeded in a grid when its
gas density is higher than the threshold of star formation, and
no other MBHs are found within 50 kpc from the grid (Dubois
et al. 2014a). Gas accretion and MBH coalescence are the two
mass growth channels of MBHs. The angular momentum of
MBHs is computed by tracing the transfer of angular
momentum from gas accretion and MBH coalescence (Dubois
et al. 2014b). The evolution of chemical abundance is
computed using the methodology of Few et al. (2012) based
on a Chabrier initial mass function (Chabrier 2003), and the
abundances of H, O, and Fe are separately traced. Detailed
information of HR5 can be found in Lee et al. (2021).

3.2. Structure Identification and Merger Trees

The bounded objects and galaxies from the entire snapshot
set of HR5 are identified using the physically self-bound
(PSB)–based galaxy finder (PGalF; see Appendix A of Kim
et al. 2023 for details). First, friends-of-friends (FoF) objects
are found from a unified data structure that contains all the
mass components of dark matter, gas, stars, and MBHs by
utilizing the adaptive FoF algorithm of PGalF. Note that we
replace the names FoF halos and subhalos with FoF objects and
subobjects, respectively, as we use all the mass components.
The self-bound subobjects are identified by measuring the total
energy and tidal radius from the local density peaks found in
the coordinate-free stellar or dark matter density fields of FoF
objects. Therefore, the subobjects may be composed of dark
matter or stellar mass only, or multiple components. A
subobject is defined as a galaxy in HR5 when a gravitationally
bound stellar mass larger than 107Me is contained. The mass

components that have positive total energy relative to the
density peaks of any subobjects within an FoF object are
classified as unbound components. Specifically, the unbound
stellar particles in a cluster-scale object are defined as ICL.
The merger trees of self-bound subobjects are constructed by

tracing stellar particles for galaxies and the most bound matter
particles (MBPs) for the objects that do not contain stellar
particles. An MBP is defined as a dark matter particle located at
the deepest potential of a self-bound subhalo (Hong et al.
2016). It is assumed that the motion of an MBP follows that of
its subhalo. The advantage of the MBP scheme is that a broken
branch in a merger tree can be repaired by tracking the MBP,
which never disappears in a simulation box. Since the merger
trees of HR5 are constructed based on subobjects, the evolution
history of an FoF object is traced using the merger tree of its
most massive subobject, or, in other words, its central galaxy.
Further details of the tree-building algorithm of HR5 can be
found in Park et al. (2022) and Lee et al. (2024).
In the last snapshot of HR5 (z= 0.625), there are 63 clusters

with high FoF mass (Mtot> 1014Me) in the zoomed region.
The age of the universe is 7.7 Gyr at z= 0.625, and thus there
should be some relatively less-massive objects that would form
cluster-scale objects by z= 0. From HR5-Low, a low-
resolution simulation of HR5, it is inferred that massive objects
typically double their total mass between z= 0.625 and 0 (Lee
et al. 2024). Consequently, we identified 174 objects with
Mtot> 5× 1013Me at z= 0.625, which later reach Mtot>
1× 1014Me at z= 0 . These objects are located within the
zoomed region of HR5 and remain uncontaminated by low-
level particles. This serves as the primary cluster sample for
this study.

3.3. ICL in HR5

As we are interested in ICL, a low-surface brightness
unbound component in clusters, the resolution of the simulation
can be of concern. A higher resolution enables one to explore
the ICL at lower surface brightness but inevitably reduces the
simulation volume, which results in reduced and biased
statistics due to fewer structures and missing large-scale
fluctuations. In Table 1, we list the simulation parameters of
a few cosmological simulations used for previous ICL studies
together with those of HR5. Table 1 shows that HR5 has a
spatial resolution between those of Illustris TNG100 and
TNG300 (Pillepich et al. 2018b; Nelson et al. 2018); its dark
matter mass resolution is close to that of TNG300, while its
stellar mass resolution is comparable to that of TNG100. That
said, the simulation box sizes of both TNG300 and TNG100
are significantly smaller than that of HR5. TNG100 and TNG50
have higher resolutions than HR5, but they do not have a
sufficient number of simulated galaxy clusters (10 in TNG100,
and only a few in TNG50), let alone the missing large-scale
power.
Puchwein et al. (2010) examined the amount of ICL in a

suite of zoomed simulations with various resolutions and
showed that the amount of ICL starts to converge at the spatial
resolutions below ∼4 pkpc. Therefore, we conclude that HR5 is
suitable for the study of ICL due to its large simulation box size
for capturing large-scale power, large cluster sample size
giving good statistics, and mass and spatial resolutions
sufficient for ICL formation simulation. A caveat of this study
is that the ICL components are defined to be unbound stellar
particles in FoF objects. This definition may not be fully
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consistent with observations since, in practice, it is difficult to
separate the light of unbound stars from the light of all stars in
an observed cluster.

4. Analysis

4.1. Candidates for Dark Matter Tracer

Which component of the galaxy cluster best matches the
spatial distribution of dark matter? To answer the question, we
consider four mass components or a combination of compo-
nents as follows.

Stellar particles: In this study, the stellar particle component
includes all stellar particles within the brightest cluster galaxy
(BCG), satellite galaxies, and ICL. We visualize these elements
in the second column of Figure 2, depicting a relaxed and an
unrelaxed galaxy cluster in the HR5 simulation. This comp-
onent can be most straightforwardly defined in both simulations
and observations, as it does not require distinguishing between
individual galaxies and the smooth, diffuse ICL.

Galaxies: In this study, “galaxies” refers to stellar particles
that are gravitationally bound to the galaxies cataloged in the
HR5 data set. Our approach does not set a specific mass
threshold, thus including even dwarf galaxies with an FoF mass
of around ∼107Me. While these smaller galaxies present
observational challenges due to their diffuse nature, we
consider them as part of our comprehensive analysis. Galaxies,
particularly the more massive ones, are often the most
accessible probes for locating dark matter in observational
astronomy. Excluding diffuse dwarf elliptical galaxies, most
cluster member galaxies are relatively straightforward to
observe, even without deep imaging techniques. Moreover,
satellite galaxies within these clusters can contain significant
amounts of dark matter, with their contribution varying based
on their mass or luminosity. Previous studies, such as those
involving dense redshift surveys, have demonstrated the
potential of galaxy number density as a proxy for estimating
the total mass distribution within clusters (Hwang et al. 2014).
Additionally, a recent simulation-based study advocated using

a galaxy mass–weighted number density distribution as a dark
matter tracer (Shin et al. 2022). This approach aligns with our
aim to explore various components within galaxy clusters as
potential dark matter proxies.
BCG+ICL: In this study, the BCG is defined as the ensemble

of stellar particles gravitationally bound to the most massive
galaxy within the cluster. In observational terms, the BCG is
commonly regarded as the “brightest” cluster galaxy. There-
fore, we designate the most massive galaxy in terms of stellar
mass as the BCG for the purposes of this study. The ICL
comprises the stellar particles that are gravitationally bound to
the cluster itself but not to any specific galaxy within it. The
BCG is typically located at the deepest point of the
gravitational potential of the cluster, while the ICL is broadly
distributed on cluster scales (Dubinski 1998). Studies have
shown that the velocity dispersion of ICL mirrors that of the
cluster, suggesting a close following of the gravitational
potential of the cluster (Puchwein et al. 2010; Edwards et al.
2020; Gu et al. 2020; Marini et al. 2021). The BCG and ICL as
a combined component are depicted in the third column of
Figure 2, showing their distribution in both relaxed and
unrelaxed clusters in the HR5 simulation. This combined BCG
+ICL component has been increasingly recognized as an
effective tracer for dark matter (Montes & Trujillo 2019;
Alonso Asensio et al. 2020; Yoo et al. 2022). Its observational
advantage lies in its accessibility through optical deep imaging,
which is often simpler compared to the techniques required for
gas component analysis via X-ray or radio observations.
Gas: In this study, the gas component encompasses all gas

particles within the cluster, whether they are gravitationally
bound to individual galaxies or not. The gas component in a
galaxy cluster occupies around ∼12% of the cluster mass,
whereas ∼85% is dark matter and only ∼3% is stars (Sun et al.
2009; Gonzalez et al. 2013; Sanderson et al. 2013).
Traditionally, the X-ray observed hot gas representing the gas
trapped within the gravitational potential well has been used to
trace the total mass of a galaxy cluster (Borgani & Guzzo 2001).
In our study, visualizations of the gas component within the

Table 1
Specifications of the Cosmological Simulations for ICL Studies

Simulation Type mDM må Spatial resolutiona Volume Box size Note
(Me) (Me) (kpc) (cMpc3) (cMpc)

HR5 L 6.9 × 107 2.5 × 106 0.8–1.6 251.23b 1049 r
limm ~ 29.5 mag arcsec−2c

TNG 300 5.9 × 107 1.1 × 107 1.0–2.0 302.63 302.6 L
Illustris TNG 100 7.5 × 106 1.4 × 106 0.5–1.0 106.53 110.7 L

TNG 50 4.5 × 105 8.1 × 104 0.195–0.39 51.73 51.7 L

C-EAGLE L 9.7 × 106 1.8 × 106 0.7 L L limm ~ 30 mag arcsec−2

GRT L 5.4 × 104 L L L L limm ~ 32 mag arcsec−2

Rudick+2006 L 1.4 × 106 L L L L limm ~ 32 mag arcsec−2

Zoom 1 8.3 × 108 L 7.5 L L L
Puchwein +2010 Zoom 2 1.1 × 108 L 3.75 L L ICL results converge

Zoom 3 3.1 × 107 L 2.5 L L from Zoom 2
Zoom 4 1.3 × 107 L 1.875 L L L

Notes.
a Minimum grid size for the AMR scheme–based codes, typical gravitational softening length for the SPH scheme–based codes.
b Effective volume of the initial zoomed-in region.
c M/L ratio is 2.95 in the MILES stellar population synthesis model package based on a Chabrier initial mass function and the BasTI isochrone.
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HR5 galaxy clusters can be seen in the fourth column of
Figure 2. These images highlight the gas distribution in relaxed
and unrelaxed clusters, providing a comparative view of the
other components.

4.2. Indicators for Dynamical State

Several indicators for the dynamical state of galaxy clusters
have been suggested in previous studies. We will inspect the
correlation of our WOC between cluster components with these
dynamical state indicators listed below.

Half-mass epoch (zm/2): The concept of the half-mass epoch
is pivotal in understanding the dynamical evolution of galaxy
clusters within the framework of the ΛCDM cosmology.
Galaxy clusters grow through hierarchical mergers, and the
half-mass epoch denoted as zm/2 provides a key temporal
marker in this process. Figure 3 illustrates the mass growth
histories of selected relaxed and unrelaxed clusters in the HR5
simulation, with major mergers (mass ratios of 1:3 or less)
highlighted by red triangles. In this study, zm/2 refers to the
redshift at which a cluster accrues half of its final observed
mass. Typically, relaxed clusters exhibit a high zm/2, indicating
that they have achieved significant mass at an earlier epoch,
followed by a period of relative stability with fewer major
mergers. Conversely, unrelaxed clusters, characterized by a
lower zm/2, have undergone substantial mass accumulation in
more recent epochs, often through recent major merging
events. By analyzing the mass growth histories of the 174
galaxy clusters in the HR5 simulation, we determine the zm/2

for each cluster. This measurement is a critical indicator of the
dynamical state of the cluster, as it encapsulates the cumulative
effect of its mass growth history. The differentiation between
relaxed and unrelaxed systems based on zm/2 is supported by
various studies (Cole & Lacey 1996; Gouin et al. 2021; Yoo
et al. 2022; Chun et al. 2023), reinforcing its validity as a
robust metric in our analysis.
Magnitude gap (ΔM12): The magnitude gap, represented as

ΔM12, is a significant measure for assessing the dynamical
state of galaxy clusters (Ponman et al. 1994; D’Onghia et al.
2005; Cypriano et al. 2006). It is defined as the difference in
absolute magnitude between the BCG and the second brightest
galaxy in the cluster. This metric offers insights into the
evolutionary history of the cluster, particularly in the context of
hierarchical merging processes. Clusters classified as “fossil
clusters” are a prime example of systems where ΔM12 is
notably large, typically exceeding two magnitudes in the r band
considering member galaxies within 0.5 rvir of the cluster.
These clusters, also characterized by extended X-ray emissions
with luminosities greater than 1042erg s−1, are generally
considered to be in a more relaxed state (Jones et al. 2003).
The substantial magnitude gap in these clusters often indicates
a history of significant merging events, resulting in the
dominance of the BCG and a paucity of comparably bright
galaxies. In observational studies, ΔM12 is particularly valued
for its relative ease of measurement. By focusing on the two
brightest galaxies within a cluster, we can quickly glean
information about the dynamical state of the cluster without the
need for extensive and complex data analysis. This simplicity

Figure 2. Projected views of various components of typical relaxed (upper panel) and unrelaxed (lower panel) galaxy clusters in the HR5 simulation. The scales of
images are 2rvir × 2rvir of the cluster, where the virial radius is 1.39 cMpc for the relaxed and 0.82 cMpc for the unrelaxed cluster. For each galaxy cluster, the surface
density distributions of dark matter, all stars (BCG+ICL+satellite galaxies), BCG+ICL, and gas components are shown. Dashed lines denote the density levels of
azimuthally averaged radial density profiles at the 0.1, 0.2, and 0.3 virial radii, for which the WOC, our similarity measure between components, is measured (see
details in Section 5.1).
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makes ΔM12 an effective and accessible tool for evaluating the
evolutionary stage of galaxy clusters. However, it has been
suggested that the magnitude gap does not genuinely reflect the
final relaxation, but rather the fossil configuration is just a
transitional state (Dupke et al. 2022; Kim et al. 2022).
Considering this we chose not to apply the 0.5 rvir cut; i.e.,
we considered all member galaxies in the calculation of the
magnitude gap in an effort to increase the robustness of the
magnitude gap as a dynamical state indicator. Despite this, the
inherent limitations of ΔM12 as a precise measure of dynamical
relaxation remain, leading us to adopt it primarily for its
convenience.

Offset: The offset metric serves as an indicator of the
dynamical state of galaxy clusters, particularly in the context of
their merging history. This measure evaluates the spatial
discrepancy between the center of mass of the cluster and the
position of its most significant density peak, typically
represented by the central galaxy. In actively merging clusters,
the internal structure is often disturbed, leading to a notable
offset. This displacement is indicative of ongoing dynamical
processes, such as merging events, which disrupt the
equilibrium of the gravitational potential of the cluster. In
observational terms, the center of mass can be inferred from the
distribution of dark matter, as revealed through weak-lensing
analysis, or from the distribution of hot gas, as observed in
X-ray emissions. The density peak, by contrast, is commonly
associated with the location of the BCG. In our analysis of the
HR5 simulation, we quantify the offset by measuring the
distance between the center of the cluster and the BCG. This
distance is normalized by the virial radius (R200) of the cluster,
providing a standardized measure of offset across different
clusters. The use of this metric allows us to gauge the
relaxedness of a system, with a smaller offset suggesting a
more relaxed state (Cui et al. 2017; Gouin et al. 2021), where

the mass of the cluster and its gravitational center are closely
aligned.
ICL fraction ( fICL): The fraction of ICL within a galaxy

cluster offers vital insights into the dynamical maturity and
history of the cluster. The abundance of ICL increases through
successive galaxy interactions in galaxy clusters, as shown in
simulation studies (Conroy et al. 2007; Murante et al. 2007;
Purcell et al. 2007; Puchwein et al. 2010; Rudick et al. 2011;
Contini et al. 2014; Cooper et al. 2015). Observational studies
also report several scenarios for the production of intracluster
stars, including BCG major mergers followed by violent
relaxation (Rines et al. 2007; Ko & Jee 2018; Joo & Jee 2023),
tidal stripping from the outskirts of L* member galaxies (Iodice
et al. 2017; DeMaio et al. 2018; Montes & Trujillo 2018),
disruptions of dwarf galaxies as they fall toward the center of
the galaxy cluster (Toledo et al. 2011), and in situ star
formation (Gerhard et al. 2002). Thus, we expect the more
mature galaxy clusters with an interaction-rich history to have
higher ICL amounts. In the meantime, Joo & Jee (2023)
showed that the ICL fraction is independent of the cluster mass.
Moreover, there is observational evidence supporting that the
ICL fraction measured at certain wavelengths increases during
merging events; i.e., the unrelaxed system could show a higher
ICL fraction (Jiménez-Teja et al. 2018, 2019, 2021; de Oliveira
et al. 2022; Jiménez-Teja et al. 2023).
BCG+ICL fraction ( fBCG+ICL): Significant dynamic events

within the cluster, such as mergers and tidal interactions,
contribute to the accumulation of mass in both the BCG and
ICL (Contini et al. 2014, 2019). We expect that more relaxed
systems have had more time to have dynamical interactions and
that that would result in more accumulative BCGs and ICL.
This results in an increased BCG+ICL fraction, making it a
valuable probe of the evolutionary history of the cluster. The
BCG+ICL fraction has been explored by numerous

Figure 3. Cumulative mass growth histories of representative galaxy clusters within the HR5 simulation. Red triangles denote major merger events (mass ratio 1:3 or
less). The redshift at which clusters achieve half of their final mass (zm/2) is provided. The upper row depicts relaxed galaxy cluster cases, showing early major mergers
and an extended absence of significant merging events, resulting in an early half-mass epoch. The lower row highlights unrelaxed galaxy cluster cases characterized by
more recent major merging events and a later half-mass epoch.
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observational (Lin & Mohr 2004; Zibetti et al. 2005; Toledo
et al. 2011; Gonzalez et al. 2013; Presotto et al. 2014) and
simulation studies (Puchwein et al. 2010; Cooper et al. 2015;
Harris et al. 2017; Pillepich et al. 2018a; Yoo et al. 2022; Chun
et al. 2023). In this study, both the ICL fraction and BCG+ICL
fraction are measured in stellar mass.

Substructure fraction ( fsub): The substructure fraction within
a galaxy cluster, denoted as fsub, is a critical indicator of its
dynamical state. In more relaxed clusters, we typically observe
a dominant BCG and smaller substructures, leading to a lower
fsub. Conversely, unrelaxed clusters, often in the throes of
active merging and accretion, show a higher fsub, indicating a
greater presence and influence of substructures. In this study,
fsub is calculated by summing the stellar masses of satellite
galaxies and normalizing this sum by the total stellar mass of
the cluster, i.e., fsub=∑Msub/Mtot, where Msub is the mass of
each substructure without taking the mass of the most massive
substructure into account, and Mtot is the total mass of the
system. This leads to fsub= 1− fBCG + ICL. This approach
effectively mirrors the internal mass distribution of the cluster
and provides insights into its current dynamical state (Cui et al.
2017; Gouin et al. 2021).

The virial ratios (η= 2T/|W|, where T and W are the kinetic
energy and the gravitational potential energy, respectively)
would be the most theoretical indicator of the virialization of
the system. However, the calculation of the gravitational
potential of each particle is computationally expensive.
Previous studies calculate the virial ratio through random
sampling, sometimes adding a surface pressure term (Shin et al.
2022), which possibly causes noise. Moreover, for each
particle, the gravitational potential would be influenced by all
the other particles, including the one not belonging to the
cluster. We could not take into account these particles in the
calculation, which will make the calculated virial ratio
inaccurate. Therefore, we decided not to use the virial ratio
parameter in this study.

Looking at the relation between dynamical indicators (see
Figure 4), the half-mass epoch (zm/2), the magnitude gap
between BCG and the second brightest galaxy (ΔM12), and the
BCG+ICL fraction (substructure fraction) appear to be good
(stable) indicators. While the M200, the offset between cluster
center and BCG, and the ICL fraction show less correlation
with other indicators, it is remarkable that the BCG+ICL
fraction has a tight relation with the magnitude gap parameter
with the least outlier (panel (8) in Figure 4). While the half-
mass epoch (zm/2) is a useful dynamical state indicator of a
galaxy cluster, one may posit that a combination of indicators
may provide a more robust estimate of this quantity (H. Kim
et al. 2024, in preperation). However, since this is an ongoing
area of investigation, we chose to simply use zm/2 alone as the
dynamical state indicator.

5. Results

5.1. Similarity of Spatial Distributions

In this section, we explore the efficacy of different galaxy
cluster components in tracing dark matter distributions using
the WOC as our primary tool of analysis. The components
under consideration include (1) all stellar particles (comprising
the BCG, satellite galaxies, and ICL), (2) stellar particles of just
the cluster galaxies (the BCG and satellite galaxies), (3) stellar
particles of the BCG and ICL, and (4) all gas particles.
The WOC calculations were conducted using bins set at 0.1,

0.2, and 0.3 times the virial radii (R200) of each cluster. In this
analysis, dark matter serves as the reference map against which
the spatial distributions of stars (including the BCG, satellite
galaxies, and ICL), galaxies (the BCG and satellite galaxies),
BCG+ICL, and gas are compared. Notably, the center for each
radial profile within the WOC calculation is aligned with the
peak of the dark matter density. This approach allows for a
consistent comparison, as it does not require setting a common
center in the comparison maps since the contour density levels
of equal area are independently computed for each map.

Figure 4. Various dynamical state parameters used in this study and the relation between the parameters. Top: the magnitude gap between the BCG and the second
brightest galaxy, ICL fraction, BCG+ICL fraction, and M200 for different half-mass epochs are plotted. Bottom: the BCG–cluster center offset, BCG fraction,
substructure fraction for different half-mass epochs, and BCG+ICL fraction for different magnitude gaps are plotted. Thin vertical lines are standard deviations, and
thick vertical lines are standard errors. For every subplot, increasing the x-axis and increasing the y-axis is supposed to indicate a more relaxed state. The M200 (panel
(7)) does not necessarily represent the dynamic state but is included for completeness.
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Luminous tracer for dark matter: Our primary objective was
to identify which cluster component most accurately traces the
spatial distribution of dark matter. This was achieved by
calculating the WOC, at z= 0.625, between dark matter and the
aforementioned components across all 174 galaxy clusters
included in our study (refer to Table 2). For each cluster, we
averaged results from three different projection angles (x−y, x
−z, and y−z) and subsequently computed the median of these
averages for the entire cluster set. The standard deviation of the
WOC values across these projection angles was also deter-
mined (see std (xy, yz, zx) in Table 2).

It is worth noting that for the galaxies component, due to its
high concentration in the cluster centers, WOC values
compared to dark matter could not be measured for a significant
portion of our sample. The problem arises in the algorithm
because it must choose a contour level in map2 (e.g., galaxies)
that has an equal area as a contour in the reference map1 (dark
matter; DM). However, the galaxy field being much more
spatially concentrated compared to DM means that sometimes
an equal area having a contour cannot be found (see Yoo et al.
2022 for further details). Out of 174 clusters, WOC calculations
for the dark matter versus galaxies comparison were successful
in all three projection angles only for 80 clusters. The results
presented in Table 2 pertain only for the cases where WOC was
measurable in all three projections. An attempt to include
clusters with one or two projection angles yielded similar
results, reaffirming the robustness of our findings.

The findings reveal distinct variations in how well different
components trace dark matter. Among the analyzed compo-
nents, the galaxies map showed a notably lower WOC with
dark matter (average WOC (DM, galaxies)= 0.557), indicating
a less similar spatial distribution than for other components. By
contrast, both the BCG+ICL and gas components exhibited a
higher degree of similarity with the dark matter distribution,
with WOC (DM, BCG+ICL) and WOC (DM, gas) scoring

0.792 and 0.813, respectively. This suggests that these
components, particularly gas and the combination of the
BCG and ICL, are more effective tracers of dark matter within
galaxy clusters. This result is consistent with the previous GRT
simulation result (Yoo et al. 2022), which showed that the BCG
+ICL traces dark matter more faithfully than the stars (BCG
+ICL+satellite galaxies).
This difference in tracing efficacy can be attributed to

distinct dynamical origins. For instance, satellite galaxies that
have recently entered the cluster from various directions along
filaments introduce a higher degree of anisotropy compared to
more uniformly distributed dark matter. Conversely, the BCG
often is an elliptical galaxy with a smooth, extended envelope,
while the ICL, characterized by a higher velocity dispersion,
tends to have a round and extended shape. This morphological
similarity with the smoother gravitational potential shape of the
dark matter enhances the tracing accuracy of the BCG+ICL
component. Galaxies experience much stronger dynamical
friction than the ICL, as they sink into the gravitational
potential of the galaxy cluster. This friction alters their orbits,
leading to increased deviations from the mean field defined by
dark matter. By contrast, the collisionless ICL undergoes
secular relaxation over time, gradually aligning its distribution
more closely with that of the dark matter. Collectively, these
factors elucidate why BCG+ICL emerges as a more faithful
tracer of dark matter compared to the composite star
component.
Additionally, the WOC analysis across different projection

angles revealed that the WOC (DM, star) exhibited a minor
standard deviation (0.018), suggesting a consistent spatial
correlation irrespective of the viewing angle. However, the
WOC (DM, BCG+ICL) and WOC (DM, gas) displayed
slightly larger deviations (0.024), indicating some variation in
similarity depending on the projection.

Table 2
WOC Results Summary

All 174 clusters Relaxed 55 clusters Middle 63 clusters Unrelaxed 54 clusters

WOC (DM, star) 0.661 (±0.051) 0.662 (±0.049) 0.658 (±0.054) 0.661 (±0.047)
std (xy, yz, zx) 0.018 0.017 0.019 0.017
No. of measurements 172 55 62 53

WOC (DM, galaxy) 0.557 (±0.047) 0.545 (±0.036) 0.552 (±0.040) 0.587 (±0.057)
std (xy, yz, zx) 0.021 0.020 0.020 0.022
No. of measurements 80 21 30 28

WOC (DM, BCG+ICL) 0.792 (±0.049) 0.826 (±0.035) 0.784 (±0.042) 0.768 (±0.050)
std (xy, yz, zx) 0.024 0.015 0.025 0.039
No. of measurements 172 55 62 53

WOC (DM, gas) 0.813 (±0.044) 0.835 (±0.036) 0.800 (±0.042) 0.791 (±0.042)
std (xy, yz, zx) 0.024 0.018 0.027 0.025
No. of measurements 174 55 63 54

WOC (DM, BCG+ICL+gas)a 0.862 (±0.028) 0.887 (±0.024) 0.851 (±0.022) 0.853 (±0.023)
std (xy, yz, zx) 0.019 0.014 0.022 0.022
No. of measurements 174 55 63 54

Notes. Among 174 clusters, 55 early-formed (zm/2 � 1.307) clusters are grouped as Relaxed, 54 late-formed (0 < zm/2 � 1.029) clusters as Unrelaxed, and in-between
ones as Middle. There are two galaxy clusters for which the half-mass epoch (zm/2) is not measured, which are excluded from the grouping. WOC results of each
group are calculated by taking the median (±standard deviation) of WOC results of the individual clusters, for all three projections (xy, yz, zx). The median standard
deviations of the WOC results of three different projections are indicated below the WOC value. The number of clusters with all three projection measurements is
indicated below.
a See Section 6.
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Probing the evolutionary state of galaxy clusters: We
explored the potential of spatial distribution similarities
between dark matter and various cluster components as probes
of dynamical states of the galaxy clusters. Specifically, we
examined whether the degree of alignment between these
distributions correlates with the level of relaxedness in a
cluster. This analysis involved assessing the WOC between
dark matter and different components (stars, galaxies, BCG
+ICL, and gas) against various dynamical state markers
established in Section 4.2, including the half-mass epoch
(zm/2), magnitude gap (ΔM12), BCG–cluster center offset, and
the fractions of BCG+ICL and ICL (illustrated in Figure 5).

Our findings, as depicted in Figure 5, reveal a clear
relationship between the WOC values and the dynamical states
of clusters. Higher WOC values, indicating a greater similarity
in spatial distribution with dark matter, were observed in more
relaxed clusters. This trend was particularly pronounced for the
BCG+ICL and gas components, suggesting these elements are
more reliable tracers of dark matter in dynamically mature
clusters. Conversely, the WOC for stars or galaxies did not
show a significant trend correlating with increased relaxation of
the clusters.

A notable pattern emerged when examining the WOC in
relation to the half-mass epoch (zm/2). The correlation strength,
quantified using the Pearson coefficient, was highest for WOC

(DM, BCG+ICL) at 0.58, suggesting a strong relationship
between the dynamical maturity of a cluster and the spatial
alignment of its BCG+ICL component with dark matter.
Similarly, WOC (DM, gas) demonstrated a high correlation
with the BCG+ICL fraction at 0.57, further underscoring the
relevance of these components in tracing dark matter in more
evolved galaxy clusters.
These correlations are not only statistically significant but

also offer practical insights. For instance, in clusters with
relatively high BCG+ICL fractions (60%–80%), we can trace
approximately 80%–85% of dark matter using the BCG+ICL
distribution. Similarly, in the system with a high BCG+ICL
fraction, we could trace around 82%–84% of the dark matter
using the gas distribution. These results highlight the potential
of using specific cluster components as proxies for the dark
matter distribution, particularly in assessing the dynamical
states of galaxy clusters.
The trends we find in the data can be clearly seen

considering the standard error. However, for the application
to individual galaxy clusters, we should be cautious, consider-
ing the much larger standard deviation.

5.2. WOC Evolution

In this part of our study, we focused on how the similarity in
spatial distribution between dark matter and key cluster

Figure 5.WOC results for various components and dynamical state indicators. Spatial distribution similarity between dark matter and all stellar particles (first row), all
galaxies (second row), BCG+ICL (third row), and gas particles (fourth row) are plotted for various relaxedness proxies. For every subplot, increasing the x-axis
represents a more relaxed state. Blue dots are the WOC results for individual galaxy clusters. Red trend lines represent the median value of WOCs in each bin, thin
vertical red lines are standard deviations, and thick vertical red lines are standard errors. The Pearson coefficient and p-value are indicated in the upper-right corner of
each subplot.
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components (BCG+ICL and gas) evolves across different
epochs. Utilizing the WOC method, we traced the evolution of
these similarities from various redshifts to the final snapshot at
z= 0.625, as outlined in Section 3.2. This involved tracking the
progenitors of the BCGs using merger trees and measuring the
WOC for the host systems at each epoch.

Variation of WOC around major merging: We hypothesize
that WOC values reflect the degree of relaxation of a system by
capturing the alignment between dark matter and components
such as BCG+ICL or gas. Our key question is whether WOC
values fluctuate significantly during events that disrupt system
relaxation, such as major mergers, and whether they recover
postmerger.

To investigate this, we tracked WOC changes before and
after major mergers, focusing on isolated major merging events
identified using the criteria described in Figure 3. Specifically,
we looked for mergers causing more than a 33% mass increase
within a snapshot interval and without other major mergers
occurring within 1 Gyr before or after. This approach yielded
96 galaxy clusters with 117 isolated major merging events.

The WOC (DM, BCG+ICL) values were measured for each
cluster at each snapshot around these 117 major merging
events. The results, stacked according to their merging times,
are presented in Figure 6. This figure illustrates the temporal
variation of WOC values relative to the value at the merging
moment. A key observation is that both BCG+ICL and gas
exhibit a decrease in WOC just before the major merger and an
increase afterward. In the BCG+ICL case, the WOC difference
is about 0.05 at the merger time, indicating a 5% drop in spatial
distribution similarity due to the merger. The change in the gas
component is less pronounced but follows a similar pattern.

This trend suggests that the approach of two massive objects
and their subsequent merger temporarily disrupts the relaxation
of the primary object, reflected in the lowered WOC values.
The WOC values rebound as the system re-establishes
equilibrium within approximately 1 to 1.5 Gyr for BCG+ICL
and 0.5 Gyr for gas, signifying a return to a more relaxed
state. The calculated mean dynamical timescale (tdyn =
( )R GM2 3 1 2) for the entire galaxy cluster is approximately
1.7 Gyr. However, the region considered for the WOC
calculation extends only to 0.3 rvir. Assuming that most of
the mass is within 0.3 rvir, the calculated mean dynamical
timescale for the inner region of the cluster is around 0.28 Gyr.
Thus, the WOC recovery time (1–1.5 Gyr) corresponds to
approximately 4–5 times the mean dynamical timescale of the
inner region of the sample clusters. These observations
underscore the potential of the WOC as a dynamic measure
of system relaxation, with its temporal changes mirroring the
dynamical state of the system.
To delve deeper into the dynamics surrounding isolated

major merging events, we examined changes in the BCG+ICL
fraction, ICL fraction, and the masses of BCG, ICL, and BCG
+ICL before and after these events (as depicted in Figure 7).
During a major merger, defined as a moment where the total
mass of the system (including dark matter) increases by more
than 33% compared to the previous snapshot, we observed a
corresponding rise in the total stellar mass (sixth panel of
Figure 7). This is typically the case of the “sudden inclusion of
a galaxy group that is heavier than 33% of the main cluster.”
Such galaxy groups would have their “brightest group galaxy
(BGG),” which will not be accounted as BCG+ICL, but rather

Figure 6. Temporal variation of spatial distribution similarity between dark matter and gas (orange trend line) or BCG+ICL (purple trend line) before and after
isolated (no other major merging within 1 Gyr) major merging events (between two snapshots more than 33% increase of system mass). The trend lines represent each
bin’s median value of ΔWOC (temporal deviation of WOC value from the WOC at the major merging moment (WOCmm)). Thin vertical lines represent the standard
deviation, while thick vertical lines denote the standard error, and the points are shifted horizontally for clarity. The mean dynamical timescale of the cluster inner
region (<0.3 rvir) is indicated on the upper side of the x-axis.
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as “satellite galaxy.” In the meantime, the BCG in the main
cluster is still the brightest galaxy after the inclusion of the
galaxy group. Thus, the growth of the BCG will follow rather
gradually compared to the one snapshot interval. Therefore, the
BCG mass is relatively stable, showing only modest growth
over time (visible in the fifth panel of Figure 7). This stability
in the BCG mass leads to a decrease in the BCG+ICL fraction,
which is calculated as the combined stellar mass of the BCG
and ICL divided by the total stellar mass of the cluster.

Concurrently, the ICL fraction, representing the ICL stellar
mass as a proportion of the total stellar mass, exhibited a steady
increase from 10% to 15%. However, this increase in the ICL
fraction is not significantly impacted by major merger events.
At the time of these mergers, we observe a substantial
production of ICL, possibly supplemented by preprocessed
intragroup light (IGL) being integrated into the ICL of the main
cluster (as shown in the ICL mass graph in the fourth panel of
Figure 7). Despite this, the ICL fraction displayed a slight
downward trend, likely due to enhanced star formation within
galaxies triggered by the merging processes. The typical
snapshot interval of about 100Myr is sufficient for an
additional ∼10% of stars to form (Park et al. 2022). The
trends in the masses of BCG+ICL, ICL, and BCG, growing in

a similar pattern (as seen in the third, fourth, and fifth panels of
Figure 7), corroborate findings from a previous ICL simulation
study (Contini et al. 2022). Moreover, the stability of the ICL
fraction over approximately 10 Gyr aligns with recent observa-
tional findings on the coevolution of ICL mass and cluster mass
(Zhang et al. 2023).
Evolution of WOC: Utilizing the same data set of WOC

values from 96 galaxy clusters, as illustrated in Figure 6, we
examined the broader trends in the WOC evolution, indepen-
dent of major merging events. Figure 8 presents the overall
temporal evolution of the spatial distribution similarity between
dark matter and the BCG+ICL/gas components.
Our findings indicate notable stability in the WOC (DM,

BCG+ICL), which consistently exceeds 75% throughout the
observed time interval. This suggests a persistent and strong
correlation between the spatial distribution of BCG+ICL and
dark matter. By contrast, the WOC (DM, gas) exhibits a
gradual increase over time. Notably, at a lookback time greater
than 10.4 Gyr (approximately z∼ 2), gas was significantly less
effective in tracing dark matter than BCG+ICL. However,
around a lookback time of 7 Gyr (z∼ 0.8), the effectiveness of
the gas component in tracing dark matter improved, eventually
matching the WOC levels of BCG+ICL. This upward trend in

Figure 7. BCG+ICL fraction, ICL fraction, BCG+ICL mass, ICL mass, BCG mass, and total stellar mass evolution before and after isolated (no other major merging
within 1 Gyr) major merging events (between two snapshots more than 33% increase of system mass). Thin vertical lines are standard deviations, and thick vertical
lines are standard errors.
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WOC (DM, gas) corroborates the overall slope observed in
Figure 6 and suggests that the ability of the gas component to
trace dark matter has evolved over time.

These observations imply that at higher redshifts (z> 1),
BCG+ICL is a more reliable tracer of dark matter than the gas
component. The collisionless nature of the BCG+ICL comp-
onent, likely formed within the host dark matter halo, enables it
to trace the dark matter distribution from an early stage.
Conversely, at around z∼ 2 (∼10.4 Gyr lookback time),
systems are not yet fully developed at the cluster scale, and
the presence of hot gas is minimal. The cold gas accreted
through filaments undergoes shock heating and heating from
active galactic nucleus jets. Cold gas remains isothermal,
undergoing shocks, while hot gas is adiabatic, behaving more
like the dark matter (Birnboim & Dekel 2003; Dekel et al.
2009). Over time, as the gas within the cluster predominantly
turned hot, with only a minor fraction remaining cold within
galaxies, it gradually approached hydrodynamic equilibrium.
This process allowed the gas to eventually become a
comparably effective dark matter tracer at later times (z< 0.9).

5.3. Radial Profiles

In addition to two-dimensional comparisons, we assessed the
spatial distribution similarities of different galaxy cluster
components using one-dimensional radial profiles. This
approach complements previous studies such as Sampaio-
Santos et al. (2021), who also utilized one-dimensional radial
profile comparisons, particularly for ICL and dark matter.

Our radial profile analysis procedure is as follows. First, the
radial profiles were computed by taking azimuthal averages of
the density field for each cluster component. Then, the radial
profiles of the components of 174 galaxy clusters were mean

stacked. The three different projection maps were used as if
they were separate clusters; thus, 174× 3 radial profiles were
mean stacked. We chose mean stacking over median stacking
because many simulated cluster images predominantly feature
zero pixel values at outer radii, which could skew the radial
profiles. The mean stacking method is more accurate in
representing the actual mass or light distribution.
The analysis showed that the radial profile of the gas

distribution closely resembles that of dark matter. By contrast,
the profiles of stars and galaxies appeared similar to each other
but diverged from the BCG+ICL and dark matter profiles (as
illustrated in the right panel of Figure 9). These observations
align with Sampaio-Santos et al. (2021), highlighting the
concentrated nature of the diffuse stellar component. Addition-
ally, our findings support the conclusions of Yoo et al. (2022),
demonstrating that while WOC is insensitive to concentration
rates, it effectively captures the two-dimensional spatial
distribution similarities.
Interestingly, the one-dimensional radial profiles of stars

and galaxies are quite similar, differing notably from those of
BCG+ICL and gas, and only the gas profile seems
comparable to that of dark matter. However, when examining
the two-dimensional spatial distributions using the WOC
method, we find that both BCG+ICL and gas trace dark
matter effectively, with WOC values of 0.792 and 0.813,
respectively. By contrast, stars are less effective in tracing
dark matter (WOC= 0.661), and galaxies are even less so
(WOC= 0.557). This finding highlights the criticality of
employing two-dimensional spatial distribution analyses in
conjunction with one-dimensional radial profile studies for a
more comprehensive understanding of the spatial correlations
with dark matter.

Figure 8. Evolution of spatial distribution similarity between dark matter and gas (orange trend line) or BCG+ICL (purple trend line) over cosmological timescales.
The same data set was used in Figure 6. Thin vertical lines represent the standard deviation, while thick vertical lines denote the standard error, and the points are
shifted horizontally for clarity.
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Next, we divided the sample galaxy clusters using the half-
mass epoch. The most early-formed 55 clusters are categorized
as relaxed, and the most late-formed 54 clusters are classified as
unrelaxed systems. We stacked the radial profiles of 55 relaxed
and 54 unrelaxed galaxy clusters for their various components:
dark matter, stars, galaxies, BCG+ICL, and gas. We checked
how the radial profiles of the components of the relaxed and
unrelaxed (merging) cluster differ (see Figure 10). Again, the
three different projection maps were used as if they were other
clusters; thus, each radial profile results from the mean stacking
of 55 (54) × 3 radial profiles. Every time, the center is fixed as
the peak of the dark matter, and the virial radius of the cluster
normalizes the radial bins.

In the upper panel of Figure 10, dark matter, gas, stars, and
BCG+ICL of unrelaxed clusters (dashed lines) seem more
broadly spread than those of relaxed clusters (solid lines). In
the inner region (roughly 0–0.2 rvir) in galaxy clusters, the
relaxed samples show higher density, whereas in the outer part
(roughly 0.6–1 rvir), the unrelaxed samples show higher density
(see the lower panel of Figure 10). These results may be related
to the fact that the components in the unrelaxed samples are
scattered out during the active merging events. By contrast, the
relaxed sample gathered their components inward and built
more concentrated profiles. The lower panel shows the
difference of relaxed and unrelaxed cluster profiles normalized
by relaxed profiles. We could see clearly the higher density of
relaxed clusters in the inner radius (above zero) and unrelaxed
clusters in the outer radius (below zero). Interestingly, the BCG
+ICL (purple line) shows the most significant deviation
between relaxed and unrelaxed cases, which tells us again that
BGC+ICL is a sensitive proxy for dynamical history. In the
inner region (roughly 0–0.2 rvir), the radial density of BCG
+ICL differs up to ∼40% for relaxed and unrelaxed cases.

Recovering dark matter radial profile from BCG+ICL
profile: In Section 5.1, we primarily focused on two-
dimensional spatial comparisons, setting aside the direct
relationship between the field strengths. However, if our goal
is to find a component that can represent the radial profile of
dark matter, this approach may need refinement. Prior studies
comparing the profiles of dark matter and ICL (the diffuse

light component) reported varying slopes, typically showing
the ICL profile to be more radially concentrated and thus not
perfectly mirroring the dark matter profile. Despite this, the
ICL profile slope has been found to correlate strongly with the
total mass of the cluster (Pillepich et al. 2014, 2018a; Montes
& Trujillo 2018; Sampaio-Santos et al. 2021). As shown in
Figure 9, the dark matter profile decreases gradually,
contrasting with the steeper BCG+ICL profile. This led us
to explore methods for deriving the dark matter profile from
the BCG+ICL profile.
In pursuit of the most robust solution, we considered the 55

relaxed galaxy clusters exclusively, each observed from three
distinct orthogonal projection angles, resulting in a total sample
size of 165. Much like in the right panel of Figure 9, we scaled
the BCG+ICL profile by a factor of approximately 17 to align
with its peak value. Subsequently, we divided the dark matter
profile by the scaled BCG+ICL profile for all 165 galaxy
cluster samples, represented by the gray lines in Figure 11.
Notably, the mean profile of this dark matter–BCG+ICL ratio
(black solid line) appears to exhibit an approximate linear trend
with respect to the radial distance from the cluster center. The
ratio exhibits significant noise beyond 0.6 virial radii due to the
limited presence of ICL in that region. Our approach involved
fitting the ratio within the range of roughly 0–0.6 rvir, where we
employed a linear fitting function (a+ br), represented as a
continuous red line. Such a clear trend was not observed in
analyses involving gas or stars (BCG+ICL+satellite galaxies).
Our findings suggest the potential for reconstructing the dark

matter profile from the BCG+ICL profile by applying specific
scaling constants and considering the radial distance from the
center of the cluster. Conversely, with an established dark
matter distribution from weak lensing or N-body simulations,
we can estimate the BCG+ICL radial profile or its extent. It is
intriguing to note that the quantity BCG+ICL exhibits an
inverse radius scaling relationship (∼1/r) relative to dark
matter. This phenomenon could potentially be attributed to
“mass segregation,” where the more massive galaxies tend to
concentrate in the inner region of the cluster while lighter
galaxies are more prevalent in the outer region. This

Figure 9. The radial profiles of various components of 174 galaxy clusters. The three orthogonal projection angles are regarded as individual galaxy clusters, which
makes the number of samples 522. Bold lines denote the mean stacked, whereas the fainter thin lines are individual radial profiles of the corresponding color
components. The virial radius of the galaxy cluster normalizes each radial profile. Left: amplitudes represent the density of each radial profile. Thin vertical lines
represent the standard deviation, while thick vertical lines denote the standard error, and the points are shifted horizontally for clarity. Right: the peak amplitudes of
each radial profile are scaled to match the dark matter one. The vertical lines denote the standard error. For the scale of standard deviation, refer to the left panel.
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segregation could lead to a higher presence of ICL in the inner
radius compared to the outer radius.
A caveat pertinent to the scaling relationship between the

profiles of dark matter and BCG+ICL might be warranted,
considering that the BCG predominantly influences the BCG
+ICL profile. The precise nature of this relationship could
potentially vary based on the adiabatic cooling and feedback
recipes employed in the simulation.

6. Discussions

Our study has focused on identifying the galaxy cluster
components that most effectively trace dark matter and
examined how their tracing capabilities vary with the
dynamical state of the cluster. We also investigated methods
to improve dark matter tracing, aiming to achieve higher WOC
results.
Recipe for tracing dark matter in unrelaxed systems: An

ideal dark matter tracer should be collisionless and effective
even in disturbed systems. Observations of the Bullet cluster, a
classic example of a disturbed system, show a spatial mismatch
between dark matter and hot gas, while the collisionless stars

Figure 10. Upper left: the stacked radial profiles of various components of the 55 most relaxed/ the 54 most unrelaxed galaxy clusters. Solid lines denote the
components of relaxed clusters, whereas dashed lines denote the components of unrelaxed clusters. Amplitudes represent the density of each radial profile. Thin
vertical lines represent the standard deviation, while thick vertical lines denote the standard error, and the points are shifted horizontally for clarity. Upper right: the
peak amplitudes of each unrelaxed radial profile are scaled to match the relaxed one. Notations are identical to the upper-left subplot. The vertical lines denote the
standard error. For the scale of standard deviation, refer to the left panel. Bottom: the residual of relaxed and unrelaxed profiles normalized by the relaxed one. The
error propagations of the standard errors are shown as error bars and shifted horizontally for clarity.

Figure 11. Ratio between dark matter and scaled BCG+ICL profiles of 55
relaxed galaxy clusters (gray lines), mean value and standard error (black solid
line), and linear (a + br) fitting function (red line). The three orthogonal
projection angles are regarded as individual galaxy clusters, which makes the
number of samples 165. Thin vertical lines represent the standard deviation,
while thick vertical lines denote the standard error.
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align more closely with the dark matter distribution. In
Figure 6, a noticeable drop in WOC (DM, BCG+ICL) is
observed around major merging events. This drop can be
attributed to the merging of new galaxy groups, each with its
own BGG. In the newly formed main cluster, these BGGs are
categorized as satellite galaxies and are excluded from the BCG
+ICL component, creating a discrepancy in the spatial
distribution, particularly where significant amounts of dark
matter are present. This phenomenon likely contributes to the
approximately 5% reduction in WOC (DM, BCG+ICL) at
major merging points. Additionally, this explains the observed
relationship between the relaxedness of the system and the
WOC (DM, BCG+ICL) shown in Figure 5, as unrelaxed
systems often contain larger satellite galaxies with substantial
amounts of dark matter.

We tested whether including large-mass satellite galaxies
into the BCG+ICL component improves the spatial distribu-
tion similarity with dark matter. Among the 174 galaxy clusters
at the final snapshot, we found 51 clusters containing satellite
galaxies heavier than 50% of the BCG in stellar mass. These
clusters would be mostly unrelaxed, having a small magnitude
gap (ΔM12) as well as a high substructure fraction (see
Section 4.2). We then measured the similarity between the dark
matter and the BCG+ICL+satellite galaxies, which fulfill
certain mass criteria. Figure 12 shows how the WOC value
changes upon inserting satellite galaxies with various
mass cuts.

The orange dashed line indicates the WOC (DM, gas) of the
same 51 sample clusters in the final snapshot. The BCG+ICL
alone (which corresponds to the mass criteria as 100% of the
BCG mass) shows a slightly lower WOC value than that of gas.
As we include satellite galaxies that are heavier than 50% of the
BCG mass, we observe that it improves the WOC value and
becomes higher than the WOC (DM, gas) value. We include
more satellite galaxies by decreasing the mass cut criteria to
40%, 30%, 20%, 10%, 8%, 6%, 4%, and 2%. The WOC value
peaks at the inclusion of satellite galaxies heavier than 20% of
BCG mass and decreases rapidly after the inclusion of 10%. If
we include small satellite galaxies such as 2% of BCG mass,
the similarity with dark matter is broken, and the WOC
becomes lower than the WOC (DM, gas). Finally, lowering the
mass cut to 0% means including every satellite, equivalent to
all stellar particles (BCG+ICL+satellite galaxies), resulting in
a much worse WOC value.

As we recognized in Section 5.1, taking account of all
satellite galaxies is not ideal for tracing the dark matter in the
system. These smaller satellite galaxies may have migrated
from outside through filaments and would not have enough
time to blend into the global gravitational potential of the
cluster. Moreover, we observed some small satellite galaxies
without dark matter in the simulation. By contrast, the BCG
and ICL have developed within the dark matter halo of the
cluster, aligning their distributions more closely with dark
matter. Thus, in addition to the BCG+ICL, we suggest
including massive satellite galaxies that are heavier than 20%
of BCG mass to trace dark matter, particularly in disturbed
galaxy clusters.

Tracing dark matter combining BCG+ICL and gas: As
highlighted in Section 5.1, at the final snapshot (z= 0.625),
both BCG+ICL and gas components were found to be
effective tracers of dark matter, each exhibiting approximately
80% spatial distribution similarity. When observational data for

both components are available, combining them could
potentially enhance our ability to trace dark matter with greater
fidelity. Furthermore, as observed in Figure 2, the dark matter
distribution appears to be intermediate between the BCG+ICL
and gas distributions. While the gas distribution is considerably
smoother, the BCG+ICL displays more detailed substructures
than observed in the dark matter.
We integrated the BCG+ICL and gas density maps to

evaluate this combined approach, normalizing each based on
their respective total masses to ensure equal representation. The
findings of the resultant WOC (DM, BCG+ICL+gas) are
presented in the last row of Table 2. This integration shows an
improvement in tracing the spatial distribution of dark matter:
while the individual similarity percentages are 79.2% for BCG
+ICL and 81.3% for gas, the combined approach yields an
enhanced similarity of 86.2%. This enhancement is consistent
across various dynamical states of the clusters. In the case of
relaxed clusters, the combined BCG+ICL and gas distribution
traces dark matter with an approximate accuracy of 88.7%.
These results indicate that a synergistic approach, utilizing

both BCG+ICL and gas components, provides a more
comprehensive method for tracing the spatial distribution of
dark matter within galaxy clusters. This methodology benefits
from the distinct characteristics of each component, leading to a
more accurate representation of the dark matter distribution
compared to using either component alone.

7. Conclusions

We have conducted an extensive comparative study of the
spatial distributions of various components within simulated
galaxy clusters. We used the Horizon Run 5 simulation,
focusing on 174 high-mass clusters (>5× 1013Me) at
z= 0.625. We used the WOC method, a novel approach to
quantifying the similarity of two-dimensional spatial
distributions.
We measured the spatial distribution similarity between dark

matter and various components such as all stellar particles, all
galaxies, BCG+ICL, and gas. We also investigated if the
similarity has any relation with the dynamical state of the
cluster. Our findings suggest that the spatial distribution of the
BCG+ICL and the gas coincide with the dark matter
distribution, particularly for more relaxed galaxy clusters (see
Table 2 and Figure 5). Our study shows that the ICL, when
combined with the BCG, can serve as a luminous tracer for
dark matter, implying that the spatial distribution similarity
against the dark matter may be used as a probe of the
dynamical state of the cluster. However, for the application to
individual galaxy clusters, we should be cautious, due to the
large uncertainty on the measurement.
Focusing on clusters experiencing major merging, we found

that the spatial similarity between dark matter and BCG+ICL
dropped just before major merging and recovered 1–1.5 Gyr
after (see Figure 6). This suggests again that the WOC (DM,
BCG+ICL) could act as a probe of the dynamical state of the
system. Moreover, considering the overall evolution of the
WOC over cosmological timescales, particularly for galaxy
clusters at redshifts greater than 1, the BCG+ICL seems to be a
better tracer for dark matter than gas (see Figure 8). From an
observational point of view, particularly at higher redshift,
observing the BCG+ICL using deep imaging could be more
advantageous than weak-lensing analyses or X-ray observa-
tions, which suffer from various systematics. Considering the
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observational study of ICL at z ∼0.5 (Yoo et al. 2021), we may
need at least a 29 mag arcsec−2 deep detection limit to explore
the ICL out to 0.3 rvir.

Additionally, the one-dimensional radial profiles demon-
strated that the BCG+ICL is a sensitive probe of the dynamical
state of galaxy clusters (see the lower panel of Figure 10). We
further suggest a method to retrieve the approximate dark
matter profile, in relaxed clusters, by scaling the BCG+ICL
profile (see Figure 11).

Furthermore, we suggest a recipe for tracing dark matter in
unrelaxed systems by including satellite galaxies with stellar
masses greater than 20% of the BCG mass (see Figure 12).
Additionally, if both BCG+ICL and gas data are available, we
could combine them to trace the spatial distribution of the dark
matter with higher fidelity (see Table 2). These results may
guide future observational studies and inform the selection of
tracers to study galaxy cluster evolution.

We may speculate as to whether our results will hold at
z= 0. In Figure 7 the amount of ICL increases through a major
merger, while in Figure 6, the WOC(DM, BCG+ICL) is
affected through the major merger but recovers in ∼1 Gyr. We
expect the BCG+ICL, as a collisionless component, will

continue to trace dark matter as well as gas, which has already
reached hydrodynamic equilibrium. Even after the burst of ICL
production at z< 0.6 (Montes 2022), probably related to
merging events, the temporarily reduced WOC value will
recover in about 1 to 1.5 Gyr. However, this should be
rigorously tested in the near future with simulations at lower
redshift.
Future work should examine more diverse samples of galaxy

clusters spanning various masses and redshifts and compare
them with observational studies. Recent deep imaging surveys
are yielding statistical insights into ICL properties, including
colors and color gradients (Golden-Marx et al. 2023; Zhang
et al. 2023), extending observations up to redshift z∼ 2
(Werner et al. 2023). It would also be interesting to examine
the origin of ICL depending on the mass accretion history and
angular momentum of the galaxy cluster, as well as the
environment surrounding the cluster as a node of the large-
scale structure filaments. Further analysis of the HR5 simula-
tion could give us hints about the relation between the initial
condition of the local density field and structure formation
history at late times. Improvements in our understanding of the
ICL and its relation to dark matter will be aided by forthcoming

Figure 12. Top: 2D projected images of an example galaxy cluster (unrelaxed in Figure 2). The images cover one virial radius of the cluster. Dark matter, BCG+ICL,
BCG+ICL+satellite galaxies heavier than 50%, 20% of BCG mass, and all stellar particles are shown, respectively, from left to right. Bottom: WOC changes upon the
inclusion of satellite galaxies with different mass cuts. It is calculated using 51 galaxy clusters at the final snapshot (z = 0.625), which contains a satellite galaxy
heavier than 50% of the BCG stellar mass. Thin vertical lines represent the standard deviation, while thick vertical lines denote the standard error. WOC peaks at the
inclusion of satellite galaxies above 20% of the BCG mass.
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observational facilities and instruments. As observations
continue to improve, testing and validating these results in
real-world observations of galaxy clusters will be crucial.
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