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Abstract

We present the results of our dynamical state proxy measurements performed on 28 strong lensing galaxy clusters
from the Sloan Giant Arcs Survey. Using Chandra ACIS-I/S X-ray data supplemented with HST WFC3 imaging,
we measure four morphological parameters: the concentration parameter (c), asymmetry parameter (A), centroid
shift (log(w)), and the X-ray-BCG centroid separation (D [kpc]). Our goals are to (A) provide a robust
classification of the dynamical state of the clusters in this strong lensing selected sample to enable studies that test
various problems in cluster astrophysics and observational cosmology; (B) identify correlations, biases, or
disagreements between different measurement proxies and cluster properties; and (C) measure the relaxation
fraction (the fraction of clusters classified as relaxed based on X-ray morphology) and compare it to relaxation
fractions from cluster samples selected using other methods. We combine the four morphological parameters into
a single metric, the combined parameter M, which effectively separates the cluster sample into four dynamical
state categories: relaxed, moderately relaxed, moderately disturbed, and disturbed. We find no significant trend in
a cluster’s dynamical state with its size, and only a weak, statistically limited dependence on mass and redshift.
Based on our classification system, we find that +43% 9

9 of the clusters are relaxed, which is consistent with
relaxation fractions measured for other cluster samples selected on mass-observables. This implies a strong
lensing selected sample of clusters is on average dynamically similar to clusters selected via different methods.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Intracluster medium (858); Strong gravitational
lensing (1643); Observational astronomy (1145)

1. Introduction

1.1. Impact of Dynamical State

In our current understanding of cluster formation, galaxy
clusters form through a process of hierarchical mergers in
which smaller groups/clusters merge over time, eventually
forming one large gravitationally bound object (T. C. Beers &
M. J. Geller 1983). These objects are the most massive
virialized systems, ranging from about 1013M⊙ at the low mass
group scale up to about 1015M⊙ at the high mass cluster scale.

Due to the hierarchical accretion/merging mechanisms that
govern cluster formation, a cluster undergoes various stages of
dynamical activity during its formation (A. Kravtsov & S. Borgani
2012). Generally, we use a bimodal classification system to define a
cluster’s dynamical state, placing a given cluster into one of two
presumably distinct populations: relaxed clusters or disturbed

clusters. Some work has argued that a bimodal classification system
is accurate (e.g., K. W. Cavagnolo et al. 2009; A. J. R. Sanderson
et al. 2009b; D. S. Hudson et al. 2010). Other work has found that a
continuous distribution defining cluster dynamical state is more
likely (e.g., G. W. Pratt et al. 2010; J. S. Santos et al. 2010;
V. Ghirardini et al. 2017, 2022; Z. S. Yuan & J. L. Han 2020;
M. G. Campitiello et al. 2022). If the latter is true, it makes
separating clusters into two categories based on dynamical state
more difficult. In the literature, most cuts on dynamical state are
either arbitrary (as discussed in K. Cao et al. 2021) or optimized
using a specific sample that may or may not be representative of the
true underlying cluster population.
Even if the underlying cluster population’s dynamical state

is characterized by a continuous distribution, cuts on
dynamical state are necessary to conduct accurate scientific
studies that require either relaxed or disturbed objects.
A well-defined sample of relaxed clusters is important to

derive accurate masses for scaling relations (G. W. Pratt et al.
2009; L. Lovisari et al. 2020). The importance is more
pronounced for certain mass proxies (e.g., X-ray hydrostatic
methods) than others (e.g., lensing-based measurements),
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depending on their sensitivity to dynamical activity. The
assumption of hydrostatic equilibrium only holds for relaxed
systems; therefore, the resultant mass estimates from this
assumption are inaccurate for dynamically active clusters.
Thus, our understanding of cluster mass evolution and relation
to other parameters directly depends on appropriate identifica-
tion of these dynamically relaxed clusters (D. E. Johnston
et al. 2007; M. R. George et al. 2012; N. G. Czakon
et al. 2015).

On the other hand, a well-defined sample of disturbed
clusters undergoing major mergers allows us to study the self-
interaction of dark matter (M. Markevitch et al. 2004;
D. Harvey et al. 2015; R. Monteiro-Oliveira et al. 2018),
estimate nonthermal pressure support in clusters (Z. Haiman
et al. 2001; S. Borgani et al. 2008; A. Mantz et al. 2010), and
investigate particle acceleration mechanisms resulting in
nonthermal radio emission (R. Cassano et al. 2010;
A. W. Mann & H. Ebeling 2012) as well as other astrophysical
phenomena that require the large scale interaction only
dynamically active clusters are able to create.

1.2. Relaxation Measurements

Observational data cannot directly measure the exact
amount of dynamical activity in a galaxy cluster. However,
observational proxies of different cluster components can
provide insight into a cluster’s underlying dynamical activity.

A very widely studied cluster component to identify cluster
dynamical state is the Intracluster Medium (ICM). Though all
cluster components are sensitive to merger activity, the
signatures of mergers persist on longer timescales in the ICM
in the form of turbulence, shocks, cold fronts, clumps, and other
inhomogeneities (A. Vikhlinin et al. 2001; M. Markevitch et al.
2002, 2005; M. Markevitch & A. Vikhlinin 2007; H. R. Russell
et al. 2010; K. Nelson et al. 2014; E. Rasia et al. 2014; D. Eckert
et al. 2015; V. Biffi et al. 2016; S. Planelles et al. 2017;
V. Ghirardini et al. 2018; S. Ansarifard et al. 2020). Many
studies focus on X-ray maps of the ICM to measure
morphological parameters that serve as proxy measurements
for cluster dynamical state (e.g., D. A. Buote & J. C. Tsai 1995;
J. M. Lotz et al. 2004; J. S. Santos et al. 2008; D. Nurgaliev
et al. 2013, 2017; A. Weißmann et al. 2013; Z. L. Wen &
J. L. Han 2013; A. B. Mantz et al. 2015; V. Parekh et al. 2015;
L. Lovisari et al. 2017; M. McDonald et al. 2017; M. Rossetti
et al. 2017; I. Bartalucci et al. 2019; Z. S. Yuan &
J. L. Han 2020; V. Ghirardini et al. 2022). A plethora of
different morphological indicators have been introduced and
tested specifically using X-ray maps of the ICM that generally
fall into two categories: those that focus on identifying a cool
core, typically characterized by relatively high central gas
density, and those that assess substructure throughout the
cluster, from the core (sometimes excluded) to the outskirts
(usually �R500, where R500 is the radius at which the mean
density of a cluster is 500 times the critical density of the
Universe at the cluster’s redshift). Additional studies have
investigated the usefulness of Compton-y parameter maps
(y-maps), which trace the thermal Sunyaev–Zel’dovich (SZ)
effect, to study the morphology of the ICM in combination or in
place of the analysis of X-ray maps (e.g., G. Cialone et al. 2018;
V. Capalbo et al. 2021; F. De Luca et al. 2021).

Studies have shown that optical indicators correlate with
ICM morphological parameters and can also accurately
distinguish cluster dynamical state (e.g., A. J. R. Sanderson

et al. 2009a; A. W. Mann & H. Ebeling 2012; A. Mahdavi
et al. 2013; W. Cui et al. 2016; M. Rossetti et al. 2016;
P. A. A. Lopes et al. 2018; I. D. Roberts et al. 2018; A. Zen-
teno et al. 2020; R. Seppi et al. 2023). Typically, studies that
incorporate optical measurements in their dynamical state
analysis focus on how the brightest cluster galaxy (BCG)
behaves relative to the cluster at large, such as the offset
between the BCG and cluster center (e.g., P. A. A. Lopes et al.
2018), or to other member galaxies, such as the relative
magnitudes of the BCG and second brightest cluster member
(e.g., R. Seppi et al. 2023).

1.3. Strong Lensing Galaxy Clusters

Recently, G. Cerini et al. (2023) demonstrated that
combining gravitational lensing and X-ray morphology can
improve estimates of cluster dynamical state. Their analysis
compared the power spectrum of the matter distribution
derived from strong+weak lensing with that of the gas
distribution characterized by ICM emission detected in
Chandra X-ray data. Although limited in its sample size, this
work illustrates the potential of incorporating gravitational
lensing to probe cluster dynamics. However, the applicability
of lensing-based dynamical state characterization of the
general cluster population is limited due to data requirements.
In this study, we focus on clusters selected based on strong

gravitational lensing. Using a strong lensing selected sample
allows us to assess how lensing-related selection biases affect
the fraction of dynamically relaxed clusters in our sample.
Simulations from M. Meneghetti et al. (2010a, 2010b, 2011)
suggest that strong lensing clusters are uniquely biased objects.
For instance, the lensing cross-section of a cluster is theorized
to increase following recent merger activity (E. Torri et al.
2004; C. Fedeli et al. 2006; J. F. Hennawi et al. 2007; A. Zitrin
et al. 2013). In fact, many observed strong lenses are
dynamically complex (see J. M. Lotz et al. 2017; M. Jauzac
et al. 2018). However, lensing does not have a direct
correlation to dynamical state because many cluster properties
can correlate with increased lensing efficiency. J. F. Hennawi
et al. (2007) explored the role concentration plays in lensing
efficiency. Concentration primarily affects the lensing effi-
ciency of clusters at the lower mass end. More relaxed clusters
can typically form denser cores, causing a relaxation bias for a
subset of strong lenses. To explore these potential biases, we
use X-ray morphological measurements commonly used on
cluster samples to characterize the difference between a strong
lensing selected sample compared to samples with other
selection functions.

1.4. Paper Outline

This paper aims to robustly define the dynamical state of 28
strong lensing galaxy clusters using a combination of
standardized morphological indicators on the ICM and BCG;
compare the parameters to each other and to cluster properties
to identify correlations, biases, disagreements, or any other
possible trends; and measure the fraction of relaxed clusters
(relaxation fraction: frelaxed; see Equation (6)) and compare our
frelaxed to those from cluster samples selected using other
methods. In Section 2, we describe our sample data and the
dynamical state indicators used in this paper. In Section 3, we
present our results and discuss the correlation between the
different measurement parameters. In Section 4, we discuss in
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more detail the correlations our measurements have with other
cluster properties and how our relaxation fraction compares to
those derived for other cluster samples. We summarize our
major findings in Section 5. In this paper, we assume a flat
ΛCDM cosmology with ΩΛ = 0.7, Ωm = 0.3, and
H0 = 70 km s−1 Mpc−1.

2. Data and Measurements

2.1. Cluster Sample

We focus on a sample of 28 strong lensing galaxy clusters
(see Table 1) with Chandra X-ray data that enables us to make
measurements of the ICM components of the cluster sample.
All clusters with the exception of PSZ1G311 are part of the
Sloan Giant Arcs Survey (SGAS; B. P. Koester et al. 2010;
M. B. Bayliss et al. 2011, 2014; M. D. Gladders et al. 2013;
K. Sharon et al. 2020) cluster sample. The SGAS clusters were
selected based on the presence of giant arcs in SDSS imaging
data. PSZ1G311 is additionally included since it also has giant
arcs present in shallow ground-based imaging. Its selection,
characteristics, and available data are similar to those of the
SGAS clusters even though it is outside the SDSS footprint.
All clusters have corresponding WFC3 imaging data from
HST programs GO-13003 (PI: Gladders), GO-15378 (PI:
Bayliss), GO-15377 (PI: Bayliss), or GO-12368 (PI: Morris).
Of the 28 clusters with Chandra, 27 have well-constrained lens

models that allow us to construct mass maps of the underlying
dark matter halo distribution. As discussed in K. Sharon et al.
(2020), SDSS J1002+2031 does not have sufficient strong
lensing constraints to produce a well-constrained lens model;
still, it remains in this study due to its original selection based
on its strong lensing features and sufficient X-ray follow-up
data. The lens models are publicly available and discussed in
K. Sharon et al. (2020, 2022, 2023).
For each cluster, we estimate M500 (and R500 correspond-

ingly) from the X-ray imaging data. We derive M500 and R500
using the TX–M relation from A. Vikhlinin et al. (2009),
as described in detail in M. McDonald et al. (2013) and
K. Andersson et al. (2011). For each cluster, we iteratively
measure a core-excised temperature in an aperture from
0.15 × R500 to R500, centered on the large scale X-ray centroid.
This core-excised temperature is converted into a mass (M500)
via the TX–M relation, which is then converted into a revised
R500. We iterate on this procedure until the value of R500
changes by less than 5%.
In the majority of clusters in our sample, the ICM is

spatially coincident with a single optical core system
composed of the BCG and the surrounding low surface
brightness intracluster light (ICL) identified in the WFC3
imaging data. We find three systems in which two optical cores
were found to be extremely close together with respect to
redshift and position on the sky, indicating that they are in

Table 1
This Table Includes the Cluster Observation Details in Addition to Some General Cluster Properties

Name α δ z R500 M500 texp OBSIDs Ncounts

(kpc) (1014M⊙) (s)

J0851+3331 132.91708 +33.52314 0.3690 +1134 107
158 +5.4 1.7

2.6 11,427 04205 3786
J0928+2031 142.01875 +20.52922 0.1920 +856 11

3 +2.15 0.08
0.02 6634 11767 5116

J0952+3434 148.16667 +34.57972 0.3570 +992 129
268 +2.8 1.6

3.3 28,092 20564, 20981 3306
J0957+0509 149.41250 +05.15889 0.4480 +638 11

11 +1.18 0.06
0.06 27,714 20565 1133

J1002+2031 150.61250 +20.51750 0.3190 +791 13
7 +1.96 0.10

0.05 20,190 20566 2535
J1038+4849 159.67971 +48.82194 0.4308 +563 7

14 +0.79 0.03
0.06 70,199 11756, 12098 5508

J1050+0017 162.66667 +00.28500 0.5931 +957 181
206 +5.7 2.7

3.1 34,413 20567, 22081 3035
J1110+6459 167.57500 +64.99639 0.6560 +816 76

454 +3.1 0.9
5.4 38,406 20568, 22099 2209

J1138+2754 174.53750 +27.90861 0.4510 +1134 9
12 +6.73 0.16

0.22 8042 20569 2113
J1152+0930 178.19583 +09.50389 0.5170 +801 89

70 +2.48 0.85
0.67 32,156 20570 1945

J1152+3312 178.00000 +33.22833 0.3612 +893 159
362 +2.78 1.6

3.6 30,675 20579 2936
J1207+5254 181.89958 +52.91639 0.2750 +748 16

11 +1.56 0.10
0.07 7945 18220 1916

J1209+2640 182.34870 +26.67960 0.5606 +901 44
144 +3.85 0.56

1.83 15,875 18291 2117
J1226+2149 186.71458 +21.85431 0.4350 +926 29

40 +3.59 0.34
0.47 130,237 12878 18046

J1226+2152 186.71458 +21.85431 0.4350 +785 28
30 +2.17 0.23

0.25 130,237 12878 11117
J1329+2243 202.39167 +22.71667 0.4427 +1193 190

263 +5.24 3.70
5.13 18,141 20572 2770

J1336−0331 204.00000 −03.52472 0.1764 +896 91
540 +2.53 0.74

4.40 9160 20573 3566
J1343+4155 205.88667 +41.91761 0.4180 +748 19

5 +1.84 0.14
0.04 16,802 18218 2587

J1420+3955 215.16250 +39.91806 0.6070 +967 232
148 +9.49 3.61

2.30 26,713 20580 3051
J1439+1208 219.79167 +12.14028 0.4273 +872 19

16 +2.96 0.19
0.16 13,203 20575 1888

J1456+5702 224.00417 +57.03889 0.4840 +866 89
157 +3.09 0.96

1.69 26,518 20576 2093
J1522+2535 230.72083 +25.59167 0.6020 +896 116

295 +3.95 1.55
3.92 23,475 20578 1560

J1531+3414 232.79417 +34.24028 0.3350 +985 71
99 +3.52 0.83

1.16 122,188 18689 34155
PSZ1G311 237.51833 −78.18333 0.4430 +1160 66

173 +6.69 1.22
3.18 39,528 20442 9674

J1621+0607 245.38333 +06.12222 0.3429 +1081 91
159 +4.99 1.29

2.26 19,499 20581 3886
J1632+3500 248.04167 +35.00833 0.4660 +851 158

173 +3.31 1.64
1.79 29,693 20582 2057

J1723+3411 260.90042 +34.19939 0.4423 +541 15
13 +0.72 0.06

0.05 18,798 18224 1022
J2243−0935 340.83458 −09.59111 0.4470 +1437 44

45 +13.5 1.3
1.3 20,503 03260 9659

Note. The R.A. α and decl. δ are the target coordinates for the program observations. We additionally detail the exposure time (texp), counts within R500 (Ncounts), and
observation IDs associated with the program. We also list R500, M500, and the cluster redshift, z. All observations were collected with Chandra ACIS-I/S.
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some stage of a merging process. The optical core pairs and
their separations are listed in Table 2.

SDSS J0928+2031 has two BCG+ICL systems, one in the
northwest and one in the southeast. The presence of two
distinct BCG+ICL systems is clear in the optical data.
However, in the X-ray data, the northwestern core dominates
the overall distribution of the ICM immensely. In conse-
quence, we only consider the dominant northwestern core to
characterize the dynamical state of this cluster.

SDSS J2243−0935 also has two BCG+ICL like systems,
one in the east and one in the west. The ICM envelops both
cluster cores and extends such that the centroid of the core is in
a superposition between the two optical cores. To analyze the
cluster as a singular object, we compare the overall ICM
distribution to the western optical core, which is reasonably
identified as the dominant core.

Both SDSS J0928+2031 and SDSS J2243−0935 appear to
be at different stages of a significant major merger with the
formerly separate ICM’s fully interacting, therefore, we
compare the dominant optical cores to the single ICM
distribution for all morphological measures for the respective
clusters. As will be noted later, in many situations we exclude
SDSS J2243−0935 in the discussion of our results. For
completeness, we include data points associated with SDSS
J2243−0935 where appropriate.

For SDSS J1226+2149 and SDSS J1226+2152, the ICMs
of these two systems have yet to undergo a merging process.
As such, these two systems are treated as two separate clusters
despite their relative proximity. Detailed analysis of the
possible interaction of these two clusters is beyond the scope
of this paper. However, we note that SDSS J1226+2149 and
SDSS J1226+2152 might be in a premerger state.

2.2. Chandra Data Reduction

We made all of our ICM measurements using Chandra
ACIS-I/S X-ray event data. In Figures 1 and 2, we display the
adaptively smoothed images of our data for the purpose of
visualization. For actual measurements, we opt for a more
robust data reduction process that should not be sensitive to the
smoothing choices that bias measurement results (Z. S. Yuan
& J. L. Han 2020). We processed the raw Chandra X-ray event
data using the publicly available CIAO tools for data
reduction. As suggested by the CIAO analysis threads, we
started our reduction by reprocessing the data using chan-
dra_repro. We then looked at each observation to identify
point sources. To do this, we used mkpsfmap to determine
the point-spread function (PSF) at each individual pixel in the
event file then used wavdetect, which identifies point
sources by correlating “Mexican Hat” wavelet functions to the
processed X-ray event files. We also manually identified the

chip gaps in our event files. The point sources and chip gaps
were cataloged in ds9 region files and filled in using
dmfilth using the POISSON mode to draw values. After,
we use merge_obs using the broad energy band (0.5 keV to
7 keV with an effective energy of 2.3 keV) to create the final
output images for our ICM morphology measurements. In
addition, we combine the region files from multiple observa-
tions and transform it into a single mask image. As detailed in
Table 1, the exposure times vary greatly across our sample;
however, all clusters have sufficient counts within R500
(Ncounts > 1000) such that we are able to measure the
morphological properties of interest confidently.

2.3. ICM Morphological Measures

L. Lovisari et al. (2017) showed that it is best practice to
combine parameters sensitive to substructure with parameters
sensitive to the core properties. To this end, we analyze two
parameters sensitive to substructure, the asymmetry parameter
(A) and centroid shift parameter (log(w)), and two parameters
sensitive to the core (the concentration parameter (c) and
X-ray-bcg centroid separation (D [kpc])). We are able to
measure these parameters directly in the X-ray images
produced from the Chandra data reduction.

2.3.1. Asymmetry and Centroid Shift

As mentioned in Section 1.2, signatures from merger
activity appear as inhomogeneities in the ICM. These
inhomogeneities can manifest themselves in detectable sub-
structures that form in different regions of the ICM. Therefore,
a good test of recent merger activity is to probe the extended
space of the ICM to find these substructures. We do this using
the A and log(w) parameters.
The asymmetry parameter (A) has been used in previous

studies to effectively differentiate between relaxed and
disturbed clusters (e.g., D. Schade et al. 1995; N. Okabe
et al. 2010; Y.-Y. Zhang et al. 2010; E. Rasia et al. 2013). We
measure A by rotating the initial X-ray distributionI by 180°
and subtracting the rotated distribution R from the original
distribution and taking the sum of the difference normalized by
the sum of the initial distribution as illustrated by Equation (1).

( ) ( )=A
I R

I
. 1

We computed A using an aperture of R500. When computing
A, we mask out the CCD chip gaps and point-source pixel
points instead of using the Poisson filled images detailed in
Section 2.2 to minimize spurious asymmetries. The greater the
value we measure for A, the more disturbed the cluster is.
The centroid shift parameter (log(w)) also detects substruc-

ture using an iterative approach. The definition of w is given
by Equation (2), where Δi is the separation of centroids
between the centroid computed within R500 and the centroid
computed within the ith aperture. Here, N is the total number
of apertures. We take the logarithm of Equation (2) for our
final determination of the centroid shift.

( ) ( )= ×w
R N

1

1
. 2i

500

2

We step down Δi from R500 to 0.15 × R500 in increments of
0.05 × R500. As we change the aperture used to estimate the
centroid, we change the amount of substructure potentially

Table 2
Here We List the Physical Separation in Units of Kiloparsecs for the Optical
Pairs in Our Sample that Are Close in Redshift and Position on the Sky

Core 1 Core 2 Separation

J0928+2031 NW J0928+2031 SE ∼148 kpc
J2243−0935 W JJ2243−0935 E ∼399 kpc
J1226+2152 JJ1226+2149 ∼865 kpc

Note. The uncertainty in BCG positions is much smaller than the separation,
so we only report the value of the separation.
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influencing the determination of our centroid. As such, the
greater the value of log(w) the more disturbed a cluster is
likely to be.

We tested how binning affects the value measured by A and
log(w). When comparing the morphological parameters
measured on 2″ × 2″ and 4″ × 4″ binned Chandra images,
we find that the asymmetry parameter (A) differs on average
by 26.4%, with a maximum difference of 43.2%, and the

centroid shift parameter (log(w)) shows a much smaller
average difference of 2.4%, with a maximum of 10.6%. In
Figure 3, we see that log(w) stays around the one-to-one line
with minimal scatter and that A is translated down from the
one-to-one line by a constant. We opt for the 4″ × 4″ binned
images because the broader binning suppresses Poisson noise
more effectively than the 2″ × 2″ images, enabling more
reliable identification of substructure. We do not bin beyond 4″

Figure 1. Adaptively smoothed X-ray images of our disturbed cluster sample using the CIAO csmooth function. The objects with blue borders are those identified
as “disturbed” and the objects with green borders are those identified as “moderately disturbed.” The objects are sequenced according to their combined dynamical
relaxation M parameter value (see Section 2.4) increasing from left to right and top to bottom.
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since further binning could reduce our spatial resolution and
wash out small scale features.

2.3.2. Concentration Parameter and Centroid Separation

The ICM cores of relaxed clusters are expected to be
concentrated and aligned with the other observable compo-
nents. We use the concentration parameter (c) to define the
level of central core concentration and the separation of the
X-ray centroid and BCG in units of kiloparsecs (D [kpc]) to
characterize the alignment.

High central concentrations are associated with the forma-
tion of a cool core (J. S. Santos et al. 2008). The lack of a cool
core is an indication of a disturbed cluster since it suggests that
not enough time has passed since recent merger activity for a
cool core to have formed. Although a good indicator of
disturbedness when not present, the presence of a cool core
may not always indicate that a cluster is relaxed. Some studies
argue that mergers typically destroy the cool core (e.g.,
S. W. Allen et al. 2001; A. J. R. Sanderson et al. 2006), others

argue that only more extreme forms of mergers can destroy
cool cores (e.g., M. Markevitch & A. Vikhlinin 2007;
E. T. Million et al. 2010; S. Ehlert et al. 2011; A. W. Mann
& H. Ebeling 2012), and others argue that that cool cores can
persist despite merger activity (e.g., E. Rasia et al. 2015;
V. Biffi et al. 2016; V. Ghirardini et al. 2022). In any case, the
concentration parameter has been well tested and found to
efficiently differentiate cluster populations especially when
combined with a parameter like A or log(w). We opt for the
definition of concentration used by R. Cassano et al. (2010),
described by Equation (3).

( )
( )

( )[ ] =
<

<
c

r R

r R

Flux 0.2

Flux
. 3R

500

500
500

In Equation (3), Flux(r < 0.2 R500) represents the sum of
X-ray counts within the inner 0.2 R500, and Flux (r < R500) is
the total X-ray flux within R500. This concentration parameter
provides a simple, nonparametric measure of the central
concentration of the X-ray surface brightness profile. A higher
concentration typically indicates a denser, more relaxed core.

Figure 2. Adaptively smoothed X-ray images of our relaxed cluster sample using the CIAO csmooth function. The objects with orange borders are those identified
as “relaxed” and the objects with magenta borders are those identified as “moderately relaxed.” The objects are sequenced according to their combined dynamical
relaxation M parameter value (see Section 2.4) increasing from left to right and top to bottom.
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We adopted this form of the concentration parameter since the
use of an adaptive physical radius R500 is important for
analyzing samples over a wide range of redshifts and allows
for more consistent comparisons with other studies (e.g.,
E. J. Hallman & T. E. Jeltema 2011).

The connection between the centrality of the BCG with
respect to ICM and dynamical state was proposed by
W. Forman & C. Jones (1982) and C. Jones & W. Forman
(1984, 1999). Alignment between these X-ray emissions and
the BCG is expected for relaxed clusters (S. W. Allen et al.
1995; Y. Hashimoto et al. 2008) but not for all systems
(F. C. Van Den Bosch et al. 2005; R. Coziol et al. 2009;
R. A. Skibba et al. 2011; N. Sehgal et al. 2013; T. R. Lauer
et al. 2014; H. Hoshino et al. 2015). Even though the BCG has
been known to wobble (D. Harvey et al. 2017; S. Y. Kim et al.
2017) and the ICM has been known to slosh (M. Markevitch
et al. 2001; E. Churazov et al. 2003; R. E. Johnson et al.
2010, 2012; D. Harvey et al. 2017), the difference in centroid

between the ICM distribution and the BCG has still been found
to be a robust test of cluster dynamical state since the offsets
due to merger activity are much more prominent than residual
wobbling/sloshing (A. W. Mann & H. Ebeling 2012;
M. Rossetti et al. 2016; A. Zenteno et al. 2020).
It is worth noting that F. De Luca et al. (2021) found that the

difference in the X-ray and BCG centroids is more sensitive to
dynamical state than the difference between the X-ray peak
and the BCG centroid. Though not a direct claim of these
papers, this is also supported by A. Zenteno et al. (2020) and
A. W. Mann & H. Ebeling (2012), which found that centroid
separations D > 71 kpc and peak separations D > 42 kpc
indicated a cluster was undergoing a major merger. The higher
threshold associated with the difference in centroids as
opposed to the difference in peaks avoids complications where
physical effects (i.e., wobbling or sloshing) and statistical
uncertainties can become more impactful. Thus, we define our
D [kpc] parameter as described in Equation (4).

[ ] (( ) ( ))

( ) ( )/

=

+

D dkpc cos

. 4

A ICM BCG BCG
2

ICM BCG
2 1 2

Here α and δ are the R.A. and decl. in radians and dA is the
angular diameter distance in units of kiloparsecs. The positions
of the BCGs were typically easily identified by selecting the
unambiguously prominent galaxy cluster member. In cases
where there were a number of viable BCG candidates, we used
SDSS data to analyze the color–magnitude/color–color space
of the cluster field to identify the BCG. The centroid of the
ICM was determined from the best-fit parameters outputted
after modeling the distribution with one or two elliptical
Gaussian distributions using the CIAO Sherpa modeling
functions. The position coordinates for both the BCG and
X-ray centroid are listed in Table 3.

2.3.3. Parameter Uncertainties

For D [kpc], the errors are derived from the uncertainty in
both the X-ray and BCG centroids. Though they are added in
quadrature, the uncertainty in the X-ray centroid dominates the
total uncertainty. Thus, the errors for D [kpc] are effectively
determined by the 1σ deviation around the most likely centroid
for the large scale X-ray distribution, found using the cash
fitting statistic (W. Cash 1979).
For A, log(w), and c we consider the error due to Poisson

noise, the uncertainty in R500, and the uncertainty in X-ray
centroid. We bootstrap the uncertainties due to each of these
factors and add them in quadrature to get a description of the
total uncertainty of each of these parameters. For the
uncertainty due to Poisson noise, we generate 1000 Poisson
noise realizations of our X-ray images and remeasure our
parameters. For the uncertainty due to R500/the X-ray centroid,
we remeasure our parameters 1000 times, randomly selecting
R500/the X-ray centroid within the bounds of the uncertainty in
R500/the X-ray centroid. The median percentage error
contributions of each source of uncertainty are listed in
Table 4. We find that the errors in the c and log(w) parameters
are dominantly sourced by the Poisson noise, with log(w)
having a noticeable sensitivity to the uncertainty of R500 and
both parameters being only barely affected by the uncertainty
in the X-ray centroid. A is more sensitive to both the
uncertainty in R500 and Poisson noise while also showing
sensitivity to the X-ray centroid. Overall, A is relatively more

Figure 3. A test of the effect of binning choice on the log(w) (top panel) and A
(bottom panel) parameters. Each is calculated using unsmoothed images
binned by either 2″ × 2″ (x-axis) or 4″ × 4″ (y-axis). For reference we plot the
y=x line. We see that log(w) is insensitive to binning whereas A changes
systematically based on choice of bin.
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uncertain/noisy, but remains in this study due to its
effectiveness in probing asymmetry in all regions of the
cluster.

2.4. Combined Parameter

We use a combined parameter, M, that incorporates the
parameters detailed in Sections 2.3.1 and 2.3.2 to find the most
relaxed and most disturbed clusters (R. Cassano et al. 2010;
E. Rasia et al. 2013; M. Meneghetti et al. 2014; L. Lovisari
et al. 2017; G. Cialone et al. 2018; I. Bartalucci et al. 2019;
F. De Luca et al. 2021). Since the chosen parameters have been
shown to perform well in the literature, we opt to define our M
parameter by Equation (5) as in E. Rasia et al. (2013) as
opposed to giving different parameters different weights based
on their efficiency as in G. Cialone et al. (2018).

( )= ×M
N

A
L

q m

1 par
. 5

par par
par

par

par par

In Equation (5), par is a variable indicating the parameter we
are considering, Npar is the number of parameters (in our case
Npar = 4), Apar regulates the sign (Ac = + 1 and Apar = −1
otherwise, ensuring smaller D [kpc], A, and w values and a
larger c value results in a larger M value, which corresponds to
a relaxed cluster), mpar is the median, qpar is the first quartile if
par < mpar or third quartile value if par > mpar, and Lpar is the
cut value that differentiates relaxed and disturbed clusters.

Table 5 lists the values of Lpar. Authors typically either use the
median value of the distribution of parameter measurements or
some optimized cut to differentiate between relaxed and
disturbed clusters. Authors using an optimized cut require a
definition of true dynamical state. Generally, they either
compare their measurements to simulation results (e.g.,
G. Cialone et al. 2018) or to a by-eye inspection (e.g., E. Rasia
et al. 2013) to find an optimal cut to separate out dynamical
state bimodally. As noted by K. Cao et al. (2021), the Lpar
values are varied and potentially arbitrary; still, an author’s
chosen cut values are sufficient in identifying the most
relaxed/disturbed objects and when combining multiple
parameters the intermediate clusters are more accurately
classified bimodally. For three of the parameters, we chose
values of Lpar derived from other samples in the literature since

Table 3
The BCG and X-Ray Centroids

Name αBCG δBCG αX−ray δX-Ray
J0851+3331 132.91194 33.51837 +132.909 0.0006

0.002 +33.521 0.0005
0.001

J0928+2031 142.01891 20.52919 +142.0181 0.0003
0.0003 +20.5269 0.0003

0.0003

J0952+3434 148.16761 34.57948 +148.1679 0.0005
0.0005 +34.5771 0.0006

0.0006

J0957+0509 149.41329 5.15884 +149.4142 0.0006
0.0006 +5.1592 0.0004

0.0004

J1002+2031 150.61184 20.51718 +150.6141 0.0005
0.0005 +20.5179 0.0004

0.0004

J1038+4849 159.68158 48.82160 +159.6792 0.0003
0.0003 +48.822 0.0002

0.0002

J1050+0017 162.66625 0.28533 +162.6667 0.0003
0.0003 +0.2858 0.0004

0.0004

J1110+6459 167.57379 64.99665 +167.5742 0.0009
0.0009 +64.9975 0.0004

0.0004

J1138+2754 174.53732 27.90854 +174.5381 0.0003
0.0003 +27.9059 0.0004

0.0004

J1152+3312 178.00078 33.22826 +178.003 0.002
0.001 +33.2324 0.0009

0.0007

J1152+0930 178.19748 9.50410 +178.1982 0.0005
0.0005 +9.5039 0.0006

0.0006

J1207+5254 181.89964 52.91645 +181.8948 0.0007
0.0008 +52.9127 0.0005

0.0007

J1209+2640 182.34864 26.67961 +182.3476 0.0003
0.0004 +26.6782 0.0002

0.0002

J1226+2149 186.71298 21.83120 +186.7131 0.0002
0.0002 +21.8314 0.0002

0.0002

J1226+2152 186.71541 21.87372 +186.7156 0.0002
0.0002 +21.8732 0.0002

0.0002

J1329+2243 202.39392 22.72106 +202.3938 0.0004
0.0005 +22.7229 0.0005

0.0005

J1336−0331 204.00041 −3.52500 +204.0013 0.0004
0.0004 +3.5245 0.0004

0.0004

J1343+4155 205.88685 41.91762 +205.8869 0.0003
0.0003 +41.9176 0.0002

0.0002

J1420+3955 215.16798 39.91924 +215.1685 0.0004
0.0004 +39.9198 0.0003

0.0003

J1439+1208 219.79075 12.14043 +219.7906 0.0003
0.0003 +12.1415 0.0002

0.0002

J1456+5702 224.00359 57.03903 +224.0025 0.0008
0.001 +57.0393 0.0005

0.0005

J1522+2535 230.71986 25.59097 +230.7195 0.0005
0.0005 +25.5932 0.0004

0.0004

J1531+3414 232.79423 34.24019 +232.7942 e
0.0001
9 05 +34.24008 e

e
9 05
8 05

PSZ1G311 237.52959 −78.19169 +237.5222 0.0008
0.0008 +78.1911 0.0002

0.0002

J1621+0607 245.38488 6.12200 +245.3835 0.0008
0.0008 +6.123 0.0004

0.001

J1632+3500 248.04523 35.00967 +248.044 0.002
0.002 +35.010 0.001

0.001

J1723+3411 260.90064 34.19948 +260.9008 0.0004
0.0004 +34.1992 0.0004

0.0004

J2243−0935 340.83636 −9.58859 +340.8395 0.0005
0.0005 +9.5954 0.0002

0.0003

Note. α and δ are the R.A. and decl. reported in degrees (J2000). We only report errors in the X-ray centroids since α and δ are determined to within ≲1″ precision.

Table 4
The Median Percentage Contribution of Each Source of Uncertainty to c, log

(w), and A

Par ( )/pois
2

tot
2 ( )/R

2
tot
2

500 ( )/cent
2

tot
2

c 81.3% 12.4% 1.4%
log(w) 56.3% 29.2% 3.7%
A 32.1% 41.0% 17.8%

Note. The sources of uncertainty considered are the uncertainty due to the
Poisson noise (σpois), the uncertainty due to uncertainties in R500 ( R500), and
the uncertainty due to uncertainties in the X-ray centroid (σcent).
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we know that our sample is not the representative sample of
the underlying cluster population given that it is a strong
lensing-only sample. The only parameter for which we chose
the median value is log(w). We did this since, as noted by
Z. S. Yuan & J. L. Han (2020), the log(w) parameter can be
sensitive to data preprocessing, specifically binning and
smoothing. Since we are unaware of a previous representative
cluster sample that calculates log(w) using the same version of
preprocessed images (unsmoothed and binned by 4″ × 4″), we
use our median value to distinguish dynamical state. We also
note that we do not use the cut derived from A. W. Mann &
H. Ebeling (2012), since it was used to find extremely/
definitely disturbed objects. We also do not use the cut value
associated with the scaled radius (r = 0.02 ∗ R500) as in
M. Rossetti et al. (2016) and A. J. R. Sanderson et al. (2009a),
since these focus studies on the separation of X-ray peak
compared to the BCG centroid. Instead, we use the half the
value of the average sloshing amplitude postulated by
M. Markevitch et al. (2001), which is given by the estimated
average length of the cool filament extending from the
BCG, 35 h−1 kpc. For H0 = 70 km s−1 Mpc−1 this yields
LD = 25 kpc. This is close to our median offset value and the
maximum sloshing values found in R. E. Johnson et al. (2010).

Our results are largely insensitive to our choice in cut
values. For c, A, and D [kpc], we vary Lpar from the literature
motivated cut value to the median value of the parameter, both
of which are listed in Table 5. For log(w), we vary from Llog(w)
(derived from the median of our sample) listed in Table 5 to a
literature motivated Llog(w) = −2 (H. Böhringer et al. 2010;
E. Rasia et al. 2013; A. Weißmann et al. 2013). In these
ranges, the average change in M based on a change in cut
( M) is less than the average error in the M measurement
M̄ 0.45err . The average changes are M 0.34c ,

¯ ( )M 0.37wlog , M 0.24A , and ¯ [ ]M 0.04D kpc .
Though the changes due to choice of cut are small, they do

affect the sign of the M value for three of our clusters, thereby
changing their dynamical state classification. J1110+6459
(M = −0.028(0.5)) flips to a positive M value when varying
any of the cut values and J1420+3955 (M = −0.25(0.3)) flips
to a positive M value when varying any of the cut values other
than [ ]LD kpcy . J1329+2243 (M = −0.41(0.5)) flips to a positive
M value in addition to J1110+6459 and J1420+3955 when
varying Llog(w). It is within the error bounds for all these
objects to transition from relaxed to disturbed and vice versa.
However, the transition to Llog(w) = −2 over-emphasizes log
(w), due to our limited sample size and a relatively low log(w)
value for J1329+2243. log(w) is still a powerful tool for

differentiating between relaxed and disturbed objects, but due
to sensitivity to preprocessing (Z. S. Yuan & J. L. Han 2020)
and our limited log(w) range, the use of the median value is
optimal for this study.

3. Results

3.1. Morphological Classification

In Table 6, we list the results of our measurements. We
additionally list the parameters that identify the cluster in
question as relaxed. We note that some parameters (Table 6)
identify a cluster as relaxed while other parameters may
identify the same cluster as disturbed. This suggests that using
a singular parameter to characterize the dynamical state of a
cluster can be insufficient. Although M is more robust against
misidentification, it is still not a definitive distinction due to its
sensitivity to the chosen Lpar values, the characteristics of the
cluster sample, and the input morphological parameters used to
construct it.
To robustly define the dynamical state of our cluster sample,

we choose the following classification system to distinguish
clusters:

1. Clusters with M > 1 and at least three morphological
measurements identifying the cluster as dynamically
relaxed are labeled “relaxed.”

2. Clusters with M > 1 and at least two morphological
measurements defining the cluster as relaxed are labeled
“moderately relaxed.” The specific combination of A and
log(w) does not count since it can misclassify a cluster in
cases of symmetric substructure, which is the case for
SDSS J2243−0935.

3. Clusters with M < 1 and at least two morphological
measurements defining the cluster as relaxed are labeled
“moderately disturbed.” The same rule for the specific
combination of A and log(w) also applies here.

4. Clusters not satisfying any of these conditions are labeled
“disturbed.”

These rules and their associated labels will be used
throughout the remainder of this paper. The moderately
disturbed/relaxed objects are intermediate clusters that lean
either more relaxed or disturbed whereas the relaxed/disturbed
clusters have more confident dynamical state determinations.
Future scientific work requiring relaxed or disturbed objects
should reference these delineations when using clusters from
this sample. The specific scientific goals of the future work
will determine whether clusters in the two “moderate”
categories should be included in their respective relaxed/
disturbed classifications or should be excluded from the work
if it requires unambiguously relaxed/disturbed clusters.

3.2. Correlation between Morphological Parameters

In Figure 4 we compare the various parameters with each
other. Since our sample is not large enough to be statistically
robust against general scatter, it is difficult to find strong
correlations between the various parameters as denoted in
Table 7. In both Figure 4 and Table 7, we remove the
measurements associated with SDSS J2243−0935 from
panels/rows involving D since this is an extremely disturbed
object that skews the visualization/analysis of the correlations.
The strongest correlation is between A and D [kpc], showing

a moderate correlation. The correlation could be in part due to

Table 5
Lpar is the Cut Values Distinguishing between Relaxed and Disturbed Clusters

for Each Individual Parameter

Par Lpar q1 mpar q3

c 0.275 (E. Rasia et al. 2013) 0.16 0.20 0.27
log(w) −2.229 (this work) −2.44 −2.23 −2.09
A 1.15 (E. Rasia et al. 2013) 1.05 1.28 1.36
D [kpc] 25 M. Markevitch et al. (2001) 14.6 26.3 38.7

Note. The reference for where Lpar was derived is listed. The first, second (the
median, mpar), and third quartiles of each morphological parameter are listed
as calculated from the morphological parameters measured for the whole
sample. For D [kpc] we exclude the data point corresponding to SDSS
J2243−0935.
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centroid offsets in some clusters, caused by an irregular ICM
shape as opposed to a uniform-elliptical object shifted out of
alignment with the BCG and other cluster components.
D [kpc] also shows a very weak correlation with log(w) and
no correlation with c suggesting that the centroid offset caused
by mergers may have a weak connection to the formation of
substructure and may not be strongly related to cool-core
destruction. This could be in consequence of the fact that c
forms in absence of disruptions and has the potential to survive
merger activity. Therefore, late-time mergers can occur that
result in substructure formation and an offset of the cluster
component centroids without destroying the cool core.
A shows weak correlations with log(w) and c. Graphically,

we can resolve weak linear correlations despite significant
scatter likely due to the noisier nature of the A parameter. The
A versus log(w) and A versus c show a concentration of points
around the best-fit lines with a large fraction of outliers. Even
though log(w) and c show correlations with A, they do not
show a correlation with one another. An explanation as to why
A is weakly related to log(w) and c even though these
parameters are uncorrelated with each other is that A is
sensitive to asymmetry throughout the cluster, including in the
core. Log(w) is sensitive to substructure outside the core
(beyond 0.15 × R500), which A also probes; however, highly
concentrated/symmetric cool cores will influence A, causing
the correlation to c. This suggests that A is a useful parameter,
but may be influenced by both substructure and core density

effects simultaneously, leading to additional noise. Since log
(w) and c probe independent spaces, the lack of strong
correlations is unsurprising. Again, this highlights that the cool
core may be able to survive mergers that result in substructure
and X-ray centroid sloshing.

3.3. Correlation to the M parameter

In Figure 5, we compare the various parameters to the
combined parameter M. We can see that the parameters have
relatively strong correlations to the M parameter and thus the
final dynamical state as displayed in Table 8.
It is unsurprising that these morphological parameters would

be correlated with the M parameter since M is built from them.
Different parameters will contribute more/less to the final
determination of M even when we give them equal weights as
emphasized in Table 8. This is a consequence of using
literature motivated cut values as opposed to the median values
in our sample, which would result in more equal contributions
based on the construction of M. As previously discussed, the
literature cut values are well motivated and varying from the
median values to the chosen cut values does not significantly
change our results. Still, this choice creates a slight preference
for cool-core clusters being identified as relaxed. On average,
the c and A parameters contribute slightly more than the log(w)
and D [kpc] parameters. We note that D [kpc]’s contribution to
M slightly declines when omitting SDSS J2243−0935. The
level of contribution varies drastically from cluster to cluster,

Table 6
Measurements of the Morphological Parameters, Combined Parameter, and Final Dynamical State Classification

Name c log(w) A D M Classification Relaxed Parameters
(kpc)

J0851+3331 0.26 ± 0.01 −2.2 ± 0.1 1.29 ± 0.04 75 ± 38 −1.3 ± 0.8 disturbed log(w)
J0928+2031 0.268 ± 0.009 −2.5 ± 0.1 1.30 ± 0.02 28 ± 7 0.20 ± 0.24 M-relaxed log(w)
J0952+3434 0.13 ± 0.01 −2.1 ± 0.1 1.42 ± 0.05 42 ± 22 −1.3 ± 0.5 disturbed
J0957+0509 0.14 ± 0.01 −2.36 ± 0.07 1.39 ± 0.04 20 ± 25 −0.42 ± 0.5 M-disturbed log(w), D [kpc]
J1002+2031 0.163 ± 0.009 −2.1 ± 0.2 1.38 ± 0.04 37 ± 15 −1.1 ± 0.4 disturbed
J1038+4849 0.161 ± 0.006 −2.5 ± 0.1 0.68 ± 0.02 32 ± 6 1.3 ± 0.2 M-relaxed log(w), A
J1050+0017 0.29 ± 0.02 −2.5 ± 0.1 1.09 ± 0.06 15 ± 17 1.1 ± 0.5 relaxed c, log(w), A, D [kpc]
J1110+6459 0.20 ± 0.02 −2.3 ± 0.1 1.10 ± 0.07 22 ± 20 −0.028 ± 0.5 M-disturbed log(w), A, D [kpc]
J1138+2754 0.31 ± 0.01 −1.79 ± 0.05 1.37 ± 0.03 57 ± 15 −1.2 ± 0.3 disturbed c
J1152+0930 0.20 ± 0.01 −2.4 ± 0.2 1.17 ± 0.04 16 ± 23 0.29 ± 0.6 M-relaxed log(w), D [kpc]
J1152+3312 0.111 ± 0.008 −2.5 ± 0.2 1.34 ± 0.04 83 ± 33 −1.5 ± 0.8 disturbed log(w)
J1207+5254 0.20 ± 0.01 −1.94 ± 0.06 1.37 ± 0.04 72 ± 16 −1.9 ± 0.4 disturbed
J1209+2640 0.39 ± 0.02 −2.13 ± 0.08 1.00 ± 0.06 40 ± 12 0.68 ± 0.4 M-relaxed c, A
J1226+2149 0.266 ± 0.006 −2.08 ± 0.08 0.60 ± 0.03 5 ± 7 1.8 ± 0.2 M-relaxed A, D [kpc]
J1226+2152 0.14 ± 0.01 −1.9 ± 0.1 0.81 ± 0.06 11 ± 8 0.45 ± 0.3 M-relaxed A, D [kpc]
J1329+2243 0.18 ± 0.01 −2.5 ± 0.1 1.44 ± 0.04 37 ± 21 −0.41 ± 0.5 disturbed log(w)
J1336−0331 0.32 ± 0.03 −2.2 ± 0.1 1.4 ± 0.1 10 ± 8 0.28 ± 0.3 M-relaxed c, D [kpc]
J1343+4155 0.27 ± 0.01 −2.35 ± 0.06 1.06 ± 0.03 1 ± 8 0.93 ± 0.2 relaxed log(w), A, D [kpc]
J1420+3955 0.22 ± 0.02 −1.91 ± 0.07 1.10 ± 0.08 17 ± 15 −0.25 ± 0.4 M-disturbed A, D [kpc]
J1439+1208 0.31 ± 0.01 −2.2 ± 0.1 1.27 ± 0.06 21 ± 9 0.11 ± 0.3 M-relaxed c, D [kpc]
J1456+5702 0.19 ± 0.01 −2.06 ± 0.09 1.30 ± 0.05 14 ± 21 −0.45 ± 0.5 disturbed D [kpc]
J1522+2535 0.16 ± 0.01 −2.03 ± 0.09 1.36 ± 0.07 54 ± 21 −1.5 ± 0.5 disturbed
J1531+3414 0.226 ± 0.008 −2.8 ± 0.2 0.58 ± 0.02 2 ± 3 2.9 ± 0.3 relaxed log(w), A, D [kpc]
PSZ1G311 0.43 ± 0.01 −2.4 ± 0.1 0.88 ± 0.06 33 ± 6 1.9 ± 0.4 relaxed c, log(w), A
J1621+0607 0.177 ± 0.009 −2.26 ± 0.06 1.34 ± 0.03 28 ± 28 −0.59 ± 0.6 disturbed log(w)
J1632+3500 0.130 ± 0.009 −2.1 ± 0.1 1.24 ± 0.04 26 ± 67 −0.81 ± 1.4 disturbed
J1723+3411 0.11 ± 0.02 −2.2 ± 0.2 1.33 ± 0.05 7 ± 15 −0.51 ± 0.4 disturbed D [kpc]
J2243−0935 0.240 ± 0.009 −2.36 ± 0.06 0.90 ± 0.03 154 ± 14 −1.9 ± 0.3 disturbed log(w), A

Note. The last column indicates the parameters that identified the cluster as relaxed. In this table, cluster classifications in the “moderate” categories are abbreviated.
For example, “M-relaxed” stands for “moderately relaxed” and “M-disturbed” for “moderately disturbed.”
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although in Figure 6 we see that log(w) consistently
contributes the least, though the difference in its contribution
relative to the other parameters is not extreme. Since log(w)

and A both probe substructure, our morphological determina-
tion of cluster dynamical state still effectively incorporates and
balances substructure in our classification scheme.
Using the combined parameter helps us to mitigate the

effects of systematic uncertainties on final dynamical state
determination and performs better overall than any singular
parameter. Using the Kolmogorov–Smirnov (KS) test, we can
better understand how well an individual parameter separates
relaxed and disturbed clusters. The test’s p-value describes the
confidence with which we are able to reject the null-hypothesis
that the two samples are drawn from the same sample. In the
context of our work, we test how well the individual parameter
separates out the relaxed and disturbed clusters as determined
by the rules outlined in Section 3.1 based on their cut value
(see Table 5). We see that A and D [kpc] perform the best at
separating out the sample into two unique populations

Figure 4. Scatter plots of the various morphological parameters considered in this work. The vertical and horizontal dotted lines indicate the Lpar cut each individual
parameter uses to differentiate between relaxed and disturbed objects. The colors denote the relaxation classification of the cluster with orange = “relaxed,”
magenta = “moderately relaxed,” green = “moderately disturbed,” and blue = “disturbed.” We exclude data points associated with SDSS J2243−0935 in the panels
involving D. The dashed line represent the best-fit line.

Table 7
Pearson Correlation of the Various Morphological Parameters

Par r p

log(w) versus c −0.05 0.799
A versus c −0.26 0.184
D [kpc] versus c −0.09 0.672
A versus log(w) 0.28 0.155
D [kpc] versus log(w) 0.17 0.402
D [kpc] versus A 0.43 0.027

Note. For parameters involving D [kpc] we exclude the data point
corresponding to SDSS J2243−0935.
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Figure 5. Scatter plots of each of the morphological parameters compared to the combined morphological parameter M. The vertical and horizontal dashed lines
indicate the Lpar cut each individual parameter uses to differentiate between relaxed and disturbed objects. LM = 0 by definition. The colors denote the relaxation
classification of the cluster with orange = “relaxed,” magenta = “moderately relaxed,” green = “moderately disturbed,” and blue =“disturbed.” We exclude data
points associated with SDSS J2243−0935 in the panels involving D. The dashed line represents the best-fit line.

Table 8
The Relations of Each Individual Parameter Compared to the Combined M

Parameter

Par r p KS-p %M

c 0.44 0.018 0.114 +26 18
28

w −0.47 0.012 0.635 +17 16
20

A −0.74 8e-6 6e-4 +23 15
26

D [kpc] −0.66 1e-4 1e-4 +20 20
27

Note. r and p are the values associated with the Pearson correlation,
represented graphically in Figure 5. The KS-p value is the value associated
with the two-sample Kolmogorov–Smirnov test with KS-p < 0.05 rejecting
the null-hypothesis that the two samples are drawn from the same sample.
The %M column represents the average percent contribution that each of the
parameters gives toM as calculated in Equation (5). For parameter D [kpc], we
exclude the data point corresponding to SDSS J2243−0935 from the
calculation of r, p, and KS-p. We keep it in the calculation of %M, which
only leads to a 1% difference.

Figure 6. Cumulative distribution functions of the percent contribution to the
M parameter of each of the individual morphological measures.
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according to the KS-test with c performing less proficiently
and w performing much less. Figure 5, shows that we actualize
the expected correlations with M increasing with c and
decreasing with A, w, and D [kpc] (see Equation (5)).

3.4. Individual Morphological Parameter Correlation with
Mass, Radius, and Redshift

In Table 9 and Figure 7 we analyze if the individual
morphological measurements correlate with redshift, R500, or
M500 (M500 is the total mass enclosed within R500). In the
following discussion, we removed SDSS J2243−0935 from
the graphs/calculations associated with D, R500, and M500

since it is an extreme outlier for all these parameters.

3.4.1. Redshift

According to their Pearson correlation coefficients, no
parameter shows a very strong correlation to redshift.
Graphically, this lack of correlation can easily be confirmed
for c. D [kpc] and log(w) have very small r-values and
graphically do not see significant signs of correlation. For A,
we can see a concentration of points around the best-fit line,
potentially hinting at a weak increase in the value of A with a
decrease in redshift.

When we split each value by the median redshift, we
reinforce the lack of correlation for c and log(w). For A and D
[kpc], the average values between high and low redshift bins
differ mildly though with a large degree of scatter. Also, the
correlation of these individual parameters implies that clusters
become more disturbed in the lower redshift bin. It should be
noted that the uncertainties on the binned average of one
redshift bin overlaps with the average of the other. In total, the
redshift correlation to these parameters is likely insignificant,
but cannot be ruled out.

3.4.2. Mass and Radius

To constrain correlations between the parameters and their
cluster size we use R500. Correspondingly, we use M500 to
track the correlation with the cluster’s mass. These parameters
are not independent. As such the qualitative conclusions for
trends in mass and radius match for all comparisons in this
study. For completeness and comparability to studies that
analyze only one of the parameters, we include parameter
comparisons to both M500 and R500.
From their measured Pearson correlation coefficients,

graphically, and by separating them around the median value
for R500/M500, we see that A and log(w) show no correlation
with cluster size/mass.
D [kpc] has a weak to moderate correlation with the size of

the cluster, though it is quite scattered. The increase in centroid
offset with increased size is also corroborated by the median
values of D [kpc] for high and low R500 clusters, although each
of the averages are well within the error bars of each other.
The same general trend is seen for M500 except the Pearson
correlation is much lower. Overall, we cannot rule out the
scaling of D [kpc] with respect to cluster mass and size.
c shows the strongest correlation out of any of the other

parameters, although it is still only moderate. The median
values of the high and low R500/M500 clusters reflect the trends
seen graphically: the concentration increases as a function of
cluster size/mass. The errors of the high and low mass bin
averages do not have as much of an overlap as for other
parameters. I. Bartalucci et al. (2019) found a slight (almost
negligible) positive correlation between c and M500

(r= 0.11 ± 0.08 with a p-value of 0.19 ± 0.31), much less
than our r= 0.43 correlation with p= 0.024. This may hint at
a unique concentration bias for massive strong lensing clusters.
The trend for c to increase with cluster radius/mass could be a
consequence cool cores in strong lensing clusters surviving
merger activity; thus persisting in massive clusters that form
after multiple mergers.

4. Discussion

4.1. Dynamical Relaxation Correlation with Mass, Radius, and
Redshift

In Section 3.4, we compared the individual parameters to
investigate potential correlations with respect to mass, radius,
and redshift. To fully test dynamical state dependency on these
cluster properties, we should use the combined parameter M
since it is a more representative measurement of the cluster’s
true underlying dynamical state. The results of this comparison
are shown in Figure 8 and Table 9.

4.1.1. Redshift

In the literature, there is no clear consensus on whether the
frequency of relaxed/disturbed clusters changes with redshift.
Early studies found that the fraction of relaxed clusters
increases at lower redshifts (e.g., T. E. Jeltema et al. 2005;
K. Andersson et al. 2009). Later studies did not find a
significant correlation (e.g., A. B. Mantz et al. 2015;
M. McDonald et al. 2017; D. Nurgaliev et al. 2017; V. Ghir-
ardini et al. 2022).
In our work, we do not find a definite correlation between

the redshift and the total dynamical state characterized by M.
We analyze M’s correlation with redshift graphically and also

Table 9
The Correlation of Each Individual Parameter and the Combined M Parameter

to the Cluster Properties: Redshift, Radius, and Mass

Prop Par r p mpar mpar

(prop < mprop) (prop > mprop)

c 4e-3 0.982 +0.21 0.06
0.07 +0.20 0.05

0.1

log(w) 0.15 0.439 +2.2 0.3
0.2 +2.2 0.2

0.2

z A −0.20 0.318 +1.3 0.4
0.08 +1.2 0.2

0.2

D [kpc] −0.14 0.498 +27 17
30 +22 9

19

M 0.05 0.786 +0.16 1.3
1.3 +0.42 0.82

1.1

c 0.44 0.021 +0.18 0.04
0.07 +0.26 0.08

0.09

log(w) −0.02 0.933 +2.2 0.2
0.2 +2.2 0.3

0.2

R500 A 0.09 0.655 +1.3 0.2
0.07 +1.3 0.4

0.09

D [kpc] 0.30 0.134 +21 12
22 +34 20

22

M −4e-3 0.986 +0.22 0.9
0.8 +0.25 0.8

1.7

c 0.43 0.024 +0.18 0.04
0.08 +0.23 0.06

0.1

log(w) 0.17 0.4 +2.2 0.2
0.2 +2.2 0.3

0.2

M500 A −0.03 0.873 +1.3 0.2
0.07 +1.1 0.3

0.2

D [kpc] 0.14 0.478 +20 11
25 +28 15

24

M 0.03 0.863 +0.15 1.0
0.83 +0.25 0.8

1.7

Note. r and p are the values associated with the Pearson correlation
represented graphically in Figures 7 and 8. We also calculate the average value
for each morphological parameter for a subsample of clusters either above or
below the median value of the given cluster property. We exclude data points
associated with SDSS J2243−0935 in the panels involving D, R500, and M500.
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Figure 7. Scatter plots of each morphological parameter vs. redshift, radius, and mass. The colors denote the relaxation classification of the cluster with
orange = “relaxed,” magenta = “moderately relaxed,” green = “moderately disturbed,” and blue = “disturbed.” We exclude data points associated with SDSS J2243
−0935 in the panels involving D, R500, and M500. The dashed line represent the best-fit line.
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by splitting the sample in half using the median redshift
(z = 0.4385). When comparing the high and low z sample, we
find a median value of = +m 0.16M 1.3

1.35 for low z and
= +m 0.42M 0.82

1.05 for high z. Though the median values for
the high z are lower on average, the scatter of values is quite
large. Additionally, the selection of high versus low redshift is
sample specific and as arbitrary as any other cut. Graphically,
we can see that shifting the cut value would significantly
change the averageM value for high and low samples. Overall,
these measurements cannot rule out/confirm correlations due
to their statistical limitations.

The hierarchical formation model suggests that clusters
should have a higher fraction of relaxed clusters at lower
redshifts (H. Böhringer et al. 2010). M. McDonald et al. (2017)
found a lack of correlation in their relaxation fraction and
postulated that it could be due to the relaxation time of the hot
gas being proportional to the crossing time.

I. Bartalucci et al. (2019) found a very weak decrease with
their combined M parameter. Though our sample does not
show a significant correlation between dynamical state and
redshift, our binned sample suggests that dynamical state could
change with redshift, although caveats due to binning
selection, our limited redshift range, and our limited sample
size still remain. In total, larger samples satisfactorily probing
the complete mass and redshift space are needed to track
whether relaxation changes with redshift.

4.1.2. Mass and Radius

The correlation between dynamical state with mass has also
shown inconclusive results. Simulation work predicts that
more massive clusters are more disturbed on average (e.g.,
U. Kuchner et al. 2020; C. Gouin et al. 2021). In the
hierarchical formation model, more massive structures require
more interaction to form; thus, more massive clusters at a
given redshift should be more disturbed than their low mass
counterparts (C. Giocoli et al. 2012). Other studies find that
cluster dynamical state has no dependence on cluster mass
(e.g., D. Nurgaliev et al. 2017; I. Bartalucci et al. 2019).

Graphically, we do not see any significant correlation with
mass when considering the entire sample. However, we see a
mild correlation when comparing the high mass and low mass
subsamples split according to the median mass
(M500 = 3.09 ∗ 1014M⊙). We find the median M values are

= +m 0.15M 1.0
0.83 for low M500 and = +m 0.25M 0.8

1.7 for high
M500. The overlap in uncertainty is still very large and the
mass range is limited. To more accurately test whether total
mass is correlated with dynamical state, a study would need a
sufficiently large sample of clusters at approximately the same
redshift.
The radius of the cluster, R500, is intimately related to the

mass of the cluster,M500, since both are derived from the same
density condition. We do not see a change in relaxedness due
to changing R500 both graphically and when comparing the
high and low radius subsamples split at the median radius
(R500 = 893.2 kpc). We find the median M values are

= +m 0.22M 0.86
0.83 for low R500 and = +m 0.25M 0.8

1.78 for high
R500.
Though the dynamical state does not correlate with radius,

the choice of aperture does affect most parameters as shown in
the literature (e.g., F. De Luca et al. 2021). Different areas of
the cluster are more sensitive to dynamical activity, usually
with the outskirts being more dynamically active. Therefore, a
fixed aperture would give inconsistent measurements for
clusters of different sizes; hence, a scaled aperture like R500
should be used.

4.2. Relaxation Fraction

Using the relaxation classifications outlined in Section 3.1,
we calculate the relaxation fraction, frelaxed, as the ratio of
relaxed systems to the total number of clusters in the sample:

( )= ×f
N

N
100% . 6relaxed

relaxed

total

Here, Nrelaxed includes clusters classified as either “relaxed” or
“moderately relaxed.” The uncertainties in frelaxed are calcu-
lated from the Bayesian binomial confidence intervals drawn
from the 1σ confidence interval for the beta distribution
(E. Cameron 2011).
We first consider the full sample across the redshift

range z = 0.176–0.656 and find a relaxation fraction of
= +f 43%relaxed 9

9. We also examine changes with redshift by
splitting the sample at the median redshift (z = 0.4385), as in
Section 4.1.1. For the low-redshift subsample (z < 0.4385), we
find a relaxation fraction of +57% 13

11. For the high redshift
subsample (z > 0.4385), we find +29% 9

14. These results suggest

Figure 8. The combined M parameter vs. redshift, radius, and mass. The colors denote the relaxation classification of the cluster with orange = “relaxed,”
magenta = “moderately relaxed,” green = “moderately disturbed,” and blue = “disturbed.” We exclude data points associated with SDSS J2243−0935 in the panels
involving R500 and M500. The dashed line represent the best-fit line.
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a slight increase in the relaxation fraction with redshift, though
interpretation is limited by the small sample size and
classification uncertainties as discussed in Section 4.1.1.

As detailed in K. Cao et al. (2021) and F. De Luca et al.
(2021), the comparison of relaxation fraction between samples
is difficult due to the variation in cluster selection functions,
mass ranges, redshift ranges, choice in the definition of
relaxedness, etc. In Figure 9 and Table 10, we combine
information from a variety of studies recorded and tabulated in
F. De Luca et al. 2021 with additional measurements from the
CHEX-MATE sample (see M. G. Campitiello et al. 2022), the
eFEDS sample (see V. Ghirardini et al. 2022), and the SGAS
sample (this work).

Ignoring the intricacies of each individual sample selection
and definition of relaxedness, we get that the average value of
relaxation across the papers listed in F. De Luca et al. (2021),
M. G. Campitiello et al. (2022), and V. Ghirardini et al. (2022)
is ∼44%. Although this estimate incorporates relaxation
fractions derived from clusters with differing selection func-
tions, mass and redshift ranges, and definitions of relaxedness, it

is consistent with the estimated relaxation fraction for our
sample.
To our knowledge, there is no former study whose selection

function is very similar to our sample’s selection. A. W. Mann
& H. Ebeling (2012; z = 0.15 – 0.7) and A. Mahdavi et al.
(2013; z = 0.15 – 0.55) have redshift ranges most similar to
ours. A. Mahdavi et al. (2013) use the Canadian Cluster
Comparison Project (CCCP) sample. They note this sample’s
selection function is not entirely understood (based off spatial,
temperature, and redshift restrictions), yet is statistically
indistinguishable from other cluster samples. They use
centroid shift, power ratios, central entropy, and X-ray-optical
offset to classify cluster dynamical state. A. W. Mann &
H. Ebeling (2012) use the most X-ray luminous clusters in the
MAssive Cluster Survey (MACS) sample and classify their
relaxation by the X-ray peak-bcg and X-ray centroid-bcg
separations. A. Mahdavi et al. (2013) found the relaxation
fraction to be 27% and A. W. Mann & H. Ebeling (2012)
found the relaxation fraction to be 44%. M. Rossetti et al.
(2017) also used the MACS subsample described in

Figure 9. Relaxation fraction measurements compiled from various works, including the cluster samples detailed in Table 5 of F. De Luca et al. (2021), and
additional data from V. Ghirardini et al. (2022), M. G. Campitiello et al. (2022), and this work. The marker labels in the plot correspond to the “Label” column in
Table 10. The plotted redshift values represent the central redshift of each sample, computed as the midpoint: (z = (zmin + zmax)/2). The error bars on the x-axis
represent the redshift range of the corresponding study. Additional details about the redshift distributions can be found in the original studies listed in the “Paper”
column of Table 10.

16

The Astrophysical Journal, 997:221 (20pp), 2026 February 1 Gassis et al.



A. W. Mann & H. Ebeling (2012) to find a relaxation fraction
of 59% ± 5% using the concentration parameter. M. Rossetti
et al. (2017) use the same parameter on PSZ1-cosmo (Planck
Collaboration et al. 2014) with follow-up X-ray data to
compare to the X-ray selected sample. They find the SZ
selected sample is significantly more disturbed with a
relaxation fraction of 29% ± 4%. This trend of a significant
bias toward higher relaxation fractions for X-ray selected
samples is found by many authors (e.g., F. Andrade-Santos
et al. 2017; G. Chon & H. Böhringer 2017; P. A. A. Lopes
et al. 2018).

Generally, in Figure 9 and Table 10, we see SZ selected
samples have lower relaxation fractions that X-ray selected
ones. For instance, F. Andrade-Santos et al. (2017) find a
relaxation fraction of +54% 10

10 for their X-ray sample and
+34% 6

6 for their SZ sample, which places our measured +43% 9
9

very centrally between these two values for their X-ray and SZ
samples. Some X-ray studies yield similar relaxation fractions
to the value measured for our subsample (e.g., R. Cassano
et al. 2010; A. W. Mann & H. Ebeling 2012; with relaxation

fractions ∼44%), whereas the ROSAT sample show relaxation
fractions from X-ray selected samples to be much higher,
∼64%–73% (J. S. Santos et al. 2008). Some SZ studies show
relaxation fractions comparable to our measurement (e.g., the
Planck+SPT sample considered in I. Bartalucci et al. 2019
yielding a relaxation fraction of ∼46%), although typically
purely SZ-selected samples yield lower relaxation fractions
(e.g., 14% for the 288 SPT clusters considered in A. Zenteno
et al. 2020).
As discussed in Section 1.3, a strong lensing selected

sample is subject to unique biases. The overall effect those
biases have on the average relaxation is largely unexplored.
Comparing to studies with similar redshift ranges, we find that
our sample is not as disturbed as an SZ-selected cluster
population but is slightly more disturbed than an X-ray
selected sample. Many studies favor SZ as a more representa-
tive sample of the underlying cluster population (e.g.,
F. Andrade-Santos et al. 2017; G. Chon & H. Böhringer
2017; P. A. A. Lopes et al. 2018). Additionally, simulation
results from W. Cui et al. (2017) yield a relaxation fraction of

Table 10
Summary of Relaxation Fraction Measurements for Various Cluster Samples with Their Own Selection Method, Redshift Range, and Sample Size

Label Paper Number of Objects zmin zmax Relaxation Fraction

A This work (full sample) 28 0.176 0.656 +43 9
9

B This work (low z) 14 0.176 0.4385 +57 13
11

C This work (high z) 14 0.4385 0.656 +29 9
14

D M. G. Campitiello et al. (2022)a 118 0.25 1.2 13
E V. Ghirardini et al. (2022; high z) 325 0.02 1.2 +33 3

3

F V. Ghirardini et al. (2022; low z) 325 0.017 0.02 50
G Z. S. Yuan & J. L. Han (2020) 964 0.003 1.75 51
H A. Zenteno et al. (2020) 288 0.1 0.9 14
I I. Bartalucci et al. (2019)∗ 74 0.08 1.13 46
J P. A. A. Lopes et al. (2018; SZ sample, X-ray Indicators) 40 0.01 0.1 +51 3

3

K P. A. A. Lopes et al. (2018; SZ sample, Optical Indicators) 40 0.01 0.1 +51 13
13

L P. A. A. Lopes et al. (2018; X-ray sample, X-ray Indicators) 62 0.01 0.1 +67 2
2

M P. A. A. Lopes et al. (2018; X-ray sample, Optical Indicators) 62 0.01 0.1 +57 10
10

N G. Chon & H. Böhringer (2017; flux Limited Sample 2) 42 ⋯ <0.1 43
O G. Chon & H. Böhringer (2017; flux Limited Sample 1) 51 ⋯ <0.1 41
P G. Chon & H. Böhringer (2017; volume limited sample) 93 ⋯ <0.1 29
Q L. Lovisari et al. (2017)∗ 120 0.01 0.55 32
R F. Andrade-Santos et al. (2017; X-ray Sample) 100 0.025 0.3 +54 10

10

S F. Andrade-Santos et al. (2017; SZ Sample) 164 ⋯ <0.35 +34 6
6

T M. Rossetti et al. (2017; X-ray Sample) 104 0.15 0.7 +59 5
5

U M. Rossetti et al. (2017; SZ Sample) 169 0.04 0.87 +29 4
4

V M. Rossetti et al. (2016; SZ Sample) 132 0.02 0.87 +52 4
4

W S. Lavoie et al. (2016) 85 0.043 1.05 65
X A. B. Mantz et al. (2015) 361 0.05 1.2 16
Y V. Parekh et al. (2015) 84 0.02 0.9 23
Z D. Nurgaliev et al. (2013) 36 0.3 0.9 33
AA A. Mahdavi et al. (2013)∗ 50 0.15 0.55 27
AB B. J. Maughan et al. (2012)∗ 114 0.1 1.3 +22 4

4

AC A. W. Mann & H. Ebeling (2012)∗ 108 0.15 0.7 44
AD H. Böhringer et al. (2010)∗ 31 0.06 0.18 48
AE R. Cassano et al. (2010)∗ 32 0.2 0.4 44
AF Y.-Y. Zhang et al. (2010)∗/N. Okabe et al. (2010)∗ 12 0.15 0.3 42
AG A. J. R. Sanderson et al. (2009a) 65 0.15 0.3 37
AH J. S. Santos et al. (2008; high z) 15 0.7 1.39 73
AI J. S. Santos et al. (2008; low z) 11 0.15 0.3 64

Notes. The asterisk symbol (∗) next to the citation in the Paper column indicates that the relaxation fraction was calculated in F. De Luca et al. (2021) instead of
directly presented in the original study. The letter labels in the first column match the letter labels on the markers in Figure 9.
a Many clusters in M. G. Campitiello et al. (2022) were not assigned a dynamical state (62 mixed clusters). As such, the quoted relaxation fraction is a lower limit
using their “very relaxed” dynamical state label.
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∼35%. The results from SZ and simulations suggest that the
concentration bias may outweigh the merger bias found in
strong lensing galaxy clusters, making them on average more
relaxed than the underlying cluster population. The prevalence
of the concentration bias in strong lensing clusters could help
explain the excess of strong lensing features in cluster
observations compared to simulations (M. Meneghetti et al.
2020). The effect is not strong enough to produce a higher
relaxation fraction than that observed in X-ray selected
samples. The bias toward disturbedness is higher if we ignore
the “moderately relaxed” cluster category.

4.3. Direct Cluster Comparison

Z. S. Yuan & J. L. Han (2020) calculated the relaxation
parameters of 964 clusters using archival data from the
Chandra X-ray Observatory. In this large sample, 20 of the 28
clusters in this paper have been assigned a dynamical state.
Their custom relaxation parameter, δ, determines dynamical
state using the cluster’s X-ray brightness distribution and its
X-ray asymmetry. Positive δ values mean the cluster is
disturbed. In Figure 10, we compare our measurements to
those published in Z. S. Yuan & J. L. Han (2020). We find a
correlation of r = −0.65 with associated p-value of 2e-4
between their δ parameter and our M parameter. We find that
the relaxation fraction of this subsample as determined by our
methods is +30% 8

12, whereas Z. S. Yuan & J. L. Han (2020)
identify the relaxation fraction of this subsample to be only

+15% 5
11. Overall, we find fairly good agreement with the δ

parameter using very different dynamical state determination
methods, although this once again highlights the sensitivity of
dynamical state determination to choice of relaxedness
parameter.

5. Summary

This paper investigates the dynamical state of 28 strong
lensing galaxy clusters at redshifts z = 0.176–0.656. The goals

of this paper were to (A) create a strong lensing galaxy cluster
sample with well-defined dynamical state measurements; (B)
constrain correlations, biases, and disagreements between
different morphological measurement proxies and the com-
bined parameter M to each other and other cluster properties;
and (C) calculate and compare our cluster relaxation fraction
to other samples. The associated resolution of these goals are
as follows:

(A1) Using the rules outlined in Section 3.1, we find 4
clusters that are definitely relaxed and 13 clusters that
are definitely disturbed.

(A2) We find 11 clusters that lie in a moderate dynamical
state with 8 of those 11 being more relaxed and the
other 3 being more disturbed.

(A3) We find that our relaxation determination shows a
large degree of correlation and overall good agreement
with the subsample of clusters measured by Z. S. Yuan
& J. L. Han (2020).

(B1) Most of the parameters are not significantly dependent
on one another. There are some mild correlations
between A and all other parameters, most significantly
with D [kpc]. D [kpc] also may have a weak
correlation with log(w).

(B2) We do not find any very significant correlation with
redshift, though hints of a mild correlation are found
for A, D [kpc], and M. Further studies with better
statistics are needed to constrain, confirm, or refute this
possible correlation.

(B3) c shows the most significant correlation with mass and
radius. A possible explanation is that large structures
take longer times to form and strong lensing clusters
may be biased cases where major merger activities do
not disturb the cool-core formation as frequently. D
[kpc] also shows some relation to cluster mass and
size, though not as significant/constrained.

(C1) We find a cluster relaxation fraction of +43% 9
9 across

our whole sample with a relaxation fraction of +57% 13
11

for the low redshift bin and +29% 9
14 for the high

redshift bin.
(C2) Our relaxation fraction is approximately the average

relaxation fraction of +44 17
14% across relevant former

studies tabulated in F. De Luca et al. (2021) with the
addition of M. G. Campitiello et al. (2022) and
V. Ghirardini et al. (2022).

(C3) Our results indicate that a strong lensing selected
cluster sample (clusters with larger strong lensing
cross-sections at a given mass) have comparable
dynamical relaxation fractions to those of mass-
selected samples. Our sample is slightly more relaxed
than SZ selected cluster samples but not as relaxed as
X-ray selected samples.
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manuscript. This research has made use of data obtained from
the Chandra Data Archive provided by the Chandra X-ray
Center (CXC). The dataset constituting the Chandra Strong
Lens Sample, obtained by the Chandra X-ray Observatory, is
hosted at the Chandra Data Collection (CDC) 434 DOI:
10.25574/cdc.434. This dataset compiles observations asso-
ciated with Chandra programs GO-19800436 (PI: Bayliss),
GO-19700449 (PI: Bayliss), GO-16800783 (PI: Baum),
GO-04800884 (PI: Buote), GO-11800671 (PI: Irwin), GO-
17800085 (PI: Johnson), GO-12800164 (PI: Morris),
GO-17800681 (PI: Rossetti), GO-11800852 (PI: Rykoff),
and GTO-03800995 (PI: Vanspeybroeck). Support for this
work was provided by the National Aeronautics and Space
Administration through Chandra Award Nos. GO8-19111A
issued by the Chandra X-ray Center, operated by the
Smithsonian Astrophysical Observatory for and on behalf of
the National Aeronautics Space Administration under contract
NAS8-03060.
Facilities: CXO, HST, Sloan.
Software: This research made use of pandas (W. McKinney

2010, 2011); Sherpa (P. E. Freeman et al. 2001); Astropy, a
community-developed core Python package for Astronomy
(Astropy Collaboration et al. 2018, 2013); SciPy (P. Virtanen
et al. 2020); matplotlib, a Python library for publication quality
graphics (J. D. Hunter 2007); ds9, a tool for data visualization
supported by the Chandra X-ray Science Center (CXC) and the
High Energy Astrophysics Science Archive Center (HEA-
SARC) with support from the JWST Mission office at the
Space Telescope Science Institute for 3D visualization;
NumPy (C. R. Harris et al. 2020); the CIAO X-ray Analysis
Software (A. Fruscione et al. 2006); Astropy, a community-
developed core Python package for Astronomy (Astropy
Collaboration et al. 2018, 2013); Photutils (L. Bradley et al.
2022); and pyregion, developed by Jae-Joon Lee (https://
github.com/leejjoon).
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