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A B S T R A C T 

Numerous metrics exist to quantify the dynamical state of galaxy clusters, both observationally and within simulations. Many of 
these correlate strongly with one another, but it is not clear whether all of these measures probe the same intrinsic properties. In this 
w ork, we use tw o different statistical approaches – principal component analysis (PCA) and uniform manifold approximation and 

projection (UMAP) – to investigate which dynamical properties of a cluster are in fact the best descriptors of its dynamical state. 
We use measurements taken directly from THE THREE HUNDRED suite of galaxy cluster simulations, as well as morphological 
properties calculated using mock X-ray and SZ maps of the same simulated clusters. We find that four descriptions of dynamical 
state naturally arise, and although correlations exist between these, a given cluster can be ‘dynamically relaxed’ according 

to all, none, or some of these four descriptions. These results demonstrate that it is highly important for future observational 
and theoretical studies to consider in which sense clusters are dynamically relaxed. Cluster dynamical states are complex and 

multidimensional, and so it is not meaningful to classify them simply as ‘relaxed’ and ‘unrelaxed’ based on a single linear scale. 

Key words: methods: numerical – galaxies: clusters: general – galaxies: kinematics and dynamics – dark matter – X-rays: 
galaxies: clusters. 
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 I N T RO D U C T I O N  

he structure of a galaxy cluster consists of a large dark matter halo,
ypically with a mass in the range 10 14 –10 15 M �, filled with hot
ntracluster gas, and populated with hundreds or thousands of galax- 
es. A wide range of physical processes take place within clusters,
eaning they play a crucial role in many areas of astrophysics and

osmology. 
The evolution of galaxies is strongly dependent on their cosmic 

nvironment, and clusters represent one of the most extreme environ- 
ents for a galaxy. Strong tidal forces due to a cluster’s gravitational

otential can disrupt the structure of a galaxy, dramatically changing 
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ts morphology (Moore et al. 1996 ; Mihos et al. 2017 ; Knebe et al.
020 ; Haggar et al. 2023 ). Additionally, processes such as ram-
ressure stripping (Gunn & Gott 1972 ) by the intracluster gas can
emo v e both the cold gas in a galactic disc and the surrounding
alo gas, quenching star formation in galaxies (Larson, Tinsley 
 Caldwell 1980 ; Zabel et al. 2019 ). Galaxy clusters are also an

mportant tool in constraining cosmology – for example, studying the 
hapes of cluster halo density profiles can provide information about 
he nature of dark matter (Eckert et al. 2022 ; Limousin, Beauchesne &
ullo 2022 ). Galaxy clusters can also be used as a proxy for measuring
osmological parameters, either through cluster number counts from 

arge surv e ys (Evrard 1989 ; de Haan et al. 2016 ; Abdullah, Klypin &
ilson 2020 , for example), or using cluster properties. For example,
moura et al. ( 2021 ) measure the formation times of clusters in a

uite of simulations with v arying v alues of �M 

, the matter density
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arameter, and σ8 , the amplitude of the matter power spectrum at
 scale of 8 h 

−1 Mpc , and show that the formation times of galaxy
lusters depend on the values of �M 

and σ8 . 
One of the core properties of a galaxy cluster is its dynamical state
that is, whether or not it is dynamically relaxed. Numerous areas

f galaxy cluster physics, including many of those described above,
re dependent on an understanding of cluster dynamical states. It
as been shown that various phenomena in the intracluster medium
ICM), such as turbulence, differ between relaxed and unrelaxed
lusters (Lau, Kravtsov & Nagai 2009 ; Vall ́es-P ́erez, Planelles &
uilis 2021 ; Simonte et al. 2022 ). Furthermore, Nagai & Lau ( 2011 )

nd Vazza et al. ( 2013 ) both show that, in dynamically disturbed
lusters, the hot X-ray-emitting ICM contains dense, cooler clumps
f gas, associated with infalling galaxies and galaxy groups. The ICM
ri ves galaxy e volution mechanisms such as ram-pressure stripping;
his has also been shown to be enhanced in dynamically disturbed
roups and clusters (Mauduit & Mamon 2007 ; Roberts & Parker
017 ; Louren c ¸o et al. 2023 ). 
Additionally, many of the astronomical and cosmological mea-

urements described abo v e are indirectly related to the cluster
ynamical states, as they rely on accurate measurements of the
asses of clusters, which are in turn dependent on a their dynamical

tate. Cluster masses are often calculated under the assumption that a
luster is in hydrostatic equilibrium. As a result of this, clusters that
re dynamically unrelaxed (and so are not in hydrostatic equilibrium)
an have their masses underestimated by up to 20 per cent (Nagai,
ikhlinin & Kravtsov 2007 ; Kravtsov & Borgani 2012 ). Relaxed
lusters can also have their masses underestimated, albeit to a lesser
xtent (Lau, Nagai & Nelson 2013 ; Gianfagna et al. 2021 ), and the
trength of this bias is dependent on the redshift of the cluster in
uestion (Bennett & Sijacki 2022 ). Cluster scaling relations also
iffer between clusters that are relaxed, and those that are rapidly
ccreting material (Planelles & Quilis 2009 ; Lau et al. 2015 ; Chen
t al. 2019 ). Additionally, properties such as location of a cluster’s
plashback radius (Adhikari, Dalal & Chamberlain 2014 ; More,
iemer & Kravtsov 2015 ) are dependent on its dynamical state.
his is the radius within which the cluster material dominates o v er

he surrounding infalling material, and so this implies that the region
n which a galaxy is impacted by a cluster is also dependent on cluster
ynamical state. Because of this, a thorough understanding of cluster
ynamical states is vital if we are to use clusters as an astronomical
nd cosmological tool. 

In its simplest form, a system of collisionless particles can be
escribed as dynamically relaxed and virialized once the velocities
f particles in the system are uncorrelated with their initial velocities.
qui v alently, this means the average magnitude of the velocity of
ach particle, v , is equal to the change in velocity of the particle due
o interactions with other particles, δv . The typical time required for
 system to reach this stage is given by the relaxation time, t relax , 

 relax ≈ 0 . 1 N 

ln ( N ) 
t cross , (1) 

here N is the number of particles in a system, and t cross is the average
rossing time for a particle in the system (Binney & Tremaine 1987 ).
or a galaxy cluster, the number of particles (galaxies) is ∼ 10 3 , and

he crossing time is ∼ 1 Gyr , leading to a typical relaxation time
f ∼ 10 Gyr , comparable to the age of the Uni verse. Ho we ver, in
he context of galaxy clusters, this definition of dynamical state is
ot particularly useful for several reasons. First, clusters are not
ollisionless systems. Galaxies in clusters frequently experience
ear-misses or tidal interactions (Knebe et al. 2006 ; Muldrew, Pearce
 Power 2011 ; Bah ́e et al. 2019 ), and the intracluster gas, which
NRAS 532, 1031–1048 (2024) 
akes up a significant portion of a cluster’s mass, is not a collisionless
uid. Secondly, this definition describes a closed system, which
alaxy clusters are not; clusters are continuously accreting material
rom their surrounding environment. As such, the effects from their
boundary’ need to be included to quantify their dynamical state.
inally, according to this definition, only material that has been in
 cluster for greater than 10 Gyr can be dynamically relaxed. This
eans that a z = 0 cluster can only be truly relaxed if it accreted

ll, or most, of its material before z = 1 . 5. While this is technically
ossible, it is an exceptionally rare scenario in a typical Lambda cold
ark matter cosmology. 
Consequently, throughout the literature, numerous properties of

lusters are treated as indicators of ‘dynamical state’, each of which
s used to quantify how relaxed is a galaxy cluster. Many of these
re theory-based metrics, taken from simulations of galaxy groups
r clusters. In Cui et al. ( 2017 ), the dynamical state of a cluster is
escribed by three properties: dynamically unrelaxed clusters are
hose with a centre of mass that is offset from the cluster halo density
eak, those with large amounts of substructure, and those that are
ot virialized. 
This combination of observables has been widely used for some

ime. F or e xample, Neto et al. ( 2007 ) classify dark matter haloes
ased on these three parameters, and place a limit on each of these,
escribing relaxed haloes as those that satisfy all three of these
onditions, and unrelaxed haloes as those that do not. Cui et al. ( 2018 )
lace similar constraints on simulated galaxy clusters, and use this
o classify clusters as relaxed and unrelaxed. Haggar et al. ( 2020 ),
y contrast, combine the three into a single parameter, χDS , giving
 single continuous parameter describing how relaxed is a cluster.
ther work also uses these measures, such as Wen & Han ( 2013 ), who
se the amount of substructure as an indicator of dynamical state.
hey describe how a large amount of structure is indicative of a recent
erger event. The results of Kimmig et al. ( 2023 ) also demonstrate

his – they show that the amount of substructure, and in particular
he size of the eighth most massive substructure, is indicative of the
erger history of a cluster o v er the last 2 Gyr. Further works have

hown that numerous other cluster properties correlate with recent
erger activity, such as the virialization and centre-of-mass offset of
 cluster (Power, Knebe & Knollmann 2012 ), its concentration (Wang
t al. 2020 ), or similarly its sparsity (Richardson & Corasaniti 2022 ).
ontreras-Santos et al. ( 2022 ) also use the time since a major merger
s an measure of cluster relaxation, and show how this correlates
ith the χDS measure from Haggar et al. ( 2020 ). 
Already, it is apparent that different measures of a cluster’s

ynamical state are probing different core properties. Measurements
uch as the substructure fraction and centre-of-mass offset are
uantities that can be measured observationally at a single epoch,
lthough in observations they are projected into two dimensions.
his is in contrast to the time since the last major merger, which

s a property of the history of a cluster. Other studies also take this
pproach to dynamical state, connecting it to the total history of
 cluster. For example, Diemer & Kravtsov ( 2014 ) introduced the
ccretion rate proxy �, variants of which have since become widely
sed as measures of halo relaxation (e.g. Vall ́es-P ́erez, Planelles &
uilis 2020 ). An alternative approach is to use a redshift-dependent
efinition of dynamical state, based on the fact that different cluster
roperties evolve over different time-scales (e.g. Mendoza et al. 2023 ;
all ́es-P ́erez et al. 2023 ). 
Gouin, Bonnaire & Aghanim ( 2021 ) probe the dynamical state of

lusters from the IllustrisTNG simulation (Nelson et al. 2019 ) using
hree separate measures of cluster growth history: the z = 0 halo
rowth rate, the z = 0 . 5 mass accretion rate, and the cluster formation
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H 0 = h × 100 km s −1 Mpc −1 . 
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ime ( z 0 . 5 , see Section 2.2.1 ). They also show that dynamically
isturbed clusters are more strongly connected to the cosmic web 
that is, they have more cosmic filaments attached to the cluster 

see Santoni et al. 2024 , for a similar study with THE300 clusters).
imilarly, Darragh Ford et al. ( 2019 ) find that simulated clusters that
ave recently experienced a major merger have a higher connectivity. 
his is yet another interpretation of dynamical state, as a property 
f the surrounding region of the Universe. This cosmic environment 
an also impact global properties of the cluster and its dark matter
alo, such as its shape (Gouin et al. 2021 ; Smith et al. 2023 ) and
oncentration (Neto et al. 2007 ). 

Additional complexity comes from the large number of cluster 
ynamical state metrics and morphological parameters that are used 
n observational astronomy. For example, cluster shapes can be 
apped using X-ray and Sun yaev–Zel’do vich (SZ) effect observa- 

ions. From these, many quantifiable properties can be measured, 
uch as the amount of substructure (Ge et al. 2016 ), offset of the
rightest cluster galaxy (BCG) from the X-ray/SZ peak (Zenteno 
t al. 2020 ), or the power spectrum of the hot gas distribution (Cerini,
appelluti & Natarajan 2023 ). Combinations of multiple X-ray or 
Z morphological parameters have been shown to pro vide ev en more
obust measures of dynamical state than these individual parameters 
Parekh et al. 2015 ; Yuan & Han 2020 ; Campitiello et al. 2022 ; Yuan,
an & Wen 2022 ; see Rasia, Meneghetti & Ettori 2013 and Zhang

t al. 2024 for more comprehensive discussions). Other observational 
tudies include Wen & Han ( 2013 ), who quantify cluster substructure
sing optical data from the Sloan Digital Sk y Surv e y (Aihara et al.
011 ). 
The result of having so many different properties in common use 

s that the ‘dynamical state’ of a cluster is not clearly or consistently
efined in the literature. Consequently, when the dynamical states 
f clusters are inferred from observations, it is not entirely apparent 
hich fundamental property of a cluster these are probing. It is also
ot clear if they are all probing the same intrinsic cluster property,
r if the ‘dynamical state’ of a cluster is actually made up of several
roperties. 
In this study, we aim to gain a deeper understanding of cluster

ynamical state measurements by investigating the connections 
etween theory-based and observable properties of dynamical state, 
he de generac y between different measures of dynamical state, and 
he core, intrinsic properties of clusters that these measurements 
re actually probing. Our primary approach to this is through 
imensionality reduction – reducing a large number of dynamical 
tate metrics to a smaller set of variables will make the nature of
ynamical state clearer and easier to interpret. Previous studies have 
aken a similar approach to ours, although mostly to consider the 
ccretion histories of dark matter haloes, rather than the dynamical 
tates of galaxy clusters. One notable example is Wong & Taylor 
 2012 ), who use principal component analysis (PCA; Jolliffe & 

adima 2016 ) to determine the principal components of 10 input 
roperties of dark matter haloes, and study the mass accretion 
istories of these haloes. They show that splitting these clusters 
y their first and second principal components naturally displays 
wo separate modes of accretion history: the halo formation time, 
nd the acceleration/deceleration of a halo’s accretion. For further 
iscussion, we also refer the reader to Jeeson-Daniel et al. ( 2011 )
nd Skibba & Macci ̀o ( 2011 ), who perform similar analyses on
imulations of dark matter haloes. 

In this work we develop the methods used in previous studies,
pplying PCA to 17 indicators of cluster dynamical state, based on 3D
ata (as opposed to directly observable quantities) from simulations 
f z = 0 galaxy clusters. This analysis uses THE THREE HUNDRED
roject, a suite of hydrodynamical zoom simulations of massive 
alaxy clusters, taken from a large 1 h 

−1 Gpc cosmological volume. 
e physically interpret the principal components that naturally arise 

rom this analysis, and sho w ho w they correspond to the mass
ccretion histories of these clusters. Despite this work focusing on a
heoretical approach to dynamical states, we also compare our PCA 

o X-ray and SZ properties measured from mock observations of 
he same simulated clusters, originally calculated in De Luca et al.
 2021 ). Finally, we expand further on previous studies in this area
y analysing the same simulated clusters using uniform manifold 
pproximation and projection (UMAP; McInnes, Healy & Melville 
018 ), an alternative approach to dimensionality reduction. While 
e do not develop a quantitative means to classify clusters, we
emonstrate qualitatively the different dynamical states of clusters 
hat exist in our simulations. 

We interpret our results as showing that the dynamical state of a
luster is not a single property. Instead, a single cluster has multiple
dynamical states’, and can be relaxed in all of these dimensions, or
one of them, or some of them. 
The paper is structured as follows: in Section 2 we introduce

he simulation data used throughout this work, as well as the
ynamical state indicators we use directly from the simulations 
Section 2.2.1 ) and from mock X-ray and SZ-effect maps generated
rom the simulation data (Section 2.2.2 ). In Section 3 we study these
arameters using both PCA and UMAP, and discuss how the results
onnect to the mock observations of clusters, and their mass accretion
istories. Finally, in Section 4 we summarize our findings, and the
mplications this has for how the dynamical state of galaxy clusters
hould be interpreted. 

 SI MULATI ONS  A N D  M E T H O D O L O G Y  

his work utilizes simulation data from THE THREE HUNDRED 

roject. We study these galaxy clusters in the final snapshot of the
imulations ( z = 0). In Section 2.1 we provide an overview of the
imulation data, but for a detailed description we refer the reader to
ui et al. ( 2018 ). 

.1 Simulation data 

HE THREE HUNDRED project (hereafter THE300 ) is a suite of
ydrodynamical resimulations of large galaxy clusters. The sim- 
lations are based on the MDPL2 MultiDark simulation (Klypin 
t al. 2016 ). 1 MDPL2 is a large dark matter-only simulation, with
 comoving box size of 1 h 

−1 Gpc , which uses Planck cosmology
 �M 

= 0 . 307, �B = 0 . 048, �� 

= 0 . 693, h = 0 . 678, σ8 = 0 . 823,
 s = 0 . 96) (Planck Collaboration XIII 2016 ). 2 

From this simulation, the 324 most massive dark matter haloes 
ere selected, and resimulated from their initial conditions (at an 

nitial redshift of z init = 120) with baryonic physics included. For
ach cluster, the 1 h 

−1 Gpc dark matter-only simulation box was re-
entred on the cluster, and the particles within 15 h 

−1 Mpc of the
luster centre at z = 0 were traced back to their initial conditions.
ach of these particles was then split into a dark matter particle
nd a gas particle, with masses of m DM 

= 1 . 27 × 10 9 h 

−1 M � and
 gas = 2 . 36 × 10 8 h 

−1 M �, respectively, set according to the cosmic
MNRAS 532, 1031–1048 (2024) 
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aryon fraction. The resolution of dark matter particles outside of
his radius was degraded, allowing the large-scale tidal forces acting
n the cluster to be maintained with a reduced computational cost. 
In this work, we use clusters from THE300 data set simulated

sing the GADGETX code. GADGETX is an updated version of the
ADGET3 code (Springel 2005 ; Beck et al. 2016 ; Sembolini et al.
016 ), and uses a smoothed-particle hydrodynamics scheme to
imultaneously evolve the baryonic and dark matter components
f a simulation. In addition to gas, the stochastic star formation
n GADGETX produces stellar particles of varying mass, typically
round m star ∼ 4 × 10 7 h 

−1 M � (Tornatore et al. 2007 ; Murante et al.
010 ; Rasia et al. 2015 ). Type II supernova feedback and active
alactic nucleus feedback are included, as described in Springel &
ernquist ( 2003 ) and Steinborn et al. ( 2015 ), respectively. The final
ata set consists of 324 galaxy clusters, with masses ranging from
 200 = 5 × 10 14 h 

−1 M � to M 200 = 2 . 6 × 10 15 h 

−1 M �. Here, M 200 

s the mass enclosed within a sphere of radius R 200 , defined such
hat the average density within this sphere is equal to 200 times the
ritical density of the Universe at that redshift. For the cluster masses
n THE300 , the 15 h 

−1 Mpc high-resolution region corresponds
pproximately to 7 –10 R 200 . In addition to the e xtensiv e description
n Cui et al. ( 2018 ), further description of THE300 data set is available
n other previous studies that have used these data. We particularly
efer the reader to studies that have investigated cluster dynamical
tates using THE300 (Haggar et al. 2020 ; Capalbo et al. 2021 ; De
uca et al. 2021 ; Contreras-Santos et al. 2022 ; Li et al. 2022 , for
xample). 

In this work, we specifically use the data from the final snapshot of
HE300 simulations ( z = 0), as the focus of this work is on present-
ay galaxy clusters. Ho we ver, some of the cluster properties we
alculate also rely on cluster properties at z > 0 (see Section 2.2.1
or details). This information requires the construction of halo merger
rees, which are described in the following section. 

.1.1 Galaxy identification and tree-building 

n each snapshot of THE300 data, the haloes and subhaloes are
dentified using the Amiga Halo Finder, AHF 3 (see Gill, Knebe &
ibson 2004 ; Knollmann & Knebe 2009 , for a detailed description
f AHF ). AHF is a density peak halo finder, and is used to identify the
articles in the main cluster halo, subhaloes of the cluster, and haloes
n the surrounding re gion. F or each of these (sub)haloes, properties
uch as the position, velocity, and mass are given as outputs. The
alo catalogues in each snapshot were linked together using the
ERGERTREE tree-builder, which is part of the AHF package. This

ree-builder uses a merit function, M i , given in table B1 of Knebe
t al. ( 2013 ), to identify the main progenitor of each halo by searching
or particles that are common between the two haloes. MERGERTREE

s also able to ‘skip’ snapshots, meaning that if AHF is unable to
esolve a halo in one snapshot, the tree-builder can instead find an
ppropriate progenitor in an earlier snapshot (see Knebe et al. 2011 ;
risawat et al. 2013 , for additional details on MERGERTREE ). 
For most of this work, we include all of these subhaloes (and

hus all of the particles) in the calculations of dynamical state
arameters. For those measures that rely on galaxy properties (e.g.
luster richness, N 200 , and magnitude difference between galaxies,
 12 , detailed in Section 2.2.1 ), we include all galaxies with a total
ass greater than 10 10 . 5 h 

−1 M �, and a stellar mass of greater than
0 9 . 5 h 

−1 M �. These limits have an extremely minor impact on our
NRAS 532, 1031–1048 (2024) 

 http:// popia.ft.uam.es/ AHF 
w  

n  
esults, as most dynamical state indicators based on galaxy properties
re dependent on the largest, brightest galaxies in a cluster. 

.2 Measures of dynamical state 

.2.1 3D measures 

rom the simulations, we utilize 17 different properties, each of
hich is associated with cluster dynamical state. These are detailed
elo w, along with rele v ant information on ho w they were calculated
n our simulations. Many of these quantities are calculated using
 200 as an outer boundary, as this is the characteristic radius used by
HF in calculating halo properties; we state explicitly when this is
ot the case. These properties are also calculated using all particles
ithin the rele v ant radius (typically R 200 unless stated otherwise),

part from c 200 which only uses dark matter particles. 

(i) f s : the fraction of cluster mass inside a given radius that is
ontained within subhaloes. Two values of this are used, f s ( R 200 )
nd f s ( R 500 ), equal to the substructure mass fraction inside the radii
 200 and R 500 , respectively. Using these two radii allows us to probe
oth the outer and inner regions of a cluster: as Cui et al. ( 2017 ) show,
ynamical state indicators are dependent on cluster-centric distance.
(ii) 	 r : the offset of the centre of mass of the cluster from the

ensity peak of the cluster halo, as a fraction of the cluster radius
 200 . Similarly to f s , 	 r ( R 200 ) and 	 r ( R 500 ) are both used, which

re each calculated using the centre of mass of all material inside the
adii R 200 and R 500 , respectively. 

(iii) η: the virial ratio, a measure of how well a cluster obeys
he virial theorem, based on its total kinetic energy, T , its total
otential energy, W , and its energy from surface pressure, E s . It
s typically defined in the literature as ˜ η = (2 T − E s ) / | W | , so that
˜ = 1 for virialized haloes. Ho we ver, PCA is designed to capture
inear, monotonic relationships between v ariables. This v ariable,
here the ‘extreme’ cases (most virialized haloes) correspond to

n intermediate value ( ̃  η = 1) is therefore not well suited to PCA.
onsequently, we perform a transformation, defining a new η such

hat 

= 

∣∣∣∣ ( 2 T − E s ) 

| W | − 1 

∣∣∣∣ . (2) 

ncreasing values of this quantity correspond to a greater deviation
rom virialization, and thus to less virialized haloes, making this
uantity better suited for use in PCA. Note also that this virial ratio
iffers from the classic definition of virialization, due to the additional
urface pressure term which accounts for clusters’ ongoing accretion
f material (Poole et al. 2006 ; Shaw et al. 2006 ). The surface pressure
s calculated as the energy from surface pressure integrated over the
alo boundary – a detailed mathematical description is given in
ection 3 of Cui et al. ( 2017 ). The virial ratio is also calculated twice,
or all material inside R 200 and R 500 . 

(iv) z 0 . 5 : the formation time of a cluster: the redshift at which the
luster mass, M 200 , is equal to half its value at z = 0. 

(v) λ: a dimensionless spin parameter, used to describe the bulk
otation of a cluster. It is defined in the same way as Bullock et al.
 2001 ), 

= 

J 200 √ 

GM 

3 
200 R 200 

, (3) 

here J 200 is the total angular momentum of material inside R 200 . We
ote that other definitions of the cluster spin also exist (e.g. Peebles

http://popia.ft.uam.es/AHF
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969 ), but we use this value as it is calculated using only mass within
 well-defined radius, R 200 . 

(vi) c/a: sphericity, the ratio of the minor and major axes of the
luster halo’s moment of inertia tensor. As this calculation of the 
oment of inertia includes all particles (dark matter, gas, and stars), it

ccounts for these particles’ varying masses accordingly. We note that 
e veral alternati ve measures of cluster shape are also used throughout
he literature, including triaxiality , ellipticity , and prolaticity (Lau 
t al. 2021 ), but we only use sphericity in this work. 

(vii) c 200 : the concentration of the dark matter halo. This is equal
o the ratio between R 200 and R s , the scale radius of a halo, as defined
y an NFW profile (Navarro, Frenk & White 1996 ). Here, ρ( r) is the
ark matter density of a halo as a function of halo-centric distance,
nd ρ0 is some characteristic density: 

( r) = 

ρ0 (
r 
R s 

) (
1 + 

r 
R s 

)2 . (4) 

his is an output from AHF , which selects cluster centres based on
 density peak finder. The concentration of a halo is not calculated
irectly, but is instead a numerical solution to equation (9) in Prada
t al. ( 2012 ), based on the maximum circular velocity of a cluster. 

(viii) z merge , 50 : the redshift at which a cluster last experienced a 
erger that increased its mass by more than 50 per cent. These

re equal to the values of z start calculated in Contreras-Santos et al.
 2022 ), which describe the jump in the mass accretion history of the
luster and therefore the onset of a merger phase. 

(ix) γ : the mass accretion rate of the cluster, defined as the 
ractional increase in M 200 within the last dynamical time, t d . We
se the crossing time of a cluster as its dynamical time (see Binney
 Tremaine 1987 ; Contreras-Santos et al. 2022 , for example), equal

o 

 d � 

R 200 

v circ 
= 

√ 

R 

3 
200 

GM 200 
. (5) 

sing the definition of M 200 , and the fact that the critical density
crit = 3 H 

2 / 8 πG , we find that the dynamical time at z = 0 is given
y t d � 1 / (10 H 0 ). For the cosmology used in THE300 simulations,
his dynamical time is equal to approximately 1.4 Gyr, or a redshift
f z = 0 . 1. Hence, the value of γ is the fractional increase in mass
etween z = 0 . 1 and z = 0. 

(x) N fil : the number of filaments, or connectivity, of a cluster. 
he connectivity of each cluster was calculated using the DIScrete 
ERsistent Structure Extractor (DisPerSE) filament finding algo- 
ithm (Sousbie 2011 ). In our specific case, the cosmic filaments 
ere identified based on the number density of gas particles around 
 cluster. Multiple definitions for the connectivity of clusters exist 
we use it to refer to the number of these filaments beginning at

he cluster centre (node) and passing through a sphere of radius
 200 surrounding the cluster. Cosmic filaments around the clusters 

n THE300 have been studied extensively in other works via galaxies 
Cornwell et al. 2022 ; Kuchner et al. 2022 ) and their gas component
Santoni et al. 2024 ). 

(xi) D n,f : this environment parameter is defined as the distance 
o the n th nearest halo whose mass is greater than f M 200 , in units
f R 200 . In our case, we use n = 1, f = 0 . 1, and so D 1 , 0 . 1 is the
istance to the nearest halo whose mass is greater than one-tenth 
f the cluster’s mass (see also Jeeson-Daniel et al. 2011 ; Wong &
aylor 2012 ). This is consequently a measure of how isolated a
alaxy cluster is from other clusters with masses of the same order
f magnitude. 
(xii) N 200 : richness, the number of cluster members whose abso- 
ute magnitude is between m 3 and m 3 + 2, where m 3 is the magnitude
f the third-brightest cluster member (this definition is given by Abell
958 , and while multiple definitions of cluster richness exist, this is
he one we use throughout this work). We use R-band luminosities,
alculated using the stellar population synthesis code STARDUST (see 
evriendt, Guiderdoni & Sadat 1999 ). 
(xiii) m 12 : difference in magnitude between the brightest and 

econd-brightest cluster member galaxies, or ‘magnitude gap’. 
ultiple names are used throughout the literature to refer to this

roperty, or similar properties (e.g. the ‘fossil parameter’ in Ragagnin 
t al. 2019 , also used as a measure of dynamical state). As in
ur calculations of cluster richness, we calculate this using R-band 
agnitudes. 
(xiv) σBCG : the velocity dispersion of stars in the BCG of our

imulated clusters. This was calculated using the stellar particles 
ocated within a spherical aperture of radius 200 h 

−1 kpc around the
entre of the cluster halo, a radius which should include most of the
aterial associated with the BCG (Lin & Mohr 2004 ; Contreras-
antos et al. 2022 ). 

It should be noted that the order in which we present these 17
ynamical state indicators is arbitrary. In principle, one could group 
hese parameters together – for example, z 0 . 5 , z merge , 50 , and γ all
epend on temporal information about a cluster. Ho we v er, we hav e
ot chosen to do this here, as these properties are taken by our analysis
n a random order, without any further information relating them to
ne another. Later, we will deliberately reorder these 17 parameters 
ased on our PCA (see Section 3.1 ). 
These measurements are all dependent on information that is only 

vailable from the full 3D version of our simulations. While the
trength of this dependence varies, it means that none of these are di-
ectly measurable from observations. Some of these properties can be 
easured quite well in observations, such as the velocity dispersion 

f the BCG, σBCG , which can be measured using spectroscopy, and
he magnitude difference between the two brightest galaxies, m 12 . 
onversely, some are much more sensitive to 2D projection effects. 
 or e xample, the centre-of-mass offset, 	 r , is strongly dependent
n the viewing angle, particularly if the offset is caused by a single
ajor merger event. If the merger takes place along the line of sight,

he apparent offset will be minimal. If instead it occurs in the plane
f the sky, the calculated offset of the centre of mass will be apparent
nd measurable (see Zenteno et al. 2020 ). A similar property is
he sphericity, c/a – very different values of this will be measured
epending on whether a cluster’s major axis is aligned along the line
f sight or not. Other properties such as the substructure fraction,
 s , and cluster richness, N 200 , are likely to be measured quite well

n observations, but will still suffer somewhat due to the presence of
nterloper galaxies along the line of sight. Additionally, some of these
luster properties cannot be measured at all. The cluster formation 
ime, z 0 . 5 , requires knowledge of the growth histories of a cluster
 v er sev eral gigayears, which can be inferred from other properties
ut not measured directly. 

The fact that some of these properties are difficult, or impossible,
o measure observationally is a topic we plan to address in a future
tudy (see also Section 4 ). Ho we ver, in this work our focus is on the
ctual properties of a cluster, rather than the limitations of what can
e measured. The exception is the mock X-ray and SZ data that we
se, which we describe in the following subsection. 
MNRAS 532, 1031–1048 (2024) 
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.2.2 X-ray and SZ morphological parameters 

n De Luca et al. ( 2021 ), mock observations were created for all the
lusters of THE300 sample. Maps were generated for each of these
lusters in X-rays, and also as they would be seen through the SZ
ffect, in terms of the Compton parameter. From these maps, six
orphological parameters are calculated, as described below. More

igorous descriptions of these parameters, as well as details on the
roduction of the mock maps and a more thorough re vie w of the
iterature, can be found in De Luca et al. ( 2021 ). 

(i) A : asymmetry (Schade et al. 1995 ), the normalized difference
n flux between the original map, and a rotated map. The value
f A chosen is the maximum calculated from four different rota-
ions/reflections (90 ◦, 180 ◦, and reflection along the main cluster
xes). 

(ii) K: light concentration ratio (Santos et al. 2008 ), the ratio of
urface brightness computed within two concentric apertures. For the
-ray maps these are 0 . 025 R 500 and 0 . 25 R 500 , and for the SZ maps

hese radii are 0 . 05 R 500 and 0 . 25 R 500 . 
(iii) W : centroid shift (Mohr, Fabricant & Geller 1993 ), a measure

f how much the centroid of a map shifts as different apertures are
sed to calculate the centre. 
(iv) P : power ratio (Buote & Tsai 1995 ) is based on a multipole

ecomposition applied to the maps of the ICM. Specifically, P is the
hird-order power ratio. 

(v) G : Gaussianity (Cialone et al. 2018 ), the ratio of the two values
or standard deviation required to describe a 2D Gaussian fit to the
ap. This can distinguish elongated and circular clusters, and so is

nalogous to the cluster sphericity, c/a. 
(vi) S: strip variation (Cialone et al. 2018 ), the normalized

ifference between four light profiles, inclined by 45 ◦ to one another,
assing through the centroid. 

Additionally, De Luca et al. ( 2021 ) calculate M , a normalized,
inear sum of these six morphological parameters, each weighted
uch that the difference in M between relaxed and unrelaxed clusters
s maximized. Each of these seven total parameters (six parameters,
lus the combined measure) is calculated for both X-ray and SZ-
ffect maps, and we use subscripts to distinguish between these. For
n additional study using similar methods, we also refer the reader
o Campitiello et al. ( 2022 ). 

 RESU LTS  

.1 PCA of dynamical state indicators 

rincipal component analysis (PCA) is a commonly used dimen-
ionality reduction technique, which defines new variables (principal
omponents) in a multidimensional parameter space. These principal
omponents are linear sums of the input parameters, defined by
he eigenvectors of the covariance matrix of the data, meaning
hey are orthogonal and uncorrelated to one another. The principal
omponents can also be ordered based on the variance in the data
or which they account, thus allowing one to only consider the
most important’ components. These components can be interpreted
hysically, and can be used to identify correlations, trends, and
egeneracies in high-dimensional data. PCA requires the input data to
e standardized; we have applied this to each of our 17 parameters,
nd also for our subsequent UMAP analysis (Section 3.4 ). Some
iscussion of the non-standardized distributions can be found in
ppendix B . 
Fig. 1 shows the contributions of each of the 17 dynamical state
NRAS 532, 1031–1048 (2024) 
ndicators to the four major principal components, PC1, PC2, PC3,
nd PC4, as determined by PCA. For each dynamical state indicator,
ts contribution (i.e. the coordinate value in that dimension) to each of
hese four components is shown by the height of the bars, coloured
ased on the component number. Horizontal lines are marked at
0 . 24. We take component coordinates that have an absolute value

f greater than 0.24 to be ‘important’ contributing parameters to a
rincipal component; as these principal components are normalized,
he root-mean-square contribution is N 

−0 . 5 
par ≈ 0 . 24, where N par is the

imensionality of the data (17 in our case). While this distinction is
till somewhat arbitrary, it is in line with previous similar work, such
s Wong & Taylor ( 2012 ), who use a boundary of 0.3 for N par = 13.
hese data are also shown in Table 1 , and component coordinates
reater than 0.24 are shown in bold. 
Throughout the remainder of this work, we consider only these

our dominant principal components. Between them, these four
xplain 64 per cent of the variance of the 17 dynamical state indicators
38 per cent, 14 per cent, 6 per cent, and 6 per cent for PC1–
C4, respectively), as shown in Fig. A1 . We choose to consider
nly four parameters as this is the minimum number such that
very dynamical state indicator contributes strongly to at least one
rincipal component, and one of the aims of this work is to group
hese indicators in as simple a way as possible. While there is not
 sharp decrease in the importance of components after PC4, we do
ot believe that including these additional components allows for
ignificantly more scientific interpretation; this is discussed further
n Appendix A . 

The major contributors to each principal component can be
ummarized as follows: 

(i) PC1: substructure fraction, centre-of-mass offset, formation
ime, accretion rate, cluster richness, and dominance of BCG. 

(ii) PC2: virial ratio, concentration, accretion rate, and BCG
elocity dispersion. 

(iii) PC3: cluster spin, connectivity, and distance to nearest large
alo. 
(iv) PC4: sphericity, time since last major merger, and BCG

elocity dispersion. 

Throughout the remainder of this work, we have reordered our
7 indicators from the order in which they were presented in
ection 2.2.1 , based on the principal component to which they
trongly contribute (see Fig. 2 , for example). 

We can interpret these principal components physically, as four
ifferent forms of dynamical state. 
PC1 describes the formation time of a cluster, and the properties

f galaxies in this cluster – that is, whether a cluster is a recently
orming rich cluster with many bright galaxies, or an old, poor cluster
ominated by a single BCG. This component primarily describes the
istory of substructure accretion by this cluster, and is the ‘most
mportant’ principal component, explaining more than one-third of
he total variance in the data set. 

PC2 describes the relaxation and virialization of the dark matter
alo of the cluster. It is dependent on whether the halo is virialized or
ot, and how concentrated it is. In turn, the BCG velocity dispersion is
lso included in this. Highly concentrated haloes have a greater BCG
elocity dispersion as their central dark matter density is greater,
hile low-concentration haloes (those with more of a central core)
ave a lower BCG velocity dispersion. 
PC3 represents the local environment of a cluster: how connected

t is to cosmic filaments, and whether it is in an isolated region of the
niverse. The local environment will impact the shear forces on a

luster, potentially explaining the inclusion of spin in this component.
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Figure 1. Contribution of each of the 17 dynamical state parameters to the four main principal components, as determined by PCA. Dynamical state indicators 
are listed horizontally, and the value of the bars shows the coordinate value of that dimension for PC1, PC2, PC3, and PC4, coloured based on the component 
number. Horizontal lines are marked at ±0 . 24, the root-mean-square contribution of any parameter to a given principal component – this is the boundary at 
which we consider a parameter to be an ‘important’ contributor to that principal component. These data are tabulated in Table 1 . 

Table 1. Coordinate values for the four major dynamical state principal 
components (these data are also shown in Fig. 1 ). Component coordinates 
with an absolute value greater than 0.24 are highlighted in bold. 

Parameter PC1 PC2 PC3 PC4 

f s ( R 200 ) −0.36 −0.12 0.03 0.15 
f s ( R 500 ) −0.32 0.09 0.13 0.09 
	 r ( R 200 ) −0.32 −0.13 0.03 −0.02 
	 r ( R 500 ) −0.33 0.04 0.08 −0.08 
η( R 200 ) −0.16 0.39 −0.11 0.05 
η( R 500 ) −0.09 0.37 −0.23 0.11 
z 0 . 5 0.35 −0.01 −0.11 0.13 
λ −0.18 −0.12 −0.32 −0.18 
c/a 0.18 0.16 −0.13 −0.56 
c 200 0.10 0.52 −0.07 −0.11 
z merge , 50 0.19 −0.07 −0.22 0.65 
γ −0.27 0.28 −0.12 −0.12 
N fil 0.02 0.18 0.77 0.09 
D 1 , 0 . 1 0.16 0.19 0.34 −0.04 
N 200 0.26 0.11 0.01 0.04 
m 12 0.35 0.10 −0.05 −0.07 
σBCG −0.11 0.43 −0.09 0.36 
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PC4 includes the information on whether this cluster is a recent
er ger. Currently mer ging clusters are unlikely to be spherical as

hey will consist of a superposition of two approximately spherical 
aloes. Moreo v er, Contreras-Santos et al. ( 2022 ) use THE300 data
o show that BCG properties are strongly impacted by major 

ergers, explaining the inclusion of BCG velocity dispersion in this 
omponent. 

Interestingly, we note that PC4 actually consists of a positive 
 merge , 50 component and a ne gativ e c/a component, implying that the
alue of this component is greater for elongated clusters, and those
hat last merged long ago. While this is not necessarily expected, 
e believe that this behaviour is a consequence of the definition
f z merge , 50 , which only includes mergers that have already finished
ongoing mergers will not be counted as a ‘recent merger’, even

hough their measure of c/a will be strongly impacted (this is the
ame as the ‘reduced’ merger sample in Contreras-Santos et al. 2022 ). 
dditionally, we note that both of these parameters also appear in
C1 (albeit with lower contributions than in PC4) and vary in the
ame direction. PC1 explains more of the total variance than PC4,
nd so some of the merger behaviour is also encompassed within
C1, as well as in PC4. This is supported by the fact that there is no
ignificant o v erall correlation between z merge , 50 and c/a (Spearman’s 
ank, ρs = 0 . 06, p = 0 . 30, as shown later in Fig. 3 ). 
MNRAS 532, 1031–1048 (2024) 
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M

Figure 2. Spearman’s rank correlation coefficient, ρs , between the 17 dynamical state parameters described in Section 2.2.1 , and the seven observable 
morphological parameters described in Section 2.2.2 , for both X-ray and SZ mock observations (separated by a horizontal black line, with X-ray measurements 
in the top half). The colour of each cell represents the (absolute) value of the Spearman’s rank; the lighter colours represent a stronger correlation. The value of 
the Spearman’s rank is also written in each cell. Note that the 17 dynamical state indicators have been reordered, and grouped together based on the principal 
component to which they contribute (see Section 3.1 ). 
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Similarly, we note that PC2 includes positive contributions from
, c 200 , γ , and σBCG , indicating that a greater value of this component
orresponds to clusters that are non-virialized, rapidly accreting, have
 disturbed BCG, and are highly concentrated. Mergers are generally
nown to make cluster haloes less concentrated, and so this result
s also unexpected. It can potentially be explained by the fact that
ome of the components of PC2 (such as γ ) also contribute to PC1,
imilarly to how some elements of PC4 contribute to PC1. Also, as
hown in Wang et al. ( 2020 ), the relationship between mergers and
alo concentration can be somewhat complex and non-monotonic;
e discuss this further in Section 3.4 . 
Each of these four principal components are, by definition,

rthogonal and uncorrelated, and they are each driven by specific
roperties of a cluster. Ho we ver, it is important to note that these
our different forms of the dynamical state of a galaxy cluster are
ot independent of one another; multiple dynamical state indicators
ontribute in a non-negligible way to several principal components.
e do not perform a detailed, qualitative analysis of the relationship

etween these different forms in this work, but instead focus on
xploring these four different dimensions of dynamical state. 
NRAS 532, 1031–1048 (2024) 

T  
.2 X-ray and SZ morphological indicators 

his paper is primarily a theoretical study, focusing on properties that
re taken directly from simulations, rather than from mock observa-
ions of simulated clusters. In this section we draw some connections
o observational astronomy, by comparing these parameters to mock
-ray and SZ observations of the same galaxy clusters. 
To test which of the different interpretations of ‘dynamical state’

escribed in Section 3.1 are actually probed by X-ray and SZ
orphological parameters, in Fig. 2 we show the Spearman’s rank

orrelation coefficient between each of these 12 observables (plus
he composite parameters, M X and M SZ ) and the 17 dynamical state
ndicators that we use. Here we only show the magnitude of the
pearman’s rank – that is, we do not distinguish between positive
nd ne gativ e correlations, we are only studying the strength of the
orrelation. 

Overall, the morphological parameters correlate well with dynam-
cal state indicators that contribute strongly to the primary principal
omponent, PC1, with a median correlation coefficient of 0.53
median of the absolute values of the Spearman’s rank coefficients).
he exception to this is the Gaussianity of the cluster, which does
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Figure 3. Spearman’s rank correlation coefficient, ρs , between all 3D dynamical state parameters. The darker coloured cells represent stronger correlations; 
the value of the Spearman’s rank is also written in each cell. A corner plot showing the distributions of each of these parameters can be found in Appendix B . 
The principal component to which each dynamical state indicator contributes is indicated at the top of the figure, and by the coloured bars along the axes. 
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ot correlate as well with the PC1 parameters, regardless of whether 
t is measured from X-ray or SZ maps. This result is not unexpected

previous studies have also found that Gaussianity is generally 
 less informative parameter than other X-ray/SZ morphological 
arameters. F or e xample, De Luca et al. ( 2021 ) show that G is
eighted three to four times weaker than the other parameters in 

he calculation of the composite parameter M . They attribute this 
o several factors: Gaussianity is mostly dependent on the global 
hape of a cluster, not on cluster substructure, and is also highly
ependent on projection ef fects. Furthermore, e ven virialized dark 
atter haloes can have an ellipsoidal (non-spherical) shape, and 

o it is not necessarily a good metric for distinguishing relaxed 
nd unrelaxed clusters. Similarly, Cialone et al. ( 2018 ) show that
aussianity calculated from SZ maps is less ef fecti ve at separating

lusters by dynamical state, and give similar reasons for this finding. 
In both of these sets of mock observations, the weighted sums

f morphological parameters ( M X and M SZ ) correlate most strongly
ith the elements of PC1. This is predictable, given that M is defined

n such a way that the difference in M between relaxed and unrelaxed
lusters is maximized. These results are in general agreement with 
e Luca et al. ( 2021 ). It is important to note that the apertures for
alculating these morphological parameters were chosen such that 
lusters could be separated based on f s ( R 500 ) and 	 r ( R 500 ). Ho we ver,
he correlations of the morphological parameters with f s ( R 200 ) and
 r ( R 200 ) are similarly strong, and so we do not consider this to be

n issue in our analysis. 
The X-ray and SZ morphological parameters correlate far less 

ell with the parameters that contribute to PC2, PC3, and PC4 –
he median (absolute) Spearman’s rank coefficient is equal to 0.24 
or these combinations. The exception to this is, once again, the
luster Gaussianity, particularly in X-rays. For parameters in PC1, 
he correlation coefficients associated with G X were lower than those 
or the other morphological indicators, but for several parameters in 
C2, PC3, and PC4, G X is comparable to the other morphological

ndicators. F or e xample, G X has a moderate correlation with the
luster sphericity c/a ( ρs = 0 . 23, p = 2 × 10 −5 ), due to the fact that
 X is a direct measure of a cluster’s shape. 
These results are summarized in Table 2 , which shows how each of

hese 14 morphological measurements of each cluster correlate with 
he four main principal component values of that cluster. Indeed, 
MNRAS 532, 1031–1048 (2024) 
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M

Table 2. Spearman’s rank correlation coefficient between X-ray and SZ 

morphological parameters, and each of the four principal components. These 
data are similar to that shown in Fig. 2 , but showing the correlation coefficient 
for each full principal component, not for their contributing dynamical state 
indicators. 

Observable PC1 PC2 PC3 PC4 

A X −0.65 −0.11 −0.08 0.08 
K X 0.72 0.13 −0.07 0.04 
W X −0.71 −0.17 0.04 0.06 
P X −0.70 −0.03 0.01 0.02 
G X 0.25 0.11 0.02 −0.07 
S X −0.57 −0.12 −0.04 0.06 
M X −0.78 −0.13 0.01 0.05 
A SZ −0.64 −0.11 −0.04 0.11 
K SZ 0.75 0.23 −0.11 0.02 
W SZ −0.73 −0.11 −0.01 0.07 
P SZ −0.60 −0.01 0.02 0.03 
G SZ 0.18 −0.05 −0.05 −0.05 
S SZ −0.63 −0.06 −0.08 0.12 
M SZ −0.82 −0.14 0.02 0.06 
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e see that (apart from the Gaussianity), each of these X-ray/SZ
easures correlates well with PC1, which we interpret as a measure

f the time since much of the cluster’s galaxy population was accreted
nd built up (see Section 3.1 ). Ho we ver, the halo virialization (PC2),
ocal environment (PC3), and recent merger history (PC4) do not
orrelate as well with any of the morphological parameters. 

Despite the fact that the observable morphological properties of a
luster only strongly correlate with the dynamical state indicators that
ake up PC1, there are still correlations between other indicators.
ig. 3 shows the Spearman’s rank correlation coefficient between
ll 17 of these 3D (non-observational) parameters. For example, the
ime since the last major merger, z merge , 50 , and the cluster formation
ime, z 0 . 5 , hav e a positiv e correlation ( ρs = 0 . 50). This result is quite
ntuitive, as clusters that have recently merged will not have a high
ormation redshift. Other dynamical state indicators also correlate
ell – for instance, all five of the parameters that contribute to PC2

how weak to moderate correlations with each other ( | ρs | ≥ 0 . 20,
 ≤ 2 × 10 −4 ). These correlations are weaker for the dynamical
tate indicators in PC3 and PC4, but this is not unexpected given
hat these components explain less of the variance of the total data
et (see Fig. A1 ). 

This figure also displays some counter-intuitive results. For exam-
le, one might consider clusters with lots of substructure to be ‘rich’,
ut there is actually a ne gativ e correlation between f s and N 200 (for
 s ( R 200 ), ρs = −0 . 63, and for f s ( R 500 ), ρs = −0 . 46). This is due

o the fact that N 200 is defined by the number of galaxies of similar
agnitude to the third brightest, and clusters with lots of substructure

re more likely to hav e sev eral bright galaxies, meaning that the
hreshold for galaxies to be counted in N 200 is higher. Nevertheless,
 200 is a useful dynamical state indicator, although using the term

richness’ for this is somewhat ambiguous. While we do not explicitly
how the correlations between these parameters in Fig. 3 (for the sake
f clarity), we have included a corner plot showing these correlations
n Appendix B . 

.3 Mass accretion histories of clusters 

n order to try and learn more about the dynamical histories of
hese clusters, we separate our sample of 324 clusters based on
he coordinate values of their principal components, and study their
NRAS 532, 1031–1048 (2024) 
ass accretion histories. A similar analysis was performed by Wong
 Taylor ( 2012 ), who also split simulated dark matter haloes into

ifferent classes based on PCA analysis. They show that the mass
ccretion histories of their classes of clusters differ – their first
rincipal component separates the clusters into early-forming and
ate-forming, and their second component describes whether a halo’s
rowth is accelerating or decelerating. 
For our similar analysis, we find the upper and lower quartiles of

he values of each of our principal components. For example, based
n PC1, we have a group of clusters that have low values of PC1, and
 group with high values. As the contribution of z 0 . 5 to PC1 is positive
0.35, see Table 1 ), this also implies that selecting clusters with low
alues of PC1 is equivalent to choosing a group with low values of
 0 . 5 , making them a ‘late-forming’ quartile. Similarly, we describe
he group with high values of PC1 (and so higher values of z 0 . 5 ) as the
early-forming’ quartile. We then look at the median mass accretion
istory of the clusters in each of these two extreme groups, ignoring
he intermediate clusters. The median mass accretion histories for
ach principal component are shown in Fig. 4 . 

When splitting clusters by their PC1 coordinate values, we see a
lear difference between the mass accretion histories. As expected,
he mass of the early-forming clusters is built up far earlier. On
verage, the early-forming clusters have built up half of their mass
y a redshift of 0.7, while the late-forming clusters do not do this until
 redshift of 0.2. This is very similar to the first principal component
ound by Wong & Taylor ( 2012 ), which also splits their haloes into
arly-forming and late-forming. 

We interpret the PC2 coordinate values as separating the clusters
ased on how virialized are their dark matter haloes. Separating
he clusters based on their PC2 coordinate values, we find that the
ifference in their mass accretion histories is less pronounced than
or PC1, and that there is a significant o v erlap in the spread of
he data. Ho we ver, by ‘bootstrapping’ the data, we can study the
ncertainty in the median mass accretion histories. From this, we
nd that there is a significant difference between the clusters split by
C2, particularly at low redshifts. The ‘more virialized’ clusters have
xperienced only a very small change in mass since z = 0 . 1, having
n average mass at z = 0 . 1 of (0 . 97 ± 0 . 01) M 200 ( z = 0) (median
nd uncertainty). Meanwhile, the ‘less virialized’ clusters have an
verage mass of (0 . 80 + 0 . 02 

−0 . 07 ) M 200 ( z = 0) at z = 0 . 1. This indicates
hat this ‘virialization’ component is strongly dependent on the very
ecent growth history of a cluster, although we emphasize that there
s a large o v erlap in the spread of these data. We also note that
he shapes of these mass accretion histories are similar to the mass
ccretion histories of haloes that Wong & Taylor ( 2012 ) separate by
C2. They describe these as accelerating or decelerating growth rates,
lthough their PC2 component is interpreted as describing the shape
nd spin of their haloes, not the ‘virialization’ as we find. Some slight
ariations between our results and those of Wong & Taylor ( 2012 )
re to be expected, as their work uses dark-matter-only simulations,
ot hydrodynamical simulations. The baryonic effects in THE300 are
articularly strong in the cluster centres (Haggar et al. 2021 ), a region
n which PC2 appears to be strongly dependent (see also Section 4 ).
The component values of the third principal component, PC3, do

ot appear to have a strong impact on the mass accretion histories
f clusters. Splitting the clusters by their coordinate values in this
omponent (into ‘symmetric environments’ with many filaments
nd a large distance to the nearest large halo, and ‘asymmetric
nvironments’ with few filaments and a nearby large halo) does not
how a large difference in mass accretion histories. This indicates that
he present-day local environment of a cluster is not closely tied to its

ass accretion history, although Fig. 3 does show a weak correlation
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Figure 4. Median mass accretion histories for clusters, split based on the values of their principal components, with a different principal component considered 
in each panel (PC1 in top-left, PC2 in top-right, PC3 in bottom-left, PC4 in bottom-right). The upper and lower quartiles of each principal component are shown. 
The horizontal axis shows redshift (bottom axis), and lookback time in units of the dynamical time at z = 0 (top axis), equal to approximately 1.4 Gyr as defined 
in equation ( 5 ). The vertical axis shows the fraction of the z = 0 mass that has been built up by a given time. The faint lines show the mass accretion histories 
of individual galaxy clusters. Some of these have temporary decreases in mass, which can be explained by several well-established mechanisms, such as the 
decrease in M 200 as a halo virializes after a period of rapid growth (e.g. Tormen, Bouchet & White 1997 ), or through mismatches in halo tracking (Fakhouri & 

Ma 2009 ; Behroozi et al. 2015 ). The thick lines show the median accretion history for that group, the light shaded regions and thin lines show the 1 σ (16-84 
percentile) spread in the data, and the dark shaded regions show the uncertainty in the median. 
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etween z 0 . 5 and D 1 , 0 . 1 ( ρs = 0 . 22, p = 6 × 10 −5 ). We also note that
 physical interpretation of this component is challenging. Based 
n past work, one would expect that relaxed clusters have both 
ewer filaments and a large distance to their nearest neighbour, but 
plitting clusters based on their PC3 values puts clusters with many 
laments in a group with those that have a large distance to the
earest neighbour. Ho we ver, this is likely due to the weak correlations
etween the components of PC3 that we find throughout this work, 
articularly N fil (also shown in Fig. 3 ). We discuss the strength of
hese correlations further in Section 3.4 . 

For the fourth principal component, PC4, the accretion histories 
re similar, although there is a slight difference in the shapes of the
rofiles; similarly to in PC1, the ‘relaxed’ (non-merging) clusters 
uild up their mass at slightly earlier redshifts. Ho we ver, the main
ifference between the recent mergers and non-mergers is that the 
pread in mass accretion histories is far greater in recently merged
lusters. F or e xample, at z = 0 . 2, the non-merging clusters hav e an
verage mass of 0 . 77 + 0 . 17 

−0 . 23 times their present-day mass (median and
 σ spread). In contrast, the recently merging clusters have an average
ass of 0 . 73 + 0 . 28 

−0 . 32 times their present-day mass, corresponding to a 50
er cent greater spread. This increased spread in accretion histories 
or recently merging clusters is likely due to the stochastic nature
f mergers – these objects will have experienced a large jump in
heir mass at some recent time, but the exact time of this jump varies
MNRAS 532, 1031–1048 (2024) 
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etween clusters. Again, this is similar to the findings of Wong &
aylor ( 2012 ), who explain that mass accretion histories are not well
odelled by smooth curves due to the stochasticity of merger events.

.4 Cluster dynamical state with UMAP 

niform manifold approximation and projection (UMAP; McInnes
t al. 2018 ) is an alternative dimensionality reduction technique to
CA. UMAP is commonly used as part of more complex machine

earning studies, but is also a useful data visualization method in its
wn right. UMAP involves first constructing a graph of data points
in our case, 324 galaxy clusters), each connected to their nearest N 

eighbours in a high-dimensional space (the 17 dimensions defined
y the dynamical state indicators). Some additional connections
etween points are also added, with a decreasing likelihood for points
eparated by greater distances. Next, a low-dimensional space, the
embedding space’, is populated randomly with (324) corresponding
ata points. These are iteratively repositioned according to some loss
unction. This function is designed to match the pairwise distances
etween connected points in the new low-dimensional space to the
airwise distances in the original high-dimensional space. 
This process preserves local structure in the data set, meaning

hat objects with similar properties remain close together in the low-
imensional ‘embedding space’. It also preserves global properties
f the data set, so that groups of objects that are far apart in the high-
imensional space remain separated from one another. Similarly
o PCA, UMAP is able to reduce a high-dimensional data set
nto a smaller number of parameters (in our case, tw o). Unlik e
CA ho we ver, the stochastic, iterative nature of UMAP allows
or complex, non-linear relationships between parameters to also
e captured. This means that the outputs of UMAP are harder to
hysically interpret – whereas PCA produces mathematically well-
efined axes, the output ‘axes’ of UMAP are determined numerically.
imilarly, a simple measure of the fractional variance that is captured
y UMAP, analogous to the ‘explained variance’ of PCA, does not
xist (McInnes et al. 2018 ). We use UMAP as a complementary
ethod to PCA, approaching the same problem but in a different
ay. 
Fig. 5 shows the results of our UMAP analysis for the 17 dynamical

tate indicators also used in the PCA. Each point represents one
alaxy cluster, with the horizontal and v ertical ax es showing the
wo combined parameters produced by the two-dimensional UMAP
nalysis, analogous to the principal components that we summarized
n Table 1 . Due to the definition and optimization processes in UMAP,
oints that are close together on a UMAP plot are close together in
he 17-dimensional space that we started with. Consequently, these
re likely to be dynamically similar clusters. As the UMAP axes are
 dimensionless (due to the standardization of the data), complex
ombination of many parameters, these axes are left unlabelled for
larity. 

Each panel in this figure shows data for one of our 17 3D dynamical
tate indicators, and the colour of each point in this panel represents
he value of this dynamical state indicator for each cluster. Linear
olour scales are used for each, but the colour scale is flipped for some
uantities, such that the clusters we interpret as more dynamically
elaxed (according to this individual parameter) are shown by darker
olours. This allows us to see which regions of this new UMAP
mbedding space contain dynamically relaxed clusters, according to
ach of the different definitions. Similarly to in Fig. 2 , the panels
re grouped by the principal component to which they most strongly
ontribute, according to our PCA – otherwise, this approach is fully
ndependent of our PCA. 
NRAS 532, 1031–1048 (2024) 
For each of these panels, we calculate the direction in which the
-axis (i.e. the value of the dynamical state indicator) varies most
uickly, and thus the direction in this space in which the clusters
ecome more dynamically unrelaxed. We do so using the partial
orrelation coefficients (PCCs) approach described in Lawrance
 1976 ); see also Baker et al. ( 2022 ) for a clear explanation of this
ethod. The PCC between two quantities, A and B, while controlling

or a third quantity, C, is given by ρAB| C , and is calculated using the
quation below: 

AB| C = 

ρAB − ρAC ρBC √ 

1 − ρ2 
AC 

√ 

1 − ρ2 
BC 

. (6) 

Here, ρXY is the Spearman’s rank correlation coefficient between
wo quantities, X and Y . Equation ( 6 ) allows the partial correlation
oefficient between the colour (the value of the dynamical state
ndicator) and the vertical UMAP axis to be found, while controlling
or the horizontal axis. Similarly, we find the PCC between the colour
nd the horizontal UMAP axis, while controlling for the vertical axis.
he ratio of these two PCCs can then be used to calculate the maximal
ariation direction of the colour in the UMAP embedding space (see
lso Bluck et al. 2020 , for further details of this method). We plot
ach of these directions of maximal dynamical state variation in
he top-left panel of Fig. 5 , coloured by the principal component
o which they contribute most strongly. The length of each arrow
s equal to the Spearman’s rank correlation coefficient between the
ynamical state indicator (colour) and the position of clusters along
his direction in embedding space. Each arrow is also shown on
he bottom-left corner of the panel to which it corresponds. This
op-left panel therefore shows which direction in this embedding
pace contains the unrelaxed clusters, according to each of the 3D
ynamical state measures. 
Fig. 5 shows that each of the parameters making up the first

rincipal component of dynamical state ( f s ( R 200 ), f s ( R 500 ), 	 r ( R 200 ),
 r ( R 500 ), z 0 . 5 , m 12 , and N 200 ) vary in approximately the same

irection across the UMAP plots, from bottom to top. According to
hese measures, the relaxed clusters are generally found at the bottom
f these plots, and the unrelaxed clusters at the top. This indicates that
he UMAP has also grouped clusters based on this interpretation of
ynamical state, separating clusters that have formed and developed
heir substructure recently, from those that formed long ago. The top-
eft panel of Fig. 5 confirms that the increasingly disturbed clusters,
ccording to PC1 parameters, are at the top of the UMAP plots. 

Ho we ver, the dynamical state indicators that contribute to the
econd, third, and fourth principal components do not all vary in
he same way. The PC4 parameters ( c/a and z merge , 50 ) do follow
 similar trend to those in PC1, with more dynamically disturbed
lusters (low- z merge , 50 and low- c/a) being found near the top of the
lot – this is consistent with our interpretation of PC4 in Section 3.1 ,
here we described how some of the merger history behaviour is also

ncluded in PC1. The PC2 indicators, representing the virialization
nd concentration of the cluster haloes ( η( R 200 ), η( R 500 ), and c 200 ),
nstead vary more strongly from right to left, although not all in
he same direction; γ follows a similar trend. The UMAP can also
eparate clusters by their environmental dynamical state indicators
PC3: λ, N fil , and D 1 , 0 . 1 ), but not very well, indicated by the weak
rends in these panels. The high- λ and low- D 1 , 0 . 1 clusters, usually
nterpreted as unrelaxed, are located towards the top of the plot –
hese trends are not strong, but are significant, and are along the
ame axis as the PC1 components’ trends. For spin, λ, | ρs | = 0 . 44.
or the environment parameter, D 1 , 0 . 1 , | ρs | = 0 . 24 ( p = 10 −5 ). The
umber of filaments and UMAP position correlate in the opposite
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Figure 5. UMAP of 17 cluster properties, also used in PCA. For all panels apart from top-left, each point represents one galaxy cluster, with the horizontal 
and v ertical ax es representing the first and second UMAP ax es, respectiv ely. The colour of each point shows the value of one dynamical state indicator for that 
cluster – the specific indicator is written in the bottom-left of each panel. The colour scale has been implemented using our interpretation of the dynamical 
state parameters, such that a darker colour represents clusters that are dynamically relaxed according to that single parameter. For f s ( R 200 ), f s ( R 500 ), 	 r ( R 200 ), 
	 r ( R 500 ), γ , η( R 200 ), η( R 500 ), σBCG , λ, and N fil , lighter colours represent greater values of these parameters (as defined in Section 2.2.1 ). For z 0 . 5 , N 200 , m 12 , 
c 200 , c/a, z merge , 50 , and D 1 , 0 . 1 , lighter colours represent lower values. For simplicity, quantitative colour bars are not shown here. In the top-right of each panel, 
the principal component (or components, in the case of γ and σBCG ) to which that parameter belongs is indicated. The dynamical state indicators are grouped in 
the same way as in Fig. 2 . For each of these panels, we calculate the direction in which the clusters become more disturbed (less relaxed) using partial correlation 
coefficients (PCC) analysis. These directions, coloured by the principal component to which the parameter belongs, are shown in the top-left panel. For γ and 
σBCG , these arrows are dashed with colours corresponding to the two components to which they contribute. The length of each arrow represents the strength of 
the correlation, quantified by the Spearman’s rank correlation coefficient, ρs , with the black circle showing where ρs = 1. The magnitude and directions of each 
arrow is also included in the bottom-left of the panel to which it corresponds. With the exception of N fil , all of these correlations are significant ( p ≤ 10 −5 ). 
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irection along the same axis, but this correlation is not significant
 | ρs | = 0 . 10, p = 0 . 06). 

This UMAP analysis gives many subtle results that are not
mmediately straightforward to interpret, but o v erall it confirms
he indications of our PCA – the different groupings of clusters
n the plots correspond to different classes of dynamically relaxed
bjects. F or e xample, the early-forming, low-substructure clusters
PC1) are found at the bottom of the UMAP plots. These clusters
ave highly concentrated haloes, as would typically be expected of
 relaxed cluster (Yuan & Han 2020 ). At the top of the UMAP plots,
e instead find recently formed clusters. Ho we ver, there is also a

hird major population of clusters in the top-left of the plots – these
re dynamically unrelaxed haloes that have formed recently, have
uch substructure, and have non-virialized haloes, yet are highly

oncentrated. Clusters in this population have recently experienced
ajor mergers ( z merge , 50 ), and hav e v ery high accretion rates, γ ,

ndicating that they are currently accreting large amounts of material.
his is in contrast to the other clusters at the top of these plots, which
ave recently merged but have not accreted lots of material in the
ast dynamical time (since z = 0 . 1). This difference is equi v alent to
he mass accretion histories in the top-right panel of Fig. 4 , where
e group clusters based on PC2 and show that their recent ( z < 0 . 2)
rowth histories are different. 
These three populations can be interpreted as follows: high-

oncentration galaxy clusters are likely to have formed long ago,
hile low-concentration clusters are likely recently formed, often

fter a major merger. Ho we ver, if a merger is still ongoing, or if
arge amounts of galaxies are pulled into the cluster immediately
fterwards (potentially accompanying the merging cluster), this can
ake a cluster appear highly concentrated, and therefore dynamically

elax ed. This e xplanation is strongly supported by Wang et al.
 2020 ), who show that major mergers can produce oscillations in
oncentration, driving concentration up significantly when merging
aterial reaches the first pericentre of its orbit, before concentration

uickly decreases again. Alternatively, if a cluster is continuing to
ccrete large amounts of diffuse material into its halo (rather than a
ingle large object), this could also result in a high mass accretion
ate without a corresponding decrease in halo concentration. 

As a result of this, a simple measurement of the concentration of
 cluster is insufficient to draw conclusions about the virialization of
ts halo, its formation time, or its merger history . Additionally , the
ynamical state of a cluster’s BCG ( σBCG ) also seems to only probe
ome of these unrelaxed clusters. This complex behaviour cannot be
ully accounted for by a 1D linear fit, which explains our previous
ounter-intuitive result that highly concentrated clusters appear to be
ess virialized and rapidly accreting (Fig. 1 and Fig. 3 ); simplifying
his to a single correlation coefficient does not capture the complete
ehaviour. 
Additionally, the UMAP analysis shows that the early-forming

lusters can be split into two groups based on their merger histories.
he group in the bottom-left have not experienced major mergers

or a very long time ( ∼ 10 Gyr), or not at all throughout their
istory. Meanwhile, those in the bottom-right hav e e xperienced a
ajor merger more recently, although still not for several gigayears.
here seems to be a (weak) correlation with the connectivity of

hese clusters, N fil : early-forming clusters that have still experienced
 major merger are more strongly connected than early-forming
lusters that have never experienced a major merger. This may be
ndicative of the extremely long time-scales ( ∼ 10 Gyr) over which
osmic filaments are persistent, but a more detailed analysis would
e needed to investigate this connection. 
NRAS 532, 1031–1048 (2024) 

s  
 DI SCUSSI ON  A N D  C O N C L U S I O N S  

sing hydrodynamical simulations of galaxy clusters, we show that
he wide variety of parameters used in the literature to quantify
he ‘dynamical state’ of a cluster are actually probing multiple
roperties of a cluster. Consequently, by applying PCA, we conclude
hat the dynamical state of a cluster as described in the literature
s actually made up of approximately four different properties,
ummarized in Section 3.1 . To use any measurement (or set of
easurements) to describe a cluster as simply ‘dynamically relaxed’

r ‘dynamically unrelaxed’ is an incomplete description. Different
lasses of dynamically relaxed clusters exist, and so instead one must
pecify in which sense is a cluster relaxed. 

The main component of a cluster’s dynamical state is its ‘formation
ynamical state’, describing the formation time of a cluster – that
s, whether a cluster built up most of its mass and galaxy population
ecently or long ago. This formation state is indicated by galaxies and
ubstructure within the cluster. Recently forming clusters have more
ubstructure and a greater offset between their centre of mass and the
osition of their BCG. Additionally these clusters are typically less
ominated by a single, bright galaxy, and are accreting material at
 faster rate. This ‘formation state’ is similar to the dynamical state
sed in many previous studies (Cui et al. 2017 ; Gouin et al. 2021 ,
or example). It should be noted that several such studies include
he virial ratio, η, in this measure of dynamical state, making it
nalogous to a combination of our PC1 and PC2; ho we ver it has
een shown that the virial ratio is not an important contributor to
his measure of dynamical state (Haggar et al. 2020 ; De Luca et al.
021 ). As we see in Fig. 4 , separating clusters based on their first
rincipal component from our PCA is equi v alent to separating them
ased on their formation times, in agreement with Wong & Taylor
 2012 ). The ‘late-forming’ clusters have a median formation time
f z 0 . 5 = 0 . 2 ± 0 . 1, compared to z 0 . 5 = 0 . 7 ± 0 . 2 for the relaxed
early-forming’ clusters. 

In addition to this dynamical description of the subhaloes and
alaxies in a cluster, the diffuse material in the cluster halo itself can
e virialized and dynamically relaxed. This ‘virialization dynamical
tate’ describes how well the material in a cluster obeys the modified
irial theorem (accounting for surface pressure, see Poole et al. 2006 ;
haw et al. 2006 ). It is particularly well described by the properties of

he central regions of a cluster – the NFW concentration of the halo,
nd the velocity dispersion of the BCG – as well as the present-day
ccretion rate of the cluster, γ . The UMAP analysis in Section 3.4
lso showed that, in this space, the ‘virialization state’ varies along a
ifferent axis to the ‘formation state’, described by PC1. These com-
lex relationships can be seen through the apparent inconsistencies
hen only considering monotonic relationships between quantities.
 or e xample, Fig. 3 shows that highly concentrated haloes (typically
onsidered ‘relaxed’) correlate with having less substructure (a sign
f being relaxed), but also with a less virialized halo according to η.
he complex relationships between these dynamical state indicators
re much more apparent in Fig. 5 . 

Clusters can also be dynamically relaxed in terms of their local
nvironment, or in terms of their merger history. These components
f dynamical state are driven by global properties of a cluster, such as
heir shape and spin. These components are typically noisier, and the
luster properties that constitute these components do not correlate
s well with one another. Ho we ver, it is still meaningful to separate
lusters based on this – for instance, Fig. 4 shows an increased spread
n the mass accretion histories of recently merged clusters. 

Of these four forms of dynamical state, X-ray and SZ mea-
urements of morphological properties of clusters, such as their
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symmetry, concentration, and centroid shift, o v erwhelmingly probe 
he formation dynamical state (PC1). Generally, X-ray and SZ 

orphological parameters are very well suited to describing the 
ormation of clusters and their accretion of substructures, but not 
ell suited to describing the virialization of cluster haloes, their 
erger history, or their cosmic environment. This is not unexpected: 

s we discussed in Section 3.4 , mergers appear to have a somewhat
haotic effect on other dynamical state parameters, and can lead to a
luster halo appearing either relaxed or unrelaxed. Additionally, these 
orphological measurements, particularly the X-ray measurements, 

re heavily weighted towards the central regions of clusters ( R 500 

r smaller). We would therefore not necessarily expect them to be 
ood indicators of clusters’ larger scale cosmic environments. There 
re also some slight exceptions to this rule – for example, the light
oncentration ratio calculated from the SZ-effect, K SZ , does indeed 
orrelate with the NFW concentration, c 200 ( ρs − 0 . 37). 

As stated previously, this work is very much a theoretical, 
imulation-focused study of dynamical state, and any further detailed 
nalysis of observable cluster properties is beyond the scope of this
aper. Ho we ver, numerous other observable properties of clusters 
xist, and in future work we hope to examine how these observable
uantities correspond to dynamical state. F or e xample, although the 
ock X-ray observations used in this work are focused on the cluster

entres, X-rays can also be used to map out substructures in cluster
utskirts (Zhang et al. 2020 ), and even cosmic filaments (Walker et al.
019 ; Biffi et al. 2022 ). Other measures of cluster X-ray and SZ maps
lso exist, such as decomposition into Zernike polynomials (Capalbo 
t al. 2021 ). Beyond this, optical data can also be used to quantify
he dynamical states of clusters, by determining properties such as 
heir substructure (Wen & Han 2013 ), richness, and brightest galaxies 

agnitude difference, m 12 (Zhoolideh Haghighi et al. 2020 ). A future 
tudy (Cornwell et al. in preparation) will use THE300 simulations 
o investigate how cluster dynamical states can be determined using 
pectroscopic measurements. 

The results from this paper confirm that, although a description 
f dynamical state (see Binney & Tremaine 1987 ) is theoretically 
uite simple, the dynamical state of galaxy clusters in practice is
ore complex. This has implications for wider work on galaxy 

lusters. Many studies split clusters into two samples, ‘relaxed’ and 
unrelaxed’, based on a small number of properties, but this has the
otential to combine clusters with very different dynamical histories 
nto a single group. Instead, it is important to describe in which
ense a cluster is known to be dynamically relaxed or unrelaxed – for
xample, in terms of their substructure accretion history, their recent 
erger history, or how virialized they are at the present day. 
In future we plan to carry out a more quantifiable analysis of

his multidimensional dynamical state, rather than the qualitative 
escription presented in this work. Instead of a linear scale of
ynamical state, it may be more natural to quantify the dynamical 
tate of clusters in two or more dimensions; the UMAP analysis in this
aper is similar to this, but it not simple to interpret physically. Such a
tudy could also be extended to study the dynamical state in different
apertures’, looking at the kinematics of the cluster centre, or of its
utskirts. Additionally, we plan to investigate whether clusters can 
e naturally separated into groups based on their dynamical states. 
revious work (e.g. Zhang et al. 2022 ) has investigated defining a
imodal function to describe dynamical state, to allow clusters to 
e split into ‘relaxed’ and ‘unrelaxed’ groups. In a future study, we
ill investigate whether a multimodal description of dynamical state 

xists that would allow clusters to be split into more than two groups.
his would provide a means to compare the properties of clusters that
o actually have similar dynamical states, and to select samples of
ruly relaxed galaxy clusters in order to reduce biases in cosmological
tudies. 
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PPEN D IX  A :  EXPLAINED  VA R I A N C E  O F  

RINCIPA L  C O M P O N E N T S  

he four principal components selected and analysed throughout this 
ork collectively describe 64 per cent of the total variance of the
7 dynamical state indicators described in Section 2.2.1 . In Fig. A1 ,
e show the proportion of the variance explained by all 17 of the
rincipal components, and the cumulative explained variance. 
Clearly, PC1 is the dominant component, explaining 38 per cent of

he total variance alone. Other than this, there is not a clearly visible
cut-off’ point, beyond which parameters are far less important. 
onsequently, the decision to keep only the first four principal 
omponents is not obviously mathematically justifiable. This choice 
as made in order to select the minimum number of components 

uch that each of the dynamical state indicators contributed strongly 
o at least one of them, to provide an idea of the number of
imensions along which dynamical state varies. F or e xample, PC5
which explains 5 per cent of the total variance) is dominated by

igure A1. Cumulative proportion of variance of the dynamical state 
ndicators data set explained by the ordered principal components (black 
ine and points), and by the individual components (blue bars). Throughout
ur analysis, we only consider the first four components, indicated by the
ertical red dashed line. 
able A1. Similar to Table 1 , but showing coordinate values for PC5, which
s excluded throughout this work. Component coordinates with an absolute 
alue greater than 0.24 are highlighted in bold; the three parameters that
ontribute strongly to PC5 ( λ, N fil , and D 1 , 0 . 1 ) also contribute strongly to
C3, albeit with different weights. 

arameter Contribution to PC5 

 s ( R 200 ) −0.04 
 s ( R 500 ) 0.05 
 r ( R 200 ) −0.02 
 r ( R 500 ) 0.02 

( R 200 ) −0.14 
( R 500 ) −0.13 
 0 . 5 −0.04 

−0.40 
/a −0.23 
 200 0.08 
 merge , 50 −0.14 

0.09 
 fil −0.55 
 1 , 0 . 1 0.59 
 200 −0.24 
 12 −0.05 

BCG 0.05 

, N fil , and D 1 , 0 . 1 , which all also strongly contribute to PC3 (see
 able A1 ). W e interpret this as PC5 providing a ‘second-order’
orrection to the environment of a cluster, as described by PC3;
e believe that including such a component would not meaningfully 

dd to this work. 

PPENDI X  B:  C O R R E L ATI O N S  BETWEEN  

Y NA M I C A L  STATE  I N D I C ATO R S  

n Fig. 3 we show the Spearman’s rank correlation coefficient 
etween each of the 3D dynamical state indicators used in this
tudy (described in Section 2.2.1 ). In Fig. B1 , we explicitly show the
orrelations between these measures, from which these correlation 
oefficients were calculated. As in Fig. 3 , we also group these
arameters based on the principal component to which they most 
trongly contribute. Finally, we also include the cluster mass as an
dditional parameter here, to explicitly show the mass dependence 
f these quantities. 
It should be noted that several of these parameters have a highly

kewed distribution (for example, η). These parameters were all 
tandardized for the PCA and UMAP analysis in this work to
pproximate a normal distribution with a mean of zero and a unit
tandard deviation, but here we show the raw distributions. Most 
f these parameters also display either no dependence, or a weak
ependence, on cluster mass ( | ρs | ≤ 0 . 15, p ≥ 0 . 005). The exception
s the velocity dispersion of the BCG ( ρs = 0 . 74), which has a
airly strong positive correlation with the cluster mass. This result is
xpected, as numerous previous studies have found that the BCG 

elocity dispersion scales with the mass of its host cluster (e.g
ohn et al. 2020 ). One could account for this mass dependence by
ormalizing the BCG velocity dispersion by the maximum circular 
rbital speed around the cluster, v circ . For THE300 , the Spearman’s
ank correlation coefficient between M 200 and σBCG /v circ is far 
educed ( ρs = 0 . 19, p = 6 × 10 −4 ); although we have chosen to
ust use σBCG in this study, this ratio is a potential alternative choice
hat one could use instead. 
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Figure B1. Corner plot showing the correlations between the 17 dynamical state indicators described in Section 2.2.1 . The Spearman’s rank correlation 
coefficients displayed in Fig. 3 are calculated from these scatter plots. This figure also includes histograms showing the distribution of these parameters. We 
also include the logarithmic mass of each galaxy cluster as an additional quantity here, to show any mass dependence of these 17 parameters. 
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