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ABSTRACT

We characterise the intracluster gas entropy profiles of 32 very high-mass (Msoy > 7.75 x 10'* My,) Planck SZ-detected galaxy clusters (HIGHMz),
selected from the CHEX-MATE sample, allowing us to study the intracluster medium (ICM) entropy distribution in a regime where non-
gravitational effects are expected to be minimised. Using XMM-Newron measurements, we determined the entropy profiles up to ~Rsg for all
objects. We assessed the relative role of gas density and temperature measurements on the uncertainty in entropy reconstruction, showing that
in the outer regions the largest contribution comes from the temperature. The scaled profiles exhibit a large dispersion in the central regions, but
converge rapidly to the value expected from simple gravitational collapse beyond the core regions. We quantified the correlation between the ICM
morphological parameters and scaled entropy as a function of radius, showing that centrally peaked objects have low central entropy, while mor-
phologically disturbed objects have high central entropy. We compared the scaled HIGHMz entropy profiles to results from other observational
samples, finding differences in normalisation, which appear linked to the average mass of the samples in question. Combining HIGHMz with
other samples, we found that a weaker mass dependence than self-similar in the scaling (A4,, ~ —0.25) allows us to minimise the dispersion in the
radial range [0.3—0.8] Rsoo for clusters spanning over a decade in mass. The deviation from self-similar predictions is radially dependent and is
more pronounced at small and intermediate radii than at Rsyy. We also investigated the distribution of central entropy Kj, finding no evidence for
bimodality in the data and outer slope @, which peaks at & ~ 1.1 with tails at both low and high « that correlate with dynamical state. Using weak-
lensing masses for half of the sample, we found an indication for a small suppression of the scatter (~30%) beyond the core when using masses
derived from Yy in the rescaling. Finally, we compared our results to recent cosmological numerical simulations from THE THREE HUNDRED
and MACSIS, finding good agreement with the observational data in this mass regime. These results provide a robust observational benchmark
in the gravity-dominated regime, and will serve as a future reference for samples at lower masses, higher redshifts, and for ongoing work using
cosmological numerical simulations.
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1. Introduction of the ICM and induce some degrees of departure from self-
similar predictions (see e.g. Voit 2005; Pratt et al. 2009, 2010;
Borgani & Kravtsov 2011; Giodini et al. 2013; Gaspari et al.
2020; Lovisari & Maughan 2022).

In recent years, spatially resolved observations have allowed
for a more detailed examination of the impact of non-
gravitational processes on the ICM. In particular, the study of the
thermodynamic properties of the ICM has been of great interest,
since it allows us to obtain useful insights into the history and
level of the energy deposited in the ICM through feedback pro-

cesses. Gas entropy, defined as K = T/ng/ 3 (Ponman et al. 1999;
Lloyd-Davies et al. 2000), where T is the gas temperature and
n, the electron density?, plays a key role in this context, since it
both determines the structure of the ICM and provides a record
of the processes (both gravitational and non gravitational) that

influence the properties of the ICM. Entropy is generated during

Galaxy clusters are dark-matter-dominated astrophysical objects
with total masses' in the range M5y =~ 10'#—10'> M. Follow-
ing the hierarchical scenario of structure formation, they reside
at the nodes of the cosmic web and grow through accretion
of matter along the filaments of the large-scale structure and
through episodic mergers of small mass systems. Falling into
the potential well of the dark matter, the intracluster medium
(ICM) is heated to X-ray-emitting temperatures (~10"-10% K)
by shocks and compression. Given the scale-free nature of
gravity, the resulting X-ray cluster population is expected to
be self-similar and for tight scaling relations to exist between
the ICM observables and cluster mass and redshift (Kaiser
1986; Bryan & Norman 1998). However, second-order effects,
mainly linked to feedback from active galactic nuclei (AGNs)

~

and radiative cooling of the gas, act to modify the properties

* Corresponding author; giacomo.riva@inaf.it
We define R, as the radius inside which the cluster mass density is A
times the critical density of the Universe p.(z) = 3H2E(z)*/8rG, where

E() = VQun(1 +2)° + Q4 and z is the redshift; M, is then the total

mass within R,.

1

the hierarchical assembly process and then is modified by any
other process that can change the physical characteristics of the
gas (e.g. AGN heating, cooling, and star formation). For these

2 We note that the adopted definition of gas entropy is a convention
commonly used in X-ray astronomy. It is linked to the classic thermo-
dynamic specific entropy by a logarithm and a constant.
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reasons, it is the ideal tool for investigating the thermodynamic
history of the cluster population (see Voit 2005, for a review).

In a stable ICM in hydrostatic equilibrium, stratifica-
tion naturally results in a radially increasing entropy profile.
Tozzi & Norman (2001) used analytical modelling to study the
characteristic radial distribution of the entropy, where, outside
the core region, it was shown to steadily increase with radius,
following a power law with a slope of K o R'!. This conclusion
was reinforced by the non-radiative (gravity-only) simulations
of Voit et al. (2005), where, again outside the core, the entropy
slope was found to be remarkably stable out to ~2 Ry, indepen-
dent of system mass. These predictions are regarded as robust
and depend little on the adopted numerical approach outside of
the central region (Mitchell et al. 2009; Gaspari et al. 2012).

Early observations, however, showed that the entropy pro-
files of lower-mass systems exceeded that expected from grav-
ity alone (Lloyd-Davies et al. 2000). Subsequent observations
have refined this picture. The mass dependence of the entropy
excess has been confirmed, and has been shown to extend to
a larger radius in lower-mass systems (Pratt et al. 2010). As a
result, lower-mass systems generally exhibit a shallower entropy
slope, with significantly increased core entropy relative to the
expectation from simple gravitational collapse. Moving out-
wards, the observed profiles converge towards the non-radiative
prediction, but the convergence radius is larger for less mas-
sive systems. This contributes to the observed large scatter
in the central regions (e.g. Cavagnolo et al. 2009; Pratt et al.
2010; Ghirardini et al. 2019). The now-standard explanation for
this behaviour is that it is due to the combined effect of non-
gravitational processes. These include, but are not limited to, the
following: radiative cooling of the central gas, which removes
material from the hot phase, leaving only gas on a higher
adiabat; stochastic feedback from the central AGN over time,
which injects energy into the ICM and raises its entropy; feed-
back from supernovae (SNe) in the cluster galaxies, which also
inject energy into the ICM; and conduction, which smooths out
temperature (and therefore entropy) gradients. While numer-
ical simulations that include these processes can go some
way to explaining the observed entropy distributions, they still
struggle to reproduce the observed population behaviour (see
e.g. Nagai et al. 2007; Barnes et al. 2017; Altamura et al. 2023;
Oppenheimer et al. 2021; Kay & Pratt 2022).

Interpretation of the observed properties of the ICM entropy
is complicated by the clear dependence of the entropy dis-
tribution on the morphological properties of the cluster gas
(Pratt et al. 2010). Relaxed systems generally possess cool cores,
and such objects exhibit an entropy distribution that closely fol-
lows the K o R"! distribution down to very small radii. In con-
trast, disturbed systems always exhibit high core entropy (e.g.
Pratt et al. 2010; Babazaki et al. 2018). However, the central sur-
face brightness of morphologically disturbed systems is always
flatter than that of cool-core systems of a similar mass. This
means that at a given mass, to obtain a spectrum with a given
number of counts or signal-to-noise ratio, a larger central region
must be used for morphologically disturbed systems than for
cool core systems. The resulting entropy profiles therefore have
poorer angular resolution in the centre, further complicating the
interpretation.

In this context, it is interesting to revisit the entropy distribu-
tion of the highest-mass systems. In such objects, gravity is the
dominant entropy generation mechanism, and non-gravitational
effects should be minimised. As such, they should provide a
robust baseline for theoretical works. In addition, such systems are
highly luminous in X-rays, allowing measurement of the entropy
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both deep into the core and out to a large radius. For this work,
we used a subset of 32 very high-mass (Msgy > 7.75 % 10" Mg)
clusters, which we have dubbed HIGHMz, selected from the
‘Cluster HEritage project with XMM-Newton: Mass Assembly
and Thermodynamics at the Endpoint of structure formation’
(CHEX-MATE; CHEX-MATE Collaboration 2021), a multiyear
Heritage programme to observe 118 Planck SZ-selected clus-
ters with XMM-Newton. CHEX-MATE observations are tailored
for deriving the total masses through the hydrostatic equilibrium
equation, and for characterising the thermodynamic properties of
the entire sample with good precision within Rs. In this context,
the very high mass of the systems in HIGHMz allowed us to fur-
ther investigate the ICM entropy and its radial distribution in the
gravity-dominated regime, and to compare our results with recent
large-volume numerical simulations including non-gravitational
sub-grid physics. The results from this work will thus be a ref-
erence point for future studies at lower-mass scales and higher
redshifts.

The paper is organised as follows. In Sect. 2 we present
the HIGHMz sample, together with additional samples (both
observational and simulated) used for comparison; in Sect. 3
we describe our methods for the data processing and analysis;
and Sect. 4 is dedicated to the results of this work where we
present the measured entropy profiles and compare them to other
samples. Finally, we discuss our findings and provide a conclu-
sion of the work in Sects. 5 and 6. Throughout the paper, we
assume a flat A cold dark matter (CDM) cosmology with Hy =
70kms~ ! Mpc~! G.e. hyp = 1), Qn = 0.3, and Q5 = 0.7. The
solar abundance table is set to Asplund et al. (2009), while all the
quoted errors hereafter are at the 1o~ confidence level. Whenever
we use the notation M:SS in this paper, we refer to the masses
derived from the Planck SZ (Sunyaev & Zeldovich 1972) sig-
nal with the method described in Planck Collaboration XXVII
(2016), using the MMF3 algorithm (Melin et al. 2006), as dis-
cussed in CHEX-MATE Collaboration (2021).

2. Samples
2.1. HIGHMz: High-mass clusters

For the present work, we have selected the most massive sys-
tems of the CHEX-MATE (CHEX-MATE Collaboration 2021)
project. This sample, which we have dubbed HIGHMz, com-
prises 35 clusters at redshift z > 0.2 and with MSYS(Z) > 7.75 %
10" M.

We excluded from the present analysis three galaxy
clusters, namely PSZ2G107.10+65.32 (a.k.a. A1758N),
PSZ2G225.93-19.99 (aka. MACS J0600-20), and
PSZ2G339.63-69.34 (ak.a. Phoenix). The former two are
double clusters and do not allow a simple radial analysis. The
latter has a strong central AGN, whose emission, given the size
of XMM-Newton’s PSF, has an impact also on regions beyond
the core. Since including these three complex clusters may intro-
duce systematics in our results, we preferred to keep them aside
and to include them subsequently in the final study on the full
CHEX-MATE sample, adopting an ad-hoc analysis. The final
list of the 32 analysed HIGHMz clusters is presented in Table 1,
together with information about cluster masses, redshifts and
indicators for their morphological state (light concentration,
¢; centroid shift, w), as measured by Campitiello et al. (2022).
High values of ¢ and low values of w are commonly measured
for clusters in a dynamically relaxed state, while low ¢ and
high w are commonly associated with disturbed systems (e.g.
Santos et al. 2008; Hudson et al. 2010; Lovisari et al. 2017;



Table 1. HIGHMz sample: cluster properties and information on the used XMM-Newton observations.
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MYSZ

RYsz

Cluster Obs. IDs Redshift 500 0 € w Dyn.state S/B<0.2
10" My Mpc
PSZ2G004.45-19.55 0656201001 / 0827050301 0.540  10.090 1.254 0.37 0.006
PSZ2G008.94-81.22 0743850101 0.307 8989 1.321 0.19 0.053 D
PSZ2G044.77-51.30 0693661901 / 0827060401 0.503 8359 1.195 0.34 0.006 v
PSZ2G046.10+27.18 0827060201 / 0723160601 0.389  7.840 1.223 0.15 0.022
PSZ2G056.93-55.08 0503490201 0447 9491 1.275 0.17 0.025
PSZ2G057.25-45.34 0693010601 0.397  9.624 1.306 0.46 0.008 v
PSZ2G072.62+41.46 0605000501 0.228 11.426 1.473 0.32 0.005 R v
PS72G073.97-27.82 0111270101 0.233 9516 1.383 0.44 0.011
PSZ2G092.71+73.46 0084230901 0.228  8.003 1.308 0.29 0.005 R
PSZ2G111.61-45.71 0111000101 /0827061301 0.546  8.499 1.182 0.23 0.006
PSZ2G155.27-68.42 0693662801 / 0827060801 / 0920890401 0.567 8364 1.166 0.25 0.027
PS72G159.91-73.50 0084230301 0.206  8.464 1.343 0.31 0.019
PSZ2G186.37+37.26 0827041001 0.282  10.998 1.426 0.32 0.007 v
PSZ2G195.75-24.32 0201510101 0.203  7.800 1.309 0.20 0.011 v
PSZ72G201.50-27.31 0205670101 / 0827061801 0.538 8304 1.176 0.32 0.010
PSZ72G205.93-39.46 0827011501 0.443 11.542 1.363 0.38 0.006
PSZ2G210.64+17.09 0658200501 / 0827360301 0480  7.790 1.178 0.19 0.019 v
PSZ2G216.62+47.00 0827340901 0.383  8.469 1.258 0.40 0.024
PSZ2G228.16+75.20 0693661701 / 0827341301 0.545  9.790 1.239 0.21 0.030 D v
PSZ2G239.27-26.01 0827010401 0430 8772 1.250 0.24 0.030 v
PSZ2G243.15-73.84 0827011301 0410 8.086 1.226 0.16 0.022
PSZ2G262.27-35.38 0692934301 0295 8759 1315 0.14 0.035 D
PSZ2G266.04-21.25 0112980201 0.296  12.470 1.479 0.27 0.013
PSZ2G277.76-51.74 0674380301 0438  8.650 1.240 0.14 0.037 D
PSZ2G278.58+39.16 0042341001 / 0827051201 0.308 8290 1.285 0.32 0.037 D
PSZ2G284.41+52.45 0762070101 0.441 10.400 1.317 0.40 0.002 R
PSZ72G286.98+32.90 0656201201 / 0827341401 0.390 13.742 1.474 0.22 0.017 v
PSZ2G324.04+48.79 0112960101 0452 10.579 1.319 0.60 0.002 R
PSZ2G340.36+60.58 0551830101 0.253  9.199 1.358 0.62 0.002 R v
PSZ2G340.94+35.07 0827311201 0236  7.795 1.293 0.57 0.007 v
PSZ2G346.61+35.06 0827311401 0.223 8409 1.332 0.14 0.060 D v
PSZ2G349.46-59.95 0504630101 0.347 11.359 1.407 0.44 0.005 R v

Notes. We list the PSZ2 name of the clusters, the ID of the used XMM-Newton observations, the redshift, the nominal integrated mass estimated
from Planck SZE data (Planck Collaboration XXVII 2016), and two morphological indicators, ¢ and w, as measured by Campitiello et al. (2022).
Errors on ¢ and w can be found in Table A.1 of Campitiello et al. (2022). We also indicate the most disturbed (D) and relaxed (R) clusters,
classified according to their w values, which are used in Sect. 4.4.2. Finally, we report whether a cluster has an external low source-to-background
(§/B < 0.2) temperature measurement. A gallery of the cluster images is shown in Fig. 6 of CHEX-MATE Collaboration (2021).

Campitiello et al. 2022). The cluster masses and redshifts are
also shown in Fig. 1, as black dots.

Given its selection in mass and redshift, HIGHMz allows us
to address multiple and interesting aims. In particular, it offers
the opportunity to study the cluster entropy in a regime where
gravitational processes are considered dominant, thus setting a
valuable baseline for future studies at lower-mass scales, and to
compare the results with local samples available in the literature,
thus investigating potential hints of variation of the gas entropy
profiles with mass and/or redshift.

2.2. Comparison samples: REXCESS, ESZ, and X-COP

We will compare our results with three cluster samples avail-
able in the literature, namely REXCESS (Bohringer et al. 2007),
ESZ (Planck Collaboration XI 2011), and X-COP (Eckert et al.
2017). All of these samples have been observed with XMM-
Newton and thus allow direct comparison with CHEX-MATE.

The four samples together allow investigation of the gas entropy
in clusters spanning a wide range both in mass and redshift, thus
giving us the possibility to test predictions from self-similar sce-
nario. REXCESS, ESZ, and X-COP are extensively described in
the referenced papers; however, we provide here below a sum-
mary of their main features:

— REXCESS consists of 31 nearby (z < 0.2) galaxy clus-
ters with temperatures in the range 2-9keV, drawn from
the REFLEX catalogue (Bohringer et al. 2004). Therefore,
it provides a census of the local X-ray-selected cluster popu-
lation. REXCESS clusters were selected in X-ray luminosity
only, with no bias towards any particular morphological type;

— the original ESZ sample comprises 189 clusters, which
were identified via their SZ effect in the first all-sky cov-
erage by the Planck satellite (Planck Collaboration I 2011;
Planck Collaboration VIII 2011). After cross-correlating
with the MCXC catalogue (Piffaretti et al. 2011) and check-
ing the quality of XMM-Newton archive data, the suitable
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Fig. 1. Distribution of HIGHMz (black dots) clusters in the mass-
redshift plane. X-COP (red squares), REXCESS (orange triangles) and
ESZ (green stars) clusters are also plotted for comparison. Vertical and
horizontal coloured lines mark the median redshift and mass, respec-
tively, of the four samples.

sample for the X-ray analysis was reduced to 62 clusters.
This final ESZ sample consists of clusters at z < 0.5, span-
ning one decade in mass;

— X-COP is a set of 12 massive and local (z < 0.1)
clusters selected from the Planck all-sky survey
of SZ sources (Planck Collaboration XXIX 2014,

Planck Collaboration XXVII 2016). The aim of the X-

COP project was to advance the knowledge of the physical

conditions in the cluster outskirts, by combining high signal-

to-noise SZ data with good X-ray data coverage at and beyond
~Rsp9. The thermodynamic profiles of X-COP clusters
from joint XMM-Newton and Planck data were published
in Ghirardini et al. (2019). The entropy profiles used here
slightly differ from the ones presented in Ghirardini et al.
(2019) as they are the result of a joint non-parametric
reconstruction of the deprojected thermodynamic profiles,
whereby the 3D temperature profile is described as a linear
combination of a large number of log-normal functions
sampling the radial range of interest. For more details on the
deprojection technique, we refer the reader to Eckert et al.

(2022).

Masses and redshifts of REXCESS, ESZ, and X-COP sam-
ples are shown in Fig. 1 and compared to HIGHMz. In partic-
ular, we plot (i) M;/S(Z) masses for HIGHMz; (ii) masses mea-
sured using the M5y — Yx scaling (Kravtsov et al. 20006), as
calibrated in Arnaud et al. (2010), for REXCESS and ESZ; and
(iii) hydrostatic-equilibrium masses for X-COP, as computed in
Eckert et al. (2022). The HHGHMz sample has both a higher aver-
age mass and a higher average redshift than the other samples. We
note that ESZ has 10, 8, and 7 clusters in common with HIGHMz,
X-COP, and REXCESS, respectively, while the other three sam-
ples do not have clusters in common with each others. We checked
that the entropy profiles of these common clusters, as measured
for the different samples, are in agreement within the errors.

2.3. Simulated samples: MACSIS and The300

We also compare our results with recent hydrodynamic sim-
ulations that are able to reproduce a sufficient number of
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massive clusters in the mass range of interest. In particular,
we consider two simulated datasets, taken from the parent
MACSIS (Barnes et al. 2017) and THE THREE HUNDRED (here-
after The300; Cui et al. 2018) projects. Briefly:

— MACSIS is a sample of 390 massive clusters selected
from a large-volume (3.2 Gpc box size) dark-matter simu-
lation, which were then re-simulated with full gas physics.
MACSIS extends the BAHAMAS (400 #~! Mpc box size)
simulation (McCarthy et al. 2017) to the most massive clus-
ters expected to form in a ACDM cosmology. These were
both run with a heavily modified version of the GADGET3
TreePM-SPH code, last described in Springel (2005). The
code incorporates radiative cooling on an element-by-element
basis; heating and cooling from UV/X-ray and cosmic
microwave backgrounds; star formation; stellar evolution and
enrichment from asymptotic-giant-branch (AGB) stars and
Type Ia/Il SNe; kinetic stellar feedback; super-massive black
hole growth and thermal AGN feedback. MACSIS was run
with the same sub-grid parameter choices as BAHAMAS, cal-
ibrated to match the low redshift galaxy stellar mass func-
tion and cluster gas fractions (see McCarthy et al. 2017 for
further details of the baryonic physics model and calibration
process);

— The300 (GADGET-X version) consists of the 324 most massive
clusters identified at z = 0 within the dark-matter-only Mul-
tiDark simulation (Klypin et al. 2016) of size 1 2! Gpc and
resimulated accounting for baryons. The hydrodynamic code,
implementing the SPH description as in Beck et al. (2016), is
similar to what was used in Rasia et al. (2015), and includes
metal-dependent radiative gas cooling, star formation, stel-
lar feedback by AGB stars, Type-la and core-collapse SNe,
super-massive black hole growth, and AGN feedback.

Given their properties, both datasets are therefore ideal samples
to test the comparison with the massive clusters in HIGHMz.
Following Planck Collaboration XX (2014), we assumed that

the mass measurements M, SYS(Z) show an average hydrostatic bias of
20% (i.e. 1 — b = 0.8). To ensure a fair comparison with simula-
tions, which measure the true masses of the reproduced clusters,

we rescaled HIGHMz masses accordingly, whose ‘true’ values

were considered to be M;/g(z)'m“' = M;’g(z) /0.8. In order to define the
most suitable simulated dataset for comparison with HIGHMz,

we thus imposed MACSIS and The300 cluster masses to be

greater than M;/S(Z)‘““"', as also previously done in Bartalucci et al.
(2023). The resulting sample contains 25 clusters from The300
and 75 from MACSIS, taken from one snapshot corresponding
to redshift z = 0.333 (The300) and z = 0.34 (MACSIS), the
closest one for each sample to the median redshift of HIGHMz
(z = 0.39). Similarly to observations, we also used information on
morphological indicators (in particular, ¢ and w) for The300 and
MACSIS, computed as detailed in Campitiello et al. (2022) and
Towler et al. (2023), respectively. Figure 2 shows the comparison
of both cluster masses and morphological indicators for the three
samples, while the complete list of the selected simulated datasets
is reported in Tables A.1 and A.2. Both simulation datasets adopt
a flat ACDM cosmology with 4 = 0.678kms™' Mpc™!, Q,, =
0.307 and Q4 = 0.693 (Planck Collaboration XIII2016). We cor-
rected for the difference in the adopted cosmology when compar-
ing to observations (Eq. (1)).

3. Analysis procedures

The X-ray data have been reduced and analysed using the
CHEX-MATE pipeline, which is extensively described in
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Fig. 2. Properties of MACSIS (light blue) and The300 (violet) clus-
ters, in comparison to HIGHMz (black). Top panel: distribution of the
cluster masses. Bottom panel: distribution in the concentration-centroid
shift plane. In both panels, coloured lines show the median value of the
corresponding axis for the three samples. MACSIS and The300 clusters
are all at redshifts z = 0.34 and z = 0.333, respectively.

Bartalucci et al. (2023) and Rossetti et al. (2024). In the follow-
ing, we report the main steps of our procedure and present the
emission measure and gas temperature profiles of HIGHMz clus-
ters. Finally, we also summarise our deprojection techniques to
build the three-dimensional entropy profiles and provide infor-
mation on the adopted self-similar scaling.

3.1. Data reduction

The HIGHMz clusters were observed with the European Photon
Imaging Camera (EPIC, Turner et al. 2001; Striider et al. 2001)
on board XMM-Newton. The datasets were reprocessed using
the Extended-Science Analysis System (ESAS, Snowden et al.
2008) embedded in SAS version 16.1 (see Rossetti et al. 2024
for details of this choice). We removed flare events by using
the tools mos-filter and pn-filter, by extracting the light curves
in the [2.5-8.5]keV energy range and excising time intervals
with count rates exceeding 30 times the mean. Point sources
were filtered from the analysis following the scheme detailed
in Sect. 2.2.3 of Ghirardini et al. (2019) and summarised in
Sect. 3.1.1 of Bartalucci et al. (2023).

For each cluster, we used the XMM-Newton observations
listed in Table 1. When multiple pointings were available,
we combined them to increase the available count statistics,

both for the image and the spectral analysis, as described in
Bartalucci et al. (2023) and Sect. 3.3 of Rossetti et al. (2024).

3.2. Projected profiles
3.2.1. Emission measure

The procedure we followed to derive HIGHMz emission mea-
sure profiles is outlined in detail in Sect. 3 of Bartalucci et al.
(2023). Briefly, we first produced the EPIC image for each clus-
ter in the energy band 0.7—-1.2keV, together with exposure and
background maps, merging together those of the three XMM-
Newton’s cameras. From the combination of these images, we
then extracted both azimuthal mean and median background-
subtracted and exposure-corrected surface brightness (SB) pro-
files, from the coordinates of the X-ray peaks. The use of
the azimuthal mean allows inspection of the central regions of
a cluster with higher resolution’ (e.g. Prattetal. 2022); con-
versely, the technique of computing azimuthal median SB pro-
files was introduced by Eckert et al. (2015) to limit the impact
of sub-clumps and sub-structures too faint to be identified
and masked (e.g. Roncarelli et al. 2013; Zhuravleva et al. 2013).
As specified later, we will make use of both these products
in the computation of the ICM entropy. Finally, the SB pro-
files were converted to emission measures following Eq. (1) of
Arnaud et al. (2002). Emission measures are directly related to
the gas density of the cluster, being the integral of the density
squared along the line of sight. They are therefore necessary
ingredients to recover the 3D density profiles.

The azimuthal median emission measure profiles of the
HIGHMz clusters are presented in Fig. 3 (left) and colour coded
according to their masses M;/g(z), with blue to red indicating from
less to more massive clusters. As highlighted by Bartalucci et al.
(2023) for the entire CHEX-MATE sample, in the central regions
of HIGHMz clusters we find considerable dispersion, with cool-
core clusters exhibiting steeper profiles, while moving towards
the outskirts the profiles appear more self-similar.

3.2.2. Gas temperature

The steps of the CHEX-MATE pipeline built for the spec-
tral extraction and fitting, which allowed us to measure the
gas temperature profiles of HIGHMz clusters, are detailed in
Sects. 3 and 4 of Rossetti et al. (2024). The pipeline com-
bines the best practices developed during previous projects (e.g.
Pratt et al. 2007; Planck Collaboration XI 2011; Bartalucci et al.
2018; Ghirardini et al. 2019), with the introduction of some nov-
elties. These include, for example, the construction of a physical
model for the particle background for all EPIC detectors and the
application of a Bayesian MCMC framework, allowing the prop-
agation of the uncertainties on the background parameters up to
the final results of the spectral analysis.

An important point of strength of the CHEX-MATE pipeline
is the careful analysis of the underlying systematics. Based on
the study of a sample of 30 clusters, selected to be representa-
tive of the entire CHEX-MATE population, Rossetti et al. (2024)
showed that we can obtain reliable temperature estimates at least

3 To produce azimuthal median profiles, one first needs to produce an
image of the cluster, with a Voronoi tessellation that guarantees a certain
minimum number of counts per bin (see the discussion in Sect. 3.3 of
Eckert et al. 2015). This necessarily results in a lower resolution in the
central regions with respect to mean profiles, which are obtained by
averaging the photons collected in the radial bin of interest and can thus
fully exploit the native resolution of the instrument.
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Fig. 3. Azimuthal median emission measure (left) and projected temperature (right) profiles of clusters in HIGHMz. The profiles are colour coded
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up to regions where the source intensity is larger than 20% of the
background. Below this value (i.e. where S/B < 0.2) tempera-
ture measurements can be biased low and the exclusion of these
bins resulted in a better reconstruction of the mean temperature
profile in the outer regions (Rossetti et al. 2024).

In the spectral fitting, we fixed the redshift and Galac-
tic absorption, but the temperature, metallicity, and normalisa-
tion of the cluster spectra were left free to vary, as described
in Rossetti et al. (2024). The measured temperature profiles of
HIGHMz clusters are presented in Fig. 3 (right). Temperatures
range from ~5 to ~15 keV, reflecting the high masses of the clus-
ters in the sample. The adopted colour coding is the same as for
the emission measures and highlights the dependence on clus-
ter mass. Temperature measurements where S/B < 0.2 are also
shown in the figure and marked in black. Almost all of these are
located beyond Rsg, while CHEX-MATE observations are tai-
lored to measure temperatures within this radius. In about four
cases, these measurements exhibit very low temperature values.
Including these external bins in the deprojection can introduce a
bias on the final products, as discussed later.

3.3. Measuring the ICM entropy

Following the astrophysical convention, we construct the ICM
entropy as K = T/ng/ 3, using the three-dimensional profiles of
gas density and temperature. The deprojection of both the emis-
sion measure and temperature profiles presented in Sect. 3.2 is
therefore needed in advance.

The emission measures were deprojected and PSF-corrected
using the non-parametric method described in Croston et al.
(2006). As also detailed in Croston et al. (2008), the emis-
sion measure was converted to gas density by calculating a
global conversion factor for each profile in Xspec v.12.13
(Arnaud 1996), using the spectroscopic temperature in the
[O.IS—I]RSY(S)E aperture. A secondary correction factor, taking
into account radial variations of temperature and abundance,
was also included to give the final gas density profiles. This
was obtained from analytical fits to the projected quantities (see
Pratt & Arnaud 2003). Both azimuthal mean and median density
profiles were produced and used to calculate the ICM entropy.
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Table 1). Temperature measurements with S'/B < 0.2 are marked in black.

We will consider the entropy profiles derived from azimuthal
median densities as our reference throughout the paper. How-
ever, azimuthal mean densities will be used in Sect. 4.3, for com-
parison with other samples.

To deproject and PSF-correct the 2D temperature profiles
of HIGHMz clusters, we adopted the non-parametric-like tech-
nique described in Démocles et al. (2010) and Bartalucci et al.
(2018). Briefly, we assumed that the 3D temperature pro-
files can be described by a parametric model, adapted from
Vikhlinin et al. (2006), that is convolved with a response
matrix which simultaneously takes into account projection and
PSF redistribution. The projection procedure additionally took
into account the bias introduced by fitting isothermal models
to multi-temperature plasma (Mazzotta et al. 2004; Vikhlinin
2006). The final 3D temperature profile is then estimated at the
weighted radii corresponding to the 2D annular binning scheme.
Low and external temperature measurements with S/B < 0.2,
often accompanied with small statistical errors, have an impact
on the deprojection. This is particularly true for the cluster out-
skirts, but also for the internal regions. We will show in Sect. 4.1,
and discuss in more detail in Sect. 5.1, the impact of including
these low-S /B measurements on the shape of the entropy pro-
files. Unless otherwise stated, in the following sections we will
consider the entropy profiles constructed from temperature mea-
surements with §/B > 0.2 as our reference.

3.4. Scaling and self-similar predictions

Among the products of our deprojection pipeline are also inte-
grated masses within Rsg, which we adopted for rescaling the
entropy profiles. In particular, temperature, density, and their
gradients were used to compute both hydrostatic masses (here-
after ML) and the quantity Yy = My, X T (Kravtsov et al.
2006), which was used as a proxy for the total mass (here-
after MSY(’)‘O), using the scaling calibrated in Arnaud et al. (2010).
Hydrostatic masses were measured using azimuthal median den-
sities and adopted in the rescaling of the ICM entropy in com-
parison with X-COP clusters only (Sect. 4.3); masses from Yy
were computed both from median and mean densities and used

in the following sections depending on the relevant study.
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According to the self-similar scenario, the physical proper-
ties of galaxy clusters should coincide, once they are correctly
scaled for cluster mass and redshift. For the ICM entropy, the
predicted dependence on mass and redshift from pure gravita-
tional collapse is K o« M*3 E(z)~*/3 (Voit 2005). In this work
we adopted the characteristic entropy Ksop, as computed by
Pratt et al. (2010):

23
Ksoo = 106( ) E(x)723 f,73 h;gm keVem?, (1)

hay 1014 Mo
where f, is the Universal baryon fraction, which we take to be
0.16 (Planck Collaboration XIII 2016). We will show, through
the combined sample of HIGHMz, ESZ, X-COP, and REXCESS
clusters, that the adopted self-similar scaling may not be ade-
quate to describe the properties of galaxy clusters, due to the
impact of non-gravitational processes on the ICM. In Sect. 5.3
and Appendix B, we will provide updated dependencies on mass
and redshift that go beyond self-similar predictions.

Predictions from cosmological simulations that implement
gravitational processes only (e.g. Voit et al. 2005) can be con-
sidered as a baseline to assess the impact of non-gravitational
processes on the ICM. These simulations are commonly referred
to as ‘non-radiative’ and predict that, in the gravity-dominated
regime, cluster entropy outside the core regions should follow a
power-law increase out to ~2 Ry(o. Any other physical processes
capable of injecting energy into the ICM would result in an over-
estimate of the ICM entropy with respect to the expected power-
law behaviour. Voit et al. (2005) presented a simple formula that
provides both the normalisation and slope of this expected power
law, normalised for an overdensity A = 200. In this work, we
adopted the equivalent equation computed by Pratt et al. (2010),
written for an overdensity A = 500:

K/Ksoo = 1.42 (R/Rs00)"". (2)

Given their notably high masses, one would expect the proper-
ties of HIGHMz clusters to be mainly driven by gravitational
processes at large radii and so their external entropy profiles to
closely follow the prediction by Voit et al. (2005). We will verify
if this is the case in the following.

4. Results
4.1. Entropy profiles of HIGHMz clusters

We present in Fig. 4 the entropy profiles of the HIGHMz clusters,
derived from azimuthal median densities. Those obtained from
azimuthal mean densities have similar properties and are pre-
sented in Appendix C. To ensure a better examination of the core
regions, for those clusters with poor central temperature resolu-
tion, we computed the entropy on the density radial grid, assum-
ing a constant central temperature, as already done in previous
works (Donahue et al. 2005; Cavagnolo et al. 2009; Pratt et al.
2010). These additional measurements, if any, are shown using
dotted lines in Fig. 4.

In the upper panels of Fig. 4, the profiles are shown in phys-
ical units, with their radii normalised by R;’)‘O. On the left, all the
temperature bins have been included in the deprojection, while
on the right we have limited the deprojection to temperature bins
with §/B > 0.2, to reduce the impact of the uncertainty in tem-
perature measurements at large radii discussed in Sect. 3.2.2.
As already noted in previous works (e.g. Cavagnolo et al. 2009;
Sun et al. 2009; Pratt et al. 2010), most profiles do not show
simple power-law behaviour down to arbitrarily small radii,

but some flattening is typically observed in the central regions
(R 5 0.2 Rspp). Here, considerable dispersion is observed, which
then reduces moving outwards, where the measured entropy pro-
files increase with radius following power laws with almost the
same slope. At radii R > 0.6 Rsq, the effect of excluding tem-
perature measurements with S/B < 0.2 is visible observing the
shape of the profiles: some of the clusters exhibit significant flat-
tening in the outskirts when no cut for S/B is applied (top left);
conversely, including only temperature bins with S/B > 0.2
in the deprojection allows the shape of the entropy profiles to
be regularised at all radii, especially in the outskirts, where the
entropy profiles resume a steadily increasing trend (top right). As
the inclusion of low-S /B temperature measurements may intro-
duce a bias into the ICM entropy reconstruction at large radii, as
mentioned above, we therefore consider profiles with a cut for
S/B > 0.2 as our reference.

In Fig. 4 (upper panels), gas entropy profiles are colour
coded according to their values of M;]S(Z), with blue to red for
least to most massive clusters. This shows that a clear mass
dependence is present beyond R ~ 0.2 Rggo, with the most mas-
sive clusters exhibiting higher entropy, when this is not rescaled
for any global quantity. By adopting the self-similar rescaling
for K;’)‘O (Eq. (1) using MSY())(O)’ and thus taking into account
the dependence on both cluster mass and redshift, the corre-
lation with cluster mass disappears at large radii (central pan-
els). In the outskirts, we observe perhaps even more clearly the
impact of excluding temperature measurements with S/B < 0.2
from the analysis on the shape of the profiles. After this correc-
tion, the entropy profiles of massive clusters resume a steadily
increasing trend with radius also at ~Rsoo and more closely fol-
low the predictions from pure gravitational collapse (Eq. (2),
Voit et al. 2005), represented in Fig. 4 as the black dash-dotted
lines. Conversely, in the core regions, notable scatter is still
observed.

In the lower panels of Fig. 4, the entropy profiles of HIGHMz
clusters are colour coded according to their morphological indi-
cators, such as the concentration (c, left) and centroid shift (w,
right), as measured by Campitiello et al. (2022) and reported in
Table 1. In the central regions we find a strong (anti-)correlation
with (¢) w, meaning that disturbed clusters tend to have higher
central entropy, likely due to residual merger activity, while cool-
core clusters exhibit lower central entropy, which is thought to
arise from a balance between feedback and cooling processes
(Pratt et al. 2010). Not surprisingly, the dependence of the ICM
entropy on the two morphological indicators is similar, although
they are sensitive to different cluster scales; indeed, the corre-
lation with ¢, which is directly linked to the core properties,
is stronger. Finally, we notice that moving outwards the depen-
dence on morphological parameters is reduced and appears even
reversed at ~Rsgo, with cool-core clusters featuring higher, and
steeper, entropy profiles, reflecting the behaviour of the gas den-
sity at these radii (e.g. Maughan et al. 2012). A more quantita-
tive estimate of the dependence of the gas entropy on both ¢ and
w will be provided in Sect. 4.4.2, in comparison with simulated
datasets.

We also computed the median and the intrinsic scatter of
the profiles, following the procedure detailed in Sect. 6.1 of
Bartalucci et al. (2023). As a first step, we interpolated each
scaled profile linearly in the log-log plane, on a common grid of
twelve bins in the [0.02—1] Rsgo radial range. The medians were
then derived through a Monte Carlo technique: for each radial
bin, we generated 1000 random realisations of each entropy
measurement, normally distributed around its nominal value and
adopting the statistical error as sigma. From the final stacked
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Fig. 4. Entropy profiles of HIGHMz clusters, derived using azimuthal median densities. The profiles are shown in physical units in the upper panels,

KX

while they are scaled using Kj,

in the centre and bottom. In the upper and central panels, they are colour coded according to the mass, while in

the bottom we show the dependence on the concentration (left) and centroid shift (right), as measured by Campitiello et al. (2022). The two labels
‘Without S/B cut’ and ‘S/B > 0.2’ indicate whether all the temperature bins were used in the deprojection or we limited to measurements with
S /B > 0.2, respectively. In the central right panel, we also plot the median profile (solid black) and the measured intrinsic dispersion (grey shaded
area). At small radii, dotted lines denote profiles derived assuming a constant core temperature on the density radial grid. Black dash-dotted lines
in the central and lower panels are predictions from non-radiative simulations (Voit et al. 2005).

distribution at each radius, we then computed the median and
associated errors as the 50th and [16th—84th] percentiles, respec-
tively. To derive the intrinsic scatter of the entropy measurements
as a function of radius, we fitted the interpolated data points at
each radial bin in a Bayesian framework, using PyMC v.5.6.1
(Abril-Pla et al. 2023), with the model:

K/KX (3)

where A is a constant and o, the intrinsic scatter. We note that
the best-fitting values of A and o, are different at each con-
sidered bin. We report our results in Table 2 and plot the median

= A - exp(£0in),

A340, page 8 of 27

profile both in the central right panel of Fig. 4 and also in Fig. C1,
where we compare it with other scalings adopted throughout the

paper.

4.2. Analytical fits

To provide further information on the properties of HIGHMz
entropy profiles, including their normalisation, slope and intrin-
sic scatter at all radii, we adopted a constant-plus-power-law
model, as first introduced by Donahue et al. (2005), together



Table 2. Median entropy profile and intrinsic dispersion of HIGHMz

clusters.

Riva, G., et al.: A&A, 691, A340 (2024)

R/R% K/KX

500 500 Tint
0.02 0.14+£0.01 0.55+0.10
0.05 0.18+0.01 0.47 +0.09
0.08 0.21 £0.01 0.38 +0.07
0.13 0.25+0.01 0.29+0.05
0.18 0.31+0.01 0.20+0.03
0.24 0.39+0.01 0.14+0.02
0.31 049 +0.01 0.13+0.02
0.40 0.60+0.01 0.12+0.02
0.50 0.73+0.01 0.12+0.02
0.60 0.85+0.02 0.12+0.02
0.70 098 +£0.02 0.14 +0.02
0.90 1.15+0.03 0.18+0.03

Notes. The median and the dispersion are measured using Eq. (3) and
are shown in Fig. 4 (central right panel). The median profile is also
plotted in Fig. C1, as black dots.

Table 3. Best-fitting parameters of the functional forms describing
HIGHMz entropy profiles.

Global analytical fit

Parameter Prior Best fit
log(Kp) U(-17,0) -2.97 +0.37
K U(1,2) 1.23 £ 0.03
a U(0,2) 0.87 £0.04
o) U(0,0.5) 0.12+£0.01
o U(0,0.5) 0.07 £0.02
X0 UQ,1) 0.44 £ 0.05

Piece-wise power-law fits
Xin Xout A B Tint

U(0,2) U(0,2) HCQ)
0.10 024 1.14+0.18 0.74+0.10 0.22+0.02
024 045 132+0.09 0.85+0.08 0.11=+0.01
045 0.66 133+0.11 086+0.17 0.13+0.02
0.66 1.00 125+0.06 0.73+0.22 0.15+0.02

Notes. Parameters in the upper table refers to the constant-plus-power-
law model (Egs. (4) and (5)), while those in the lower table to the piece-
wise power laws (Eq. (6)). We assumed flat priors for all parameters,
except for oy, for which we took a Half-Cauchy distribution with 8 =
1.

with a radially dependent scatter (Eq. (5) of Ghirardini et al.
2019). This parameterisation is able to capture both the power-
law increase of the profiles at large radii and the flattening
observed in the central regions. By using PyMC, we jointly fit-
ted the scaled entropy profiles in the radial range [0.01-1] Rgg‘o,
with the model:

K(x)/ KX

s00 = (Ko + Ky x%) - exp[omin ()], @

where x = R /R;/(’)‘0 and K is the central entropy excess above the
power law, with normalisation K; and slope «, that is measured
at large radii; o (x) is the intrinsic scatter* of the profiles and

* We emphasise that what we call ‘intrinsic scatter’ is an upper limit
to the true dispersion of the profiles, as hidden systematic uncertainties
may lead to an overestimate of the real scatter.
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Fig. 5. Joint fit of the HIGHMz entropy profiles using the constant-plus-
power-law parameterisation (Egs. (4) and (5)). Top panel: best-fitting
model (black), super-imposed to observational measurements (grey
dots). Black dashed lines mark the intrinsic scatter, while red dash-
dotted line is the prediction from non-radiative simulations (Voit et al.
2005). Central panel: ratio between our best-fitting model and predic-
tions from non-radiative simulations. Grey shaded area is the associated
statistical error. Bottom panel: local slope of the best-fitting analytical
model (black), together with the associated statistical error (grey). In
blue are the slopes obtained using fitting with piece-wise power laws
(Eq. (6)). Red dash-dotted line is the canonical 1.1 slope.

varies with the radius following the quadratic functional form:
Tin(X) = 0 + 01 log’ (x/x0), )

with o-; the width of the log-parabola, and xy and o the location
and the intercept of the minimum of the log-parabola, respec-
tively. The adopted priors and the resulting best-fitting parame-
ters are reported in Table 3 (top); in Fig. 5, we show our best-
fitting curve (top), with particular focus on its normalisation
(centre) and slope (bottom), in comparison with predictions from
Voit et al. (2005).
Within ~0.1 R;%(o the best-fitting analytical profile becomes
progressively flatter and the measured dispersion is large, as
already discussed; moving out to the cluster outskirts, the intrin-
sic scatter is reduced and the best-fitting profile approaches the
predictions from pure gravitational collapse (Voit et al. 2005),
albeit with a gentler slope at all radii (@ ~ 0.9 at Rg(’)‘o). The mea-
sured best-fitting profile is above the theoretical predictions for
R<0.7 Rsyf)(o’ while it becomes lower at larger radii. In particular,
the measured gas entropy is ~90% of that predicted by Voit et al.
(2005) at RLX,.
Due to the rigidity of the adopted analytical model, any pos-

sible variations of the best-fitting slope with the radius would be
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Fig. 6. Comparison with other observational samples. On the left, we compare our results to X-COP (red squares), while on the right to REXCESS
(yellow triangles) and ESZ (green stars) clusters. Top: median entropy profiles, with their intrinsic scatter. Centre: ratio to the HIGHMz median
profile. The grey shaded area is the intrinsic scatter of the HIGHMz clusters, while the horizontal dotted lines indicate a 20% variation. Bottom:

radial profiles of intrinsic scatter.

smoothed away in favour of a mean slope. To address this issue,
we also tested the fit with piece-wise power laws (as described
in Eq. (4) of Ghirardini et al. 2019), which allow for greater flex-
ibility. We divided the profiles into four radial bins, in the range

[0.1-1] Rg(’)‘o, and used PyMC again to build the model:

K(x)/Ky = A+ x® - exp(£ciny), (6)

where A is the normalisation of the power law, with slope B, and
O 18 the intrinsic scatter in each bin. The priors and best-fitting
parameters are reported in Table 3 (bottom), while the measured
slopes are also shown in Fig. 5 (bottom). We do not find signifi-
cant variations of the slopes with radius, which are in agreement
with results from the global analytical fit. The measured piece-
wise power-law slopes are flatter than the canonical 1.1 value at
all radii.

4.3. Comparison with other observational samples

We compared HIGHMz entropy profiles to those of other obser-
vational samples found in the literature, namely REXCESS,
ESZ, and X-COP (see Sect. 2.2). We stress that a blind compar-
ison of the products obtained from different samples, analysed
with distinct techniques, is likely to be affected by the distinct
systematic uncertainties of each sample results. In the follow-
ing, we take this into account and perform two separate compar-
isons, bringing the four samples to conditions that are as similar
as possible:

— the entropy profiles of X-COP clusters were derived using
azimuthal median densities and rescaled (for Kso and
Rs00) using hydrostatic-equilibrium masses (Eckert et al.
2022). Consequently, we compare these data with HIGHMz
entropies derived and scaled in a similar way;
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— similarly, REXCESS and ESZ profiles were produced
using azimuthal mean densities and rescaled using Mg(’)‘o
(Prattet al. 2010). For comparison, we thus consider
HIGHMz profiles derived from mean densities and adopt
masses derived from the Yy proxy in the rescaling. These
profiles are also shown in Fig. C2.
Also for X-COP, REXCESS, and ESZ, we adopt a rescaling by
Kspp following Eq. (1), using f, = 0.16, as already done for
HIGHMz clusters. For each of the four samples, we computed
the median entropy profile and the intrinsic scatter following the
method outlined in Sect. 4.1. The results are illustrated in Fig. 6,
where we compare HIGHMz to X-COP (left), and to REXCESS
and ESZ (right). The two HIGHMz median profiles shown in
Fig. 6 are also compared in Fig. C1 to the ‘reference’ measure-

ment, that is, entropy using median densities and M;/(’)‘O in the
rescaling.

The median scaled entropy profile of HIGHMz consistently
lies below those of the other samples, regardless of whether
entropies are derived from azimuthal median (left) or mean
(right) densities, and regardless the adopted mass in the scal-
ing. The only exception is given by the core region, where we
measure flatter entropies. This may be due to a combination of
different effects, such as a different morphological distribution
of HIGHMz clusters and/or a distinct resolution of the profiles
due to the different redshift range. Further discussion on the dis-
tribution of the central entropies is provided in Sect. 5.2.1.

Beyond ~0.1 Rsgg, the median profiles of the four samples
exhibit similar shapes, as shown by the nearly constant ratios
(sample/HIGHMz) with radius in the central panels of Fig. 6.
The good agreement in shape with X-COP suggests that restrict-
ing the analysis to temperature measurements with S/B > 0.2
for HIGHMz has a comparable impact on the entropy profiles
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as a joint X/SZ analysis, as also pointed out by Rossetti et al.
(2024) for the temperatures. Conversely, larger discrepancies are
found when comparing normalisations. REXCESS, X-COP, and
ESZ median profiles are, on average, ~42%, ~14% and ~12%
higher than those of HIGHMz, respectively. These differences
in normalisation correlate with the median masses of the sam-
ples (Fig. 1): low-mass objects feature higher scaled entropy
profiles than massive systems, which more closely approach the
predictions from non-radiative simulations, consistent with the
idea that non-gravitational effects play a more important role at
the low-mass end. We discuss further the departures from self-
similar predictions in Sect. 5.3.

In Fig. 6 (bottom), we also show the dispersion of the entropy
profiles for the four samples as a function of the radius. In gen-
eral, the measured intrinsic scatter profiles are in agreement at all
radii. We measure considerable dispersion in the central regions,
reflecting the morphological variety of the clusters, while the
scatter reduces towards the external regions, where clusters
appear to be more self-similar. A small increase of the intrin-
sic scatter is then observed at radii R > 0.8 Rs¢, especially using
the azimuthal mean, likely due to the larger impact of undetected
sub-clumps. The only notable exception regards REXCESS clus-
ters, which display a larger scatter (factor of ~1.5 with respect to
ESZ and HIGHMz) in the radial range [0.1-0.4] Rso9, due to the
wide range of masses that are present in the sample. To test this
hypothesis, we divided REXCESS into two equal parts based on
cluster masses and verified that the measured scatter of the more
massive half is consistent with the ESZ and HIGHMz values.

4.4. Comparison with simulations

We now compare the HIGHMz entropy profiles with those
of clusters taken from the MACSIS and The300 datasets (see
Sect. 2.3), to test whether our theoretical understanding of the
physical processes acting at the galaxy cluster scale can repro-
duce the properties of the observed entropy profiles.

As specified in Sect. 2.3, we assumed that Planck masses
present an average 20% hydrostatic mass bias. We therefore con-

sider HIGHMz masses corrected accordingly (i.e. M;/&z) /(1 =b),
with 1 — b = 0.8), to compute both Ks5pp and Rsp9, which we
then used in the rescaling. To ensure a fair comparison, we also
adopted the scaling for K5 reported in Eq. (1) for the simula-
tions, using f;, = 0.16, as done for observations. We note that we
have used mass-weighted entropy profiles for the simulated clus-
ters, to reduce the effect of cold and dense sub-structures that are
not masked in the simulations. However, in Appendix A we also
present spectroscopic-like (Mazzotta et al. 2004) entropy pro-
files, as compared to the mass-weighted ones (Fig. A2).

4.4.1. Shape and dispersion

Figure 7 compares the scaled entropy profiles of the HIGHMz,
MACSIS, and The300 samples. In general, the simulations
reproduce the observed dispersion in the central regions and also
the steady increase of ICM entropy with radius, with reduced
scatter. Beyond the core, both MACSIS and The300 profiles
increase according to a power law, with almost the same slope
predicted from pure gravitational collapse (Voit et al. 2005). For
a more quantitative comparison, we measured the median and
the intrinsic scatter of the entropy profiles as a function of radius,
following the same procedure detailed in Sect. 4.1.

Beyond the core, we find a good agreement in shape with
the median entropy profile of both simulated datasets, although
HIGHMz profiles are flatter in the outskirts. Regarding the
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Fig. 7. Comparison with simulated datasets. From the top to the bottom:
(i) measured profiles for MACSIS (light blue), The300 (violet), and
HIGHMz, rescaled to mimic a 20% hydrostatic bias, as described in the
text (black); (ii) median entropy profiles of the three samples, together
with their intrinsic scatters and the red dash-dotted line showing the
prediction from Voit et al. (2005); (iii) ratio to HIGHMz, with the grey
shaded area showing the intrinsic dispersion of HIGHMz entropies and
horizontal dotted lines marking a 20% discrepancy; (iv) radial profile of
the intrinsic dispersion for the three samples.

normalisation, HIGHMz median profile lies between those of
MACSIS and The300, which slightly overestimate (~6%) and
underestimate (~9%) the observed one, while still remaining
within the measured dispersion at all radii. These differences
are due to the combination of differences in temperatures and
electron densities, as shown in Appendix A. Looking at the cen-
tral regions (R < 0.1 Rsq), larger discrepancies are observed
for MACSIS clusters, which predict strong cooling in the core;
as a result, the simulated galaxy clusters have low central tem-
peratures and peaked central densities (see Fig. A.l), which
together give a systematically lower gas entropy than observed.
This is not a new finding, as a similar behaviour has already
been observed in previous works comparing simulations with
observations, (e.g. Barnes et al. 2017) and also a recent study of
FLAMINGO clusters (Braspenning et al. 2024), based on a sim-
ilar code. Conversely, somewhat better agreement with obser-
vations is observed in the core of The300 clusters, probably
favoured by the implemented artificial thermal diffusion term
(Rasia et al. 2015), which allows for more efficient gas mixing
in the central regions.
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Fig. 8. Comparison between relaxed and disturbed systems, for HIGHMz (left), The300 (centre), and MACSIS (right). Green is used for the most
relaxed clusters, while yellow for most disturbed ones. Black is used for the median profile obtained using all the clusters in each sample. In the
bottom panels, we show the ratios to the medians of the full samples, with the dotted lines marking a 20% discrepancy.

Regarding the dispersion of the profiles, presented in Fig. 7
(bottom), the simulations are able to reproduce the general
behaviour observed in real clusters, albeit with some differences.
For example, both simulated datasets overestimate the observed
intrinsic dispersion in the central regions, although the difference
is not statistically significant for The300, and underestimate it
in the outskirts. At intermediate radii, i.e. [0.2—0.5] Rs5p9, both
simulated datasets reproduce well the measured dispersion for
HIGHMz clusters.

4.4.2. Correlation with morphological parameters

In Fig. 4, we have highlighted that the central dispersion of
HIGHMz entropy profiles is closely related to their dynamical
state, as supported by the strong correlation between entropy
and morphological indicators, such as ¢ and w, and that this
dependence is then reduced outside the core. In the following,
we test the ability of simulations to reproduce the dependence
of the entropy profiles on ¢ and w. We approach this question
in two different ways: by dividing the samples into disturbed
and relaxed objects and comparing their median profiles; and by
quantifying the correlation between entropy and morphological
indicators as a function of radius.

We first divided HIGHMz, MACSIS, and The300 clusters
into two sub-samples based on their classification as either most
relaxed or most disturbed. This was achieved by sorting the clus-
ters according to their centroid shift value, w, and selecting those
with w values falling in the lower and upper tails of the distribu-
tion. Specifically, we identified the most relaxed and disturbed
clusters as the 20% of the clusters with the lowest and high-
est w, respectively. This approach only considers clusters that
are in the two tails of the distribution, thus reducing the impact
of potential systematics arising from differences in the calcula-
tion of w between observations and simulations. We then com-
puted the median entropy profiles of the two sub-samples and
compared them with the median profile of all the clusters in
HIGHMz, MACSIS, and The300 (Fig. 8). We find that the sim-
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ulations reproduce the general behaviour seen in observations,
i.e. relaxed clusters have steeper profiles at all radii than per-
turbed clusters. The difference between the median profiles of
the two sub-samples is particularly pronounced in the central
regions, where disturbed systems show higher entropy profiles
than relaxed ones; the dichotomy disappears at ~0.3—0.4 Rsq
and is then slightly reversed in the outer regions, where we
observe relaxed clusters more closely approaching predictions
from Voit et al. (2005). In the outskirts, the simulations under-
estimate the differences between the two sub-samples, which is
not surprising given the lower reproduced scatter in these regions
with respect to the observations, as already noted in Sect. 4.4.1.

We also calculated a more quantitative comparison of the
dependence of the scaled entropy on the morphological param-
eters for the three samples. Specifically, we interpolated the
entropy profiles on a dense radial grid, and for each radius we
calculated (in the log-log plane) the correlation between the
ICM entropy and both ¢ and w, as quantified by the Pearson’s
p parameter. For HIGHMz, we included information on the sta-
tistical errors in the measurements by performing a Monte Carlo
simulation: for each radius, we generated 1000 random values
(around the nominal measurements, with the sigma given by the
statistical errors) for K/Ksqy, ¢ and w, and for each realisation
we calculated the correlation. Finally, from these distributions
of measured Pearson’s p, we computed the medians and asso-
ciated errors. Plotting the results as a function of radius as in
Fig. 9 (left for ¢ and right for w), it is possible to investigate how
the dependence varies from the centre to the outskirts. Figure 9
reflects some of the aspects already discussed in Sect. 4.1: in
the centre we observe a strong (anti-)correlation with (c¢) w for
HIGHMz clusters, with p ~ (-0.8) 0.6. The dependence on
¢ and w reaches a minimum between R ~ 0.2—0.3 R5q9, and
finally undergoes a slight inversion at larger radii. The simula-
tions reproduce both the shape and intensity of these correla-
tions at all radii, indicating that they can accurately replicate the
spread of the entropy profiles and the dependence on dynamical
state. The only difference is found at ~Rs5yy for The300 where
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no significant correlation is found. This is consistent with the
finding of Fig. 8 where the profiles of the relaxed and disturbed
sub-samples of these 25 clusters from The300 are almost coinci-
dent at Rsp.

5. Discussion
5.1. Flattening of the profiles in the cluster outskirts?

The shape of the entropy profiles in the cluster outskirts has
been the subject of debate during the past decades, as conflict-
ing results have been derived. According to cosmological simu-
lations which implement gravitational processes only, entropy
should exhibit a steady increase with radius (cR™MY at least
out to ~2 Ry (Tozzi & Norman 2001; Voit et al. 2005). How-
ever, observations exploiting the low particle background of
Suzaku have indicated significant flattening at ~0.6 Rypo and
even at inner radii (e.g. Walker et al. 2012; Urban et al. 2014;
Simionescu et al. 2017). Various explanations have been dis-
cussed to account for the observed flattening in Suzaku data,
including differences between electron and ion temperatures
in the outer ICM regions (Hoshino et al. 2010; Akamatsu et al.
2011) and a weakening of the accretion shock as it expands
(Lapi et al. 2010; Cavaliere et al. 2011; Walker et al. 2012).
Constraining the radius at which the flattening starts, and the
extent of it, would represent a significant step forwards in
our understanding of the physical mechanisms occurring at the
accretion shock.

New insights were provided by Ghirardini et al. (2019), who
reconstructed the entropy profiles of X-COP clusters, reveal-
ing a steady increase with radius out to at least ~Rygg, consis-
tent with predictions from simulations. X-COP introduced sev-
eral methodological improvements, such as the use of median
instead of mean densities. In particular, the ability of median
densities to exclude clumps down to scales of ~10-20kpc in
the outer regions has been suggested as the main reason for
discrepancies with Suzaku. The mean densities, combined with
the low resolution of Suzaku (~2 arcmin), would have prevented
the exclusion of cool, over-dense structures, leading to a bias
towards higher gas density and lower temperature values, and
consequently resulting in an underestimation of the measured
gas entropy.

With the high data quality of the CHEX-MATE clusters, we
are now able to provide further conclusions about the shape of
the entropy profiles in the cluster outskirts. We showed that flat-
tening is occasionally observed at ~Rsqg, both using azimuthal
median (Fig. 4) and mean (Fig. C2) densities, when all the tem-
perature bins are used in the reconstruction of the gas entropy.
Conversely, correcting for the bias highlighted by Rossetti et al.
(2024), i.e. excluding temperature measurements with S/B <
0.2, the entropy profiles resumed a steadily increasing trend,
consistent with X-COP and with predictions from cosmologi-
cal simulations. This suggests that the contribution of azimuthal
median densities alone may not fully explain the differences with
Suzaku, as it was suggested by Ghirardini et al. (2019), but a cor-
rection of a potential bias in the temperature measurement is also
needed.

We investigate the impact of alleviating the bias in gas den-
sity (using the azimuthal median) and temperature (imposing
S/B > 0.2) separately in Fig. 10. More specifically, we per-
formed the ratio between the median entropy profiles of the sam-
ple reconstructed in two different ways:

— using azimuthal median and mean densities, with no correc-
tion for the bias in temperature (grey). This highlights the
possible impact of a more efficient exclusion of cold and
over-dense regions from the reconstruction of the gas den-
sity, while temperatures are left untouched,

— using azimuthal mean density profiles, combined with tem-
perature profiles with and without low-S/B measurements
(purple). This shows the impact of correcting the bias in tem-
perature only.

In Fig. 10, we show the ratios of the medians of the measured
entropy profiles, together with their statistical errors.

The use of azimuthal median instead of mean density pro-
files results in a marginal increase (<5%) of the ICM entropy
at all radii, with a measured trend similar to the one shown
by Eckert et al. (2015) and Bartalucci et al. (2023). Conversely,
excluding temperature bins where S/B < 0.2 barely affects the
reconstructed entropy profiles within ~0.6 Rsoo (although some
differences are noted, due to deprojection effects), while it has
larger impact in the outer regions (~8% at Rsg), especially for
those clusters with significantly biased low external tempera-
ture measurements. This clearly indicates that, in the outskirts,
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Fig. 10. Relative contribution of potential density and temperature-
related systematic uncertainties to the median entropy profile. We show
the ratios between the medians K of the scaled entropy profiles, recon-
structed using: (i) median and mean densities, without cut for S /B > 0.2
(grey); (ii) mean densities, with and without cut for S/B > 0.2 (purple)
and (iii) a combination of the two (red), as detailed in the text. Shaded
areas are the 1o statistical errors.

correcting for the bias in temperature has a comparable or perhaps
even larger impact than the use of azimuthal median densities.
Finally, we also show the joint effect of correcting densi-
ties (through the use of azimuthal medians) and temperatures
(imposing S/B > 0.2) on the entropy profiles (red in Fig. 10).
To first order, this is the net sum of the previous two measure-
ments. We notice a radial increase of the median ratio (reaching
~1.13 at Rsg0), meaning that the contribution from the systemat-
ics is larger in the outskirts than in the central regions. If these
effects were not taken into account, they would have significant
impact on the reconstruction of the entropy profiles, thus leading
to incorrect conclusions on their shape in the cluster outskirts.

5.2. Shape of the profiles

In this section we present the results of the analytical fit to
the individual HIGHMz entropy profiles using a constant-plus-
power-law model of the form K = Ky + K;(r/100kpc)®
(Donahue et al. 2005). This exercise allows us to discuss both the
central entropy (Ky) distribution — a topic that has been debated
in the past decades — and the distribution of the outer slopes «;
in addition, it allows us to compare them with the results from
previous works (Cavagnolo et al. 2009; Pratt et al. 2010).

We performed the fits in a Bayesian framework using PyMC,
assuming flat priors in a wide range for the three parameters
to be determined. The best-fitting parameters for each cluster
are given in Table 4. To compare fairly with Cavagnolo et al.
(2009) and Pratt et al. (2010), we used the HIGHMz entropy
profiles derived from mean densities (see Appendix C). The his-
tograms of the resulting central entropies Ky and outer slopes
a are shown in Fig. 11 (top left and top right), together with
the cumulative distributions (bottom panels), which are inde-
pendent of the adopted binning. In constructing the histograms,
we took into account the statistical uncertainties on the best-
fitting parameters, in order to correctly weight each measure-
ment. More specifically, for each measurement of Ky and «, we
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Table 4. Best-fitting parameters of the constant-plus-power-law func-

tional form describing the shape of HIGHMz entropy profiles.

Cluster Ko (keVem?) K (keVcm?) «
U(0, 1000) U(0,500) U(0,2)

PSZ2G004.45-19.55 41.78 £17.78 140.49 £ 1790 1.10 +0.07
PSZ2G008.94-81.22 48.42 +38.20 318.76 +33.64 0.47 +£0.03
PSZ2G044.77-51.30 99.44 +£30.77 143.63 £26.61 0.79 +0.08
PSZ2G046.10+27.18 449.65 +27.28 12.25+8.54 1.56 +0.28
PSZ2G056.93-55.08 345.95+10.90 12.10+2.29 1.88+0.08
PSZ2G057.25-45.34 54.06 +11.94 125.02+11.83 1.11 +£0.05
PSZ2G072.62+41.46 24574 +13.36 4291 +6.22 1.53+0.07
PSZ2G073.97-27.82 7.04 £4.81 162.43 £8.10 1.06 +0.03
PSZ2G092.71+73.46  74.28 +31.59 172.29 +26.17 0.80 + 0.06
PSZ2G111.61-45.71 260.46 +23.64 40.73+1093 1.44+0.12
PSZ2G155.27-68.42 166.41 +31.87 87.51+2249 1.17+0.12
PSZ2G159.91-73.50 75.69 £ 15.20 127.11 = 13.64 0.98 +0.05
PSZ2G186.37+37.26 235.88 +16.50 64.01 £9.27 1.36+0.07
PSZ2G195.75-24.32 257.79 +47.35 70.61 £27.08 1.15+0.15
PSZ2G201.50-27.31 101.20 +£33.21 123.27 £26.56 0.95+0.10
PSZ2G205.93-39.46 0.80 +0.94 132.59+3.64 1.00 +0.02
PSZ2G210.64+17.09 99.88 +£55.06 135.03 +45.82 0.89 +0.15
PSZ2G216.62+47.00 38.14 £26.70 219.41 £24.99 0.72 +0.05
PSZ2G228.16+75.20 225.16 +33.93 74.10+20.28 1.13+0.11
PSZ2G239.27-26.01 304.54 +£24.95 29.77+10.69 1.64 +0.18
PSZ2G243.15-73.84 249.59 +30.27 5690+ 17.57 125+0.14
PSZ2G262.27-35.38 223.47 +£98.85 172.42+67.52 0.79 +£0.13
PSZ2G266.04-21.25 283.26 +16.02 2446+5.70 1.74+0.11
PSZ2G277.76—-51.74 480.74 £ 60.76 31.79 +28.74 1.26 +0.32
PSZ2G278.58+39.16 3.10+£3.59 208.92 +7.68 0.76 +£0.02
PSZ2G284.41+52.45 4498 + 6.57 139.72 £6.99 1.13 +0.03
PSZ2G286.98+32.90 372.00 +£56.08 87.27+2827 1.27+0.14
PSZ2G324.04+48.79 0.62 +0.72 168.86 +4.34 1.03 +£0.02
PSZ2G340.36+60.58 0.37+043 129.62 £+ 1.75 1.13 £0.01
PSZ2G340.94+35.07 7.79 £ 1.97 116.67 £397 1.21 +£0.02
PSZ2G346.61+35.06 638.96 + 148.32 70.26 + 116.83 0.79 + 0.47
PSZ2G349.46-59.95 104.37 +10.60 79.00 £8.17 1.36 +0.05

generated 1000 random realisations, normally distributed around
the best-fitting value and using the statistical error as sigma,
and then computed the histograms from these distributions, nor-
malised to the total number of realisations. The histograms in
Fig. 11 are colour coded according to the median centroid shift
of the clusters in each bin, in order to link the shape of the pro-
files to their morphological state.

5.2.1. Central entropy distribution

Based on an archival collection of 239 clusters observed with
Chandra, known as ACCEPT, Cavagnolo et al. (2009) found
a bimodal distribution of the central entropies Ky, with two
peaks of similar amplitude located at K, ~ 15keVcm? and
Ko ~ 150keV cm?. Conversely, by studying REXCESS clus-
ters, Pratt et al. (2010) identified two tentative peaks at lower
entropy (Ky ~ 3 and ~75keV cm?), with an amplitude ratio of
1 : 3. However, they could not statistically distinguish between a
bimodal and a left-skewed distribution of K. Pratt et al. (2010)
proposed various reasons for the differences observed, includ-
ing a possible overestimation of the central temperature dis-
tribution by Cavagnolo et al. (2009) due to the lack of depro-
jection of their measured 2D temperatures. Moreover, since
ACCEDPT is an archive-limited sample, the clear gap identified
by Cavagnolo et al. (2009) between Ky ~ 30-50keV cm? may
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Fig. 11. Distribution of central entropies K, (left) and outer slopes «a (right) of the HHGHMz clusters. Plot bars are colour coded according to the
median centroid shift w in each bin. Bottom panels are the cumulative distributions of the two histrograms. Blue and golden vertical lines mark the
positions of the peaks identified with ACCEPT (Cavagnolo et al. 2009) and REXCESS (Pratt et al. 2010), respectively. The red dotted line on the

right is the canonical slope value of 1.1.

be the simple result of scientists’ prevailing interest in either
strong-cool-cores clusters or in energetic mergers, leaving out
clusters with ‘average’ properties, which will be observed in a
representative sample like REXCESS. In summary, what the real
distribution of central entropies in the cluster population is is still
under debate. Clearly, given its close connection to the underly-
ing physical mechanisms operating in cluster cores, the investi-
gation of the central entropy distribution is a key issue for the
cluster community.

We further investigated the topic of cluster central entropy
distribution with the HIGHMz clusters. The results are shown
in Fig. 11 (left). Unlike Cavagnolo et al. (2009), and more simi-
larly to Pratt et al. (2010), we do not find evidence for a bimodal
distribution of central entropies, but rather for a left-skewed dis-
tribution, which peaks at Ky ~ 200keV cm?, with an extended
tail towards low K values. This is not an artefact of the adopted
binning, as supported by the cumulative distribution in the bot-
tom panel of Fig. 11 (left), which shows a gradual increase with
Ky. This finding indicates that we observe more clusters with
high central entropy in the present sample than in REXCESS
and ACCEPT. Similar behaviour has been noted in Sect. 4.3
in comparison to X-COP and ESZ, where the median entropy
profile of HIGHMz has been found to be flatter in the cen-
tral regions (Fig. 6). The small peak observed at ~7keV cm?
is simply the result of two clusters with similar central entropy
(PSZ2G073.97-27.82 and PSZ2G340.94+35.07). We note that
we restricted the histogram to values of K > 0.1 keV cm?; how-
ever, four clusters have a best-fitting central entropy that is con-
sistent with zero within 1o

Finally, we observe a clear correlation between Ky and the
centroid shift w, as indicated by the colour coding adopted in
Fig. 11. Indeed, morphologically disturbed clusters tend to have
higher central entropy, while morphologically relaxed clusters

populate the left tail of the distribution, as already observed in
Fig. 4. Typically, Ky is used to classify cool-core and non-cool-
core clusters from a thermodynamical point of view; although
it indicates the morphological state of a cluster as measured
at large scales, w shows a good correlation with Kjy. As the
median mass of HIGHMz is larger than both X-COP and ESZ,
it may be that this very high-mass population is dominated
by disturbed objects with a high central entropy. Alternatively,
the pure SZ-selection of HIGHMz may contribute to the pres-
ence of a greater number of disturbed, high central entropy sys-
tems (Planck Collaboration IX 2011; Rossetti et al. 2016, 2017,
Andrade-Santos et al. 2017; Lovisari et al. 2017).

Although our results seem to be in contrast with previous
findings, they cannot be considered as definitive. In fact, the
study of central regions is not straightforward, and the pres-
ence of additional uncertainties may bias our conclusions. For
example, the physical size of the central bins is different for
morphologically relaxed and disturbed clusters, a consequence
of the adaptive binning method we used for the spectral extrac-
tion (Chen et al. 2024; see Sect. 3.2 of Rossetti et al. 2024), thus
possibly altering to some level the measured distribution of the
central entropies. In addition, differences in sample selection
methods (X-rays and SZ), the adopted satellite for the study
(Chandra and XMM-Newton) and redshift ranges may pre-
vent a fair comparison between the samples. Future studies
on the entire CHEX-MATE sample will provide increased sta-
tistical power to derive additional constraints on the central
entropy distribution in clusters. However, while CHEX-MATE
was designed to ensure homogeneous observations at Rsg, the
same cannot be guaranteed for the central regions. Therefore,
a dedicated programme on a representative cluster sample, with
the aim of reaching homogeneous spatial resolution in the central
regions, may be needed to definitively shed light on this issue.
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5.2.2. External slopes of the profiles

The right-hand panel of Fig. 11 shows the distribution of outer
slopes, @, of the HIGHMz clusters, as from the constant plus
power-law model. A wide range of values for the parameter « is
observed, extending from ~0.5 to ~2. Similarly to the findings
by Pratt et al. (2010) for REXCESS clusters, there is no indica-
tion of bimodality in the distribution of slopes. The median of
the measured distribution is @ ~ 1.12, remarkably close to the
self-similar nominal value of 1.1, and slightly larger than 0.98,
as measured by Pratt et al. (2010), shown by the golden verti-
cal line in Fig. 11 (right) using REXCESS. While the median
slope of the REXCESS sample still falls within the large 1o~ dis-
persion of HIGHMz (o = 0.35), the lower median value likely
reflects the presence of more lower-mass systems in the REX-
CESS sample. Finally, the peak value measured by individual fits
of the entropy profiles (o ~ 1.12) is larger than the best fitting
value presented in Fig. 5, when all the HIGHMz entropy profiles
are jointly fitted (@ ~ 0.87). Although the latter is still included
within the 1o distribution presented in this section, the observed
differences may simply reflect the rigidity of the assumed
model, which allows for larger variability when fitting individual
profiles.

Similarly to the central entropies, the distribution of the outer
slopes presented in Fig. 11 (right) is also colour coded accord-
ing to the median centroid shift parameter (w) of each bin. This
allows us to link the measured outer slopes to the morphologi-
cal state of the clusters. From the figure, it is evident that more
relaxed clusters, with lower values of w, exhibit a slope @ much
closer to the canonical 1.1 value, with a relatively small scatter.
Conversely, more disturbed clusters, with larger values of w, are
more prevalent in the tails of the distribution, displaying both
lower and higher values than 1.1. This is also in line with the
findings presented in Fig. 5 of Pratt et al. (2010), showing that
the best fitting slopes of the sub-sample of relaxed REXCESS
clusters is closer to ~1 with a relatively small scatter, while
dynamical disturbed objects are characterised by larger scatter
in the « distribution.

5.3. Beyond the self-similar scenario

In Sect. 4.3, we compared entropy profiles of ESZ, X-COP,
and REXCESS clusters to those from HIGHMz, noting simi-
lar shapes but significant differences for their normalisations.
These discrepancies were observed to correlate with the median
masses of each sample, with low-mass clusters exhibiting more
pronounced deviations. These findings support the idea that non-
gravitational processes leave a signature in the physical proper-
ties of the ICM, particularly so for less massive systems, and so
a self-similar scaling (Eq. (1)) may not be fully representative of
all the physical processes affecting the gas entropy in a cluster.

Some works already focused on alternative rescalings of the
thermodynamic profiles, that go beyond the self-similar scenario
and account for the effects of non-gravitational processes. For
example, Pratt et al. (2010) showed a mass-dependent excess of
the gas entropy in REXCESS clusters, while Pratt et al. (2022)
highlighted a stronger than self-similar evolution with redshift,
together with a significant residual dependence on mass, for
the density profiles of ~120 galaxy clusters. In the following,
we investigate further the impact of non-gravitational processes
through the combined sample of REXCESS, X-COP, ESZ, and
HIGHMz clusters, to explore the possibility of mass and red-
shift dependencies of the gas entropy which go beyond the self-
similar scenario.
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We initially studied the impact of both an additional mass
dependence and a modified evolution with respect to self-similar
expectations. This investigation is detailed in Appendix B, where
we show that we did not find strong statistical evidence for
a modified redshift dependence in the scaling, likely due to
the limited redshift range of the sample under consideration.
We therefore assumed self-similar evolution and studied the
impact of a residual mass dependence only. This is detailed in
Sects. 5.3.1 and 5.3.2, where we investigate both global and
radial effects, respectively. Finally, although we used the same
scaling and adopted the same code to compute the medians of the
different samples, some additional systematic effects, for exam-
ple due to different data analysis approaches, may affect the fol-
lowing results to some degree. Through the future study on the
entire CHEX-MATE sample, we will be able to derive definitive
constraints on the departure from the self-similar scenario, min-
imising potential systematics through a homogeneous analysis
of all the 118 clusters in the sample.

5.3.1. Global dependence on mass

We assumed that the differences between the median entropy
profiles of the four samples can be entirely explained by a mod-
ified dependence on cluster mass, rather than a self-similar one.
We thus introduced the parameter A,,, that quantifies the depar-
ture from self-similar predictions, and built a modified entropy
rescaling:

2 2/3+A, -
Ksoo = M2 E(2) 723,

@)

To identify the value of A,, that is needed to explain the differ-
ences we have observed in Sect. 4.3, we studied how the scatter
of the measured profiles varies as a function of A,,. Our best-
fitting residual mass dependence is then the value of A,, that
minimises the dispersion of the profiles in a given radial range.

To do so, we followed a procedure similar to the one
described in Sect. 4.2. Specifically, we fitted together the
entropy profiles of the considered samples in the radial range
[0.3-0.8] Rsgo, thus excluding the flattening that is observed in
the core region and potentially biased measurements in the out-
skirts, using a power law and an intrinsic scatter:

K(x)/Kso0 = A - x* - exp(£0in), 8)

where again x = R/Rsp. To investigate the dependence on
the residual mass dependence, we generated 250 random val-
ues of A, uniformly distributed in the range [-0.75, +0.5]. At
each iteration, the entropy profiles were rescaled using a differ-

ent realisation of IE';&, and the best-fitting intrinsic scatter was
then plotted as a function of A,,. Similarly to what was dis-
cussed in Sect. 4.3, we specify that we considered X-COP and
HIGHMz and REXCESS, ESZ, and HIGHMz separately in the
analysis, to reduce the impact of systematic errors coming from
a heterogeneous cluster sample. We also noticed that some clus-
ters are in common between HIGHMz, ESZ, and REXCESS;
we thus excised duplicates that may bias our results, keeping
our measurements first and then, if a cluster was only in com-
mon between REXCESS and ESZ, those reported in Pratt et al.
(2010). The final combined samples count 44 clusters for the
combined X-COP — HIGHMz sample, and 108 for REXCESS —
ESZ - HIGHMz.

The results are presented in Fig. 12 (left), where we plot
the distribution of the measured dispersions as a function of the
residual mass dependence A,,. We immediately notice that these
describe well defined curves in the plane A,, — oy and that the
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Fig. 12. Constraints to the residual mass dependence A,, in the entropy rescaling. Left panel: distribution of the intrinsic scatter of different
samples as a function of A,,, to identify the global (i.e. within [0.3—0.8] Rsq0) A,, correction (Sect. 5.3.1). Yellow is used for the combined X-COP
— HIGHMz sample, brown for REXCESS — ESZ — HIGHMz, while blue for HIGHMz only. Vertical dashed lines and shaded areas mark the
positions of the minima, together with their statistical errors. Right panel: radial dependence of the A,, values which minimise the scatter of the
combined REXCESS — ESZ — HIGHMz sample (Sect. 5.3.2), together with their statistical errors (black solid line and grey shaded area). Shown
in brown (blue) is the global measurements using REXCESS — ESZ — HIGHMz (HIGHMz only) sample. In red are results from REXCESS only
(Pratt et al. 2010). Both in the left and right panels, black dashed lines are the prediction from self-similar scenario, i.e. A,, = 0.

minima of these curves are not achieved at A,, = 0, as would
be the case if cluster entropies scaled self-similarly. The exact
positions of the minima and the associated errors were identi-
fied through a Monte Carlo simulation; specifically, (i) we gen-
erated 1000 random realisations of each data point around its
statistical error; (ii) each time we linearly interpolated the ran-
domly generated curve and found its minimum; and (iii) we
computed the median and 1o dispersion from this distribution.
The measured errors give an idea of the flattening of each curve
around the position of the minimum. We measure A,, (min. scat-
ter) = —0.24 + 0.03 and —0.21 + 0.04 for the combined samples
of REXCESS — ESZ — HIGHMz (brown in Fig. 12, left) and X-
COP — HIGHMz (yellow), respectively. We thus find evidence
that a milder mass dependence than self-similar is needed to
reduce the scatter of the measured entropy profiles to its min-
imum in the [0.3—-0.8] Rsop radial range, supporting the idea
that non-gravitational processes break the self-similarity of the
observed clusters and cause an enhancement of their gas entropy
that depends on cluster mass. We note that the measured values
of A, (min. scatter) for the two combined samples are in good
agreement within their error bars. This is indeed expected, as
REXCESS and ESZ together cover the mass range of the X-COP
sample.

Finally, we also repeated the same exercise using the
HIGHMz clusters only (blue in Fig. 12, left), to test whether
the departure from the self-similar scaling is observed also at the
massive cluster scale. We find A,, (min. scatter) = —0.04 + 0.10,
consistent with zero within the large error bar. This supports the
idea that, beyond the core, the properties of massive clusters
are mainly driven by the gravitational assembly, which results
in a good agreement with the self-similar predictions for the
rescaling.

5.3.2. Radial dependence on mass correction

In the previous section, we identified a value A,, that would
explain the global differences observed between samples at dif-
ferent masses. However, Pratt et al. (2010) also identified a radial

trend of the mass-dependent entropy excess, that is stronger at
~Rys00 and becomes negligible at ~Rsgy within the large obser-
vational uncertainties. The increased sample size of the present
study allows a similar investigation to be conducted with an
improved precision, and thus to map a radial dependence of the
measured A,, values that minimise the dispersion of the profiles.
To do so, we repeated the procedure presented in Sect. 5.3.1
in a slightly different fashion. Specifically, we first interpolated
the profiles on a common grid of 10 equally spaced radial bins
within the range [0.1-1] Rsop (plus an additional measurement
at 0.05 Rsqp), similarly to Sect. 4.3. We then fitted the data points
belonging to each radial bin with the model:

K/Ks00 = A - exp(£0iny), )

and studied the distribution of the intrinsic scatter as a function
of A,, at each radius. Similarly to what was done in Sect. 5.3.1,
we generated 100 random values of A,, to use in the rescaling,
uniformly distributed in the range [-0.75,0.25]. However, for
this test we used only the combined sample of REXCESS — ESZ
— HIGHMz, since the larger number of objects affords better
precision on the radial dependence of the mass correction. The
position of the minimum value of each distribution and the asso-
ciated errors were computed as in Sect. 5.3.1. These are shown in
Fig. 12 (right), as a function of radius and compared to previous
measurements by Pratt et al. (2010).

We find a radial trend of the A,, values minimising the ten
distributions, meaning that the minimum scatter is achieved at
lower A,, values at small radii, while a weaker correction is
needed moving towards the cluster outskirts. More specifically,

we measure A, (min. scatter) = —0.41 = 0.15 at 0.05 R;’)‘O, while
Yx

this value is closer to self-similar predictions at Ry where we
find A,, (min. scatter) = —0.14 + 0.06. Our measurements are in
agreement with previous findings by Pratt et al. (2010) and sup-
port the idea that non-gravitational processes have larger effects
on the ICM properties at small radii, while corrections to self-
similar predictions are smaller moving towards the outskirts.

Interestingly, at R§§0 their measurement is consistent with zero
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within the large error bars; with increased statistics, we are able
to constrain a residual mass dependence other than zero also at
this external radius.

Our measured value of A,, (min. scatter) at Rg(’)‘o is in agree-
ment with predictions based on the semi-analytic model pro-
posed by Ettori et al. (2023), i.e. A, (min. scatter) = —0.16 +
0.01, although they also considered a modified dependence on
redshift, rather than assuming a self-similar evolution as we have
done. At the same radius, our measurement is also consistent
within 1o~ with results from simulations implementing full bary-
onic physics, as presented in Nagai et al. (2007), which predict
A, = —0.062 + 0.036.

5.4. Rescaling using weak-lensing masses

In Sect. 4.1, we have adopted masses derived from Yy to build
the rescaling of the measured entropy profiles, due to their lower
sensitivity to cluster dynamical state compared to hydrostatic
equilibrium masses. However, Pratt et al. (2022) have shown that
the use of M;/())(o leads to a systematic suppression of the true dis-
persion of the density profiles, for a sample of ~120 clusters.
This happens as a cluster with density higher than the average (at
a fixed mass) will possess greater gas mass, resulting in a higher
measured Yy value. Consequently, this will lead to an overes-
timate of MSY(’)‘0 (and so RSY(’)‘O) that, when used in the rescaling,
will move the measured density profile back to the mean one,
thus reducing the apparent scatter. In other words, Pratt et al.
(2022) showed that the covariance between M. ;/(’)‘0 and gas density
implies a suppression of the intrinsic scatter in rescaled density
profiles.

In this section we investigate further the same issue using
the entropy profiles of HIGHMz. In particular, to test the degree
of covariance between our profiles and M;’)‘O, we performed an
alternative rescaling, using masses derived from a ground-based
weak lensing analysis (hereafter MY;). These masses are not
estimated from any of the ICM observables and do not rely on
any assumptions about the dynamical state of the clusters; there-
fore they are commonly considered a good estimate of the ‘true’
mass of a cluster in terms of accuracy (Becker & Kravtsov 2011;
Pratt et al. 2019; Umetsu 2020; Euclid Collaboration 2024).
However, an unbiased reconstruction of the weak-lensing sig-
nal (or reduced tangential shear profile) within the cluster exten-
sion is not straightforward and is particularly challenging for
individual low-mass systems (Mspy ~ 10'*My; see Fig. 17
of Umetsu et al. 2020) due to their shallower potential well,
and for distant ones, as it is more difficult to have informa-
tion on a sufficient number of background galaxies. As a result,
weak-lensing masses are often accompanied with large statisti-
cal errors or, in other terms, they are nearly unbiased, but not
precise.

For our purpose, we took advantage of weak-lensing
Msypy mass estimates available in the Amalgam2 dataset
based on archival Subaru Suprime-Cam and CFHT
MegaPrime/MegaCam observations (Umetsu et al., in prep. and
Gavazzi et al., in prep.), produced within the CHEX-MATE
collaboration. These weak-lensing masses were inferred from
the reduced tangential shear profiles of individual clusters
assuming the spherical NFW profile (Navarro et al. 1996)
with uninformative priors on the halo mass and concentration
(M0, €200), closely following the procedures outlined in
Umetsu et al. (2020). To date, these masses have been measured
for 42 CHEX-MATE clusters including a subset of HIGHMz
comprising 16 clusters, that we then considered for the present
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Fig. 13. Rescaling using weak-lensing masses. From top to the bottom:
(i) entropy profiles of the sub-sample of 16 clusters with weak-lensing
masses available, scaled using My, where shaded grey lines show the
impact of accounting for statistical errors on M;"(% in the rescaling, as
described in the text; (ii) median entropy profiles, obtained using Msygo
(red dotted line) and M;’:% (blue dotted line) in the rescaling; contin-
uous lines are the measurements after including statistical errors on
mass measurements; (iii) same as centre, but for the intrinsic dispersion;
here, simple scalings without including errors on mass measurements
are shown as shaded areas.

study; the entropy profiles of this sub-sample, scaled using
MG, are illustrated in Fig. 13 (top).

To test the impact of the adopted mass in the rescaling on the
measured dispersion of the profiles, we employed the same fit-
ting procedure outlined in Sect. 4.1. Specifically, we adopted the

model described in Eq. (3), both considering MLY%, and M¥L to
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build K50 and Rsgg, to test the impact of the two mass rescalings
on the measured intrinsic scatter.
The measured medians with this first fitting procedure are

shown in Fig. 13 (centre), as dotted red (M;/(’)‘O) and blue (M

lines, while the intrinsic scatter profiles are plotted in the bot-
tom panel, as shaded pink and light blue envelopes, respectively.
The figure shows that using weak-lensing masses leads to a sys-
tematic decrease (a flat ~10%) of the median profile at all radii
and a net increase (250%) of the measured dispersion beyond
0.3 R509. However, this might not be the result of the covariance

between the entropy profiles and MSY())(O’ but it may simply reflect

the impact of the larger statistical errors associated with the MSWOI(;
measurements. In fact, the median fractional statistical uncer-
tainty on weak-lensing masses is ~28%?, while that of masses
derived from Yy is ~3%.

To explore their impact on the final measurements, we prop-
agated the statistical errors associated with mass measurements
into the scaled entropy profiles. More specifically, we generated
1000 random realisations of M g())(o and M;’g% for each cluster, nor-
mally distributed around the measured values using the 68% dis-
persion as sigma, that we used to scale the profiles. Figure 13
(top) also illustrates the spread around the measured entropy
profiles due to mass randomisation, when scaling using M;’gg.
From the random distribution around each entropy bin, we com-
puted (as 16th and 84th percentiles) a new statistical error asso-
ciated with each measurement that quantifies the impact of mass
randomisation. This additional error was then used to build an

updated version of the error measurements at each bin:

X — 2 2
Tincl. errors = T gtat. + Ofan. masses»

including the original measured statistical errors (o) and the
spread due to mass randomisation (0. masses)- Adopting Eq. (3),
we then recalculated the median and the intrinsic scatter of the
scaled profiles, this time including the information from mass
randomisation. The results of these new fitting procedures are

shown in Fig. 13 (centre and bottom) as red (Mg(’)‘o) and blue

(MY}) solid lines.
Accounting for the statistical errors associated with weak
lensing mass measurements has small impact on the measured
median (lower than 5% at all radii), while it systematically
reduces the dispersion (average ~15% beyond the core), reflect-
ing the impact of their large uncertainties. Conversely, the small
errors on M;/(’)‘O barely affect the median and intrinsic scatter
when employing this mass rescaling. A comparison between the
two rescalings suggests that employing Yx masses leads to a
~30% suppression of the intrinsic scatter of the profiles beyond
~0.2 Rsgp, although this result is not statistically significant. In
the core, no evident differences are found. This would point to
the conclusion that a degree of covariance of entropies and Yy
is indeed observed, and using weak-lensing masses would allow
us to recover the ‘true’ entropy scaling. As already mentioned,
a similar behaviour was also observed by Pratt et al. (2022);
assuming that the suppression profile of their Fig. 10 is trans-
lated into a similar one for entropies, we would find a correction
of ~35% beyond the core, similar to the one reported here.
However, the limited size of the sample adopted for the
present study precludes definitive conclusions on this issue. The
future study on the entropy profiles for the full CHEX-MATE

(10)

5> Here, the weak-lensing analysis accounts for the shape noise and the
cosmic noise due to uncorrelated large scale structure projected along
the line of sight (see Umetsu et al. 2020).

sample, together with a similar investigation performed on the
other thermodynamic quantities, will allow more robust conclu-
sions on the impact of different mass measurements on the recon-
struction of the intrinsic scatter of the thermodynamic profiles in
galaxy clusters.

6. Summary and conclusions

The present study focused on the entropy profiles of 32
galaxy clusters, with masses M;/(S)(ZJ > 7.75 x 10" M, and
located at redshifts 0.2 < z < 0.6. This sample, named
HIGHMz, was selected from the parent CHEX-MATE sample
(CHEX-MATE Collaboration 2021) to be representative of the
most massive cluster population. The high masses of HIGHMz
clusters allowed us to investigate the cluster entropy in the
gravity-dominated regime, where non-gravitational processes
are expected to have only minor effects, thus setting a valuable
baseline for future studies at lower-mass scales and higher red-
shifts. The ultimate goal of this work is to provide a set of obser-
vational constraints on the entropy profiles of the most massive
clusters of the Universe, which will serve as a future reference
for cosmological simulations and theoretical models describing
entropy production and modification mechanisms at the galaxy
cluster scale.

In general, the entropy profiles of HIGHMz clusters share
similar properties to those measured in previous studies (e.g.
Cavagnolo et al. 2009; Pratt et al. 2010; Ghirardini et al. 2019).
For example, we found that:

— notable dispersion is present in the core regions, while the
profiles scale more self-similarly and approach predictions
from non-radiative simulations (Voit et al. 2005) towards the
cluster outskirts;

— the central dispersion reflects the morphological variety of
the clusters in the sample, as revealed by the strong correla-
tion with morphological indicators; and

— compared with the predictions from non-radiative simula-
tions, beyond the core, the profiles are well fitted by a power
law with a gentler slope at all radii (@ ~ 0.9 at Rso; Fig. 5),
leading to a lower (~10%) measured entropy in the cluster
outskirts.

In contrast with Cavagnolo et al. (2009) and more similarly to
Pratt et al. (2010), we found no evidence of bimodality in the
central entropy distribution (Fig. 11).

We investigated the relative role of possible systematic errors
in the entropy reconstruction. We showed that:

— the exclusion of temperature measurements in radial bins
with a low source-to-background (S/B < 0.2, Rossetti et al.
2024) from the deprojection, which lie mostly beyond Rsqo,
allows us to regularise the entropy profiles in the outskirts.
The change in the external part of the profiles is larger than
10% only for four clusters, which are those featuring a very
low temperature in the last radial bin (Fig. 3). After exclu-
sion of these temperature measurements, these profiles more
closely approach the predictions from non-radiative simula-
tions; and

— the use of azimuthal median densities, which allows a more
efficient excision of dense clumps, impacts the final shape of
the entropy profiles at all radii (Fig. 10), but in the cluster
outskirts the temperature measurements are the major con-
tributor to the systematic uncertainties.

We compared our profiles with other observational
samples, namely REXCESS (Prattetal. 2010), ESZ
(Planck Collaboration XI 2011), and X-COP (Eckert et al.
2022). Entropy profiles are all in good agreement in shape,
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but some differences in normalisation are present, with the
low-mass clusters showing higher scaled entropy at all radii
(Fig. 6). These discrepancies correlate with the median masses
of the four samples and are a clear indication of the impact
that non-gravitational processes have on the properties of the
ICM. Through the combined sample of HIGHMz, ESZ, and
REXCESS, we investigated the possibility of an alternative
scaling of entropy with mass (Eq. (7)) that can account for the
break of the self-similarity due to non-gravitational processes.
In particular, we found that:

— a weaker mass dependence than self-similar (A,, ~ —0.25) is
able to minimise the dispersion of the entropy profiles in the
radial range [0.3—0.8] Rsoo (Fig. 12, left);

— the effect is radial (Fig. 12, right), with stronger deviations
from self-similarity at small radii, although a non-zero mass
dependence was measured also at Rsyy, where we found
A, =-0.14 £ 0.06;

— the same study, performed on HIGHMz clusters only,
showed that the A,, value minimising the scatter is consis-
tent with being zero, that is, self-similar;

— amodified scaling is also possible for the evolution with red-
shift (Eq. (B.1); see Appendix B for more details), although
the small considered redshift range did not allow definitive
conclusions.

We also compared our results to recent simulations (The300,
Cui et al. 2018; MACSIS, Barnes et al. 2017) that are able to
produce a sufficient number of massive clusters at redshifts
0.2 < z < 0.6. We found the following:

— MACSIS clusters are in good agreement with observations,
both in shape and in normalisation (Fig. 7), where differences
lower than ~6% are measured. Slightly larger differences
(offset ~—9%) are observed in comparison with The300.

— Regarding the correlation with morphological indicators,
simulations are able to reproduce the measured behaviour
for observations. We verified this both through sub-samples
of defined relaxed and disturbed clusters (Fig. 8) and, more
quantitatively, through a correlation of the gas entropy with
c and w as a function of radius (Fig. 9).

Finally, we tested the rescaling of the entropy profiles adopt-
ing masses derived from a weak lensing analysis and pro-
duced within the CHEX-MATE collaboration, in order to reduce
covariance (as highlighted by Pratt et al. 2022 for densities) and
to recover the ‘true’ dispersion. We considered for this study a
subset of 16 HIGHMz clusters, for which weak-lensing masses
were already available. We found that:

— the different statistical errors on weak lensing and Yx masses
have an impact on the results, if they are not properly taken
into account in the analysis; and

— after propagating the statistical errors on mass measure-
ments, there is an indication that the rescaling through Yx
masses leads to a systematic suppression (~30%, although
not statistically significant) of the intrinsic dispersion of the
profiles beyond the core (Fig. 13).

Although we managed to derive several observational con-
straints on the properties of the gas entropy at the massive clus-
ter scale, we could not provide definitive conclusions on a few
other aspects. For example, both the study of the central entropy
distribution and the rescaling using weak-lensing masses would
require a larger cluster sample size. Furthermore, as discussed in
Sect. 4.3, we emphasise that in comparing our data with other
observational samples, we tried to minimise systematic errors
that may result from a heterogeneous sample, for example by
using the same code to compute median profiles and adopting the
same mass rescalings. However, some residual hidden systemat-
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ics may still be present, affecting our results to some degree.
Further constraints on these and more aspects will be possible
through the future study of the entropy profiles of the entire
CHEX-MATE sample.

In conclusion, our results have set an observational baseline
for the radial entropy distribution in the highest mass systems,
where gravitational infall is expected to be the dominant entropy
generation mechanism. Outside the core regions, the profiles
converge rapidly, both in slope and normalisation, to the theo-
retical expectation from gravity-only numerical simulations. The
results further confirm the findings of Pratt et al. (2010), in the
sense that high central entropy is correlated with the morpholog-
ical appearance of a cluster, and that low central entropy is cor-
related with the presence of a cool core. In this paper, for the first
time, we have confirmed these same trends in recent cosmologi-
cal numerical simulations of objects of a similar mass. If ICM
morphology is correlated to dynamical state (e.g. Bauer et al.
2005; Poole et al. 2006; Jeltema et al. 2008; Chon et al. 2012;
Rasia et al. 2013; Lovisari et al. 2017; Campitiello et al. 2022),
these results therefore indicate that a high central entropy at
these high masses is caused by gas mixing due to merging
processes.

Comparison of the HIGHMz sample with other samples
from the literature at a lower average mass reveals the presence
of additional entropy, above that expected from gravitational
generation alone. A modification of the expected scaling to take
this into account reveals a mass dependence that is significantly
less than self-similar. In other words, the ICM in lower-mass sys-
tems has a higher entropy than that expected from gravitational
collapse alone. Outside the core regions, this entropy increase is
radially dependent, reaching a larger radius in lower-mass sys-
tems. This is consistent with a scenario where radiative cooling
of the gas, or additional energy injection from AGN activity or
supernovae, raises the ICM in lower-mass systems to a higher
adiabat.

An important avenue for further work will therefore be to
disentangle the non-gravitational energy injection from the effect
of gas mixing due to merging activity. We intend to pursue this
with the full CHEX-MATE sample.
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Appendix A: The300 and MACSIS datasets

We report in Tables A.1 and A.2 additional information on the
selected The300 and MACSIS clusters, respectively, which were
used for comparison in Sect. 4.4. In particular, we specify their
masses (Msgg, and so the derived Rsq), used in the rescaling
of the profiles, together with morphological indicators such as
¢ and w, computed as described in Campitiello et al. (2022) and
Towler et al. (2023), respectively.

Table A.1. The300 clusters considered for this study.

Cluster Moo Rs00 c w
10* My Mpc

CL0002 19965 1.740 0.34 0.014
CL0006  11.303 1.439 0.50 0.004
CL0009 14291 1.556 043 0.016
CLO0011  12.193 1476 0.18 0.040
CL0017 10.215 1391 042 0.003
CL0018  11.297 1.439 0.39 0.007
CL0019 9.479 1.357 0.28 0.020
CL0021 10.124 1387 0.24 0.042
CL0024 17.028 1.650 0.14 0.083
CL0027 10.716 1.414 0.49 0.011
CL0029 12293 1480 0.37 0.012
CL0030 12.584 1.492 0.47 0.005
CL0031 10.034  1.383 0.23 0.041
CL0035 9.792 1.372  0.52 0.008
CL0036 11.514 1.448 0.11 0.083
CL0039  11.031 1.428 0.43 0.012
CL0044 9.488 1.358 0.23 0.019
CL0052 9.512 1.359 0.57 0.007
CL0067 10928 1.423 0.50 0.014
CL0082 11.617 1.452 0.38 0.061
CL0095 9.804 1.373 0.72 0.003
CL0097 9.339 1.350 0.23 0.063
CLO0130 10.654 1.411 0.20 0.067
CLO0141 10.052 1.384 0.38 0.006
CLO0142 12275 1479 0.13 0.054

Notes. We list M5y, Rsp0, and the morphological parameters ¢ and w,
computed as described in Campitiello et al. (2022).

In Sect. 4.4, we showed that the scaled entropy profiles of
HIGHMz clusters lie between those of The300 and MACSIS
clusters, in terms of their normalisation, albeit with some small
systematic differences at all radii. To better understand the ori-
gin of these discrepancies, and in general to further investigate
the comparison with the simulated datasets, we broke down the
contributions of MACSIS and The300 temperature and electron
density profiles; these profiles are shown in Fig. A.l, in com-
parison with HIGHMz. In order to compute the median and the
intrinsic scatter of the profiles, we followed the same procedure
outlined in Sect. 4.1. The temperature profiles were scaled using
Ts00 computed from Eq. 2 of Arnaud et al. (2005), for an over-
density A = 500 and T > 3.5 keV; densities are scaled self-
similarly by E(z)?.

We notice that, beyond the core, the median temperature pro-
file of the The300 systematically underestimates the observed
one, while densities are overestimated. A similar, but opposite,
behaviour is found for MACSIS. Given the way temperature and
density combine to yield the entropy, the resulting entropies are
underestimated for The300 and overestimated for MACSIS, as
already observed in Fig. 7. When looking at the central regions

(< 0.1 Rsqp), the differences between simulations and observa-
tions become more evident. MACSIS clusters exhibit, in median,
a stronger cooling and a more peaked central density profile
than observed in HIGHMz clusters, as also found in previ-
ous works comparing simulations to observations (Barnes et al.
2017; Braspenning et al. 2024), while The300 clusters are better
at reproducing the central temperature distribution of observa-
tions. Once again, these discrepancies are the origin of the dif-
ferences noted in Fig. 7 for the entropy profiles.

As a final consideration, we recall that in Sect. 4.4 we consid-
ered mass-weighted entropy profiles for the simulated clusters,
in comparison with HIGHMz ones. Mazzotta et al. (2004) dis-
cussed an alternative weighting method of the particles in sim-
ulations, called spectroscopic-like, which weights more dense
and cold sub-structures, as it may happen for real observations
if these regions are not masked properly in the analysis. How-
ever, since sub-structures are not masked in simulations, the use
of spectroscopic-like profiles may bias the reproduced tempera-
tures towards excessively low values. For this reason, in Sect.
4.4, we preferred to keep mass-weighted profiles as our ref-
erence. However, we present in Fig. A2 a direct comparison
of mass-weighted to spectroscopic-like temperature profiles. In
general, spectroscopic-like temperature profiles are lower than
mass-weighted ones at all radii, particularly so in the cluster out-
skirts, where the presence of in-falling sub-structures causes a
net increase of the ratio 7,,,/T. Another consequence of that
is also the increase of the intrinsic scatter for spectroscopic-like
profiles, which becomes consistent with observations at ~ Rs,
both for MACSIS and The300.

Appendix B: Residual dependence on redshift

We further explore the possibility of an alternative rescaling
of the entropy profiles that goes beyond self-similarity (Eq. 1).
In particular, in this section we investigate a possible residual
dependence on both mass and redshift, using the clusters in
the combined HIGHMz — REXCESS — ESZ sample. Similarly
to Sect 5.3, we introduced two parameters, A,, and A,, which
quantify the departure from self-similar predictions for the mass
and redshift dependencies, respectively, and built the modified
entropy rescaling:

K’VS‘(;O — M2/3+Am E(Z)—2/3+A:.

500 (B.1)

We generated 500 random values of A,, and A;, uniformly
distributed in the ranges [-0.75, +0.25] and [-2.5, +1.0], respec-
tively. At each iteration, we rescaled the entropy profiles using

a different realisation of IE&) and fitted them in the radial range
[0.3-0.8] Rsoo, using the model described in Eq. 8. We then stud-
ied how the measured scatter varies as a function of A,, and A_;
our best-fitting residual mass and redshift dependencies are the
values of A,, and A, that minimise the dispersion of the profiles.
The results of this procedure are shown in Fig. B1.

The distribution of the intrinsic scatter o, as a function of
A, and A, describes a well defined surface in the 3D param-
eter space and the minimum of it is not achieved for values
(A, A) = (0,0), as it would be the case if entropy profiles scaled
self-similarly. The projection of the 3D distribution along the
A, (top) and A, (bottom) axes allows for a more precise iden-
tification of the two values for which the measured scatter is
at its minimum. In particular, we find that the pair (A,,,A;) =
(=0.18 £ 0.05, -0.69 + 0.30) is able to minimise the dispersion
of the considered entropy profiles. The dependence of the intrin-
sic scatter on A,, is stronger, as suggested by the well defined
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Table A.2. MACSIS clusters considered for this study.

Name M500 R500 c w Name M500 R500 c w
10 My  Mpc 10 My  Mpc

GCL1 14.669 1.569 037 0.039 | GCL39 12.856 1.501 0.72 0.002
GCL2 14993 1.580 030 0.036 | GCL40 11.167 1.432 039 0.034
GCL3 13.198 1.514 030 0.008 | GCL41 10.196 1.390 0.24 0.005
GCL4 14.867 1.575 023 0.016 | GCL42 16.534 1.632 0.76 0.002
GCL5 11.301  1.438 039 0.027 | GCL43 11983 1466 030 0.034
GCL6 11.150 1431 041 0.023 | GCL44  9.620 1.363 0.28 0.054
GCL7 10.030 1.381 0.54 0.012 | GCL45 10270 1.393 0.51 0.009
GCL8 16231 1.622 0.76 0.002 | GCL46 12541 1.489 0.82 0.005
GCL9 13.733  1.534 0.62 0.020 | GCL47 9.920 1.377 0.14 0.052
GCL10 10489 1.402 0.73 0.016 | GCL48 10.090 1384 0.24 0.035
GCL11 11.480 1.446 034 0.004 | GCL49 11.768 1.457 0.27 0.015
GCL12 12.827 1.500 0.22 0.037 | GCL50  9.996 1.380 0.18 0.046
GCL13 10.070 1.384 034 0.024 | GCL51 11.213 1.434 0.74 0.001
GCL14 12475 1486 0285 0.007 | GCL52 11.262 1.436 0.11 0.039
GCL15 14075 1.547 036 0.016 | GCL53  9.431 1.354 0.42 0.005
GCL16 11313 1438 022 0.034 | GCL54  9.661 1.364 0.13 0.071
GCL17 1049 1403 047 0.004 | GCL55 11.096 1.429 030 0.025
GCL18  12.117 1472 0.10 0.077 | GCL56 15913 1.611 0.40 0.004
GCL19 12512 1487 0.19 0.053 | GCL57  9.378 1.351 0.69 0.003
GCL20 13.004 1.507 0.15 0.010 | GCL58  9.782 1.370 0.29 0.005
GCL21 11.339 1440 0.24 0.013 | GCL59 10962 1423 0.82 0.001
GCL22 15.089 1.583 0.18 0.017 | GCL60  9.513 1.357 0.50 0.018
GCL23 14979 1579 031 0.006 | GCL61 11.893 1.463 036 0.032
GCL24 15463 1.596 030 0.022 | GCL62  9.885 1.375 0.73  0.008
GCL25 14.092 1548 031 0.051 | GCL63 12394 1.483 0.85 0.002
GCL26 11478 1.446 032 0.022 | GCL64  9.678 1.366 0.68 0.002
GCL27 15.013 1.581 0.37 0.017 | GCL65 10418 1.399 0.68 0.002
GCL28 18.002 1.679 021 0.050 | GCL66 15384 1.593 0.08 0.070
GCL29 17.014 1.648 0.70 0.007 | GCL67 15476 1596 0.10 0.065
GCL30 12.036 1468 0.21 0.067 | GCL68 10.409 1399 0.62 0.033
GCL31 14406 1.559 050 0.016 | GCL69 11.321 1.439 0.28 0.018
GCL32 11.797 1458 041 0.022 | GCL70 10.038 1382 0.24 0.015
GCL33 14.171 1.550 0.19 0.025 | GCL71 11.239 1435 020 0.014
GCL34 18.166 1.684 048 0.018 | GCL72  9.810 1.372  0.61 0.003
GCL35 17227 1.654 025 0.025 | GCL73  9.382 1.351 0.38 0.035
GCL36 14936 1578 0.78 0.001 | GCL74  9.936 1.378 024 0.012
GCL37 13217 1.515 028 0.045 | GCL75 10.774 1.415 0.42 0.032
GCL38  9.899 1.375 032 0.042

Notes. We list M50, Rsgo, and the morphological parameters ¢ and w, computed as described in Towler et al. (2023).

minimum and by the evident curvature, while the one on A, is
less pronounced; this is likely simply due to the redshift range of
the considered clusters (z < 0.6), which does not allow more
robust constraints on this parameter. The measured value A,
that minimises the dispersion is in agreement with predictions
by Ettori et al. (2023), who found A,, = —0.16 + 0.01; how-
ever, they also derived a weaker residual dependence on redshift
(A; = —0.07 £0.02) than our measurement, although this is a 20-
effect. Similar results were found by Pratt et al. (2022) regard-
ing the density profiles of ~ 120 clusters up to z ~ 1.1. If we
assume that the departure from self-similar predictions comes
from density profiles only, their measurements would translate
into A, ~ —0.15 and A, ~ —0.06 for the ICM entropy. Finally,
given the adopted colour coding, we notice that, at fixed A, (top)
and A,, (bottom), the distribution of o,, describes well defined
curves in the parameter space; for example, for A, = 0 we obtain
the result of Fig. 12.
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Appendix C: ICM entropy from mean density and
other mass rescalings

Although we considered the profiles obtained from median den-
sities and scaled by Mg();o as our reference, a combination of
other entropy measurements (e.g. from mean densities) and mass

rescalings (e.g. by Mg)% and M;/(S)(ZJ with 1 — b = 0.8) were used
throughout the paper for comparison with other samples. In this
section we show the differences of these scaled profiles with
respect to the reference ones (Fig. C1), with particular focus on
those derived from azimuthal mean densities and scaled by M. ;/(’;0
(Fig. C2), which were used in comparison with REXCESS and
ESZ samples in Sect. 4.3.

In general, the profiles shown in Fig. C2 have similar char-
acteristics to those presented in Sect. 4.1, such as the observed
large dispersion in the central regions, which reflects the mor-
phological state of the clusters, and a smaller one towards the
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Fig. A.1. Comparison of temperature (left) and density (right) profiles of MACSIS (light blue) and The300 (violet) clusters, with respect to
HIGHMz ones (black). Upper, central and lower panels show the same information as in Fig. 7.
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Fig. A2. Comparison of mass-weighted (7,,,) and spectroscopic-like
(T;) temperature profiles, for MACSIS (light blue) and The300 (pink).
Plotted are the ratios of the two measurements for each cluster. The two
more marked lines are the median ratios for the two samples.

outskirts. Also here, the exclusion of temperature bins with
S/B < 0.2 from the deprojection allows a regularisation of
the profiles at all radii and alleviates the observed flattening at
~ Rs09. Conversely, using mean densities, which have better res-
olution than median ones, we can explore further the core region
of the clusters and derive the ICM entropy (assuming a constant
core temperature) down to R ~ 0.005 Rg(’)‘o. A quantitative com-
parison between azimuthal median and mean scaled entropy pro-
files (Fig. Cl1, green triangles) shows that the latter are < 5%
lower at all radii, a small effect given both to higher densities
and masses derived from the Yx proxy, adopted in the scaling.
To compare with other samples, both observational and sim-
ulated ones, we also used two additional different versions of the
scaled entropy profiles. In particular, we used profiles derived
from median densities and scaled by M, g)% in comparison with X-

COP (Sect.4.3)and M ggg masses, corrected to mimic a hydrostatic
bias of 1 — b = 0.8, in comparison with MACSIS and The300
(Sect. 4.4). The medians of these scaled profiles are shown in
Fig. C1 (red stars and orange squares, respectively), compared to
the reference one. Using hydrostatic-equilibrium masses to com-
pute Ksoo (Eq. 1) leads to a small increase (< 3%) of the scaled
entropy, not significant though; correcting Planck masses and sub-
sequently using them in the rescaling makes the scaled entropy a
~ 10% lower with respect to the reference profile.
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Fig. B1. Constraints to both residual mass (A,,) and redshift (A,) depen-
dencies, as defined in Eq. B.1. In the figure, we plot the distribution
of the intrinsic scatter of the combined HIGHMz — REXCESS — ESZ
sample, as a function of A,, (top) and A, (bottom). In the upper panel,
measured points are colour coded according A_, while in the lower one
according to A,, values. Vertical red lines mark the positions of the two
minimum values, while black ones are predictions from the self-similar
scenario (i.e. A,, = A, = 0).

A340, page 26 of 27

—— Mean ne, M2,

v
—— Median Ne, Mg%:o /1/
100: Median Ne, MSSEOJ (1-b)=0.8 |
| —— Reference: median ne, MY, |
; _
8 | |
s | |

S

L ./.
-1 /

107 ) |

Vi
i , |

1071
R/Rs00

10°

Fig. C1. Different rescalings presented throughout the paper. In particu-
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(green triangles); ii) median densities, scaled by M?O% (red stars); iii)
median densities, scaled by Msygg (1 = b = 0.8; orange squares) to the

reference ones, i.e. obtained with median densities and scaled by M;’)‘o
(black dots).
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