INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year

2023

Acceptance in OA

2025-03-21T12:35:517

Title CHEX-MATE: Constraining the origin of the scatter in galaxy cluster radial X-ray surface brightness
profiles
Authors BARTALUCKCI, lacopo, MOLENDI, SILVANO, RASIA, ELENA, Pratt, G. W., Arnaud, M.,

ROSSETTI, Mariachiara, GASTALDELLO, Fabio, Eckert, D., BALBONI, Marco, BORGANI,
Stefano, Bourdin, H., CAMPITIELLO, Maria Giulia, DE GRANDI, Sabrina, De Petris, M., Duffy,
R.T., ETTORI, STEFANO, Ferragamo, A., GASPARI, Massimo, Gavazzi, R., GHIZZARDI,
SIMONA, Igbal, A., Kay, S. T., LOVISARI, Lorenzo, Mazzotta, Pasquale, Maughan, B. J.,
Pointecouteau, E., RIVA, Giacomo, SERENO, Mauro

Publisher's version (DOI)

10.1051/0004-6361/202346189

Handle

http://hdl.handle.net/20.500.12386/36913

Journal

ASTRONOMY & ASTROPHY SICS

Volume

674




A&A 674, A179 (2023)
https://doi.org/10.1051/0004-6361/202346189
© The Authors 2023

tronomy
Astrophysics
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ABSTRACT

We investigate the statistical properties and the origin of the scatter within the spatially resolved surface brightness profiles of the CHEX-MATE
sample, formed by 118 galaxy clusters selected via the SZ effect. These objects have been drawn from the Planck SZ catalogue and cover a wide
range of masses, Msyy = [2—15] x 10'* M, and redshift, z = [0.05,0.6]. We derived the surface brightness and emission measure profiles and
determined the statistical properties of the full sample and sub-samples according to their morphology, mass, and redshift. We found that there is a
critical scale, R ~ 0.4Rsyy, within which morphologically relaxed and disturbed object profiles diverge. The median of each sub-sample difters by
a factor of ~10 at 0.05Rsq0. There are no significant differences between mass- and redshift-selected sub-samples once proper scaling is applied.
We compare CHEX-MATE with a sample of 115 clusters drawn from the THE THREE HUNDRED suite of cosmological simulations. We found
that simulated emission measure profiles are systematically steeper than those of observations. For the first time, the simulations were used to
break down the components causing the scatter between the profiles. We investigated the behaviour of the scatter due to object-by-object variation.

We found that the high scatter, approximately 110%, at R < 0.4RYS7 is due to a genuine difference between the distribution of the gas in the core

500
of the clusters. The intermediate scale, R:OSOZ = [0.4-0.8], is characterised by the minimum value of the scatter on the order of 0.56, indicating a

region where cluster profiles are the closest to the self-similar regime. Larger scales are characterised by increasing scatter due to the complex
spatial distribution of the gas. Also for the first time, we verify that the scatter due to projection effects is smaller than the scatter due to genuine

object-by-object variation in all the considered scales.

Key words. galaxies: clusters: intracluster medium — galaxies: clusters: general — X-rays: galaxies: clusters

1. Introduction

Galaxy clusters represent the ultimate manifestation of large-
scale structure formation. Dark matter comprises 80% of the total
mass in a cluster and is the main actor of the gravitation assembly
prcoess (Voit 2005; Allen et al. 2011; Borgani & Kravtsov 2011).
This influences the prevalent baryonic component represented by
a hot and rarefied plasma that fills the cluster volume, that is, the
intracluster medium (ICM). This plasma’s properties are affected
by the individual assembly history and ongoing merging activi-
ties. The study of its observational properties is thus fundamental
to study how galaxy clusters form and evolve. The ideal tool for
investigating this component is X-ray observations, as the ICM
emits in this band via thermal Bremsstrahlung.

The radial profiles of the X-ray surface brightness (SX)
of a galaxy cluster and the derived emission measure (EM)
are direct probes of the plasma properties. These two quan-
tities can be easily measured in the X-ray band and have
played a crucial role in the characterisation of the ICM distri-
bution since the advent of high spatial resolution X-ray observa-
tions (e.g., Vikhlinin et al. 1999). Neumann & Arnaud (1999) and
Neumann & Arnaud (2001) compared SX profiles with expec-
tations from theory to test the self-similar evolution scenario
and investigate the relation between the cluster luminosity and
its mass and temperature. Arnaud et al. (2001) tested the self-
similarity of the EM profiles of 25 clusters in the [0.3-0.8] red-

shift range, finding that clusters evolve in a self-similar scenario,
which deviates from the simplest models because of the individ-
ual formation history. The SX and EM profiles have been used
to investigate the properties of the outer regions of galaxy clus-
ters, both in observations (e.g., Vikhlinin et al. 1999; Neumann
2005; Ettori & Balestra 2009) and in a suite of cosmological sim-
ulations (see e.g., Roncarelli et al. 2006). These regions are of
particular interest because of the plethora of signatures from the
accretion phenomena, but they are hard to observe because of their
faint signal. More recent works based on large catalogues (see
e.g., Rossetti et al. 2017; Andrade-Santos et al. 2017) have deter-
mined the effects of the X-ray versus the Sunyaev Zel’Dovich
(SZ; Sunyaev & Zeldovich 1980) selection by studying the con-
centration of the surface brightness profiles in the central regions
of galaxy clusters. Finally, the SX radial profile represents the
baseline for any study envisaging to derive the thermodynam-
ical properties of the ICM, such as the 3D spatial distribution
of the gas (Sereno etal. 2012, 2017, 2018). This information
can be combined with the radial profile of the temperature, and
together, they can be used to derive quantities such as the entropy
(see, e.g., Voit et al. 2005), pressure, and mass of the galaxy clus-
ter under the assumption of hydrostatic equilibrium (Ettori et al.
2013; Pratt et al. 2022).

In this paper, we used the exceptional data quality of the 118
galaxy clusters from the Cluster HEritage project with XMM-
Newton — Mass Assembly and Thermodynamics at the Endpoint
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of structure formation (CHEX-MATE!, PI; S. Ettori and G.W.
Pratt). Specifically, we investigate for the first time the statisti-
cal properties of the X-ray surface brightness and emission mea-
sure radial profiles of a sample of galaxy clusters observed with
unprecedented and homogeneous deep XMM-Newton observa-
tions. The sample, being based on the Planck catalogue, is SZ
selected and thus predicted to be tightly linked to the mass of
the cluster (e.g., Planelles et al. 2017; Le Brun et al. 2018), and
hence it should yield a minimally biased sample of the underly-
ing cluster population.

Our analysis is strengthened by the implementation of the
results from a mass-redshift equivalent sample from cosmo-
logical and hydrodynamical simulations of the THE THREE
HUNDRED collaboration (Cuietal. 2016). We used a new
approach to understand the different components of the scatter,
considering the population (i.e. cluster-to-cluster) scatter and the
single object scatter inherent to projection effects.

In Sect. 2, we present the CHEX-MATE sample. In Sects. 3
and 4, we describe the methodology used to prepare the data
and the derivation of the radial profiles of the CHEX-MATE
and numerical datasets, respectively. In Sect. 5, we discuss the
shape of the profiles. In Sect. 6, we present the scatter within the
CHEX-MATE sample. In Sect. 7, we investigate the origin of
the scatter of the EM profiles, and finally in Sect. 8, we discuss
our results and present our conclusions.

We adopted a flat A-cold dark matter cosmology with
Qu©0) = 03, Qy = 0.7, H) = 70 km Mpc s7!, E(z) =
(Qm(1+2)* +Qp)"2, and Qp(z) = Qm(0)(1 +2)*/E(z)* through-
out. The same cosmology was used for the numerical simula-
tions, except for 7 = 0.6777. Uncertainties are given at the 68%
confidence level (i.e. 10). All the fits were performed via y? min-
imisation. We characterised the statistical properties of a sample
by computing the median and the 68% dispersion around it. This
dispersion was computed by ordering the profiles according to
their y? with respect to the median and by considering the pro-
file at +34% around it. We use natural logarithm throughout the
work except for where we state otherwise.

2. The CHEX-MATE sample

2.1. Definition

This work builds on the sample defined for the XMM-Newton
heritage programme accepted in AO-17. We briefly report the
sample definition and selection criteria here that are detailed in
CHEX-MATE Collaboration (2021). The scientific objective of
this programme is to investigate the ultimate manifestation of
structure formation in mass and time by observing and charac-
terising the radial thermodynamical and dynamic properties of a
large, minimally biased and S/N-limited sample of galaxy clus-
ters. This objective is achieved by selecting 118 objects from
the Planck PSZ2 catalogue (Planck Collaboration XXVII 2016),
applying a S/N threshold of 6.5 in the SZ identification, and fold-
ing the XMM-Newton visibility criteria.

The key quantity M:&f, defined as the mass enclosed within

the radius R;(Sg of the cluster where its average total matter den-
sity is 500 times the critical density of the Universe, is measured
by the Planck Collaboration using the MMF3 SZ detection algo-
rithm detailed in Planck Collaboration XXVII (2016). This algo-
rithm measures the Ys; flux associated to each detected cluster,
and it is used to derive the M;{(fg using the Msp)—Ys relation cal-
ibrated in Arnaud et al. (2010), assuming self-similar evolution.

We note that while the clusters’ precise mass determination is

I xmm-heritage.oas.inaf.it
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Fig. 1. Distribution of the clusters published in the PSZ2 Planck
catalogue (Planck Collaboration XXVII 2016) in the mass-redshift
plane. The masses in the Planck catalogue were derived iteratively
from the Msp—Ysz relation calibrated using hydrostatic masses from
XMM-Newton; they were not corrected for the hydrostatic equi-
librium bias. The magenta and green points represent the Tier 1
and Tier 2 clusters of the CHEX-MATE sample, respectively
(CHEX-MATE Collaboration 2021). The triangles and squares iden-
tify the morphologically relaxed and disturbed clusters, respectively,
which were identified according to the classification scheme in
Campitiello et al. (2022). The two red crosses identify the clusters
excluded from the analysis of this work.

one of the milestones of the multi-wavelength coverage of the
CHEX-MATE programme, in this paper we consider the radii
and mass values directly from the Planck catalogue. The impact
of this choice will be discussed in Sect. 5.5.

The CHEX-MATE sample is split in two sub-samples
according to the cluster redshift.
Tier 1 provides a local sample of 61 objects in the [0.05-0.2]

redshift range in the northern sky (i.e. Dec >0), and their M;{O%

span the [2-9] x 10'* M, mass range. These objects represent a
local anchor for any evolution study.

Tier 2 offers a sample of the massive clusters, M;{O% > 7.25 x

10'* My, in the [0.2-0.6] redshift range. These objects represent
the culmination of cluster evolution in the Universe.

The distribution in the mass and redshift plane of the CHEX—
MATE sample and its sub-samples are shown in Fig. 1. The
exposure times of these observations were optimised to allow the
determination of spatially resolved temperature profiles at least
up to Rsgp with a precision of 15%.

The clusters PSZ2 G028.63+50.15 and PSZ2 G283.91+
73.87 were excluded from the analysis presented in this work
since their radial analysis could introduce large systematic
errors without increasing the statistical quality of the sample.
Indeed, the former system presents a complex morphology (see
Schellenberger et al. 2022 for a detailed analysis), and it has a
background cluster at z = 0.38 within its extended emission. The
latter is only ~30 arcmin from M87, and thus its emission is heav-
ily affected by the extended emission of Virgo. The basic proper-
ties of the final sample of 116 objects are listed in Table D.1.


http://xmm-heritage.oas.inaf.it/
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2.2. Sub-samples

We defined CHEX-MATE sub-samples based on key quantities:
mass, redshift, and morphological status. The analysis of the
morphology of the CHEX-MATE clusters sample is described
in detail in Campitiello et al. (2022). The authors use a combina-
tion of morphological parameters (see Rasia et al. 2013 for the
definition of these parameters) to classify the clusters as mor-
phologically relaxed, disturbed, or mixed. Following the criteria
described in Sect. 8.2 of Campitiello et al. (2022), the authors
identified the 15 most relaxed and 25 most disturbed clusters. We
adopted their classification in this paper and refer to the former
group as morphologically relaxed clusters and the latter group as
disturbed clusters.

We defined the sub-samples of nearby and distant clus-
ters considering the 85 and 31 clusters at z < 0.33 and z >
0.33, respectively, the value 0.33 being the mean redshift of
the sample. Similarly, we built the sub-samples of high- and
low-massive clusters considering the 40 and 76 clusters with

MY < 5% 10" My and M5% > 5 x 10'* Mo, respectively.

3. Data analysis
3.1. Data preparation
3.1.1. XMM-Newton data

The clusters used in this work were observed using the European
Photon Imaging Camera (EPIC; Turner et al. 2001; Striider et al.
2001). The instrument comprises three CCD arrays, namely,
MOS1, MOS2, and pn, that simultaneously observe the target.
Datasets were reprocessed using the Extended-Science Anal-
ysis System (ESAS?; Snowden et al. 2008) embedded in SAS
version 16.1. The emchain and epchain tools were used to apply
the latest calibration files made available January 2021 and pro-
duce pn out-of-time datasets. Events in which the keyword PAT-
TERN is greater than four for the MOS1 and MOS2 cameras
and greater than 12 for the pn camera were filtered out from
the analysis. The CCDs showing an anomalous count rate in the
MOS1 and MOS2 cameras were also removed from the anal-
ysis. Time intervals affected by flares were removed using the
tools mos-filter and pn-filter by extracting the light curves in the
[2.5-8.5] keV band and removing the time intervals where the
count rate exceeded 30 times the mean count rate from the anal-
ysis. Point sources were filtered from the analysis following the
scheme detailed in Sect. 2.2.3 of Ghirardini et al. (2019), which
we summarise as follows. Point sources were identified by run-
ning the SAS wavelet detection tool ewavdetect on [0.3—-2] keV
and [2-7]keV images obtained from the combination of the
three EPIC cameras and using wavelet scales in the range of 1—
32 pixels and an S/N threshold of five, with each bin width being
~2 arcsec. The PSF and sensitivity of XMM-Newton depends on
the off-axis angle. For this reason, the fraction of unresolved
point sources forming the Cosmic X-ray Background (CXB;
Giacconi et al. 2001) is spatially dependent. We used a threshold
in the LogN-LogS$ distribution of detected sources, below which
we deliberately left the point source in the images to ensure
a constant CXB flux across the detector. Catalogues produced
from the two energy band images were then merged. At the end
of the procedure, we inspected the identified point sources by
eye to check for false detections in CCD gaps. We also iden-
tified extended bright sources other than the cluster itself by
eye and removed them from the analysis. We identified 13 clus-

2 cosmos.esa.int/web/xmm-newton

ters affected by at least one sub-structure within R;O% that were
masked by applying circular masks of ~3 arcmin radius on aver-

age.

3.1.2. Image preparation

We undertook the following procedures to generate the images
from which we derived the profiles. Firstly, we extracted the
photon count images in the [0.7—1.2] keV band for each cam-
era, this energy band maximises the source to background ratio
(Ettori et al. 2010). An exposure map for each camera folding the
vignetting effect was produced using the ESAS tool eexpmap.

The background affecting the X-ray observations was due
to a sky and instrumental component. The former was from the
local Galactic emission and the CXB (Kuntz & Snowden 2000),
and its extraction is described in detail in Sect. 3.3. The latter was
due to the interaction of high energy particles with the detector.
We followed the strategy described in Ghirardini et al. (2019)
to remove this component by producing background images
that accounted for the particle background and the residual soft
protons.

The images, exposure, and background maps of the three
cameras were merged to maximise the statistic. The pn exposure
map was multiplied by a factor to account for the ratio of the
effective area MOS to pn in the [0.7—-1.2] keV band when merg-
ing the exposure maps. This factor was computed using XSPEC
by assuming a mean temperature and using the hydrogen col-
umn absorption value, Ny, reported in Table D.1. Henceforth,
we refer to the combined images of the three cameras and the
background maps simply as the observation images and the par-
ticle background datasets, respectively.

3.2. Global quantities
3.2.1. Average temperature

We estimated the average temperature, Ty, of each cluster by
applying the definition of the temperature of a singular isother-
mal sphere with mass M5y as described in Appendix A of
Arnaud et al. (2010):
umpGM;{OSg n
5 ;
2Rs0
where u = 0.59 is the mean molecular weight, m, is the pro-
ton mass, G is the gravitational constant, and the 0.8 factor rep-
resents the average value of the universal temperature profile
derived by Ghirardini et al. (2019) with respect to Tsg9. These
temperatures are reported in Table D.1.

Tavg =0.8 X Ts500 = 0.8 x

3.2.2. Cluster coordinates

We produced point source free emission images by filling the
holes from the masking procedure with the local mean emis-
sion estimated in a ring around each excluded region by using
the tool dmfilth. We then performed the vignetting correction
by dividing them for the exposure map. We used these images
to determine the peak by identifying the maximum of the emis-
sion after the convolution of the map with a Gaussian filter with
~10arcsec width. The centroid of the cluster was determined
by performing a weighted-mean of the pixel positions using the
counts as weight within a circular region centred on the peak
and with its radius as Rggé. This has been done to avoid artefact
contamination near the detector edges. The coordinates obtained
are reported in Table D.1.
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3.3. Radial profiles
3.3.1. Surface brightness profiles

Azimuthal mean profiles. The surface brightness radial profiles,
S(®), were extracted using the following technique. We defined
concentric annuli centred on the X-ray peak and the centroid.
The minimum width was set to 4" and was increased using a
logarithmic factor. In each annulus, we computed the sum of the
photons from the observation image as well as from the particle
background datasets. The particle background-subtracted pro-
file was divided by the exposure folding the vignetting in the
same annulus region. We estimated the sky background com-

ponent as the average count rate between Ry = 1.49R§5§ and
13.5 arcmin and subtracted it from the profile. If Ryo9 was outside
the field of view, we estimated the sky background component
using the XMM-Newton-ROSAT background relation described
in Appendix B. The sky background-subtracted profiles were
re-binned to have at least nine counts per bin after background
subtraction. We corrected the profiles for the PSF using the
model developed by Ghizzardi (2001). We refer hereafter to

these profiles as the mean SX profiles.

Azimuthal median profiles. We also computed the surface
brightness radial profiles considering the median in each annu-
lus following the procedure detailed in Sect. 3 of Eckert et al.
(2015). This procedure has been introduced to limit the bias
caused by the emission of sub-clumps and sub-structures too
faint to be identified and masked (e.g., Roncarelli et al. 2013;
Zhuravleva et al. 2013). Briefly, we applied the same binning
scheme and point source mask to the particle background dataset
to perform the background subtraction. Employing the proce-
dure of Cappellari & Copin (2003) and Diehl & Statler (2006),
we first produced Voronoi-binned maps to ensure 20 counts per
bin on average to apply the Gaussian approximation. We then
extracted the surface brightness median profile with the same
annular binning of the mean profile, considering in each radial
bin the median count rate of the Voronoi cells, whose centre lies
within the annulus. The use of Voronoi cells implies that the
median profiles do not have the same resolution as the mean in
the centre; furthermore, the statistical requirements, necessary
to avoid the above mentioned bias, limit the maximum radius
reached as compared to the mean in the outer regions. The sky
background was estimated with the same approach used for the
mean profile except that we estimated the median count rate.
Finally, the sky background-subtracted profiles were re-binned
using the same 3¢ binning of the mean profiles. The four result-
ing types of surface brightness profiles are shown in Fig. D.1.
We were able to measure the profiles beyond R;{gg for 107 of the
116 (i.e. ~92%) CHEX-MATE objects.

We report in Table 1 the median relative errors at fixed radii
to illustrate the excellent data quality. From now on, we refer
to these profiles as the median SX profiles, and throughout the
paper, we use these profiles centred on the X-ray peak unless
stated otherwise.

3.3.2. Emission measure profiles

We computed the EM radial profiles using Eq. (1) of
Arnaud et al. (2002):
4n(1 + z)*
EM(r) = S(@)———+—F,
(r) = S(0) «T.2)
where ® = r/da(z), with da(z) as the angular diameter distance,
and e is the emissivity integrated in the £; = 0.7keV and E, =

@
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Table 1. Average of the relative errors of the CHEX-MATE EM
profiles.

Radius [Rggg] Average Number of
relative error [%]  profiles used

0.2 1.7 116

0.5 2.1 116

0.7 3.0 116

1.0 6.0 107

Notes. We used the EM median profiles centred on the X-ray peak. We
also report the number of profiles that have been used to compute the
relative error in the third column.

1.2keV band and is defined as

E>
e(T,2) = f S(E)e BN £1.((1 + 2)E)(1 + 2)°dE, A3)
E

where X(E) is the detector effective area at energy E, o (E) is
the absorption cross section, Ny is the hydrogen column den-
sity along the line of sight, and fr((1 + z)E) is the emissiv-
ity at energy (1 + z)E for a plasma at temperature 7. The €
factor was computed using an absorbed Astrophysical Plasma
Emission Code (APEC) within the XSPEC environment. The
absorption was calculated using the phabs model folding the
Hydrogen absorption column reported in Table D.1. The depen-
dency of € on temperature and abundance in the band we used
to extract the profile is weak (e.g., Lovisari & Ettori 2021).
Therefore, for APEC we used the average temperature, k7 ,yg,

of the cluster within RY** and the abundance fixed to 0.25
(Ghizzardi et al. 2021) with respect to the solar abundance table
of Anders & Grevesse (1989). Finally, we used the redshift val-
ues reported in Table D.1. We obtained EM azimuthal mean and
azimuthal median profiles centred on the X-ray peak and cen-
troid, converting the respective surface brightness profiles. The
EM profiles were first scaled considering only the self-similar
evolution scenario, EMg, as in Arnaud et al. (2002):

kT: ) -1/2
EMs(r,T,2) = E(z) > x (Té) x EM(r), )

where x = r/R;{Sg and T,y is the average temperature of the
cluster, as in Eq. (1). The left panel of Fig. 2 shows the median
of the EMg profiles centred on the X-ray peak as well as its 68%
dispersion. In the same plot, we also show the medians of the
sub-samples introduced in Sect. 2.2.

Their ratio with respect to the CHEX-MATE median shown
in the bottom panel demonstrates that the employed re-scaling
is not optimal since for all sub-samples there are variations
with respect to the median that range between 10% and 50%
at all scales. We therefore tested another re-scaling following
Pratt et al. (2022) and Ettori et al. (2023), who point out how the
mass dependency is not properly represented by the self-similar
scenario and had a small correction also with respect to the red-
shift evolution. The final scaling that we considered is given by
the following:

avg

10 keV )

—1.38
EM(r, T, 2) = E(2)>" ( ) x EM(r).

The effect of this scaling on the mass and redshift residual depen-
dency is shown in the middle and right panel of Fig. 2, respec-
tively. The medians of the sub-samples show little variations in
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Fig. 2. Comparison of the statistical properties of the CHEX-MATE EM profiles divided in redshift and mass selected sub-samples. Top-left
panel: median of the EMg profiles centred on the X-ray peak scaled for self-similar evolution using Eq. (4). The dispersion is shown with the black
solid line and the grey envelope. The magenta and green solid lines represent the median of the low-mass, M;{OSOZ < 5x 10" My, and high-mass,
M;/OSOZ > 5 x 10" M, sub-samples, respectively. The red and blue dotted lines represent the medians of the low-, z < 0.33, and high-redshift,
z > 0.33, sub-samples, respectively. Bottom-left panel: ratio of the sub-samples medians with respect to the full CHEX-MATE sample median.
The dotted horizontal lines represent the 25% plus and minus levels. Middle panels: comparison of the statistical properties of the EM profiles
scaled to account also for mass and redshift evolution divided in mass selected sub-samples. On the top panel we show the same as in the top
left panel except the medians and the dispersion were computed using profiles scaled with Eq. (5). On the bottom we show the ratio between the
medians of the sub-samples as respect to the median of the full sample. The dotted horizontal lines in the lower-middle panel represent the plus
and minus 5% levels. Right panels: comparison of the statistical properties of the scaled EM profiles divided in redshift selected sub-samples. On
the top panel we show the same as in the top left panel except that the medians and the dispersion were computed using the profiles scaled with

Eq. (5). On the bottom we show the ratio between the medians of the sub-samples as respect to the median of the full CHEX-MATE sample.

relation to the whole sample within the order of a few percent-
age points on average. We show the individual scaled median
radial profiles centred on the X-ray peak in Fig. 3 together with
the 68% dispersion. The discussion of the difference between the
relaxed and disturbed sub-samples is detailed in Sect. 5.3.

4. Cosmological simulations data

The main scientific goal of this paper is to investigate the origin
of the diversity of the EM profiles. The main source of the scatter
between the profiles is expected to be due to a genuine different
spatial distribution of the ICM related to the individual formation
history of the cluster. The other sources that impact the observed
scatter are related to how we observe clusters. There are system-
atic errors associated with X-ray analysis and observing clus-
ters in projection. This latter point is of crucial importance when
computing the scatter within a cluster sample. For instance, a
system formed by two merging halos of similar mass will appear
as a merging system if the projection is perpendicular to the
merging axis but will otherwise appear regular if the projection
is parallel. In this work, we employed cosmological simulations
from the THE THREE HUNDRED collaboration (Cui et al. 2018)
to evaluate this effect.

Specifically, we study the GADGET-X version of THE
THREE HUNDRED suite. This is composed of re-simulations
of the 324 most massive clusters identified at z 0 within
the dark matter-only MULTIDARK simulation (Klypin et al.
2016), and thus it constitutes an ideal sample of massive clus-
ters from which to extract a CHEX-MATE simulated coun-
terpart. The cosmology assumed in the MULTIDARK simu-
lation is that of the Planck Collaboration XIII (2016) and is
similar to what is assumed in this paper. The adopted baryon
physics include metal-dependent radiative gas cooling, star for-
mation, stellar feedback, supermassive black hole growth, and

Peak median

1074 &

EM [cm~®Mpc]

1077 4

Morph. relaxed
—— Morph. disturbed

10
R [Rs%]

Fig. 3. Scaled emission measure median profiles centred on the X-ray
peak. The blue and red solid lines indicate morphologically relaxed
and disturbed clusters, respectively. The profiles extracted from clusters
with mixed morphology are shown with black solid lines. The selec-
tion criteria was based on the classification made by Campitiello et al.
(2022) in their Sect. 8.2. The grey-shaded envelope represents the dis-
persion at the 68% level.

active galactic nuclei (AGN) feedback (Rasia et al. 2015). To
cover the observational redshift range, the simulated sample
was extracted from six different snapshots corresponding to
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Fig. 4. Mass distribution of the CHEX-MATE and THE THREE
HUNDRED samples. These are shown with black empty and green poly-
gons, respectively. The gap between 6—7 x 1014M5YOSOZ is an artefact from
the CHEX-MATE sample being divided into two tiers, shown in Fig. 1.
The shift between the two distributions is due to the fact that the CHEX—
MATE masses are assumed to be 0.8 lower than the true mass due to the
hydrostatic bias. For more details, refer to Sect. 4.

z = 0.067,0.141,0.222,0.333,0.456, and 0.592. For each
observed object, in addition to the redshift, we matched the
cluster mass Msyy imposed to be close to M;{OSS /0.8. With this
condition, we followed the indication of the Planck Collabora-
tion (see Planck Collaboration XX 2014) that assumed a base-
line mass bias of 20% (1—b = 0.8). We also checked whether the
selected simulated clusters have a strikingly inconsistent mor-
phological appearance, such as a double cluster associated to a
relaxed system. In such cases, we considered the second clos-
est mass object. In the final sample, the standard deviation of

the M50 sim /(M;{OSg /0.8) is equal to 0.037. Due to the distribu-
tion of the CHEX-MATE sample in the mass-redshift place, we
allowed a few Tier 2 clusters to be matched to the same sim-
ulated clusters taken from different cosmic times. Even with
this stratagem, which will not impact the results of this inves-
tigation, we observed that a very massive cluster at z = 0.4
remained unmatched. The final simulated sample thus includes
115 objects.

The simulation sample mass distribution is shown in Fig. 4.
For each simulated cluster, we generated 40 EM maps centred on
the cluster foral density peak and integrating the emission along
different lines of sight for a distance equal to 6Rsyy using the
Smac code (Dolag et al. 2005; Ansarifard et al. 2020). Hence-
forth, we refer to these maps as “sim EM” and they are in units
of [Mpc cm™].

4.1. X-ray mock images of simulated clusters

We produced mock X-ray observations by applying observa-
tional effects to the THE THREE HUNDRED maps. Firstly, we
transformed the EM in surface brightness maps by inverting
Eq. (2). The emissivity factor (7, z) was computed using the
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same procedure as in Sect. 3.3.2. The absorption was fixed to the
average value of the CHEX-MATE sample, Ny = 2x 10 cm™2,
and the average temperature was computed by using the Msyy of
the cluster and applying Eq. (1). The instrumental effects were
accounted for by folding in the pn instrumental response files
computed at the aimpoint. We produced the count rate maps by
multiplying the surface brightness maps by the median expo-
sure time of the CHEX-MATE programme, 4 X 10*s, and by
the size of the pixel in arcmin?. We added to these maps a spa-
tially non-uniform sky background whose count rate is {crgy) =
5.165%1073 [ct/s/arcmin?], as measured by pn in the [0.5-2] keV
band. We then included the XMM-Newton vignetting as derived
from the calibration files, and we simulated the PSF effect by
convolving the map with a Gaussian function with a width of
ten arcsec. Finally, we drew a Poisson realisation of the expected
counts in each pixel and produced a mock X-ray observation. We
divided the field of view into square tiles with sides of 2.6 arcmin
within which we introduced 3% variations to the mean sky back-
ground count rate to mimic the mean variations of the sky on the
field of view of XMM-Newton. We multiplied these maps by 1.07
and 0.93 to create over- and underestimated background maps,
respectively, which account for the systematic error related to the
background estimation. We randomly chose the over- or under-
estimated map and subtracted it from the mock X-ray observa-
tion. After the subtraction, we corrected for the vignetting by
using a function obtained through the fit of the calibration val-
ues to those we randomly added a 1 + 0.05 factor to mimic our
imprecision in the calibration of the response as a function of the
off-axis angle.

The typical effects introduced by the procedures described
above are shown in Fig. 5. The EM map produced using the sim-
ulation data is shown in the left panel where there is a large sub-
structure in the west sector and a small one in the south-west
sector within Rsgy. The right panel shows the mock X-ray image
where the degradation effects are evident. The spatial features
within the central regions were lost due to the PSF. Despite the
resolution loss, the ellipsoidal spatial distribution of the ICM is
clearly visible, and the presence of features such as the small
sub-structure in the south-west are still visible. The emission
outside Rs is dominated by the background, and the small fila-
ment emission in the south-west was too faint to remain visible.
The large sub-structure is still evident, but the bridge connecting
it to the main halo has become muddled into the background.

4.2. Simulation emission measure profiles

We extracted the EM profiles from the THE THREE HUNDRED
maps by computing the median EM of all the pixels within con-
centric annuli, the bin width being 2 arcsec. These annuli are
centred on the map centre (i.e. the peak of the halo total den-

sity). We obtained the EM profiles by applying this process to
our sample of 115 simulated clusters and for each of the 40 pro-
jections, and we scaled them according to Eq. (5). From hereon,
we refer to these profiles as the “Sim” profiles. Similarly, we
extracted the X-ray mock profiles, henceforth the “Simx” pro-
files, from the synthetic X-ray maps. These are shown along one
randomly selected projection with a grey solid line in Fig. 6.
We show the emission measure profile projected along only
one line of sight because the results along the other projections
are similar.

The comparison of the sample medians of the Sim and Simx
profiles is shown in Fig. 6. The two sample medians are in excel-
lent agreement, up to ~0.7Rso9. Beyond that radius, the Simx
median is flatter. This is an effect of the PSF, which redistributes
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Mock X-ray image

Fig. 5. Example of the creation of the X-ray mock images. Left panel: EM map of a simulated cluster of our sample. The white circle encompasses
Rsoo. Right panel: Mock X-ray background-subtracted image in the [0.5-2] keV band of the same object shown in the left panel after we applied
the procedures simulating typical X-ray observation effects. These are described in detail in Sect. 4.1.
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Fig. 6. Comparison between the Sim and Simx profiles. Top panel: com-
parison between the medians of the Sim and Simx EM profiles extracted
from random projections. These are shown with black solid and dot-
ted lines, respectively. The grey solid lines represent the Sim profiles.
Bottom panel: ratio between the Sim over the Simx median. The black
solid and dotted lines correspond to the identity and the +2% levels,
respectively.

on larger scales the contribution of sub-halos and local inhomo-
geneities. However, the fact that the medians are similar after
the application of the X-ray effects is likely due to the combi-
nation of the good statistics of the CHEX-MATE programme
and the procedure used to derive each cluster EM profile, which
considers the medians of all pixels. The former ensures that the
extraction of profiles is not affected by large statistical scatter, at
least up to Rsno, and the latter tends to hamper effects related to
the presence of sub-structures.

There are key differences between the analysis of the Simx
and CHEX-MATE profiles despite our underlying strategy of
applying the same procedures. For example, the centre used in
the simulations introduces a third option with respect to the

X-ray centroid and peak. Furthermore, in simulated clusters,
we computed the azimuthal median on pixels instead of on
the Voronoi cells. We expected that the centre offsets would
affect the profiles at small scales, R < 0.1Rsqo, as shown in
the left panel of Fig. 7. Finally, the X-ray analysis masks the
emission associated to sub-halos, while this is not possible in
simulations, as the development of an automated procedure to
detect extended sources in the large number of images of our
simulations, 4600 = 115 x 40, was beyond the scope of this
paper. The impact of this difference on the scatter is discussed in
Appendix A.

5. The profile shape

In this section, we study the shape of the emission measure
profiles by checking the impact of the centre definition (as in
Sect. 3.3.1) and of the radial profile procedure (as described in
Sect. 3.3). Subsequently, we compare the sample median pro-
files of the relaxed and disturbed sub-samples and compare the
CHEX-MATE median profile with the literature and the THE
THREE HUNDRED simulations.

5.1. The impact of the profile centre

The impact of the choice of the centre for the profile extraction is
crucial for any study that builds on the shape of profiles, such as
the determination of the hydrostatic mass profile (see Pratt et al.
2019 for a recent review). The heterogeneity of morphology and
the exquisite data quality of the CHEX-MATE sample offer a
unique opportunity to assess how the choice of the centre affects
the overall shape of the profile.

We show in the top part of the left panel in Fig. 7 the ratio

between the medians of the EM azimuthal median profiles cen-
tred on the peak and those centred on the centroid. The colours of
the lines respectively refer to the entire sample and the morpho-
logically relaxed and disturbed sub-samples. The bottom panel
shows a similar ratio where the azimuthal mean profiles are con-
sidered. From the figure, we noticed that the results obtained
using mean or median profiles are similar, with the exception of
the outskirts of the disturbed systems, which will be discussed
below. On average, the relaxed sub-sample shows little devia-
tion from one at all radial scales, as would be expected since for
these systems the X-ray peak likely coincides with the centroid.
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Fig. 7. Ratio between the medians of the EM profiles obtained using the X-ray peak or the centroid as centre and using the azimuthal average or
median. Left panels: ratio between the medians of the profiles centred on the peak and centroid. The top and bottom panels show the ratio computed
using the azimuthal median and azimuthal mean EM profiles, respectively. The black solid lines represent the median of the ratio considering the
whole sample. The blue and red solid lines show the ratio considering only the morphologically relaxed and disturbed clusters, respectively. The
grey solid lines indicate the identity line, and the dotted lines represent the plus and minus 5% levels. Right panels: same as the left panels except
we show the ratio between the medians of the azimuthal median and mean EM profiles. The top and bottom panels show the ratio computed using
the profiles extracted with the X-ray peak and the centroid as centre, respectively. The legend of the solid and dotted lines is the same as in the left

panels except for the fact that we show only the minus 5% level.

The variations of the disturbed objects are up to 10% in the cen-
tre, where the profiles centred on the X-ray peak are steeper, and

about 5% in the [0.15—0.5]R;{g§ region, where the centroid pro-
files have greater emission. These variations are not reflected in
the entire CHEX-MATE sample, despite the fact that it includes
approximately 87% of the disturbed and morphologically mixed
systems. Indeed, in this case, all deviations are within 2%, imply-
ing that the choice of referring to the X-ray peak does not influ-

ence the shape of the sample median profile.

5.2. Mean versus median

We proceeded by testing the radial profile procedure (Sect. 3.3.1)
next, comparing the azimuthal median and the azimuthal mean
profiles (Fig. 7) and centring both on either the X-ray peak (top
panel) or, for completeness, on the centroid (bottom panel). As
expected from the previous results, there are little differences
between the two panels. Overall, we noticed that the azimuthal
mean profiles are greater than the azimuthal medians, implying
that greater density fluctuations are present at all scales and that
they play a larger role in the outskirts where a larger number
of undetected clumps might be present. The differences between
the two profiles are always within 5% for the relaxed systems.
The deviations are more important for the disturbed objects,
especially when centred on the X-ray peak. This last remark
implies that the regions outside ~O.4R§5§ of the CHEX-MATE
disturbed objects not only have greater density fluctuations but
are also spherically asymmetric in their gas distribution; oth-
erwise, the same mean-median deviations would be detected
when considering the centroid as centre. The global effect on the
CHEX-MATE sample is that the median profiles are about 7%
lower than the mean profiles at R > O.3—O.4R;{5§. We noticed that
similar results were obtained by Eckert et al. (2015; see Fig. 6).

A179, page 8 of 23

This test confirmed that our choice of using the azimuthal medi-
ans for each cluster profile is more robust for our goal of describ-
ing the overall CHEX-MATE radial profiles.

5.3. The median CHEX—MATE profiles and the comparison
between relaxed and disturbed systems

In Fig. 2, we show the behaviour of the CHEX-MATE EM
median as well as the medians of the mass and redshift sub-
samples. In the left panel of Fig. 8, we compare the medians
of the relaxed and disturbed sub-samples whose individual pro-
files are shown in Fig. 3. The former is approximately two times
greater than the median of the whole sample at R ~ O.legg
and is not within the dispersion. The morphologically disturbed
clusters are on average within the dispersion, being 70% smaller
than the whole sample median at R < O.ZR;(;S. The morpho-
logically relaxed profiles become steeper than the disturbed pro-
files at R > 0.4R§§5. A similar behaviour has been observed in
several works, such as Arnaud et al. (2010), Pratt et al. (2010),
Maughan et al. (2012), and Eckert et al. (2012; see Fig. 4), when
comparing cool core systems with non-cool core systems.

Combining these results with those of Fig. 2, we concluded
that CHEX-MATE Eq. (5) provides reasonable mass normali-
sation and captures the evolution of the cluster population well.
The large sample dispersion seen in the cluster cores is linked to
the variety of morphologies present in the sample. The medians
of the relaxed and disturbed sub-samples indeed differ by more
than a factor of ten at R < O.lR;{gg. At around R;{gg, we also
noticed some different behaviours in our sub-sample: The most
massive objects are approximately 25% larger than the least mas-
sive ones, and the morphologically disturbed clusters are 50%
larger than the relaxed ones (see also Sayers et al. 2023).
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Fig. 8. Comparison of the statistical properties of the CHEX-MATE EM profiles with morphologically selected sub-samples and the X-COP and
REXCESS samples. Top-left panel: median of the EM peak median profiles of the CHEX-MATE sample. Its dispersion is shown with the black
solid line and the grey envelope. The blue and red solid lines represent the median of the profiles derived from the morphologically relaxed and
disturbed objects, respectively. Bottom-left panel: ratio of the median of the morphologically relaxed and disturbed EM profiles over the median of
the full CHEX-MATE sample. The same colour coding as above is used. The dotted lines represent 0.8 and 1.2 values and are shown for reference.
Top-right panel: Same as the left panel except the median of the azimuthal mean profiles is shown. The median is indicated with the dotted black
line. The median of the X-COP (Ghirardini et al. 2019) and REXCESS (Croston et al. 2008) EM profiles are shown with green and orange solid
lines, respectively. Bottom-left panel: ratio between the median of X-COP and REXCESS samples to the CHEX-MATE median. The REXCESS
profiles were extracted performing an azimuthal average. For this reason, we show the ratio between the median of the REXCESS profiles and the

median of the CHEX-MATE azimuthal mean profiles.

5.4. Comparison with other samples

In this section, the statistical properties of the CHEX-MATE
profiles are compared to SZ and X-ray selected samples at 7 <
0.3 with similar mass ranges in order to investigate the impact of
different selection effects. The SZ-selected sample is the XMM-
Newton Cluster Outskirts Project (X-COP; Eckert et al. 2017)
sample that contains 12 SZ-selected clusters in the [0.05-0.1]
redshift range and has a total mass range similar to CHEX-
MATE but with a greater median mass (~6 X 10" My). The indi-

vidual EM profiles for X-COP were computed using the same
procedure as described in this work. The profiles were scaled by
applying Eq. (5), with T, given by Eq. (1), using the masses
presented in Table 1 of Ettori et al. (2019).

We also compare the CHEX-MATE profile properties to
the X-ray selected Representative XMM-Newton Cluster Struc-
ture Survey (REXCESS; Bohringer et al. 2007) sample, which
is composed of 31 X-ray selected clusters in the [0.05-0.3]
redshift range, with a mass range spanning the [1-8]x10'* M,
and the median mass being 2.7 X 10'4 M. The REXCESS EM
profiles were obtained from the surface brightness presented
in Appendix A of Croston et al. (2008). These profiles were
computed using the azimuthal average in each annulus. For
this reason, we compare the REXCESS profiles with the mean
CHEX-MATE profiles. The REXCESS profiles were scaled
using Eq. (5) with T, from Pratt et al. (2009).

The median and its dispersion for each of these samples
were computed using the procedure described above, and their
comparison with CHEX-MATE is shown in the right panel of
Fig. 8. Both sample medians present an overall good agree-

ment that is within 10% at R > O.ZR;J%. The X-COP median

is 25% more peaked in the central regions at R < O.ZR;((%

with respect to both CHEX-MATE and REXCESS. Neverthe-
less, the X-COP median is well within the dispersion of the
CHEX-MATE sample and variations of such order are expected

in the core where the EM values are comprised in the wide range
~[6,30] x 107 cm ~* Mpc.

5.5. Comparison with simulations

The 115 Simx EM profiles extracted from random projections
for each cluster are shown together with their median value in
Fig. 9. The median of the CHEX-MATE sample is also shown.
Overall, the CHEX-MATE median is flatter than the medians
of Simx in the [0.06—1]R§5§ radial range, and specifically it is
~50% smaller in the centre and ~50% larger in the outskirts.
Part of the difference in the external regions might be caused by
the re-scaling of the observational sample. Indeed, each CHEX—
MATE profile has been scaled using the R;{&? derived from Mg(osg,
which is expected to be biased low by 20%. Factoring in this

aspect, a more proper re-scaling should be done with respect to

R;((fg/ (0.8!3). The agreement between the CHEX-MATE data
Ysz

and the simulations increases at R > O.SRSOO, with relative vari-

ations of about 40% in the [0.2—1] Rzgg radial range. These con-
siderations do not have any repercussion on the central regions,
which remain larger in the simulated profiles, confirming the
results found in Campitiello et al. (2022) and Darragh-Ford et al.
(2023).

Providing precise measures of the mass of the observed clus-
ters is one of the goals of the CHEX-MATE Collaboration. For

this paper, it is sufficient to prove that THE THREE HUNDRED
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Fig. 9. Top panel: Simx EM profiles and their median. The profiles are
shown with grey solid lines and their median with a black dashed line.
The Simx profiles were extracted from a randomly chosen line of sight
for each cluster. The red solid line identifies the median of the CHEX—
MATE sample. The black solid line is the median of the CHEX-MATE
sample assuming a 20% bias on the mass (i.e. each profile has been
scaled for Rzosg /0.8'73; see Sect. 4 for details). Bottom panel: ratio of
the median of the CHEX-MATE with and without correction for hydro-
static bias and the median of the Simx simulations. The CHEX-MATE
median with the correction is shown with the red line and the median
without it is shown with the black line.

clusters have a profile in reasonable agreement with the observed

sample in order to employ them for the study of the EM
scatter.

5.6. Measuring the slopes

We measured the slopes of the CHEX-MATE EM profiles
adopting the technique described in Sect. 3.1 of Ghirardini et al.
(2019). Briefly, we considered four radial bins in the [0.2—

1] xR;{Sg radial range and with widths equal to O.ZR;{OS(;. We

excluded the innermost bin [0.—0.2]R;{5§ because of the very
high dispersion of the profiles within this region. We measured
the slope, @, and normalisation, A, of each profile by performing

the fit within each radial bin using the following expression:
O(x) = Ax"e™T™, (©)

where x = R/R;{gé and o, is the intrinsic scatter. The error on
each parameter was estimated via a Monte Carlo procedure, pro-
ducing 100 realisations of each profile. The left panel of Fig. 10
shows the power law computed using the median of the @ and A
within each radial bin.

The fit of the [0.2—0.4]R§053 bin revealed that there is a strik-
ing difference between the morphologically relaxed and dis-

turbed objects. This result is notable because the considered
region is far from the cooling region at ~0.l—0.15R;(05(§. The
median power law index of the morphologically relaxed object
profiles is @, = 2.57 + 0.15 and is not consistent with the mor-

phologically disturbed one, which is a4;s = 1.37 £ 0.2 at more
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than the 30 level. That is, the shape of the most disturbed and

relaxed objects differ at least up to O.4R§&§. However, the fit-
ted power law is within the dispersion of the full sample, whose
median index is @ = 2.02 + 0.36. The median values in the
[0.4—0.6]R;{056‘ region are @ = 3 = 0.22 and agis = 2.3 £ 0.2
for the morphologically relaxed and disturbed objects, respec-
tively. The indexes are consistent at the 20~ level, implying that
the profiles are still affected by the morphology in the centre.
The overall scenario changes at R > 0.6R§&§. The power law
index of the morphologically relaxed and disturbed objects are
consistent with the median obtained from fitting the whole sam-
ple. Ettori & Balestra (2009) found that the average slope of a
sample of 11 clusters at 0.4R200(~0.6R;{5§) and 0.7R200(~R§OS§
is 3.15 £ 0.46 and 3.86 + 0.7, respectively. These values are con-
sistent within 1o~ with our measurements.

We show in the right panel of Fig. 10 the comparison
between the median o computed from the CHEX-MATE sample
in each radial bin with the same quantity obtained using REX-
CESS and X-COP. There is an excellent agreement in all the con-
sidered radial bins. Interestingly, there is also a good agreement
in the shape between a sample selected in X-ray (REXCESS)
and SZ. One could expect to see more differences in the central
parts, as X-ray selection should favour peaked clusters.

The comparison with the median a obtained using the Simx
profiles is also shown in the right panel of Fig. 10. The Simx
median « is systematically greater than the median of the
observed sample. As discussed in Sect. 5.5, the bias introduced
by using Mgosg might play a role when comparing CHEX-MATE
to Simx and partly contributes to this systematic difference.
However, we stress the fact that the slopes are consistent within
1o in the four radial bins.

Campitiello et al. (2022) find similar results when compar-
ing the concentration of surface brightness profiles within fixed
apertures of simulated and CHEX-MATE clusters. This quan-
tity measures how concentrated the cluster core is with respect
to the outer regions (i.e. more concentrated clusters show a
steeper profile). The concentration of the simulations is sys-
tematically higher by approximately 20—-30% (see Table 1 of
Campitiello et al. 2022).

6. The EM radial profile scatter
6.1. Computation of the scatter

Departures from self-similarity are linked to individual forma-
tion history as well as non-gravitational processes such as AGN
feedback (outflows, jets, cavities, shocks) and feeding (cooling,
multi-phase condensation; e.g., Gaspari et al. 2020). The addi-
tional terms used to obtain the EM profiles can partly account
for these effects. The scatter of these profiles offers the opportu-
nity to quantify such departures, and the CHEX-MATE sample
is ideal to achieve this goal since the selection function is simple
and well understood.

We computed the intrinsic scatter of the CHEX-MATE
radial profiles by applying the following procedure. First, we
interpolated each scaled profile on a common grid formed by ten
logarithmically spaced radial bins in the [0.0S—l.l]R;{SS radial
range. We used the model for which the observed distribution of
the points, S obs, in each radial bin is the realisation of an under-
lying normal distribution, S e, with log-normal intrinsic scatter,
Oint-

In S e ~ Normal(In g, oiny), @)
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Fig. 10. Results of the fit of the CHEX-MATE EM profiles using broken power laws. Left panel: fit of the median CHEX-MATE EM profiles
shown with grey lines with a power law in four radial bins. The bins are [0.2-0.4], [0.4—0.6], [0.6—0.8], and [0.8—1] and are in units of R;{OSO‘ For
each radial bin, the black solid line represents the best fit of the power law shown in Eq. (6). The magenta envelope was obtained considering the
dispersion of the fitted parameters (A and « in Eq. (6)). The blue and red solid lines represent the best fit of the profiles of the morphologically
relaxed and disturbed clusters, respectively. Right panel: median values of the power law indexes, @, obtained from the fit of the CHEX-MATE,
X-COP, REXCESS, and Simx samples in the four radial bins shown in the left panel. For each value we report its dispersion.

with u as the mean value of the distribution. We set broad priors
on the parameters we are interested in:

Inp ~ Normal(In(EM(r)), o = 10),
oint ~ Half — Cauchy(8 = 1.0),

®)
(€))

where (EM(r)) is the mean value of the interpolated EM profiles
at the radius . We assumed a Half-Cauchy distribution for the
scatter, as this quantity is defined as positive. Since o(InX) =
o (X)/X, the intrinsic scatter in linear scale becomes:
Tlin = Tine * [, (10)
and the total scatter, o, is the quadratic sum of o, and the
statistical scatter ogy:

— ’ 2 2
Ttot = O-lin + O-Stat’

The observed data were then assumed to be drawn from a normal
realisation of the mean value and total scatter:

a1

S obs ~ Normal(u, o). (12)
We determined the intrinsic scatter o, and its 1o error by
applying the No U-Turn Sampler (NUTS) as implemented in the
Python package PyMC3 (Salvatier et al. 2016) and using 1000
output samples.

Our sample contains nine objects for which we were not able

to measure the profile above RY. Six of these objects are less

500"
massive than M;{gg < 4 x 10" M, and are classified as “mixed
morphology” objects. We investigated the impact of excluding
these profiles from the computation of the scatter by comparing

the scatter computed within 0.9R;{(§§ using the full sample with

the scatter computed excluding the nine objects. We noticed that
this exclusion reduces the scatter by a factor of approximately

15% at R;{gg starting from ~0.4R;{&§. We argue that the reduc-
tion of the scatter is linked to the fact that the nine clusters
contribute positively to the total scatter being morphologically
mixed. For this reason, we corrected for this effect, defining a
correction factor, cf, that quantifies the difference in the scat-
ter due to the exclusion of these profiles. We computed the ratio
between the scatter including and excluding the nine profiles in
the [0.06—O.9R§5§] radial range, where we extracted the profiles
for the whole CHEX-MATE sample. We fitted this ratio via the
mpcurvefit routine using a two degree polynomial function of
the form cf(r) = ar* + br + ¢ and obtained the coefficients
[a,b,c] = [0.410,-0.117,0.993]. We multiplied the scatter of

the whole sample by cf in the [0.06—1]R;{(§§ radial range. From

hereon, we refer to this scatter as the “corrected intrinsic scatter”.

6.2. The CHEX-MATE scatter

The corrected intrinsic scatter of the EM profiles is reported in
the top-left panel of Fig. 11. The scatter computed using the pro-
files centred either on the centroid or on the peak gave consistent
results. -

The intrinsic scatter of the scaled EM profiles substantially
depends on the scale considered. In the central regions, the large

observed scatter of ~0.8, at R ~ O.IR;{()% reflects the complexity
of the cluster cores in the presence of non-gravitational phenom-
ena, such as cooling and AGN feedback. On top of that, merging
events are known to redistribute gas properties between the core
and the outskirts, which flattens the gas density profiles in cluster
cores. The scatter reaches a minimum value of ~0.2 in the [0.3—
0.7]R;{&§ radial range, where the scatter remains almost constant.
This result confirms the behaviour observed in the left panel of
Fig. 8, where the dispersion of the profiles shown is minimal in
this radial range and the scaled profiles converge to very similar

values. The scatter increases at R > 0.7R;{5§ from 0.2 to 0.35.
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Fig. 11. Scatter of the EM CHEX-MATE, X-COP, and REXCESS profiles. Top-left panel: comparison between the scatter of the CHEX-MATE
sample and the morphologically selected sub-samples. Black dotted lines identify the +10 scatter between the EM profiles of the CHEX-MATE
sample. The scatter between the profiles of morphologically relaxed and disturbed clusters are shown with blue and red envelopes, respectively.
The width of the envelopes corresponds to the 10~ uncertainty. Top-right panel: comparison between the scatter of the CHEX-MATE sample and
the mass selected sub-samples. Green and magenta envelopes represent the scatter between the EM profiles of the low- and high-mass sub-samples,
respectively. Bottom-left panel: investigation of evolution of the scatter. Blue and red envelopes represent the scatter between the profiles of the

. Yo
hi-mass clusters, M7 > 5 x 10"

M, of the low- and high- redshift samples, respectively. Bottom-right panel: comparison between the scatter

of the CHEX-MATE with X-COP (Ghirardini et al. 2019) and REXCESS (Croston et al. 2008) samples. The X-COP and REXCESS scatters

are shown with green and orange envelopes, respectively. We recall that the scaling of the X-COP and REXCESS profiles was performed using
temperatures obtained differently than those for CHEX-MATE, see Sect. 5.4 for details.

The scatter of the morphologically disturbed and relaxed
clusters considered separately are shown in the top-left panel of
Fig. 11. The scatter of the morphologically disturbed clusters is

higher but consistent at R < O.SR;J% with the relaxed one. This is

expected, as the scatter originates from the combination of non-
gravitational processes in the core and merging phenomena. This
reinforces the scenario in which the differences between the EM
profiles of relaxed and disturbed objects disappear in cluster out-
skirts, as already shown with the study of the shapes in Sect. 5.
The dependency of the scatter on cluster mass was identified by
comparing the scatter between high- and low-mass objects, as
shown in the top-right panel of Fig. 11. No significant differ-
ences could be seen. We investigated the evolution of the scatter
by comparing the most massive clusters, M;&f > 5x 10" My, in
the low- and high-redshift samples. This is shown in the bottom-
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left panel of the figure, and as for the mass sub-samples, we
found no significant differences except in the very inner core at

R < O.IR;{O%, where the local objects indicate larger variation.

6.3. Comparison with other samples

We computed the scatters of the profiles of the REXCESS and
X-COP sample following the same procedure we used for the
CHEX-MATE sample. These are shown in the bottom-right
panel of Fig. 11. The width of the envelope corresponds to 1o
uncertainty. Overall, the CHEX-MATE, REXCESS, and X-COP
scatters are consistent at the [0.07-0.6] RYsz

soo radial range. This
excellent agreement is due to the fact that the samples are repre-

sentative of the wide plethora of EM profile shapes in the core of
clusters. There is slight disagreement at a larger scale between
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Fig. 12. EM maps of two of the simulated clusters used in this work projected along the lines of sight X, ¥, and Z. The top row shows a cluster
whose morphology appears roundish in the three projections considered. On the bottom we show, on the contrary, a cluster whose morphology
is particularly complex and appears different in each of the three projections. We refer to the cluster in the top row as regular and the latter as

Reg. cluster Z

irregular. The white circle indicates Rsgp.

the samples, with the CHEX-MATE scatter being lower at more
than 1o, which could be do to the re-scaling. This is one impor-
tant issue that will be investigated in forthcoming papers recur-
ring also to multi-wavelength data.

7. Investigating the origin of the scatter
7.1. Simulation scatters

In this section, we turn our attention to the THE THREE
HUNDRED dataset. The cosmological simulations allowed us to
break down the sample scatter, or fotal scatter, into two com-
ponents: the genuine cluster-to-cluster scatter, which would be
the sample scatter measured between the true 3D profiles of the
objects, and the projection scatter. The latter measures the dif-
ferences that various observers across the Universe would detect
when looking at the same object from distinct points of view.

In this work, we scaled the CHEX-MATE EM profiles using
the results of Pratt et al. (2022) and Ettori et al. (2023), which
were derived using empirical ad hoc adaptation of the self-
similar scaling predictions. However, the same scaling is less
suitable for the simulations, which agree better with the self-
similar evolution of Eq. (4) since this expression minimises their
scatter. For this reason, all the scatters presented from this point
on were derived from EM profiles scaled assuming only self-
similar evolution both for THE THREE HUNDRED and CHEX-
MATE samples.

7.2. The projection scatter term

The evaluation of this term requires the knowledge of the 3D
spatial distribution of the ICM. A perfectly spherical symmet-
ric object would appear identical from all perspectives, and the
projection scatter would be equal to zero. On the other hand,
an object whose ICM spatial distribution presents a complex
morphology will produce a large projection scatter. This can be
visualised by looking at the three EM maps obtained for three

orthogonal lines of sight for two objects of the THE THREE
HUNDRED collaboration in Fig. 12. In detail, the cluster shown
in the top rows is roundish and does not show evident traces of
merging activity within a radius of R = Rsq (white circle). The
cluster in the bottom row, however, exhibits a complex morphol-
ogy due to ongoing merging activities and the presence of sub-
structures, which cause it to appear different in the three projec-
tions.

This complexity is reflected in the projection scatters shown
in Fig. 13, which was computed considering the 40 lines of pro-
jection for the two objects and not only the three shown with
the images. The scatters are similar within R < 0.2Rsq0. At
R > 0.4Rs¢, the irregular cluster scatter diverges, while the
one of the regular object remains almost constant. In particu-
lar, in the case of the irregular object, ~0.4Rsoo corresponds to
the position of the big sub-structure visible in the bottom row of
the left panel of Fig. 12. Interestingly, the Simx projection scat-
ter increases rapidly at R ~ 0.8Rs¢ also for the regular cluster,
while the Sim one remains mostly constant. This difference in
the behaviour is due to the deliberate 7% over- and underesti-
mated background correction explained in Sect. 4.2. The over-
and underestimation of the background yields profiles that are
steeper or flatter than the correct profiles, respectively, and hence
they increase the scatter between the profiles. This effect is par-
ticularly important at R ~ Rso because the cluster signal reaches
the background level.

We calculated the projection scatter between the 40 projec-
tions for each of the 115 objects from THE THREE HUNDRED
sample, and these profiles are shown in Fig. 14. On average,
the scatter starts from a value of 0.15 at R ~ 0.1R5py and then
reaches the value of 0.3 at Rsgg, with a rapid increase from 0.2
to 0.3 at R ~ 0.9Rs¢o. This rapid increase is due to the complex
spatial ICM distribution at large radii. There are approximately
five outliers that exhibit a larger scatter from the envelope and a
complex behaviour. These clusters are characterised by the pres-
ence of sub-structures that happen to be behind or in front of
the main halo of the cluster along some lines of projection. For
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Fig. 13. Projection scatter of the regular and irregular clusters in Fig. 12.
The scatters are shown with black and red solid lines, respectively.
The black and red envelops represent the dispersion. The black and
red dotted lines refer to the projection scatter computed using the
Simx profiles.

this reason, the sub-structure emission is not visible as it blends
with the emission from the core of the cluster. On the contrary, if
the sub-halo is on a random position as respect to the main halo
it will appear as a sub-structure in different position depending
on the projection. In this case, the cluster morphology is com-
plex. For these reasons, the resulting profile for these clusters
can show remarkable differences depending on the line of sight.

7.3. The total scatter term

The total scatter term measures the differences between the clus-
ter EM profiles within a sample. We recall that each of our sim-
ulated objects is seen along 40 lines of sight. With this possi-
bility in hand, we created 40 realisations of the same sample of
115 objects and computed the scatter for each realisation. The
40 rotal scatters of the Simx profiles are shown in Fig. 14.

The average high value of 0.9 at R < 0.3Rsy of the fotal
scatter captures the wide range of the profile shapes within the
inner core. The scatter reaches its minimum value of ~0.4 at
R ~ O.SR;{OSS and then rapidly increases afterwards, due to the
presence of sub-structures in the outskirts and the phenomena
related to merging activities as well as the background subtrac-
tion discussed in Sect. 7.2.

7.4. Comparison between total and projection

Direct comparison of the projection and fotal scatter terms in
the simulated sample allowed us to investigate the origin of the
scatter as predicted by numerical models. The two scatters are
shown in Fig. 14. The total scatter is almost eight times greater
than the projection at R ~ 0.1Rsoo and rapidly decreases to be
only two times greater at R ~ 0.3Rsq, as shown in Fig. 14. This
indicates that differences between clusters dominate with respect
to the variations from the projection along different lines of sight
at such scale.
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Fig. 14. Comparison between the total and projection scatters of the
Simx profiles. The scatters are shown with solid green and magenta
lines, respectively.

The total scatter is only 20% greater than the projection

term in the [0.4—0.8]R;{g§ radial range. This scale is where the

cluster differences are smaller. At R > O.SR;J%, both scatters
increase, implying that merging phenomena and sub-structures
are impacting the distribution of the gas. Furthermore, we argue
that the deliberate background over- and under-subtraction dis-
cussed in Sect. 7.2 contributes to increasing both scatter terms by
enlarging the distribution of the profiles where the signal of the
cluster reaches the background level. The toral scatters obtained
using the Sim are similar to the ones obtained using Simx up to
0.9R50o but remain below ~0.45 at Rsq.

7.5. Simulation versus observations

We can break down the contributions to the scatter in the CHEX—
MATE sample by using the numerical simulation scatter terms
as a test bed. The Simx toral and projection scatter medians and
their dispersion are shown in Fig. 15. The CHEX-MATE scat-
ter dispersion is also shown in the same figure. We recall that it
is computed using the EM profiles scaled according to the self-
similar model using Eq. (2) and is greater than the one shown
in Fig. 11 due to the residual dependency on mass and redshift
discussed in Sect. 3.3.2 in the [0.2—0.8] radial range. However,
the scatters reach the value of approximately 0.4 at R;{Sg, indi-
cating that the differences between the profiles are dominated
by clumpy patches in the ICM distribution due to sub-halos and
filamentary structures.

The CHEX-MATE and Simx fotal scatters are in excellent
agreement at R < O.IR;(SS and marginally consistent within 20
in the [0.1-0.3] radial range. Generally speaking, they exhibit
the same behaviour, rapidly declining from the maximum value
of the scatter of 1.2-0.4. The projection scatter on the other
hand is at a minimum value of 0.1 and is almost constant up to

0.3R;{OS§. This result implies that the observed scatter between the

EMg profiles within 0.5R§S§ is dominated by genuine differences

between objects and not by the projection along one line of sight,
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Fig. 15. Comparison between the scatter of the CHEX-MATE sam-
ple and the rofal and projection terms of the simulations. The CHEX—
MATE scatter is shown using dashed black lines. The medians of the
total and projection terms are represented with green and magenta
solid lines, respectively. Their 68% dispersions are represented using
envelopes coloured accordingly.

as explained in Sect. 7.4. In other words, we are not limited by
the projection on the plane of the sky when studying galaxy clus-
ter population properties at such scales.

The fotal and CHEX-MATE scatters reach the minimum
value, approximately 0.4, in the [0.3—0.5]R§5§ radial range and
remain almost constant within these radii. This minimum value
quantifies the narrow distribution of the profiles shown in Figs. 3
and 6. Furthermore, the slopes between morphologically relaxed
and disturbed objects become consistent at such radii, as shown
in the right panel of Fig. 10. This suggests that the differences
between EM profiles are minimum at such intermediate scales
despite their morphological statuses, mass or redshift. As for
the inner regions, the projection term increases mildly in these
regions and provides a small contribution.

The THE THREE HUNDRED scatters rapidly increase at R >
O.SR;{(%, with the fotal scatter reaching the value of approxi-
mately 0.7 at Rsoy. The projection scatter reaches the CHEX—
MATE scatter at R;{;S. We argue that this effect is due to a com-
bination of not masking the sub-structures when extracting the
Simx profiles and the deliberate wrong background subtraction
discussed in Sect. 7.2. Indeed, the use of median profiles reduces
this effect, and we discuss this effect in detail in Appendix A,
where we show that the use of azimuthal median profiles is effi-
cient for removing part of these spatial features. The fact that
the scatter terms increase in a similar manner despite the use of
median profiles reinforces that this behaviour is likely related
to analysis techniques rather than genuine differences within the
profiles and projection effects.

8. Discussion and conclusion

We have studied the properties of the SX and EM radial profiles
of the CHEX-MATE sample, which comprises 116 SZ selected

clusters observed for the first time with deep and homogeneous
XMM-Newton observations. Our main findings are as follows:

— The choice of making the centre between the peak and the

centroid for extraction of the SX profiles yields consistent

results in the [0.0S—l]R;(gS radial range. Significant differ-
Ysz

ences can be seen within ~0.05R ;.

— The use of azimuthal average and median techniques to
extract the profiles impacts the overall profile normalisation
by a factor of 5% on average. The shape is mostly affected at

R > O.SR;{SS, with azimuthal averaged profiles being flatter
at this scale.

— The EM profiles exhibit a dependency on the mass and a
mild dependency on redshift, which is not accounted for by
the computed scaling according to the self-similar scenario,

as found also by Pratt et al. (2022) and Ettori et al. (2023).
— Morphologically disturbed and relaxed cluster EM profiles

have different normalisations and shapes within ~0.4R§(§§.
The differences at larger radii are on average within 10% and

are consistent within the dispersion of the full sample.
— The shape and normalisation of the EM profiles present a

continuum distribution within the [0.2—0.4]R§5§ radial range.
The extreme cases of morphologically relaxed and disturbed
objects are characterised by power law indexes, @ = 2.51 +
0.13 and @ = 1.38 + 0.2, respectively, that are not consistent

at the 30 level. The picture changes at R;(gg > 0.4, where

the slopes of these extremes becomes marginally consistent
at 1o in the [0.4—0.6]R;{gg radial bin. The slopes in the last
bin are in excellent agreement.

— The scatter of the CHEX-MATE sample depends on the
scale. The scatter maximum is ~1.1 within 0.3R§053, reflect-
ing the wide range of profile shapes within the cluster cores
that range from the flat emission of disturbed objects to
the peaked emission of the relaxed clusters. The scatter

decreases towards its minimum value, 0.2, at 0.4R;{gg and
increases rapidly to 0.4 at R;{OSS. This result is coherent with

the overall picture of a characteristic scale, R ~ O.4R§(§g,

at which the differences between profiles in terms of shape
and normalisation are minimum. The increase of the scat-
ter at R;(Sg is expected, as this is the scale at which merg-
ing related phenomena and patchy distribution of the ICM
become important.

— The scatters of the morphologically relaxed cluster and the

disturbed cluster are different within 0.4R§§§, the former
being smaller. Above this radius, they are in excellent agree-
ment between themselves and with the entire sample as well,
implying that the properties of EM profiles in the outer parts
are not affected by the properties in the core. There are no
differences in the scatter of the sub-samples formed by high-
and low-mass objects, and we found no evolution of the scat-
ter for high-mass objects.

The overall emerging picture is that there is a characteristic scale,

R ~ 0.4R§055, where the differences between profiles in terms
of shape and normalisation are minimum. The exceptional data
quality has allowed us to provide to the scientific community the
scatter of SX and EM radial profiles of a representative cluster
sample with an unprecedented precision of approximately 5%.
The results from observations were compared to a sam-
ple drawn from the numerical simulation suite THE THREE
HUNDRED formed by 115 galaxy clusters selected to reflect
the CHEX-MATE mass and redshift distribution. For each
cluster, we computed the EM along 40 randomly distributed
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lines of sight, which allowed for the investigation of projection
effects for the first time. Our main findings can be summarised
as follows:

— The properties derived using the Sim or the Simx profiles
are similar within Rsgg, confirming the statistical quality of
the mock X-ray images, which were calibrated to match the
CHEX-MATE average statistical quality.

— The simulation EM profiles appear systematically steeper
than those from observations. The hydrostatic bias might
play a key role in explaining this difference. The scaling

of the CHEX-MATE profiles by Rggg/ (0.8'/3), assuming a
20% bias, alleviates these differences, and the ratio between
the CHEX-MATE and simulation medians becomes closer
to one, with the exception of the centre where simulations
typically have a greater gas density.

— The total scatter of the simulation sample follows the same
behaviour as that of the observations up to O.6R§5§ and then

increases more rapidly to an average value of approximately

0.7, whereas the observation reaches the value of 0.4 at R;{gg.
The comparison with the projection scatter at such scales
hints at a contribution from projection effects on the order
of 0.3.

— The projection scatter allowed us to study the spherical sym-
metry of clusters. This term slightly increases from approx-

imately 0.1 at O.IR;(()SS up to ?{pproximately 0.3 at ~R§053,
S

exhibiting a rapid gradient at R;;. This term is smaller than

the total in the entire [0.1—0.9]R§OS§ radial range considered,
and its dispersion is on the order of 10%. This implies that
the difference we observe between objects is due to a genuine
difference in the gas spatial distribution.

— The background subtraction process becomes crucial at Rsg
for determining of the profile shape at R;{OSS. The deliberate
over- or underestimation significantly contributes to increas-
ing both the total and projection scatter at such large scales.
Furthermore, the rapid increase of both scatters can be also
explained by the fact that sub-structures are not masked in
simulated images.

The large statistics offered by the simulation dataset allowed us
for the first time to investigate the origin of the scatter and break
down the components, namely the projection and total terms,

and study them as a function of Rzosg. The overall picture emerg-
ing is that there are three regimes amongst the scatter:

— [0.1-0.4]: The differences between profiles are genuinely
due to a different distribution of the gas and also influenced
by feedback processes and their implementation (see, e.g.,
Gaspari et al. 2014), which translates into a plethora of pro-
file shapes and normalisations.

— [0.4—0.6]: In this range, the scatter is sensitive to the scaling
applied, suggesting that this is the scale where clusters are
closer to being within the self-similar scenario.

— [0.6—1]: The CHEX-MATE scatter and the total scatter
increase at such scales and are greater by a factor of approx-
imately two than the projection, showing that profile dif-
ferences are genuine and not due to projection effects. The
emission of sub-structures and filamentary structures and the
correct determination of the background play a crucial role
in determining the shape of the profiles at such scales.

We were able to investigate the origin of the scatter by com-
bining the statistical power of the CHEX-MATE sample not
only because of the great number of objects observed with suffi-
cient exposure time to measure surface brightness profiles above

R;(OSS but also because of the sample’s homogeneity and the
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uniqueness of the simulation sample. The latter allowed us to
discriminate the scatter due to genuine differences between pro-
files and those related to projection. The CHEX-MATE sample

allowed us to measure the scatter up to R;(Sg with the sufficient

precision to clearly discriminate the contribution from the pro-
Jection term at all scales.
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Appendix A: The impact of sub-structures in simulations

The presence of sub-structures within the region of extraction of the radial profiles modifies the shape of the surface brightness
and emission measure profiles. This translates into an increase of the scatter between them. In this work, we are interested in the
distribution of the gas within the cluster halo filtering the contribution of sub-structures whose emission is detectable within or near

R;{gg. This filtering is achieved by masking the sub-structures in observations. The same procedure is difficult to apply to simulations.

Generally speaking, automatic detection algorithms in X-ray analyses are calibrated to detect point source emission only, as the
detection of extended sources would cause the algorithm to also detect the cluster emission itself. For this reason, the identification
of extended emission associated to sub-structures is done via eye inspection, but this approach cannot be taken with large datasets
comprised of thousands of maps, such as the one we used in this work. The fact that we do not mask sub-structures in the simulated
maps constitutes one of the main differences between the X-ray analysis and THE THREE HUNDRED analysis. However, we could
qualitatively investigate the impact of sub-structures on the scatter by comparing the results obtained following the procedures of

Section 7 that used the azimuthal average and median profiles shown in Fig. A.1.

2.5 . .
—— Azimuthal median
- Azimuthal average
2.0 A
—
Q15
-
©
O
n
1.0 1
0.5 {

Ratio

0.5 1

1071 100
R [Rspo0]

Fig. A.1. Comparison between the fotal scatters computed using the azimuthal mean and median profiles. Top: Medians of the total from THE
THREE HUNDRED scatters computed using the azimuthal mean and median EM profiles. These are shown with green and grey lines, respectively.
The 68% dispersion is shown with the coloured envelopes. Bottom: Ratio between the median of the total scatters computed using the azimuthal
averaged profiles over the median computed using the azimuthal median profiles. The dashed-dotted lines indicate the identity line and the +20%
levels.

The bottom panel shows that the scatters are nearly identical, within 0.2Rs, and are on average around the 20% level in the
[0.2-0.6]Rs0p radial range. The scatter of the mean profiles increases rapidly above that radius. The same behaviour is observed for
the scatter of the median even if the increase is less rapid, as shown by the ratio in the bottom panel at R> 0.6Rs.

The azimuthal median in a given annulus does not completely remove the emission from the extended sub-structure, which
can only be achieved by masking it. However, we argue that the scales at which the sub-structures become important, R> 0.6Rs5q,
correspond to annuli whose size is typically larger than the size of a sub-halo. For this reason, the azimuthal median is marginally
affected.

Indeed, sub-structure masking is a key difference between observations and simulations, and it does affect the computation of
the total scatter. However, we suggest that using the median profiles is an effective way to reduce the impact of sub-structures at
the scales at which they are important. For this reason, the rapid increase of the fotal scatter at ~ Rsgo is more likely to be due to a
genuine difference between the profiles and to the background subtraction effect discussed in Section 7.2.

Appendix B: ROSAT-XMM- Newton background relation

The determination of the sky background level was performed in a region free from cluster emission. In this work, we used the
annular region between R;;‘O and 13.5 arcminutes to measure the photon count rate associated with the sky background. We consid-

ered that we had sufficient statistics for the background estimation if the width of this region is at least 1.5 arcmin (i.e. R;{OSS <12

arcmin). The R;&f of nearby clusters at z < 0.2 are generally larger than 12 arcmin, and it was not possible to define a sky back-

ground region unless offset observations were available. For this reason, we predicted the sky background for these objects using
the ROSAT All-Sky Survey diffuse background maps obtained with the Position Sensitive Proportional Counters (PSPC).
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Fig. B.1. Calibration of the sky background count rate between XMM-Newton and ROSAT-PSPC. Left panel: Relation between the sky background
count rate as measured using the XMM-Newton mean SX profiles and ROSAT-PSPC in the RS, [0.56-1.21] keV, energy band. The black points

represent the clusters for which R;OSOZ is less than 12 arcmin and that have been used to fit the relations. The grey points are the clusters filling

the field of view, their R;(JOZ being greater than 12 arcmin. The solid line represents the cross correlation obtained via the linear regression. The
dashed lines represent the intrinsic scatter of the relation. Right panel: Same as the left panel except for the fact that the XMM-Newton count rate
is measured using the median SX profiles.

We determined the ROSAT photon count rate, ROSAT,;, for each CHEX-MATE object in the RS band, [0.73 — 1.56] keV,
within an annular region centred on the X-ray peak and with the minimum and maximum radius being R;{(% and 1.5 degrees,
respectively, using the sxrbg tool (Sabol & Snowden 2019). We then calibrated the relation between the ROSAT,,; and the XMM-
Newton background sky count rate, XMM,,, for clusters whose R;{(;‘O was less than 12 by performing a linear regression using the

linmix package (Kelly 2007):
XMM,; = @ + 8 X ROSAT,,. (B.1)

The results of the linear regression for the mean and median profiles are shown in the left and right panels of Fig. B.1, respectively.
The values of the linear minimisation y = @ + 8 * x and the intrinsic scatter € are reported in Table B.1. We used these relations to
estimate the XMM-Newton sky background for the objects where R;((;(o is greater than 12 arcmin in the CHEX-MATE sample.

Table B.1. Results of the linear minimisation of the ROSAT-RS vs XMM-Newton sky background count rate shown in Equation B.1.

Parameter Val Val
Mean Median
a [107 ct/s] 3.974 2.346
B 2.730 2.630
e[1073 ct/s]  2.375 2.902

Notes: The term € represents the intrinsic scatter.
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Appendix C: Power law fit

We report in Table C.1 the results of the fit of the median EM profiles centred on the X-ray peak profiles using the power law shown

in Eq. 6 and described in Sect. 5. The fit was performed using the mean value of each bin as the pivot for the radius, that is, 0.3, 0.5,

0.7, and 0.9 for the [0.2-0.4], [0.4-0.6], [0.6-0.8], and [0.8-1] Rzosg radial bins, respectively.

Table C.1. Results of the power law fit shown in Equation 6.

Radial bin QCcHX A'simx acux MR acux MD Acux Asimx Acux MR Acux MD
[Rs00] [ 10~%cm™® Mpc]

0.2-0.4 201+036 237+036 251+0.13 138+0.20 | 1.88+£0.41 2.04+0.27 2.13+038 1.75+0.31
0.4-0.6 258+033 298+038 293+022 225+0.18 | 0.59+£0.11 050+0.11 0.55+0.05 0.66+0.14
0.6-0.8 3.03+0.27 354+£056 3.17+032 3.00+£020 | 0.22+0.04 0.18+0.05 0.19+0.04 0.27£0.04
0.8-1.0 327+036 3.55+099 344+042 349+0.27 | 0.10£0.02 0.07+0.02 0.07+0.02 0.12+0.02

Notes: The letters MR and MD in columns 4, 5, 8, and 9 stand for morphologically relaxed and disturbed, respectively.

Appendix D: Surface brightness profiles

We show in D.1 the surface brightness profiles of the CHEX-MATE sample that we extracted as described in Section 3.3.1. The-
dotted line shown in the top-left panel indicates R;{OSS and highlights the data quality of the sample as most of the profiles extend

beyond that radius.
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Fig. D.1. Surface brightness radial profiles of the CHEX-MATE sample. Left column: Azimuthal averaged surface brightness profiles of the
CHEX-MATE sample centred on the X-peak and the centroid in the top and bottom panels, respectively. Blue and red solid lines represent

morphologically relaxed and disturbed clusters, respectively. The black solid vertical line identifies R;{(foz. Right column: Same as left column but
for profiles extracted computing the azimuthal median.
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