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ABSTRACT

In a self-similar paradigm of structure formation, the thermal pressure of the hot intra-cluster gas follows a universal distribution, once the profile
of each cluster is normalised based on the proper mass and redshift dependencies. The reconstruction of such a universal pressure profile requires
an individual estimate of the mass of each cluster. In this context, we present a method to jointly fit, for the first time, the universal pressure
profile and individual cluster M500 masses over a sample of galaxy clusters, properly accounting for correlations between the profile shape and
amplitude, and masses that scale the individual profiles. We demonstrate the power of the method and show that a consistent exploitation of the
universal pressure profile and cluster mass estimates when modelling the thermal pressure in clusters is necessary to avoid biases. In particular,
the method, informed by a cluster mass scale, outputs individual cluster masses with the same accuracy and greater precision than input masses.
Using data from the Cluster HEritage project with XMM-Newton: Mass Assembly and Thermodynamics at the Endpoint of structure formation
(CHEX-MATE), we investigate a sample of ∼25 galaxy clusters spanning mass and redshift ranges of 2 . M500/1014 M� . 14 and 0.07 < z < 0.6.
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1. Introduction

Galaxy clusters are formed by the accretion of matter at the
nodes of the cosmic web. If a cluster is virialised and its intra-
cluster medium (ICM) fully thermalised, the thermal pressure
counterbalances the effect of gravitational forces. Since gravity
does not have preferred scales, clusters are nearly scaled ver-
sions of each other (see e.g. the reviews in Rosati et al. 2002;
Voit 2005), and consequently, the thermal pressure distribution
in galaxy clusters is universal (in the intermediate radial range)
when normalised with respect to mass and redshift (Nagai et al.
2007; Arnaud et al. 2010, hereafter N07 and A10).

Galaxy cluster detection algorithms for millimetre wave-
length observations (Melin et al. 2006; Carvalho et al. 2009)
and cosmological analyses based on the thermal Sunyaev-
Zel’dovich (tSZ) angular power spectrum (Horowitz & Seljak
2017; Salvati et al. 2018; Bolliet et al. 2018) rely on analyt-
ical universal pressure profile (UPP) functionals, calibrated
beforehand with dedicated observations. The impact on cos-
mological results of the assumed profile has been shown to be
non-negligible, with different choices shifting the cosmologi-
cal results, both for the tSZ angular power spectrum and clus-
ter number count analyses (Ruppin et al. 2019; Tanimura et al.
2022; Hernández-Martínez et al. 2025; Gallo et al. 2024).

Several studies have characterised the UPP from tSZ
and/or X-ray data (Nagai et al. 2007; Arnaud et al. 2010;
Planck Collaboration X 2013; Sayers et al. 2013; McDonald
et al. 2014; Sayers et al. 2016; Romero et al. 2017;
Bourdin et al. 2017; Sanders et al. 2018; Ghirardini et al.
2019; Pointecouteau et al. 2021; He et al. 2021; Melin & Pratt
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2023; Sayers et al. 2023). These various studies differ in the
employed methods, datasets, and cluster samples, but they all
parametrise the thermal pressure distribution following the
generalised Navarro-Frenk-White (gNFW) model. In the present
work, we also consider the gNFW parametrisation. This model
was adopted by Nagai et al. (2007) (and previously suggested
by Zhao 1996), based on galaxy cluster observations and
simulations. The previously cited studies demonstrated that
the pressure distribution in galaxy clusters overall is close
to self-similar at intermediate radii, where gravity drives the
physical processes. In the core and outskirts, various processes
such as accretion shocks, turbulence, and active galactic nuclei
(AGN) feedback (Gaspari et al. 2020) introduce deviations from
the universal pressure model.

The reconstruction of a UPP over a population (sample) of
clusters requires the scaling of individual profiles by a charac-
teristic mass scale (Kaiser 1986), which we adopt here as M500

1,
following previous studies. This is the mass of a cluster within
a sphere of radius R500

1. Thus, the shape and cluster-to-cluster
scatter of the derived UPP depends on the manner in which the
value of M500 is determined (e.g. see Figure 7 in Arnaud et al.
2010). Ideally, the true value of M500 would be utilised, but direct
measurements of this true value are not possible from obser-
vations. As a result, most studies rely on observational mass
proxies, preferably those with minimal scatter and bias. Tra-
ditionally, hydrostatic equilibrium (HSE) or cluster weak lens-
ing mass estimates have been employed to scale the individ-
1 M500 and R500 are defined as M500 = (4/3)πR3

500 × 500ρcrit, where
ρcrit(z) = 3H(z)2/(8πG) is the critical density of the Universe at the
cluster redshift z. Similarly, we define θ500 as θ500 = R500/DA, with DA
being the angular-diameter distance of the cluster.
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ual pressure profiles, which are then used to measure the UPP.
Hydrostatic equilibrium and lensing mass estimates are known
to be biased and scattered, respectively, with respect to the true
masses (see Pratt et al. 2019, for a review). Usually, individual
pressure profiles are scaled according to the value of the chosen
characteristic mass proxy, and most previous analyses did not
propagate uncertainties and biases associated with those mass
proxies, leading to potential biases in the inferred UPP. Recently,
He et al. (2021) studied the impact of the HSE mass bias on the
UPP, while the uncertainties of mass estimates have been prop-
agated to the UPP error budget in Sayers et al. (2023) (hereafter
S23).

As we show in this paper, it appears that characteristic mass
scales and universal profile shape and amplitude (for the pres-
sure in our case) are strongly correlated. They, therefore, need
to be jointly extracted from a given set of observations to prop-
erly propagate the uncertainties from the mass proxies into the
universal profile. Otherwise, cosmological analyses based on the
UPP will underestimate the current uncertainties. At the same
time, if a consistent propagation of the bias associated with the
masses used to scale the profiles is not performed, the tSZ mod-
elling using the UPP, and subsequently inferred cosmological
parameters, will be biased. In the following, we present for the
first time a method to jointly fit the UPP and minimally biased
individual cluster masses.

We present this work in the framework of the Cluster
HEritage project with XMM-Newton: Mass Assembly and Ther-
modynamics at the Endpoint of structure formation (CHEX-
MATE2, CHEX-MATE Collaboration 2021). The CHEX-MATE
project is a multi-year XMM-Newton Heritage programme that
aims at understanding the interplay of gravitational and non-
gravitational processes in galaxy clusters and their impact on
cluster mass estimations. The full sample consists of 118 Planck
tSZ-selected clusters spanning mass and redshift ranges of 2 .
M500/1014 M� . 14 and 0.05 < z < 0.6. This work focuses
on a subsample of CHEX-MATE clusters for which data are
already available (Sect. 2). In addition to XMM-Newton data,
the CHEX-MATE project has multi-wavelength coverage of the
sample, including radio, millimetre, optical, and infrared data
(CHEX-MATE Collaboration 2021). In this paper, we make use
of X-ray and millimetre wavelength observations to extract ther-
mal pressure profiles (Sect. 2.1) and different cluster mass esti-
mates (Sect. 2.2).

The paper is structured as follows. The dataset is presented
in Sect. 2. Section 3 describes the thermal pressure model, and
Sect. 4 provides details on the implementation of the fitting
method. The results from the application of the method to data
are given in Sect. 5. Finally, conclusions are drawn in Sect. 6.
We assume a flat Λ cold dark matter (ΛCDM) cosmology with
H0 = 70 km s−1 Mpc−1 and Ωm = 0.3. Throughout the paper
G corresponds to the Newtonian constant of gravitation, H(z)
is the Hubble parameter H(z) = H0

√
Ωm(1 + z)3 + ΩΛ, and

h70 = H0/(70 km/s/Mpc). The logarithm with base 10 is ‘log’
and ‘ln’ refers to the natural logarithm.

2. Dataset

For the present work, we focus on the ‘Data Release 1’ (DR1)
subsample of CHEX-MATE clusters presented in Rossetti et al.
(2024). Cluster names, redshifts, and ‘Multi-Matched Filtering
3’ (MMF3) masses (see Sect. 2.2) are summarised in Table 1 in
Rossetti et al. (2024). The DR1 clusters have been selected to be

2 http://xmm-heritage.oas.inaf.it/
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Fig. 1. Pressure profiles for the 28 galaxy clusters investigated in this
work reconstructed from XMM-Newton (orange) and Planck (blue) data.
XMM-Newton data profiles below r/R500 = 0.03 are shaded. These pres-
sure bins are not considered in our analysis (see text).

representative of the full CHEX-MATE sample in terms of mass,
redshift, and X-ray morphology. In this section, we present the
data used in this work: the individual pressure profiles for the
28 DR1 clusters3 and their M500 mass estimates.

2.1. Pressure profiles

For each cluster, we combined the thermal pressure profiles
reconstructed independently from XMM-Newton X-ray data and
Planck tSZ data. Such a combination allowed us to cover a
large radial range over the individual profiles: the high angu-
lar resolution of XMM-Newton enables tracing the core (down to
∼0.03 × R500), and the outskirts are mapped by Planck. In the
following, we briefly present the reconstruction of the individ-
ual thermal pressure profiles. We note that other approaches can
be taken to reconstruct the pressure distribution. For instance, in
the CHEX-MATE paper by De Luca et al. (in prep.), a pressure
model was fitted jointly to XMM-Newton and Planck observ-
ables following the methodology presented in Bourdin et al.
(2017) (hereafter B17). However, as shown in Appendix B in
Ghirardini et al. (2019) (hereafter G19), both approaches led to
compatible results. In Kim et al. (2024), another pressure recon-
struction method was introduced: a forward-modelling tech-
nique that jointly fit X-ray and tSZ data to infer 3D intracluster
gas properties.

2.1.1. XMM-Newton

The reduction of the raw XMM-Newton data was performed
using the CHEX-MATE pipeline described in previous stud-
ies (Bartalucci et al. 2023; Lovisari et al. 2024; Rossetti et al.
2024; Riva et al. 2024). First, the data were cleaned by remov-
ing the flare events and point sources (see Bartalucci et al. 2023,
and references therein). Then, centred on the X-ray peaks, pro-
jected surface brightness profiles were reconstructed following
the steps detailed in Bartalucci et al. (2023). For this paper we

3 We excluded PSZ2 G042.81+56.61 and PSZ2 G057.78+52.32 for
which XMM-Newton observations include off-set pointings not imple-
mented in the current version of the analysis.
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considered the azimuthal median surface brightness profiles, and
they were converted into emission measure profiles by account-
ing for the redshift of each cluster and the emissivity in the
0.7−1.2 keV band (Arnaud et al. 2002; Bartalucci et al. 2023).
Also centred on the X-ray peaks, the projected temperature pro-
files were extracted following the spectral fitting method pre-
sented in Rossetti et al. (2024).

The deprojection of the profiles was performed as sum-
marised in Riva et al. (2024). The vignetting-corrected and
background-subtracted emission profiles were deprojected into
density profiles with the geometrical deprojection and point
spread function (PSF) correction methods from Croston et al.
(2006), accounting for the temperature and abundances in each
cluster (Pratt & Arnaud 2003). The binning of surface bright-
ness profiles guarantees a constant signal-to-noise (see e.g.
Bartalucci et al. 2023) and defines the binning scheme for the
density profiles. The 2D temperature profiles were deprojected
and PSF-corrected following the non-parametric-like method
from Démoclès et al. (2010) and Bartalucci et al. (2018). As
shown in Lovisari et al. (2024), De Luca et al. (in prep.), these
temperature estimates are robust with respect to the employed
pipeline. The binning of the temperature profiles followed the
approach adopted in Rossetti et al. (2024) for the CHEX-MATE
DR1 sample, with the optimal binning scheme described in
Chen et al. (2024).

Finally, assuming

Pe(r) = ne(r) × kBTe(r), (1)

the 3D pressure profile for each cluster was derived from the
combination of the deprojected density, ne(r), and the temper-
ature, Te(r), with kB being the Boltzmann constant. By con-
struction, the pressure profiles were reconstructed in the same
radial bins from the temperature and the resampled density
profiles. The uncertainties on the pressure were propagated
through Monte Carlo Gaussian realisations of the temperature
and density profiles. The pressure profiles extracted from XMM-
Newton data for the 28 clusters in the sample are shown in
orange in Fig. 1. To ensure a homogeneous radial coverage over
our sample, we only consider XMM-Newton profiles beyond
r/R500 = 0.03 (assuming the R500 from MMF3 M500 estimates;
see Sect. 2.2). This way we avoid biases in the core that could be
introduced by observational or physical effects (signal-to-noise,
presence of cool-cores, etc.; see Melin & Pratt 2023, and ref-
erences therein). The impact of the assumed centre on pressure
profile reconstruction is not investigated in this work, but it could
introduce systematic shifts in the innermost bins for disturbed
systems.

2.1.2. Planck

Following the approach established for extracting the Planck
tSZ signal in the PACT (Pointecouteau et al. 2021) and X-COP
(Ghirardini et al. 2019; Ettori et al. 2019; Eckert et al. 2022)
projects, in this work we used the non-public version of the
MILCA (Hurier et al. 2013; Planck Collaboration XXII 2016)
all-sky y-map (Comptonisation parameter map), reconstructed
at a 7 arcmin full-width-half-maximum angular resolution. The
pressure profiles were recovered from the y-map following
the method presented in Planck Collaboration X (2013) (here-
after P13) and used in subsequent studies (Ghirardini et al.
2019; Ettori et al. 2019; Pointecouteau et al. 2021; Eckert et al.
2022). In summary, Compton-y profiles were computed by
azimuthally averaging the signal in concentric annuli in the
y-map centred at the X-ray peak of each cluster. Point

sources detected in the Planck Catalogue of Compact Sources
(Planck Collaboration XXVI 2016) and pixels with signal above
a 2.5σ noise level were masked (clipping). The noise level was
estimated from the dispersion of the signal in the area between
5 to 10 × θ500 around each cluster. A background zero-level of
the y-map (defined from the average signal in [5−10]× θ500) was
removed from each individual Compton-y profile.

Compton-y profiles were deprojected into 3D thermal pres-
sure profiles by deconvolving from the Planck Gaussian PSF and
applying the geometrical deprojection, assuming spherical sym-
metry and adopting here again the method from Croston et al.
(2006). We propagated the contribution of the noise in the y-
map and the correlation between the Compton-y profile bins to
the final pressure profile covariance matrices as done in previous
studies (Planck Collaboration X 2013; Ghirardini et al. 2019;
Ettori et al. 2019; Pointecouteau et al. 2021; Eckert et al. 2022).
In short, 1000 Compton-y profile realisations computed from
1000 noise realisation y-maps were used to estimate the noise
covariance matrix associated with each data Compton-y profile.
Each noise covariance matrix was Cholesky decomposed to cre-
ate 10000 Gaussian realisations centred on each data Compton-y
profile. By performing the PSF deconvolution and deprojection
of these 10 000 Compton-y profiles, we obtained 10 000 pres-
sure profiles to compute each pressure covariance matrix (Σdata
in Eq. (9)). Given the redshift range covered by the sample, some
clusters were not fully resolved in the MILCA 7 arcmin y-map,
and their pressure profile bins strongly correlate. The individ-
ual Planck pressure profiles for the DR1 CHEX-MATE clusters
are shown in blue in Fig. 1. Profiles are sampled on a regular
grid with bins of width ∆r/R500 = 0.25. We limit the profiles to
0.25−2.5 × R500.

It should be noted that these Planck pressure profiles are
not corrected for the relativistic contribution to the tSZ effect
(Pointecouteau et al. 1998; Nozawa et al. 2006). The uncor-
rected tSZ signal is typically biased by −5 to −15% for Te ∼

5−10 keV galaxy clusters (see Remazeilles et al. 2019; Lee et al.
2020; Perrott 2024, and De Luca et al. in prep.), depending
on the temperature of each object. In Fig. 1 we visually per-
ceive a small offset between XMM-Newton and Planck ther-
mal pressure reconstructions within the common radial range.
As quantified later in Sect. 5.1, we find a typical ratio of
∼−5%. Because the relativistic correction depends on the clus-
ter and the position within each cluster, it is non-trivial to
include it within the MILCA maps. As a result, it is beyond
the scope of this present work, and tSZ data here are not cor-
rected for relativistic contributions, as in previous studies (e.g.
Planck Collaboration X 2013; Ghirardini et al. 2019; Ettori et al.
2019; Pointecouteau et al. 2021; Eckert et al. 2022).

2.2. M500 estimates

As aforementioned, the masses used to scale the pressure are a
key element in the reconstruction of the universal profile. In this
paper, we make use of different mass estimates.

By ‘MMF3 masses’ we refer to the estimates inferred
from the tSZ signal measured by the multi-frequency
matched filter MMF3 algorithm on Planck data (Melin et al.
2006; Planck Collaboration XXIX 2014). These are the
masses used for the selection of the CHEX-MATE sample
(CHEX-MATE Collaboration 2021). For each cluster, the ampli-
tude of the tSZ signal Y500 measured by the MMF3 algorithm
was converted into an M500 by applying the scaling relations cal-
ibrated beforehand on X-ray data (Planck Collaboration XXVII
2016).
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In addition, 24 of the DR1 clusters have ’dynamical mass’
estimates. These were derived from the velocity dispersion of
their member galaxies in Sereno et al. (2025). These authors
assumed as cluster centres the X-ray peaks from Bartalucci et al.
(2023) and adopted the modellings from Navarro et al. (1996),
Mamon & Łokas (2005), Diemer & Joyce (2019). Almost
independent of the ICM properties, dynamical masses offer an
estimate of the mass uncorrelated to the thermal pressure profiles
used in this work. As for weak lensing masses, their systematic
biases (Gavazzi 2005; Ferragamo et al. 2021) are generally
contained down to a percent level (e.g. Ferragamo et al.
2020; Grandis et al. 2021; Aguado-Barahona et al. 2022;
Euclid Collaboration: Giocoli et al. 2024; Giocoli et al. 2025;
Sommer et al. 2025). Sereno et al. (2025) estimated a bias of
bPSZ2 = MPSZ2

500 /Mdyn
500 − 1 = −0.38 ± 0.04 between dynamical

and PSZ2 masses (Planck 2nd Sunyaev-Zel’dovich catalogue,
Planck Collaboration XXVII 2016). The agreement between
the redshift estimates in Sereno et al. (2025) and the redshifts
considered in this work is very good: the difference of redshift
estimates is ∆z/(1 + z) < 0.004 for every cluster. These 24
objects are representative of the CHEX-MATE clusters studied
by Sereno et al. (2025) regarding the uncertainties of the
individual dynamical masses (see Fig. A.1).

3. Model

In this section, we detail the model used to describe the thermal
pressure distribution in clusters. Following Nagai et al. (2007)
and Arnaud et al. (2010), we assumed that for each cluster in the
sample the pressure profile at the physical radius r is:

P(r) = P500 × P(x), (2)

with the normalised radius

x ≡ r/R500. (3)

Here P500 is the normalisation factor of the pressure in physical
units. We assumed that it scales with mass and redshift follow-
ing the self-similar model in Eq. (A.1) in Arnaud et al. (2010),
accounting also for a possible deviation from self-similar evolu-
tion with mass (Section 3.4 in Arnaud et al. 2010):

P500(M500, z) =
3

8π

[
500G−1/4

2

]4/3
µ

µe
fB

[
Mpivot

]2/3

× H(z)8/3
[

M500

Mpivot

]δ
. (4)

Here, the M500 mass is expressed in M� units, and we took
the pivot mass Mpivot = 3 × 1014 M� to be consistent with
Arnaud et al. (2010). We considered µ = 0.59, µe = 1.14, and
fB = 0.175 for the mean molecular weight, the mean molec-
ular weight per free electron, and the cosmic baryon fraction
(defined as fB = Ωb/Ωm), respectively. These values were cho-
sen to be identical to the ones used in Arnaud et al. (2010) and
Nagai et al. (2007). More recent estimates of the baryon frac-
tion can be found in the literature ( fB = Ωb/Ωm = 0.156 ±
0.003, 0.157 ± 0.004, and 0.157 ± 0.002 from Ωb and Ωm in
Planck Collaboration XIII 2016; Planck Collaboration VI 2020;
Tristram et al. 2024, respectively). The spread of these values
and their uncertainties reflect our current knowledge of fB. These
newer constraints by Planck suggest a lower fB than the value
we adopted, which shifts the P500 normalisation at the 5 − 10%
level. Regarding the molecular weights, we note that Eckert et al.

(2019) assumed µ = 0.61 and µe = 1.13, while Ettori et al.
(2009) considered µ = 0.600 and µe = 1.155. Molecular weight
values depend on the adopted metallicity and, consequently, on
the assumed relative abundance table.

In Eq. (4) the scaling of P500 with M500 is determined by
the power δ, which in the gravitation-only self-similar scenario
takes δ = 2/3. In our framework, δ can also be a free parameter
of the model. We assumed the redshift evolution given by the
gravitation-only self-similar model, P500 ∝ H(z)8/3. As already
investigated in Sayers et al. (2023), Battaglia et al. (2012) and
McDonald et al. (2014) for pressure profiles (and in Pratt et al.
2022, for gas density profiles), there could be a deviation from
the self-similar evolution with redshift. Since we did not account
for it, if present, this would impact our measurement of the evo-
lution of P500 with mass.

The second term in Eq. (2) corresponds to the dimensionless
UPP that we aim at fitting. It is meant to describe, on average,
the shape of the scaled radial pressure profiles in galaxy clusters.
We parametrise P(x) following the gNFW model:

P(x) =
P0

(c500x)γ [1 + (c500x)α](β−γ)/α , (5)

where P0 is the normalisation constant, c500 the concentration,
β and γ are the outer and central power law exponents, respec-
tively, and α gives the slope transition steepness.

Previous studies in the literature (e.g. Ghirardini et al. 2019;
Sayers et al. 2023) have shown the need to account for an intrin-
sic scatter associated with the universal profile. This scatter
quantifies the spread about the UPP across the cluster population
due to the variety of dynamical states as well as to the impact
of non-gravitational processes governing the baryon physics.
We assumed a log-normal intrinsic scatter profile σint(x) (see
Eq. (10) and Ghirardini et al. 2019; Bartalucci et al. 2023) and
chose to parametrise it as a function of the scaled radius x, fol-
lowing

σint(x) = σ1 exp [−ωx] + σ0x, (6)

with σ1, σ0, and ω as the free parameters in the model. In
Appendix B we discuss the choice of this particular parametri-
sation with respect to other options in the literature. We also
account for the covariance of the Gaussian process describing the
intrinsic scatter with an additional free parameter Lint, as detailed
in Sect. 4 (Eq. (11)).

In addition, when combining X-ray and tSZ-based pressure
profiles, one must account for a potential systematic discrepancy
between them (Kozmanyan et al. 2019, De Luca et al. in prep.).
As investigated in Kozmanyan et al. (2019), Ettori et al. (2020a),
Wan et al. (2021), multiple factors can be at the origin of such a
discrepancy and, in the literature, it is quantified as R or ηT :

ηT ∼ PX/PtSZ. (7)

We consider the normalisation factor ηT as a free parameter that
calibrates the ratio between X-ray and tSZ-based pressure pro-
files.

In summary, our model contains two types of free parame-
ters, θ:

– Global parameters or parameters common to all clusters.
These are: the power in the P500−M500 scaling relation (δ);
the parameters of the UPP gNFW profile (P0, c500, α, β, γ);
the parameters describing the intrinsic scatter (σ1, σ0, ω, and
Lint); and the ratio between X-ray and tSZ pressure profiles
(ηT ).

A302, page 4 of 17



Muñoz-Echeverría, M., et al.: A&A, 704, A302 (2025)

– Individual parameters. In particular, we have one mass
parameter per galaxy cluster: {M500,1, ...,M500,n}. In a fixed
cosmology and assuming a redshift per cluster, the conver-
sion between M500 and R500 (needed to calculate the x in the
model, Eq. (3)) is straightforward1.

In this framework any of the mentioned parameters can be fitted
or fixed to a predefined value.

In the literature the power-law exponent in the P500−M500
scaling relation is often fixed to the self-similar δ0 =
2/3 value (e.g. Ghirardini et al. 2019). Nevertheless, some
works (Arnaud et al. 2010; Sayers et al. 2013; He et al. 2021;
Sayers et al. 2023) have already studied the deviation from self-
similarity, obtaining values that span from δ ∼ δ0 − 0.20 to
δ ∼ δ0 + 0.12. According to simulations (Le Brun et al. 2017;
Cui et al. 2018), the power should be very close to δ0 = 2/3 but
reaching almost δ0 + 0.33 in Le Brun et al. (2017) and δ0 − 0.03
in Cui et al. (2018). In addition, as shown in He et al. (2021), the
estimation of δ correlates with the assumed mass scale.

Regarding the intrinsic scatter of the universal profile, we
find in the literature studies that jointly fit the scatter and
the pressure profile (Sayers et al. 2013; Ghirardini et al. 2019;
Sayers et al. 2023) as well as studies that measure a posteriori the
spread of the data with respect to the UPP (Arnaud et al. 2010;
Bourdin et al. 2017). We here opt for the joint fit.

For the first time compared to other studies, in this paper we
allow individual cluster masses to vary during the fit of the UPP.
This constitutes the main novelty of the presented approach.

4. Fitting method

In practice, our model assumes that each individual pressure pro-
file Pdata,i (Fig. 1) is well described by a multivariate Gaussian
distribution:

Li =
1

√
(2π)ni |Ci|

exp
[
−

1
2

(Pdata,i − Pmod,i)T C−1
i (Pdata,i − Pmod,i)

]
,

(8)

with ni being the number of data pressure bins for cluster i. In
the above equation, Pmod,i(θ) corresponds to the pressure profile
model (Eq. (2)), and Ci(θ) is the covariance matrix (Sayers et al.
2013, 2023; Bartalucci et al. 2023) given by:

Ci(θ) = Σdata,i + Σint,i(θ), (9)

where Σ
k,l
data,i is the covariance of the data pressure profile for the

radial bins k and l. In this equation, Σint,i is a matrix that accounts
for intrinsic dispersion. Since we consider a log-normal scatter,
each diagonal element of Σint,i is defined as

Σ
k,k
int,i(θ) =

[
Pmod,i(ri,k, θ) × σint(ri,k, θ)

]2

=
[
P500,i(θ) P(ri,k, θ) × σint(ri,k, θ)

]2 . (10)

Here, P500,i (Eq. (4)), P (Eq. (5)), and σint (Eq. (6))
are functions of the free parameters in the model:
θ = {M500,1, . . . ,M500,n; P0, c500, α, β, γ; δ; ηT ;σ1, σ0, ω}. In
Eq. (10), ri,k corresponds to the physical radius of the pressure
profile for the k-th bin in cluster i.

Pressure profiles are generally thought to be smooth, with
neighbouring points correlating with each other. Thus, we intro-
duce a correlation in the intrinsic scatter covariance matrix
using a ‘radial basis function’ or ‘squared-exponential’ kernel

Table 1. Prior distributions for the parameters in the model.

Parameters Prior distribution

P0 U(0, 60)

c500 U(0, 10)

α U(0, 10)

β U(0, 20)

γ U(0, 10)

δ N(2/3, 0.22)

ηT U(0, 4)

Lint U(0, 2.5)

σ0 U(0, 3)

σ1 U(0, 10)

ω U(−2, 10)

M500,i N
(
M500,i, σ

2
M500,i

)
H(0)

Notes. For each cluster i, we assume a normal distribution for the mass
based on M500,i values from catalogues (Sect. 2.2). All masses are trun-
cated at M500,i = 0, as indicated by the Heaviside function H(0).

(as already used, e.g. in Kern & Liu 2021), where the kernel size
is defined by the Lint parameter:

Σ
k,l
int,i(θ) =

√
Σ

k,k
int,iΣ

l,l
int,i exp

− (xi,k − xi,l)2

2L2
int

, (11)

with xi,k = ri,k/R500,i and xi,l = ri,l/R500,i following Eq. (3). By
considering this covariance kernel for the intrinsic scatter, we
assume contiguous pressure bins to be more correlated to each
other and no anti-correlations. The Lint parameter quantifies the
radial distance between correlated bins, and it allows modelling
systematic deviation with respect to the UPP.

Markov chain Monte Carlo (MCMC) sampling was used to
fit the free parameters describing the model to the data. Given
the large number of parameters that the model can encom-
pass, an efficient fitting method was required. For this rea-
son, we relied on jax-based codes (Bradbury et al. 2018) that
enable the automatic differentiation of distributions and, thus,
a fast sampling of the posterior probability distribution. We per-
formed the Bayesian inference making use of the no U-turn sam-
pler (NUTS, Hoffman & Gelman 2014), as implemented in the
numpyro (Bingham et al. 2019; Phan et al. 2019, 2025) Python
library. In the Bayesian framework, our posterior probability dis-
tribution of the parameters is a combination of the multivariate
Gaussian distribution quantifying the likelihood of the data to
satisfy the model and the prior distribution associated with each
free parameter. The final likelihood is the product of all the n
individual cluster likelihoods: L =

∏n
i=1Li. Table 1 summarises

the priors considered in this work.
The sampling was performed using ten chains and 103 tun-

ing steps. The number of sampling steps needed to reach con-
vergence typically ranged from ∼104 to ∼105, depending on
whether individual cluster masses were fitted or not. We kept the
four chains with the highest posterior probability distributions
and considered the MCMC chains to have converged when the
R̂ < 1.01 condition (Gelman & Rubin 1992; Vehtari et al. 2021)
was met.
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5. Measuring the universal pressure profile and
individual cluster masses

In this section, we present the results obtained by applying the
described method to our CHEX-MATE dataset (Sect. 2) for the
24 clusters with available dynamical masses. We considered all
the individual cluster M500,i masses as free parameters. This
means that, at each step of the fit, both P500 and x values var-
ied, without adapting the number of considered pressure bins at
each step. The change was accounted for in the computation of
the model at each MCMC step, rather than in the data. A shift in
M500 and, consequently, in R500, implies a change in the normal-
isation of the P(r) pressure profile along the ordinate (Eq. (4)) as
well as in the abscissa (r in Eq. (3)), causing the profile to shrink
or stretch along both axes. Such a shift in M500 can mimic the
effect of a modification in gNFW shape parameters. This means
that when pressure profiles are fitted by assuming fixed M500
values, the resulting UPP is directly affected by the considered
masses. And as a consequence, the use of inadequate mass esti-
mates leads to incorrect UPP measurements.

Dynamical mass estimates (Sect. 2.2) are ideal priors for
the cluster masses in the joint fit of our data pressure profiles:
they are expected to be scattered but (almost) unbiased mass
estimates (Gavazzi 2005; Ferragamo et al. 2021). Appendix C
presents the validation of our method and demonstrates that,
if unbiased, even scattered mass estimates are good priors to
inform the fit. Moreover, dynamical masses mostly do not
correlate with the XMM-Newton and Planck pressure profiles
(Sect. 2.1).

5.1. Joint fit of individual cluster masses and the UPP

By taking Gaussian priors centred on the dynamical masses with
their deviation corresponding to the dynamical mass measure-
ment errors (Table 1) as estimated in Sereno et al. (2025), we
performed the joint fit of the universal gNFW pressure profile
and the individual masses for the 24 clusters in our subsample
(see Sect. 2.2). We considered three cases: (1) δ fixed to the self-
similar value, (2) δ fixed to 2/3+0.12 (as in Arnaud et al. 2010),
and (3) δ treated as a free parameter of the model. For the latter,
we considered a Gaussian prior distribution centred on the self-
similar 2/3 with a standard deviation of 0.2 (Table 1). By inves-
tigating these three cases, we studied the impact of the assumed
P500 − M500 scaling relation on the UPP. We adopted flat priors
for the rest of the parameters (Table 1).

The colour profiles in the top panels in Fig. 2 indicate the
normalised individual pressure profiles for our 24 galaxy clus-
ters. They are normalised by the P500,i and R500,i values for the
best-fitting M500,i and δ parameters (Table 2). The solid black
profiles show the best-fitting gNFW model for each case of δ
(parameter values are summarised in Table 2), and below each
panel we present the relative difference between the normalised
individual profiles and the best-fitting gNFW. The corner plot
in Fig. D.1 shows the 1D and 2D posterior distributions for all
the fitted parameters, colour-coded as in Fig. 2. Regarding the
ratio between X-ray and tSZ data, we obtain for all three cases
a best-fit value of ηT ∼ 1.05, consistent with that expected from
neglecting tSZ relativistic corrections (Sect. 2.1.2).

For what concerns the power law in the P500−M500 scaling
relation, the data prefer a high value of δ = 0.85 when this
parameter is allowed to vary freely, in line with Arnaud et al.
(2010), Ettori et al. (2020b, 2023). However, the marginalised
posterior distribution of δ is in agreement with self-similar evo-
lution. As expected δ mainly correlates with P0 and cluster

masses (Fig. D.1). The departure of the best-fit δ from the self-
similar expectation could be interpreted as a mass-dependent gas
mass fraction fgas ∝ Mδ−2/3

500 (Ettori et al. 2020b, 2023) and our
results suggest an increase in the gas mass fraction with cluster
mass (see other recent results in Wicker et al. 2023; Ettori et al.
2023). This trend could be linked to non-gravitational processes
that can modify the thermodynamics of the ICM, such as AGN
feedback and turbulence (Wittor & Gaspari 2020). The model
presented in this work could be extended to directly fit fgas in
future applications. It is also worth noting the small impact of
the various δ values considered in this work on the rest of the
free parameters.

The best-fitting individual cluster masses are presented with
respect to the dynamical estimates in the top panel in Fig. 3.
Green, red, and blue markers correspond to the masses obtained
by assuming different power values in the P500−M500 scaling
relation. We observe that, by construction of the priors, fitted
masses are scaled to the dynamical mass scale (〈Mfit

500/M
dyn
500〉 =

1.004 ± 0.507, 1.003 ± 0.494, and 1.031 ± 0.513 for δ =
2/3, 2/3 + 0.12, and δ free cases, respectively), but corrected
when informed by the thermal pressure distribution. We stress
that in Fig. 3 the error bars of the fitted masses correspond
to the standard deviation of the marginalised posterior distri-
bution for each cluster mass parameter. These error bars are
not representative of the uncertainties we have on individual
masses, since they all strongly correlate with each other. The
corner plot in Fig. D.1 illustrates these correlations between
the M500,i. Fig. D.2 compares the marginalised posterior dis-
tributions of the 24 M500,i parameters to the Gaussian priors
assumed for the cluster masses, showing how fitted masses
deviate from the considered prior distributions. In the bottom
panel in Fig. 3, we compare the fitted masses to the MMF3
estimates. They exhibit strong correlation. On average, their
ratio is 〈Mfit

500/M
MMF3
500 〉 = 1.325 ± 0.245, 1.327 ± 0.228, and

1.356 ± 0.212 (for δ = 2/3, 2/3 + 0.12, and δ free cases,
respectively), which is comparable with the bias reported in
Sereno et al. (2025). Similarly, when comparing fitted masses to
HSE estimates reconstructed from XMM-Newton data, we obtain
〈Mfit

500/M
XMM
500 〉 = 1.416±0.332, 1.419±0.321, and 1.447±0.293

for δ = 2/3, 2/3 + 0.12, and δ free cases, respectively.
By jointly fitting the UPP and cluster masses, we propa-

gated the uncertainties on the individual masses to the UPP. In
addition, we recovered the intrinsic scatter of the pressure pro-
files, due mainly to the baryon physics and variations in clusters’
dynamical states across our sample, without being impacted by
the scatter of the mass estimates used to scale the individual pro-
files (see Ghirardini et al. 2019; Riva et al. 2024). The shaded
profile in Fig. 4 shows the fitted intrinsic scatter profile. We only
present the profile obtained from the fit with δ as a free parame-
ter, but the δ = 2/3 and δ = 2/3 + 0.12 cases give fully compat-
ible results (see Fig. D.1). We observe a decreasing trend with
radius up to x ∼ 1.2, where the scatter starts to rise again. In
the same figure, the dashed profile indicates the scatter of the
individual pressure profiles with respect to the UPP (σtot). Grey
crosses and circles indicate the statistical uncertainties (σstat,
square root of the covariance matrix diagonal) of each individual
pressure profile for the XMM-Newton and Planck bins, respec-
tively. We notice that at large radii (beyond x ∼ 0.4) the level of
statistical uncertainties prevents us from constraining the under-
lying intrinsic scatter4: statistical uncertainties are as large as

4 The tight constraints we obtain on σ0, σ1, and ω are an artefact of the
chosen parametrisation, which does not allow for a low intrinsic scatter
profile as well as large uncertainties.
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Fig. 2. Normalised data pressure profiles, best-fit gNFW models, and their relative difference. Top: Coloured profiles show the individual data
pressure profiles (from Fig. 1) for the 24 clusters normalised by the best P500,i and R500,i values when fitting the individual masses with dynamical
mass estimates as priors. Green, red, and blue correspond to the fits assuming respectively δ = 2/3, δ = 2/3 + 0.12, and δ as a free parameter.
Bottom: Data pressure profiles in grey, normalised by P500,i and R500,i values, with masses fixed in the fit and set to the dynamical mass estimates.
The solid black profile in each panel indicates the best-fit gNFW profile for that case, with the dotted profiles showing the fitted intrinsic scatter
P(x) exp[±σint(x)]. The dashed profiles in the top (bottom) panels correspond to the best-fit gNFW for the mass-fixed (fitted) cases.

σtot, which explains the very low intrinsic scatter we measure
compared to other studies (Fig. B.1). We verified that the same
effect is observed when performing the joint fits by modelling
the intrinsic scatter using the parametrisation in Eq. (B.1) from
Ghirardini et al. (2019), and that fitted M500,i parameters remain
consistent. By varying Lint freely in the fit, we measure a corre-
lation length of ∼0.3.

We repeated the fits but fixed the cluster masses according
to the dynamical estimates in Sereno et al. (2025). The indi-
vidual normalised pressure profiles and best-fit gNFW profiles
are shown in the bottom panels in Fig. 2. Unsurprisingly, given
their large scatter, dynamical masses are not suited to scale
directly the individual profiles, leading to an overestimation
of the intrinsic scatter. On the contrary, by jointly fitting the
pressure and masses, we are able to refine the latter and find
the masses that scale the pressure profiles the best (top panels
in Fig. 2).

Finally, we performed the joint fit of the individual masses
and UPP parameters by considering only the XMM-Newton pres-

sure bins (orange profiles in Fig. 1). Given the radially constant
and small statistical uncertainty sizes (Fig. 4), we recovered the
intrinsic scatter profile shape expected from previous studies (see
Fig. B.1). However, the radial extent of XMM-Newton profiles is
not large enough to fully constrain the gNFW profile shape and
significantly improve on the mass estimates. Consequently, the
intrinsic scatter is overestimated by the dispersion of dynamical
mass estimates.

Further analyses could try to model the intrinsic scatter in
the P500−M500 scaling relation, as well as the scatter of the fitted
masses with respect to the true M500, particularly if mass proxies
with small nominal uncertainties are used as priors. The current
work presumes those scatters to be zero. Although the impact
of the assumed cosmology on the resulting UPP and masses is
not assessed in this paper, it directly affects the results through
the deprojection of the individual pressure profiles and the def-
initions of R500 and P500 (Eq. (4)). This impact should be quan-
tified and coherently considered for further use in cosmological
analyses.
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Table 2. Best-fit parameters from the joint fit of pressure profiles assuming dynamical mass priors and for different δ values.

Parameter δ = 2/3 δ = 2/3 + 0.12 δ free

P0 16.63 ± 10.38 (11.40) 14.21 ± 8.85 (25.63) 16.19 ± 10.17 (5.55)

c500 1.73 ± 0.58 (1.69) 1.76 ± 0.58 (1.21) 1.77 ± 0.56 (1.68)

α 0.95 ± 0.20 (0.94) 0.96 ± 0.20 (0.76) 0.96 ± 0.20 (1.07)

β 4.69 ± 0.94 (4.54) 4.65 ± 0.87 (5.46) 4.62 ± 0.82 (4.47)

γ 0.24 ± 0.14 (0.31) 0.24 ± 0.14 (0.04) 0.24 ± 0.14 (0.38)

δ – – 0.65 ± 0.12 (0.85)

ηT 1.06 ± 0.02 (1.05) 1.06 ± 0.02 (1.05) 1.06 ± 0.02 (1.04)

Lint 0.30 ± 0.02 (0.28) 0.30 ± 0.02 (0.27) 0.30 ± 0.02 (0.27)

σ0 [×10−2] 1.05 ± 0.32 (0.98) 1.06 ± 0.33 (0.80) 1.05 ± 0.32 (0.89)

σ1 0.88 ± 0.14 (0.85) 0.87 ± 0.14 (0.79) 0.88 ± 0.14 (0.85)

ω 3.04 ± 0.35 (3.49) 3.04 ± 0.36 (3.37) 3.03 ± 0.35 (3.79)

Notes. For each parameter, we give the mean value, its standard deviation calculated from the marginalised posterior distribution, and the best-fit
value in parenthesis.

5.2. Impact of the UPP on the mass determination

In the previous sections (and in Appendix C), we demon-
strated the complex degeneracies between the parameters in
the model. Here, we further stress the intricate interdependen-
cies between the UPP and cluster masses, by assessing the
impact of the UPP shape on the measured masses over a given
sample.

We considered various gNFW profiles from the literature
(N07, A10, P13, B17, G19, PACT, S23, and Melin & Pratt
2023, hereafter MP23), assuming also the associated values of δ
adopted in each of these studies (Table E.1). These eight gNFW
profiles are drawn in Fig. E.1. For each case we fixed the given
UPP and performed a fit of the individual 24 masses for our clus-
ters. We assumed no intrinsic scatter, and as in Sect. 5.1, adopted
Gaussian priors centred on the dynamical mass estimates from
Sereno et al. (2025).

The results for the tested gNFW cases, given in Table E.1,
are shown in Fig. 5. Violin plots illustrate the best-fit M500 dis-
tributions for the 24 clusters, for fits with ηT as a free parameter.
The statistical averages of the fitted masses over our sample are
shown with circles. Diamonds give the average mass for fits with
ηT fixed to 1.05. In the same figure, we present the distribution
and average of the best-fit masses from our joint fits with the
UPP obtained in Sect. 5.1. Unsurprisingly, the joint fit of the
UPP parameters and individual cluster masses performs the best
(in particular, for δ = 2/3 and δ free cases) in modelling the data
pressure profiles.

The UPPs we tested were all derived from different sam-
ples, with individual cluster pressure profiles normalised with
masses obtained under different hypotheses. In N07 and A10,
the authors used X-ray-only pressure profiles (together with sim-
ulations), while PACT and MP23 studies are based on tSZ-only
analyses. The rest of the studies (P13, B17, G19, S23, and this
work) combine X-ray and tSZ data. No differentiation between
tSZ and X-ray-based results is observed in Fig. 5. Similarly, from
the variety of mass and redshift ranges of the samples used in
the considered studies, we do not observe any obvious trend that
could have pointed towards an evolution of the UPP. In A10,
P13, B17, and PACT the provided UPPs were derived by nor-

malising individual pressure profiles with masses estimated from
tSZ or X-ray scaling relations. In G19 the authors made use of
masses measured from their own HSE mass profiles (based on
XMM-Newton and Planck data). By comparison, in MP23 the
authors employed the SPT masses (Bleem et al. 2015), renor-
malised for compatibility with the A10 mass definition, while in
N07 the authors assumed Chandra HSE masses. Thus, all of the
mentioned UPPs were reconstructed by normalising the individ-
ual pressure profiles with tSZ or X-ray-based masses, which are
known to be biased low as they do not account for the presence of
non-thermal pressure in clusters (Pratt et al. 2019). Contrarily, in
S23 cluster masses were obtained from an X-ray scaling relation
calibrated using weak lensing masses (Mantz et al. 2016).

The masses we derived over our sample of 24 clusters by
assuming the shape of each aforementioned UPP from the liter-
ature are also low against those obtained from our joint fit with
the UPP and scaling law parameters (green, red, and blue results
in Fig. 5). The only exception is N07, who used a sample of
relaxed, hot systems (TX > 5 keV), resulting in a peaked and
steeper UPP shape (see Fig. E.1) that subsequently biases the
associated fitted masses towards higher values. When compar-
ing to N07 (and S23) results one must also bear in mind the
temperature cross-calibration difference between Chandra and
XMM-Newton (Schellenberger et al. 2015).

We note that when fixing the UPP to the A10 profile, we con-
sistently fall back on the MMF3 masses (〈Mfit A10

500 /MMMF3
500 〉 =

0.997 ± 0.096), even when taking dynamical masses as priors.
The MMF3 masses were obtained by measuring the tSZ sig-
nal on Planck maps (Sect. 2.2), assuming the A10 parameters
(Planck Collaboration XXIX 2014). This is a further coherence-
check demonstrating the validity of our method.

In the end, the average relative difference across the cases
we tested is −23,−23, and −24% (−30,−30, and −31% when
excluding N07) with respect to our best-fit masses for δ = 2/3,
δ = 2/3 + 0.12, and δ free cases, respectively. The various aver-
age cluster mass scales we derived when fixing the UPPs differ
by ∼10 to ∼50%. As seen from the simulations in Appendix C,
this stresses the intricate dependence between the mass scale
and the UPP. Thus, the consistent use of the cluster mass scale,
P500−M500 scaling relation, and UPP shape are needed to prevent
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Fig. 3. Masses obtained from the joint fit to data by taking Gaus-
sian priors centred on dynamical estimates. We compare the results to
the dynamical (top) and MMF3 (bottom) mass estimates. The colour
scheme is identical to that in Fig. 2 for the different values of δ. Uncer-
tainties of fitted masses are calculated as the standard deviation of the
marginalised posterior distribution for each cluster mass parameter.

biases in dependent studies, such as the cosmological analysis
based on the tSZ angular power spectrum (Horowitz & Seljak
2017; Salvati et al. 2018; Bolliet et al. 2018). In the reconstruc-
tion of the UPP from a given sample, the closer the normalising
masses are to the true mass scale, the lower the biases on the
reconstructed UPP.

Other biases, such as selection effects, also have an impact
on the inferred UPP shape and amplitude (e.g. A10). The lit-
erature UPPs we tested here have been built upon samples of
clusters with different levels of representativity and were not
corrected for selection bias effects5. The same stands for our

5 MP23 corrected for the selection bias of SPT clusters in the South
Pole Telescope Sunyaev–Zel’dovich survey (SPT-SZ, Bleem et al.
2015) data.
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Fig. 4. Scatter of pressure profiles for the 24 clusters in our sample.
The shaded area indicates the 16th to 84th percentiles for the intrinsic
scatter profile fitted to data pressure profiles (δ free case). The intrinsic
scatter may not be reliably constrained beyond x ∼ 0.4. The dashed line
indicates the scatter of the individual normalised profiles with respect
to the best-fit gNFW model. Statistical uncertainties of the individual
pressure profiles are indicated with crosses and circles for the pressure
bins corresponding to XMM-Newton and Planck data, respectively. All
scatters are given in P500P(x) units.

current sample of 24 clusters. The full CHEX-MATE sample, as
an actual representative sample of the galaxy cluster population
at low redshift and at high mass, accounting for the aforemen-
tioned selection bias, is appropriate to conduct such a consis-
tent study of the UPP, the P500−M500 scaling, and the masses, to
determine the ‘absolute mass scale’ of the cluster population.

6. Summary and conclusions

In view of the strong correlation between the UPP shape and the
assumed cluster mass scale, we built a framework that enables,
for the first time, the joint fit of the UPP and individual clus-
ter masses. The model accounts for the intrinsic scatter of the
pressure profile and for a potential systematic difference between
thermal pressure profiles reconstructed from X-ray and tSZ data.

We applied the method to 24 CHEX-MATE clusters for
which XMM-Newton and Planck thermal pressure profiles and
dynamical mass estimates are available. Despite the limitations
associated with the small sample size considered in this proof-
of-concept paper, the sample is large enough to perform a sta-
tistical analysis. By jointly fitting the individual cluster masses
and UPP parameters, we were able to: 1) reconstruct the best
gNFW model describing the shape of the pressure distribution
for this sample; 2) propagate the uncertainties of individual clus-
ter masses to the UPP; and 3) refine the individual cluster masses
into low scatter mass estimates.

Finally, we quantified the impact of the assumed UPP shape
on the cluster masses measured from the thermal pressure pro-
files. We confirm the need for a coherent modelling of the
pressure. The self-consistent UPP and M500 framework is par-
ticularly suitable for tSZ cosmological statistics (e.g. power
spectrum and cluster number counts) where mass scaling
assumptions propagate into cosmological parameters.

This work establishes the basis for the universal pressure
profile analysis that will be carried out with the full CHEX-
MATE cluster sample. Further studies will investigate the physi-
cal implications outlined in this paper, account for the relativistic
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Fig. 5. Distribution of the 24 best-fit M500 obtained from the ther-
mal pressure profile fits with ηT free. We present the average mass
of the sample for fixed UPPs from the literature, shown with cir-
cles and diamonds for the cases where ηT is free in the fit and
fixed to ηT = 1.05, respectively. We also show the Mfit

500 distri-
butions and the average masses obtained from the joint fits of the
UPP and individual cluster masses, with ηT and σint free in the
fits. Different colours indicate results corresponding to the parame-
ters specified in Table E.1 and our three results assuming different δ
values. The horizontal dashed line indicates 8.5 × 1014 M� as a refer-
ence, with the shaded area corresponding to a 10% dispersion around
this value.

correction to the tSZ signal, and explore the impact of consis-
tently modelling the pressure and a full propagation of the uncer-
tainties on the cosmological results.
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Appendix A: Uncertainties of dynamical mass
estimates

Figure A.1 summarises the distribution of the relative uncertain-
ties of dynamical mass estimates for CHEX-MATE clusters as
reconstructed in Sereno et al. (2025). In blue, we show the dis-
tribution for the clusters in Sereno et al. (2025), while the orange
distribution corresponds to the 24 clusters in the DR1 sample.
We also give the average relative errors and observe that the
DR1 sample is representative of the full CHEX-MATE sample
in terms of dynamical mass estimates precision. Thus, we do not
expect major changes related to dynamical mass estimates qual-
ity when performing the analysis with the full sample.
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Fig. A.1. Relative error of individual dynamical mass estimates for the
clusters in the CHEX-MATE sample (blue) and the 24 clusters in the
DR1 subsample (orange). We provide the mean (median) and standard
deviation for each distribution.

Appendix B: Intrinsic scatter modelling

The intrinsic scatter of the thermal pressure distribution in clus-
ters is expected to decrease from the core out to ∼0.5− 1× R500,
where the gravity dominates the structure formation, and then
increase towards the outskirts. In Fig. B.1, black markers in the
left panel indicate the intrinsic scatter profiles obtained from the
joint fit of the UPP and the scatter in Sayers et al. (2023) and
Ghirardini et al. (2019). We show in red and green their mean
and median.

Following the functional form in Eq. 6 in Ghirardini et al.
(2019), we can describe the scatter as a function of σ1, σ0, and
x0:

σint(x) = σ1 ln2
(

x
x0

)
+ σ0. (B.1)

The dashed line in the central panel in Fig. B.1 gives the best-
fitting intrinsic scatter profile model describing the median of the
data points from the literature with Eq. (B.1). We observe that the
symmetry of this log-parabola shape may force an overestima-
tion (underestimation) of the scatter in the core (outskirts).

As an alternative, we suggest to parametrise the intrinsic
scatter profile following Eq. (6), which has the same number of
free parameters as Eq. (B.1). The solid line in the central panel
in Fig. B.1 shows that Eq. (6) enables a better description of the
scatter.

In the right panel in Fig. B.1 we compare the scatter profiles
obtained in Sayers et al. (2023) and Ghirardini et al. (2019) to
the intrinsic scatter we measure in Sect. 5.1. The filled area cor-
responds to the intrinsic scatter profile estimated from the joint
fit of Planck and XMM-Newton pressure bins with δ as a free
parameter. The hatched profile is obtained from the fit of XMM-
Newton pressure bins only. Extrapolated regions are shaded.

Appendix C: Validation on simulated profiles

The model presented in Sect. 3 contains a large number of free
parameters (global parameters, plus one mass parameter per
cluster) and many of them are correlated to each other. For this
reason, it seems necessary to validate the method with end-to-
end tests. In this section, we present the construction of simu-
lated mock pressure profiles and the fit of the model to these
mocks. We first investigate the ability to recover the input param-
eters under the impact of different intrinsic scatter levels. Then,
we perform the fits by considering the individual cluster masses
as free parameters.

C.1. Construction of simulated profiles

Following the model in Sect. 3, we build 28 pressure profiles
corresponding to the DR1 sample by assuming the MMF3 mass
for each cluster. We consider δ = 2/3 + 0.12 and ηT = 1,
as well as the gNFW parameters from Arnaud et al. (2010):
[P0, c500, α, β, γ] = [8.403, 1.177, 1.0510, 5.4905, 0.3081]. The
28 profiles are drawn from random realisations assuming a given
constant intrinsic scatter (not radial dependent), and considering
the radial bins corresponding to each data profile (Fig. 1).

Each simulated profile is associated to the covariance matrix
of its corresponding data pressure profile (Σdata), including both
the XMM-Newton and Planck parts. By doing this, the fits of
simulated profiles in Appendix C.2 and C.3 are affected by the
same noise level as the data profiles fits in Sect. 5. This is crucial
to quantify, for instance, the sensitivity to disentangle the various
parameters.

C.2. Sensitivity to intrinsic scatter

By taking all M500,i masses fixed to the values used to simulate
the profiles, in this section we fit all the global parameters, but
Lint, to profiles generated with different intrinsic scatter levels
as input. We test the fitting procedure for 8 constant input scat-
ter values that span a realistic range according to previous stud-
ies based on observations (Ghirardini et al. 2019; Sayers et al.
2023): σint in [0.0, 0.7]. For each of the input scatter values, we
repeat the simulated profiles generation and fitting procedure 60
times to enforce reproducibility. In the fits, we consider uniform
priors on the parameters as listed in Table 1. We fit a constant
intrinsic scatter (σint(x) = σint) and take the following flat pri-
ors: σint ∼ U(0, 10) and δ ∼ U(0, 10).

Colour lines in Fig. C.1 show the bias of the best-fit P(x) with
respect to the input universal profile when modelling the intrin-
sic scatter as constant. In particular, they indicate the difference
between the best-fit and input P(x) in units of the dispersion of
the posterior profiles obtained from the fitting procedure. Solid
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Fig. B.1. Intrinsic scatter profiles of the thermal pressure distribution in galaxy clusters as a function of normalised radius. Left: Scatter measured
in Sayers et al. (2023) and Ghirardini et al. (2019) indicated with black markers. The red and green profiles give the mean and median in bins,
respectively, with the error bars indicating the standard deviation and the median absolute deviation. Centre: Best-fitting scatter models of the
median bins following Eq. (6) (solid) and Eq. (B.1) (dashed). Right: Scatter measured in Sayers et al. (2023) and Ghirardini et al. (2019) shown
with black markers as in the left panel. The blue shaded areas indicate the 16th to 84th percentiles of the intrinsic scatter profile fitted following
Eq. (6) in the joint fit to our data in Sect. 5.1. We show the result from the fit to Planck and XMM-Newton data as in Fig. 4, and the hatched area
corresponds to the XMM-Newton-only fit. Extrapolated regions for each case are shaded.10 1 100
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Fig. C.1. Bias of the UPP fitted to mock profiles with intrinsic scatter.
Colours indicate the results for the different input intrinsic scatter val-
ues. We only show cases with values of 0.0, 0.2, 0.4, and 0.6. The solid
lines show the mean bias for the 60 realisations, and the shaded areas
cover the 16th to 84th percentiles. The grey dashed lines correspond to
±1σ.

lines and shaded areas represent the mean and 16th to 84th per-
centiles for 60 realisations, respectively. For the sake of clarity,
we do not show the σint = 0.1, 0.3, 0.5, and 0.7 cases.

In Fig. C.2, we present the bias of the best-fit values for
the ηT , σint, and δ parameters in units of the dispersion of the
marginalised posterior distributions obtained from the fitting
procedure. We give the mean (median) bias for the 60 realisa-
tions with crosses (circles) and error bars indicate the 16th to
84th percentiles.

We verify (as can be seen in Fig. C.1) that we obtain unbi-
ased gNFW profiles if σint ≤ 0.6 across the full radial range.
When the intrinsic scatter is large, the underlying UPP model
is more difficult to recover and up-scattered UPPs are preferred
(Fig. C.1). Given the correlation of the gNFW parameters with
σint, the scatter parameter tends towards lower values (Fig. C.2,
and see also Fig. 4 from the fit to data). For intrinsic scatter
values that are lower than our average statistical uncertainties

Fig. C.2. Bias of ηT , σint, and δ parameters. Colours indicate the differ-
ent constant intrinsic scatter levels assumed to create the mock profiles.
For each case the mean (median) bias as well as the 16th to 84th per-
centiles are calculated from 60 realisations.

(σint . 0.3, see Fig. 4), it is difficult to distinguish the intrinsic
scatter itself from the noise, and the first tends to be underesti-
mated (Fig. C.2), although within 1σ. Regarding δ and ηT , they
are unbiasedly recovered for all the tested intrinsic scatter lev-
els (see Fig. C.2). Here, we have only validated the sensitivity
to recover models with constant intrinsic scatter profiles. When
letting the Lint parameter free, we test in a single realisation of
simulations that the fitted value is compatible with zero. We also
model the intrinsic scatter following Eq. (6) and obtain an intrin-
sic scatter profile that decreases with radius (following the ten-
dency observed on data in Sect. 5.1) deviating from a constant
scatter at a 2σ level.

C.3. M500 as free parameters

As done for the data analysis in Sect. 5.1, in this section,
we consider all the individual cluster M500,i masses as free
parameters. The correlation between the global parameters
({P0, c500, α, β, γ; δ; ηT ;σint}) and the individual M500,i makes the
joint fit very complex. Thus, we take Gaussian priors for M500,i
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Fig. C.3. Top: Bias of the UPP fitted to mock profiles with an intrinsic
scatter of σint = 0.4. The colours indicate the results with different pri-
ors for M500,i and δ, from case A to D, as detailed in the text. The solid
lines show the mean bias for the 60 realisations, and the shaded areas
cover the 16th to 84th percentiles. Bottom: Bias of the fitted individual
cluster masses. For each cluster, we give the median bias and dispersion
from the 60 realisations. The dashed lines indicate ±1σ.

(Table 1, with the MMF3 mass estimates used to build the mock
profiles), assuming the uncertainties on the masses to be of
∼25% of the mass values. These uncertainties mimic the typi-
cal size of errors associated to dynamical masses (see Sect. 2.2
and Fig. A.1).

We perform the fits on mock profiles simulated with σint =
0.4, a reasonable average intrinsic scatter according to observa-
tions (see Fig. 8 in Sayers et al. 2023). Bias on fits are again
quantified as the difference between the best-fit and the input
in units of the dispersion σ of the posteriors obtained from the
fitting procedure: bias = (best-fit − input)/σ. We test different
cases, repeating always the profile creation and fitting procedure
60 times:

– Case A: Priors centred on ’true’ M500,i. We first consider the
case in which the Gaussian priors on M500,i are centred on
the mass values used to generate the mock pressure profiles.
By fixing the power to δ = 2/3 + 0.12, the free parame-
ters are θ = {M500,1, ...,M500,n; P0, c500, α, β, γ; ηT ;σint}. The
black line in the top panel in Fig. C.3 shows the bias of
the fitted UPP with respect to the truth. We observe that the
joint fit gives unbiased pressure profiles. On average, fitted
masses are completely compatible with input values (bias of
0.02±0.89). Individual biases of the fitted cluster masses are
shown in the bottom panel in Fig. C.3.

– Case B: Free δ and priors centred on ’true’ M500,i. Similarly,
we try fitting the P500 − M500 scaling relation together with
the rest of the parameters. Since δ is correlated to P0 and the
individual cluster masses, we consider a Gaussian prior for δ.
Given the values obtained in the literature (Sect. 3), we take a
prior for δ centred on the input value with a scatter of 0.2, that
is, N(2/3 + 0.12, 0.22). We present the bias on the resulting
gNFW profile in red in Fig. C.3, where we observe that the
fitted UPP is unbiased. Compared to Fig. C.1, here the bias in
units ofσ is closer to zero because uncertainties derived from
posterior distributions are larger, but in both cases the relative
bias is of the order of 2.5%. In this case, individual masses
are also unbiasedly recovered (average bias of 0.04 ± 0.81)
and the best-fitting δ are at −0.47 ± 0.89 with respect to the
input. Even if within 1σ, this bias on δ might mean that the
mass range covered by the clusters in the sample is not large
enough to fully leverage the mass dependence to distinguish
between δ and the rest of free parameters.

– Case C: Scattered priors on M500,i. When using real data, the
mass estimates might be scattered with respect to the true
mass of each cluster. In order to simulate this, we repeat
the fit but taking mass priors centred on masses scattered
by ∼20% with respect to the ’true’ M500,i. We consider here
fixed δ = 2/3 + 0.12. The blue profile in Fig. C.3 indicates
that even in this case we are able to recover unbiased pressure
profiles. Similarly, fitted masses are compatible with ’true’
M500,i, the average bias for the masses being of −0.05±0.98.

– Case D: Biased priors on M500,i. Finally, we simulate the
case in which the priors on the masses are systematically
biased with respect to the ’true’ M500,i, that is, the centre of
the Gaussian mass priors are shifted with respect to the true
masses. By biasing the mass priors low by ∼20%, we recover
overestimated pressure profiles (green profile in Fig. C.3)
and underestimated masses (biased by −2.72 ± 0.84). This
case shows the impact of mass priors, affecting also the shape
of the best-fit gNFW.

All four cases give unbiased ηT reconstructions (−0.11±1.02,
0.12± 1.18, 0.10± 1.09, and −0.19± 0.82 respectively for A, B,
C, and D) and, as in Appendix C.2, σint is systematically under-
estimated but the average bias is less than the typical measure-
ment uncertainty (−0.60± 0.94, −0.32± 0.87, −0.41± 0.90, and
−0.67 ± 0.83 for A, B, C, and D, respectively).

Finally, by fixing the UPP parameters to values different
to the ones used to create the mock profiles, we have veri-
fied, as expected, that we recover biased cluster masses (aver-
age ∼ − 4.5σ and ∼1σ biases for [P0, c500, α, β, γ] = [6.72, 1.18,
1.08, 4.30, 0.31] and [P0, c500, α, β, γ] = [3.36, 1.18, 1.08, 4.30,
0.31], respectively). The impact of the assumed gNFW profile
on the fitted masses for data pressure profile fits is quantified in
Sect. 5.2. We have also verified that we recover a Lint compatible
with zero if this is a free parameter in the fit, also in the case in
which we fit an intrinsic scatter modelled following Eq. (6). In
this case, from the fit of one realisation of simulations we recover
an intrinsic scatter profile compatible with a constant at 1σ level.

C.4. Summary

In conclusion, unless the intrinsic scatter of the profiles is larger
than σint = 0.6, for fixed M500,i we are able to reconstruct unbi-
ased P(x), δ, and ηT . It is the reconstruction of the intrinsic scatter
itself that is intricate and will depend on its actual value. It goes
without saying that these conclusions also depend on the uncer-
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tainties associated to the pressure profile data we are fitting and
will change with data quality (Sect. 5).

When letting individual cluster masses vary in the fit, we
observe that, as expected, the outcomes are biased if mass pri-
ors are biased. On the contrary, if our mass estimates are scat-
tered with respect to the true masses, we are able to recover the
’true’ M500,i and unbiased pressure profiles. The free parameters
in the model are strongly correlated and the likelihood becomes
flat when close to the best-fit values in the multi-variable space.
As a consequence, the prior distributions we consider for the
mass parameters will determine the scale of the fitted masses.
Regarding the P500 − M500 scaling relation, it can be difficult to
disentangle the power law δ from the rest of the free parame-
ters in the model, the gNFW amplitude P0 and individual cluster

masses being also entangled in the pressure profile amplitude
(see Fig. D.1 from the application of the method to data).

Appendix D: Posterior distributions of parameters
fitted to data

We present in Fig. D.1 the 1D and 2D posterior distributions
for the parameters fitted to data pressure profiles in Sect. 5.1.
For visualisation purposes, we only show the posterior probabil-
ity distributions of three cluster mass parameters as an example
to illustrate their degeneracies. Different colours correspond to
results for different values of δ.

In Fig. D.2, we compare the marginalised posterior distribu-
tions of the individual M500,i parameters to the prior distributions
assumed for each of them.
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Fig. D.1. Posterior probability distributions (1D and 2D) of the free parameters fitted to XMM-Newton and Planck pressure profiles. We only show
the masses for three of the 24 fitted clusters, illustrating the strong correlations between the individual mass parameters. Green, red, and blue
correspond respectively to δ = 2/3, 2/3 + 0.12, and δ free cases. Cluster masses are given in 1014 M� units.
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Fig. D.2. Marginalised posterior distributions of the 24 cluster masses obtained from the joint fits of UPP and M500,i parameters to data pressure
profiles. We follow the same colour scheme as in Fig. D.1. In grey, we indicate the prior distribution considered for each parameter, corresponding
to Gaussian distributions centred on the dynamical mass estimates from Sereno et al. (2025) with dynamical mass measurement errors as their
standard deviations. All masses are in 1014 M� units.

Appendix E: UPP parameters from the literature

Table E.1 summarises the gNFW and δ parameters from the lit-
erature considered in Sect. 5.2. These gNFW profiles are shown
in Fig. E.1, distinguishing between the models reconstructed
assuming δ = 2/3 and δ = 2/3 + 0.12.
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Table E.1. Parameters from the literature for UPP.

Name Reference P0 c500 α β γ δ

N07 Nagai et al. (2007) 3.3 1.8 1.3 4.3 0.7 2/3

A10 Arnaud et al. (2010) 8.403 1.177 1.0510 5.4905 0.3081 2/3 + 0.12

P13 Planck Collaboration X (2013) 6.41 1.81 1.33 4.13 0.31 2/3 + 0.12

B17 Bourdin et al. (2017), z < 0.5 sample 5.25 1.18 1.27 5.41 0.31 2/3

G19 Ghirardini et al. (2019) 5.68 1.49 1.33 4.40 0.43 2/3

PACT Pointecouteau et al. (2021) 3.36 1.18 1.08 4.30 0.31 2/3 + 0.12

MP23 Melin & Pratt (2023) 1.70 0.61 1.05 6.32 0.71 2/3 + 0.12

S23(∗) Sayers et al. (2023) 100.74 1.4 100.12 100.74 0.3 2/3

Notes. We give the values for the gNFW parameters and δ obtained and considered in each work. (∗)For Sayers et al. (2023), we take δ = 2/3
despite deviations to this value being measured at low significance in their work. In addition, we consider the measured mass and redshift evolutions
of the gNFW parameters to be not significant and take az = 0 and am = 0 for Eq. 6 in Sayers et al. (2023).
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Fig. E.1. UPPs from the literature. The parameters of the gNFW model for each case are summarised in Table E.1. We distinguish between the
models reconstructed assuming δ = 2/3 (left) and δ = 2/3 + 0.12 (right).
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