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Abstract. Within the self-similar framework of structure formation, the ther-
mal pressure of the hot intra-cluster medium follows a universal distribution
that is independent of the cluster mass scale. Once normalised to the proper
mass and redshift dependencies, this pressure distribution becomes common to
all clusters. Reconstructing such a universal pressure profile requires individual
estimates of each cluster’s mass. In this work, we present a methodology to
simultaneously fit the universal pressure profile alongside the masses of indi-
vidual clusters in a sample, while properly accounting for correlations between
the profile’s shape, its amplitude, and cluster masses. We apply this method to
a sub-sample of clusters from the CHEX-MATE project and demonstrate the
strong impact that the assumed pressure profile has on the measured signal.
This effect propagates into the thermal Sunyaev-Zel’dovich (tSZ) power spec-
trum and, in turn, influences the determination of cosmological parameters.

1 Introduction

Galaxy clusters are formed through the accretion of matter driven by gravity, and as a re-
sult, they are scaled versions of one another [1, 2]. Consequently, the distribution of thermal
pressure within clusters becomes universal once it is normalised with respect to mass and
redshift [3, 4]. The so-called universal pressure profile (UPP) is a fundamental ingredient
for both cluster detection techniques and cosmological studies based on millimetre-wave ob-
servations (e.g., [5, 6]). However, as mentioned above, its reconstruction requires scaling
the pressure profiles of individual clusters according to their masses. Ideally, the true clus-
ter masses would be used for this purpose, but direct measurements are not feasible from
observations, meaning that reliable mass estimates are necessary [7].

In this work, we propose a method that allows for the simultaneous fitting of the UPP
and the masses of individual clusters. We present this approach in the context of the “Cluster
HEritage project with XMM-Newton - Mass Assembly and Thermodynamics at the Endpoint
of structure formation” (CHEX-MATE!, [8]). This is a multi-year XMM-Newton Heritage
programme designed to investigate the interplay between gravitational and non-gravitational
processes in clusters, and their impact on cluster mass estimations. The complete CHEX-
MATE sample comprises 118 thermal Sunyaev-Zel’dovich (tSZ) selected Planck clusters. In
this paper, we concentrate on the “Data Release 1” (DR1) sub-sample described in [9].

The CHEX-MATE project provides multi-wavelength coverage, spanning X-ray, radio,
millimetre, optical, and infrared observations [8]. For the present analysis, we make use of
X-ray and millimetre data to derive thermal pressure profiles. Fig. 1 shows the individual
profiles reconstructed separately from XMM-Newton observations (in orange, extracted with
the CHEX-MATE pipeline) and from Planck data (in blue, obtained following the method in
[11]) for each cluster. By combining both data sets we achieve broad radial coverage of the
pressure distributions. Furthermore, our fits are informed by ‘dynamical mass’ estimates de-
rived from the velocity dispersions of cluster member galaxies [12]. Hence, our final sample
consists of the 24 DR1 clusters for which such dynamical masses were obtained in [12].

2 Model

We assume that the thermal pressure profile of every cluster is well described by:

P(r) = Psgo X P(x), with the normalised radius x = r/R5q. @))]

1 http://xmm-heritage.oas.inaf.it/
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Here r is the physical radius, and Rspy> and Pso are functions of the characteristic Msg>
mass and the redshift of each cluster. Following the self-similar model (see Eq. A.l in [4]),
the normalisation factor Psgy can be defined as:

3 [500G6-141" 23 Mspo |”

Psoo(Ms0,2) = e [T] M_efB [Mpivot] x H(z)*? m} . (2
The parameter ¢ describes the evolution of the pressure normalisation with M5, and it can
be fitted as a free parameter of the model. Since its value may vary with the dynamical state
of the intracluster medium and the nuclear activity of the brightest cluster galaxy [13], the
use of a representative cluster sample [8] is essential. In Eq. 2, G is the Newtonian constant
of gravitation, H(z) is the Hubble parameter, fg denotes the cosmic baryon fraction, and u
and p. are respectively the mean molecular weight and the mean molecular weight per free
electron. We consider Mpiyor = 3 X 10'* M, to be consistent with [4].

In Eq. 1, the second term corresponds to the universal pressure profile that we aim at
fitting. Following previous works in the literature [3, 4, 11, 14—18], we model the UPP as a
generalised Navarro-Frenk-White (gNFW, [3]) profile:

Py

P(x) = _ )
g (c500X)” [1 + (c500X)@ ] BV

And finally, we account for possible systematic discrepancies between X-ray and tSZ-
derived (XMM-Newton and Planck, in our case) pressure profiles by fitting also n7:

nr ~ PX [P “

In practice, our model considers that each individual pressure profile Pgy,; (Fig. 1) is well
described by a multivariate Gaussian distribution

1 1 _
-[:i = WCXP _E(Pdata,i - Pmodel,i)TCi I(Pdata,i - Pmodel,i) B (5)
with Ppoqer; the model for cluster i defined in Eq. 1, n; the number of data pressure bins, and
C; the covariance matrix that accounts for the errors in data pressure profiles (Zgq, ;) and the
intrinsic scatter (Ziy;):
Ct(g) = Z:data,i + z:int,i(0)~ (6)
We assume a log-normal intrinsic scatter profile and choose to parametrise it as a function
of the scaled radius x, following:

oin(X) = o1 exp [~wx] + opx, N

2 Msgo and Rsgp are defined as Msog = (4/ 3)71R§00 % 500p¢rit Where peig(z) = 3H| (2)*/(87G) is the critical density
of the Universe at the cluster redshift z.
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with o7, 0, and w the free parameters in the model. Thus, each diagonal element of % ; is
defined as:

i (0) = [Prmodeli (i 0) X T (1 )]
= [P500.(6) P(rif 0) X Tina(rise- O)] ®)

Since pressure profiles are generally expected to vary smoothly, neighbouring points cor-
relating with each other, we introduce a correlation structure into the intrinsic scatter covari-
ance matrix by employing a “radial basis function”, also known as a “squared-exponential”
kernel. The characteristic scale of the kernel is determined by the parameter L;,;, and the
off-diagonal elements of the intrinsic scatter covariance matrix are expressed as:

)2

nt

with x;x = rx/Rs00; and x;; = ri;/Rs00,;. In summary, our model contains two types of free
parameters, 6:

e Global parameters, that is, common to all clusters. These are: the slope in the Psgy — Msgo
scaling relation (8); the gNFW parameters of the UPP (P, cs00, @, 3,7%); the parameters
characterising the intrinsic scatter (o7, 0, w, and Liy); and the ratio between X-ray and
tSZ pressure profiles (7).

e Individual parameters: one mass parameter per galaxy cluster, {Mspo 1, ..., Ms00,}. In a
fixed cosmology, and assuming a redshift per cluster, the conversion between M5y and
Rs00 (needed to calculate the x in the model) is straightforwardz.

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

3 Joint UPP and Ms,, measurement

To jointly constrain both the universal pressure profile and the individual cluster masses,
we incorporate external information into the fit by adopting Gaussian priors on the masses.
Dynamical mass estimates are particularly well suited: although they are subject to scatter,
they are considered to be nearly unbiased [19, 20]. According to validation tests performed on
simulated data, this property is essential for an unbiased reconstruction of both the UPP and
the cluster masses when using our joint-fitting method. Moreover, dynamical mass estimates
are largely uncorrelated with the XMM-Newton and Planck pressure profiles.

We adopt flat priors for all global parameters (with the exception of ¢) and Gaussian
priors, centred on the dynamical estimates, for the individual mass parameters, and perform
a simultaneous fit of the 24 pressure profiles. Given the large number of free parameters
involved, an efficient inference method is required. For this reason, we rely on jax-based
codes [21] that enable a fast Markov chain Monte Carlo sampling. Bayesian inference is
carried out using the NUTS sampler [22], as implemented in the numpyro library [23].

We show in Fig. 2 the best-fitting individual cluster masses with respect to the dynamical
mass estimates. We present three cases: in green, the result obtained by assuming a self-
similar evolution of the pressure normalisation with M5, thatis, 6 = 2/3; in red, considering
the 6 = 2/3 + 0.12 value from [4]; and, in blue, the masses obtained by letting ¢ free in the
fit, with a Gaussian prior N(2/3, 0.2%). By construction, the fitted masses are anchored to the
dynamical mass scale through the priors, but they are refined by the pressure distribution.

By jointly fitting the universal pressure profile and cluster masses, we propagate the un-
certainties on the individual masses to the UPP. In addition, we are able to refine the dynami-
cal estimates and find the masses that scale the pressure profiles the best: same accuracy, but
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Figure 2. Best-fitting individual cluster masses obtained
from the joint fit to data with respect to the dynamical
mass estimates used to inform the fit. Green, red, and
blue correspond to the fits performed assuming
respectively 6 = 2/3,6 =2/3 +0.12, and ¢ as a free
parameter. Uncertainties of fitted masses are calculated as
the standard deviation of the marginalised posterior
distribution for each cluster mass parameter.
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better precision for Msg. Consequently, we also recover the intrinsic scatter in the pressure
profiles (Eq. 7), which arises mainly from baryonic physics and differences in the dynami-
cal states of clusters in the sample, without being biased by the scatter present in the mass
estimates used for scaling.

Regarding the ratio between X-ray and tSZ data, we find in all three cases a best-fit value
of nr ~ 1.05. This is consistent with what would be expected from neglecting tSZ relativistic
corrections [24].

4 Impact of the UPP on the M5, determination

In this section, we examine the intricate relationship between the UPP and cluster mass es-
timates by exploring how the assumed shape of the UPP influences the derived masses for a
given sample. To do this, we fix the parameters of the gNFW profile and the value of ¢ to
those reported in several previous studies (NO7 [3], A10 [4], P13 [11], B17 [14], G19 [15],
PACT [16], MP23 [17], S23 [18]) and fit the 24 cluster masses to the pressure profiles in
Fig. 1. As in the previous section, we adopt Gaussian priors centred on the dynamical mass
estimates [12] for all clusters.

In Fig. 3, we present the distributions of the best-fit M5y, masses obtained under the
assumption of each different UPP, allowing 57 to vary for all fits. Circles indicate the av-
erage cluster mass across the sample, while diamonds represent the mean mass when fixing
nr = 1.05 in the fits. These results are compared to the masses obtained from the joint-fitting
procedure in the previous section. The figure clearly shows that the assumed gNFW profile
shape, together with the adopted mass dependence (via ¢), have a strong impact on the mea-
sured signal. The mean cluster mass scales obtained by fixing different UPPs differ by 10 to
50%. This highlights the necessity for a coherent treatment of both the UPP and the cluster
mass scale to avoid bias in cosmological analyses such as [6].

In addition, when adopting the UPP parameters from A 10 [4], we fall back on masses that
are compatible with those derived from Planck data using the MMF3 algorithm [5]. Since
MMF3 extracts the signal under the assumption of the A10 profile, this serves as an important
consistency check, demonstrating the robustness of our methodology.

5 Summary and conclusions

In summary, we have presented here a framework to jointly fit the universal pressure profile
and individual cluster masses. To provide prior information on the mass scale, we employed
dynamical mass estimates, which, although scattered, are essentially unbiased and uncorre-
lated with the fitted pressure profiles.
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Figure 3. Best-fit M5y, mass distributions obtained by assuming different UPPs from the literature,
compared to the masses from the joint UPP and mass fit in Sect. 3. See text for details. As a reference,
the horizontal grey area indicates 8.50 + 0.85 x 10'* M,,.

By adopting this joint-fitting strategy, we improve on the determination of individual M5
values, making direct use of the thermal pressure distribution. In addition, the uncertainties
on the masses are naturally propagated to the UPP, and therefore, could be subsequently
propagated to the tSZ cosmological analyses.

We have also quantified the influence of the assumed UPP shape on the cluster mass
estimates derived from thermal pressure profiles. Our results confirm a strong correlation
between the adopted pressure profile and the corresponding mass scale, and therefore, the
need for a self-consistent framework.
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