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ABSTRACT

Context. The baryon fraction of galaxy clusters, expressed as the ratio between the mass in baryons (including both stars and cold
or hot gas) and the total mass, is a powerful tool to provide information on the cosmological parameters, while the hot-gas fraction
provides indications on the physics of the intracluster plasma and its interplay with the processes that drive galaxy formation.
Aims. Using cosmological hydrodynamical simulations of about 300 simulated massive galaxy clusters with a median mass
M500 ≈ 7 × 1014 M� at z = 0, we model the relations between total mass and either baryon fraction or the hot gas fractions at
overdensities ∆ = 2500, 500, and 200 with respect to the cosmic critical density, and their evolution from z ∼ 0 to z ∼ 1.3.
Methods. We utilized the simulated galaxy clusters from the Three Hundred project, which include star formation and feedback
from both supernovae and active galactic nuclei. We fit the simulation results for such scaling relations against three analytic forms
(linear, quadratic, and logarithmic in a logarithmic plane) and three forms for the redshift dependence, and we considered as a variable
both the inverse of the cosmic scale factor, (1 + z), and the Hubble expansion rate, E(z).
Results. We show that power-law dependencies on cluster mass poorly describe the investigated relations. A power law fails to si-
multaneously capture the flattening of the total baryon and gas fractions at high masses, their drop at low masses, and the transition
between these two regimes. The other two functional forms provide a more accurate description of the curvature in mass scaling. The
fractions measured within smaller radii exhibit a stronger evolution than those measured within larger radii.
Conclusions. From the analysis of these simulations, we evince that as long as we include systems in the mass range herein investi-
gated, the baryon or gas fraction can be accurately related to the total mass through either a parabola or a logarithm in the logarithmic
plane. The trends are common to all modern hydro simulations, although the amplitude of the drop at low masses might differ. Being
able to observationally determine the gas fraction in groups will thus provide constraints on the baryonic physics.

Key words. methods: numerical – galaxies: clusters: general – galaxies: clusters: intracluster medium

1. Introduction

Precise measurements of the baryon fraction within galaxy clus-
ters and groups have the twofold scope of providing informa-
tion on cosmological parameters (Allen et al. 2011; Mantz et al.
2014, 2022) and on the nongravitational processes such as heat-

? Corresponding author: elena.rasia@inaf.it

ing and cooling that govern baryon physics during the forma-
tion and evolution of clusters (see reviews by Eckert et al. 2021;
Oppenheimer et al. 2021; Lovisari & Maughan 2022).

Cosmological studies are based on samples of massive clus-
ters whose baryon-to-total mass ratio is very close to the cos-
mic baryon fraction: fb,cosmic = Ωb/ΩM. Therefore, the matter
cosmic density parameter, ΩM, can be inferred from the obser-
vational measurements of the cluster baryon fraction once a

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A182, page 1 of 23

https://doi.org/10.1051/0004-6361/202554283
https://www.aanda.org
http://orcid.org/0000-0003-4175-002X
http://orcid.org/0000-0002-9909-3491
http://orcid.org/0000-0001-6151-6439
http://orcid.org/0000-0001-9260-3826
http://orcid.org/0000-0001-8868-0810
http://orcid.org/0000-0002-2113-4863
http://orcid.org/0000-0001-7859-2139
http://orcid.org/0000-0003-1750-286X
http://orcid.org/0000-0001-7917-3892
http://orcid.org/0000-0003-4117-8617
http://orcid.org/0000-0003-2754-9258
mailto: elena.rasia@inaf.it
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Rasia, E., et al.: A&A, 702, A182 (2025)

certain value for the Hubble parameter is assumed (Mantz et al.
2022, and references therein) and the cosmic baryon density,
Ωb, is considered as from cosmic-microwave-background stud-
ies (e.g., Planck Collaboration VI 2020) or Big Bang nucleosyn-
thesis models (e.g., Fields et al. 2020). In addition, measuring
the baryon fraction as a function of redshift provides informa-
tion on the expansion history of the universe and thus it is also
sensitive to the dark-energy density parameter, ΩΛ and, possibly,
to its equation of state (Ettori et al. 2009).

Studies of numerical simulations also promote this approach
based on the fact that the overall baryon fraction predicted in
massive clusters is weakly sensitive to the details of the physical
processes included in simulations, such as models of star forma-
tion or those of stellar and active-galactic-nuclei (AGN) feed-
back (Planelles et al. 2013; Battaglia et al. 2013; Gaspari et al.
2020; Cui et al. 2022). On the other hand, such astrophysical
processes determine the exact amount of stellar and gas fractions
that in massive systems are tightly anticorrelated: systems with
a lower gas fraction tend to have a higher stellar fraction and
vice versa (Wu et al. 2015; Truong et al. 2018; Li et al. 2023).
This theoretical prediction has been confirmed using observa-
tions of a sample of 41 X-ray bright clusters, concluding that
massive clusters can be considered as “closed boxes” within a
fair approximation (Farahi et al. 2018).

While the simplicity of these arguments supports the use of
the baryon fraction as a cosmological probe, they are unfortu-
nately only valid for massive clusters (e.g., Akino et al. 2022).
As one shifts toward galaxy groups, the gas fraction decreases
by an amount that is larger than the corresponding increase of
the stellar fraction, thus leading to a net decrease in the total
baryon fraction (Giodini et al. 2009). This observational fact,
linked to the break in the scaling relations between the total
mass and various gas-related properties, such as X-ray lumi-
nosity or SZ signal, has been known and discussed for some
time in the literature (see review by Lovisari et al. 2021, and
references therein). The main culprit of the deviation of the
baryon fraction (and particularly the gas fraction) from the cos-
mic expectation at the galaxy-group scale is the cumulative
activity of the central AGN. Indeed, during the early phases
of the cluster assembly at z & 2, the AGN feedback can
easily expel the central gas from the shallower potential well
of the cluster progenitors, which at the same time hampers
the star-formation process (Fabjan et al. 2010; McCarthy et al.
2007, 2010; Gaspari et al. 2014; Biffi et al. 2018; Henden et al.
2018). For this reason, systems in the local universe with
masses M500 ∼ 1014 M� present some level of baryon deple-
tion (Ettori et al. 2006; Angelinelli et al. 2023; Ayromlou et al.
2023), which can significantly increase in the group regime,
M500 ' (1013−1014) M� (Davies et al. 2020; Oppenheimer et al.
2021; Donahue & Voit 2022; Popesso et al. 2024a). Connected
to this aspect, while on the one hand the relations between the
gas or stellar mass and the total mass typically were thought to
have a power-law shape of the form M ∝ Mα

gas or M ∝ Mβ
star

because of the expected self-similar behavior of the scaling
relations of massive clusters (Kaiser 1986), on the other hand,
recent works exploring masses from 1013 M� to above 1015 M�
challenged this simplistic description and have proposed that
the slope of the scaling relation changes from groups to clus-
ters (Le Brun et al. 2017; Truong et al. 2018; Farahi et al. 2018;
Gaspari et al. 2019; Pop et al. 2022).

In this work, we limit our study to the baryon and hot-gas
fractions for a large sample of z ∼ 0 simulated massive galaxy
clusters and focus on their evolution. We show that precautions
need to be taken at higher redshifts when clusters are smaller.
Specifically, we propose and test simple analytical fitting func-

tions that go beyond the power-law description and could, in the
future, be easily extended to the group scale. This paper differs
from previous investigations on the baryon and hot gas fraction
in two main aspects: (i) we compare various analytic expres-
sions to fit the simulated data, similarly to Le Brun et al. (2014)
and Pop et al. (2022) (see also Miller et al. 2025) but using sim-
pler descriptions and considering a total of about 20 different
analytic expressions that capture the dependence on mass, over-
density, and redshift; (ii) the set of simulated clusters analyzed
here includes hundreds of massive halos, with 95 percent of them
having virial masses1 above 1015 M� at z = 0. This provides
us with a statistically robust high-mass anchor at z = 0 that
we are able to follow up to z = 1.32. Indeed, the simulation
suite on which our analysis is based, the Three Hundred, is
one of the largest samples of massive systems simulated with
AGN feedback and reaching good numerical resolution. Its large
statistics of massive clusters is comparable to FLAMINGO-L1
(Schaye et al. 2023), TNG-Clusters (Nelson et al. 2024), and
MACSIS (Barnes et al. 2017a), and is only surpassed, albeit at
a lower resolution, by MAGNETICUM-Box02 and FLAMINGO-L2.
At the same time, other simulations with a high particle-
mass resolution have only a sparse number of objects with
M500 > 1015 M�, e.g,. DIANOGA (Rasia et al. 2015; Bassini et al.
2020; Esposito et al. 2025), C-EAGLES (Barnes et al. 2017b),
Hydrangea (Bahé et al. 2017), Illustris-TNG (Pillepich et al.
2018), and MilleniumTNG (Pakmor et al. 2023). Thanks to the
large statistics of clusters that we can follow from z = 0 to
high-redshift, we have more than 250 well-resolved halos even
at z = 1.32 with a mass range from M500 = 4 × 1013 M� to
4 × 1014 M�.

The paper is organized as follows. In Sect. 2, we intro-
duce the simulations and the cluster redshift subsamples and the
combined cluster sample. The best-fit functions and the fitting
procedure are explained in Sect. 3. We compare the simulated
data with observational samples in Sect. 4. The baryon-fraction
results derived from the redshift subsamples and for the com-
bined sample, including all simulated objects, are presented in
Sects. 5 and 6, respectively. The analysis of the hot-gas baryon
fraction is reported in Sect. 7. We compare with other simu-
lation results in Sect. 8 and discuss in Sect. 9 the differences
with the other version of the Three Hundred, carried out with
GIZMO-SIMBA, and with MAGNETICUM, which shares several fea-
tures with our code. The main conclusions are summarized in
Sect. 10. In Appendix A, we discuss the best-fitting results in
relation to the baryon fraction and provide all numerical values
of the parameters (Tables A.1–A.3); in Appendix B, we list the
best-fit parameters for the hot gas fraction (Tables B.1–B.3); in
Appendix C, we compare the two expressions used to model
the redshift evolution; in Appendix D, we present the results
from some alternative functional forms and from independent
redshift subsamples; finally, in Appendix E, we discuss the evo-
lution of the medians of both baryon and hot gas fractions for
each redshift subsample. Throughout the paper, the logarithms
are always intended as decimal.

2. Simulations

The Three Hundred project (hereafter The300, Cui et al. 2018)
consists of a set of simulated regions centered on massive
galaxy clusters. The sample is built following the zoom-in

1 For the cosmology considered in the simulations (see Sect. 2), the
virial radius defined as in Bryan & Norman (1998) is close to the over-
density of 100, which is the exact value used here.
2 http://www.magneticum.org/simulations.html
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technique that extracted 324 Lagrangian regions around the most
massive clusters identified within the MultiDark-Planck2 box3

(Klypin et al. 2016) and resimulated them by adding baryonic
physics. The parent simulation evolves only the dark-matter
(DM) component with 38403 DM particles in a cosmological
box of 1.5 comoving Gpc as a side. This simulation assumes the
cosmological parameters derived by the Planck Collaboration
(Planck Collaboration XIII 2016): h = 0.6777 for the reduced
Hubble parameter, n = 0.96 for the primordial spectral index,
σ8 = 0.8228 for the amplitude of the mass density fluctuations
in a sphere of 8 h−1 Mpc comoving radius, and ΩΛ = 0.692885,
Ωm = 0.307115, and Ωb = 0.048206, respectively for the cos-
mological density parameters already mentioned in the Introduc-
tion. The re-simulated regions are evolved under the same cos-
mological model and therefore they are characterized by a cos-
mic baryon fraction of

fb,cosmic =
Ωb

Ωm
' 0.157. (1)

The highest resolution region covers a radius of about 15 h−1

comoving Mpc centered on the z = 0 target halo, while the influ-
ence of the external tidal fields is traced by low-resolution par-
ticles. The high-resolution dark-matter particle mass is equal to
mDM = 1.27 × 109 h−1 M�, while the initial gas-particle mass is
mgas = 2.36 × 108 h−1 M�.

This work is based on the resimulations carried out with an
updated version of the GADGET-2 (Springel 2005) code, referred
by The300 collaboration as GADGET-X. This is based on the
implementation of SPH as in Beck et al. (2016), and implemen-
tations of cooling, star formation, and feedback from stars and
AGN similar to Rasia et al. (2015). Specifically, the uniform
time-dependent UV background and the radiative cooling depen-
dence on metallicity are as in Wiersma et al. (2009); the star for-
mation and thermal feedback from supernovae closely follow the
original implementation by Springel & Hernquist (2003) and are
connected to a detailed stellar evolution and chemical enrich-
ment model as in Tornatore et al. (2007, see also, Biffi et al.
2017, 2018 and Truong et al. 2019). Finally, the hot and cold gas
accretion onto super-massive black holes (SMBHs) powers the
AGN feedback following the model by Steinborn et al. (2015).
Black holes are seeded with mass MBH = 5 × 106 h−1 M� in
the center of halos when their mass is above 2.5 × 1011 h−1 M�.
SMBHs grow through mergers or gas accretion (Bassini et al.
2019). The latter is capped by the minimum of the Edding-
ton limit and the α-modified Bondi accretion rate, where α is
a parameter fixed at 10 or 100 for the hot (T > 5 × 105 K)
or the cold gas (T < 5 × 105 K) respectively (Gaspari et al.
2015). The efficiency of the radiative and mechanical feedback
depends on both the gas accretion rate and the SMBH mass, pro-
viding a smooth transition between the radio and quasar modes
(Steinborn et al. 2015). Mechanical outflows and radiation are
both incorporated in form of thermal feedback.

The simulated regions are processed through the Three
Hundred standard pipeline, whose first step is represented by the
identification of structures and substructures using the Amiga
Halo Finder4 (Knollmann & Knebe 2009). The center of the
identified objects is located at the position of the local maxi-
mum of the total density distribution. With a spherical overden-
sity approach, we define R∆ as the radius of the sphere enclosing
a density equal to ∆ times the critical density of the universe

3 The MultiDark simulations are publicly available at the https://
www.cosmosim.org database.
4 http://popia.ft.uam.es/AHF/

Table 1. Basic properties of the cluster samples.

z N M2500 M500 M200
[1014 M�] [1014 M�] [1014 M�]

0.07 322 2.81 7.57 10.93
0.14 321 2.46 6.84 10.05
0.22 323 2.08 6.04 9.10
0.33 323 1.82 5.08 7.57
0.46 323 1.51 4.20 6.43
0.59 322 1.25 3.58 5.37
0.78 323 0.94 2.58 3.86
0.99 318 0.67 1.91 2.81
1.22 292 0.50 1.45 2.25
1.32 275 0.43 1.32 1.97

Notes. For each redshift (Col. 1), we report the number of objects that
satisfy both conditions on the absence of low-resolution particles and
on the M2500 minimum mass (Col. 2), and their median masses in units
of 1014 M� for the three considered overdensities, ∆ = 2500, 500, 200
(Cols. 3–5).

at the considered redshift and M∆ as the total mass contained
within such radius. In our work, we focus on ∆ = 2500, 500, 200,
which, respectively, might roughly be associated with the clus-
ter’s core region, with the area typically covered by X-ray and SZ
observations, and with the radius often referred to as the virial
radius (although see footnote1).

For the specific analysis of this work in each region and for
each snapshot we consider the most massive cluster that does not
contain any low-resolution particles within R100. This condition
is more stringent than the one applied in other works by The300
collaboration requiring the total mass associated with all low-
resolution particles within R200 to be less than 4 per thousand of
the total mass of the cluster. Furthermore, in our sample selection
we impose M2500 > 1.27 × 1013 h−1 M� to ensure that even the
central region (R < R2500) is represented by at least ten thousand
particles.

The noncontaminated clusters (i.e., without any low-
resolution particle) are extracted from ten different simulation
snapshots selected at the redshifts: z = 0.07, 0.14, 0.22, 0.33,
0.46, 0.59, 0.78, 0.99, 1.22, 1.32. Note that since we always
select the most massive cluster in each region, the cluster sub-
samples at the highest redshifts will contain objects that are
not necessarily the progenitors of those in the lowest redshift
subsamples. Still, since the chosen redshifts are only separated
by approximately 1 Gyr (the typical crossing time of a cluster-
sized halo at z = 0), it is likely that the cluster subsamples of
two consecutive redshifts are not completely independent. This
does not present an issue for the analysis presented in Sect. 5,
where each redshift subsample is independently analyzed, while
it could affect the results of Sect. 6, where we analyzed the com-
bined sample formed by all clusters at all redshifts. For this, we
verify that our results hold when we exclusively combine the
subsamples corresponding only to z = 0.07, 0.46 and 1.32 (see
Appendix D.2).

In Table 1, we report the number of objects in each redshift
subsample and their median mass at the three overdensities. The
mass dependence of the baryon fraction and the hot-gas fraction,
relative to the cosmic value, for the samples at z = 0.07, z = 0.59,
z = 0.98, and z = 1.32 is presented in Fig. 1 for the overdensities
of ∆ = 2500 and 200. To compute the baryon fraction, we con-
sider both stellar and gas particles, while for the hot-gas fraction
we limit the analysis to gas particles that are not forming stars
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Fig. 1. Baryon fraction (top panels) and hot-gas fraction (bottom panels) relative to the cosmic fraction versus the cluster mass within ∆ = 2500
(left panels) and ∆ = 200 (right panels). Data for z = 0.07 (pink circles), z = 0.59 (yellow diamonds), z = 0.98 (green squares), and z = 1.32 (navy
triangles) are shown. The median values of the z = 0.07 and z = 1.32 subsamples are shown with a solid line. For reference: in both panels the
maximum value of the y-axis is 1.1 and the horizontal line marks the cosmic baryon fraction.

and that have a temperature T > 0.3 keV. The last condition is
imposed to include only the gas particles that are expected to
contribute significantly to emission in the soft X-ray band which
provides the observational measurements of gas mass. We ver-
ify that the exact value of this threshold does not influence the
results. In fact, the relative variation in the gas mass by decreas-
ing this threshold to T > 0.1 keV is always less than 1.5 per
thousand and less than 1010 M� in absolute terms.

The figure will be discussed in detail later, but we note here
some of the main aspects: the relative baryon fraction within
R200 is constrained between 0.9 and 1 for all objects and at all
redshifts, whereas within the core regions it reaches much lower
values. The fractions fb,200 and fg,200 have a mass dependence

for masses M200 < 3 × 1014 M�, otherwise they are almost con-
stant. The fractions fb,2500 and fg,2500, instead, are characterized
by a large dispersion at all masses and redshifts. These results
are due to the strong effect that non-radiative processes have on
smaller radii and smaller masses.

3. Method of analysis

In this work, we consider various functional forms for the ana-
lytic description of the mass dependence of the baryon and hot-
gas fractions. Expressing both variables in a logarithmic scale,
we compare: the usual linear relation, and the parabolic and
logarithmic relations similar to those proposed by Stanek et al.
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(2010) and Vikhlinin et al. (2009), respectively. To include the
dependence on redshift, we investigate three different strategies
and further study whether this dependence is better characterized
as a function of (1 + z) or as a function of E(z)2 = [h(z)/h(0)]2 =
ΩM×(1+z)3+ΩΛ. A comparison between the trends of (1+z) and
E(z) is shown in Fig. C.1. The fitting formulae that we consider
in this work are introduced below, followed by a description of
the adopted methodology.

3.1. Functional forms

3.1.1. Dependence on the total mass

As anticipated in the Introduction, a positive correlation between
the baryon and gas fractions and the total cluster mass is found
both in observations and in simulations. In fact, observations
show evidence that the smallest objects (poor groups and galax-
ies) are depleted of baryons as a consequence of the intense AGN
activity experienced at higher redshift, when a shallower grav-
itational potential well is unable to retain gas heated by feed-
back processes (Eckert et al. 2021). Following this reasoning, at
each redshift we describe the relationship between baryon and
gas fraction and mass with three different functional forms:
• A linear fit:

Y = a2 + b2 X; (2)

• A parabola, as originally proposed by Stanek et al. (2010):

Y = a3 + b3 X + c3 X2; (3)

• A logarithmic relation, as proposed by Vikhlinin et al. (2009)
but in the logarithmic plane:

Y = a4 + b4 log(X + 1.20). (4)

In these relations, we define X = log(M∆/M0) with M0 = 3 ×
1014 M� at all redshifts, and Y = Y∆ = log( f∆/ fb,cosmic), where
f∆ is either the baryon or the hot-gas fraction. Throughout the
paper, we will refer to this quantity, which is the complement to 1
of the depletion factor, as the “relative fraction” and the pedices
of the parameters will recall the number of the corresponding
equation. A more extensive description of the functional forms
is presented in Appendix A.

3.1.2. Dependence on total mass and redshift

As a second step, we investigate how the previous relations vary
with redshift. Therefore, after looking at the evolution of the
best-fit parameters of Eqs. (2), (3), and (4) obtained in each red-
shift subsample (see Sect. 5 and Appendix A), we incorporate
the redshift dependence in the expressions to fit the combined
sample. Namely, we consider the following three alternatives
(see Sect. 6):
• An extension of the previous functions with a translation

along the Y axis:

Y = f (X) + d5Z; (5)

• An extension of the previous functions with a translation
along the X axis:

Y = f (X + d6Z); (6)

• The redshift dependence as in Planelles et al. (2013):

Y = a7 + b7X + log(1 + d7z). (7)

In all these cases, X and Y have the same meaning as before,
f (X) has to be understood as one of the three functional forms
introduced in the previous subsection (the line, the parabola, and
the logarithm in the logarithmic plane), Z provides the functional
form of the redshift dependence, and d5, d6, a7, b7 , and d7 are
fitting parameters, whose subscripts refer to the number of the
corresponding equations. For Z, we consider two expressions:
Z = log [(1 + z)/(1 + z0)] and Z = log[E(z)], where z0 = 0.53,
which is in the middle of the redshift range considered.

In the above formulae, the redshift dependence corresponds
to a family of curves with the same shape but translated along
the Y axis (Eq. (5)) or along the X axis (Eq. (6)). While the first
case represents a simple change in normalization or a shift in
baryon fraction at fixed mass, the second expression implies that
the quantity that changes with redshift is the total mass.

3.2. Fitting procedure

Each of the redshift samples used to study the dependence of the
baryon and hot gas fractions on the total mass includes a number
of objects, varying between 275 and 324 (see Table 1). Their
combination provides a sample of ≈3150 objects. To study either
the redshift subsamples or the combined sample, we proceed by
binning the data. Specifically, we sort the clusters according to
their mass (either M2500, M500, or M200) and then we build mass
bins starting from the most massive cluster. The bins with more
sparse data (the first two more massive and the last three to four
less massive) contain ten clusters each, while all others combine
20 clusters. In this way the sizes of the mass bins are not too
uneven. The least-massive bin has ten objects plus any remaining
ones. We tested different binning choices and they proved to lead
to statistically similar results.

To each mass bin j, we associate the medians of the Xi, j and
Yi, j values, respectively µ j and η j,with i representing the clusters
belonging to that mass bin. We then compute their errors defined
as the median absolute deviations and given, respectively, by

σµ, j = median(|Xi, j − µ j|) (8)

and

ση j = median(|Yi, j − η j|). (9)

The fit procedure uses the IDL routinempfitfun and is per-
formed 1000 times with the X values allowed to vary randomly
in the range [µ − σµ, µ + σµ]. The best-fit parameters and their
errors are computed as the mean and standard deviation of the
distribution of the 1000 values obtained. We verified that this
approach, based on the Levenberg-Marquardt least-square fit-
ting, provides a statistically similar result of the outlier-resistant
two-variable linear regression of the routine robust_linefit.

To evaluate whether the analyzed models are a good descrip-
tion of the baryon and hot-gas fraction relations with the total
mass, we compute the residuals expressed as a percentage:

R = 100 ×
10η j − 10Yfit, j

10η j
· (10)

All the numerical values of the parameters and their errors
are reported in Appendix A for the total baryon fraction and
Appendix B for the hot gas fraction. There, we also report
the values of the relative baryon fraction measured at M0 =
3×1014 M�, from which one easily obtains the value of the deple-
tion factor on that mass scale. Since all values of the parameters
are small numbers, in the tables and throughout the paper, we
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Fig. 2. Baryon fraction (left panel) and gas fraction (right panel) relative to the cosmic fraction versus the cluster mass within R500 at z = 0.07 (black
dots) and z = 1.32 (navy dots). The legend associates colors and symbols to the shortenings of the observational papers of reference that include
both local and distant clusters: Zha for Zhang et al. (2011b), GoP for Gonzalez et al. (2013), Lin for Lin et al. (2003), Chiu for Chiu et al. (2018),
Mul for Mulroy et al. (2019), Eckm for Eckmiller et al. (2011), Lov for Lovisari et al. (2020), Pra for Pratt et al. (2009), Mau for Maughan et al.
(2008), Mah for Mahdavi et al. (2013), Sun for Sun et al. (2009), Ge for Ge et al. (2018), San for Sanderson et al. (2013), Ecke for Eckert et al.
(2019), Ett for Ettori et al. (2009), Vik for Vikhlinin et al. (2006), and Man for Mantz et al. (2016a). The red band is from Eckert et al. (2021), and
the purple, dark green, and cyan lines are from Popesso et al. (2024a), Andreon et al. (2017), and Akino et al. (2022), respectively.

will report values that are 100 times larger than the parameters
themselves and we will use capital letters to denote them, such
as A2 = 100 × a2.

4. Comparison to observations

Before exploring the dependence of the baryon and hot gas frac-
tion on the total cluster mass and its evolution, we compare the
results from our simulations with some observational measure-
ments (see also Cui et al. 2018, 2022). In Figs. 2, we plot, respec-
tively, with black and navy dots, the simulated clusters of the
subsamples at z = 0.07 and z = 1.32.

4.1. Baryon fraction

The baryonic fraction of the simulated clusters is shown on the
left panel of Fig. 2 and it is compared with the observational
data described in the following, starting from the most recent
one. Chiu et al. (2018) studied the baryon content of 91 clus-
ters detected from the Sunyaev-Zeldovich effects by the South-
Pole Telescope, and followed-up with the Chandra satellite in
the X-rays. The sample includes only massive systems with
M500 > 2.5× 1014 M� and extends from z = 0.2 to z = 1.25. One
of the results of that paper is that the baryon fraction in their sam-
ple does not change with redshift and thus we include all their
objects in Fig. 2. We do not apply any correction to either the
total mass or the baryon fraction since the work assumed a value
for the Hubble constant similar to the one considered in The300
simulation.

Gonzalez et al. (2013) investigated the total baryon fraction
in a sample of 12 local clusters with masses in the range (1−5)×
1014 M�. For consistency with the cosmological model assumed
in our simulations, we used the values of the baryon fraction

reported in their Table 6 which refers to the Planck cosmology.
Notice that the paper by Gonzalez et al. (2013) often serves as
a reference for the stellar fraction-mass relation. Indeed, many
subsequent papers that investigated the total baryon fraction are
based on new measurements of only the gas fraction.

Laganá et al. (2011) used a subset of the Zhang et al. (2011a)
clusters extracted from the HIghest X-ray FLUx Galaxy Cluster
Sample (HIFLUGCS). The gas mass was derived from XMM-
Newton observations, while the stellar masses from the optical
data of SDSS-DR7 (Abazajian et al. 2009). The assumed cos-
mology was from WMAP7 with the reduced Hubble parame-
ter h = 0.7, thus slightly higher than ours. To compare with
this data, we appropriately re-scale their total mass in solar-mass
units by hobs/hsim and the gas fractions by (hobs/hsim)3/2. The cor-
rection for the stellar fraction and consequently for the baryon
fraction is not trivial because different factors enter in play at
different stages of the analysis. We then evaluate a correcting
factor by comparing the tables corresponding to the cosmolo-
gies of WMAP7 and Planck presented in Gonzalez et al. (2013),
and obtain (hobs/hsim)5/6.

Finally, we consider the baryon fraction values obtained by
Lin et al. (2003). Three of their clusters (A85, A1367, A2255)
are in common with Laganá et al. (2011) and the baryon frac-
tion values are consistent with the exception of A85, for which
the former paper provided a 10 percent higher value. The three
objects with the largest relative baryon fraction (the three brown
triangles which in the left panel of Fig. 2 have relative baryon
fraction larger than 1.1) are A3558, A3266, and A2319: the first
and the second clusters are part of the Shapley and Horologium
superclusters, while the third is a well-known major merger sys-
tem and it is the only object in the X-COP sample with gas
fraction in excess of the cosmic value (Ghirardini et al. 2018).
Possible presence of clumpiness or substructures and irregular
geometry can bias the values of the total mass of these three
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objects and therefore explains the high value of the reported
baryon fraction. Also for this sample, we apply the above cor-
rections due to the Hubble parameter difference.

Looking at the left panel of Fig. 2, we consider the com-
parison between simulations and observations to be satisfactory
at all mass scales and without any particular bias leading to an
under-estimate or an over-estimate of the baryon fraction in our
numerical objects. It is, however, noticeable that the scatter of the
observed data is significantly larger than for numerical predic-
tions. Part of this difference could be due to measurement biases,
for example, part of the diffuse stellar component could be unde-
tected and the gas masses and total masses could be extrapolated
at R500, especially for the least massive clusters. At the same
time, sub-grid models in simulations are (by definition) simplis-
tic approximations to very complex astrophysics processes cov-
ering more than ten orders of magnitude in scale, thus it is likely
that the current implementation of the AGN feedback is unable
to capture the variety of phenomena occurring in observed
galaxy clusters, which strongly impact star formation, the onset
of galactic outflows, and the overall distribution of the gas and
the diffuse stellar components (Oppenheimer et al. 2021). Some
limitations can be associated to the pure thermal injection of
the feedback that expands spherically (rather than with turbu-
lent bubbles or cocoon shocks) whose energy is deposited at
a larger-than expected radius (Hlavacek-Larrondo et al. 2022).
In addition, in these simulations high-redshift (&2) galaxies do
not experience a phase of bursting star formation (Bassini et al.
2020), therefore they do not have a consequent substantial stellar
feedback that also impacts the baryon distribution. As we will
see in Sect. 8, the main features of our simulated clusters are
common to almost all other simulated large datasets of clusters.

4.2. Hot-gas fraction

In the right panel of Fig. 2, we plot the relative gas fraction com-
puted within R500 at z = 0.07 and z = 1.32 as a function of
the total cluster mass. As done previously, from Gonzalez et al.
(2013) we chose the values that refer to the Planck cosmol-
ogy and, similarly, we consider the values by Vikhlinin et al.
(2006) revisited by Ettori et al. (2009) to bring them to the cos-
mology with h = 0.7 and ΩM = 0.3. All observational val-
ues of total mass and gas fractions are then transformed via
the Hubble parameter assumed in our simulations. In addi-
tion to individual cluster measurements, we add in the plot
the shaded region that was identified by Eckert et al. (2021) as
to comprise other observational samples and the scaling rela-
tions provided by Andreon et al. (2017), Akino et al. (2022),
Popesso et al. (2024a).

The observational data points contain both local and distant
objects (including z > 1 systems). We note an overall agree-
ment between our results and the observations for systems with
mass M500 > 2 × 1014 M�. For the less massive clusters, there
is an indication that our simulated objects are gas richer than
the observations (e.g., Popesso et al. 2024a) even though some
observational data are still in agreement with the bulk of the
simulated results. In general, the possible higher gas fraction in
groups in our simulations could lead to a weaker mass depen-
dence than in observations, with a normalization matching the
observed one in the high-mass end. If anything, then, the tran-
sition between clusters and small groups could be more promi-
nent in the observed samples than in The300. We stress that the
comparison by Cui et al. (2022) showed that in the group mass
regime the stellar fraction is slightly overestimated (see discus-
sion in Sect. 9) so that the combined contribution of hot gas and

stars leads to an overall baryon budget in agreement with obser-
vations, as shown in the left panel of Fig. 2.

As noted in the previous section, the most apparent differ-
ence between observations and simulations is the scatter of the
data, also for the hot gas fraction. For example, the observational
samples of Lovisari et al. (2020) and Maughan et al. (2008),
which respectively contain 120 and 115 objects, have a spread
around the median about 3 times larger than that of The300
and the smaller samples of Gonzalez et al. (2013), Zhang et al.
(2011b), and Mulroy et al. (2019), which contains about 15-40
objects, have a scatter as much as 6 times larger than the simu-
lated one. There are several possible explanations for this dif-
ference. Besides the causes mentioned above, for the hot-gas
component is important to notice that at the low temperature
of galaxy groups, the cooling function is highly sensitive to the
assumed metallicity, complicating the derivation of the gas den-
sity from surface brightness profiles. Indeed, measurements of
the gas fraction are typically associated to large error bars, while
simulated data are not, thus a fraction of the observed scatter is
also due to statistical uncertainties. In addition, in Fig. 2 the vari-
ous observational works differ for sample selection, and method-
ologies of analysis. In particular, some analyses are based on
data from XMM-Newton, others from Chandra, from a combi-
nation of the two satellites, or even from a combination of X-
ray and SZ data. Some samples are X-ray selected, others are
SZ or optically selected. To measure the total mass, some of
the analyses assume the hydrostatic-equilibrium, which can be
affected by several biases (Rasia et al. 2012; Biffi et al. 2016;
Ansarifard et al. 2020; Gianfagna et al. 2023), others assume a
scaling relation between total mass and temperature or galaxy
velocity dispersion. Other analyses are based on masses from
gravitational lensing, which can be affected by projection effects
(e.g., Euclid Collaboration: Giocoli et al. 2024, and references
therein). All these factors contribute to the increase of the
spread among the observational samples. Indeed objects, com-
mon among different samples, have values of total mass and
gas fraction that are discrepant at a high significance. One
example is A2029 which appears in four observational sam-
ples5, with a total mass ranging from 8.7 (Mantz et al. 2016a) to
15.2× 1014 M� (Zhang et al. 2011b) and gas fraction from 0.095
(Zhang et al. 2011b) to 0.148 (Eckert et al. 2019). Moreover, the
relative gas fraction changes from 0.94 in Eckert et al. (2019)
to 0.86 in Vikhlinin et al. (2006) despite the two papers report a
similar total mass of about 9 × 1014 M�. This said, and as noted
above, the larger scatter displayed by observational results could
also tell us something about the inability of the sub-resolution
models of star formation and stellar and AGN feedback to cap-
ture the complexity of the baryon cycle at the scale of groups and
clusters. We stress that these possible limitations are expected to
have more impact on the hot-gas distribution than on the total
baryon content and to affect more deeply the smallest mass sys-
tems (Davies et al. 2020; Donahue & Voit 2022).

5. Baryon fraction: Results on redshift subsamples

The detailed results of the fitting procedure of the relation
between the total mass and the baryon fraction are described
in Appendix A, where we also show in the figures and list in
the tables all best-fit parameters for all redshift subsamples. In
Appendix E.1, we present the evolution of the medians of all

5 The mass and gas fraction values reported here refer to the cosmol-
ogy used in this paper.
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Fig. 3. Averaged residuals at R2500 of the fitting function in Eq. (2) (top
panel), Eq. (3) (middle panel), and Eq. (4) (bottom panel). The shaded
area represents 1σ deviation from the mean.

clusters in each subsample and show that there is little evolution
across the redshift range here investigated.

The main results of the analysis presented in Appendix A for
the three functional forms can be summarized as follows:

Linear form: the best-fit normalizations and slopes of the lin-
ear form are approximately constant with redshift for both R200
and R500, while the normalization at R2500 slightly grows at high
redshifts (see Eq. (A.1));

Parabolic form: the best-fitting parameters of the parabolic
form do not show any evolution. In addition, the values of the
curvature parameter for R200 is almost always equal to zero,
which underlines that the relation between the baryon fraction
and the total mass at low overdensity can be fairly represented
with a simple power law, while this statement is not true at higher
overdensities;

Logarithmic form: a small trend with redshift can be found in
both the best-fitting normalizations and slopes of the logarithmic
form (see Eqs. (A.2) and (A.3)) at R2500. The logarithmic curva-
ture parameter, b4, is never exactly equal to zero (see Table A.3),
implying that a constant baryon fraction is never the best-fitting
solution within the redshift and mass range considered.

In Fig. 3 the averages of the residuals of the fitting functions
are shown. Since the mass range, thus the number of bins, is
different in the various subsamples, the average is computed after
aligning the first bin, corresponding to the smallest masses. The

residuals of the three models are of comparable order, however,
the largest deviations are related to the power-law formula (top
panel) and they are all associated to a worse performance of the
fit for the least or the most massive bins.

Another visualization of this effect is presented in Fig. 4,
where we show the baryon fraction within R2500 at z =
0.33, 0.46, 0.59 and z = 0.99, the corresponding best-fitting
functions, and their residuals. All residuals have visible fluctu-
ations, due to the scatter among the fraction medians, but those
related to the linear fit (in the logarithmic plane) are systemati-
cally off in the first few and last bins, indicating an overestima-
tion of the data by the linear fit. The slight improvement obtained
by using the quadratic or the logarithmic formulae is due to the
fact that both fitting functions appropriately capture the flatten-
ing of the mass-dependence of the baryon fractions at the high-
est masses and its steepening as the cluster mass decreases. The
extrapolations of the two functions to the lowest value of M2500
highlight how they better describe not only the median values
of the baryon fraction but also the distribution of the individ-
ual clusters. For completeness, we report that the residuals at the
lowest overdensities tend to be always close to zero for all func-
tional forms.

6. Baryon fraction: Results on the combined sample

In observational studies, binning the data in small redshift inter-
vals, as done in the previous section, is not always achievable
since it would require a large amount of data that densely pop-
ulate the redshift intervals of interest. In this section, we then
follow a more observational-oriented approach: we simultane-
ously fit all clusters together and consider the time dependence
explicitly in the equations. In practice, the fits are applied to the
median relative fractions for each mass bin and redshifts.

The fitting procedure performed on the redshift subsamples
presented in the previous section has shown that the best-fit
parameters have a regular behavior from z = 0 to z = 1.3. The
normalization at R2500 was the only parameter that showed some
trend with redshift, albeit small. We therefore expect that the
evolution might be well captured by the expression in Eq. (5)
which represents a family of curves translated along the y-axis
or, in other words, characterized by the same shape but differ-
ent normalization. However, the theoretical expectation, when
only gravitational processes are at play, is that the baryon frac-
tion does not change with time while the total mass varies with
E(z)−1. This scenario would be better captured by Eq. (6). These
two approaches are discussed in the following two subsections.
We remind that in Appendix D.2, we discuss the results from
the same analysis applied to only three redshift subsamples
(z = 0.07, z = 0.46, and z = 1.32) which can be considered
independent.

6.1. Redshift dependence of the normalization

The median values of relative fractions and masses from all sub-
samples are used to evaluate the explicit redshift dependence of
the baryon fraction according to Eq. (5), where we consider as
f (X) the previously analyzed expressions: the line, the parabola
and the logarithm in the logarithmic plane. Similarly to the pre-
vious approach, we iterate 1000 times where the mass of the bin
is randomly taken from an interval ([µ−σµ/2 : µ+σmu/2] in the
case) and the error on the fractions are accounted in the fitting
procedure. The mean and standard deviation of the 1000 iter-
ation best-fit values of the parameters are reported in Table 2
for the three considered over-densities, and for the redshift
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Fig. 4. Best-fit functions of Eq. (2) (solid red line), Eq. (3) (dot-dashed brown line), and Eq. (4) (dashed light-blue line) at the four redshifts
specified in each panel. Individual clusters are shown with empty gray circles, while the median values are shown with black squares. Error bars
indicate σµ and ση. The residuals of the best-fit functions with respect to the median values are shown at the bottom of each panel.

dependence expressed as function of (1 + z). We have tested also
the E(z) parametrization, which is used in the self-similar model
to re-scale virial quantities measured at different cosmic epochs
(Kaiser 1986). The retrieved parameters in this case are quite
similar to the previous one and thus not reported in the table.
The similar results for these two time-dependence expressions
might be due to the fact that the differences between E(z) and
(1 + z) for the cosmology and the redshift range studied in this
work are small (see Fig. C.1), especially compared to the dis-
persion of the data (see Fig. 1). The residuals related to the two
expressions are also extremely close as can be seen by the min-
imal differences between the solid and dotted lines in the first
panel of Fig. 5, where we compare them for the linear fit. The
differences for the other two fitting formulae are similar.

The results of the fitting procedure are shown in Fig. 6, where
we plot the median values of the relative baryon fractions asso-
ciated to all sub-samples in gray, and we color those at the low-
est redshift (z = 0.07) in dark pink, at the intermediate redshift

(z = 0.59) in green, and at the highest redshift (z = 1.32) in dark
blue. We overplot the results of the fitting functions for Eq. (5)
evaluated for the two extremes of the redshift range: z = 0.07
and z = 1.32. The overall evolution is more pronounced for the
largest overdensity. Indeed, for all versions of the fitting func-
tion, the best-fit values of the parameter D, which is associated
to the time evolution, at ∆ = 2500 are larger by factors ∼ 3-4 and
15-20 with respect to ∆ = 500 and ∆ = 200. A significant spread
among the redshift samples is still visible for ∆ = 500, where the
three colored sub-samples are still distinguishable. On the other
hand, for ∆ = 200 we do not detect any redshift dependence: in
this case, the curve corresponding to z = 0 is almost coincident
with that of z = 1.32; the dispersion of all points in the plot is
driven by the spread within each redshift subsample; the values
of the D parameter in Table 2 are always consistent with zero
within 1σ. Finally, we note that the mass corresponding to the
peak of the parabola of R200, M200 ∼ 1.3×1015 M�, is within the
mass range sampled by our set of simulated clusters, and thus
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Fig. 5. Average and 1σ deviation of the residuals of the baryon fraction
at R2500 at fixed mass-bin number. Equations (2), (3), and (4) are shown
in the first, second, and third panel from the top, respectively, once the
evolution is parametrized through (1 + z) as a shift in the normalization
(Eq. (5)). In the first panel, the dotted lines represent the E(z) evolution
for the linear fit and in the second and third panels they represent the
residuals of Eq. (6). The bottom panel shows the results of using Eq. (4),
but after adopting E(z) in the expression for the redshift dependence
provided by Eq. (6). Residuals have been aligned toward the first bin in
the left panels and toward the last bin in the right panels.

the best-fitting function in principle includes also the descend-
ing part of the parabola. Nevertheless, the large curvature of the
parabola makes the trend at high mass consistent to be flat.

The average residuals of the three fitting function using
Eq. (5) are shown in the first three panels of Fig. 5, where we
focus on the most relevant bins (the first and last few). In this
case, we, indeed, show the average once the residuals are aligned
according either to the first (left panels) and last (right panels)
bin. Comparing these residuals with those of the redshift sub-
samples, we can see that imposing that the fitting parameters are
the same throughout time worsens the performance in the least
massive bins both for the linear form (top panel) and the logarith-
mic one (third panel), which are the analytical forms for which
we note an evolution of either the slope or the curvature.

6.2. Redshift dependence of the total mass

Another possible redshift dependence representation is obtained
by the family of curves that shift along the X axis, i.e., the
total cluster mass. As already mentioned, this picture is expected
under the assumption that gravity dominates the evolution of the
baryonic content of clusters and groups. For obvious reasons,
the results from Eqs. (5) and (6) are identical if we consider
the power-law form. For the other two expressions we report
the best-fit parameters in Table 3 where, at the bottom, we also

Fig. 6. Median baryon fraction at all redshifts (plotted in gray) and at
the three overdensities: 200 (top panel), 500 (central panel), and 2500
(bottom panel). Subsamples at z = 0.07, z = 0.59, and z = 1.32 are in
dark pink, green, and blue, respectively. Solid red, dot-dashed brown,
and dashed light-blue lines represent the best-fit results using the (1 + z)
dependence as in Eq. (5) for the three functional forms at z = 0 and
z = 1.32 (parameters in Table 2). The horizontal line, which is equal to
0.95, serves only as a reference to appreciate the change in the y-axis
range and it is in all three panels.

add the best-fit results of Eq. (7). With respect to the results dis-
cussed in the previous section, we notice that Eq. (6) leads to
the same parameters for the baryon fraction within R200 and R500
due to the small redshift evolution that is registered at these over-
densities (see first and second panel of Fig. 6). At R2500 there
are some variations although the sets of parameters are consis-
tent within 1σ. The second and third panel of Fig. 5 show that
the residuals are also very similar (comparison between solid
and dotted lines) even though Eq. (6) is associated to a larger
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Table 2. Baryon fraction. Best-fit parameters for Eqs. (2), (3), and (4)
with the (1 + z) redshift dependence as in Eq. (5).

Eq. (5)
f (X) = Eq. (2) ∆ = 2500 ∆ = 500 ∆ = 200

A2,z σA –2.8 0.3 –3.3 0.1 –3.0 0.1
B2,z σB 9.4 0.1 3.6 0.1 1.7 0.1
D2,z σD 21.1 0.7 4.8 0.2 –0.1 0.1
Eq.(5)
f (X) = Eq. (3) ∆ = 2500 ∆ = 500 ∆ = 200
A3,z σA –3.0 0.2 –2.9 0.1 –2.9 0.1
B3,z σB 5.6 0.3 3.5 0.3 2.3 0.1
C3,z σC –4.0 0.1 –2.4 0.3 –1.4 0.2
D3,z σD 19.4 0.3 4.1 0.4 –0.2 0.1
Eq. (5)
f (X) = Eq. (4) ∆ = 2500 ∆ = 500 ∆ = 200
A4,z σA –4.9 0.1 –4.1 0.2 –3.4 0.1
B4,z σB 11.2 0.9 9.9 0.6 5.6 0.1
D4,z σD 15.2 2.0 4.5 0.6 0.0 0.1

Notes. Best-fit parameters obtained from 1000 Montecarlo iterations
using the idl routine mpfitfun. The parameters are multiplied by 100
(see comment at the end of Sect. 3).

dispersion in the first bins. In the logarithm case, the residuals
of the first bins are overall improved when the E(z) expression is
used to parametrize the evolution within Eq. (6). This combina-
tion, shown at the bottom panel of the figure, seems to perform
better than either the vertical and the horizontal shift when (1+z)
is adopted (both curves in the third panel of the figure). There-
fore, while for the vertical shift the difference between (1+z) and
E(z) are negligible with respect to the dispersion of the data, they
play a role when the shift is along the total mass which translates
into a shifting in mass of the vertical asymptote.

For the case of Eq. (6) and the E(z) parametrization, we
report in Appendix D.1 the values of the D parameter. Notice
that for Eq. (2) (the linear fit) the best fit values are never favor-
ing the self-similar evolution.

6.3. Redshift dependence as in Planelles et al. (2013)

In the bottom part of Table 3 we add the best-fit parameters for
Eq. (7), which represents a redshift dependence previously pre-
sented in the literature. The results of this case have not been
shown in any figure because the residuals associated with this
description are significantly worse than those of the first two
parts of the same table or those of Table 2. This implies that
the redshift dependence term as in Planelles et al. (2013) is dis-
favored by The300 simulations in the mass and redshift ranges
considered.

7. Hot-gas fraction

While the baryon fraction is a relevant quantity to measure in
galaxy clusters for cosmological applications, the observational
measurements tend to focus on the hot-gas fraction, that, we
recall, in our simulations, is obtained by summing over all gas
particles that are not star-forming and with temperature larger
than 0.3 keV. Similarly to the baryon fraction, the evolution of
the medians of all clusters in each redshift bin is shown in
Appendix E.2.

Table 3. Baryon fraction. Best-fit parameters for Eqs. (2), (3), and (4)
with the (1 + z) redshift dependence as in Eq. (6). In the bottom part:
Best-fit parameters for Eq. (7).

Eq. (6)
f = Eq. (2) ∆ = 2500 ∆ = 500 ∆ = 200

A2,z σA –4.4 1.0 –3.4 0.2 –2.9 0.1
B2,z σB 7.4 1.5 3.2 0.7 1.7 0.1
D2,z σD 203.5 15.0 105.4 43.7 –4.2 10.6
Eq. (6)
f = Eq. (3) ∆ = 2500 ∆ = 500 ∆ = 200
A3,z σA –3.9 0.3 –3.0 0.1 –2.9 0.1
B3,z σB 6.2 0.1 3.6 0.3 2.3 0.1
C3,z σC –4.5 0.3 –3.5 0.4 –1.4 0.1
D3,z σD 210.2 2.1 97.9 12.6 –8.9 5.5
Eq. (6)
f = Eq. (4) ∆ = 2500 ∆ = 500 ∆ = 200
A4,z σA –4.9 0.1 –4.3 0.1 –3.3 0.1
B4,z σB 10.6 1.1 10.1 0.4 5.4 0.1
D4,z σD 31.8 43.2 113.4 8.1 –16.1 8.2
Eq. (7) ∆ = 2500 ∆ = 500 ∆ = 200
A7,z σA –6.2 0.2 –3.9 0.1 –2.9 0.1
B7,z σB 9.2 0.1 3.5 0.1 1.7 0.2
D7,z σD 14.2 0.5 2.7 0.1 –0.2 0.1

Notes. See notes of Table 2.

7.1. Results on redshift subsamples

The means and standard deviations of the 1000 iteration best-
parameters of the redshift sub-samples fitting are discussed and
reported in Appendix B for Eqs. (2), (3) and (4). The relation
between the total mass and the hot-gas fraction in each redshift
subsamples behaves very similarly to the baryon fraction, with
two relevant differences: the normalization is lower, as expected,
and the curvature parameters are typically larger, making the
power-law description even poorer than for the baryon-fraction
case. The more pronounced curvature is due to the fact that the
ratio between stellar and gas content changes with mass and it is
higher in smaller systems, which have then proportionally less
hot-gas mass (see Angelinelli et al. 2023 and Biffi et al. 2025).
For example, the 20 least massive objects at z = 0.07 have
an average stellar-to-gas mass ratio at R2500 which is almost
twice as large than the same average ratio for the 20 most mas-
sive simulated clusters. Namely, 〈M∗/Mgas〉 = 0.32 for M500 <

4 × 1014 M�, and 〈M∗/Mgas〉 = 0.17 for M500 > 12 × 1014 M�.
While the exact sharing of baryons between stars and cold or
hot gas depends on the simulations sub-grid models, this trend is
seen in all modern radiative simulations as discussed in Sect. 8.

We repeat the analysis presented above using only massive
clusters, meaning with mass M500 > 2 × 1014 M�, identified in
each redshift subsample. The evolution of their medians in each
redshift subsamples is discussed in Appendix E.2.1.

Despite the fact that our simulated data need a model with
a curvature to describe the relation between the hot-gas fraction
and the mass, we find that limiting ourself to exclusively massive
systems lead to a constant and non evolving fraction in concor-
dance with some observational results. In this limit, the fitting
procedures returned almost identical values of residuals inde-
pendently on the choice for the functional form and overdensity,
including the power law at R2500.
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Table 4. Hot-gas fraction. Best-fit parameters for Eqs. (2), (3), and (4)
with the (1+z) redshift dependence parametrized as in Eq. (5) (top part)
and as in Eq. (6) (bottom part).

Eq. (5)
f (X) = Eq. (2) ∆ = 2500 ∆ = 500 ∆ = 200

A2,z σA –10.4 0.4 –9.0 0.2 –7.9 0.1
B2,z σB 15.0 0.3 5.3 0.1 3.0 0.1
D2,z σD 17.3 0.6 2.5 0.5 –3.4 0.3
Eq. (5)
f (X) = Eq. (3) ∆ = 2500 ∆ = 500 ∆ = 200
A3,z σA –11.0 0.3 –8.6 0.2 –7.6 0.3
B3,z σB 8.5 0.6 5.6 0.4 4.3 0.5
C3,z σC –6.5 1.5 –3.6 0.4 –3.7 0.3
D3,z σD 14.4 0.6 1.6 0.2 –4.2 0.7
Eq. (5)
f (X) = Eq. (4) ∆ = 2500 ∆ = 500 ∆ = 200
A4,z σA –14.5 0.6 –10.1 0.2 –8.6 0.2
B4,z σB 22.2 1.1 15.0 0.5 9.5 0.6
D4,z σD 12.8 0.9 2.1 0.3 –3.4 0.3

Eq. (6)
f (X) = Eq. (3) ∆ = 2500 ∆ = 500 ∆ = 200
A3,z σA –12.4 0.3 –9.0 0.3 –7.6 0.2
B3,z σB 7.7 1.0 6.1 0.4 4.0 0.2
C3,z σC –11.7 0.9 –4.1 0.4 –2.4 0.1
D3,z σD 110.4 3.9 23.1 11.7 –122.7 11.6
Eq. (6)
f (X) = Eq. (4) ∆ = 2500 ∆ = 500 ∆ = 200
A4,z σA –14.8 0.4 –10.2 0.2 –8.3 0.1
B4,z σB 27.4 0.6 14.2 0.9 8.5 0.4
D4,z σD 106.0 2.8 4.7 26.7 –153.6 16.7

Notes. See notes of Table 2.

7.2. Results on the combined sample

In Table 4 we report the means and standard deviations of the
1000 iteration best-fit parameters of the linear, parabolic and log-
arithmic descriptions once the redshift dependence is included in
both Eqs. (5) and (6) as (1 + z) and the analysis is applied simul-
taneously to all redshift bins (we omit the linear fit in the second
part of the table because the two shifts in this case coincide).
Both the parabola and the logarithmic formulae are well suited
to describe the mass dependence of the hot-gas fraction at R2500
as they were for the total baryon fraction as seen in Fig. 7.

In Fig. 8, we report the residuals of the hot-gas fraction for
all the cases shown before for the baryon fraction. The biggest
difference is that all models deviate more from zero at the low-
est mass bins. In addition, the advantage of using E(z) in Eq. (6)
for the logarithmic function is no more present. Indeed, in the
bottom panel, neither the residuals of the first mass bins are
zero nor the dispersion is smaller than the third panel. The
explanation is most likely due to the failure of the theoretical
premises for which the gas fraction follows a self-similar trend.
In case of nonradiative simulations, the hot-gas fraction does
not experience any drop at low-masses and is faithfully repro-
duced by a power-law form for which a translation along the
X axis coincides with a translation along the Y axis. However,
in the presence of cooling and star-formation or heating from
feedback sources, the hot-gas fraction-mass relation acquires
a curvature that for the highest overdensity depends more on
mass than on redshift. A clear visualization of this is the right
panel of Fig. 1 where the four redshift sub-samples behave

Fig. 7. Medians of hot-gas fractions at R2500. Symbols and colors have
similar meaning as in Fig. 6. The solid red, dot-dashed brown, and
dashed light-blue lines represent the best-fit results of the horizontal
shifting (parameters in top half of Table 4) for z = 0.07 (curves with
lower normalization) and z = 1.32.

almost as a unique population that changes its trends with M200
between 2 and 3 × 1014 M�, independent of the redshift. The
evolution of the gas fraction of individual objects in this plane
depends indeed on their high-z mass. If they are massive systems
(M200 > 2 × 1014 M�) already at z ≥ 1 during their evolution
they will just shift horizontally. Vice versa, if at high-redshift
they had a smaller mass, their mass substantially evolves, either
due to mergers or diffuse accretion. Their associated radius will
be larger and most of the hot gas that was previously expelled by
feedback will be recounted within the cluster boundaries. There-
fore, for these objects not only the total mass grows, but also
their hot-gas fraction. The different evolution of the gas fraction
for small and massive high-redshift clusters impacts more at the
highest overdensity, and explains why a pure mass-shift is less
suitable to account for the evolution of the scaling relation at
R2500. If our sample was to extend to even smaller masses or if
the simulations would have stronger AGN feedback, the effect
will be stronger, as presented below.

For the residuals at the lowest overdensity, we notice that in
case of the hot-gas fraction, the linear fitting is poorly perform-
ing in the first 2 bins even at R500 showing deviation around –5
percent. At R200, the deviations in the first bins are still present
but of smaller amplitude.

8. Comparison with other simulations

In Cui et al. (2022) the gas fraction measured in the simulated
clusters used in this work was compared with other simulation
sets, such as FABLE (Henden et al. 2020), C-EAGLE (Barnes et al.
2017b), and the GIZMO-SIMBA version of Three Hundred.
Their Figure 1 (left panel) shows the excellent agreement among
all simulated results, with the exception of an overall lower gas
fraction for the GIZMO-SIMBA set, that becomes more evident
at the lowest masses reaching a relative gas fraction of 0.4 at
1014 M�. We present here some further comparisons with other
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Fig. 8. Average and 1σ deviation of the residuals of the hot-gas fraction
at R2500 at fixed mass-bin number. Colors and lines as in Fig. 5.

simulation datasets. We discuss in the next section the possible
origin for the differences with the GIZMO-SIMBA clusters, which
are generated from the same initial conditions as the simulations
analyzed here, and with MAGNETICUM, which have been real-
ized with a GADGET-3 code version that implemented the same
GADGET-X hydrodynamics (Beck et al. 2016) and that assumes
the same prescriptions for star formation and stellar evolution.

In Fig. 9, we report a comparison between both ver-
sions of The300 clusters and other sets of simulations. In
the left panel, we include the z = 0.07 sample (black
points), together with the same clusters simulated with the
GIZMO-SIMBA code (cyan points), the AGN and CSF sets from
DIANOGA (Planelles et al. 2017) (upward and downward tri-
angles), and the best-fitting relation of the groups and clus-
ters from Box2b of the MAGNETICUM suite (Angelinelli et al.
2023). In the right panel, we compare our results with
the average baryon fraction for FLAMINGO (Schaye et al.
2023) and TNG-Cluster (Nelson et al. 2024), which coin-
cides with that of Millenium-TNG (Pakmor et al. 2023)
not shown. We also consider the best-fit relations of (i)
three simulation sets from cosmo-OWL (Le Brun et al. 2017),
(ii) a combination of BAHAMAS and MACSIS groups and
clusters (Farahi et al. 2018), (iii) galaxy, groups and clus-
ters from Illustris-TNG (Pop et al. 2022). In the case of
cosmo-OWL and Illustris-TNG we report the best-fitting
broken-power-law and smoothly-broken-power-law relations
(see Le Brun et al. 2017; Pop et al. 2022, respectively). To ease
the comparison with Fig. 2, we also show the red band from
Eckert et al. (2021) which encompasses several observational
results.

In this plot, we rescale the masses by the different values for
the Hubble constant, and the gas fractions by the different values
of the cosmic baryon fraction assumed in each simulation set.

These corrections are, however, minimal; all simulations, with
the exception of DIANOGA6, assume a Planck cosmology with
differences on the relevant parameters which are only in the third
digit.

Not surprisingly, the hot-gas fraction of the DIANOGA-AGN
(dark green upward triangles) is very similar to that of the Three
Hundred since they are performed with the same code and a
similar implementation of AGN feedback. Assuming the same
physics for radiative cooling, star formation, and stellar evo-
lution, but excluding the AGN feedback substantially reduces
the hot-gas fraction, as seen by comparing the DIANOGA-AGN
with the DIANOGA-CSF set (green downward triangles). A sim-
ilar conclusion can be drawn by comparing the only-radiative
sample (R) of cosmo-OWL (dark-red dot-dashed line) to the other
two sets of the same simulation suite that include AGN feedback.
Also in this case, when the radiative cooling is not balanced by
the AGN feedback within massive halos, an exceedingly large
fraction of the gas is converted into stars, thus not contributing
to the hot-gas fraction. The cosmo-OWL sets with AGN (with
AGN85 feedback being more powerful than for AGN8) have a
reduced gas fraction with respect to the Three Hundred sam-
ple at almost all mass scales, with a difference that increases as
the mass reduces and expands for more efficient AGN feedback.
Indeed, gas fractions for the cosmo-OWL, the BAHAMAS+MACSIS,
and MAGNETICUM are around 0.6 at 1014 M�, in agreement with
observational data. Nevertheless, the broken-power-law trend
applied to the cosmo-OWL data with AGN does not capture the
observed flattening of the gas fractions at large cluster masses
that characterizes the observational data (see Fig. 2). On the
other hand, BAHAMAS+MACSIS, MAGNETICUM, and FLAMINGO
seem to reach a plateau in the high-massive regime which con-
verges at fg,500 ' 0.8, and thus approximately ten percent below
our value. Finally, the smoothly broken power-law description of
Illustris-TNG, quite similar to that of TNG-Cluster, shows
the same trend of our data – and to those of the FLAMINGO suite –
with a slightly larger normalization, which locates their relation
on the upper side of the observational results.

9. Discussion

In this section, we analyze in more depth the comparisons shown
in the left panel of Fig. 9 and begin with the difference between
the two versions of The300: GADGET-X and GIZMO-SIMBA. We
recall that GIZMO-SIMBA is characterized by a high jet velocity
of the AGN feedback that at high redshift expels the gas, push-
ing it away from the boundary of the halos (see Li et al. 2023,
which presents the evolution of all the gas phases – cold, warm,
hot – as well as the stellar component from z = 0 to z = 4).
One consequence of this behavior of the AGN feedback is that
the brightest cluster galaxies (BCGs) are efficiently quenched.
We note that the GIZMO-SIMBA BCGs are, nevertheless, already
significantly massive at z = 2 as a result of the efficient
star formation model implemented in that code. Thus, despite
the AGN feedback prevents star formation at low redshift, the
GIZMO-SIMBA BCGs are typically more massive and with more
concentrated stellar cores even at low redshifts with respect to
the GADGET-X BCGs (Meneghetti et al. 2023; Srivastava et al.
2024). The gas, efficiently expelled in GIZMO-SIMBA, becomes
completely unbound, so that it is prevented from being reac-
creted onto the clusters at a later time. This gas will eventu-
ally enrich the diffuse gas that permeates the large-scale cosmic

6 The DIANOGA clusters assume a reduced Hubble parameter h = 0.72
and a cosmic baryon fraction of 0.167.
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Fig. 9. Comparison between different simulation sets for the hot-gas fraction relative to the cosmic baryon fraction within R500 versus the total
cluster mass, M500, at z = 0. In both panels, the red band is the observational reference from Eckert et al. (2021) (as Fig. 2) and the empty
gray circles show The300 simulated clusters used in this work. The left panel shows the relative hot-gas fraction from The300 simulated with
GIZMO-SIMBA in cyan and the AGN and CSF models of the DIANOGA sets in dark and bright green triangles. The median values for TNG-Cluster
are in blue; those for the largest and the highest resolution box of the FLAMINGO simulations are in pink and purple; the combination of the BAHAMAS
and MACSIS samples is in orange. In the right panels, we report some best-fit forms: those for cosmo-OWL AGN8, AGN85, and reference model
are in dark brown, brown, and light brown. The model for Illustris TNG is in light blue and that for the MAGNETICUM run in black (appropriate
references in the text).

web (see, for example, Figure 2 of Li et al. 2025 showing that
GIZMO-SIMBA has higher gas density profiles at R > 2R200 once
the subhalos contribution is removed.)

The comparison with the results from MAGNETICUM is more
subtle. In fact, as mentioned above, MAGNETICUM has some com-
mon features with GADGET-X, while having at the same time also
key differences on the conduction model, on the details of the
BH seeding and of AGN feedback (see, Sembolini et al. 2016,
for the description of both codes). Such variations in the model
make it difficult to understand the main reason for the differences
in the resulting gas fraction. GADGET-X uses artificial thermal
diffusion (Beck et al. 2016) to better capture gas-dynamical
instabilities, while MAGNETICUM adopts a physical thermal con-
duction set at 1/20th of the Spitzer conduction. In massive sys-
tems, these two prescriptions produce similar effects of homoge-
nizing the intracluster medium (ICM) by suppressing the pres-
ence of low-entropy clumps. Their greatest impact is on the
thermal complexity of the ICM (Dolag et al. 2004; Rasia et al.
2014), but they are not expected to influence the hot-gas fraction
of massive systems.

For the BH and AGN sector, the switching between the
quasar and radio modes in GADGET-X is modeled following
Steinborn et al. (2015) which has been shown to produce a real-
istic quenching of galaxies at high redshift (Chittenden et al.
2025) and a reduced hot-gas fraction at z > 2 (Dolag et al. 2025).
Such features are not recovered in MAGNETICUM that follows the
prescription proposed by Fabjan et al. (2010) for the transition
from quasar to radio mode7.

7 The paper Dolag et al. (2025), which presents the MAGNETICUM
Pathfinder simulations, includes the comparison of the gas fraction
measured in one z ∼ 2 small box simulated with both the stan-
dard MAGNETICUM prescription and the one proposed by Steinborn et al.
(2015).

On the other hand, in GADGET-X the BHs are repositioned
at each time step at the location of the most-bound neighbor
particle within their softening lengths, while in MAGNETICUM
they are assigned a large dynamical mass to artificially boost
the otherwise unresolved effect of dynamical friction. Pinning
on the local potential minimum usually leads to a more bursty
AGN feedback at high redshift, which might provide more ICM
heating and avoid later gas cooling. However, in The300 sim-
ulations the BH softening length is relatively larger than in
MAGNETICUM, thus causing the BHs to wander, especially at
relatively low redshift, z . 1, when the growth of the BCG
(Ragone-Figueroa et al. 2018; Contreras-Santos et al. 2022) and
their central BH (Bassini et al. 2019) is influenced by major
mergers with other massive galaxies. Under these dynamical
conditions, the central BHs, locked in the potential minimum,
can be displaced from the BCG’s center of mass or from the
galaxy itself, in case of a merging that brings a galaxy with a
lower potential minimum closer to the BCG. As an alternative,
the approach based on boosting BH dynamical masses, as imple-
mented in MAGNETICUM, mimics the effect of unresolved dynam-
ical friction (Bassini et al. 2020), although it misrepresents the
BH dynamics (Chen et al. 2022; Damiano et al. 2024). Being the
GADGET-X central baryon cycle not regulated anymore by the
AGN feedback when the BH is not in the BCG’s center, radiative
cooling takes over, thereby making the BCG still actively pro-
ducing stars even at low redshift (Li et al. 2020; Cui et al. 2022),
and inducing a flow of the low-entropy gas toward the center.
This is also witnessed in the change in gas density profiles that
from z = 1 to z = 0 reach a denser peak (Li et al. 2023).

Going beyond the simple global measure of the hot-
gas fraction, the hot gas density profiles predicted by the
GADGET-X version of The300 simulations are in better agree-
ment with the observations of both local (z ∼ 0, McDonald et al.
2017; Ghirardini et al. 2019) and high-redshift (1.2 > z >
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1.7, McDonald et al. 2017) clusters (Li et al. 2023) than the
GIZMO-SIMBA clusters.

Before concluding, we would like to stress that the dif-
ferences among the various sets of simulations do not impact
our main result, which concerns the ability of our model to
adequately fit the largest variety of trends of the total baryon
and hot-gas fractions against the total cluster mass. In fact,
all simulations plotted in Fig. 9 show trends similar to those
described in our analysis: a flattening of the baryon and hot-
gas fractions at high masses and a concave curve from the clus-
ter toward the group scale. The curvature and fraction reduction
for groups is more pronounced in the case of strong gas deple-
tion caused by outflows driven by AGN feedback, which affects
smaller mass systems. However, even for the clusters selected
from GIZMO-SIMBA version, i.e., carried out with the code that
presents one of the most efficient feedback models, our quadratic
formula adequately describes the gas fraction. This is shown by
the solid cyan line in the left panel of Fig. 9, which represents
the best-fitting parabolic form (with A = −19.2, B = 27.3, and
C = −17.3). Therefore, although the parameters of the fitting
functions might differ, the proposed functional forms seem suit-
able to describe the predictions of virtually all state-of-the-art
cosmological hydrodynamical simulations that provide a large
sample of simulated clusters and groups.

10. Conclusion

We present the evolution of the baryon and hot-gas fractions in
massive galaxy clusters from z ∼ 0 to z ∼ 1.3, as predicted
by The Three Hundred suite of cosmological hydrodynami-
cal simulations (Cui et al. 2018) carried out with the GADGET-X
code and presented in Sect. 2. The purpose of our analysis is
determine a highly flexible analytic description of the relation
between these fractions and the total cluster mass, which is accu-
rate at all redshifts and at the three considered overdensities
(∆ = 2500, 500 and 200). To this purpose, we compare the usual
power-law representation (Eq. (2)) with a parabolic (Eq. (3)) and
logarithmic (Eq. (4)) function in a logarithmic plane, similar to
those adopted in Stanek et al. (2010) and Vikhlinin et al. (2009),
respectively. Furthermore, we investigate three alternative for-
mulations to describe the evolution of such fractions (Eqs. (5)–
(7)) by considering two alternative expressions for the redshift
dependence, (1 + z) and E(z). The performance of small varia-
tions of the parametric formulae is also quantitatively assessed
(see Appendix D.3).

The baryon and hot-gas fraction-mass relations from the sim-
ulations analyzed here favorably compare with observational
results on individual clusters (see Fig. 2), although the results
from simulations have a smaller scatter. This difference is pos-
sibly due to uncertainties in the observational estimates and/or a
limited capability of the star formation and feedback processes
included in the simulations to describe the diversity of the cos-
mic baryon cycle in different clusters (see Sect. 4).

Our main results can be summarized as follows:
1. Baryons, and in particular the hot gas, are more depleted in

the core regions, within R2500, where their fractions also have
a larger scatter (Figs. 1, 4, 6, and 7). This is mostly caused
by AGN feedback, which has more effect on the smaller
masses and is more powerful at higher redshifts. The mass
dependence of the baryon fraction, and even more of the hot-
gas fraction, has three main characteristics: a flat behavior at
the highest masses, followed by a curvature at intermediate
masses, and a drop when reaching the scale of galaxy groups.

2. When forcing a power-law description on the relation
between the baryon fraction and the total mass, both slopes
and normalizations decrease with time at R2500, while they
remain constant at lower overdensities (Sect. A.1). The slope
b2 of the power-law relation (Eq. (2)) is higher in the inner
regions. For the cluster mass range sampled by our simu-
lations, R2500 varies from ∼280 kpc in groups to 875 kpc in
clusters at z = 0. Thus, while AGN feedback has a small
impact on the total baryon content within the most massive
clusters, it is quite effective in removing gas from the core
regions of the smallest objects. This is even more evident at
high redshifts when the 10 percent smallest objects that we
consider have R500 . 150 kpc. In any case, our results show
the ineffectiveness of a power-law function to describe the
relation between the baryon and hot-gas fraction and mass
(see Fig. 4).

3. The curved trend of the baryon and hot-gas-mass relations
is better described by a parabola or a logarithm in a log-
arithmic plane (see Figs. A.2–8). By comparing the resid-
uals of these three different functional forms, we find that
largest deviations are always associated to the power law,
as a consequence of a misrepresentation either at the low-
mass or at the high-mass regimes (see Figs. 5 and 8). On
the other hand, in the mass range considered here, both
the parabola and the logarithmic expressions can efficiently
and accurately describe at the same time the drop of the
baryon fraction in groups and the flattening at the highest
mass, although the logarithmic functional form still slowly
grows for the most massive objects, thus not exactly cap-
turing the asymptotic plateau. The logarithm form has the
advantage of having only two free parameters, like the linear
fit, once the vertical asymptote is fixed, which is the pre-
ferred choice (see Appendix D.3). Both the parabola and the
logarithm expressions are accurate at the highest overdensity
and for the hot-gas fraction. In summary, at a fixed redshift,
we recommend the use of one of the following expressions:
log( f / fcosmic) = a + b log(M/M0) + c(log(M/M0))2 or
log( f / fcosmic) = a + b log(log(M/M0 + 1.2)),
where M0 = 3 × 1014 M� with the parameters taken from
Tables A.2 and A.3, respectively, for the baryon fraction and
Tables B.2 and B.3 for the hot-gas fraction (the parameters
of the quadratic form for the z = 0.07 GIZMO-SIMBA set are
listed at the end of in Sect. 9).

4. As for the evolution, we find that it can be modeled by using
either (1+ z) or E(z) to express the redshift dependence, with
the former being slightly preferred by the goodness of the
fit. When analyzing the combined sample, the evolution of
the baryon fraction at R2500 is better parameterized by the
parabola and the evolution factor can be added either to the
normalization or to the mass (see discussion in Sect. 6 and
Fig. 5). Instead, the logarithm performs better when the fac-
tor E(z) is added to the total mass. In this case, it reduces the
residuals of the first bins to zero. For the hot-gas fraction,
instead, the evolution is well captured by adding an extra
term depending on (1 + z) to the normalization for either the
parabolic and logarithmic forms. The logarithm, however,
performs less suitably due to a marked redshift dependence
of the curvature, which cannot be well represented when we
fit the combined sample. From our analysis, we therefore
suggest using the expression
log( f / fcosmic) = a+b log(M/M0)+c(log(M/M0))2+d log((1+
z)/(1 + z0)),
where M0 = 3 × 1014 M�, z0 = 0.53, and the parameters
are taken from second blocks of Tables 2 and 4, respectively,
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for the baryon and hot-gas fractions. At R500 and R200 , this
expression and the logarithmic one are equally suitable.

5. The bending of the baryon and hot-gas fractions at decreas-
ing cluster masses that we found in our analysis is common
to all state-of-the-art cosmological simulations, and it is even
more pronounced when the smallest mass systems (groups
and below) are included.

Regarding the last point, it is worth remarking that simulations
that focus on the group scales, such as EAGLE (Davies et al.
2020; Oppenheimer et al. 2021), HYNEAS (Cui et al. 2024),
or X-FABLE (Bigwood et al. 2025) find a low hot-gas frac-
tion for systems with M500 < 1014 M�. Therefore, even though
the exact values of the parameters of the fitting formulae pre-
sented in this paper might depend on the specific simulation ana-
lyzed, we expect that the described trends hold for systems at
1014 M� or slightly below. For even smaller systems, with mass
(1 − 5) 1013 M�, different simulations predict significantly dif-
ferent results for the baryon and hot-gas fractions. This can be
seen in Fig. 9, especially with respect to the best-fitting rela-
tions by Farahi et al. 2018 for the BAHAMAS-MACSIS sample
and by Angelinelli et al. 2023 for MAGNETICUM. The latter work
has recently being favorably compared with eROSITA data of
groups with M500 of about and below 1014 M� (Popesso et al.
2024a). Values as small as ≈5 percent in this mass range are
in line with some of the latest observational results (see also,
Andreon et al. 2024; Marini et al. 2024; Popesso et al. 2024b).
In fact, these analyses pointed out that the values presented in
the literature for the hot -gas fraction of the group-scale objects
could be biased high by selection effect, since gas-dense objects
are more easily detected in the X-rays.

For these low-mass systems, observational measurements of
the total mass are even more challenging. Indeed, being gas-
poor, their X-ray and SZ signal is weak and does not extend
to large radii; their richness can be easily affected by the pres-
ence of projection interlopers; their mass can hardly be measured
by gravitational lensing. On the other hand, cosmological sur-
veys both in the X-rays (e.g., e-ROSITA; Merloni et al. 2024;
Bulbul et al. 2024) and in the optical/near-IR (e.g., Euclid;
Euclid Collaboration: Mellier et al. 2025) will provide a huge
number of groups, thus enabling statistically robust anal-
yses using stacking techniques such as that performed in
Popesso et al. (2024b). However, the development of new tech-
niques would be needed to achieve robust results in high-redshift
objects, because stacking of Euclid high-z clusters and groups in
eROSITA are not expected to effectively constrain group-scale
gas fractions due to the point-spread-function limitations that
could lead to a large miscentering. Given that the sensitivity of
the predicted hot-gas and baryon fractions depends on the details
of the galaxy formation models implemented in different simu-
lations, forthcoming observational results at the group scale will
have a crucial role in shedding light on our understanding of the
cosmic baryon cycle.
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Fig. A.1. Best-fit parameters of Eq. 2 (linear relation in the logarithmic
plane) for the redshift sub-samples. Dashed, solid, and dotted lines and
empty diamonds, solid circles, and empty triangles respectively refer to
∆ = 2500, 500, and 200. Error bars on the parameters are smaller than
the symbols.

Appendix A: Baryon fraction: Analysis and Tables

In the following, we present the detailed results of our study
on the modeling of the relation between the total mass and
the baryon fraction. In Figs. A.1, A.2, and A.3 as well as in
Tables A.1, A.2, A.3, we show and report the means and stan-
dard deviations of the 1000 iterations for the best-fitting param-
eters of Eqs. 2, 3, and 4.

A.1. Linear form

The linear fit in a logarithmic plane (Eq. 2) results from the
baryon mass being expressed as a power law of the total mass.
For this, we expect the slope to be positive (b > 0).

The evolution of the normalization (Fig. A.1) is present
when the quantities are measured at R2500 (dashed line; see also
Table A.1). The variation of the a parameter seems in contrast
with the previous claim about an almost absent evolution of the
median baryon fraction measured for the entire sample from
z ∼ 1 to z ∼ 0. However, we should remember that the normal-
ization, 10a, shows the relative fraction values of the best-fit rela-
tion at M0 = 3 × 1014M�, a mass not covered by the higher red-
shift samples and we should note that exactly these sub-samples
are characterized by a steeper relation (see below). The combi-
nation of these two facts leads to a higher values of a at higher
redshift, still without implying that the relative baryon fraction
actually decreases toward z = 0 (as evident from Fig. 1). Using
the idl routine robust_linfit we find that the evolution of the
normalization of the baryon fraction at R2500 can be described
as

10a2 = 0.75 + 0.11 (1 + z), (A.1)

with 1σ uncertainties lower then 0.005 on both intercept and
slope. The relation between 10a and E(z) has the same intercept
and a slightly steeper slope (equal to 0.12). The errors associated

to the parameters are twice as large in case of E(z) but are still
. 0.01.

The slope b2 of the relation between the logarithmic of the
relative fraction and the mass is higher when the measurements
are done closer to the core (within R2500), as shown by the dashed
line in the middle panel of Fig. A.1. This is consistent with
Fig. 1 and with the idea that most of the depletion in the cen-
tral regions is caused by the effect of AGN feedback, which is
relatively more efficient in removing gas from the core regions
of smaller objects. This effect should be more evident at high
redshift for three reasons. First because of the construction of
our sample built to follow the evolution of massive clusters at
z > 1 we reach smaller objects; secondly, even at parity of
potential well, the AGN feedback is expected to be relatively
stronger in distant clusters, and lastly the overall cluster vol-
ume measured with respect to the critical density is smaller, so
that the gas expelled from the cluster center might be located
well beyond R2500 at z > 1. That said, in our sample, the rela-
tion between the slope, b, and the redshift is extremely shallow
even in the cluster cores and it is consistent with zero at 2σ:
b2 = (0.05 ± 0.02) + (0.02 ± 0.01)(1 + z).

The normalizations and slopes derived at R500 and, in par-
ticular, at R200 are almost redshift independent. Looking at the
right panel of Fig. 1, we might understand this behavior. The
majority of our objects has a mass M200 well above 1014 M�
even at the highest redshift. On average, thus, even at z = 1.32
our simulated clusters have a R200 as large as ∼ 750 kpc. The
AGN feedback might not be able to efficiently displace the gas
beyond such radii, or the previously expelled gas could have
been already re-accreted in the external regions of these massive
systems.

A.2. Parabolic form

Stanek et al. (2010) introduced the parabolic form (Eq. 3) to
describe the relation between the gas fraction and the total mass
of clusters selected in the mass range of 0.5 < M500/[1014

h−1 M�] < 10 in a simulated cosmological volume where a
strong preheating was included to mimic the effect of AGN feed-
back at high redshift. We employ this description because the
baryon fraction as measured in large simulated samples grows
rapidly with the cluster mass up to M ≈ (2–3) × 1014 M�
(see also Farahi et al. 2018) and it becomes almost constant at
higher masses, as shown in Fig. 1. We therefore expect this
trend to be consistent with the shape of a parabola with a small
concave curvature and truncated at a location near its vertex.
If c3 = 0 in Eq. 3, the expression reduces again to a linear
scaling. Therefore, we note that b3 cannot be negative when
c3 = 0.

Fig. A.2 shows the parameters of this quadratic form, none
of them show a dependence on the redshift at any overden-
sity. The only exception might appear to be the normalization
at R2500, however, we notice that 10a3 is contained within a nar-
row range between 0.87 and 0.91 without any particular trend
for all subsamples with z < 1. In addition, while at higher
redshifts the normalization is significantly higher, in those two
epochs the quadratic term is not needed by the data since the
corresponding coefficient, C3, fits to values which are approxi-
mately 0 (see Table A.2 and red dots in the third panel). With
the exclusion of these two instances, the C3 values for ∆ = 2500
are the most departing from zero. On the other hand, the same
values for ∆ = 200 tend to be consistent with zero within 1σ
for all the subsamples above z = 0.46 (with the exception of
z = 0.78).
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Fig. A.2. Best-fit parameters of Eq. 3 (parabola in the logarithmic plane)
for the redshift subsamples. Red symbols indicate c3 equal to zero, or
consistent within 1σ. The meaning of symbols and lines is similar to
Fig. A.1.

A.3. Logarithmic form

The logarithmic form (Eq. 4) also accounts for both the drop at
low masses and the flattening of the relative fractions to unity
at large masses. The advantage with respect to the quadratic
expression is that this expression has two parameters simi-
larly to the linear fit. On the other hand, the vertical asymp-
tote is linked to the minimum mass of our cluster sample:
log(1.27 × 1013h−1/3 × 1014) = −1.20. Regarding this formal-
ism, we also test in Appendix D.3 two more general descriptions
in which the constant value of (−1.20) is replaced by the expres-
sion c4 × |min(X)| or where the factor (X + 1.2) was replaced by
M/M∗ as in Vikhlinin et al. (2009).

Some trends with redshift can be seen again at R2500 for both
parameters. Namely, for the normalization, we find:

10a4 = (0.79 ± 0.01) + (0.06 ± 0.01)(1 + zz), (A.2)

while for the curvature we obtain:

b4 = (0.29 ± 0.02) − (0.10 ± 0.01)(1 + z). (A.3)

Appendix B: Gas fraction: Tables

In the Tables B.1, B.2, B.3, we report the means and standard
deviations of the 1000 iteration best-fitting parameters of Eqs. 2,
3, and 4, respectively, used to fit the relations between the hot-
gas fraction and the mass evaluated at R2500, R500, and R200. In
the last column, we list the normalizations of the models at M =
3 × 1014M�.

With respect to the results presented in Sect. A. The values
of the normalizations are reduced, as expected, for all the three
models, but they keep the trends discussed above. In case of the
linear fit, the normalizations are almost redshift-independent for

Fig. A.3. Best-fit parameters of Eq. 4 (logarithm in the logarithmic
plane) for the redshift sub-samples (see Tables A.3). The meaning of
symbols and lines is similar to Fig. A.1.

the ∆ = 500 and 200, and mildly decreasing from high redshift
toward z = 0 for the highest overdensity:

10a2 = 0.58 + 0.12 × (1 + z). (B.1)

The slopes of the linear fit of the gas fractions are always
steeper than the baryon fraction ones at all overdensities. For
the parabola we notice again a large number of instances at R200
when the C3 best-fitting values is close or equal to zero, while
at higher overdensities they are fewer for the gas fraction with
respect to the baryon fraction. In addition, the parameter b4 of
the logarithmic fit is always larger than the respective values for
the baryon fraction. All these results indicate a more pronounced
curvature for gas fraction. This result is particularly relevant for
the sub-samples that show a more distinct curvature (see the
trends shown in Fig. 4), and it is more incisive in case of the hot-
gas fraction with respect to the baryon fraction because of the
stronger curvature of the fraction-mass relation (see, for exam-
ple, the comparison between the ranges of the y-axis in Fig. 6
and Fig. 7).

In general, as for the baryon fraction, we do not see a signifi-
cant difference in the performance between the parabolic or log-
arithmic descriptions, being both able to appropriately describe
the data. Although we notice that the logarithmic curvature, in
case of the hot-gas, is even more dependent on the redshift:

b4 = (0.44 ± 0.02) − (0.13 ± 0.01)(1 + z). (B.2)

Appendix C: Evolution parametrization

In Fig. C.1 we compare the two parametrizations of the evolu-
tion that we studied in this work: (1+ z) and E(z). The maximum
difference between the two curves is around 15 percent which
is within the scatter of both baryon and hot gas fractions for the
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Table A.1. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 2 for the baryon fraction-mass relation.

Baryon fraction ∆ = 2500
z A2 σA2 B2 σB2 10a2

0.07 -6.2 0.2 8.9 0.8 0.87
0.14 -5.9 0.3 9.2 1.1 0.87
0.22 -5.1 0.2 7.9 0.8 0.89
0.33 -4.5 0.3 8.4 0.9 0.90
0.46 -4.1 0.3 6.2 0.9 0.91
0.59 -3.5 0.3 7.2 0.9 0.92
0.78 -2.0 0.8 8.1 1.3 0.95
0.99 -1.6 0.5 9.0 0.9 0.96
1.22 3.1 0.8 13.6 1.0 1.07
1.32 0.2 0.5 9.3 0.7 1.00

∆ = 500
z A2 σA2 B2 σB2 10a2

0.07 -4.5 0.3 4.0 0.5 0.90
0.14 -4.2 0.3 3.5 0.6 0.91
0.22 -3.5 0.2 2.4 0.5 0.92
0.33 -3.3 0.2 3.1 0.5 0.93
0.46 -3.3 0.1 3.6 0.3 0.93
0.59 -3.0 0.1 3.0 0.4 0.93
0.78 -2.7 0.1 3.6 0.6 0.94
0.99 -2.7 0.2 4.5 0.6 0.94
1.22 -2.9 0.2 4.2 0.6 0.94
1.32 -2.4 0.3 5.3 0.7 0.95

∆ = 200
z A2 σA2 B2 σB2 10a2

0.07 -3.8 0.3 3.1 0.5 0.92
0.14 -3.3 0.2 2.4 0.4 0.93
0.22 -3.6 0.3 2.2 0.5 0.92
0.33 -2.7 0.2 1.7 0.4 0.94
0.46 -2.0 0.2 0.2 0.4 0.95
0.59 -2.2 0.1 0.4 0.4 0.95
0.78 -2.7 0.1 1.5 0.3 0.94
0.99 -3.0 0.2 2.2 0.7 0.93
1.22 -3.0 0.1 2.9 0.4 0.93
1.32 -3.1 0.1 2.6 0.4 0.93

Notes. The first column shows the redshift of the subsample, while the
last column shows the value of the relative fractions at M = 3×1014M�.

overdensity ∆ = 2500 (see Fig. 1), where a clear sign of evo-
lution is detected. This comparison explains the reason why the
results from the two evolution parametrizations are consistent
within each other when a shift along the normalization is con-
sidered.

Appendix D: Extra fitting procedures

D.1. D parameters using E(z)

In Table D.1 we report the values of the D parameters when we
use the E(z) parametrization and Eq. 6 for both the baryon and
gas fractions.

D.2. Procedure on independent subsamples

We verify whether the hot-gas results on the combined sam-
ple could be affected by possible interdependence of the cluster
samples extracted from nearby redshifts by restricting the anal-
ysis to z = 0.07, z = 0.46 and z = 1.32. In other words, we

Table A.2. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 3 for the baryon fraction-mass relation.

Baryon fraction ∆ = 2500
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -5.8 0.2 6.3 1.0 -5.4 1.7 0.87
0.14 -5.8 0.3 8.6 1.5 -2.2 3.0 0.87
0.22 -4.8 0.2 6.2 0.9 -6.0 2.0 0.90
0.33 -4.4 0.2 3.7 1.3 -8.5 1.9 0.90
0.46 -4.1 0.3 3.8 2.2 -4.1 3.5 0.91
0.59 -4.0 0.3 1.5 1.7 -8.2 2.3 0.91
0.78 -3.7 1.2 -1.0 5.1 -8.5 4.6 0.92
0.99 -4.5 0.6 -3.8 2.1 -11.0 1.8 0.90
1.22 -1.6 2.6 0.6 6.8 -8.2 4.3 1.10
1.32 -0.2 1.3 7.8 4.3 -1.1 3.0 1.00

∆ = 500
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -4.4 0.2 5.4 0.6 -3.1 1.0 0.90
0.14 -4.1 0.2 5.3 0.8 -3.8 1.2 0.91
0.22 -3.6 0.2 4.5 0.8 -3.5 1.2 0.92
0.33 -3.3 0.2 3.8 0.9 -1.9 1.9 0.93
0.46 -3.3 0.1 3.7 0.3 -0.7 0.9 0.93
0.59 -2.5 0.2 4.1 0.5 -5.3 1.5 0.94
0.78 -2.6 0.1 3.3 0.6 -2.9 2.1 0.94
0.99 -2.5 0.2 2.8 0.6 -6.1 1.7 0.94
1.22 -2.8 0.2 0.3 1.0 -7.9 1.8 0.94
1.32 -2.8 0.3 1.2 1.8 -5.8 2.5 0.94

∆ = 200
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -3.6 0.3 4.4 0.7 -2.5 1.1 0.92
0.14 -3.1 0.1 4.1 0.4 -3.3 0.6 0.93
0.22 -4.2 0.3 5.9 1.5 -4.4 1.7 0.91
0.33 -2.8 0.2 3.6 1.2 -2.7 1.6 0.94
0.46 -2.0 0.2 0.2 0.4 0.0 0.0 0.95
0.59 -2.2 0.2 0.5 0.6 -0.1 1.0 0.95
0.78 -2.6 0.1 2.0 0.4 -1.8 1.3 0.94
0.99 -2.9 0.2 2.2 0.8 -1.3 3.1 0.94
1.22 -3.0 0.1 2.9 0.5 0.0 0.0 0.93
1.32 -3.1 0.1 2.2 0.6 -1.5 1.6 0.93

Notes. The first column shows the redshift of the sample, while the last
column shows the value of the relative fractions at M = 3 × 1014M�.

combine together three sets of data that can be considered inde-
pendent because the three redshifts are separated by more than
4 Gyr, which is the typical relaxation time needed for massive
structures to relax after a major merger (Gianfagna et al. 2023).
In addition, comparing the lowest and highest redshift samples,
98 percent of the low-redshift objects have a formation redshift
(Darragh-Ford et al. 2023) smaller than 1.3 and 35 percent do
not have a progenitor in the high-redshift sample. The parame-
ters of the parabola and the logarithmic forms obtained with the
reduced sample are in agreement with those of Table 4 within
1σ for the three overdensities, demonstrating the robustness of
our results.

D.3. Alternative expressions

We test a few variations of the logarithmic functional form
(Eq.4) and compare the averaged residual for the hot-gas frac-
tion evaluated within R2500 in Fig. D.1:
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Table A.3. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 4 for the baryon fraction-mass relation.

Baryon fraction ∆ = 2500
z A4 σA4 B4 σB4 N4

0.07 -7.2 0.2 17.0 1.2 0.87
0.14 -7.3 0.3 19.5 2.5 0.88
0.22 -6.4 0.2 18.0 1.4 0.89
0.33 -5.8 0.2 16.4 1.2 0.90
0.46 -5.1 0.2 12.3 1.6 0.91
0.59 -4.8 0.2 13.0 1.3 0.92
0.78 -3.8 0.5 10.8 1.4 0.93
0.99 -3.9 0.2 10.9 0.6 0.93
1.22 -3.4 0.5 8.4 0.8 1.00
1.32 -3.8 0.5 5.4 0.9 0.93

∆ = 500
z A4 σA4 B4 σB4 N4

0.07 -5.4 0.3 12.8 1.3 0.90
0.14 -5.1 0.3 11.4 1.6 0.91
0.22 -4.2 0.3 8.2 1.5 0.92
0.33 -4.0 0.3 9.7 1.6 0.93
0.46 -4.0 0.1 10.1 0.7 0.93
0.59 -3.6 0.2 8.9 1.2 0.94
0.78 -3.3 0.1 9.3 1.4 0.94
0.99 -3.5 0.1 10.9 1.2 0.94
1.22 -3.5 0.1 9.1 1.0 0.94
1.32 -3.4 0.2 9.9 1.2 0.94

∆ = 200
z A4 σA4 B4 σB4 N4

0.07 -4.5 0.3 10.0 1.4 0.92
0.14 -3.9 0.3 8.1 1.1 0.93
0.22 -4.4 0.4 8.5 1.9 0.92
0.33 -3.2 0.3 6.2 1.4 0.94
0.46 -2.1 0.3 0.7 1.3 0.95
0.59 -2.3 0.2 1.4 1.2 0.95
0.78 -3.1 0.1 4.6 0.9 0.94
0.99 -3.4 0.2 5.9 1.9 0.93
1.22 -3.6 0.1 6.8 1.2 0.93
1.32 -3.6 0.1 6.2 0.8 0.93

Notes. The first column shows the redshift of the sample, while the last
column shows the value of the relative fractions at M = 3 × 1014M�.

1. A generalization of Eq. 4 where we added an extra parameter
is tested on the sub-samples at fixed redshift:

Y = a4 + b4 log(X + c4 × |min(X)|). (D.1)

The residuals (middle panel) tend to have an higher dis-
persion than those of Eq.4 (bottom panel) but do not show
extreme deviation for the lowest and highest mass bins. Nev-
ertheless, since this equation foresees an extra parameter, it
is less desirable.

2. In Vikhlinin et al. (2009) to fit the hot gas fraction versus
the total mass at R500, the latter was renormalized by M∗,
the mass scale corresponding to an r.m.s. value of the lin-
ear fluctuation amplitude of 1.686, i.e., the linearly extrap-
olated virial density contrast predicted by the spherical col-
lapse model. This characteristic mass in our sample varies
from M∗ = 3.7 × 1012M� at z = 0.07 to M∗ = 6.1 × 1010M�
at z = 1.32. We test the following expression:

Y = a4 + b4 × log(M500/M∗), (D.2)

against the subsamples at fixed redshift. This expression pro-
vides residuals (see the top panel of Fig. D.1) with deviation

Table B.1. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 2 for the hot-gas fraction-mass relation.

Hot-gas fraction ∆ = 2500
z A2 σA2 B2 σB2 10a2

0.07 -14.7 0.4 17.4 1.5 0.71
0.14 -14.0 0.4 16.3 1.5 0.72
0.22 -13.1 0.2 11.7 0.9 0.74
0.33 -12.6 0.4 14.2 1.4 0.75
0.46 -12.0 0.5 12.6 1.4 0.76
0.59 -10.8 0.4 13.4 0.8 0.78
0.78 -9.8 0.9 14.6 1.5 0.80
0.99 -10.1 0.9 14.6 1.7 0.79
1.22 -3.4 1.3 23.4 1.8 0.92
1.32 -4.3 1.4 21.1 1.7 0.91

∆ = 500
z A2 σA2 B2 σB2 10a2

0.07 -9.8 0.3 5.1 0.6 0.80
0.14 -9.5 0.3 4.6 0.8 0.80
0.22 -8.7 0.2 3.6 0.6 0.82
0.33 -8.6 0.2 4.4 0.5 0.82
0.46 -8.7 0.1 4.8 0.3 0.82
0.59 -8.6 0.2 4.5 0.5 0.82
0.78 -8.7 0.2 5.8 0.7 0.82
0.99 -9.0 0.2 5.9 0.7 0.81
1.22 -8.8 0.2 7.7 0.6 0.82
1.32 -8.6 0.4 8.3 0.9 0.82

∆ = 200
z A2 σA2 B2 σB2 10a2

0.07 -8.5 0.3 4.2 0.6 0.82
0.14 -8.0 0.2 3.7 0.5 0.83
0.22 -6.9 0.2 1.5 0.4 0.85
0.33 -7.1 0.2 2.2 0.4 0.85
0.46 -6.5 0.2 0.6 0.4 0.86
0.59 -7.2 0.1 1.5 0.3 0.85
0.78 -7.9 0.1 3.2 0.3 0.83
0.99 -8.5 0.2 3.2 0.6 0.82
1.22 -8.5 0.1 6.3 0.5 0.82
1.32 -8.7 0.2 6.1 0.7 0.82

Notes. The first column shows the redshift of the subsample, while the
last column shows the value of the relative fractions at M = 3×1014M�.

in the first bins and in the last; thus it is less desirable than
Eq. 4.

Appendix E: Baryon and gas fraction medians

E.1. Baryon fraction medians

While the goal of the paper is to parametrize the relation between
the relative fraction and the total mass of the systems, it is
worth also commenting on the evolution of the baryon-fraction
medians of all clusters in each redshift subsamples. The relative
figure, top panel of Fig. E.1, shows that the median values of the
baryon fractions do not vary over time at any overdensity.

E.2. Gas Fraction sample medians

The bottom panel of Fig. E.1 shows the evolutionary trends
for the medians of the hot-gas fractions of all clusters in each
redshift subsample. We can notice an increase of 15, 10, and
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Table B.2. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 3 for the hot-gas fraction-mass relation.

Hot-gas fraction ∆ = 2500
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -14.0 0.3 10.6 2.0 -12.2 3.0 0.72
0.14 -13.5 0.4 13.5 1.9 -7.2 3.5 0.73
0.22 -12.7 0.3 10.2 1.1 -5.7 2.7 0.75
0.33 -12.2 0.3 7.5 1.7 -12.7 2.6 0.76
0.46 -12.2 0.5 6.8 3.2 -10.0 5.1 0.76
0.59 -11.3 0.3 7.1 1.9 -7.6 2.1 0.77
0.78 -12.5 1.1 -0.8 4.9 -14.9 4.6 0.75
0.99 -13.8 0.8 -7.0 3.5 -20.9 3.2 0.73
1.22 -5.3 3.5 17.0 11.2 -4.6 8.0 0.87
1.32 -10.1 3.1 3.4 8.7 -12.0 5.8 0.79

∆ = 500
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -9.7 0.3 6.9 0.9 -3.4 1.3 0.80
0.14 -9.5 0.2 7.3 0.7 -5.6 1.1 0.80
0.22 -8.9 0.3 5.9 1.4 -3.3 1.9 0.81
0.33 -8.7 0.2 5.9 0.9 -3.2 1.7 0.82
0.46 -8.7 0.1 4.9 0.4 0.0 0.0 0.82
0.59 -8.3 0.2 5.7 0.6 -4.5 1.5 0.83
0.78 -8.5 0.2 5.2 0.8 -3.2 2.4 0.82
0.99 -8.6 0.3 5.1 0.7 -5.1 2.5 0.82
1.22 -8.7 0.2 5.4 1.1 -5.3 2.3 0.82
1.32 -8.7 0.3 4.5 2.2 -6.9 3.6 0.82

∆ = 200
z A3 σA3 B3 σB3 C3 σC3 10a3

0.07 -8.3 0.3 5.9 0.9 -3.4 1.4 0.83
0.14 -7.7 0.1 5.8 0.4 -4.4 0.7 0.84
0.22 -7.1 0.2 2.5 1.1 -1.3 1.3 0.85
0.33 -7.4 0.2 4.6 1.1 -3.4 1.5 0.84
0.46 -6.5 0.2 0.6 0.4 0.0 0.0 0.86
0.59 -7.2 0.1 1.5 0.3 0.0 0.0 0.85
0.78 -7.7 0.1 3.6 0.3 -2.6 1.0 0.84
0.99 -8.3 0.2 3.5 0.7 -2.8 2.8 0.83
1.22 -8.5 0.1 6.3 0.6 0.0 0.0 0.82
1.32 -8.7 0.2 5.7 1.0 -2.2 3.2 0.82

Notes. The first column shows the redshift of the sample, while the last
column shows the value of the relative fractions at M = 3 × 1014M�.

9 percent from z = 1.3 to z = 0.07 for the overdensities of
R2500, R500 R200, respectively. Although the values of the extreme
redshifts are consistent within the dispersion of the respective
subsamples, it is worth noting that the increase in the median
fraction is systematic throughout time.

Another aspect to note is that at z = 0.07, the median val-
ues of the relative hot gas fraction at the three overdensities
∆ = 2500, 500 and 200, are 0.71, 0.84, 0.87, respectively. The
same values for the total baryon content are 0.86, 0.94, 0.96, at
the same three overdensities. Therefore, the radius growth for
the two fractions has quite a different rate, being the difference
between R2500 and R200 of order of 11 percent for the baryon
fraction and 22 percent for the hot-gas fraction. This again cor-
roborates that the depletion of the hot-gas fraction is larger in the
innermost radius.

E.2.1. Massive systems

The evolution of the median values of the hot gas fraction dis-
appears if we restrict the analysis to only massive clusters at all

Table B.3. Means and standard deviations of the 1000 iteration best-fit
parameters of Eq. 4 for the hot-gas fraction-mass relation.

Hot-gas fraction ∆ = 2500
z A4 σA4 B4 σB4 N4

0.07 -16.8 0.3 32.3 2.0 0.72
0.14 -16.1 0.4 31.9 2.7 0.73
0.22 -14.9 0.2 26.5 1.9 0.74
0.33 -14.6 0.2 27.2 1.7 0.75
0.46 -14.2 0.3 25.2 2.4 0.76
0.59 -13.2 0.3 20.9 1.0 0.77
0.78 -13.0 0.4 20.2 1.3 0.77
0.99 -13.3 0.3 19.7 1.1 0.76
1.22 -12.5 1.0 18.1 2.1 0.78
1.32 -13.7 0.9 14.3 1.5 0.75

∆ = 500
z A4 σA4 B4 σB4 N4

0.07 -11.1 0.4 16.8 1.7 0.80
0.14 -10.7 0.4 15.3 1.9 0.80
0.22 -9.8 0.4 12.7 1.8 0.82
0.33 -9.8 0.3 14.3 1.5 0.82
0.46 -9.7 0.2 14.4 1.2 0.82
0.59 -9.5 0.2 13.5 1.3 0.82
0.78 -9.7 0.2 14.3 1.6 0.82
0.99 -10.0 0.2 14.9 1.5 0.82
1.22 -10.1 0.1 16.7 1.0 0.82
1.32 -10.0 0.2 16.8 1.7 0.82

∆ = 200
z A4 σA4 B4 σB4 N4

0.07 -9.5 0.4 13.7 1.6 0.82
0.14 -8.8 0.3 12.2 1.1 0.83
0.22 -7.4 0.3 5.3 1.4 0.85
0.33 -7.8 0.3 8.0 1.5 0.85
0.46 -6.6 0.3 1.9 1.4 0.86
0.59 -7.5 0.2 5.0 0.9 0.85
0.78 -8.6 0.1 9.2 0.8 0.83
0.99 -9.1 0.2 9.2 1.7 0.82
1.22 -9.6 0.2 15.4 1.5 0.82
1.32 -9.8 0.2 15.0 1.6 0.82

Notes. The first column shows the redshift of the subsample, while the
last column shows the value of the relative fractions at M = 3×1014M�.

Table D.1. Means and standard deviations of the 1000 iteration best-fit
parameter D for Eq. 2, Eq. 3, and Eq. 4 with the E(z) redshift depen-
dence as in Eq. 6.

Baryon ∆ = 2500 ∆ = 500 ∆ = 200
Eq. 2:D2,z σD 224.5 5.9 123.3 5.9 -34.9 10.4
Eq. 3: D3,z σD 220.7 3.5 94.3 20.8 -45.3 14.8
Eq. 4: D4,z σD 217.8 6.8 100.7 8.4 -78.0 27.4

Hot-gas ∆ = 2500 ∆ = 500 ∆ = 200
Eq. 2:D2,z σD 112.8 3.1 12.1 24.9 -148.7 3.7
Eq. 3: D3,z σD 88.4 8.0 13.3 8.3 -143.5 10.4
Eq. 4: D4,z σD 61.2 37.8 -7.2 13.5 -187.2 27.7

redshifts, such as M500 > 2× 1014M�, which is a condition often
seen in observational samples (see Sect. 7). In this case, at z = 0
the hot-gas fraction at R500 is equal to 0.13, corresponding to
a relative fraction of 0.84 (see also discussion in Eckert et al.
2019) and the same value is also found for the samples at z ∼ 0.5
and z ∼ 1. No evolution is also detected for the values of the
16th and 84th percentiles, which are equal to 0.124 and 0.136,
respectively.
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Fig. C.1. Ratio between the two parametrizations of the evolution, (1+z)
and E(z) in red, as a function of the redshifts of the subsamples used in
this work.

Fig. D.1. Average and 1σ deviation of the residuals of the hot-gas frac-
tion at R2500 at fixed mass-bin number for Eq. 4, Eq. D.1, and Eq. D.2

The same massive clusters return a median value of the gas
fraction computed within the radial interval from 0.8 to 1.2 R2500
of 0.136 (being 0.123 and 0.149 the 16th and 84th percentiles
respectively), in very good agreement with the measurements by
Mantz et al. (2022), equal to 0.133 (with 0.112 and 0.152 as per-
centiles).

Fig. E.1. Median values of the relative baryon fractions (top panel) and
gas fractions (bottom panel) as function of redshift computed at R2500 (in
mustard and navy colors)), R500 (in dark-red and medium-blue colors),
and R200 (in salmon and light-blue colors). The error bars represent the
16th and 84th percentiles.
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