A&A, 707, A362 (2026)
https://doi.org/10.1051/0004-6361/202453256
© The Authors 2026

tronomy
Astrophysics

The hot gas mass fraction in halos

From Milky Way-like groups to massive clusters

P. Popessol’z’* , A. Biviano®>*®, 1. Marini'®, K. Dolags’é’2 , S. Vladutescu—ZoppS, B. Csizi’®, V. Biffi¥®,
G. Lamer’, A. Robothan', M. Bravo!''®, L. Lovisari'?13®, S. Ettori'4®, M. Angelinelli”, S. Driver’®,
V. Toptun1 ,A. Dev'%®, D. Mazengo1 , A. Merloni'?, J. Comparat15 , G. Ponti®®, T. Mroczkowskil®,

E. Bulbul'>®, S. Grandis’®, and E. Bahar!®

[ N

Germany

European Southern Observatory, Karl Schwarzschildstrasse 2, 85748 Garching bei Miinchen, Germany

Excellence Cluster ORIGINS, Boltzmannstr. 2, D-85748 Garching bei Miinchen, Germany

INAF — Osservatorio Astronomico di Trieste, Via Tiepolo 11, 34143 Trieste, Italy

IFPU - Institute for Fundamental Physics of the Universe, Via Beirut 2, I-34014 Trieste, Italy

Universitéts-Sternwarte, Fakultét fiir Physik, Ludwig-Maximilians-Universitit Miinchen, Scheinerstr.1, 81679 Miinchen,

Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschildstr. 1, 85741 Garching bei Miinchen, Germany

INAF — Osservatorio Astronomico di Trieste, Via Tiepolo 11, 34143 Trieste, Italy

6
7 Universitit Innsbruck, Institut fiir Astro- und Teilchenphysik, Technikerstr. 25/8, 6020 Innsbruck, Austria
8
9

Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam, Germany
10" International Centre for Radio Astronomy Research, University of Western Australia, M468, 35 Stirling Highway, Perth, WA

6009, Australia

' McMaster University, 1280 Main Street West, Hamilton, Ontario L8S 4L8, Canada

12 INAF, Istituto di Astrofisica Spaziale e Fisica Cosmica di Milano, via A. Corti 12, 20133 Milano, Italy

13 Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA

!4 INAF — Osservatorio Astronomico di Bologna, Via Gobetti 93/3, 40129 Bologna, Italy

15" Max-Planck-Institut fiir Extraterrestrische Physik (MPE), Giessenbachstr. 1, D-85748 Garching bei Miinchen, Germany

Received 2 December 2024 / Accepted 6 August 2025

ABSTRACT

Aims. By using eROSITA data in the eFEDS area, we provide a measure of the fyos—Mha, relation over the largest halo mass range,
from Milky Way-sized halos to massive clusters, and to the largest radii (Ryg) ever probed so far in local systems at z < 0.2.
Methods. To cope with incompleteness and selection biases of the X-ray selection, we applied the stacking technique in eROSITA data
of a highly complete and tested sample of optically selected groups. The method has been extensively tested on mock observations.
Results. In massive clusters, the hot gas alone provides a baryon budget within R,y consistent with Q,/€,,, while at the group mass
scale, it accounts only for 20-40% of the cosmic value. The fy,—Mhy,, relation is well fit by a power law with a consistent slope
(within 107) at Rsgp and Ryg and a normalization varying nearly by a factor of two. Such a relation is consistent with other works in
the literature that consider X-ray survey data at the same depth as eFEDS, but it provides a lower average f,,s in the group regime
in comparison to works based on X-ray bright group samples. Comparison of the observed relation with the predictions of several
hydrodynamical simulations (BAHAMAS, FLAMINGO, SIMBA, Illustris, [llustrisTNG, MillenniumTNG, and Magneticum) shows
that all state-of-the-art simulations except Magneticum overpredict the gas fraction, with the largest discrepancy (up to a factor three)
being in the 10'33-10'*5 M, halo mass range.

Conclusions. We emphasize the need for mechanisms that can effectively expel gas to larger radii in galaxy groups without excessively
quenching star formation in their member galaxies. Current hydrodynamical simulations face a significant challenge in balancing their
subgrid physics, as none can sufficiently evacuate gas from the halo virial region without negatively impacting the properties of the
resident galaxy population.

Key words. galaxies: active — galaxies: clusters: general — galaxies: clusters: intracluster medium — galaxies: groups: general —

galaxies: halos — large-scale structure of Universe

1. Introduction

In a purely gravitational framework, the temperature, density,
and mass distribution of the hot gas in galaxy groups and
clusters are expected to follow the halo’s potential well and
the dark matter distribution in a self-similar regime, according
to large-scale structure evolution models (see Peebles 1980).
However, observations consistently show significant devia-

* Corresponding author: paola.popesso@eso.org

tions from self-similar predictions in various scaling relations
(Popesso et al. 2005; Rykoff et al. 2008; Vikhlinin et al. 2009;
Pratt et al. 2009; Mantz et al. 2015; Planck Collaboration XIII
2016; Bulbul et al. 2019; Bahar et al. 2022; Zhang et al. 2024).
Specifically, several studies indicate that the baryon fraction
within the central region (<Rspp") of massive halos increases

' R, represents the radius of a sphere centered on the group, with a
mean density equal to A times the critical density of the Universe at the
group’s redshift.
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with halo mass (Sunetal. 2009; Ettori 2015; Lovisari et al.
2015; Eckertetal. 2016; Nugentetal. 2020). The baryon
content in galaxy groups is only about half of the expected
value based on self-similar models, while for clusters it is
much closer to the predicted value (see, e.g., the review by
Eckert et al. 2021). This discrepancy is thought to be driven by
nongravitational processes that alter the thermodynamic prop-
erties of the hot gas and the overall baryon content in groups
and clusters. Among these processes, feedback from the central
supermassive black hole (hereafter BH) in the brightest clus-
ter galaxy is a strong candidate due to the substantial energy
involved (Sijacki et al. 2007; Puchwein et al. 2008; Fabjan et al.
2010; McCarthy et al. 2010; Le Brunetal. 2014; Biffi etal.
2018; Vallés-Pérez et al. 2020; Galarraga-Espinosa et al. 2022;
Eckert et al. 2021; Oppenheimer et al. 2021). In high-mass clus-
ters, BH feedback primarily impacts the central core, lead-
ing to elevated entropy levels (Le Brunetal. 2014). In con-
trast, in lower-mass groups, BH feedback may affect the gas
out to 0.5-1 Mpc, potentially influencing the entire group vol-
ume (e.g., see Oppenheimer et al. 2021, for a comprehensive
review).

Cosmological simulations show that different implementa-
tions of BH feedback result in varying predictions, particularly
at the group mass scale. In single-mode feedback models, a frac-
tion of the rest mass energy of the matter accreted onto the BH is
deposited as a thermal boost into nearby cells (e.g., Schaye et al.
2015; McCarthy et al. 2017; Schaye et al. 2023). More sophisti-
cated dual-mode implementations distinguish between thermal
outflows or high-accretion (quasar) modes and kinetic energy
transfer or bubble inflation at low accretion rates (radio mode),
incorporating halo mass dependencies in models such as Illus-
trisTNG (Pillepich et al. 2019), MillenniumTNG (Pakmor et al.
2023), and Magneticum (Dolag et al. 2016). Constraining these
theoretical predictions requires precise observational measure-
ments of the hot gas content in galaxy groups and clusters to
place upper limits on the energy injected via BH feedback.

Current observational studies of the gas mass fraction
(feas) as a function of halo mass (Mpa,) primarily focus on
clusters. At lower masses, only a limited number of heteroge-
neously selected X-ray groups are available, sampled at vary-
ing depths and resolutions (Ponman et al. 1996; Mulchaey 2000;
Osmond & Ponman 2004; Sun et al. 2009; Lovisari et al. 2015;
Lovisari & Ettori 2021). Pointed observations with ROSAT,
XMM-Newton, and Chandra have targeted only the brightest
X-ray groups. If BH feedback can expel part of the intragroup
medium, it would reduce gas density and potentially bias flux-
limited X-ray surveys, leading to an overestimation of fg,s at the
group scale. Therefore, an unbiased selection method is needed
to accurately measure the hot gas content in galaxy groups.
Indeed, recent analyses of eROSITA Science Verification data
over the eROSITA Final Equatorial Depth Survey (eFEDS) area
(Brunner et al. 2022) suggest that eROSITA’s X-ray selection
captures only a subset of galaxy groups, with many remaining
undetected due to their lower X-ray surface brightness at a given
halo mass (Popesso et al. 2024, P24 hereafter).

An optical selection of galaxy groups offers a way to cir-
cumvent BH feedback biases since it is independent of a sys-
tem’s hot gas content. Large spectroscopic surveys such as
SDSS (Blanton et al. 2017) and GAMA (Driver et al. 2022) pro-
vide comprehensive catalogs of optically selected groups and
clusters, down to halo masses of 10'> M, at low to interme-
diate redshifts (e.g., Tempel et al. 2017; Robotham et al. 2011;
Yang et al. 2007). Combining such optically selected samples
with large X-ray surveys has proven effective in character-
izing the average X-ray properties of the halo population
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down to group scales (Anderson et al. 2015; Rozo et al. 2009;
Rykoff et al. 2008; Crossett et al. 2022; Giles et al. 2022). Stack-
ing X-ray data at the positions of optically detected groups
enables the measurement of average X-ray scaling relations in
the low-mass regime.

In this paper, we perform a stacking analysis on eROSITA
data of the GAMA galaxy group sample. The methodology and
selection effects arising from the optical selection and the halo
mass proxy used as a prior for the stacking have been thoroughly
tested and evaluated in previous studies (Popesso et al. 2025b;
Marini et al. 2024). This study offers the most precise estimate
of the gas mass fraction to date, covering the broadest halo mass
range and the largest radius ever examined, while minimizing
biases related to BH feedback, after extensive testing on a mock
dataset.

The paper is structured as follows. In Sect. 2 we describe
optical and X-ray datasets used in the analysis. In Sect. 3 we
describe how the gas mass is derived from the X-ray surface
brightness distribution obtained through stacking in P24. Sect. 4
provides our results, while in Sect. 5 we draw our conclu-
sions. Throughout the paper we assume a flat ACDM cosmol-
ogy with Hy = 67.74kms™' Mpc~! and Q,,(z = 0) = 0.3089
(Planck Collaboration XIII 2016).

2. The dataset

In this section, we describe the data available over the 60 deg2
of overlapping area between the eFEDS and the GAMA survey.
We describe the X-ray and optical data.

2.1. eROSITA eFEDS data and group sample

For this study, we used the public Early Data Release eROSITA
event file of the eFEDS field (Brunner et al. 2022). The field
was observed with an unvignetted exposure of approximately
2.5 ks, slightly higher than the anticipated exposure for the future
eRASS upon completion, which is about 1.6ks unvignetted.
The dataset contains roughly 11 million events (X-ray photons)
detected by eROSITA across the 140 deg? area of the eFEDS
Performance Verification survey. Each photon was assigned an
exposure time based on the vignetting-corrected exposure map.
Photons in proximity to detected sources from the source cat-
alog were flagged. These sources were classified as point-like
or extended according to their X-ray morphology (Brunner et al.
2022) and further categorized (e.g., galactic, active galactic
nuclei, individual galaxies at redshift z < 0.05, galaxy groups,
and clusters) using multiwavelength information (Salvato et al.
2022; Vulic et al. 2022; Liu et al. 2022b,a; Bulbul et al. 2022).

The X-ray-selected groups and clusters in the eFEDS area
are provided in the catalog of Liu et al. (2022a). This catalog
comprises more than 500 extended objects up to z ~ 1. Accord-
ing to Liu et al. (2022a) the catalog reaches a completeness of
40% down to a flux limit of 1.5x 10~'* erg s~! cm™2. Each source
was assigned a redshift according to the analysis reported in
Klein et al. (2022), an estimate of the X-ray luminosity within
different apertures (300 and 500 kpc and within Rsg), and the
surface brightness distribution within several radii. The catalog
and its associated information are used throughout the paper only
for the highest halo mass bins in eFEDS, corresponding to the
cluster mass regime.

Despite the smaller volume covered by eFEDS, its much
greater depth and stable background make it preferable to the
shallower observations from eRASS:1. Therefore, we used the
results of Popesso et al. (2025a) on the average X-ray surface
brightness profiles of galaxy groups to derive gas mass profiles
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Table 1. Best-fit electron density model parameters of the Vikhlinin et al. (2006).

Log(M>q0) Rooo ng re/Rooo 7s/Ra0o a B €
(Mo] [Mpc] [10~*cm™]

12.43+043 250+35 1.38 +£0.03 0.10+0.01 2.15+0.03 0.89+0.1 0.39 +£0.06 2.86
12.70+0.45 390+46 1.11+0.03 0.12+0.01 205+£0.04 0.72+0.2 0.30+0.07 2.86
13.04+0.43 455+65 3.53+0.05 0.05+0.02 2.0+0.03 0.80+0.2 0.37+0.05 2.86
13.32+043 700+63 4.54+0.03 0.06 £0.01 2.05+0.04 0.89+0.3 043 +0.1 2.86
13.55+046 780+71 9.25+0.04 0.04 £0.02 1.95+0.03 0.8+0.2 0.43 +£0.07 2.86
13.83+0.45 850+65 6.87 +0.05 0.05+0.01 1.95+0.02 0.75+0.1 0.36+0.05 2.86
14.15+£0.41 1997 +41 1.17+0.01 0.042 +0.005 1.7+0.01 1.07+0.03 040+0.03 8.96+0.13

from Milky Way-sized halos to massive clusters. These profiles,
along with the stacking technique they are based on, have been
rigorously validated by Popesso et al. (2025b) using mock opti-
cally selected catalogs and simulated eROSITA observations.
This testing was performed to assess the contamination and com-
pleteness of the input sample and to verify the reliability of the
stacking analysis.

2.2. The GAMA optically selected group and cluster sample

The optically selected GAMA group sample (Robotham et al.
2011) comprises about 7500 galaxy groups and pairs identified
in the spectroscopic sample of the GAMA spectroscopic sur-
vey (Driver et al. 2022), over the region of interest (G09 in the
GAMA survey). This reaches a completeness of ~95% down to
the magnitude limit of » = 19.8. The Friends-of-Friends algo-
rithm described in Robotham et al. (2011, hereafter R11) identi-
fies the galaxy groups and pairs.

Once galaxy membership is identified, the mean group coor-
dinates and redshift are iteratively estimated for each system.
The total mass of the systems (Ms,r) is then estimated from the
group’s velocity dispersion (o,) within a variable radius (see
Robotham et al. 2011, for more details). However, Marini et al.
(2025), using a mock synthetic catalog based on the same selec-
tion algorithm of Robotham et al. (2011), shows that the halo
mass proxy based on velocity dispersion is not a reliable measure
for groups with a low number of galaxy members. To address
this, a richness cut is required to ensure a minimum number of
galaxies to accurately estimate the dispersion, which introduces
further selection effects during stacking.

Marini et al. (2025) indicate that the total optical luminos-
ity of the groups is the best mass proxy. The algorithm effec-
tively retrieves group membership, ensuring that all bright mem-
bers contributing most to the group’s total luminosity are cap-
tured. This accuracy is consistent regardless of group richness,
including the case of pairs. Therefore, the halo mass proxy based
on total luminosity not only shows the best agreement with the
true/input halo mass but also allows for the creation of a clean
group sample without additional selection effects due to richness
cuts.

Consequently, we use the galaxy membership provided in
Robotham et al. (2011)’s catalog to estimate the total group
optical luminosities in the r band following the approach of
Popesso et al. (2005), and the group masses My and virial
radii Rypp from the scaling relations with the optical luminos-
ity provided in the same paper. Furthermore, we derive esti-
mates for M5y and Rsop using the NFW mass distribution model
of Navarro et al. (1997) and the concentration-mass relation of
Dutton & Maccio (2014).

2.3. The average X-ray surface brightness profile of groups

To derive gas density profiles for galaxy groups, it is crucial
to obtain accurate X-ray surface brightness profiles. For this
purpose, we use the average surface brightness profiles from
Popesso et al. (2025a), which have been rigorously validated
using synthetic datasets that replicate the observed eROSITA X-
ray and GAMA optical data, generated from the Magneticum
simulations’ lightcones. These profiles are based on stacking
GAMA groups limited to z < 0.2 within the eFEDS area.

The redshift limit ensures high completeness for the GAMA
group sample down to My, ~ 10'>2 M. The use of a halo mass
proxy based on total group luminosity rather than velocity dis-
persion, makes the richness cut applied in Popesso et al. (2024)
unnecessary. As shown in Marini et al. (2025), this luminosity-
based proxy offers more reliable halo mass estimates and
extends the completeness down to lower masses. According to
Marini et al. (2025), the mock GAMA group sample retains over
90% completeness down to log(M»p0/Me) ~ 13.5, decreasing to
80% at log(M»00/Ms) ~ 13, and to 65% at log(Map0/Me) ~ 12.
Contamination remains below 10% for log(Myy0/My) 2 13,
increasing to 20% at lower masses.

In Popesso et al. (2025a) we apply the stacking procedure
of P24 by using the GAMA sample as prior catalog for the
stacking in the eFEDS data. We consider six halo mass bins
from My > 3 x 102 My to 10'* M, from Milky Way-like
groups to poor clusters. All priors in the halo mass bins are
considered without distinction between detected and undetected
groups, to measure the average X-ray surface brightness profile
of the underlying group population. Only groups with a compan-
ion or a point source within 2 Ry are discarded from the prior
catalog because they would contaminate the background sub-
traction and the resulting average profile. Briefly, the stacking
is done by averaging the background subtracted surface bright-
ness profiles within the same annuli around the group center.
The background is measured in a region between 2 to 3 Mpc
from the group center. All events flagged as point sources in each
annulus are excluded and the corresponding annulus area is cor-
rected for the excluded point source area. All groups containing a
point source or contaminated by close neighbors within 2 ;g are
excluded from the prior sample for the stacking. The X-ray lumi-
nosity from the stacked signal is derived in the 0.5-2keV band
by selecting only events with a rest frame energy in the selected
band at the median redshift of the prior sample. We do not shift
the event energies to the rest frame of each individual system, as
this would also alter background events that are unrelated to the
group’s redshift. The spectroscopic information is retained and
corrected for the effective area to ensure an accurate estimate of
the X-ray luminosity. We refer to P24 and Popesso et al. (2025a)
for a more detailed description of the procedure, including the
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Active Galactic Nuclei (AGNs) and X-ray Binaries (XRBs) con-
tamination based on the Magneticum model. The results of this
analysis are shown in Fig. 2 of Popesso et al. (2025b), which
presents the average X-ray surface brightness profiles obtained
in this way.

Above My > 10 My at 7z < 0.2, all optically selected
systems have an X-ray counterpart in the eFEDS catalog of
Liu et al. (2022a). In only two cases are the associations ambigu-
ous. In one, multiple lower-mass groups at the same redshift
overlap the region of the X-ray detection. In the other, the red-
shift provided by Klein et al. (2022) does not match that of
the corresponding GAMA group. These two cases are excluded
from our analysis. For all remaining systems, we do not per-
form stacking but instead use the X-ray surface brightness pro-
files from Liu et al. (2022a), while retaining all other properties,
including the halo mass proxy, from the optical group catalog
of Robotham et al. (2011). Specifically, we adopt the average
profile provided by Liu et al. (2022a) for the 10'* < My <
10'** M, halo mass bin, rather than stacking the groups in this
range ourselves. This choice is motivated by P24, who show
that the stacked profile of eFEDS-detected clusters is consis-
tent with the average profile from Liu et al. (2022a), ensuring
methodological consistency throughout our study.

In Fig. 1, we show the surface brightness profiles for the
groups across the seven halo mass bins. The first six are derived
from stacking, and the last one corresponds to the averaged pro-
files from Liu et al. (2022a).

To complement our measure at higher halo masses, we use
the average fy,s profile of the CHEX-MATE cluster subsample
used for the stack of eROSITA data by Lyskova et al. (2023).
The CHEX-MATE cluster sample (CHEX-MATE Collaboration
2021) is an unbiased, signal-to-noise limited sample of 118
galaxy clusters detected by Planck via the Sunyaev-Zel’dovich
effect. It is composed of clusters at z < 0.2 with masses
2 x 10" < Msp/Ms < 9 x 10 from the PSZ2 catalog
(Planck Collaboration XIII 2016). The CHEX-MATE subsam-
ple used for the stacking comprises 38 systems in regions with
minimal background variations due to proximity to the Galactic
plane and the Cygnus-X star formation region, and relatively far
from the North Polar Spur. We derive the mean Moy and Ry
from the average M5 and Rsg estimates listed in Lyskova et al.
(2023), by assuming a NFW profile with concentration of six
(see also Dutton & Maccio 2014).

3. The gas mass
3.1. The gas mass estimate

We estimated the gas mass profile as described in Liu et al.
(2022a). Specifically, we used a Vikhlinin et al. (2006) electron
number density model:

. N-3p+a)2 3\~€/3
o= (2 () () o
e re Ts

where ng is the normalization factor, r. and r are the core and
scale radii, 8 controls the overall slope of the density profile, «
controls the slope in the core and at intermediate radii, and €
controls the change of slope at large radii. This is used to esti-
mate and integrate along the line of sight the X-ray emissivity,
n.(r)*A(kT, Z) profile, where A(kT,Z) is the cooling function
depending on the gas temperature and metallicity. The cool-
ing function is derived by assuming a gas temperature from the
M — Ty relation of Lovisari et al. (2015) at the mean Msg of
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the halo mass bin. As in Liu et al. (2022a), we assumed a metal-
licity of the ICM of 0.3 Z;, adopting the solar abundance table
of Asplund et al. (2009), that includes the He abundance. This
assumption is consistent with the average metallicity estimated
in poor cluster cores by Lovisari & Reiprich (2019) and with
Magneticum predictions, although the observed scatter is large.
The error due to these assumptions is estimated in Popesso et al.
(2025Db, see also next session) based on the Magneticum mock
observations. The effect on X-ray emissivity depends mainly on
the systematics of the halo mass proxy. For the GAMA group
sample, the use of the total luminosity proxy results in a scat-
ter of 40% in the emissivity estimate at fixed metallicity. The
assumption of a fixed metallicity of 0.3 Z leads to a variation in
emissivity of 37%. Since these effects cannot be corrected, they
are included in the error budget and summed in quadrature with
the statistical errors.

The projected number density model is convolved with the
eROSITA PSF and fit to the data. Differently from Liu et al.
(2022a) we leave all parameters free in the fit, but €, which rules
the change of slope at large radii. This is poorly constrained
due to the relatively low S/N in the outskirts region. Thus, we
fixed the value to the cluster value provided by Vikhlinin et al.
(2006). Only for the average profile of the detected poor clusters
at 14 < log(Map/Me) < 14.3, the S/N is high enough to con-
strain the change of slope at large radii. The best-fit line to the
X-ray surface brightness profiles and the best-fit parameters are
reported in Fig. 1 and Table 1, respectively. The electron den-
sity profiles obtained in this way are shown in Fig. 2. We include
also the profiles of Lyskova et al. (2023) for the CHEX-MATE
clusters.

We computed the ICM mass of a system within a given aper-
ture, by using the best-fit model for the electron density profile,

R
Micw = dmpem, f ne(r) 7 dr, %)
0

where the average nuclear charge and mass are A ~ 1.4 and
Z~12,and ue = A/Z ~ 1.17.

3.2. Validation of the stacking procedure, gas mass estimate,
and error budget

The stacking procedure used in this work, validated in detail by
Popesso et al. (2025b), is tested on a mock dataset generated from
the L30 lightcone of the Magneticum simulation. This dataset
includes synthetic eROSITA observations down to the eRASS:4
depth (equivalent to two years of exposure) and a GAMA-like
spectroscopic galaxy survey. Optical galaxy groups are identified
using a Friends-of-Friends (FoF) algorithm, following the imple-
mentation by Robotham et al. (2011), and the performance of this
method — particularly in terms of completeness and contamina-
tion — is extensively evaluated in Marini et al. (2025).

To replicate the analysis pipeline of Popesso et al. (2025a),
the mock data are processed using the same halo mass limits,
binning strategy, and halo mass proxies as in the real eROSITA-
GAMA dataset. This allows for a direct, end-to-end test of the
stacking method and gas mass recovery under observational con-
ditions. The validation study in Popesso et al. (2025b) examines
key sources of systematic uncertainty: mis-centering between
optical and X-ray centroids, contamination from AGN and X-
ray binaries (XRBs), optical selection biases, and scatter in the
halo mass proxy. Mis-centering effects are found to be minor,
with positional offsets typically small compared to the eROSITA
PSF. AGN and XRB contributions, which dominate in low-mass
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Fig. 1. X-ray surface brightness profile as estimated in Popesso et al. (2025a). The solid red line represents the stacked profile, while the pink
shaded region indicates the uncertainty derived from bootstrapping. The panel in the last row displays the average X-ray surface brightness profile
(solid red line) of the eFEDS detections with optical counterparts in the GAMA galaxy sample, corresponding to the specific halo mass bin, while
the pinkzshaded region indicates the dispersion. The solid purple line in all panels shows the best-fit projected X-ray emissivity profile, represented
by n.(r)"AKT, Z).
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Fig. 2. Electron density profiles of groups and clusters in the halo mass
bins studied here. The profiles are color coded as a function of Mg
as shown in the color bar. The magenta profile is obtained from the
stacking in eROSITA of the CHEXMATE clusters, and it was taken
from Lyskova et al. (2023).

halos (Mago < 10'3 M), are modeled and subtracted with negli-
gible residual impact on the recovered surface brightness.

In terms of selection reliability, the Robotham et al. (2011)
catalog demonstrates sufficient completeness and low contam-
ination across the mass range. For Milky Way-sized halos
(Mpae ~ 10'2-10'>3 M,,), the group finder captures approx-
imately 60% of true systems. However, systems with central
galaxies hosting satellites below the GAMA magnitude limit
are missed and appear as isolated galaxies without an estimate
of the halo mass proxy. This selection effect is inherent to the
survey depth and might introduce a bias at the low-mass end.
An additional critical source of uncertainty, identified as domi-
nant in Popesso et al. (2025b), is the scatter and contamination in
the halo mass proxy used to define the stacking bins. Lower- or
higher-mass halos may be incorrectly assigned to a bin, leading
to contamination from fainter or brighter systems. Popesso et al.
(2025b) quantifies this contamination for each bin used in our
analysis (see their Table 1).

Despite these challenges, the stacking analysis based on
the Robotham et al. (2011) mock catalog successfully recovers
the input average X-ray surface brightness profiles and corre-
sponding gas density profiles. As shown in Figs. 12 and 13
of Popesso et al. (2025b), the recovered profiles agree within
1o~ with the true input profiles of the simulation based on the
complete halo population. Throughout the entire range of halo
mass, the stacking method does not introduce significant bias,
and the underlying Ygu—Mha1o Telation is recovered within the
observational uncertainties, as shown in Fig. 17 of Popesso et al.
(2025b).

The total error budget in the derived gas mass incorporates
three main components:

— Fitting uncertainty: The gas density profiles were fit using a
parametric model, and uncertainties are estimated via boot-
strapping. This captures the combined effects of statistical
noise, background subtraction, and variation in the halo mass
proxy.

— Correction uncertainty: Additional uncertainty arises from
modeling and subtracting AGNs and XRBs contributions.
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Fig. 3. Relation between gas concentration, defined as the ratio of hot
gas mass within 0.1 Ry to that within Ry, versus halo mass. The blue
points represent results derived from the stacked data. The big pur-
ple point shows the result based on the electron density profile of the
CHEX-MATE clusters stacked in eROSITA (Lyskova et al. 2023). The
solid black line represents the best-fit relation based on the combined
stacks of eFEDS and CHEX-MATE data. The small purple points indi-
cate the mean relation predicted by the Magneticum simulation, with the
shaded region illustrating the dispersion around this relation. The pink
squares display the results obtained using the same stacking technique
applied in this study to the X-ray surface brightness profiles derived
from mock galaxy groups selected using the Robotham et al. (2011)
algorithm on the mock eROSITA data from the L30 lightcone of Mag-
neticum.

The uncertainty was modelled and included following
Popesso et al. (2025b).

— X-ray emissivity uncertainty: The conversion of X-ray sur-
face brightness to gas density depends on assumptions about
the gas temperature and metallicity. In this work, temperature
was inferred from the Tx—Mp,, relation of Lovisari et al.
(2015), and metallicity was assumed to be constant at 0.3 Z,.
As shown in Popesso et al. (2025b), this introduces a sys-
tematic uncertainty of up to 40% for the Robotham et al.
(2011) case for halos with a temperature below 1 KeV and
20% above this threshold, while it is negligible in the cluster
temperature regime.

Assuming that these components are independent, we combined
them in quadrature to estimate the total uncertainty. For groups
at halo masses below 10'33 M, the main source of uncertainty
remains the bootstrapping error of the stacking and fitting pro-
cedure. This comprehensive treatment ensures that both statisti-
cal and systematic errors are accounted for in the final gas mass
measurements derived from real data.

4. Results
4.1. The gas concentration

To quantify how the shape of the gas profiles varies with system
mass, we estimate the gas concentration (cg,s) as the ratio of the
gas mass within 0.1 Ry to that within Rygo. Figure 3 shows the
variation of gas concentration with halo mass. A clear trend is
observed, with gas concentration increasing with mass; specif-
ically, the CHEX-MATE clusters are approximately 2.5 times
as concentrated as Milky Way-sized groups, following a depen-

dence of cyos o MY /¥0% This factor is 3 times larger than
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Fig. 4. Yy,—MS5( relation. The filled circles represent a compilation of
literature data, color coded as a function of the sample reference as
shown in the picture. The blue squares indicate the Y, derived from the
stacked groups of Popesso et al. (2025a). The purple square indicates
the value derived from the CHEXMATE clusters stacked in eROSITA
data by Lyskova et al. (2023). The solid black curve represents our best
fit to stacked points, including the CHEXMATE clusters. The dashed
yellow and green curves represent the best fit of Pratt et al. (2009) and
Eckert et al. (2016), respectively. The Yg,s = 1 corresponding to the
Planck Collaboration VI (2020) value is indicated by the dashed black
line.

errors deriving from observational error of the stacking, includ-
ing the uncertainty due to the estimate of the gas emissivity by
assuming the gas temperature and metallicity, as described in the
previous section. Additionally, according to the standard hier-
archical formation paradigm, dark matter concentration (cp)
decreases monotonically with mass (see also Dutton & Maccio
2014). The opposite trend observed for gas concentration sug-
gests the influence of nongravitational processes, most likely
AGN feedback.

We propose that the observed increase in gas concentration
from low-mass groups to massive clusters results from AGN
feedback evacuating gas more effectively in low-mass halos
due to their shallower potential wells compared to clusters. To
explore this trend further, we examine the L30 lightcone of the
Magneticum simulation, finding a positive correlation with a
Spearman coefficient of 0.64 and a probability of no correlation

of ~107>. However, Magneticum predicts a flatter dependence of
J0-090+0.01

Ceas O My

Figure 3 also presents cg,s values obtained by applying the
same analysis as in this study to the stacked surface bright-
ness profiles of the mock dataset analogous to the one used
here (Marini et al. 2024; Popesso et al. 2025b). Figure 3 shows
that our approach, including uncertainties and systematics of the
group selection, halo mass proxy choice, and stacking technique,
accurately reproduces the c¢gas—Mpqp relation predicted by Mag-
neticum within 1o. This consistency suggests that the results
obtained from the observed stacked profiles are robust.

4.2. The observed Ygu— M, relation

We defined the fraction of gas mass within a radius, r, as

fgas(< r) = Mgy(< /M (< 1), 3

Table 2. Data points of the Yyu—Mpa, relation.

log(Ms00/Mo) Yas,500 log(M>00/Mo) Yoas.200
12.27 +0.03 0.058 +0.378 1242 +0.03  0.106 +0.381
12.54+0.03 0.180+0.318 12.68 £0.03  0.364+0.316
12.88 £0.04 0.115+0.260 13.03+£0.04 0.212+0.267
13.16 £0.05 0.230+0.191 13.31£0.05 0.401+0.188
13.39+0.05 0.229 +0.165 13.55+0.05 0.394+£0.166
13.67 £ 0.08 0.256 +£0.133 13.82+0.08 0.473+0.135
14.05 +0.09 0.347 +0.108 14.19+£0.09  0.553+0.106
14.61 £0.05 0.684 +0.105 14.76 £ 0.05 1.008 £ 0.101
1.75 1 eFEDS stacks Popesso et al. (2025a)
stacks of CHEXMATE clusters
1.50 A
(Lyskova et al. 2023)
1.25 A
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Fig. 5. Y,,,—My relation. The blue squares indicate the Y, derived
from the stacked groups of Popesso et al. (2025a) The purple square
indicates the value derived from the CHEXMATE clusters stacked in
eROSITA data by Lyskova et al. (2023). The solid black curve repre-
sents our best fit to stacked points, including the CHEXMATE clusters.
The dashed red line shows the best fit of the Y,,,—M350 relation of Fig. 4.

where M, is estimated from Eq. (2) and M (< 1) is the
total mass contained within the radius r. In this analysis, we
study the gas fraction contained within Rsgy and Ryg9. We nor-
malize fg, to the universal baryon fraction (€/Q,, = 0.154,
Planck Collaboration VI 2020) to obtain Yg,(< 7).

Figure 4 shows Y, estimated within Rsog versus Msgo. The
error bars on Yy are estimated as described in Section 3.2.
The median values of Msoy and M»q, together with their uncer-
tainties for each bin, are taken from Table 1 of Popesso et al.
(2025a). This table provides the median and dispersion of the
proxy distribution of the halo mass in a mock catalog based on
the Robotham et al. (2011) detection algorithm, applied to the
input halo populations within the same mass bins used in this
analysis. The uncertainties in the median M5y and M are cal-
culated by dividing the reported dispersion by the square root
of the number of groups included in the stacking. The corre-
sponding error bars are smaller than the symbol size shown in the
figure but are included in the fitting procedure. The data points
and the corresponding errors are listed in Table 2.

Y, varies by a factor of ~10 from Msgp ~ 5x 10" M, Milky
Way-sized groups, to Mspy ~ 5 x 10'* My, the CHEXMATE
clusters. The same is observed for Y, estimated within Rogg (see
Fig. 5). The best-fit power-law relation to the data, including the
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CHEXMATE stacked point, is
faass00 = 2.23 £ 0.18 X 1077 (Ms00/ M)+, 4)

Our best fit of Eq. (4) is consistent within 1o~ with the esti-
mates of Pratt et al. (2009) and Eckert et al. (2016). Neverthe-
less, it has a similar slope but a lower normalization in compar-
ison to the estimates of Sun et al. (2009), Lovisari et al. (2015),
and Eckert et al. (2021). These estimates are based on ROSAT
galaxy group samples, that include only the brightest groups of
the local Universe due to the high RASS flux limit. The stacked
data, instead, are representative of the bulk of the underlying
halo mass population as tested in Popesso et al. (2025b) through
the analysis of the analog mock dataset generated from Mag-
neticum. Thus, they include also groups and poor clusters whose
gas distribution might have been heavily affected by nongravita-
tional processes such as AGN feedback.

In addition to the combination of the eFEDS stacks and
the CHEX-MATE stacked point, we also show in Fig. 4 a
comprehensive compilation of literature data providing the
same estimate for z < 0.2 systems. These are the clus-
ter sample of Mulroy etal. (2019), Mahdavietal. (2013),
Eckertet al. (2019), the REXCESS sample of Prattetal.
(2009), the poor cluster and group sample of Arnaud et al.
(2007), Vikhlinin et al. (2006), and Sun et al. (2009) used in
Pratt et al. (2009) (APPOS + V09 + S09 in Fig. 4), the XMM-
XXL sample of Eckertetal. (2016), the group samples of
Gonzalez et al. (2013) and Lovisari et al. (2015), the poor clus-
ter sample of Ragagninetal. (2022), and the group sam-
ple of Rasmussen & Ponman (2009) and Pearson et al. (2017)
(RP0O9 +P17 in Fig. 4). We transformed all the values to our
adopted cosmology. We compare the distribution of the litera-
ture compilation to our best fit. Given the very different selec-
tion functions of the collected data, it is not surprising that they
scatter largely around our best fit. Nevertheless, we find consis-
tency in the distribution of the observed systems and the best fit
provided here and based on the stacked profiles. In particular,
we point out that the XMM-XXL groups of Eckert et al. (2019),
which are selected at a flux limit similar to eFEDS, exhibit fg,
values consistent with the mean values of the eFEDS detections
and stacks at Msgy ~ 10'3°-10"* M.

We also present here in Fig. 5, for the very first time, the fg,s
versus halo mass relation, estimated within Ryqo. Until recently,
measuring the f;,s beyond Rspo was hampered by the lack of sen-
sitivity of previous instruments. The stacking analysis can over-
come this problem, as shown by P24 and Lyskova et al. (2023).
The combination of eFEDS stacks and the CHEX-MATE stack
allows us to determine fy,, over the largest halo mass range, and
for the largest radius, ever probed so far in groups and clusters.
The best-fit relation is

Faas200 = 2:09 £ 0.14 x 1070(Mago/ M) 33092, (5)

At the Milky Way-sized group scale, fg, is ~20-40% of the cos-
mic value. It goes above 50% for massive groups and poor clus-
ters and it reaches the cosmic value at the CHEX-MATE cluster
mass scale. The slope of best fit of Eqgs. (4) and (5) are consis-
tent within 20, but the fraction of gas nearly doubles from R
to Rygp.

4.3. Comparison with simulations

We compare the results of our analysis with the predictions of
several hydrodynamical simulations, each implementing a dif-
ferent BH feedback model. We consider, in particular, the pre-
dictions of MillenniumTNG (Pakmor et al. 2023), FLAMINGO
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(Schaye et al.  2023), BAHAMAS (McCarthy et al. 2017),
SIMBA (Davé et al. 2019), Illustris (Genel et al. 2014), Illus-
trisTNG (Pillepich et al. 2019), and Magneticum (Dolag et al.
2016).

For MillenniumTNG, FLAMINGO, BAHAMAS, Illustris,
and SIMBA, the fgas—Ms00 relation is provided in the reference
paper. We normalize such a relation to the value of €, /€, accord-
ing to the cosmology implemented in each simulation. Only for
the IllustrisTNG and Magneticum, we derive the foas—Mpao rela-
tion ourselves. For IllustrisTNG, we select halos in TNG300, cor-
responding to the largest cosmological box available, including
2 x 2500° particles in a (302.6 cMpc)® volume. The dark mat-
ter (initial gas) particles have mass 5.9 x 107 My, (1.1107 M)
and Plummer equivalent softening 1.48 kpc at z = 0. Details on
the simulation and the astrophysical subgrid models implemented
can be found in Pillepich et al. (2019). We select halos at red-
shift z = 0 since we find no evolution of the Ygus—Mhalo rela-
tion in the redshift range z = 0-0.2 (i.e., the redshift range of the
surveys considered here). As for Magneticum, halos are drawn
from Box2b/hr which includes a total of 2 x 2880° particles in
a volume of (640 h~! cMpc)>. The dark matter (initial gas) parti-
cles have mass 6.9 x 103h™' M, (1.4 x 103h™' M) and Plum-
mer equivalent softening 3.75h~! kpc (3.75h~! kpc). We select
halos in the last snapshot available at redshift z = 0.25. To further
prove the consistency of our investigation, we repeat the analysis
with Box2/hr —2 x 15843 particles in a (352 h! chc)3 volume
—both at z = 0 and z = 0.3 to rule out possible intrinsic redshift
evolution of such relation. More details on the simulations and
the astrophysical subgrid models implemented can be found in
Dolag et al. (2016). In both simulations, we gather a representa-
tive sample of clusters and group-size halos by randomly selecting
10* halos with log Msp9/Ms > 12.2 in each simulation. For each
of them, we compute the hot gas mass fraction Yg,, within Rsog
and R, considering all the hot gas particles . We tested a temper-
ature threshold of 10° K, the value commonly adopted for identi-
fying hot gas particles in clusters and sampled by the eROSITA
0.5-2keV energy band used in the analysis. Such a temperature
should still sample most of the hot gas particles for the groups
in the mass regime considered in the analysis. Nevertheless, very
low-mass groups, at halo masses below 10'>7122 M, typically
have lower temperatures. In these cases, this cut-off excluded a
large fraction of gas particles, resulting in a lack of statistically
robust outcomes for groups, which are anyhow excluded from the
analysis.

The result of the comparison is shown in Fig. 6. Compared to
our observational results, Yy, is overpredicted at given My, by
MillenniumTNG and lustrisTNG, which apply the same galaxy
physical model (see also Popetal. 2022, for an alternative
estimate in IllustrisTNG300). FLAMINGO, and BAHAMAS,
which have similar approaches for the BH feedback implemen-
tation, are closer to our observed relation, although they do
not follow the observed power law, in particular in the Mp,,
range 101357145 M1 (see also Salcido et al. 2023). The Mag-
neticum simulation reproduces the observed relation reasonably
well, with a slightly higher normalization that remains consis-
tent within 1o of the observations (see also Angelinelli et al.
2022). SIMBA also shows agreement within 1o, albeit with
slightly lower concordance. In contrast, Illustris exhibits an
overly efficient evacuation of gas from halos across all masses. It
is important to note that Genel et al. (2014) provides the gas frac-
tion relation for all phases of gas rather than exclusively the hot
phase. Consequently, the relation depicted in the bottom-right
panel of Fig. 4.3 represents an upper limit to the hot gas-only
relation.
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Fig. 6. Comparison of the observed Yy, versus mass relations within Rsoy with different hydrodynamical simulations. The color code for each
dataset is indicated in each panel. The light orange squares show the stacked points of Fig. 4, while the black line shows our best-fit relation. The
bottom subpanels show the residuals of each dataset to our best fit. These are expressed in dex (log(fsas) — log(fit)). Top-left panel: Comparison
of Ygas—Ms0o relation with the predictions of the BAHAMAS (Salcido et al. 2023) and FLAMINGO (Schaye et al. 2023) simulations. The blue
shaded region indicates the 1o~ uncertainty of the relation in FLAMINGO as reported in the corresponding paper. These two simulations use similar
galaxy evolution models and feedback implementations. Top-right panel: Comparison of Y,,,—Mj5 relation with the predictions of the IllustrisTNG
(Pillepich et al. 2019) and of MillenniumTNG (Pakmor et al. 2023) simulations. For IllustrisTNG we show the individual estimates (pink points)
and the mean relation (purple squares). For MillenniumTNG we report the mean relation (green squares) retrieved in the corresponding paper.
These two simulations use similar galaxy evolution models and feedback implementations. Bottom-left panel: Comparison of Y,,,—Msq relation
with the predictions of the Magneticum (Dolag et al. 2016). The pink points indicate the individual estimates, while the purple squares indicate the
mean relation. Bottom-right panel: Comparison of Yg.s—Msg relation with the predictions of the Simba (Davé et al. 2019) and Illustris (Genel et al.

2014).

The mass range of 10'3—10'* My, where most predictions
deviate most significantly from the observed relation, warrants
further investigation. To this end, we compare the electron den-
sity profiles derived from our stacking analysis to predictions
from simulations. For Magneticum, the electron density profile
is obtained directly from simulation data, while other profiles are
taken from the review by Oppenheimer et al. (2021). As shown
in Fig. 7, the profiles from Magneticum and SIMBA align most
closely with the observations. In contrast, the normalizations of
the EAGLE (Schaye et al. 2015) and TllustrisTNG simulations
exceed observational results by a factor of approximately three.
These results are more consistent with those from studies of
bright X-ray groups, which naturally contain a higher gas frac-
tion (e.g., Lovisari et al. 2015; Sun et al. 2009).

The discrepancies among simulations are largely attributable
to differences in the treatment of galaxy formation physics and
the associated timing and effects of black hole feedback on the

intracluster medium (ICM). These variations make it challeng-
ing to isolate specific drivers of the observed differences, as
they likely arise from a combination of factors. For example,
Kauffmann et al. (2019) provide a compelling illustration of this
complexity through a trace particle analysis comparing Illustris
(Nelson et al. 2015) and IllustrisTNG. Their study demonstrates
that Illustris evacuates hot gas from galaxy groups more effec-
tively than IllustrisTNG (see also Hadzhiyska et al. 2025). The
findings by Kauffmann et al. (2019) attribute these differences to
the subgrid models of feedback, which affect the timing of gas
displacement, cooling, and collapse during galaxy evolution, in
addition to switching from a thermal to a kinetic AGN feedback
at low accretion rates (in the radio mode). However, the observed
differences in the dependence on group or cluster mass suggest
that an important factor may be the inclusion (or lack thereof) of
halo mass-dependent feedback parameters. For instance, kinetic
feedback models vary across simulations and are absent in
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Fig. 7. Electron density profile for groups at 101> My < My < 10™* M,
from this work (blue dashed-dotted curve), Lovisari et al. (2015) (black
dashed curve) and Sunetal. (2009) (gray dotted curve), compared
with the predictions of the hydrodynamical simulations in the same
Moo mass bin: Magneticum (pink curve), IllustrisTNG100 (red curve),
EAGLE (orange curve), and Simba (green curve). With the exclusion of
the Magneticum data provided by Popesso et al. (2025b), the profiles of
the simulations are taken from the review of Oppenheimer et al. (2021).
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Fig. 8. Upper panel: Comparison of the observed Yy, versus mass rela-
tions within Rsyy with the fy,, values within the same radius as given by
Bulbul et al. (2024) for the eRASS:1 extended objects at z < 0.05 and
with an optical counterpart. Lower panel: Residuals of the eRASS:1
data from the best fit of Fig. 4 expressed in dex (log( fsas) — log(fit)).

Magneticum, which could play a critical role in shaping the
observed trends.

4.4. Comparison with eRASS:1 data

To further validate our findings, we compare them with a subsam-
ple of groups and clusters selected from eRASS:1 observations as
presented by Bulbul et al. (2024). This subsample, illustrated in
Fig. 8, comprises all clusters and groups at z < 0.05 with a well-
defined optical counterpart in the matched catalog provided in the
eRASS:1 datarelease, as described by Bulbul et al. (2024). These
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systems include only those with more than five spectroscopic
members. A flux cut of 10713 erg s™' cm™2 was applied to ensure
a50% complete sample for systems with Msgy > 6% 103 M, fol-
lowing the completeness criteria outlined by Bulbul et al. (2024).
Additionally, Fig. 8 includes systems with masses below this com-
pleteness limit.

The gas masses reported by Bulbul et al. (2024) were esti-
mated using the methodology described in Liu et al. (2022a),
which was previously applied to eFEDS-detected systems. Total
masses were derived using scaling relations calibrated with
weak lensing mass estimates (see Bulbul et al. 2024, for fur-
ther details). In these analyses, eROSITA data were simultane-
ously fit to extract Mspy and temperature, iteratively refining the
aperture size to define Rsoo such that the data aligned with the
observed Ly—Msq scaling relation. As a result, all derived mea-
surements are inherently correlated.

Despite these correlations, we find excellent agreement
between our best-fit fyas—Mpao relation and the independent esti-
mates from Bulbul et al. (2024). This consistency further under-
scores the robustness of our results and strengthens confidence
in the methodologies employed.

5. Discussion and conclusion

Using the stacking results from optically selected groups in
eFEDS and the eROSITA stacked surface brightness profile of
the CHEX-MATE clusters, we provide a comprehensive mea-
surement of the fyas—Mhpaio relation over the largest halo mass
range and to the largest radii ever probed for galaxy systems at
z < 0.2. Extensive tests conducted on an analogous mock dataset
ensure that our results are robust against selection biases. We
find that the fya5—Mpg, relation is well-described by a power law
with a consistent shape (within 1-20) when estimated within
both Rsqo and Ry radii. This relation is in agreement with
other studies that utilize X-ray survey data of similar depth, such
as eFEDS and XXM-XXL (see, e.g., Eckert et al. 2016). How-
ever, our results indicate a lower fg,s in the group regime com-
pared to studies based on X-ray bright groups (e.g., Sun et al.
2009; Lovisari et al. 2015; Eckert et al. 2021). We interpret this
discrepancy as a selection effect, with X-ray brightest nearby
groups occupying the upper envelope of the fgus—Mhalo relation
at fixed halo mass.

Comparing our observed fgas—Mhao relation with predictions
from various hydrodynamical simulations reveals that most cur-
rent state-of-the-art models tend to overpredict the gas fraction
across different halo mass ranges. Only Magneticum and, to a
lesser extent, SIMBA align with the observed relation. Interest-
ingly, the most significant discrepancies are not evident at the
Milky Way group mass scale, where simulations generally per-
form well, but rather at the scale of massive groups and poor
clusters (13.5 < log(Msp0/My) < 14.3). These discrepancies
are unlikely to arise from systematic biases in our fy,s measure-
ments, as our best-fit relation aligns well with literature data
compilations (Fig. 4). Instead, while Magneticum and SIMBA
accurately reproduce the electron density profiles derived from
the data, EAGLE and IllustrisTNG overestimate the normaliza-
tion of these profiles, leading to an overprediction of gas mass
fractions.

The low fy,s values observed at the group mass scale, approx-
imately 0-40% of the cosmic baryon fraction, suggest that a sig-
nificant portion of the hot gas may reside beyond the virial region
or exist in non-X-ray-emitting phases. Simulations predomi-
nantly support the first scenario, where feedback mechanisms
expel gas to regions far beyond the virial radius, particularly in



Popesso, P., et al.: A&A, 707, A362 (2026)

lower-mass halos. Studies such as Angelinelli et al. (2022) and
Ayromlou et al. (2023) demonstrate that in both Magneticum
and IustrisTNG, most baryons in the form of hot gas are dis-
placed well beyond the virial radius in Milky Way-sized halos
and massive groups. This displacement implies that the halo clo-
sure radius — where baryon content aligns with the cosmic value
— extends significantly beyond Ry for most group-sized sys-
tems. However, in [llustrisTNG, this gas expulsion is insufficient
at the massive group and poor cluster scales, where our observa-
tions reveal discrepancies in fg,s of up to a factor of three. This
may indicate that the moderated or halo-mass-dependent feed-
back in [llustrisTNG, introduced to better match galaxy proper-
ties (Pillepich et al. 2019), does not expel gas as efficiently as the
original Illustris model (Nelson et al. 2015).

This discrepancy is further highlighted in Hadzhiyska et al.
(2025), which reports kinematic Sunyaev-Zeldovich (kSZ) effect
measurements from the Atacama Cosmology Telescope (ACT),
stacked on the luminous red galaxy (LRG) sample of the
Dark Energy Spectroscopic Instrument (DESI). These obser-
vations detect gas extending well beyond the virial radius at
high significance (>400), showing better agreement with Illus-
tris predictions than with IllustrisTNG (see also Amodeo et al.
2021). It is worth noting that the feedback adjustments in Illus-
trisTNG improve predicted galaxy properties, such as color and
star formation rates, compared to Illustris (Sparre et al. 2015;
Donnari et al. 2021). However, these adjustments appear to com-
promise the accuracy of gas distribution predictions within
halos. Similarly, while Magneticum performs well in repro-
ducing halo gas properties (see also Popesso et al. 2025b,a),
it overquenches local galaxy populations (Mazengo et al., in
prep.), as does SIMBA (Davé et al. 2019).

Other simulations, such as BAHAMAS and FLAMINGO,
exhibit less extreme behavior compared to IllustrisTNG. While
they do not perfectly reproduce the fgas—Mpao Telation, the max-
imum disagreement is limited to a factor of two at Msoy ~
10" M,. Additionally, their galaxy populations do not suffer
from the strong overquenching of star formation observed in
Magneticum, or SIMBA, although their lower resolution poses
limitations compared to these simulations (Schaye et al. 2023;
McCarthy et al. 2017).

We conclude that current hydrodynamical simulations face
a critical challenge in balancing subgrid physics. While strong
feedback mechanisms effectively expel gas from halos, they
often suppress star formation too aggressively, leading to incon-
sistencies in modeling galaxy populations. The critical challenge
lies not only in determining the magnitude of energy feedback
required to deplete or prevent gas cooling and inflow but also in
understanding when and where these processes occur. Address-
ing this requires robust observational constraints on halo gas and
galaxy properties across cosmic time and varying environments,
which remain largely lacking.

In conclusion, our estimates of fy,s over a wide range of halo
masses, from Milky Way-sized groups to clusters, and out to
R,oo distances, set severe constraints to theoretical models that
investigate the co-evolution of the hot intra-group medium in
the presence of the central galaxy BH feedback, and highlights
the importance of avoiding selection biases when deriving halo
properties that can depend on the halo selection process itself.
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