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ABSTRACT

Context. In this study, we present the average X-ray properties of massive halos at z < 0.2 over the largest halo mass range ever
probed so far, bridging the gap from Milky Way-like halos to massive clusters.
Aims. The results show the average X-ray properties of galaxy groups, obtained through the stacking analysis in the eFEDS area of
the GAMA galaxy group sample at z < 0.2. The results have been rigorously tested using a synthetic dataset that mirrors the observed
eROSITA X-ray and GAMA optical data based on the lightcones of the Magneticum simulations.
Methods. We used a halo mass proxy based on group total luminosity, avoiding systematics linked to velocity dispersion and richness
cuts. The stacking is done in bins of halo mass and tested in the synthetic dataset for AGN and X-ray binaries contamination,
systematics due to the halo mass proxy, and uncertainty in the optical group center.
Results. We provide the average X-ray surface brightness profile in six bins of mass, ranging from Milky Way-like systems to poor
clusters at M200 ∼ 1014 M�. We find that the scatter in the LX−M relation is driven by gas concentration in groups, as undetected
X-ray systems at fixed halo mass exhibit lower central gas concentrations than detected ones, aligning with Magneticum predictions.
However, there is a discrepancy regarding dark matter concentration: Magneticum predictions suggest that undetected groups are more
concentrated, implying they are older and more relaxed, whereas previous observational findings suggest the opposite. We present new
measurements of the LX,500−M500 and LX,200−M200 relations, from Milky Way-like halos to massive clusters. Our results indicate that
a single power law fits the data across three decades of halo mass, and they align well with previous studies focused on specific halo
mass ranges. Magneticum best matches the observed gas distribution across the entire halo mass range, while IllustrisTNG, EAGLE,
Simba, and FLAMINGO show larger discrepancies at different mass ranges. This highlights that simulations such as Magneticum,
which are not calibrated on z = 0 galaxy properties, reproduce gas properties well but still lead to overly massive galaxies at the
centers of massive halos. Conversely, simulations calibrated on z = 0 galaxy properties fail to reproduce the gas properties.
Conclusions. This evidence reveals a potential gap in our understanding of the relationship between galaxies and their host structures.
Therefore, this work emphasizes the need for a deeper investigation into the connection between gas and dark matter distributions
and their impact on central galaxy properties. Such an inquiry is crucial to comprehensively understanding the role and interplay of
gravitational forces and feedback-related processes in shaping both the large-scale structure and the galaxy population.

Key words. galaxies: active – galaxies: clusters: general – galaxies: clusters: intracluster medium – galaxies: halos –
large-scale structure of Universe
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1. Introduction

Galaxy groups are the new frontier of modern cosmology. They
represent a crucial test for the predictions of the current mod-
els of large-scale structure and galaxy formation and evolution
(McCarthy et al. 2017). Their hot gas content, and thus their
baryonic mass and X-ray appearance, are predicted to depend
on the impact of the feedback of the supermassive black hole
(BH) at the center of the central galaxy. At the cluster mass
scale, such effects are limited to the central core (Le Brun et al.
2014). In contrast, at the group mass scale, the energy involved
is of the same order as the system’s binding energy, potentially
impacting the entire group volume on a scale of megaparsecs
(Oppenheimer et al. 2021).

Modeling the mechanisms–AGN or stellar feedback–that
expel baryons from collapsed structures and trigger baryonic
exchange represents both the major strength and the greatest
weakness of our paradigm of galaxy formation and evolution.
Numerical simulations of enormous sophistication and complex-
ity have been dedicated to modeling the interplay between such
feedback and gas cooling in massive systems. However, pre-
dictions diverge significantly on the amount and distribution of
baryonic mass in groups, ranging from exceedingly hot, gas-rich
halos to systems completely devoid of gas (Oppenheimer et al.
2021). These discrepancies hinge primarily on the implementa-
tion of feedback mechanisms, varying from simpler single-mode
scenarios–where a percentage of the supermassive black hole’s
energy is deposited via a thermal bump into neighboring cells
(e.g., Eagle, Schaye et al. 2015; BahamasXL, McCarthy et al.
2017; FLAMINGO, Schaye et al. 2023)–to more intricate two-
mode implementations. The latter include thermal dumping or
black hole-driven outflows at high accretion rates (quasar mode),
and kinetic kicks or energy dumping via bubbles at low accretion
rates (radio mode) as seen in simulations such as IllustrisTNG
(Pillepich et al. 2019) and Magneticum (Dolag et al. 2016). Nav-
igating through these various solutions and predictions empha-
sizes the need for stringent observational constraints on the X-
ray appearance and hot gas content of galaxy groups.

To date, acquiring such observational constraints has been
exceedingly challenging. The intra group medium (IGrM) within
the most common low-mass halos emits primarily through
Bremsstrahlung radiation or metal line emissions in the X-rays.
Detecting this gas at temperatures below 1−2 keV has posed a
formidable challenge for previous X-ray surveys due to lim-
ited sensitivity or survey capabilities, particularly below the
galaxy cluster mass range (Ponman et al. 1996; Mulchaey 2000;
Osmond & Ponman 2004; Sun et al. 2009; Lovisari et al. 2015).
To address this issue, researchers have frequently employed
stacking techniques using ROSAT All-Sky Survey (RASS) data
for galaxy groups and clusters selected through various meth-
ods. For instance, Rykoff et al. (2008a) utilized the redMaPPer
algorithm on SDSS spectroscopic and photometric data to select
clusters based on overdensity and galaxy red sequence, produc-
ing an LX−M relation within r200 in the soft X-ray ROSAT
band by stacking systems in bins of total optical luminosity or
richness. Similarly, Anderson et al. (2015) extended the stack-
ing analysis to Milky Way-like systems by stacking RASS data
for a sample of SDSS bright red galaxies, considered to be cen-
tral galaxies of massive halos. This analysis provided constraints
on the LX-gas temperature (TX) relation within r500.

More recently, the eROSITA science verification data from
eFEDS and the eROSITA All-Sky Survey (eRASS:1) has show-
cased the instrument’s high sensitivity, particularly in the soft X-
ray band (0.2−7 keV) below 1−2 keV (Bulbul et al. 2024). The

first eRASS:1 catalog, encompassing half of the sky, promises
to fill the “group desert” in many X-ray scaling relations
(Lovisari et al. 2021). However, deeper analyses revealed that
eFEDS, approximately ten times deeper than eRASS:1, detects
only a small fraction of the galaxy group population below
halo masses of 1014 M� (Popesso et al. 2024). This trend may
be partially explained by a known bias in the eSASS detec-
tion algorithm, that favors centrally peaked systems (see also
Clerc et al. 2018). However, the observed shortfall cannot be
attributed solely to the algorithm’s reduced sensitivity to low sur-
face brightness systems. Instead, it likely reflects the influence of
non-gravitational processes – such as AGN feedback – that can
expel gas beyond the group’s virial radius. This reduces the cen-
tral hot gas density and, as a result, lowers the X-ray luminosity
of the system, given that LX scales with the square of the gas
density.

Stacking analyses of optically selected galaxy groups in
eFEDS data revealed a lower surface brightness compared
to their detected counterparts at fixed halo mass. Synthetic
eROSITA data, derived from Magneticum hydrodynamical sim-
ulation light cones, indicate that eROSITA’s selection function is
biased against galaxy groups with lower surface brightness pro-
files and higher core entropy (Xu et al. 2018, 2022; Käfer et al.
2019; Marini et al. 2024). This finding is supported by ear-
lier results of Popesso et al. (2024), although concerns persist
regarding potential contamination in optically selected groups
and uncertainties in halo mass measurements based on the veloc-
ity dispersion of GAMA galaxy groups (Robotham et al. 2011)
used by Popesso et al. (2024).

Furthermore, Zheng et al. (2023) and Zhang et al. (2024a)
conducted stacking analyses on eROSITA data using the opti-
cally selected catalogs of Yang et al. (2021) and Tinker (2021),
respectively, with binning in halo mass proxies provided in the
respective catalogs. However, these studies yielded some appar-
ent discrepancies, likely related to systematics in the stacking
techniques and the used halo mass proxy.

To better control these systematics, as detailed in
Marini et al. (2025), we generated synthetic optically selected
galaxy catalogs from the same light cones used for creating
the synthetic eROSITA observations in Marini et al. (2024). By
mimicking the GAMA selection criteria and employing the
group finder of Robotham et al. (2011), we created a mock
galaxy group sample that replicates the GAMA galaxy groups
used as a prior catalog for the stacking analysis in Popesso et al.
(2024). Leveraging this synthetic dataset, Popesso et al. (2025)
refined the stacking technique, highlighting potential selection
effects and systematics. We describe here the results based on
this extensive testing to provide robust insights into the aver-
age X-ray properties of galaxy groups down to Milky Way-
sized halos. In addition, we provide provide the LX−M scaling
relations, within r500 and r200, thus bridging the gap between
very low mass MW-like groups to massive clusters and filling
a gap in the current literature. We compare our results with
previous results in the literature and provide a comprehensive
comparison with the predictions of state of the art hydrody-
namical simulations such as Magneticum (Dolag et al. 2016),
IllustrisTNG (Pillepich et al. 2019), FLAMINGO (Schaye et al.
2023), EAGLE (Schaye et al. 2015) and Simba (Davé et al.
2019).

The paper is structured as follows: in Section 2, we describe
the observed dataset, including the GAMA optically selected
group sample, and details of the eFEDS dataset. In Section 3,
we describe the corresponding synthetic dataset, comprising the
galaxy catalog, the GAMA-like galaxy group sample, and the

A278, page 2 of 14



Popesso, P., et al.: A&A, 704, A278 (2025)

synthetic eROSITA observations. In Section 4, we discuss the
possible selection effects and systematics due to the halo mass
proxy, the optical center, and the contamination by AGN and
XRB in the stacked average X-ray surface brightness profile. In
Section 5, we present the results of the X-ray stacking analysis
and assess their robustness. In Section 6, we analyze the LX−M
relation within r500 and r200 and compare it with other works
in the literature and predictions of state-of-the-art hydrodynam-
ical simulations. In Section 7, we provide a summary, discus-
sion, and conclusions of our results. Throughout the paper, we
assume a flat ΛCDM cosmology with H0 = 67.74 km s−1 Mpc−1

and Ωm(z = 0) = 0.3089 (Planck Collaboration XIII 2016).

2. The observed dataset

2.1. The GAMA optically selected galaxy group 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). This reaches a completeness of ∼95%
down to the magnitude limit of r = 19.8. The Friends-of-Friends
(FoF) algorithm described in Robotham et al. (2011, hereafter
R11) identifies 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 (Mfof) is then estimated from the
group’s velocity dispersion (σv) within a variable radius (see
Robotham et al. 2011, for more details).

However, Marini et al. (2025), using a mock synthetic cat-
alog based on the same selection algorithm (see next section),
show 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 dis-
persion, which introduces further selection effects during stack-
ing. Marini et al. (2025) indicate that the total optical luminosity
of the groups is the best proxy for the dark matter halo mass.
The algorithm effectively retrieves group membership, ensuring
that all bright members contributing most to the group’s total
luminosity are captured. 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 provided galaxy membership from
the catalog to estimate the total optical luminosity in the r-band
following the approach of Popesso et al. (2005), and then apply
the correlation provided there to estimate M200. Similarly, we
use the best-fit relation from Popesso et al. (2005) to estimate
r200. Additionally, we derive estimates for M500 and r500 using
the NFW mass distribution model and the concentration-mass
relation of Dutton & Macciò (2014).

2.2. The eFEDS data

For this study, we utilized the public Early Data Release (EDR)
eROSITA event file of the eFEDS field (Brunner et al. 2022).
The field was observed with an unvignetted exposure of approx-
imately 2.5 ks, slightly higher than the anticipated exposure for
the future eRASS upon completion, which is about 1.6 ks unvi-
gnetted. The dataset contains roughly 11 million events (X-
ray photons) detected by eROSITA across the 140 deg2 area

of the eFEDS Performance Verification survey. Each photon is
assigned an exposure time based on the vignetting-corrected
exposure map. Photons in proximity to detected sources from the
source catalog are flagged. These sources are classified as point-
like or extended according to their X-ray extent (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 multi-wavelength information (Salvato et al.
2022; Vulic et al. 2022; Liu et al. 2022a,b; Bulbul et al. 2022).

Despite the smaller volume sampled by eFEDS, the much
deeper depth and the very stable background make it still prefer-
able to the much shallower observations of eRASS:1. Thus, we
revise the results of Popesso et al. (2024) in light of the tests
done on mock optically selected catalogs and mock eROSITA
observations, to test the contamination and completeness of the
prior sample and the reliability of the stacking analysis (see next
section).

3. The synthetic dataset

To verify each step of the optical group selection and stack-
ing procedure in the eROSITA data, we construct a mock
catalog and a mock eROSITA observation from the same
light-cone of the Magneticum simulation, creating an ana-
log of the observational dataset. All details can be found
in Marini et al. (2024, 2025). The Magneticum Pathfinder
simulation1 is a comprehensive set of state-of-the-art cos-
mological hydrodynamical simulations conducted with the
P-GADGET3 code (Springel & Hernquist 2003). Significant
improvements include a higher-order kernel function, time-
dependent artificial viscosity, and artificial conduction schemes
(Dolag et al. 2005; Beck et al. 2016). These simulations incor-
porate various subgrid models to account for unresolved bary-
onic physics, such as radiative cooling (Wiersma et al. 2009),
a uniform time-dependent UV background (Haardt & Madau
2001), star formation and stellar feedback (i.e., galactic winds;
Springel & Hernquist 2003), and explicit chemical enrichment
from stellar evolution (Tornatore et al. 2007). Additionally, they
include models for supermassive black hole (SMBH) growth,
accretion, and AGN feedback following established method-
ologies (Springel & Hernquist 2003; Di Matteo et al. 2005;
Fabjan et al. 2010; Hirschmann et al. 2014).

Here, we offer a brief description of the synthetic optical and
X-ray datasets to emphasize their similarities with the observed
data. The description refers to the L30 light cone over an area of
30× 30 deg2 up to z = 0.2, thus simulating only the local Uni-
verse analyzed here. Detailed information on the generation of
the mock observations is provided in Marini et al. (2024, 2025).

3.1. The mock galaxy catalog and galaxy group sample

The galaxy mock catalog is derived from the light cones of
the Magneticum simulation and it is described in Marini et al.
(2025). The galaxy and halo catalogs within Magneticum are
identified using the SubFind halo finder (Springel et al. 2001;
Dolag et al. 2009), which compiles a comprehensive list of
observables (e.g., stellar mass, halo mass, star formation) by
integrating the properties of the constituent particles. The mock
galaxy catalog generated from the light-cone is limited to the
local Universe up to z < 0.2 and covers an area of 30× 30 deg2. It
includes synthetic magnitudes in the SDSS filters (u, g, r, i, z),
observed redshifts, stellar mass, and projected positions on the

1 http://www.magneticum.org/index.html
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Fig. 1. Left panel: Completeness and contamination of the optical group catalog based on the Magneticum mock galaxy catalog. Central panel
top: Comparison between the input halo mass M200 and the group mass proxy based on the total luminosity scaled through the scaling relation
of Popesso et al. (2005). The solid line indicates the 1:1 relation. The green symbols indicate the mean M200 obtained in bins of 0.3 dex width of
Mlum, whilst the error bar indicates the dispersion. Central panel bottom: Residuals ∆ = log(Mlum)− log(M200) of the individual (red) points and
the mean values (green symbols). Right panel: Difference in ∆RA and ∆Dec, estimated in kiloparsec, between the center of the detected optical
group and the center of the input halo.

sky (i.e., RA, Dec) for each galaxy. To simulate a GAMA-
like survey, we apply an r-band magnitude cut at 19.8 mag. To
mimic observational uncertainties, observed redshifts and stel-
lar masses are assigned errors drawn from Gaussian distribu-
tions with σ = 45 km s−1 and 0.2 dex, respectively. Additionally,
5% of the galaxies are set to undergo catastrophic failure in the
spectroscopic survey (i.e., ∆v > 500 km s−1), and a spectroscopic
completeness of 95% is simulated.

To create an optically selected galaxy group catalog analo-
gous to the GAMA galaxy group sample, we apply the galaxy
group finder algorithm of Robotham et al. (2011) to the mock
galaxy catalog after implementing a GAMA-like selection. This
approach uses a FoF algorithm for galaxy-galaxy linking, which
has been extensively tested on semi-analytic mock catalogs and
is designed to be highly robust against the effects of outliers and
linking errors. The algorithm’s performance has been thoroughly
tested in Marini et al. (2025) by matching the input halo catalog
with the group catalog in terms of coordinates, redshift, and mass.
Here, we report the main results regarding the algorithm’s perfor-
mance in terms of completeness, contamination, and the best halo
mass proxy, as these are particularly relevant for the stacking anal-
ysis in the corresponding mock eROSITA observations.

As highlighted in Marini et al. (2025), completeness remains
above 90% down to M200 ∼ 1013.5 M�, decreases to 80% at
M200 ∼ 1012.5 M� (see left panel of Fig. 1). Contamination due to
spurious detections remains below 10% across the whole mass
range, also by considering fragmentation (see Marini et al. 2025,
for more details). These results are qualitatively consistent with
those of Robotham et al. (2011). Quantitatively, the levels of
completeness and contamination presented here are higher and
lower, respectively, than in Robotham et al. (2011), due to the
lower redshift cut (z < 0.2) of the mock galaxy sample com-
pared to GAMA, which extends to z ∼ 0.5 and the different halo
mass proxy used in the analysis.

Indeed, according to Marini et al. (2025), the best proxy for
the input M200 is the total optical luminosity (Lopt). This is esti-
mated by summing up the optical luminosity of the system mem-
bers down to an absolute magnitude limit, and it is converted into
a mass proxy, Mlum, using a scaling relation. Marini et al. (2025)
use the scaling relation of Popesso et al. (2005). The comparison
between Mlum and the input M200 is shown in the central panel
of Fig. 1. While total stellar mass is also a good proxy, it has a
slightly larger scatter. The mass derived from velocity dispersion
is unreliable for groups with fewer than ten galaxy members (see
Marini et al. 2025, for a more detailed analysis).

The scatter of the Mlum−M200 relation varies with mass,
being relatively small (∼0.14 dex) for Mlum > 1013.5 M� and
increasing up to 0.3 dex at lower values of the proxy with a
non-symmetrical behavior (see Fig. 1). This implies that when
stacking the optically selected groups in Mlum bins, there is con-
tamination by both lower and higher mass groups. Popesso et al.
(2025) study in depth all selection and contamination effects of
the scatter of the Mlum−M200 relation for the Robotham et al.
(2011) group catalog. They find that the total luminosity proxy
only slightly underestimates the true masses. Nevertheless, this
leads to higher contamination by higher mass groups in nearly
all halo mass proxy bins (see Table 1 in Popesso et al. 2025).

The coordinates of the optically selected groups are also in
agreement with the input halo coordinates, corresponding to the
center of mass. The rms of the residuals shown in the right panel
of Fig. 1 is about ∼25 kpc, much smaller than the eROSITA PSF
at the considered group redshifts (z < 0.2, see also next section).
This could potentially introduce a bias for nearby groups at
z < 0.085, where 25 kpc may exceed the full width at half maxi-
mum (FWHM) of the eROSITA PSF. However, in both the syn-
thetic dataset and the observed group sample, only about 20% of
systems fall within this redshift range, and none of these groups
has a mass greater than 8 × 1012 M�. In all such cases, the group
center aligns with the coordinates of the brightest central galaxy
(BCG), in agreement with Magneticum predictions for halos of
this mass scale.

3.2. The synthetic eROSITA observation

The photon list of all X-ray emitting components, including
hot gas, AGN, and X-ray binaries, is generated using PHOX
(Biffi et al. 2012, 2013) for the same light cone L30 used to
create the mock galaxy catalog. PHOX computes X-ray spectral
emission based on the physical properties of the gas, black hole
(BH), and stellar particles in the simulation. The photon list is
created for all components up to a redshift z < 0.2, providing
the X-ray counterpart of the galaxy mock catalog in the local
Universe. Detailed modeling of the components can be found in
Marini et al. (2024).

The synthetic photon lists are used as input files for the
Simulation of X-ray Telescopes (SIXTE) software package
(Dauser et al. 2019, v2.7.2). SIXTE incorporates all instrumen-
tal effects, including the PSF (with HEW = 30 arcsec, aver-
aged in the 0.2−2.3 keV band as reported in Merloni et al. 2024),
redistribution matrix file (RMF), and auxiliary response file
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(ARF) of the instrument (Predehl et al. 2021). It can also model
eROSITA’s unvignetted background component due to high-
energy particles (Liu et al. 2022b). We performed mock obser-
vations of eRASS:4 in scanning mode using the theoretical
attitude file for the three components separately, then combined
the event files. In L30, the simulated background in all seven
TMs is based on Liu et al. (2022a) and represents the spectral
emission from all unresolved sources, rescaled to the eRASS:4
depth in line with the simulated emission of the individual X-ray
emitting components.

The simulated eROSITA data were processed through
eSASS as described in Merloni et al. (2024). The event files
from all emission components and eROSITA TMs were merged
and filtered for photon energies within the 0.2−2.3 keV band.
The filtered events are binned into images with a pixel size
of 4′′ and 3240 × 3240 pixels. These images correspond to
overlapping sky tiles of size 3.6 × 3.6 deg2, with a unique
area of 3.0 × 3.0 deg2. The L30 is covered by 122 standard
eRASS sky tiles. A detailed description of the data reduction
is provided in Marini et al. (2024), along with the correspond-
ing X-ray catalog of extended and point sources provided by
eSASS.

Marini et al. (2024) thoroughly analyze the completeness
and contamination of the extended emission catalog, finding
that, after matching the X-ray detections with the input halo cat-
alog, the sample’s completeness drops below 80% at M200 ∼

1014 M�, reaches 45% at ∼1013.5 M�, and no sources are detected
at ∼1013 M�. The contamination is negligible in the cluster mass
range and is about 20% for 1013 M� < M200 < 1014 M�. This
is in line with the results obtained by the eROSITA Consortium
dedicated works (Biffi et al. 2018; Clerc et al. 2018; Seppi et al.
2022).

4. Testing the stacking procedure

Before implementing the stacking procedure on the eFEDS data,
we validate it using the mock dataset. Popesso et al. (2025) uti-
lize the mock optically selected group sample, identified via the
R11 group finder, as a prior sample for stacking in the mock
eROSITA observation of the L30 lightcone. The groups are
divided into halo mass bins using the total optical luminosity, the
best available proxy for M200. Considering the completeness lev-
els (see Section 3.1), the sample is restricted to M200 > 1012.2 M�
to target Milky Way-sized halos. The stacking is performed at
the optical group coordinates following the procedure outlined
in Popesso et al. (2024).

Briefly, the stacking is done by averaging the background
subtracted surface brightness 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 within each annulus are excluded from the anal-
ysis, and the area of the annulus is corrected accordingly to
account for the excluded region. If a point source lies beyond
2 × r200 from the center of a group, the system is retained in
the prior sample for stacking, as the masked source does not
affect the group profile not the background estimation. How-
ever, if the point source falls within 2 × r200 of the group cen-
ter, the system is excluded from the stacking sample. This is
because, given the large eROSITA PSF, the presence of a point
source within this radius would compromise the integrity of
the group surface brightness profile. The X-ray luminosity from
the stacked signal is derived in the 0.5−2 keV band by select-
ing only events with a rest frame energy in the selected band
at the median redshift of the prior sample. The spectroscopic

information is retained and corrected for the effective area to
ensure an accurate estimate of the X-ray luminosity. We refer
to Popesso et al. (2024) for a more detailed description of the
procedure.

By applying such a technique for stacking the mock opti-
cally selected R11 groups sample on the eROSITA mock obser-
vations, Popesso et al. (2025) identify possible effects of selec-
tion biases and uncertainties. We summarize here the results of
the analysis:

– The completeness and contamination of the prior optical
group catalog are such that no significant selection effects
are observed (Fig. 1 left panel).

– The most significant systematic effect in the stacking analy-
sis is the scatter between the halo mass proxy and the input
halo mass (Fig. 1 central panel). Each halo mass bin sam-
ple might be differently contaminated by high and low mass
systems depending on the level of agreement between the
halo mass proxy and the input mass. The net effect is that
a bin width of 0.3 dex in ∆Mlum corresponds to an actual
bin width of 0.45 dex in ∆M200 (see Popesso et al. 2025, for
more details). This will be considered when plotting the error
bars of the mean Mlum per bin in further analyses. Because
of this, when averaging the Magneticum input PHOX X-
ray surface brightness profiles convolved with the eROSITA
PSF in bins of Mlum, this results in overestimated profiles by
0.15 to 0.2 dex for systems with M200 below 1013 M�. This is
mainly due to the lack of a reliable calibration and the large
scatter of halo mass proxies in the MW-sized halos in this
mass range.

– The differences in coordinates (∆RA and ∆Dec) between the
input halo center and the optical center are much smaller than
the eROSITA PSF at the considered redshifts (Fig. 1 right
panel). Therefore, any mis-centering effect is mitigated by
the large FWHM of the eROSITA PSF. We do not observe
significant mis-centering relative to the X-ray center in the
eSASS extended source detections matched to the input and
optically selected group catalogs.

– When performing the stacking analysis in the mock observa-
tions, all these effects tend to compensate for each other to
some extent. We confirm an overestimation of the X-ray sur-
face brightness profile for low mass groups below 1013 M�
mainly due to contamination in the bins of the halo mass
proxy. For halos with masses above 1013 M�, we find good
agreement between the stacked and input projected PHOX
profiles.

4.1. The AGN contamination

Correcting for AGN and XRB contamination is essential to prop-
erly isolate the IGM contribution. While the contamination of
relatively bright AGN (LX > 1042 erg/s in the 0.5−2 keV soft
band) can be corrected based on the available eROSITA point
source catalog, the contribution of faint and undetected AGN to
the X-ray emission of groups can only be corrected by knowing
the low-luminosity AGN halo occupation distribution at fixed X-
ray luminosity. Indeed, Popesso et al. (2025) show that, accord-
ing to the Magneticum simulation, the main contribution to all
halos with masses below 1013 M� is due to low-luminosity AGN
(LX < 1041.5 erg/s in the 0.5−2 keV soft band). Thus, since these
sources are much fainter than the eFEDS detection threshold,
the correction must rely on modeling the halo occupation dis-
tribution and the conditional X-ray luminosity function of the
AGN population, along with the galaxy star formation rate (SFR)
distribution.
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Many models are available for the halo occupation distri-
bution of AGN at different redshifts (e.g., Georgakakis et al.
2019; Krumpe et al. 2018, 2023; Aird & Coil 2021; Powell et al.
2022; Comparat et al. 2023). These models can reproduce the
clustering properties and the X-ray luminosity function of the
observed AGN population fairly well. However, all models
are constrained either by observations at higher redshifts (e.g.,
Georgakakis et al. 2019; Aird & Coil 2021; Comparat et al.
2023) or by relatively bright local AGN (e.g., Krumpe et al.
2018; Powell et al. 2022). Thus, they require extrapolation to
lower redshift, as in our case (z < 0.2), or to lower lumi-
nosities. Since there is no easy way to discern which model
performs better in this parameter range, we rely on the Mag-
neticum results. Indeed, Hirschmann et al. (2014) show that the
AGN model implemented in Magneticum can broadly match
observed black hole properties of the local Universe, including
the observed soft and hard X-ray luminosity functions of AGN
and clustering properties (see also Biffi et al. 2018). Marini et al.
(2024) also shows that the analysis of the eRASS:4-like mock
observations based on the Magneticum light cones reproduces
well the soft X-ray AGN luminosity function of Marchesi et al.
(2020). Therefore, we correct the X-ray surface brightness pro-
file obtained through the stacking analysis by subtracting a PSF
with a signal equal to the percentage of X-ray luminosity due to
AGN contamination per halo mass bin, as indicated in Table 2 of
Popesso et al. (2025).

According to the Magneticum predictions, AGN contami-
nation dominates the X-ray surface brightness profile emission
in all halos with masses below 1013 M�. These halos contain
the majority of low X-ray luminosity AGN in the simulation,
consistent with other models in the literature (Georgakakis et al.
2019; Krumpe et al. 2018, 2023; Aird & Coil 2021). Consistent
with Popesso et al. (2024), AGN contamination is limited to the
activity of the central galaxy and is well modeled with a PSF
rescaled to the percentage of the X-ray emission corresponding
to the AGN contribution.

To further validate the robustness of our approach, we use
optical emission-line diagnostics from the BPT diagram to iden-
tify potential low-luminosity AGN among the group members
included in our analysis. For a comprehensive description of the
data used for GAMA galaxies, we refer to Popesso et al. (2024)
and references therein. Specifically, we use flux measurements
from SDSS and AAOmega spectra as compiled by Gordon et al.
(2017), following the recommendations of Driver et al. (2022).
These datasets cover nearly all of the group member spectra ana-
lyzed in this work. AGN classification is based on the standard
demarcation from Kewley et al. (2006), with all systems lying
above this threshold identified as AGN. In total, we identify over
2000 AGN within the full GAMA group member population,
corresponding to approximately 21% of the galaxy sample above
the adopted magnitude limit. This AGN population is dominated
by LINERs, with a smaller fraction of higher-luminosity AGN
also included.

Following the approach of Popesso et al. (2024), we esti-
mate potential contamination from AGN by assigning each opti-
cally identified AGN an upper-limit flux corresponding to the
eROSITA point source detection threshold (Salvato et al. 2022).
We simulate the associated point-source emission by scaling the
eROSITA PSF to this flux. For each undetected system, we use
the same 10-arcmin radius regions employed for background
estimation and populate them with simulated AGN PSFs, spa-
tially distributed according to the positions of low-luminosity
AGN within the parent group. We then perform a stacking anal-
ysis on these mock AGN-only regions–which are free from

actual group or point-source emission–and measure the contri-
bution of the simulated AGN PSF to the stacked signal. As in
Popesso et al. (2024), we detect no significant signal (above the
2σ level) in halos with masses exceeding 1013.5 M�. We there-
fore conclude that contamination from low-luminosity AGN is
negligible compared to the intra-group medium (IGrM) signal in
more massive systems. For lower-mass, Milky Way–like groups,
however, we detect a 3σ signal that is well-described by the
eROSITA PSF, indicating that the X-ray emission in these cases
likely originates from the dominant central galaxy. This emis-
sion may be driven by a combination of AGN activity and X-
ray binaries (XRBs). Because optically selected AGN are, by
design, emission-line galaxies–typically star-forming–the opti-
cal selection method does not capture the full population of X-
ray-emitting sources. Consequently, using optical AGN identi-
fication to correct group X-ray emission may lead to underesti-
mates and introduce considerable uncertainty. Nevertheless, this
test supports the conclusion that the Magneticum AGN model
might work reasonably and that AGN hosted by satellite galax-
ies contribute minimally to the overall X-ray emission.

4.2. The XRB contamination

To remove residual contamination from X-ray binaries (XRBs),
we follow the methodology described in Popesso et al. (2024,
see also Chadayammuri et al. 2022). For each group member, we
use the star formation rate (SFR) estimates from Bellstedt et al.
(2021) and apply the scaling relation from Lehmer et al. (2016)
to compute the expected X-ray luminosity in the 0.5−2 keV band
attributed to XRBs. We then simulate the corresponding XRB
emission by generating an eROSITA PSF scaled to the com-
puted X-ray luminosity for each galaxy. These PSFs are placed at
the sky positions of their respective group members to construct
an XRB emission map for each group. The resulting maps are
stacked in the same manner as the X-ray data to create an aver-
age XRB-stacked map. In all cases, the stacked emission is well
fit by a PSF, consistent with expectations. This result reflects the
fact that satellite galaxies in the local Universe are typically qui-
escent or highly quenched, residing well below the star-forming
main sequence (MS) (Popesso et al. 2019). As a result, their
star formation activity contributes minimally to the overall XRB
signal, which becomes negligible when azimuthally averaged
to produce a surface brightness profile (see also Popesso et al.
2024). Indeed, the stacking of these low-level emissions from
satellites at various positions yields a noise signal several times
below the eROSITA background.

By contrast, central galaxies, especially in Milky Way–sized
halos, are more likely to lie on the star-forming MS, as also
shown in Popesso et al. (2019). Since the optical center generally
coincides with the central galaxy’s position, the stacked XRB
emission in these systems is dominated by the central galaxy’s
star formation and can be accurately modeled with a PSF.

We subtract the stacked XRB-based maps from the X-ray
stacked maps, effectively removing a PSF scaled to the X-ray
luminosity corresponding to the average SFR of the central
galaxies in the prior group sample.

5. The average intra-group X-ray profiles

We apply the stacking procedure of Popesso et al. (2024), briefly
described above to the eFEDS data. To apply the same AGN cor-
rection and consider any selection effects, the stacking is done by
using the same halo mass proxy – the total optical luminosity –
and the same halo mass binning as used in Popesso et al. (2025)
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Fig. 2. Average X-ray surface brightness profiles of groups in different halo mass bins. The mass bin is indicated in each panel. The mass increases
from left to right. The red solid line shows the observed profile, while the shaded regions indicate the 1σ uncertainty estimated via bootstrapping.
The green solid line shows the best-fit beta profile with a fixed slope of 0.5.

for the analysis performed on the mock dataset. This, indeed,
allows for a direct and fair comparison.

Fig. 2 shows the average X-ray surface brightness pro-
files obtained in several halo mass bins. We do not distin-
guish between detected and undetected groups but stack all R11
sources in the mass bins. Only groups with a companion or a
point source within 2 × r200 are discarded from the prior catalog
because they would contaminate the background subtraction and
the resulting average profile. These account for 6% of the sam-
ple. The profiles are shown in units of r/r200. The shaded region
in the figure is obtained via bootstrapping in the stacking proce-
dure. All profiles are best fitted by a β profile with a fixed slope
of 0.5, as indicated in the figure (green solid line).

5.1. Detected versus undetected groups

As in Popesso et al. (2024), we also compare the X-ray surface
brightness profiles of detected and undetected groups. This com-
parison provides valuable insights into the factors driving the
scatter in the LX−M relation, as undetected groups at a fixed
halo mass must occupy a region with lower X-ray luminosity
than detected ones. Consistent with the findings of Popesso et al.
(2024), we identify an optical counterpart for nearly every X-ray
detection. Only in a marginal fraction of cases do we observe
a mismatch in the group redshift, placing the system outside the
redshift window analyzed here (see Popesso et al. 2024, for more
details).

Using a more accurate halo mass proxy, we perform stack-
ing of detected and undetected systems as shown in Fig. 2. The
result for a single halo mass bin (13.4 < log(M200/M�) < 13.7)
is presented in the left panel of Fig. 3. The mass bin has been
chosen because of the number of detected objects, whose stack-
ing can provide an accurate average profile. The limited num-
ber of detections in the lower mass bins–where the majority of
groups remain undetected–prevents us from conducting the same
analysis in the Milky Way–like halo mass range. Stacking only

the detected systems in this regime would lead to large statisti-
cal uncertainties and would not reveal any significant differences
compared to the X-ray undetected groups. For a more detailed
investigation, we refer the reader to Marini et al. (2024), which
presents an in-depth analysis based on Magneticum mock obser-
vations. That study compares the X-ray profiles of X-ray bright
and faint groups at fixed halo mass and provides a physical inter-
pretation within the context of the simulation.

We confirm here that undetected groups exhibit lower
flux and fainter X-ray surface brightness profiles. The differ-
ence in mean luminosity at fixed halo mass within r500 is
0.43± 0.16 dex, suggesting that the scatter in the relation at this
mass must be at least of this magnitude. We also find that unde-
tected systems have a less concentrated average X-ray surface
brightness profile compared to detected ones, with less than
33± 15% of the X-ray luminosity concentrated within the inner
0.2r200, compared to 67± 12% for detected systems. To test the
robustness of these findings, we use the available mock dataset.

The mock dataset is analyzed in the same manner as the real
observations. The mean profile of the eSASS-detected groups
in the mock eROSITA observations within the same halo mass
bin is brighter and more concentrated than the average profiles
of the undetected groups obtained by stacking the mock R11
galaxy group catalog (see right panel of Fig. 3). Qualitatively,
the Magneticum simulation can replicate the effects observed in
the real data. Quantitatively, however, the mock eSASS-detected
groups appear brighter than the real ones because they are
derived from eRASS:4-like observations, while eFEDS is more
than twice deeper. As a result, the distribution between detected
and undetected groups differs slightly from that observed due
to the brighter detection threshold. Nevertheless, we find good
agreement within 1σ. The smaller difference in total luminos-
ity between detected and undetected groups in the mock dataset
may also suggest that the scatter predicted by Magneticum at
this mass range is smaller than the actual scatter in the LX−M
relation.
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Fig. 3. Left panel: Comparison of the stacked profiles of eFEDS-detected groups (red-shaded region) and undetected groups (blue-shaded region)
within a halo mass bin of 13.4 < log(M200/M�) < 13.7. Additionally, the orange-shaded region shows the stacked profiles from mock eRASS:4
observations for the eSASS-detected groups, while the light-blue-shaded region indicates the mock R11 undetected groups within the same halo
mass bin. Right panel: Correlation between the residuals (∆LX) from the Lovisari et al. (2015) LX,500−M500 relation and gas mass concentration
within the same halo mass bin as in the left panel. The Lovisari et al. (2015) relation has been chosen because it represents a very good fit for
Magneticum (Marini et al. 2024; Popesso et al. 2025). Gas concentration is estimated as the ratio of gas mass within 0.1r200 to the total mass
within r200. The red points represent predictions from the Magneticum simulation, while the blue line is the linear best fit. The squares correspond
to ratios measured from the observed stacked profiles in the left panel, with the red square indicating the location of detected eFEDS groups and
the blue square showing the result for undetected groups.

When examining the scatter in the LX−M relation within
Magneticum, the simulation indicates that groups at the higher
envelope of the relation exhibit a more concentrated gas distri-
bution compared to those in the lower envelope within a fixed
halo mass bin. The right panel of Fig. 3 shows the relation-
ship between the residuals in dex from the LX−M relation of
Lovisari et al. (2015), which aligns with Magneticum predic-
tions, and the gas concentration. This concentration is estimated
as the ratio of the gas mass within 0.2 × r200 to the mass within
R200. We observe a clear positive correlation, with a Spearman
correlation coefficient of 0.53 and a probability of no correlation
of 10−4.

We performed the same estimate on the observed X-ray sur-
face brightness profiles of the detected and undetected groups
in eFEDS. To achieve this, we estimate the gas mass pro-
file as described in Liu et al. (2022b). Specifically, we use a
Vikhlinin et al. (2009) electron number density model to esti-
mate and integrate along the line of sight the ne(r)2Λ(kT,Z) pro-
file, where ne(r) is the electron density profile and Λ(kT,Z) is the
cooling function depending on the gas temperature and metal-
licity. The cooling function is derived by assuming a gas tem-
perature from the M−TX relation of Lovisari et al. (2015) at the
mean M500 of the halo mass bin and a fixed metallicity of 0.3 Z�.
The error due to these assumptions is estimated in Popesso et al.
(2025) based on the Magneticum mock observations.

We use the derived gas density profiles to estimate the gas
concentration as done for the individual systems in the Mag-
neticum simulation in the same halo mass bin. The result is
shown in the right panel of Fig. 3. The eFEDS detected groups,
as shown in Popesso et al. (2024), lie on or slightly above the
LX−M relation in the 0.5−2 keV band and exhibit a higher gas
mass concentration than the undetected objects. The location of
the points is consistent with the trend predicted by the Mag-
neticum simulation.

Thus, by using a more accurate proxy of the halo mass and a
cleaner selection, we confirm the results of Popesso et al. (2024)
that undetected groups in the eFEDS field exhibit a lower central

gas concentration than their X-ray detected counterparts at the
same halo mass.

5.2. Unvirialized systems or AGN feedback effect?

The lower central concentration of gas in the undetected groups
at fixed halo mass compared to the eFEDS detected ones could
be explained either by the groups’ dynamical state or by non-
gravitational processes such as AGN feedback.

The analysis conducted in Popesso et al. (2025) leads to the
creation of a much cleaner galaxy group prior catalog, with a
better characterization of systematic effects and a more accurate
halo mass proxy than the catalog used in Popesso et al. (2024).
Thus, we perform here the same analysis as Popesso et al.
(2024) on the dynamical properties of the groups to look
for higher significance differences between detected and unde-
tected groups. In particular, we check the cumulative distribu-
tion of skewness and kurtosis of the individual velocity distri-
butions in a narrow halo mass range (13.5 < log(M200/M�) <
14.0) that offers a statistical sample of detected and undetected
objects.

The metrics of kurtosis and skewness are two important sta-
tistical parameters. The former measures the “tailedness”, while
the latter the distortion and asymmetry of a distribution. They
are, thus, used to qualitatively describe the shape of a velocity
distribution, which for a relaxed and virialized system would be
consistent with a normal distribution.

A normal distribution has a kurtosis value equal to 3. A dis-
tribution with higher kurtosis will have a more tapered (leptokur-
tik) shape, with a concentration of values around its mean. On
the other hand, a distribution with lower kurtosis will have a flat-
ter shape (platykurtik), with values spread over a larger range.
The former case indicates the accretion of infalling galaxies cre-
ating long tails at high velocities. The latter might indicate a
broader distribution in merging systems or projection effects.

The skewness parameter, instead, is more indicative of dis-
tortion and asymmetry. A distribution with positive asymme-
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Fig. 4. Upper panels: Skewness distribution (left panel), and normalized kurtosis distribution (defines as kurtosis−3, right panel) for detected (red
solid line) and undetected (blue solid line) groups in the eFEDS area within the halo mass range 13.5 < log(M200/M�) < 14. The orange lines
represent random extractions from the undetected sample, matching the number of groups in the detected sample within the same halo mass bin.
Lower panels: Skewness (left) and normalised kurtosis (right) distributions for eSASS-detected (red solid line) and R11 undetected (blue solid
line) groups within the mock Magneticum dataset, corresponding to the same halo mass bin as in the upper panels.

try will have a longer ‘tail’ to the right of the mean, while a
distribution with negative asymmetry will have a longer ‘tail’
to the left of the mean. A perfectly symmetric distribution,
such as a normal distribution, would have a skewness equal
to zero.

The upper panel of Fig. 4 shows the cumulative distribution
of the skewness and the normalized kurtosis (kurtosis − 3, to
make it symmetric to the value 0 than the value 3) measured
by the R11 algorithm for all groups with more than four mem-
bers. Since the number of detected groups is significantly smaller
than the undetected ones, we extract a random sample from the
undetected groups equal to the number of detected systems to
compare the consistency of the distributions. We measure the
probability that a distribution similar to the detected systems
is extracted. This occurs 5% of the time for skewness and 3%
for kurtosis, leading to a consistency within 2σ in both cases.
Nevertheless, it is worth mentioning that more than 60% of the
detected systems exhibit a positive skewness, indicating asym-
metry, and the majority has a normalized kurtosis lower than
0, indicating broader distributions. This might suggest that the
detected systems are undergoing a merging episode or are not
fully relaxed. Thus, we conclude that no statistical difference can
be observed in the cumulative distributions of the two quantities
between detected and undetected systems. However, evidence of
unrelaxation or asymmetry is found only in the X-ray-detected

systems, while the undetected sample exhibits symmetric skwe-
ness and normalized kurtosis distribution.

We repeat the same analysis in the mock R11 galaxy group
catalog, where the statistics are much higher for both detected
and undetected systems due to the larger area (∼900 deg2). As
shown in the lower panels of Fig. 4, there is no statistical differ-
ence between the distributions of the two quantities in the two
samples. This indicates that the dynamical state of the systems
in the two samples is statistically similar and does not play a role
in the different X-ray surface brightness distributions.

In a first dynamical analysis of the stacked distribution of
group galaxy members in the phase-space (velocity dispersion
versus group-centric distance), Popesso et al. (2024) argue that
the lower gas concentration might be due to lower dark matter
concentration. Indeed, the analysis conducted with MAMPOSSt
(Mamon et al. 2013) to solve the Jeans equation for dynamical
equilibrium indicates that the undetected groups exhibit a lower
concentration than the detected ones. However, if we look at
the relation between the residuals from the mean LX,500−M500
relation in Magneticum versus the system dark matter concen-
tration obtained by fitting the dark matter particles distribution
with an NFW profile, we observe a clear anticorrelation. Fig. 5
shows the relation in the same halo mass bin as in Fig. 3 (13.5 <
log(M200/M�) < 14). The higher the concentration, the lower
the luminosity of the group at fixed halo mass. This indicates
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Fig. 5. Relation between the residuals versus the LX,500−M500 relation
(∆LX) of Lovisari et al. (2015) in Magneticum and the concentration
of the best fit NFW profile of the dark matter distribution in indi-
vidual groups. The relation is limited to a halo mass bin at 13.5 <
log(M200/M�) < 14. The solid line indicates the best fit of the anti-
correlation.

that statistically the groups that exhibit a lower gas concentra-
tion and remain undetected also show a higher dark matter con-
centration within r200. A higher concentration is indicative of an
earlier formation epoch, virialization, and relaxation. This sug-
gests that in Magneticum the undetected groups are more likely
relaxed and virialized than the detected ones. Thus, according
to the Magneticum predictions, the lower central concentration
of hot gas within r200 in the lower luminosity and undetected
groups cannot be due to a lower dark matter concentration and a
different dynamical state but must be due to an alternative non-
gravitational process, most likely AGN feedback. We will inves-
tigate this aspect in a dedicated paper.

The predictions of Magneticum are at odds with the
dark matter concentration obtained with MAMPOSSt in
Popesso et al. (2024). However, the use of the halo mass proxy
based on velocity dispersion might have contaminated the anal-
ysis. A new dynamical analysis of a cleaner and statistically sig-
nificant group will be the subject of a dedicated paper.

6. The LX–mass relation down to MW sized halos

We estimate the LX–mass relation down to Milky Way-sized
halos within r500 and r200 by integrating the X-ray surface bright-
ness profiles shown in Fig. 2. In addition to the six halo mass
bins, we also include the average profiles of the detected clus-
ters with M200 > 1014 M� at z < 0.2 from eFEDS, using profiles
available in the catalog of Liu et al. (2022b). As demonstrated
in Popesso et al. (2024), the stacked profiles of the detections
are consistent with the average profile obtained by averaging the
profiles from Liu et al. (2022b). This ensures consistency across
the entire range of halo masses examined here.

In Popesso et al. (2025), we test with the synthetic dataset
the mean value and width of the real halo mass distribution cor-
responding to the halo mass proxy bins used in this work. The
results are reported in Table 1 of the same paper. To account for
the role of systematics in the use of the halo mass proxy, we
adjust the mean halo mass according to the values reported in
Table 1 of Popesso et al. (2025) and assign each halo mass bin

an error equal to the bin width reported in the same table for
the R11 mock galaxy group sample. This is, indeed, larger than
the nominal bin width of 0.3 dex used here due to the underlying
distribution of the true Magneticum halo masses.

The results are shown in Fig. 6 for the two radii, r500 (left
panel) and r200 (right panel). In the left panel, we also include the
cluster sample from Bulbul et al. (2024) observed in eRASS:1
(green stars). We apply a flux cut at 8 × 10−13 erg s−1 cm−2 to
ensure a 90% completeness at z < 0.1 for M500 > 1014 M�.

The LX−M relation obtained within r500 is consistent within
1σ over the entire halo mass range with the extrapolation of the
observed scaling relations of Pratt et al. (2009), Lovisari et al.
(2015), and Chiu et al. (2022) obtained at higher halo masses.
Consequently, we do not provide here an additional best-fit rela-
tion. The relation from Popesso et al. (2005), based on optically
selected clusters in the SDSS, is also consistent within 1σ over
the overlapping halo mass range down to M500 ∼ 1013.5 M� and
deviates by less than 2σ at lower masses. It is noteworthy that
a single power law fits all data points well across nearly three
decades of halo masses, from the eRASS:1 massive clusters at
M500 ∼ 1015 M� to low-mass groups at few times 1012 M�. These
relations deviate significantly from the self-similar relation, indi-
cating the influence of non-gravitational processes in reducing
the amount of hot gas within the considered radius, and conse-
quently, the X-ray luminosity of the groups.

For comparison, we also include the scaling relation from
Anderson et al. (2015). This is derived by stacking massive cen-
tral galaxies in bins of stellar masses. Anderson et al. (2015)
does not provide a measure of M500 but of the temperature
within r500 obtained by converting the M500 from the mass-
temperature relation of Sun et al. (2009). We revert the rela-
tion to obtain the corresponding M500. The stacked relation is
in agreement with the relation obtained here within less than
1σ above M500 > 1013 M� and within 2σ below this thresh-
old. We also add the LX−M relation obtained within r500 by
Zhang et al. (2024b). This relation is consistent with the results
presented here within 2.5σ. The largest discrepancy to ours and
Anderson et al. (2015) relation is noted for the most massive
groups at M500 > 3 × 1013 M�. This discrepancy was also noted
when comparing the X-ray surface brightness profiles provided
by Zhang et al. (2024a) and the predictions from Magneticum
in Popesso et al. (2025). The difference is mainly due to the
use of a different halo mass proxy provided by Tinker (2021).
Indeed, as shown in Fig. A.1, when the same halo mass proxy
is used, we can reproduce the X-ray surface brightness profile
from Zhang et al. (2024a) even in the eFEDS area. As discussed
in Popesso et al. (2025), the halo mass proxy from Tinker (2021)
differs from those explored in this work and, in particular, from
the R11 proxy based on the total luminosity. We refer to the
Appendix for a more detailed explanation of the discrepancy.

The right panel of Fig. 6 presents the LX,200−M200 relation
derived in this study, compared to other works in the litera-
ture. Our relation aligns well with stacking results from vari-
ous optically selected galaxy group samples. The green points
depict the stacking analysis by Zheng et al. (2023), based on
the DESI+SDSS optically selected galaxy group sample. This
sample utilizes a revised version of the group detection algo-
rithm by Yang et al. (2005), incorporating both spectroscopic
and photometric redshifts (for more details, see Yang et al.
2021). Notably, the results of both stacking analyses show
remarkable agreement. This is expected as the Yang et al. (2021)
used by Zheng et al. (2023) provides a halo mass proxy very
similar to the one used here and with similar systematics as
explored in Popesso et al. (2025), which test a mock galaxy
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Fig. 6. Left panel: LX,500−M500 relation. The black points represent the relation derived by integrating the X-ray surface brightness profiles from
Fig. 2 within r500. For the highest mass bin, the relation is determined by integrating the average X-ray surface brightness profile from the
detections reported by Liu et al. (2022b). The green stars correspond to the eRASS:1 cluster sample from Bulbul et al. (2024), while the purple
triangles indicate the stacking results from Zhang et al. (2024b). The orange-shaded region shows the results of the stacking of Anderson et al.
(2015). The red dashed line shows the relation from Popesso et al. (2005), the cyan dotted line represents the relation from Pratt et al. (2009), the
magenta dash-dotted line corresponds to the relation from Lovisari et al. (2015), and the blue solid line illustrates the relation from Chiu et al.
(2022). Right panel: The LX,200−M200 relation. Similar to the left panel, the black points represent the relation obtained by integrating the X-ray
surface brightness profiles from Fig. 2, this time within r200. For the highest mass bin, the relation is derived by integrating the average X-ray
surface brightness profile from the detections in Liu et al. (2022b). The purple triangles indicate the stacking results from Rykoff et al. (2008b).
The green stars show the results from the stacking analysis of Zheng et al. (2023). The orange solid line indicates the best fit of this work at
M200 larger than 1013 M�. The red dashed line represents the relation from Popesso et al. (2005), the cyan dotted line shows the relation from
Eckmiller et al. (2011), the magenta dash-dotted line corresponds to Schellenberger & Reiprich (2017), and the blue dashed line represents the
relation from Kettula et al. (2015).

Fig. 7. Comparison of the LX,500−M500 relation presented here with
predictions from various state-of-the-art hydrodynamical simulations.
The black points represent the relation presented here and shown in
the left panel of Fig. 6. The gray points correspond to halos from the
Magneticum simulation, where the X-ray luminosity is computed in
a manner consistent with the observations by summing the contribu-
tion of X-ray photons generated by Phox within r500 (see Marini et al.
2024, for details). The red solid line represents the best-fit relation
derived from the Magneticum data points. Additionally, the cyan-
shaded region reflects the predictions from the EAGLE simulation
(Schaye et al. 2015), while the orange-shaded region shows the predic-
tions from IllustrisTNG100 Pillepich et al. (2019). The magenta-shaded
region corresponds to the predictions from SIMBA (Davé et al. 2019),
and the green-shaded region illustrates the results from the FLAMINGO
simulation (Braspenning et al. 2024).

group sample based on the Yang et al. (2005) group detection
algorithm.

Additionally, we include results from Rykoff et al. (2008a),
which are based on the RedMapper cluster selection algo-
rithm applied to SDSS spectroscopic and photometric data at
higher halo masses. Our findings are consistent with those of
Rykoff et al. (2008a) within the overlapping mass range. In the
figure, filled points represent binning by total optical lumi-
nosity, while empty points correspond to binning by cluster
richness.

The best-fit result, indicated by the orange dashed line, is
based on fitting our data points above a halo mass threshold of
1013 M�. This fit follows a powerlaw form with a slope signifi-
cantly flatter than the self-similar relation:

LX,200 = 1022.19±0.05 × (M200/M�)1.47±0.03. (1)

We do not see evidence for a double power law over the
groups and cluster halo mass range down to M200 = 1013 M�
as previously suggested in the literature. Indeed, the best fit is
perfectly in agreement with the stacking results of Rykoff et al.
(2008a) up to M200 ∼ 1015 M�.

We also compare the LX,500−M500 relation obtained in this
study with predictions from major hydrodynamical simulations.
Fig. 7 illustrates this comparison. The simulations considered
include Magneticum (Dolag et al. 2016), EAGLE (Schaye et al.
2015), IllustrisTNG (Pillepich et al. 2012), SIMBA (Davé et al.
2019), and FLAMINGO (Schaye et al. 2023). To estimate the
X-ray luminosity of the Magneticum groups and clusters, we
utilized Phox-generated events, applying the same methodology
used for observations within r500.

The gray points in the figure represent individual Mag-
neticum groups and clusters, while the red solid line depicts their
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best-fit relation. This line aligns remarkably well with the rela-
tion obtained in this study, being consistent within 1σ with the
scaling relations of Pratt et al. (2009), Lovisari et al. (2015), and
Chiu et al. (2022), as previously demonstrated in Marini et al.
(2024).

EAGLE, IllustrisTNG, and FLAMINGO simulations gen-
erally agree with observations within the group mass range,
particularly for Milky Way-like groups. However, they tend to
overestimate the X-ray luminosity for more massive groups and
poor clusters. In contrast, SIMBA predicts a much steeper rela-
tion than observed, overestimating the luminosity of clusters
while underestimating it in the low-mass group regime.

In conclusion, the Magneticum simulation best reproduces
the LX,500−M500 relation and the overall gas properties across the
entire halo mass range considered in this study, as also shown in
Popesso et al. (2025).

7. Discussion and conclusions

In this work, we have presented the latest results of the stack-
ing analysis in the eFEDS area, following extensive testing of
the stacking procedure and assessing the selection effects of the
prior catalog used. This was achieved by performing each step of
the analysis on a synthetic dataset that accurately replicates the
observed X-ray and optical data. The main findings of our study
are summarized below:

– Building on the findings of Popesso et al. (2025), we con-
ducted the stacking analysis using a halo mass proxy based
on the total luminosity of the group. This approach showed
the best agreement with the true mass when tested on the
synthetic dataset, allowing us to avoid systematics associ-
ated with using the velocity dispersion based on a small
number of members and any cuts in richness. The synthetic
dataset also enabled us to directly measure contamination
from low-luminosity AGN X-ray emission, in line with the
Magneticum model of AGN halo occupation and the condi-
tional X-ray luminosity function.

– We provide X-ray surface brightness profiles of galaxy
groups ranging from Milky Way-type systems to the clus-
ter regime (M200 ∼ 1014 M�), with corrections applied for
AGN and XRB contamination.

– Our findings confirm that at a fixed halo mass, systems unde-
tected in eFEDS – likely residing on the lower envelope of
the LX−M relation – exhibit lower central gas concentra-
tion compared to detected systems, which populate the upper
envelope of the relation. This trend aligns with the predic-
tions of Magneticum for systems at fixed halo mass.

– Conversely, Magneticum predicts an opposite trend for dark
matter concentration: at a fixed halo mass, lower X-ray lumi-
nosity corresponds to higher dark matter concentration. This
suggests that undetected groups in the simulation are more
virialized, relaxed, and older than their detected counter-
parts, which tend to form later. However, this appears to
contradict the findings of Popesso et al. (2024), where a
lower dark matter concentration was observed for undetected
groups.

– We provide measurements of the LX,500−M500 and
LX,200−M200 relations, comparing them with other works
in the literature based on individual detections and stacked
data. We find strong agreement with previous studies and
extend the relation down to MW-like systems for both
relations. Where discrepancies with previous results arise,
we identify the sources of these differences. Our best-fit
analysis reveals that a single power law sufficiently fits our

data, as well as data points from the literature, providing a
good fit over three decades of halo mass. We confirm that
across this mass range, the relations at both radii deviate
significantly from the self-similar relation, indicating that
non-gravitational processes, such as AGN feedback, play
a crucial role in shaping the gas distribution and content
within halos.

– Finally, we compare the measured LX−M relation within r500
with predictions from state-of-the-art hydrodynamical sim-
ulations. Among the simulations considered in this study,
Magneticum emerges as the most accurate in representing
the gas distribution and overall content across the entire halo
mass range examined here.

While we find a remarkably good agreement between the pre-
dictions of Magneticum and the observations, it is puzzling that
there is an opposite trend in the dark matter distribution between
undetected and detected X-ray systems at fixed halo mass. The
difference between these groups offers valuable insight into the
underlying scatter of the LX−M relation and the processes driv-
ing it. Our findings suggest that the primary factor influenc-
ing this scatter is the gas concentration within halos. However,
understanding how this relates to the dark matter distribution is
crucial for identifying the mechanisms behind these effects.

If undetected groups exhibit indeed a less concentrated dark
matter profile than detected ones, as suggested by Popesso et al.
(2024), this would imply that the former are likely younger,
still in the process of formation, and less relaxed. This scenario
would associate lower gas concentration with dynamical pro-
cesses such as mergers and gas infall. Conversely, if undetected
systems have a more concentrated dark matter profile, as pre-
dicted by Magneticum, these groups would likely be older, more
relaxed, and shaped predominantly by AGN feedback rather than
gravitational processes.

To resolve this discrepancy, it is essential to extend the
dynamical analysis conducted in Popesso et al. (2024) to a larger
statistical sample across the eRASS area. This will be the focus
of a series of follow-up papers.

It is also noteworthy that among the simulations considered
in this comparison, only Magneticum is not calibrated on the z =
0 properties and distributions of the galaxy population. Instead,
Magneticum is anchored solely to the observed Magorrian rela-
tion. While it produces a reasonably accurate galaxy stellar mass
function (GSMF), it still faces challenges in stopping star for-
mation in the central galaxies of massive halos. This leads to
the creation of overly massive galaxies at the high-mass end
of the GSMF (Marini et al. 2025). However, the physics imple-
mented in Magneticum, particularly the modeling of AGN feed-
back, proves to be highly effective in predicting gas properties
across three decades of the halo mass range (see Popesso et al.
2025) in addition to a variety of gas thermodynamical properties
within clusters (see also Biffi et al. 2018; Bahar et al. 2022).

In contrast, other hydrodynamic simulations, which are cal-
ibrated not only on the Magorrian relation but also on galaxy
properties such as the z = 0 GSMF, successfully reproduce a
wide range of galaxy characteristics in the local Universe. How-
ever, they struggle to accurately model the distribution and prop-
erties of gas within halos. This discrepancy suggests that the
physics required to precisely replicate galaxy properties may
not simultaneously yield accurate predictions for gas properties,
and vice versa. Given that AGN feedback plays a crucial role in
these simulations, the inconsistency might stem from differences
in how, where, and when energy is released into the medium
surrounding galaxies–both at smaller scales (the circumgalac-
tic medium) and at larger scales (the hot halo gas within
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r200 and potentially beyond)–and how gas moves across these
scales.

Given that star formation and nuclear activity in galaxies are
closely linked to the thermodynamic conditions of the surround-
ing gas – which serves as the primary fuel for sustaining galac-
tic activity (e.g. Voit et al. 2017; Gaspari & Sądowski 2017) –
this issue may indicate that a fundamental aspect of the connec-
tion between galaxies and their host large-scale structures is still
missing or misunderstood.
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Fig. A.1. Comparison between X-ray surface brightness profiles
obtained with different prior catalogs. The red solid line shows the aver-
age X-ray surface brightness profile obtained from the R11 catalog with
the halo mass proxy and procedure used in this paper. The blue solid
line indicates the average X-ray surface brightness profile obtained by
stacking systems selected according to the halo mass proxy provided
by Tinker et al. (2021) and stacked in the eFEDS data. In both pro-
files, the shaded region indicates the 1σ error. The yellow-shaded region
shows the profiles obtained by stacking in eRASS:4 the groups selected
according to the halo mass proxy of Tinker et al. (2021).

Appendix A: The systematics of the halo mass
proxy

We investigate here the nature of the discrepancy between the
stacked data points of Zhang et al. (2024b) obtained by stack-
ing the groups identified in the SDSS by Tinker (2021) in the
eRASS:4 data versus our data points and the relations obtained
in the literature. The Lx,500−M500 relation of Zhang et al. (2024b)
is lower compared to the stacked relation obtained here and pre-
viously observed scaling relations. This discrepancy was also
noted when comparing the X-ray surface brightness profiles pro-
vided by Zhang et al. (2024a) and the predictions from Mag-
neticum in Popesso et al. (2025). The difference is mainly due to
the use of a different halo mass proxy provided by Tinker (2021).
Indeed, as shown in the Appendix in Fig. A.1, when the same
halo mass proxy is used, we can reproduce the X-ray surface
brightness profile from Zhang et al. (2024a) even in the eFEDS
area. As discussed in Popesso et al. (2025), the halo mass proxy
from Tinker (2021) differs from those explored in this work and,
in particular, from the R11 proxy based on the total luminosity.

The left panel of Fig. A.2 shows the relation between the
halo mass proxy used here for the R11 sample and the halo
mass proxy provided by Tinker (2021) for the common sam-
ple of SDSS galaxies. The scatter around the one-to-one relation
is 0.65 dex, similarly to what found in Popesso et al. (2025) in
the comparison between the halo masses provided by Yang et al.
(2005) and the Tinker (2021) halo masses. As shown in the right
panel of Fig. A.2, this implies that a fixed halo mass bin at
13.5 < log(Mhalo/M�) < 14 in Tinker (2021) corresponds to
a much broader distribution in R11 masses, with half at masses
well below the lower limit of 1013.5 M�. We consider that the
contamination of lower mass and fainter groups is the main
reason for the lower surface brightness profiles obtained in the

Fig. A.2. Comparison between the properties of the Tinker et al. (2011)
group catalog and the R11 catalog. Upper panel: Comparison between
the halo mass proxy used in the work and based on the total optical lumi-
nosity based on the R11 group membership and the halo mass proxy of
Tinker et al. (2021). The blue solid line shows the 1:1 relation. Bottom
panel: distribution of the M200 halo mass proxy used in this paper (blue
histogram) for groups selected according to the halo mass proxy of Tin-
ker et al. (2021) at 13.5 < log(Mhalo/M�) < 14 (magenta histogram).

stacking of Zhang et al. (2024a) and for the lower LX−M relation
found in Zhang et al. (2024b).
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