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ABSTRACT

The stellar content of galaxies is tightly connected to the mass and growth of their host dark matter halos. Observational constraints on
this relation remain limited, particularly for low-mass groups, leaving uncertainties in how galaxies assemble their stars across halo
mass scales. Accurately measuring the brightest central galaxy (BCG) stellar-to-halo mass relation (SHMR) over a wide mass range
is therefore crucial for understanding galaxy formation and the role of feedback processes. Here we present the SHMR spanning
Mhalo ∼ 1012–1015 M�, using halo masses derived from eROSITA eRASS1 X-ray data and BCG stellar masses based on SDSS
photometry. By stacking X-ray spectra of optically selected groups, we obtain robust average halo gas temperatures for each bin,
which are then converted to halo masses via the M–TX relation. We find that the SHMR peaks near Mhalo ∼ 1012 M�, with a declining
stellar fraction at higher masses. This trend reflects a combination of processes that reduce the efficiency of stellar mass growth
in massive halos, such as active galactic nucleus feedback, reduced cooling efficiency, and the increasing dominance of ex situ
assembly, while halos continue to grow through mergers and accretion. Our measurements are consistent over the full mass range
with previous observational studies, including weak lensing, X-ray analyses of individual clusters, and kinematical and dynamical
methods. Comparisons with hydrodynamical simulations show good agreement at low masses but reveal significant discrepancies in
the normalization at cluster scales, highlighting the sensitivity of BCG stellar growth to feedback prescriptions and halo assembly
history. These results provide the first X-ray-based observational SHMR covering three orders of magnitude in halo mass and establish
a robust benchmark for testing galaxy formation models.
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1. Introduction

Galaxy formation is fundamentally linked to the growth of dark
matter halos, creating a strong correlation between galaxy prop-
erties, especially stellar mass, and the mass and gravitational po-
tential of their host halos (Conroy & Wechsler 2009; Behroozi
et al. 2010; Moster et al. 2010). Central galaxies, which reside
at the centers of these halos, are particularly shaped by the mass
and structure of their hosts. While most galaxies live in relatively
small halos, within the galaxy group regime, which contain the
majority of the Universe’s baryonic matter (98% of systems;

? victoria.toptun@eso.org

Yang et al. 2007; Robotham et al. 2011; Popesso et al. 2024),
the majority of studies on halo-driven galaxy evolution have fo-
cused on the small minority that reside in massive galaxy clus-
ters above Mhalo ∼ 1014 M�. In this work, we extend the scope
of such studies for the first time across three orders of magni-
tude in halo mass, targeting group-scale systems down to halos
comparable in mass to that of the Milky Way.

A central example of the galaxy–halo connection is the
stellar-to-halo mass relation (SHMR), which quantifies how the
stellar mass of central galaxies scales with the total mass of their
dark matter halos. Semiempirical models show that the stellar-
to-halo mass ratio for central galaxies increases steeply from
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low-mass halos, which host dwarf systems, up to a peak near
M500 ∼ 1012–1012.5 M�, characteristic of halos similar in mass
to the Local Group. Beyond this scale, the ratio declines with
increasing halo mass, indicating that the efficiency of convert-
ing baryons into stars drops sharply in more massive halos and
becomes very low in systems such as massive galaxy clusters
(Moster et al. 2013, 2018; Lu et al. 2015; Rodríguez-Puebla et al.
2017; Behroozi et al. 2013; Birrer et al. 2014; Behroozi et al.
2019).

This characteristic shape of the SHMR captures how stellar
mass assembly in central galaxies is regulated by the shifting bal-
ance of feedback processes across halo mass scales. In low-mass
halos below Mhalo ∼ 1012 M�, typically hosting a single cen-
tral galaxy, supernova-driven winds and stellar feedback domi-
nate but lose effectiveness as halo mass increases and the grav-
itational potential deepens. At this stage, gas accretion is still
insufficient to trigger efficient active galactic nucleus (AGN) ac-
tivity (de Isídio et al. 2024; Mancera Piña et al. 2025). In higher-
mass halos above Mhalo ∼ 1013 M�, AGN feedback becomes the
dominant quenching mechanism, suppressing further star forma-
tion (Kravtsov et al. 2018; Erfanianfar et al. 2019; Golden-Marx
et al. 2022), with long gas cooling times further limiting the sup-
ply of cold gas. Around the peak mass, where stellar and AGN
feedback are comparably effective, halos reach their maximum
efficiency in converting baryons into stars.

The AGN feedback is likely not the only process shaping
this trend. Decreasing gas cooling efficiency in massive halos,
the increasing importance of ex situ (merger-driven) stellar mass
assembly, and halo assembly bias can all contribute to the ob-
served behavior of the SHMR. The presence of the SHMR peak
cannot be explained solely by AGN-driven gas depletion and
the associated decrease in Mhalo: gas fractions in systems with
Mhalo ∼ 1013 M� are typically ∼ 3% (Pratt et al. 2009; Eck-
ert et al. 2016; Popesso et al. 2026) and can reach the univer-
sal baryon fraction (Ωb/Ωm = 0.154, Planck Collaboration et al.
2020) in massive clusters, which is insufficient to account for the
more than order-of-magnitude variation observed in the SHMR.
Moreover, the shape of the SHMR reflects the cumulative influ-
ence on the brightest central galaxy (BCG) across the history
of the system, rather than the instantaneous state of the present
epoch. This is the reason why the SHMR is considered a funda-
mental relation in galaxy evolution.

Nevertheless, the SHMR remains only partially constrained,
primarily due to the difficulty of accurately measuring halo
masses. While stellar masses are available for large galaxy sam-
ples in surveys such as SDSS, DESI, and GAMA, precise and
consistent halo mass estimates are typically limited to the most
massive systems, galaxy clusters, where reliable mass proxies
exist, but such systems represent only a small fraction of the
population.

Weak gravitational lensing (WL) directly probes the total
projected mass distribution through the distortion of background
galaxies. It has been widely applied to constrain the SHMR over
a broad range of halo masses, from galaxies to massive clus-
ters (Mandelbaum et al. 2006, 2016; Hoekstra et al. 2005; Reyes
et al. 2012; Hudson et al. 2015; van Uitert et al. 2011, 2016;
Dvornik et al. 2020; Wang et al. 2022). The primary advantage
of WL is that it is independent of baryonic tracers, although it re-
quires deep, wide-field imaging and careful control of systematic
effects, including shear calibration and accurate source redshift
estimation.

Indirect halo mass estimates rely on observables correlated
with halo mass, such as the richness, magnitude gap, or velocity
dispersion, calibrated against external measurements (Golden-

Marx & Miller 2019; Golden-Marx et al. 2022; Hansen et al.
2009; More et al. 2011; van der Burg et al. 2014; Golden-Marx
& Miller 2018). These methods cover groups to massive clusters
(Mhalo ∼ 1013–1015M�). However, they have a large intrinsic
scatter and require external calibration, making them indirectly
dependent on stellar mass.

Semi-analytical approaches, such as abundance matching
and empirical modeling, connect galaxies to halos statistically by
matching observed stellar mass or luminosity functions to simu-
lated halo mass functions (Yang et al. 2009; Conroy & Wechsler
2009; Guo et al. 2010; Moster et al. 2010, 2013, 2018; Behroozi
et al. 2010, 2013, 2019; Reddick et al. 2013; Shankar et al. 2017;
Rodríguez-Puebla et al. 2017; Yang et al. 2012). These models
span the entire halo mass range (Mhalo ∼ 109–1015M�) and can
explore redshift evolution. By construction, however, they are in-
direct, rely on assumptions regarding scatter and star formation
efficiency, and may be biased toward certain galaxy populations,
such as red or quenched systems.

X-ray observations of the hot intracluster and intragroup
medium provide an alternative route to direct halo mass esti-
mation. Indeed, the temperature of the hot gas is considered a
very accurate proxy of the halo mass in virialized systems due
to the predicted and observed tight correlation between tempera-
ture and mass (Lin & Mohr 2004; Gonzalez et al. 2013; Kravtsov
et al. 2018; Erfanianfar et al. 2019; Chiu et al. 2016, 2025; Akino
et al. 2022; DeMaio et al. 2018). This approach is robust for mas-
sive halos (Mhalo & 1014M�), where the hot gas dominates, but
becomes increasingly limited in lower-mass systems, where X-
ray emission is generally too faint for reliable measurements of
individual halos for the most of the sample. Indeed, detecting
low-mass halos (1012 < Mhalo < 1014M�) in X-rays remains
challenging. As a result, obtaining reliable halo mass estimates
from X-ray observations is difficult for most low-mass groups on
an individual basis.

Stacking offers a powerful method of overcoming the limita-
tions in measuring individual halo properties. By combining X-
ray spectra from galaxy groups selected through different tech-
niques, it becomes possible to recover the average gas tempera-
tures and total X-ray luminosity (Toptun et al. 2025; Zheng et al.
2023). Wide-field surveys such as the eROSITA All-Sky Survey
(eRASS1; Merloni et al. 2024) and the upcoming eRASS:4 do
not provide complete samples of galaxy groups across large vol-
umes, due to strong selection effects (Popesso et al. 2024, 2025b;
Marini et al. 2024). However, these surveys enable the stack-
ing of large numbers of faint systems, significantly boosting the
signal-to-noise ratio and enabling the study of group-scale halos
that are too faint to detect individually.

In this paper, we use spectral stacking to measure gas tem-
peratures and infer halo masses across more than three decades
in halo mass. This approach allows us, for the first time, to ob-
servationally trace the SHMR down to Mhalo ∼ 1012 M�, with
stellar and halo masses independently derived from optical and
X-ray data, respectively. In contrast to previous studies, which
focused on limited mass ranges or required individually detected
systems, we present average measurements for a large, optically
selected population of galaxy groups spanning a broad range in
halo mass. The efficiency, completeness, and purity of the op-
tical group catalog used as a parent sample (Yang et al. 2007)
have been extensively validated in previous works (Popesso et al.
2025b; Marini et al. 2024, 2025a,b). We stack this group sample
using data from eRASS1 to provide the first observational con-
straints on the SHMR from Milky Way–mass galaxy groups up
to massive clusters.
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Throughout this paper, we adopt a flat Λ cold dark matter
cosmology with Ωm = 0.27 and H0 = 70 km s−1 Mpc−1, and
use a Chabrier initial mass function (IMF; Chabrier 2003). R∆ is
the radius within which the mean density of the halo is ∆ times
higher than the critical density of the Universe, and M∆ is the to-
tal mass enclosed within this radius. We refer to the halo masses
based on the optical proxy as M∆,opt and to the X-ray derived
halo masses as M∆,X.

2. Analysis framework

2.1. Identifying halos and their central galaxy

Galaxy groups were selected from the catalog of Yang et al.
(2007), covering the low-redshift range up to z < 0.2. The re-
liability of this optical selection algorithm in identifying galaxy
groups and their central galaxies was assessed by Marini et al.
(2025a), who compared its performance against a simulated
galaxy light cone based on the Magneticum1 (Dolag et al. 2016,
2025) simulation. The algorithm presented in Yang et al. (2007)
achieves 90% completeness in the reconstruction of the sim-
ulated sample at ∼ 1013.5 M�, remaining above 60% down to
∼ 1012 M�, with high purity (> 93%). Moreover, the identi-
fication of central galaxies is highly efficient, with a success
rate of 97%. We use the total stellar luminosity from the Yang
et al. (2007) catalog as a M200,opt halo mass proxy via a mass-to-
light ratio. Its intrinsic scatter of σM200,opt ∼ 0.25 dex on average
(Marini et al. 2025a) is smaller than our adopted bin widths at
fixed halo mass, and hence ensures the minimal contamination
from systems of lower or higher mass in our binning analysis,
as quantified in Popesso et al. (2025b). Previous analysis of the
skewness and kurtosis of a similar sample indicates that, on av-
erage, the systems tend to be virialized (Popesso et al. 2025a).

We followed the methodology of Toptun et al. (2025) for
group selection, X-ray data extraction, and spectral stacking.
That work used the Yang et al. (2007) catalog with a halo mass
cut of M200,opt > 1013 M� and additional selection criteria to re-
move point source contamination and fragmentation.

Here we expanded the Toptun et al. (2025) sample through
the following steps:

1. We started from the full Yang et al. (2007) catalog of 472,504
systems with redshift z < 0.2;

2. We restricted the sample to the eRASS1 footprint, resulting
in 205,903 systems;

3. For each system, R500 was estimated from M180 (assuming
M180 ∼ M200) using the Colossus package (Diemer 2018),
through the mass-concentration relation of Diemer & Joyce
(2019) and a Navarro-Frenk-White density profile (Navarro
et al. 1997). We then removed systems whose R500 overlaps
with other groups or clusters from the same catalog, leaving
163,735 isolated systems;

4. We further removed systems whose R500 aperture contains
point sources detected in eRASS1 (defined as EXT_LIKE =
0 and DET_LIKE > 6), leaving 156,990 systems;

5. Finally, we selected systems with either a BCG stellar mass
of M?,BCG > 1010.3 M�, using stellar masses from the
GSWLC-X2 catalog (Salim et al. 2016) for the BCGs de-
fined in Yang et al. (2007), or a halo mass of M200,opt >

1011.7 M�.

This selection procedure produced a final sample of 112,699
systems in the range of 1011.7 M� < M200,opt < 1014.1 M� and
1010.3 M� < M?,BCG < 1011.6 M�.

Fig. 1. Distribution of the parent Yang et al. (2007) catalog (gray), the
final cleaned sample (red), and the massive subsample (blue) in the
M200,opt–M?,BCG plane. Dashed lines mark the bin edges used through-
out this work. The top and side panels show the corresponding one-
dimensional distributions in M200,opt and M?,BCG, with the number of
sources in each bin indicated for the subsamples used in the further
analysis.

Fig. 2. Distribution of morphological type (T-type; left) and sSFR
(right) for the BCGs in our sample. The dashed lines mark the bound-
aries separating early-type galaxies from late-type ones (T-type = 0)
and quenched galaxies from star-forming ones (sSFR = 10−11 yr−1).

While the high performance of the Yang et al. (2007) group
finder is confirmed for systems with M200,opt < 1014 M�, as dis-
cussed above, its purity and completeness at the high-mass end,
on cluster scales, may be affected by fragmentation (Marini et al.
2024). To mitigate this effect, we constructed the high-mass end
of the sample (M200,opt > 1014.1 M� and M?,BCG < 1011.6 M�)
differently from the rest of the sample. Starting from the 2,162
systems in this mass range, we removed those whose R500 aper-
ture contains point sources detected in eRASS1, leaving 1,416
systems; we did not apply the isolation criterion in this mass
range, since massive clusters can be fragmented into a main halo
and several lower-mass neighboring halos, which would natu-
rally fall within the R500 of the main system. We then cross-
matched these 1,416 systems within R500 with the eRASS1 X-
ray-selected cluster catalog (Bulbul et al. 2024) with a 4′ radius,
and removed 8 systems with a match and an eRASS1 redshift
of BEST_Z > 0.2, since these correspond to background X-ray

1 http://www.magneticum.org/index.html
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sources unrelated to our z < 0.2 sample. This procedure resulted
in a final sample of 1,408 clusters.

Figure 1 shows the distribution of the parent sample, the final
cleaned sample, and the massive subsample, together with the
binning scheme and the source counts in each bin used through-
out this work. We also assessed the properties of the BCGs in our
sample, using specific star formation rate (sSFR) values from the
GSWLC catalog and morphological T-type classifications from
Domínguez Sánchez et al. (2018). As shown in Fig. 2, our sam-
ple spans a broad range of BCG morphologies and evolutionary
stages, including both early-type and late-type galaxies, as well
as both quenched and star-forming systems.

For each group, source and background X-ray spectra were
extracted from the eRASS1 public event lists. Source spectra
were measured within R500, centered on the BCG coordinates,
while background spectra were extracted from annular regions
spanning 1.5–1.8 R500, with the annulus area matched to the area
of the source region to ensure consistent background subtraction.

To test the robustness of the results against intrinsic scat-
ter and measurement uncertainties, we performed the stacking
analysis using two independent binning schemes: one based on
BCG stellar mass and the other based on the optical halo mass
proxy. This bidirectional binning approach allowed us to assess
whether any potential bias introduced by binning along a single
axis, expected when using a mass proxy with intrinsic scatter
(Evrard et al. 2014), is subdominant compared to the statistical
uncertainties in the derived M?,BCG–TX and M?,BCG–Mhalo rela-
tions. By comparing the resulting relations, we could verify the
consistency of the observed trends, independent of the choice of
binning variable.

The spectra in each bin were stacked to produce an aver-
age spectrum representative of that mass range. After stack-
ing, the background spectra were subtracted from the corre-
sponding source-plus-background spectra before spectral mod-
eling. As demonstrated in Toptun et al. (2025), this background-
subtraction approach gives results consistent with those obtained
from the simultaneous modeling of the source-plus-background
and background spectra. Bin definitions and the correspond-
ing stacked background-subtracted spectra are provided in Ap-
pendix A. Additional details on the selection process, data ex-
traction, stacking procedure, and validation tests can be found in
Toptun et al. (2025).

2.2. Deriving gas temperatures and halo masses

We fit the background-subtracted stacked spectra in each bin us-
ing the Sherpa (v4.17.0) Python package (Burke et al. 2023),
modeling the emission with multiple components: an intraclus-
ter medium (ICM) component, a power-law component repre-
senting unresolved AGNs, and Galactic line-of-sight absorption.
Since the X-ray binary stars contribution is low (Toptun et al.
2025) and has a similar power-law shape that may lie within the
error budget of the AGN component, we did not model it sepa-
rately.

The ICM emission was described using the gadem2 model,
which represents a multi-temperature plasma with a Gaussian
distribution of emission measure, implemented as a combina-
tion of multiple mekal3 components (Mewe et al. 1985, 1986;
Liedahl et al. 1995). For each bin, the initial predictions of the

2 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
XSmodelGadem.html
3 https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
manual/XSmodelMekal.html

mean temperature and Gaussian width were derived as follows:
the optical halo masses, M200,opt, from the Yang et al. (2007)
group catalog of all sources in the bin were converted to temper-
atures using the M–TX relation of Toptun et al. (2025), and the
mean and standard deviation of the resulting distribution were
used as the initial values, respectively. The Gaussian width ac-
counts for the physical diversity of sources in the stack: since the
stacked spectrum for each bin represents an ensemble of sources
with intrinsically different temperatures due to the halo mass dis-
tribution within the bin, a nonzero width is required to repro-
duce the shape of the ensemble spectrum. During the fitting pro-
cess, the mean temperature was allowed to vary, while the width
of the temperature distribution was fixed to reduce the number
of free parameters and to limit degeneracies in the fit. Allow-
ing the width to vary increases the statistical uncertainties and
introduces degeneracies or spurious local minima, without sig-
nificantly changing the best-fit width. For this reason, we fixed
the width to ensure a more robust fit (see Fig. A.2 for a com-
parison). Following the recommendations of Baumgartner et al.
(2003), Gastaldello et al. (2021), Ghizzardi et al. (2021), and
Urban et al. (2017), the metal abundance in each bin was fixed
to 0.3 Z� using the abundance table from Anders & Grevesse
(1989). For more details on the impact of different metal abun-
dance assumptions, see Sect. 4.3.

The power-law component accounts for unresolved AGNs,
which are particularly important in the low-mass bins (see also
Popesso et al. 2025b; Toptun et al. 2025). To limit the number of
free parameters, the photon index was fixed to the average AGN
value Γ = 1.95 (Nandra & Pounds 1994). Because the stacked
spectra, especially at low halo masses, have limited signal-to-
noise, leaving both the ICM and AGN normalizations free can
lead to degeneracies between the fit parameters. We therefore
constrained the relative normalization of the two components
using the ICM-to-AGN flux ratio predicted by the Magneticum
hydrodynamical simulation (Toptun et al. 2025). This ratio is
a function of halo mass. Since M500,X was not known a priori
and was instead inferred from the fit temperature through the
M–TX relation, the normalization constraint was implemented
as a temperature-dependent relation. During the fitting process,
for each temperature iteration, the corresponding halo mass was
computed, and the ICM-to-AGN normalization ratio was up-
dated accordingly. The ICM component dominates in the re-
gions of the Fe-L and Fe-K complexes, while the power law
contributes primarily at the edges of the eROSITA effective area
(below ∼ 0.5 keV and above ∼ 1.5 keV). Line-of-sight absorp-
tion was included, with initial nH values taken from the ftools
database and allowed to vary with lower and upper bounds of
0.1–0.7 · 1022 cm−2. Therefore, the spectral model has three free
parameters: the mean temperature, TX, the ICM component nor-
malization, and the hydrogen column density, nH.

From the fit spectra, we derived the mean temperatures for
each BCG-stellar- and halo- mass bin (see Appendix A) and
converted them to X-ray-based halo masses, M500,X, using the
M–TX relation (Lovisari et al. 2015). Uncertainties on the tem-
perature measurements and, consequently, on M500,X were es-
timated via the bootstrap procedure described and validated in
Toptun et al. (2025). M500,X was then converted to M200,X us-
ing the Python package Colossus (Diemer 2018). Halo concen-
trations were computed individually for each halo as a function
of halo mass and redshift using the mass-concentration relation
(Diemer & Joyce 2019). A comparison between the X-ray- and
optically based halo mass estimates shows a high consistency
between the two, supporting the reliability of the mass measure-
ments (see Appendix A.1). A comparison between the average
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temperature of individual spectra in the highest-mass bin and the
corresponding stacked result is provided in Appendix B.

3. Linking BCG stellar mass and halo temperature

Figure 3 shows the stacked X-ray temperatures as a function of
BCG stellar mass. The relation is presented for both stellar-mass
and halo-mass binning; in the latter case, the binning is based on
optically derived halo masses from Yang et al. (2007), and we
plot the average stellar mass of the BCG within each sub-bin.

We recover well-defined temperatures across all bins, re-
vealing a smooth, approximately log-linear increase in temper-
ature with stellar mass, from M?,BCG ≈ 1010.3 M� to M?,BCG ≈

1011.8 M�. The results obtained from stellar-mass and halo-mass
binning agree within the uncertainties, indicating that the choice
of binning does not strongly affect the overall trend. However, as
shown in Appendix A, spectra corresponding to the halo-mass
bins at the low-mass end exhibit fewer degrees of freedom and
systematically higher χ2 values in the spectral modeling. This
likely reflects inaccuracy in the halo mass proxy due to incom-
pleteness in either the group membership or the calibration of
the mass proxy.

The observed correlation confirms the expected connection
between the stellar content of BCGs and the depth of the halo
potential, providing a direct link between galaxy properties and
halo properties. This result indicates the stellar mass of BCGs
as a useful proxy for halo mass across the group-to-cluster mass
regime, although the intrinsic scatter may limit its precision as a
mass estimator.

We fit the M?,BCG–TX relation using orthogonal distance re-
gression (ODR) implemented via the scipy.odr module from the
scipy Python package, accounting for uncertainties in the tem-
perature axis. The best fit of the relation was obtained separately
for the two binning schemes:

log10

( TX

1 keV

)
= 1.28 ± 0.13·log10

(
M?,BCG

M�

)
−14.43 ± 1.47, (1)

for the M200,opt binning scheme, and

log10

( TX

1 keV

)
= 1.05 ± 0.15·log10

(
M?,BCG

M�

)
−11.82 ± 1.61, (2)

for the M?,BCG binning scheme.
Since the difference between the two fit relations is minor

(within 1.4σ), the binning-induced bias is negligible compared
to the current statistical uncertainties, and both subsamples fol-
low a consistent M?,BCG–TX trend.

4. Stellar-to-halo mass relation

4.1. First observational view of the relation

Figure 4 presents the SHMR derived from the X-ray-based halo
masses. Our measurements cover the range M200,X ≈ 1012–
1015M�, providing the first observational SHMR spanning this
full mass range with halo masses directly inferred from X-ray
gas temperatures. Error bars indicate 1σ uncertainties derived
via bootstrap resampling of the stacked spectra.

Around the expected characteristic turnover, we observe a
plateau in the stellar-to-halo mass ratio, M?,BCG/M200,X, which
remains approximately constant within the uncertainties. This
feature indicates that the turnover is well captured in our data,
corresponding to the peak in star formation efficiency near

Fig. 3. Stacked X-ray temperatures within R500 as a function of BCG
stellar mass. Black points correspond to bins defined by stellar mass,
while gray points correspond to bins defined by optically based halo
mass (Yang et al. 2007); for both binning schemes, the average BCG
stellar mass of each sub-bin is plotted on the x axis. Error bars on the y
axis indicate 1σ uncertainties derived from bootstrap resampling, while
error bars on the x axis represent the 1σ interval around the mean.
Best-fit relations for both binning schemes are shown as solid black
and dashed gray lines. The shaded area corresponds to the 1σ and 3σ
uncertainties of the best fit.

M200 ∼ 1012M� (Yang et al. 2009; Conroy & Wechsler 2009;
Behroozi et al. 2010; Guo et al. 2010). Above this halo mass,
the ratio declines, reflecting the increasing importance of AGN
feedback in suppressing in situ star formation (Silk & Rees 1998;
McNamara & Nulsen 2007; Kravtsov & Borgani 2012).

Extending the SHMR to lower halo masses to fully map the
turnover and subsequent decline is currently unfeasible, even
with deeper wide-field surveys such as eRASS:4. At M200,X ≈

1011M�, the expected X-ray temperature is TX = 0.036 ±
0.009 keV, corresponding to halos whose gas content is negligi-
ble. In this regime, the majority of the emission lies outside the
sensitive energy range of current X-ray observatories (eROSITA,
XMM-Newton, and Chandra), making direct detection and reli-
able spectral modeling impossible for such halos. For the same
reason, we note that the temperatures in the lowest-mass bins
should be interpreted with caution, as they lie close to the low-
energy sensitivity limit, which may introduce additional system-
atic uncertainties.

As for the M?,BCG–TX relation, the stacked points from the
two binning schemes show good agreement. To fit the SHMR,
we selected only the M?,BCG binning, which provides smaller
uncertainties on the derived temperatures (see Appendix A.1).
The best fit of the relation was obtained with ODR in two ways.
First, we simply fit a power law to the data at halo masses larger
than the knee Mpeak ≈ 4 · 1012M�. The best fit is

log10

(
M?,BCG

M200,X

)
= −0.69 ± 0.05 · log10

(
M200,X

M�

)
− 7.13 ± 0.77,

(3)

Second, we fit the entire relation with a double power law
following the prescription from Behroozi et al. (2019), but with-
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Fig. 4. BCG stellar-to-halo mass ratio as a function of halo mass. The
meaning of the symbols is as in Fig. 3. Best-fit relations are shown
as dashed green and red lines; the shaded region indicates the 1σ un-
certainty of the double power-law best-fit relation. Literature measure-
ments are color-coded by halo mass estimation method as indicated in
the legend: violet for WL, red for X-ray, green for kinematical and dy-
namical studies (K), and light green for scaling relations (SR); for the
literature data, filled points indicate stacking results, while empty points
show results for individual sources. Orange lines correspond to semi-
analytical predictions from abundance matching (AM) and empirical
modeling (EM).

out a Gaussian component:

log10

(
M?,BCG

M0

)
= ε − log10

(
10−αx + 10−βx+κ

)
, (4)

x = log10

(
M200,X

M0

)
. (5)

Here we fixed the faint end slope α = 1.963 and scale
log10(M0/M�) = 12.035 following the best-fit value of Behroozi
et al. (2019) and leaving free parameters constraining the bright
end slope, β, and normalization, ε. The best fit values are

β = 0.27 ± 0.10,
ε = −1.59 ± 0.09,
κ = −0.45 ± 0.19.

Both best-fit relations are shown in Fig. 4. While a single power
law describes the data well over the fit mass range, the double
power law not only reproduces the data to the right of the knee,
but also accurately captures the shape of the knee for the M?

binning scheme.

4.2. Comparison with previous results

Figure 4 compares our SHMR measurements with a selection
of literature results (not all studies are shown to preserve figure
clarity; additional references are discussed in the text). For the
comparison, we converted all the literature stellar masses to the
Chabrier IMF (Chabrier 2003) if a different IMF was used. Over-
all, the results are consistent within uncertainties across various
methods, despite significant scatter.

In earlier sections we discussed how differences in halo mass
estimation can impact the SHMR (see Sect. 1). However, varia-
tions in BCG stellar mass estimates also play a role. While all the
literature data were converted to the same IMF, other assump-
tions, such as star formation history, dust, and metallicity, can
also affect the stellar mass estimates and contribute to the scatter
between studies.

Moreover, even among spectral energy distribution-based
approaches with consistent model assumptions, the choice of
spatial aperture for measuring stellar mass can significantly in-
fluence the resulting SHMR. We adopt the stellar masses from
Salim et al. (2016), which were derived using a broad range of
photometric bands (from near-UV to far-infrared) and a PDF-
matching method. In contrast, studies that rely on significantly
larger apertures, which can include contributions from intraclus-
ter light (ICL), tend to produce flatter SHMR slopes at the high-
mass end due to systematically higher BCG stellar masses at the
cluster scale (Kravtsov et al. 2018; DeMaio et al. 2018). The
ICL contribution may account for up to ∼ 25% of the total stel-
lar mass of cluster members (Montenegro-Taborda et al. 2025;
Mayes et al. 2026). In this work, we do not explore the effect
of larger apertures for galaxy groups. While ICL can measur-
ably affect BCG stellar masses in clusters, its contribution at the
group scale is expected to be smaller and remains poorly con-
strained, and we therefore do not include it in our analysis. To
maintain consistency and avoid aperture-related biases, we base
our SHMR on stellar masses that exclude intracluster and intra-
group light, and compare only with measurements derived using
similar apertures. Specifically, for the Kravtsov et al. (2018) data
shown in Fig. 4, we adopt the values measured within 50 kpc,
following the approach of Chiu et al. (2025).

At the high-mass end, our results show excellent consis-
tency with individual eRASS1 cluster detections from Chiu et al.
(2025), which naturally align with the best-fit SHMR. Similar
agreement is found with other studies based on X-ray–derived
halo masses (Erfanianfar et al. 2019; Gonzalez et al. 2013;
Kravtsov et al. 2018) and with halo mass estimates inferred from
optical scaling relations (van der Burg et al. 2014; Golden-Marx
& Miller 2018).

At lower halo masses, we find good agreement with obser-
vational constraints on the location of the SHMR knee. In the
vicinity of the knee and toward higher halo masses, the SHMR
normalization reported by Dvornik et al. (2020), based on weak-
lensing-calibrated halo masses in the GAMA survey area, is con-
sistent with our results. Similar consistency is found in studies
relying on optical mass proxies over more limited halo mass
ranges, such as More et al. (2011). At the lowest halo masses
probed in this study, closer to the regime of individual galaxy
halos, our measurements connect smoothly to the high-mass end
of the galactic-halo sample (Mancera Piña et al. 2025; Munshi
et al. 2021; de Isídio et al. 2024).

Among semiempirical models, most (Moster et al. 2010;
Behroozi et al. 2013, 2019; Wang et al. 2013; Lu et al. 2015;
Rodríguez-Puebla et al. 2017; Shankar et al. 2017) are consis-
tent with our measurements within 1σ. The only exception is

Article number, page 6 of 14



Toptun et al.: The stellar-to-halo mass relation of central galaxies across three orders of halo mass

the work of Birrer et al. (2014), which shows a moderate offset
toward lower stellar-to-halo mass ratios.

4.3. Impact of gas metallicity

We explored the impact of the assumed gas-phase metal abun-
dance in the spectral modeling on the derived SHMR. In our
main analysis, the metal abundance in each halo mass bin was
fixed to a constant value of 0.3 Z� (see Sect. 2.2). To assess the
sensitivity of our results to this assumption, we performed an al-
ternative analysis in which the metal abundance was allowed to
vary with halo mass, adopting the mean metal abundance within
R500 derived from the Magneticum hydrodynamical simulation
for each bin, since observationally the gas metallicity for the
lowest mass bins is poorly constrained. The metal abundances
were computed for the hot gas only, weighted by particle mass.
The bottom panel of Figure 5 shows the resulting mean metal
abundance as a function of halo mass, which was used for the
spectral modeling in this comparison analysis.

The top panel of Figure 5 compares the SHMR obtained us-
ing the fixed metal abundance of 0.3 Z� with the relation derived
when adopting the Magneticum-based metal abundance. At halo
masses of log(M200/M�) > 13, the SHMR is unchanged between
the two assumptions. At lower halo masses, the metallicity in-
ferred from the simulation leads to slightly higher stellar-to-halo
mass ratios compared to the fixed-abundance case, although for
the most bins the difference remains within the statistical uncer-
tainties.

This behavior indicates that the lowest-mass bins, corre-
sponding to a regime closer to individual galaxies than to clus-
ters, are more sensitive to the assumed metal abundance in
the spectral modeling. In contrast, the average temperatures of
groups and clusters with log(M200/M�) & 13 are not that sen-
sitive to the choice of metallicity, consistent with previous find-
ings (Toptun et al. 2025). For the lowest-mass bins, the predicted
gas metallicity is around 0.6 Z�, which allows us to test how the
SHMR changes across a physically expected range of metallic-
ities. Higher metallicity shifts the peak of the star formation ef-
ficiency to lower halo masses (∼ 3 · 1011 M�) and increases the
stellar-to-halo mass ratios. However, this also alters the shape of
the SHMR: with this peak position, the low-mass side before the
peak no longer aligns with observational constraints from indi-
vidual galaxies based on kinematics (Mancera Piña et al. 2025;
Munshi et al. 2021), supporting our choice of 0.3 Z� as the fidu-
cial abundance.

4.4. Comparison with simulations

Figure 6 compares our SHMR measurements with predictions
from state-of-the-art hydrodynamical simulations: Magneticum
(Dolag et al. 2016, 2025), EAGLE (Crain et al. 2015; Schaye
et al. 2015), Illustris (Vogelsberger et al. 2014; Genel et al. 2014;
Sijacki et al. 2015), TNG-Cluster (Nelson et al. 2024; Rohr et al.
2024), and different resolution runs of TNG300 and TNG100
(Marinacci et al. 2018; Pillepich et al. 2018; Springel et al. 2018;
Naiman et al. 2018; Nelson et al. 2018). For Magneticum, we
used the light cone covering an area of 30 × 30 deg2 out to
z = 0.2, sampling the local Universe. Galaxy clusters, groups,
and their member galaxies were identified using the SubFind
halo finder (Springel et al. 2001; Dolag et al. 2009). A detailed
description of the light cone construction is provided in Marini
et al. (2025a). The SHMRs from Illustris, TNG300, TNG100,
and TNG-Cluster were obtained via the public data access of

Fig. 5. Top: Stellar-to-halo mass ratio as a function of halo mass for
different assumptions on the gas metal abundance. Semitransparent
squares show the results of the main analysis, identical to those pre-
sented in Fig. 4. Star symbols correspond to the same stacked spec-
tra modeled using simulated metal abundances from the bottom panel.
Dashed lines indicate the best-fitting double power-law relations for
each case, following Eq. 4. Bottom: Mean gas metal abundance as a
function of halo mass derived from the Magneticum simulation and
adopted for the spectral modeling shown in the top panel.

the TNG Project database4. For TNG we used snapshot 99, and
for Illustris snapshot 135, both corresponding to z = 0. The
SHMRs are based on precomputed values for central galaxies,
where the stellar mass of the BCG (M?,BCG) is measured within
twice the stellar half-mass radius. For EAGLE, we used data re-
trieved from the public EAGLE database5. We selected snap-
shot 27 (z = 0.10) from the reference model of the 50 Mpc
medium-volume simulation described in Schaye et al. (2015).
In this case, the stellar mass of the central galaxy, M?,BCG, is de-
fined as the total mass of all star particles gravitationally bound
to the galaxy. For all the simulations, the halo mass M200 is de-
fined as the total mass of the parent dark matter halo enclosed
within R200.

There are some major challenges in this kind of compari-
son. The first lies in the physical implementations in the simu-
lations themselves. Feedback prescriptions, ICL formation effi-
ciency, and stellar mass loss can all contribute to differences in
the predicted SHMR among different simulations. Another ma-
jor challenge in this comparison arises from the different meth-
ods used to estimate stellar masses for BCGs. In observations,
stellar mass is typically measured within an aperture defined by
the galaxy’s surface brightness profile, often scaled to its effec-
tive radius. In simulations we used in this work, the adopted def-
initions vary: stellar masses may be measured within the stellar
half-mass radius or by summing all gravitationally bound star
particles. These choices do not necessarily correspond to obser-
vational apertures and can lead to systematic offsets, particularly
at the high-mass end, where stars associated with the ICL may
be partially or fully included in the BCG mass (see Cui et al.
2014, for such an attempt). We believe that these discrepancies
can contribute to the significant offsets seen in Fig. 6 between
the simulations and our observational results.

4 https://www.tng-project.org/data/
5 https://eagle.strw.leidenuniv.nl/
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Fig. 6. BCG stellar-to-halo mass ratio as a function of halo mass: com-
parison with simulations. Black points show stacked results in bins of
stellar mass, while gray points show stacked results in bins of halo mass.
Colored lines and symbols represent predictions from state-of-the-art
hydrodynamical simulations.

We find broad agreement near the SHMR knee, albeit with
substantial scatter, particularly for the Magneticum, EAGLE,
and Illustris simulations. In the halo mass range above 1013 M�
and below 1014 M�, EAGLE, TNG100, and TNG300-1 simula-
tions show the closest agreement with the data, whereas Illus-
tris and Magneticum tend to slightly overpredict the stellar-to-
halo mass ratio. The lower-resolution TNG300-2 and TNG300-
3 runs underpredict the ratio across both mass ranges, high-
lighting the impact of resolution effects. The largest discrepan-
cies occur at the highest halo masses, between 1014 and 1015

M�. In this regime, only TNG-Cluster and TNG300 provide ro-
bust predictions, as simulations with smaller volumes, or for
which only a limited-size light-cone was used in this work, do
not sample such massive systems. Among these, TNG-Cluster
shows the strongest offset, overpredicting the SHMR more sig-
nificantly than TNG300, which may reflect inaccuracies in the
implemented sub-grid physics.

5. Conclusions

We have presented the SHMR over the widest halo mass range
(Mhalo ∼ 1012–1015 M�) ever probed, by using independent es-
timates of central galaxy stellar masses and host halo masses,
derived from eROSITA eRASS1 X-ray data. Our analysis em-
ploys the spectral stacking technique described and validated in
Toptun et al. (2025) to trace the average X-ray spectra of opti-
cally selected groups from the Yang et al. (2007) catalog. Each
stacked spectrum was modeled to estimate the hot gas temper-
ature, which was subsequently converted to halo mass via the
M–TX relation of Lovisari et al. (2015).

We find that the SHMR peaks near M200,X ∼ 1012M�, fol-
lowed by a decline in the stellar mass fraction toward higher halo
masses. This behavior reflects the increasing impact of AGN
feedback, which suppresses in situ star formation, while halo

growth proceeds through dark matter accretion and mergers. At
these higher masses, the central galaxy builds up its stellar con-
tent predominantly via dry mergers. We note that the lowest-
mass bins near the peak probe the low-energy sensitivity limit
of eROSITA; deeper pointed observations with XMM-Newton
(Jansen et al. 2001) and future facilities such as NewAthena
(Cruise et al. 2025) will be essential to robustly probe this mass
regime.

Our measurements are broadly consistent with previous ob-
servational studies based on WL, X-ray analyses of massive
clusters, and satellite kinematics, as well as with semiempirical
approaches such as abundance matching and empirical model-
ing. Comparisons with hydrodynamical simulations reveal dis-
crepancies at the high-mass end, suggesting that current im-
plementations of AGN feedback and star formation efficiency
may require further refinement to reproduce the observed SHMR
across the full halo mass range.

Finally, the SHMR is known to depend on assembly his-
tory and galaxy properties. Variations with BCG morphology,
star formation rate, cluster concentration, and BCG-satellite lu-
minosity contrast have been known from the previous studies
(Moster et al. 2018; Mandelbaum et al. 2016, 2006; Hudson et al.
2015; Golden-Marx & Miller 2018; Wojtak & Mamon 2013).
Future deep, wide-field X-ray surveys such as eRASS:4 will
make it possible to extend this analysis to smaller, well-defined
subsamples, enabling a more detailed exploration of these sec-
ondary dependencies.
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Appendix A: Stacked X-ray spectra and spectral
modeling results

In this section we present the stacked X-ray spectra in two dif-
ferent binning schemes and the results of their modeling. Fig-
ure A.1 shows the comparison between the X-ray-derived halo
masses and the optically based halo mass estimates. Figure A.2
illustrates how the fit temperature depends on whether the width
of the temperature distribution in the gadem model is fixed or
allowed to vary. Figure A.3 shows the stacked spectra for bins
based on BCG stellar mass, while Fig. A.4 shows the stacked
spectra for bins based on optically-derived halo mass from Yang
et al. (2007). The spectral modeling results for each bin are pro-
vided in Table A.1.

Fig. A.1. X-ray-derived halo mass as a function of the average optically-
based halo mass from Yang et al. (2007) for bins of optical halo mass.
The color of the points indicates the average stellar mass of the BCG.

Fig. A.2. Stellar mass-temperature relation for BCGs. Colored boxes
show the measured X-ray temperature TX in each stellar-mass bin; the
box center marks the TX value, while the box height represents the width
of the temperature distribution σT in the gadem model. Orange boxes
indicate predictions for σT and the corresponding TX obtained from fits
with σT fixed to these values. Green boxes show results from fits with
σT left free. The solid line and shaded regions correspond to the best-fit
relation from Eq. 2 and its 1σ and 3σ uncertainties. Error bars indicate
the uncertainties on TX for each fitting choice. Vertical lines mark the
stellar-mass bin edges; within each bin, all boxes share the same M?,
placed between the boxes.
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Fig. A.3. Stacked background-subtracted spectra in the 0.2–3 keV energy range for binning by BCG stellar mass. Black points show the observed
stacked data, while lines represent the spectral model components: the green line is the ICM emission modeled with gadem, the yellow line is the
power-law component representing unresolved AGN, and the red line is the total model combining all components. The mean temperature of the
gadem component is provided in the title of each panel.

Article number, page 11 of 14



A&A proofs: manuscript no. output

Fig. A.4. Same as Fig. A.3 but for the sample binned by halo mass based on characteristic luminosity as described in Sect. 2.1.
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Table A.1. Spectral modeling results.

log10(Mbin) Bin size kT dof χ2
dof log10(M200,X) log10(M?)

Mbin in M� keV M200,X in M� M? in M�

Binning by M200,optical

11.7 − 12.1 27344 0.12+0.03
−0.01 16 1.88 11.72+0.24

−0.11 10.46+0.13
−0.14

12.1 − 12.5 36562 0.36+0.05
−0.04 12 2.09 12.65+0.12

−0.10 10.77+0.13
−0.13

12.5 − 12.9 26431 0.33+0.02
−0.01 12 1.45 12.59+0.05

−0.04 11.00+0.15
−0.12

12.9 − 13.3 14813 0.85+0.06
−0.06 9 1.74 13.37+0.05

−0.06 11.17+0.15
−0.11

13.3 − 13.5 3718 0.73+0.10
−0.09 5 1.00 13.24+0.09

−0.10 11.29+0.07
−0.06

13.5 − 13.7 2008 0.91+0.16
−0.06 13 1.07 13.43+0.12

−0.05 11.35+0.07
−0.06

13.7 − 13.9 1092 1.21+0.14
−0.16 10 1.40 13.67+0.07

−0.10 11.40+0.08
−0.06

13.9 − 14.1 503 1.20+0.21
−0.10 5 1.54 13.66+0.11

−0.06 11.48+0.07
−0.06

14.1 − 14.3 415 2.49+0.56
−0.34 13 1.26 14.27+0.13

−0.09 11.50+0.08
−0.05

14.3 − 14.5 172 2.64+0.81
−0.45 11 0.68 14.32+0.17

−0.11 11.57+0.07
−0.06

14.5 − 15.0 84 3.64+1.57
−0.80 20 1.22 14.58+0.22

−0.14 11.62+0.15
−0.10

Binning by M∗,BCG

10.3 − 10.6 24237 0.19+0.03
−0.03 16 1.12 12.12+0.15

−0.19 10.46+0.09
−0.11

10.6 − 10.9 11691 0.26+0.04
−0.06 19 0.91 12.38+0.14

−0.23 10.75+0.10
−0.10

10.9 − 11.0 12899 0.33+0.20
−0.08 7 0.96 12.58+0.38

−0.23 10.95+0.03
−0.03

11.0 − 11.1 13264 0.91+0.06
−0.06 7 3.06 13.43+0.05

−0.05 11.05+0.03
−0.03

11.1 − 11.2 24832 0.63+0.05
−0.04 10 1.92 13.12+0.06

−0.05 11.15+0.03
−0.03

11.2 − 11.4 17217 0.77+0.09
−0.08 16 0.99 13.28+0.08

−0.08 11.29+0.07
−0.06

11.4 − 11.6 8074 1.12+0.09
−0.09 12 0.86 13.61+0.05

−0.06 11.48+0.08
−0.05

11.6 − 11.9 984 2.97+0.47
−0.31 17 1.36 14.42+0.09

−0.07 11.68+0.08
−0.05

Notes. Results of the spectral stacking and modeling for bins defined by halo mass and BCG stellar mass. For each bin, we report the mass range,
the bin size, the mean gas temperature and its uncertainty derived from bootstrapping of the spectral fit results, the number of degrees of freedom
(dof), the reduced χ2, the halo mass calculated using the M–TX relation from Lovisari et al. (2015), and the mean stellar mass in this bin from
Salim et al. (2016).
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Appendix B: Validation of stacked temperatures
with individual measurements

As a consistency check, we compare the stacked temperature
in the highest mass M?,BCG bin with the temperatures obtained
from individual spectral fits, since in this bin all the sources are
bright enough for individual detection. Figure B.1 shows the in-
dividual measurements, the stacked result with its 1σ statistical
uncertainty, the model width of the temperature distribution σT
(for more details, see Sect. 2.2 and Fig. A.2), and the mean of the
individual measurements with its 1σ uncertainty. This compari-
son demonstrates that the mean of the individual measurements
closely matches the stacked temperature, and that the combina-
tion of stacking uncertainty and the intrinsic temperature distri-
bution width reproduces the scatter of individual systems, con-
firming the reliability of the method.

Fig. B.1. Comparison of individual and stacked temperatures in the
highest mass M?,BCG bin. Data points show the temperatures from indi-
vidual spectral fits with their 1σ errors. The solid pink line and shaded
region show the stacked temperature and its 1σ uncertainty from Ta-
ble A.1. Dashed red lines indicate the model width of the intrinsic tem-
perature distribution σT . The solid green line and shaded region corre-
spond to the mean temperature of the individual measurements with its
1σ uncertainty.
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