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ABSTRACT

Context. The characterization of the dynamical state of galaxy clusters is key to studying their evolution, evaluating their selection,
and using them as a cosmological probe. In this context, the offsets between different definitions of the center have been used to
estimate the cluster disturbance.
Aims. Our goal is to study the distribution of the offset between the X-ray and optical centers in clusters of galaxies. We study the
offset for clusters detected by the extended ROentgen Survey with an Imaging Telescope Array (eROSITA) on board the Spectrum-
Roentgen-Gamma (SRG) observatory. We aim to connect observations to predictions by hydrodynamical simulations and N-body
models. We assess the astrophysical effects affecting the displacements.
Methods. We measured the offset for clusters observed in the eROSITA Final Equatorial-Depth Survey (eFEDS) and the first
eROSITA all-sky survey (eRASS1). We focus on a subsample of 87 massive eFEDS clusters at low redshift, with M500c > 1×1014 M�
and 0.15< z< 0.4. We compared the displacements in such sample to those predicted by the TNG and the Magneticum simulations.
We additionally link the observations to the offset parameter Xoff measured for dark matter halos in N-body simulations, using the
hydrodynamical simulations as a bridge.
Results. We find that, on average, the eFEDS clusters show a smaller offset compared to eRASS1 because the latter contains a larger
fraction of massive and disturbed structures. We measured an average offset of ∆X−O = 76.3+30.1

−27.1 kpc, when focusing on the subsample
of 87 eFEDS clusters. This is in agreement with the predictions from TNG and Magneticum, and the distribution of Xoff from dark
matter only (DMO) simulations. However, the tails of the distributions are different. Using ∆X−O to classify relaxed and disturbed
clusters, we measured a relaxed fraction of 31% in the eFEDS subsample. Finally, we found a correlation between the offset measured
on hydrodynamical simulations and Xoff measured on their parent dark-matter-only run and we calibrated the relation between them.
Conclusions. We conclude that there is good agreement between the offsets measured in eROSITA data and the predictions from
simulations. Baryonic effects cause a decrement (increment) in the low (high) offset regime compared to the Xoff distribution from
dark matter-only simulations. The offset–Xoff relation provides an accurate prediction of the true Xoff distribution in Magneticum and
TNG. It allows for the offsets to be introduced in a cosmological context with a new method in order to marginalize over selection
effects related to the cluster dynamical state.

Key words. X-rays: galaxies: clusters – galaxies: clusters: intracluster medium – surveys – large-scale structure of Universe –
methods: data analysis

1. Introduction

Galaxy clusters are the most massive virialized structures in the
Universe. They represent the final step of the hierarchical pro-
cess of structure formation, where lower mass objects merge
to form bigger structures. Their growth through cosmic time
strongly depends on the evolution history of the Universe, mak-
ing them a powerful cosmological probe (Allen et al. 2011;
Weinberg et al. 2013; Mantz et al. 2015b; Clerc & Finoguenov
2022).

Galaxy clusters have been identified in different wave-
lengths, given their distinctive observational features, such as
an overdensity of red sequence galaxies (Gladders & Yee 2005;
Yang et al. 2007); a distortion in the images of background
galaxies as a result of strong or weak gravitational lensing
(Maturi et al. 2005; Miyazaki et al. 2018); X-ray emission due
to thermal bremsstrahlung from the hot intracluster gas (Ebeling

et al. 1998; Böhringer et al. 2000; Vikhlinin et al. 2009; Pierre
et al. 2016); and the distortion of the cosmic microwave back-
ground (CMB) spectrum due to the Sunyaev-Zel’dovich effect
(Sunyaev & Zeldovich 1972; Planck Collaboration XX 2014).

The definition and identification of the cluster center is a key
step in their analysis. From the sole standpoint of dark matter,
it is natural to consider the deepest point in the potential well
of the dark matter halo hosting the cluster. This is best traced
via lensing observations (Zitrin et al. 2012). Other possibilities
involve the peak or the centroid of the gas emission in the X-ray
and millimeter bands (Rossetti et al. 2016; Gupta et al. 2017).
Finally, a cluster center can also be identified using optical and
infrared data (Ota et al. 2020) by considering the position of the
central galaxy (CG), for example, the brightest cluster galaxy
(BCG).

An agreement between these definitions is expected if
the dark matter halo and different baryonic components are
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completely relaxed and in equilibrium within the potential well
of the cluster. However, galaxy clusters are rarely in complete
dynamical equilibrium. They assembled at late times, undergo-
ing mergers. This leads to disturbed mass distribution and an
offset between different definitions of the cluster center.

A deeper insight into this topic is now possible thanks
to the extended ROentgen Survey with an Imaging Telescope
Array (eROSITA, Merloni et al. 2012; Predehl et al. 2021)
on board Spectrum-Roentgen-Gamma (SRG), a collaboration
between German and Russian consortia. The full sky is split
in half between them. This X-ray instrument uses seven tele-
scope modules with 54 nested mirror shells each. Its point spread
function (PSF) has a half energy width (HEW) of about 15′′
for each module. As a part of the calibration and performance
verification phase, SRG-eROSITA performed a mini-survey
of the 140 square degrees eROSITA Final Equatorial Depth
Survey (eFEDS, Brunner et al. 2022) to test its capabilities.
SRG-eROSITA was launched in July 2019 and completed its
first all-sky survey (eRASS1) in June 2020. This X-ray tele-
scope is scheduled to complete eight all-sky scans, providing
X-ray observations for ∼100 000 clusters, reaching unmatched
data quality for the X-ray view for these objects and their astro-
physical and cosmological purposes. The goal of this article is
to exploit the optical follow-up of eROSITA clusters to grasp a
deeper knowledge of their offset between X-ray and optical cen-
ters and compare the result to predictions from hydrodynamical
simulations and N-body models. We summarize the key aspects
of various definitions of the cluster center and their implications
in terms of the dynamical state.

Historically, it is often assumed that the BCG is the cen-
tral galaxy of the cluster, namely, the one closest to the deep-
est point of the halo potential well (van den Bosch et al. 2004;
Weinmann et al. 2006). Therefore, the BCG is used to define
the cluster center in the optical band. However, recent works
show that this is not always the case (Einasto et al. 2011;
Lange et al. 2018). In particular, Skibba et al. (2011) found
that the BCG is not the central galaxy in ∼25% of galaxy
group-like halos, and this fraction increases to ∼45% for clus-
ters of galaxies. The development of new techniques to iden-
tify clusters in the optical band reduced the miscentered frac-
tion. The red-sequence Matched-filter Probabilistic Percolation
(redMaPPer, Rykoff et al. 2014, 2016) is a cluster-finding algo-
rithm for photometric surveys, such as the Sloan Digital Sky
Survey (SDSS, York et al. 2000), the Dark Energy Survey (DES,
The Dark Energy Survey Collaboration 2005), and the Large Syn-
optic Survey Telescope (LSST) at the Rubin Observatory (LSST
Science Collaboration 2009). It allows for the cluster optical cen-
ter to be located with additional information such as redshift and
local galaxy density. Hoshino et al. (2015) analyzed the occupa-
tion of luminous red galaxies with redMaPPer centering probabil-
ities and show that the BCG is not the central galaxy in 20−30%
of the clusters. The centering algorithm of redMaPPer is based on
assigning a probability to each member of being the central galaxy
and provides a more consistent definition of the optical center.

Rozo & Rykoff (2014) studied the performance of
redMaPPer on SDSS data by comparing the optical catalog to
overlapping X-ray and SZ data. They find that about 80% of
the clusters are well centered, with offsets smaller than 50 kpc.
The remaining 20% consists of mergers, which exhibit much
larger offsets even up to 300 kpc. The displacement decreases
at low redshift (Gozaliasl et al. 2019). This is in agreement with
the hierarchical scenario, where structures relax at late times.
The offset between peaks in various bands has been exploited to
identify relaxed and disturbed systems (Mann & Ebeling 2012;

Rossetti et al. 2016, 2017; Oguri et al. 2018; Ota et al. 2020,
2023).

A detailed description of these offsets and their link to
the cluster dynamical state is also important to assess possi-
ble biases and selection effects, especially in the current era
of precision cosmology. For instance, a partial knowledge of
the baryon physics affecting the evolution of galaxy clusters
biases scaling relations between observables and cluster masses
(Bahar et al. 2022; Chiu et al. 2022), which ultimately impact
cosmological results (Chisari et al. 2019; Genel et al. 2019;
Salvati et al. 2020; Debackere et al. 2021; Castro et al. 2021).
The disturbance and morphological diversity of these extended
objects make it so the understanding of selection effects is
non-trivial (Weißmann et al. 2013; Cao et al. 2021). In addi-
tion, baryonic properties potentially affect the selection of clus-
ters in astronomical surveys. They might alter the values of
a specific observable, which ends up affecting the number of
objects in the sample compared to an unbiased theoretical
prediction.

X-ray observations of galaxy clusters suffer from the cool-
core bias (Eckert et al. 2011; Käfer et al. 2019). The largest dark
matter halos hosting massive clusters of galaxies assemble at
late times. Some clusters did not have enough time to dynam-
ically relax and develop a cool core, which would be detected
as a peak in the X-ray surface brightness profile. This feature
biases the detection toward relaxed structures with a cool core,
affecting the completeness of X-ray-selected samples of galaxy
clusters. At a fixed mass and redshift, cool-core clusters are
therefore more probable to be detected compared to non-cool-
core clusters. The cool-core bias is expected to play a role in
the characterization of clusters as extended sources. Cool-core
clusters possibly have a higher probability of being confused for
point sources because the peaked emissivity in the central region
dominates over the extended emission in the cluster outskirts
(Somboonpanyakul et al. 2021; Bulbul et al. 2022). This has
an impact on cosmological studies using the halo mass function
(Seppi et al. 2021). Therefore, it is necessary to take this selec-
tion effect into account. The evidence of the cool-core bias in
X-ray-selected samples has been highlighted by different works,
especially when comparing X-ray to SZ selected samples, which
are not affected by such bias due to the lower sensibility to
the central gas density (Hudson et al. 2010; Eckert et al. 2011;
Rossetti et al. 2017; Andrade-Santos et al. 2017; Lovisari et al.
2017; Giulia Campitiello et al. 2022). However, other studies
have not found a significant preference for relaxed clusters (e.g.
Mantz et al. 2015a; Nurgaliev et al. 2017; McDonald et al.
2017; De Luca et al. 2021). This topic has been analyzed with
eROSITA data by Ghirardini et al. (2022), who did not find a
clear bias toward relaxed structures. In addition, Bulbul et al.
(2022) have found a preference for cool cores only when look-
ing for clusters cataloged as point sources. Strong evidence for
the cool-core bias in the point-like sample is also predicted by
eROSITA simulations (Seppi et al. 2022).

The fraction of mass in substructures, central entropy, spin,
and offset parameters give additional insights into the dynami-
cal state (Meneghetti et al. 2014; Biffi et al. 2016; Henson et al.
2016; De Luca et al. 2021; Seppi et al. 2021).

A precise knowledge of the cluster center would benefit var-
ious studies, such as the measure of weak lensing profiles (Chiu
et al. 2022), where the error in the measurement may be reduced
with a better comprehension of the miscentering (George et al.
2012; Zhang et al. 2019; Yan et al. 2020; Ota et al. 2023) or
with a detailed comparison of cluster density profiles with the
simulations (Zhuravleva et al. 2013; Diemer 2022).
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We measured the offset between the position of the X-ray
and the optical centers for eROSITA clusters. We used two sam-
ples: eFEDS (Liu et al. 2022) and eRASS1. The optical follow-
up was performed with redMaPPer, making use of the prior
knowledge of the X-ray position (Ider Chitham et al. 2020). We
study the distribution of the offsets and different physical effects
impacting them. We look for a link between observations and
the dynamical state of dark matter halos in N-body simulations
(Klypin et al. 2016; Seppi et al. 2021). We consider the offset
parameter (Xoff), that is the displacement between the peak of
the mass profile and the center of mass of dark matter halos.
Seppi et al. (2021) calibrated a mass function model that allows
for a marginalization over variables related to the dynamical
state. Instead, we marginalized over the mass, predicted the dis-
tribution of Xoff , and compared it to the displacement between
X-ray and optical centers. We exploited hydrodynamical sim-
ulations to develop this connection, namely, the Magneticum
(Biffi et al. 2013; Hirschmann et al. 2014; Biffi et al. 2018;
Ragagnin et al. 2017) and IllustrisTNG (Pillepich et al. 2018b;
Nelson et al. 2019) simulations.

We summarize the eROSITA data, its processing, the optical
follow-up, and the hydrodynamical simulations in Sect. 2. We
describe our method for computing the offsets in eROSITA data,
in simulations, and using the N-body model from Seppi et al.
(2021) in Sect. 3. We present the distributions of the offsets and
our results in Sect. 4. We discuss our findings and how to use
the offsets in a cosmological framework in Sect. 5. Finally, we
summarize our results in Sect. 6.

2. Data

In this section, we describe the X-ray observations, optical
follow-up, and hydrodynamical simulations used in this work.

2.1. eROSITA

We used X-ray data from the eROSITA X-ray telescope. The
observations are processed with the eROSITA Standard Analy-
sis Software System (eSASS, Brunner et al. 2022). The detec-
tion focuses on the soft X-ray band (0.2−2.3 keV) and relies
on a modified sliding box algorithm (erbox). It marks potential
sources that emerge over the background by a chosen confidence
threshold. Such regions are then masked and the remaining
source-free map is used to create a background map by the
erbackmap tool. The combination of these two algorithms is run
twice to obtain a more reliable background map. Finally, each
box marked as a potential source is fitted by the maximum like-
lihood algorithm ermldet. It uses PSF-fitting to measure the
source parameters, such as position, count rate, detection like-
lihood (DET_LIKE or LDET), extent likelihood (EXT_LIKE or
LEXT), and the source extent, equal to the best-fitting core radius
of the β-model (Cavaliere & Fusco-Femiano 1976). DET_LIKE
is related to the probability of the source being a background
fluctuation, while EXT_LIKE is the likelihood of the β-model
over the point-like model convolved with the PSF. A detailed
discussion on cluster detection with eROSITA is given in Seppi
et al. (2022). In addition, we study the probability of membership
for all galaxy members in each cluster using redMaPPer (Rykoff
et al. 2014; Ider Chitham et al. 2020) in scanning mode, making
use of the prior knowledge of the X-ray position. Given the rel-
atively small area of eFEDS and the shallow depth of eRASS1,
an accurate description of the high-z cluster population is not
feasible.

2.1.1. eFEDS

During the Calibration and Performance Verification Phase
(CalPV), the eROSITA Final Equatorial Depth Survey (eFEDS)
was carried out. This survey was designed with the goal of
verifying the survey capabilities of eROSITA, covering an
area of ∼140 deg2 in the equatorial region (126◦ <RA< 146◦,
−3◦ <Dec<+6◦). It was covered with a vignetted (unvignetted)
exposure time of ∼1.2 ks (∼2.2 ks), a similar value compared to
the final all-sky survey (eRASS:8) in the equatorial region.

We used the cluster catalog from Liu et al. (2022). It includes
542 clusters with LDET > 5 and LEXT > 6. The clusters were
confirmed in the optical band and the redshifts are measured with
the Multi-Component Matched Filter (MCMF) cluster confirma-
tion tool (Klein et al. 2018, 2022), combining optical data from
different surveys such as the Hyper Suprime-Cam (HSC) Subaru
Strategic Program (HSC-SSP, Oguri et al. 2018), Dark Energy
Camera Legacy Survey (DECaLS, Dey et al. 2019), Sloan Dig-
ital Sky Survey (SDSS, Blanton et al. 2017), 2MASS Redshift
Survey (2MRS, Huchra et al. 2012), and Galaxy And Mass
Assembly (GAMA, Driver et al. 2011). A detailed weak-lensing
study on HSC observations by Chiu et al. (2022) provides halo
masses for a subsample of 434 eFEDS clusters.

2.1.2. eRASS1

The first scan of the whole sky was performed by eROSITA dur-
ing the first six months of the survey phase, from December 13th
2019 until June 11th 2020, completing the first all-sky survey
(eRASS11). Given the scanning strategy of the telescope, the
exposure time depends on the angular position on the sky. Shal-
low regions around the ecliptic equator are covered for less than
100 s, while deep areas around the ecliptic poles are observed
for more than 1.2 ks (see Predehl et al. 2021, for more details).
The average exposure time of eRASS1 is ∼250 s. We use the
German half of the sky (eROSITA_DE). The majority of the
area overlaps with different optical surveys, such as the Dark
Energy Camera Legacy Survey (DECaLS, Dey et al. 2019), the
Dark Energy Survey (DES, Sevilla-Noarbe et al. 2021), and the
Kilo-Degree Survey (KiDS, Kuijken et al. 2019). The measure
of redshifts and optical properties is carried out by redMaPPer
(Rykoff et al. 2014; Ider Chitham et al. 2020). We focus on the
X-ray position measured by eSASS, the optical centers, and the
redshift provided by redMaPPer. The scaling relation between
X-ray luminosity and mass from Chiu et al. (2022) provides a
mass estimate for eRASS1 clusters.

2.2. Simulations

In this work, we use the IllustrisTNG and the Magneticum sim-
ulations. The main numerical and cosmological parameters for
the two simulations are given in Table 1.

2.2.1. Magneticum

The Magneticum simulation suite2 is a set of cosmological hydro-
dynamical and dark-matter-only simulations (Biffi et al. 2013;
Hirschmann et al. 2014; Dolag 2015; Steinborn et al. 2015;
Ragagnin et al. 2017; Dolag et al. 2017; Singh et al. 2020), span-
ning different ranges of resolution and box size. These simulations
are run with the TreePM-SPH code P-GADGET3 (Springel 2005).

1 https://www.mpe.mpg.de/7461950/erass1-presskit
2 http://www.magneticum.org
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Table 1. Numerical and physical parameters describing the Magneticum
and IllustrisTNG simulations.

Magneticum-Box2/hr TNG300-1

Box size [Mpc h−1] 352 205
ΩM 0.272 0.3089
ΩB 0.0456 0.0486
ΩΛ 0.728 0.6911
σ8 0.809 0.8159
H0 70.4 67.74
ns 0.963 0.9667
N particles 2×15843 25003

MDM [M� h−1] 6.9×108 5.9×107

Notes. Volume: total comoving volume covered by the simulation, ΩM:
total matter density parameter, ΩB: baryonic matter density parameter,
ΩΛ: dark energy density parameter, σ8: normalization of the linear mat-
ter power spectrum, H0: Hubble constant, ns: initial slope of the linear
matter power spectrum, N particles: total number of dark matter parti-
cles in the simulation, and MDM: mass of the dark matter particles.

Multiple processes regulated by baryonic physics are taken into
account in the simulation, such as radiative cooling (Wiersma
et al. 2009), heating due to star formation, supernovae, galac-
tic winds (Springel & Hernquist 2003), chemical enrichment
(Tornatore et al. 2007), and AGN feedback processes (Fabjan et al.
2010). The Magneticum simulations are successful at reproducing
the black hole mass density (Di Matteo et al. 2008), the AGN lumi-
nosity function (Hirschmann et al. 2014; Steinborn et al. 2016;
Biffi et al. 2018), morphological properties of galaxies (Teklu
et al. 2015; Remus et al. 2017), and the pressure profiles of galaxy
clusters (Gupta et al. 2017). This set of simulations has been
used to quantify the impact of baryons on the halo mass function
(Bocquet et al. 2016; Castro et al. 2021), and for dedicated studies
of the large-scale structure around merging galaxy clusters with
eROSITA (Biffi et al. 2022).

We focus on the Box2/hr simulation. It is computed assum-
ing a WMAP cosmology (Komatsu et al. 2011). Given our
interest in clusters of galaxies, it provides a great compromise
between the size of the box and the resolution of the dark
matter halos. The side of the simulated cube is 352 Mpc h−1

(500 Mpc) large. The box contains 475 halos more massive than
M500c = 1×1014 M� at z = 03. The resolution of the dark matter
particles is 6.9×108 M� h−1, which allows for detailed properties
of the most massive halos hosting clusters and groups to be mea-
sured. A summary of the key parameters for the simulation is
reported in Table 1.

2.2.2. IllustrisTNG

The IllustrisTNG project4 is a collection of 18 complementary
hydrodynamical simulations coupled with dark-matter-only runs
(Weinberger et al. 2017; Pillepich et al. 2018b; Barnes et al.
2018; Nelson et al. 2019). It spans different box sizes, res-
olutions, and baryonic physics. The simulations are run with
the quasi-Lagrangian code AREPO (Weinberger et al. 2020). It
includes gas radiative mechanisms, star formation, stellar evo-
lution, supernovae explosions, the formation and accretion of

3 M500c is the total mass of the cluster encompassed by a radius con-
taining an average density that is 500 times larger than the critical den-
sity of the Universe.
4 https://www.tng-project.org

supermassive black holes, and the amplification of magnetic
fields. The TNG project successfully reproduces the galaxy color
distribution as a function of stellar mass (Nelson et al. 2018), the
stellar mass function at recent epochs, the distribution of stellar
mass inside galaxy clusters (Pillepich et al. 2018a), the scaling
relation between radio power and X-ray emission in galaxy clus-
ters (Marinacci et al. 2018), the low redshift quasar luminosity
function (Weinberger et al. 2018), the chemical evolution of gas
in galaxies (Naiman et al. 2018), and the galaxy two-point cor-
relation function (Springel et al. 2018).

The TNG project assumes a Planck cosmology (Planck
Collaboration XIII 2016). We use the TNG300-1 simulation. It is
the largest available box, with a side of 205 Mpc h−1 (300 Mpc).
It is smaller than Magneticum Box2/hr, and contains therefore
fewer halos: 159 objects more massive than M500c = 1×1014 M�
at z = 0. However, it does have a better particle resolution (see
Table 1).

3. Method

In this section, we describe how we processed and analyzed the
data, and how we compared it to theoretical models and hydro-
dynamical simulations.

3.1. Offset for eROSITA clusters

Here, we focus on eFEDS and eRASS1 clusters with
EXT_LIKE> 6. We additionally require a measure of the uncer-
tainty on the X-ray position by eSASS (RADEC_ERR> 0). For
eRASS1, we excluded clusters that are not covered by optical
surveys and are therefore lacking a measure of the optical cen-
ter. We determined the X-ray center using the cluster position
defined by eSASS. It is the best-fit position of the PSF fit that
determines the X-ray centroid.

We considered two definitions of the optical center. The first
one is given by the centering algorithm of redMaPPer. It uses
a Bayesian classification algorithm to locate the most probable
cluster center. It is based on a local red galaxy density filter that
ensures consistency between the photometric redshift of the cen-
tral galaxy and the cluster. It also matches the central galaxy
luminosity to an expected value given the cluster richness, which
is closely related to the total number of galaxy members hosted
by the cluster (Rykoff et al. 2014). The optical center is not
always placed on the brightest cluster galaxy. In fact, ∼20% of
the time the central galaxy is not the brightest member (Rykoff
et al. 2016). This approach provides the probability for each
member to be the central cluster galaxy Pcen (see Eq. (56) in
Rykoff et al. 2014). Secondly, we consider the position of the
galaxy member with the largest membership probability Pmem.
It is the probability that a galaxy near a cluster is a cluster mem-
ber and should not be confused with the probability of being the
central galaxy, Pcen. It is computed for each galaxy by combining
different filters. The most important one is a model of the color
evolution of red-sequence galaxies as a function of redshift (see
Eq. (1) in Rykoff et al. 2014).

Given the angular positions of the X-ray and optical centers,
we computed the angular offset between them and convert it to
the comoving physical kiloparsec scale based on the cluster red-
shift, according to

∆X−O =
c

H0

∫ z

0

dz√
ΩM(1 + z)3 + ΩΛ

× θ [kpc], (1)
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where z is the cluster redshift, c is the speed of light, H0 is the
Hubble constant, and θ is the angular separation between X-ray
and optical positions in radians. Similarly, we measured the off-
set to the position of the galaxy with the largest membership
probability ∆X−Pmem .

We estimated the error on the X-ray center by multiplying the
uncertainty on the angular X-ray position by the physical scale
per unit angle. We estimated a systematic error on the optical
center accounting for the separation between the optical center
identified by redMaPPer and the position of the five most proba-
ble centers weighted by their centering probability, according to
Eq. (2):

δO =

√√√N=5∑
i=1

(Pcen,i × ∆O−Oi )2, (2)

where the index, i, runs on the five most probable members and
∆O−Oi is the offset in kpc scale between the optical center and
the position of the i galaxy member. In this manner, the uncer-
tainty δO accounts for the fact that the definition of a center is
complicated when there are many bright galaxies with similar
probability of being the central galaxy.

Finally, we computed the cumulative distribution function
(CDF) of ∆X−O and ∆X−Pmem . We do this first for the whole
eRASS1 and eFEDS samples, by restricting to secure clusters
with more than 20 counts and richness λ > 20. These cuts
discard clusters with large average errors on the X-ray posi-
tion larger than 100 kpc. We obtained 182 (4564) clusters from
eFEDS (eRASS1) satisfying these conditions. We then focused
on a more specific sub-sample of 87 eFEDS clusters between
redshift 0.15 and 0.4 and M500c between 1×1014 and 8×1014 M�.
The mean values of mass and redshift are M500c = 2.16×1014 M�
and z = 0.30. We used this well-defined sample to do a compar-
ison with simulations.

3.2. Analytical dark-matter-only model

We propose a link between the X-ray to optical offset in obser-
vations and the theoretical model developed by Seppi et al.
(2021). In that work, the authors calibrated a model for the halo
mass function that additionally includes variables describing the
dynamical state of dark matter halos. We are particularly inter-
ested in the offset parameter Xoff , which is the displacement
between the center of mass of a dark matter halo and the peak of
its density profile, normalized to the virial radius. Such a mass
function model predicts the dark matter halo abundance as a
function of mass, offset parameter, and spin, offering the pos-
sibility of integrating out one or more of these variables. We
marginalized over the mass and spin and obtained the analyti-
cal prediction of the 1D distribution for the offset parameter (see
Eqs. (18)–(20) in Seppi et al. 2021).

We focused on the eFEDS sample, where masses have been
estimated via weak gravitational lensing (Chiu et al. 2022).
We compared the offsets between the X-ray and optical cen-
ters to the offset parameter in physical scales Xoff,P (in kpc,
i.e., not normalized to the virial radius) from N-body simula-
tions (see Eq. (B.3) in Seppi et al. 2021). We computed the
halo multiplicity function dependent on the offset parameter by
marginalizing the mass and detection probability according to
Eq. (3):

f (Xoff,P) =

∫ Mup

Mlow

g(σ(M), Xoff,P)P(M)dM, (3)

where Mlow = 1×1014 M� and Mup = 8×1014 M�. In addition, we
marginalized over the detection probability as a function of mass
P̂(M). The mass trend is encoded in the root mean square vari-
ance of the density field σ(M). We calibrated such a detection
probability by dividing the eFEDS multiplicity function (see
Eq. (4)), computed from the cluster number density by the the-
oretical prediction, and modeled it with an error function. We
refer to the detection probability model as P(M), computed and
modeled according to Eq. (4):

f (σ) =
dn

dlnM
M
ρm

(
dlnσ−1

dlnM

)−1

,

P̂(M) = feFEDS(σ(M))/ fSEPPI+21(σ(M)),

P(M) =
1
2

erf[A(log10 M500c − M0)] +
1
2
, (4)

where the parameters have been fit with the curve_fit software5.
The values are M0 = 14.314±0.001 and A = 2.30±0.03. Finally,
we account for projection effects by projecting the theoretical
three dimensional Xoff,P on the sky according to Eq. (5):

S Xoff,P = Xoff,P
1
π

∫ π

0
sin θdθ =

2
π

Xoff,P. (5)

We use the corrected S Xoff,P to compute the theoretical cumulative
distribution function of the projected offset parameter.

3.3. Prediction from hydrodynamical simulations

We process the Magneticum and TNG simulations in a similar
way. For each halo in the simulation, we related the optical cen-
ter to the position of the main subhalo identified by the Sub-
Find algorithm, which contains the central galaxy. We related
the X-ray center to the gas center computed from an emission
measure weighted center of mass. The position of each gas par-
ticle contained by the halo was weighted by its mass and local
density. We considered particles within the virial radius of each
halo. We restricted our study to X-ray emitting gas particles with
temperatures between 0.1 and 10 keV. Finally, we computed the
gas center according to Eq. (6):

wg,i = ρg,i × mg,i,

CMg =

∑N
i=1 wg,i × xg,i∑N

i=1 wg,i
, (6)

where wg,i is the weight assigned to each gas particle, ρg,i is the
local gas density, mg,i is the gas particle mass, and xg,i is the par-
ticle position. The index, i, runs on the N gas particles contained
by a halo. We compute the offset between the CG and the gas
center as their relative distance on the x−y projected cartesian
plane.

In addition, we ran the rockstar halo finder (Behroozi
et al. 2013) on both Magneticum and TNG. We processed the
hydro simulation as well as the respective parent dark-matter-
only runs. For each identified halo, rockstar provides a mea-
sure of Xoff . We focused on distinct main halos. We performed a
positional matching between our rockstar halo catalogs from
the hydro and dark-matter-only (DMO) runs to the subfind cat-
alogs provided together with the particle data from the Mag-
neticum and TNG projects. The agreement between these cat-
alogs is excellent. We discarded halos where the location of

5 https://scipy.org
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the center disagrees by more than 500 kpc and the measurement
of M500c differs by more than 10% between the three catalogs.
Because the subfind catalogs provide the total mass, including
stars and gas, we corrected it by the gas fraction from Pratt et al.
(2009), as shown in Fig. 8 therein, when comparing it to rock-
star masses. The gas fraction from Pratt et al. (2009) provides
a robust measure compared to a variety of other samples (see
Eckert et al. 2021, for a review). In total, we lose about 2% (1%)
of the halos with M500c > 1×1013 (1×1014) M�. The matched
halos allow us to compare the displacement between the gas cen-
ter and the central galaxy to the offset parameter for common
objects between the three catalogs. To match the average red-
shift of the high mass–low redshift eFEDS sample, we study the
snapshot at z = 0.30 for TNG300. For Magneticum, we use the
closest snapshot available at z = 0.25, where the particle data
has been stored for the full hydro and the DMO run. We verified
that this does not bias our results in Sect. 4.1. The TNG300 snap-
shot at z = 0.30 contains 2232 (107) halos with M500c > 1×1013

(1×1014) M�. The Magneticum Box2/hr snapshot at z = 0.25
contains 9293 (314) halos with M500c > 1×1013 (1×1014) M�.

4. Results

In this section, we present our main findings: the distribution
of the displacement between the X-ray and optical center in
eROSITA, its comparison to Magneticum and TNG, as well as
to the N-body model from Seppi et al. (2021).

4.1. Offset distributions and comparison to simulations

We focused first on the sample over which we have the most
control: a subsample of 87 eFEDS clusters with 0.15 < z < 0.4
and 1×1014 < M500c < 8×1014 M�. This is a secure sample with
340 counts per cluster on average. The redshift and the X-ray
positional uncertainty have been measured for all these clus-
ters. The average uncertainty on the X-ray position is 38 kpc.
Given the mean values of M500c = 2.16×1014 M� and z = 0.30
for this sample, the eFEDS selection function yields an average
completeness of about 80% (Liu et al. 2022). The offsets ∆X−O
and ∆X−Pmem are shown by the blue and orange shaded areas in
Fig. 1. The green line denotes the CDF of the projected offset
parameter S Xoff,P , the red (violet) line shows the CDF of the off-
set in the Magneticum (TNG300) simulation at z = 0.25 (0.30).
The corresponding dashed and dotted lines account for maxi-
mum and minimum projection effects. For each cluster in the
simulations, we considered the largest possible displacement in
the case where the two centers lay on a plane that is perpen-
dicular to the line of sight and the minimum one by choos-
ing the smallest displacement after projecting the same clus-
ters on the x−y, y−z, and x−z planes. A comparison between
observations and simulations at higher redshift requires deeper
data, with accurate measurements of the X-ray position in the
high-z regime.

4.1.1. Average offsets

For this specific sub-sample, we study the average offset at
the 50% percentile point of the CDF. We measured ∆X−O =
76.3+30.1

−27.1 kpc and ∆X−Pmem = 157.4+20.6
−34.0 kpc. The flattening of

∆X−O at large offsets is given by a tail of recent mergers and
disturbed clusters. The average offset in hydrodynamical sim-
ulations is equal to 57.2 kpc for TNG300 and 87.1 kpc for
Magneticum Box2/hr. We see that both simulations predict off-

Fig. 1. Comparison between the offsets measured in eROSITA, the pre-
diction of the theoretical model, and hydrodynamical simulations. The
cumulative distribution functions of the offsets between X-ray and opti-
cal centers for eFEDS clusters between redshift 0.15 and 0.4, and mass
between 1×1014 and 8×1014 M� are denoted by the blue and orange
lines. The first one refers to the optical center identified by the redMaP-
Per centering algorithm, the latter to the position of the galaxy with
the largest membership probabilities. The shaded areas identify the
uncertainty on the distributions. The green line shows the prediction
obtained from the Seppi et al. (2021) model described in Sect. 3.2. The
red (violet) one denotes the CDF of the offsets between the gas center
and the CG position in the Magneticum (TNG) simulation described
in Sect. 3.3. The corresponding dashed and dotted lines account for
the maximum and minimum projection effects. There is a broad agree-
ment between the data, the prediction of the simulations, and the
N-body model. However, the tails of the distributions are different. The
N-body model predicts larger (smaller) displacements compared to data
and hydrodynamical simulations at the low (high) offset end.

sets that are on average compatible with the distribution of ∆X−O,
but they are in disagreement with the offset between the X-ray
center and the position of the galaxy with the largest member-
ship probability ∆X−Pmem . Therefore, the displacement between
the hot gas and the CG in hydrodynamical simulations is a good
prediction of the offset between the optical center from redMaP-
Per and the X-ray position from eSASS in eROSITA data. To
assess whether the different redshift considered for the Mag-
neticum simulation impacts our findings, we carried out the same
analysis for the snapshot at z = 0.25 of the TNG300 simulation,
where the particle data is available also for the parent DMO run.
We find that the offset is on average smaller by about 4 kpc com-
pared to the snapshot at z = 0.30. This is much smaller than the
typical uncertainties on the data. We conclude that studying the
snapshot at z = 0.25 in the Magneticum simulation does not bias
our results.

The average value of the projected offset parameter is
S Xoff,P = 75.8 kpc. Similarly to the offsets predicted by TNG and
Magneticum, it is in agreement with ∆X−O, but disagrees with
∆X−Pmem . On average, we conclude that there is good agreement
between the offsets measured in eROSITA clusters, the ones pre-
dicted by hydrodynamical simulations, and by the N-body model
from Seppi et al. (2021).

4.1.2. Tails of the distributions

The tails of the ∆X−O and S Xoff,P distributions are different, where
the CDF is smaller than about 0.2 and larger than 0.7. We
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attribute the discrepancy to baryonic effects such as dragging,
cooling, and the disruption of the gas by AGN feedback and
recent mergers. These effects tilt the shape of this distribution.
This is in agreement with previous works, where the shape of
the offset distribution changes from a modified Schechter func-
tion in N-body simulations (Rodriguez-Puebla et al. 2016; Seppi
et al. 2021) to a lognormal distribution in data (Mann & Ebeling
2012). We further discuss this result in Sect. 5.

To separate relaxed and disturbed clusters, we followed the
example of Ota et al. (2023) and applied an offset cut according
to:

∆X−O < 0.05 × R500c. (7)

We find that 27 clusters out of 87 are classified as relaxed. Our
relaxed fraction of 31% is in agreement with the upper limit set
at <39% by Ota et al. (2023). We additionally consider an upper
limit of the relaxed fraction by accounting for the uncertainty on
the measure of the offset (as explained in Sect. 3.1), assuming
the lower limit of ∆X−O within the error. We apply again the same
cut in Eq. (7) and obtain a relaxed fraction of <59%. Our results
show that there is not a strong preference for relaxed objects in
this eFEDS cluster sample. This is in agreement with previous
work on eFEDS data. Ghirardini et al. (2022) combined eight
different morphological parameters (central density, concentra-
tion, centroid shift, ellipticity, cuspiness, power ratios, photon
asymmetry, and Gini coefficient) into the single relaxation score
parameter. They did not find a clear preference for cool-core
clusters over disturbed ones and showed that the transition from
a relaxed to a disturbed cluster population is smooth. In addition,
Bulbul et al. (2022) analyzed the clusters hidden in the point-like
sample of eFEDS sources, identifying them using optical data.
They found that only the clusters in the point-like sample show
a peaked profile in the central region. Finally, predictions from
eROSITA simulations show that there is a significant preference
for the detection of relaxed systems just in the point-like sample
(Seppi et al. 2022).

4.2. Full eROSITA samples

We measured the position of the X-ray and optical centers for the
182 eFEDS and 4564 eRASS1 clusters as explained in Sect. 3.
We stress that our cuts in X-ray counts and richness discard faint
clusters whose determination of the X-ray position is uncertain.
An additional role in the location of the X-ray center is played by
the cluster morphology. We use the relaxation score Rscore mea-
sured by Ghirardini et al. (2022) on eFEDS clusters. They define
clusters with Rscore > 0.0019 as relaxed. Using the same Rscore
criterion, we measure an average uncertainty of 36 (64) kpc on
the X-ray position for relaxed (unrelaxed) clusters. We conclude
that the identification of the X-ray center is more secure for
relaxed clusters.

We show the cumulative distribution function of the offsets
in Fig. 2. The blue (green) line shows the offset between the
X-ray center and the redMaPPer center for the eFEDS (eRASS1)
sample. The shaded areas denote the 1σ error on the offset. We
measure an average offset ∆X−O = 92.6+44.3

−35.1 kpc in eFEDS and
∆X−O = 158.5+53.0

−57.5 kpc in eRASS1. On average, the eRASS1
sample shows larger offsets compared to eFEDS. Since eRASS1
is a shallow survey compared to the deeper and more uniform
eFEDS, and the detection probability for a given cluster grows as
a function of exposure time (Clerc et al. 2018; Seppi et al. 2022),
it contains a larger fraction of high-mass, high-offset objects in
the whole sample.

Fig. 2. Cumulative distribution functions of the offsets between X-ray
and optical centers for eROSITA clusters between redshift 0.15 and 0.8,
more than 20 counts, and richness λ > 20. These cuts yield 182 (4568)
clusters from eFEDS (eRASS1). The shaded areas denote the uncer-
tainty on the distributions. Different colors denote distinct definitions
of the optical center: the one identified by the redMaPPer centering
algorithm and the position of the galaxy with the largest membership
probability (blue and orange for eFEDS, green and red for eRASS1).

The trends of the displacement between the X-ray center and
the position of the galaxy with the largest membership proba-
bility are more similar between eFEDS and eRASS1 compared
to ∆X−O. They are shown by the orange (red) line in Fig. 2 for
eFEDS (eRASS1). The shaded areas denote the 1σ error on the
offset. We measure an average offset ∆X−Pmem = 160.9+40.5

−45.6 kpc in
eFEDS and ∆X−Pmem = 162.7+45.8

−46.3 kpc in eRASS1. The full sam-
ples mix clusters with different mass and redshift, which dilutes
the intrinsic differences of ∆X−Pmem between the eFEDS and the
eRASS1 samples.

We find a weak correlation between the X-ray to optical off-
set ∆X−O and the cluster mass. We find a Pearson correlation
coefficient equal to PCC = 0.11 (0.08) for eFEDS (eRASS1).
Similarly, we observe a weak correlation between the offset and
redshift, with PCC = 0.19 for eFEDS, and PCC = 0.14 (0.10)
for clusters with M500c > 1×1014 M� (groups with 1×1013 <
M500c < 1×1014 M�) in eRASS1. The correlation is weak
because of two contrasting effects. On the one hand, an iso-
lated cluster relaxes in time, producing a small offset between
X-ray and optical centers. On the other hand, mergers produc-
ing massive clusters create structures with complex morphology
and large offsets. The positive correlation with increasing offset
as a function of redshift is in agreement with the trend of Xoff in
N-body simulations (Seppi et al. 2021). The detection of more
galaxy groups with low offset in future eROSITA all-sky sur-
veys will shed light on the correlations between the offset and
the cluster mass and redshift.

We studied the offset for eFEDS clusters with different
dynamical state, where morphological parameters were mea-
sured by Ghirardini et al. (2022). Nurgaliev et al. (2013) showed
that photon asymmetry is sensitive to the presence of substruc-
ture, an indication of morphological disturbance, also in a regime
of low signal to noise ratio. This is useful for our study, given the
relatively shallow eROSITA depth. In fact, we find that the pho-
ton asymmetry is the morphological parameter with the largest
correlation to the X-ray to optical offset, with PCC = 0.28.
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Fig. 3. Cumulative distribution functions of the offsets between X-ray
and optical centers for the eFEDS clusters. The blue shaded area
denotes clusters classified as relaxed according to photon asymme-
try APHOT< 0.15, the orange one shows unrelaxed objects with
APHOT> 0.6.

Following Nurgaliev et al. (2013), we separate relaxed clusters
with APHOT< 0.15 and unrelaxed ones with APHOT> 0.6. We
build the ∆X−O CDF for the two samples. The result is shown
in Fig. 3. We find an average offset of ∆X−O = 55.6+9.7

−9.7 kpc for
22 clusters with APHOT< 0.15. The offset for 51 clusters with
APHOT> 0.6 is larger ∆X−O = 174.4+53.3

−51.6 kpc. We conclude that
relaxed clusters exhibit a smaller offset compared to disturbed
ones.

5. Discussion

In this section, we discuss the offsets presented in Sect. 4. The
physical effects affecting the offsets play a key role in under-
standing the cause behind the smaller (larger) displacements
measured in eROSITA data and hydrodynamical simulations
compared to the N-body model in the low (high) offset regime.
The origin of the offsets in clusters of galaxies is related to the
different response of each cluster component to different astro-
physical phenomena.

The contribution of mergers and AGN feedback on the offset
distribution is discussed in Sects. 5.1 and 5.2. Their combina-
tion and the transition from the DMO scenario to the observed
offset distribution are presented in Sect. 5.3. The discrepancies
between the offsets predicted by different hydrodynamical simu-
lations are discussed in Sect. 5.4. Finally, the introduction of the
offsets in a cosmological experiment is presented in Sect. 5.5.

5.1. Mergers

Very large offsets likely originate from mergers between smaller
objects into massive clusters. Mergers are one of the most
energetic processes in the Universe, as the total kinetic energy
involved reaches values up to 1065 erg (Markevitch et al. 1999;
Sarazin 2002; Markevitch & Vikhlinin 2007). In this context,
it is particularly interesting to explore the differences between
the central galaxy and the gas in relation to the dark matter
distribution.

The dark matter is mostly sensitive to gravitational inter-
action, while the CG and the gas are additionally subject to a

variety of effects such as electromagnetic forces, ram pressure,
scattering, and cooling (Merten et al. 2011). When two clus-
ters merge, the dark matter components stream through each
other according to the evolving gravitational field, without being
slowed down by the dragging experienced by baryonic compo-
nents because of the additional interactions. The result is that
after a merger, when the newly formed halo relaxes and the
gas cools down, the offset between the dark matter profiles
of the merging clusters is larger than that of the gas distribu-
tion. In fact, clusters undergoing mergers typically show large
offsets up to hundreds of kpc between different components
(Menanteau et al. 2012; Mann & Ebeling 2012; Dawson et al.
2012; Monteiro-Oliveira et al. 2017). Large offsets provide
therefore a hint of merger activity, compared to small offsets that
characterize the pre-merger phase (Jauzac et al. 2015; Ogrean
et al. 2015). An extreme case is the famous 1E 0657−56, also
known as the bullet cluster (Markevitch et al. 2002; Clowe et al.
2006), where the total mass distribution traced by weak lensing
extends to larger radii compared to the emission of the hot gas
imaged with the Chandra X-ray observatory. This is in agree-
ment with our result in Fig. 1, where we find a larger amount of
clusters showing an offset of tens of kpc compared to the DMO
prediction.

In addition, since the gas trails the dark matter during a
merger because of ram pressure and friction, the gas starts slosh-
ing within the cluster potential. This causes large offsets when
the gas approaches the point of null velocity and positive accel-
eration during the sloshing process (Ascasibar & Markevitch
2006; Markevitch & Vikhlinin 2007; Sanders et al. 2020; Pasini
et al. 2021). The complex behavior of the gas during the merging
process is not easily mappable to the dark matter-only scenario.
In these cases, the large offsets seen in data are not compati-
ble with simple theoretical models, as described by De Propris
et al. (2021). The authors find that the BCG is generally aligned
with the cluster mass distribution, showing that even if it is being
displaced by a merger or if the dark matter halo is not relaxed,
the central galaxy does follow the cluster potential. Hikage et al.
(2018) tested the performance of the redMaPPer centering algo-
rithm using galaxy-galaxy lensing and confirmed that the central
galaxy is not always the brightest member. A similar result was
presented by Hoshino et al. (2015), who studied the distribu-
tion of luminous red galaxies in clusters. Therefore, the BCG is
possibly a biased tracer of the deepest point of the halo poten-
tial well, especially for unrelaxed systems where the definition
of the BCG is not trivial and the BCG may, in fact, belong to
a satellite merging halo. The identification of the central galaxy
using centering probabilities with redMaPPer provides a better
tracer of the center of the dark matter halo. This is in agreement
with our results. In fact, the median of the ∆X−Pmem distribution
does not agree with the DMO model, hydrodynamical simula-
tions, nor the median of ∆X−O. The additional information from
the whole galaxy population encoded in ∆X−O provides an opti-
cal center that is on average closer to the X-ray center. However,
in complex mergers, the contribution of galaxies extending to the
cluster outskirts may shift the optical center away from the X-ray
one compared to the galaxy with largest membership probability
alone. This explains the extension to large offsets for ∆X−O in the
most disturbed clusters.

Compared to the definition of the optical center, the X-ray
emitting gas may not properly trace the center of the cluster
potential after being disrupted by complex mergers. This was
studied by Cui et al. (2016). The authors analyzed the location
of different centers of galaxy clusters in simulations and found
that the BCG shows a better correlation to the center of the
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gravitational potential compared to the X-ray gas. They mea-
sure an average offset between the BCG and the potential cen-
ter smaller than 10 kpc. The displacement between X-ray and
potential centers reaches average values of tens of kpc. This is
also in agreement with Fig. 1, where the data shows larger off-
sets compared to the DMO prediction in the high offset regime.
We conclude that on one hand, the central galaxy is on average
more likely to be trapped in the vicinity of the deepest point of
the cluster potential. On the other hand, the X-ray center, being
related to gas permeating the whole halo, is more sensitive to the
overall variations of the potential during merger activity and is
altered by AGN feedback (see Sect. 5.2). This is in concordance
with previous works based on observations (George et al. 2012)
and simulations (Cui et al. 2016).

5.2. AGN feedback

The AGN feedback plays an additional role in this context. Effi-
cient accretion onto the SMBH of the central galaxy is known to
impact the gas on very large scales inside the dark matter halo
hosting a galaxy cluster (see Eckert et al. 2021, for a review).
The central AGN does not only reorganize the gas on large
scales but the presence of jets digging cavities in the gas distribu-
tion produces a significant diversity of the gas morphology. The
structure of the gas can be disrupted by AGN feedback, which
pushes the gas away from the cluster center (Gaspari et al. 2012;
Gitti et al. 2012; McNamara & Nulsen 2012; Li et al. 2015).
This contributes to the larger offsets measured in the presence
of baryons compared to the N-body simulations. However, the
AGN impact on the offsets is not immediate. In fact, the central
galaxy becomes active when there is enough gas supply to the
central region of the cluster, which means that a cluster is more
likely to be relaxed shortly before the beginning of AGN activity
(Fabian 2012; Pinto et al. 2018). It is also reasonable to expect
a correlation between the AGN impact on the gas distribution
and redshift. Dark matter halos are smaller at early times and the
feedback may distribute and reorganize the gas on large scales
more easily.

The notion that the gas is displaced compared to the dark
matter distribution has been explored by Cui et al. (2016). They
compare simulations with and without AGN feedback and find
that its activation enhances the offset between the gas and the
dark matter centers, especially for clusters with offsets between
around 10 and 30 kpc in the simulation without AGN. The offset
reaches an average value of about 70 kpc in the run with active
AGN. The authors also demonstrate that the X-ray centroid is
more consistent than the X-ray peak between hydrodynamical
runs with different baryonic physics. This is also supporting our
way of locating the X-ray center with eSASS, which accounts
for the overall distribution of the emission, rather than simply
choosing the brightest pixel.

5.3. Physical interpretation of the offset distribution

We combine the points from the above discussion and formulate
a physically motivated interpretation of the offset distributions in
Fig. 1. We use the illustration in Fig. 4 to qualitatively guide the
discussion. The green line showing the DMO analytical model
and the blue line with shaded area denoting the eFEDS result
are the same as in Fig. 1. We interpret the shift of the distribu-
tion from the DMO scenario to the observations due to different
astrophysical phenomena. First, the addition of small scale bary-
onic effects such as dragging, ram pressure, and friction reduces
the offsets compared to the DMO case. This is likely to hap-

Fig. 4. Illustration showing the interpretation of the impact of different
astrophysical effects on the offset distribution. The green line refers to
the dark matter only scenario (see Fig. 1). The dragging due to ram pres-
sure and baryon friction increases the number of clusters with a small
offset and is displayed in orange. This first transition is highlighted by
the green arrow with an orange edge. Major and minor mergers are
responsible for the largest offsets, which further shift the right-hand tail
of the distribution (in red). This second transition is highlighted by the
orange line with a red edge. Finally, AGN feedback increases the off-
sets in a medium regime, reducing the number of clusters with a small
offset. The final result is the ∆X−O distribution measured in eFEDS (see
Fig. 1). It is shown in blue and the third transition is displayed by the
red arrow with a blue edge.

pen in minor mergers, where the gas distribution is not catas-
trophically disrupted, but the gas ends up trailing the dark mat-
ter component of the merging objects. The baryon dragging is
reflected in an increment of the CDF at small offsets (orange
line), shown by the green arrow with an orange edge. In addi-
tion, complex and major mergers can significantly disrupt the
gas distribution or even strip the central galaxy from the bottom
of the potential well, resulting in larger offsets compared to the
DMO scenario. This causes a shift of the right-hand side of the
CDF toward larger offsets, from the green and orange lines to
the red one. The transition is highlighted by the orange arrow
with a red edge. Furthermore, the AGN feedback alters the gas
distribution, reducing the number of clusters with a small off-
set, as shown by Cui et al. (2016). The final CDF is therefore
more skewed toward larger offsets, following the red arrow with
a blue edge. The final result is the offset distribution measured in
the eFEDS subsample. It includes all these contributions and is
shown by the blue line. The final CDF grows less rapidly com-
pared to the dark matter only case, which is what we find when
comparing ∆X−O to the analytical DMO model (see Fig. 1). Very
large samples in future eROSITA all-sky surveys will allow for
a more detailed study of cluster relaxation and offsets at fixed
cluster properties such as mass and redshift.

5.4. Discrepancy between offsets in simulations

The different offsets predicted by TNG and Magneticum may be
caused by different aspects. First, the Magneticum and TNG sim-
ulations are run assuming different cosmologies (see Table 1). In
particular, the WMAP cosmology assumed for Magneticum is
slower in producing collapsed structures, due to the smaller ΩM
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and σ8 compared to the Planck cosmology in TNG. Therefore,
at a fixed redshift, the merger rate is different between the two
simulations: halos have merged more recently in Magneticum
because the growth factor is proportional to the matter density
in the Universe. It makes them more disturbed, which may addi-
tionally contribute to the larger offsets predicted by Magneticum
compared to TNG.

An additional factor is the AGN feedback scheme
(Hirschmann et al. 2014; Weinberger et al. 2018). The basic
structure of the accretion onto SMBHs is similar in these two
simulations. It is based on an Eddington-limited Bondi accre-
tion rate, following the Bondi-Hoyle-Lyttleton approximation
(Bondi & Hoyle 1944; Bondi 1952), and accounts for a two-
way accretion mode, transitioning from a high accretion state
(quasar mode), characterized by the presence of a thin disk,
where the feedback is inefficient and released into the surround-
ing gas as thermal energy, to a low accretion state (radio mode),
characterized by the quiescent infall of gas from the hot halo in
quasi-hydrostatic equilibrium. In this case, the feedback is more
efficient, and powerful radio jets are produced, that heat the gas
kinetically (see Croton et al. 2006; Fanidakis et al. 2011).

AGN feedback models reproduce the majority of AGN
observations but struggle to perfectly grasp the full wealth of
observed properties (Biffi et al. 2018; Comparat et al. 2019).
Detailed predictions should therefore be taken with caution.
Nonetheless, different choices of the parameters in the feed-
back prescription may explain the larger offsets predicted by
Magneticum compared to TNG. For example, the transition
between the quasar mode and the radio mode (based on a
choice of the Eddington ratio between accretion rate and Edding-
ton limit) follows different thresholds. This is fixed at 1% in
Magneticum. In TNG instead, a black hole mass-dependent
threshold is chosen, such that its value is smaller than 1% for
MBH / 108.4 M�, and can reach larger values of 10% only for the
most massive black holes of 109 M�. Therefore, the radio mode
where the feedback is more efficient is active for longer accre-
tion phases in Magneticum compared to TNG. The gas may be
ultimately pushed out to smaller distances in TNG, causing the
lower values of the offsets. In addition, other differences may
impact the modeling of AGN feedback in relation to the off-
sets. For example, the feedback efficiency in the thermal mode is
slightly larger in Magneticum (0.03) than TNG (0.02). The effi-
ciency in the kinetic mode is fixed in Magneticum (0.1), while in
TNG it depends on the local density of the environment, which
makes the coupling between AGN feedback and gas weaker in
low density regions. In both cases, the gas may experience a push
out to larger distances in Magneticum. These different prescrip-
tions lead to a redshift-dependent switch of the feedback mode
in TNG.

Moreover, a black hole seed of mass 1.18×106 M� is gen-
erated at the center of dark matter halos more massive than
7.38×1010 M� in TNG (Weinberger et al. 2017). In Magneticum
instead, the assignment is based on the stellar mass of the halo,
as a seed black hole of 4.55×106 M� is placed at the posi-
tion of the most bound stellar particle in halos with stellar
mass M? ' 1.4×1010 M�. Finally, Magneticum also allows for
the accretion of fractions of each gas particle onto the SMBH,
providing a more continuous representation of the accretion
process.

The X-ray to optical offset is ultimately dependent on the
efficiency and the geometry of AGN feedback, rather than indi-
vidual parameters of the specific feedback implementation to
individual simulations. This makes our results robust on various
feedback receipts in different simulations. The X-ray to optical

offset may be used as a diagnostic quantity to inform AGN feed-
back models in the future generation of large simulations with
baryons.

Our findings are in agreement with independent work
on the suppression of the matter power spectrum due to
baryons (Chisari et al. 2018; Aricò et al. 2021). In particular,
Schneider et al. (2019) calibrated a model of baryonic effects
on the power spectrum using the X-ray baryon fraction. They
show that their calibration of the power spectrum suppression on
small scales (k & 1 Mpc h−1) is stronger compared to the predic-
tion by the TNG simulations. This is in agreement with our result
of smaller average offsets in TNG compared to Magneticum. A
systematic study of a larger amount of simulations is needed to
quantitatively assess this effect. One example is provided by the
CAMELS project (Villaescusa-Navarro et al. 2021), where the
team produced a suite of 4233 simulations with different cos-
mologies, along with varying stellar and AGN feedback pre-
scriptions. However, the limited size of such boxes (25 Mpc h−1)
does not allow for a quantitative study for clusters of galaxies.

5.5. Cosmology with offsets

The halo mass function model developed by Seppi et al. (2021)
allows for the halo abundance to be marginalized over variables
related to the dynamical state of dark matter halos, such as Xoff .
This mitigates any related selection effects. For example, some
X-ray-selected cluster samples are affected by the cool-core bias
(Eckert et al. 2011). Relaxed clusters where the gas has cooled
in the central region exhibit a peaked emission in the core. It
potentially biases the detection toward such objects, compared
to non-cool-core ones, where the emissivity profile is flatter. We
propose using the offset between X-ray and optical centers as
an observable to link real data to Xoff . This has the potential to
enable a cosmological cluster count experiment as a function of
mass and offset, unbiased by selection effects related to the clus-
ter dynamical state.

We studied the relation between ∆X−O/R500c in simulations
and the offset parameter Xoff . We use the value of Xoff mea-
sured with rockstar on the halos in the DMO parent simu-
lation. This connects observable properties related to the gas and
stars in clusters to intrinsic properties of halos in the model cal-
ibrated on N-body simulations (Seppi et al. 2021). There is a
positive correlation between ∆X−O and Xoff . Disturbed clusters
with a large offset parameter in N-body simulations also exhibit
a large displacement between the gas and the central galaxy in
the respective hydro run. We model the correlation between the
offset measured in Magneticum and TNG to Xoff with a power-
law relation (Eq. (8)):

log10
∆X−O

R500c
= A × log10 Xoff + B. (8)

In Sect. 4.2, we display the weak correlation between clus-
ter masses and the offset. However, there is no specific trend
as a function of mass in Eq. (8). Indeed, the mass depen-
dence is in the normalization of ∆X−O to R500c and of the off-
set between the center of mass and the peak of the halo profile
to the virial radius. Therefore, we fit halos of different masses
together. We performed the fitting using the UltraNest6 pack-
age (Buchner 2019, 2021). We fit all individual halos more
massive than M500c > 4×1013 M�. We assumed a Poisson like-
lihood of the form logL = −

∑
M +

∑
D × log M, where M, D

represent the model and the data, respectively. The ∆X−O/R500c

6 https://johannesbuchner.github.io/UltraNest/
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Fig. 5. Relation between the displacement ∆X−O and the offset param-
eter Xoff . The upper panel shows the Magneticum Box2/hr simulation,
the bottom panel refers to TNG300. Each dot denotes a halo. The dots
are color-coded as a function of mass. The black dashed line shows the
best-fit model, the black shaded areas denote the 1σ and 2σ uncertainty
on the model.

to Xoff relation is presented in Fig. 5. The top (bottom) panel
shows the Magneticum (TNG) simulation. The figure is color-
coded according to mass, spanning from low mass groups with
M500c = 4×1013 M� to the most massive clusters with M500c >
1×1015 M�. The black dashed lines show the best-fit model and
the black shaded areas contain the 1σ and 2σ uncertainties on
the model. The Magneticum simulation shows a tighter con-
straint on the relation compared to TNG. Indeed, Magneticum
contains a larger amount of halos than TNG thanks to its larger
volume, which enables more precise modeling of the ∆X−O−Xoff

relation. The best fit parameters are shown in Table 2. The slope
and the normalization of the relation (parameters A and B) are
compatible between Magneticum and TNG. The full 2D and
the marginalized 1D posterior distributions are shown in Fig. 6.
The blue contours denoting the Magneticum simulation span a
smaller area on the A−B plane compared to the red ones (show-
ing the TNG300 box) because of the different amount of halos
in the two simulations.

Table 2. Best-fit parameters for the relation between the displacement
between the gas and the central galaxy and the offset parameter in
simulations.

A B

Magneticum Box2/hr 1.19±0.24 0.46±0.27
TNG300-1 1.34±0.59 0.56±0.63

Fig. 6. Triangular plot showing the posterior distributions of the best-fit
parameters relating Xoff to the offset between the gas center and the cen-
tral galaxy in simulations (see Eq. (8)). The red (blue) lines and contours
show the TNG300 (Magneticum-Box2) simulation. The shaded areas of
the bottom-left panel denote the 1σ and 2σ confidence level contours.

Starting from the measure of ∆X−O/R500c in the simulations,
we predicted the Xoff distribution in Magneticum and TNG by
inverting the model in Eq. (8). We find an excellent agreement
between the distribution of Xoff measured on the DMO coun-
terparts of the hydrodynamical simulations with the prediction
obtained from the X-ray to optical offset and inverting Eq. (8).
The result is shown in Fig. 7. The true Xoff CDF is shown in
blue for Magneticum and in orange for TNG. The red and violet
lines denote the prediction of Xoff from ∆X−O. The shaded areas
include the 1σ uncertainty on the model in Eq. (8). Our predic-
tion of Xoff from the X-ray to optical offset is able to recover the
true Xoff distribution with great precision. It enables the direct
mapping of an observable offset to the offset parameter in DMO
simulations, providing a reliable estimator of the mass–Xoff func-
tion g(σ(M), Xoff) (Seppi et al. 2021).

In a full end-to-end cosmological study as a function of clus-
ter mass and offset, it is possible to marginalize over the param-
eters of the relation in Eq. (8), similarly to the standard way of
marginalizing over the mass observable scaling-relation param-
eters in recent cosmological analysis with clusters of galaxies
(Mantz et al. 2015b; Bocquet et al. 2019; Ider Chitham et al.
2020). Finally, the similar correlation of ∆X−O and Xoff , with red-
shift explained in Sect. 4.2 is key for future studies modeling the
redshift trend of the ∆X−O−Xoff relation.
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Fig. 7. Recovery of the theoretical Xoff distribution using the ∆X−O−Xoff

relation. The application of Eq. (8) on the offset measured in
Magneticum and TNG is shown in red and violet, respectively. The
shaded areas contain the 1σ uncertainty on the model of the ∆X−O−Xoff

relation. The blue (orange) dashed line refer to the direct measure of Xoff

in the DMO counterpart of Magneticum (TNG). We find an excellent
agreement between the distribution of the true Xoff and the prediction of
Eq. (8).

6. Summary and conclusion

The eROSITA X-ray telescope is detecting clusters of galaxies
at an unprecedented rate. It provides a large sample of clusters
and groups to study astrophysical properties and constrain cos-
mological parameters. A key aspect of galaxy cluster studies is
the definition of their center.

In this work, we measure the offset between the X-ray and
optical centers for clusters observed by eROSITA. We consider
two cluster catalogs: the eFEDS and the eRASS1 samples. We
study two possible definitions of the optical center: the one pro-
vided by the centering algorithm of redMaPPer and the position
of the member galaxy with the largest membership probability.
On average, the offsets measured in eRASS1 are larger com-
pared to eFEDS (see Fig. 2). This is a consequence of the shal-
lower exposure of eRASS1. It does not permit detections lower
mass clusters with smaller offsets, that are instead present in the
eFEDS sample. For eFEDS, we use the morphological measured
by Ghirardini et al. (2022) and find that the offset correlates best
with photon asymmetry. However, a quantitative interpretation
of the offsets distributions for the whole samples is complicated,
because they include clusters at different evolutionary phases,
with various mass and redshift.

Therefore, we select a well controlled subsample of eFEDS
(0.15 < z < 0.4 and 1×1014 <M500c < 8×1014 M�), where the
masses have been measured using weak lensing. We measure
an average offset ∆X−O = 76.3+30.1

−27.1 kpc. Using a threshold of
∆X−O < 0.05×R500c (Ota et al. 2023) to select relaxed sys-
tems, we measure a relaxed fraction of 31%. According to this
criterion, the eFEDS subsample does not show a preference
for relaxed clusters, in agreement with Ghirardini et al. (2022),
Bulbul et al. (2022).

We compared the offsets measured in such a sample to the
ones predicted by the Magneticum Box2/hr and TNG300 hydro-
dynamical simulations, as well as the N-body model of the offset

parameter from Seppi et al. (2021). In the hydrodynamical sim-
ulations, we located the optical center at the position of the main
subhalo and the X-ray center at the center of mass of the hot gas
particles weighted by their mass and density. The result is shown
in Fig. 1. We find a broad agreement between them, especially
for the median of the distribution (i.e., the 50% percentile point
of the CDF). However, the tails of the distributions are differ-
ent. We find that the offsets measured in eROSITA data and pre-
dicted by Magneticum and TNG are smaller (larger) compared
to the N-body model in the low (high) offset regime. This incon-
sistency is caused by baryons that reduce the offsets for relaxed
systems due to cooling and dragging and increase it for disturbed
ones, mainly due to mergers and secondly AGN feedback. This
scenario is in agreement with other works based on observations
(Churazov et al. 2003; George et al. 2012; Zenteno et al. 2020)
and simulations (Molnar et al. 2012; Zhang et al. 2014; Cui et al.
2016). We also find that considering the optical center provided
by redMaPPer instead of the galaxy with the largest member-
ship probability provides a better comparison with simulations.
Deeper eROSITA all-sky surveys will allow for the offsets for
a population of clusters at high redshift to be studied, which is
currently limited by the relatively small area of eFEDS and the
shallow depth of eRASS1. Larger eRASS cluster samples will
also allow for cross-correlations of the offset with mass and red-
shift to be investigated.

We explored the possibility of introducing the offsets in a
cosmological cluster count experiment. We used the displace-
ment between X-ray and optical centers as a proxy for Xoff . We
fit a power-law relation between them (see Figs. 5 and 6). We
find a relation that is independent of mass, thanks to the nor-
malization to the cluster size (R500c for ∆X−O and Rvir for Xoff).
Our model of the ∆X−O−Xoff relation provides a precise predic-
tion of the true Xoff distribution in Mangeticum and TNG. It is
then possible to measure the cluster abundance as a function of
mass and offset and use the model from Seppi et al. (2021) to
constrain cosmological parameters. The best-fit parameters of
the ∆X−O−Xoff relation can be marginalized over, similarly to the
common mass-observable scaling relation. This allows for selec-
tion effects related to the cluster dynamical state to be marginal-
ized over the measurement of the halo mass function directly.
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Appendix A: Images

Fig. A.1. eFEDS clusters. Each panel shows a different cluster with the relative name, redshift (z), richness (λ), and mass (M500c). The optical
image is an RGB cube built from HSC data using the g, r, and z bands. The green lines denote the 3σ contours of the X-ray emission. The green
cross identifies the X-ray center found by eSASS, the blue one denotes the position of the galaxy with the largest membership probability, and the
pink plus sign locates the optical center identified the centering algorithm of redMaPPer.
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Fig. A.2. Clusters of galaxies in the Magneticum Box2/hr simulation at z=0.25. Each row displays one object. Each column shows a different
component: the hot gas in the left-hand column, the stars in the middle one, and the total matter distribution in the right-hand one. The panels are
4×R500c large. The side of the maps contains 1024 pixels, so the pixel size is ∼3.9×10−3R500c. The figures are color coded according to the density
of each component in units of solar masses per pixel. The first and third clusters are projected along the z axis, the middle one along the x axis.
The mass of each component inside R500c is reported in the title of each panel.
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Figure A.1 shows six eFEDS clusters. The panels show clusters
as seen in the optical band by HSC, using g, r, and z bands. The
green dashed lines denote the 3σ contours of the X-ray emission.
The green cross identifies the X-ray center from eSASS. Two
definitions of the optical center are shown: the galaxy with the
largest membership probability (blue cross) and the optical cen-
ter identified by the centering algorithm of redMaPPer (pink plus
sign). In some cases, different characterizations of the center are
in agreement. The cluster in the bottom-left panel in Figure A.1
is an example. In other cases, the offsets are larger than hun-
dreds of kiloparsecs, especially when the X-ray morphology has
a complex structure (central-left panel in Figure A.1).

Figure A.2 shows three of the most massive clusters in the
snapshot at z=0.25 of the Magneticum simulation. Each row dis-
plays one cluster. The left-hand column shows the hot gas com-
ponent, the central one the stars, and the right-hand one the total
matter distribution. The first cluster is relaxed: the distribution
of the total matter is close to spherical and the hot gas is smooth.
The cluster in the second row is in a transition phase, with a clear
peak of the matter distribution in the center and some infalling
satellites, which are also well traced by the star component.
Finally, the third cluster is in the merging process: two main
structures are colliding in the center, the stars are aligned along
the merger direction, and the gas distribution is more clumpy.
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