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ABSTRACT

We present the first weak-lensing mass calibration and X-ray scaling relations of galaxy clusters and groups selected in the eROSITA
Final Equatorial Depth Survey (eFEDS) observed by Spectrum Roentgen Gamma/eROSITA over a contiguous footprint with an area
of ~140 deg?, using the three-year (SI9A) weak-lensing data from the Hyper Suprime-Cam (HSC) Subaru Strategic Program survey.
In this work, we study a sample of 434 optically confirmed galaxy clusters (and groups) at redshift 0.01 < z < 1.3 with a median of
0.35, of which 313 systems are uniformly covered by the HSC survey to enable the extraction of the weak-lensing shear observable.
In a Bayesian population modeling, we perform a blind analysis for the weak-lensing mass calibration by simultaneously modeling the
observed count rate 77 and the shear profile g, of individual clusters through the count-rate-to-mass-and-redshift (7—Msgy—z) relation and
the weak-lensing-mass-to-mass-and-redshift (Mw; —Msg—z) relation, respectively, while accounting for the bias in these observables
using simulation-based calibrations. As a result, the count-rate-inferred and lensing-calibrated cluster mass is obtained from the joint
modeling of the scaling relations, as the ensemble mass spanning a range of 103h™'My, < Msy < 109h7' M, with a median of
~10"“h~'M,, for the eFEDS sample. With the mass calibration, we further model the X-ray observable-to-mass-and-redshift relations,
including the rest-frame soft-band and bolometric luminosity (Lx and L), the emission-weighted temperature T'x, the mass of intra-
cluster medium M,, and the mass proxy Yx, which is the product of Tx and M,. Except for Lx with a steeper dependence on the
cluster mass at a statistically significant level, we find that the other X-ray scaling relations all show a mass trend that is statistically
consistent with the self-similar prediction at a level of <1.70~. Meanwhile, all these scaling relations show no significant deviation from
the self-similarity in their redshift scaling. Moreover, no significant redshift-dependent mass trend is present. This work demonstrates

the synergy between the eROSITA and HSC surveys in preparation for the forthcoming first-year eROSITA cluster cosmology.

Key words. galaxies: clusters: general — galaxies: clusters: intracluster medium — gravitational lensing: weak —
large-scale structure of Universe — cosmology: observations — dark energy

1. Introduction

The probe based on the abundance of galaxy clusters plays a
crucial role in constraining cosmology by utilizing the sample
of clusters selected in the optical (Costanzi et al. 2019b, 2021;
To et al. 2021), X-rays (Mantz et al. 2015; Schellenberger &
Reiprich 2017; Pacaud et al. 2018), and millimeter-wavelength
bands (Planck Collaboration XXIV 2016; Bocquet et al. 2015,
2019; de Haan et al. 2016) through the Sunyaev-Zel’dovich (SZ;
Sunyaev & Zel'dovich 1972) effect. The number density of
galaxy clusters as a function of mass, the so-called halo mass
function, is sensitive to Qy, the density parameter of matter in
the Universe, and o3, the dispersion of linear density fluctua-
tions on a comoving scale of 84~'Mpc. Therefore, measurements
of halo mass functions over a wide range of mass and redshift
essentially constrain the history of the cosmic expansion as well
as the growth of large-scale structures, enabling a cosmologi-
cal tool that is independent of and is as competitive as other
methods.

Article published by EDP Sciences

A necessary ingredient in cluster cosmology is a large sam-
ple of galaxy clusters with a well-understood selection function.
With recent wide and deep surveys in the optical, such as the
Dark Energy Survey (The Dark Energy Survey Collaboration
2005), a large sample of galaxy clusters and groups has been
constructed out to redshift z ~ 0.6 and over a footprint with an
area of more than a thousand square degrees. A sample of opti-
cally selected clusters is now even extended to a much higher
redshift at z > 1 (e.g., Oguri et al. 2018a). Although a sizable
sample of optically selected clusters has largely improved cos-
mological constraints, modeling the selection function of the
clusters is challenging, mainly because of the projection effect
(Zu et al. 2017; Costanzi et al. 2019a; Sunayama et al. 2020),
and could result in a systematic bias in cosmological parameters
(DES Collaboration 2020).

On the other hand, searching for clusters based on the
intra-cluster medium (ICM), either in X-rays or through the
SZ effect, provides a clean sample for cosmological studies.
The large SZ survey carried out by the South Pole Telescope
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(Bleem et al. 2015) has enabled the construction of a highly pure
and complete sample of clusters out to redshift z ~ 1.8, based
on which unbiased cosmological constraints have been obtained
(Bocquet et al. 2019). An even larger sample of SZ-selected
clusters has recently been released by the Atacama Cosmology
Telescope survey (Hilton et al. 2021). However, current SZ sur-
veys are limited to massive clusters because of the sensitivity
of detectors, or only scan a small fraction of the sky, result-
ing in a sample of relatively small size. To extend the success
of the SZ-based cosmology to the low-mass regime, it is there-
fore necessary to combine the SZ sample with those from other
surveys (e.g., Costanzi et al. 2021). In terms of medium-size
X-ray surveys with advanced telescopes, such as the XXL sur-
vey (Pierre et al. 2016), a large number of clusters down to a
low-mass regime has be obtained (Adami et al. 2018), although
mainly at low redshift because of the cosmological dimming
of bremsstrahlung emissions from clusters. Meanwhile, the first
all-sky survey in X-rays carried out by the ROSAT mission
(Truemper 1982) had delivered the largest X-ray cluster cata-
log ever across the whole sky (Bohringer et al. 2001, 2004;
Piffaretti et al. 2011; Boller et al. 2016), but the poor resolution
and shallow depth have limited cosmological studies in practice.
However, this situation is no longer true with the ongoing all-
sky X-ray survey carried out by the state-of-the-art telescope,
eROSITA.

The eROSITA (extended ROentgen Survey with an Imaging
Telescope Array; Merloni et al. 2012; Predehl et al. 2021) is an
X-ray space telescope on board the Russian-German “Spectrum-
Roentgen-Gamma” (SRG) satellite (Sunyaev et al. 2021), which
was successfully launched on July 13, 2019. The main goal of the
eROSITA mission is to unveil the nature of dark energy by carry-
ing out the eROSITA All-Sky Survey (eRASS), which is to map
the whole sky in X-rays for four years. By doing so, the eRASS
will deliver the largest sample of ICM-selected galaxy clusters
to date and discover more than 100 000 clusters at the end of the
four-year all-sky survey (Borm et al. 2014). With this revolution-
ary sample, cluster-based cosmological analyses carried out as
part of the eROSITA mission will provide unprecedented power
with which to constrain cosmology (Pillepich et al. 2012, 2018).

The key to the success of eROSITA, and cluster cosmology
in general, is an accurate mass calibration on an observable-
to-mass-and-redshift scaling relation, which links the observed
mass proxy to the true cluster mass at the cluster redshift in order
to construct unbiased halo mass functions (Pratt et al. 2019). The
technique of weak gravitational lensing (hereafter weak lensing)
has been considered as the most optimal way to calibrate cluster
mass, with huge success in practice (Umetsu et al. 2014; von der
Linden et al. 2014a,b; Hoekstra et al. 2015; Okabe & Smith
2016; Schrabback et al. 2018a; Dietrich et al. 2019; Okabe et al.
2019; McClintock et al. 2019). A forecast from Grandis et al.
(2019) shows that the inclusion of weak-lensing mass calibra-
tions using advanced optical surveys could significantly tighten
the constraints obtained from the eROSITA sample, with uncer-
tainties on Qy, og, and the dark energy equation of state w at
levels of a few percent.

However, a weak-lensing analysis of high-redshift clusters is
challenging, requiring substantially deep imaging with good res-
olution to resolve background sources at even higher redshift.
It is made feasible by using pointing observations from space
(Jee et al. 2011; Schrabback et al. 2018a, 2021) or deep high-
resolution near-infrared imaging (Schrabback et al. 2018b) for
small samples, but not for a large number of clusters. It is also
important to stress that a uniform weak-lensing mass calibration
across the whole redshift range is needed; otherwise systematic
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errors due to inhomogeneity would be introduced (Chiu et al.
2016a). To achieve a high-quality weak-lensing mass calibra-
tion for high-redshift clusters (z > 0.7) that is as consistent as
the calibration available for low redshift, the ongoing Hyper
Suprime-Cam (HSC) Subaru Strategic Program survey (Aihara
et al. 2018a) is currently the only available resource for a large
sample over the eROSITA footprint. The weak-lensing mass cal-
ibration out to redshift z > 1.1 based on the HSC data sets
was performed for a large sample of (>1700) optically selected
clusters over a footprint with an area of ~140 deg? (Murata
et al. 2019). More recently, a weak-lensing analysis using the
HSC data sets was carried out for an X-ray-selected sample of
galaxy groups and clusters detected in the XXL survey (Umetsu
et al. 2020), clearly demonstrating the potential of the HSC
weak-lensing data for the mass calibration of eROSITA clusters.

To fully explore the survey capability of eROSITA and its
synergy with the HSC survey, the eROSITA team began the
eROSITA Final Equatorial Depth Survey (eFEDS) in a footprint
with an area of ~140 deg? significantly overlapping the HSC sur-
vey. By design, the depth of the eFEDS reaches the average full
depth of the eRASS in the equatorial area, thereby serving as a
performance verification phase before the start of the main sur-
vey. In this work, we make use of the latest HSC imaging (S20A)
for the optical confirmation and redshift measurement of clusters
selected in the eFEDS field, followed by the weak-lensing mass
calibration using the three-year HSC data (S19A Li et al. 2022),
which are proprietary and will be released as an incremental
data set of the third HSC Public Data Release. The goal of this
paper is to study various X-ray observable-to-mass-and-redshift
scaling relations with the mass calibration using the HSC weak-
lensing data, setting the stage for extending this analysis to the
main eRASS work in the future.

The structure of this paper is as follows. In Sect. 2, we
describe the cluster sample and the data used in the analysis. The
full description of the weak-lensing analysis is given in Sect. 3.
The simulation-based calibration of the weak-lensing mass and
the observed count rate in X-rays is given in Sect. 4, followed by
the modeling of scaling relations presented in Sect. 5. The results
and discussions are given in Sect. 6. We discuss the potential
systematic uncertainty in this work in Sect. 7. Finally, conclu-
sions are made in Sect. 8. Throughout this paper, we assume
a fiducial cosmology, namely a flat ACDM cosmology with
Qum = 0.3, a mean baryon density O, = 0.05, the Hubble param-
eter Hy = h x 100kms ! Mpc’1 with & = 0.7, g = 0.8, and
a spectral index of the primordial power spectrum n, = 0.95.
While modeling the scaling relations, we vary the cosmologi-
cal parameters around those of the fiducial cosmology, with the
aim being to maintain the flexibility needed in a future cos-
mological analysis. The cluster true mass Msq is defined by a
sphere with a radius of Rsg, such that the enclosed mass den-
sity is 500 times the critical density p.(z) of the Universe at the
cluster redshift. All quoted errors represent the 68% confidence
level (i.e., 107) throughout this work, unless otherwise stated. The
notation N(x, y?) (U(x, y)) stands for a normal distribution with
the mean x and the standard deviation y (a uniform distribution
between x and y).

2. The cluster sample and data sets

In Sect. 2.1, a brief description of the eFEDS is given. We then
briefly introduce the Subaru HSC survey and the weak-lensing
data in Sect. 2.2. The cluster sample selected in the eFEDS
is described in Sect. 2.3, while their X-ray measurements are
presented in Sect. 2.4.
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Fig. 1. Angular distributions of eFEDS clusters and the available weak-lensing data set from the HSC survey. Out of 542 eFEDS clusters, there are
434 clusters as a secure sample, i.e., foone < 0.2 (see Sect. 2.3). These clusters are represented by the circles, color-coded by their observed redshifts
Z¢1, With sizes proportional to their observed count rate r. The other clusters with f.,, > 0.2 are represented by the triangles. The underlying gray
points represent a subset of sources that are randomly drawn from the HSC three-year (S19A; see Sect. 2.2) weak-lensing catalog.

2.1. The eROSITA final equatorial depth survey

The eFEDS is a small survey covering an area of ~140 deg?.
The depth of the eFEDS reaches an exposure time of ~2.2 ksec,
roughly the average full-depth of the eRASS, and therefore
serves as a performance verification phase for eROSITA science,
by design.

The survey took place at an orbit around the L2 point in
a scanning mode. The field of view of eROSITA is ~1 deg?.
The imaging is collected by seven separate CCDs, each with its
own mirror, with good detector uniformity (no chip gaps). The
on-axis half-energy-width is ~18” at 1.49 keV, with an average
of =26” for the whole field of view (Predehl et al. 2021). The
imaging quality is excellent; the accuracy of a source location is
better than 10" with a typical positional uncertainty at the level
of =4.6"” (10). The survey footprint consists of four scanning-
mode units spanning a range of *126° to *146° (= —3° to = + 6°)
in Right Ascension (Declination) in total. The footprint of the
eFEDS is visualized in Fig. 1.

The uniqueness of the eFEDS survey is that the footprint
largely overlaps the HSC survey, which provides weak-lensing
data products of the highest quality to date for a large sample of
clusters. This is especially true for galaxy clusters at high red-
shift (z > 0.7), where a weak-lensing study of a large sample
from the ground is only feasible using the HSC survey. This pro-
vides a timely opportunity to statistically calibrate the mass of
eROSITA-detected clusters out to redshifts beyond unity before
the era of the Euclid mission (Laureijs et al. 2010) or the Legacy
Survey of Space and Time (LSST; Ivezic et al. 2008) carried
out by the Vera C. Rubin Observatory. Therefore, the synergy
between the eFEDS and the HSC survey presented in this paper
lays the foundation for future work on this topic.

2.2. The HSC survey and the weak-lensing data

The HSC survey (Aihara et al. 2018a) is an imaging survey car-
ried out as part of a Subaru Strategic Program with the goal
being to map a sky area of 1100deg? through five broadband
filters (grizy). This is done using the wide-field camera Hyper
Suprime-Cam (Miyazaki 2015; Miyazaki et al. 2018) installed
on the 8.2m Subaru Telescope. The main goal of the HSC

survey is to perform state-of-the-art weak-lensing studies, paving
a way forward for science with the upcoming LSST.

The HSC survey comprises a three-layer imaging scheme:
WIDE, DEEP, and UltraDEEP. The 5o limiting magnitudes of a
2"" aperture in the WIDE layer are 26.5 mag, 26.1 mag, 25.9 mag,
25.1 mag, and 24.4 mag for g-, r-, i-, z-, and y-band, respec-
tively. This represents the deepest imaging survey at the achieved
area to date. Moreover, the imaging quality is remarkable with a
mean seeing of 0.58" at i-band (Mandelbaum et al. 2018a). With
this high-quality imaging, together with a unique combination of
depth and area, the data from the HSC survey are excellent for
weak-lensing studies over a large sample of clusters.

In this work, we use the three-year shape catalog constructed
from the second HSC Public Data Release (S19A) for weak-
lensing studies. This shape catalog is not released yet, and the
full details are described in Li et al. (2022). In what follows,
we provide a brief summary of the three-year shape catalog.
The shape measurement is carried out in the i-band imaging
following the same methodology in constructing the first-year
shape catalog (S16A) with a comprehensive description given
in Mandelbaum et al. (2018a). The shape measurement is rig-
orously calibrated against the image simulations (Mandelbaum
et al. 2018b), such that the systematic uncertainty of the mul-
tiplicative bias meets the requirement of <1.7%. Moreover,
various null tests, as well as those on the map level (Oguri et al.
2018b), are all statistically consistent with zero. Only galaxies
that satisfy the weak-lensing flags with an i-band magnitude
of smaller than 24.5 mag are contained in the shape catalog.
With the high-quality of imaging, the source density in the HSC
survey reaches ~22 per arcmin’. It is worth mentioning that
the same method of the shape measurement was used to con-
struct the first-year weak-lensing catalog, which has been used
to derive unbiased cosmic shears and cosmological constraints
(Hikage et al. 2019; Hamana et al. 2020). The three-year cat-
alog covers an area of ~430 deg?, in which the footprint of
the GAMAOQ9 field significantly overlaps with the eFEDS. As a
result, the majority (=72%) of the eFEDS clusters are covered by
the HSC shape catalog, from which the shear profile is derived.

It is worth mentioning that the biggest benefit of using the
latest weak-lensing catalog instead of the first-year one is the
increase in the area coverage. The number of eFEDS clusters
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covered by the S16A weak-lensing data is only ~50% of those
currently covered by the S19A. This implies an improvement of
V2-1 ~ 40% in terms of the signal-to-noise ratio (S/N) of weak-
lensing measurements from S16A to S19A.

2.3. The eFEDS cluster sample

The galaxy clusters in the eFEDS are identified by the source-
detection algorithm in the eSASS pipeline. The details of the
X-ray source detection are given in Brunner et al. (2022), to
which we refer readers for a complete description. In what fol-
lows, we give a brief summary of the cluster finding algorithm
in the eFEDS.

The source detection of galaxy clusters is performed on the
X-ray imaging at the energy band of 0.2—-2.3 keV. The source
detection is performed with the eSSASusers_201009 software
(Brunner et al. 2022). The tasks are based on the sliding-box
algorithm, which searches for sources that are brighter than the
calculated background in the X-ray images. This process is iter-
atively performed to obtain a reliable estimation of background
noise. A list of X-ray sources is created after the iterations. Then,
the S-model (Cavaliere & Fusco-Femiano 1976) convolved with
the derived point spread function is fitted to each source to derive
the X-ray properties, including for example the detection like-
lihood Lge, the extent likelihood Ly, and the observed count
rate n7 at 0.2—2.3 keV. We note that the observed count rate 7 is
estimated using the total photon counts evaluated by integrating
the best-fit model that depends on the detection radius, which
is a characteristic scale to facilitate the detection of an extended
source in the eSASS pipeline. Thus, the observed count rate n
is different from that estimated within the cluster radius Rsg.
We estimate the bias' of the observed count rate 7 in Sect. 4.1.
Finally, the thresholds of Lg¢ > 5 and L > 6 are applied to
create the catalog of cluster candidates, resulting in 542 sys-
tems in total in the eFEDS. These 542 clusters and their X-ray
properties are presented in Liu et al. (2022a).

The sample of 542 eFEDS clusters are then processed
through the optical confirmation by running the Multi-
Component Matched Filter (MCMF) algorithm (Klein et al.
2018). The MCMF is run on the imaging from both the HSC
S20A data set and the DESI Legacy Imaging Survey (Dey et al.
2019). Full details of the optical confirmation are given in Klein
et al. (2022). Briefly, the combination of the MCMF run on
these two data sets yields, for each cluster, the photometric red-
shift estimate z., the optical richness A, and the estimator fyon
of the probability that the cluster appears as a superposition of
galaxies along the line of sight by chance. The quantity of foon
indicates the level of contamination in the optical confirmation.
For instance, a value of f.one = 0.2 means that there is a 20%
chance of detecting a candidate with the derived richness A at
the redshift z. in a random field (see also Klein et al. 2019).
A value higher than this represents an even higher probability
of a random superposition (Klein et al. 2022). A cut on feoy iS
equivalent to a reduction in the cluster contamination in the ini-
tial catalog, under the assumption that the contamination from
X-rays and the optical is uncorrelated (see also the discussion
at length in Grandis et al. 2020). The contamination from point
sources in the initial catalog of eFEDS clusters is suggested to be
at a level of #20% using simulations (Liu et al. 2022a). Applying

1" 'We note that this bias refers to the difference between the observed
count rate (returned by the eSASS pipeline) and the underlying true
count rate enclosed by the cluster radius Rsq.
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Fig. 2. Observed count rate 7 (in the unit of counts per second) and
the redshift z of the 542 eFEDS clusters. The 434 secure clusters with
Jeont < 0.2 (see Sect. 2.3) are shown as the circles, while the rest are
marked by red triangles.

the cut of f.one < 0.2 results in a deduction of 18% (or 99 clus-
ters) in the sample size, which is consistent with the expectation
from the simulation. The residual contamination from nonex-
tended sources is suggested to be at a level of ~4% with the
cut of feont < 0.2 (Klein et al. 2019), as suggested by running the
MCMEF algorithm on the sample of ROSAT clusters (Boller et al.
2016). In this work, we apply the cut of f.on < 0.2 to the parent
sample to construct a secure sample of 434 clusters, which is
used to study their scaling relations. The sample in the plane of
the observed count rate 1 and redshift z is presented in Fig. 2.

In addition to the X-ray scaling relations, we also perform a
modeling of the richness-to-mass-and-redshift (1-Msgy—z) rela-
tion for the eFEDS clusters following the exact methodology
described in Sect. 5.3. The results are shown in Appendix A.

2.4. The X-ray measurements from the eFEDS

In this work, we use five X-ray quantities as follow-up observ-
ables, which are the soft-band luminosity Lx at the energy
band of 0.5-2 keV, the bolometric luminosity Ly, the emission-
weighted temperature Tk, the gas mass M,, and the mass proxy
Yx of the ICM for each cluster. These measurements will be fully
presented in a forthcoming paper (Bahar et al. 2022), and the
details of the X-ray analysis are given in Ghirardini et al. (2021)
and Liu et al. (2022a). We therefore only outline the important
steps here.

We stress that these follow-up X-ray measurements (Lx, Ly,
Tx, Mg, Yx) are all estimated within the cluster radius (<Rsqp)
including the cluster core, because we do not have enough X-ray
photons to derive these quantities with the core excised (Bahar
et al. 2022). To derive the cluster radius Rsqg, the cluster mass
needs to be known before the follow-up X-ray analysis. In this
work, the cluster mass Msq is inferred from a joint modeling of
the observed count rate and the weak-lensing shear profile (see
Sect. 5.2). As the cluster mass based on the lensing modeling is
still blinded at the time these X-ray observables are estimated, an
early unblinding exclusively to the eROSITA team is carried out
to estimate the “correct” cluster radius Rsyy (see more details in
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Sect. 3.2), which is then used as the aperture size to derive the X-
ray observables. After deriving the follow-up X-ray observables,
the eROSITA team delivers them to the HSC team for the model-
ing of the X-ray scaling relations. It is important to note that the
modeling of the follow-up X-ray scaling relations is solely led
by the HSC team, which has no exchange of any mass-related
information with the eROSITA team after the early unblinding.
Therefore, the analysis of the X-ray scaling relations in this work
is still performed blindly to minimize confirmation bias.

With the exception of T, the X-ray follow-up measurements
(Lx, Ly, and M) are derived based on the fitting to the X-ray
imaging extracted in the soft-energy band of 0.5-2keV. The
fitting model is centered on the X-ray center of each cluster,
accounting for the sky and instrumental backgrounds. The ICM
density profile is parameterized by the Vikhlinin et al. (2006)
model, which is then projected onto the sky and fitted to the X-
ray surface brightness profile. In this way, the ICM mass M is
obtained by integrating the best-fit model to the cluster radius.
Meanwhile, the luminosities (Lx and L) are obtained from a
conversion factor depending on the temperature and the clus-
ter redshift. The conversion factor is derived at each step of
the Markov chain Monte Carlo (MCMC) chain of the spec-
tral analysis, and the full distribution of the conversion factor
is used to compute the luminosity. This effectively marginal-
izes the derived luminosity over the uncertainty arising from the
spectral analysis, especially from the temperature measurements.
Moreover, this also allows us to estimate the luminosity even for
clusters whose temperatures are poorly constrained. We note that
this conversion factor weakly depends on the temperature; there
is only a factor of two difference between temperatures of 2 keV
and 30 keV.

The temperature T is obtained by the X-ray spectral analysis
using the XSPEC (Arnaud 1996). The spectral analysis is chal-
lenging in the eFEDS observation because of the low number
of X-ray photons. The net number of X-ray counts obtained per
cluster varies from =5 to #1000, with the first quartile, median,
and the third quartile of 43, 75, and 147, respectively. Mean-
while, the S/N of such X-ray data sets extracted at the cluster
radius Rsqo spans a range of 0.02 and 38.7 with a median (mean)
of 5.2 (6.5).

Given the low photon counts, we are not able to robustly
measure the temperature Tx (thus Yx) for all clusters. In this
work, we therefore restrict the modeling of the Tx and Yx scaling
relations to a subsample of eFEDS clusters, for which the tem-
perature can be reliably measured. Specifically, the subsample
is constructed by selecting clusters with a detection likelihood
of Ly > 50 and an extent likelihood of L > 50, resulting
in 64 clusters. With these cuts on Ly and Ley, we construct
a highly pure and complete subsample of eFEDS clusters with
a median (mean) S/N of 13 (15). We assess the temperature
measurement by comparing the temperatures obtained within
Rsgp to that within a fixed aperture with a physical radius of
500 kpc, within which we can measure the temperature with
the highest S/N for a maximal number of clusters (Liu et al.
2022a). Given such a low number of X-ray photons, we do not
expect significant differences between Tx(R < Rsgp) and Tx(R <
500 kpc). As a result, we find that the difference between Tx (R <
Rsp0) and Tx(R < 500 kpc) for the subsample with Lge >
50 and L > 50 has an inverse-variance-weighted mean of
(Tx(R < Rsgp) — Tx(R < 500 kpc)) = (0.06 + 0.36) keV, show-
ing no significant trend as a function of S/N. This is consistent
with Giles et al. (2016), where they found no clear difference
between the temperatures extracted within Rsop and 300 kpc
using the spectra with low counts. We stress that the modeling

of the X-ray scaling relations throughout this work is based on
the temperature measurements Tx(R < Rsgp), instead of Tx(R <
500 kpc).

In summary, the modeling of the Tx and Yx scaling rela-
tions is performed based on the subsample of 64 clusters with
Lt > 50 and Ley > 50, of which there are 47 systems with
weak-lensing measurements. Meanwhile, we perform the mod-
eling of other X-ray follow-up scaling relations (Lx, Ly, and M)
based on the full secure sample of 434 eFEDS clusters, of which
there are 313 systems with weak-lensing measurements.

3. Weak-lensing analysis

In this section, we first provide a brief overview of the theory
behind the weak-lensing analysis in Sect. 3.1. We then describe
the blinding strategy in our weak-lensing analysis in Sect. 3.2.
Finally, we describe the weak-lensing analysis of the eFEDS
clusters using the HSC data sets in Sects. 3.3-3.9. Our goal is
to extract the observed shear profiles for individual clusters and
to quantify the systematic errors that will be accounted for in our
forward-modeling approach. We note that we largely follow the
weak-lensing analysis as presented in Umetsu et al. (2020) and
Miyatake et al. (2019), to which we refer readers for more details.

3.1. Weak-lensing basic theory

A brief overview of weak gravitational lensing with emphasis
on applications to galaxy clusters is given in this section. We
refer readers to Bartelmann & Schneider (2001), Hoekstra et al.
(2013), and Umetsu (2020) for more details.

Cosmic structures deflect light rays, resulting in effects of
gravitational lensing. Galaxy clusters in the limit of the thin lens
approximation act as a single lens embedded in a homogeneous
universe, such that all sources behind clusters are lensed. The
lensing strength of a source at redshift z; arising from a galaxy
cluster at redshift z.; depends on the distances between the clus-
ter, the observer, and the source. This is characterized by the
critical surface density X defined as

c? 1

I — 1
4nG D) (za1) B (2al, 25) M

Zerit (Zel» Zs) =

in which G is Newton’s constant, c is the speed of light, D) (z) is
the angular diameter distance of the cluster, and g is the lensing
efficiency of the source,

Di(ze1,25)
Dy(z5) . s
0 if s < Zcl

if Zs > Zcl

IB(ZC17 Zs) = { (2)

where D (zq, 2s) and Dy (z5) are the angular diameter distances
of the cluster—source and observer—source pairs, respectively.

In terms of weak-shear effects, gravitational lensing arising
from clusters distorts the imaging of background sources, result-
ing in a coherent distortion in the tangential direction around the
centers of the clusters. By measuring the shape of background
sources, this effect can be quantified statistically by the quantity
of the “reduced shear” ¢g., defined as

Y+
1-«

; 3

where y, and « are the tangential shear and convergence of the
cluster, respectively. In an azimuthal average with respect to a
cluster center, the tangential shear vy, (R) at the projected radius
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R describes the differential surface mass density AX,, of the clus-
ter at R with respect to the critical surface density inferred from
the source, namely,

AZn (R)

R =
e Z:crit

“)

Meanwhile, the convergence « (R) is the ratio of the projected
surface mass density X, (R) to the critical surface density, as

(R
k(R) = 2(‘ ! )

We note that A, (R) = Z, (< R) — X, (R).

The shear profile, g, (R), can then be statistically obtained by
measuring the azimuthal average of tangential ellipticities over a
large sample of background sources around the center of clusters
(see Sect. 3.4). To infer the mass of a cluster from the observed
shear profile, the redshift of sources must be known to compute
the critical surface density X to interpret v, and « (see Sect. 3.9
for the modeling of Z ;).

3.2. Blinding analysis

We carry out the weak-lensing analysis in a blind fashion to avoid
confirmation bias. The blinding strategy is decided by the HSC
weak-lensing team and has been widely used in cosmological
analyses, such as those of Hikage et al. (2019) and Hamana et al.
(2020). A full description of the blinding strategy is presented in
Hikage et al. (2019), to which we refer the reader for details. We
summarize the blinding procedure below.

A two-level blinding strategy is used. The first level of blind-
ing is at the level of the catalog, while the second is at the level
of the analysis itself. In terms of the catalog level, we blind the
true estimate of source shears by perturbing the multiplicative
bias, as

Meati = Myrye + dml,i + dmZ,i > (6)

where m,; 1s the blinded multiplicative bias in the i-th shape
catalog, myqy. is the true estimate of the multiplicative bias, and
dm,; and dmy; are two random variables for blinding. While
many HSC analyses are being carried out in parallel to this work,
we prepare three blinded catalogs (i € {0, 1,2}) independently
from other HSC analyses. The random variables of dm;; and
dmy; are encrypted and are different among these three blinded
catalogs; the HSC analysis teams are also different. The term
dm; ; can only be decrypted by the leader of the analysis, and is
removed before performing the analysis. This term is needed to
avoid an accidental unblinding by comparing the blinded cat-
alogs of different analysis teams. The term dm,; can only be
decrypted by a “blinder-in-chief”, once we are ready to unblind
the analysis. The blinder-in-chief is not involved in the anal-
ysis and is not aware of the values of dmy; until unblinding.
The value of dm;; varies from —0.1 to 0.1 randomly. Only one
blinded catalog among the three has dm,; = 0, as the true cata-
log. The analysis team has to run the identical analysis on these
three blinded catalogs, which is a computationally expensive ele-
ment of our blinding strategy. However, such a strategy comes
with the advantage that an end-to-end rerun is not needed, once
these catalogs are unblinded. This completes the catalog-level of
blinding.

For the analysis-level blinding, we never compare the results
among three blinded catalogs until unblinding. This avoids an
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automatic unblinding arising from an accidental comparison of
the blinded catalogs with values of dm,; all close to each other.
Moreover, for eFEDS clusters with available optical counterparts
in the HSC survey, we never compare the mass estimates or
shear profiles of common clusters between these two surveys.
Also, we never compare the mass distribution of eFEDS clus-
ters with those from other cluster surveys until unblinding. These
strategies keep our weak-lensing analysis blinded.

It is worth mentioning that the first-year shape catalog of
the HSC survey was already publicly available by the time we
initialized this work. However, we stress that we neither run
the analysis using the public catalog, nor make any kind of
comparisons between the blinded and public catalogs.

We unblind our analysis once the following criteria are met:

— The analysis codes pass validation tests using mock catalogs
of at least ten times the size of the eFEDS sample, ensur-
ing that the codes can recover the input parameters within
statistical uncertainties.

— The posteriors of parameters from the sampled chains are
converged.

— The best-fit models provide a good description of observed
shear profiles.

— The systematic errors arising from the miscentering on the
final results are quantified.

— The value dm,; has been correctly subtracted from the
blinded catalogs.

— The selection bias due to resolution cuts and magnitude cuts

has been appropriately applied (see Hikage et al. 2019).

It is important to stress that the measurement of the follow-up
X-ray observables, i.e., Lx, Ly, Mg, Tx, and Yx, is not performed
in a blind analysis. This is because the correct M5y must be
known to extract the X-ray spectra enclosed by the correspond-
ing cluster radius Rs. Ideally, the X-ray spectral analysis should
be performed in terms of profiles with fine radial bins around the
cluster center, and we calculate the X-ray measurement at the
corresponding cluster radius given a cluster mass at each itera-
tion of the likelihood exploration. However, the X-ray analysis,
especially the extraction of spectra observed by eROSITA, is
extremely time-consuming and beyond what we can afford given
the timescale. We therefore perform an early unblinding on the
X-ray analysis in this work. Specifically, the weak-lensing mass
calibration (in Sect. 5.2), which only involves the X-ray observ-
able, namely the count rate 7, is performed first in a completely
blinded way as described above. After the weak-lensing mass
calibration passes the unblinding criteria, three blinded sets of
cluster masses are produced based on the three blinded shape
catalogs. We then ask the blinder-in-chief to unblind the cluster
mass privately and only to the eROSITA team, such that they can
extract the X-ray spectra within the “correct” Rsgo. A set of the
X-ray observables extracted within the “correct” radius is then
delivered to the HSC lensing team to perform the blind model-
ing of X-ray observable-to-mass-and-redshift relations (Lx, Ly,
Tx, Mg, and Yx, see Sect. 5.3) for each blinded catalog. After the
early unblinding, we strictly forbid the exchange of information
between the HSC and eROSITA teams by any means until the
official unblinding takes place. As the modeling of the scaling
relations is performed solely by the lensing team, this ensures
that the analysis in this work is still carried out blindly with an
adjustment to minimize excessive measurements in X-rays.

Post-unblinding analysis. Despite the careful treatment in
the blinding analysis, we made changes to correct the discov-
ered errors in a post-unblinding analysis. We refer readers to
Appendix B for more details. We find no significant changes
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after correcting the errors, and therefore the interpretations of
this work are not affected. We note that the post-unblinding anal-
ysis only affected the modeling of the follow-up X-ray scaling
relations but not the weak-lensing mass calibration.

3.3. Source selection

We use the same source selection as in Umetsu et al. (2020)
to select source galaxies behind each cluster. Specifically, for a
cluster at the redshift z, the source selection is performed using
the observed probability distribution of redshift, P (z), such that
a galaxy is considered as a source galaxy if

0.98 <f P(z)dz and zyc < 2.5, 7

Zmin

where we set zmin = z1 + 0.2, and zyic is the point estimator ran-
domly sampled from P (z). The contamination to lensing signals
due to cluster members is suggested to be at the level of a few per-
cent using our P (z)-based source selection, as fully explored and
quantified in Medezinski et al. (2018b). An independent exami-
nation of the cluster contamination in this work verifies that the
level of contamination is at the level of <3%, on average (for
more details, see Sect. 3.6).

In this work, we use the photometric redshift estimated from
the machine-learning-based code, DEmP (Hsieh & Yee 2014),
which has been widely used in obtaining not only redshifts but
also other physical quantities, such as stellar mass (Lin et al.
2017). Our source selection leads to source densities of ~15,
~11, =6, =2, and ~0.3 galaxies per square arcmin for a cluster
at a redshift of z,; = 0.05, z¢ = 0.25, z¢ = 0.50, z = 0.78, and
zq = 1.1, respectively. At the median redshift of eFEDS clusters,
Zpiv = 0.35, the source density reaches ~9.6 galaxies per square
arcmin.

3.4. Tangential shear profiles

In what follows, we detail the procedure used to extract the
observed tangential shear profile, as the lensing observable, for
each cluster. We largely follow the analysis presented in Umetsu
et al. (2020) with one distinct difference: we measure the dimen-
sionless tangential shear profile g,, as the quantity that can be
directly observed in lensing observations without knowing the
redshift of sources, while Umetsu et al. (2020) measured the
differential surface mass density AX;,. The latter require prior
knowledge of redshift and the distance-to-redshift relation with
assumed cosmological parameters to convert g, to AX,,. This
results in a difficulty in the lensing modeling in a cosmologi-
cal analysis, where the cosmological parameters are varied and
hence change the observable AX,. Conversely, the tangential
shear profile g, is directly observed and is invariant among
different cosmology. Therefore, the use of g, as a lensing observ-
able enables a clean forward-modeling approach, which will be
needed in a cosmological analysis in the future.

For each cluster at redshift z, we derive the tangential shear
profile g, in angular bins of clustercentric radius 6;,

1 Z W€y ¢
S€O;
9+ 0) = A+ 8@y Sw ®
sS€B;

where the subscript s runs over the source sample that is selected
according to the description in Sect. 3.3; w, and e ; are the lens-
ing weight and tangential ellipticity of the s-th source galaxy,

respectively; R(6;) is the shear response (see also Mandelbaum
et al. 2005); the factor (1 + K(6,)) is the correction accounting for
multiplicative shear bias, which is calibrated against the image
simulations (Mandelbaum et al. 2018a,b).

The tangential ellipticity e, of a source galaxy around the
cluster center is calculated as

e, = —cos(2p)e; — sin(2p)es , ©))

where (e, e;) is a two-component estimate of ellipticity mea-
sured in the cartesian coordinate of the sky defined in the HSC
survey, and ¢ is the positional angle measured from the Right
Ascension direction to the line connecting the cluster center and
the source galaxy. The lensing weight w is evaluated as

1

W= ——,
U-ez + erm52

(10)

where o and eq,s are the measurement uncertainty and the
root-mean-square estimate of the ellipticity per component,
respectively.

The shear response R(6;) in the angular bin 6; is calculated

as
> wserms,s2
REO)=1- (11)
1 Z ws 9
SE€O;

where the subscript s runs over the source sample in the angular
bin 6;. The factor (1 + K(6,)) is calculated as

¥ wy (1+my)
1+ K0 = 92—
Wy

SE€O;

(12)

where m; is the multiplicative bias of the s-th source galaxy.

The angular binning in clustercentric radii is defined as
follows. For each cluster, we first use a logarithmic binning
between 0.2 #~'Mpc and 3.5 h~'Mpc with ten steps in phys-
ical units. Then, the angular binning is obtained by dividing
the physical radius by the angular diameter distance evaluated
at the cluster redshift in the fiducial cosmology. In this way,
we ensure that roughly the same portion of the cluster profiles
at different redshifts is probed. The use of the angular-binned
shear profile g, (8) enables us to self-consistently calculate the
cluster mass profile at any redshift-inferred distance in a forward-
modeling approach where the cosmological parameters vary (see
Sect. 3.9).

For each cluster, we additionally compute the B-mode com-
ponent of the shear profile gy () according to Eq. (8), after
replacing e, with ey, which is defined as

ex = sin(2¢)e; — cos(2p)e; . (13)
The azimuthally averaged cross-shear profile ey (R) is expected
to vanish if the signal is due to weak lensing, therefore enabling
a null-test for our lensing signals. We verified that the stacked
profile of g () in this work is indeed statistically consistent with
Zero.
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3.5. Covariance matrices

For each cluster, we calculate the covariance matrix that will be
used to model the observed g,, by following the prescription
in Umetsu et al. (2020). Specifically, the covariance matrix C
comprises a component characterizing the noise of shape mea-
surements, Cypape, and another component Cyrss accounting for
the uncertainty arising from uncorrelated large-scale structures
around the cluster. That is,

C= Cshape + CuLss » (14)

in which
C =o?  (6)0;;
shape; ; = © shape\Vi)Ci.j »

where ¢, ; is a Kronecker delta function, and a'shapez(H,-) in the
angular bin 6; is evaluated as

1
AR2(0) (1+ KO % ws

s€0;

O—ghape(ei) = (15)

We compute C,ss by following the prescription in
Appendix A of Miyatake et al. (2019) (see also Hoekstra 2003).
Specifically, for each cluster, we compute the nonlinear matter
power spectrum PN at the cluster redshift z, using the code
CAMB (Lewis et al. 2000) in order to derive the lensing power
spectrum C}*. We use the full redshift distribution of the sources
by stacking the observed redshift distributions of the source sam-
ple in order to infer the lensing weight function in calculating
C7*. Finally, we compute Cy ss by integrating the product of
C[* and two second-order Bessel functions associated with the
radial binning of shear profiles. This calculation of Cyss is
independently repeated for all clusters using the cosmological
parameters fixed to the fiducial cosmology.

We note that the term C,.gs depends on the underlying
cosmology. Ideally, the variation in Cy g5 due to a change of
cosmological parameters needs to be taken into account in each
iteration step of a forward modeling. However, in this work, the
covariance matrix is dominated by the shape noise in the fitting
range of radii of interest. Moreover, we adopt Gaussian priors on
the cosmological parameters with the mean values used in the
fiducial cosmology. Hence, the cosmology-dependence of C ss
is not expected to be a dominant factor in the final results of
our work (see Kodwani et al. 2019). Therefore, in this work we
ignore the cosmological dependence of Cygs S0 as to improve
the speed of our calculation. We leave the improvement of a
cosmology-dependent C, ss to future work.

We also note that the intrinsic variation of shear profiles at
fixed cluster mass” — due to for example the triaxiality or con-
centration of halos — is accounted for by modeling the intrinsic
scatter of the weak-lensing mass bias (see Sect. 4.2). Therefore,
we do not include this term of intrinsic variation in Eq. (14).

3.6. Cluster member contamination

Because of the uncertainty in determining redshifts, a sample of
photometrically selected sources might contain galaxies that are
not behind clusters, are therefore not lensed, and thus do not con-
tribute to lensing signals. The inclusion of these nonbackground
galaxies dilutes lensing signals, and therefore introduces bias

2 This is characterized by the term C™ in Eq. (16) of Umetsu et al.
(2020).
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in inferred cluster masses. For the contamination due to fore-
ground galaxies, this bias can be statistically accounted for by
properly weighting the lensing signal according to the observed
redshift distribution P (z), with a calibration against random
fields where no clusters are present. However, cluster environ-
ments are extremely biased fields, of which the observed redshift
distribution cannot be directly interpreted by those of random
fields. Moreover, the cluster contamination is expected to be
more significant around the center of clusters, resulting in a
radial dependence of bias in lensing signals. This needs to be
accounted for; otherwise significant bias will be introduced in
the inferred mass (Medezinski et al. 2018b).

In this section, we examine the contamination of lensing sig-
nals due to cluster members by following the prescription in
McClintock et al. (2019) (see also Gruen et al. 2014; Melchior
et al. 2017; Varga et al. 2019; Chiu et al. 2020b). Specifically,
this method is based on a decomposition of the observed red-
shift distributions into a cluster component and the other from
fore- and background (hereafter background, for simplicity). By
comparing the observed P (z) between the cluster and random
fields, the contamination arising from cluster members can be
quantified. We stress that this methodology has been validated by
simulations (Varga et al. 2019), showing that the underlying true
cluster contamination can be recovered based on the observed
P (2).

It is important to note that the source selection is different
between McClintock et al. (2019) and this work: these latter
authors made use of all galaxies around clusters with avail-
able shape measurements, and properly assigned lensing weights
to galaxies according to their observed redshift distributions,
such that foreground galaxies and cluster members did not con-
tribute to the lensing signals. Then, they accounted for the
residual contamination due to cluster members by quantifying
the excess observed redshift distributions at the cluster red-
shift with respect to random fields. In this work, on the other
hand, we first minimize the cluster contamination by employ-
ing a stringent source selection based on the observed redshift
distribution (see Sect. 3.3); we then measure the lensing signal
of these secure sources. Consequently, our strategy leads to a
clean sample with the cluster member contamination at the level
of only a few percent (Medezinski et al. 2018b; Umetsu et al.
2020). Importantly, our source selection still results in high den-
sities of source galaxies thanks to the deep imaging of the HSC
survey.

In this work, we conduct a nonparametric approach to quan-
tify the cluster contamination by comparing the observed red-
shift distributions between the cluster and random fields. In what
follows, we express the clustercentric radius in the physical unit
R through the redshift—distance relation in the fiducial cosmol-
ogy. We assume that the observed redshift distribution P (z; R)
of selected source galaxies at the radial bin R can be written
as

P(z;R) = (1 = fa (R) Pokg (2) + far (R) Py (i R) (16)

where f; (R) is the amount of cluster contamination at the radial
bin R, Py, is the redshift distribution of galaxies at backgrounds,
and P, is the redshift distribution of cluster members that lead
to contamination. By construction, we have 0 < f; (R) < 1. We
can write Eq. (16) in the integral of redshift,

f 2P R) = (1 £ (R)) f dzPoe )+ fo (R) f 2Py () |
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Fig. 3. Comparison of the redshift distributions between cluster and random fields at low (left panel) and high (middle panel) redshifts. In the left
and middle panels, the color scheme ranging from dark red to blue indicates the scale of the clustercentric radius from the core to large radii, while
the black dashed lines are the redshift distributions of random fields. Meanwhile, the vertical gray regions indicate the redshift range of the cluster
samples, while the upper and lower limits (Zjolim and zypiim) Of the redshift interval in Eq. (17) are shown by green dotted lines. In the right panel,
the profiles of cluster contamination in each subsample are shown with the color scheme according to the sample binning. The resulting profile of
the total sample is in black. The horizontal gray region indicates the conservative estimate of cluster contamination at a level of <3% (107), which
is used to calibrate the weak-lensing mass bias (see Sect. 4.2). In these three panels, the numbers in the parentheses indicate the total numbers of

the clusters used in the binning.

and then integrate over the redshift interval 3, where the cluster
component vanishes, and finally arrive at

[ dzP (z;R)

Z€3

- f dZPbkg (2) .

Z€3

Ja(R) =1 a7

In this way, the cluster contamination at the radial bin R can be
derived for a given set of observed P (z; R) and Py, (2).

In practice, in the interest of more precise measurements,
we estimate f (R) according to Eq. (17) by stacking clusters in
different redshift and count-rate bins. Namely, the clusters are
stacked in two redshift bins, low-redshift (z < 0.35) and high-
redshift (z > 0.35), and two count-rate bins, low-rate (7 < 0.1)
and high-rate (n > 0.1). This leads to four subsamples in total
based on the observed redshifts and count rates. We note that
we have tried a finer binning in redshift and find consistent
results. For each individual cluster, labeled j, we first derive the
weighted probability distribution P; (z; R;) of redshift observed
at the radial bin R; as

2 wePy(2)
SEJR;
Xows

SEJR;

Pi(z:R) = (18)

where s runs over the source galaxies which are located at the
radius bin R; around the cluster j. In each subsample of clus-
ters, we then derive the number-weighted average of redshift
distributions observed at the radius bin R; as

Ncl
'21 P;(z;R)) Nga1,j (R)
j=
Py @R) = T ,
‘Zl Ngal,j (RI)
j=

(19)

where j runs over the subsample of N clusters, and Ng,,; (R;)
is the number of observed galaxies at the radius bin R;
around the cluster j. We then define the redshift interval 3

as {zlz < Ziolim} U {Z|Z > Zuplim}s where Zjolim = min{zj};]jl - Az,
Zuplim = Max {z j}j: + Az, and z; is the redshift of the j-th cluster.
We set Az = 0.2, which is consistent with our source selec-
tion (see Sect. 3.3). We note that our results are not sensitive
to the current choice of Az = 0.2; we verified that the results
with Az = 0.4 are statistically consistent with those based on
Az = 0.2, although with much larger error bars. In this way, we
can estimate the numerator in Eq. (17) by integrating (P) (z; R;)
over the interval 3.

Concomitently, we estimate Py (z) by repeating Eqs. (18)
and (19) with the same scheme of radial binning and cluster red-
shift on a number of N, pointing on random fields. This allows
us to calculate the contribution arising from pure background
sources in a fully consistent way as in cluster fields. Finally, we
compute f¢ (R) in each subsample by following Eq. (17).

The results of cluster contamination are shown in the right
panel of Fig. 3, where the contamination profiles of four subsam-
ples are in blue, orange, green, and red. These are all statistically
consistent with zero contamination, with a mild exception that
the subsample of low-n clusters at high redshift shows large
variation but also with large error bars. This is mainly due to
noisy measurements of photo-z for high-redshift sources. We
further repeat the procedure but without binning in 7, result-
ing in two subsamples at low (0 < z < 0.35) and high (0.35 <
z < 1.20) redshifts; their contamination profiles are shown in
purple and brown, respectively. No clear contamination is seen.
We additionally show the number-weighted average of redshift
distributions (i.e., Eq. (19)) of these two subsamples in the left
and middle panels, where the redder colors represent inner radii,
together with those estimated from random fields in dashed
lines. As seen in these figures, they all show no signs of clus-
ter contamination. This is in perfect agreement with previous
HSC work (Medezinski et al. 2018b,a; Miyatake et al. 2019;
Umetsu et al. 2020), demonstrating a highly pure source sample
for weak-lensing studies.

Based on these results, we conclude that the level of cluster
contamination in this work is at the level of <3% (10), which is
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a conservative estimate, shown by the gray shaded region in the
right panel of Fig. 3. This estimation of cluster contamination
will be taken into account when deriving the weak-lensing mass
bias (see Sect. 4.2).

3.7. Cluster miscentering

In this work, the cluster center is defined as the center of X-ray
emissions. However, X-ray centers do not necessarily represent
the true center of the total mass distribution of galaxy clus-
ters. The miscentering between the “observed” center and the
“true” center causes bias in shear profiles with respect to per-
fectly centered clusters (Johnston et al. 2007a,b), especially at
small clustercentric radii. Consequently, the lensing modeling
needs to account for this miscentering effect; otherwise bias in
the inferred mass will be introduced.

It has been shown that miscentering has significant effects
on the observed properties of optically selected clusters
(Biesiadzinski et al. 2012; Sehgal et al. 2013; Rozo & Rykoff
2014). Therefore, extensive efforts have been made to quantify
the offset between the optical center, usually defined by the BCG,
and other center proxies, such as the peak of projected mass dis-
tributions inferred from lensing (Oguri et al. 2010; Zitrin et al.
2012), the second brightest cluster galaxy (Hoshino et al. 2015),
and the ICM-based center defined in X-rays (Lin & Mohr 2004;
Mahdavi et al. 2013; Lauer et al. 2014; Zhang et al. 2019) or at
millimeter wavelength (Song et al. 2012; Saro et al. 2015; Bleem
et al. 2020). It is worth mentioning that the center inferred from
weak-lensing mass maps is largely affected by the noise arising
from shape measurements (Dietrich et al. 2012), and therefore it
is extremely difficult to determine the true center of overall clus-
ter mass distributions from observations alone. We note that it
is possible to account for the modeling bias when centering on
the weak-lensing mass peak for clusters whose lensing signals
are detected at high significance (Sommer et al. 2022), which is
unfortunately not the case in our study.

In this work, we gauge the miscentering in the eFEDS clus-
ters using the offset between the X-ray centers and the BCGs,
which are used as the optical centers. The BCGs are identified
by the MCMF as the brightest galaxies that are consistent with the
red-sequence prediction at the cluster redshift. We note that the
complex nature of BCGs may result in incorrect identification
of the cluster center in the optical. For example, the BCGs are
suggested to scatter more from the red sequence than the typ-
ical bright galaxies (van der Burg et al. 2014; Kravtsov et al.
2018), and some BCGs may not be red in the group scale (Liu
et al. 2012). To assess the impact of incorrectly identified opti-
cal centers, we re-derive the offset distribution (see below) by
replacing the optical center with the peak of the galaxy density
map for the clusters whose BCGs are significantly different from
both the peak of galaxy density and X-ray maps. We find that the
resulting difference is negligible.

The offset distribution P(x) between the X-ray and optical
centers as a function of the dimensionless radius x is character-
ized by a composite model (see also Saro et al. 2015; Zhang et al.
2019):

P(x) = (1 = fmis) X Peen (X|0cen, @) + fmis X Pris (Xlomis) . (20)

In Eq. (20), we assume that the distribution P(x) can be decom-
posed into two components: one is the centering component
characterized by a modified Rayleigh distribution Pgeq (X0 ¢en, @),

All, page 10 of 41

which reads

2
1 x \* 1 X
Ocen <O—ccn ) exP ( 2 (U'ccn ) )

Peen(Xocen, @) = Py ( orl )

, 2D

where I' is the gamma function; and the other is the miscentering
component as modeled by a standard Rayleigh distribution,

)G )
eXp|—= .
Omis \ O mis 2 O mis

These two components are weighted by the miscentering fraction
Jfmis in Eq. (20). We note that the parameter « is required to be
positive and characterizes the shape of the centering component:
The smaller « is the smaller radius where the peak of Pce,(x)
occurs, and the steeper fall-off toward x = 0. Moreover, Pce,(x)
reduces to a half-normal distribution and zero, as @ approaches
zero and +oo, respectively. Also, P, is identical to Py,s if @ = 1.

Our goal is to derive a universal offset distribution, based on
which we model the miscentering of the shear profile for individ-
ual clusters. We define the dimensionless radius as x = Rog/7s,
where R is the offset between the optical and X-ray centers,
and ry is the scale radius of a Navarro-Frenk-White (hereafter
NFW; Navarro et al. 1997) profile with a concentration parame-
ter evaluated using the Diemer & Kravtsov (2015) fitting formula
for a halo with the pivotal mass Mp;, = 1.4 X 10"h~"M,, at the
pivotal redshift zp;, = 0.35. For each cluster, the offset Ry is
calculated first in the physical unit using the redshift—distance
relation inferred in the fiducial cosmology. We then convert
Ry to x using the fixed scale radius rg. In this way, we effec-
tively assume a universal mass and redshift for each cluster
in deriving the offset distribution P(x), as an ensemble behav-
ior. Later, when modeling the miscentering in Sect. 3.9, we do
vary the scale radius for a given weak-lensing mass according
to the concentration-to-mass relation at each step of the likeli-
hood exploration. Ideally, different core radii based on individual
cluster masses should be used in deriving the universal offset
distribution, which could be achieved by an iterative process
after obtaining the cluster mass. However, we show below that
the resulting posteriors of the cluster mass Msg obtained with
and without the modeling of the cluster core are consistent with
each other (see Sect. 6.1), suggesting that our modeling of the
miscentering is sufficiently adequate in this work.

Figure 4 shows the offset distribution (blue histogram) and
the best-fit miscentering model (black solid line) as a function of
x. The best-fit parameters for Eq. (20) are

Pris(X|omis) = (22)

(fimis» Tcens @, O mis)

=(0.54 £ 0.02,0.17 £ 0.01,0.26 + 0.05,0.61 + 0.03). (23)

We stress the following particularities in modeling the mis-
centering of eFEDS clusters. First, in this work we statistically
correct for the miscentering for individual clusters assuming a
universal distribution, P(x), as directly determined from the data
using Eq. (20). For each cluster, this is done by taking an average
of a data array representing a set of shear profiles with different
offset radii x weighted by the distribution P(x) (see more details
in Sect. 3.9). This approach could not be optimal on the basis
of individual clusters; this is because a shear profile with aver-
age miscentering is not necessarily the best description of each
cluster, of which the miscentering is just one realization from
P(x). However, this approach is statistically correct, because we
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Fig. 4. Distribution of offsets between the X-ray and optically defined
centers of eFEDS clusters. The blue histogram is the observed offset dis-
tribution in the unit of the scale radius. The black solid line represents
the best-fit model, i.e., Eq. (20), which consists of centering and mis-
centering components, as indicated by the red and green dashed lines,
respectively.

simultaneously model all observed shear profiles in an ensem-
ble manner, in which the miscentering distribution follows the
derived P(x). Moreover, we follow the identical modeling of the
miscentering, including the distribution P(x), in calibrating the
weak-lensing mass bias using simulations (see Sect. 4.2), which
ensures that we correctly infer the underlying true cluster mass
in this framework.

Second, we determine the distribution P(x) as the offset
between the X-ray center and the BCG, while the required
knowledge for modeling the miscentering is the offset between
the X-ray and “true” centers of a cluster potential. That is, the
distribution P(x) contains the intrinsic miscentering of both the
X-ray center and the BCG with respect to the true center, as
well as their respective measurement uncertainties at both wave-
lengths. Among these, the dominant component is the intrinsic
miscentering of the BCG with respect to the true center, because
(1) the X-ray center is considered as a much better tracer of the
total potential than other proxies (Lin & Mohr 2004; Mahdavi
etal. 2013; Lauer et al. 2014; Zhang et al. 2019) and (2) the uncer-
tainty on the measurement of the optical center is much smaller
than the characteristic miscentering radius. Therefore, the mis-
centering effect estimated in this work merely serves as an upper
limit on X-ray miscentering. It was suggested that X-ray cen-
ters could bias the mass estimate even when the modeling of the
cluster core (R < 500 kpc) is excluded (Schrabback et al. 2021).
To accurately determine the intrinsic miscentering of eFEDS
clusters, the most promising way is to utilize an end-to-end sim-
ulation suite, in which we compare the true center of halos with
the X-ray center identified by the same cluster-finding algorithm.
A dedicated effort using simulations to determine the miscenter-
ing effect for eFEDS clusters is warranted, but we leave this for
a future analysis.

To quantify the systematic errors arising from the modeling
of miscentering, we compare the final results with and with-
out the modeling of shear profiles in the cluster core (R <

0.5h~'Mpc), that is including or excluding the three innermost
radial bins, respectively. We find that the miscentering effect is a
subdominant factor in this work (see Sect. 7).

3.8. Photometric redshift bias

The cluster mass is estimated from lensing signals with photo-
z, which is used to calculate the critical surface density X in
converting g, to AX, (see Sect. 3.1). Therefore, a bias in photo-z
would ultimately bias the inferred cluster mass.

Given an observed shear profile, the bias b,(z¢) in the
inferred mass of a cluster at the redshift z,; due to the bias in
photo-z can be expressed in terms of the lensing efficiency S, as

,Btrue
ﬁ obs

where By and By are the lensing efficiency inferred by the true
and observed redshifts, respectively. In an ideal case, By should
be estimated from a sample of galaxies with redshifts secured
by spectroscopic observations. Moreover, the distributions of the
properties of this sample (e.g., of galaxy magnitudes or colors)
should be consistent with those of the source sample, and should
also be independent of the photo-z calibration. However, in prac-
tice this sample is difficult to obtain, especially for our source
sample with the limiting depth of i < 24.5 mag in the HSC sur-
vey. Therefore, we make use of the galaxy sample observed in
the COSMOS field (Ilbert et al. 2009; Laigle et al. 2016) with
high-quality photometric redshifts to assess the photo-z bias in
this work.

We follow the procedure detailed in Miyatake et al. (2019) to
quantify the photo-z bias b,(z.;). In what follows, we summarize
the steps. First, the photometric redshifts zcosmosso estimated
by the 30-band COSMOS photometry (Laigle et al. 2016) are
used to represent the true redshifts. Second, as the COSMOS
field is also observed by the HSC survey, we additionally pre-
pare a catalog of the COSMOS field that is processed in the
same configuration as the HSC WIDE layer, resulting in a
HSC WIDE-depth version of the COSMOS catalog®. We then
estimate the photometric redshift of the galaxies in this HSC
WIDE-depth COSMOS catalog in the same way as in the HSC
survey. This ensures the homogeneity of the photo-z between
the COSMOS reference catalog and the HSC data. In this way,
for each galaxy in the COSMOS field, we can assess the 30-
band COSMOS photo-z zcosmosso as the true redshift, and the
photometric redshift distribution Pygsc (z) estimated by the HSC
survey. Moreover, we can select the galaxy sample in the COS-
MOS field in the same way as our source selection using the
photometric redshift (see Sect. 3.3).

Next, we employ a re-weighting technique (for more details
and some caveats of this method, see Bonnett et al. 2016;
Gruen & Brimioulle 2017; Hikage et al. 2019), such that the
observed properties of the galaxy population in the COSMOS
field match those of the HSC source sample. Briefly, the HSC
source sample is classified into cells of a self-organizing map
(SOM; Masters et al. 2015) based on the i-band magnitude and
four colors. We then classify the COSMOS galaxies according
to this SOM, and compute their new weights wsom, such that
the weighted distributions of the properties match those of the

(ze)) = 1+ b(za1) s (24

3 We note that we only use a subset of galaxies in the COSMOS
field that were not used to train the photo-z of the source sample in
the HSC survey. This HSC WIDE-depth version of the COSMOS cat-
alog can be acquired at https://hsc-release.mtk.nao.ac.jp/
doc/index.php/sl7a-wide-cosmos/
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HSC sources (see also Medezinski et al. 2018b). Finally, we
include the new weights wsowm into the lensing weights w in cal-
culating the weighted distribution of redshift to infer the lensing
efficiency. In practice, for a cluster at redshift z.;, we select the
source sample, labeled S, in the COSMOS field according to the
description in Sect. 3.3, and compute

ﬂtrue/obs(zcl) = fﬁ (ch, Z) Ptrue/obs (Z) dz, (25)
where Py (2) is the distribution of true redshift zcosmoszo in the
source sample S, and

> wsom, sWsPusc s (2)
s€eS

2 WsoM, sWs
seS

Pops (2) = (26)

Consequently, we compute the photo-z bias b,(z.) following
Eq. (24).

In practice, there is one additional factor that needs to be con-
sidered in this work: the weighting factor wsoy in the COSMOS
catalog is specifically tuned to match the property of the sources
observed in the first-year weak-lensing data (S16A), while the
three-year (S19A) data are used in this work. Therefore, the
difference in the photo-z between the first- and three-year data
needs to be accounted for when calculating the photo-z bias. In
this work, the difference in the photo-z is taken into account by
multiplying the ratio of the lensing efficiency between the S19
and S16 data sets. Specifically, the ratio is calculated as

_ Bsiealza))
(Bs19a(za))

where the Bsi6a and SBsioa are the lensing efficiency calculated
using the photo-z from the S16A and S19A data sets, respec-
tively, and the bracket (-) stands for the mean for a selected
sample of sources S given a cluster redshift z,. In this way, the
final photo-z bias b, sj9a used in this work is that from the S16A
data set multiplying a re-scaling factor, namely

Rp(za1)

1 + b s19a(zc1) = Rp(ze1) X (1 + b s16a(zc)) - (27

Figure 5 shows the resulting b.(z.;) as a function of cluster
redshift z.;. As seen, the photo-z bias on the cluster mass is esti-
mated to be <2% for clusters at redshift z,; < 0.7, and becomes
<$6% for zo = 0.8. There is no clear difference in the photo-z
bias between the SI6A and S19A data sets, suggesting that their
photo-z performances are consistent with each other. This is in
close agreement with previous HSC studies, in which the mean
photo-z bias was estimated to be 2% and =0.9% for clusters
selected in the ACTpol (Miyazaki et al. 2018) and XXL (Umetsu
et al. 2020) surveys, respectively. We note that this resulting
photo-z bias b, 5194 (2¢1) is included in deriving the weak-lensing
mass bias for eFEDS clusters in Sect. 4.2.

3.9. Modeling of shear profiles

In this section, we describe the modeling of the observed shear
profile of individual clusters, which is jointly fitted in the
likelihood described in Sect. 5.
For an eFEDS cluster at redshift z;, there are three input
observables used in the modeling:
— the observed shear profile g, (f) as a function of angular
radius 6, estimated in Eq. (8),
— the lensing covariance matrix C, derived as Eq. (14), and
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Fig. 5. Photo-z bias b,(z.)) as a function of cluster redshift z,. The result
derived from the first-year HSC data is shown by the red crosses, which
are re-scaled to the three-year HSC data shown by the black points based
on the difference in the photo-z between the data sets (see Sect. 3.8). We
also show a reference at the level of 1% by the gray shaded region. The
resulting b,(z.) is applied to the calibration of weak-lensing mass bias
for eFEDS clusters (see Sect. 4.2).

— the observed redshift distribution P (z), estimated in Eq. (34).
Given a weak-lensing mass Mwy and a set of parameters ppis =
{finis» Omis} describing the miscentering distribution, together
with a set of cosmological parameters p. that are used to cal-
culate the redshift-inferred distance, the observed shear profile
of an eFEDS cluster is modeled as (Seitz & Schneider 1997)

Ymod (OIMwL, Pmis» Pc)
1 = kmod (BIMwL, Pmis> Pc)

g (G Mwr, Puis, Pe) =

B @) ) (28)
X |1 + Kmoa (Ol MwL, Pmis» pc) W -1
in which
<.B (pc)> = fﬁ (215 lec) P(z)dz, 29)
(8> (po)) = f B (et 2lpe) P (2) dz, (30)
and the profiles kmoq and ymeq are calculated as
EmOd (glMW]_n Pmis» pC)
Km (9|M > Pmis> ) == - > (31)
od wi P Pe Zcrit (pc)
and
AT (0| MwL, Pmiss Pe)
Ymod O Mwr, Pmis» pc) = = WL, Punis: e s (32)
Zcrit (pc)
where
c? 1
z:crit (pc) = (33)

47G Dy (zallpo) (B
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Given that our source selection leads to a highly pure sample
with cluster contamination that is consistent with zero without a
clear radial trend (see Fig. 3), we use a radially independent red-
shift distribution to calculate the critical surface density for all
radii. The observed redshift distribution P (z) used to calculate
Egs. (29) and (30) is estimated as

Z'wsps(z)
_sej
P(Z) - Z ws >

SEJ

(34)

where the index s runs over the sources with R < 3.5 h~'Mpc in
the fiducial cosmology.

Given the set of cosmological parameters p., the calculation
of Mo and AZ™4 is performed in the radial bins in physical
units by converting 6 to R, as
R = Dy (zalpc) X 6. (35)
This allows us to self-consistently compute the lensing profiles
in every step of the likelihood exploration, given the variation of
cosmological parameters.

The miscentering is accounted for in Zm°¢ (thus in AZ™)

as a composite model comprising a profile of a perfectly cen-
tered component and the profile of a miscentered component,
weighted by a relative normalization associated with fi;s. That
is,
AT = (1 = fini) AZEM + frig AT, (36)
The profile of X" represents the surface mass density of a
perfectly centered halo, which is evaluated using a NFW model.
Meanwhile, the profile of X" is modeled as an average of a set
of NFW models with miscentering, weighted by a miscentering
distribution P (Rys), as

T (R) = f dRimicP (Runis) Z55" (RIRmic) » (37

where 255" (R|Rmis) is the surface mass density of a halo with a

central offset of Ry, azimuthally averaged over the positional
angle ¢, expressed as (Yang et al. 2006; Johnston et al. 2007a)

2

d
N (RIRmis) = f %zm ( VR + B2+ 2RRy cos ¢). (38)
0

When estimating £ and =™ in Egs. (36), we fix the con-
centration parameter, given a weak-lensing mass My , according
to the concentration-to-mass relation from Diemer & Kravtsov
(2015). With the concentration parameter, we calculate the cor-
responding scale radius 7 at the given My in order to convert
the offset radius Rp;s in Eq. (37) to the dimensionless radius x,
i.e., X = Rys/rs. In this way, we evaluate P (Ry,;s) at Ry fol-
lowing the second component of the derived offset distribution
P (x), as in Eq. (20). That is, we ignore the centering component,
Pen, in the offset distribution when calculating the profiles. This
is a reasonable approximation, because a miscentered shear pro-
file with a miscentering distribution at the level of ocen = 0.2 in
Eq. (21) is not significantly different from that of a perfectly cen-
tered model, X", at the radial range of interest in this work. By
doing so, we achieve a faster calculation of AZﬁOd in Eq. (36).

We note that we statistically account for the effect of miscen-
tering in the modeling of observed shear profiles by assuming a
universal distribution P (Rps), as an average of all clusters. This
approach might not be optimal for individual clusters. However,
this is statistically correct in terms of accounting for the miscen-
tering in an average behavior, which is the main focus of this
work. We refer readers to Sect. 3.7 for further discussion of this
topic.

Finally, we compute the log probability of observing the
shear profile g, (6) given a weak-lensing mass My and a set of
parameters, p = Pmis Y P, While accounting for the covariance
among radial bins, as

-1
InP (g |Mwr,zc1,P) = -

T
x (g7 (@1MwL. 21, P) — g4 (8)) + C'
(97 (G1Mwi. za. P) - g (6)) + constant.. (39)

4. Simulation calibrations

In this work, we use simulations to calibrate the relation between
the observed and true underlying quantities. These quantities are
the X-ray count rate and the weak-lensing inferred mass, which
are described in Sects. 4.1 and 4.2, respectively.

4.1. The X-ray count-rate bias

The observed count rate estimated by the eSASS pipeline is
biased with respect to that enclosed by the cluster radius Rs,
which is referred to as the true count rate 7. The main reason
for this is that the observed count rate is estimated based on
the best-fit model, which depends on the scale of extendedness
EXT, which in turn is the best-fit core size that best facilitates the
cluster detection and does not reflect the true underlying cluster
core radius. When constraining the true count-rate-to-mass-and-
redshift relation, this bias needs to be accounted for.

In this work, we use large simulations to empirically cali-
brate the bias between the observed and true count rates at a
given true cluster mass and redshift. The simulation setup of
point sources and clusters is fully described in Comparat et al.
(2019) and Comparat et al. (2020), respectively, to which we refer
readers for more details. In particular, the detail of the simulation
scheme applied to eFEDS is described in Liu et al. (2022b) and
in Sect. 3 of Liu et al. (2022a), which is specifically for clusters.
For each simulated cluster, we first evaluate the true count rate 7
enclosed by Rsop given the cluster true mass Msyy. We note that
the K-correction is included in calculating 7. Meanwhile, we run
the identical eSASS pipeline on the locations of simulated clus-
ters to measure their observed count rate 7. In this way, we can
derive the bias,

by

I3

as a function of cluster true mass and redshift. We only use clus-
ters with true counts larger than 40 when calculating b,,, because
the purity and completeness of the cluster sample drops sig-
nificantly below this threshold. The threshold at 40 counts is
motivated by the count distribution of eFEDS clusters: the min-
imum number of observed counts is =40 for the sample studied
in this work. Lowering this threshold would increase the false
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Fig. 6. Bias b,, which is defined as the ratio of the observed count rate 7 to the true count rate 7}, from the simulation and the best-fit model (middle
and left panels, respectively). These are presented as a function of true cluster mass Msg at each redshift, color coded according to In (bﬂ). A clear
gradient depending on both mass and redshift is seen. The best-fit model, as described in Eq. (40), provides a good description of the simulation,

as suggested by their difference as shown in the right panel.

positive rate of the resulting cluster catalogs from the simu-
lations. A threshold of 30 counts would increase the overall
count-rate bias by ~4%, which is still smaller than the model-
ing residual (see below) and hence is not a dominant factor in
our analysis. The results are shown in the middle panel of Fig. 6.

We empirically calibrate the bias by a power-law function in
mass and redshift, as

(40)

M500 )Bf+6f ln(zpﬁ) (i )‘yf

b, (Msg0,2) = ex (A)x(
n (M 500 p (Af My

Zpiv

with four parameters: {Ag, By, dr,yr}. We use My, = 1.4 X
107h~'My and zyy = 0.35 in Eq. (40). The best-fit model
describing the bias is shown in the left panel of Fig. 6. This
model provides a good description of the simulated data, as
suggested by their difference in the right panel of Fig. 6. This
difference, which is the modeling residual of the count-rate bias,
can be well approximated by a Gaussian distribution with a stan-
dard deviation of 0.08. This amount of modeling inaccuracy is
absorbed into the Gaussian prior applied to the intrinsic scatter
of observed count rates (see Sect. 5.4). We repeat the end-to-end
procedure above for three different sets of simulations, which
results in three sets of best-fit parameters. These three sets of
simulations differ from one another in terms of the underly-
ing N-body dark-matter-only simulations, the area coverage, and
the abundance of point-source populations (at a level of 25%).
Exhaustive runs of various simulations spanning a complete list
of configurations are too time-consuming and are beyond the
scope of this work. The goal of employing these different con-
figurations is to gauge the inaccuracy of the derived count-rate
bias as a systematic uncertainty that will be marginalized over in
the analysis. Therefore, we take the mean and standard error of

the three sets of the best-fit parameters {Af’,' Bt i, 05, ,')/f,i}izl )3

separately inferred from the three simulations as the priors that
will be marginalized over. The mean and standard error of these
four parameters among the three simulations are

Ar=0.18 £0.02,

B = -0.16 +0.03,

8¢ = —0.015 + 0.05,

v = 0.42 £0.03. A1)
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Finally, the constraints in Eq. (41) are used as the priors on
these parameters in the modeling of scaling relations, effectively
accounting for the bias in 7.

It is worth mentioning that the synthetic clusters in the sim-
ulations are drawn from a library that is constructed based on
real clusters, and that the resulting X-ray properties of the syn-
thetic clusters have been shown to be in excellent agreement with
the observed relations among luminosities, temperatures, and
masses (Comparat et al. 2020). Moreover, the halo shape, gas
profile, and dynamical state of synthetic clusters are assigned to
each simulated halo depending on the cluster mass and redshift,
with dedicated treatments to capture the signature of cool-
core clusters in terms of emissivity at cores (see Sect. 3.2 in
Comparat et al. 2020). The resulting catalog of synthetic clus-
ters has been shown to be in good agreement with the eFEDS
clusters, and has been used to construct the selection function in
Liu et al. (2022a).

It is important to stress that the modeling of the “observed”
count rate 17, as the main quantity of interest, is not affected by the
resulting count-rate bias b,,. This is because the parameters used
to characterize the n—M50—z relation are let free (see Eq. (48)
in Sect. 5.1), such that a change in the resulting count-rate bias
will be absorbed into the posteriors of the parameters given a
fixed 1. As a result, the resulting count-rate bias will not change
the overall modeling of the “observed” count-rate-to-mass-and-
redshift relation, but only affects the inferred “true” count rate 7
given a true cluster mass M5 at a redshift z. However, including
the modeling of the count-rate bias is still necessary, because
it gives a flexible and complete functional form with which to
empirically calibrate the —Mspp—z relation.

4.2. Weak-lensing mass bias

Weak lensing is expected to be the most direct way to probe the
total mass of clusters, given that it does not rely on any assump-
tion on the dynamical state of halos. However, the weak-lensing
inferred cluster mass could still be biased due to inaccurate
assumptions (e.g., Pratt et al. 2019; Umetsu et al. 2020). For
example, clusters are triaxial (Clowe et al. 2004; Corless & King
2007; Chiu et al. 2018b), such that the assumption of the spher-
ical symmetry could introduce bias and additional scatter in the
inferred mass. Another example is that the density profile of
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clusters could deviate from the assumed functional form used
in modeling due to the presence of correlated large-scale struc-
tures or substructures (Clowe et al. 2004; King & Corless 2007).
Moreover, the weak-lensing inferred mass depends on the fitting
range of radii (Applegate et al. 2014), the accuracy of source
photo-z (Kelly et al. 2014), and the effect of miscentering (Rozo
et al. 2011; von der Linden et al. 2014b). Therefore, the mass
inferred from weak lensing is not free from bias and needs to be
calibrated.

In this work, we calibrate the weak-lensing inferred mass by
simulations, similarly to the methodology in Schrabback et al.
(2018a), Dietrich et al. (2019), and Sommer et al. (2022). We
note that a similar approach was also adopted for shear-selected
clusters (Chen et al. 2020). The goal is to calibrate both the
weak-lensing mass bias by as a function of true cluster mass
and redshift, and the intrinsic scatter at fixed mass. To properly
account for the various systematic and statistical effects impact-
ing weak-lensing mass measurements, we follow the method
presented by Grandis et al. (2021). We use the Magneticum®
(Dolag et al., in prep.), a suite of hydrodynamical structure for-
mation simulations, to create a library of halo density contrasts
at different halo masses and redshifts. We then use the system-
atic and statistical properties of our lensing survey described in
Sect. 3 to transform the density contrasts into synthetic shear
profiles. These properties include (1) the multiplicative bias as
a function of the source redshift, (2) the redshift distribution
of selected sources at a given cluster redshift, (3) the cluster
member contamination’, (4) the miscentering distribution of the
eFEDS clusters, and (5) the photo-z bias of lensing sources
observed in the three-year weak-lensing data. The shear profiles
are then drawn including the scatter due to uncorrelated large-
scale structures, as described in Eq. (14). Finally, these shear
profiles are fitted with our shear model following the identical
procedure described in Sect. 3.9 to extract the weak-lensing mass
M. We note that the same radial binning is used in deriving
the Mwy, from both synthetic shear profiles and those from the
HSC data. Given the true halo mass M5y, from the simulation,
we then fit a weak-lensing mass to true halo mass relation at
a given cluster redshift by a log-normal distribution, resulting
in a set of best-fit mean and variance. The posteriors on these
parameters are derived by drawing independent realizations of
the shear library while varying the weak-lensing parameters, as
described in Grandis et al. (2021).

We perform the same procedure above at four different clus-
ter redshifts: 0.25, 0.47, 0.78, and 1.18. With the results at these
four snapshots of redshift, we perform a joint fit of the weak-
lensing mass bias as a function of the cluster true mass and
redshift, which is described as

_ My,
(Inbwr, (Ms00,2)) = <1H (Msoo )>

M50 1+z2
=InA B Inf————— 1 ,
AL B X n(z X 1014h—1M®)+7WL X n(l i 0.6)
42)
with log-normal intrinsic scatter owy at fixed mass,
owe = (Var [In (bwi|Mse0)])? . (43)

4 http://www.magneticum.org/index.html

5 Because there is no clear cluster contamination in this work (see
Sect. 3.6), we set the upper bound of the cluster contamination to 6% at
a level of 20 in the inner most bin, following a projected NFW model
toward large radii.
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Fig. 7. Best-fit weak-lensing mass bias by, normalized to the piv-
otal mass 2 x 10™/~! My, as a function of redshift. This plot shows the
results of the weak-lensing mass calibration including the modeling of
the shear profiles at R > 0.2h7'"Mpc. The results of the four snapshots
in the hydrodynamics simulation are shown by the black points, while
the best-fit redshift trend is indicated by the blue line. We note that we
account for the correlated uncertainties on the calibrated bias among the
four snapshots of redshift when obtaining the best-fit relation.

The resulting constraints on the parameters are

Awr = 0.896 + 0.076,
Bwi = —0.055 = 0.021,
ywi = —0.426 + 0.087,
owi = 0.296 = 0.047 .

(44)

We note that we do not observe significant redshift- or mass-
dependent scatter owr in the weak-lensing mass bias; we
therefore use the same oy, for all clusters in this work. The
weak-lensing mass bias obtained from the simulations and the
best-fit relation as a function of redshift are shown in Fig. 7, in
which we can see that the model provides a good description of
the resulting by .

We also repeat the calibration procedure for the modeling
without the cluster core (i.e., excluding the three inner most
bins), for which the resulting constraints are

Awr = 0.903 +0.057,
Bwi = —0.057 = 0.022,
ywL = —0.474 + 0.080,
owe = 0.238 = 0.032.

(45)

These constraints are used as the priors on the parameters of the
weak-lensing-mass-bias-to-mass relation, which accounts for the
bias of weak-lensing masses in the likelihood modeling.
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5. Modeling of X-ray-observable-to-mass-and-
redshift relations

In this section, we describe the forward modeling of X-ray
observables as functions of the cluster mass and redshift. Given
the X-ray observables and weak-lensing shear profiles of a sam-
ple of eFEDS clusters, our goal is to model the X-ray-observable-
to-mass-and-redshift relations by simultaneously fitting these
observables on the basis of individual clusters.

We perform two types of modeling. First, we model the count
rate 17 as a function of cluster mass and redshift together with the
mass calibration, using the observed shear profiles from the HSC
data. Second, we model the follow-up X-ray observables (Lx,
Ly, Tx, Mg, and Yx) as a function of cluster mass and redshift,
jointly with the modeling of the count rate and the weak-lensing
mass calibration. These two types of modeling are described in
Sects. 5.2 and 5.3, respectively.

It is important to stress that these fitting frameworks account
for Malmquist bias arising from the selection function of eFEDS
clusters, and for Eddington (1913) bias due to the steep gradient
of the halo mass function. We have fully verified and extensively
used these modeling strategies in previous work (Bocquet et al.
2015, 2019; Liu et al. 2015; Chiu et al. 2016b, 2018a, 2020b,a;
Bulbul et al. 2019; Schrabback et al. 2021), to which we refer
readers for more details.

Although the eFEDS clusters are selected by both the detec-
tion likelihood and extent likelihood, instead of the observed
count rate 77 as the main X-ray proxy used in this work, we note
that our strategy to model the scaling relation still provides the
unbiased result, as demonstrated in Grandis et al. (2020).

It is important to stress that we do not impose any additional
cut on the follow-up observables, including the weak-lensing
shear profile, such that the selection of the cluster sample does
not depend on them and is only determined by the selection
used in constructing the initial cluster catalog. Therefore, the
likelihoods presenting the weak-lensing mass calibration and the
modeling of the X-ray scaling relations (in Sects. 5.2 and 5.3,
respectively) are complete and free from the selection bias.
Moreover, the inclusion of the modeling of the correlated scatter
among the X-ray follow-up observable, the weak-lensing mass,
and the count rate accounts for the possible selection biases in
the X-ray scaling relations.

By using mock catalogs that are at least ten times larger
than the eFEDS sample, we verified that the modeling codes can
recover the input parameters within statistical uncertainties that
are V10 ~ 3 times smaller than those expected for the real sam-
ple. The mock catalogs are generated following the procedure in
Grandis et al. (2019), and we perform the modeling on them in
an identical way to that used on the real data. This ensures that
the results in this work are robust and unbiased.

5.1. Functional forms of X-ray scaling relations

We first summarize the functional forms used to describe the X-
ray observable-to-mass-and-redshift relations. The adopted form
follows that in Bulbul et al. (2019), in which there are five param-
eters describing the behavior of an observable as a function of
mass and redshift. Specifically, for an X-ray observable labeled
X, we have
— Ay describing the normalization at the pivotal mass M;, and
the pivotal redshift zp;y;
— By describing the overall power-law index in mass;
— yx describing the deviation from the self-similar redshift
evolution (Kaiser 1986) of the observable X;
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— Oy characterizing the redshift-dependent power-law index in
the cluster mass;
— 0 x describing the log-normal scatter of X at fixed mass.
In this way, the X-ray observable-to-mass-and-redshift (X-

M500—2z) relation reads,
1+ M
z ) o ln( soo)
1+ Zpiv Mpiy

(1nX|M500) = lI]AX
E(2) 1+z
+C X In +vyx XIn
8K (E(Zpiv)) yX (1 Ipiv

with log-normal intrinsic scatter at fixed mass of

+

Bx+(5,\/1n(

) ., (46)

ox = (Var [In X|Msoo])? , (47)

where Csgx is the power-law index of the observable X in
redshift predicted by the self-similar model. In this work,
we have five follow-up X-ray observables, namely X =
{Lx, Ly, My, Tx, Yx}. We model the X—Msp—z relation sepa-
rately for each X-ray observable. The self-similar prediction of
Css x for each of them is listed in Table 1.

For the count-rate-to-mass-and-redshift (7—Msg0—z) relation,
we additionally include two factors: the scaling depending on the
luminosity distance Dy to the redshift of clusters (Grandis et al.
2019), and the count-rate bias b, calibrated by the simulations
(see Sect. 4.1). The resulting 7—Mspp—z relation reads,

(Iny|Msp0) = InA,
(Msoo)
X In
Mpiv

1+
+ B,,+6,,ln( < )
1+Zpiv
1+z
+C XIn[—— ]+ 7y, XIn
S5 (E(Zpiv)) 7 (1+Zin)

E@)

D
—2x1In [—L @ ] +In (b,7 (M50, Z)) , (48)
Dy, (Zpiv)
with log-normal intrinsic scatter at fixed mass of
1
oy = (Var [InnlMsep0])? 49)

Throughout this work, except for T'x and Yx, we use the pivotal
mass Mpiy = 1.4 x 10"*h™! M, and the pivotal redshift z,,, = 0.35
as the median values of our eFEDS cluster sample. As the scaling
relations of T'x and Yx are derived based on the subsample (see
Sect. 2.4) with a relatively high mass scale, we instead use the
pivotal mass My, = 2.5 X 10"*A7' M, for X € {Tx, Yx}.

5.2. Weak-lensing mass calibration

Our goal is to model the observed X-ray count rate n of eFEDS
clusters as a function of cluster mass and redshift with the weak-
lensing calibration using the observed shear profile of individual
clusters.

Specifically, given a cluster at redshift z; with an observed
X-ray count rate i and a shear profile g,, we compute the prob-
ability of observing g, given 1 and a set of the parameter p,
namely,

N (g+,7lzc1, p)
N (7|1, P)
_ [ P (9. 1lMs00. 21, P) 1 (M500, 2e1) dMiso

[ P 0lMso0. zc1. p) n (M50, 2e1) dMisgo

P(gin,za,p) =

(50)
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Table 1. Summary of the priors used in the modeling (see Sect. 5.4 for
more details).

Parameter Prior
The My1—Ms00—2 relation
Eq. (42)
AwL N(0.896,0.076) or N'(0.903,0.057%)
Bw. N(-0.055,0.021%) or N (=0.057,0.022?)
YWL N(-0.426,0.087%) or N (—0.474,0.08%)
OwL N(0.293,0.047%) or N(0.238,0.032%)
The n—Msyy—z relation
Eq (48) with CSS,I] =2
A, U0,0.5)
B, UQ,5)
Oy U-3,3)
Ya U-3,3)
oy N(0.3,0.08%) and 74(0.05,0.8)
Ag N(0.18,0.022)
B¢ N(-0.16,0.03%)
Of N(-0.015,0.05%)
e N(0.42,0.03%)
The X—M 50—z relation
Eq. (46)
Bx UuQ,s)
Sx U-3,3)
Yx U-3,3)
ox U(0.05,0.8)
X = LX with CSS,LX =2
= U0, 10%)
X = Lb with CSS,Lh = 7/3
= U10*, 10)
X = TX with CSS,TX = 2/3
Ar,
= U(0.5,25)
X = Mg with CSS,Mg =0
Apm,
M—Og UGB x 10,5 x 10'3)
X = YX Wlth CSS,YX = 2/3
Ay.
kev-)&@ U102, 10')

Correlated scatter

PWLX> PWLyPxy  U(=0.9,0.9)
Miscentering
Simis N(0.54,0.02%)
O mis N(061, 0032)
Cosmological parameters

Qum N(0.3,0.016%)

o N(0.8,0.014%)

Hy N(70,5.6%)

Notes. The first and second columns represent the name of and the
prior on the parameters, respectively. The former and latter priors on
the parameters of the My —Msp—2z relation describe the cases of mod-
eling the lensing profile with R > 0.2h"'Mpc and R > 0.5h~'Mpc,
respectively.

where N (17|z.1, p) and N (g, lzc1, p) denote the numbers of clus-
ters observed with the count rate n7 and the observable set {g,, 1},
respectively; n(Msg, zq) is the halo mass function evaluated
at the true cluster mass Msgy at the cluster redshift z, using
the Bocquet et al. (2016) fitting formula with the inclusion of
baryons; P (7IMso0, Ze1, P) and P (g, 1nlMso0, 21, p) describe the
probabilities of observing  and {g., i1}, respectively, for the clus-
ter with the true mass M5 at the redshift z.| given the parameter
set p. In Eq. (50), the inclusion of the halo mass function is
needed to account for the Eddington (1913) bias. We note that
the difference in the final results obtained between the dark-
matter-only and hydro-simulation mass functions is expected to
be negligible given the current sample size (Bocquet et al. 2016;
Castro et al. 2021).

The probability P (7|Msoo, zc1, p) in the denominator of
Eq. (50) is calculated as

P (mIMs00, 2c1, P) = fdﬁp(mﬁ)P(ﬁlMsoo,ch,P), (51

where the term P (7| Ms00, zc1, p) describes the log-normal dis-

tribution of the pristine count rate 77 with the mean following

Eq. (48) and the intrinsic scatter o-,. This characterizes the intrin-

sic distribution of the pristine count rate while including the

observed bias b, calibrated by the simulations. The term P (7|7})

accounts for the measurement uncertainty of 7 with respect to 7.
The probability P (g+, 171Ms00, Zc1, P) reads

P (g+,11M500, Zc1, P)

= ffdf]dMWLP(g+|MWL)P(77|7~7)P(MWL77~7|M500,Zc17p) ,
(52)

in which the term P (g.|Mw) accounts for the measurement
uncertainty of the observed g, given the weak-lensing mass
My, which is evaluated using Eq. (39). The term P(Mw,
M50, Zc1, p) then describes a joint distribution of Mwy and 7
characterized by both the intrinsic scatter of these two quantities
and the correlated scatter between them given the underlying true
cluster mass Msgg. That is, P (Mwy, filMs00, Zc1, p) follows a mul-
tivariate log-normal distribution of (Mwy, 7}) characterized by an
intrinsic covariance matrix,

2
OwL O'WL‘Tr]szL,n) . (53)

ZMW n =
L,
OWLO 3PWL,; o n

where pw, is the correlation coefficient between My, and 7.

In this way, the joint likelihood of a sample comprising
N eFEDS clusters, given the set of observables {g, ;, ni}f\fll, is
calculated as

Nai

L@ =] ]P(g-imp) -

(54)

i=1

In this framework, we have a parameter set p consisting of 19
free parameters, that is,

P = Py Y Pr U PwL U Pmis U {owLy} U Pe
Py = 1Ay, By, 6y, s 0y
pr = {At, B, 1, 0t}
pwL = {AwL, BwL, YwL, owL},
Pmis = {/mis> OTmis} »
{

Pc = QM’ H07 0-8}5 (55)
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where p,, describes the n—Msp—z relation as in Eqgs. (48); pr
and pwr describe the b,—Msp—z and Mwy—Msp—2 relations
in Egs. (40) and (42), respectively; and pps characterizes the
miscentering distribution as in Eq. (20); p. consists of the cos-
mological parameters, i.e., Qum, Ho, and og, which we vary in the
modeling below.

5.3. Joint modeling of X-ray scaling relations

A joint modeling of an X-ray observable X scaling relation and
the weak-lensing mass calibration (as described in Sect. 5.2) is
described as follows. Given an eFEDS cluster at redshift z,; with
an available set of observables {X, g., 17}, we evaluate the proba-
bility of observing the cluster with X and g, given 17 and the set
of parameters p. That is,

N (X’ g+9 7]|Zch p)
N (1lza1, )
B [ P(X, g, nlMso0, ze1, p) n (Moo, ze1) dMsg

[ P 01l M5s00, ze1, ) n (M50, Ze1) dMsoo
(56)

P (Xs g+|ns Zels p) =

where P (X, g+, nMs00, Ze1, P) is the joint probability of observ-
ing the cluster with the observables of {X,g.,7n} at the true
cluster mass Msgo and redshift z, given the parameter p. This
term is calculated as

P((\’,g+,77|M500,Zc1,P)=fffdﬁdMWLdX

P(XIX) P (g:IMwL) P (1lip) P (X, Myv, 71 Ms00, 21, p) - (57)

In an analogy to Eq. (52), the term P (/\7, M, 7l M50, 21, p)

describes the intrinsic distribution of {X, Mwy, 7} given the
true cluster mass Msgy, assuming a multivariate log-normal
distribution characterized by an intrinsic covariance matrix,

2

OwL OWLO XPWL,X O WLOPWLy
2
ZMWL,XJ] = | OWLO XPWL.X Oy O—XO-HZPX’U s
OWLOPWL,y OXO3PXy (o

(58)

where pxy denotes the correlation coefficient between the
observables X and Y. The term P (X |X ) evaluates the probabil-

ity of observing X with the measurement uncertainty given the
intrinsic value of X predicted at the true cluster mass Ms.

If a cluster is not covered by the HSC survey (thus does not
have an observed weak-lensing shear profile), we evaluate the
probability of observing this cluster with the X-ray observable X
given the count rate 77, namely,

N(Xs n'ZCI, p)
N (|zc1, p)
_ [ P (X.nMsp0, 21 p) n (Ms00, ze1) dMs0

[ P 0500, ze1, P) n (M50, z1) dMso0

P (Xln’ Zels p) =

(59)

We note that Eq. (59) is identical to Eq. (50) with a substitution
of g, with X. Accordingly, the probability P (X, 71Msuo, zc1, P) 1S
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calculated as

P (X’ 77|M500, Zels p)

= f f ddXP (XIX) P (rlip) P (X, i1l M50, ze1, B) , ~ (60)

where P(X L 71l M's00, 21, p) describes the intrinsic distribution of

{X, 7} characterized as a two-dimensional log-normal distribu-
tion with a covariance matrix of
o3 TXTpPX
Sxn = X L 61
X (O—X TnPXn 0—727 ) 6D
If a cluster does not have the X-ray observable X but simply
a weak-lensing shear profile, the likelihood reduces to the pure
mass calibration, as in Eq. (50).
Finally, the likelihood of the joint modeling given a sample
of eFEDS clusters is calculated as

L(p) = 1_[ P(Xi,q. nip)

i=1

<[ 12 (onnsp) < [ TP imp, ©2)
J= -

where i runs over the clusters with the available observables of
{X, g+n}, j runs over the clusters with only observed shear pro-
files but X, and k runs over the clusters with only X but g,. In
total, we have a parameter set p consisting of 26 free parameters,
ie.,

pszUpFUpXUpWLUpmisUppUPC7
Px = {Ax, Bx,0x,Yx,0x} »

Py = {PWLX> PWL > PX.p ) (63)

where p,, Pr, PwL, Pmis» and p. are defined in Eq. (55); px
describes the X—Mspo—z relation; p, denotes the intrinsic cor-
relation coefficients among the three observables.

It is worth noting that we expect a degeneracy between the
parameters of the scaling relations obtained in a forward mod-
eling. This is because we are constraining the scaling relations
between the true cluster mass Msp and the multiple observ-
ables {X,n,g.}, where the latter is fixed in the modeling. In
this way, the posteriors of M5y and the scaling relation param-
eters are simultaneously obtained by exploring the likelihood
space. As a result, a change in the posterior of the normaliza-
tion of one relation, for example, will coherently change those
of the other scaling relations given a set of fixed observables.
This is especially true for the parameters between the 7—Msp—z
and X—M5gp—z relations, because the degeneracy with the weak-
lensing mass will be broken by applying informative priors on
the parameters of the My —Msp0—z relation (see Sect. 4.2). We
see below that the strongest degeneracy occurs in the case of
X = M, (see Sect. 6.4). Despite the degeneracy, we stress that
the inclusion of the —Ms5pp—z relation in modeling the X—Msq0—
z relations is still needed, because the count rate is used as
the X-ray mass proxy. By including the n—Msp—z relation, we
fully account for the parameter degeneracy in constraining the
X—M500—Z relation.

It is also important to make one remark: As in Eq. (62), we
use all available 313 shear profiles in modeling the X—Mspp—z
relations, such that the constraining power from the weak-lensing
mass calibration essentially remains the same for all cases of X =

{LX, Ly, Tx, M, YX}. Even in the modeling of T'x and Yx scaling
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Table 2. Parameter constraints on the X-ray scaling relations.

Model Ay B, Oy Y oy Ax Bx Ox X ox PWLX PWLy Py Nypg. Nxng. Nxg

WL Mass Calibration 0.12410032 1.58*017 1.0719  -0.44*081 03012905 - - - - - - 0015% - 313 - -

WL Mass Calibration (R > 0.2 ™'Mpe)  0.124%092 1.54*017 0.9%19 —0.04*0%2 020410081 _ - - - - - 022103 - 33 - -
The Lx—Mspo.—z Relation + WL Mass Calibration 0,124‘:3’:& LSOfﬂ :_5, O.Sf{g 7050‘:3;3 0337:8:323 3.3613‘33 1A44f8’}§ 70A07fé’%g 7051‘:8:32 0.120:'8:[')25 0.24:3;3 70.21f3“;: 0A35fg:§g 0 313 121
The Ly~Msooe—2 Relation + WL Mass Calibration 0.127+0922 1.55+016  02#13 _0.67*09 0305°002  92+16 150 £0.14 02713  —0451% 010201423 061402 —031°040 03842 0 313 121
The Tx-Msooe— Relation + WL Mass Calibration 0.130*0920 161017 0.6*12 —0.61*038 02880967 327+026 0,65+ 0.11 —0.02°0% —1.03*03 0.069*0%! 047036 0.00%0%] 0.65*92 266 47 17
The My~Msp.—z Relation + WL Mass Calibration 0.114*0919 1.49*015 | 56085 0.16*0%0 03611004 1,08 +0.13 1.190°0% 0407078 03203 0.074*0963 0.08*0% -0.30'032 06393 0 313 121
The Yx—Msooc—z Relation + WL Mass Calibration 0.128*0%20 1.60°018 0.73*}39 —0.36:077 0.224*0970  6.9*15  1.78*020  _1.1*19 —1.437}20 0.106°017) 0.12:03 —0.447030 0.794*09% 266 47 17

Notes. The first (second) row contains the result of the weak-lensing mass calibration, which is to simultaneously model the count rate r7 and the
shear profile ¢, in a radial range of R > 0.5h~'Mpc (R > 0.2h'Mpc). The following rows present the joint modeling of the follow-up X-ray scaling
relation and the weak-lensing mass calibration. The first column records the type of modeling. The second to sixth columns contain the best-fit
parameters describing the n—Msy—z relation. The seventh to eleventh show the parameter constraints of the target X—Ms—z relation. The twelfth
to fourteenth columns record the correlation coefficient in the intrinsic scatter among the underlying mass proxies. In each modeling, the number
Nywr (Nxqwi, Nx,;) of clusters used with the observable set of {n,g.} ({X,n,g.}, {X,n}) is shown in the fifteenth, sixteenth, and seventeenth

columns.

relations, where only 64 clusters are present with temperature
measurements, the relative errors on the normalization (A7, and
Ay, ) are much better than what would be obtained with the first
term in Eq. (62) alone, which is due to the fact that we have
fully used the available data sets in two surveys. The numbers of
clusters used in each modeling with the combination of the data
sets are presented in the last three columns of Table 2.

5.4. Statistical inference

Our statistical inference can be written in a generic form as fol-
lows. Letting p be a set of parameters describing the modeling
and D a data vector, the posterior P(p|D) of p given the observed
data can be written, through Bayes’ theorem, as
P(p|D) < L(Dlp) - P(p) (64)
where L(DIp) is the likelihood of observing D given the param-
eter p, and P(p) is the prior on p. The parameter space is
explored by the Affine Invariant MCMC algorithm, which is
carried out by emcee (Foreman-Mackey et al. 2013, 2019).

The following priors are adopted in the modeling: The con-
straints on the parameters describing the bias in the observed
count rate and the weak-lensing mass, as in Egs. (40) and (42),
respectively, are used as the priors on these parameters. This
effectively accounts for the bias in the observed quantities using
the simulation calibration (see Sect. 4). When constraining the
n—Mso0—z relation, we adopt a Gaussian prior on the log-normal
scatter o, derived from the simulation. Specifically, this includes
two factors: First, the intrinsic scatter of the true count rate
within each mass and redshift bin in the middle panel of Fig. 6 is
quantified at a level of ~22%. Second, the scatter of the residual
in In b,, between the model and the simulated data is at a level of
~8%, as evaluated using all mass and redshift bins in the right
panel of Fig. 6. These two lead to the intrinsic scatter of i at
a level of #30% in total. As a result, we use a Gaussian prior,
N(0.3,0.08%) with a dispersion of 0.08 on o, We note that the
scatter of the modeling residual at a level of 8% is used as the
dispersion of the Gaussian prior as a conservative estimate.

When modeling other X-ray observable-to-mass-and-
redshift relations, we adopt uniform priors on the parameters.
The Gaussian priors on the parameters, funis and o, are
adopted following the constraints of the miscentering, as
quantified in Sect. 3.7. We adopt the Gaussian priors on the
cosmological parameters, i.e., Qu, og, and Hy, based on the

forecast from Grandis et al. (2019) if including the ground-
based weak-lensing mass calibration. The adopted priors are
summarized in Table 1.

6. Results and discussion

We first present and discuss the mass calibration in Sect. 6.1;
we then turn to the constraint of the follow-up X-ray scaling
relations in Sects. 6.2-6.5.

6.1. The n—M5pp—2z relation and the cluster mass Msgg

The count rate-to-mass-and-redshift (7—Msp—z) relation is
obtained by simultaneously modeling the observed count rate 7
and shear profile g,, as detailed in Sect. 5.2. The parameter con-
straints are shown in Fig. 8 and listed in Table 2. We only present
the parameters of the n—Msyy—z relation and correlated scatter in
Table 2, as others are largely following the adopted Gaussian
priors.

As clearly seen in Fig. 8, there is no statistical difference
between the modeling of shear profiles at R > 0.2h~'Mpc and
R > 0.5k 'Mpc. This consistency is not trivial: as we adopt
the different simulation-calibrated priors on the parameters of
{AwL, BwL, YwL, 0w} for the cases of R > 0.2h‘1Mpc and R >
0.5h~'"Mpc (see Sect. 4.2), the consistent results suggest that the
simulation-calibrated Mw—M5pp—z relation accurately accounts
for the weak-lensing mass bias, especially at the cluster core.
Hereafter, we focus on the results of the modeling with R >
0.5h~'Mpc, as the default analysis of the mass calibration in this
work.

The resulting count-rate-to-mass-and-redshift relation is
obtained as

(e
counts/sec

(1_58f8211) n (I.Ofiﬁg) ln(11+—+Z§iv)

M500)> = In (0.124700%)

M
+ X In ( 500 )
Mpiv

+2><ln( E@ )—2><ln
E(Zpiv)

1+z
+0.81
+(-0.447051) x ln( .

Dy (z)
Dy (Zpiv)

) +In (b,](Ms()o, Z)) s (65)
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and weak-lensing shear profiles. The results from the modeling of shear

profiles at R > 0.2 h~'Mpc and R > 0.5 h~'Mpc are shown in green and blue, respectively. The marginalized posteriors of the parameters are
presented in the diagonal subplots, where the priors are indicated by the dotted lines. The off-diagonal subplots contain the correlations between the
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for clarity. As seen, there is no clear evidence of a difference in the results between the modeling of shear profiles at R > 0.2 2~'Mpc and

R > 0.5 i~ 'Mpc.

= 03017008

In (b,,(M500, z)), characterizes the bias in the observed count rate
with respect to the true count rate through the simulation cali-
bration, as described in Sect. 4.1. By subtracting In (bn(M 500, z))

from Eq. (65), the remaining terms describe the true count-rate-
to-mass-and-redshift relation.

With the derived —M5pp—z relation, we estimate the lensing-
calibrated posterior of the cluster mass Msg, for each cluster at
the redshift z given the observed count rate 7, as

P(Msooln, z, p) o< P(17lM500, 2, p) P(Ms00l2, P),

where p is the best-fit parameter of the modeling, and

with the log-normal scatter of o, The last term,

(66)

All, page 20 of 41

P(Ms|z, p) is the normalized mass function evaluated at the
cluster redshift. We then randomly sample a mass estimate from
the resulting posterior as the ensemble mass for individual clus-
ters (see more applications in Bocquet et al. 2019; Chiu et al.
2020a). In this way, the individual cluster mass is statistically
inferred from the ensemble population modeling. The same
method but with a different terminology, the “mass forecasting”,
has been used to estimate the mass of clusters based on the X-ray
temperature in the XXL survey (Umetsu et al. 2020). We show
the ensemble mass of each cluster in Fig. 9. The eFEDS sample
spans a mass range between ~10'34~' M, and ~10'*3471 M, in
terms of Msgo, of which low-mass systems (Msg < 10'*h~1 M)
are mostly at low redshift (z < 0.4). The typical uncertainty in
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Fig. 9. Cluster mass M5, and redshift z of each cluster color coded by the quantity f.on. The mass is randomly sampled from the posterior of Msgy

as an ensemble mass (see Eq. (66)).
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Fig. 10. Observed count rate ;7 as a function of the cluster mass Msy (left panel) and redshift z (right panel). The circles in the left and right panels
represent the measurements of 77 color-coded by the cluster redshift and mass, respectively. The gray shaded regions are the best-fit models. In the
left (right) panel, we normalize the observed count rate to that at the pivotal redshift z,;, = 0.35 (pivotal mass M, = 1.4 X 1017 M).

the cluster mass is at a level of ~27% (~32%, ~24%) for a clus-
ter with Msgo ~ 101 ' My (=103~ M, ~10'**h~' M,). The
mass Msqg of the eFEDS clusters is presented in Appendix C.
We show the observed count rate 7 as a function of the clus-
ter mass Msgo and redshift z, together with this best-fit model,
in Fig. 10. When showing the mass-trend in the left panel, we
divide the count rate by the redshift-dependent quantities at the
cluster redshift. In this way, the count rate 5 is re-normalized
to the pivotal redshift. Similarly, we re-normalize the count rate
to the pivotal mass when showing the redshift trend in the right
panel of Fig. 10. As seen, the best-fit model provides a good
description of the eFEDS clusters. Based on the result, the true

count rate observed by eROSITA is 0. 124f8:8g counts per second

for a cluster with the pivotal mass My, = 1.4 x 10"*A~! M, at the

pivotal redshift zp;, = 0.35. Moreover, the true count rate scales

. . +0.17 - +0.81
with mass and redshift as XMsg'8%01 and (1 + z)~0%oss,

respectively, without significant cross-scaling (5, = 1.07}9). We
stress that there is no significant deviation from the expected
redshift trend of the true count rate (y, = —O.44J_r8:§;), which
is consistent with what we observe in other X-ray scaling rela-
tions for the eFEDS sample. We continue our discussion of this
perspective in Sects. 6.2-6.5.

For both the lensing modeling with and without the clus-
ter core, the correlated scatter pwr , between the count rate and
weak-lensing mass is constrained as statistically consistent with
zero. This suggests that the true count rate and weak-lensing-
inferred mass are nearly independent of each other. This is in line
with the picture that the source of the intrinsic scatter in X-rays
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Fig. 11. Stacked weak-lensing shear profile (black points), and the best-
fit lensing models with (blue-dashed line) and without (red-dotted line)
the miscentering component. The open circles indicate the inner regime
of R < 0.5 h~'Mpc, which are not used in the fiducial lensing model in
this work.

and in the optical is not strongly correlated. The former is related
to various activities in the ICM caused by either the output of
energetic sources or the thermal emission of clusters, while the
latter is largely attributed to the halo orientation, concentration,
and the projection of line-of-sight structures.

Finally, we show the stacked shear profile and the best-fit
models in Fig. 11. To derive the stacked profile, we properly
weight the lensing shear profiles g, of individual clusters at each
radial bin. We use the diagonal term® of the lensing covariance
matrix (see Eq. (14)) as the radius-dependent weight for each
cluster. We repeat the same stacking procedure for both observed
shear profiles and those predicted by the best-fit parameters, as
shown by the black points and blue-dashed line, respectively. We
additionally derive the best-fit model without the miscentering
by setting f,is = 0, as shown by the red dotted line. It is seen that
the best-fit model with the miscentering provides a good descrip-
tion of the stacked shear profile, and that the miscentered model
comes into agreement with that of perfectly centered sources at
R 2 0.5h'Mpc. This picture is also supported by the consis-
tent constraints between the lensing modeling with and without
the cluster core. However, we note that the best-fit miscentered
model (blue-dashed) is slightly lower than the stacked shear pro-
file (open circles) in the inner radial range R < 0.5 h~'Mpc at a
level of <10, indicating that the miscentering of the X-ray cen-
ters is over-corrected. This is not surprising, as the modeling
of the miscentering is based on the offset distribution between
the X-ray and optical centers, instead of the former and the
true center, in which case the offset distribution is prone to
the miscentering of the optical centers (see more discussions

¢ In the case that off-diagonal terms are large, the exact form including
the correlation among radial bins must be used, as Eq. (136) in Umetsu
(2020). In this work, the off-diagonal terms in the lensing covariance
matrix are small, and we stack the measurements only for the pur-
pose of visualizations. Thus, we use the diagonal approximation when
producing Fig. 11.

All, page 22 of 41

in Sect. 3.7). We stress that the modeling of the miscentering
is subdominant to our results, and that the use of simulations
to calibrate the X-ray miscentering is clearly needed in a future
work.

6.2. The Ly—Ms5p0—2z relation

The luminosity-to-mass-and-redshift relation has been inten-
sively studied (e.g., Reiprich & Bohringer 2002; Maughan 2007;
Vikhlinin et al. 2009; Arnaud et al. 2010) and has been shown
to have larger scatter at fixed mass than other X-ray mass prox-
ies. This scatter is suggested to be related to complex mergers
(Ritchie & Thomas 2002; Poole et al. 2008) or the nature of
cluster cores, for example, the presence of a cool core (Pratt et al.
2009). Despite the large scatter, the X-ray luminosity is relatively
easy to obtain with a high S/N, and thus becomes a convenient
mass proxy for clusters with only a few tens of photon counts.
Moreover, the luminosity has a direct link to the observed count
rate 77, which is used as the mass proxy in this work. Therefore,
the luminosity provides straightforward access to the physical
properties of eFEDS clusters.

The luminosity-to-mass-and-redshift relations predicted
from the self-similar model (Kaiser 1986) are

Lx o« Msg X E(2)*,
and
Ly o« Msg® X E(Z)% ,

for the soft-band and bolometric luminosities, respectively. We
refer readers to Bohringer et al. (2012) and Giodini et al. (2013)
for a more recent and complete discussion of the self-similar
scaling among X-ray observables. Here, we assume that the
emissivity in the soft band does not depend on the temperature
(see Fig. 1 in Mohr et al. 1999), such that the mass and redshift-
dependence of the temperature does not enter into the soft-band
luminosity-to-mass-and-redshift relation.

The parameter constraints from the joint modeling of the
Lx—Ms00—z (Ly—M509—2) relation and the weak-lensing mass cal-
ibration are shown in Fig. 12 (Fig. 13). The results are listed
in Table 2. In this work, the Lx—Ms500—z relation of the eFEDS
sample is derived as

(n(2
In[—
ergs

(1447214 + (<0.077120) 1“(

M500)> =1n(3.367)3) + In(10*)
1+
z ) y 1n(Msoo)
1+ Zpiv Mpiv

1+z
+0.93
) + <—O.51,o475) XIn (1 + Zpiv ) ’

+

E(z)
Zpiv

2% m( 67)

with the log-normal scatter of o7, = 0.12070:138 at fixed mass.

Meanwhile, the Ly,—M5(0—z relation is derived as

<ln(% M500)> =1In (9.23;2) + 1n(1043)

1+z
1.3
(1.59 +0.14) + (0.2;,1)111(1 " Zpiv)

+

y ln(Msoo)
Mpiv
7 E(Z) 1.00 1+ Z
= x1 -0.45% 1 ,
i 3 8 n(E(Zpiv)) " ( _0'86) < 1+ Zpiv

with the log-normal scatter of o, = 0.102*) 2. The soft-
+0.53
X

band (bolometric) luminosity is constrained as 3.3677

(68)
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Fig. 12. Parameter constraints in the joint modeling of the Ly—Ms5—z relation and the weak-lensing mass calibration. The weak-lensing mass
calibration consists of the modeling of X-ray count rates and shear profiles at R > 0.5 h~'Mpc. The result of the weak-lensing mass calibration is
shown in blue, while that of the joint modeling with the Lx—MS5po—z relation is shown in red. The marginalized posteriors of the parameters and the
correlation between them are presented in the same way as in Fig. 8. The adopted priors are indicated by the dotted lines in the diagonal subplots.

10" (9.2%14 x 10¥) ergs at the pivotal mass My, = 1.4 X
10'7"M,, at the pivotal redshift z,, = 0.35. The intrinsic

scatter of the soft-band (o, = 0.120f8:(1)23) and bolometric

(o1, = 0.102*3133) luminosity are statistically consistent with
each other. We note that the asymmetric posterior of the scatter
is mostly due to the lower bound of the imposed prior.

We discuss our results as follows. First, a mass-trend slope
that is steeper than (statistically consistent with) the self-similar
prediction is obtained for the Lx—Ms500—z (Ly—Ms500—2) relation

with By, = 1.44f8:{‘3‘ (Br, = 1.59 + 0.14), corresponding to a

significance level of ~3.40" (=1.707). Second, there is no sig-

nificant deviation in the redshift trend (y,, = —0.517072 and
v, = —0.457;%9) from the self-similar model (y = 0). Finally,
no sign of a redshift-dependent mass trend (5., = —0.07*)35 and

or, = O.Zf}:f) is revealed for the eFEDS sample. This picture
can be better visualized in Figs. 14 and 15 for the Lx—Ms00—
z and Ly—Ms5p0—z relations, respectively. In Figs. 14 and 15,
we also re-normalize the luminosity to the pivotal mass and
redshift, respectively, as done in a similar way in Fig. 10.
As seen in Fig. 15, the mass and redshift trends of L, are
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Fig. 13. Parameter constraints in the joint modeling of the L,—MS5¢,—z relation and the weak-lensing mass calibration presented in an identical way

to those shown in Fig. 12.

statistically consistent with the self-similar predictions. For Lx in
Fig. 14, the mass-trend slope of the best-fit model (gray shaded
region) is steeper than that predicted by the self-similar model
(red dashed line) in the left panel, while the redshift trends
of them show good consistency in the right panel. These are
all in broad agreement with the results of Bulbul et al. (2019),
despite the fact that their sample of clusters is selected by the
SZE signature observed by the SPT. We stress that the SPT
sample of Bulbul et al. (2019) only probes massive clusters with
Msy 2 103171 M, while the eFEDS sample includes low-
mass systems with Mspy < 10"#h~'M,,. That is, this picture still
holds down to a group scale for luminosity—mass—redshift rela-
tions. Our result for Ly suggests that (1) the mass-trend slope of
eFEDS clusters is steeper than the self-similar prediction down
to a mass scale of Mspy ~ 1034~ M, while the redshift trend is
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in good agreement with the self-similarity out to redshift z = 1.3,
and that (2) there is no significant difference in the luminosity—
mass-redshift relation between the eROSITA-selected and the
SZE-selected clusters.

In terms of correlated scatter, we find no clear correlation
between the count rate and the luminosity (oz, , = 0.35%022 and

-0.45
PLyy = 0.38f8:§§; see also Figs. 12 and 13). Meanwhile, no clear
correlation is seen between the luminosity and the weak-lensing
mass (pwL, = 0.24*03% and pwr s, = 0.61732%). No correla-
tion is shown between the count rate and weak-lensing mass
either, as consistent with the result in Sect. 5.2. We note that
we do expect positive pr, , and pr, 5, given a direct relation
between the count rate and luminosity. However, the constraining
power based on the eFEDS sample is generally not strong enough

to precisely constrain the intrinsic correlated scatter. A larger
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Fig. 15. Observed bolometric luminosity Ly as a function of the cluster mass Msqy (left panel) and redshift z (right panel). This plot is produced

and shown in the same way as in Fig. 14.

sample based on the first-year eROSITA survey will significantly
improve these constraints in a future work.

Comparisons with the literature

The Lx—Ms5p0—z relation of the eFEDS sample has a mass trend
(Br, = 1.44*013) that is broadly consistent with the literature,
including Pratt et al. (2009) who found a slope of 1.62 + 0.12
using an X-ray-selected sample of clusters (REXCESS) at red-
shift z = 0.1, Vikhlinin et al. (2009) with a slope of 1.61 = 0.14
from a cluster sample out to z = 0.5 using high-quality Chandra
data; Andersson et al. (2011) who derived a slope of 1.16 + 0.20
using a sample of 15 SPT-selected clusters with the redshift scal-
ing fixed to E(z)'%; Lovisari et al. (2015) in which a slope of
1.39 + 0.05 was obtained from a sample of local clusters and
groups down to a mass scale of ~10'>M,; Mantz et al. (2016)
where a slope of 1.35 + 0.06 is obtained for a sample of =200

clusters selected from the ROSAT survey; and Bulbul et al.
(2019) who derived a slope of 1.93f8}g using 59 SPT-selected
clusters out to redshift z ~ 1.3 observed with the XMM-Newton
telescope. Schellenberger & Reiprich (2017) obtained a slope of
1.35 £ 0.07 for an X-ray-flux-limited sample based on a joint
data set from Chandra and ROSAT. Except for Bulbul et al.
(2019), which has a steeper slope than ours at a level of 20, the
resulting mass trend of the soft-band luminosity of the eFEDS
sample is in agreement with the literature at a level of < 1.50.
We show the comparison of Lx with the literature in the upper-
left panel of Fig. 16, in which we additionally include the result
of the simulated clusters (golden stars) from the C-Eagle cosmo-
logical hydrodynamical simulation (Barnes et al. 2017) and the
self-similar model (blue line) with the normalization anchored
to the best-fit value of the eFEDS sample. As seen, the mass
scaling of the eFEDS sample is consistent with that found by
these latter authors, including the simulated clusters, and shows
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Fig. 16. Comparison between the eFEDS sample and the results from the literature for Lx (upper-left), Tx (upper-right), M, (lower-left), and
Yx (lower-right). The eFEDS clusters are shown by the circles color coded by the redshift. The 68% confidence levels of the best-fit models at
the pivotal redshift zy;, = 0.35 are plotted as the gray shaded regions. The self-similar prediction with the normalization anchored to the best-fit
value of the eFEDS sample is shown by the blue line, while the results from the literature are indicated by different colors. The simulated clusters
(Barnes et al. 2017) are marked as the golden stars. We apply a correction factor to the cluster mass from the literature to account for the systematic

difference in M5, following Appendix D.

a steeper mass trend than the self-similar model (B = 1) at a level
of =30

In terms of the bolometric luminosity Ly, we find that the
resulting slope of the eFEDS sample (B, = 1.59 + 0.14) is
shallower than that from Pratt et al. (2009) and Bulbul et al.
(2019), with 1.90 + 0.11 and 2.12+%23  at a level of ~1.60 and

-0.18°
~2.20, respectively. It is worth mentioning that a mass scaling

of Ly o Msool'szfgﬁfl)g was obtained by combining heterogeneous
samples in Reichert et al. (2011), which is in good agreement
with our results.
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We constrain the deviation of Lx and L;, from the self-similar
redshift trend as y;, = —0.51%02% and y;, = —0.4573%, respec-
tively. This implies that the redshift trend of Lx and L; closely
follows the self-similar model, which is in excellent agreement
with the result from the SPT-selected massive clusters out to a
redshift of z ~ 1.3 (Bulbul et al. 2019). A consistent result is also
reported in Mantz et al. (2016) with y;%%+038 for the soft-band
luminosity. Moreover, Vikhlinin et al. (2009) found a redshift
scaling of Lx o E(z)''%*%42 which is also consistent with
the self-similarity (Cssz, = 2). By homogenizing the different
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samples from the literature, Reichert et al. (2011) derived a red-
shift scaling” of Ly o E(z)'2*5%2 out to a high redshift z ~ 1.4,
which is significantly shallower than the self-similar prediction
and the eFEDS results.

The log-normal scatter of the soft-band (bolometric) lumi-
nosity is constrained as o7, = 0.12070138 (o7, = 0.102*3433) at
fixed mass. This is in broad agreement with, but mildly smaller
than, the scatter of 0.3 in the soft-band luminosity derived from
the simulated clusters in Barnes et al. (2017). Lovisari et al.
(2015) and Vikhlinin et al. (2009) derived the scatter of 0.245
and 0.396, respectively, which are both mildly higher than ours in
the soft-band luminosity. Meanwhile, a high value of 0.43 + 0.03
was derived in Mantz et al. (2016) for the scatter of the soft-band
luminosity. An interesting result from the FABLE simulation
(Henden et al. 2019) suggests that the scatter of bolometric lumi-
nosity decreases with redshift from ~0.25 at redshift z = 0 to
~0.13 at redshift z ~ 1. Based on these comparisons, we con-
clude that the scatter of the X-ray luminosity in the eFEDS
sample is in broad agreement with the literature.

6.3. The Ty—Ms5p0—z relation

The self-similar prediction of the 7x—Ms5pp—z relation reads
2 2
Tx o< Msp03 E(2)3 ,

which is obtained by assuming that galaxy clusters reach the
virial condition (M/R ~ T) with the conversion between the
cluster mass and radius (Msg o« R5003pc). The X-ray tempera-
ture was considered as a reliable mass proxy in early studies
of galaxy clusters (Smith et al. 1979; Mohr & Evrard 1997;
Mohr et al. 1999; Ikebe et al. 2002); therefore the temperature-
to-mass relation was intensively investigated using the X-ray
hydrostatic mass (e.g., Finoguenov et al. 2001; Vikhlinin et al.
2006) before the lensing mass became available (e.g., Lieu et al.
2016). In practice, galaxy clusters are not fully virialized and
contain nonthermal emissions (O’Hara et al. 2006), resulting in
scatter at fixed mass and deviation from self-similarity. Thus,
studying the scaling relation of the temperature sheds light on
this perspective.

For the eFEDS sample, the Tx—Msp—z relation is con-
strained as

T
1+ M
+(0.65 = 0.11) + (-0.02%5) ln( < ) X ln( 50")
' 1+ Zpiv Mpiv
2 E(z) l+z
+=x1 +(=1.03703) x In [ ——|, 69
3 n (E(Zpiv)) ( _0'75) f 1+ Zpiv (©9)

with log-normal scatter of o7, = 0.069f88?}t at fixed mass. The

parameter constraints of the Tx—Msp0—z relation are shown in
Fig. 17 and are listed in Table 2. At the pivotal mass My, = 2.5 X
10"h~'M¢, and the pivotal redshift z,, = 0.35, the temperature
of the eFEDS sample is constrained as Ar, = 3.27f8:§? keV.

In terms of mass and redshift trends, the resulting Tx—Ms0o—
z relation shows (1) a mass trend (Br, = 0.65 £ 0.11) that is in
good agreement with the self-similarity (B = 2/3), (2) a redshift

7 These authors obtained Msyy < E (z)’o'%tgi?%. For the redshift scaling
of Ly given a cluster mass, the slope is obtained by multiplying _T4 to

09308

trend (yr, = —1.03%032) that is shallower than, but still statisti-
cally consistent with, the self-similar behavior at a significance
of 1.70, and (3) no clear redshift-dependent mass slope with
51y = —0.027055. The results of a self-similar mass trend and
a redshift scaling shallower than the self-similar prediction are
not consistent with the picture we see in the scaling relation of
the luminosity in Sect. 6.2, where we find a steeper mass trend
than the self-similar slope with a nearly zero deviation from the
self-similar redshift scaling. This picture can be visualized in
Fig. 18, where the mass and redshift trends of the temperature
are presented in the left and right panels, respectively.

A possible explanation to the shallower redshift trend could
be as follows. In the right panel of Fig. 18, it is seen that the
Tx measurements above ~4 keV contain larger error bars and
higher scatter than the low-temperature regime. This is not sur-
prising, given that the capability of the eROSITA telescope to
measure high temperatures (25 keV) is limited by the reduc-
tion of the sensitivity to the high-energy band at >3 keV (Liu
et al. 2022a). Consequently, the noisy measurements decrease
the constraining power of the high-temperature eFEDS clusters,
which are mainly the high-mass systems at high redshift. As
a result, the modeling of the Tx—Msp)—z relation is weighted
toward the low-mass eFEDS clusters or groups at low redshift
(z £ 0.3). The shallow redshift trend could also be attributed to
either the fact that the redshift-dependence of T is intrinsically
shallower than the self-similar prediction at a group scale, or
that the temperature of the eFEDS clusters with the low mass
(Msoy < 10"*h7 ' M) at low redshift (z < 0.3) is higher than the
full population on average. Currently, the redshift trend is only
marginally shallower than the self-similar prediction at a level
of ~1.70. However, in the future, deep follow-up observations
from either XMM-Newton or Chandra telescopes are clearly war-
ranted for a thorough investigation of the Tx—Ms5po—z relation for
eROSITA-detected clusters.

The log-normal intrinsic scatter of T'x for the eFEDS sample

is constrained as or, = 0.069*)0%}, with a correlation coeffi-

cient of pry , = 0.65f8:§§ and pwr.1, = 0.47f8§g with the count
rate and weak-lensing mass, respectively. Again, no clear cor-
related scatter between the count rate and weak-lensing mass is
seen (pwr,, = 0.00fgg) in the joint modeling of the Tx—Ms00—2
relation and the mass calibration.

Comparisons with the literature

We compare the Tx—Ms0—z relation of the eFEDS sample with
the literature as follows. In Arnaud et al. (2007), the core-excised
temperature is constrained to have a mass-dependent scaling
with a slope of 0.58 + 0.03 using a sample of ten nearby clus-
ters; this slope becomes self-similar as 0.67 + 0.07 if restricting
the sample to clusters with temperature Tx > 3 keV (Arnaud
et al. 2005). The mass trend from Vikhlinin et al. (2009) was
derived with a self-similar slope of 0.65 + 0.04 for the core-
excised temperature-to-mass relation using a sample of clusters
with 10" < ,ﬁ;&‘; < 10% out to redshift z ~ 0.5. Based on a
combined and local sample from the literature, Reichert et al.
(2011) obtained a scaling of Tx o« Ms0%>"*%%3 which is statisti-
cally consistent with the eFEDS result (within 107). In Mahdavi
et al. (2013), the core-excised temperature-to-mass relation was
derived as 0.51%)7% (0.70*002) with respect to the weak-lensing
(X-ray hydrostatic) mass using a sample of 50 massive clus-
ters in the redshift range of 0.15 < z < 0.55. The core-excised
temperature-to-mass relation was found to be 0.58 + 0.01 by
Lovisari et al. (2015), which is shallower than the self-similar
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Fig. 17. Parameter constraints in the joint modeling of the Tx—Msy,—z relation and the weak-lensing mass calibration, presented in the same way

as in Fig. 12.

prediction at high significance. In Mantz et al. (2016), the mass
trend was found to be 0.63 + 0.03 for ROSAT-selected clusters in
the range 10'* < }%#,f/,‘)o < 10'3, Using a sample of 59 SPT clus-
ters with Msgy = 3 x 10'*4~' M, in the redshift range 0.2 < z <
1.3, Bulbul et al. (2019) determined the mass trend as 0.79+0%

-0.10
and 0.8170:0% for core-included and core-excised temperature,
respectively. The mass-trend slope of the temperature measured
within an aperture with a radius of 300 kpc was derived as
0.56*-15 for a sample of galaxy clusters and groups selected in
the XXL survey (Lieu et al. 2016; Pierre et al. 2016); this slope
became 0.60f8:8‘5t when combining the sample of galaxy groups
from the COSMOS field (Kettula et al. 2013) and the sample
of massive clusters from Mahdavi et al. (2013). A highlg] self-

5, was

similar redshift trend of the temperature, Tx « E (z)069%0
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also derived in Reichert et al. (2011), which is consistent with
the eFEDS result. The latest result from the XXL survey using
the S1I6A HSC lensing data delivered a constraint on the mass
trend of Tx(< 300 kpc) as 0.85 + 0.31 and 0.75 + 0.27 when the
redshift scaling is a free parameter and fixed to the self-similar
prediction, respectively (Umetsu et al. 2020). In summary, the
resulting mass trend of the eFEDS sample (Br, = 0.65 +0.11) is
statistically consistent with the literature at a level of <1.50-. The
upper-right panel of Fig. 16 contains the comparison, showing
good consistency between the eFEDS sample and the previous
work. In addition, we also show the simulated clusters from
the C-Eagle cosmological simulation (Barnes et al. 2017) as
the golden stars, which nicely follow the trend of the eFEDS
sample.
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In terms of the redshift trend, the result of the eFEDS sample

shows a mild deviation (yr, = —1.03*3%) from the self-similar

behavior (T'x o< E (z)%) at a level of ~1.70. This redshift trend is
consistent with the results of Bulbul et al. (2019), who obtained

a scaling as ocE (z)% (1+ z)‘o'zzfgég for core-included temperature
out to redshift z # 1.3. A similar picture is also suggested for
the core-excised temperature in Bulbul et al. (2019), in which the

redshift scaling is constrained as E(z)3 (1 + z)"°30%3%. The lat-
est result from the XXL survey (Umetsu et al. 2020) obtained
a redshift scaling of o«cE(z)" 180 for the temperature estimated
in an aperture with a radius of 300 kpc, which is much shal-
lower than but still statistically consistent with the self-similar
behavior, given the large error bar. In summary, the eFEDS sam-
ple shows a redshift scaling that is mildly shallower than the
self-similar prediction but is still statistically consistent with the
previous work.

The log-normal intrinsic scatter of Tx is constrained as
oy = 0.069f8:8?}‘ for the eFEDS sample, which is in broad
agreement with the literature: In Bulbul et al. (2019), the scatter
of the core—excised and core-included temperature was con-
strained as 0. 13*0 oox and 0.18 + 0.04, respectively. Mantz et al.
(2016) derived an intrinsic scatter of 0.161 + 0.019 for the
ROSAT sample. The sample of simulated clusters from Barnes
et al. (2017) suggests a scatter of 0.14 for the core-included tem-
perature. The intrinsic scatter of the core-excised temperature at
fixed mass® was suggested to lie in the range between ~0.10 and
~0.16 by Vikhlinin et al. (2009). A value of 0.23*% %7 for the
intrinsic scatter of Tx was suggested by Mahdavi et al (2013).

Similarly, the intrinsic scatter was obtained as 0. 30*8 }(2] for the

XXL clusters, and was reduced to 0.18*)13 if excluding dis-

turbed clusters (Lieu et al. 2016). The simulation work in Henden
et al. (2019) suggested the intrinsic scatter to be at a level of
~0.23, slightly decreasing toward high redshift.

6.4. The My—Mspo—2 relation

The self-similar model predicts the My—Mspo—z relation as
Mgy o< Msqp,

8 We make use of Eq. (4) in Evrard et al. (2014) to convert the intrinsic
scatter of the mass at fixed temperature to that of the temperature at
fixed mass.

meaning that the ICM mass fraction, Mo ® is invariant among
clusters at any redshift. This has an important implication:
Galaxy clusters are considered as a “closed box”, inside which
baryons cannot escape from the potential, meaning that the
baryon fraction of clusters is equivalent to that of the Universe. In
practice, the deviation from the universal baryon fraction implies
an effect from baryonic physics (Lin et al. 2003) or the assembly
history of galaxy clusters (Chiu et al. 2016b, 2018a).
The M,—Ms500—z relation of the eFEDS sample is derived as

(n(57
In|—
My

M500)> =1n(1.08 +0.13) + 1n(1013)

1 M
+[(1.190799%3) + (0.40%37%) In ( ] :ZZ ) xln(MS?O)
piv piv
1+z
+0.59
+(032%037) x In ( = Zpiv) , (70)

with a log-normal scatter of o, = 0.074700 at fixed mass.
The parameter constraints are shown in Fig. 19 and are listed in
Table 2. The ICM mass of the eFEDS clusters is constrained to
be 1.08 +0.13 x 10'3 My, corresponding to an ICM mass fraction
of #0.053 +0.007 (with & = 0.7) at the pivotal mass My, = 1.4 X
10"h~! M, and redshift zy = 0.35.

Based on these latter results, the scaling trends in the mass
(B = 1.190*0970) and redshift (yp., = 0.32*)7)) are both
steeper than, but still statistically consistent with, the self-similar
predictions of B = 1 and y = 0 at significance levels of <lo-.
Moreover, no redshift-dependent mass trend at a significant level
is seen with 8y, = 0.40*075. That is, our results for the eFEDS
clusters suggest that the ICM mass M, largely follows the self-
similar prediction in both the mass and redshift trends with only
mild deviations.

The log-normal intrinsic scatter of M, at fixed cluster mass

is constrained as oy, = 0.07470% w1th a mildly positive cor-

relation coefficient py, , = 0.63fgig with that from the count
rate 77 at a level of 5~ 1c. This is in line with expectations,
because the ICM mass and count rate are both derived mainly
based on an integral of the X-ray surface brightness profile, as
a pair of highly correlated quantities. Meanwhile, there is no
significant correlated scatter between the ICM mass and the

weak-lensing mass (owr, M, = =0. 08*8 2(3)) and between the count
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Fig. 19. Parameter constraints in the joint modeling of the M,—Mso—z relation and the weak-lensing mass calibration, presented in the same way

as in Fig. 12.

rate and weak-lensing mass (owr, = —0.30f8§§), as consistent
with other follow-up X-ray scaling relations.

We make an additional remark. Although the ICM mass
has low intrinsic scatter at fixed mass and can be directly cal-
culated based on the best-fit model of X-ray imaging, it is a
less ideal mass proxy than the luminosity. This is because prior
knowledge of the underlying cluster mass is needed to prop-
erly calculate the integrated ICM mass enclosed by Rsqg, given
that Mspp(< 7) & r for a large radius r. On the other hand, the
luminosity is dominated by the cluster core and hence does not
strongly rely on a prior on the cluster radius, despite the large
scatter.

Comparisons with the literature

We first compare the mass trend of M, between the eFEDS sam-
ple and the literature: The mass trend of the M,—Ms5n0—z relation
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was constrained as 1.25 + 0.06 by Arnaud et al. (2007) based
on a sample of ten nearby clusters. In Vikhlinin et al. (2009),

) o . M
the scaling of the ICM mass fraction is constrained as me o

0.037 + 0.006 In M5y, corresponding to a mass trend® as M, «
Moo 2*092 Based on a representative sample of local clusters
selected by the X-ray luminosity, Pratt et al. (2009) obtained a
mass-trend slope of 1.21 + 0.03 in a mass range of 104~ "M, <
Msy < 10k~ M. Zhang et al. (2012) derived a mass scaling
of My o< Msgo'#*+03¢ using a sample of 19 nearby clusters with
masses of 3 x 10h "My < Mspy < 10°h~' M. Mahdavi et al.
(2013) constrained the mass trend with a self-similar slope of
1.04 £ 0.1 for massive clusters with a temperature above 3 keV. A
slope of 1.22 + 0.04 was derived in Lovisari et al. (2015) across

° This slope is obtained by re-fitting the data from Vikhlinin et al.
(2009) in the functional form of % = B(Msy). See also Sect. 5.2
in Chiu et al. (2018a).
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the same way as in Fig. 14.

the mass range of 104" 'My < M5y < 1057 M. A mass-
trend slope of 1.007 + 0.012, which is highly consistent with
self-similarity, was also suggested by Mantz et al. (2016) using
the ROSAT-selected clusters. The 100 brightest galaxy clusters
in the XXL survey with Msp 2 2 X 101~ M, resulted in a
slope of 1.21t8:h1) (Eckert et al. 2016). The ICM mass of SPT-

selected clusters at a mass range of Msgy = 3 X 1014h"M® was

constrained as M, o M0 33209 and M, M5001'26t83(]1§ in Chiu
et al. (2018a) and Bulbul et al. (2019), respectively. In summary,
the mass trend of M, obtained from the eFEDS sample shows
broad consistency with the previous work and no clear tendency
to deviate from the self-similar behavior (B = 1). We plot these
comparisons in the lower-left panel of Fig. 16, where the simu-
lated clusters (golden stars) from Barnes et al. (2017) nicely show
an extrapolation from the eFEDS sample toward the high-mass
end.As there is no significant redshift-dependent mass scaling
Omyey = 0.40f8:38) of the eFEDS sample, our result suggests that
this picture still holds out to redshift z ~ 1.3.

With the capability of eROSITA in discovering high-redshift
clusters, we are able to constrain the redshift trend of the My—
M50z relation and make comparisons with previous work. The
redshift trend of M, in the eFEDS sample is constrained to have a
slope of Yy = 0.32f8:5?, showing no clear deviation from self-
similarity (y = 0) out to redshift z ~ 1.3 (see Fig. 20). Based on
the sample from the SPT, the redshift scaling of M, with respect
to the pivotal mass was constrained as M, o« (1 + 7)7 0152022 4pq
M, o (1+2)*18%93 in Chiu et al. (2018a) and Bulbul et al. (2019),

respectively. A steep mass trend as M, o E(z)"7%*!'%*? with a
large error bar was derived in Sereno et al. (2020) based on the
XXL sample. Briefly, the ICM mass of the eFEDS sample shows
a consistent picture with previous work, namely no significant
deviation from self-similarity in the redshift trend is suggested.
For the eFEDS sample, the intrinsic scatter of the ICM mass
at fixed cluster mass is constrained as oy, = 0.074*303 where
the asymmetric error bars are attributed to the lower bound of
the adopted prior. This result is consistent with the SPT sam-
ple of massive clusters (Msp = 3 x 10"4~'My) out to high
redshift z ~ 1.3 with the scatter of 0.11 + 0.02 (Chiu et al.
2018a) and 0.10%)9% (Bulbul et al. 2019) using the Chandra and
XMM-Newton telescopes, respectively. Pratt et al. (2009) derived

the scatter of the ICM mass fraction at fixed cluster mass as

0.12 + 0.03. The simulation results from Henden et al. (2019)
suggest the scatter of 0.12*00> at redshift z = 0, decreasing to
~0.05 at redshift z > 1. A value of 0.13 was obtained for the
intrinsic scatter of M, in Arnaud et al. (2007) using the con-
version formula in Evrard et al. (2014). Similarly, the intrinsic
scatter of M, at a level of 0.14 + 0.06 was obtained in Mahdavi
et al. (2013). The simulations in Henden et al. (2019) suggest a
decreasing intrinsic scatter at the level of ~0.27 at redshift z ~ 0
toward a value of ~0.12 at redshift z > 1. Based on these compar-
isons, we conclude that the eFEDS sample has intrinsic scatter
of M, that is broadly consistent with that found in previous stud-
ies, suggesting that the ICM mass can be used as a mass proxy
that shows little scatter.

6.5. The Y(—M5spp—2z relation

The mass proxy, Yx, is defined as a product of the temperature
Tx and the ICM mass Mg, namely, Yx = TxM,. The mass proxy
Yx was first proposed in Kravtsov et al. (2006) and is demon-
strated to be insensitive to baryonic feedback (see also Nagai
et al. 2007). It is found to show remarkably low scatter and is
widely used to infer the mass of clusters via X-rays (Vikhlinin
et al. 2009; Arnaud et al. 2010). In addition, this quantity can
be directly connected to the SZE observable, providing a win-
dow to study galaxy clusters in synergy with X-ray and SZE
(Bonamente et al. 2008; Andersson et al. 2011; Benson et al.
2013). The Yx—Mspo—z relation has a self-similar scaling as

Yx o Mspo 3 E(2)3

which is directly derived from the self-similar behavior of Tx
and M, by definition.
In this work, the Yx—Ms50—z relation is derived as

<ln(ﬁ M50())> =1In (69fi;) + 1n(10'3)

1
- o
2 E(z)

1+z
+2x1 +(-1.43*129) x1 ,
3 “(E(zpw)) (~1.43%53%) x| 5 Zoiw

+

(71)
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Fig. 21. Parameter constraints in the joint modeling of the Yx—Msp—z relation and the weak-lensing mass calibration, presented in the same way

as in Fig. 12.

with log-normal scatter of oy, = 0.106%)77. The mass proxy

Yx of the eFEDS sample is constrained as 6.93:; x 10" Mg keV
at the pivotal mass Mp, = 2.5 X 10*h"'M, and the piv-
otal redshift zp;, = 0.35. We show the parameter constraints
in Fig. 21 with the results listed in Table 2. The mass and
redshift trends of Yx for the eFEDS sample are shown in
Fig. 22, following the normalization scheme in producing
Fig. 14.

Based on our results, we find a self-similar mass trend (By, =

1.78f8:%) and no significant deviation (yy, = —1.43:1):32) from

self-similarity (Yx o E(z)%) in the redshift scaling. Both the
mass and redshift scaling are better visualized in Fig. 22. In
addition, no significant redshift-dependent mass trend is seen
Oy = —1.12:3), suggesting that the mass scaling holds out
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to high redshift z = 1.3. The self-similar slopes in both the
mass and redshift scaling are expected, as a combined result of
the Tx—Ms00—z and My—Ms00—z relations. We note that the Yy
measurements are more noisy and show greater scatter above
the best-fit model (the gray area in Fig. 22), which is clearly
due to the higher uncertainty at the high-temperature end (see
Sect. 6.3).

The intrinsic scatter of Yx is constrained as oy, = 0.106*0:)1}

with a correlation coefficient of pwry, = 0.12*)3) which is
consistent with zero. Interestingly, the correlation between the
intrinsic scatter of Yx and 7 is constrained to be positive (oy, ,; =
0.794*397%) at a significance level that is higher than those of
P1xn and pum, ;- This is expected, because both pr, , and pwm, ,

are also constrained to be mildly positive.
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way as in Fig. 14.

Comparisons with the literature

Similarly to the X-ray scaling relations discussed in
Sects. 6.2 to 6.4, we first compare the mass trend
(By, = 1.78*375) of the Yx—Msp—z relation of the eFEDS
sample with the results of other studies: In a pilot study, Arnaud
et al. (2007) derived a slope of 1.82 + 0.09 based on a sample
of ten nearby clusters while fixing the redshift scaling to the

self-similarity (Yx o E(z)%). Vikhlinin et al. (2009) constrained

the slope of the mass trend as 1.75*)45 for ROSAT-selected

clusters out to z = 0.5, assuming Yx o E(z)%. A mass-trend
slope of 1.79792% using a sample of 50 massive clusters was

-0.20
derived in Mahdavi et al. (2013) with the fixed redshift scaling of

E(z)%. Later, Lovisari et al. (2015) derived a slope of 1.75 + 0.03
using a joint sample of galaxy groups and massive clusters
with temperatures above 3 keV. The ROSAT-selected sample
was used in Mantz et al. (2016) to constrain the Yx—Msp—z
relation, resulting in a slope of 1.63 + 0.04. Using a sample of
59 massive (Msgp = 3 x 10*h~'M,) clusters selected in the
SPT, the mass scaling of Yx was constrained to be 2.02f8:{§
out to redshift z ¥ 1.3. We compare these results with that of
the eFEDS sample in the lower-right panel of Fig. 16, where
we additionally show the simulated clusters (golden stars) from
Barnes et al. (2017). As seen, the eFEDS sample has the mass
scaling of Yx that is consistent with previous work.

As an interesting comparison, our result of By, = 1.78’:8:%
is also in good agreement with the mass trend of the integrated
pressure Ysz inferred from the SZE, which was derived with a
slope of 1.67 +0.29 by Andersson et al. (2011) using 15 SPT

clusters with the redshift scaling fixed to E (z)%.
In terms of the redshift trend, the eFEDS sample shows a

2 +1. . .
scaling as Yx o E(z)7(1 + z)~"3%5, Our result is consistent

with that of Bulbul et al. (2019), in which Yx was derived with
the scaling as Yx o E(z)g(l + z)‘0~17f81§<7>, showing no significant
deviation from self-similarity. A cosmological analysis based on
the abundance of SPT-selected clusters resulted in a slope of
0.310f8'%23 (Bocquet et al. 2019), which is statistically consis-
tent with our result. Based on these comparisons, the mass proxy
Yx of the eFEDS sample shows a self-similar redshift trend, as
consistent with previous work.

The log-normal intrinsic scatter of Yx at fixed cluster mass is
constrained as oy, = 0.106*47), which is in good agreement
with the previous literature: The ROSAT-sample from Mantz
et al. (2016) resulted in the scatter of 0.185 + 0.016. A joint anal-
ysis of cluster abundance and the integrated pressure from both
X-rays and SZE resulted in the intrinsic scatter of 0.184f8:8§; for
the SPT-selected clusters (Bocquet et al. 2019). The sample of
simulated clusters from Barnes et al. (2017) suggested the scatter
of 0.23 for the Yx—Ms500—z relation. A similar value of ~0.23 was
also suggested by the simulations from Henden et al. (2019) at
redshift z ~ 0, decreasing to ~0.15 for clusters at redshift z > 1.0.
The intrinsic scatter in the core-included and core-excised Yx

of the SPT clusters at fixed mass was constrained as 0.16*%97

-0.10
and 0.13*007, respectively (Bulbul et al. 2019). These results,
together with that from the eFEDS, imply that Yx serves as a

low scattering proxy.

7. Systematic errors

The key and novel ingredients in this work are the simulation-
based calibrations of the observed count rate n and the weak-
lensing mass My, as described in Sect. 4. The calibrations are
obtained by performing the end-to-end analysis on the simu-
lations with properties that are as realistic as those observed,
resulting in an empirical relation between the observed quan-
tity and the underlying true mass. As a result, a systematic
change in the simulation calibrations results in a systematic
uncertainty of the scaling relation (and hence the cluster mass).
Therefore, in this work we effectively marginalize over the sys-
tematic uncertainty by applying the informative priors, which are
obtained from the simulation-based calibrations, on the param-
eters of Egs. (40) and (42). That is, the systematic errors of the
simulation calibration are marginalized over in our results.

One of the remaining systematic errors is from whether or
not the cluster core is included in the modeling of weak-lensing
shear profiles. As seen in Table 2, including the cluster core
results in a negligible difference in the parameters of the n—
M500—z relation compared to the current uncertainty. This, again,
is supported by our end-to-end calibration of the weak-lensing
mass bias presented in Sect. 4.2. Quantitatively, the cluster mass
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would decrease by ~0.01 dex if the cluster core were include ;
this is a subdominant systematic uncertainty in this work.

A source of potential systematic error could be the photo-
z bias in the 30-band COSMOS sample, if indeed there is one.
In this work, the photo-z from the 30-band COSMOS catalog
(Laigle et al. 2016) is used as the true redshift. Hence, a photo-
z bias in the COSMOS catalog would result in a biased lensing
signal; this is especially true for the faint-end regime (see also
Schrabback et al. 2010). This issue, the reliability of the photo-
z in the COSMOS catalog, was also thoroughly discussed in a
recent cosmic shear analysis (see Sect. 8 in Hildebrandt et al.
2020), in which the authors also estimated how the outlier frac-
tion of the photo-z may affect the mean redshift of the lensing
sources. Although the accuracy and the outlier fraction of the
COSMOS photo-z are estimated to be less than ~1% for rel-
atively bright galaxies (i < 21 mag; Laigle et al. 2016), the
outlier fraction is quantified to be at a level of ~6% for galax-
ies with an i-band magnitude of between 23 and 24. However, it
is unclear and hard to quantify how the outlier fraction of the
COSMOS catalog affects the cluster mass estimate without a
representative spectroscopic sample out to high redshift. More-
over, our source selection effectively removes source galaxies
with low photo-z, which further affects the systematic impact
arising from catastrophic photo-z outliers. Here, we make an
assumption that the galaxies with available spectroscopic red-
shifts'” in the COSMOS field provide a representative sample of
those at the faint end and/or the high redshift, and try to estimate
the bias arising from the inaccuracy in the COSMOS photo-z
(see also Schrabback et al. 2018a,b; Raihan et al. 2020). Specif-
ically, we re-calculate Eq. (24) based on the COSMOS galaxy
sample with available spectroscopic redshifts, and replace the
observed and true redshifts with the COSMOS 30-band photo-z
and the spectroscopic redshift when evaluating Eq. (25), respec-
tively. The resulting photo-z bias b, (z.1), which indicates the bias
arising from the inaccuracy of the COSMOS 30-band photo-z,
shows a behavior that is generally consistent with zero at z < 0.6
with a weak trend that slightly increases to a level of ~1% at
z =~ 0.8 and then decreases toward a level of ~ — 3% at z = 1.2,
despite with large error bars. This result suggests that the inac-
curacy of the COSMOS photo-z may introduce systematic bias
to the cluster mass (primarily at high redshift, z > 0.8) at a level
of <3%, assuming that the available spectroscopic sample in the
COSMOS is complete. For a study with a significantly larger
sample size from the eROSITA All-Sky Survey, a more detailed
investigation on the photo-z bias using an alternative method
(e.g., the clustering-based calibration; Gatti et al. 2022) is clearly
recommended.

Another source of systematic error comes from the fact that
we ignore the correlation between the uncertainty in the follow-
up X-ray quantities and that of the cluster mass. Because we
perform the early unblinding (see Sect. 3.2) to self-consistently
estimate the X-ray properties extracted at the “fixed” cluster
radius Rsgpp, a change in the cluster mass M5y will lead to a
change in Rspp and the follow-up X-ray observables. We gauge
this correlated uncertainty as follows. In this work, the statisti-
cal uncertainty of each cluster mass, which is estimated as the
dispersion of the resulting posterior of Msyy (see Sect. 6.1), is

10 Specifically, we make use of the spectroscopic redshifts estimated
from 3DHST (Skelton et al. 2014; Momcheva et al. 2016), C3R2
(Masters et al. 2019), DEIMOS (Hasinger et al. 2018), FMOS-COSMOS
(Silverman et al. 2015), LEGA-C (Straatman et al. 2018), PRIMUS (Coil
et al. 2011; Cool et al. 2013), SDSS (Alam et al. 2015; Paris et al. 2018),
and zCOSMOS (Lilly et al. 2009).
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at the level of ~32%, ~27%, and ~23% for a cluster with a
mass of ~103°4~ 1My, ~10"*h~' My, and ~10'"**h~' My, corre-
sponding to a change in the radius at a level of =10%, ~9%,
and ~8%, respectively. The ICM mass M, is more sensitive to
the cluster radius among the X-ray observables, because it is a
direct integration of the surface brightness profile up to Rsgp.
Assuming that the ICM density distribution n, follows a S-model
(Cavaliere & Fusco-Femiano 1976) with a typical value of 8 =
2/3, the integrated profile of the ICM is o« [ n.r?dr & r. That is,
the change in Rsyy leads to roughly the same amount of uncer-
tainty in M,. Meanwhile, a typical measurement uncertainty of
the ICM mass is on the order of ~50%, ~42%, and ~28% for an
eFEDS cluster with a mass of ~10'3°h~ "M, =10'*h~' M, and
~10'"“*h~' My, respectively. In comparison, the radius-induced
statistical uncertainty is much smaller than the current mea-
surement uncertainty and is thus negligible. In terms of the
systematic uncertainty in the cluster mass, which is expected to
be at the level of ~7.6% as inferred from the weak-lensing mass
bias calibration (see Eq. (44) in Sect. 4.2), the corresponding
change in Rs is at the level of %7.6%/3 =~ 2.5%. On the other
hand, the uncertainties on the mean M, at the mass bins cen-

tering at log(%%) = 13.6, 14, and 14.4 with a bin width of

0.2 dex are approximately 50%/ V30 ~ 9%, 42%/ V90 ~ 4%,
and 28%/ V64 ~ 3.5%, respectively, where the numbers in the
square root are the numbers of the clusters in the bins. That is,
the change due to a systematic uncertainty in the cluster mass is
still subdominant compared to the current measurement uncer-
tainty. Therefore, we conclude that the uncertainty due to the
change in M5 is expected to be subdominant for the modeling
of the X-ray scaling relations. We note that the luminosity, which
is also estimated based on the surface brightness profile, is dom-
inated by the cluster core'! and is thus less sensitive to the cluster
radius. An improvement overcoming these systematic errors is to
use an iterative way to estimate the X-ray observable from a pro-
file in each step of the likelihood exploration (e.g., Benson et al.
2013; Bocquet et al. 2019), but we defer this to a future work.

8. Conclusions

We present the first weak-lensing mass calibration of eROSITA-
detected clusters selected in the eFEDS survey using the three-
year weak-lensing shape catalog (S19A) from the HSC survey.
We use a sample of 434 optically confirmed clusters at redshift
0.01 5 z < 1.3 (median 0.35) with contamination from point
sources at the level of ~2%. The uniform coverage of the HSC
survey enables us to extract the lensing shear profile for the
majority (=70%, or 313 clusters) of the sample.

We first perform the weak-lensing mass calibration by simul-
taneously modeling the observed count rate 7, as the X-ray
mass proxy, and the shear profile g, on the basis of individual
clusters through a Bayesian population modeling of the count-
rate-to-mass-and-redshift (7—-Msp—z) and weak-lensing-mass-
to-mass-and-redshift (Mwy—Mspo—z) relations, respectively. The
weak-lensing mass My, which is obtained by fitting a mass
model to g, is carefully calibrated against cosmological hydro-
dynamic simulations that are exclusively constructed according
to the observed lensing properties, including the multiplicative
bias of shape measurements as a function of source redshift,
the shape noise of g,, the uncertainty arising from uncorre-
lated large-scale structures, the cluster member contamination,

I [y o fng VTr2dr < C - L, with C up to a constant. Here, we assume
that the temperature is insensitive to the cluster radius.
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the miscentering of the X-ray center, the redshift distribution of
sources, the bias from the photo-z, the choice of the radial bins
in the fitting, and the inaccurate assumption about the halo mass
distribution. In this way, we empirically establish the connec-
tion between the lensing observable g, and M5 at the cluster
redshift. Similarly, we calibrate the bias in the observed count
rate 7 with respect to the true count rate through a calibration
by running the end-to-end eROSITA analysis pipeline on large
simulations, enabling us to robustly connect i to Msy,. With
these simulation-based calibrations, we calibrate the n—Ms0—z
and M1 —Msno—z relations by simultaneously modeling the indi-
vidual n and g, in a forward-modeling framework. As a result,
the count-rate-inferred and lensing-calibrated posterior of Msg
for each cluster is obtained.

The resulting mass of the eFEDS sample spans a range of
10377 "My < Msoy < 108~ M, with a median value of Msy ~
10"h~' M, of which the low-mass clusters (Msoy < 10'4h~' M)
are mainly located at low redshift (z < 0.4). The characteristic
uncertainty of the cluster mass, which is estimated as the disper-
sion of the mass posterior P(Msg), is at the level of ~27% for a
cluster with Msgy ~ 10'*h~' M. The mass estimates are not sen-
sitive to the weak-lensing modeling of the cluster core; excluding
the radial range of 0.24 'Mpc < R < 0.5h'Mpc results in a
negligible change (x0.01 dex) in the cluster mass. Currently,
the statistical uncertainty of A,, the normalization of the X-ray-
mass-proxy-to-mass-and-redshift relation, is constrained to be at
the level of #20%. If the weak-lensing mass calibration can be
controlled with a subpercent accuracy, the uncertainty on A, is
expected to be constrained with a precision of ~1.8% to first
order in the final eROSITA survey, assuming that half of the
clusters (=100000/2 = 50000) have weak-lensing follow-ups.
The mass calibration shows that, as expected, eROSITA is able
to reliably detect clusters down to much lower mass scales than
any currently existing or planned SZ survey.

Leveraging the weak-lensing mass calibration, we further
explore the relationships between cluster mass, redshift, and the
follow-up X-ray observables, including the rest-frame soft-band
(bolometric) luminosity Lx (L), the core-included temperature
Tx, the gas mass M,, and the mass proxy Yx. These X-ray
observables can be well described by a power-law function of
the cluster mass and redshift with log-normal intrinsic scatter
at fixed mass. We make use of the full combination of the data
from both the eROSITA and HSC surveys to significantly tighten
the constraints on the X-ray observable relations, even for those
observables, for example, Tx, which cannot be estimated for any
of the detected clusters with high S/N. Except for Lx, the scaling
relations of the follow-up X-ray observables show

— a mass trend that is statistically consistent with the self-
similar prediction at a level of <1.70,
— no significant deviation from self-similarity at the level of
<1.70 in terms of redshift scaling, and
— no clear sign of a redshift-dependent power-law index in the
cluster mass.
Meanwhile, we find that the Lx—Msqo—z relation has a steeper
mass trend than the self-similar prediction at the level of ~30 but
a redshift scaling that is in good agreement with self-similarity.
This suggests that the eFEDS clusters, which are dominated by
low-mass clusters or galaxy groups, show X-ray scaling rela-
tions that are largely consistent with self-similar predictions in
terms of mass and redshift scaling. A generally steeper mass
dependence of the luminosity clearly indicates that nongravita-
tional processes play an important role in low-mass systems at
the scale of galaxy groups, which is the main population studied

in this work. The energy input from nongravitational processes
lowers the gas content within Rsop and hence decreases the
X-ray luminosity; moreover, this effect is mass-dependent and is
more prominent at a low-mass scale, resulting in a steeper slope
seen in the luminosity-to-mass relation. This picture is also in
line with the My—Msg9—z relation of the eFEDS sample with a
steeper mass trend than the self-similar prediction, despite the
low significance due to large error bars.

We compare the mass and redshift trends of the X-ray scal-
ing relations derived from the eFEDS sample with those from
the previous work and find good consistency at a level of
<20. This work extends the study of the X-ray scaling rela-
tions to low-mass clusters over a wide range of redshift using
the eROSITA-selected sample, which confers advantages over
SZ-based selections. It is interesting to mention the comparison
with Bulbul et al. (2019), the study of X-ray scaling relations
based on the largest SZ-selected sample out to z = 1.3. Our
work probes a similar range of redshift but a mass scale that is
much lower than that of these latter authors at the scale of mas-
sive clusters (Msp ~ 4.5 X 1047 M,). A significantly steeper
mass dependence than the self-similar prediction was found by
Bulbul et al. (2019) for all the X-ray observables (Lx, Ly, T,
M,, and Yx) at the level of 23c0. Despite broad consistency
(»20) with their results, our eFEDS sample generally shows
a mass scaling that is shallower than theirs and is statisti-
cally consistent with the self-similar predictions at <2o0. This
may suggest a broken power law (Le Brun et al. 2017) of the
X-ray observables in the transition between groups and clusters,
or a possible mass- and redshift-dependent systematic bias in
the cluster mass and/or X-ray observables between Bulbul et al.
(2019) and this work. Deep X-ray follow-ups of a large sample
selected in the eROSITA All-Sky Survey will shed light on this
subject.

We find that the gas mass M, shows the smallest intrinsic
scatter compared to other follow-up observables, suggesting that
the ICM mass-based mass proxy may be most useful for clusters
with ~100 X-ray photons observed by large surveys.

This work clearly demonstrates the capability of the HSC
weak-lensing data set in calibrating the mass of a sizable sample
of galaxy clusters and groups detected by eROSITA out to high
redshift (z = 1.3). This work not only presents the weak-lensing
mass calibration of eROSITA-detected clusters in synergy with
a wide and deep lensing survey, but also lays the foundation
for the cluster cosmology in a combination of the revolutionary
eROSITA sample and the state-of-the-art lensing data from the
HSC.
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Appendix A: The richness-to-mass-and-redshift
relation of the eFEDS sample

In this section, we show the richness-to-mass-and-redshift (14—
Msp0—z) relation of the eFEDS sample, where the richness A is
estimated by the MCMF algorithm (see Sect. 2.3). We use the
same fitting framework as described in Sect. 5.3 with X = 1 in
Eq. (56). The resulting relation is
<In ( M5 )
Mpiv

(In A|Mspo) = In (36.2737) +
e ) (A1)

[(0.881j3;8§§) +(~0.5670%) 1n(11++§)

1
+0.54
+(-0.467031) x In ( .

with log-normal intrinsic scatter of 0.274*007% at fixed mass.

At the pivotal mass (M, = 1.4 X 10h~"M,) and redshift

(zpiv = 0.35), the richness is constrained to be 36.23'7 scaled

5
as Msoo"881500% without a significant redshift trend (1 o (1 +

2)"046%31). We show the richness of the eFEDS sample as a

function of mass (redshift) in the left (right) panel of Fig. A.1,
where we re-normalize the richness to the pivotal redshift (mass)
following the prescription in producing Fig. 14. The red line in
Fig. A.1 represents a self-similar prediction in terms of richness,
which is A o« Mspo(1 + 2)°. Our result shows a shallower mass
trend deviating from one at a level of ~ 1.50 and no signifi-
cant redshift-dependent mass trend ((In A|Msgo) e —0.56*(98 X
In (M500) In (1 + 2)).

We note one caveat as follows. The result of the A—-Ms5q0—2
relation is obtained using the secure sample with a cut on feop,
for which this is effectively equivalent to a redshift-dependent
cut on the observed richness (Klein et al. 2018, 2019). The fitting
does not account for this richness-dependent selection, for which
a more detailed modeling of the selection function is needed (as
in Grandis et al. 2020). This effect is likely small compared to the
current uncertainty, given the sample size used here. We there-
fore defer a more complete modeling to a future work.

Appendix B: Post-unblinding analysis

After the submission of the paper and during the process of the
referee review, we discovered two errors in the X-ray analysis
that need to be corrected after the unblinding. The first error
is that incorrect redshifts were assigned to a small fraction of
clusters (11 systems), such that the X-ray follow-up observables
of those clusters were incorrect. The second error is due to a
bug in the code used to derive the bolometric luminosity, result-
ing in a systematic bias in Ly at the level of ~ —13%. To cor-
rect these errors, we reran the modeling of X—Ms5p—z, where
Xe {LX, Ly, Tx, Mg, YX}, without any further changes except the
uniform prior applied on the normalization of the Ly,—Msp—2
relation'?, Ay, . We find the results are not significantly affected
by these errors, except for the normalization of the Ly—Mspp—2
relation, which becomes higher due to the systematic bias. We
note that only the modeling of the follow-up X-ray scaling rela-
tions were affected by these errors, while the mass calibration
results are intact in the post-unblinding analysis.

12’ We took this opportunity of the rerun to modify the uni-
form prior applied on A; from (10" erg/s, 10%erg/s) to
U(10% erg/s, 10*erg/s), since we found that the former, which
was used, is only slightly above the upper limit of the 68% confidence
level of the resulting Ay, .

Appendix C: The cluster mass

We present the estimates of the cluster true mass (see Sect. 6.1)
for the eFEDS clusters in Table C.1. In addition to the secure
sample of 434 clusters with f.one < 0.2, we also show the mass
of clusters with 0.2 < fione < 0.3. This leads to a total number of
457 clusters in Table C.1.

Appendix D: Corrections for the cluster mass in
the literature

Different methods were used to estimate the cluster mass in
the literature, therefore causing systematic discrepancy in Msy.
For example, the mass estimated from X-ray assuming the hydro-
static equilibrium in ICM is suggested to be biased low by
~ 20% compared to that inferred from weak lensing (see e.g.,
Bocquet et al. 2015; Dietrich et al. 2019). Therefore, we need to
correct the different mass estimates from the literature to make a
fair comparison in Fig. 16.

We follow the scheme introduced in Chiu et al. (2018a) to
correct for the systematic difference in M5y from the litera-
ture. For Vikhlinin et al. (2009), Pratt et al. (2009), Mahdavi
et al. (2013), and Lovisari et al. (2015), the cluster mass Msgyg
is estimated in X-rays assuming the hydrostatic equilibrium. We
therefore multiply their mass by a constant factor of 1.12, which
is quantified by comparing the masses inferred from X-ray and
the weak-lensing technique (see more in Dietrich et al. 2019).
For Mahdavi et al. (2013), Mantz et al. (2016), and Bulbul et al.
(2019), the mass estimates are obtained from either a direct
weak-lensing technique or a mass proxy with the weak-lensing
calibration; we therefore do not apply any correction to them,
assuming that their weak-lensing inferred mass is the true under-
lying mass. For the simulated clusters presented in Barnes et al.
(2017), the true cluster mass is used, and hence no correction is
required.
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Fig. A.1. Observed richness A as a function of the cluster mass M5 (left panel) and redshift z (right panel). This plot is produced and shown in
the same way as in Fig. 14.
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Table C.1. The estimates of the cluster true mass M5y, of the eFEDS clusters. The first column records the cluster name in the format of
Jhhmmss.s+ddmmss, and the complete source name is “eFEDS Jhhmmss.s+ddmmss”. The resulting mass estimates with (without) the core in
the weak-lensing mass calibration are shown in the second and third (fourth and fifth) columns, which are the ensemble mass and the median of the
mass posterior, respectively. The quoted errors are the standard deviation of the mass posterior. If available, the median and the standard deviation
of the mass posteriors estimated with spectroscopic redshifts and without the core in the weak-lensing calibration are shown in the sixth column.

These estimates are expressed in terms of log ( =

500

) We additionally list the cluster with 0.2 < fion < 0.3, marked by % in the cluster name.

Name Tog (7] Name toe () Name Name Tog (77
R> 020 Mpe R 03 ‘Mpc with spec-z R> 020 Mpe R 05k ‘Mpc with spec-z R> 0.2 Mpe with e R> 020 Mpe R> 0.5 Mpe with spec-z
[0} @ ) ) ©) () @ ) ) ©) [} @ 3) [0} @) 3 @) 6)
O BSOSTEST T3 S0 T80 $0TTT T 816 T3686 20T TOSI8II8-015939  14.737 1472520083 14742 14, 73010.085 35 PEPKTENNEY TA671 £ 0083 146751008< JOI2L24051726 14732 1469220090 14715 TA630 %0,
JOSSTSL6+031039 14651 1470420004 14613 146660094 146720004 | J09264754050032  14.600 14743 £0085 14.682 14737 0087 J084528.6+032739  14.731  14.624 £ 0.089 14590 £ 0091 | J09013L1+030056 14201 1441120098 14173 14381 £ 0,008
JOS3651.34030002 14164 1426540096 14.143 1424340096 142330096 | JO9I0ST2+041730 14101 14078 +0.004 14111 14087 +0.095 J093513.0+004757 14825 14756 + 0.087 14730 £ 0089 | J0920232+013444 14565 14538 +0.080 14584
138200110 13.669 138130109 137990109 | J093003.3+035630 14366 143120091 14358 14303£0092 142980092 | J092405.0-013059 14181 14328 +0.090 143170092 | J085436.6+003835 13926 14.005=0.103 13906 13984 £0.103 13.965+0.103
1462620086 14600 146240088 146180088 | J090540.0+043440 14459 1447220102 14435 14448 £0.102 3 14.690 14,605 0,092 1457120093 | JOSS93LO+030839 14198 1428220096 14176 14260009 14254 +0.096
1452650092 14377 14504 £0093 145080093 | JO9453.6+041613 14172 14.220£0.100 14.146 14.194£0.100 14.189£0.100 | JOOI4ITT+0311S0 14025 13931£0.105 14019 13926+0.105 13941+0.105 | J090210.6+032513 13811 138900109 13827 139080110 13900 £0.111
13,631 £0.120 13611 13,636+ 0.118  13.637+0.118 | 1092040.5+024513 14476 14380£0093 14461 143640094 14362 0.094 100 14311 1426120091 14309 142580092 142510092 | J09I610.1-00 14567 14669£0.094 14546 14648 £0095 14.654 +0.094
1425350002 14265 142470093 142280093 | J0925463-014347 14129 1417920095 14114 14165 £0.095 14640 14483 14.465+0080 14505 14487 £0.083 14.484:+0083 | JO9I3I5.0403 14394 1439920088 14394 143990090 14407 +0.089
1438350088 14343 14389+ 0.090 JOOI2IS3-020743 14153 1433720097 14125 14.308 £0.09 J090930.6+034055 14471 1432850093 14.497  14.351 £0.095 10035007+005417 14368 143520000 14364 1434820002 14324 %0093
142296009 14.127 14214 +0.096 J092650.5+035755 14259 14.184£0.003 14260 14.183£0094 14191 £0.004 | J085849.8+022800 14110 14056 +0.098 14099 140450098 1404340098 | J083900.6+020057 14204 141850093 14192 40,093
1419950096 14111 141910097 14.183£0097 | J003I5L3-002212 14276 1421250092 14274 1420920093 141830094 | J092212.0-002731 14480 £0093 14348 14465 +0, 14469 £0094 | JOSSI310+045239 14149 1423120094 14222 £ 0,096
1438750093 14472 143740004 143700095 | J09ISS5.6-013248 14671 14.623+0089 14673 1462420090 146170091 | J0934035001422 141320098 13872 14.120 £ 0,099 9133814025707 14.093 14,121 £0.105 14107 £0.106
1423350090 14.188 14235£0091 1422520092 | 1092553.3+015519 14037 13.925£0.118 14033 13921 £0.117 1091849.0:021204 1427350094 14000 14261 £0005 142580095 | J0930253+021714 14501  14.466 +0.085
TOROTRO0S0S 1438 143950009 1430 142050099 1423350099 | J090RTONS0T AT 13750105 13742 13778 50108 Josasss 0100 145030084 14559 14517 +0.086 J090430.7+042648 14146 14232 20,090 14227+ 0,092
JOS3I274035856 13,642 136090115 13648 1361540113 136170113 | J090129.1-013853 14447 1451320003 14430 1449720004 144880095 | J093522240323 1430950094 14238 143020005 14277 £0.095 | J091302.14035000 14061  14.134 =0.100
JOSSHOS 00005 14346 1419650009 145% 1418550000 1421320009 | J090020500260 1415 1416450000 14163 1417450002 1416620093 | JOLISI 1004507 142870096 14365 142780007 142430098 | J085948.9+041120 13846 13.831 £0.105 13.823£0.105
J083500.0+001542 14392 14428 £0.085 14404 14,440 £ 0.087 0856272404217 14759 14.644 + 0.082 JOOI254 44032028 14413 14431 £0.085 14427 14446+ 0.087 J091414.9+022700 13958 13.930 £ 0.105 13.960 +0.105
J092409.4+040057 13722 13,678 £0.104 136720103 13.633£0.103 | JOSS4128-022123 14431 14,486 +0.096 JO9140334013846 14 14078£0.104 14028 14061 £0.103  14.066£0.103 | JO90838.0+015226 13933  14.016+0.097 13.994 + 0,098
J09IT22.44010118 14298 14235 0,095 1423120096 1423320096 | J092803.4+010953  14.173 14,200+ 0.087 1421320089 | J09224194020719 13750 138310106 13746 13.827+0.106 13823 =0.106 | 109 14006 14.038 £0.095 14.037 £ 0.09
J0039383+042218 14209 14231 £0.094 14228 £ 0.095 JO90I2L9-003709*  14.034 14,057 £ 0.096 JOS4SOLOS012728 14153 14164009 14157 141680007 141700097 | J093431.3-002300 14089 14.192+0.096 14,198 £ 0,007
JOS000150 14245 14201 + 008 14210 +0.091 0900341010649 13898 138860108 13899 1388740108 138820108 3 20317 14259 14.119+0085 14285 14.140 +0.087 093546.3-000115 14024 14107 +0.095 14,092+ 0,096
J084441.34021701 143180088 1431550088 | J085530.1-010634 14590 144700086 14617 14493 +0.088 JOS3BSTSH020846 14295 14362£0091 14288 143570092 1434220003 | JOS44IT94010415 14210 14072 %009 14.082 % 0,096
1093049, 1411920098 1412620098 | J0914126+001856  14.176 1386540105 14.168 13856+0.104 1385820104 | JO9I934.6+033041* 13858 137290103 13860 13.731+0.103 1002339.0+052634 14415 14.488 £ 0.095
JOS4105.54031630 14073 14077 £ 0.09 14077 £ 0.097 J0020462+002849 14275 1432050094 14272 143270095 14330 £0.005 | J091446.1+001047 14503 14238 +0.087 14519 1424820089 1425450089 | J092737.7+020607 14341 1439420091 14392+ 0.002
9175714050915 14.808 14681 + 0.088 14.689 +0.090 J092955.8-003403 13,642 136440105 13642 1364440104 136740104 1435950080 14515 14387 +0.083 J090153.9-012209 14132 14.111+0.094 14.065 + 0,096
J092620.34032614 13216 13246 0,110 132620108 13.231=0.108 | J0907529+013407 13703 13652020 13704 13654=0118 13659=0.118 1431950093 14327 143120004 143200094 | J090323.7+030738 14270 1421320092
JOSS119.9+022051 14194 14.237 £0.094 14235 £ 0.095 J091450.6:022606 14048 14.153£0.090 14056  14.164 £0.092 1372450102 13584 13720120102 1371320102 | J0922462:034251 13705 13.921 20101 13.919£0.101
JOS080384020045 14150 141362 0092 1414450004 14140 £0094 | J084939.6:005126 14399 14306+ 0.089 14417 14322£0091 14320 +0.091 1391260004 13979 13931 +0.096 J084006.1+025913 14343 142290092 14226+ 0.094
14316 %0083 14344 £ 0.086 J090I09-012132 13685 13.906+0.102 13686 13908 +0.103 13.895+0.103 1412250093 14004 1412850004 14.129£0.094 | JO84823.24041205 14272 14311 +0.080
ORS00 14148 1405750008 14.066 = 0.095 JO90849.74042241 14382 14.429£0.081 14406  14.455 £0.084 14208£0091 14400 142150003 142210092 | J035230.6+002457 14253  14.207 +0.099 14184 £0.100
J0833304+050427 13995 13.978 +0.100 13970 +0.100 J0840032+003008 13933 14.004 £0.097 13938  14.009 £ 0.098 141620098 14028  14.154 £0.099 J093531.4+022710 13716 13.823£0.102 13,826 +0.102
J092739.7-010427  13.992 14132+ 0.098 FLI0£0099 1410850099 | JOSI20001955 14302 1435120085 14321 145705 0088 139650098 14.002 13,963 +0.099 JOSS901.54010649 13398 13,612+ 0,104 13,621 +0.103
J084146.5+045612  14.085 14,154 £0.090 1417320092 14173 20,092 | 085508.9-003445*  13.621 13627 13560 £0.104 13541 =0.104 135690106 13562 13.573+0.105 JOS32LI+012644 14197 14171 = 0,091
J090452.4+033326 14354 14.305 £ 0.084 14333 £ 0.087 IO oo, 15430 14535000 1a47r 1 mes008 1394350098 14051 139510009 13961 £0.099 | JOS3345.8+004208 14074  14.005 +0.007 14.078 £ 0.099
JOB46371-002256 14,184 14251 +0.100 14241 £0.101 141760102 | JOS4148.1+004911 12869 12995 £0.113 12900 13.024=0.111 13.088=0.111 | JO83810.1+031520 14078 13931 +0.098 14084 13.936£0.099 1393040099 | JOSS7059+011453  13.662 13683 +0.106 13,666 +0.105
002443 13.420 13340 0.114 133500112 1327420.112 | JO9I43384022718 14011 14.044£0097 14009 1404350097 140410097 | JOO0I044+011643 14135 140920101 14,127 14.085+0.101 14,058 £0.102 | J08353254030911% 13764 13703 +0.103 13718 +0.103
27 14408 14.284 £0.082 3 J090601.04000055 13,692 136450106 13.696 13.649+0.106 13.6500.106 | J083859.3+022841 13846 13866+0.112 13853 13873400112 13879£0.112 | J08430714002839 14005 13.943=0.100 13.949 £ 0,100
0844126020514 14.436 14350 £ 0.098 14346 £ 0.099 J092740.1-002922 13249 13357 £0.112 13263 13369+ 0.110 13411=0.110 | J09I3310+024513 13385 13.390+0.111 13398 13403 £0.110 13402+0.110 | J090932.5-005020 14185 14303 £0.076
0859011012025 14,142 142740076 14.322 £ 0.080 JOS5056.4+005607 13845 13848 £0.102 13847 13851£0.103 13.870=0.102 | J092639.7+040733 13367 13570 +0.111 13378 13580 £0.110 13.578+0.110 | J0929283+042411 14010 13.891£0.100
IOO0S40s013219 14232 14334 £ 0087 0089 143440090 | J090418.6+020642 14210 14252£0084 14237 14280 £0.087 JO83204.44041907 14196 14241 £0.101 14176 14221 £0.101 J084545.24005535 13,603 13.616£0.112 13,668 +0.111
Jo8sd: 13577 13350 £0.112 133620111 13346=0.111 | J083929.0+043001  13.639 13753£0.105 13642 13757+0.105 137500105 | J0S4ISI3-003358 13477 137880114 13482 13791400113 13781 £0.113 | JO84655.7-003705 14121  14.034 £ 0.008 14,028 £ 0,100
mxwmgmnmz 13839 13830 +0.100 1383460101 138170101 | J0913059+035021 14181 1424440098 14185 1424940100 142510100 | J090200.54022339 13,675 1381740102 13673 1381440102 138120102 | J0829554+004131 14276 14327 +0.080
0830324010756 14.064  13.995 % 0.100 1399450100 13.991£0.100 | JOS3834.14020643  13.992 14150 £0093 13997 1415740095 14.154=0095 | J092859.04040532 14 141320101 14030 14.122£0.101 1085805.04010906 13,160 13201 +0.115 13209:40.113
JOOISSLTH021432 13853 13776 £0.111 1378150111 13787 =0.111 | J092031.84040621 14052 14.085+0093 14069 14.103+0.005 140890095 | JOO2485+044005 14.092 1403340104 14084 1402550104 140070104 | JOOI9STT+035012 14325 14293 +0.091 14,304 £ 0,003
J092136.4-001449 14234 14101 £ 0.099 14098£0.100 14089 £0.100 | J082820.5-000721  14.547 1450040082 14576 14.528+0.085 J0901332+021651 13827 1387040104 13833 1387640104 1389420104 | J092832.4+04I517 14036  14.030 +0.096
JO90I46.2-013756 14123 14.141 +0.101 1413520102 14120 0,102 | JO9ISI224043506 13793 13871 £0.103 13799 13877£0.104 13.894+0.103 | JO9I925.6-010430 13910 13.962£0.095 13925 13.977£0.096 13966 +0.097 13.910+0.102
J085830.0-010656 13795 13,782 £0.101 137820100 13.78920.100 | J090255.54044036  13.998 13.998£0098 14,009 14.008+0.100 14.0390.099 | J0926213-00; 13731 1381420101 13737 13822£0.102 13.974 £ 0,099 . 13976 +0.099
J084454.04010021 13791 13816 %0106 1382250106 13789 £0.107 | JO93I27+001630 14049 14.048+0098 14052 14.051+0099 140390099 | J090328.7- 14632 1444120002 14634 14441 £0.094 1395720009 13787 13970=0.101 13951 £0.101
JO838029+015626 14374 14285+ 0.095 142826009 14259£0.097 | J093056.9+034825 12918 1311840114 12944 13141 +0.112 J083435.6+050159 13016 1307340117 13043 13098 +0.115 141410090 14023 14161 0,093 14168 +0.092
14208 14197 £0.094 142050096 14.199£0.096 | J090750.14025006° 14318 14.165+0.089 14342 14,184 £0.091 JOB4759.14014903 14,142 14170 £0090 14159 14187 +0.092 14161 0093 139850099 13908 13.988+0.099 14000+ 0.099
13670 13730 £0.106 1373550106 13.754=0.106 | 1084459.2- 14235 14318£0089 14236  14.320£0.090 J09032724032545 13,896 13.964£0.099 13900 139700100  13.963 £0.100 13351 50,115 13259 13361 +0.113
14092 14.073 £0.098 1409 + 0.100 S2LI0I230 14173 14.163£0.089 14186 14.176 £0.091 10022582+032041 14172 140770091 14191 14094 £ 0092 137210103 13720 13.727£0.103
13.961 14049 £ 0.098 14055 £0.099  14.050£0.100 | J084246.9-000917 14245 14234009 14247 1423650097 142420097 | J09323L0+010617 14183 1418550088 14203 14205 +0.091 14100 + 0,092 14142 £ 0,093
14176 1421420083 14254 2 0.08 IS0 14110 10220108 14106 1401520105 1402250.105 | J0920102600203 14161 14109 £0095 1168 141160057 13,754 £0.103
54 14321 14.207 £0.087 14232 £ 0.089 1085650.4-022 4119 1408220099 14117  14.080 £0.099 J084559.7+031321 13881 13889 £0.103 13890 13.898 £ 0.104 14,137 £ 0.091 14,156 + 0,003
J0920228+045012 13980 13.927 +0.103 139250103 13.933£0.103 | J092202 zmm 20 i 059 1410340098 14050 1409540099 1410040099 | J092246.4+042424 13861 1389540099 13868 13.90240.100 13877 +0.100
JO83806.9-003600 14116 14.131 £0.105 1413750106 1412220107 | JOSS43854001211 13794 13.662+0.115 13793 13.663+0.114 137270113 | J084021.6-022948 13526 13.596+0.114 13531 13601 +0.112
JOSSOI834020018 13963 14.007 £0.099 140150100 J085230.6+003240  14.067 13.965£0.100 14079 13976 £0.101 13.979=0.101 | J0925489-011725 13962 13.966£0.106 13965 13.968 £0.106 3. 13,873 £ 0,104
J0911393-014144 14274 14.186 £ 0.091 14202 £ 0.093 J0OI336.6+031723 13803 13756 +0.108 13796 13750 £0.107 13.794£0.106 | JOS40IL6+034837* 14151 14147 +0.088 14180 14,176 £0.091 1091900.04035311 14070 £0.102 14076 % 0102
4 14.053 £ 0.005 14067 +0.096 14061 £0.096 | J085541.24002740 13434 13299 £0.113 13450 133160112 13367 =0.111 | JOS4129.04002645 13817 14006+0.097 13821 140130098 14014 +0.098 | JOS3II0.5+015616 . 14,065+ 0,101
13957 %0.100 13964 % 0,101 J093253.84025017% 13517 1324720106 13531 30105 1328120.105 | J090256.24014625 13249 131130115 13270 131360113 13203 £0.113 | J085626.2+021348 13438 13381 20.111 13400+ 0.111
1371920108 371720107 13704£0.107 | J0933027-010145 14221 1419920005 14221 14199009 1417220097 | J090916.0-01 13812 13.963£0.100 13813 13.966£0.101 13945+ 0.101 | JO90408.6+012555 13985 14.133 20,001
14.095 +0.092 1411960095 14.102£0.095 | JOSSSI9.1-014315 13898 1382940102 13907 138370.102 JO853272-002117 13654 1361340110 13658 136170109 136170109 | J084102.1+044734 13851 13669 £0.110 13709 +0.109
14057 £0.101 14.069 %0102 IORSSSSOIS002 13955 1323050106 13378 1328950114 13270 50114 | ISIMDEONI 1180 141220095 14177 116050095 1416050095 | 1092325 21045107 14039 14.142£0.095
13.763 = 0.108 137620107 13780 =0.107 13524 1358820114 13520 1359220113 13600=0.113 | J091439.5:014416 13781 1392520098 13792 13938 £0.100 13.934+0.100 | JOSISIT4+041821 13638 1377220107 13.780£0.107
14342 £ 0.090 14354 £ 0092 GOt Do ol 130 Docsoily 1336is011s | IS0 1o limgsors 1im 14m6s 0100 J093700.7+014143 14260 14103 +0.007 14263 14105 +0.008
13.686 +0.109 13.688+0.108 136840108 | J083322.6-011128 13659 13858 +0.108 13662 13860 +0.108 13902 14.102£0088 13926 14.133 0091 35442000339 14161 1410220100 14162 141020101 14093 +0.101
13841 £0.106 1385120106 13.82320.107 | J0907186+035258 14280 14.230£0086 14305 14254 +0.089 13166 13257£0.116 13185 13276 £0.114 13300+0.114 | J092037.94033528 13840 137920104 13850 13801 0,105
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