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ABSTRACT

Context. This is the second paper in a series presenting the results from a 500 ~2~'Mpc large constrained simulation of the local
Universe (SLOW). The initial conditions for this cosmological hydro-dynamical simulation are based on peculiar velocities derived
from the CosmicFlows-2 catalog. The simulation follows cooling, star formation, and the evolution of super-massive black holes.
This allows one to directly predict observable properties of the intracluster medium (ICM) within galaxy clusters, including X-ray
luminosity, temperatures, and the Compton-y signal.

Aims. Comparing the properties of observed galaxy clusters within the local Universe with the properties of their simulated counter-
parts enables us to assess the effectiveness of the initial condition constraints in accurately replicating the mildly nonlinear properties
of the largest, collapsed objects within the simulation.

Methods. Based on the combination of several, publicly available surveys we compiled a sample of galaxy clusters within the local
Universe, of which we were able to cross-identify 46 of them with an associated counterpart within the SLOW simulation. We then
derived the probability of the cross identification based on mass, X-ray luminosity, temperature, and Compton-y by comparing it to a
random selection.

Results. Our set of 46 cross-identified local Universe clusters contains the 13 most massive clusters from the Planck SZ catalog
as well as 70% of clusters with M5y, larger than 2 x 10'* M. Compared to previous constrained simulations of the local volume,
we found in SLOW a much larger amount of replicated galaxy clusters, where their simulation-based mass prediction falls within
the uncertainties of the observational mass estimates. Comparing the median observed and simulated masses of our cross-identified
sample allows us to independently deduce a hydrostatic mass bias of (1 — b) = 0.87.

Conclusions. The SLOW constrained simulation of the local Universe faithfully reproduces numerous fundamental characteristics of
a sizable number of galaxy clusters within our local neighborhood, opening a new avenue for studying the formation and evolution of

a large set of individual galaxy clusters as well as testing our understanding of physical processes governing the ICM.

Key words. methods: numerical — galaxies: clusters: general — large-scale structure of Universe

1. Introduction

Extremely interesting times for cosmology and astrophysics
are ahead of us. Within the past years, tremendous efforts
have been put into developing missions to achieve larger cos-
mological surveys, for example the Sloan Digital Sky Sur-
vey (SDSS; Kollmeier et al. 2019), the Dark Energy Survey
(DES; Dark Energy Survey Collaboration et al. 2016), and the
2df Galaxy Redshift Survey (2dFGRS; Colless et al. 2001),
as well as deeper local surveys, for example the Arecibo
Legacy Fast ALFA Survey (ALFALFA; Saintonge 2007), the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006),
and the Nearby Galaxies Legacy Survey (NGLS; Wilson et al.
2009).

The progress in this field has been accompanied by the con-
stant development of higher resolution hydrodynamical cosmo-
logical simulations (e.g., Balogh et al. 2004; Vogelsberger et al.
2014; Hirschmann et al. 2014; Dolag et al. 2016; Dubois et al.
2016), which have become a fundamental theoretical tool in the
study of the multi-scale and nonlinear nature of astrophysical
and cosmological processes (Overzier 2016).

Among the structures under study in our Universe, galaxy
clusters represent a fundamental set of cosmological probes.
Lying at the intersection between astrophysics and cosmol-
ogy, the understanding of the formation and evolution of these
structures is primordial in our comprehension of the Uni-
verse, spanning from the scale of particle physics, such as
in the study of dark matter candidates (e.g., Treumann et al.
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2000; Kaplan et al. 2009; Meissner & Nicolai 2019), to the
largest cosmological scales when, for example, aiming to tight
the constraints on cosmological parameters (e.g., Mantz et al.
2010b, 2015; de Haan et al. 2016; Schellenberger & Reiprich
2017; Pacaud et al. 2018; Ider Chitham et al. 2020; Chiu et al.
2023).

Nevertheless, retrieving detailed information about galaxy
clusters through observations is indirect and may suffer from
biases. Thus, the use of cosmological simulations has turned out
to be a unique complementary tool in the study of the formation
of these structures and to assess possible biases in the observa-
tions (see e.g., Kravtsov & Borgani 2012; Frenk & White 2012;
Vogelsberger et al. 2020, for more extensive reviews).

Traditionally, what we call standard cosmological sim-
ulations of structure formation, such as Magneticum
(Hirschmann et al. 2014; Dolagetal. 2016), Horizon-AGN
(Dubois et al. 2016), EAGLE (Schaye et al. 2015), and Illus-
trisTNG (Pillepich et al. 2018), have aimed to produce “random”
statistically representative patches of the Universe. Even if these
simulations can reflect properties of our Universe in a statistical
manner, such as large-scale structure, clustering statistics,
and galaxy diversity (e.g., Klypinetal. 2011; Pradaetal.
2012; Angulo et al. 2012; Watson et al. 2014; Kim et al. 2014;
Skillman et al. 2014, among others), they do not contain the spe-
cific objects (such as the Virgo and Coma clusters, or the local
voids), embedded within the correct large-scale structure. Thus,
there remains an underlying difference between the ensemble
mean prediction and the observational dataset, which is subject
to cosmic variance (e.g., Stoughton et al. 2002; Abazajian et al.
2003, 2009).

To determine the nature of specific objects in our Universe,
many studies have used large random simulations in order to
search for analogs that are similar to the particular object in
question (e.g., ELVIS; Garrison-Kimmel et al. 2014, 2019 and
APOSTLE; Sawala et al. 2016 projects). This approach is use-
ful for assessing the frequency of certain types of objects within
the ACDM framework, but it falls short in accurately defining
the nature of these objects. This is because the nonlinear pro-
cess of structure formation in the Universe allows many evolu-
tionary routes to reach a seemingly similar end state. To truly
understand the nature of any specific observed object, it needs to
be modeled within its accurate cosmological context, not just a
random one. This is the exact aim of “constrained simulations”
of the Universe.

Constrained simulations are created using a set of ACDM
initial conditions constrained with actual galaxy observations,
designed to develop into the specific distribution of large-
scale structures seen in the local observed Universe (e.g.,
Kravtsov et al. 2002; Mathis et al. 2002; Dolag et al. 2004a,
2023; Sorce et al. 2014, 2016b; Carlesi et al. 2016b; Sorce et al.
2020, 2022; McAlpine et al. 2022; Pfeifer et al. 2023, for a
nonextensive list). This approach ensures that the entire array of
structures in the local area, including galaxy clusters, filaments,
and voids, is accurately replicated in their respective locations.
Through this method, we can replicate not only the positions of
these local structures but also their velocities, masses, and inter-
nal characteristics. Additionally, it allows us to understand their
distinctive formation histories and the environments in which
they develop.

This method is highly beneficial because it enables us to
leverage observations from our local environment, which are of
comparatively unparalleled data quality. It allows us to conduct
accurate direct comparisons, avoiding potential biases inher-
ited in statistical samples, such as cool-core bias in X-ray-
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selected galaxy cluster samples (Eckert et al. 2011; Piffaretti &
Valdarnini 2008; Nurgaliev et al. 2017), biases for merging clus-
ters in weak-lensing-selected clusters (Chen et al. 2020; Wu
et al. 2022), or the hydrostatic mass bias (Gruen et al. 2014;
von der Linden et al. 2014; Hoekstra et al. 2015; Applegate
et al. 2016; Okabe & Smith 2016; Sereno & Ettori 2017; Hurier
& Angulo 2018; Medezinski et al. 2018; Jimeno et al. 2018).

Even more, these simulations can serve as a valuable tool
to infer potential biases inherent in statistical comparisons
between extensive surveys and standard cosmological simu-
lations (e.g., the halo bias in the local Universe, Dolag et al.
2023, or the hydrostatic bias expected for the Virgo clus-
ter, Lebeau et al. 2024). They can even go beyond the sta-
tistical approach and trace back evolutionary paths of the
studied structures (Sorce et al. 2016a, 2020). These kinds of
simulations have indeed already been proven to be essential
in enhancing our understanding of the properties and evolu-
tion of individual clusters within the cosmic web environment
(e.g., Donnertetal. 2010; Planck Collaboration Int. X 2013;
Planck Collaboration Int. XL 2016; Olchanski & Sorce 2018;
Jasche & Lavaux 2019; Sorce et al. 2020, 2021; Malavasi et al.
2023; Lebeau et al. 2024, for a non-extensive list).

In order to be able to represent the local Universe prop-
erly, one needs a large enough volume of several hundred mega-
parsec. Additionally, the initial conditions must be constrained
by parameters that are not directly derived from the distribution
of observable tracers. This condition ensures that the compari-
son remains independent. Moreover, it is essential to incorpo-
rate the presence of baryons and to model the physics of galaxy
formation within the simulations. Once the evolution of the intr-
acluster medium (ICM) is accurately reproduced, it allows one
to identify galaxy clusters based on observables, such as X-ray
luminosities, temperatures, or the Sunyaev-Zeldovich (SZ) effect
(Sunyaev & Zeldovich 1970) of galaxy clusters.

Constrained simulations are inherently rooted in observa-
tions, and the quality of these simulations is contingent upon
both the quality and the diversity of environment of the con-
straints (Sorce et al. 2017). Initially, constrained simulations
relied on data obtained from redshift surveys, which estimated
the local matter density by analyzing the distribution of galax-
ies based on their observed redshifts. An overview of projects
carried out using these simulations can be found in Sect. 2 of
Dolag et al. (2023).

A more recent method for constraining initial conditions
(ICs) is grounded in peculiar velocities obtained from direct dis-
tance measurements. Tracing the peculiar velocity field involves
mapping the potential field generated by the large-scale den-
sity distribution of all matter, a factor independent of the tracer
population. Managing the dataset of galaxies with measured
distance indicators, as gathered by the CosmicFlow project
(Courtois et al. 2012; Tully et al. 2013, 2016, 2023b), requires
careful handling. Techniques have been developed to accommo-
date for the growing number of constraints and address inher-
ent biases in velocity data (Doumler et al. 2013c,a,b; Sorce et al.
2014, 2016b; Sorce 2015). The ICs derived from this approach
have been used for various simulations, including those related
to cosmic reionization (Ocvirk et al. 2020), high-resolution local
group simulations (HESTIA, Libeskind et al. 2020), and dark
matter simulations that successfully replicate, for example,
the Virgo and Coma clusters — Constrained LOcal and Nest-
ing Environment Simulations (CLONES; Sorce 2018). More
recently, the re-simulation of the regions around these promi-
nent clusters with the zoom-in technique has allowed for stud-
ies of galaxy properties within the Virgo and Coma clusters,
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with re-simulated runs including galaxy formation physics
(Sorce et al. 2021).

The Simulating the Local Web (SLOW; Dolag et al. 2023)
simulation is a 500 h~'Mpc box, using one realization of
CLONES (Sorce 2018). It follows the evolution of dark and
baryonic matter representing our cosmic neighborhood and cen-
tered on the position of the Milky Way (MW). The initial
conditions’ constraints for these simulations are based on the
direct distance measurements and redshift estimates of several
thousand galaxies from the second catalog of the Cosmicflows
project (CF2, Tully et al. 2013), see Sect. 2 for a more detailed
description.

Moreover, baryonic matter is treated using hydrodynam-
ics in conjunction with various state-of-the-art sub-grid mod-
els. The simulation set includes boxes incorporating galaxy
physics, such as the formation of stellar populations, black holes
(BHs), and associated active galactic nuclei (AGN) physics, for
which the prescriptions of the Magneticum simulations' (see
Hirschmann et al. 2014; Dolag et al. 2016) were used. Addition-
ally, we also performed a run incorporating the evolution of mag-
netic fields and cosmic rays (see Sect. 2.2).

This second paper in the series presents 46 galaxy cluster
replicas reproduced in our constrained local Universe simula-
tion box. It provides a detailed description of the identification
process of the clusters, which made use of observational mul-
tiwavelength data for a one-to-one identification. Additionally,
we present the general properties of our galaxy cluster replica
and evaluate the statistical significance of their match as well as
their predicted observational signatures in comparison with their
observed counterparts.

The structure of the paper is as follows: In Sect. 2, we pro-
vide a detailed description of how the constrained initial condi-
tions were developed, along with insights into the physics incor-
porated into the simulation. Moving to Sect. 3, a broad perspec-
tive on the most prominent structures within the local Universe
is presented. Section 4 conducts a study comparing the scaling
relations of galaxy clusters in our simulations with observations.
Section 5 delves into our results, covering the identification of
clusters in our simulations, their associated significance, and
an in-depth analysis of their four primary properties, the mass
encompassed within Rsoy (Msq), the X-ray derived luminosity
(Lxsop) and temperature (7 xsg0), and its SZ effect signal (Y'szsqp).
Finally, in Sect. 6, we summarize our conclusions and findings.

2. The SLOW simulations
2.1. Building the initial conditions for SLOW

Constrained simulations stem from initial density and velocity
fields that have been constrained with observational data. The
two main pillars on which constrained ICs are constructed are
thus the prior cosmological model, like any random simulations,
and the observational data. For the former, we use Planck cos-
mology (2, = 0.307; Qs = 0.693; Hy = 67.77km s Mpc‘1
and og = 0.829 Planck Collaboration XVI 2014). For the lat-
ter, in our case, the observational data consist of CF2, the
second catalog of the Cosmicflows project (Tully et al. 2013).
This catalog contains more than 8000 distance moduli of local
galaxies obtained from various distance indicators such as the
Tully-Fisher relation, the fundamental plane, and supernovae.
These distance moduli are combined with observational redshifts
to determine galaxy radial peculiar velocities. The method to

! www.magneticum.org

build the constrained ICs has been extensively discussed in for
instance Sorce et al. (2016b). The basis for SLOW’s ICs have
been developed and presented in Sorce (2018). They represent
CLONES (Constrained LOcal & Nesting Environment Simula-
tions, Sorce et al. 2021, 2024) state-of-the-art so far. We present
here a summary of the main steps:

1. We start with removing any nonlinear motions that would
affect our linear reconstruction of the linear initial fields. We
are careful to keep galaxies still infalling onto clusters out-
side of the latter. Galaxies are thus grouped resulting in 5562
galaxies and groups (Sorce & Tempel 2018).

2. We then minimize the biases inherent to any observational
radial peculiar velocity catalogs. The effects of the homoge-
neous and inhomogeneous Malmquist biases as well as that
of the lognormal error (e.g. Kapteyn 1914; Malmquist 1922;
Landy & Szalay 1992; Tully et al. 2016) are minimized in
the catalog with the method described in Sorce (2015).

3. The Wiener-Filter method (WF, Zaroubi et al. 1999) is then
applied to the grouped catalog of bias-minimized radial
peculiar velocity constraints to reconstruct the tridimen-
sional cosmic displacement field.

4. The reconstructed cosmic displacement field is then
used through the Reverse Zel’dovich Approximation
(Doumler et al. 2013b) to relocate the galaxy and group con-
straints to the positions of their progenitors. It ensures that
structures are at the proper position at redshift zero. We
also replace noisy radial peculiar velocities by their 3D WF
reconstructions (Sorce et al. 2014)

5. We produce the initial density and velocity fields con-
strained with the grouped, bias-minimized, and relo-
cated 3D peculiar velocities using the constrained real-
izations technique (CR, Hoffman & Ribak 1991, 1992;
van de Weygaert & Bertschinger 1996). This method derives
an estimate of the residual between the WF reconstruction
and the true field using a random realization. It permits the
regions with poor and noisy data with a random Gaussian
field to be filled up while converging to the constrained
values where these are available. Doing so we restore sta-
tistically the otherwise missing structures and we ensure
the overall compliance with the prior power spectrum. The
“strength” of the observational data used as constraints deter-
mines the extent to which the ICs are likely to reproduce
the observed local Universe. In those regions where the data
is lacking or dominated by the error, the recovered velocity
field will tend to the random realization of the prior model.
The outcome of the simulation will thus be determined by
the interplay between the random modes and the constraints.

6. As scales below the linear threshold (3—4 Mpc) are non-
constrained, at least not directlyz, there is no reason to work
with density and velocity fields with resolution higher than
that of the galaxy groups and clusters. The resolution of the
constrained density and velocity fields can then be increased
by adding small-scale features using the GINNUNGAGAP
software’.

2.2. The SLOW simulation set

Our simulations are based on the parallel cosmological Tree-PM
code P-Gadget3 (Springel 2005), with which we ran several cold

2 It can though be shown that some small scales are induced by the
large-scale environment. Carlesi et al. (2016a) showed that it is the case
of the local Group.

3 https://github.com/ginnungagapgroup/ginnungagap
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dark matter (DM) and hydrodynamical runs at different resolu-
tions. The code uses an entropy-conserving formulation of SPH
(Springel & Hernquist 2002), with SPH modifications according
to Dolag et al. (2004b, 2005a) and Beck et al. (2015), and fol-
lows the gas using a low-viscosity SPH scheme to properly track
turbulence (Dolag et al. 2005b). Hydrodynamical runs include
prescriptions for a vast range of baryonic physics, such as cool-
ing, thermal conduction based on Dolag et al. (2004b) at 1/20th
of the classical Spitzer value (Spitzer 1962), star formation,
supernovae (SNe, Tornatore et al. 2004, 2007) and supernova
driven winds (Springel & Hernquist 2003), chemical enrichment
from stars from SN type la and type 2 and the asymptotic
giant branch (AGB) stars, black hole growth and feedback from
AGN (Springel et al. 2005; Fabjan et al. 2010; Hirschmann et al.
2014; Steinborn et al. 2015). These runs will in the following
be referred to as Full Physics (FP) Runs. Independently from
those, we performed another run solely including gas and pre-
scriptions for Cosmic Rays and Magnetohydrodynamics (for
more details on this simulation see Boss et al. 2023). Table 1
shows a complete list of all the cosmological boxes available
at the current date. Throughout this paper, we rely on the out-
comes derived from the SLOW-FP1536° simulation, knowing
that masses and positions for the different structures have only
minimal differences between simulations. However, this particu-
lar simulation offers the highest resolution available, encompass-
ing galaxy physics down to z = 0, as indicated in Table 1.

3. Local galaxy clusters
3.1. A general view

The local Universe encompasses a spatial region of approxi-
mately z < 0.1 (R < 200 Mpch™). Due to its close proximity,
the local Universe is the most extensively studied part of the
Universe, presenting a unique laboratory to study galaxy clus-
ters across a wide range of shapes, characteristics, and dynami-
cal states.

In our local volume, located approximately 15 Mpc away,
the Virgo cluster stands out as the primary defining feature of
our immediate cosmic neighborhood and covers the largest area
in the sky. Its closeness has made it among the best observed
clusters of our Universe (Binggeli & Huchra 2000), also hosting
the well-known central galaxy M8&7.

Moving beyond Virgo, a roster of renowned and well-
observed clusters such as Centaurus, Fornax, Hydra, Norma, and
Perseus take the central stage within the local volume. Perseus,
in particular, has been widely observed through X-ray studies
using Chandra observations (Weisskopf et al. 2000; Fabian et al.
2011), as well as ROSAT PSPC (Branduardi-Raymont et al.
1981; Schwarz et al. 1992; Allen et al. 1993), Hitomi (Aharonian
etal. 2017), XMM-Newton data and Suzaku mosaics (Simionescu
et al. 2012, 2013; Urban et al. 2013). These studies have shown
very distinctive features that make this cluster worth study-
ing, like its pronounced cool core, with a sharp peak in X-
ray surface brightness and decreasing temperature toward the
center, and strong signs of ongoing AGN feedback processes
(Bohringer et al. 1993; Fabian et al. 2000). Perseus shows also
signs of a powerful merger, yet its cool core remains undestroyed.
However, the motion induced by this merger seems to penetrate
the cool core of the cluster forming a large-scale sloshing inside
the cluster (Simionescu et al. 2012).

At a distance of roughly 100 Mpc, we find the Coma clus-
ter, a remarkable rich and complex structure, with an also
rich history of remarkable observations (Fitchett & Webster
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Table 1. Set of available SLOW simulations following different physi-
cal processes and utilizing different resolutions.

Name z N Mpm Mgy Physics
SLOW — [Moh™] [Moh™]
DM7683 0 7683 2.4 x 100 - DM only
DM1576% 0 1576 2.9 x 10° - DM only
DM30723 0 30723 3.7x 108 - DM only
DM61443 - 61443 4.6 x 107 - ICs only
AGN7683 0 | 2x768° 20x 10 | 3.7x10° Cooling,
SFR, AGN
AGN1536° | 0 | 2x1536° | 2.5x10° | 4.6 x 108 Cooling,
SFR, AGN
AGN3072% | 2 | 2x3072% | 3.1x10% | 5.5x 107 Cooling,
SFR, AGN
CR30723 0 | 2x3072% | 3.1x10% | 5.5x107 MHD,
Cosmic Rays

Notes. All are based on the same initial constrained density and velocity
field, adding small-scale features up to the 61443 resolution and then
degrading resolution to the given value.

1987; Mellier et al. 1988; Biviano et al. 1996; Biviano 1998;
Planck Collaboration Int. X 2013). White et al. (1993) showed
that the Coma cluster was plausibly formed by the merging of
several distinct substructures which are not yet fully merged and
Vikhlinin et al. (1994) showed that the extended regions of X-ray
emission in the central region of Coma are associated with the
subgroups NGC 4889 and 4874, two galaxies lying at the center
of the cluster. It also presents signs of recent infall in the form of
linear filaments to the southeast (Vikhlinin et al. 1997), extend-
ing =1 Mpc from the cluster center toward the two central galax-
ies aforementioned (Andrade-Santos et al. 2013; Neumann et al.
2001; Arnaud et al. 2001; Briel et al. 2001).

Beyond the previously mentioned clusters, we can find
a significant number of very massive clusters extending up
to a distance of over 150 h‘lMpc (Courtois et al. 2013;
Dupuy & Courtois 2023). Therefore, within the cosmological
volume where our simulation is constrained, we account for a
rich variety of galaxy clusters. This allows us to conduct detailed
studies of their evolution as well as testing (hydro)dynamical and
physical processes governing their formation.

3.2. Collection sample of local galaxy clusters

The previously mentioned examples show the immense diver-
sity of processes and dynamical states observed in local clusters.
Thus, detailed observations of the local Universe add immeasur-
able value to astrophysical discussions like the survivability of
cool cores (e.g. McDonald et al. 2013), the effects of mergers
and AGN associated feedback (e.g. Eckert et al. 2021), as well
as cosmological discussions on large scale structure formation
(e.g. Mathis et al. 2002), mass estimation based on individual
clusters (e.g. Lebeau et al. 2024) and inference of cosmological
parameters (e.g. Tully et al. 2023a).

In this work, we collected information from a total of 221
local Universe clusters and groups from the literature. To do
so, we combined the CLASSIX catalog of local X-ray clusters
and groups (Bohringer et al. 2016), the Tully galaxy groups cat-
alog* (Tully 2015) and the SZ Cluster Database’. This list was

4 https://edd.ifa.hawaii.edu
> http://szcluster-db.ias.u-psud.fr
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then augmented with additional data from the X-rays Galaxy
Clusters Database (BAX)®. In addition, we included other, well-
known local clusters and groups from various, individual observa-
tions. From this collection, we selected all clusters with SZ-effect
derived Msy, masses’ above 2 x 10'* M, with a corresponding
position in the Tully galaxy group catalog. Additionally, it incor-
porated six renowned local clusters with an X-ray-derived Msg
value exceeding 10'* M, as well as prominent galaxy clusters
from the Tully galaxy groups catalog where additional X-ray data
where available. From this, we constructed a final set of 45 clus-
ters where we identified a counterpart candidate within the simu-
lations. Within this selection, the inferred masses of the clusters
are based on vastly different methods. Therefore, in the later anal-
ysis, we restricted direct comparisons of Msg to the subsample of
clusters where Msgy was based on the observed SZ signal.

3.3. Finding cluster replicas in SLOW

For the sample of 46 galaxy clusters, we collected data from
the literature for different mass estimates and X-ray observables.
The integrated Compton-y signal (Y) within Rsgy together with
the corresponding M5y mass estimate was taken from the SZ
Cluster Database, while X-ray data like temperature and lumi-
nosity in the 0.1-2.4 keV range of most of the clusters where
taken directly mainly from (Ikebe et al. 2002; Shang & Scharf
2008; Planck Collaboration XI 2011), otherwise we took the val-
ues quoted in BAX. The inferred X-ray based Msy masses
where extracted from (Chenetal. 2007). The Tully galaxy
groups catalog presented dynamical mass estimations, Mgy,
which we converted to the virial mass, by correcting it down
by 12% as presented by Sorce et al. (2016a) for their simulated
Virgo cluster at z = 0, and then converted the virial mass to M5
using the conversions presented in Ragagnin et al. (2021).

In Table A.1, we report the observed position as sourced from
the according group within the Tully galaxy catalog, together with
the position of the replica candidate within our simulation. In
addition, we list the relative displacement between the observed
cluster position and that of the replica candidate. Table A.2
displays the observational values alongside the corresponding
values from the replica candidate, as obtained through the simu-
lation, for comparison. This now allows a more thorough compar-
ison and emphasizes the strength of comparing multiple observa-
tional signals to the counterparts from the simulation. Typically,
X-ray luminosity is among the most commonly measured quan-
tities, although it is most sensitive to inhomogeneities such as
clumping and hence most dependent on the detailed treatment of
cooling and star-formation processes in simulations. Therefore,
it is difficult to accurately predict through simulations. In a fully
virialized cluster formed solely through gravitational collapse, X-
ray luminosity, temperature as well as SZ signal directly correlate
with the mass of the cluster. However, in practice, such relations
suffer differently from scatter due to internal structures, deviation
from spherical symmetries as well as deviation from hydrostatic
equilibrium. Indeed, different comparisons suffer differently from
individual observational biases, as well as from the incomplete-
ness of the simulations when it comes to reproducing the actual
galaxy clusters and the treatment of relevant physical processes
affecting them. Therefore, we can get a more complete picture if
we make use of the entire set of observables along with the inferred
masses for comparison.

% http://bax.irap.omp.eu
7 Msy is the mass within the radius Rsq, for which the cluster mean
total density is 500 times the critical density at the cluster redshift.

In order to obtain the above-mentioned sample of counterpart
candidates of local galaxy clusters within the SLOW simulation,
we applied the following procedure:

1. Starting from our collection of observed local galaxy clusters
we first associated the cluster/group in Tully’s North/South
Catalog. We used the member galaxy which is closest to
the position on the sky and redshift as the center and used
the according supergalactic X, Y, Z coordinates. For the few
observed clusters without such an association, we converted
sky positions and redshifts directly into supergalactic X, Y,
Z coordinates. When computing the positions of clusters
within the simulation, we used the observer position as pre-
sented in Dolag et al. (2023) as the optimized center.

2. We selected the Compton-y derived Msqy cluster mass, or
if unavailable, the X-ray derived mass or dynamical mass,
depending on data availability.

3. We then identified all massive halos within a small "search
radius," and with a lower masses M5 cut typically not less
than six times the observed mass. If we fail to identify a
suitable counterpart in close proximity to the observed clus-
ter, we expand our search radius typically not exceeding 45
Mpch!. The resulting median distance in which we found
our cluster replicas is =25 Mpc/h.

4. In cases where multiple candidates existed in terms of posi-
tion and mass, we conducted a comparison of temperature
and luminosity values, along with an assessment of the clus-
ter’s close surroundings and dynamical state, especially if it
was involved in a merging process, or in a stage prior to it.
Additionally, for supercluster regions like Hydra-Centaurus
or Shapley, we considered the geometry of the surrounding
cluster environment, its relative position to nearby clusters,
and how well the shape of the surrounding filaments matched
the observed galaxy distribution (see also Seidel et al.,
in prep.).

Although the selection process described above is guided by the
availability of observational data, the combined usage of Planck
selected clusters, the X-ray flux-limited CLASSIX catalog and
the 2MRS-based Tully galaxy groups catalog should lead to a
very complete cover of massive local galaxy clusters. Such a list
of counterpart candidates is specifically designed to focus pri-
marily on the massive clusters identified through observational
proxies. A comprehensive map of the entire sky, featuring the
46 cluster replicas included in our SLOW simulation set, is pro-
vided in Fig. 1. We note that this sample of clusters not only
contains the 13 most massive clusters but also 70% of clusters
with Msq larger than 2 x 10'* M, from the Planck SZ cluster
catalog (Planck Collaboration XXIX 2014) within a distance of
~200Mpch.

4. Scaling relations for low redshift clusters

It has been extensively demonstrated that the subgrid model
presented in Sect. 2.2 yields galaxy and ICM properties in
galaxy clusters that closely align with observed trends and
properties (Gupta et al. 2017; Singh etal. 2020). The Mag-
neticum simulations employing the same hydrodynamical
scheme, with a slightly earlier adaption of the galaxy forma-
tion treatment, have been compared to SZ data from Planck
(Planck Collaboration XVI 2014) and SPT (McDonald et al.
2014). They have successfully replicated the observable X-ray
luminosity relation (Biffi et al. 2013), among other ICM charac-
teristics. In this context, we will test the results of our SLOW
simulations to demonstrate their capability to reproduce SZ data
and relationships with X-ray observables scaling relations.

A253, page 5 of 19


http://bax.irap.omp.eu

Hernandez-Martinez, E., et al.: A&A, 687, A253 (2024)

Compton-y

1.0e-08

1.0e-04

1.0e-06

=T A2[l65
" A2]07

\ 2Aﬂ335+[l96
2665

Ml? ,A2572a

A2593 :
A85' .

% 'A1795_

AWJ. Aasm
Ama -AJ5:

A539

W A3391 Forﬂax >

A3266 A3376
AT

‘ A3266
A3391 A3158

Fig. 1. Full-sky projections of the Compton-y signal encompassing the entire simulation volume in SLOW are shown in the following manner:
(a) A full-sky projection in galactic coordinates. (b) On the left, the galactic northern sky is projected, while on the right, the galactic southern
sky is shown. The zone of avoidance lies at the edge of the spheres. Circles are employed to mark the projected s values for the cross-identified
clusters. Note that the cross-identification of A576 and A3571 was improved with respect to Dolag et al. (2023).

Scaling relations are particularly interesting as they are
tightly related to the physics of cluster formation and evolu-
tion. In the idealized framework where gravity is the dominant
process in cluster evolution, self-similar models predict simple
scaling relations between cluster properties, such as tempera-
ture, luminosity, and Compton-y value with total mass (Kaiser
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1986). In general, these relations are described by power laws,
around which some data points scatter according to a log-normal
distribution. These relations describe positive correlations, so
that largest systems have on average higher values of the cor-
related parameter. On top of this, as these relations come from
the premise of self-similarity and thus gravity domination, any
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Fig. 2. Scaling relations within Rsy for simulated clusters at z = 0 and for observed low redshift clusters. Gray data points represent the cluster
values from our simulations, estimated using SUBFIND (Springel et al. 2001; Dolag et al. 2009; Saro et al. 2006). The clusters that have been cross-
identified are highlighted in blue. Luminosity-mass (L — M50, top left), luminosity-temperature (L, — kT, top right), temperature-mass (KT — M5,
bottom left) panels show observational data from Pratt et al. (2009) (depicted as red points), which encompasses clusters with redshifts ranging
from 0.05 to 0.164, Zhang et al. (2008) (depicted in yellow) with clusters spanning the redshift range of 0.14 to 0.3, and Mantz et al. (2010a)
(depicted in green), which includes clusters with redshifts less than 0.3. The bottom right panel depicts the Compton-y — M5 scaling relation. For
observational data in this case, we rely on Planck’s catalog PSZ1v2 (Planck Collaboration XXIX 2014), considering only clusters with a redshift

of less than 0.1.

deviation of the relation may be a sign of important hydrody-
namical processes taking center stage in the evolution history
of these structures. Therefore, scaling relations are an important
tool in cosmology as well as in the study of the thermodynamical
history of clusters and their ICM.

We tested our simulated clusters scaling relations against
the observed clusters scaling relations reported by Zhang et al.
(2008), Pratt et al. (2009), Mantz et al. (2010a). The first three
panels in Fig. 2 show the results of Ly — Msp, Ly — Tx and
Tx — Msq scaling relations for the clusters selections given in
Pratt et al. (2009) in a redshift range of 0.05 < z < 0.164 (in

red), Zhang et al. (2008) spanning the range 0.14 < z < 0.3 (in
yellow) and Mantz et al. (2010a) containing clusters with z < 0.3
(in green). Even if this redshift threshold is small enough to keep
evolution effects to a small level (Reichert et al. 2011), we cor-
rected the data for possible redshift effects.

We calculated the luminosities, temperatures, and masses for
our clusters in the Rsyy radius using SUBFIND (Springel et al.
2001; Dolag et al. 2009; Saro et al. 2006). For the temperature,
in order to focus on the ICM gas we performed a cutout above
10° K. The simulated data points for all clusters in our simula-
tion are shown in gray, while the corresponding data points for
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our set of 46 clusters are plotted in blue. All three figures show a
great agreement between the observed clusters and the simulated
clusters in our box.

Furthermore, we examined the Compton-y — M5 relation-
ship for our simulated clusters. In this instance, we selected
observational data from the Planck database for clusters with
redshifts below 0.1. For the simulated values, we generated
Compton-y maps for each of the clusters in our simulations
employing SMAC (Dolag et al. 2005a), and computed the total
Compton-y emission within Rsg9. Once more, our simulations
faithfully reproduce the expected scaling relation presented in
the observational data. Thus, we can conclude that our improved
subgrid model presented in Sect. 2.2 can also successfully repli-
cate the crucial ICM characteristics such as Ly — Msog, Ly — Tx
and Ty — Msqp and Yso9 — M5 scaling relations.

5. Results
5.1. Local cluster and their replicas in SLOW

Table A.1 presents a comparison of the positions of local clus-
ters and their simulated counterparts. The median separation
between the observed cluster position and that of its replica in
our simulation is of 25 Mpc h~!, with only three exceeding a dis-
tance of 45 Mpch™!.

During the cluster identification process based on observed
positions, two primary sources of errors come into play. Firstly,
when using distance measurements derived from redshift for
the positions of our galaxy clusters, we encounter uncertainties
associated with the peculiar velocity of the cluster. To quantify
this uncertainty, we referred to the study by Dolag & Sunyaev
(2013, Fig. 1), where the authors presented histograms of pecu-
liar velocities of galaxy clusters in a cosmological box across
different mass bins. We adopted the 1 sigma error values for
each mass bin presented in Fig. 1 of the mentioned paper to
illustrate the typical peculiar velocity uncertainties, which have
a mild dependence on mass. These resulting uncertainty values
are displayed in Col. 8 of Table A.1.

On the other hand, in simulations founded on peculiar veloc-
ities, uncertainties coming from distance moduli propagate to
radial velocities and subsequently extend further to uncertain-
ties on the reconstructed density and total velocity field. Con-
sequently, uncertainties in the observed distances (which are
of around a 20% of the distance value) are directly coupled
with displacements of the three dimensional positions within the
evolved simulation.

In addition, a positional error originates from the creation
of the constraints for the initial conditions, where scales below
the linear threshold are typically non-constrained. However, this
generally adds an error of 3-4 Mpc, which is significantly
smaller than the two errors discussed above.

Therefore the relative distances found for our simulated
replicas, as presented in Table A.1, are reasonably small when
compared to the above-discussed uncertainties, showing that we
have a high-fidelity reproduction of these observed clusters in
our simulation. Note that for half of the cluster replicas, the
relative distances found are already almost fully covered when
only considering the uncertainty of the observed cluster position
based on their expected, typical peculiar velocity.

5.2. Detection significance

Originally, structure identification in reconstructions of the
local Universe primarily relied on tracing the large-scale lin-
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ear field (Hoffman 1993; Zaroubietal. 1995; Fisher 1995;
Bistolas & Hoffman 1998) More recently, reproductions based
on simulations have shifted their focus toward individual,
collapsed structures, leading to a manual one-to-one struc-
ture and galaxy cluster identification (e.g., Klypin et al. 2003;
Dolag et al. 2004a; Carlesi et al. 2016b; Sorce 2018; Sorce et al.
2019, 2020, 2022). Recently, Pfeifer et al. (2023) extended this
type of identification by associating well-defined probabilities
to the cross-matched galaxy cluster pairs. Our current objective
extends beyond the previous approach. We aim to identify col-
lapsed, nonlinear structures at smaller scales within the larger-
scale cosmological hydrodynamical box and assess their signif-
icance and the quality of their reproduction given the variety of
multiwavelength observational data available for the individual
galaxy clusters.

Therefore, once we have found counterparts for our galaxy
cluster selection, we can consider the probability of such a find-
ing compared to a random position in a very large simulation
box. Here, we can take the relative distance from the observed
position, the inferred mass of the galaxy cluster, or directly any
observational signal that is typically used as a proxy for the clus-
ter mass (like X-ray luminosity, temperature, etc.) directly into
account.

In mathematical terms, we want to perform a hypothesis
test, where we ask what is the p-value of our finding under
the assumption of no difference compared to a null hypothesis,
which in this case is a random simulation. This can give us a
measure of how likely it is that our finding is in fact a product
of the constraints in our ICs. Such a procedure is naturally only
applicable for rare (e.g. relatively high-mass systems), but can
be extended to smaller accompanying systems, see Seidel et al.
(in prep.) for details. Particularly, we performed this test using
the four main cluster properties that we considered throughout
this paper, which are Msoo, LXs00, TXs00 and the Yszsoy signal.
This time X-ray luminosities were also calculated using SMAC
in the 0.1-2.5 keV band. We subsequently explain the procedure
for M5y, knowing that the analogous procedure applies to the
rest of the properties.

The steps are the following:

1. We select bins for Msg, ranging from 10'* M, to 10" M,
in steps of 10, giving a total amount of ten bins. Each of
these bins will serve as a mass threshold for our cluster
search.

2. We place a virtual observer at random positions in our cos-
mological box (a total of 1 million positions per mass bin),
which is equivalent to positioning ourselves in a random box.

3. We choose each of these mass bins and use it as a threshold
for the cluster property. Then we search in a radius around
the random position of the first cluster which has a value for
M5 larger than the threshold and we save this distance as
our minimum radial distance. We perform this step using all
bins as thresholds.

4. We compute a cumulative probability function for each of
the mass bins, in order to calculate the one-tailored p-value
for each cluster.

5. Now we study our selected clusters in the light of these
cumulative probabilities. We take the relative positions of
our clusters and perform a spline interpolation between the
cumulative probabilities of all bins at a fixed radius. By doing
this we are able to estimate the exact probability of each of
our clusters in terms of the M5y, value.

6. We calculate the significance of the match as 1-p, where p
is the p-value associated with that cluster. The significance
values for each cluster are listed in Table A.1.
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Fig. 3. Cumulative distribution functions for M5y and Y50, respectively.
The top panel displays bins ranging from 10" to 10'* M, with incre-
ments of ten, showing the random expectation of finding a cluster of a
certain mass or higher within a sphere whose radius corresponds to the
distance displayed on the x-axis. Simulated Msy, values, as estimated
by SUBFIND, are represented in red. The blue data points represent the
observed Msg values obtained from clusters Planck signals, including
their associated errors. In cases where SZ-derived M5y, values were
unavailable, X-ray-derived Msy, values were used (indicated by square
points). For cluster A347 X-ray-derived mass information was not avail-
able, thus we used the M5y, mass derived by converting the dynamical
mass estimated by Tully. The observational uncertainties in the cluster’s
position for Coma, A2734, AWM?7, and Centaurus are represented by
red lines, as an illustrative example of how such positional uncertainty
can impact the results of the significance study (see Sect. 5.2 for a more
comprehensive discussion). The bottom panel displays the cumulative
distribution function for the SZ-derived signal in Rsy. Simulated data-
point values where estimated using SMAC (Dolag et al. 2005a). The bins
range from 3 x 1076 to 3 x 10~ Mpc?, with increments of 2.

Figures 3 and 4 depict the cumulative distribution functions
representing various bins of our four central properties. In these
figures, blue points signify the observed clusters, accompanied
by their associated property uncertainties. Correspondingly, the
simulated counterpart values are denoted in red. Apart from the
mass uncertainty, we also need to consider the distance uncer-
tainty originating from peculiar velocities, as well as distance
moduli, as discussed in Sect. 5.1. Given the uncertainty in how
the distance moduli errors affect our simulations, we have lim-
ited our analysis to the peculiar velocity uncertainty. For clarity,
we have graphically represented this uncertainty as a red line
only for five clusters at different relative distances: Coma, Cen-
taurus, A3532, A2107, and A496. This uncertainty applies how-
ever to all represented clusters.

Probability values below the — 1o threshold indicate a signif-
icance level exceeding 80%. Consequently, we classify all clus-
ters falling below this threshold as highly significant matches.
It is worth noting that the significance of these clusters can
exhibit notable variations when considering distance errors. In
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Fig. 4. Similar to Fig. 3, we show cumulative distribution functions for
Ly and T within Rsy. For a better comparison with observations, we
estimated the X-ray luminosity in the band 0.1-2.4 keV for every clus-
ter using SMAC. In the top panel, the bin values range from 10* erg xs™!
to 10% ergxs~!, with increments of 10. Uneven spacing between higher-
value bins has to do with the inherent limitations of small number statis-
tics within our cosmological box (see Sect. 5.2 for a deeper discus-
sion). The bottom panel presents the cumulative distribution function
from the X-ray temperature in Rsoy. We estimated this temperature using
SUBFIND. The bin values range from 2 keV to 9 keV, with increments
of 1 keV.

the worst-case scenario, even with distance errors increasing the
relative distance, the significance for highly significant clusters
remains at higher than 50%. In contrast, under the best-case sce-
nario, where the relative distance gets reduced, their significance
can increase dramatically, surpassing the 99% mark.

Some of the lines for the values representing the higher-mass
bins show unusual patterns, such as uneven spacing between bins
or instances where two bins overlap. This is attributed to the
inherent limitations of small number statistics within our cosmo-
logical box. As we move into higher property value ranges, the
occurrence of clusters with such values diminishes. Neverthe-
less, it is important to note that these irregularities do not have
any relevant impact on our significance estimate.

Lastly, we would like to emphasize the exceptionally high
significance values observed across all properties for several
pivotal local galaxy clusters, notably including Virgo, Coma,
Centaurus, Perseus, Fornax, and Norma, among many others
(see Table A.1). These significance values, hovering around 1.0,
strongly indicate that the identification of these clusters is highly
likely attributable to the constraints we have imposed, rather than
being a random occurrence.

5.3. Properties’ comparison

A notable advantage of our constrained local Universe simula-
tions lies in our ability to perform direct one-to-one comparisons
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Fig. 5. Simulated and observed quantities’ ratios as a function of relative distance. (a) Ratio between the M5y, mass, derived from the cluster
SZ signal, and the SUBFIND-estimated Msgy as a function of relative distance. The dotted line corresponds to the median of the distribution,
while the shaded red region depicts the observed dispersion in the Compton-y—mass scaling relations (Planck Collaboration XI 2011). The three
bottom panels present similar ratios for (b) X-ray luminosity (Lsy), (c) X-ray temperature (7’so), (d) and SZ-signal (Ysq9). These data points are
color-coded based on their mass significance, with higher significance levels indicated in black and lower significance levels denoted in yellow.

once we have successfully matched our clusters with their
simulated counterparts. Figure 5 illustrates the property ratios
between observed and simulated structures, in relation to their
relative distances. The data points are color-coded based on their
significance, with higher significance levels represented by blue,
while lower significance levels are denoted by yellow.

In Fig. 5a, we illustrate the mass ratio of SZ effect-derived
mass within Rsyy divided by the SUBFIND-estimated Msgo. The
dashed line in the plot represents the median value of the data,
while the red-shaded region surrounding the median corresponds
to the dispersion observed in the Compton-y — M5 scaling rela-
tions (Planck Collaboration XI 2011, see Fig. 5). The median
value is 0.87 indicating that the SZ effect-derived mass tends
to be lower than the simulated mass. This finding aligns with
estimates of the hydrostatic mass bias.
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The hydrostatic mass bias is relevant for gas-derived mass
estimations such as X-ray or SZ effect-derived masses, as it
accounts for the fractional difference between the true mass
and the cluster mass inferred using a gas proxy, assuming
hydrostatic equilibrium. This bias is estimated from simula-
tions to be between 10% and 20% (Lauetal. 2009, 2013;
Biffi et al. 2016; Scheck et al. 2023). In simpler terms, ICM-
based mass estimates tend to underestimate the actual mass
by approximately a factor of 0.8-0.9, which closely matches
the shift observed in the median of our mass ratios being
(1-b5)=0.87.

Furthermore, a majority of the clusters closely align with
the median, and approximately half of them fall within the
shaded region, which corresponds to the dispersion seen in the
Compton-y — M5 scaling relation.
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We also notice that Fig. 4a shows a greater dispersion among
clusters matched at smaller relative distances, whereas the dis-
persion tends to be more confined to the proximity of the
shaded region for clusters matched at larger relative distances.
This observation highlights a potential bias in our matching
process.

Our matching process relies in its first steps on positions and
masses. In the search process, sometimes we find a very massive
galaxy cluster very close to the target cluster’s observed position.
This replica candidate has a high significance in terms of its mass
as the relative distance between the observed and simulated clus-
ter is small, pointing to the fact that its existence is very probably
due to our constraints. Usually, after the complete selection pro-
cedure, that cluster will be selected as the corresponding cluster
replica.

However, if we fail to identify a suitable counterpart in close
proximity to the observed cluster, we expand our search radius.
This broader search increases the pool of potential candidates for
a match. Therefore, the probability of finding a candidate with a
very similar mass to the observed one becomes higher at these
extended distances. Thus, the mass scatter becomes lower for
these clusters. These trends are only slightly reflected for tem-
peratures, luminosities, and Compton-y (see Figs. 4b,c,d).

In light of these results, we would like to discuss the repli-
cation quality of the subset of extensively studied clusters in the
literature listed in Table A.2.

Coma demonstrates excellent agreement in terms of mass.
Its simulated mass of 9.61 x 10'* M, aligns well with the X-ray
derived mass of 9.95358 x 10" My, and it is just a bit higher
than the SZ-derived mass. The simulated temperature of 7.06
keV also falls within the observed X-ray temperature range of
8.07 £ 0.29 keV. However, its luminosity and Compton-y values
are higher by a factor of 1.5 and 3, respectively.

The Perseus cluster’s simulated mass of 5.17 x 10" M, is
also in excellent agreement with its X-ray estimated mass of
6.083222 M. The simulated temperature of 4.97 keV closely
matches the reported X-ray temperature of 6.42 + 0.06 keV.

Virgo with a simulated M5y mass of 6.57 X 10 M, and a
virial mass of 7.12 x 10'* M, has a higher mass than the SZ
estimated mass of 4.76 + 0.55 x 10'* M,. However, consider-
ing various studies over recent years estimating Virgo’s virial
mass in the range of 6.0-8.0 X 10" M, like de Vaucouleurs
(1960), Karachentsev et al. (2014) at 8.0 + 2.3 x10'* M, and
Kashibadze et al. (2020) at 6.3 + 0.9 x10'* My, (see Table 3 in
Lebeau et al. 2024, for a longer list), we still view the Virgo clus-
ter’s mass in the simulation as accurately reproduced.

Hydra also agrees in its mass estimation, with 2.64x 10'* M,
in the simulation and 1.29*0-4 x 10" M, given by the X-ray
observation. The temperature value lies also very close, from
3.37 keV in the simulation to 3.15 + 0.05 keV from observa-
tions. It is important to note that these clusters have different
dynamical states and likely underwent different formation paths,
as discussed in Sect. 3.1

Clusters’ replicas for Centaurus, AWM?7, Fornax, and Norma
deviate more from the observed quantities than the previously
mentioned cluster replica. One key factor contributing to these
differences in replication quality is the cluster’s position in the
sky. If we examine the positions of Centaurus, AWM?7, Fornax,
and Norma, we find that they are located in close proximity to the
“Zone of Avoidance” (as seen in Fig. 1), where the extinction is
severe. Consequently, the quality and quantity of observational
data available for our constraints can be more limited. Perseus
and Hydra, on the other hand, are better reproduced, even though
they are near the Zone of Avoidance demonstrating the power of

using peculiar velocities, which by tracing the potential can put
constraints far beyond their actual sampling points.

Compared to other simulations of the local volume con-
strained with galaxy distributions such as SIBELIUS-DARK
(McAlpine et al. 2022), we observe that the significant improve-
ment in the replication of crucial clusters like Perseus and Virgo
(Sorce 2018) can now be extended to various other local clus-
ters. For instance, Perseus, with an observed X-ray-derived M5
of 6.08x10'* My, was previously simulated with a mass of 1.87x
10" My, in SIBELIUS-DARK, whereas our replication yielded
a closer mass of 5.17 x 10'* M. Similarly for Virgo, its 6.57 x
10'* M, mass in our simulation lies in the range of 6—-8x10'* M,
reported in the previous mentioned studies by de Vaucouleurs
(1960), Karachentsev et al. (2014) and Kashibadze et al. (2020),
while SIBELIUS-DARK contained a replica with a lower mass
of 2.7x 10" My, in Rsp and 3.5 x 10'* My, in Rygo. Hydra replica
is now also better reproduced in terms of mass, as we find a clus-
ter replica with a mass of 2.6 x 10'* M, lying very well within

the observed X-ray derived mass range of 2.50*-03x 10! Mo, in

contrast to the 3.5 x 10'* M, mass value reported in SIBELIUS-
DARK (see Table B1 in McAlpine et al. 2022, for comparison).
Indeed, when having a closer look at the quantity ratios in Fig. 5,
we see that the general mass scatter is low, pointing to a gener-
ally good cluster reproduction.

In this context, the cases of Norma and Centaurus are par-
ticularly intriguing, as they stand out as outliers in the panels
depicted in Fig. 5. Specifically, in the case of Norma, the sim-
ulated mass is approximately six times lower than the observed
mass. As mentioned earlier, the proximity of the Norma clus-
ter to the zone of avoidance and its association with the “Great
Attractor” result in poorly constrained information about its
mass and nature (Lynden-Bell et al. 1988; Woudt et al. 2007). In
addition, Norma exhibits an elongated structure in both obser-
vations (as seen in Woudt et al. 2007) and our simulation. This
characteristic may indicate a highly dynamic, accreting struc-
ture, further complicating the estimation of its true mass.

Norma shares its region of the sky with Hydra, Centaurus,
and the Shapley clusters. Hydra and Centaurus form a cluster
pair in the southern sky, positioned closer to us than Norma.
While these two clusters are less massive, they are believed to
play a central role in shaping the “Great Attractor” structure
(Raychaudhury 1989). The challenge lies in their lower mass
and their sky location, making it difficult to obtain high-quality
observational data for accurate replication.

However, it is worth noting that the mass of Hydra is well
reproduced, lying within the error region estimated from X-ray
observations. The Centaurus cluster replica lies in the high mass
end of the observed masses for this cluster. Indeed, its mass is
1.18 times higher than the dynamically estimated mass. Both
structures if observed combined, constitute a good replica of
the Centaurus — Hydra pair. When considering the observed
X-ray mass for Hydra (2.5 x 10'* M) and the SZ-effect and
dynamical derived masses for Centaurus (1.23 x 10'* M, and
5.28 x 10'* M), the total pair mass falls within the range of
3.73 x 10" to 7.78 x 10" M. In our simulation, the combined
mass of both clusters amounts to 8.85 x 10'* M, which lies
only slightly higher than the observed range. Additionally, Fig. 6
depicts a density map of the Centaurus-Hydra region, with over-
laid positions of observed galaxies. Galaxies directly assigned
to the Hydra and Centaurus clusters are marked in red, while
those in the surrounding region are in orange. This figure illus-
trates our ability to accurately reproduce the relative positions
of Centaurus and Hydra, as well as the structure of the sur-
rounding cosmic web. Even more, evolving the local Universe
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Fig. 6. Density map of the Centaurus-Hydra region in the SLOW simulation, presented in supergalactic coordinates and created using SMAC. The
locations of the Centaurus and Hydra clusters are marked with two white circles, each indicating the Rsq radius of the respective structures. In the
top panels, observed galaxies from the 2MRS1175 North Groups catalog associated with Centaurus and Hydra are highlighted in red. Additionally,
galaxies listed in both the 2MRS1175 North and South Groups catalogs are shown in orange. These galaxy positions have been corrected to account

for distortions such as the “fingers of god” effect. In the bottom panels,

all galaxies from the CF-2 Catalog in this area are displayed in orange,

with those attributed to Centaurus and Hydra in red, without adjusting for the “fingers of god” correction.

forward in time as presented by Seidel et al. (in prep.) shows that
the Centaurus-Hydra pair merge. This indicates that although the
individual clusters are less well replicated, the overall collapsing
structure associated with them is well reproduced.

In conclusion, our simulations provide valuable insights into
the properties of numerous key local galaxy clusters. However,
there remains room for improvement, especially in accurately
replicating even more clusters as well as structures situated near
the zone of avoidance, where observational data is limited and
replication could possibly be improved by the selection of cer-
tain, random realizations.

Improving the precision of these simulations poses several
challenges: acquiring more comprehensive data, including cur-
rently sparsely sampled regions, refining the galaxy formation
physics treatment within the simulations as well as improving
observational mass estimates for better evaluation of similarity
between simulated and observed clusters. Such improvements
will be essential for gaining a deeper understanding of these
complex sky regions.

5.4. Observational tracers’ reliability

As previously discussed in the preceding sections, it is important
to acknowledge the presence of observational errors and biases,
which can at times be challenging to precisely quantify. One of
our central observational parameters is mass estimations. It is
noteworthy that these different mass estimation approaches yield
significant discrepancies in their mass assessments for various
clusters.

A potential source of bias in mass estimation appears to be
the distance of the clusters from the observer. To explore this
possibility, we conducted tests to assess the behavior of each
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mass estimation method in relation to distance. Initially, we
conducted this analysis with respect to the simulated masses.
Figure 7 illustrates the relationship between observed mass esti-
mates and simulated masses in relation to distance. We catego-
rized the clusters into two sets, one with closer members and
the other with more distant members, each with an equal num-
ber of clusters. The median of both sets is represented by a
green dashed line, while the green shaded region delineates the
range encompassing 50% of the clusters above and below the
median.

Masses derived from X-ray emissions (Fig. 7b) and the SZ
effect (Fig. 7c) exhibit minimal scatter around the median for
both the closer and more distant cluster sets. The scatter shows
no significant increase or decrease with cluster distance in these
cases. In contrast, the scenario is quite different for dynamical
masses (Fig. 7a), where the scatter notably increases for clusters
at greater distances.

Furthermore, we conducted comparative analyses among the
various mass estimation methods while considering their rela-
tionship with distance, as depicted in Figs. 7d—f. When compar-
ing dynamical masses against X-ray and SZ-effect derived mass
estimations, dynamical masses consistently display a high scat-
ter, which becomes even more pronounced for clusters located
farther away, mirroring the pattern observed in Fig. 7a. Con-
versely, the scatter between X-ray and SZ-effect derived mass
estimations is significantly low, as evident in Fig. 7f. Neverthe-
less, the scatter between different observed mass estimates is
as large as the scatter between simulated and observed cluster
counterparts. Taken together, this points to the fact that the level
at which the constrained simulation reproduces the mass of the
local galaxy clusters is at the level of the uncertainties in the
observational mass estimates.
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Fig. 7. Mass ratios as a function of total distance. The top figures present the mass ratio between SUBFIND-estimated Msq, and three different mass
estimations: (a) Msq derived from the dynamical mass as provided in the Tully galaxy group catalog (Tully 2015): Mgy, (b) M5y derived from
SZ measurements as available in the Planck database: Msz, and (c) M5y, derived from X-ray observations: M;,,. These ratios are plotted against
the total distance of the cluster. In addition, the bottom figures illustrate the ratios between various observational mass estimations: (d) M, /Mgyn,
() Myay/Mayn, and (f) Mg, /My, all in relation to the total distance of the cluster. (For further details on the observed quantities, please refer
to Table A.2). A vertical dashed line divides the clusters into two sets with an equal number of clusters. The green horizontal lines represent the
median values for each set, while the green shaded regions indicate the range that encompasses 50% of the clusters above and below the median.

6. Summary and conclusions

2.

In this paper, we have presented the first results on cluster iden-
tification in our constrained, hydrodynamical cosmological sim-
ulation of the local Universe (SLOW), which includes cooling,
star formation, and the evolution of super-massive black holes.
We compiled a dataset of over 221 observed galaxy clusters and
groups within the local volume covered by our simulation from

existing literature, collecting X-ray luminosities, temperatures,

and Compton-y signals as well as inferred masses of these sys-
tems, when available. From this sample, we cross-identified 46
halos in the simulation, which are candidates to represent the
according galaxy clusters within the local Universe. We then
computed the significance of these associations based on differ-

ent observables and compared the global properties between the

observed and simulated counterparts.
1. The galaxy clusters within the simulation generally follow

the observed scaling relations between mass, temperature,
X-ray luminosity, and SZ signal. This has allowed us for the
first time to evaluate the cross identification between simu-
lations and observations not only on the total mass but also
directly on the full band width of observational signals from
the ICM. Thereby such direct comparisons avoid the vari-
ous biases inherited within the different methods to deter-
mine the total mass of galaxy clusters from observational
proxies.

5.

We compared the positions of cross-identified galaxy clus-
ters between observations and simulations combined with
the match of their various global properties (e.g., mass, total
X-ray luminosity, temperature, or SZ signal) and computed
the probability of finding a similar match in a random posi-
tion within a large volume simulation. From this, we com-
puted a significance of the match against the null hypothesis
obtained from a random simulation volume.

. This sample of clusters encompasses the 13 most massive

clusters with a Msy exceeding 2 x 10'* M, as identified
by the SZ signal from Planck observations within a radius
of approximately 300 Mpc. This highlights the success of
our constrained simulation in precisely replicating the local
galaxy clusters.

. Based on the assessment of the significance of a match,

only a small fraction cannot be distinguished from a random
selection. On the contrary, even 18 of the matched clusters
exhibited significance values exceeding 0.8 across all stud-
ied quantities. Notably, Virgo, Coma, and Perseus achieved
a significance very close to 1.0 for all quantities with the
smallest value being 0.98.

Compared to other constrained simulations, we report a
significant improvement in the number of identified repli-
cas of crucial galaxy clusters in the local Universe, where
masses now agree with their observational counterparts.
Even for very prominent clusters such as Perseus, Virgo,
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and Hydra, we noticed that compared to simulations where
the constraints are based on galaxy distributions, such as
SIBELIUS-DARK, the mass is recovered better by the
SLOW simulation.

6. We also investigated the impact of the observational distance
uncertainty on our comparison. For the matched sample of
galaxy clusters, the inferred displacement between the posi-
tion in our simulation and the cluster position based on the
observed redshift often reflects the uncertainties induced by
the unknown peculiar velocity of the clusters. In the majority
of cases, this displacement is smaller than the typical error in
the distance modulus of the individual galaxies used for con-
structing the constraints for the initial condition. This assess-
ment further demonstrates that our constrained simulation of
the local Universe reproduces a large number of galaxy clus-
ters that can be directly compared with their observational
counterpart.

7. Comparing the X-ray luminosity and temperature between
observations and the simulated counterparts, the obtained
width of the relative scatter is 1.7 and 1.5, respectively, for
68% of the clusters. For the SZ signal, this scatter is of a
factor 2.1. Interestingly, when comparing the sample median
of the M5 obtained from the simulations with the observed
one inferred from the SZ signal, we would deduce a bias of
(1 = b) = 0.87, which is in the range predicted by other sim-
ulations.

8. With our sample of cross-identified clusters, we compared
the masses of the simulated and observed clusters using mass
estimates based on different observables (this being: the SZ-
effect derived mass, dynamical masses from Tully’s galaxy
catalog, and X-ray signal derived masses). We find that the
scatter between different observed mass estimates is as large
as the scatter between simulated and observed cluster coun-
terparts. We neither find any strong correlation of the scat-
ter with the distance of the cluster, nor with the significance
assessment, except a tendency of the observational-inferred
dynamical mass to have a higher scatter at larger distances
with respect to other measurements as well as with respect
to the simulations. Overall this indicates that the level in
which the constrained simulation is reproducing the mass of
the local galaxy clusters is at the level of the uncertainties of
the observational mass estimates.

Overall, the current SLOW simulation of the local Universe
faithfully replicates numerous fundamental characteristics for a
sizable number of galaxy clusters within our local neighborhood.
This is a first step in establishing an exciting avenue for cluster
and cosmological research, where such simulations enable us to
investigate the formation and evolution of individual galaxy clus-
ters. This will allow us to study the physical processes governing
the formation and evolution of galaxy clusters beyond the limita-
tions inherited when using averaged populations toward marking
the transition to test the effect of individual formation histories
and environments.
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Appendix A: Galaxy cluster data tables

Table A.1. Positions, distance uncertainties, relative distance, and significances for our selected set of galaxy clusters.

Simulations Observations Distance Relative Significance
Name SGX ‘ SGY ‘ SGZ SGX ‘ SGY ‘ SGZ Uncertainty Distance Lxs00 ‘ Txs00 ‘ Yszsgo ‘ Mso0
[Mpc / bl [Mpc/h] | [Mpc/h] ©-1
A85 50.84 -143.10 25.88 46.39 -155.60 1.76 15 27.53 0.99 0.96 0.98 0.98
Al119 73.61 -117.28 -24.93 57.59 -119.46 -1.67 15 28.32 0.98 0.98 0.98 0.97
A347 60.29 -2.44 -19.23 52.69 -16.38 -5.28 18 21.14 1.00 0.67 0.93 0.20
A496 -13.28 -94.52 -83.46 24.79 -51.18 -83.46 17 57.69 0.69 0.61 0.41 0.50
A539 54.47 8.98 -82.08 43.81 -18.63 -73.38 17 30.85 0.95 0.80 0.93 0.86
AS576 120.30 39.98 -14.59 98.80 57.53 -38.41 17 36.57 0.70 0.60 0.74 0.69
A644 -26.48 70.51 -204.14 -9.74 83.20 -209.86 15 21.77 0.99 0.96 0.98 0.98
AT754 -34.31 78.48 -144.27 -32.44 88.40 -143.56 14 10.12 0.98 0.97 0.99 0.98
A1185 24.59 112.10 -27.24 16.31 99.93 -25.16 18 14.86 0.98 0.88 0.96 0.94
A1367 -2.89 71.35 -18.73 -2.94 68.62 -12.68 17 6.64 0.99 0.98 0.99 0.98
Al644 -97.26 64.92 -5.74 -102.00 107.93 -10.76 15 43.57 0.93 0.70 0.85 0.76
Al1736 -137.66 65.91 -22.87 -117.47 83.34 -0.73 17 34.66 0.88 0.67 0.85 0.77
A1795¢ 6.26 201.72 29.19 -9.57 174.19 59.27 15 43.74 0.30 0.15 0.35 0.25
A20297 -92.61 142.37 141.38 -94.65 162.38 127.79 14 24.27 0.99 0.95 0.98 0.98
A2063 -42.47 66.58 97.18 -39.98 76.20 66.87 17 31.90 0.70 0.69 0.80 0.75
A20657 7.25 138.68 107.11 -9.07 161.56 134.02 15 38.91 0.94 0.89 0.94 0.90
A2107 -28.27 71.39 83.16 -18.25 92.93 89.98 17 2471 0.73 0.51 0.60 0.0.57
A2197/99 -12.99 48.75 97.11 18.31 57.56 72.51 17 40.77 0.94 0.35 0.69 0.61
A2256 11591 96.33 79.47 137.38 86.90 78.14 14 23.49 0.82 0.62 0.80 0.73
A2319 81.29 2.38 118.30 72.21 21.34 136.87 12 28.05 0.99 0.93 0.98 0.93
A2572a 67.40 -88.63 16.82 66.25 -80.64 54.83 17 38.86 0.96 0.97 0.90 0.96
A2593 54.51 -107.62 32.14 66.54 -93.66 54.04 17 28.62 0.96 091 0.92 0.93
A2634 80.38 -52.34 32.13 64.39 -54.96 37.40 18 17.04 0.67 0.60 0.94 0.65
A2665 111.79 -123.00 44.66 75.78 -140.15 49.86 17 40.22 0.90 0.51 0.34 0.77
A2734 -20.57 -186.09 21.73 -13.99 -188.50 5.14 17 18.01 0.96 0.80 0.80 0.88
A28777 -8.07 -76.12 -0.78 -21.18 -65.46 -16.88 18 23.34 0.54 0.50 0.96 0.57
A3158 -49.26 -108.90 | -119.25 -79.02 -135.57 | -117.83 15 39.99 0.95 0.60 0.93 0.72
A3266 -59.95 -93.17 -128.12 -97.79 -105.76 | -111.61 14 43.17 0.97 0.90 0.65 0.96
A3376 -36.34 -74.00 -124.29 -41.49 -50.16 -130.44 17 25.15 0.93 0.82 0.78 0.88
A3391/95 -53.30 -43.16 -101.67 -78.28 -51.37 -118.14 17 31.03 0.99 0.97 0.46 0.97
A3532 -156.71 96.63 -36.03 -143.78 96.68 -22.69 15 18.58 0.87 0.82 0.98 0.82
A3558 -141.91 66.10 -37.17 -130.29 78.1 -3.64 15 37.66 0.98 0.99 0.85 0.98
A3571 -142.64 54.10 -33.88 -109.39 58.57 4.39 15 50.90 0.89 0.45 0.78 0.60

Notes: The observed positions are sourced from the Tully galaxy catalog and are represented in supergalactic coordinates. In cases where Tully’s
positions were unavailable, we extracted coordinates from NED and subsequently transformed them into supergalactic coordinates. These clus-
ters are denoted by a cross symbol. The distance uncertainties were determined through the consideration of peculiar velocity uncertainties, as
elaborated upon in Sect.5.2 for further details. Relative distance indicates the disparity between the estimated observational position and the
position of the corresponding cluster in our simulation. Significances are assigned values ranging from 0 to 1, where higher numbers signify
greater significance (i.e., a higher probability of deviation from a random simulation). © Observed positions retrieved from the NED Database::

https://ned.ipac.caltech.edu
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Table A.1. Continued.

Simulations Observations Distance Relative Significance

Name SGX ‘ SGY ‘ SGZ SGX ‘ SGY ‘ SGZ Uncertainty Distance Lxs00 ‘ Txs00 ‘ Yszsoo ‘ Msoo
[Mpc /h] [Mpc /h] [Mpc /h] 0-1)

A3581 -84.87 62.76 -23.92 -58.22 36.91 10.01 17 50.29 0.09 0.10 0.90 0.20
A3667 -156.83 | -111.30 66.72 -133.15 | -101.45 47.00 14 32.36 0.71 0.92 0.39 0.90
2A0335+096 74.52 -60.85 -58.17 70.15 -55.59 -62.44 18 8.07 0.99 0.99 0.98 1.00
3C1297 55.55 11.33 -28.56 56.58 2.80 -23.92 18 9.76 0.97 0.92 0.99 0.93
AWMT' 60.08 -6.71 -23.32 45.01 -11.89 -8.47 18 21.78 0.26 0.34 0.93 0.38
Centaurus/A3526 -22.82 11.21 -13.26 -34.25 14.93 -7.56 18 1331 1.00 1.00 0.88 1.00
Fornax/AS0373 4.47 -6.59 -21.52 -1.69 -10.74 -8.69 19 14.83 0.90 0.53 0.98 0.70
Hydra/A10607 -21.21 9.89 -19.41 -25.63 21.99 -25.97 18 14.45 1.00 0.95 0.27 0.97
Norma/A3627 -45.65 -0.38 -5.67 -50.26 -7.06 6.44 17 14.58 0.94 0.66 0.99 0.73
Perseus/A426 59.22 2.13 -24.58 49.94 -10.73 -12.98 18 19.65 0.99 0.98 1.00 0.98
Coma/A1656 -2.93 82.27 -9.14 0.48 72.79 10.59 14 22.15 1.00 1.00 1.00 1.00
Virgo -3.60 10.36 -1.64 -3.48 14.86 221 16 * 4.54 1.00 1.00 1.00 1.00

 Observed positions retrieved from the NED Database: https://ned.ipac.caltech.edu
* For close-by systems such as Virgo we expect the error from direct distance measurements to be substantially smaller.
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Table A.2. Observed and simulated masses, X-ray temperatures, X-ray luminosities and Compton-y values.

Obs Sim Obs Sim Obs Sim Obs Sim
Name Lxs00 Lxs00 Txs00 Txs00 Yszs00 Yszs00 Mxs00 Mszsoo Mdynspo | Msoo
[10* erg s7'] [KeV] [107* Mpc?] [10™ x M)
(band: 0.1-2.4 keV) (band: 0.1-2.4 keV)

A85 5.08 +0.07 8.06 6.51*91% 5.33 0.68 + 0.05 1.12 6.06 )18 490 +0.21 - 6.64
Al19 1.66 + 0.028* 4.81 6.69702¢ 559 | 033+0.04 0.92 6.73199 3.34+£0.22 2.83 5.82
A347 - 7.86 - 0.40 - 0.004 - - 3.19 9.16
A496 2.19 + 0.026 4.07 4.59 +0.10 444 | 0.23+0.03 0.54 3.61794 2.74 +0.17 3.36 4.27
A539 0.64 +0.013 4.13 3.047000 3.98 - 2.32 2017902 - - 3.63
AS576 1.09 +0.12 2.77 3.83£0.16 372 | 0.14+£0.02 0.13 3.467234 2.09 £ 0.19 17.15 3.03
A644 5.08 +0.09 5.51 6.54 +0.27 4.66 | 0.64 +0.06 0.76 6.3132('» 470 £ 0.23 - 5.10
A754 2.36 +0.07 2.25 9.00 + 0.35 2.68 1.17 + 0.06 0.13 10.394339 | 6.68 +0.20 6.65 1.91
A1185 0.37° 3.11 3.91340 % 2.53 0.06 + 0.02 0.14 - 1.27 +0.19 5.77 2.03
A1367 0.68 + 0.009 1.11 3.55 +0.08 2.19 0.1 +0.02 0.06 5.567953 1.76 £ 0.14 2.65 1.10
Al644 232+0.2 5.02 4.70*9% 4.53 0.43 +0.04 0.66 5.507322 3.83£0.21 6.70 4.40
Al736 1.90 +0.19 3.71 3.681022 3.83 0.27 + 0.05 0.41 1.63j8:§§ 2.95+0.27 8.89 3.32
A1795 4.02 +0.03 1.97 6.1703¢ 294 | 06+005 | 0.16 | 7.4072% | 4541021 - 2.06
A2029 10.47 £ 0.11 6.32 7.9310% 4.65 1.27 £ 0.08 0.93 7467247 6.82 +£0.24 - 6.09
A2063 1.31 +£0.027 2.34 3.56 +£0.16 3.61 0.13 +0.03 0.26 177298 2.03+0.23 4.52 2.87
A2065 3.49 +0.022* 4.68 5.37+0.34 530 | 0.55+0.06 0.89 8.39718 430 +0.26 - 5.78
A2107 1417 1.72 4.00 + 0.10 226 | 0.12+0.03 0.06 - 1.86 £ 0.22 6.85 1.33

A2197/99 2.43 +£0.07 5.01 428+0.10 | 333 | 023£0.02 | 030 3.22%088 | 278 £0.13 6.89 3.10

A2256 2040135 | 207 | 6830B% | 246 | 1.08£0.05 | 0.02 | 9.092% | 634018 | 43.03 | 1.74
A2319 15.787 525 | 88470187 | 478 | 1.90+008 | 075 - 859+022 | 2720 | 457
A2572a 1.02f 481 | 25£0.131 | 640 | 0.15£004 | 167 - 214£027 | 306 | 757
A2593 | 033:0.048F | 416 | 310+ 150% | 463 | 0.14£0.03 | 0.66 - 209£026 | 332 | 456
A2634 | 057+0016 | 055 | 345:016 | 1.44 - 0.08 | 3.38%3 - 240 | 627
A2665 | 0.499£0.076° | 438 | 3.98=0.07% | 374 | 0.14+004 | 045 - 201£028 | 140 | 4.09
A2734 1450058 | 278 507403 251 | 019+0.04 | 013 | 361709 | 238026 | 2656 | 1.89
A2877 | 0230005 | 097 350122 206 | 005001 | 005 | 516%5% | L12+0.14 - 120
A3158 336009 | 498 5417026 396 | 0.52+004 | 046 | 4317967 | 420:0.18 | 3470 | 3.68
A3266 517£007 | 7.04 | 772703 590 | L19£0.06 | 170 | 1443357 | 671018 | 2142 | 872
A3376 127003 | 334 | 443103 3.64 | 0.17+003 | 031 | 50816 | 227x020 | 145 | 3.03
A3391/95 | 1570049 | 629 5891045 602 | 0.14£002 | 132 | 45303 | 204018 - 7.02
A3532 13120038 | 140 | 4417019 264 | 03£005 | 073 | 497°9% | 300+026 | 262 | 1.56
A3558 6.431 6.69 | 478+0.13" | 7.65 | 0.55+006 | 2.63 - 4412027 | 3710 | 947
A3571 472007 | 5.07 6.80702 421 | 06+005 | 050 | 65772 | 467021 | 429 | 409

Notes: X-ray luminosities (Lso) and temperatures (7'soo) were primarily obtained from Ikebe et al. (2002). If available we also used more recent
data from Shang & Scharf (2008) and Planck Collaboration XI (2011). For clusters not included in these studies, the corresponding data were
extracted from the BAX database. The SZ-signal (Yszsy) and its derived mass (Mszsoy) were sourced from the Planck database PSZ1v2. X-ray
masses (MXsgo) were extracted from Chen et al. (2007) correcting for the differences in the value of Hy assumed. Dynamical masses were retrieved
from the Tully galaxy catalog and subsequently transformed to Msg, by correcting by the 12% factor presented by Sorce et al. (2016a) and the
conversion method outlined by Ragagnin et al. (2021). Simulated values for Lsq, and Yszso) were estimated using SMAC, while the simulated
M5y and Tsop were estimated using SUBFIND. # Data retrieved from Shang & Scharf (2008). * Data retrieved from Planck Collaboration XI
(2011). T Data retrieved from the BAX database: http://bax.irap.omp.eu.
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Table A.2. Continued.

Obs Sim Obs Sim Obs Sim Obs Sim
Name Lxs00 Lxs00 Txs00 Txs00 Yszso0 Yszs00 MXs00 Mszs0o Mdynsoo | Msoo

[10% erg s7'] [KeV] [10™* Mpc?] [10™ x Mo]

(band: 0.1-2.4 keV) (band: 0.1-2.4 keV)

A3581 0.35 +0.017 1.63 2.837008 3.18 | 035+0.017 | 0.90 0.70*03% (1.83 £0.04) 1.10 2.40
A3667 5.66 +0.07 243 6.28+027 4.98 0.9 +0.07 0.49 3.96+039 5.77+0.24 27.38 4.07
2A0335+096 2.58 +0.02 2.81 3.647000 352 - 1.34 2.09+9%2 - - 2.78
3C129 127 £0.12 1.61 5.57701¢ 1.78 - 0.04 4.04+1 - - 0.87
AWM7 1.20 + 0.04 0.24 3.707008 1.43 - 0.05 3.6970% - - 0.54
Centaurus/A3526 | 0.302+0.025 | 5.07 3.69709 573 | 0.05+0.01 1.09 - 1.23+0.11 5.28 6.24
Fornax/AS0373 0.04 + 0.003 1.26 1.56+095 0.85 - 0.04 0.97+03 - - 0.36
Hydra/A1060 0.32 +0.017 483 | 3.15+005 | 3.37 - 1.45 1.87103¢ - - 261
Norma/A3627 2.04 0.1 1.73 5.627012 123 | 0.19+0.04 0.01 - 2.55+0.28 8.89 0.47
Perseus/A426 933 +£0.11 391 | 642+0.06 | 4.97 - 434 4.561118 - 7.96 5.17
Coma/A1656 4.63£0.11 7.04 8.07+02) 7.06 | 0.73£0.05 231 746437 5.29 £0.20 4.77 9.61
Virgo 0.254 £0.005% | 4.67 | 3.6723% | 570 - 1.08 | 0.83+0.01¢ | 4.76+0.55% 3.43 6.57

¢ Virgo X-ray derived mass was extracted from Simionescu et al. (2017)
b Virgo SZ-effect derived mass extracted from Planck Collaboration Int. XL (2016)
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