INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2020

Acceptance in OA 2025-02-26T14:02:18Z

Title X-Ray Scaling Relations for a Representative Sample of Planck-selected Clusters Observed with
XMM-Newton

Authors LOVISARI, Lorenzo, Schellenberger, Gerrit, SERENO, Mauro, ETTORI, STEFANO, Pratt, Gabriel

W., Forman, William R., Jones, Christine, Andrade-Santos, Felipe, Randall, Scott, Kraft, Ralph

Publisher's version (DOI) 10.3847/1538-4357/ab7997

Handle http://hdl.handle.net/20.500.12386/36278

Journal THE ASTROPHY SICAL JOURNAL

Volume 892




THE ASTROPHYSICAL JOURNAL, 892:102 (20pp), 2020 April 1

© 2020. The American Astronomical Society. All rights reserved.

Lorenzo Lovisari'

Observed with XMM-Newton
, Gerrit Schellenberger1 , Mauro Sereno> , Stefano Ettori>

Christine Jones' @, Felipe Andrade-Santos' @, Scott Randall' @, and Ralph Kraft'
! Center for Astrophysics|Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA; lorenzo.lovisari @cfa.harvard.edu
2 INAF—Osservatorio di Astrofisica e Scienza dello Spazio di Bologna, via Piero Gobetti 93/3, I-40129 Bologna, Italia
B 3 INFN, Sezione di Bologna, viale Berti Pichat 6/2, -40127 Bologna, Italy
AIM, CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité, F-91191 Gif-sur-Yvette, France
Received 2019 November 25; revised 2020 February 7; accepted 2020 February 23; published 2020 April 2

Abstract

We report the scaling relations derived by fitting the X-ray parameters determined from analyzing the XMM-
Newton observations of 120 galaxy clusters in the Planck Early Sunyaev—Zel’dovich (SZ) sample spanning the
redshift range of 0.059 < z < 0.546. We find that the slopes of all the investigated scaling relations significantly
deviate from the self-similar predictions, if self-similar redshift evolution is assumed. When the redshift evolution
is left free to vary, the derived slopes are more in agreement with the self-similar predictions. Relaxed clusters have
on average ~30% higher X-ray luminosity than disturbed clusters at a given mass, a difference that, depending on
the relative fraction of relaxed and disturbed clusters in the samples (e.g., SZ vs. X-ray selected), has a strong
impact on the normalization obtained in different studies. Using the core-excised cluster luminosities reduces the
scatter and brings into better agreement the L-M,,, and L-T relations determined for different samples. M7,
Mo—Yx, and M,—Mg,s relations show little dependence on the dynamical state of the clusters, but the
normalizations of these relations may depend on the mass range investigated. Although most of the clusters
investigated in this work reside at relatively low redshift, the fits prefer values of +, the parameter accounting for
the redshift evolution, different from the self-similar predictions. This suggests an evolution (<2¢ level, with the
exception of the M,—T relation) of the scaling relations. For the first time, we find significant evolution (>30) of
the M, —T relation, pointing to an increase of the kinetic-to-thermal energy ratio with redshift. This is consistent
with a scenario in which higher-redshift clusters are on average more disturbed than their lower-redshift
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1. Introduction

X-ray and Sunyaev-Zel’dovich (SZ) surveys are two
independent probes of the same physical component in galaxy
clusters: the hot gas filling the space between galaxies.
However, these surveys have a different dependence on the
gas density: the X-ray emission scales with the square of the
electron gas density, while the SZ effect scales linearly. Due to
that, the SZ experiments detect a larger fraction of disturbed
systems than the X-ray surveys, which detect more centrally
peaked and relaxed galaxy clusters (Rossetti et al. 2016, 2017;
Andrade-Santos et al. 2017; Lovisari et al. 2017; Bartalucci
et al. 2019). This is an important fact because relaxed and
disturbed clusters populate a different region of the residual
space with respect to the best-fit L-M,,, and L-T relations, with
relaxed (disturbed) objects having, on average, an X-ray
luminosity higher (lower) than the mean (e.g., Pratt et al. 2009;
see, e.g., Figures 2 and 4, right panels). This offset is probably
associated with the strength of cool cores that boost the cluster
X-ray luminosity. Mergers also likely contribute to the scatter
because the total masses can easily be incorrectly estimated
when the clusters are not in hydrostatic equilibrium (HE), as
happens during cluster mergers. Thus, a different sampling of
the galaxy cluster population leads to observed relations that
differ in both slope and normalization for the different samples.
Moreover, different trends in X-ray luminosity are shown to be

correlated with other X-ray observables, e.g., temperature,
inducing significant covariance between cluster properties
(e.g., Mantz et al. 2016; Farahi et al. 2019; Sereno et al.
2019b, 2020). Therefore, the comparison between studies with
different cluster selection is very challenging. We also note that
the fraction of relaxed and disturbed systems may evolve with
redshift, which further complicates the comparison between
local and distant samples, if the relative fraction of relaxed and
disturbed systems in the sample is unknown.

Since SZ surveys are thought to be very close to being mass
selected and, as such, unbiased, the different fraction of relaxed
and disturbed systems in X-ray and SZ surveys also raises
concerns about the representativeness of the X-ray-selected
samples that are often used to define our current understanding
of cluster physics and as calibration samples for numerical
simulations or cosmological studies.

The Planck Early Sunyaev—Zel’dovich (ESZ; Planck
Collaboration et al. 2011) cluster catalog is a good reference
set for characterizing mass-selected cluster samples, for studies
of structure formation including comparison with theory and
simulations, and for cosmological tests. With the exception of
one candidate, all the ESZ clusters have been independently
confirmed (e.g., Planck Collaboration et al. 2011, 2014). Most
crucially, compared to ground-based SZ surveys, which have
observed only a few thousand square degrees, Planck’s all-sky
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(|b] > 15°) cluster survey provides a large statistical sample
spanning a broad mass range, including the rare, very massive
clusters.

In Lovisari et al. (2017) several morphological parameters
were derived to investigate the difference between the
dynamical state of the clusters in SZ and X-ray surveys. The
comparison of the Planck ESZ (Planck Collaboration et al.
2011) selected clusters with the REXCESS sample (Bohringer
et al. 2007), an X-ray-selected cluster sample, indicated that the
Planck clusters are, on average, less relaxed and have a lower
fraction of cool core systems. This result confirmed the
prediction by numerical simulations (e.g., Motl et al. 2005)
and previous findings by Rossetti et al. (2016, 2017) and
Andrade-Santos et al. (2017) and likely reflects the tendency of
X-ray surveys to preferentially detect clusters with a centrally
peaked morphology, which are more X-ray luminous at a given
mass and, on average, more relaxed.

In the near future, eROSITA (Merloni et al. 2012) will
provide catalogs with a large number of galaxy groups and
clusters that, for the reasons outlined above, may not be
representative of the whole cluster population. Thus, to fully
exploit the entire eROSITA sample of detected clusters to
constrain cosmological parameters, we need to take into
account the different selection effects, including morphology
and Malmquist or Eddington biases. While several methods
(see, e.g., Pacaud et al. 2006; Pratt et al. 2009; Vikhlinin et al.
2009; Mantz et al. 2010; Lovisari et al. 2015; Schellenberger &
Reiprich 2017) have been proposed to account for Malmquist
and Eddington biases, little has been done to incorporate and
account for the morphology bias, which is expected to be
important for eROSITA (and for X-ray survey data in general).
In fact, most of the clusters detected with eROSITA will have
too few photons to derive gas density and temperature profiles
(and thus too few to determine mass profiles). Therefore, the
total masses will be mostly estimated using scaling relations
(e.g., using the L-M,, relation). Hence, cosmological studies
will rely on the solid understanding of the scaling properties,
for both relaxed and disturbed clusters. In addition, knowing
the selection function may not be sufficient, if the scaling
relations are determined using a sample that is not representa-
tive of the whole cluster population.

In this paper we derive the X-ray scaling relations for a
representative sample of Planck-selected clusters and compare
them with ones derived using X-ray-selected samples and for a
sample of clusters detected with the South Pole Telescope
(SPT; Carlstrom et al. 2011). Moreover, we investigate the
scaling properties for subsamples of relaxed and disturbed
clusters to highlight the impact on the relations of a different
fraction of regular and dynamically active systems.

This paper is structured as follows. In Section 2 we describe
the sample and the XMM-Newton data reduction. The
determination of the X-ray properties and the methodology
for quantifying the scaling relations is described in Section 3.
We present our results in Section 4 and discuss them in
Section 5. Section 6 contains a summary and conclusions.

Throughout this paper, we assume a flat ACDM cosmology
with ,, = 0.3 and Hy = 70kms ™' Mpc™". Log is always base
10 here. Uncertainties are at the 68% c.1. Several studies
determined the L-M;.; and LT relations using the luminosities
in the 0.5-2 keV band instead of the 0.1-2.4 keV band used in
this work. To compare these relations with our results, we
corrected the normalizations, assuming a scaling factor of 1.62
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obtained assuming an unabsorbed APEC model in XSPEC
(Arnaud 1996) for a cluster temperature of 5 keV, an abundance
of 0.3 solar, and a redshift of 0.2. The scaling factor only
changes by a few percent by varying these input parameters.

2. Data

Our sample contains 120 galaxy clusters observed with
XMM-Newton and originally selected from the Planck ESZ
(Planck Collaboration et al. 2011). As described in Lovisari
et al. (2017), these are the ESZ clusters for which Rsyy was
completely covered by XMM-Newton observations, allowing
the estimation of the morphological parameters. Rsog was
estimated using iteratively the Mso—Yx relation given in
Arnaud et al. (2010). As shown in Lovisari et al. (2017), the
mass and redshift distributions of these systems are represen-
tative of the whole ESZ sample of 188 galaxy clusters.

Observation data files were downloaded from the XMM-
Newton archive and processed with the XMMSAS (Gabriel et al.
2004) v16.0.0 software for data reduction. The initial data
processing, to generate calibrated event files from raw data, was
done by running the tasks emchain and epchain. We only
considered single, double, triple, and quadruple events for MOS
(ie., PATTERN < 12) and single events for pn (i.e., PAT-
TERN==0), and we applied the standard procedures for bright
pixels and hot column removal (i.e., FLAG==0), and pn out-of-
time correction. All the data sets were cleaned for periods of high
background due to the soft protons, following the two-step
procedure extensively described in Lovisari et al. (2011). The
point-like sources were detected with the edetect-chain task and
visually inspected before excluding the regions with point sources
from the event files. The background event files were cleaned by
applying the same PATTERN selection, flare rejection, and point-
source removal as for the corresponding target observations.

3. X-Ray Quantities
3.1. Luminosities

The X-ray luminosities have been derived within two
different apertures: 0-1Rsy, (referred to as core-excised
luminosity). The total count rates within the different apertures
have been derived by integrating the surface brightness (SB)
derived in the 0.3-2keV band and then converted into the
0.1-2.4keV band (hereafter Lyx) and bolometric (i.e.,
0.01-100 keV band, hereafter L;;) luminosities with XSPEC,
using the best-fit spectral model estimated in the same aperture.
Uncertainties take into account both the statistical factors and
the uncertainties in the derivation of Rsq. The relative errors
were estimated via Monte Carlo realizations by randomly
varying the observational data points of the SB profiles to
determine a new best fit. The randomization was performed
assuming a Gaussian distribution with mean and standard
deviation equal to the observed uncertainties.

3.2. Temperatures

Spectroscopic temperatures have been obtained by fitting the
spectra with an APEC thermal plasma model with an
absorption fixed at the total (neutral and molecular; see
Willingale et al. 2013) Ny value estimated using the SWIFT
online tool,” with the exception of a few clusters (marked with

3 http: / /www.swift.ac.uk /analysis /nhtot /index.php
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Figure 1. Distribution of soft-band luminosity (0.1-2.4 keV) Lx (top left), bolometric luminosity (0.01-100 keV) L, (top middle), total mass M, (top right), gas

mass Mg, (bottom left), Yx = M,

as X KT (bottom middle), and temperature k7 (bottom right) of the ESZ sample of galaxy clusters observed with XMM-Newton. The

distribution of the full sample is shown in green, while the distribution of the most relaxed (1/3 of the total) and most disturbed (1/3 of the total) clusters is shown in

blue and red, respectively.

a star in Table 3), which were found to have a significantly
different absorption than the value indicated from the tool. All
MOS and pn spectra were fitted simultaneously in the full (i.e.,
0.3-10 keV) energy band, with temperature and abundance
linked, while the normalizations were left free to vary to
account for the different cross-calibration between the detectors
(see, e.g., Schellenberger et al. 2015). The modeling of the
background is described in Lovisari & Reiprich (2019).

The radial temperature profiles have been derived by
extracting the spectra from successive annular regions created
around the X-ray peak. We required a minimum width of 30” to
ensure that the redistribution fraction of the flux is at most
about 20% (Zhang et al. 2009) and a signal-to-noise ratio > 50
to ensure an uncertainty of ~10% in the spectrally resolved
temperature (and consequently in the fitted temperature
profiles). We also required the source-to-background count
rate ratio to be higher than 0.6 to reduce the systematic
uncertainties in the temperature measurements (see Leccardi &
Molendi 2008 for more details). The number of obtained bins
per cluster is listed in Table 3. The profiles are then
deprojected, using the method presented in Vikhlinin (2006).
The implementation has been done following Schellenberger &
Reiprich (2017), where the parameters of the deprojected
temperature profile are determined using a Markov Chain
Monte Carlo. The input temperature profiles are projected
along the line of sight at every radius that has a measurement
and compared to the observed profile, until convergence. Then,
the global and core-excised temperatures, used in the scaling
relations, were determined by integrating the deprojected
profiles along the line of sight (starting from the center and
0.15R50g, respectively) weighted by the emission measure and
accounting for the detector response. We verified that these
temperatures are in good agreement with the temperatures
derived using a single spectral extraction: a linear fit gives a

slope of 0.97 + 0.03 and an intrinsic scatter of ~6%. It should
be noted that not only uncertainties in the 3D temperature
profile parameters but also all MCMC chains are used for the
following steps (e.g., calculating the total mass), to assure that
the covariance of parameters is taken into account.

3.3. Masses

The total cluster masses can be obtained by solving the HE
equation. Assuming spherical symmetry, the total cluster mass
M within a radius r is given by
rkgT {dlnp n dlnT}

dlnr dnr

M(<r) = — (1)

Gumy,

where kg and G are the Boltzmann and gravitational constants,
respectively, and p is the mean particle weight in units of the
proton mass m,. The observational inputs needed for this
calculation are the density profiles obtained in Lovisari et al.
(2017) and the temperature profiles obtained as discussed in
Section 3.2. We solved Equation (1) for the radii of the spectral
extraction regions (temperature measurements) and fitted a
Navarro—Frenk—White model (Navarro et al. 1997) up to the
outer regions for the mass profile with the relation from
Bhattacharya et al. (2013) between the dark matter concentra-
tion csoyp and Rsgg as a prior, which constrains the posterior
distribution of Rs( to reasonable values (see Schellenberger &
Reiprich 2017 for more details). The mass of the gas is then
calculated by integrating the density profile within Rsqg
estimated from Equation (1), and, together with the cluster
temperature, it is used to determine the Yx(=Mg, x kT) and
Yx exc(=Mgas X kTix.) parameters. The derived properties for
individual clusters are listed in Table 3, and their distribution is
shown in Figure 1.
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Table 1

Self-similar Values and Pivot Points Used in the Scaling Relations in the Form

of Y < EJ X"
Relation (Y, X) Vself /Bself Cl C2
LMo 2 1 5 x 10" erg s~ 6 x 10" M,
Lx-T 1 3/2 5 x 10" ergs™ 5keV
Lio—Mio; 7/3 4/3 1 x 10® ergs™! 6 x 10" M,
Loo=T 1 2 1 x 10¥ ergs™! 5keV
MoT -1 3/2 6 x 10" M, 5keV
M,o—Yx -2/5  3/5 6 x 10" M, 5 x 10" M, keV
Mio—Meas 0 1 6 x 10" M, 10 M.,

Note. In the second and third columns we provide the predictions from the self-
similar scenario for the redshift evolution 7, r and scaling relation slope Sieir,
respectively. C/ and C2 values are the pivot points used in Equation (2).

4. Fitting the Scaling Relations

We investigated the following relations: L-M,o, L-T, Mo—T,
Mo—Yx, and M,—M,,,. We fitted the relations using both the
soft-band (0.1-2.4 keV) and bolometric luminosities (0.01-100
keV), as well as both the global and core-excised properties,
when appropriate. The full uncertainty covariance matrix
between the X-ray properties was computed and used for the
analysis of the scaling relations. For each set of parameters (X,
Y), we linearly fit our data as

Y V4
log| —|=a + Blo —)+ logF, &+ log X
g(C]) B g(C2 vlog F; + oy|zlog
= IOgZ + Ux|z, (2)

where Z is the intrinsic cluster property (i.e., the “true”
quantity), « the normalization, 3 the slope, v the evolution
with redshift, o the intrinsic scatter® in the two variables
X and Y, and F, = E,/E ;t(zerf = 0.2). E, = H,/Hy =
[Q,(1 4+ 2)3 + Q1% indicates the dependence on the evol-
ution of the Hubble constant at redshift z. The pivot points, C/
and C2, have been chosen to be roughly the median values of
the sample, and they are summarized in Table 1. For each
relation, we also provide the predicted slope [ r and redshift
evolution -y in the case where gravity is the dominant
process, a scenario that is referred to as the self-similar model
(see, e.g., Maughan et al. 2012).

We fit the data with a linear relation of the variables in log
space using the R-package LIRA.” LIRA is based on a
Bayesian method that can deal with heterogeneous data and
correlated errors and allow normalizations, slopes, and scatters
(and relative uncertainties) to be fitted simultaneously (see
Sereno 2016 for more details). As a default, all the important
parameters are left free to vary, and central values and
uncertainties are summarized in Table 2 (and a visual recap of
all g, v, and o is presented in Section 6; see Figures 8 and 10).
The impact of freezing some of the parameters is discussed in
Appendix B, where, for comparison, we also provide the

S The intrinsic scatter manifests as a data distribution around a relation.

Therefore, the smaller the intrinsic scatter value is, the closer the data
distribution is to strict linearity. In LIRA, the intrinsic scatter refers to the
probability of the variable of interest (X when oy is considered, or Y in the
case of oy|z) given the latent property Z (e.g., the true cluster mass).

7 LIRA (LInear Regression in Astronomy) is available from the R archive

network at https://cran.r-project.org/web/packages /lira/index.html.
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central values obtained using the routine LINMIX by Kelly
(2007) and the best-fit values from BCES by Akritas &
Bershady (1996), and we discuss the resulting differences. To
allow the reader to reproduce our results, in Appendix C, we
provide the LIRA commands to be used in the different cases
investigated in this paper.

In Table 2, we also provide an estimate of the goodness of
the fit, computed as

1 N,

S (O — o — Bxi — ylog F)?
Na™; 5§,i + U%|z + 52(5?1' + quz) — 2P0y,

. 3

Cgof =

where 0, and ¢, denote the statistical uncertainties and é,, is
the uncertainty covariance. This term gives an idea of the
goodness of fit, but it does not follow a (reduced) X2 statistic.
In fact, the intrinsic scatters oy|z and oy are estimated in the
regression procedure and are not known a priori. Furthermore,
Cqor is computed for the mean values of the parameter
posterior distribution and not for the maximum likelihood
parameters.

5. Results

To investigate the impact of the cluster dynamical state on
the scaling relations, we used the morphological information
(i.e., centroid-shift and concentration parameter) from Lovisari
et al. (2017) to select the most relaxed “R” (1/3 of the total)
and most disturbed “D” (1/3 of the total) clusters in the ESZ
sample. Their distribution is also shown in Figure 1. In the
following we discuss the individual scaling relation results for
the full ESZ sample and for the subsamples of relaxed and
disturbed clusters.

5.1 Ly-M,,

In Figure 2 we show the results for the Ly—M,,, relation. The
relation is corrected for the Eddington bias (see Sereno 2016 for
more details), but not for the Malmquist bias, which is negligible®
when fitting the X-ray properties of an SZ-selected sample. The
fitted relation is shown with a solid green line, while the dark
green shaded area encloses the 1o confidence region around the
median scaling relation. We also show the bias-corrected
relations derived for well-known X-ray-selected samples:
REXCESS (Pratt et al. 2009, hereafter GP09), HIFLUGCS
(Schellenberger & Reiprich 2017, hereafter GS17), 400d
(Vikhlinin et al. 2009, hereafter AV09), and the flux-limited
samples of massive clusters by Mantz et al. (2010,
hereafter AM10) and Mantz et al. (2016, hereafter AM16).
Moreover, we show the recent result from Bulbul et al. (2019,
hereafter EB19), who investigated the X-ray properties of a
sample of SPT clusters spanning the redshift range from
z=02t0z=15.

We find a relation steeper than the prediction of the self-
similar scenario (i.e., 8 > 1), which is probably the result of
the combined effect of gas cooling, active galactic nucleus
(AGN) feedback, and subcluster mergers. We also find mild
evidence for negative redshift evolution (i.e., v < 1), in
agreement with Sereno & Ettori (2015b). This might be a sign

8 Ina forthcoming paper by Andrade-Santos et al. we will show that, indeed,

the Malmquist bias is not important for the present SZ-selected samples.
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Table 2
Fitted Relations for the ESZ Sample
Relation (Y-X) Subsample e 6 ¥ ox|z oy|z Coof
Lx—M, o all 0.089 £ 0.015 1.822 + 0.246 0.462 + 0916 0.061 £ 0.021 0.082 £ 0.040 1.09
relaxed 0.162 £ 0.022 1.756 + 0.243 0.323 + 1.058 0.061 £ 0.022 0.066 £ 0.040 1.04
disturbed 0.050 + 0.029 1.551 £ 0.272 0.571 £ 1.053 0.049 + 0.024 0.102 £ 0.041 1.01
Lx exe=Miot all —0.091 £+ 0.013 1.668 + 0.183 1.325 £ 0.804 0.063 £ 0.015 0.034 £ 0.029 1.03
relaxed —0.092 £ 0.018 1.589 + 0.196 1.357 £ 1.154 0.055 £ 0.016 0.038 £ 0.026 1.06
disturbed —0.056 £ 0.027 1.524 + 0.264 0.738 £ 1.051 0.053 £ 0.023 0.080 £ 0.038 1.03
Lyo—M oy all 0.174 £ 0.016 2.079 + 0.230 0.541 £ 0.904 0.050 + 0.020 0.098 + 0.042 1.10
relaxed 0.254 £ 0.023 2.085 £ 0.235 0.337 £+ 1.064 0.051 £ 0.019 0.074 £ 0.043 1.04
disturbed 0.134 + 0.031 1.868 + 0.265 0.375 £ 1.025 0.046 + 0.022 0.106 £ 0.046 1.01
Lol exe—Mior all —0.006 £ 0.014 1.921 £+ 0.189 1.561 + 0.848 0.052 + 0.016 0.050 £ 0.034 1.07
relaxed 0.003 £ 0.020 1.962 + 0.202 1.222 £ 1.174 0.048 £ 0.015 0.039 £ 0.030 1.02
disturbed 0.027 + 0.028 1.787 £ 0.264 0.814 + 1.097 0.046 + 0.022 0.091 £ 0.041 1.03
Lx-T all —0.250 £ 0.045 3.110 + 0.422 0.398 £ 0.939 0.051 £ 0.010 0.052 £ 0.041 1.08
relaxed —0.133 £ 0.045 2.703 + 0.380 0.114 £+ 1.044 0.040 £ 0.013 0.079 £ 0.041 1.02
disturbed —0.257 £+ 0.043 2.593 + 0.418 1.127 £ 1.067 0.036 £ 0.013 0.071 £ 0.037 1.38
Lx exc—Texc all —0.360 £+ 0.031 2.409 + 0.292 1.170 £ 0.822 0.038 £ 0.011 0.052 £ 0.031 1.13
relaxed —0.365 £ 0.026 2.350 £ 0.194 1.166 £ 0.838 0.026 £ 0.007 0.030 £+ 0.018 1.13
disturbed —0.341 £ 0.041 2.525 £ 0.418 1.213 + 1.084 0.035 £ 0.013 0.070 £ 0.035 1.39
Lyo-T all —0.209 £ 0.044 3.464 + 0.400 0.661 £ 0.964 0.044 £ 0.010 0.061 £ 0.045 1.10
relaxed —0.104 £ 0.047 3.250 + 0.383 0.068 + 1.088 0.034 £ 0.011 0.082 £ 0.044 1.00
disturbed —0.241 £ 0.042 3.134 £ 0.386 1.042 £ 1.043 0.032 £ 0.011 0.066 £ 0.039 1.35
Lol exe—Texe all —0.324 £ 0.027 2.808 + 0.247 1.496 + 0.757 0.030 £ 0.009 0.054 £ 0.030 1.12
relaxed —0.341 £ 0.027 2.924 £ 0.198 0.920 £ 0.839 0.021 £ 0.006 0.030 £+ 0.019 1.04
disturbed —0.315 £+ 0.039 3.022 + 0.387 1.423 + 1.094 0.031 £ 0.010 0.056 + 0.034 1.37
MoT all —0.171 £ 0.015 1.556 £+ 0.137 0.179 £ 0.379 0.032 £+ 0.010 0.036 £ 0.016 1.03
relaxed —0.172 £ 0.020 1.556 + 0.157 —0.188 £ 0.582 0.027 £ 0.010 0.040 £+ 0.017 0.96
disturbed —0.191 £ 0.026 1.610 £ 0.250 0.414 £ 0.642 0.036 £ 0.012 0.039 + 0.020 1.09
MioTexc all —0.165 £+ 0.014 1.508 £ 0.126 0.235 £ 0.370 0.026 + 0.009 0.043 £ 0.015 1.02
relaxed —0.178 £ 0.019 1.536 + 0.138 —0.243 £ 0.549 0.025 £ 0.009 0.037 £+ 0.015 0.97
disturbed —0.180 £ 0.026 1.616 £ 0.259 0.329 £ 0.633 0.035 £ 0.013 0.046 £ 0.022 1.10
Mo —Mgys all 0.073 £ 0.007 0.802 £ 0.049 —0.317 £+ 0.307 0.028 £ 0.015 0.043 £+ 0.011 1.04
relaxed 0.080 + 0.008 0.864 £ 0.047 —0.801 £ 0.411 0.025 £ 0.010 0.027 £ 0.009 1.32
disturbed 0.064 £ 0.022 0.800 £ 0.127 —0.063 £ 0.664 0.054 £ 0.027 0.055 £+ 0.021 1.01
Mo—Yx all —0.010 £ 0.005 0.540 £ 0.030 —0.292 £ 0.287 0.039 £ 0.023 0.039 £+ 0.011 1.00
relaxed —0.010 +£ 0.007 0.561 + 0.034 —0.635 £+ 0.428 0.034 + 0.019 0.031 £ 0.010 1.09
disturbed —0.019 £+ 0.013 0.538 £ 0.069 —0.043 £ 0.568 0.066 £ 0.037 0.049 £+ 0.019 0.96
Mio—Yx exc all —0.008 £ 0.005 0.534 £+ 0.031 —0.257 £ 0.289 0.039 £ 0.024 0.040 £+ 0.011 1.03
relaxed —0.012 £+ 0.007 0.558 £ 0.033 —0.639 £ 0.424 0.036 £ 0.019 0.030 £ 0.010 1.12
disturbed —0.014 £+ 0.013 0.539 £+ 0.072 —0.062 £ 0.580 0.069 £ 0.038 0.050 £ 0.019 1.01

Note. The subsample of relaxed (disturbed) clusters have an SB concentration higher (lower) than 0.18 and a centroid-shift lower (higher) than 0.0137. The

morphological parameter values have been taken from Lovisari et al. (2017). The definition of Cgy is given in Equation (3).

of additional radiative cooling and uniform (pre)heating at
high redshift.

There is good agreement between the slopes determined
using Planck- and SPT-selected samples, despite the different
distributions of cluster masses and redshifts (i.e., the SPT-
selected clusters used by EB19 are on average at higher redshift
and lower mass than the ones used in our work). However,
there is a normalization offset on the order of ~45% at
My =6 x 10" M., and z = 0.2 between the two relations,
which reduces to ~23% when self-similar redshift evolution
(i.e., v = 2) is assumed. A large offset in the scaling relations is

also observed when comparing our results with those derived
from the X-ray-selected samples, with the exception of the
REXCESS sample, which instead agrees extremely well with
our results. However, as noted by AM16, a straightforward
comparison between the different studies is difficult because
the total masses have been derived using different
methods (e.g., AV09 and GS17 used the HE equation,
while GP09 and AMI10 used, respectively, Yx and Mg, as a
proxy). Nonetheless, we note that the flux-limited samples
(GS17, AM10, and AM16) show flatter relations than all the
other samples. The X-ray samples used by GP09 and AV09,
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Figure 2. Comparison of the Ly—M,,, relation determined in this work (green
lines) with the bias-corrected relations obtained with well-studied samples
selected in both X-ray and SZ. Ly are the soft-band (0.1-2.4 keV) luminosities.
The full green line represents the fitted scaling relation with the time evolution
free to vary in the fit. The dark and light shaded areas represent the lo
statistical error and scatter, respectively. The dashed—dotted green line
represents the fitted relation assuming self-similar redshift evolution. The
slopes of the relations derived from the X-ray-selected samples, with the
exception of GP09, are flatter than those from relations derived using SZ-
derived samples (i.e., ESZ and EB19). For the acronyms in the legend see
Section 5.1.

which have properties of both a flux- and a volume-limited
sample, have slopes for the derived scaling relations in better
agreement with the results obtained from SZ-selected clusters.

If we force the redshift evolution to be self-similar (i.e.,
v = 2), similar to what was done by, e.g., GS17, we find a
flatter relation for the ESZ sample, more in agreement
with GS17 results. As discussed in Appendix B, fixing the
redshift evolution impacts our relations by changing both slope
and normalization.

In Figure 3 (top panel), we show the distribution of the
relaxed (in blue) and disturbed (in red) clusters, with respect
to the fitted relation for the full sample (green line), along with
the relations found in earlier studies. We found that relaxed
clusters have, on average, higher soft-band (0.1-2.4 keV)
luminosities Ly than disturbed systems, confirming the
finding by GP09. Thus, when the relaxed and disturbed
subsamples are fitted independently, we find that they have
similar slopes (only slightly flatter for the disturbed clusters)
but different intrinsic scatter and normalizations. The intrinsic
scatter is only ~16% for the relaxed systems, while
it is significantly larger, ~26%, for the disturbed clusters.
The relatively low scatter observed for the relaxed clusters is
probably due to the fact that the dominant contribution to the
scatter for these systems is the presence of a dense core that
scatters Ly always in the same direction (i.e., boost of Ly).
On the contrary, in disturbed clusters there are many
processes (e.g., nonthermal pressure, substructures and
clumps, shocks and temperature inhomogeneities) playing a
role, each of them acting in different directions and with
a different magnitude.

At My, = 6 X 1014M@ and z = 0.2 the normalization of
the relation for the most relaxed clusters is ~20% higher than
the relation fitted if we included all the objects. The

Lovisari et al.

normalization of the relation for the most disturbed clusters
is, instead, ~10% lower than the relation fitted including all
the objects. This implies that, for a given total cluster mass,
the X-ray soft-band luminosity of disturbed galaxy clusters is
on average ~30% lower than the luminosity of relaxed
clusters. That means that if we do not take into account the
dynamical state information for the X-ray-selected samples,
which are biased toward relaxed systems, we are not able to
properly correct for all the selection biases. Indeed, this
poses an issue for the eROSITA studies, because there will be
too few counts to determine their cluster morphology or to
derive accurate core-excised X-ray properties. Assuming
that SZ-selected samples better represent the true cluster
population, one can use them to correct the scaling relations
derived with X-ray-selected samples and/or calibrate different
mass proxies.

52 LX,exc_Mtot

Several studies have shown that using the core-excised
luminosities helps to reduce the scatter of the Ly—M,, relation
(e.g., Pratt et al. 2009; Mantz et al. 2018). Therefore, we also
computed the X-ray soft-band luminosities Ly, excluding the
core, corresponding to 0.15Rs,. Indeed, these relations show a
much lower scatter with respect to those derived using
luminosities with the cores included. The intrinsic scatter
reduction is more significant for the most relaxed clusters, in
agreement with the idea that the dominant contribution to the
scatter for these systems is the dense and peaked core, while for
disturbed systems different processes, not associated with the
core, are responsible for the scatter. The relations determined
with core-excised luminosities are moderately flatter, but
consistent within uncertainties, than the ones with the core-
included (8 = 1.668 +0.183 vs. 0 = 1.822 4+ 0.246), which
may suggest a larger fraction of relaxed clusters at high masses.
However, the same effect (i.e., flattening of the slope) is less
obvious when fitting the data assuming the redshift self-similar
evolution (i.e., v = 2). That could be explained if relaxed and
disturbed systems evolve differently with redshift. Although
the large uncertainties in y, due to the limited redshift range of
our sample, do not allow conclusive results, we have indeed
hints of a slightly larger negative evolution for the most relaxed
clusters (i.e., the fitted  for relaxed clusters tends to be
systematically lower than the -y derived for disturbed systems;
see Table 2 and Figure 8). Moreover, when using the core-
excised properties, we note a systematic trend to higher
values that is in better agreement with the self-similar
predictions.

Using the core-excised luminosities, we find that relaxed and
disturbed systems share very similar relations. This agreement
suggests that, independently of the relative fraction of relaxed
and disturbed systems in a sample, the core-excised luminos-
ities can be used to obtain a universal relation that can be used
for future surveys. However, we note that core-excised
temperatures usually cannot be measured for poor clusters or
groups even in relatively deep surveys like XXL (e.g., Pierre
et al. 2016). Moreover, although the use of the L., helps to
reduce the offset between the different relations for X-ray- and
SZ-selected samples, there is still a normalization offset that
requires the determination of the true cluster mass scale (see the
review by Pratt et al. 2019) to obtain the universal Lx exc—Miot
relation (in the case of AMI10 there is also a difference in the
slope, which may depend on the different proxy used to



THE ASTROPHYSICAL JOURNAL, 892:102 (20pp), 2020 April 1

f = ESZ all 1.82+0.25
| =— ESZR 1.76+0.24
— ESZD 1.55+0.27
I —-= ESZsrR 1.49+0.19
—-— ESZr D 1.32+0.17
'_I"\ _____ GP09 (orth)  1.83%0.14
7 1045:
(@)} b
—_
()
Yo
I=
s
=
)
o
|
N
w
1044:
-04 -0.2 0.0 0.2 04
Alogly

10 T
Mot (h73 Mo)

Lovisari et al.

t === GPO09 (orth)  1.52+0.05
"""" GP09 (yx) 1.49+0.05
-=- AM10 (ML) 1.02+0.05
1045} --- EB19 (ML) 1.60+0.16
4 t = ESZAIl 1.67+0.18
'n [ — ESZR 1.5920.20
o | == ESZ D 1.52+0.26
—
GJ [ o
NO L |
=<
<
L [ o
X
il
5
-
(T‘ 1044: ]
N [ o
w [ o
L - ]
-04 -02 00 02 04 |
Alogly
10 1015

Mot (h3g Mo)

Figure 3. Left: Lx—M,, relations determined for relaxed (blue) and disturbed (red) systems independently. Clusters that are not classified in either of the two
subsamples are shown in black. The green line shows the fitted relation for all the clusters. The relations obtained with the redshift evolution frozen to the self-similar
value, v = 2, are indicated with a “self” subscript. In the inset plot we show the histogram of the log space residuals from the fitted Lx—M,, relation, derived with ~
free to vary. Relaxed clusters are, on average, above the relation, while disturbed clusters are, on average, below. Right: comparison of the Lx exc—Mo; relation
determined in this work with some of the relations available in the literature. Using the core-excised luminosities brings into better agreement the relations of relaxed
and disturbed clusters. The histogram of the log space residuals in the inset plot shows that relaxed and disturbed systems are distributed around the fitted relation
when core-excised luminosities are used. Ly are soft-band (0.1-2.4 keV) luminosities. For the acronyms in the legend see Section 5.1.

estimate the total masses). In Figure 3 (right panel) we show
the Lx exc—Mo; relation showing good agreement between all
the relations.

5.3. LyporM,p; and Liol,exc—Mior

The relations of the ESZ sample determined using the
bolometric luminosities (i.e., 0.01-100 keV) Ly, are steeper
than those found using the luminosities in the soft X-ray band
(i.e., 0.1-2.4 keV). The slope is steeper than the prediction
from the self-similar scenario with a significance of more than
30, using both core-excised and core-included luminosities.
Similarly to the Lx—M,, relation, we observe hints of a
negative evolution (i.e., 7 = 0.541 4= 0.940) with respect to the
self-similar scenario (i.e., ¥ = 7/3). The intrinsic scatter, larger
than the one obtained using the soft-band luminosities, is at
the ~25% level, and it is comparable to others found in the
literature (e.g., EB19). Again, the scatter is larger for the
disturbed clusters, and the reduction, after removing the cores,
is larger for the most relaxed systems.

5.4. LX_T (md LX,exc_Texc

Because of the different methods used to determine the total
cluster mass (HE, WL, mass proxies, etc.), comparing the
L-M,, relations from different studies is not always straight-
forward and can potentially bias our interpretation of the
impact on the scaling relations of the different selection effects
(e.g., the different fractions of relaxed/disturbed clusters). A
more direct comparison can be done using the L-T relation,
although cross-calibration uncertainties between Chandra and
XMM-Newton should be taken into account. While at low
intracluster medium (ICM) temperatures both observatories
deliver similar results, the differences increase in the high-
temperature regime (see Schellenberger et al. 2015, for more
details), where most of our clusters reside.

In Figure 4 (left panel), we compare our result with the
finding by GP09, Lovisari et al. (2015, hereafter LL15), Giles
et al. (2016, hereafter XXL), and Migkas9 et al. (2020,
hereafter KM20).

The Lx—T relation is significantly steeper than the value
predicted by the self-similar scenario (i.e., § = 3.110 + 0.422
vs. 0 = 1.5). Although the fit prefers a slightly smaller redshift
evolution factor v (but consistent within the uncertainties with
the self-similar prediction), the impact on the slope is quite
small. Similarly to the Lx—M,,, relation, we observe quite good
agreement for the Ly—T relation with other works for the slope
but a significant offset for the normalization. Again, the most
relaxed clusters tend to have a higher luminosity for a given
temperature (see Figure 4, left panel). At 5keV, relaxed
clusters have, on average, a luminosity ~50% higher than
disturbed clusters.

The use of the core-excised luminosities brings into better
agreement the best-fit relations for relaxed and disturbed
clusters (see Figure 4, right panel). The Ly exc—7Texc relation,
although shallower than the Lx—T relation, is still much steeper
than what is predicted by the self-similar scenario (G = 1.5).
The slope determined by AMI1O0 is only slightly flatter than
other results and can be easily explained by the higher
temperatures delivered by Chandra used by AM10 compared
to those from XMM-Newton used in this work and GP09.

The scatter of the temperature is smaller than the scatter of
the total mass, indicating that the temperature is less sensitive
than the total mass to the processes (e.g., presence of
substructures) affecting the scatter. The results for the Lyx—T
relation confirm that scatter in Ly is basically driven by the

 KM20 used an eeHIFLUGCS-like sample (see Reiprich 2017) to determine the

Lx—T relation. When available, the Chandra data were used to determine the cluster
temperature, while XMM-Newton observations have been used for clusters not
observed with Chandra (i.e., roughly one-third of the sample). For the comparison
with our results, we converted the Chandra temperatures to XMM-like temperatures,
using the equation determined by Schellenberger et al. (2015).
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Figure 4. Left: comparison of the Lx—T7 relation determined in this work with the best-fit relations obtained from other well-studied samples selected in the X-ray. Ly
are soft-band (0.1-2.4 keV) luminosities. The green line represents the fitted relation with  free to vary in the fit. The dark and light shaded areas represent the 1o
statistical error and scatter, respectively. In blue and red we show the fitted relations determined for relaxed and disturbed systems, independently. In the inset plot, we
show the histogram of the log space residuals from the fitted Lx—T relation. As for the Lyx—M, relation (see Figure 3), relaxed objects are on average above the
relation, while disturbed clusters are on average below. Right: comparison of the L ¢x.—7exc relation determined in this work with some of the relations available in the
literature. The histogram of the log space residuals in the inset plot shows that relaxed and disturbed clusters distribute homogeneously around the fitted relation, when
core-excised luminosities and temperatures are used. The acronyms in the legend are described in Sections 5.1 and 5.4.

boost in luminosity due to the peaked cores. In fact, we do not
see any reduction of the scatter for the L—T relation of the most
disturbed clusters derived using the core-excised luminosities,
either in oy|z or oyz. The lower scatter of the L-T relation can
also be caused by positively correlated intrinsic scatter of
luminosity and temperature at a given mass (Mantz et al. 2016;
Sereno et al. 2019a).

5.5. Lbol_T and Lbol,exc_Texc

As was the case with soft X-ray luminosities, the L-T
relations obtained with the bolometric luminosities have a slope
significantly steeper than the self-similar scenario (i.e.,
0 =3.464+0.400 vs. 0= 2). Although the core-excised
temperatures and luminosities help to flatten the slope (i.e.,
0 =2.808 +0.247), this is not sufficient to bring it into
agreement with self-similar expectations (i.e., § = 2). In both
cases, the redshift evolution of the full sample is in agreement
with the predicted evolution (i.e., ¥ = 1). However, when
using the core-included Ly, and 7, the evolution of the most
relaxed objects deviates at the ~1o level from the prediction,
while that is not the case for the disturbed systems. Again,
using the core-excised luminosities helps to reduce the scatter
for the subsample of relaxed clusters, but it has little effect on
the subsample of disturbed systems (see Table 2).

5.6. MM,

The mass of the ICM correlates very well with the total
cluster mass with a relatively small intrinsic scatter (e.g., Okabe
et al. 2010; Lovisari et al. 2015; Sereno et al. 2019b).
Moreover, the Mg,s computed with Chandra and XMM-Newton
within the same radius agree within a few percent (e.g.,
Bartalucci et al. 2017). In Figure 5, we show that this is indeed
also the case for the ESZ sample. Moreover, we note that the
slopes of fits to the different samples are in quite good
agreement. Since the fraction of relaxed and disturbed systems
in these samples is quite different, this implies that the slope of
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Figure 5. M,,—M,, relation for the ESZ clusters investigated in this work. The
most relaxed and most disturbed clusters are shown in blue and red,
respectively. The green line represents the fitted relation with v free to vary
in the fit. The dark and light shaded areas represent the 1o statistical error and
scatter, respectively. All the relations are plotted only in the mass range
covered by the individual study. In the inset plot, we show the histogram of the
log space residuals from the fitted Mo —Mg, relation. The agreement between
the slopes obtained with samples having a different fraction of relaxed and
disturbed systems and between the subsamples of relaxed and disturbed
clusters in the ESZ sample suggests that this relation is insensitive to the
dynamical state of the clusters. However, the offset observed in the
normalization may suggest that the mass range of the investigated samples
plays a role because of the increasing gas fraction for high-mass systems. The
acronyms in the legend are described in Sections 5.1, 5.4, and 5.6.

the My, —M,, relation is quite insensitive to the dynamical state
of the clusters. This is indeed confirmed by the results for the
subsamples of relaxed and disturbed systems, which show a
good agreement in their slopes, although the intrinsic scatter for
the disturbed clusters is larger than the one for relaxed clusters.
The higher scatter observed in disturbed systems for both M,
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and My, is not surprising given the assumption of spherical
symmetry. In fact, for these systems the presence of
substructures and large-scale inhomogeneities may bias the
reconstruction of the clusters’ properties (e.g., Vazza et al.
2013; Zhuravleva et al. 2013).

There is an offset in the normalization, of the order of 5% at
10" M, and z = 0.2, between the relations obtained in this
work and the results from Ettori (2015, hereafter SE15). The
offset is even larger, of the order of 10% if compared
with GP09 and LL15, and of the order of 20% with EB19. Part
of this offset can be attributed to the nature of the different
samples (i.e., ESZ contains more disturbed clusters), as shown
by the better agreement between the ESZ relaxed clusters and
the X-ray-selected samples. This is because the normalization
of the relaxed clusters is ~4%—5% higher than the one for the
disturbed clusters. Moreover, the lower mass range covered by
the other samples (see Figure 5), with respect to the ESZ
sample, may also play a role. In fact, low-mass systems have a
lower gas fraction than the most massive ones (e.g., Vikhlinin
et al. 2006; Pratt et al. 2009; Lovisari et al. 2015), implying a
lower gas mass for a given cluster mass than what one would
expect if the gas fraction were universal, and linearly related to
the total mass. Thus, samples skewed toward massive systems,
where the effects of baryonic processes and radiative cooling
are expected to be relatively less impactful, are expected to
have a lower normalization in the M,—M,, plane. To support
this interpretation, in Figure 5 we only plot the relations in the
mass range investigated in the individual papers, and we can
see that, with the exception of EB19, there is a shift toward
lower normalizations in the M ,—Mg,s plane when only massive
clusters are considered. Apart from the best-fit relation from
Mahdavi et al. (2013, hereafter AM13), all the other relations
point to a slope close to ~0.8, therefore flatter than what is
predicted if the gas fractions were the same on all mass scales.
The agreement between the slopes, but not in the normal-
ization, suggests that this relation is almost independent of the
fraction of relaxed and disturbed systems in the sample but may
depend on the mass range of the clusters that are investigated or
on systematic differences in HE mass estimates.

5.7 Mu—Yx

The Yx parameter (Kravtsov et al. 2006), a measure of the
total thermal energy in the ICM, is also a low scatter mass
proxy (see Figure 6). As for the other scaling relations, we
observe quite good agreement in the slope derived from
independent studies and an offset in the normalization, in
particular in the best fit derived by EB19 and AM13 (~8%
lower normalization). The offset is smaller, on the order of
~5%, with respect to LL15 and AV09, while it is in perfect
agreement with the result by Arnaud et al. (2010,
hereafter MA10). If the offset is caused by the lower Mg, in
low-mass systems, then we should observe a lower My,—Yx
relation also for LL15 that includes systems with total masses
down to ~2 x 10"* M. Instead, the relation by LL15 has a
lower normalization than the one from EB19, in particular in
the low-mass regime. Unlike the other studies plotted in
Figure 6, EB19 uses SZ-derived masses, which may suggest a
mass trend of the SZ signal with the total mass that would
result in an offset in the X-ray observables and total mass
relations.

Almost all the studies find a slope of the M,—Yx relation
shallower than what is expected from the self-similar scenario

Lovisari et al.
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Figure 6. M,,—Yx relation for the ESZ clusters investigated in this work. The
most relaxed and most disturbed clusters are shown in blue and red,
respectively. The green line represents the fitted relation with  free to vary.
The dark and light shaded areas represent the lo statistical error and scatter,
respectively. In the inset plot, we show the histogram of the log space residuals
from the fitted M,—Yx relation. As for the M,—Mg,, relation, there is good
agreement between the slopes obtained from the different samples but an offset
in the normalization. This, together with the good agreement between the
relations obtained with the subsamples of relaxed and disturbed ESZ clusters,
suggests that the M,,—Yx relation is insensitive to the dynamical state of the
objects but dependent on the mass range investigated. The effect is smaller than
that observed for the M, —Mg, relation. The acronyms in the legend are
described in Sections 5.1, 5.4, 5.6, and 5.7.

(i.e., 8= 0.6). This may be caused by the increasing gas
fractions for increasing total cluster masses. In fact, LL15
found that the slopes of the M,,—Yx relation, derived in the
low- and high-mass regimes, agree well with the prediction of
the self-similar scenario. However, the normalizations are quite
different, with the galaxy groups having a >10% higher
normalization than the clusters, due to their average lower gas
fraction. This offset in the normalization leads to a slightly
shallower relation, when fitting all the systems together.

The relations, determined for relaxed and disturbed clusters
separately, are in good agreement. Thus, as for the M, —M,ys
relation, the M, —Yx slope is insensitive to the dynamical state
of the objects, but it may still have a small dependence on the
mass range considered, which affects the normalization,
although with a lower impact than what is seen in the
Mo —Mg, relation. As for the M,—M,,s relation, there is a
hint of a smaller scatter for relaxed clusters, but the difference
is within the statistical uncertainties. Using the core-excised
temperatures to calculate the Yy parameters does not impact
either the shape or the scatter of the relations. This confirms
that the relation is basically insensitive to the influence of
AGN feedback and/or star formation, as suggested by the
numerical simulations (e.g., Kravtsov et al. 2006; Nagai et al.
2007). The similarity in the scatter of the M,—M,,, and
M—Yx for both relaxed and disturbed systems suggests
that the scatter in the two relations is probably driven by the
same processes.

5.8. M;o—Tere

In Figure 7 we compare our M,—T . relation with the relations
available in the literature by LL15, AV09, AM10, XXL, EB19,
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Figure 7. M,—T.,. relation for the ESZ clusters investigated in this work. The
most relaxed and most disturbed clusters are shown in blue and red,
respectively. Clusters that are not in these two subsamples are shown in black.
The green line represents the fitted relation with the redshift evolution free to
vary. The dark and light shaded areas represent the lo statistical error and
scatter, respectively. In the inset plot we show the histogram of the log space
residuals from the fitted M;,—Tex. relation. The acronyms in the legend are
described in Sections 5.1, 5.4, and 5.6.

and SE15. The slope for the ESZ sample, 3 = 1.508 + 0.126, is
in agreement with the self-similar expectations (i.e., 3 = 1.5), but
with a positive redshift evolution at the ~3¢ level. However, if
the redshift evolution is forced to be self-similar, the fit prefers a
much steeper relation (i.e., = 1.823 4 0.076), which is in better
agreement with the result by AMI10, who fitted jointly the
luminosity, temperature, and total cluster mass, accounting for the
selection biases, and assuming a self-similar redshift evolution.
The M,—T relation determined with core-excised temperatures is
not significantly different from that obtained using the core-
included temperatures. Relaxed and disturbed clusters share a
similar relation, and also the scatter is not significantly different
(oy)z = 0.037 £ 0.015 vs. oyz = 0.046 & 0.022 for the
relaxed and unrelaxed subsamples, respectively), as instead was
observed by Lieu et al. (2016) for the XXL sample using WL
masses and XMM-Newton temperatures within a 300 kpc radius.
A similar level of the scatter for the temperature suggests that the
processes that alter the homogeneous temperature distribution
have a relatively small impact on the scatter of the scaling
relations.

6. Discussion

All the observed scaling relations, with the exception of the
M o—Texc, have a slope that deviates from the expectation of the
self-similar scenario by more than 20 (see Figure 8, left panel)
but are statistically consistent with the results from the
literature (within 1o if the same fitting method is used). There
are also hints that relaxed systems have steeper relations than
disturbed clusters (see Table 2), again with the exception of the
M o—Teox relation, but that needs to be confirmed with a larger
sample to strongly reduce the statistical uncertainties of the fits.

In the case of the L-M, relations, we observe quite large
normalization offsets between the different studies. This is
partially associated with the assumed fitting procedure and the
choice of keeping the redshift evolution frozen or free (see
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Appendix B for more details). Strongly contributing to the
offset is also the different fractions of relaxed and disturbed
systems in the investigated samples. In fact, on average,
relaxed systems have a 30% higher X-ray soft-band (0.1-2.4
keV) luminosity than disturbed clusters for the same mass. The
origin of this difference is the lack of self-similarity in the gas
density profiles of relaxed and disturbed clusters as discussed
by Maughan et al. (2012). Disturbed clusters have flatter
profiles, while relaxed clusters have more centrally concen-
trated gas density profiles. Moreover, Maughan et al. (2012)
found a temperature dependence for the profiles of the
disturbed systems with hotter clusters having higher densities
than the cooler clusters. They did not find the same dependence
for the relaxed clusters (see also Mantz et al. 2016). The ESZ
sample has a similar behavior, and we also find a temperature
dependence for relaxed clusters in the low-redshift (z < 0.2)
regime, while the most distant and relaxed clusters of our
sample show similar profiles, independent of their temperature.
These results complicate the comparison of the LM, relation
from different works. To illustrate why, we compare the
average profile of the ESZ sample with the REXCESS sample
(see left panel of Figure 9). The two samples have a similar
electron density in the center, but in the outer regions, the ESZ
clusters show a much higher density than the REXCESS
clusters. Since the two samples span a different mass range, in
the middle panel of Figure 9 we only compare the massive
systems, which show much better agreement in the outer
regions, while showing a higher gas density in the core of the
REXCESS clusters. However, since ESZ clusters are on
average more disturbed than REXCESS clusters (e.g., Lovisari
et al. 2017), in the right panel of Figure 9 we compare only the
most relaxed systems in ESZ with all REXCESS clusters and
find that the agreement is very good. This agreement reflects
the good match between the relation found by GP09 and that
from the most relaxed objects in the ESZ sample. However, the
different shape of the electron density profiles for relaxed and
disturbed systems, together with their temperature/redshift
dependence and the relative fraction of relaxed/disturbed
systems in the samples, has an impact on the observed slopes
and normalizations and also on the cluster redshift evolution.

To further complicate the comparison, we note that
different studies compute the total masses in different ways,
which can easily result in an offset of 10%—-20% (e.g., Sereno
& Ettori 2015a; Pratt et al. 2019). The assumption of Ny
(LAB vs. TOT), plasma model (e.g., mekal vs. apec v1.3.1 vs.
apec v3.0.9), and abundance tables (e.g., ASPL from Asplund
et al. 2009 vs. ANGR from Anders & Grevesse 1989) in the
spectral fitting and in the conversion of the total count rates
from the SB to the cluster fluxes also can cause an offset in the
y-direction (i.e., in X-ray luminosity). Moreover, some
relations have been obtained using the luminosities derived
with RASS data, while others use the higher-quality data of
Chandra and XMM-Newton, which allow a more accurate
point-source detection. Similar arguments can be applied to
the L-T relation, with the complication that temperatures
obtained with different detectors can vary significantly, with a
larger deviation observed for hot clusters, which therefore can
also lead to a different slope. Interestingly, both the L-T and
L-M,, relations from different studies tend to converge, when
the core-excised luminosities are used, which points to the
different fraction of relaxed and disturbed systems as the main
contribution for the observed offset.
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Figure 8. Overview of the fitted slopes 3 (left panel) and redshift evolution factors  (right panel) with respect to the self-similar predictions (see Table 1). The results
for the full sample are shown with green squares, while the results for the subsamples of relaxed (R) and disturbed (D) clusters are shown with blue circles and red
diamonds, respectively. In the top panels, we show the difference between the observed and predicted values (i.e., if a relation behaves self-similarly, the data point
would be consistent with zero). In the bottom panels we show how significantly the parameters deviate from the prediction.

The relatively good agreement between the Ly exc—Texc
relation of AM10 with the other relations may also indicate that
their flatter slope for the Ly cxc—Mo relation is probably related
to a mass-dependent effect on the total mass estimation.

The Mo —Mg,s and M,—Yx relations are in good agreement
between the different studies, particularly if self-similar redshift
evolution is assumed. One of the reasons is that, differently
from the luminosity, M,,s depends linearly on the gas density,
reducing the impact of different selection methods. This is
probably also due to the smaller offset between the relation
obtained with the relaxed and disturbed cluster subsamples
(i.e., only <5% difference). Interestingly, both the ESZ and
SPT samples suggest a slightly flatter M,,—Yx relation than the
relations derived from X-ray-selected samples, although at low
significance.

Special discussion is needed for the M,—T relation. As can
be seen in Figure 7, there is some tension between the best-fit
relations determined in different studies, in terms of both slope
and normalization, with the latter easily connected to the
method and/or proxy used for the total mass estimate. The
slope can be as shallow as 1.25 + 0.16, as found by EB19, or
as steep as 2.08 + 0.18, as found by AM10. The consistency of
the M,—T relation for galaxy groups and clusters (e.g., Sun
et al. 2009; Lovisari et al. 2015) excludes the possibility that
the differences are related to the mass (temperature) range
investigated. Moreover, the agreement of the M,,—T relation at
low- and high-mass ends suggests that nongravitational
processes are not strongly impacting this relation. Therefore,
the offset seen in Figure 7 may point to a possible bias
introduced in the estimate of the total mass. For instance, EB19
used the SZ masses to derive the scaling relations, and if the
SPT mass estimates suffer from a mass-dependent bias as
found by the Planck mass estimates, it could explain the
shallower relation.

All the fitted relations for the ESZ sample prefer different
values of ~ with respect to the expectations of the self-similar
scenario. However, given the relatively low redshift (i.e., Zmeq
~0.2) of the sample, only the value of v for the M,,—T relation
lies more than 20 from the self-similar value (see Figure 8§,
right panel). The best fits for the L-M, and L-T relations
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suggest a negative evolution of the scaling laws, in agreement
with the finding by Reichert et al. (2011), who combined
several published data sets to investigate the evolution of the
X-ray scaling relations to z = 1.46. The negative evolution
estimated by Reichert et al. (2011) is more significant than the
one estimated with the ESZ sample. This is likely due to the
larger redshift range covered by their sample, but also because
only X-ray-selected clusters were used. In fact, interestingly,
for the ESZ sample we found a systematic trend to have a
larger evolution for the most relaxed objects than for the most
disturbed clusters. This indicates that relaxed and disturbed
systems may evolve differently. We note that, given the large
errors associated with ~, this result is not conclusive and a
detailed investigation with a larger sample, which also includes
more distant clusters, should be performed. Nonetheless, the
effect of the cores in the L-M,,; and L-T relations should be
taken into account, not only for the effect on the scatter but also
for the impact on the normalization and on the redshift
evolution.

For example, the offset between the ESZ and SPT Lyx—M,,
relation decreases from ~45% to ~23% when self-similar
redshift evolution (i.e., v = 2) is assumed. If relaxed and
disturbed clusters evolve differently, and since the fraction of
relaxed and disturbed clusters in the ESZ and SPT samples
could be different, then forcing the same evolution may reduce
the offset. However, that would be an extra effect on top of the
offset caused by the different fraction of relaxed/disturbed
systems (i.e., the larger the fraction of relaxed objects in the
sample, the higher is the normalization). Unfortunately, we do
not know the dynamical state for the SPT clusters analyzed
by EB19.

The evolution factor v determined for the global and core-
excised luminosity relations is consistent in the case of
disturbed clusters, while it is different for relaxed clusters. In
particular, using the core-excised luminosities leads to a -y
value consistent with the one derived for disturbed clusters and
in better agreement with the expectations from the self-similar
scenario. This suggests either that the peaked and relaxed
clusters evolve differently from the disturbed clusters or that
the cool cores mimic the evolution.
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Figure 9. Left: comparison between the average density profiles for REXCESS and ESZ samples. Middle: as in the left panel, but using for both samples only clusters
with a My, > 5 x 10" M. Right: as in the middle panel, but using only the relaxed subsample for the ESZ clusters.

Given the higher normalization in the scaling relations of
relaxed than disturbed systems, and since flux selected samples
have been shown to have a larger fraction of relaxed clusters,
the lower normalization found by GS17, AMI10, and AM16
must have a different explanation. For example, in this paper
we determined the masses as in GS17, but using XMM-Newton,
which is known to deliver lower temperatures than Chandra. It
is possible that in the high-mass regime the masses obtained
by GS17 are higher than the ones derived in this work because
of the higher temperatures determined with Chandra. However,
since the temperatures at large radii drop to values where
Chandra and XMM-Newton agree better, the difference may be
smaller. Indeed, Martino et al. (2014) obtained consistent
results for the total hydrostatic masses for the same clusters
observed with both Chandra- and XMM-Newton-based mea-
surements. Therefore, a more detailed investigation is required
to understand this difference.

The relation determined for the most relaxed clusters in our
sample agrees well with the relation determined by GP09 for
the REXCESS sample, which is dominated by centrally peaked
and relaxed systems. The significant overlap between the n,
profiles from the REXCESS sample and our subsample of
relaxed systems fully explains this good agreement.

The M,—T relation shows a positive evolution with respect
to the self-similar prediction. The evolution is detected at more
than the 30 level (see Figure 8). The results by EB19 with the
SPT clusters are also consistent with a positive evolution,
although detected only at the 1o level. Studies of X-ray-
selected samples found seemingly contradictory results: e.g.,
Ettori et al. (2004) and Reichert et al. (2011) found no
evolution, while Mantz et al. (2016) found a ~20 positive
evolution. The fact that the positive evolution is observed more
significantly with SZ-selected samples is probably associated
with the larger fraction of disturbed clusters than in the X-ray-
selected samples and a better sampling of the full halo
population. Indeed, the redshift evolution for the subsample of
relaxed clusters is closer to the prediction of the self-similar
scenario. This finding is consistent with the picture that clusters
at higher redshift are on average more disturbed (as confirmed
by the mild correlation of the centroid-shift with the redshift);
therefore, their temperatures are hotter than what one would
expect from self-similar evolution. Moreover, disturbed
clusters tend to have a larger hydrostatic bias, which could
potentially mimic the evolution. Although observationally this
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Figure 10. Overview of the intrinsic scatter, oy|z, expressed in percent. The
results for the full sample are shown with green squares, while the results for
the subsamples of relaxed (R) and disturbed (D) clusters are shown with blue
circles and red diamonds, respectively.

is the first time that the evolution was detected so significantly,
a positive evolution was predicted by recent simulations. For
example, Le Brun et al. (2017) investigated a large population
of groups and clusters obtained with the cosmo-OWLS suite in
cosmological hydrodynamical simulations and found a positive
evolution of the M,—T relation, independent of the included
ICM physics. More recently, Truong et al. (2018) also found
that the normalization of the M,—T relation varies only by
~20% between z = 0.6 and z = 0 (roughly the same redshift
range investigated in our paper) instead of the ~40% predicted
by the self-similar scenario. The evolution is somehow stronger
when AGN feedback is included in the simulations. The reason
for this good agreement between observations and simulations
may be due to the characteristic SZ cluster selection, which is
approximately a mass selection. This is more representative of
the cluster selection sampled by hydrodynamical simulations.
The scatter in the scaling relations is the sum of different
processes acting in different directions. In our study, apart from
the Lx—T, Lyo—T, and M,—T relations, the subsample of
relaxed clusters shows a lower scatter than the subsample of
disturbed clusters (see Figure 10). Moreover, the scatter is
clearly reduced by excluding the core regions to compute both
luminosity and temperature, although the use of the core-
excised temperatures has a much lower contribution in the
scatter reduction than the core-excised luminosities. This
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suggests that temperature inhomogeneities do not play a major
role in the scatter of the scaling relations. As found in previous
studies and by numerical simulations (e.g., Le Brun et al.
2017), we found that the M,—Mg,s, Mio—T, and M—Yx
relations all have relatively low scatter. Moreover, the intrinsic
scatter of the relations is further reduced, if only the relaxed
clusters are considered.

Depending on the orientation of the cluster, the estimated
M,,, can be easily incorrect (i.e., typically the Mg, is
overestimated if the cluster is elongated along the line of
sight, while it is underestimated if the cluster is elongated in the
plane of the sky; see Piffaretti et al. 2003 for more details).
Since the temperature structures have a small effect on the
scatter, the determination of Mg, by ignoring triaxiality,
substructures, and clumps could be one of the major drivers for
the scatter in these relations.

7. Summary and Conclusion

We used archival XMM-Newton observations to determine the
X-ray properties (i.e., My, Mg, KT, Lx, Ly, Yx) of a
representative sample of 120 Planck ESZ clusters to investigate
the most common X-ray scaling relations: L-Mio, L~T, MMy,
M —Yx, and M—T. We fit these relations, leaving free to vary
the slope, normalization, redshift evolution, and intrinsic scatter in
both X and Y variables. Our results are the following:

1. The slopes of the scaling relations derived with SZ-
selected samples are in relatively good agreement with
the relations derived from X-ray-selected samples,
particularly when the same fitting procedure is used.
However, for most of the relations, there is some tension
in the normalizations that can only partially be ascribed to
the fitting algorithm. Most differences come from the
different fraction of relaxed and disturbed systems in the
samples, which strongly depends on the different
selection functions (e.g., SZ vs. X-ray). On top of that,
differences also arise from different methods used to
determine the global cluster properties (e.g., different
mass proxies for the total mass) and the use of different
instruments (e.g., gas temperatures from Chandra instead
of XMM-Newton). Moreover, because of the mass
dependence of the gas fraction, the range of masses
considered in each sample has an impact on the slope, the
normalization, and probably also the evolution of the
different relations.

2. There is a hint for a different redshift evolution in relaxed
and disturbed clusters. When the core regions are
removed, the ~ values determined for the two subsamples
tend to be in better agreement and also in better
agreement with the self-similar predictions.

3. The positive redshift evolution of the M,—T relation
suggests an evolution of the kinetic-to-thermal energy ratio
of the ICM in clusters. Higher-redshift clusters are on
average more disturbed, so that the contribution to the
nonthermal pressure by large-scale motions is larger. The ~y
value obtained for relaxed clusters is in better agreement
with the self-similar prediction than the one obtained for
the most disturbed systems, in support of this scenario.

4. The M;—M,,, and in particular the M ,—Yx relations
show the weakest dependence on the dynamical state of
the systems, as suggested by numerical simulations. Both
relations show consistent slopes (although shallower than
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the self-similar predictions) and normalizations. More-
over, they also show a redshift evolution in relatively
good agreement with the self-similar expectations.

5. The intrinsic scatter of the relations derived for the
relaxed cluster subsample is smaller than the one derived
for the disturbed subsample. Moreover, removing the
central regions of the clusters further reduces the scatter,
particularly for the most relaxed systems.
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Appendix A
Cluster Properties

All the X-ray properties used in this paper and calculated
within Rsgg are listed in Table 3.

Appendix B
Comparisons between Different Fitting Methods

In this paper we compared our results with the best-fit
relations from papers that used different linear regression
techniques for their analysis. This complicates the comparison
and the interpretation of the different results because they are
affected by how one treats the measurement errors, which may
be heteroscedastic and correlated, and the intrinsic scatter. On
top of that, the treatment of the selection effects that bias some
cluster samples also has a nonnegligible effect on the
regression results. Many methods have been proposed to
account for these effects (see, e.g., Kelly 2007; Mantz 2016;
Sereno 2016, and references therein), each with their
advantages and disadvantages. Here we compare the results
from LIRA (Sereno 2016), the technique used in this paper,
with BCES (Akritas & Bershady 1996) and MLINMIX
(Kelly 2007), two linear regression techniques, publicly
available, and widely used when fitting scaling relations. We
summarize the results in Table 4, and we plot the Lx—M,, and
Lx—T relations for illustration in Figure 11. For both relations,
the slope obtained with LIRA leaving all the parameters free to
vary (in green) is the steepest and is in fairly good agreement
with the result of the orthogonal method with BCES (in black).
However, in the latter case the redshift evolution is forced to be
self-similar in contrast to the negative redshift evolution
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Table 3
Cluster Properties
Plaan Name Z Mlul %da kT kTexc LX LX,exc Lbol Lbol,exc NT fT Nsb f;b
(10" M) 10" M) (keV) (keV) (ergs™h (ergs™h (erg s7h (ergs™h

G000.44-41.83 0.165 501793 6.61793% 5.85+032 582708 3.79°0% 2.88+043 8.36078 6.36°04 6 1.00 20 121
G002.74-56.18 0.141 496104 5.63753) 5362313 5397018 4477016 271599 9.967049 6.031023 10 0.94 49 1.08
G003.90-59.41 0.151 6.9475013 8.651008 7.06913 6.460: }3 7134028 4617017 18.06207 11.627: 3; 10 0.98 63 1.08
G006.70-35.54 0.089 2421500 427405 4723058 4.6250% 2447059 2.08790%8 4.677033 3.987932! 15 1.14 45 1.18
G006.78+30.46 0.203 17.56:?_%;‘ 32.00t8_§‘2‘ 14.37t8_ }% 15.01t8_}2 23.847938 16.557913 86.797174 60,27t8_§1 19 1.26 171 1.62
G008.44-56.35 0.149 3.6170%8 4647003 512799 4914019 347313 231799 6.781034 4.5419% 8 1.10 41 1.24
G008.93-81.23 0.307 10.39534 15.647513 8.78%90 I 8.437519 13.12493 9.72517 36.547131 27097370 8 0.97 78 1.03
G021.09+33.25 0.151 6.88+079 10.457932 6.25t3{3 8.77+031 16.07-518 6.847019 38.8310:32 16.5119%2 10 1.21 86 1.24
G036.72+14.92"* 0.152 5217932 8.1610% 7.44+0:%6 6.8911:02 5.971027 4005317 15.59*111 1043507 3 0.51 9 0.87
G039.85-39.98 0.176 3.77t8.‘1‘3 532103 5.891014 5.821016 2917012 2.02+910 654703 5691028 7 1.22 71 1.43
G042.82+56.61 0.072 4657013 6.0175% 4831097 479105 3187938 2247583 6.741522 4741014 15 0.74 42 0.88
G046.08+27.18 0.389 6.26708 9.907933 5.93+039 5.6510% 751554 6.261028 17.124447 14.28*119 3 1.08 15 1.17
G046.50-49.43 0.085 6.051038 6.24709 5.59%813 5214914 3342013 2281007 7.95039 543102 15 0.67 58 0.75
G049.20+30.86 0.164 5867918 6.5170% 5475008 6.281017 8.705018 3.83700¢ 22467574 9.89102 8 0.99 24 0.99
G049.33+44.38 0.097 3.84+04¢ 3.85+018 4907517 4807933 1.687908 1.2279% 3.60°0% 2.631013 8 0.61 26 0.82
G049.66-49.50 0.098 4817934 4417098 4647008 4817514 3.445012 174758 7.2650% 3.674042 10 0.68 36 0.68
G053.52+59.54 0.113 5.8779% 7.035042 6.58%01% 6.317518 4.087911 3.087004 9.7479% 7.331030 5 0.81 38 0.96
G055.604+-31.86 0.224 6.541018 9411912 7.39°01 7.307014 10.067939 534152 258798 13.65+0:38 9 1.03 53 1.10
G055.97-34.88 0.124 541798 3. 44+8 gg 625403 5501037 2.117°5% 154789 5474032 4.01t8_§§ 7 0.42 18 0.51
G056.81+36.31 0.095 398908 512458 4.98+005 4831007 4347012 2357006 9.30%03! 5057017 15 1.01 99 1.10
G056.96-55.07 0.447 9.62023 15.237914 7.635013 7.587013 14.61793% 11987939 38.361]3) 31.487118 5 091 48 0.94
G057.26-45.35 0.397 13.17+55 18.61°022 10.397933 9.9904 25327973 12.75793%3 82.81+14 41701172 5 0.91 32 1.00
G058.28+18.59 0.065 3727006 4.541020 5.01100 4.87+00 2.0159% 1.6699% 4.031011 3311008 19 1.01 65 1.07
G062.42-46.41 0.091 3.261032 2.871013 4.25t8_8§ 4.287013 142799 1157004 2.65%043 2.14%040 8 0.41 30 0.56
G067.23+67.46 0.171 8.11%011 1044705 8.167513 7655017 10.967948 6.90103 30.387053 19.11793 14 1.03 71 1.08
G071.614+29.79 0.157 4, 24*3 ;g 53210 2; 4887938 493808 2441513 2201512 4.58%% gg 4137932 4 0.95 15 1.05
G072.63+41.46 0.228 1071508 16.517932¢ 8.9570% 8.917939 14.61793 10.447933 45167348 32.307)38 9 0.97 45 0.97
G072.80-18.72 0.143 5337047 8.255 04 5.9379% 5.997013 5.697013 3.997013 13.3259% 9.355038 12 0.93 45 0.93
G073.96-27.82 0.233 11414948 17.19753% 9.53+02 10.677547 16.85793¢ 10.00*939 55.79*189 33.267999 9 0.94 17 1.01
G080.38-33.20 0.107 3.6610% 3.837093 541759 4827008 2197054 1467593 4877512 3.2610:9¢ 12 0.97 99 1.15
G080.99-50.90 0.300 6.62+032 9.55939 7.1579% 6.92+0%4 8.4910% 5557919 23.287199 15.18+0¢2 6 0.94 20 1.19
G083.28-31.03 0.412 768541 12.484939 7247531 7.021534 11.78494 8.31°017 30.617199 21.2610% 6 1.17 19 1.50
G085.99+26.71 0.179 3.31%9: 27 3.97+047 4.57t8_§2 4.51t8_§3 1.827914 1634012 3.6904 3317932 4 0.66 13 1.18
G086.45+15.29" 0.260 5747933 930797} 7.147933 6.827938 11.38%941 645719 27511140 17.6140:2 7 1.10 2 1.16
G092.73+73.46 0.228 6.18+932 10.72+932 71350148 7.097031 7747931 5.72t8,1‘§ 19007108 10.90941 9 1.17 27 1.26
G093.91+34.90 0.081 46875010 549704 5367081 531102 3.43193¢ 2861018 7.57+5:88 5467938 7 0.85 44 1.07
G096.87+24.21 0.300 5477349 6.28+:98 5.05+03% 49979 3.04103%2 2.6510% 6.807 597 5.94+074 2 0.63 17 0.95
G097.73+38.11 0.171 4215928 6.877017 6.387011 6.07+514 5244013 3.77t8_3§ 12.2675: ::; 8.847015 9 1.00 18 1.07
G098.95+24.86 0.093 3.2540% 2.99+0:0% 4977030 4.947038 1.2870:08 0.8670%3 2.77%049 1.875011 8 0.72 22 0.74
G106.73-83.22 0.292 5184938 8.31°93S 6.707923 6.53+928 8.28+030 5681049 18‘64f}_§; 12.80*539 4 0.51 14 0.78
G107.11+65.31 0.292 726705 6.947939 6.64°0% 6.78+0:% 10.0279:38 9.03+042 2755739 24837238 6 0.8 25 1.00
G113.82+44.35 0.225 3.87103% 5707938 5201030 5431034 3.73t8§§ 3.147014 7957088 6.68104 4 0.64 19 0.89
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Table 3
Planck Name z M (Continued)
tot Mg
(10" M..) (10133;;4 ) (kkY\;) KT oxe Ly .
® e _ X.exc L
G124.21-36.48 0.197 5817057 02 (keV) erg s (erg s~ bol | Lol exc Ny f, N
G125.70+53.85 0.302 ' 1((’)2%) 7.81%033 478511 581016 o7 (ergs ) (ergs™ ") r sb Job
G139.19+56.3 ' 678055 9.64"0 6.840:44 1058 389014 2427586 7917034 T
: 35 0.322 7424368 - %044 6.991538 6.94+0:39 ol 21034 4947016 9
G149.73+34.69 0.182 +071 10. 23+ 42 610f8§; 6_32+0:69 ’ ;822 4.937 (Jlljt1 18.0711'3} 12 02+(.),70 0.81 23 1.23
G157.43+30.33 0.450 e 168 739702 7152081 647205 545153 161818 13660 > 096 14 L1
G159.85-73.47 0.206 623 9647537 7542038 70609 846703 5961513 2210417 1561081 * 039 15 0.63
: E . +0. - DF05 - +0. V-1 :
G164.18-38.89° 0.074 673%% 988754 589708 5.8708 8053 6152433 ol 16261 : o 1 0.72
: . . +0.45 ' 07-0. . el
G166.13+43.39 0217 o 6301673 6521513 6501018 ol 480%511 61598 112903 y 0 13 .13
. . X +0. : D4-0. . . 190, .
G167.65 « 6.86 051 8.6810%2 6.56-02] o.18 4.16%019 3.305013 8.83+047 037 10 1.09 34 1.09
05+17.64 0.174 5.881040 - -90-0.21 6. 30+0 29 6.831022 13 0.47 7.01+8'34 13 .
G171.94-40.65 0.270 0030 925531 6287930 60202 oo 418551 1637403 10,0203 0.70 66 Lol
G180.24421.04 0.546 e 15.027578 9.79+043 0375045 64102 474551) 1384078 10247036 0 0-76 15 0.83
: . . .. . o . y +0.3 . 2 T=0. 8 T
G182.44-28.29 0.088 12.58%535 23479% 1012503 006027 12155 732151 27408 2147°0% H 0.77 29 0.97
G182.63+55.82 0.206 skl 9581630 75308 71302 28UGE 17955 72 M8 sassl . 0 - 0.54
. : . +0. . =0 . 2 1 P shT=3 . g
1863943725 0282 477500 688 571701! e 46008 3ss0E 12000 s 095 33 LS8
G195.62+44.05 0.295 2280 1249155} 8774140 2 3grls 6.06%5% 3.18+097 13.907083 7284028 2609 65 1.10
G195.77— ’ 5.82%045 8.777942 5 26*0:13 1.58 11614560 8.277939 30 83*2:56 0023 8 0.97 40 1.34
77-24.30 0.203 6671032 11144028 o 5.26°813 4824021 4 10°018 o 2224713 1 0.57 4 '
G218.85+35.50 0.175 3.86+043 o 6.80%515 6. 84*35} 6051024 oo 1030765 8.77+048 6 0.84
G225.92-19.99 0.460 cod 4301535 4.48703] 41703 202 5847615 17.454103 1467081 097 32 1.06
G226.17-21.91 0.099 e 21962533 7015535 746'0% s 172565 6.52'83 3687018 g " 7 1.26
(G226.24+76.76 0.143 i 5102689 485°01) 46500 22'5421133 1654113 5688135 4L61'3g : o 26 .14
: . . +0.1 -02-0. . +
G228.15+75.19 0.545 628700 8.347505 7.03+0% 6801008 33101 2385507 6.95+03 4997020 y 090 34 107
. . .. . =0 . Y +0. '
G228.49+53.12 0.143 7’94t8§§ 13.545555 946089 0207078 683510 3.26"50; 17,6303 £.40+007 oo, 46 0.99
: . . .. p : —U. X +0. . =05 K
G229.21— 516753 5. 87*0'17 5.29+0.17 0.78 15'35—073 9.647042 43,8534 —0.07 10 111 58 1.31
21-17.24 0.171 50671 o 0.17 5.5470%] 4761016 042 343 34.247+1:67 3 .
G229.94415 119 6.56108% 5.70+0.28 0.16 1.9379% 10.23+:46 e 1.07 17 1.16
94+15.29 0.070 7014025 o 028 5655 ;g 2.00+0.17 o 4167011 7 :
G236.95-26.67 0.148 03 8515013 6941013 6791038 00 2335058 63945 5143038 o 1.26
G241.74-30.88 0.271 210 09611 579408 5577017 622000 2801503 14,6703 7304010 5 075 20 0.81
: . X + - -17-0. S57 +0. -9/-0.35
G241.77-24.00 0.139 et 7.59%5% 6.98033 675:052 220014 242103 9201943 5617020 i 117 163 1.43
G241.97 ’ 3.29%506 3.95° 504 4.55+006 To0e2 8.14%055 4.624511 19.94+1.13 0.20 10 0.83 52 0.79
97+14.85 0.169 4.131064 0.04 -99-006 4931013 4747014 - FT-115 11325533 4 :
G24434-32.13 0.284 ok 7.10554 6.12:010 623011 oo 2105567 9897033 4431015 091 15 1.03
(G244.69+32.49 0.153 65455 1146703 702493 2251041 488703, 3085515 10541082 6661047 ’ 084 48 1.01
oot N ot 52018 50103 03083 eotal o7 A S
! . . +0. +“V-0. . - +0.1 - RAAEY X .06
G249.87-39.86 0.16 317785 4167638 445403 651038 318013 23936 6.54+04¢ 4014030 > 0-90 1 0.94
G250.90-36.25 0'20(5) 286735 a2t 3.97°0% 391403 2497814 1815505 4.84+040 3517028 ; 0.63 11 0.70
G252.9 ’ 536203 6.7475% 5 98+0-.23 0.33 2334010 151559 3.911024 02 7 1.01 17 1.01
-96-56.05 0.075 3.58+0.04 0.20 70-0.23 597793 4917018 0.04 024 2537319 5 :
253473379 oo S8ig8 39070 410793 Pt oL 2937088 11187088 6.67:031 051 15 0.84
6256.45-65.71 RSO I s s asen oy Toae swwn 15 om0 13 o
G257.34-22.18 0.203 420 718553 4947813 573105 . 248411 8.59178 598/08 . 090 133 0.77
(G260.03-63.44 0284 319751 45175 L6713 L4013 57403 3635513 11964072 7 54r038 0 100 16 1.07
: N . +0. " VI-13 K 4034 . 0! . .
G262.25-35 715287 1003553 6437018 oo 2-76-034 243553 6.00+19¢ +001 7 1.01 22 117
) 36 0.295 6.591090 0. 9-0.18 6.767 458 12.55+026 100 1.06 5.37 004 2 0 :
G262.71-40 0o 10802557 7.907319 0 o026 7.60"501 28881113 0 35 11 0.82
. 91 0.420 916211 0. V=019 7.8603) 6.94037 0 17.53793¢ 5 -
G263.16-23.41 0227 PR 12292565 9.33°03% 10,08 068 o 5.8970% 17.22% gg 14.66126 0.72 22 117
G263.66-22.53 PP et S 12297 7asdl 74370 P8elH 6ol 3683% 1070l s 068 12 095
: 8597043 10.5219% +0.18 To-026 10.55203; 5.4970.12 128 croolo 3 0.44 12 0
021 7.10" +0.28 0.12 27.27* +0.54 .75
0.18 7.22% 0% 6.557023 Hoil 128 14.187 34 8 0
- -932023 408701 16.83+038 0. 97 45 1.06
: -85_0.88 10.481947 10
047 1.05 34 L12

d ¢ .
I 11dy 0z0z “(dd07) TO1:768 “TVNINO[ TVOISAHAOULSY HH],

‘[e 19 LBSIA0T]
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Table 3

(Continued)
Planck Name Z Mlol Mgas kT chxc LX LX,cxc Lbol Lbu],exc NT fT Nsb fsb
ao™ M) 1o M) (keV) (keV) (erg sh (erg s 1 (erg sh (erg s h

G266.03-21.25 0.296 12.561934 2179933 10.57+938 10.66034 21797588 15.161938 6546230 45551178 10 1.03 59 1.32
G269.31-49.87 0.085 265104 3.1940% 4827922 4.9310% 1.6275% 10795 3.3410% 2.20%044 7 0.73 34 0.83
G271.19-30.96 0.370 8.387: ?z 12.807043 8.22+02¢ 8.8010: ;*g 19.29798 8.191093 52157331 2216794 3 0.37 17 0.54
G271.50-56.55 0.300 8.07+%11 9.7975% 7.10497 7025991 8.44102 5187933 24857197 16.304]3! 4 0.57 36 0.83
G272.10-40.15 0.059 6.1175% 7.79+0:92 6.357004 6.105004 502988 4011598 12.627033 10.10193! 33 0.89 372 0.95
G277.75-51.73 0.440 8.961073 14.49*934 7.8079%3 7747923 9.417538 8.2010% 25.18+13! 21967131 6 1.01 25 135
G278.60+39.17 0.307 9.3770%] 13.387938 8.021032 7.981048 10.537938 7.507938 26147133 18.647089 6 0.93 17 1.04
G280.19+47.81 0.156 6.53100 7.44+55) 6.99703¢ 6.947033 3137918 2.5010:08 7.48703 5.997037 8 0.66 22 0.89
G282.49+65.17 0.077 5254022 6.641048 5.54+044 5414918 2974003 2.19+092 6.827018 5027911 16 1.05 141 1.12
(G283.16-22.93 0.450 7.34+044 1053408 7.32%03¢ 752808 9.9410% 6.4710% 26477139 17.22%077 3 0.99 9 1.02
G284.46+52.43 0.441 10.637933 16.94193¢ 9.481014 9.831021 20.297943 12.07938 63.477133 37.6811 19 7 0.98 59 1.51
(284.99-23.70 0.390 10.10t}(§§ 14.88t8_§3 7.53503 76150 33 1751798 9.8579%2 41.13428 23.17+1:%¢ 3 0.36 16 0.62
(G285.63-17.24" 0.350 6.59+1%9 8.201931 5784093 5741088 3.984049 3.35+039 7.80°1% 6.560%3 1 0.86 14 0.86
(G286.58-31.25 0.210 5.5240% 7.18+0% 5.88%012 5.874048 4087013 3.07+098 9.28+04 7007939 7 1.01 30 121
G286.99+32.91 0.390 12.207978 2208708 10.6279% 10.477073 19.86077 15.631033 62757477 49.381343 5 1.03 12 1.09
(288.61-37.65 0.127 4007979 7.354040 3.094083 2.38+149 5261703 3.607918 12774199 8.751041 5 1.03 33 1.06
G292.51+21.98 0.300 8.03*Y: 12 11.39t8_§3 7531088 722403 6.417538 565039 15.97713 14.08+1%¢ 6 0.69 33 1.05
G294.66-37.02 0.274 7204038 9.88793¢ 7.88930 7.804033 8.051 044 5937928 2232439 16.467137 4 0.97 14 1.09
G304.67-31.66 0.193 4161018 5.3840:% 515758 5227598 2411046 2157543 4547107 4.0271% 2 0.67 5 0.90
G304.84-41.42 0.410 8.28+0:58 11414338 9.47+13! 8.7311-22 10214928 7.1440% 23767118 16.56103! 2 0.95 6 0.95
G306.68+61.06 0.085 3.935013 5.0359%7 5.00519 4787013 3.935007 2.327001 8.36915 493150 22 1.02 144 1.02
G306.80+58.60 0.085 4.6010% 5.82+0 44 5.647011 5587013 4.463007 2.61500 10.62t8§§ 6.237510 17 0.98 72 1.04
G308.32-20.23" 0.480 8.61122 10.525937 8.951 084 7.407979 17.315}14 10.39108 67.997:38 40.90373 3 0.66 21 0.66
G313.36+61.11 0.183 7.87f8_(1)8 10534597 8.607008 8.261011 12.82:‘;_{; 5.47i8_{3 37617088 16.147513 9 0.98 80 1.01
G313.87-17.10 0.153 8.2410% 10.787913 8.437013 8.15703% 11.107933 5577013 31.847189 1591597 11 091 61 0.91
G318.13-29.57 0217 559704 7.43tg.§§ 5.96108 5175083 7.397038 4.4010% 22104397 13.1558 2 0.83 4 1.11
G321.96-47.97 0.094 3.9540% 4.83+017 4607511 4.43%044 3.1040% 2334093 6.5170% 4917513 19 0.84 52 1.12
G324.49-44.97 0.095 3.097949 3.479% 4.087013 4163018 1.855098 1.267004 3.461930 2.367011 10 0.99 37 1.08
G332.23-46.36 0.098 5.09701 7065098 6.1379% 5955013 471551 3.0975:9¢ 11375938 7.48+930 17 1.04 102 1.08
(332.88-19.28 0.147 622938 774593 6.025377 5.48+1% 4557048 3.0001 11.061583 7517539 6 0.47 13 0.58
G335.59-46.46 0.076 3.53+074 4614534 4177139 3.95+13 419703 353402 10.137984 8.557072 22 0.92 23 0.92
G336.59-55.44 0.097 3.78%011 4887038 4.697034 4.48%026 2.537010 2.0410:03 5.361028 4327913 20 1.05 23 1.19
G337.09-25.97 0.260 5757939 8.94+0:3¢8 5.6710% 5.86103% 6.5719%2 3.61°9%¢ 14.331080 7.87+538 5 0.56 21 1.16
G342.31-34.90 0.232 6.854073 9.49+0483 6.48+197 6.35+133 464704 3.64103 13.17+21¢ 10.34+17 2 0.59 13 0.92
G347.18-27.35 0.237 8.241093 11.0773% 8.315040 8.16103 563103 4567318 15.151}3] 12.257981 8 0.96 24 1.21
(G349.46-59.94 0.347 13.597068 22.38704 10.309%2 10.605931 27.097038 13.3770% 86.747333 42.79703% 7 1.00 47 1.14

Note. Column (1): Planck cluster name as in the Planck ESZ Catalog (Planck Collaboration et al. 2011). Column (2): cluster redshift. Columns (3)—(4): total and gas mass within Rspy. Columns (5)—(6): core-included and
core-excluded cluster temperature. Columns (7)—(8): core-included and core-excluded cluster luminosity in the soft band (0.1-2.4 keV). Columns (9)—(10): core-included and core-excluded cluster bolometric luminosity
(0.01-100 keV). Column (11): number of bins in the temperature profile. Column (12): fraction of Rsy, covered by the temperature profile. Column (13): number of bins in the SB profile. Column (14): fraction of Rso
covered by the SB profile.

(This table is available in machine-readable form.)
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Table 4
Comparison between the Different Fitting Methods

Relation (Y-X) Estimator Fitted « I5] ¥ ox|z oy|z
Lx—M, o LIRA B, v, ox1z 0.089 £ 0.015 1.822 £ 0.246 0.462 £ 0.916 0.061 + 0.021 0.082 £ 0.040
LIRA B, ox1z 0.081 £ 0.013 1.455 + 0.098 [2] 0.025 £ 0.015 0.123 £ 0.014
LIRA Ié] 0.080 £ 0.013 1.409 £ 0.077 [2] [0] 0.129 £+ 0.010
LIRA 0.076 £ 0.014 [1] [2] 0.015 £ 0.008 0.149 £ 0.011
LIRA B, oxz 0.094 £ 0.015 1.949 £ 0.127 [0] 0.069 + 0.010 0.049 £ 0.031

BCES YX Ié] —0.009 £ 0.013 1.500 £ 0.080 [2] [0] [0]

BCES orth Ié] —0.008 £+ 0.014 1.740 £ 0.094 [2] [0] [0]
LINMIX Ié] —0.001 £ 0.013 1.427 £ 0.077 [2] [0] 0.129 £ 0.051
Ly exe=Miot LIRA B, v, ox1z —0.091 £+ 0.013 1.668 £ 0.183 1.325 £ 0.804 0.063 £ 0.015 0.034 £ 0.029
LIRA B, oxz —0.095 £+ 0.011 1.525 £ 0.113 [2] 0.052 + 0.016 0.063 £ 0.028
LIRA Ié] —0.097 £+ 0.011 1.357 £ 0.064 [2] [0] 0.104 £ 0.008
LIRA —0.100 £ 0.012 [1] [2] 0.018 £ 0.008 0.123 £ 0.009
LIRA B, oxz —0.087 £+ 0.013 1.872 £ 0.089 [0] 0.067 £ 0.006 0.022 £+ 0.014

BCES YX Ié] —0.201 £+ 0.011 1.390 £ 0.077 [2] [0] [0]

BCES orth 15} —0.200 £ 0.011 1.540 + 0.073 [2] [0] [0]
LINMIX Ié; —0.182 £+ 0.011 1.375 £ 0.064 [2] [0] 0.104 £ 0.042
Lx-T LIRA B, v, ox|1z —0.250 £ 0.045 3.110 + 0.422 0.398 + 0.939 0.051 + 0.010 0.052 £ 0.041
LIRA B, oxz —0.228 £+ 0.032 2.862 + 0.261 [1] 0.047 £ 0.009 0.080 £ 0.036
LIRA Ié] —0.168 £+ 0.021 2.288 £ 0.137 [1] 0.150 £+ 0.011
LIRA —0.084 £ 0.016 [1.5] [1] 0.016 £ 0.007 0.174 £+ 0.012
LIRA B, oxz —0.264 £ 0.028 3.237 + 0.207 [0] 0.053 + 0.005 0.066 £ 0.027

BCES YX Ié] —0.176 £ 0.033 2.070 £ 0.209 [1] [0] [0]

BCES orth 15} —0.253 £+ 0.037 2.830 + 0.240 [1] [0] [0]
LINMIX Ié] —0.242 £ 0.020 2.156 £ 0.132 [1] [0] 0.145 £ 0.056
Ly exe—Texe LIRA B, v, ox12 —0.360 £ 0.031 2.409 £ 0.292 1.170 £ 0.822 0.038 + 0.011 0.052 £+ 0.031
LIRA B, ox|z —0.390 £+ 0.020 2.732 £ 0.143 [1] 0.043 + 0.004 0.030 £ 0.018
LIRA Ié] —0.347 £ 0.016 2.292 £ 0.106 [1] [0] 0.111 £ 0.009
LIRA —0.259 £+ 0.014 [1.5] [1] 0.015 + 0.006 0.145 £ 0.011
LIRA B, oxz —0.410 £ 0.020 2.949 £ 0.147 [0] 0.045 + 0.004 0.023 £+ 0.014

BCES YX Ié] —0.331 £ 0.038 1.920 £ 0.273 [1] [0] [0]

BCES orth ¢ —0.387 £ 0.034 2.560 £ 0.226 [1] [0] [0]
LINMIX Ié] —0.416 £+ 0.015 2.135 £ 0.101 [1] [0] 0.106 £ 0.043
Mo T LIRA B, v, ox1z —0.171 £ 0.015 1.556 £ 0.137 0.179 £ 0.379 0.032 £ 0.010 0.036 £+ 0.016
LIRA B, ox|z —0.199 £ 0.012 1.843 + 0.084 [—1] 0.040 + 0.004 0.016 £ 0.008
LIRA 15} —0.173 £ 0.010 1.591 + 0.067 [—1] [0] 0.068 £ 0.006
LIRA —0.162 £ 0.007 [1.5] [—1] 0.031 £ 0.009 0.050 £ 0.012
LIRA B, oxz —0.176 £+ 0.011 1.606 £ 0.085 [0] 0.035 + 0.007 0.028 £+ 0.014

BCES YX Ié] —0.110 £ 0.018 1.500 £ 0.116 [—1] [0] [0]

BCES orth 15} —0.119 £ 0.018 1.610 + 0.116 [—1] [0] [0]
LINMIX Ié; —0.130 £+ 0.011 1.607 £ 0.067 [—1] [0] 0.064 + 0.028
MMy LIRA B, 7, ox12 0.073 £ 0.007 0.802 £ 0.049 —0.317 £ 0.307 0.028 + 0.015 0.043 £+ 0.011
LIRA B, ox|z 0.057 + 0.006 0.669 + 0.027 [0] 0.014 + 0.007 0.052 £ 0.004
LIRA Ié] 0.057 £ 0.007 0.620 £ 0.030 [0] [0] 0.160 £+ 0.011
LIRA ox|z 0.097 £ 0.010 [11) [0] 0.104 + 0.008 0.123 £ 0.009

BCES YX 15} 0.081 + 0.005 0.790 £ 0.025 [0] [0] [0]

BCES orth Ié] 0.081 £ 0.005 0.079 £ 0.024 [0] [0] [0]
LINMIX 15} 0.080 + 0.005 0.778 £ 0.023 [0] [0] 0.047 £ 0.005
Mo—Yx LIRA B, v, ox|z —0.010 £ 0.005 0.540 + 0.030 —0.292 £ 0.287 0.039 + 0.023 0.039 £+ 0.011
LIRA B, oxz —0.010 £ 0.005 0.549 £ 0.019 [—0.4] 0.047 £ 0.022 0.037 £+ 0.010
LIRA Ié; —0.005 £ 0.006 0.516 £ 0.018 [—0.4] 0.235 £+ 0.016
LIRA ox|z —0.003 £ 0.006 0.6 (fix) [—0.4] 0.097 £ 0.010 0.207 £+ 0.015
LIRA B, oxz —0.011 £ 0.005 0.517 £ 0.082 [0] 0.024 + 0.017 0.042 £ 0.006

BCES YX 15} 0.015 + 0.005 0.544 + 0.016 [—0.4] [0] [0]

BCES orth 15} 0.015 + 0.005 0.540 + 0.016 [-0.4] [0] [0]
LINMIX Jé 0.006 £ 0.005 0.538 £ 0.016 [—0.4] 0.043 £+ 0.019

Note. In the third column we indicate the parameters that were left free to vary with the exception of « and oy|z, which were always free when appropriate.
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— y=0.44 (fit) ; 0xz=0.06 (fit) 1.82+0.25
y=2.00 (fix) ; 0xz=0.00 (fix)
—— y=2.00 (fix) ; 0xz=0.03 (fit) 1.46+0.10
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Figure 11. Left panel: lines show comparison of the fitted results for the Lx—M, relation obtained using different fitting methods. In green we show the fitted relation
obtained using LIRA allowing all the parameters to vary (our reference model in the paper). In blue (intrinsic scatter in both variable) and yellow (intrinsic scatter only
in the Y-axis) we show the best-fit results obtained assuming the self-similar redshift evolution (i.e., v = 2). In orange we show the best fit obtained assuming that both
the slope and the redshift evolution are self-similar. In black and magenta we show the result from BCES, while in red we show the result using the LINMIX
algorithm. In both cases the redshift evolution was chosen to be self-similar. Right panel: same as in the left panel, but for the Lx—T relation.

determined in the fit with LIRA. Fixing the redshift evolution
either to the self-similar value or to zero (i.e., redshift-
independent relation) impacts the shape of the relations: the
larger the y factor, the flatter the relation (see Table 4). For all
the relations, except M7, the fit prefers a v value smaller
than the self-similar prediction (although consistent within
~10). Although the significance for each relation is small, the
systematic trend for all relations suggests that it is probably a
real effect. Most relaxed clusters, which are thought to be less
affected by processes such as gas motions, inhomogeneities,
clumps, and shocks, show a redshift evolution more in
agreement with the self-similar prediction, which strengthens
our argument. However, if we assume that gravity is the only
force driving structure formation, then we could fix the redshift
evolution to the predictions and check if we can recover the
predicted slopes. Fixing the redshift evolution tightens the
relations, by breaking the degeneracy between «, (3, and ~. In
this case, the slope of the Ly—M;, and Lx—T relations would be
slightly flatter but still significantly steeper than the self-similar
predictions. Also, the slopes of the M, —Mg,s and M,—Yx
relations become flatter, but in this case the deviation from the
self-similar prediction is even larger. The slope of the M,—T
relation gets steeper than the self-similar prediction. Since the
temperature of a cluster is only determined by the depth of its
potential well, a deviation from self-similarity would require a
mass bias that is temperature dependent. Considering the
scatter in both variables can also play a significant role,
depending on the distribution of the data points on the X-axis
and on their errors and intrinsic scatter. In Figure 11 we show
in blue and yellow the best-fit results obtained by fitting or not
the intrinsic scatter in the X-axis. In the case of the Lx—T, the
determined slopes are significantly different. When we set the
scatter on X to zero, we find good agreement between LIRA
and LINMIX.

Appendix C
Reproducibility of the Results

The R-package LIRA is a very powerful tool with many
parameters that can be frozen or left free to vary depending on
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the analyses of interest (see Sereno 2016 for all the details). In
this paper, we consider two main cases. In the first case, both
the variables X and Y are treated as scattered proxy of an
underlying quantity Z, e.g., the true mass or a rescaled version
of the true mass. Here, ox|z and oy, are the intrinsic scatters of
X and Y for a fixed value of Z. In the second case, we consider
only the scatter in the Y variable, and oy z—x is the intrinsic
scatter of Y for a given value of X.

To allow the full reproducibility of our results, below we
provide the commands used in the different cases. Let x and v,
delta.x and delta.y, covariance.xy, and z be the
vectors storing the values of the observed x and y, their
uncertainties 9, and ¢,, the uncertainty covariance d,,, and the
redshifts z, respectively. If not stated otherwise, priors and
parameter values are set to default.

1. For regressions without scatter on the X variable, the analysis
was performed with the command >mcme <- lira (x,

'z delta.x =delta.x, delta.y=delta.y,
covariance.xy = covariance.xy, z=12z, Z.
ref=0.2, gamma.mu.Z.Fz=0.0, gamma .
sigma.z.D= 'dt’, n.chains=4, n.adapt =

2 x10°, n.iter =2 x 10%), where the covariate
distribution is modeled as a Gaussian function with redshift
evolving width (gamma.sigma.Z.Fz = ‘dt’). Each of
the n.chains = 4 chains was n.iter =2 x 10? long,
and the number of iterations for initialization was set to
n.adapt =2 X 10°.

2. For regressions with scatter on the X variable, the analysis
was performed with the command >mcmc <- lira
(x, v, delta.x =delta.x, delta.y =delta.
y, covariance.xy = covariance.xy, z =2,
z.ref =0.2, sigma.XIZ.0 = ‘prec.dgamma’,
gamma.mu.zZ.Fz =0.0, gamma.sigma.Z.D =
rdt,’ n.chains =4, n.adapt =2 x 103,
n.iter =2 x 10%), where the argument (sigma.
XI7Z.0 = ‘prec.dgamma’) makes the scatter in X a
parameter to be fitted.

3. For regressions with fixed time evolution, e.g., v = 2,
the analysis was performed with the command > mcmc
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Figure 12. Comparison between the distributions of the parameters obtained using the Gibbs sampling used in LIRA (in blue) and the distribution obtained by
perturbing the original data sets proportional to the observed measurement errors (in red).

<- lira (x, y, delta.x =delta.x, delta.
y =delta.y, covariance.xy = covariance.
Xy, z=2z, z.ref=0.2, gamma.YIZ=2.0,

gamma.mu.Z.Fz =0.0, gamma.sigma.Z.D =
‘dt’, n.chains =14, n.adapt =2 x 103,
n.iter =2 x 10%), where the argument gamma.
YIZ = 2 freezes « to a fixed value.

4. For regressions with fixed time evolution and fixed slope,
e.g, 0 = 1 and v = 2, the analysis was performed
with the command > mcmec <- lira (x, y, delta.
x =delta.x, delta.y=delta.y, covar-
iance.xy = covariance.xy, z =1z, z.ref=
0.2, beta.Y¥YIZ=1.0, gamma.YIZ =2.0,
sigma.XIZ.0 = ‘prec.dgamma’, gamma.mu.
Zz.Fz=0.0, gamma.sigma.Z.D= ‘dt’, n.
chains =14, n.adapt =2 X 103, n.iter =
2 x 10%), where the values of beta.YIZ and
gamma.YIZ were frozen (beta.YIZ=1.0 and
gamma.YIZ = 2).

Appendix D
Test the Underlying Assumptions of Our Regression
Method

The LIRA software and its underlying assumptions and
methods have been extensively tested with data and simulations
(see, e.g., Sereno 2016 or Sereno et al. 2020). Accurate
sampling of the parameter posterior probability distribution is
crucial. Here we compare the LIRA sampling, which relies on
Gibbs sampling exploiting the JAGS (Just Another Gibbs
sampler) library,'” with an alternative method where the
original data set is perturbed proportional to the observed
measurement errors, the fitting procedure is repeated for each
random data extraction, and the parameter posterior is built as
the distribution of the central momenta.

Let us consider the mass versus core-excised soft luminosity
for the full sample in the more general case, e.g., time evolution
and scatter in the X variable. We extracted a collection of 10°
simulated data sets, where the random pairs {Msq—Lx} are
extracted from bi-variate Gaussians centered on the actual pair
and with the same measured uncertainty covariance matrix. For
each regression, we collect the posterior mean. As can be seen
from Figure 12, there is good agreement between the two
methods. The peaks of the posterior distributions are located
well within the statistical uncertainty. The Gibbs sampling
proves to be better suited to fully explore the full parameter
space, with posterior generally broader.

' JAGS by M. Plummer is publicly available at http://memc-jags.
sourceforge.net.
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