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ABSTRACT

Galaxy clusters observed through the thermal Sunyaev—Zeldovich (tSZ) effect are a recent cosmological probe. The precision on the
cosmological constraints is affected mainly by the current knowledge of cluster physics, which enters the analysis through the scaling
relations. Here we aim to study one of the most important sources of systematic uncertainties, the mass bias, b. We have analysed
the effects of a mass-redshift dependence, adopting a power-law parametrisation. We applied this parametrisation to the combination
of tSZ number counts and power spectrum, finding a hint of redshift dependence that leads to a decreasing value of the mass bias
for higher redshift. We tested the robustness of our results for different mass bias calibrations and a discrete redshift dependence.
We find our results to be dependent on the clusters sample that we are considering, in particular obtaining an inverse (decreasing)
redshift dependence when neglecting z < 0.2 clusters. We analysed the effects of this parametrisation on the combination of cosmic
microwave background (CMB) primary anisotropies and tSZ galaxy clusters. We find a preferred constant value of mass bias, having
(1 =b) = 0.62 + 0.05. The corresponding value of b is too high with respect to weak lensing and numerical simulations estimations.
Therefore we conclude that this mass-redshift parametrisation does not help in solving the remaining discrepancy between CMB and

tSZ clusters observations.
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1. Introduction

Galaxy clusters are able to track the recent evolution of the
large scale structure, describing the matter density field. There-
fore, they represent an important cosmological probe. In recent
decades, different observations of cluster samples in X-rays
(Bohringer et al. 2017; Pacaud et al. 2018), optical (Rykoff et al.
2016), and millimetre wavelengths (Planck Collaboration XX
2014; Planck Collaboration XXIV 2016; de Haan et al. 2016;
Bocquet et al. 2018) have substantially improved the constraints
on cosmological parameters obtained from this probe.

In this paper we have considered galaxy clusters observed
through the thermal Sunyaev—Zeldovich (tSZ) effect (Sunyaev &
Zeldovich 1970). The latest cosmological analysis of tSZ galaxy
clusters (Planck Collaboration XX 2014; Planck Collaboration
XXII 2016; Planck Collaboration XXIV 2016; de Haan et al.
2016) have shown that precision on the cosmological param-
eters is affected by systematic uncertainties, mainly related to
cluster physics and theoretical assumptions — see for example,
the discussion in McCarthy et al. (2003a,b), Poole et al. (2007),
Hoekstra et al. (2012), Mahdavi et al. (2013), Ruan et al. (2013),
Sakr et al. (2018). In particular, we have introduced uncertainties
related to the calibration of the scaling relations between the sur-
vey observables and the real mass of the cluster. These relations
are needed to extract cosmological information. A key element
of these scaling relations is the mass bias. The bias arises from
the assumption of hydrostatic equilibrium when estimating the
cluster mass, and it is therefore related to the ratio between the
estimated and the real mass of the cluster (cf. Sect. 2). In prac-
tice, it may also account for all possible observational biases,
such as absolute instrument calibration, temperature inhomo-

geneities, and residual selection bias. In order to quantify this
bias, we use weak lensing (WL) mass reconstructions, which are
supposed to provide an unbiased estimate of the true mass of the
cluster, though with a larger scatter — see for example the dis-
cussion in Mahdavi et al. (2008, 2013), Meneghetti et al. (2010),
Zhang et al. (2010), Hoekstra et al. (2015), Smith et al. (2016).

In a previous paper (Salvati et al. 2018) we show that the
well known discrepancy on cosmological parameters, in partic-
ular on og, obtained from cosmic microwave background radia-
tion (CMB) primary anisotropies and tSZ observations (Planck
Collaboration XX 2014; Planck Collaboration XXII 2016;
Planck Collaboration XXIV 2016) is substantially reduced,
thanks to the lower value of the optical depth provided by Planck
Collaboration XLVI (2016). This result is also confirmed in the
latest Planck release (Planck Collaboration VI 2018).

Nevertheless, we show that a tension is still present on the
value of the mass bias, when we compare the estimation from
tSZ probes and baryon acoustic oscillations (BAO) and tSZ
and CMB data combination. This remaining discrepancy may
be related to the general calibration of the adopted tSZ scal-
ing relations. As described in Planck Collaboration XX (2014),
Planck Collaboration XXIV (2016), these relations are cali-
brated through X-ray observations on a sub-sample of the total
cosmological catalogue. They also provide an explicit mass-
redshift evolution. A complete re-calibration of these scaling
relations is beyond the scope of this paper. We decided to focus
only on the mass bias, since the correct evaluation of this quan-
tity remains an open issue when using galaxy clusters as a cos-
mological probe.

In particular, in this paper we have analysed a possible
variation for the mass bias, through an explicit mass-redshift
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parametrisation. Indeed, as shown for example in Smith et al.
(2016), the mass calibration changes when considering clusters
samples in different redshift ranges. We have investigated the
effects of this parametrisaiton on the CMB-tSZ mass bias dis-
crepancy. In order to further explain our results and their impact
on tSZ cosmological constraints, we analysed the effects of a
redshift-binned mass bias and different sample selections, on
both redshift and signal-to-noise ratio. We used measurements
from the Planck satellite for the galaxy cluster number counts
(Planck Collaboration XXIV 2016), in combination with the
angular power spectrum of warm-hot gas, from Planck (Planck
Collaboration XXII 2016) and the South Pole Telescope (SPT;
George et al. 2015), starting from the analysis done in Salvati
et al. (2018).

The paper is organised as follows: in Sect. 2 we describe the
approach we use in the analysis, presenting our results in Sects. 3
and 4. We discuss the results and derive our final conclusions in
Sects. 5 and 6.

2. Method

In this analysis, we have studied the dependence of the mass
bias with respect to mass and redshift, exploiting the com-
bination of galaxy clusters number counts and power spec-
trum, following the approach described in Salvati et al. (2018).
We have made use of the cluster sample provided by Planck
Collaboration XXVI (2016; PSZ2 cosmo sample hereafter),
consisting of 439 clusters obtained from the 65% cleanest part
of the sky, in redshift range z = [0, 1] and above the signal-
to-noise ratio threshold of 6. Following the analysis done in
Planck Collaboration XXIV (2016), we sampled on both red-
shift and signal-to-noise ratio. We also used the Planck estima-
tion of tSZ power spectrum Planck Collaboration XXII (2016),
in the redshift range z = [0, 3] and in the mass range M5y =

[1013 ! My, 5 x 1015 ! MQ]. We combined Planck data with

the estimation of tSZ power spectrum from SPT at £ = 3000
George et al. (2015).

2.1. tSZ probes

The intensity of the tSZ effect, in a given direction of the sky A,
is measured through the thermal Compton parameter y

i) = [ 0B oras.
MeC

with kg being the Boltzmann constant, o the Thomson scatter-

ing cross section, and m., ne, and T, the electron mass, number

density, and temperature, respectively.

We briefly recall here the definition of the tSZ observables
and probes that we have used in this analysis. For an extensive
description we refer the reader to our previous paper (Salvati
et al. 2018) and references therein.

Following the usual approach for tSZ observations, we define
galaxy clusters properties within A, = 500. Therefore we consid-
ered cluster measurements within a sphere of radius Rsgg, within
which the cluster mean mass over-density is 500 times the crit-
ical density at that redshift, p.(z). As a consequence, the cluster
mass is defined as

ey

4
Msgo = ?R§00500pc(z>. 2)

Following Planck Collaboration XXVI (2016), we considered
Y500, which is the Compton y-profile integrated within a sphere
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of radius Rsqg, and the cluster angular size, 85, to be observ-
ables for cluster detection. In order to link the cluster observ-
ables to the mass, we made use of the following scaling relations
(Planck Collaboration XXVI 2016) for the integrated Compton
y-profile, Y509

£ DR@Ysw | _ [ b 17 [ (1= b)Mswo | 3
10-4 Mpc? “1o0.7 6x 1014 M, |’
and for the cluster angular size
h 2P = b)Msw | DA |
500 = 0: | — — 0 EMBp— | . 4
300 [0.7] 3><1014M®] (Z)[SOOMpc] @

In Eqgs. (3) and (4) Da(z) is the angular diameter distance, 4 is
the reduced Hubble constant & = Hy/100, E(z) = H(z)/Hy and b
is the mass bias. It is defined through the ratio between the mass
estimated assuming hydrostatic equilibrium and the real mass of
the cluster, (1 — b) = Ms09ue/Ms00. Since this is the definition
that enters directly into the scaling relations, in the following we
report results for the total (1 — b) quantity. For the coefficients
of the scaling relations we have followed the approach in Planck
Collaboration XXVI (2016). We fixed 6. = 6.997 arcmin and
B = 0.66, while for «, Y, and the dispersion of the scaling rela-
tions, o, v, , we adopted Gaussian priors, as defined in Table 1 of
Planck Collaboration XXVI (2016).

The predicted number counts of galaxy clusters observed in
a redshift bin [z;, z;4+1] is given by

"Zi+1 dN
n; = f dz—, (5)
z dz
where
dN Minax dN(Msp0,2) dV.
— = dQ dMsoo ¥ (z, Mso0; 1, b .
& fM 500 %(2, Ms00; [, b) AMsgy 420
(6)

In Eq. (6), x(z, Mso0;1,b) is the survey completeness at the
sky position (I, b), dN(Msg, z)/dMsq is the mass function and
dV./dzdQ is the volume element. The generalization of this
description to also define number counts as functions of the
signal-to-noise ratio can be found in Planck Collaboration XXIV
(2016).

Assuming the halo model (see e.g. Cooray 2000), the
expected tSZ power spectrum is defined as the sum of one-halo
and two-halo terms

CtSZ _ Clhalo + C2halo (7)
1 - ¢ P X
The one-halo term is expressed as
Zmax dV
Cl halo = f d C
' 0 ¢ dzdQ
Mo,
max dN(Ms00,72) . ,
fM dMsoo 1G6(Msoo, 2)|
1
X exp (50’12n Y) .

The term (M50, z) in Eq. (8) is the Fourier transform on the
sphere of the Compton parameter y of individual clusters. It is
proportional to the pressure profile, for which we followed the
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evaluation in Arnaud et al. (2010). The two-halo term (Komatsu
& Kitayama 1999) is defined as

) *Zmax ch
Cie = fo “gean

M
mx - dN(Msoo, 2)
dM ———§,(M500, 2)
mem dMspo

X

2

X B(M500, Z) X P(k, Z) , (9)

where P(k,z) is the matter power spectrum and B(M,z) is
the time-dependent linear bias factor, for which we followed
Komatsu & Kitayama (1999).

We also took into account the contribution from the trispec-
trum term, in order to correctly evaluate the errors. Following
Cooray (2001) and Komatsu & Seljak (2002), the dominant term
in the halo model is defined as

Zmax ch
Tep ~ d
“ fo‘ Zdde

My,
max dN M
y f d M[ (Ms00,2)
Monin dMs00

X |95(M500,Z)|2|!7('(M500,Z)|2] . (10)

2.2. Mass bias modelling

We considered a parametric representation of the mass bias, such
that the total (1 — b) quantity can be defined as

Ma/b 1 .Bb
(1_b)var(M’Z):(l_B).(M) (I:ZZ) '

an

where (1 — 8B) is an amplitude, M, = 4.82 x 10'* My, is the mean
mass value of the Planck cluster sample and z. = 0.22 is the
median value of the clusters catalogue that we are considering.
We substituted this definition of (1 — ») into Egs. (3) and (4)
for the scaling relations. Following the analysis in Salvati et al.
(2018), we applied a WL prior from the Canadian Cluster Com-
parison Project (CCCP; Hoekstra et al. 2015) on the total quan-
tity (1 — b)yar evaluated at the mean mass and redshift for the
sample considered in the CCCP analysis, that is,

(1 = b)var(Mcccp, zcccp) = 0.780 + 0.092,

with Mccep = 14.83 x 10" h~! My, and zceep = 0.246.

For CMB data, we exploited the new results from the
Planck collaboration (Planck Collaboration I 2018; Planck
Collaboration VI 2018). The new Planck likelihood is not
yet public. In order to reproduce the constraints on the cos-
mological parameters €, (matter density) and og (normaliza-
tion of the matter power spectrum), we mimicked the Planck
2018 likelihood assuming a Gaussian prior on the optical depth,
7 = 0.054 + 0.007 (Planck Collaboration VI 2018). We checked
that the 68% confidence level (c.1.) constraints that we obtain for
Qn and og are in agreement with the ones reported in Planck
Collaboration VI (2018).

We stress that tSZ data are not able to constrain the entire
set of cosmological parameters alone. For this reason, when
not adding CMB data, we considered BAO measurements from
Anderson et al. (2014). In the entire analysis we make use
of mass function from Tinker et al. (2008). In particular, we
exploited the formulation for the redshift evolution of the mass

12)

function, as described in Sect. 3 of Tinker et al. (2008), and
interpolated in order to obtain the mass function coefficients at
A, = 500.

The results discussed in the next section were obtained using
Monte Carlo Markov chains (MCMC). We simultaneously sam-
pled on cosmological and mass bias parameters, together with
the other scaling relation parameters, @, Y, and oy,y,. We used
the November 2016 version of the publicly available package
cosmomc Lewis & Bridle (2002). Full details of the way in
which we combined the likelihood for tSZ number counts and
power spectrum are discussed in Salvati et al. (2018).

In order to check the consistency of our results, we per-

formed several tests. We analysed the effect of different mass
bias calibrations, applying a Gaussian prior at the mean mass
and redshift value for the considered sample (as done for the
CCCEP calibration). In particular, we considered the WL calibra-
tion from the Weighting the Giants project (WtG, von der Linden
et al. 2014)
(1 - b)var(MWth zwig) = 0.688 £ 0.072, (13)
with Mwg = 13.08x10'* M, and zwig = 0.31, and an evaluation
from hydrodynamical simulations, exploiting results from Biffi
et al. (2016; BIFFI)

(1 = b)pirr1(MpiFr1, zirr1) = 0.877 £ 0.015, (14)
with Mgrrgr = 10.53 X 1014 M and zgppr = 0.

We then considered a discrete redshift dependence for the
mass bias, dividing the entire redshift range of the PSZ2 cosmo
sample in different bins, with different mass bias values. We
checked how the results change for different redshift and signal-
to-noise ratio cuts in the cluster catalogue.

3. Results

We report the results obtained for the mass-redshift parametri-
sation of the mass bias. We have analysed only the ACDM sce-
nario of cosmology. Regarding the cosmological parameters, we
focussed on the total matter density €, and the normalization
of the matter power spectrum, described through og. Indeed the
other parameters are not affected by this parametrisation.

We define the “standard” scenario as the case in which the
mass bias is a varying parameter but without any mass or red-
shift dependence, i.e. (1 — D)y, = (1 — B), labelled as “+ (1 - B)”
only. We compared this case with the one adding the mass
and redshift dependencies, quantified by the a;, and 8, parame-
ters. When adding the mass-redshift variation, we also consid-
ered the case where the amplitude in Eq. (11) is fixed to the
value found in the ‘standard’ scenario for the tSZ data com-
bination C% + NC% + BAO + (1 — B), ie. (1 - B) = 0.75
(see Table 1). Therefore we fixed (1 — B8) = 0.75 for both
C'5% + NC®* + BAO + a + B and C'5% + NC* + CMB +a, +f8
scenarios. We first discuss results for tSZ+BAO data combina-
tion and then explore the effect of this mass-redshift parametri-
sation also on the tSZ+CMB combination.

3.1. tSZ power spectrum and number counts

We discuss results for the C }SZ +NC®% + BAO data combination.
The two-dimensional probability distributions in the (Qp,, o)
parameter plane are shown in Fig. 1 for the standard scenario
(“+ (1 - B)”, red contours), allowing for the mass and redshift
variation (“+a;+ 85", green filled contours) and for the complete
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Fig. 1. Two-dimensional probability distribution for the parameters Q,,
and g, showing 68% and 95% c.l. We show the tSZ+BAO data, with
tSZ = C'S% + NC"”: varying only the amplitude in Eq. (11) (red con-
tours), adding the mass and redshift dependence (blue filled contours)
and fixing the amplitude (green filled contours). We show the same
combinations adding CMB data (cyan, black and orange contours).

parameters combination (“+ (1 — B) + a; + 85", blue filled con-
tours). The 68% c.1. constraints are reported in Table 1 for all the
parameters combinations.

We began by comparing the results for the standard sce-
nario with those obtained when varying all mass bias parame-
ters. In the latter case, we see an enlargement of the constraints
towards higher values of Q. This is mainly due to the degener-
acy between the matter density and the redshift dependence, as
shown in Fig. 2. Regarding the mass and redshift dependence, we
first focussed on the constraints on «;, and 8. For the mass varia-
tion, we obtain aj, = 0.141*)083. We stress that the a;, parameter
is strongly correlated with the amplitude of the parametrisation,
(1 — B), as it can be seen in the scatter plot in Fig. 3, left panel.
Therefore we are not able to fully disentangle the contributions
of the two parameters to evaluate the exact mass dependence.
For the redshift variation, we find 8, = 0.20*339.

We quantify the effect of these results on the total varying
mass bias, (1 — b)y,r. We report in Fig. 4 (green and blue curves)
the trend of (1 — b),,, with respect to redshift and mass, where
the shaded areas represent the estimated 1 o error. In order to
stress the effect of the mass and redshift variation, we show the
trend for (1 — D)y, at fixed values of redshift and mass respec-
tively, considering in each case the lowest and highest values
in the cluster catalogue range. From these plots we can see that
the total mass bias shows a mild variation in mass and redshift.
Therefore, even if the @; and S, constraints are marginally con-
sistent (within 20-) with 0, we still see a hint for mass and red-
shift evolution. In particular, we stress that (1 — b),,; increases
with redshift, therefore providing a decreasing trend for the mass
bias. In order to further understand this particular trend, we per-
formed several consistency checks. We report the results in the
Sect. 4 below.

We conclude by reporting the results obtained when fixing
the amplitude (1 — B) 0.75. We chose this value for the
amplitude since it is the preferred one from the standard sce-
nario (“+(1 — 8)”). Allowing for @, and 3, to vary enlarges the
constraints in the (Qy,, 0g) parameter plane, as for the complete
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Fig. 2. Two-dimensional probability distributions for the parameters Q,,
and B,, showing 68% and 95% c.l. We show tSZ+BAO results, with
tSZ = C}SZ +NC'SZ, for the complete mass bias parameters combination
(blue) and fixing the amplitude (green). We report the same combina-
tions when also adding CMB data (black and orange respectively).

combination “(1 — B) + a, + B,”. However, the fixed ampli-
tude moves the constraints of the mass-redshift parametrisation
back to being completely consistent with 0. Indeed, we find

ap = 0.052 £ 0.046 and 8, = 0,09i8%§'

3.2. Comparison between CMB and tSZ data

We start comparing results on the (Qy,, 0g) parameter plane for
the “standard” (“+ (1—-9)”, only) scenario. Planck Collaboration
VI (2018) provides the following 68% c.l. constraints, from the
baseline Planck TT,TE,EE+lowE+lensing: Q,, = 0.315 + 0.007
and og = 0.811 + 0.006. Regarding the combination with tSZ
data (considering number counts alone in this case), they provide
the value for the mass bias (1 — B) = 0.62 + 0.03. Comparing
these values with those reported here in Table 1 for the CE,SZ +

NCZ 4+ CMB + (1 —8B) scenario, we find a complete agreement,
showing the significantly stronger constraining power of CMB
with respect to tSZ probes.

Two-dimensional probability distributions in the (Qp, o)
parameter plane are shown in Fig. 1 for the standard scenario
(“+ (1 — B)”, cyan contours), opening for the mass and redshift
variation (“+a; + B, orange contours) and for the complete
parameters combination (“+ (1 — B) + a; + 55", black contours).
The 68% c.1. constraints are reported in Table 1.

Next we compare results for C'5* + NC®% + CMB + (1 — B)

with those considering tSZ+BAO data, i.e. CE,SZ + NCS%4
BAO + (1 — B). As discussed in Salvati et al. (2018) and Planck
Collaboration VI (2018), the lower value of the optical depthpg
7 helps in reducing the discrepancy between tSZ and CMB data,
at least on the og parameter. Given the degeneracy between the
og parameter and the mass bias, the lower value of 7 helps also
in partly reducing the discrepancy on this latter quantity. Never-
theless, current tSZ+CMB data combination prefers a value of
the mass bias that is still only marginally consistent with current
simulations and WL calibrations, see for example, the collection
of results reported in Salvati et al. (2018, Fig. 10). Indeed, we
find (1 — B) = 0.62 + 0.04.
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Fig. 3. (a;,8,) parameters at different values of the amplitude (1 — 8B). We show results for C}SZ + NCS% + BAO + (1 — B) + ay, + By (left panel)

and C2 + NC®” + CMB + (1 — B) + ay, + By (right panel).
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Fig. 4. Redshift (left panel) and mass (right panel) variation of (1 — b),,, at fixed values of mass and redshift respectively. We show results for the
combinations C**% + NC®* + BAO + (1 — B) + ay + B (labelled “tSZ + BAO”, green and blue) and C? + NC®” + CMB + (1 — B) + @, + B

(labelled as “tSZ+CMB”, red and magenta).

Table 1. 68% c.l. constraints for cosmological and mass bias parameters, for the different dataset combinations.

Datasets Qn oy (1-98) ap Bo
C}SZ +NC® + BAO + (1 - B) O.322j818£ 0.759 £0.024 0.753 +£0.064 0 0
C}SZ +NCS + BAO+ (1 - B) +ap + B O.380j8:8‘3‘§ 0.751’:8:8%‘2‘ 0.63 +0.10 0.141j8:8§§ 0.20j8:f2
C}SZ +NCS? + BAO + ay + By 0.345 = 0.040 0.742’:8;852 0.75 0.052 = 0.046 0.09ﬁ8:fé
C}SZ +NC® + CMB + (1 — B) 0.316 £0.009 0.811 £0.007 0.622 +0.033 0 0
C;SZ +NCS2 + CMB +(1 =B) +ap +8, 0.316+0.009 0.812 + 0.008 O.614ﬁ8ﬁ8§'§ 0.017f8:8§‘5‘ 0t8:}§
C}SZ +NCS? + CMB + ayp + By 0.300 = 0.006  0.799 = 0.006 0.75 —0.066f8:8§; —0.0éfgig

We therefore analysed whether the mass-redshift parametri-
sation proposed in Eq. (11) can allow for a convergence of
CMB and tSZ results towards higher values of the mass bias.
The results from C}SZ + NC®2 4+ CMB data combination con-
firm the strongest constraining power of CMB data. Indeed, for
the complete case with varying (1 — 8) + @, + B, results are
completely in agreement with the standard scenario where only
(1 = B) is varying, with @, and S, being consistent with 0.
The two dataset combinations also provide the same y? value

2 2956).

_ 2 _
(1-8) = X(1-B)ra+p =

We then explored the results when fixing the amplitude in
Eq. (11) to (1 — B) = 0.75. Our aim is to verify whether the
preferred low constraints for the mass bias from CMB could be
due to the assumption of a constant value in the entire mass and
redshift range, in other words, if a possible mass-redshift varia-
tion can allow for a mass bias around 0.75 at some point in the
mass-redshift space. The “+a + 7 parameter combination pro-
duces a shift in the constraints in the (€, o) plane, with )((21 8=
2962. We therefore compared this model with the standard
“+(1 —-98B)” one, applying the Bayesian Inference Criterion (BIC,
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Table 2. 68% c.l. constraints for cosmological and mass bias parameters, for the different dataset combinations.

Datasets Qn oy (1-98) ap Bb
CCCP: NC%* + BAO + (1 - B) 0.314 £ 0.023 0.769*30% 0.751 +0.093 0 0
CCCP: NC®” + BAO + (1 - B) + ap + 0.374*306% 0.752700%  0.66*31%  0.10+0.10  0.24*3%
WitG: NC®# + BAO + (1 - B) + ap + o 0.385*00%0 07657092 0597097 0.11+0.10  0.26"0%
BIFFIL: NC% + BAO + (1 - B) + ay, + 0.3627003%  0.699*0929 0.845+0.063  0.117)% 0.27+022
flat [0.6,1.0]: NC®* + BAO + (1 - B) + @), + 8, 0.330 £0.038 0.7537092  0.756*00¢  0.005*302  0.10£0.16
Q o (1-b) (1-b) (1-b)s
CCCP: NC®” + BAO 0.371*50%  0.733+09%8 0.655+0.078 0.775+0.092 0.751 +0.095

Schwarz 1978). The A BIC between the “+a + 8~ and +(1 — B)
models is ABIC =~ 12.5, therefore providing strong evidence for
the first model to be disfavoured.

In the right panel of Fig. 3, we report the two-dimensional
probability distribution for (ap,8,) at different values of the
amplitude (1 — $). We find a mild correlation between «;, and
By. Furthermore, we see that we are never able to reach values of
(1 -8B) ~ 0.8, for any combination of (ay, 8p).

We conclude by discussing the results for the total (1 — b)y,,
quantity, for the complete (1 — B) + @;, + S5, scenario. In Fig. 4 we
show the (1 — D)y, trend with respect to redshift and mass, for
tSZ+CMB data combination (red and magenta lines and shaded
areas). As described in previous section, we show the trend for
(1 = b)yar at fixed values of mass and redshift respectively, con-
sidering in each case the lowest and highest values in the cluster
catalogue range. From these results we can see that adding CMB
data keeps the value of (1 — b)y,- almost constant in mass and
redshift, while the results for tSZ data show a variation. Further-
more, it is clear that the adopted mass-redshift parametrisation
does not help in solving the remaining tension on the mass bias
between CMB and tSZ data.

4. Robustness tests

To further understand the hint of redshift dependence leading to
increasing values of (1—-b),, when considering the C' }SZ+NCtSZ+
BAO+ (1 -8) + ay, + By dataset combination, we perform several
analyses. Our aim is to understand if the obtained constraints
may depend on the choice of the mass bias calibration, the mass-
redshift dependence description or the sample selection.

Before showing these results, we analysed the effect of the
tSZ power spectrum. Indeed, the wider redshift range covered
by tSZ power spectrum measurements (z = [0, 3]) could be the
cause for the increasing trend of (1 — )y, With redshift. We com-
pared the results for the complete C' }SZ +NC® +BAO+(1-8B) +
ap + By combination with those obtained from NCSZ + BAO +
(1 - 8B) + ap + B, the latter being reported in Table 2. From
this comparison it is clear that results are driven by the stronger
constraining power of tSZ number counts. Indeed, the addition
of tSZ power spectrum only helps in slightly improving the con-
straints precision, not changing the general results. Therefore we
confirm that, in the “(1 — B) + @, + 85" scenario too, tSZ power
spectrum provides a lower constraining power with respect to
number counts, as it is already shown for the “standard” scenario
in Salvati et al. (2018).

Hence, for all the following tests we decided to focus on the
NC%Z + BAO combination alone, considering as baseline results
obtained with CCCP prior on (1—-b),,,. As a reference, in Table 2
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we also report the results for the “standard” scenario (i.e. fixing
a, = 0 and B, = 0) for NC% + BAO.

4.1. Effect of external calibrations on (1 — b)yar

We compared results of the mass-redshift parametrisation for
different mass bias calibrations. Results are reported in Table 2,
upper panel. We began by considering a significantly different
WL calibration, exploiting results from the Weighting the Giants
(WtG) analysis (von der Linden et al. 2014). We applied the cal-
ibration at the mean mass and redshift for the WtG catalog, that
is

(1 — b)th(thG, zwig) = 0.688 = 0.072. (15)
We chose this calibration, since it provides a higher value of the
mass bias (i.e. lower value for (1 — b)), more in agreement with
the expected value from the C;SZ + NC®Z 4+ CMB combination.
We find a general agreement with results obtained when using
CCCP calibration. In particular, we find the same hint of redshift
dependence, having g3, = 0.26f8'%$ for WtG.

We then considered an estimation of the mass bias from cos-
mological hydrodynamical simulations. We considered the anal-
ysis of Biffi et al. (2016), which gives the value

(1 = D)prr(Mpirer, zerFrn) = 0.877 £ 0.015, (16)

at redshift z = 0. The lower value of the mass bias is point-
ing towards lower value of og, as expected, but still providing
consisting constraints for the redshift dependence, with 8, =
0.27+022,

~0.17

We stress how these calibrations are based on different
approaches and are evaluated at different redshift and mass (at
which we apply the prior in our analysis), having zcccp = 0.246,
zwic = 031 and zgiprr = 0, Mcccp = 14.83 X 10 A7 Mo,
MWtG = 13.08 x 1014 M@ and Mpgirpr = 10.53 % 1014 M@. Never-
theless, they provide the same hint of redshift evolution, with the
total (1 — D)y, increasing for higher redshift values. The shape
of the mass bias (1 — b)y,r is almost independent on the mass-
redshift pivots for the different priors. Indeed, the calibrations
simply change the constraints on Qy,, g and (1 — 8B), as reported
in Table 2. In Appendix A we report a triangular plot, showing
this behaviour for the cosmological and mass bias parameters for
the different calibrations (Fig. A.1).

As a further comparison, we analysed the results when con-
sidering only a flat prior for the mass bias, with (1 — )y, =
[0.6, 1.0]. Forcing the total mass bias within these limits largely
reduces the allowed range for the mass-redshift variation. As
shown, for example in Fig. 4, the values of (1 — b)y,e for M,
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Table 3. Number of galaxy clusters per redshift bin, for the different WL
calibrations, compared with the Planck cosmological sample (Planck
Collaboration XXIV 2016), labelled as “PSZ2 cosmo”.

bin 1 bin 2 bin 3 (1-0),
[0,0.2] [0.2,0.5] [0.5,1]
CCCP 6 11 1 0.78 £ 0.092
PSZ2 cosmo 209 200 23

M[10™ Mg] [0.83,8.86] [3.70,14.69] [5.87,11.49]

Notes. We also report the range of cluster mass for each redshift bin.

and z = 0 are well below 0.6. Therefore, we obtain constraints on
ap, and B, completely consistent with 0, as reported in Table 2.
Nevertheless, we highlight that even without adding external
WL/hydrodynamical calibrations, we find consistent high value
for the mass bias, having (1 — 8) = 0.756*0°¢.

We checked that we obtain consistent results when consid-
ering the complete C;SZ + NC%% + BAO combination for all the
different mass bias calibrations and when applying the flat prior

on (1 — b)ya.

4.2. Binning in redshift

Next we analysed results from a discrete redshift dependence
for the mass bias, dividing the redshift range, z = [0, 1], in three
bins. In this case too, we considered the NCS% + BAO combi-
nation with CCCP calibration as the baseline. For this analysis,
in each redshift bin, we did not re-evaluate the CCCP cluster
masses, but we find the value of (1 — b) that allows for consis-
tency between WL and tSZ results. We chose the binning con-
sidering the redshift distributions of the CCCP sub-sample, such
that the majority of the clusters is included in the second bin,
that also encompasses the mean redshift of the sample. We then
mimicked the calibration by adding a gaussian prior on the mass
bias parameter in the second redshift bin. The number of clus-
ters in the chosen redshift bins are reported in Table 3, with the
relative prior for the mass bias. Results are reported in the lower
panel of Table 2.

We compared this redshift binning analysis with the mass-
redshift parametrisation when using the CCCP calibration. In
Fig. 5 we show the two dimensional probability distributions in
the (Qu,, 07g) plane for the two cases. We find that also the red-
shift binning analysis provide constraints for Q, shifted towards
higher values. We next focussed on the constraints for the mass
bias parameters in each redshift bin. The one-dimensional prob-
ability distributions are shown in Fig. 6. We find a mild con-
firmation for the increasing trend of (1 — b) for higher redshift.
Indeed, results for the second and third bin point toward higher
values, showing only a marginal consistency, within 20, with
the first bin. We checked that we obtain consistent results on the
shift of the (1 — b); parameters when considering the complete
C'% + NC®” + BAO.

4.3. Selection effects

We conclude this section by taking into account possible cata-
logue selection effects. In particular, we have considered differ-
ent sub-samples of the entire PSZ2 cosmo sample. As described
in Sect. 2, the PSZ2 cosmo sample is selected with a signal-to-
noise threshold g, = 6 and counts 439 clusters. As a com-
parison, following the analysis in Planck Collaboration XXIV
(2016), we considered two other thresholds, g, = 7 and g, =
8.5, which provide samples of 339 and 216 clusters respectively.

0.90f NC®2 4 BAO + (1-B) + o, + 5, M NC®* + BAO + (1-8)
Bl NC®™ 4 BAO + binz
0.85}
0.80}
0
&)
0.75}
0.70}
0.65}
0.25 0.30 0.35 0.40 0.45
Qm

Fig. 5. Two-dimensional probability distributions for Q,, and og. We
show the comparison between the complete combination NC? +BAO+
(1-B)+ap+By (orange) and results from the binning in redshift (green).
As a reference, we show in blue the constraints for the “standard” case
NCSZ + BAO + (1 — B). All results are obtained considering the CCCP
calibration.

ccor — (1-b), — (1-b), — (l—bl)3

1.0}

o
©

Relative Probability
o o
ES o

0.2}

0.0

(1-0);

Fig. 6. One-dimensional posterior distributions for the mass bias param-
eter in each redshift bin, for the NC"? + BAO combination. As a ref-
erence, we show the 1o limits for the CCCP calibrations in orange
(shaded area).

We label these samples “PSZ2 A” and “PSZ2 B”. We also con-
sidered a different range in redshift, selecting only clusters with
z 2 0.2. This cut provides a sample of 225 clusters, which we
label “PSZ2 C”. As a reference, the specifics of the different
samples are reported in Table 4.

We compare results on the NC®% + BAO + (1 - B) + ay, + 85
dataset combination for the different samples. The constraints
are reported in Table 5, where for comparison purposes we report
once more the constraints for the entire PSZ2 cosmo catalogue.

Focussing on the a; and S, parameters, we see how results
change considering the different samples. In particular, changing
the signal-to-noise ratio threshold shifts the @; parameter from
being completely consistent with O (@, = 0.10+£0.10 at gpmin, = 6)
to providing a strong hint of mass dependence (a;, = 0.38%% 12 at

-0.03
gmin = 8.5), pointing the (1—b)y,, quantity to increase with mass.
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Fig. 7. Redshift variation of (1 — b),,, at fixed values of mass. We com-
pare results for the complete PSZ2 cosmo sample and the PSZ2 C sam-
ple, obtained selecting z > 0.2 clusters, in both cases adopting CCCP
calibration.

Table 4. Characteristics of the different clusters samples.

Catalogue Gmin zrange M[10" M,] n° of clusters
PSZ2 cosmo 6 [0,1] [0.83,14.69] 439
PS7Z2 A 7 [0,1] [0.83,14.69] 339
PS7Z2 B 8.5 [0,1] [1.32,14.69] 216
PS72 C 6 [0.2,1] [3.70,14.69] 225

On the contrary, the 8, parameter is shifted towards lower values,
completely in agreement with 0, from g3, = 0.24+0-24 4¢ Gmin = 6

-0.18
to By = —0.24*33¢ at gin = 8.5.
When considering the different redshift ranges, on the one
hand ¢, remains consistent with 0, with a;, = 0.10 + 0.10 for z
in [0, 1] and a;, = 0.04 +£0.10 for z in [0.2, 1]. On the other hand,
B changes from S, = 0.24’:8'%‘8‘) for zin [0, 1] to B, = —0.09f8‘%%
for zin [0.2, 1]. ' '

Focussing in particular on the redshift dependence, we show
in Fig. 7 the (1 — b)y, variation for the PSZ2 cosmo and PSZ2 C
samples. We can clearly see that neglecting the low redshift
clusters induces an opposite redshift dependence, leading to a
decreasing trend of (1 — b),, for higher redshift.

The changes on the @, and , parameters also provide a
shift in the results for the amplitude (1 — B). Nevertheless,
the constraints on Q, and og remain consistent for the differ-
ent samples (see again Table 5). We report a triangular plot in
Appendix A, showing the constraints and correlations for the
cosmological and mass bias parameters for the different samples
(Fig. A.2). We therefore conclude that constraints on the mass-
redshift dependence for the mass bias are completely dependent
on the sample that we are considering.

5. Discussion

Calibration of the scaling relations, the mass-redshift evolution,
and the possible departure from the assumptions of hydrostatic
equilibrium and self similarity have raised much interest in the
community. Focussing in particular on the mass bias, the Planck
collaboration has provided such a broad galaxy cluster catalogue
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that many authors have contributed with evaluations of clus-
ter masses and with possible estimation of mass and redshift
dependence for the mass bias, selecting different sub-samples
of the catalogue, see for example von der Linden et al. (2014),
Hoekstra et al. (2015), Okabe & Smith (2016), Sereno & Ettori
(2015a), Smith et al. (2016), Penna-Lima et al. (2017), Sereno
et al. (2017) and a collection of measurements in Salvati et al.
(2018). Given how the discrepancy on cosmological parameters
between tSZ probes and CMB data has been partially solved
thanks to new measurements of the optical depth, the correct
description of the scaling relations remains one of the open
issues when using galaxy clusters as a cosmological probe, with
the mass bias being one of the largest source of uncertainties
(see e.g. the recent review from Pratt et al. 2019 for a full
description of the impact of the mass bias on the cosmological
constraints).

The mass bias is generally introduced to quantify any depar-
tures from the assumption of hydrostatic equilibrium when
evaluating clusters masses with X-rays and tSZ observations.
The uncertainties in the evaluation of the mass bias can be
related to the description of cluster physics (e.g. baryonic
effects, processes leading to non-thermal pressure contribu-
tions, magnetic field) or to experimental uncertainties in tSZ and
X-rays measurements. Hydrodynamical simulations provide an
alternative estimation of this quantity, (1 — ») ~ 0.8, with the
main uncertainties being related to the identification and evalu-
ation of the different processes leading to non-thermal pressure
contributions, see for example Biffi et al. (2016) and references
in Planck Collaboration XX (2014).

Given this complex scenario, we decided to focus our anal-
ysis on the mass bias. We considered the scaling relations pro-
vided from the Planck Collaboration (and reported in Egs. (3)
and (4)). We followed the general assumptions on self-similarity,
hydrostatic equlibrium and mass-redshift evolution for the scal-
ing relations and encode all possible departures from these
assumptions in the mass bias. We propose a simple and empir-
ical mass and redshift parametrisation for the mass bias. In dis-
cussing the results, we focus both on the constraints on the mass
bias itself and on the effects on the CMB-tSZ discrepancy. Since
the stronger constraining power of CMB data does not allow to
have any mass or redshift variation, for the first part of the dis-
cussion we focus only on results from tSZ+BAO data.

In the Sect. 3, we showed that the constraints on the «; and
By parameters from the CE,SZ + NC®? + BAO combination are
marginally consistent with 0. Nevertheless, when evaluating the
total (1 — b)yar quantity, we clearly see a hint for a mass-redshift
evolution. In particular, we find (1—b),,, to be slightly increasing
with redshift. This result is partly enhanced when considering
only NC®? + BAO.

In order to provide a more complete analysis, we compared
results from different mass bias calibrations, when consider-
ing the NC%% + BAO combination. In particular, we considered
results from another WL calibration (the WtG analysis) and from
a cosmological hydrodynamical simulation. Regarding the WL
evaluations, we decided to compare the CCCP and WtG analysis,
to highlight how lower and higher values of the mass bias affect
the constraints on €, and especially og. When comparing these
results it is important to recall how the calibrations are estimated.
For all the details, we refer to the single analysis (Hoekstra et al.
2015; von der Linden et al. 2014). We note here that the different
works consider diverse sub-samples of the entire Planck cosmo-
logical catalogue, with different number of clusters, mass and
redshift range and yet with some overlapping of objects between
the different selections. Furthermore, the lensing mass extraction
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Table 5. 68% c.1. constraints for cosmological and mass bias parameters, for the different dataset combinations.

NCSZ £ BAO + 1-B)+a,+L Q. o3 (1-98) @ By
PSZ2 cosmo, CCCP 0.374* 81832 0.752’:8;83(3) 0.66j8}2 0.10+0.10 0.24j8:f§
PSZ2 A, CCCP O.380ﬁ8:8§$ 0.772’:8;8% 0.51+0.10 029+0.11 0~01f813411
) ) X ) 0.39
PSZ2 B, CCCP 03641005 (77010032 (44440057 (384012 _(2)+0.39
PS72 C, CCCP 0.378* 8;8‘3‘2 0.740’:8;?;&1 0.74j8:}§ 0.04 +£0.10 —0.09j8:ﬁ

methodologies differ from one evaluation to another. Regarding
hydrodynamical simulations, we consider results from Biffi et al.
(2016), which evaluates mass bias for a sample of simulated
clusters at redshift z = 0. We stress that even comparing different
evaluations for the mass bias (based on different approaches and
considered cluster samples), we find the same slight increasing
trend of (1—>0)y,, towards high redshift. Indeed, apart from differ-
ent values of the calibrations themselves, the shape of (1 — b)yar
is nearly independent of the pivots at which these calibrations
are applied. We compared the results obtained with the different
calibrations with the case when we applied a flat prior on the
total mass bias. By diminishing the range for (1 — b)y,;, we also
reduce the allowed values for @;, and 8, therefore removing any
hint of redshift and mass variation. Nevertheless, we stress that
even without considering any external calibration, the preferred
value for the mass bias is given by (1 — B) = 0.756 0025

The slightly increasing trend of (1 —b)y,, with redshift is also
confirmed when we divide the redshift range of the PSZ2 cosmo
sample in three bins and evaluate the mass bias in each bin.
Indeed, we find the (1 — b); parameters moving towards higher
values for higher redshift.

The CCCP and WtG analysis provide results regarding a
mass dependence for the mass bias, while not discussing a pos-
sible redshift dependence. Both WtG and CCCP agree in finding

a modest evidence for the mass dependence, having Mpjanckx

0.76330 0.64£0.017
M. % and Mpjanek < M emp

Wi?l the collection of COM(E:l}f_,it papers (Sereno & Ettori 2015b;
Sereno et al. 2015; Sereno 2015; Sereno & Ettori 2015a, 2017)
the authors provide an extensive discussion on measurements
and calibrations for the scaling relations, analysing different
wavelengths results. In particular, in Sereno & Ettori (2017), the
authors focus on the analysis of a possible mass and redshift
dependence for the mass bias, comparing WL and tSZ estimated
masses for a sub-sample of the Planck cosmological catalogue
of 135 galaxy clusters. Their analysis provides a mass bias that
is nearly mass independent but increases with redshift, implying
the cluster masses to be strongly underestimated at higher red-
shift. We find consistent results when considering the PSZ2 C
sample, cutting at z;,;, = 0.2.

In Smith et al. (2016), the authors evaluate masses for a sub-
sample of 44 Planck clusters in the redshift range z = [0.15,0.3],
finding the value (1 — b) = 0.95 + 0.04. When comparing this
value with WtG and CCCP analyses, they find that the different
results are due not only to different methods of mass calcula-
tion, but also to the different redshift ranges. Indeed, when split-
ting WtG and CCCP redshift ranges in two bins (z < 0.3 and
z > 0.3) and re-evaluating clusters masses, they find a general
agreement on the mass bias for the lower redshift bin, highlight-
ing a decreasing trend for (1 — b) with respect to redshift. We
again find the same trend when considering the PSZ2 C sample,
with zpin = 0.2

There are also attempts to constrain the mass-redshift depen-
dence of the mass bias based on tSZ power spectrum. In Makiya
et al. (2018), the authors provide a joint analysis of Planck
tSZ power spectrum and the number density fluctuations of
galaxies in the Two Micron All Sky Survey (2MASS) redshift
survey (2MRS). Despite showing the 2MRS-tSZ cross-power
spectrum to be more sensitive to less massive haloes than the
tSZ autopower spectrum, they are not able to strongly constrain
a mass variation for the mass bias.

To summarize, we stress the difficulty in comparing our
results and the different analyses. We have shown how the mass
and redshift dependence may depend on the sample definition,
providing a hint of different behaviour for low redshift (z < 0.2)
and high redshift (z > 0.2) clusters. In particular, we high-
light that different cuts in redshift (and signal-to-noise ratio) also
change the considered mass range. In Tables 3 and 4 we report
the mass ranges for the different sub-samples of the PSZ2 cosmo
sample. The lower redshift bin, up to z = 0.2, is the one contain-
ing the lower masses objects. It is possible that our results on the
mass bias evolution are affected by this asymmetric mass distri-
bution of clusters in the entire redshift range. Furthermore, the
large amount of low-mass clusters in z < 0.2 could also explain
the low value for (1 — b) that we find in that redshift interval,
having (1 — b) ~ 0.6.

Therefore, in order to improve these results and provide a
more realistic description of the mass-redshift evolution of the
mass bias, it is necessary to have access to WL calibrations based
on wider sub-samples, more representative of the cluster popu-
lation that we consider for the cosmological analysis.

Next, we focus on the evaluation of the mass bias from
CMB and tSZ data combination. We discuss above how the lat-
est results on the optical depth from the Planck Collaboration
have significantly reduced the discrepancy on the og parame-
ter between tSZ and CMB data, up to 1.50 and, as a conse-
quence, the one on the mass bias. Nevertheless, CMB primary
anisotropies prefer values of the mass bias that are still higher
than evaluations from simulations, WL and Xrays analysis (see
e.g. Maughan et al. 2016), having (1 — b) ~ 0.6.

We have also compared the tSZ+CMB results with alternative
estimations of the mass bias. We consider the analysis presented in
(Ettori et al. 2019; Eckert et al. 2019). The authors provide con-
straints on the mass bias through the evaluation of non-thermal
pressure contributions. The authors analyse how physical quan-
tities that describe the intracluster medium deviate from the pure
gravitational collapse model and therefore from the condition of
hydrostatic equilibrium. In particular, they focus on the evalua-
tion of the gas fraction for 12 local massive clusters in the Planck
cosmological catalogue, from which they obtain the mass bias
constraints (1 — b) = 0.85 + 0.05. Furthermore, they stress how
constant values of mass bias (1 —b) ~ 0.6 result in a too low value
for the universal gas fraction, being rejected at almost 40-.
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In previous sections we analysed if the mass-redshift
parametrisation proposed in Eq. (11) can help in shifting the
mass bias constraints towards higher values, for the CMB+tSZ
dataset combination. However, when we apply the “(1 — 8) +
ap + B parametrisation, we find results that are consistent with
the standard scenario, having (1 — ),y =~ 0.6. Furthermore, as
shown in Fig. 4, the variation of (1 — b)y, for tSZ data allows
only for partial consistency between the two datasets combina-
tions. We conclude, therefore, that a mass-redshift parametrisa-
tion of the mass bias does not help in completely reconciling
results from CMB and tSZ data, still providing constraints that
are not in agreement with other astrophysical evaluations.

6. Conclusions

We analysed a possible dependence for the mass bias with res-
pect to mass and redshift, considering galaxy clusters observed
through the tSZ effect by the Planck satellite and combining
galaxy clusters number counts with estimation of tSZ power spec-
trum. We compared and combined tSZ data with the latest CMB
results from the Planck satellite.

We considered an empirical mass-redshift parametrisation
and perform several tests in order to check the consistency of
our results. When considering tSZ+BAO data, we find a mod-
est hint for redshift dependence, leading the (1 — b)y,r quan-
tity to increase with redshift. We tested that these results do not
depend on the choice of the mass bias calibration, by comparing
the effect of WL and hydrodynamical calibrations. As a further
test, we divided the redshift range for the PSZ2 cosmo sample
in 3 bins and analyse the change in the (1 — b); parameters. We
find the same hint for redshift dependence, having the (1 — b);
parameters increasing towards higher redshift. We also analysed
the case in which we do not consider any external calibration.
We highlight that even in this scenario, the preferred value for
(1 — b) from tSZ galaxy clusters is equal to 0.756f8:8§§.

We stress, however, that these results on the mass-redshift
variation depend on the selected cluster sample. Indeed we com-
pared results from samples obtained considering different signal-
to-noise ratio thresholds and redshift range. In general, we find
the constraints on @; and 5, (and therefore the mass and redshift
dependence) to change for the different samples. It is therefore
difficult to fully compare these results with other analyses avail-
able in literature.

We analysed results for the complete tSZ+CMB data combi-
nation. We find statistically consistent results on the (1 — b)ya
quantity. Nevertheless, we stress that CMB data still pushes
towards high values of the mass bias (i.e. low values of (1 — b)),
providing results not in agreement with numerical simulations
and WL estimations. We conclude, therefore, that a mass-
redshift variation, at the current level of precision and accuracy
of observations, does not solve the discrepancy on the mass bias
calibration between CMB and large scale structure evaluations.
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Appendix A: Cosmological and mass bias the cosmological (2, and og) and mass bias parameters. We
parameters constraints report constraints for the different mass bias calibrations and

We show in the triangular plots in Fig. A.1 and A.2 the one- sub-samples of the entire PSZ2 cosmo catalogue, as described
dimensional and two-dimensional probability distributions for in Sect. 4.
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Fig. A.1. Correlation between cosmological and mass bias parameters, for the NC? + BAO + (1 — B) + a;, + 8, combination. In blue we show
results for the CCCP calibration (baseline), in red for the WtG calibration, in orange for BIFFI and in green results when using a flat prior,
(1 = D)yar = [0.6,1.0].
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Fig. A.2. Correlation between cosmological and mass bias parameters, for the NC% + BAO + (1 — B) + a; + 8, combination. In blue we show
results for PSZ2 cosmo sample (gmin = 6), in red for the PSZ2 A sample (gmin = 7), in green for the PSZ2 B sample (gmin = 8.5) and in orange for
the PSZ2 C sample (zpi, = 0.2).
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