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Abstract

We provide the first combined cosmological analysis of the South Pole Telescope (SPT) and Planck cluster catalogs.
The aim is to provide an independent calibration for Planck scaling relations, exploiting the cosmological
constraining power of the SPT-SZ cluster catalog and its dedicated weak lensing (WL) and X-ray follow-up
observations. We build a new version of the Planck cluster likelihood. In the νΛ CDM scenario, focusing on the mass
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slope and mass bias of Planck scaling relations, we find a = -
+1.49SZ 0.10

0.07 and ( )- = -
+b1 0.69SZ 0.14

0.07, respectively.
The results for the mass slope show a ∼4 σ departure from the self-similar evolution, αSZ∼ 1.8. This shift is mainly
driven by the matter density value preferred by SPT data, Ωm= 0.30± 0.03, lower than the one obtained by Planck
data alone, W = -

+0.37m 0.06
0.02. The mass bias constraints are consistent both with outcomes of hydrodynamical

simulations and external WL calibrations, (1− b)∼ 0.8, and with results required by the Planck cosmic microwave
background cosmology, (1− b)∼ 0.6. From this analysis, we obtain a new catalog of Planck cluster masses M500.
We estimate the ratio between the published Planck MSZ masses and our derived masses M500, as a “measured mass
bias,” ( )- b1 M . We analyze the mass, redshift, and detection noise dependence of ( )- b1 M , finding an increasing
trend toward high redshift and low mass. These results mimic the effect of departure from self-similarity in cluster
evolution, showing different dependencies for the low-mass, high-mass, low-z, and high-z regimes.

Unified Astronomy Thesaurus concepts: Cosmology (343); Large-scale structure of the universe (902); Galaxy
cluster counts (583)

Supporting material: machine-readable table

1. Introduction

Galaxy clusters are the largest, gravitationally bound
structures in the universe. These objects represent the nodes
in the cosmic web of the large-scale structure and are related to
the peaks in the density field, on scales of the order of
megaparsec.

Galaxy clusters can be detected in different wavelengths. In
recent years, several experiments produced large catalogs of
clusters to be used for the cosmological analysis, such as the
Planck survey (Planck Collaboration et al. 2016a; Planck
Collaboration et al. 2016b), the South Pole Telescope (SPT
hereafter) (Bleem et al. 2015; de Haan et al. 2016; Bocquet et al.
2019), and the Atacama Cosmology Telescope (Hilton et al.
2021) in the millimeter wavelengths; the Kilo-Degree Survey
(Maturi et al. 2019) and the Dark Energy Survey (Drlica-Wagner
et al. 2018; Abbott et al. 2020) in the optical; and the ROSAT
survey (Böhringer et al. 2017), the XXL survey (Pacaud et al.
2018; Adami et al. 2018), and the first eROSITA observations
(Liu et al. 2022) in X-rays. In particular, the abundance of galaxy
clusters (galaxy cluster number counts) has emerged as a
fundamental cosmological probe. Cluster formation and evol-
ution are strictly related to the underlying cosmological model,
tracing the growth of structures; see, e.g., Allen et al. (2011). In
particular, the observed cluster abundance is mainly sensitive to
the combination of two cosmological parameters: the total matter
density Ωm and σ8, which is defined as the rms fluctuation in the
linear matter density field on the 8Mpc/h scale at redshift z= 0.
Comparing and combining results from the cluster abundance
with other cosmological probes, such as cosmic microwave
background radiation (CMB hereafter) at high redshift or baryon
acoustic oscillations (BAO hereafter) at low redshift, allows us
to perform fundamental consistency checks of the standard
cosmological model.

Cosmological constraints from cluster counts rely on the
knowledge of their mass and redshift distribution, which is
described by the halo mass function; see e.g., the discussion in
Monaco (2016) and references therein for an updated list of
available mass function evaluations, and McClintock et al.
(2019) and Bocquet et al. (2020) for recent mass function
emulators. However, cluster mass cannot be measured directly,
forcing us to rely on observational mass proxies that correlate
with the underlying halo mass.

Cluster masses and survey observables are linked through
statistical scaling relations that describe the interplay between
astrophysics and cosmology in cluster formation and evolution.
These relations are usually calibrated through a multiwavelength

analysis. Indeed, observations of the same clusters in different
frequency bands provide a unique insight into the interaction
between baryonic and dark matter, allowing us to further model
the impact of astrophysical processes on the cluster cosmological
evolution. Scaling relations are then combined with a model for
the selection process (i.e., a selection function) to transform the
theoretical halo mass function into a prediction for the distribution
of clusters in the space of redshift and survey observables. In this
scenario, it is clear that a precise and comprehensive characteriza-
tion of the mass function, the scaling relations, and the selection
function is needed in order to provide stringent and unbiased
constraints on cosmological parameters from galaxy clusters.
In this work, we perform the first combined cosmological

analysis of the SPT-SZ (Bleem et al. 2015) and Planck (Planck
Collaboration et al. 2016a) cluster catalogs. Both experiments
detect clusters in the millimeter wavelengths through the
thermal Sunyaev–Zeldovich (tSZ hereafter) effect (Sunyaev &
Zeldovich 1970). The strength of this analysis lies in the
combination of a full-sky survey (Planck) with deep and high-
resolution observations from a ground-based experiment (SPT).
The combination of the two cluster catalogs spans a large
redshift range (from z= 0 for Planck catalog, up to z∼ 1.7 for
the SPT one), ensuring the possibility of testing the impact of
astrophysics over a broad redshift range. The strength of
combining the Planck and SPT cluster observations has already
been explored in the analysis of Melin et al. (2021), in which
the authors provide a new cluster catalog extracted from the
common area observed by the two experiments. The analysis
we present here is the first in a series of papers in which we
plan to exploit the combination of the SPT-SZ and Planck
cluster catalogs. In this work we focus primarily on providing a
new calibration for Planck scaling relations.
In Planck Collaboration et al. (2016b), the evaluation of Planck

cluster masses from tSZ observations is based on the assumption
of hydrostatic equilibrium (HE hereafter). Hydrodynamical
simulations suggest, however, that HE cluster masses are biased
low by a factor of ∼20%, see, e.g., the discussion in Pratt et al.
(2019). A mass-bias parameter, defined through the ratio between
the HE inferred mass and the total cluster mass, is thus introduced:
(1− b)=MSZ/Mtot∼ 0.8. The calibration of the whole mass–
observable scaling relation is done through external X-ray and
weak lensing (WL hereafter) measurements, the latter used in
particular to estimate the mass bias. Nevertheless, WL analyses
based on different cluster subsamples and approaches (von der
Linden et al. 2014; Hoekstra et al. 2015; Sereno & Ettori 2015;
Okabe & Smith 2016; Smith et al. 2016; Penna-Lima et al. 2017;
Sereno et al. 2017; Herbonnet et al. 2020) might provide different
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mass calibrations, resulting in different constraints on cosmolo-
gical parameters and showing therefore the impact of the cluster
subsample selection choice; see also the discussion in Salvati et al.
(2019).

Mass calibration plays therefore an important role in the CMB–
cluster σ8 tension (Planck Collaboration et al. 2014, 2016b),
where the discrepancy could be entirely relieved by adopting a
mass-bias parameter of (1− b)∼ 0.6. Such a strong deviation
from HE masses would be, however, in strong contrast with the
above described WL observations and hydrodynamical simulation
predictions, and with several other astrophysical observations for
clusters (see, e.g., Eckert et al. 2019).Finally, we note that more
recent analyses of Planck data (Aghanim et al. 2016; Salvati et al.
2018; Planck Collaboration et al. 2020a) reveal that cosmological
results are now consistent between CMB primary anisotropies and
galaxy clusters, with constraints on the σ8 parameter well in
agreement within 2σ. These results are still systematically limited
by the assumed mass calibration, which, as in the original Planck
analysis, strongly depends on the subsample of clusters adopted to
constrain the mass-bias parameter.

It is therefore fundamental to perform an independent
calibration of the scaling relations. The Planck and SPT-SZ
cluster catalog combination that we propose in this work
specifically address this point. By exploiting the cosmological
constraining power of SPT-SZ clusters and its associated mass-
calibration data sets, and the tight correlation between cosmology
and astrophysics, we provide an independent evaluation of Planck
scaling relation parameters and a new evaluation of Planck total
cluster masses, which are therefore consistent with the SPT-SZ
WL-calibrated masses and corrected for Eddington-bias effects
(Allen et al. 2011).

The paper is structured as follows: In Section 2 we describe
the cluster observations for Planck and SPT and the underlying
theoretical model for the use of cluster number counts. In
Section 3 we discuss the approach used to combine the data
sets and extract the cosmological information, and the recipe to
evaluate Planck cluster masses and further analyze the mass
bias. We present and discuss the results in Sections 4 and 5 and
derive our final conclusions in Section 6.

2. Data and Model

In this section we summarize the observation and detection
strategies for the Planck and SPT experiments. We also
describe the theoretical models that lead to the evaluation of the
likelihood function needed for the cosmological analysis. For
the full discussion, we refer to the SPT analysis in Bleem et al.
(2015) and Bocquet et al. (2019) and to the Planck analysis in
Planck Collaboration et al. (2016b, 2016a).

We recall here that clusters detected through the tSZ effect
are often defined as objects with a mass M500 contained in a
sphere of radius R500, such that the cluster mean mass
overdensity inside R500 corresponds to 500 times the critical
density ρc(z). Therefore, we define the total cluster mass as

( ) ( )p
r=M R z

4

3
500 . 1c500 500

3

2.1. South Pole Telescope

The South Pole Telescope is a 10m diameter telescope
located at the geographic south pole (Carlstrom et al. 2011). We
consider observations of the SPT-SZ survey (Bleem et al. 2015),

which detected galaxy clusters through the tSZ effect, using
observations in the 95 and 150 GHz bands, in a 2500 deg2 area.
With a ~ ¢1 resolution and 1° field of view, SPT is able to
observe rare, high-mass clusters, from redshift z 0.2.
Galaxy clusters are extracted from the SPT-SZ survey data

through a multimatched filter technique; see, e.g., Melin et al.
(2006). This approach makes use of the known (nonrelativistic)
tSZ spectral signature and a model for the spatial profile of the
signal. In the standard SPT analysis approach, the spatial
profile follows the projected isothermal β model (Cavaliere &
Fusco-Femiano 1976), with β fixed to 1.
The tSZ signature is then used, together with a description of

the noise sources in the frequency maps, to construct a filter
designed to maximize the sensitivity to galaxy clusters. From
the filtered maps, we can extract cluster candidates, via a peak
detection algorithm similar to the SExtractor routine
(Bertin & Arnouts 1996). In SPT analysis, the maximum
detection significance (the signal-to-noise ratio maximized over
all filter scales) ξ is used as tSZ observable.
In this work we focus on the cosmological cluster sample,

analyzed in de Haan et al. (2016) and Bocquet et al. (2019). It
is a subsample of the full SPT-SZ sample, consisting of 365
detections (343 of which have been optically confirmed),
restricted to z> 0.25 and with a detection significance ξ> 5.
For the SPT cluster cosmological analysis, we follow the

recipe described in Bocquet et al. (2019). We report here the
main steps and refer the reader to the original study for further
details. We make use of a multiwavelength approach,
considering also WL and X-ray data. In detail, we use WL
measurements of 32 clusters in the SPT-SZ cosmological
sample, considering the reduced tangential shear profiles in
angular coordinates (corrected for contamination by cluster
galaxies) and the estimated redshift distributions of the selected
source galaxies. These measurements are obtained with
Magellan/Megacam (Dietrich et al. 2019) for 19 clusters in
the redshift range 0.29� z� 0.69, and with the Advanced
Camera for Surveys on board the Hubble Space Telescope
(HST hereafter) (Schrabback et al. 2018) for 13 clusters in the
redshift range 0.576� z� 1.132. For the X-ray measurements,
we consider Chandra observations for 89 clusters in the SPT-
SZ cosmological sample (McDonald et al. 2013, 2017). The
X-ray data products used in this analysis are the total gas mass
Mgas within an outer radius ranging from 80 to 2000 kpc, and
the spectroscopic temperature TX in the 0.15R500−R500 range.
The SPT cluster cosmological analysis is based on a

multiobservable Poissonian likelihood. The likelihood function
can be written as

L
( ∣ ) ∣

( ∣ )

( ∣ )∣ ( )

ò ò

å

å

x
x

x
x
x

x

=

-

+

x

x

¥ ¥

p

p

p

dN z

d dz

dz d
dN z

d dz

P Y g z

ln ln
,

,

ln , , , . 2

i
z

z

j
X t j j Y g

SPT ,

,

i i

Xj t j

cut cut

In the above equation, p is the vector of the cosmological and
scaling relation parameters, the first sum is over all the i clusters
in the cosmological sample, while the second sum is for the j
clusters with YX=MgasTX and/or WL measurements, with gt
being the reduced tangential shear profile. Therefore, the first
two terms represent the tSZ cluster abundance, while the third
encodes the information from follow-up mass-calibration data.
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In order to account for the impact of noise bias on the
detection significance ξ, we introduce the unbiased tSZ
significance ζ. It is defined as the signal-to-noise ratio at the
true, underlying cluster position and filter scale. The relation
between the two quantities, across many noise realizations, is
given by

( ∣ ) ( ) ( )x z z= +P 3 , 1 . 32

This definition has been largely tested and validated in
Vanderlinde et al. (2010) and de Haan et al. (2016). We can
now explicitly evaluate the different terms in Equation (2). The
first term is given by

∬( ∣ ) [ ( ∣ ) ( ∣ )

( ∣ ) ( )] ( )

x
x

z x z z=

´ W

p
p

p
p

dN z

d dz
dM d P P M z

dN M z

dM
z

,
, ,

,
, . 4

500 500

500

500

In the above equation, Ω(z, p) is the survey volume,
( ∣ )dN M z p dM,500 500 is the halo mass function, P(ζ|M500, z, p)

is the unbiased observable–mass relation, and P(ξ|ζ) is the
measurement uncertainty defined in Equation (3). Therefore,
the first term in Equation (2) is obtained by evaluating
Equation (4) at the measured (ξi, zi) for each cluster,
marginalizing over photometric redshift errors where present.
The second term is simply evaluated through a two-
dimensional integral over Equation (4).

The last term in Equation (2) represents the mass-calibration
contribution and can be evaluated as

∭
( ∣ )

[ ( ∣ ) ( ∣ ) ( ∣ )
( ∣ ) ( ∣ )] ( )
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z

x z
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X X t

X
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where P(M500|z, p) is the normalized halo mass function. The
multiobservable scaling relation P(ζ, YX, MWL|M500, z, p) is
assumed to follow a multivariate log-normal distribution,
whose mean values, for the unbiased tSZ significance ζ, the
X-ray YX quantity, and the WL mass MWL, read
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The covariance matrix elements of the multiobservable scaling
relation are defined as ( )r s s=    C ;ij i j

i j , where the
intrinsic scatters s of the observables z= Y M, ,x WL are
assumed to be independent of mass and redshift, and the three
coefficients ( )r  ;i j account for their correlations. The full
description of the WL bias, bWL, and the associated scatter is

done in Bocquet et al. (2019); we only recall here that the
modeling introduces six nuisance parameters δi. All of the
parameters characterizing the scaling relations are listed and
defined in Table 1.
We conclude by mentioning that the SPT-SZ cosmological

sample contains 22 tSZ detections with unknown redshift
because they have not been confirmed through optical
counterparts. This number is consistent with the expected
number of false detections above ξ= 5. Therefore, discarding
these objects does not affect the cosmological results.

2.2. Planck Satellite

The Planck satellite is a mission from the European Space
Agency (ESA), which concluded the observations in 2013 (Planck
Collaboration et al. 2020b). The Planck cluster catalog (Planck
Collaboration et al. 2016a) is based on full-sky observations from
the six channels of the High Frequency Instrument (HFI; Planck
Collaboration et al. 2020c), in the frequency range 100–857GHz.
Similarly to SPT, Planck clusters are extracted using a multi-
frequency matched-filter technique. For the spatial profile of the
signal, the so-called “universal pressure profile” from Arnaud
et al. (2010) has been adopted.
The cosmological sample, labeled “PSZ2 cosmo,” consists

of 439 clusters, 433 of which have confirmed redshifts,
detected with a signal-to-noise ratio q> 6, on the 65% of the
sky remaining after masking high dust emission regions and
point sources. The signal-to-noise ratio is defined as

( )
( )

s q
=q

Y

l b, ,
, 9500

f 500

where Y500 is the integrated Compton parameter (tSZ signal for
a cluster) and σf(θ500, l, b) is the detection filter noise as a
function of the cluster angular size, θ500, and sky position in
galactic coordinates (l, b). The PSZ2 cosmo sample spans the
mass range MSZ= (2−10)× 1014 Me and the redshift range
z= [0, 1].
The Planck cosmological analysis is based on a Poissonian

likelihood, constructed on counts of redshift and signal-to-
noise ratio:

L [ ¯ ¯ ( !)] ( )å= - -N N N Nln ln ln . 10
i j

N N

ij ij ij ijP
,

z q

In the above equation, Nz and Nq are the total number of
redshift and signal-to-noise bins, with redshift binning
Δz= 0.1 and signal-to-noise ratio binning D =qlog 0.25. Nij

represents the observed number counts of clusters. N̄ij is the
predicted mean number of objects in each bin, modeled by
theory as

¯ ( ) ( )= D DN
dN

dzdq
z q z q, . 11ij i j

We report here the main steps to evaluate the theoretical
cluster number counts and refer to Planck Collaboration et al.
(2016b) for the complete description. The cluster distribution
can be written as

∬ [ ∣ ¯ ( )]

( )

= W
W

dN

dzdq
d dM

dN

dzdM d
P q q M z l b, , , ,

12

m500
500

500
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where

( )
W

=
W

dN

dzdM d

dV

dzd

dN

dVdM
13

500 500

is the product of the volume element and the halo mass
function, respectively.

In Equation (12), the quantity [ ∣ ¯ ( )]P q q M z l b, , ,m 500 repre-
sents the distribution of the signal-to-noise ratio q given the
mean value ¯ ( )q M z l b, , ,m 500 , predicted by the model, for a

cluster located at position (l, b), with mass M500 and redshift z.
The [ ∣ ¯ ]P q qm distribution takes into account the noise fluctua-
tions and the intrinsic scatter s Yln of the actual cluster signal
Y500 around the mean value, ¯ ( )Y M z,500 500 , predicted from the
scaling relation. In this analysis, we assume that the intrinsic
scatter does not show any dependence on (M500, z), following
the original approach in Planck Collaboration et al. (2016b).
The relation between the cluster observables Y500, θ500, and

the cluster mass and redshift is described by a log-normal
distribution function ( ∣ )qP Y M zln , ,500 500 500 . The mean values
of this distribution are given by the scaling relations
¯ ( )Y M z,500 500 and ¯ ( )q M z,500 500 , defined as
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In the above equations, DA(z) is the angular diameter distance
and E(z)≡H(z)/H0.
In the original analysis of Planck Collaboration et al. (2014,

(2016a), the calibration of Equations (14) and (15) is based on
X-ray observations of 71 clusters under the assumption of
hydrostatic equilibrium. To account for possible deviations
from this assumption (due to cluster physics, observational
effects, or selection effects), the mass bias parameter b is
introduced in the analysis, such that the relation between the
HE mass (MSZ) and the real cluster mass is MSZ= (1− b)M500.
In order to evaluate the mass bias (and therefore the real

cluster mass), WL mass determinations are introduced in the
analysis. For the baseline cosmological analysis, Planck
collaboration adopts the evaluation from the Canadian Cluster
Comparison Project (CCCP hereafter; Hoekstra et al. 2015),
( )- = b1 0.780 0.092SZ , based on 20 clusters. We stress
that the mass bias is considered as a constant quantity, i.e., not
allowing for dependence on the cluster mass and redshift. The
original values for the scaling relation parameters (from X-ray
and WL calibration) are reported in Table 2, following Planck
Collaboration et al. (2016b). We note that as a baseline we
assume the self-similarity model for the redshift evolution of
the cluster population. This translates into fixing the β
parameter to βSZ= 2/3.
In summary, the main difference between the Planck and

SPT mass calibrations lies in the use of external data (from
other cluster samples) for Planck versus the use of internal data
(direct follow-up observations) for SPT. Therefore, when
analyzing Planck data, it is possible to relax some of the
external calibration results and provide independent constraints
on some of the scaling relation parameters.

3. Method

In this section we describe the strategy that we adopted to
combine Planck and SPT data, in order to avoid covariance
between the two samples. In particular, we discuss how we
modify the original Planck likelihood to provide a proper

Table 1
Cosmological and Scaling Relation Parameters, Following the Definitions in

Bocquet et al. (2019) and Planck Collaboration et al. (2016b)

Parameter Description Prior

Cosmology
Ωm Matter density [0.15, 0.4]
As Amplitude of primordial curva-

ture perturbations
[10−10, 10−8]

h Expansion rate [0.55, 0.9]
Ωbh

2 Baryon density [0.020, 0.024]
Ωνh

2 Massive neutrinos energy
density

[0.0006, 0.01]

ns Spectral index [0.94, 1.0]

SPT: SZ scaling relation
ASZ Amplitude [1, 10]
BSZ Power-law index mass

dependence
[1.2, 2]

CSZ Power-law index redshift
evolution

[−1, 2]

s zln Intrinsic scatter [0.01, 0.5]

SPT: X-ray YX scaling relation
AYX Amplitude [3, 10]
BYX Power-law index mass

dependence
[0.3, 0.9]

CYX Power-law index redshift
evolution

[−1, 5]

σYX Intrinsic scatter [0.01, 0.5]
dlnYX/dlnr Radial slope YX profile ( ) 1.12, 0.23

SPT: MWL scaling relation
δWL,bias Coeff. for WL bias ( ) 0, 1
δMegacam Coeff. for error on WL bias ( ) 0, 1
δHST Coeff. for error on WL bias ( ) 0, 1
δWL,scatter Coeff. for log-normal scatter ( ) 0, 1
dWL,LSSMegacam Coeff. for normal scatter ( ) 0, 1

dWL,LSSHST Coeff. for normal scatter ( ) 0, 1

SPT: Correlation coefficients between scatters
( )r z Mln ; ln WL Correlation coefficient SZ-WL [−1, 1]
( )r z Yln ; ln X Correlation coefficient SZ-X [−1, 1]
( )r Y Mln ; lnX WL Correlation coefficient X-WL [−1, 1]

Planck: SZ scaling relation
αSZ Power-law index mass

dependence
[1, 2.5]

βSZ Power-law index redshift
dependence

Fixed (0.66) or [0, 2]

s Ylog SZ Intrinsic scatter ( ) 0.075, 0.01

*Ylog SZ Amplitude ( )- 0.186, 0.021
( )- b1 SZ Mass bias [0.3, 1.3]

Note. We report a brief description and the prior we adopt in our analysis: a
range indicates a top-hat prior, while ( )m s , stands for a Gaussian prior with
mean μ and variance σ2.
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combination with the SPT one. Finally, we describe the method
we use to provide a new evaluation of Planck cluster masses.

3.1. Combining Planck and SPT Cluster Likelihoods

In order to combine Planck and SPT cluster likelihoods, it is
necessary to take into account the overlapping area of the
observed sky and the clusters in common between the two
catalogs. We choose to modify the Planck likelihood. In
particular, we perform a split in the redshift of the entire
likelihood. For z� 0.25, where we do not have cluster data
from the SPT-SZ survey, we rely on the original version for the
Planck likelihood. For z> 0.25, we modify the Planck
likelihood, removing the part of the sky also observed by the
SPT-SZ survey and the clusters in common with the SPT-SZ
catalog. Hereafter, we refer to this new Planck redshift-splitted
likelihood as “PvSPLIT”. With this choice, we can therefore
treat the two Planck and SPT cluster likelihoods independently.

We now discuss in detail the approach used to build the
z> 0.25 part of the likelihood. From the original Planck
analysis (Planck Collaboration et al. 2016a), the cosmological
cluster catalog is built through the application of a multi-
frequency matched-filter technique to the HFI frequency maps,
selecting objects with signal-to-noise ratio> 6. The detection
algorithm first divides the sky into 504 tangential patches of
10°× 10° area, with constant values of detection noise. After
applying the galactic and point-source mask, we are left with
417 sky patches, covering∼65% of the sky. Cluster candidates
are then detected in each sky patch: the final catalog is therefore
completely dependent on the characteristics of the detection
process, including the sky patches division. When modifying
the Planck cluster likelihood for z> 0.25, we therefore need to
keep this configuration of patches.

We identify 16 patches that fully overlap with the SPT
observed sky. We remove those patches from the sky area in
the likelihood. Furthermore, we identify 35 patches with a
partial overlapping between the Planck and SPT sky. In this
case, we decide to keep them in the analysis, but reduce the sky
fraction in each patch, according to the area that is actually
observed by both experiments. The remaining observed sky is
shown in Figure 1, upper panel. We show in gray the removed
patches, due to the Planck galactic mask and the Planck–SPT
fully overlapped area. In yellow, we highlight the patches that
partly overlap between the Planck and SPT-SZ surveys.

For the cluster catalog, we remove 27 clusters in common
with the SPT-SZ cosmological catalog and 2 clusters that fall in
the removed patches. We also introduce redshifts for the six
clusters whose redshifts were unknown in the original PSZ2
cosmo sample. We report the new redshifts in Table 3,
specifying whether these values have been obtained from
photometric (P) or spectroscopic (S) observations. We show the
new cluster distribution in Figure 1: In the upper panel we

show how Planck clusters are distributed on the observed sky,
and in the lower panel we show the mass–redshift cluster
distribution.
Following Equation (10), the new Planck PvSPLIT like-

lihood therefore reads

L L L

[ ¯ ¯ ( !)]

[ ¯ ¯ ( !)] ( )

å

å

= +

= - -

+ - -

N N N N

N N N N

ln ln ln

ln ln

ln ln , 16

i j

N N

i j i j i j i j

i j

N N

i j i j i j i j
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,

z q

z q

1

1

1 1 1 1

2

2
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where we adopt a binning in redshift of Δz= 0.05, such that
we have =N 5z1 redshift bins up to z� 0.25 and =N 15z2

above. For the binning in the signal-to-noise ratio, we follow
the original analysis, with D =qlog 0.25. The total likelihood
for the combined analysis of Planck and SPT, following
Equations (2) and (16), is therefore defined as

L L L L ( )= + +ln ln ln ln . 17TOT SPT P1 P2

3.2. Sampling Recipe

For the cosmological analysis, we make use of the complete
SPT likelihood, described in Section 2.1. In particular, we rely

Table 2
Original Calibration of the Planck Scaling Relation Parameters

Parameter Value Parameter Value

*Ylog ,SZ ( )- 0.19, 0.02 s Yln SZ
a ( ) 0.173, 0.023

αSZ ( ) 1.79, 0.08 ( )- b1 SZ ( ) 0.780, 0.092
βSZ 0.66

Note. ( )m s , stands for a Gaussian prior with mean μ and variance σ2.
a In practice, in the analysis we use the parameter ( )s =  0.075, 0.01Ylog SZ .

Figure 1. Upper panel: map of Planck patches in galactic coordinates. In gray
we show the removed patches, due to the Planck galactic mask and the fully
overlapped area with SPT observations. In yellow we highlight the 35 partly
overlapping patches between Planck and SPT. Upper and lower panels:
comparison between the PSZ2 cosmo catalog (black points), with the PvSPLIT
catalog. In the upper panel, we show how the clusters are distributed in the sky.
In the lower panel, we show the mass–redshift distribution, considering the
MSZ mass from Planck Collaboration et al. (2016b). The cyan points are the
clusters considered in the z � 0.25 part of the PvSPLIT likelihood. The red
points are the clusters considered in the z > 0.25 PvSPLIT likelihood.
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on the combination of the SPT-selected clusters with their
detection significance and redshift, together with the WL and
X-ray follow-up data, where available. Following the definition
in Bocquet et al. (2019), we refer to this data set as “SPTcl”
(SPT-SZ + WL + YX).

For the Planck part of the likelihood, we use the PvSPLIT
version described in the previous section. We adopt the
parameterization for the scaling relations described in
Equations (14) and (15).

In this analysis, we want to test the capability of the Planck
+SPT combination to constrain the Planck scaling relation
parameters. For this reason, we do not consider the original
X-ray+WL calibration reported in Table 2 when analyzing
Planck data. As a baseline, we use the X-ray calibration for the

*Ylog ,SZ and s Ylog SZ parameters, as reported in Table 2, and we
assume the self-similarity model for the cluster evolution, i.e.,
βSZ= 0.66. We therefore focus the analysis on the constraints
that we can obtain on the mass bias and the power-law index of
the mass dependence, ( )- b1 SZ and αSZ. We refer to this
parameter exploration and likelihood combination as the
baseline “SPTcl + PvSPLIT” results. As a further test, we
also relax the assumption of redshift self-similar evolution and
let the βSZ parameter free to vary.

For the cosmological parameters, we assume a νΛ CDM
scenario. We vary the following parameters: the total matter
density Ωm, the amplitude of primordial curvature perturbation
As, the Hubble rate h, the baryon density Ωbh

2, the spectral
index for scalar perturbations ns, and the massive neutrino
energy density Ωνh

2. When providing the results for the
cosmological parameters, we focus also on the σ8 quantity. We
report all the parameters, with the priors used in the analysis, in
Table 1. The sampling of the likelihood is performed with the
importance nested sampler algorithm MultiNest (Feroz et al.
2009) within the cosmoSIS package (Zuntz et al. 2015).

As shown in Section 2, the halo mass function is a
fundamental ingredient for the evaluation of the cluster number
counts. For both the SPT and Planck parts of the analysis, we
make use of the evaluation from Tinker et al. (2008).

3.3. Mass Evaluation

We now describe the approach we use to provide a new
evaluation of true Planck cluster masses, M500. We follow the
discussion in Planck Collaboration et al. (2016b). We start from
the Planck cluster observable, the signal-to-noise ratio q, and
evaluate P(M500|q), which represents the conditional prob-
ability that a cluster with a given signal-to-noise ratio q has a
mass M500. Following the Bayes theorem, this probability is

defined as

( ∣ ) ( ∣ ) ( ) ( )µP M q P q M P M , 18500 500 500

where the first term is the conditional probability of the data
(the signal-to-noise ratio q), given the model (the cluster mass
M500), and the second term is the mass probability distribution.
The latter is related to the mass function dN dM500, such that

( )
∣

( )
ò

¢ = ¢P M
dN dM

dM dN dM
. 19M

500
500

500 500

500

In order to evaluate P(q|M500), we follow the recipe for
[ ∣ ¯ ( )]P q q M z l b, , ,m 500 , which represents the probability dis-

tribution of the observed signal-to-noise ratio q given the mean
one, q̄m, as already mentioned in Section 2. Following
Equation (9), the mean theoretical signal-to-noise ratio is
defined as

¯
¯

( ¯ )
( )

s q
ºq

Y

l b, ,
, 20m

500

f 500

where Ȳ500 and q̄500 are the mean values of the scaling relations
defined in Equations (14) and (15) and σf is the detection filter
noise. For fixed values of the cosmological and scaling relation
parameters, we have therefore a unique relation between the
cluster mass M500 and q̄m.
The probability distribution can be evaluated as
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In the above equation, the second term accounts for the
intrinsic scatter of the mass–observable relations, while the first
term links the theoretical signal-to-noise ratio qm to the
observed one, assuming pure Gaussian noise.
In practice, we adopt a Monte Carlo extraction-based

approach, starting from the parameter space exploration
performed for the SPTcl + PvSPLIT analysis. For a given
cosmological and scaling relation model, we extractM500 in the
range [3 · 1013, 1.2 · 1016][Meh

−1] (following what is done in
the PvSPLIT likelihood) according to the halo mass function
distribution. We then evaluate Ȳ500, q̄500, and consequently q̄m,
following Equation (20).
For the given mean theoretical signal-to-noise ratio, we then

extract qm, following a log-normal distribution with standard
deviation equal to the intrinsic mass–observable relation
scatter, s Yln .
Given qm, we can extract the estimate of the observed signal-

to-noise ratio qest, following a Gaussian distribution with a
standard deviation equal to 1. We then select N values of qest
around the corresponding observed signal-to-noise q, therefore
selecting the corresponding values of M500. The posterior
distributions for M500 are obtained by marginalizing over the
full parameter space, considering cosmological and scaling
relation parameters. The resulting catalog therefore provides
the first sample of Eddington-bias-corrected calibrated cluster
masses, which include correlations associated with scaling
relation and cosmological parameters. As detailed in
Section 4.2, we make this catalog publicly available.

Table 3
Redshifts for Clusters Without Redshifts in the Original PSZ2 Cosmological
Catalog Obtained from Photometric (P) or Spectroscopic (S) Observations

Cluster z Reference

PSZ2 G011.36–72.93 z = 0.63 ± 0.04 (P) Bleem et al. (2020)
PSZ2 G107.83–45.45 z = 0.55 ± 0.05 (P) Boada et al. (2019)
PSZ2 G160.83–70.63 z = 0.24 ± 0.03 (P) Aguado-Barahona et al.

(2019)
PSZ2 G237.41–21.34 z = 0.31 ± 0.04 (P) This worka

PSZ2 G293.01–65.78 z = 0.206 ± 0.006 (P) Klein et al. (2019)
PSZ2 G329.48–22.67 z = 0.249 ± 0.001 (S) Amodeo et al. (2018)

Note.
a From Pan-STARRS (Chambers et al. 2016) following Bleem et al. (2020).
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3.3.1. Mass Bias

With the evaluation of M500, we can estimate directly and for
each cluster in the PSZ2 cosmo sample the mass bias as
( )- =b M M1 M SZ 500. We use the MSZ estimations provided
by the Planck collaboration (Planck Collaboration et al. 2016b)
for the 433 clusters in PSZ2 cosmo for which the redshift was
originally provided. In practice, we expand the procedure for
M500 evaluation presented in the previous section. For each
cluster, at each step of the Monte Carlo extraction, we also
extract MSZ within the constraints of the Planck measurements.
We then evaluate ( )- b1 M . The final constraints on ( )- b1 M

are therefore obtained marginalizing over cosmological and
scaling relation parameters and take into account the
uncertainty on MSZ.

We highlight the difference between the scaling relation
parameter ( )- b1 SZ entering Equations (14) and (15) and the
quantity we investigate here. The assumptions of spherical
collapse, hydrostatic equilibrium, and self-similarity lead to
the formulation of Equations (14) and (15), which link the
tSZ observables and the cluster mass. In this case, the mass
bias ( )- b1 SZ is introduced to take into account any generic
departure from hydrostatic equilibrium. Nevertheless, as
discussed in Planck Collaboration et al. (2016a), MSZ is
evaluated as the real cluster mass combining the scaling
relation information with the output of the matched-filter
approach used to detect the clusters. The combination of
these different approaches might select cluster scales that do
not actually maximize the signal-to-noise ratio from the
matched-filter algorithm and therefore introduce a further
bias in the estimation of the real cluster mass.

We attempt therefore to provide a complete characteriza-
tion of the “measured” mass bias ( )- b1 M , analyzing the
dependencies with respect to theoretical modeling and
observational assumptions.

We consider a mass and redshift evolution for the mass bias.
The goal is to understand if we need to further improve the
theoretical modeling of the scaling relations. Indeed, as
discussed e.g., in Salvati et al. (2019) comparing recent WL
mass calibrations (von der Linden et al. 2014; Sereno &
Ettori 2015; Okabe & Smith 2016; Smith et al. 2016; Penna-
Lima et al. 2017; Sereno et al. 2017; Herbonnet et al. 2020), a
correct calibration of the mass bias might need to take into
account the mass and redshift distribution of the full cluster
catalog.

In addition, we analyze a possible link between the
evaluation of the mass bias (and therefore of the cluster mass)
and the cluster position in the sky. This dependence might be
related to the observational strategy, as well as to the
assumptions for the ingredients used in the matched-filter
approach. As discussed in Section 3.1, the Planck sky area,
used for the cluster cosmological analysis, is divided into 417
patches, with each patch having a different value of detection
noise σf(θ500, l, b). This noise depends on the filter size θ500
and is therefore related to the matched-filter approach used to
detect clusters in the Planck map. Therefore, the analysis of a
possible dependence of the mass bias with respect to the
detection noise allows us to quantify the systematic
uncertainties coming from the modeling of the whole
selection approach.

Considering the mass, redshift, and noise dependence, we
define the theoretical mass bias ( )- b1 M

th as
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where M* = 4.68 · 1014Meh
−1 is the median mass of the

sample (obtained from our analysis), z* = 0.21 is the median
redshift of the sample, and σf,*(θ500) is the median detection
noise at the given θ500. In order to get constraints on the mass,
redshift, and detection noise dependence, we perform a fit
between the measured Planck MSZ masses and a theoretical
estimation MSZ

th defined as

( ) · ( )= -M b M1 , 23MSZ
th th

500

where the masses M500 are derived following the method
described in Section 3.3.

4. Results

In this section we report the results for the combined
cosmological analysis of Planck and SPT cluster likelihoods.
We also provide an estimate of the cluster mass and mass bias
for Planck PSZ2 cosmological sample.

4.1. Cosmological and Scaling Relation Parameters

The results presented in this analysis are obtained by
combining the full SPT likelihood with the new Planck
likelihood, presented in Section 2 and 3, SPTcl + PvSPLIT.
When discussing our results, we focus on the constraints for the
cosmological parameters Ωm and σ8 and for the Planck scaling
relation parameters ( )- b1 SZ and αSZ. We start by comparing
the results for the SPTcl + PvSPLIT baseline combination with
constraints obtained when considering the SPT data and Planck
data alone.
We stress that, when providing results for Planck data alone,

we are actually considering the combination of cluster counts
with measurements of BAO (Beutler et al. 2011, 2012; Ross
et al. 2015; Alam et al. 2017), together with constraints on the
baryon density Ωbh

2 from big bang nucleosynthesis (BBN
hereafter). We also consider the full calibration of the scaling
relation parameters (as reported in Table 2), following the
analysis in Planck Collaboration et al. (2016b). In this work, we
simply perform a new analysis using the MultiNest sampler,
within the cosmoSIS package, in order to provide consistent
results. This data set combination is labeled as “PvFULL.”
We report the constraints on cosmological and scaling

relation parameters in Table 4. We show the 68% confidence
level (CL hereafter) constraints for all the parameters. In the
triangular plot in Figure 2 we show the one-dimensional and
two-dimensional probability distributions for the cosmological
and scaling relation parameters for the main comparison
between the baseline SPTcl + PvSPLIT and the original
PvFULL and SPTcl analysis.
From these results, we see that SPT cluster data are driving

the constraining power, as it is shown from the shift of Ωm

contours toward lower values and σ8 contours toward larger
values for the SPTcl + PvSPLIT baseline combination, with
respect to PvFULL constraints. We stress again that for the

8

The Astrophysical Journal, 934:129 (18pp), 2022 August 1 Salvati et al.



SPTcl + PvSPLIT baseline combination we are not including
BAO+BBN data set and part of the X-ray+WL mass
calibrations when considering Planck data, therefore losing
part of the constraining power that leads to the tight bounds
obtained for the PvFULL analysis (as further discussed in
Appendix A).

We now focus on the Planck scaling relation parameters
( )- b1 SZ and αSZ. Regarding the mass bias, we find
( )- = -

+b1 0.69SZ 0.14
0.07. Although pointing toward low values

of (1− b), this result is still consistent with constraints
obtained from recent WL calibration and numerical simula-
tion analyses; see, e.g., a collection of results in Salvati et al.
(2018) and Gianfagna et al. (2021). Nevertheless, not
considering the WL calibration from the CCCP analysis
(used in the original Planck analysis) leads to a slight
enlargement in the constraints.

Regarding the mass slope αSZ, we find a = -
+1.49SZ 0.10

0.07,
which is∼4σ away with respect to the value obtained when
adopting the X-ray calibration, αSZ= 1.79± 0.06. We recall
here that, following the definition of the scaling relations in
Equations (14) and (15), the value of αSZ; 1.8 is in agreement
with the self-similarity assumption.

The shift we find seems to be due to a combination of
different effects. First of all, the PvSPLIT likelihood provides
slightly different constraints with respect to the original
PvFULL one, especially on the αSZ parameter, already pointing
to -

+1.71 0.09
0.07, as shown in Figure 3 (dark blue contours) and in

Table 4. We then test for the possible impact of sampling
choice. In particular, as discussed also in Bocquet et al. (2019),
sampling on As or on ( )Aln 10 s

10 provides different constraints
on the cosmological parameters, where the main effect can be
seen on Ωm and H0. In our SPTcl + PvSPLIT baseline analysis,
we are following Bocquet et al. (2019) and sampling linearly
on As. In the original Planck analysis, the sampling is done on

( )Aln 10 s
10 , as it is also done for the PvFULL results. We test

therefore what happens when considering a logarithmic
sampling for the SPTcl + PvSPLIT combination. The results
are reported in Table 4 and Figure 3 (pink contours). In this
case, for the SPTcl + PvSPLIT + ( )Aln 10 s

10 combination, we
find a negligible impact when considering the Ωm and σ8
constraints. We find a larger effect when focusing on the
scaling relation parameters. In particular, the constraints for the
mass slope are a = -

+1.60SZ 0.18
0.10, being therefore consistent with

both the original PvFULL value and the baseline SPTcl +
PvSPLIT results.

Nevertheless, the main cause for the departure from self-
similarity in the mass slope of the scaling relations is due to the

lower value of Ωm obtained for the SPTcl + PvSPLIT
combination, as it can be seen in Figure 2.
As an additional note, we stress that when focusing on the

SPT scaling relation parameters (described in Equations (6)–(8)),
results for the SPTcl + PvSPLIT combination are fully
consistent with the original analysis presented in Bocquet et al.
(2019).
As a final test, we relax the assumption of self-similarity for

the redshift evolution of the scaling relations, therefore adding
βSZ as a varying parameter. We report the constraints for the
cosmological and scaling relation parameters in Table 4 and
Figure 3 (black contours). We find these results to be fully in
agreement with our baseline analysis. For the redshift evolution
parameter, we find b = -

+0.57SZ 0.51
0.20, in agreement with the

predicted self-similar value βSZ= 2/3.

4.2. Mass and Mass-bias Evaluation

We now present the results for the mass and mass-bias
evaluation for the clusters in the Planck cosmological sample,
following the approach described in Section 3.3.
In Figure 4 we show the results obtained from the Monte

Carlo extraction, presenting the evaluated M500 as a function of
redshift. These results well reproduce the Planck selection
threshold, being able to detect low-mass objects only in the
low-redshift regime. The full cluster mass catalog is available
at https://pole.uchicago.edu/public/data/sptplanck_cluster.
We report the first entries in Table 5: In the sixth column we
report the constraints on M500 and in the seventh column we
report the full array of masses extracted through the Monte
Carlo approach. We note that, for the 27 clusters in common
with the SPT-SZ catalog, our mass estimation is in agreement
within 2σ with the estimates from Bocquet et al. (2019), as
further discussed in Appendix B. The constraints for ( )- b1 M
are shown in Figure 5 in green, with the 68% and 95% error
bars. Note that the error bars for each cluster are heavily
correlated because they include the marginalization over
cosmological and scaling relation parameters starting from
the same SPTcl+PvSPLIT baseline chain.
We analyze the possible redshift, mass, and noise dependence

for the mass bias ( )- b1 M , as defined in Equation (22). The
results are obtained from the fit of ( ) ·= -M b M1 MSZ

th th
500 to

Planck MSZ masses, starting again from the SPTcl + PvSPLIT
(including M500 evaluation) chain. We report these trends in
Figure 5 (blue curves) and the results for the fit in Table 6. While
we find a value for the amplitude that is consistent with the
constraints for ( )- b1 SZ, having = -

+A 0.69bias 0.09
0.04, we find also

Table 4
We Report the 68% CL Constraints on Cosmological and Scaling Relation Parameters for Different Data Set Combinations

Parameter νΛ CDM

SPTcl + PvSPLIT PvFULL SPTcl PvSPLIT SPTcl + PvSPLIT + ( )Aln 10 s
10 SPTcl + PvSPLIT + βSZ

Ωm -
+0.29 0.03

0.04
-
+0.37 0.06

0.02 0.30 ± 0.03 -
+0.38 0.06

0.02
-
+0.30 0.04

0.03
-
+0.28 0.04

0.03

σ8 -
+0.76 0.04

0.03
-
+0.71 0.03

0.05
-
+0.76 0.04

0.03
-
+0.68 0.03

0.04 0.75 ± 0.03 0.77 ± 0.04

H0 -
+61.3 6.3

1.3
-
+71.0 4.0

1.6
-
+61.5 6.0

2.6
-
+71.2 4.0

1.7
-
+69.4 14.4

5.9
-
+61.8 6.8

1.3

αSZ -
+1.49 0.10

0.07 1.79 ± 0.06 K -
+1.71 0.09

0.07
-
+1.60 0.18

0.10
-
+1.48 0.10

0.07

( )- b1 SZ -
+0.69 0.14

0.07
-
+0.76 0.08

0.07 K 0.79 ± 0.07 -
+0.74 0.16

0.09
-
+0.71 0.14

0.08

βSZ 0.67 0.67 K 0.67 0.67 -
+0.57 0.51

0.20

Note. We refer to the text for the full data set description. The Markov Chain Monte Carlo chain for the SPTcl + PvSPLIT combination is available at https://pole.
uchicago.edu/public/data/sptplanck_cluster.
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strong evidence for mass and redshift evolution. In particular, the
mass bias is increasing for high redshift and low mass, with
g = - -

+0.41M 0.06
0.04 and γz= 0.81± 0.13. Regarding the detection

noise, we find no evidence for the mass bias to be dependent on
this quantity because we have γn consistent with 0 within 1σ.

We conclude this section by presenting masses for the PSZ2
cosmo catalog obtained when fixing the cosmological and
scaling relation parameters. For the cosmological parameters,
we adopt a flat νΛ CDM scenario, following Bocquet et al.
(2019). For the Planck scaling relation parameters, we take the
best-fit values from the SPTcl + PvSPLIT baseline run with the
fixed cosmology. The values of the parameters are reported in
Table 7. Also in this case, the full cluster mass catalog is

available at https://pole.uchicago.edu/public/data/sptplanck_
cluster. We report the first entries in Table 5, eighth column. As
for the marginalized masses, for the 27 clusters in common
with the SPT-SZ catalog, our mass estimation is in agreement
within 2σ with the estimates from Bocquet et al. (2019), as
further discussed in Appendix B.
We show in Figure 6 the Planck-evaluated masses M500, as a

function of redshift, in comparison with cluster masses from the
SPT-SZ 2500 deg2 catalog (Bocquet et al. 2019). As a
reference, we also add clusters from recent SPT observations:
the 79 clusters from the SPTpol 100 deg2 sample (Huang et al.
2020) and the 448 clusters from the SPTpol Extended (SPT-
ECS) sample (Bleem et al. 2020).

Figure 2. We show the one-dimensional and two-dimensional probability distributions for the cosmological (Ωm, σ8) and Planck scaling relation (αSZ, ( )- b1 SZ)
parameters. The contours represent the 68% and 95% CL. We compare results for different data set combinations: SPTcl + PvSPLIT in green (baseline results of this
analysis), PvFULL in orange, and SPTcl in blue. We refer to the text for the complete description of the data sets.
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5. Discussion

The results presented in the previous sections show the tight
correlation between cosmological and scaling relation para-
meters, highlighting that a correct and unbiased evaluation of
cluster masses is fundamental to perform precision cosmology
with galaxy clusters. In an ideal scenario, to calibrate the
scaling relations we would rely on high-precision multi-
wavelength observations for each cluster in the considered
cosmological sample. Because current counterpart observations
in X-rays and optical bands do not cover the full Planck

cosmological cluster sample, in this analysis, we choose an
alternative approach by exploiting the cosmological constrain-
ing power of SPT-SZ cluster catalog, with its internal X-ray
and WL mass calibration, and use the Planck–SPT combination
to constrain the Planck scaling relations.
The results presented in Section 4 point toward the necessity

of improving the general astrophysical model adopted for the
cluster evolution. We start discussing the results obtained for
the SPTcl + PvSPLIT cluster catalog combination. First of all,
we highlight the powerful cosmological constraining power of
the SPT-SZ cluster sample: SPT data are driving the results,

Figure 3. We show the one-dimensional and two-dimensional probability distributions for the cosmological (Ωm, σ8) and Planck scaling relation (αSZ, ( )- b1 SZ)
parameters. The contours represent the 68% and 95% CL. We compare results for the original Planck analysis PvFULL (orange contours), with results obtained
considering the new Planck likelihood PvSPLIT (dark blue contours). We also show results for the SPT + Planck combination, comparing the baseline analysis (green
contours) with results when considering a logarithmic sampling on 1010As (pink contours) and when relaxing the assumption of self-similar redshift evolution for
Planck scaling relation (black contours).
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pushing the constraints for the SPTcl + PvSPLIT combination.
For this data set combination, we are also able to get tight
constraints on the Planck scaling relation parameters, compar-
able with the results from PvFULL (i.e., the original full Planck
likelihood), as shown in Table 4. In particular, we decide to
focus on the parameters describing the mass dependence,
therefore not considering external calibration and assumption
of self-similarity for the mass bias, described by ( )- b1 SZ, and
the mass slope αSZ.

For the mass bias, we find ( )- = -
+b1 0.69SZ 0.14

0.07. This is
still in agreement within 2σ with the different external WL
calibrations and hydrodynamical simulation estimations, but it
also encompasses the lower values preferred from CMB data.
This result can be further discussed in light of the evaluation of
( )- b1 M that we performed for each single cluster. We discuss
in Section 3.3.1 the difference between the scaling relation
parameter and the measured mass bias. The two quantities
describe from different approaches a general nonprecise
knowledge of how the astrophysical processes affect the
theoretical model for the cluster evolution (and as a
consequence how we model the mass–observable relation and
the selection approach). By analyzing ( )- b1 M , we find strong
hints for mass and redshift evolution of this quantity, with the
amplitude being consistent with ( )- b1 SZ, having

= -
+A 0.69bias 0.09

0.04, as shown in Table 6. The increasing trend
for the redshift evolution is also consistent with the analysis
shown in Salvati et al. (2019).

We now focus on the mass slope of the scaling relations,
αSZ. For SPTcl + PvSPLIT we find a = -

+1.49SZ 0.10
0.07, which

is∼ 4σ lower than the self-similarity value. As discussed in
Section 4.1, this low value is due to a combination of different
effects, with the dominant one being the shift of Ωm toward
lower values. Indeed, this shift slightly tilts the mass function,
such that it leads to fewer objects at low mass and more objects
in the high-mass tail. The low value of αSZ seems to
accommodate for this tilt, balancing the low-mass/high-mass
weight. The mass–redshift evolution of ( )- b1 M seems to
account for the same effect, balancing the low-mass/high-mass
trend. We also stress that, when not assuming self-similarity for
the redshift evolution of the Planck scaling relation and
sampling also on the βSZ parameter, we find consistent results
with the baseline analysis and no evidence for departure from
self-similarity.

From these combined results on the Planck scaling relation
parameters and the estimated mass bias, we can take one main
message: The simple model for the mass calibration of tSZ
clusters, based on the assumptions of self-similarity, spherical
symmetry, and hydrostatic equilibrium, needs to be improved
toward a more realistic description, at least for the modeling of the
mass (and therefore scale) dependence. This is indeed the
approach used for the SPT-SZ cluster analysis: The empirical,
multiobservable approach used for the mass calibration provides
constraints for the different parameters (defined in Equations
(6)–(8)) not relying on strong theoretical assumptions.
As a last point, we discuss the dependence of the measured

mass bias with respect to the detection noise. As described in
Section 3.3.1, with this parameterization, we try to quantify the
impact of the detection process in the full cosmological
modeling. From our analysis, we find no hint for a noise
dependence of the mass bias, having g = -

+0.05n 0.08
0.06. As a

further test, we check the results when considering only the
noise dependence for the bias, i.e.,

( ) ( )
( )

( )s q
s q

- =
g

*
b A

l b
1

, ,
. 24M n

th f 500

f, 500

n

⎜ ⎟
⎛
⎝

⎞
⎠

In this case, we find = -
+A 0.60n 0.14

0.06 and g = - -
+0.37n 0.12

0.14,
pointing to a decreasing trend of the measured bias with respect
to the noise. This implies that the MSZ estimation for clusters
detected in patches with higher detection noise is more biased,
possibly due to a loss of tSZ signal.
On the other hand, when considering only the mass and

redshift dependence for the measured mass bias, we find results
for the amplitude and the slopes that are fully consistent with
what we report in Table 6. This stresses even more that an
incorrect characterization of the mass and redshift dependence
for the mass–observable relation is still a dominant source of
uncertainties with respect to possible systematics coming from
the modeling of the cluster selection process.

6. Conclusion

In this paper we provide the first combination of Planck and
SPT cluster catalogs for a cosmological analysis, with the aim
of exploiting the SPT cosmological constraining power to
provide an independent evaluation of Planck scaling relation
parameters. We build a new likelihood (labeled “PvSPLIT”) to
analyze the Planck PSZ2 cosmo sample, removing the clusters
and sky patches in common with SPT observations.
The baseline analysis is given by the “SPTcl + PvSPLIT”

combination, where we do not rely on the external X-ray and
WL calibrations for the mass slope αSZ and the mass bias
( )- b1 SZ adopted in the original Planck analysis.

We summarize our main findings below:

1. We show the strong constraining power of SPT-SZ
clusters, which drives the results for the SPTcl +
PvSPLIT combination. Focusing on Planck scaling
relation parameters, we find that the SPTcl + PvSPLIT
combination provides results comparable in accuracy
with the external X-ray and WL calibrations used for the
original Planck analysis, having a = -

+1.49SZ 0.10
0.07 and

( )- = -
+b1 0.69SZ 0.14

0.07. We stress that the value of αSZ

that we find is∼4σ lower than the expected self-similar
value, αSZ= 1.8, a result driven primarily by the
relatively low values of Ωm preferred from SPT data.

Figure 4. Cluster masses for the Planck cosmological sample, evaluated with a
Monte Carlo extraction approach. We show the best-fit value (red points) and
the 68% CL error bars (in blue).
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2. Through a Monte Carlo extraction approach, we provide
new estimates of the Planck cluster masses M500,
obtained by marginalizing over cosmological and scaling
relation parameter posteriors derived from the SPTcl +
PvSPLIT analysis. We provide also an evaluation of M500

masses for Planck clusters in the PSZ2 cosmo catalog at
fixed values of cosmological and scaling relation
parameters. The cluster mass catalogs are available at
https://pole.uchicago.edu/public/data/sptplanck_cluster.

3. We provide a measurement of the mass bias, ( )- b1 M ,
for 433 over 439 clusters of the PSZ2 cosmo sample (for
which we have the redshift in the original Planck
analysis), using the MSZ measurements from Planck and
our estimation of M500. The constraints for ( )- b1 M
account for the uncertainties on the cosmological and
scaling relation parameters derived in this work.

We study a possible dependence of ( )- b1 M with
respect to the cluster mass and redshift, and to the survey
detection noise. The aim is to highlight the impact, in the

cosmological analysis, of the assumed modeling for the
mass–observable relation and the cluster detection
approach. On the one hand, we find ( )- b1 M to have a
decreasing trend with respect to the cluster mass and an
increasing trend with respect to redshift, with the slopes
being g = - -

+0.41M 0.06
0.04 and γz= 0.81± 0.13. On the

other hand, we do not see any noise dependence, having
γn fully consistent with 0.

Figure 5. Mass bias evaluated from the Monte Carlo–extracted masses M500, ( )- =b M M1 M SZ 500. We show the mass bias as a function of redshift (left panel),
M500 (middle panel) and detection noise (right panel): We report the best-fit (black points) with 68% (dark green) and 95% (light green) error bars. The blue shaded
area represents the trend and the 68% and 95% CL obtained when fitting MSZ

th from Equation (23), following the results in Table 6. The black vertical lines show the
values of z* and M*.

Table 5
First Entries for the New Planck Cluster Catalog

Planck IDa R.A.a Decl.a za S/Na ( )
-M M h10500

free 14 1 ( )
-M M h10500

free,c 14 1 ( )
-M M h10500

fixed 14 1

PSZ2 G000.04+45.13 229.19051 −1.01722 0.1198 6.75319 -
+3.37 1.11

0.88 [2.60,K,4.24] -
+3.80 1.04

0.34

PSZ2 G000.13+78.04 203.55868 20.25599 0.171 9.25669 -
+4.52 1.27

1.11 [3.40,K,5.38] -
+5.65 0.54

0.91

PSZ2 G000.40-41.86 316.0699 −41.33973 0.1651 8.57995 -
+4.25 1.26

1.07 [2.85,K,5.0] -
+5.00 0.83

0.65

PSZ2 G000.77-35.69 307.97284 −40.59873 0.3416 6.58179 -
+5.31 1.57

1.43 [3.32,K,3.92] -
+5.81 1.20

0.90

PSZ2 G002.77-56.16 334.65947 −38.87941 0.1411 9.19606 -
+3.75 1.10

0.92 [2.90,K,5.52] -
+4.18 1.00

0.29

Notes. We report the cluster ID, coordinates, redshift, and signal-to-noise ratio as delivered by the Planck collaboration. We add in the sixth and seventh columns the
evaluation of M500 obtained by marginalizing over the cosmological and scaling relation parameters from our SPTcl+PvSPLIT analysis (labeled as “free”), and the
full array of extracted masses (labeled as “free,c”). In the eighth column, we report the evaluation of M500 for fixed values of cosmological and scaling relation
parameters reported in Table 7 (labeled as “fixed”). The full catalog is available at https://pole.uchicago.edu/public/data/sptplanck_cluster.
a Original calibration of the Planck scaling from the Planck Legacy Archive (https://pla.esac.esa.int).

(This table is available in its entirety in machine-readable form.)

Table 6
Parameters for the Mass, Redshift, and Detection Noise Dependence of the

Mass Bias Obtained when Fitting Equation (23)

Parameter Value Parameter Value

Abias -
+0.69 0.09

0.04 γz 0.81 ± 0.13

γM - -
+0.41 0.06

0.04 γn -
+0.05 0.08

0.06

Note. We report the 68% CL constraints.

Figure 6. Evaluation of cluster masses, for each cluster in the Planck
cosmological cluster sample (blue points), for fixed values of the cosmological
and scaling relation parameters. We report also the SPT cluster masses from the
SPT-SZ 2500 deg2 catalog (green squares), from the SPTpol 100 deg2 catalog
(yellow stars), and from the SPTpol Extended cluster catalog (purple circles).
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4. Comparing the results for the scaling relation parameters
and the measured mass bias dependencies, we find them
to mimic the same effects, mainly a departure from self-
similarity for the cluster evolution, and therefore the
necessity to consider different dependencies for the low-
mass versus high-mass and low-redshift versus high-
redshift clusters.

This analysis confirms the importance of an accurate mass
calibration when using cluster counts as a cosmological probe.
We find that the simple model for the mass calibration of tSZ
clusters, based on the assumptions of self-similarity, spherical
symmetry, and hydrostatic equilibrium, needs to be improved
toward a more realistic description. Furthermore, we stress that
the adopted modeling should take into the cluster sample
selection, from the cluster mass–redshift distribution to the
impact of the detection approach. This project is paving the
way toward a full joint analysis of SPT and Planck cluster
catalogs, with a joint mass calibration, allowing for more
stringent tests of cosmology beyond flat νΛCDM scenario.
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Appendix A
Further Analysis

We show here results for different analyses of Planck cluster
data in the νΛCDM scenario in order to further discuss the
constraints presented in Section 4.1. In Figure 7 we report the
results for the original Planck analysis, PvFULL, obtained from
the combination of the Planck cluster cosmological catalog,
with external X-ray and WL calibrations, BAO data (Beutler
et al. 2011, 2012; Ross et al. 2015; Alam et al. 2017), and BBN
constraints on the baryon density. As a comparison, we show
the results obtained from the Planck cluster catalog without
external data sets and X-ray and WL calibrations on the mass
bias and mass slope of the scaling relations, following the
approach used when building the SPTcl + PvSPLIT likelihood.
As expected, removing information from the mass calibration
and external data sets largely reduce the constraining power of
galaxy clusters. These results confirm the strength of combin-
ing Planck and SPT cluster catalogs in providing constraints for
the full cosmological and scaling relation parameter space.
We conclude this section showing in Figure 8 a full

comparison of the different data set combinations introduced in
Section 4.1. We also show the constraints from the latest
Planck CMB analysis (Planck Collaboration et al. 2020a)
(brown contours). The Markov Chain Monte Carlo chains are
taken from the Planck Legacy Archive.46

Table 7
Fixed Values of Cosmological and Planck Scaling Relation Parameters Used to

Evaluate Cluster Masses

Parameter Value Parameter Value

Ωm 0.3 αSZ 1.62
σ8 0.8 βSZ 0.67
Ωνh

2 0.00064 s Yln ,SZ 0.07

*Ylog −0.14 ( )- b1 SZ 0.58

46 https://pla.esac.esa.int
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Figure 7. We show the one-dimensional and two-dimensional probability distributions for the cosmological (Ωm, σ8) and Planck scaling relation (αSZ, ( )- b1 SZ)
parameters. The contours represent the 68% and 95% CL. We compare results for the complete Planck analysis (Planck clusters + BAO + BBN + external scaling
relation calibrations assuming self-similar redshift evolution) in orange, with results obtained considering only Planck clusters (light blue).
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Appendix B
Mass Comparison

We compare the cluster masses for the 27 clusters in
common between the Planck and SPT-SZ cosmological
catalog, for redshift z> 0.25. For the SPT-SZ masses, we
consider estimates from Bocquet et al. (2019) available on the
SPT webpage.47 For the Planck masses, we make use of
our Monte Carlo estimates. In Figure 9 we show the
quantity ΔM= (M500,P−M500,S)/σ, where we define s =
s s+Planck

2
SPT
2 . We consider the mass estimates obtained

by marginalizing over cosmological and scaling relation
parameters (in blue, top panels) and fixing the parameters (in
black, bottom panels). We note that the values are quite spread
out, nevertheless showing a consistency within 2σ between the
different estimations. The agreement is stronger for the
marginalized estimates, ΔM= 0.37± 0.69, than for estimations
at fixed cosmological and scaling relation parameters,
ΔM= 1.25± 1.41.
As a further test, we show the comparison between the

Planck MSZ masses from Planck Collaboration et al. (2016b)
and the SPT-marginalized masses in Figure 10. In this case, we
find ΔM=−2.20± 2.22, clearly showing that MSZ estimations
are biased low.

Figure 8. We show the one-dimensional and two-dimensional probability distributions for the cosmological (Ωm, σ8) and Planck scaling relation (αSZ, ( )- b1 SZ)
parameters. The contours represent the 68% and 95% CL. We compare results for different data set combinations, as described in the text.

47 https://pole.uchicago.edu/public/data/sptsz-clusters/
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Figure 9. We show the distribution of mass differences for the 27 clusters in common between the Planck and SPT-SZ cosmological catalogs as a function of the
cluster number (left) and redshift (right). We compare the results when considering the mass estimates marginalized over cosmological and scaling relation parameters
(in blue, top panels) and obtained with fixed cosmological and scaling relation parameters (in black, bottom panels). The shaded areas represent the 1σ and 2σ intervals
of the distribution.

Figure 10. We show the distribution of mass differences for the 27 clusters in common between the Planck and SPT-SZ cosmological catalogs as a function of the
cluster number (left) and redshift (right). For the Planck clusters, we consider MSZ estimates. For the SPT-SZ clusters, we consider the mass estimates marginalized
over cosmological and scaling relation parameters. The shaded areas represent the 1σ and 2σ intervals of the distribution.
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