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Cosmological constraints from DES Y1 cluster abundances
and SPT multiwavelength data
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We perform a joint analysis of the counts of redMaPPer clusters selected from the Dark Energy Survey
(DES) year 1 data and multiwavelength follow-up data collected within the 2500 ded South Pole
Telescope (SPT) Sunyaev-Zel'dovich (SZ) survey. The SPT follow-up data, calibrating the richness-mass
relation of the optically selected redMaPPer catalagpable the cosmologicaxploitation of the DES
cluster abundance data. To explore possible systematics related to the modeling of projection effects, we
consider two calibrations of the observational scatter on richness estimates: a simple Gaussian model which
account only for the background contamination (BKG), and a model whiclg further incIudeng;ontamination
and incompleteness due to projection effects (PRJ). Assuming either a ACDA dr wCDM p m,
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cosmology,and for both scattermodels,we derive cosmologicalconstraints consistentith multiple
cosmologicalprobes of the low and high redshift Universe,and in particular with the SPT cluster

abundance datarlhis resultdemonstrates thahe DES Y1 and SPT cluster counts provide consistent
cosmological constraints, if the same mass calibration data set is adopted. It thus supports the conclusion of
the DES Y1 cluster cosmology analysis which interprets the tension observed with other cosmological
probes in terms of systematics affecting the stacked weak lensing analysisoptically selected low—

richness clusters. Finally, we analyze the first combined optically SZ selected cluster catalog obtained by
including the SPT sample above the maximum redshifprobed by the DES Y1 redMaPPersample

(z ¥4 0.65). Besides providing a mild improvement of the cosmological constraints, this data combination
serves as a stricter test of our scatter models: the PRJ model, providing scaling relations consistent between
the two abundance and multiwavelength follow-up datafavored over the BKG model.

DOI: 10.1103/PhysRevD.103.043522

I. INTRODUCTION relation is further hampered by the cluster selection and
correlations between observableghich, if not properly
modeled, can lead to large biases in the inferred parameters.
structures [see e.g1,2], for reviews]. In particular, the The recent analysis of the optical cluster catalog extracted
"I T L ' from the DES year 1 data (Y1), which combines cluster
abundance ofgalaxy clusters as a function ofmass and abundance and stacked weak lensing data, exemplifies such
redshifthas been used over the lasivo decades to place limitati 91 h fterDES201. Th DES’20 vsi
independent and competitive constraints on the density ang' auons [[9], hereafter ]. The analysis

amplitude of matter fluctuations, as well as dark energy an ults in cosmological posteriors in tension with multiple

modified gravity models [e.g., [3-9]]. Thanks to the cosmological probes. The tension is driven by low richness

. ) . . systems, and has been interpreted in terms of an unmodeled
increasing number of wide area surveys at different wave-

lengths—e.g., in the optical the Sloan Digital Sky Survey sygtematlc affecting the stacked weak lensing signabt
. . optically selected clusters.
and the Dark Energy Survey (DES), in the microwave . . .
3 A possible route to improve our control over systematics
Planck; South Pole Telescope (SPT) and Atacama . C .
X 5 relies on the combination of mass-proxiesobserved at
Cosmology Telescopé, and in the x-ray eROSITA— :
L different wavelengths and thus notffected by the same
cluster catalogs have grown in size by an order of .
. ; . sourcesof error. Even more advisable would be the
magnitude compared to early studiesxtending to lower S )
: ) . . combination of cluster catalogs selected at different wave-
mass systemsand/or to higher redshifts. Despite this

improved statistic, the constraining power of current clusttle?ngths which would enable the full exploitation of the

abundance studiess limited by the uncertaintv in the cosmological content of current and future cluster surveys.

calibration of the relation betvyeen clustetmas)s/ and the The DES and SPT data provide such an opportunity thanks
observable used as mass proxy [see e.g., [10]]. In gener.’%? the large area shared between the two footprints and the
the observable-mass relation (or OMR) can be calibrated 'gh quality of the photometric and millimeter-wave data,

either using high-quality x-ray, weak lensing and/or respectively. Moreover, the x-ray and weak lensing follow-

spectroscopic follow-up data for a representative subs,amEJ b data_ collected within the ' SPT survey pr_owd(_e an
ple of clusters [e.g., [5,7,11] ], or, if wide area imaging datglternatlye data setto the stac_:ked weak lensing signal .
are available exploi’tiné the noisier weak lensing signal adopted in DES20 to constrain the observable-mass scaling

measured for a large fraction of the detected clusters [e.grelations,that has a're‘?‘dy been e>_(tensively vetted [7,13].
[8,9,12]]. Depending on the methodology adopted the The goal of this study is twofold: i) reanalyze the DES Y1

mass estimatescan be affected by different sourcesof cluster abundance data adopting the SPT follow-up data to

. S . . __calibrate the observable-mass relation(s), and ii) provide a
systematics: e.g., violation of the hydrostatic or dynamical; o .
N . . irst case study forthe joint analysis of cluster catalogs
equilibrium when relying on x-ray or spectroscopic follow-

up data, respectivelyor shear and photometric biases in selected at different wavelengths. In turn, this serves as an
P ,resp y 'd ph ; independenttest of the conclusionsdrawn in DES20;
weak lensing analyses. The calibration of the scaling

secondly, combining the abundancedata of the two
surveyswe explore the possible cosmological gain given
'https://www.sdss.org/ by the joint analysis of the two catalogs and exploithe

ihttps://www.darkenergysgrvey.org complementary mass and redshift range probed by the two
https://www.cosmos.esa.int/web/planck

Tracing the highestpeaks of the matter density field,
galaxy clusters are a sensitive probe of the growth of

4 : . surveys to testthe internal consistency ofthe data sets.
https://pole.uchicago.edu/ C . his | . . i . f
Shttps://act. princeton.edu/ oncerning t is last .pomt, we consider .two ca |brat|ons 0
®https://www.mpe.mpg.de/eROSITA the observational noise on richness estimates with the aim
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II. DATA

In this work we combine cluster abundance data from
the DES Y1 redMaPPer opticatluster catalog [DES Y1 FIG. 1. The DES Y1 redMaPPer cluster density (A > 20) over
RM; [9]], with multiwavelength data collected within the the two noncontiguous regions of the Y1 footprint: the Stripe 82
2500 deg SPT-SZ cluster survey [SPT-SZ; [7,14]]. :’egion (1 16I)d|eétrl:p?er panel) alnd theISPThregi%n (I1 32:. deg -
Exploiting the large overlap (~1300 deg?) of the DES ~ '°Wer Panel). in the lower panel, we also show he locations of the
Y1 and SPT-SZ survey footprints, we aim to use the SPT-SE)T;)SI,t?Oig??OC{ﬁE glggc?t:f)rggs? i?ﬁ'ga?:é’: circles with sizes
SZ multiwavelength data to calibrate the observable-mas$’ P g '
relation of redMaPPer clustersyhich in turn enables the
derivation of cosmologicalconstraints from the DES Y1 Following DES20, we use for the cluster count analysis
abundance data. Below we present a summary of the datéthe DES Y1 redMaPPervolume-limited catalog with
sets employed in this workTo build our data vectors we A\°P > 20, in the redshift interval z € 40.2; 0.65with a
follow the prescriptions adopted in DES20 and [7] (here- total of 6504 clusteré.GaIaxy clusters are included in the
after B19) and refer the reader to the originalworks for  volume-limited catalog if the cluster redshift z <.z,&bp,

Right Ascension

further details. where 2, 0P is the maximum redshift at which galaxies at
the luminosity threshold |,,;,0zP are still detectable in the
A. DES Y1 redMaPPer cluster catalog DES Y1 at 100.Figure 1 shows the cluster density in the

The DES Y1 redMaPPer clusters are extracted from théWO noncont|guousr_eg|ons_of t_he DES ¥ redMaPPer
DES Y1 photometric galaxy catalog [15]. The latter is bas Iajster survey conSK_iered in this workThe lower panel,
on the photometric data collected by the DECam during t bbed t_he SPT region,corresponds to the ~1300 de
year one (Y1) observational season (from August 31, 201V€rapping area between the SPT-SZ and DES Y1 survey

- tprints.

to February 9, 2014) over ~1800 8efthe southern sky in 00 ; . o .

: Accordingly with the binning scheme adopted in
the g, r, i, zand Y bands. Galaxy clusters are selected . . . .
through the redMaPPer photometric cluster finding algo- DrI]E dsi?évg?':gs“:\i?tl;i;(sj:ztﬁ;tsezni]r?l'le'e:gl;Orliﬂgfgg\?:fvalans
rithm that identifies galaxy clusters as overdensities of red rect the cluster count data for misce'nterin ef‘f’ects
sequence galax_ies 16,171 redMaPEer uses e_l_matched ﬁﬁo%fowing the prescription of DES20. Briefly gclus;ter
approach to estimate the membership probability of each miscentering tendsto bias low the ri&:hness éstimates
red-sequence galaxy brighter than a specified luminosity 9

threshold, L.,;y0zP, within an empirically calibrated cluster and thus the abgndapcedata,_ introducing coyariance
radius [R, ¥ 1.0 h-' MpcaX®=10082]. The sum of these amongstneighboring richnessbins. The correction and

membership probabilities is called richness, and is denote%f)varlance matrix associated with this effect are estimated

: . . in DES20 through Monte Carlo realizations ofthe mis-
as K. A'°!‘9 with t_he nchnes_s,red_l\_/IaPPer estimates the centering model of [18].The corrections derived for each
phoFometnc redshift of the |dent|f|ed gala_xy cluster_s. . __richness/redshifbin are of the order of =3% with an
Typical DES Y1 cluster photometric redshift uncerta'nt'esuncertainty of =1.0% (see Table )
are g=01 p zb = 0.006 with negligible bias (jAzj < 0.003). | '

The photometric redshift errors are both redshift and rich-
nesspdependent. To determine candidate central galaxies tﬁ’e SPT-SZ 2500 cluster catalog and follow-up data
redMaPPer algorithm iteratively self-trains a filter that relies Galaxy clustersare detected in the millimeter wave-

on galaxy brightness,cluster richness,and local galaxy length via the thermalSunyaev-Zeldovich signature [SZ,
density. The algorithm centers the cluster on the most likd{2]] which arises from the inverse Compton scattering of
candidate central galaxy which is not necessarily the brig§MB photons with hot electrons in the intracluster medium
est cluster galaxy. [18] studied the centering efficiency of {HeM). The SPT-SZ survey observed the millimeter sky in
redMaPPer algorithm using x-ray imaging and found that

the fraction of correctly centered clusters igf" 0.75 "The redMaPPer catalog can be found herettps:/des.ncsa
0.08 with no significant dependence on richness. .illinois.edu/releases/y1a1/key-catalogs/key-redmapper.
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TABLE I. Number of galaxy clusters in each richness and redshift bin for the DES Y1 redMaPPer catalog. Each entry takes the form
NONP ANstat ANsys. The first error bar is the statistical uncertainty in the number of galaxy clusters in that bin given by the sum of
a Poisson and a sample variance terfilne number between parenthesis and the second error bar correspond to the number counts
corrected for the miscentering bias factors and the corresponding uncertainty (sed 8&c.

AP z € ¥20.2; 0.35p z € /20.35; 0.5b z € 20.5; 0.65pb
[20, 30) 762 8785.1p 54.9 8.2 1549 61596.0p 68.2 16.6 1612 61660.9p 67.4 17.3
[30, 45) 376 6388.3P 32.1 4.5 672 6694.0p 38.2 8.0 687 6709.5p 36.9 8.1
[45, 60 123 6127.2b 152 1.6 187 6193.4p 17.8 2.4 205 6212.0p 171 2.7
¥260; b 910693.9p 14.0 1.3 148 6151.7b 15.7 2.2 92 694.9p 142 1.4

the 95, 150, and 220 GHz bands over a contiguous 2500 diglgme-limited catalog. Figure 2 shows ti&distribution

area reaching a fiducial depth of <18uK-arcmininthe  of the matched sample as a function of the SZ detection
150 GHz band. Galaxy clustersare extracted from the  significance.The median of the distribution is Xt 4 78,
SPT-SZ maps using a multiscale matched-filter approachwhile 68% and 95% of the matched sample resides above
[20] applied to the 95 and 150 GHz bands data as descriigchifess % > 60 and ¥° > 37, respectively. To assess the
[14,21,22].For each cluster candidateorresponding to a  probability of false association we repeatthe matching
peak in the matched-filtered mapthe SZ observable §is  procedure with 1000 randomized DES Y1 RM catalogs and
defined as the maximum detection significance over twelvé‘ompute the fraction oftimes thatan SPT-SZ system is
equally spaced filter scales ranging frdB% @ 8[14]. The ;55 ciated with a random redMaPPer cluster with % A
SPT-SZ cosmologicasample consists 0f365 candidates  \yg fin this probability to be less than 0.2% for all the SPT-

. . 8 . R .
with § > 5 and redshift z > 0.25" (blue circles in Fig.1). 57 matched systems, and thus we neglect it for the rest of
Of these:343 clusters are optically confirmed and have 4,4 analysis.

redshiftmeasurement§9 have x-ray follow-up measure-  \va 5150 ex : : P

. . plore the possible cosmological gain given by
ments with Chandra [23,24]32 have weak lensing shear e inciusion of the number countiata from the SPT-SZ
profile measurementsrom ground-balsed observations catalog. When included, we only consider SPT-SZ clusters
with Magellan/ Meganm [19 clusters; [25]] and from above redshift 0.65—the redshift cut adopted for the
space observations with the Hubble Space Telescope [13DES Y1 redMaPPer catalog—corresponding to 40% of
clusters; [26]]. the whole SPT-SZ sampleThis redshift cut ensures the

. Finally, tq cali.brate the redMaPPer richness-mass rela'independence of DES Y1 RM and SPT-SZ abundance data,
tion we assign richnesses to the SPT-SZ clusters by cross-

matching the two catalogsTo mitigate the impactof the
optical selection we consider for the matching procedure

all the clusters with X°° > 5 in the DES Y1 redMaPPer ~ep _,,—"
volume-limited catalog. The match is performed following 2008 = g
the criterion adopted in [27]; see also [28] for an analogous : e
study. Specifically: i) we sort the SPT-SZ and DES Y1 RM '
sample in descending orderaccording to their selection -
observablef and N°Y; ii) starting with the SPT-SZ cluster <
with the largest £, we match the system to the richest DE

-

Y1 RM cluster within a projected radius of 1.5 Mpc and — (A°h|g)PRI
redshift interval %4 0.1; iii) we remove the matched DES : —— (ob|e)BKC
Y1 RM cluster from the list of possible counterparts and %:_e{ﬁa__

move to the next SPT-SZ system in the ranked list iterating = + Data
step ii) until all the SPT-SZ clusters have been checked for 513 20 ' 10

a match. 3

We match all the 129 optically confirmed SPT-SZ
clusters with ¢ > 5 and z > 0.25 that are in the proper FIG. 2. Richness-SZ scaling relgtion for the DES Y1 RM-SPT
redshiftrange and thatlie in the DES Y1 footprint. The ~ SZ matched sample.The data points representthe observed
remaining 214 nonmatched systems reside either in masR’é’#ﬁ'eS for the two mass proxies with the corresponding obser-
regions of the DES Y1 footprint or at redshifts larger than vatlional errors. The solid lines correspond to the mean relations

. . . derived from the DES-NC p SPT-OMR analysis adopting either
the local maximum redshiftzy,, 0P of the DES Y1 RM .0 5k 5 (red) or PRJ (dark cyan) calibration for PBRAB (see

Sec. lll A). The dashed linesand bands represent,from the

®Below z % 0.25 the £-mass relation breaks due to confusiorbottom to the top, the 0.13, 2.5, 16, 68, 97.5 and 99.87 percentile
with the primary CMB fluctuations of the distributions for the BKG and PRJ modelsespectively.

043522-5



M. COSTANZI et al. PHYS.REV.D 103, 043522 (2021)

TABLE Il.  Summary of the SPT-SZ cluster data used in this . M
analysis splitin mass-calibration data (SPT-OMR}Bnd abun- hin Ai 72 In6AP b ByIn 3x 104 M.-h~"

dance data (SPT-NC). For the SPT-OMR data we specify in the ©

third column the number of clusters with a specific follow-up bC,In 1pz 52b

measurement (see Sec. Il B for details). Note that a cluster might 1p 0.45
have more than one follow-up measurement.
Number of M .
Data set clusters Follow-up z-cut In 5.86 x 103 M h™" 7 In6A, P b By hin Xii
SPT-OMR 187 Nigo  025<z<085 bB, I  ON=07P"
— X . <z<0. Y
X-ray: 89 2>0.25 ¥ 3% 10" MokeV
SPT-NC 141 z>0.65 b Cy, In EGzP o3k
which allows a straightforward combination of the two hin My i 7 In by p In M; 04p
data sets. ' 3
A summary of the SPT-SZ data employed in this analysiere y in Eq. (1) depends on the position of the SPT-SZ
can be found in Table II. cluster and accounts for the variation of survey depth over

the SPT footprint[13], while Edzb Y4 Hézb=}HFor each
Il ANALYSIS METHOD scaling relation we fit for the amplitude, slope, and redshift
) evolution (see Table IIl),but for the weak lensing mass,

Operatively, we can split our data set in three subsampMg,,_, which we assume to be simply proportionab the

and corresponding likelihoods) the DES Y1 RM abun-  true halo mass accordingly to the simulation-based cali-

dance data (DES-NC), ii) the SPT-SZ multiwavelength dakaation of B19.

(SPT-OMR) and iii) the SPT-SZ abundancedata at We assume the logarithm of our four intrinsic observ-

z > 0.65 (SPT-NC). Our theoreticalmodel for the DES  ables,In O, to follow a multivariate Gaussian distribution

Y1 RM number counts is the same as thatdescribed in  with intrinsic scatter parametersDg, and correlation

detail in [8] and DES20, while for the analysis of the SPT-coefficients pdQ O b,

SZ abundance and multiwavelength data we rely on the

model presented in B19. Here we only provide a brief PaIn OjM; zb % N &hin Oi; Cb; 85b

summary of these methods and referthe reader to the

original works for further details. Throughout the paper, all ) , ,

quantities labeled with “ob” denote quantities inferred fronf'here the covariance matrix elements read C; %

observationwhile P8YjXP denotes the conditional proba- P3Q; O P0,Dy, and pd@; Ob % 1. All the intrinsic scat-

bility of Y given X. All masses are given in units of,#h,  ters are described by a single parametgiridependent of

where h % H,=100 km §' Mpc™', and referto an over- ~ mass and redshift, but the scatter on In A which includes a

density of 500 with respect to the critical densitWe use  Poisson-like term—fg, % D2 b 8hAdMPi — 1b=hASMP#

"log” and "In” to refer to the logarithm with base 10 and e, which does not correlate with the other scatter parameters.

respectively. Finally, we set to zero the correlation coefficients between

the Dy, and the other scatter parameters. This approxima-

tion is justified by the fact that while the richness, SZ and

) ) weak lensing signahre sensitive to the projected density
The SPT-SZ multiwavelength data comprises four masgg g along the line of  sight of the system, the x-ray

proxies:the SZ detection significance ghe richness ¥, g ission is mainly contributed by the inner region of the

the x-ray radial profile$y, and f[he reduced tangential sheag,,ster. This approximation is also supportedby the

profile 9;00P.The corresponding mean observable-mass gnalysis of B19 which obtained unconstrained posteriors

relations for the intrinsic quantities—A)\, Yx, My.—are  peaked around zero for the x-ray correlation coefficients.

parametrized as follows: We explicitly verified that this approximation does not
affect our results, while reducing noticeably the computa-
tional costof the analysis.

A. Observable-mass relations likelihood

M : I
hin Zi Y Indy Acsb In To account for the observationaluncertainties and/or
G740y AP P BzIn 35 Moh™ biases, we consider the following conditional probabilities
Edzb between the intrinsic cluster proxies and the actual
PCszn =5556b 01P  observed quantitiesFor €, Y, and y;66P we follow the

prescriptions outlined in B19namely,
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TABLE 11

Cosmologicaland modelparametemposteriors:a

range indicatesa top-hat prior, while N dy; obstandsfor a
Gaussian prior with mean p and variancé.o

Parameter Description Prior
Qn Mean matter density [0.1,0.9]
A, Amplitude of the primordial %100 108
curvature perturbations
h Hubble rate [0.55,0.9]
Qph? Baryon density [0.020,0.024]
Q,h? Massive neutrinos energy densityf0.0006,0.01]
Ng Spectralindex [0.94,1.0]
w Dark energy equation of state ~ 72-2.5; -0.33
SZ scaling relation
Asz Amplitude [1,10]
Bsz Power-law index mass dependence [1, 2.5]
Csz Power-law index redshifévolution Yo=1; 2
Dgsz Intrinsic scatter [0.01,0.5]
Richness scaling relation
Ay Amplitude [20, 120]
B, Power-law index mass dependencg0.4, 2.0]
Ca Power-law index redshifévolution Yo—1; 2
D, Intrinsic scatter [0.01,0.7]
X-ray Yy scaling relation
Ay, Amplitude [1,10]
By, Power-law index mass dependence [1, 2.5]
CYx Power-law index redshifevolution Ye—1; 2
Dy, Intrinsic scatter [0.01,0.5]
dinYy=dInr Radial slope Yy profile N 61.12; 0.23p
My scaling relation
O -bias Uncertainty on WL bias N &0; 1P

5;2§=MegaCamHST/MegaCam uncertainty on N 60; 1P

6\IVL;&;catter

WL bias
Uncertainty on intrinsic scatter N &0; 1b

3HST=MegaCamHST/MegaCam uncertainty on N 60; 1P

scatter

scatter due to uncorrelated LSS

Correlation coefficients between scatters

pdSZ; WLP Correlation coefficient SZ-WL Yo—1;1
p0SZ; Ab  Correlation coefficient SZ-A Yo=1;1
pOWL; AP Correlation coefficient WL-A Yo=1; 1

Determinant OMR matrix (Eq(5) detjCj>0

where ofP

i £ £ i F £ £ i i £ i i i
PagicP 4N 2p3: 1 36b

POV Yxb %4 N 8Y; b o7p

is the uncertainty associated with the x-ray

measurements [see SeB.2.2 in [7] for further details].

The reduced tangential shead@p is analytically related to
the underlying halo mass M assuming a Navarro-Frenk-
White (NFW) halo profile [29], a concentration-mass

relation, and using the observed redshiftdistribution of
source galaxiesDeviation from the NFW profile, large-
scale structure along the line ofsight, miscentering and over all the SPT-SZ clusterswith at least a follow-up

uncertainties in the concentration-mass relatioriroduce
bias and/orscatteron the estimated weak lensing mass,
M. As introduced in Eq. (4), we assume My, to be
proportional to the true halo mass, and use the simulation-
based calibration ofby,, from B19 to account for such
effects (see their Sec. 3.1.2 and Table 1 for further details). In
total the weak lensing (WL) modeling introduces six free
parameterswhich account for the uncertaintiesin the
determination ofthe systematics associated to the mean
bias (6\NL;biaSa §—|ST=MegaCam;biQs and scatter (6\/VL;scattev
OHsT=MegaCam:scatibrOf the WL-mass scaling relation.Of
these,two parameters are shared among the entire WL
sample (QuL.bias OwL:scatte), While the other two pairs are
associated with the sub-sample observed with the Hubble
Space Telescope (Byst.pias OHsT:scatte OF MegaCam
(aVIegaCam;bias 6l\/IegaCam;scattér

As for the uncertainty on the richness,many studies
already highlightthe importance of projection effects on
richness estimates [e.d30-35] ]. In this context,projec-
tion effects denote the contamination from correlated and
uncorrelated structures along the line of sighdue to the
limited resolution that a photometric cluster finding algo-
rithm can achieve along the radial directioin this study
we consider two prescriptions based on the modelpre-
sented in [35]:

(1) PokgOKPAP % N OA; %, which accounts only for
the "background subtraction” scattéﬁﬂ‘,ggdue to the
misclassification of background galaxies as member
galaxies and vice versajabeled BKG throughout
the paper.

(2) Pprjé)(’bj)\b, defined in Eq. 15 of [35], which in-
cludes, besides the "background subtraction” noise,
the scatterdue to projection and masking effects
(PRJ,hereafter).

The approximated BKG model is derived frorrb,RS)(’bj)\b

by setting to zero the fraction of  clusters affected by
projection and masking effects and correspondsto the
model often adopted in literature [e.g., [27,28,33] ]. PRJ is
the model adopted in DES20, and it has been calibrated by
combining real data and simulated catalogs analysis. While
being a more complete model which includes known
systematics effectsts calibration,in part based on simu-
lated catalogs, might be subject to biases. Comparisons of
the results obtained with these two models are used to
assessthe capability of our simplest model (BKG) to
absorb the impact of projection effects and, in turn, possible
biases due to their incorrect calibration.

Putting all the above pieces togethethe "observable—

mass relation” likelihood for the SPT-SZ multiwavelength
data is given by

X
In LOMRaCPbj0P ¥4 In POR®; Yy; g j€;; z; OP; 08P

where 8 denotes the modgbarameters and the sum runs
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measuremenfbesides ¢).Each term of the summation is variance contributions are computed analytically a&ach

computed as step of the chain following the prescription outlined in
Z Appendix A of [8]. At high richness,the Poisson term
b. \Ob. ~iE. o dominates the uncertainty, with sample variance becomin
POR® Y3 0i&; 2, 8P« dMdCdAdYdMw increasingly important atsllow richness [37Note that the k
P&EIPPERAPPEY]Y x PP3GM P large occupancy of allour bins—our leastpopulated bin
contains 91 galaxy clusters—justify the Gaussian approxi-
PAC; A, X; My jM; zPnoM; zb: 09P  mation adopted for the Poisson component.

. Following B19, we assume a purely Poisson likelihood
In the above expression ndM; zb represents the halo masggr the SPT-SZ abundance data [38],

function for which we adopt the [36] fitting formula. z z
Following the original analyses of DES20 and B19 we )
neglectthe uncertainty on the halo mass function due to dz s dghNGg; zPi;
baryonic feedback effects, being the latter subdominant to the
uncertainty on the cluster counts due to the mass calibration. 012p
The propggtionalify constantis set by the normalization

condition: 7 d\°b" d€dgdYPP3X®;YE;gij€;zP Y4 1, where where the sum runs overall the SPT-SZ clusters above

the lower limit is set by tH8 % 5 cut applied to the DES Y1 the redshift and SZ significance cuts (z, 72 0.65,
RM sample to match the catalogs. Finally, note that in thebcut 74 5)- Note that here we can safely neglect the sample
above expression only the integrals over the mass proxie¥ lance contribution given large cluster masses (M 2 3 x
which we have a measuremenheed to be computed in ~ 10'- Mgh™) probed by the SPT-SZ survey (see [37,39]).
practice.lf no follow-up measurements are available for a

SPT system the conditional probability reduces to one and  C. Parameters priors and likelihood sampling

X
In LNS.3Njeb %  InhNGE; zbi - -
i .

thus can be omitted from the sum in Eq. (8). The cosmologicaland modelparameters considered in
o this analysis are listed in Table Il along with their priors.
B. Cluster abundance likelihoods Our reference cosmological model is a flat ACDM model
The expected number of clusters observed wit?®Cat ~ with threg> degeneratespecies of massive neutrinos
redshift z,over a survey area Q&zk, given by (A\CDM p  m,), for a total of six cosmologicalparam-
7 eters: Q,, A, h, Q,h?, Q h?, n,. Being that our data set is

e _ V insensitive to the optical depth to reionization, we fix
hNoG*®; zbi % dM noM; ZDQC%%(TQ Z' T % 0.078. We also consider a wCDM b¥i m, model
z where the dark energy equation ofstate parametew is
dOP&CPOPPSOjM; zb; 610P et free tovary inthe range %2-2.5; -0.33.The four
observable-mass scaling relations considered in this work
comprise 19 model parameters.Besides those already
introduced in Sec.lll A, the Yy scaling relation has the

probabilities for the observed and intrinsic mass proxies additional parameter 6d Iryi.(d In rb—the measured radial
are those described in the previous section. slope of the Yy profile—which allows us to rescale and

The DES Y1 RM cluster abundance data are analyzed compare the measured and predictgdpYofiles at a fixed

following the methodology adopted in DES20 where the fiducial radius [See Sec. 3.2.2 of [7] for additional detaiIS].
number counts likelihood takes the form: The parameters ranges and priors match those used in B19,

apartfrom the richness-mass scaling relation parameters,

exp VLN, — preot —NLiB yvhi_ch were not i_ncluded in the B19 analysis, and for which
L BEsONajOP %M#M%IWWHW&%&#%iflﬁilnformative priors.The parameter ranges
62 detoCh for Qy,h? and ng are chosen to roughly match the 50
011b  credibility interval of the Planck constraints [40], while the
lower limit adopted for Qh? corresponds to the minimal
where N, and hN,i are respectively the abundance data total neutrino massallowed by oscillation experiments,
(see Table l),and the expected number counts in bins of 0.056 eV [41].
richness and redshift obtained by integrating Eq. (10) over We consider two different data combinationsin this
the relevant® and z intervals. The covariance matrix C iswork. Our baseline data set is given by the combination of
modeled as the sum of three distinatontributions:i) the  DES Y1 RM counts data and the SPT-SZ multiwavelength
Poisson noiseji) a sample variance term due to density data (DES-NC p SPT-OMR).Moreover, we explore the
fluctuations within the survey area and iii) a miscentering cosmologicalgain given by the further inclusion of the
component (see Sec. Il A). The Poissonand sample SPT-SZ abundancedata (DES-NC p SPT-20MR; NC).

where dV=86dzdQP is the comoving volume elemerter
unit redshift and solid angle, whereasthe conditional
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The total log-likelihood is thus given by the sum of log-  derived parametersthe amplitude of the matter power

likelihoods corresponding to the data considered in each spectrum on a 81" Mpc scale, gg, and the clusternor-

analysis. We remind here that the independence of the twmalization condition,S; 4 g;0Q,,=0.318°.

abundance likelihoods is guaranteed by the redshiftut

z > 0.65 adopted for the SPT-SZ number count data which P

ensures the absence of overlap between the volume probed A. ACDM + — m, cosmology

by the two abundance data seffhe parameter posteriors  Figure 3 shows the parameter posteriors obtajsed from

are estimated within the cosmoSIS package [42] using théhe four analysescarried out for the ACDMp m,

importance nested samplealgorithm MultiNest [43] model. We do not report posteriors for those parameters

with target error on evidence equal to 0.1 as convergencenot constrained by our data or dominated by their priors.

criterion. The matter power spectrum is computed at eachAlso, to avoid overcrowding we omit from this figure the

step of the chain using the Boltzmann solver CAMB [44]. Yy scaling relation parameterswhich can be found in

To keep the universality of the Tinker fitting formula Appendix A along with the correlation matrix for a subset

in cosmologies with massive neutrinos we adopt the  of parameters.The only two cosmological parameters

prescription of [45] neglecting the neutrino density com- constrained by our data are Q and ;. For all the other

ponent in the relation between scale and mass—i.e., cosmological parameters—£f?, Q,h? and n—we obtain

M « 8p.qm b PpPR—and using only the cold dark matter almost flat posteriors, but for the Hubble parameter which

and baryon power spectrum components to compute the is loosely constrained by the abundance data thanks to the

variance of the density field aa given scaleg®6Rb. mild sensitivity of the slope of the halo mass function and
comoving volume element to variation of h.

IV. RESULTS

Table IV summarizes the results obtained for the differ- 1. Models and data combinations comparison
ent models and data combinations considered in this work. The left panels of Fig. 4 compare the abundances of the
Along with the varied ones we also report posteriors for tW2ES Y1 RM clusters (boxes) with the corresponding mean

TABLE IV. Cosmological and model parameter constraints obtained for the different models and data combinations considered in thi
work. For all the parameters we report the mean of the 1D marginalized posterior along with the 1-g errors. We omit from this table
parameters whose posteriors are equal to or strongly dominated by their priors. DES-NC, SPT-OMR and SPT NC stand for the differe
data set considered in the analyses, respectively: cluster counts from DES Y1 RM, multiwavelength data from SPT-SZ, and abundanc
from the SPT-SZ cluster catalog above z > 0.65. BKG and PRJ refer to the model adopted to describe the observational noise on the
richness estimate (see Séb.A).

ACDMb ' m, wCDMp ' m,
Data DES-NC p SPT-OMR  DES-NCpSPT-%OMR;NC DES-NCpSPT-OMR DES-NCpSPT-%20MR;NC
P3X°A™ep model ~ BKG PRJ BKG PRJ BKG BKG
Qm 0.3229%%%  0.2643%47 0.420 0.057 0.3723%¢ 0.3083%¢1 0.3620.044
10°A 2.38942 425582 1.29521 2.182%—%%8 1.6 %gé 1.053%%3;
: OTIEE 0TTHI 070 BUTS osdy  oTesil orrel
Og 0.79%33%%  0.798%%% 0728350  0.71 82 0.808 (()).(())i)1 0.771 0.040
Ss 0.8089962  0.736 0.049 0.854 0.043 0.79¢9048 0.8133%9 0.842 0.044
w -1 -1 -1 -1 -1.760348 -1.95°%4%
Asz 5.18%74 5.389.7° 484572 5.3497° 41658 3.939583
Bsz 1.59 0.14 153912 1.80 0.11  1.69 0.10 1.67 0.14 1.85 0.11
Csz 0907 068078 087932  0.8204! 1.089%2 1.33928
Dsz 01933574 0.17230%  0.1823%8 0168307 0193502 017518
Ay 7% 72039 75800 7249 66.751 64.457
By 0.957905¢  0.859 0.040  1.0289%%3  0.9383%° 1.0159:948 1.058 0.037
Cy 0.48%45 -0.02 0.34  0.95 0.30 0.5%5:3% 0.67 0.34 1.07 0.30
D 02173931 0.18%5%%4  0.25439%2  0.20%3 %1 0.219 0.058 0.2687:935
Ay, 6.91 0.88 6438 722072 6.82 0.72 6.4205; 6.8705
By, 0.49999%  0.5145040  0.4520.927  0.47939%0 0.4859:9%8 0.4469928
C, 0arfll’  oazsl’ -osslll -osmll -osall 05441
Dy, 0.147 0.070 0168338  0.45230% 0478388  0.15¢5%% 01685,
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FIG. 3. Marginalized posterior distributions of the fitted parameters. The 2D contours correspond to the 68% and 95% confidence
levels of the marginalized posterior distributiomhe description of the modeparameters along with their posteriors are listed in
Table 1V.Only parameters thaire not prior dominated are shown in the plot.

model predictions (markers).The right panels show the We explicitly verified thatwhen dropping the x-ray data,

residuals between the data and the model expectations fave obtain perfectly consistent results for all parameters but

the two scatter models and data combinations consideredor the scatters d) and D, whose mean values increase and
Starting with our baseline data set DES-NCpSPT-OMRdecrease by ~0.1 (~10)respectively.

the SPT multiwavelength data carry the information to The further inclusion of the SPT-NC data bring additional

constrain the observable-mass relation parameteshjle  cosmologicalinformation which slightly improves the g

the DES Y1 RM abundance data, thanks to the SPT-OMRand Q, constraints—by 30% and 20%, respectively—while

calibrated richness-mass relation, constrain the cosmologshifting their confidence contours along thg d&generacy

cal parameters.Specifically, the richness-masgelation  direction (black dashed and green contoursin Fig. 3).

parameters are constrained through the calibration of the The shift of the @ posterior can be understood by looking

&-mass scaling relation, which in turn is primarily informedat Fig. 5 which compares the SPT-SZ number count data

by the weak lensing data. The x-ray data mainly affect thewith predictions from the DES-NC p SPT-OMR and

constraints on the intrinsic scatter parameters [see also [DES-NC p SPT-20MR; NC analyses. The largevaiue
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FIG. 4. Observed (shaded areas) and mean model predictions (markers) for the DES Y1 RM cluster number counts as a function of
richness for each of our three redshift binEhe y extent of the data boxes is given by the square root of the diagonal terms of the

covariance matrix. The right panels show the residual between the data and the mean model predictions. The error bars on the predic
number counts represent 1 and 2 standard deviations of the distribution derived sampling the corresponding chain. All points have be

slightly displaced along the richness axis to avoid overcrowding.
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and mean model predictionsfrom the DES-NC p SPT-OMR
(triangles) and DES-NC p SPT-20MR; N(gcircles) analyses, . e
as a function of €. The points have been slightly displaced alonfP!lows: the PRJ model, which accounts also for projection
the ¢ axis to avoid overcrowding. The y extent of the data boxe8nd masking effects, tends to bias high the richness
corresponds to the Poisson noisEhe bottom panelshows the
residual between the data and the mean model predictions derive@mpared to the BKG model As a consequencefor a

from DES-NC p SPT-20MR; NC. The error bars on the predicigden set of cosmological and scaling relation parameters,
number counts represent! and 2 standard deviations of the

distribution derived sampling the relevant parametersof the

corresponding chain. The y extent of the data boxes correspon
to 1 and 2 standard deviations of the associated Poisson distri

preferred by the DES-NC p SPT-OMR data tend to over-
predict the number of SPT-SZ clusters above z > 0.65.
Consequently, when included, the SPT number count data
shift gz towards lower values to recover the correct number
of SPT-SZ clusters (see also orange contours in Fid).
Concurrently to counterbalance the lowerggmean value
and thus keep roughly unvaried the predictions for the DES
Y1 RM cluster counts, Q, B, and G move toward larger
values following the corresponding degeneracy directions
with gz. We will further comment on the origin of this shift in
Sec.IVA 4. Finally, the SPT abundance data improve the
constraints on B; and Gz thanks to the sensitivity of the
SPT-NC likelihood to the SZ-mass scaling relation.

Moving to the modeling of P&RjAP, we find consistent
results between the two models adopted for the observa-
tional noise on A (BKG with orange and black contours and
PRJ with blue and green contours; see Sec. lll A), albeit the
PRJ model prefers a slightly lower Qvalue,driven by a
llower (B) ¥4 0.86 0.04) and redshift independent

x ¥4 —0.02 0.34) richness-mass scaling relation com-
pared to the BKG results. This result can be understood as

estimates and introduces a larger scatter betwe&hand

the slope of the #-mass relation increases, as well as the
gedicted cluster counts for DES Y1 RM. Given the strong
generacy between A Asz and D, - Dsz, and the tight

The SPT-NC model predictions for the two analyses including tﬁgnstrair)ts on SZ parameters prqvided by the SPT-OMR
PRJ model are fully consistent with those obtained from the bag@taeB, is the only parameter which can compensate for
model and thus not included in the plot to avoid overcrowding. such effects by moving its posterior to lower values.
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- . 0.035
Similarly, the preference for a nonevolving A-mass 7 :

scaling relation is explained by the redshift dependent bias 50l |
and scatter intrinsic to the PRJ modelyhich is a conse-
quence of the worsening of the photo-z accuracy with 0.025
increasing redshift. These findings are consistent with thosg i
obtained in DES20, where it is shown the robustness of the "'[
cosmological posteriorsto different model assumptions = ;-
for PG)jAP. ~ g
As for the correlation coefficients between scatters in all  0.010 i
the four cases analyzed the posteriors are prior dominated. :
We note,however that while the posteriors of the corre-
lation coefficients between SZ and WL and WL and A peak
around zero, the pdSZ; Ab posterior always has its maximum
at ~ — 0.2, suggesting an anticorrelation between the two
observables (see Fid.2 in Appendix A).

DES-NC+SPT-OMR
DES-NC+SPT-OMR+PRJ ——
DES-NC+SPT-[OMR,NC]

DES-NC+SPT-[OMR,NC]4+PRJ ——

/S S

0.005F |

%l) 90 100 110 120 130 140 150
NC(A > 60,0.5 < z < 0.65)

FIG. 6. Posteriorpredictive distributions forthe highest-A=z
data point derived from the four analyses considered in Sec. IVA.
2. Goodness of fit The solid black line correspond to the observed cluster abundance

The four analyses perform similarly welin fitting the i1 that bin, while the four dashed and dot-dashed lines mark the
DES Y1 abundance dataThe model predictions are all 'ifth“m't of the corresponding postericpredictive distribution.

. L . . ough residing in the tail of the distribution$n none of the
c_onS|stentW|th|_n 2(_; with the data but ~ for the hlghe_st four analyses the observed data point lies outside the 3o region.
richness/redshift bin, where all the models overpredict the
number counts by ~35% (see right panelsof Fig. 4).

Notably, while the SPT-OMR data are only available for strong outlier of the predicted distribution, and our model
clusters above®A 2 40, the scaling relation extrapolated at Suffices to describe it.

low richness provides a good fit to the DES Y1 abundance Similarly for the SPT-SZ abundance datdhe models
data. Our composite likelihood model and parameter retrieved from the posteriors of the DES-NCp
degeneracies do notallow us to apply a x 2 statisticto ~ SPT-720MR; NCand DES-NC p SPT-720MR; NC p PRJ
assess the goodness of the fit. The same tensions betwed@Ralyses provide a good fit to the SPT number counts but
predictions and DES Y1 RM abundance data was observ& the highest ¢ bin, where the model predictions lie at the
in DES20, where the authors verified thatdropping the ~ €dge of the ~2a region (see lower panel of Fig).
highest-A=z bin from the data does not affect their results, As for the SPT-OMR data we inspect the goodness
but improve the goodnessof the fit. Here we use the of the fit of the derived PdR%j¢p distributions againsthe
posterior predictive distribution to asses the likelihood of cross-matched sampleSpecifically, we verified that all
observing the highest-A=z data point given our models [sdB€ data points lie within the 3o region of the posterior
e.g., [46], Sec. 6.3]. The method consistsof drawing predictive distributions independently from the data com-
simulated values from the posterior predictive distribution bination and modelassumed for the observationstatter

of replicated data and comparing these mock samples to @eA°° (see Fig.2).

observed data. The posterior predictive distribution is To determine whether our data sets prefer one of the two
defined as models adopted for PBNAP—BKG and PRJ—we rely on
b the deviance information criterion [hereafter DIC[47] ].

Specifically,for a given model M the DIC is computed
from the mean x 2 over the posterior volume and the

maximum posterior ¥ as
where y is the observed data vect&i the replicated one,

and 6 the modelparametersln practice,we generate our
replicated data forthe highest-A=z by sampling the pos-
terior distribution, Pd6jyP, and drawing for each sampled 6
a value from the multivariate normal distribution defined byhe model with the lower DIC value either fits better the
Eq. (10) and covariance matrix C. We draw 500 samples tata—lower hgi—or has a lower level of complexity—
each of the four analyses and fithe distributions with a  lower 6h% — X 2,oP. For the data combination DES-NC p
Gaussian to easily quantify the likelihood of the observed SPT-OMR we obtain ADIC Y4 DIC6PRJP — DICOBKGP V4
data point. As can been seen in Fig. 6 for the two models 3.5, while for the full data set ADIC 4 -3.8. Adopting the
and data combinations considered here the observed datdeffreys’ scale to interpret the ADIC values, the DES-NC p
lie within the 3o region (dashed and dotted vertical lines); SPT-OMR data combination has a “positive” (jJADICj €
thus we conclude thathe highest-A=z data poins nota  %22; 5)—even though not “strong” (JADICj € 2—5; —10) or

PayePiyb %4 dOPoyeHePPaBlyp;  813p

DICOMP Y4 218(,y = XZaxeOMP: 314b
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“definitive” (JADICj > 10)—preference for the BKG Starting with the simpler scattermodel (BKG, upper
model, while the full data combination has a “positive” panels), our baseline data combination (DES-NCp
preference for the PRJ modelAdditional follow-up data  SPT-OMR) is consistent within 2g with all  the probes
extending to lower richness—as the one soon available considered hereThe largesttension (1.70) is found with
from the combination of DES Y3 and Y6 data with the fullthe results from DES20 (DES-[NC,M ] in Fig. 7) which
SPT surveys or eROSITA—will help to identify the modelcombine DES Y1 RM abundances and mass estimates from
which better describes the data. the stacked weak lensing signal around DES Y1 RM
clusters [50].The tension with DES-[NC,My, ] results is
3. Comparison with other cosmological probes not surprising and reflects the different richness—mass
' scaling relation preferred by the DES Y1 weak lensing

Figure 7 comparesgheQ,, posteriors derived in this  calibration (see also SedVA 4). The consistency of our
work for aACDM b~ m, cosmology including (lower  posteriors with the DES Y1 combined analysis of galaxy
panels) or excluding (upper panels) the PRJ calibration, t@justering and weak lensing [DES 3x2pt [49] ], Planck
other results from the literature. To assess the consistencg B data [40], and other cluster abundance studies, seems
of two data sets A and B in the g-Q,, plane we testthe  to confirm the conclusions of DES20: the tension between
hypothesis p— pg % 0 [see method “3" in [48] ], wherg p  DES-[NC, My, ] and other probes is mostlikely due to
and  are the gQp, posterior distributions as constrained flawed interpretation of the stacked weak lensing signal of
by data sets A and Brespectively. redMaPPer clusters in terms of mean cluster mass.

T T T T T T T T T T

LOF . DES-NC+SPT-OMR A 1.0 DES-NC+SPT-OMR A
DES-[NC, My | SPT-SZ 2500

ool b1 DES 3x2pt | o0k WiG |
BN Planck 18 '
< <
0.8 \ 1 0.8 1
0.7 % 1 0.7 1
0T o3 01 05 00— o3 01 05
0, 0,
DES—NC+SPT—[()MR,NC}—O—PRJ DES—NC—FSPT—[()MR,NC]-i—PRJ
LOb ., DES-NC+SPT-OMR~+PR.J { 1.0k DES-NC+SPT-OMR~+PR.J 4
P DES-[NC, My SPT-SZ 2500
ook i DES 3x2pt | ool
R Planck 18 ’
< <
0.8 1 0.8
0.7 1 0.7
003 o1 05 00— o3 01 05

FIG. 7. Upper panels: Comparison of the 68% and 95% confidence contours ingtl, lane derived in this work adopting the

BKG scatter model (black and orange contours) with other constraints from the literature: DES Y1 cluster counts and weak lensing me
calibration [DES20, dot-dashed magenta contours]; DES-Y1 3x2 from [ [49], dark violet contours]; Planck CMB from [ [40], brown
contours]; cluster number counts and follow-up data from the SPT-SZ 2500 survey [B19, dot-dashed pink contours]; cluster abundanc
analysis of weighing the giants [ [5], WtG, dashed dark blue contours]. Lower panels: Same as left panel but considering the projectio
effectmodel (PRJ) for the scatter between true and observed richness (seellB&g.
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The similar constraining power provided by our data sethe PRJ model shifts the cosmologicalposteriors in the
and SPT-SZ 2500, which combine SPT-OMR data and intersection of the DES-NC p SPT-OMR and SPT-SZ
SPT-SZ cluster counts above z > 0.28ndicates thatthe 2500 contours, solving the above mentioned tension
two analyses are limited by the uncertainty in the mass between the three data se{Ve will go back to this point
calibration;i.e., the data setthey have in common.The in the nextsection.
lower g value preferred by the SPT SZ-2500 analysié [7]
can be again understood by looking at Fig. 5: the 4. The mass-richness relation
cosmology preferred by the DES-NC p SPT-OMR data : ; ;
combination over-predicthe SPT-NC by a factor of ~2, %);:Ing constrained by the SPT multiwavelength data

th the SZ and Y yx scaling relations derived from the
and the same trend holds for the SPT abundance data be, NC p SPT-OMR analysisare perfectly consistent

Z 7 0.65 (not shown in the figure). As a consequence, it those obtained in B19. The inclusion of SPT-NC
when substituting the DES-NC data with the SPT-SZ 345 in our analysis shifts the slope of the SZ relatigp, B

cluster number counts, thg posterior shifts toward lower ¢ 55 towards steeper values to compensate for the larger
values to accommodate the modptedictions to the new Q,, value preferred by the full data combination. As
abundance data. mentioned before, the shift of the cosmological posteriors
; The llnclu3|on of SPT-NC data (DES-NCPSPT-  j5ngthe S, direction suggeststhe presence of some
720MR;NC) worsens the consistency with the other low- j,onsistenciesbetween the scaling relations preferred
redshift probes considered here by shifting the Q ,=cs by the differentdata setsDES-NC, SPT-OMR and SPT-
posteriors ‘Fowards higher_/lowevalues.ln particular, the  Nc. To pinpoint the source of tension we reanalyze the
agreemephs dggraded W|th thg DES 3x2pt and WtG abundance and multiwavelengths data independently using
results,with which the tension in the g-Qp, plane raises a5 cosmologicalpriors the product of the posterior dis-
to 1.80 and 1.90, respectlvely.Notany, the full data tributions obtained from the DES-NC p SPT-OMR and
combination is at 1.30 tension also with results from SPT-[OMR,NC] analyses (roughly the intersection
SPT-SZ 2500 with which itshares parbf the abundance petween the black and pink contours in the upperright
data (SPT-SZ counts above z 7 0.6nd the follow-up  panel of Fig. 7). This test will allow us to understand why
data. The fact that the DES-NC p SPT-"20MR; NC postetnat region of thegQ,, plane is disfavored by the full data
riors do not lie inthe intersection of the DES-NC b  combination.
SPT-OMR and SPT-SZ 2500 contours suggests the pres- As can been seenin Fig. 8 the tension between
ence of some—yetnot statistically significant—tension pgs-NC b SPT-OMR, SPT-NC and DES-NC p SPT-
between the DES-NC, SPT-OMR and SPT-NC data,  1,0MR; NCarises from the different amplitude of the
possbly%nven by an imperfectmodeling of the scaling  richness and SZ scaling relation preferred by the abundance
relations. (blue contours) and SPT-OMR data (orange contours). The

On the other hand, by turning the 05-Q, degeneracy PRJ model, lowering the A, value preferred by the
direction, the inclusion of the PRJ model (lower panel)  abundance data (black dot-dashed contourbjt leaving
improves the agreementof the DES-NC b SPT-OMR  gmost unaffected the SPT-OMR posteriorggreen dot-
posteriors with the SPT-SZ 2500 results (from 10 to  dashed contours)jargely alleviates the tension between
0.50 tension)at the expense of largeyet not significant  data sets. Once we let the cosmological parameters free to
(1.30), tension with CMB data (red contours). Also the  vary, the tight correlation between the SZ and richness
tension with the DES20 results decreaseq0.70) as @  scaling relation parameters introduced by the SPT-OMR
consequence ofthe improved consistency between the  data, along with the different posteriors for the amplitudes
richness-mass scaling relations (see Sec. IVA4).  preferred by the lattennoves the Q, posterior of the full
Similarly, when considering the full data combination,  data combination towards largevalues. The larger shift

with respectto the DES-NC p SPT-OMR data combina-

®Note that at odds with the B19 analysis, here we show resulion observed for the BKG analysis can t?e understood in
for the SPT-SZ 2500 analysis obtained assuming three degendgites of the larger tension between multiwavelength and
massive neutrino speciesand adopting the massive neutrino  abundance data displayed in Fig.8. Despite the better
prescription for the halo mass function presentedin [45],  agreemenbf the A,-Ag, posteriors derived assuming the
consistently with ouranalysis.The different massive neutrino PRJ calibration, the DIC suggests a mild preference for this
scheme and the inclusion of this prescription lowersthe gg y .
posterior by 0.024 (corresponding to ~0.50) compared to origing]Odel _only for the full d?ta Comblnat_lon .(See Sec. IVA1).
results of B19. Moving to the mass-richness relatiorkig. 9 compares

'*To exclude the possibility that the tension is driven by SPTthe scaling relations derived in this work (hatched
SZ abundance data at low redshift we reanalyze the SPT-SZ 2@fhds) with other results from the literatureThe scaling

catalog excluding the cluster counts data below z %4 0.65—i.e., ; L .
analyzing the data combination SPT-[OMR,NC]—finding pos- relation from DES20 originally derived for Maoom has

teriors fully consistent with SPT-SZ 2500 results [see also Fig. #§en converted to hMoo,dA°°; zi imposing the condition
in [7]] n6M500;cbdN§oo;c Ya nélvboo;mpdl\/boo;m to the Tinker halo
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DES NC+SPT_NC+PRJ with a similar analysis performed by [27]who calibrate
sk DES NC+SPT-NC . 1 the A-mass relation combining clustercounts from both
SPT-OMR-LPRJ /,-— \l SPTTSZ and SPTp_oIExtended Cluster S.urveylchnesses
- . , 4 obtained by matching the SZ sample with the redMaPPer
SPT-OMR IR // DES year 3 catalog, and assuming the fiducial cosmology
a9 gg 4 0.8 and Q,, ¥4 0.3 (magenta band).Also here, the
LT | slightly steeper M-¥ relation preferred by our data is due
< to the different cosmologies preferred by the DES and SPT

abundance data. Indeed, when we include the SPT-NC data
in our analysis,the hMjA°®; zi relation totally overlaps

] with the results from [27] (hatched orange and magenta
bands). Similarly, [51] derived a richness-masselation
consistentwith ours (A, ¥4 83.3 11.2and B , 72 1.03

0.10) analyzing the same redMaPPer-SPT matched sample
and adopting as priors the results of B19. A consistent slope
of the mass-richness relation is also found in the work of |
[11] By % 0.993:9% 0.04], who calibrate the richness-

FIG. 8. 68% and 95% confidence contours for the amplitude MaS$ relation of a x-ray selected, OpF'Ca“y confirmed )
parameters AAg from the combination of DES Y1 and SPT  cluster sample through galaxy dynamics. However, a direct
cluster counts data (blue and black) or the SPT multiwavelengtiterpretation of their results in the context of this analysis
data (orange and green), including (dot-dashed contours) or nas not possible due to the different assumptions on the x-ray
(filled contours) the projection effect model (PRJ). All the  scaling relation and the scatter of the richness-mass
contours are derived imposing the cosmological priors resultingelation, made in that work.

from the combination of the posteriors obtained from the A larger than 10 tension belo® % 60 is found with the
DES-NC p SPT-OMR and SPT-[OMR,NC] analyseBy shift-  pEg20 results which base theimass calibration on the

ing the abundance posteriors towards lowef, values (black : : s
vegrsus blue contoufs) the PRJ model reIieveAs the tenéion bethte%Cked W.eak lensing analysis of .[50] (cyan bqnd in Fig. 9).
the scaling relation parameterspreferred by abundanceand s noted in DE820_’the weak lensing mass e_St'mates for
multiwavelength data. A < 30 are responsible for the low values derived for the
slope and amplitude of the richness-mass relation compared
to the ones preferred by the SPT multiwavelength data. We
mass function. The mean mass-richness relation and its  gtressagain here that the SPT-OMR data can actually
uncertainty are ComPUteq from the A-mass parameter  qnstrain the richness-mass relation only 8t x 50, and
posteriors through Bayes’ theorem as follows: the constraints at low richness follow from the power law
Z model assumed for the hAjMi relation.
hMjA°t;zi «  dMdAMNOM;zbPa®jA;zbPBAM;zb: 315b The inclusion of the PRJ calibration, increaging the
fraction of low mass clusters boosted to large richnesses,
lowers the mean clustermasses compared to the BKG
Fitting the hMj)°®; zi relation derived from DES-NC b model up to ~25% at % < 60 (compare green and yellow
SPT-OMR to a power law model similar tothe one with gray and orange bandsin Fig. 9, respectively).
assumed in [50] we géf Specifically, from the DES-NC p SPT-OMR p PRJ analy-
sis we obtain

45 60 75 90 105

Aob 1.110.06
hMsgo,dA°% zi V4 1014-290-03 0 \ob 1210.05
hMSOO;d.)\Ob; Zi % 1014.220.03 @
-0.550.75
« L%Z?’ - . o16b 1pz -0s0065
. X : 017b
1p0.35

The DES-NCpSPT-OMR and DES-NCpSPT-20MR;
NC analyses provide mass-richness relations consistent The improved consistency between the scaling relations
with each other within 1 standard deviation (gray and  derived from the analyses adopting the PRJ calibration and
hatched orange bands)These results are also consistent DES20 reflects the improved agreementbetween the
corresponding cosmologicgbosteriors due to the lower

""The correspondingmean richness-masgelations, h¥j Q,, value preferred by the former(see Fig. 7). The fact

Msgq.¢ i, for both scatter models are reported for completenesthat the mass-richnesselations derived from the two

in Appendix B. PoXPjA™eb models display a larger than 10 tension
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! FIG.10. Mean mass estimates from the stacked weak lensing
20 3010 60 30 100 0 analysis of [50],including (hatched boxes) or not (filled boxes)
ob the selection effect bias correction as derived in [52]. Over plotted

are the mean cluster masses predicted by the scaling relations
FIG. 9. Comparison of mass-richness relations at the mean DE&rived in this work (circles and trianglesThe y extent of the
Y1 RM redshift z 4 0.45.The gray,green,orange and yellow  boxes correspondsto uncertainties associated with the mass
bands show the M2k relations derived in this work for different estimates. The error bars correspond to the 10 uncertainty of the
models and data combinations. Shown in magenta is th€®hIMjA models as derived from the corresponding posterior distributions.
relation derived by [27] using SPT SZ cluster counts and follow!he model predictions forthe analyses including the SPT-NC
up data,assuming a Planck cosmolog¥he relation derived in  data are fully consistentith those obtained from the analyses
DES20 combining DES Y1 numbercounts and weak lensing  combining DES-NC and SPT-OMR data, and thus not included in
mass estimates is shown with the cyan band. The y extent of ttie plot to improve the readability.
bands corresponds to 10 uncertainty of the mean relatidhe
lower panels show the ratio of the different mass-richness

relations to the one derived from the DES-NC p SPT-OMR ] ] )
analysis.The dashed (R° 4 37) and solid (A% % 60) vertical ~ constrain also the scatterof the richness-masselation.

lines correspond to the richnesses above which 95% and 68% &his is particularly relevantfor the analysis of optically
the DES Y1 RM-SPT-SZ matched sample is contained. selected clustersamplesfor which reliable simulation-
based priors on the scatter are not available: if constrained
only by the abundance data, the scatter parameter becomes
degenerate with 3, and gg, degrading the constraining
below ¥° < 50, but perform equally well in fitting the data power of the sample [e.g.see discussion in [8] ].
(see Sec. IVA 1), is due to the lack of multiwavelength data To better investigate the implications of the derived scaling
at low richness. Additional follow-up data at®A< 40 will relation for low richness objects we compare in Fig. 10 our
be fundamentalto clearly reject one of the models predictions for the mean cluster masses in different richness/
and thus enable the fullexploitation of the cosmological redshift bins to the mean weak lensing mass estimates from
information carried by photometrically selected cluster  [50] (filled boxes). We also include the weak lensing mass
catalogs. estimates employed in the DES Y1 cluster analysis (hatched
It is worth noting that at odds with other studies which boxes) which adopt an updated calibration of the selection
rely on stacked weak lensing measurements to calibrate thias based on the simulation analysis of[52] [see also
mean scaling relation [e.g.,[8,9] ], the SPT-OMR data, Appendix D of [9] ]. Both weak lensing mass estimates and
allowing a cluster by cluster analysis (see Eq. (8), enablefieean mass predictions have been derived assuming
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Qn % 0.3,h % 0.7and g %4 0.8 The mean mass pre- DES-NC+SPT-[OMR,NC]
dictions for the DES-NC p SPT-OMR analysisare in . -
tension with both weak lensing mass estimates. In particular, DES-NC+SPT-OMR

in the lowest richness bins\°° € 1420; 30the mean mass SPT-5Z 2500
predictions are 25% to 40% higher than the weak lensing DES 3x2pt
mass estimates, while they are consistent within 10 with the L . Planck 18
lensing masses & & 30. The inclusion of the PRJ model, N

lowering the mean mass predictions)argely reduce the S ]

tension at low richness with both weak lensing mass s BT 7

estimates,while at A°® > 30 the model predictionsare ’ N -

v

consistent within 10 with the weak lensing masses derived
adopting the selection effect bias calibration of [52]. These &
results are consistent with those of DES20: for the DES Y1 >
cluster cosmology analysis to be consistent with other probgs N
the weak lensing mass estimate®°cf 30 systems need to ©
be boosted. Or conversely, the weak lensing mass estimates
of A°® < 30 systems are biased low compared to the mean
masses predicted by DES Y1 abundance data alone assuming
a cosmology consistent with other probes. As discussed in
DES20 this tension might be due to an overestimate of the
selection effectcorrection atlow richness,or to another ~ FIG. 11. gosmological posteriors (68% and 95% C.L.) for the
systematic notcaptured by the current synthetic cluster WCDM P m, modelfrom the combination of DES-NC and
catalogs. The good agreement of the PRJ mass predictiors | OMR data .(bllljec} and rt]hef.f“” daLa combination t(’or?n%e?' For
with the weak lensing masses adopted in DES20 reflects ﬁ?ﬁ%ﬁrg’&nsvgrggﬁ)’, eDIESt gle%tjr((eptinﬁ)p;):geg%?_csnztegggo rom
consistency of our cosmological posteriors with those (black) analyses.

derived in DES Y1 cluster analysis (see the lower left panel

of Fig. 7). The same conclusions last also for the full data

combination analyses (not shown in Fig. 10), which providedshift range probed by the abundance data up to z = 1.75,
model predictions fully consistent with those obtained frorthe constraints on w improve only by 15%This again is

the combination of DES abundances and SPT multivave-due to the fact that the analysis is limited by the uncertainty
length data. in the calibration of the scaling relations with which the w

parameteris degenerateFor the DES-NC p SPT-OMR

B. wCDM + P m, cosmology analysis the model extension minimally affects the cosmo-

) logical posteriors on @ and Q,, compared to the ACDM

We consider an extension to the vanilla ACDM model byodel despite the mild anti/correlation of the two param-
allowing the dark energy equation of state parameter w toeters with w (p ~ 0.25) and the preference for w < —1.
vary in the range %2-2.5; -0.33¥ere we are interested in  Interestingly in this case, the inclusion of the SPT-NC data
the capability of the DES-NC p SPT-OMR data to con-  does not cause the largeQy, shift observed in the ACDM
strain the equation of state parameter and the possible scenario,and the DES-NC p SPT-20MR; N@osteriors
cosmologicalgain given by the inclusion of the high  almost completely overlap with those derived in the
redshift SPT abundance dataf-or this reason we report DES-NC p SPT-OMR analysisThis difference with the
here only results for the BKG scatter model. Nevertheless\CDM results is explained by the degeneracy of the
we explicitly verified that the PRJ model provides for bothequation of state parameter w with the SZ and A-M scaling
data combinations posteriors on w fully consisteniwith relation parameters.In particular for the DES-NC p
those obtained assuming the BKG modéh Fig. 11 and  SPT-OMR analysis,the preference forw < -1 and the
Table IV we show constraints for the DES-NCp  anti/correlation of w with the slope and amplitude param-
SPT-OMR and DES-NC p SPT-20MR; NCdata sets. eters of the richness-mass relation shifts the corresponding
Both data sets prefer a w value smallethan -1 at more  posteriors into the same region of the parameterspace
than one o (w % —1.76P0435 and w % —1.9894%), even  preferred by the full data combination (see Fig. 13 in
though consistent within 2o with a cosmological constant. Appendix C). Despite the modest (~0.5-1.00) shift of the
Despite that the inclusion of the SPT-NC data increases théM posteriors observed for the wCDM model, the result-

ing mass-richness relations are consistent within one sigma
"2The larger tension seen in Fig. 9 between the scaling with the corresponding results of the ACDM analysis.

relations derived in this work and [50]is due to the different Adopting the DIC to asses which cosmologicahodel
cosmology preferred by the two analyses. performs better, we find a “strong” preference for the

©
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wCDM over the ACDM model: DICCPM — D|CWCDM 14 for a ACDM model consistentwith CMB data and low
-5.3 for DES-NCpSPT-OMR and DIESPM-D|CWCPM1;  redshift probes, including other cluster abundance studies.
-11.3 for the full data combination.This preferenceis  Our results are in contrastwith the findings of DES20
mainly driven by the improved fit to DES-NC data  which obtained cosmologicaktonstraints in tension with
compared to ACDM case in all the redshift/richness bins, multiple cosmological probes analyzing the same DES
though a largerthan 20 tension persisiwith the highest abundance data butcalibrating the A — M relation with
richness/redshift data point. Nevertheless, with the currenfnass estimates derived from stacked weak lensing data.
level of knowledge of the scaling relations and their ~ Our results thus supporthe conclusion of DES20 which
evolution it is not clear if the preference fora wCDM is  suggeststhat the tension is due to the presenceof
driven by a flawed modeling of the scaling relation ~ systematics in the modeling othe stacked weak lensing
absorbed by w,or an actual preference foran evolving  signal of low richness cluster§i% 30). Indeed, the mass-
dark energy cosmology. richness relations derived in this work adopting the BKG and

Not surprisingly, given the broad posteriors derived PRJ models are in tension with that derived in DES20 below
for w, our results for the dark energy equation ofstate  A°® ~ 60 and X° ~ 40, respectively. We stress however that
parameter are consistent with those obtained from Planckhe SPT-OMR data are mainly available for A°° = 40
CMB data (w 72 =1.41 0.27; green contours) and DES systems,and thus we need to extrapolate the A°° - M
Y1 galaxy clustering and shear analysis (w % -0P§8S%;  relation when fitting the DES abundance data at lower
pink contours), as well as, with those derived in the SPT-8ighness. Nevertheless, both scatter models perform well in
[w’ -1.35 0.41; [7]] and WtG [w % -0.98 0.15, fitting the DES cluster abundance at all richnesses, support-
assuming m, % 0 and including gas mass fraction data ing the goodness of the relation extrapolated at low richness.
and a 5 per cent uniform prior on the redshift evolution of ~We further consider the combination of the DES-NC and
the My,M relation; [53]] cluster abundancestudies. SPT-OMR data with the SPT number counts data above
As mentioned above, an improved calibration of the scalirfigdshift z 7 0.65 (SPT-NC), to assess possible cosmologi-
relations and their evolution will be paramount for future cal gains given by the analysis of the joint abundance
cluster surveys aimed to disentangle a cosmologicah- catalog. This also serves as a test of the consistency of the
stant from a wCDM model [e.g.[54] ]. three combined data sets. When included in the analysis the
SPT-NC data reduces thg and Q,, uncertainties by 30%
V. SUMMARY AND CONCLUSION and 20% respectively, wr_\ile. shifting_ their poste_riors elong

the S degeneracy directionincreasing the tension with

In this study, we derive cosmological and scaling relatiasther cosmological probes, and especially with the SPT-SZ
constraintsfrom the combination of DES Y1 cluster 2500 results,with which it shares the SPT abundance at
abundancedata (DES-NC) and SPT follow-up data z > 0.65 and follow-up data. The shift is due to the tension
(SPT-OMR).The former contains ~6500 clusters above between the scaling relation parameters preferred by the
richness 20 in the redshift range 0.2 < z < 0.65, the latter DES and SPT abundance data and the SPT follow-up data
consistsof high-quality x-ray data from Chandra and at the “fiducial” cosmology g ~ 0.75 Q ,, ~ 0.3. This
imaging data from HST and MegaCam for121 clusters  tension is largely solved once we consider the PRJ model.
collected within the SPT-SZ 2500 dégurvey, along with  Compared to the BKG resullts,it provides cosmological
richness estimates for 129 systems cross matched with thmosteriors for the full data combination in better agreement
DES Y1 redMaPPer catalog. The SPT multiwavelength  with all the other probes considered here. Adopting the DIC
data allows us to constrain the richness—-masscaling for the model selection, we find a “positive” preference for
relation, enabling the cosmological exploitation of the the BKG model for the DES-NC p SPT-OMR data com-
DES cluster counts data.Mass proxies based on photo- bination, and a “positive” preference for the PRJ model for
metric data are prone to contaminations from structures the full data combination. Additional follow-up data,
along the line of sight—i.e., projection effects—which especially at low richness will be necessary to clearly
hamper the calibration of the scaling relations. To exploreidentify which scatter model for A°° is best suited to
possible model systematics related to the latter we considégscribe the dataln this respect, the upcoming SZ and
two calibrations of the observationalscatteron richness  x-ray surveys SPT-3G and eROSITA are expected to
estimates: i) a simple Gaussian model which accounts onfyrovide valuable follow-up data by lowering the limiting
for the noise due to misclassification of background and mass of the detected clusters to 1M, [see e.g., [55] .
member galaxies, and ii) the model developed in [35] Finally we consider a wCDM model and derive cosmo-
which includes also the scatteron A introduced by  logical constraintsfor the DES-NC p SPT-OMR and
projection effects (labeled respectively BKG and PRJ DES-NC p SPT-20MR; N@ata combinations assuming
throughout the paper). the BKG model. We find in both cases a preference at more

Independently from the model adopted for the scatter othan 10 for w values lower than -1, but consistent with a
the observed richness, we derive cosmological constraintsosmological constanT.he inclusion of the SPT-NC does
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not substantially improve the w constraints despite the largeergies, Lawrence Berkeley National Laboratory,
redshift leverage provided by the SPT abundance data, the Ludwig-Maximilians Universitat Minchen and the
indicating that also in this case we are limited by the associated Excellence Cluster Universlee University of
uncertainty in the calibration of the scaling relations and Michigan, National Science Fundation’sNOIRLab, the
their evolution. According to the DIC the wCDM model is University of Nottingham,The Ohio State Universitythe
“strongly” preferred overthe ACDM one, thanks to the  University of Pennsylvania, the University of Portsmouth,
improved fit to the DES-NC data provided by the extende@LAC National Accelerator Laboratory, Stanford
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FIG. 12. Marginalized posterior distributions for the /\CDM% m, model for a subset of the fitted parameters. The 2D contours
correspond to the 68% and 95% confidence levels of the marginalized posterior distribution. The description of the model parameters
along with their posteriors are listed in Table Ill. Inset panel: Correlation matrix for the scaling relations and cosmological parameters
derived from the DES-NC p SPT-OMR analysis.

relation parameters and the correlation coefficients. Also, tonsistent with the one shown here. Depending only on the
easily visualize the many degeneracies between the paraBPT-OMR data the ,Yposteriors are consistent among the
eters constrained in the analysis we show in the inset plotdifferent analyses, even though the correlations with the other
Fig. 12 the correlation matrix obtained from the DES-NC (scaling relations cause slight shifts of the slope and amplitude
SPT-OMR dataThe correlation matrices for the fulllata  parametersand improve the constrainton the evolution
combination and/or including the PRJ model are qualitativeyrameter once we include the SPT-NC data.
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APPENDIX B: OBSERVED RICHNESS-MASS scatter models adopted. The mean relations and uncertainties
SCALING RELATIONS gre derived from the appropriate modefor P&X%MpP V4
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To ease the comparison and use of our results we report#sr@® JA; ZPPOAM; zb sampling the posterior distributions
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from the DES-NC p SPT-OMR data combination for the tiRgWer law model we obtain for the BKG model,
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FIG. 13. Marginalized posteriordistributions for the wCDM p P m, model. The 2D contours correspond to the 68% and

95% confidence levels of the marginalized posterior distribution. The description of the model parameters along with their posteriors a
listed in Table lll. Inset panel: Correlation matrix for the scaling relations and cosmological parameters derived from the DES-NC p
SPT-OMR analysis.
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while for the PRJ model we obtain the scaling relation parameters and the correlation coef-
M 0.880.03 ficients omitted in the main text.The insetplot in figure
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