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A B S T R A C T 

We present the first systematic follow-up of Planck Sun yaev–Zeldo vich effect (SZE) selected candidates down to signal-to-noise 
(S/N) of 3 o v er the 5000 de g 

2 co v ered by the Dark Energy Surv e y. Using the MCMF cluster confirmation algorithm, we identify 

optical counterparts, determine photometric redshifts, and richnesses and assign a parameter, f cont , that reflects the probability 

that each SZE-optical pairing represents a random superposition of physically unassociated systems rather than a real cluster. 
The new PSZ-MCMF cluster catalogue consists of 853 MCMF confirmed clusters and has a purity of 90 per cent. We present the 
properties of subsamples of the PSZ-MCMF catalogue that have purities ranging from 90 per cent to 97.5 per cent, depending 

on the adopted f cont threshold. Halo mass estimates M 500 , redshifts, richnesses, and optical centres are presented for all PSZ- 
MCMF clusters. The PSZ-MCMF catalogue adds 589 pre viously unkno wn Planck identified clusters o v er the DES footprint 
and provides redshifts for an additional 50 previously published Planck -selected clusters with S/N > 4.5. Using the subsample 
with spectroscopic redshifts, we demonstrate excellent cluster photo- z performance with an RMS scatter in �z/(1 + z) of 0.47 

per cent. Our MCMF based analysis allows us to infer the contamination fraction of the initial S/N > 3 Planck -selected candidate 
list, which is ∼50 per cent. We present a method of estimating the completeness of the PSZ-MCMF cluster sample. In comparison 

to the previously published Planck cluster catalogues, this new S/N > 3 MCMF confirmed cluster catalogue populates the lower 
mass regime at all redshifts and includes clusters up to z∼1.3. 

Key words: galaxies: clusters: general – galaxies: clusters: intracluster medium – galaxies: distances and redshifts. 
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 I N T RO D U C T I O N  

he intracluster medium (ICM) in galaxy clusters can be detected
hrough what are now easily observ ed ICM signatures, pro viding
 means to select cluster samples based on their ICM proper-
ies. At high temperatures of up to T ∼ 10 8 K (for massive
lusters), photons are emitted at X–ray wavelengths via thermal
remsstrahlung. Moreo v er, the ICM can leav e an imprint on the
osmic microwave background (CMB). At mm-wavelengths, it is
ossible to study galaxy clusters via the thermal Sun yaev–Zeldo vich
f fect (SZE; Sunyae v & Zeldovich 1972 ), which is produced by
 E-mail: daniel.hernandez@physik.lmu.de (DHL); 
atthias.Klein@physik.uni-muenchen.de (MK) 
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nverse Compton scattering of CMB photons by hot electrons in
he ICM. 

Large X–ray selected galaxy cluster catalogues have been created
sing X-ray imaging data from the ROSAT All Sky Survey and the
MM-Newton telescope (e.g. Piffaretti et al. 2011 ; Klein et al. 2019 ;
inoguenov et al. 2020 ; Koulouridis et al. 2021 ) as well as the
ecently launched eROSITA mission (Brunner et al. 2022 ; Klein
t al. 2022 ; Liu et al. 2022 ). The Planck mission mapped the whole
ky between 2009 and 2013 in mm and infrared wavelengths, with
he goal of studying CMB anisotropies. The latest cluster catalogue
eleased by the Planck collaboration is the second Planck catalogue
f Sun yaev–Zeldo vich sources (PSZ2; Planck Collaboration 2016 ),
ontaining o v er 1600 cluster candidates down to a signal-to-noise
atio (S/N) of 4.5, detected from the 29-month full-mission data.
ther projects such as the South Pole Telescope ( SPT ; Carlstrom
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1 PSZ stands for the Planck Sun yaev–Zeldo vich cluster candidate list, whereas 
MCMF comes from the algorithm, which allows us to maximize the number 
of clusters from any given parent candidate list. 
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t al. 2011 ) and the Atacama Cosmology Telescope ( ACT ; Marriage
t al. 2011 ) have also been used to create large SZE selected
luster catalogues (e.g. Bleem et al. 2015 , 2020 ; Hilton et al.
021 ). 
Although ICM-based cluster selection from an X-ray or SZE sky 

urv e y is efficient, the resulting candidate lists must be optically
onfirmed to extract galaxy based observables such as precise 
hotometric redshifts (e.g. Staniszewski et al. 2009 ; High et al. 2010 ;
ong et al. 2012b ; Liu et al. 2015 ; Klein et al. 2019 , 2022 ). The optical
ollo wup also allo ws for a cleaning or removal of the contaminants
falsely identified clusters) from ICM selected samples, because 
oise fluctuations in the ICM candidate lists do not have physically 
ssociated galaxy systems. It is possible for a noise fluctuation 
n the ICM candidate list to o v erlap by chance with a physically
nassociated galaxy system. With the use of the Multi-Component 
atched Filter followup technique ( MCMF ; Klein et al. 2018 , 2019 ),

t is possible to account for this random superposition possibility 
or each ICM cluster candidate and to deliver empirically estimated, 
recise, and accurate measurements of the residual contamination in 
he final cluster catalogue. 

To enable efficient optical followup and precise estimates of the pu- 
ity of the final confirmed cluster catalogue, large, and homogeneous 
hotometric data sets are beneficial. The Dark Energy Surv e y (DES;
bbott et al. 2016 ) co v ers ∼5000 deg 2 with deep, multiband imaging

n g -, r -, i -, z-, Y -bands with the DECam instrument (Flaugher et al.
015 ). These imaging data are processed and calibrated using the 
ES data management system (Morganson et al. 2018 ), and to 
ate two major data releases have taken place (Abbott et al. 2018 ,
021 ). 
Large, homogeneous multiband imaging surv e ys also support the 

irect galaxy-based selection of cluster catalogues (e.g. Gladders 
t al. 2007 ; Rykoff et al. 2014 ; Maturi et al. 2019 ; Wen & Han 2022 ).
o we ver, without a second cluster observable, as in the case of the

CM based selection followed up by optical confirmation, it is more 
hallenging to empirically estimate or control the contamination 
f the final cluster catalogue. One can use statistical comparisons 
o well understood ICM-based samples (see SPT ×RM analyses in 
randis et al. 2020 , 2021 ) to estimate the contamination (as well

s the mass completeness modeling) or one can attempt to simulate 
he contamination of the cluster sample directly (e.g. Song et al. 
012a ; Crocce et al. 2015 ; DeRose et al. 2019 ), in which case the
ontamination estimates are impacted by the level of realism of the 
imulations. 

The utility of optically based cluster sample cleaning methods, like 
hat available with the MCMF algorithm, becomes ever more central 
o the cluster catalogue creation as one considers lower signal-to- 
oise ICM signatures as cluster candidates, because these candidate 
amples are more contaminated with noise fluctuations. With an 
f fecti ve optically based cleaning method, it becomes possible to 
reate dramatically larger confirmed cluster samples from a given 
-ray or mm-wave survey, while still maintaining low levels of 

ontamination (i.e. high sample purity). As an example, the X-ray 
luster sample MARDY3 selected from ROSAT in combination with 
ES produced an increase of an order of magnitude in the number
f ROSAT selected clusters o v er the DES area (Klein et al. 2019 ).
ignificant gains are currently being seen in the extraction of cluster 
amples from lower signal-to-noise candidate lists from the SPT-SZ 

500d and the SPTpol 500-d surv e y (Klein et al., in preparation;
leem et al., in preparation). 
Leveraging the rich data set provided by Planck , we have de-

eloped a new cluster candidate catalogue that extends to lower 
ignal-to-noise levels (S/N > 3), enhancing the number of candidate 
lusters identified. Ho we v er, e xtending the catalogue to lower signal-
o-noise levels leads to a higher number of spurious sources or
oise fluctuations being classified as Planck detections, resulting 
n a decrease in the candidate catalogue purity. To address this
educed purity, we utilize the DES data set together with the MCMF
luster confirmation algorithm to confirm Planck clusters and to 
eject spurious sources. 

In this analysis, we present the PSZ-MCMF 

1 cluster catalogue. To 
onstruct this catalogue, we extend the MCMF tool to deal with the
arger positional uncertainties that come with Planck -selected cluster 
andidates and then apply this tool to a Planck -based candidate list
own to S/N = 3 using DES photometric data. In Section 2 we give
 description of the DES and Planck data used. In Section 3 we
escribe the enhanced MCMF cluster confirmation method, while in 
ection 4 we report our findings. Finally, in Section 5 we summarize
ur findings and report our conclusions. Throughout this paper we 
dopt a flat � cold dark matter cosmology with �M 

= 0.3 and H 0 

 70 km s −1 Mpc −1 . 

 DATA  

.1 DES multiband photometric data 

n this work we use the DES Y3A2 GOLD photometric data, which is
ased on DES imaging data obtained from the first 3 yr of the surv e y
Abbott et al. 2018 ). We employ g -, r -, i -, z-band photometry, which
as 95 per cent completeness limits of 23.72, 23.34, 22.78, and 22.25
ag, respectively. The YA32 GOLD catalogue has been optimized 

or cosmological studies with DES, similar to the Y1A1 GOLD 

atalogue (Drlica-Wagner et al. 2018 ). Because we build upon the
ame MCMF cluster confirmation method applied in a ROSAT ×DES 

nalysis (Klein et al. 2019 ), we refer the reader to that source for
urther details of the filtering and handling of the optical multiband
ata. 
In summary, we make use of the single-object fitting photometry, 

hich is based on the ngmix code (Sheldon 2014 ). The photometry
s performed by fitting a galaxy model for each source in each single
poch image of a given band at the same time, interpolating the
oint spread functions at the location of each source. This fitting is
one masking neighbouring sources. We make use of the star-galaxy 
eparator included in the GOLD catalogues (Drlica-Wagner et al. 
018 ) and exclude unresolved objects with i < 22.2 mag. We also
ake use of the masking provided by Y3A2 GOLD (similar to that

escribed in Y1A1 GOLD; Drlica-Wagner et al. 2018 ) to exclude
egions around bright stars. 

.2 Planck SZE candidate list 

e build a catalogue of Planck SZE sources with S/N > 3 located
ithin the DES footprint. The SZE catalogue is created using 
 matched multifilter (MMF) approach (see for example Herranz 
t al. 2002 ; Melin, Bartlett & Delabrouille 2006 ), namely the MMF 3
lgorithm used and described in Planck Collaboration ( 2014 ) and
mpro v ed for the PSZ2 catalogue. The cluster detection is done using
 combination of the Planck maps and assuming prior knowledge on
he cluster profile. In this application of MMF 3, we divide the sky
nto patches of 10 ◦ × 10 ◦, generating 504 o v erlapping patches, and
MNRAS 525, 24–43 (2023) 
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Figure 1. Cumulative number of Planck cluster candidates down to S/N = 

3. The solid black line represents the full sample of 3130 candidates. The 
solid red line represents the 2670 candidates that have not been validated in 
previous works via a simple cross-identification with known SZE and X-ray 
clusters (see text). The dashed line corresponds to the S/N = 4.5 limit for the 
PSZ2 catalogue (Planck Collaboration 2016 ). 
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Figure 2. Positional uncertainty distribution in units of arcminutes versus 
Planck candidate S/N. The mean and median of the sources with S/N < 4.5 
are 5.26 and 5.36 arcmin, respectively. The black dashed line represents the 
threshold at S/N = 4.5. 
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un the detection algorithm with two iterations; the first iteration
etects the SZE signal and the second refines the SZE candidate
osition to allow for impro v ed estimation of the S/N and other
roperties. 
The filter works by combining the frequency maps from the Planck

urv e y into a vector M( x) , where each component corresponds to a
ap at frequency ν i with i = 1, ..., N with N being the total number

f maps. For Planck , we use the channel maps from 100 to 857 GHz,
hich correspond to the six highest-frequency maps. 
For each cluster candidate at a given central position x 0 , the

lgorithm fits, 

M ν( x) = y 0 j ν T θc 
( x − x 0 ) + n ν( x) , (1) 

here y 0 is the central value at position x 0 and n ν( x) corresponds to
he noise vector, which is the sum of the other emission components
n the map that do not correspond to the cluster SZE (such as, e.g.
rimordial CMB anisotropies and diffuse galactic emission). The
requency dependence of the SZE is represented by j ν . The spatial
rofile is defined as T θc 

, with θ c as the core radius. The assumed
rofile is chosen to be the universal pressure profile (Arnaud et al.
010 ). 
The filter is then employed to minimize the total variance estimate

2 
θC 

on y 0 for each detected candidate, which yields an estimate ˆ y 0 .
he S/N is then defined as ˆ y 0 / σθC 

. 
From this analysis we get the positions and associated uncertainties

f the SZE sources plus the S/N and the SZE flux. At S/N > 3, we
et a total of 3130 Planck SZE sources (i.e. cluster candidates).
ig. 1 shows the cumulative number of cluster candidates (black)
nd unvalidated cluster candidates (red) for each S/N bin within the
ES footprint. A candidate is considered to be validated if (1) it is

ess than 5 arcmin from a confirmed cluster (with known redshift)
f the Meta-Catalog of SZ detected clusters (MCSZ) of the M2C
atabase, 2 or (2) it is less than 10 arcmin and less than θ500 from a
onfirmed cluster in the Meta-Catalog of X-Ray Detected Clusters
f Galaxies (MCXC; Piffaretti et al. 2011 ). From the full sample
f 3130 candidates, 460 have been validated in this way (with 414
atching MCSZ clusters, and 46 matching MCXC only), while the
NRAS 525, 24–43 (2023) 
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3

d

emaining 2670 are non-validated candidates but may nevertheless
e real galaxy clusters. 
Fig. 2 contains the S/N versus the positional uncertainties of

he Planck sources, where the black dashed line represents a
/N = 4.5. The apparent structure of the positional uncertainty is
ue to the pixelization of the Planck maps. The detection algorithm
lters the maps and finds the pixel which maximizes the S/N.
he position assigned for a detection corresponds to the pixel
entre. The positional uncertainty is also computed on a pixelized
rid. 
We estimate the contamination of the Planck SZE candidate list

sing simulations. We use the Planck Sky Model (version 1.6.3; De-
abrouille et al. 2013 ), to produce realistic all-sky mock observations.
he simulations contain primary cosmic microwave background
nisotropies, galactic components (synchrotron, thermal dust, free-
ree, spinning dust), extra-galactic radio and infrared point sources,
nd kinetic and thermal SZE. Each frequency map is convolved with
he corresponding beam, and the instrumental noise consistent with
he full mission is added. We run the thermal SZE detection algorithm
own to S/N = 3, and we match the candidate list with the input clus-
er catalogue adopting a 5 arcmin matching radius. We perform the

atching after remo ving re gions of the sky with high dust emission,
eaving 75 per cent of the sky available, and we only use input clusters
ith a measured Compton parameter Y in a circle of radius 5 ×
 500 , 3 Y 5 R 500 , abo v e 2 × 10 −4 arcmin 2 . We adopt the SZE flux–mass

elation, 

 

−2 / 3 ( z ) D 

2 
A ( z ) Y 5 R500 = A 

[
M 500 

3 × 10 14 h 

−1 
70 M �

]5 / 3 

(2) 

ith A = 2 . 59 × 10 −5 h 

−1 
70 Mpc 2 (see equation B.3 in Arnaud et al.

010 ). E ( z) = H ( z)/ H 0 is the Hubble parameter normalized to
 R 500 is defined as the radius within which the density is 500 times the critical 
ensity. 

https://www.galaxyclusterdb.eu/m2c/
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Figure 3. Purity as a function of signal-to-noise threshold of the cluster 
candidate list, estimated on Planck simulations. Dashed lines show the 
uncertainty of the estimated purity. The purity decreases from ∼1 at S/N > 6 
to ∼0.25 at S/N > 3. 
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ts present value and D A ( z) is the angular diameter distance. The
ompton parameter Y 5 R 500 is given in steradians. We estimate the 
urity of the sample as the number of real clusters divided by the
umber of detected clusters. This ratio is computed for various 
/N thresholds. The result is shown in Fig. 3 . The uncertainty

n purity is considered to be the difference between the best 
stimate and the lower limit of the purity (figs 11 and 12 in Planck
ollaboration 2016 , respectively) of the PSZ2 catalogue, for the 
nion 65 per cent case. We fit this difference as a function of the
ontamination with a power law in the range S/N = 4.5-20. We
xtrapolate this down to S/N = 3. From here on, we refer to
his contamination as the initial contamination: f SZE-cont . At high 
/N threshold (S/N > 6), the purity, 1 − f SZE-cont , is close to unity.
educing the S/N threshold to 4.5 leads to a purity close to 0.9, which

s consistent with previous estimates (Planck Collaboration 2016 ). 
hen reducing the threshold to S/N = 3, we measure a purity of ∼

5 per cent corresponding to a contamination f SZE-cont = 0.75 in the 
imulations. 

 CLUSTER  C O N F I R M AT I O N  M E T H O D  

o identify optical counterparts and estimate photometric redshifts 
e use a modified version of the MCMF cluster confirmation algorithm
n the Planck candidate list and DES-Y3 photometric catalogues. 
or each potential cluster, the radial position and the galaxy colour 
eightings are summed o v er all cluster galaxy candidates to estimate

he excess number of galaxies, or richness ( λ), with respect to the
ackground. Klein et al. ( 2019 ) contains further details of MCMF
eights and the counterpart identification method. 
We expect only a fraction 1- f SZE-cont of the Planck candidates to

e real clusters, with a large fraction ( f SZE-cont = 0.75) corresponding
o contaminants (we return to the value of f SZE-cont in Section 4.4.2 ).

ost of these contaminants have no associated optical system, but 
ome will happen to lie on the sky near a physically unassociated
ptical system or a projection of unassociated galaxies along the line 
f sight. We refer to these contaminants as ‘random superpositions’. 
he MCMF method has been designed to enable us to remo v e

hese contaminants from the Planck candidate list. To estimate 
he likelihood of a ‘random superposition’ (e.g. a spurious Planck 
andidate being associated with one of the two cases abo v e), we
un MCMF at random positions in the portion of the sky survey
hat lies away from the candidates. With this information we can 
econstruct the frequency and redshift distribution of optical systems, 
nd this allows us to estimate the probability that each candidate is a
ontaminant (see details in Section 3.2.2 ). 

.1 Cluster confirmation with MCMF 

n the MCMF method the sky coordinates of the cluster candidates
re used to search the multiband photometric catalogues with an 
ssociated galaxy red sequence (RS) model, to estimate galaxy 
ichness λ as a function of redshift along the line of sight to
ach candidate. The weighted richnesses are estimated within a 
efault aperture of R 500 centreed at the candidate sky position 
Klein et al. 2018 , 2019 ). The weights include both a radial and
 colour component, with the radial filter following a projected 
avarro, Frenk, and White profile (NFW; Navarro, Frenk & White 
996 , 1997 ), giving higher weights to galaxies closer to the centre.
he colour filter uses the RS models and is tuned to give higher
eights to cluster RS galaxies. These RS models are calibrated 
sing o v er 2500 clusters and groups with spectroscopic redshifts
rom the literature, including: the SPT-SZ cluster catalogue (Bleem 

t al. 2015 ), the redMaPPer Y1 catalogue (only for clusters with
pectroscopic redshifts; McClintock et al. 2019 ), and the 2RXS X-ray 
ources cross-matched with the MCXC cluster catalogue (Piffaretti 
t al. 2011 ). These richnesses are estimated for each redshift bin
ith steps of �z = 0.005. The richness as a function of redshift is

hen searched to find richness peaks; the three strongest λ peaks, 
ach with a different photometric redshift, are recorded for each 
andidate. 

The mean positional uncertainty of the Planck sources is ∼5.3 
rcmin, which, adopting the cosmology from Section 1 , translates 
nto an uncertainty of ∼0.6 Mpc and ∼1.9 Mpc at z = 0.1 and
 = 0.5, respecti vely. Gi ven the large positional uncertainty of the
lanck candidates, the SZE position of a cluster could in some cases
e offset by several times R 500 . These large positional uncertainties
nhance the probability of a spurious Planck candidate being paired 
o a physically unassociated optical system. To address this large 
ositional uncertainty, we run the MCMF algorithm twice. The first run
dopts the positions from the Planck candidate catalogue, and carries 
ut a search for possible optical counterparts within an aperture that is 
hree times the positional uncertainty of the candidate, corresponding 
o a mean aperture of ∼15.9 arcmin. 

This first run gives us up to three possible optical counterparts for
ach Planck candidate, with the corresponding photometric redshift, 
ptical centre, and λ for each. For all potential counterparts, the RS
alaxy density maps are used to identify the peak richness, which is
dopted as the optical centre. In the top row of Fig. 4 we show the
ichness distribution in redshift (estimated in this first run) of two
ifferent Planck candidates, at z MCMF ≈ 0.24 (left) and z MCMF ≈
.88 (right), with their corresponding pseudo-colour images shown 
n the bottom row. 
All potential counterparts identified in the first run are then 

sed for a second MCMF run with the goal of identifying the
ost likely optical counterpart for each Planck candidate and 

efining the estimation of the photometric redshift and richness. 
e proceed with the second run of MCMF using the optical coun-

erpart positions as the input, but now using R 500 as the aperture
ithin which to search for counterparts. R 500 is derived using 
 NFW profile and the Planck candidate mass estimation, M 500 ,
t the redshift of each potential counterpart. For each candidate, 
edshift-dependant masses are estimated using the SZE mass proxy 
for details see section 7.2.2 of Planck Collaboration 2014 ). The
lanck flux measured with the matched filter is degenerate with the
MNRAS 525, 24–43 (2023) 
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Figure 4. Example Planck cluster candidates with IDs PSZ-SN3 J2135 + 0124 ( z MCMF = 0.24, left) and PSZ-SN3 J0102-4915 ( z MCMF = 0.87, right). Above: 
Richness as a function of redshift for each candidate. The blue line marks the most likely redshift of the candidate. Below: DES pseudo-colour images at the 
cluster positions. The white bar at the bottom denotes a scale of 1 arcmin. North is up and east is to the left. 
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ssumed size. We break this size-flux de generac y using the flux–
ass relation given by (see also equation 5 in Planck Collaboration

014 ) 

 

−2 / 3 ( z ) 

[
D 

2 
A ( z ) Y 500 

10 −4 Mpc 2 

]
= 10 −0 . 19 h 

−0 . 21 
70 

[
M 500 

6 × 10 14 M �

]1 . 79 

, (3) 

here E = H ( z)/ H 0 and H ( z) is the Hubble parameter, and D A is
he angular diameter distance. This second run also gives us up
o three redshift peaks for each source, but we select the richness
eak whose redshift is the closest to the output redshift from the 
rst run. 
NRAS 525, 24–43 (2023) 

a  
In summary, we obtain the positions and the redshifts of up to
hree potential optical counterparts with the first MCMF run, and in
he second run we obtain the final redshifts and richnesses of each
f these optical counterparts. The information from the second run
llows us to select the most probable counterpart in most cases,
ith some candidates having more than one probable counterpart, as
iscussed below. 

.2 Quantifying probability of random superpositions 

s already noted, with MCMF we leverage the richness distributions
long random lines of sight in the surv e y as a basis for assigning
 probability that each potential optical counterpart of a Planck -
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Figure 5. Examples of normalized richness distributions for random lines of 
sight (orange) and for Planck cluster candidates (blue) for all sources within 
an estimated δz < 0.05 of three Planck candidates shown from top to bottom 

at z = 0.05, 0.41, 0.75. For each of the sources, the area under the curves 
where the richness is equal to or greater than that of the Planck candidate 
is shaded. These shaded regions correspond to the numerator (orange) and 
denominator (blue) of equation ( 4 ). 
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elected candidate is a random superposition (e.g. it is not physically 
ssociated with the Planck candidate). We describe this process 
elow. 

.2.1 Richness distributions from random lines of sight 

 catalogue along random lines of sight is generated from the 
riginal Planck catalogue, where for each candidate position we 
enerate a random position on the sky, with a minimum radius
f approximately three times the mean positional uncertainty (5.5 
rcmin). We also impose the condition that the random position 
as to be at least ∼3 × 5.5 arcmin away from any of the Planck
andidates. We analyse the catalogue of random positions using 
CMF in the same manner as for the data, except that, for the
FW profile used in the second run, the mass information needed 

o estimate the R 500 is randomly selected from any of the Planck
andidates (removing the candidate from which the random was 
enerated). 
To have sufficient statistics we select two random positions for 

ach Planck candidate, so we have approximately two times as 
any random lines of sight as Planck candidates. Given the large 

ositional uncertainties in the Planck candidate catalogue, optical 
ounterparts of random lines of sight might be assigned to an 
ptical counterpart of a Planck candidate. To account for this, we 
emo v e from our random lines of sight catalogue those positions
hat (1) have λ ≥ 30 (e.g. lines of sight with massive clusters),
nd (2) are within 3 Mpc of any Planck source from our final,
onfirmed catalogue and have | z Planck − z random 

| < 0.1. Also, once the
econd set of random lines of sight has been analysed, we remo v e
hose positions that lie within 3 arcmin from any random source 
osition from the first set to a v oid double counting the same optical
tructures. 

.2.2 Estimating the random superposition probability f cont 

ith the random lines of sight we can use the f cont estimator presented
n Klein et al. ( 2019 ), which is proportional to the probability
f individual Planck candidates being random superpositions of 
hysically unassociated structures (Klein et al. 2022 ). By imposing 
n f cont threshold on our final cluster catalogue, we are able to quantify
and therefore also control) the contamination fraction. To estimate 
 cont for each Planck candidate, we integrate the normalized richness 
istributions along random lines of sight f rand ( λ, z), within multiple
edshift bins, that have λ ≥ λsrc , where λsrc is the richness of the 
lanck candidate. We do the same for the richness distribution of

he Planck candidates f obs ( λ, z) and then we estimate f cont as the
atio, 

 cont ( λsrc , z) = 

∫ ∞ 

λsrc 
d λ f rand ( λ, z) ∫ ∞ 

λsrc 
d λ f obs ( λ, z) 

. (4) 

n Fig. 5 we show three examples of Planck candidates with the
stimated f cont . The blue and orange lines are the interpolated richness
istrib utions of Planc k candidates and of random lines of sight,
espectively, at the redshift of the best optical counterpart. The 
range (blue) shaded area shows the integral in the numerator 
denominator) in equation ( 4 ), starting at the richness λsrc of the
lanck candidate. 
In simple terms, a constant value of f cont can be translated to

 redshift-varying richness value λ( z). Thus, selecting candidates 
ith a value of f cont lower than some threshold, is similar to

equiring the final cluster sample to have a minimum richness 
hat can vary with redshift [ λmin ( z)], abo v e which the catalogue
as a fix ed lev el of contamination. We refer to this threshold
s f max 

cont , which yields a catalogue contamination estimated as 
 

max 
cont × ( initial contamination ), independent of redshift. Because the 

nitial contamination of the Planck -selected sample is f SZE-cont and 
he final contamination of the cluster sample selected to have 
 SZE −cont < f max 

cont is f max 
cont × f SZE −cont , one can think of the f max 

cont 

election threshold as the fraction of the contamination in the original
andidate sample that ends up being included in the final confirmed
luster sample. Thus, through selecting an f cont threshold one can 
ontrol the level of contamination in the final confirmed cluster 
atalogue. 

 RESULTS  

n Section 4.1 we present PSZ-MCMF, the confirmed cluster cata- 
ogue extracted from the Planck candidate list after an analysis of
he DES optical followup information using the MCMF algorithm. 

e then discuss in more detail the mass estimates (Section 4.2 ),
he cross-comparison with other ICM selected cluster catalogues 
MNRAS 525, 24–43 (2023) 
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Figure 6. Top: Redshift distribution of the 2913 Planck candidates. The 
green, black, blue, and red histograms show the distributions of candidates 
with f cont below f max 

cont = 0 . 3 , 0 . 2 , 0 . 1, and 0.05, respectively. Bottom: Rich- 
ness versus redshift for the best optical counterpart for each Planck candidate. 
Pairs with a probability of being random superpositions (contamination) f cont 

> 0.3 are shown as small black dots. Bigger green, black, blue, and red 
dots represent counterparts with 0.2 ≤ f cont < 0.3, 0.1 ≤ f cont < 0.2, 0.05 ≤
f cont < 0.1, and f cont < 0.05, respectively, corresponding to subsamples with 
decreasing contamination. 
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Table 1. Number of confirmed Planck clusters with f max 
cont = 0 . 3 , 0 . 2 , 0 . 1 and 

0.05 presented by row. 

f max 
cont S/N > 3 S/N > 4.5 

N cl Purity Comp. N cl Purity Comp. 

0.3 1092 0.847 0.648 264 0.974 0.990 
0.2 842 0.898 0.530 253 0.983 0.957 
0.1 604 0.949 0.402 236 0.992 0.900 
0.05 479 0.975 0.327 213 0.996 0.816 

Results are split by S/N. The second and third columns, for each S/N 

subsample, show the purity of the sample (Section 4.4.1 ) and the completeness 
(Section 4.4.2 ). The PSZ-MCMF sample presented in this paper corresponds 
to clusters with more restrictive MCMF cleaning in the case of the low signal- 
to-noise sample than in the higher signal-to-noise sample. These subsamples 
(see discussion in Section 4.1.4 ) are listed in bold face. 
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Section 4.3 ), and the catalogue contamination and incompleteness
Section 4.4 ). 

.1 Creating the PSZ-MCMF cluster catalogue 

s mentioned abo v e, the MCMF algorithm allows us to identify up
o three different richness peaks, corresponding to different possible
ptical counterparts, for each of the 3130 Planck candidates. To
enerate a final cluster catalogue, we select the most likely optical
ounterpart for each of the 3130 Planck candidates by choosing
he counterpart that has the lowest probability f cont of being a
andom superposition (i.e. of being a contaminant rather than a real
luster). 

With MCMF we identify optical counterparts for 2938 of the 3130
lanck candidates, whereas for the remaining 192 Planck candidates
o counterpart is found (see Section 4.1.2 for details). Of the 2938
andidates with optical counterparts, 2913 have unique counterparts,
hile the remaining 25 share their counterpart with another candidate

hat is closer to that counterpart (see Section 4.1.3 for details). Finally,
e consider a candidate to be confirmed when its optical counterpart
as f cont below the threshold value f max 

cont = 0 . 3. This results in 1092
onfirmed Planck clusters. Of these confirmed clusters, 120 have
wo prominent redshift peaks with f cont below the threshold value
 

max 
cont , and are considered to be candidates with multiple optical
ounterparts. 

The top panel of Fig. 6 shows the redshift distribution for different
alues of the threshold f max 

cont , while the bottom panel shows the rich-
ess as a function of the redshift for the best optical counterpart of the
lanck candidates in this final catalogue. Small dots represent sources
ith an estimated f cont ≥ 0.3, while bigger dots are colour coded
NRAS 525, 24–43 (2023) 
s green, black, blue, or red according to whether 0.2 ≤f cont < 0.3,
.1 ≤f cont < 0.2, 0.05 ≤f cont < 0.1, or f cont < 0.05, respectively. 
In Table 1 we show the number of cluster candidates with f cont 

elo w dif ferent v alues of the threshold f max 
cont , and different Planck

andidate S/N thresholds. With this analysis we are adding 589 (828)
lusters to the Planck cluster sample at f max 

cont = 0 . 2 (0.3) when going
rom the Planck S/N > 4.5 to S/N > 3. 

.1.1 Candidates with a second optical counterpart 

f the cluster candidate has two prominent redshift peaks with
 cont <f max 

cont = 0.3, where either (1) the redshift offset [ δz = ( z 1 −
 2 )/(1 + z 1 )] is greater than 2 per cent or (2) the on-sky separation
s greater than 10 arcmin, then we classify this candidate as a one
ith multiple optical systems, because a second optical counterpart
ith f cont < 0.3 is an indication that the probability of being a chance

uperposition is lower than f max 
cont × f SZE −cont . We give the redshifts,

ky-positions, richnesses, and other values for this second optical
ounterpart in the full cluster catalogue. In the case that both
ounterparts have the same f cont , we select the one that is closer to
he Planck candidate position. In Appendix A we discuss a specific
xample. 

.1.2 Candidates with no optical counterpart 

ut of the 3130 Planck candidates, there are 192 for which the MCMF
nalysis delivers no optical counterpart – not even with a high f cont .
ost of these candidates (all but 26) are located near the edges of the
ES footprint, suggesting that with more complete optical data many
f these candidates could be associated with an optical counterpart.
he 26 candidates that lie away from the DES survey edge show
ither a bright star or bright low-z galaxy near the Planck position
r a lack of photometric information in one or more DES bands.
egions of the sky with these characteristics are masked by MCMF
nd this is the likely reason that no optical counterpart is identified
or those candidates. 

.1.3 Candidates sharing the same optical counterpart 

iven the rather generous search aperture used in the first run of
CMF , it is possible that some Planck candidates lying near one
nother on the sky share the same optical counterpart. There are
1 candidates at f cont < 0.3 that share 20 optical counterparts. The
riteria we use to identify these 41 candidates is similar to the one
sed abo v e to identify candidates with more than one possible optical
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ounterpart. If the distance between the optical counterparts for the 
wo Planck candidates is less than 10 arcmin and the redshift offset
atisfies | δz| ≤ 0.02, then we consider the two candidates to be
haring the same optical counterpart. In Appendix B we discuss a 
pecific example. 

To account for such cases, we add a column to our catalogue
hat refers to which Planck candidate is the most likely SZE
ounterpart by using the distance between the SZE and the optical 
entres. The Planck candidate with the smallest projected distance 
rom the optical centre normalized by the positional uncertainty 
f the Planck candidate is considered to be the most likely SZE
ource. 

.1.4 Final PSZ-MCMF sample 

ith considerations of this last class we end up with 2913 Planck
andidates, which are the closest to their respective optical counter- 
arts. Table 1 contains the numbers of confirmed clusters, the purity 
Section 4.4.1 ), and the completeness (Section 4.4.2 ) for different 
election thresholds in f cont and S/N. Given how the catalogue 
ontamination of Planck candidates depends strongly on the S/N 

hreshold (see Fig. 3 ), we decide to use two different values of f max 
cont 

or the low S/N (S/N > 3) and high S/N (S/N > 4.5) samples. The low
/N sample will be defined as clusters with S/N > 3 that meet the
 

max 
cont = 0.2 threshold (second row of the S/N > 3 sample in Table 1 ),
hereas the high S/N sample will be defined as clusters with S/N > 4.5

hat meet the f max 
cont = 0.3 threshold (first row of the S/N > 4.5 sample

n Table 1 ). The combination of these two samples corresponds to
he PSZ-MCMF cluster sample, with a total of 853 clusters. 

As previously noted in Section 3.2.2 , the contamination fraction 
f the confirmed cluster sample is f max 

cont × f SZE −cont and depends on 
he f cont selection threshold applied. The full PSZ-MCMF cluster 
atalogue will be made available online at the VizieR archive. 4 

able B1 contains a random subsample of the PSZ-MCMF catalogue 
ith a subset of the columns. 
In much of the discussion that follows we focus on the PSZ-MCMF 

luster catalogue; ho we ver, we will define two subsamples that will
e used in specific cases: the low S/N sample and the high S/N
ample. The low S/N sample ( f max 

cont = 0 . 2 and S/N > 3), consists of
42 clusters with a ∼90 per cent purity and 53 per cent completeness.
he high S/N sample ( f max 

cont = 0.3 and S/N > 4.5) consists of 264
lusters with a ∼97 per cent purity and 99 per cent completeness.
ther sample selections could be made, and the basic properties of

welve samples are presented in Table 1 . 

.1.5 Comparison with spectroscopic redshifts 

tarting with the ∼2500 clusters and groups with spectroscopic 
edshifts used to calibrate the RS models of MCMF , we cross-match
he cluster positions with the optical coordinates of each of our Planck 
andidates, selecting as matches those that lie within an angular 
istance of 3 arcmin. We choose to match with the optical counterpart
ositions, because they provide a more accurate sky position than the 
lanck SZE positions, which have a typical uncertainty of 5 arcmin. 
e use this cross-matched sample of clusters with spectroscopic 

edshifts to refine the red-sequence models of the MCMF algorithm 

Klein et al. 2019 ). 
We find 181 clusters in common with the PSZ-MCMF cluster 

atalogue, including a z = 1.1 cluster (SPT-CL J2106-5844). Of this
 http://vizier .u-str asbg.fr/

o  

s
a  
ample, 18 clusters have another MCMF richness peak with f cont below
he threshold value f max 

cont = 0.2. Of these 18 candidates, the primary
ichness peak (lowest f cont ) in 16 shows good agreement with the
orrsponding spectroscopic redshift z spec , while for the remaining 
wo the secondary peak lies at the z spec . Of the full cross-matched
ample, there are two sources that have no secondary peak and exhibit
 large redshift offset in the primary richness peak. We discuss these
wo cases in Appendix C1 . 

To characterise the redshift offset, we fit a Gaussian to the
istribution of �z = ( z spec − z MCMF )/(1 + z spec ) of the 181 clusters,
nding that the standard deviation is σ = 0.00468 (indicating a 

ypical MCMF redshift uncertainty of 0.47 per cent), with a mean
ffset μ = −0.00005 (indicating no MCMF redshift bias). This is 
onsistent with the previously reported results from applications of 
he MCMF algorithm (Klein et al. 2019 ). 

.2 Estimating PSZ-MCMF cluster masses 

ach Planck candidate comes with a function M 

Pl 
500 ( Y 500 , z) that

llows an initial mass estimate using the redshift and the SZE signal
 500 of the candidate (see equation 3 ). Therefore, for each of the 853
SZ-MCMF clusters, we use the final photometric redshift from our 
CMF analysis to estimate a mass. 
It is important to note that candidates with multiple optical coun-

erparts may have a biased SZE signature Y 500 due to contributions
rom both physical systems, which would impact the estimated M 

Pl 
500 .

o we ver, because we do not have enough information to be able
o separate the SZE emission coming for each component of the

ultiple counterparts, we adopt masses that are derived from the 
edshift of the first ranked richness peak. These masses are biased as
iscussed further below, and we therefore present a different mass 
simate M 500 in the final PSZ-MCMF catalogue (see the example 
able B1 ). 
We expect a mass shift between the PSZ-MCMF cluster sample 

nd both SPT and MARD-Y3, that is largely due to the hydrostatic
ass bias that has not been accounted for in the Planck estimated
asses (see e.g. von der Linden et al. 2014 ; Hoekstra et al. 2015 ;
lanck Collaboration 2020 ; Melin et al. 2021 ). In contrast, the
PT and MARD-Y3 masses are calibrated to weak lensing mass 
easurements (Bocquet et al. 2019 ), and should not be impacted

y hydrostatic mass bias. We therefore apply a systematic bias 
orrection to the Planck masses to bring all samples onto a common
ass baseline represented by M 500 . 
To be able to compare our masses with different surv e ys accurately,

e use cross-matched clusters and estimate the median mass ratio 
etween the SPT /MARD-Y3 and the Planck mass estimates (see 
ection 4.3.2 for details), finding a median of M 

Pl 
500 / M 500 ≈ 0.8. This

alue is in agreement with both weak lensing (von der Linden et al.
014 ; Hoekstra et al. 2015 ) and CMB lensing (Planck Collaboration
020 ) analyses of Planck clusters. Therefore, we correct the masses
f the PSZ-MCMF clusters identified in our current analysis by this
actor. Because the previously published PSZ2 catalogue has masses 
hat are calculated in a manner similar to the M 

Pl 
500 described abo v e,

e correct PSZ2 masses also using a correction of (1 − b ) = 0.8.
o we ver, we note a further shift of M 

Pl 
500 /M 

PSZ2 
500 ≈ 0 . 95 with respect

o our corrected masses, and so we further correct the PSZ2 masses
or the final comparison. 

It should be noted that the mass bias of Planck clusters is still an
ngoing topic. In summary, the masses we present in the following
ections and the final cluster catalogue Table B1 are denoted as M 500 

nd are rescaled to be consistent with results from a range of weak
MNRAS 525, 24–43 (2023) 

http://vizier.u-strasbg.fr/


32 DES Collaboration 

M

l  

m

4

T  

w  

s  

e  

(  

c  

t  

c  

t  

F  

o  

t  

s  

m

4

W  

o  

c  

s  

v  

c  

o  

c  

r  

a  

p
 

c  

u  

w  

o  

G  

A
 

f  

T  

c  

s  

t  

o  

r  

c  

D

4

W  

w  

m  

o  

i  

P  

c  

(  

Figure 7. Redshift distribution of the PSZ-MCMF clusters (red) and the 
PSZ2 clusters within the DES region (blue). The new PSZ-MCMF catalogue 
presented here is significantly larger and extends to higher redshift. 
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ensing calibration analyses. These masses are larger than the Planck
asses M 

Pl 
500 by a factor 1/0.8 = 1.25. 

.3 Comparison to other ICM selected cluster catalogues 

o check how the PSZ-MCMF cluster sample compares to others,
e select three cluster catalogues that have been selected using ICM

ignatures and that lie within the DES footprint: MARD-Y3 (Klein
t al. 2019 ), SPT-2500d (Bocquet et al. 2019 ) along with SPT-ECS
Bleem et al. 2020 ) and PSZ2. MARD-Y3 is an X–ray selected cluster
atalogue confirmed with DES Y3 photometric data, using the same
ools as for the Planck analysis presented here. This MARD-Y3
atalogue has 2900 clusters with f cont < 0.2. On the other hand, both
he SPT and PSZ2 cluster catalogues are based on SZE selection.
or SPT we select sources with a redshift measurement (photometric
r spectroscopic), giving a total of 964 clusters. It is worth noting
hat PSZ2 is an all sky survey, and for the comparison we select
ources that lie within the DES surv e y re gion and hav e a redshift
easurement (226 clusters). 

.3.1 Comparison to PSZ2 catalogue 

e compare the estimated redshifts of our 2938 candidates with
ptical counterparts (no f max 

cont applied) with those from the PSZ2
atalogue (Planck Collaboration 2016 ), because the two catalogues
hould contain a similar number of clusters at S/N > 4.5, with small
ariations expected due to the different algorithms used to detect
lusters. There are 1094 PSZ2 clusters with a measured redshift, and,
ut of those, 226 lie within the DES footprint. We match these 226
lusters with sources from our catalogue that have good photometric
edshift estimations and S/N ≥4.5, using a matching radius of 3
rcmin. In this case we do the matching using both the Planck SZE
osition and the optical positions. 
We find 217 matching sources, but one of those matches does not

orrespond to the closest cluster in our catalogue so we exclude it and
se the 216 remaining sources. Of the nine PSZ2 sources for which
e find no match, seven have missing photometric information in
ne or more DES bands. The remaining two clusters with IDs PSZ2
074.08-54.68 and PSZ2 G280.76-52.30 are further discussed in
ppendix D . 
Of this matched sample of 216 systems, 207 (214) systems have

 cont < 0.2 (0.3) and redshifts that are in good agreement with ours.
he cases of disagreement are discussed in detail in Appendix C2 . By
omparing the 214 matching clusters with f cont < 0.3 to the numbers
hown on the Table 1 (264 at S/N > 4.5), it becomes apparent that
he analysis we describe here has led to photometric redshifts and
ptical counterparts for 50 PSZ2 clusters that previously had no
edshift information. Fig. 7 shows the redshift distribution of our
luster catalogue (red histogram) and of the PSZ2 catalogue within
ES (blue histogram). 

.3.2 PSZ-MCMF mass-redshift distribution 

e compare the mass-redshift distribution of PSZ-MCMF clusters
ith that of MARD-Y3, SPT , and PSZ2. Our first step in cross-
atching is to select clusters that are the closest to their respective

ptical counterpart (853 clusters). Then the cross-match comparison
s done by using both a positional match within 3 arcmin from the
lanck positions or from the optical positions. We also add a redshift
onstraint, where only candidates with a redshift offset δz < 0.02
using only the first peak) are considered. This gives a total of 500,
NRAS 525, 24–43 (2023) 
87, and 233 matches with MARD-Y3, PSZ2, and SPT (2500 d
 ECS), respectively. In total, then, 329 PSZ-MCMF clusters are

ot matched to any of the three published catalogues. 
In Fig. 8 we show the mass versus redshift distribution for the dif-

erent cluster samples. The SPT , PSZ2, and MARD-Y3 samples are
hown as green stars, blue diamonds, or grey squares, respectively.
SZ-MCMF clusters are shown with red dots if they are unmatched

o clusters in SPT , PSZ2, or MARD-Y3 and as black circles if they are
atched. The red systems are the previously unknown SZE selected

lusters in the DES region. In the case of matches to previously
ublished samples, we adopt the mass and redshift estimates from
he PSZ-MCMF sample to ensure the points lie on top of one another.
ig. 8 contains more than 10 massive clusters ( M 500 � 10 15 M � and
 < 0.5) with no matches to the PSZ-MCMF cluster sample. Visual
nspection shows that those systems were slightly outside the DES
ootprint or within masked regions within the general DES footprint.

For MARD-Y3, we clean the unmatched sources by selecting
hose without multiple X–ray sources to a v oid double counting
lusters, and also exclude clusters with strong active galactic nucleus
AGN) contamination as indicated by their AGN exclusion filter (see
ection 4.2.1 in Klein et al. 2019 ). Also, following their mass versus
edshift distribution, we use a threshold of f cont < 0.05 and also
emo v e sources with a second counterpart with f cont < 0.05. 

The mass-redshift distribution of our Planck sample is similar to
hat of the MARD-Y3 X–ray selected sample, which finds more
ower mass systems at lower redshifts. In contrast, the SPT sample

ass-redshift distribution exhibits only a slight redshift trend (Bleem
t al. 2015 ), but it lacks the lower mass systems seen at low redshift in
he Planck and MARD-Y3 samples. For the Planck selection, it is the

ultifrequency mapping that enables the separation of the thermal
ZE from the contaminating CMB primary temperature anisotropy,
nd this enables the detection of low redshift and low mass systems
n a way that resembles the flux limited selection in the MARD-
3 catalogue. SPT , on the other hand, has co v erage o v er a narrow

ange of frequency and cannot as ef fecti vely separate the thermal
ZE and the primary CMB anisotropies. The SPT cluster extraction

s therefore restricted to a smaller range of angular scales, which
s well matched to cluster virial regions at z � 0.3, but at lower
edshifts an ever smaller fraction of the SZE signature is obtained,
aking it inef fecti ve at detecting the lo w mass and low redshift
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Figure 8. Mass versus redshift for the different cluster samples MARD-Y3, PSZ2, SPT , and the PSZ-MCMF cluster catalogue. SPT , PSZ2, and MARD-Y3 
clusters are shown as green stars, blue diamonds, or grey squares, respecti vely. Ne w PSZ-MCMF clusters identified in this analysis (no match to PSZ2, SPT , or 
MARD-Y3) are shown with red dots whereas clusters that match with at least one of the other catalogues appear as black circles. In the case of matches, masses 
and redshifts are those of our PSZ-MCMF catalogue. 
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ystems seen in the Planck and MARD-Y3 samples. At z � 0.6,
ARD-Y3 selects lower mass clusters than we are able to with our

lanc k sample, b ut at higher redshifts both catalogues follow similar
istributions. When comparing with PSZ2, our new Planck catalogue 
ontains lower mass clusters at all redshifts, which is expected 
iven that we are pushing to lower S/N with our Planck catalogue.
ur Planck sample also contains the first z > 1 Planck -selected

lusters. 

.4 PSZ-MCMF contamination and incompleteness 

n application of the Planck -based cluster finding algorithm to mock 
ata suggests that at S/N > 3 we should expect about 75 per cent of the
andidates to be contamination (noise fluctuations; see Section 2.2 ). 
n this section we explore that expectation using information from 

he MCMF followup. Moreo v er, as one subjects the confirmed PSZ-
CMF sample to more restrictive f cont selection thresholds (i.e. 
maller values), one is removing not only chance superpositions 
contaminants) from the sample, but also some real clusters. In the
ollowing subsections we also explore the incompleteness introduced 
y the f cont selection. 

.4.1 Estimating contamination 

ith the MCMF analysis results in hand, we can now estimate the
rue contamination fraction of the initial candidate list by analysing 
he number of real cluster candidates N real from the number of
elected clusters N cl as a function of the f cont threshold f max 

cont and input
lanck candidate catalogue contamination f SZE-cont . The number of 

eal clusters is estimated as 

 real ( f 
max 
cont ) = N cl ( f cont < f max 

cont ) 
[
1 − f max 

cont f SZE −cont 

]
, (5) 
MNRAS 525, 24–43 (2023) 
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Figure 9. Ratio of the estimated number of real clusters N real to the total 
number of candidate clusters N cand in the Planck sample as a function of 
the f cont threshold value applied. The solid lines show different curves from 

equation ( 5 ) with four dif ferent v alues of the contamination f SZE-cont of the 
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encoding different initial contamination levels. The analysis indicates an 
initial contamination of 10 per cent in the S/N > 4.5 (upper) and 50 per cent in 
the S/N > 3 (lower) Planck candidate samples. 
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here N cl ( f cont < f max 
cont ) is the total number of confirmed Planck

andidates with f cont < f max 
cont and 

[
1 − f max 

cont f SZE −cont 

]
represents the

raction of real clusters in a sample of MCMF confirmed clusters. As
iscussed in Section 3.2.2 , f cont is defined in a cumulative manner
nd the final contamination of an f cont < f max 

cont selected sample is the
roduct f max 

cont f SZE −cont where f SZE-cont is the contamination fraction
f the original Planck candidate list, and f max 

cont is the fraction of this
ontamination that makes it into the final confirmed cluster sample. 

In this way, we can estimate N real for a number of values of f max 
cont 

nd f SZE-cont . Under the assumption that the f cont selection restricts
ontamination as expected, we can then solve for the input candidate
ist contamination f SZE-cont , which again was estimated through
lanck sky simulations to be ∼0.75. The catalogue contamination
hould give a constant ratio of N real / N cand = 1 − f SZE-cont at higher
 

max 
cont where this f cont selection becomes unimportant. 
It is instructive to start with a less contaminated sample similar to

SZ2 by taking into account only Planck candidates with S/N > 4.5
284 candidates). In Fig. 9 we plot the ratio of the number of estimated
eal clusters N real to the total number of Planck candidates as a
unction of the f cont threshold value f max 

cont used to select the sample.
ach solid curve represents the estimated number of real clusters
 real , colour coded according to the assumed Planck candidate

ample contamination f SZE-cont . The horizontal dashed lines show 1 −
 SZE-cont , which is showing the fraction of Planck candidates that are
xpected to be real clusters and therefore could be confirmed using
CMF . We would expect that for threshold values f max 

cont approaching
, where the MCMF selection is having no impact, that the fraction
lotted in the figure would reach the value 1 − f SZE-cont . 
The input contamination that best describes the high S/N sample

s f SZE-cont = 8.5 per cent, where at f cont < 0.3 the fraction of
onfirmed candidates has reached the maximum possible within the
lanck candidate list. A further relaxing of the f cont threshold has
ssentially no impact on the number of real clusters N real ; it just adds
ontaminants to the list of MCMF confirmed clusters N cl at just the
ate that matches the expected increase in contamination described
n equation ( 5 ). This contamination is in line with the ∼ 91 per cent
eliability estimated for the PSZ2 cluster cosmology sample (see
g. 11 in Planck Collaboration 2016 ). 
Note the behavior of the blue line at f cont values < 0.3. The

onfirmed ratio falls away from 90 per cent, indicating the onset of
ignificant incompleteness in the MCMF selected sample. This is an
ndication that as one uses f cont to produce cluster samples with lower
nd lower contamination fractions, one is also losing real systems
nd thereby increasing incompleteness. We discuss this further in the
ext subsection (Section 4.4.2 ). 
For the more contaminated S/N > 3 Planck candidate sample (2913

andidates) the results are shown in the bottom panel of Fig. 9 . When
he f cont threshold is 0.2, the estimated number of real clusters N real is
oughly 25 per cent of the total number of Planck candidates, which
mplies a 75 per cent contamination. Ho we ver, unlike the S/N > 4.5,
he curve does not flatten until f cont ≥ 0.65, and only for initial
ontamination values f SZE-cont = 50 per cent. This later flattening
eflects the low mass range (and therefore lower richness range) of
he S/N > 3 candidate list. Additionally, our analysis indicates that
he initial contamination of the Planck S/N > 3 candidate list is ≈51
er cent rather than the estimated 75 per cent from Planck mock sky
xperiments. We explore these differences further in Appendix E . 

Finally, using this 51 per cent initial contamination (yellow lines),
e expect to lose 286 clusters when going from an f cont threshold of
 0.2 ( ∼90 per cent purity) to < 0.05 ( ∼97.5 per cent purity). Indeed,

ny f cont threshold below 0.6 will remove real Planck -selected clusters
rom the MCMF confirmed sample, but including these systems comes
NRAS 525, 24–43 (2023) 
t the cost of higher contamination (purity drops to ∼70 per cent).
he purity for different thresholds of f max 

cont is listed in Table 1 for the
wo Planck candidate S/N ranges. 

Gi ven ho w the PSZ-MCMF cluster catalogue is constructed (the
ombination of the low and high S/N subsamples), the final purity is
stimated to be ∼90 per cent. 

.4.2 Estimating incompleteness 

rom this analysis, we can estimate the number of missed clusters
 missed or equi v alently the fractional incompleteness for a gi ven f cont 

hreshold. First, we estimate the maximum number of real clusters
n the full sample as N real, max = N cand (1 − f SZE-cont ) = 1427 (for the
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Figure 10. Estimate of the fractional incompleteness versus the f cont thresh- 
old f max 

cont for the S/N > 4.5 ( f SZE-cont = 8.5 per cent) and S/N > 3 ( f SZE-cont = 

51 per cent) confirmed cluster samples, shown with blue and orange lines, 
respectively. The contamination of the resulting cluster catalogue is given by 
f SZE −cont f 

max 
cont (see Section 4.4.1 and Table 1 ). 
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/N > 3 sample), where in this case N cand is the full Planck candidate
ist. Then, we estimate the number of missed clusters using the total
umber of expected real clusters minus the number of real SZE
elected clusters at a particular f cont threshold value, 

 missed ( f cont < f max 
cont ) = N real , max − N real ( f 

max 
cont ) , (6) 

here N real ( f max 
cont ) is defined as in equation ( 5 ). In Fig. 10 we show the

atio of missed clusters o v er the e xpected maximum number of real
lusters for the samples at S/N > 3 (orange line) and S/N > 4.5 (blue
ine). An f cont threshold of 0.2 in the S/N > 4.5 Planck sample would
e missing slightly o v er 3 per cent of the real clusters, while at S/N > 3
nd the same threshold 0.2, we expect to miss ∼ 47 per cent of the
eal clusters. With an f cont threshold of 0.05 we miss ∼ 70 per cent of
he real clusters. The completeness for different selection thresholds 
 

max 
cont is shown in Table 1 , for the two Planck candidate S/N ranges.
e estimate the completeness of the PSZ-MCMF cluster catalogue 

o be ∼54 per cent. 
The higher incompleteness for the lower S/N sample is expected, 

ecause as discussed in Section 4.2 this sample pushes to lower 
asses and therefore lower richnesses than the S/N > 4.5 sample. At

ower richness, real clusters cannot be as effectively differentiated 
rom the typical background richness distribution (see random line- 
f-sight discussion in Section 3.2 ). In this low mass regime, along
ith the large positional uncertainties, the cost of creating a higher 
urity Planck sample is the introduction of high incompleteness. 

 SU M M A RY  A N D  C O N C L U S I O N S  

n this analysis we create the PSZ-MCMF cluster catalogue by apply- 
ng the MCMF cluster confirmation algorithm to DES photometric data 
nd an SZE selected cluster candidate list extracted down to S/N = 3
rom Planck sky maps. In contrast to previous analyses employing the 
CMF algorithm, the low angular resolution of Planck together with 

he low S/N threshold result in much larger positional uncertainties of
he SZE selected candidates. To o v ercome this challenge we apply the 
CMF algorithm twice, first using the Planck candidate coordinates 

o define a search region with an aperture that is three times the
lanck candidate positional uncertainty, and then second using the 
ositions of the optical counterparts found in the first run, with an
perture based on an estimate of the halo radius R 500 ( z) that employs
he mass constraints from the Planck data set. 

We control the contamination of the final, confirmed sample by 
easuring the parameter f cont for each Planck candidate. As discussed 

n Section 3.2.2 , the value of this parameter is proportional to the
robability that the Planck candidate and its optical counterpart are a
hance superposition of physically unassociated systems rather than 
 real cluster of galaxies. About 10 per cent of the Planck candidates
xhibit multiple potential optical counterparts. In such cases we select 
he most likely optical counterpart by choosing the one with the
o west f cont v alue (lo west chance of being contamination). 

Our analysis of the PSZ-MCMF sample indicates that the initial 
ontamination fraction of the Planck S/N > 4.5 candidate list is
 SZE-cont ∼9 per cent and the S/N > 3 candidate list is f SZE-cont ∼50
er cent. The optical followup with MCMF allows us to reduce
his contamination substantially to the product f max 

cont × f SZE −cont , 
here f max 

cont is the maximum allowed f cont value in a particular
ubsample. 

Table B1 contains the full PSZ-MCMF sample of 853 confirmed 
lusters, defined using an f cont threshold of 0.3 for S/N > 4.5 candi-
ates and an f cont threshold of 0.2 for S/N > 3 candidates. Table 1
ontains the number of clusters, the purity and the completeness 
f this cl catalogue (in bold face) together with other subsamples
onstructed using smaller f cont thresholds of 0.2, 0.1, and 0.05 for
oth Planck S/N ranges. Whereas the full catalogue contains 853 
lusters with a purity of 90 per cent and completeness of 54 per cent,
he subsample with f cont < 0.2 ( < 0.1) contains 842 (604) clusters with
urity and completeness of 90 per cent (95 per cent) and 53 per cent
40 per cent), respectively. 

Furthermore, the cl cluster sample at S/N > 3 excludes 47 per cent
f the real clusters when applying a limiting value at f cont < 0.2,
hile the same threshold on the S/N > 4.5 sample excludes around
 per cent. We attribute the higher incompleteness of the confirmed
ow S/N sample to the fact that these systems have lower masses
nd richnesses. The lower richnesses for the real clusters in this
egime are simply more difficult to separate from the characteristic 
ichness variations along random lines of sight in the DES surv e y.
he relatively large positional uncertainties of the Planck candidates 
akes this effect even stronger. 
Users are encouraged to select subsamples of the cl sample with

ower contamination, depending on their particular scientific appli- 
ation. The PSZ-MCMF catalogue adds 828 previously unknown 
lanck identified clusters at S/N > 3, and it delivers redshifts for 50
reviously published S/N > 4.5 Planck clusters. 
For each of the confirmed clusters we derive photometric redshifts. 

y comparing the PSZ-MCMF cluster sample with spectroscopic 
edshifts from the literature, we find a mean redshift offset < 10 −4 and
n RMS scatter of 0.47 per cent. With these redshifts together with the
lanck mass constraints, we estimate halo masses for all confirmed 
lusters. These original Planck -based mass estimates contain no 
orrection for hydrostatic mass bias, and so these are rescaled by the
actor 1/0.8 = 1.25 to make them consistent with the weak lensing
erived SPT cluster masses (Bocquet et al. 2019 ). Optical positions,
edshifts, and halo masses M 500 are provided for each confirmed 
luster in Table B1 . 

We crossmatch the PSZ-MCMF cluster catalogue to different SZE 

nd X-ray selected cluster catalogues within the DES footprint. We 
nd that the PSZ-MCMF mass distribution with redshift is similar 

o that of the X–ray selected MARD-Y3 cluster catalogue. Ho we ver,
t redshifts lower than z < 0.5 the PSZ-MCMF catalogue does not
ontain the lower mass systems that the X-ray selected MARD-Y3 
MNRAS 525, 24–43 (2023) 
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atalogue contains. When comparing with the previous Planck SZE
ource catalogue PSZ2, we have optical counterparts for most of
he systems that lie within the DES footprint, finding in general
ood agreement with their previously reported redshifts. Compared
o the higher S/N PSZ2 sample, we find that most of our new lower
/N PSZ-MCMF systems lie at lower masses at all redshifts and
xtend to higher redshift, as expected. Probing to lower masses
llows for the confirmation of the first z > 1 Planck identified
alaxy clusters. Crudely scaling these results to the full extragalactic
ky ( ∼30 000 deg 2 ) implies that the Planck full sky candidate list
onfirmed using MCMF applied to DES like multiband optical data
ould yield a sample of ∼6000 clusters, which is ∼6 times the
umber of clusters in the PSZ2 all-sky cluster catalogue with redshift
nformation. 
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Figure A1. Top : Richness as a function of redshift for the Planck candidate 
PSZ-SN3 J0605-3519. Two richness peaks at z MCMF = 0.15 and z MCMF = 

0.52 are evident. Bottom : Pseudo-colour image from DES g , r , i cutouts 
around the Planck candidate coordinates, marked by a cyan dot. Contours are 
from the galaxy density maps of the counterpart at z MCMF = 0.15 (white) and 
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PPEN D IX  A :  MULTIPLE  O P T I C A L  

O U N T E R PA RTS  

n Fig. A1 we show an example of the Planck candidate PSZ-SN3
0605-3519, which is classified as a candidate with multiple optical 
ounterparts. The upper figure shows the richness as a function 
f redshift, which shows two prominent peaks at z MCMF = 0.15 
nd z MCMF = 0.52. The lower image contains the pseudo-colour 
mage from gri DES cutouts. White and red contours are derived 
rom the RS galaxy density map for galaxies at z MCMF = 0.15 and
 MCMF = 0.52, respectively. The richness for these two counterparts 
re λMCMF = 84 and λMCMF = 156 for the white and red contours,
or the two optical candidates at z MCMF = 0.15 and z MCMF = 0.52,
espectiv ely. F or this candidate, the estimated f cont of both redshift
eaks is 0, indicating a vanishing small probability that either one is
 random superposition. We choose the one at z MCMF = 0.15 as the
preferred’ counterpart because it lies nearer to the Planck candidate 
osition. The reported spectroscopic redshift for this cluster comes 
rom the REFLEX cluster catalogue, with z spec = 0.1392 for cluster 
XCJ0605.8-3518 (B ̈ohringer et al. 2004 ). 
PPENDI X  B:  SHARED  O P T I C A L  

O U N T E R PA RT  

n Fig. B1 we show an example of two Planck candidates (PSZ-
N3 J2248-4430 with f cont = 0.00 and PSZ-SN3 J2248-4436 with 
 cont = 0.18) sharing the same optical counterpart, where the Planck
ositions are marked with dots. The optical centre of the preferred
ounterpart for each candidate is marked with a cross of the same
olour. White contours are the RS galaxy density map from the
rst MCMF run, where the optical centres are determined. Both 
edshifts point toward a cluster at z MCMF = 0.35, but it is pretty clear
hat the two Planck candidates have resolved to the same optical
ounterpart. Interestingly, this optical system also corresponds to a 
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Figure B1. Pseudo-colour image from DES g , r , i cutouts around the 
coordinates of Planck candidates PSZ-SN3 J2248-4430 and PSZ-SN3 J2248- 
4436, marked by magenta and cyan dots, respectively. White contours are 
from the galaxy density maps of the counterpart at z MCMF = 0.35. Crosses 
mark the position of the optical counterparts associated with each of the 
Planck sources, colour coded according to the Planck source. 
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Figure C1. Richness as a function of redshift for PSZ-SN3 J2145-0142 (left) 
and PSZ-SN3 J2347-0009 (right). The PSZ-MCMF redshift is shown with a 
blue continuous line, while the spec- z is shown with a blue dotted line for 
both cases. 

Figure C2. Comparison of MCMF photometric redshifts and those listed in 
the PSZ2 catalogue for the 216 matching clusters. Each cluster is colour 
coded by the estimated f cont , saturated at f cont = 0.2. The solid and dashed 
lines enclose the areas where | ( z MCMF − z PSZ2 ) × (1 + z PSZ2 ) −1 | ≤ 0.02, 
0.05, respectively. 
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outh Pole Telescope ( SPT ) cluster, namely SPT-CL J2248-4431, 
ith a spectroscopic redshift of z spec = 0.351 (Bocquet et al. 2019 ). 
To resolve such cases, we select the Planck candidate with the 

mallest projected distance from the optical centre normalized by 
he positional uncertainty of the Planck candidate. We add a column 
o the catalogue that identifies which Planck candidate is the most
ikely SZE counterpart, flag closest , with a value of 0 for candidates
ointing to a unique optical counterpart and 1 for candidates which 
hare the optical counterpart with another candidate but are selected 
s the most likely SZE –counterpart. We visually inspected each 
f the 41 ( f cont < 0.3) cases, looking not only at the separation,
ut also at the S/N of the candidates, and the estimated f cont and
. The method described abo v e correctly identifies the most likely
andidate for a counterpart in 18 out of 20 cases for candidates
t f cont < 0.3. For the remaining two, we manually select the most
ikely SZE source. The final PSZ-MCMF cluster catalogue contains 
53 clusters, which are the most likely SZE counterparts of their 
espective optical counterpart. 

PPEN D IX  C :  REDSHIFT  C O M PA R I S O N S  

1 Spectroscopic redshifts 

s discussed in Section 4.1.5 , the full cross-matched sample contains 
wo sources that have no significant secondary peak and exhibit a 
arge redshift offset with respect to z MCMF . We inspect the DES images
f these two clusters, namely PSZ-SN3 J2145-0142 ( z MCMF = 0 . 36
nd f cont = 0.0) and PSZ-SN3 J2347-0009 ( z MCMF = 0 . 26 and f cont =
.02), where the separation between the spectroscopic and optical 
ounterparts are ∼150 and ∼180 arcsec, respectively, and find that 
n both cases the spectroscopic redshift points towards a different 
tructure. In the case of PSZ-SN3 J2145-0142, the spectroscopic 
edshift seems to be associated with a single galaxy. Fig. C1 shows
he richness as a function of redshift for both PSZ-SN3 J2145-0142 
left) and PSZ-SN3 J2347-0009 (right), with the spec- z marked with
lue dotted lines. In the case of PSZ-SN3 J2347-0009, the measured
 cont for the structure at z ≈ 0.53 is greater than our f max 

cont = 0 . 3
hreshold, indicating that this is not a significant richness peak. 

2 PSZ2 redshifts 

n Fig. C2 we show the comparison of PSZ2 redshifts to the MCMF for
he 216 matching systems. On the x-axis, we show the photometric
edshift from MCMF , while redshifts from the PSZ2 catalogue are
hown on the y-axis. Each source is colour-coded according to their
 cont estimation. Continuous (dotted) lines show the enclosed area 
here δz = | ( z MCMF − z PSZ2 ) × (1 + z PSZ2 ) −1 | ≤ 0.02 (0.05). In case
f multiple prominent redshift peaks with f cont < 0.2, we choose to
lot only the redshift peak with the smaller δz for each match. 
Fig. C2 shows that, although most of the estimated MCMF redshifts

ave �z offsets at 2 per cent level or less in comparison to the PSZ2
atalogue, there are some clusters with a higher offset or with f cont ≥
.2. Out of the 216 matching clusters, 207 have f cont < 0.2, and 197
205) have a redshift offset, with respect to the first redshift peak,
ower than 2 per cent (5 per cent). If we consider also structures with
 second peak, we get 201 (209) matches with an of fset lo wer than 2
MNRAS 525, 24–43 (2023) 
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Figure D1. Top : Richness as a function of redshift for the Planck source 
PSZ-SN3 J0240-5945, with the best-fitting peak at z MCMF = 0.41. Bottom : 
Pseudo-colour image from DES g -, r -, i -bands near the Planck candidate 
coordinates, which are marked with a cyan dot. Contours are from the galaxy 
density maps of the counterpart at z MCMF = 0.41 (white) and at z MCMF = 

0.605 (red). The cyan cross marks the position of the optical counterpart found 
using MCMF , and the magenta cross marks the position of PSZ2 G280.76- 
52.30. 
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er cent (5 per cent). To further study the reasons for these catalogue
iscrepancies, we separate between high f cont ( > 0.2) and high δz
 > 0.05). 

First, out of the nine clusters with f cont ≥ 0.2, eight have redshift
ffsets δz < 0.02, with seven of them having 0.2 � f cont � 0.3. DES
mages with artifacts such as missing bands can impact the MCMF
stimation of the photometric redshifts or the cluster centres. The
CMF algorithm includes a masking of regions with artifacts when
enerating the galaxy density maps, thus a v oiding the region entirely.
right saturated stars can also bias the estimations of the richness and
entres depending on where they are located. Thus, MCMF also masks
reas with bright saturated stars for the estimation of the different
arameters. 
Out of the 11 matches with δz > 0.05, four have a second

ignificant richness peak that is in agreement with the reported
edshift from the PSZ2 catalogue. Of the remaining seven, one
as a masked area due to a bright star. For the others, the correct
ounterpart (and therefore redshift) is a matter of debate. For one of
he systems, the MCMF analysis finds a peak at the PSZ2 redshift,
lthough the estimated f cont is 0.31, indicating that this counterpart
as a much higher probability of being contamination as compared
o the primary richness peak with f cont = 0.05. 

PPENDIX  D :  PSZ2  C O M PA R I S O N  EXAMPLES  

here are two PSZ2 clusters for which we do not find a match (see
ection 4.3.1 ) in our list of optical counterparts: PSZ2 G074.08-54.68
nd PSZ2 G280.76-52.30. PSZ2 G074.08-54.68 is a cluster at z PSZ2 =
.305, with M 500 = 5.40 × 10 14 M � and S/N = 6.1, which is within
he DES footprint and that shows a prominent optical counterpart
t (RA, Dec.) = 347.04601, −1.92133, with the redshift coming
rom the REFLEX catalogue (ID: RXC J2308.3-0155). The area
round this cluster is not masked due to bright stars or missing DES
ata. Nevertheless, this cluster is not in our Planck SZE candidate
atalogue. The PSZ2 cluster catalogue is a combination of three
etection methods; PowellSnakes, MMF 1, and MMF 3, with the latter
eing the one used in this work. PSZ2 G074.08-54.68 is detected
y the PowellSnakes algorithm, but not by MMF 1 or MMF3 . This
ould be due to the PSZ2 cluster being close to another cluster, PSZ2
073.82-54.92, which might have been detected first, masking part

or all) of the flux of PSZ2 G074.08-54.68. 
PSZ2 G280.76-52.30 is at z PSZ2 = 0.59, with M 500 = 4.88 × 10 14 

 � and S/N = 4.5, and it has the closest Planck SZE position from
ur catalogue at 3.4 arcmin, with the optical position of that candidate
aving an offset of 5.8 arcmin to the PSZ2 G280.76-52.30 source.
hus, it lies just outside our 3 arcmin matching radius. The PSZ2

edshift comes from the SPT catalogue, with the SPT ID of this
luster being SPT-CL J0240-5952 (Bocquet et al. 2019 ). From the
erspective of our analysis, the Planck candidate (PSZ-SN3 J0240-
945) has z MCMF = 0.41, with λMCMF = 79 and an estimated f cont =
.03. The second redshift peak that we find is at z MCMF = 0.605,
hich is closer to the PSZ2 redshift. In Fig. D1 we show (top) the

ichness as a function of redshift, while below we show the gri DES
seudo-colour image. Overlayed are the density contours at z MCMF =
.41 (white) and z MCMF = 0.605 (red). The cyan cross shows the
ptical position found by MCMF , and the magenta cross shows the
osition of PSZ2. For the peak at z MCMF = 0.605 with λMCMF = 50,
e estimate f cont = 0.28, which means that we consider this to be a

andidate with a second optical counterpart (requires f cont < 0.3). It is
orth noting that, by using the same cross-match aperture, we find a
atch with the SPT-2500d catalogue (Bocquet et al. 2019 ), SPT-CL

0240-5946, whose reported redshift is z SPT = 0.4. 
NRAS 525, 24–43 (2023) 
PPENDI X  E:  FURTHER  E X P L O R AT I O N  O F  

H E  Planck C A N D I DAT E  LIST  

O N TA M I NAT I O N  

o investigate the difference between the observed contamination
f ∼51 per cent and the 75 per cent contamination estimated from
he Planck sky simulations (see Section 2.2 ) we compare the
etection threshold Y 

min 
5 R500 = 2 × 10 −4 arcmin 2 to the observed Y 5 R 500 

istribution of our candidates. We will do this in three steps: first,
e will estimate an observed mass by means of the λMCMF –M 500 

elation derived in Section E1 . Secondly, we will determine the
xcess distribution of candidates with respect to the random lines
f sight in different redshift ranges for the S/N > 3 sample, which
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Figure E1. Richness versus mass for the Planck cluster candidates. Small 
black dots are candidates with f cont ≥ 0.2. Bigger black, blue and red points 
represent counterparts with 0.1 ≤ f cont < 0.2, 0.05 ≤ f cont < 0.1 and f cont < 
0.05, respectively. 
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hould give an estimate of the number of real clusters within this
edshift range. Finally, we will use the derived parameters from the 
caling relation and we will map from λMCMF to Y 5 R 500 on our excess
lusters, using the M 500 –Y 5 R 500 relation from equation ( 2 ). With this,
e can estimate the ratio of excess candidates with Y 5 R500 ≥ Y 

min 
5 R500 

ith respect to the total number of excess candidates, which would 
ive us an indication of how many real systems we expect to lose
hen applying this limiting value. 

1 Richness–mass relation 

revious analyses have shown that the number of galaxies in a 
luster (or richness) is approximately linearly proportional to the 
luster mass (Lin, Mohr & Stanford 2004 ; Gladders et al. 2007 ;
ozo et al. 2009a , b ; Klein et al. 2019 ), with some intrinsic scatter
 σint ≈ 25 per cent ; Rozo & Rykoff 2014 ). Fig. E1 sho ws ho w the
eriv ed masses behav e with the estimated MCMF richness of the
andidates. Colours red, blue, and black represent the different f cont 

election thresholds following Fig. 6 . Although at f cont > 0.2 the
loud of points does not seem follow any particular relation, the 
ore reliable clusters with f cont < 0.2 exhibit a roughly linear trend

t M 500 � 2.5 × 10 14 M �. The trend is stronger at lower f cont , where
he contamination of the cluster sample is lowest. 

We fit a λMCMF –M 500 relation to our data but only for the high S/N
ample (S/N > 4.5 and f max 

cont = 0 . 3), which, assuming a catalogue
ontamination of f SZE −cont ≈ 8 . 5 per cent (Section 2.2 ), means a 
urity of ∼97.4 per cent. For the fitting, we follow a similar procedure
s the one described in Klein et al. ( 2022 ), where the distribution of
ichnesses λMCMF is assumed to follow a log-normal distribution 
hich depends on the mass M 500 and redshift z, so that 

 ( ln λ| M 500 , z) = N ( ln λ; 〈 ln λ〉 ( M 500 , z) , σ2 ( M 500 , z)) , (E1) 

ith mean 

〈 ln λ〉 ( M 500 , z) = ln λ0 + α0 + αM 

ln 

(
M 500 

M 0 

)
+ αz ln 

(
1 + z 

1 + z 0 

)

(E2)

nd variance 

2 ( M 500 , z) = exp ( ln ζ ( z) − 〈 ln λ〉 ) + exp ( s) , (E3) 
here λ0 , M 0 , and z 0 are pivots and ( α0 , αM 

, αz , and s ) are constrained
y the likelihood analysis. For the pivots we use the median values
f the richness, mass and redshift of the S/N > 4.5 sample. The ζ ( z)
arameter corresponds to the richness correction factor used on MCMF 
see equation 7 from Klein et al. 2019 ). This first term on the variance
aptures the Poisson noise on the measured richness, while the second
erm represents the intrinsic variance within the cluster population. 

e refer the reader to appendix A of Klein et al. ( 2022 ) for further
etails on the likelihood analysis. We find best-fitting values for the
arameters of α0 = −0.004 ± 0.023, αM 

= 0.961 ± 0.071, αz = 

.095 ± 0.252, and s = −2.151 ± 0.101. 

2 On the difference between 51 per cent and 75 per cent initial 
ontamination 

or the distribution of excess candidates, we use the PSZ-MCMF
luster catalogue to define the redshift ranges using the 25 per cent,
0 per cent, and 75 per cent percentiles, corresponding to ranges of
 < z ≤ 0.18, 0.18 < z ≤ 0.29, 0.29 < z ≤ 0.44, and 0.44 < z ≤
.32. For each of these ranges we look at the λMCMF distribution of
lanck candidates and that of the random lines of sight, rescaling

he latter to fit the candidates distribution at low λMCMF . We then
ubtract the number of scaled random lines of sight to the number
f Planck candidates for each λMCMF bin within a redshift range. We
efer to this as the distribution of excess candidates, which maps the
istribution of real clusters down to low λ without accounting for 
atalogue purity, unlike when a f cont threshold f max 

cont is applied. 
Finally we transform this λMCMF distribution into a M 500 distribu- 

ion, and then into a Y 5 R 500 distribution. Fig. E2 shows the different
teps on the estimation of the excess and the final transformations.
he top panel shows the distributions of candidates and scaled 

andom lines of sight for the 0 < z ≤ 0.18 redshift range as purple
nd orange lines, respectively, with the excess candidates, labeled as 
residual’, shown in red. The bottom shows the distribution of the
xcess candidates for the different redshift bins in terms of Y 5 R 500 .
he v ertical gre y line marks the Y 

min 
5 R500 . Depending on how we scale

he randoms to fit the low richness regime of the candidates, the
atio of the total excess candidates (summed at all redshifts) to that
f the total number of candidates varies between 55–65 per cent. Of
hose, ∼50 per cent are below the Y 

min 
5 R500 threshold, regardless of the

ormalization, meaning that we would expect to lose half of the real
ources by applying this threshold. 

We note that we do not probe the λMCMF –M 500 relation at λ < 10
see Fig. E1 ), which, depending on the redshift, could translate to
 500 < 10 14 M �. Ho we ver, this does not af fect our analysis because,

s can be seen in Fig. 6 , the minimum λ in our sample is λmin ∼ 20
t z ≈ 0.03, which corresponds to a mass M 500 > 10 14 M � using our
caling relation. 

The different arrows on the bottom panel show, for each redshift
ange, the richness of a source with f cont = 0.2, λMCMF, min , translated
nto a Y 5 R500 , min , colour coded according to the redshift range. Each
MCMF, min ( z) is estimated using the median redshift of each redshift
ange. These arrows can be interpreted as the selection thresholds 
hat are applied when selecting candidates with f cont < 0.2, showing
ood agreement with Y 

min 
5 R500 at all redshifts. This can also be seen in

ig. 9 , where at f max 
cont = 0 . 2, the number of clusters o v er the number

f candidates is ∼25 per cent, similar to the value expected using
 

min 
5 R500 (Section 2.2 ). 
We note that groups and clusters corresponding to the difference 

etween 51 per cent and 75 per cent have 0.2 < f cont < 0.65. They
orrespond to small black dots in Fig. E1 and are thus subject to a
trong selection bias. For these systems, the measured SZE signal is
MNRAS 525, 24–43 (2023) 
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igure E2. Top: Richness distributions in the redshift range 0 < z MCMF ≤
.18 of candidates, rescaled randoms, and excess candidates shown as purple,
range, and red lines, respectiv ely. Bottom: Y 5 R 500 distributions of e xcess
andidates for different redshift bins. Y 5 R 500 is determined from λMCMF using
caling relations. Coloured arrows correspond to the richness derived Y 5 R 500 a
andidate would need to have for us to consider it a real cluster in our sample,
stimated using the median redshift of all the candidates for each redshift bin.
he grey line marks the Y min 

5 R500 used to estimate the purity in Section 2.2 . 

ominated by a positive noise fluctuation on top of an actual small SZ
ignal from the cluster. The conversion of the measured SZE signal
o the mass thus provides strongly o v erestimated v alues. Ho we ver,
e are already excluding most of these systems in the final catalogue
here we only add 11 S/N > 4.5 clusters with 0.2 ≤ f cont < 0.3. 
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