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ABSTRACT

We present the first systematic follow-up of Planck Sunyaev—Zeldovich effect (SZE) selected candidates down to signal-to-noise
(S/N) of 3 over the 5000 deg? covered by the Dark Energy Survey. Using the MCMF cluster confirmation algorithm, we identify
optical counterparts, determine photometric redshifts, and richnesses and assign a parameter, f.on, 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-MCMEF catalogue that have purities ranging from 90 per cent to 97.5 per cent, depending
on the adopted f.on threshold. Halo mass estimates Msg, redshifts, richnesses, and optical centres are presented for all PSZ-
MCMF clusters. The PSZ-MCMF catalogue adds 589 previously unknown Planck identified clusters over 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 Az/(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-MCMEF 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.

1 INTRODUCTION

The intracluster medium (ICM) in galaxy clusters can be detected
through what are now easily observed ICM signatures, providing
a means to select cluster samples based on their ICM proper-
ties. At high temperatures of up to 7 ~ 10% K (for massive
clusters), photons are emitted at X-ray wavelengths via thermal
Bremsstrahlung. Moreover, the ICM can leave an imprint on the
cosmic microwave background (CMB). At mm-wavelengths, it is
possible to study galaxy clusters via the thermal Sunyaev—Zeldovich
effect (SZE; Sunyaev & Zeldovich 1972), which is produced by
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inverse Compton scattering of CMB photons by hot electrons in
the ICM.

Large X-ray selected galaxy cluster catalogues have been created
using X-ray imaging data from the ROSAT All Sky Survey and the
XMM-Newton telescope (e.g. Piffaretti et al. 2011; Klein et al. 2019;
Finoguenov et al. 2020; Koulouridis et al. 2021) as well as the
recently launched eROSITA mission (Brunner et al. 2022; Klein
et al. 2022; Liu et al. 2022). The Planck mission mapped the whole
sky between 2009 and 2013 in mm and infrared wavelengths, with
the goal of studying CMB anisotropies. The latest cluster catalogue
released by the Planck collaboration is the second Planck catalogue
of Sunyaev—Zeldovich sources (PSZ2; Planck Collaboration 2016),
containing over 1600 cluster candidates down to a signal-to-noise
ratio (S/N) of 4.5, detected from the 29-month full-mission data.
Other projects such as the South Pole Telescope (SPT; Carlstrom
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et al. 2011) and the Atacama Cosmology Telescope (ACT; Marriage
et al. 2011) have also been used to create large SZE selected
cluster catalogues (e.g. Bleem et al. 2015, 2020; Hilton et al.
2021).

Although ICM-based cluster selection from an X-ray or SZE sky
survey is efficient, the resulting candidate lists must be optically
confirmed to extract galaxy based observables such as precise
photometric redshifts (e.g. Staniszewski et al. 2009; High et al. 2010;
Songetal.2012b; Liuetal. 2015; Klein etal. 2019, 2022). The optical
followup also allows for a cleaning or removal of the contaminants
(falsely identified clusters) from ICM selected samples, because
noise fluctuations in the ICM candidate lists do not have physically
associated galaxy systems. It is possible for a noise fluctuation
in the ICM candidate list to overlap by chance with a physically
unassociated galaxy system. With the use of the Multi-Component
Matched Filter followup technique (MCMF; Klein et al. 2018, 2019),
it is possible to account for this random superposition possibility
for each ICM cluster candidate and to deliver empirically estimated,
precise, and accurate measurements of the residual contamination in
the final cluster catalogue.

To enable efficient optical followup and precise estimates of the pu-
rity of the final confirmed cluster catalogue, large, and homogeneous
photometric data sets are beneficial. The Dark Energy Survey (DES;
Abbott et al. 2016) covers ~5000 deg? with deep, multiband imaging
in g-, -, i-, z-, Y-bands with the DECam instrument (Flaugher et al.
2015). These imaging data are processed and calibrated using the
DES data management system (Morganson et al. 2018), and to
date two major data releases have taken place (Abbott et al. 2018,
2021).

Large, homogeneous multiband imaging surveys also support the
direct galaxy-based selection of cluster catalogues (e.g. Gladders
etal. 2007; Rykoff et al. 2014; Maturi et al. 2019; Wen & Han 2022).
However, without a second cluster observable, as in the case of the
ICM based selection followed up by optical confirmation, it is more
challenging to empirically estimate or control the contamination
of the final cluster catalogue. One can use statistical comparisons
to well understood ICM-based samples (see SPTxRM analyses in
Grandis et al. 2020, 2021) to estimate the contamination (as well
as the mass completeness modeling) or one can attempt to simulate
the contamination of the cluster sample directly (e.g. Song et al.
2012a; Crocce et al. 2015; DeRose et al. 2019), in which case the
contamination estimates are impacted by the level of realism of the
simulations.

The utility of optically based cluster sample cleaning methods, like
that available with the MCMF algorithm, becomes ever more central
to the cluster catalogue creation as one considers lower signal-to-
noise ICM signatures as cluster candidates, because these candidate
samples are more contaminated with noise fluctuations. With an
effective optically based cleaning method, it becomes possible to
create dramatically larger confirmed cluster samples from a given
X-ray or mm-wave survey, while still maintaining low levels of
contamination (i.e. high sample purity). As an example, the X-ray
cluster sample MARDY 3 selected from ROSAT in combination with
DES produced an increase of an order of magnitude in the number
of ROSAT selected clusters over the DES area (Klein et al. 2019).
Significant gains are currently being seen in the extraction of cluster
samples from lower signal-to-noise candidate lists from the SPT-SZ
2500d and the SPTpol 500-d survey (Klein et al., in preparation;
Bleem et al., in preparation).

Leveraging the rich data set provided by Planck, we have de-
veloped a new cluster candidate catalogue that extends to lower
signal-to-noise levels (S/N>3), enhancing the number of candidate
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clusters identified. However, extending the catalogue to lower signal-
to-noise levels leads to a higher number of spurious sources or
noise fluctuations being classified as Planck detections, resulting
in a decrease in the candidate catalogue purity. To address this
reduced purity, we utilize the DES data set together with the MCMF
cluster confirmation algorithm to confirm Planck clusters and to
reject spurious sources.

In this analysis, we present the PSZ-MCMF! cluster catalogue. To
construct this catalogue, we extend the MCMF tool to deal with the
larger positional uncertainties that come with Planck-selected cluster
candidates and then apply this tool to a Planck-based candidate list
down to S/N = 3 using DES photometric data. In Section 2 we give
a description of the DES and Planck data used. In Section 3 we
describe the enhanced MCMF cluster confirmation method, while in
Section 4 we report our findings. Finally, in Section 5 we summarize
our findings and report our conclusions. Throughout this paper we
adopt a flat A cold dark matter cosmology with 2y = 0.3 and Hy
=70 kms~' Mpc~!.

2 DATA

2.1 DES multiband photometric data

In this work we use the DES Y3A2 GOLD photometric data, which is
based on DES imaging data obtained from the first 3 yr of the survey
(Abbott et al. 2018). We employ g-, r-, i-, z-band photometry, which
has 95 per cent completeness limits of 23.72, 23.34,22.78, and 22.25
mag, respectively. The YA32 GOLD catalogue has been optimized
for cosmological studies with DES, similar to the Y1IA1 GOLD
catalogue (Drlica-Wagner et al. 2018). Because we build upon the
same MCMF cluster confirmation method applied in a ROSAT x DES
analysis (Klein et al. 2019), we refer the reader to that source for
further details of the filtering and handling of the optical multiband
data.

In summary, we make use of the single-object fitting photometry,
which is based on the ngmix code (Sheldon 2014). The photometry
is performed by fitting a galaxy model for each source in each single
epoch image of a given band at the same time, interpolating the
point spread functions at the location of each source. This fitting is
done masking neighbouring sources. We make use of the star-galaxy
separator included in the GOLD catalogues (Drlica-Wagner et al.
2018) and exclude unresolved objects with i <22.2 mag. We also
make use of the masking provided by Y3A2 GOLD (similar to that
described in Y1A1 GOLD; Drlica-Wagner et al. 2018) to exclude
regions around bright stars.

2.2 Planck SZE candidate list

We build a catalogue of Planck SZE sources with S/N>3 located
within the DES footprint. The SZE catalogue is created using
a matched multifilter (MMF) approach (see for example Herranz
et al. 2002; Melin, Bartlett & Delabrouille 2006), namely the MMF3
algorithm used and described in Planck Collaboration (2014) and
improved for the PSZ2 catalogue. The cluster detection is done using
a combination of the Planck maps and assuming prior knowledge on
the cluster profile. In this application of MMF3, we divide the sky
into patches of 10° x 10°, generating 504 overlapping patches, and

PSZ stands for the Planck Sunyaev—Zeldovich 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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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).

run the detection algorithm with two iterations; the first iteration
detects the SZE signal and the second refines the SZE candidate
position to allow for improved estimation of the S/N and other
properties.

The filter works by combining the frequency maps from the Planck
survey into a vector M(x), where each component corresponds to a
map at frequency v; with i = 1, ..., N with N being the total number
of maps. For Planck, we use the channel maps from 100 to 857 GHz,
which correspond to the six highest-frequency maps.

For each cluster candidate at a given central position xg, the
algorithm fits,

M,(x) = yo jv To.(x — x¢) + n,(x), (D

where yj is the central value at position xy and n,(x) corresponds to
the noise vector, which is the sum of the other emission components
in the map that do not correspond to the cluster SZE (such as, e.g.
primordial CMB anisotropies and diffuse galactic emission). The
frequency dependence of the SZE is represented by j,. The spatial
profile is defined as Ty, with 6. as the core radius. The assumed
profile is chosen to be the universal pressure profile (Arnaud et al.
2010).

The filter is then employed to minimize the total variance estimate
o2 . on yo for each detected candidate, which yields an estimate .
The S/N is then defined as $o/ 05,

From this analysis we get the positions and associated uncertainties
of the SZE sources plus the S/N and the SZE flux. At S/N>3, we
get a total of 3130 Planck SZE sources (i.e. cluster candidates).
Fig. 1 shows the cumulative number of cluster candidates (black)
and unvalidated cluster candidates (red) for each S/N bin within the
DES footprint. A candidate is considered to be validated if (1) it is
less than 5 arcmin from a confirmed cluster (with known redshift)
of the Meta-Catalog of SZ detected clusters (MCSZ) of the M2C
database,” or (2) it is less than 10 arcmin and less than 65y from a
confirmed cluster in the Meta-Catalog of X-Ray Detected Clusters
of Galaxies (MCXC; Piffaretti et al. 2011). From the full sample
of 3130 candidates, 460 have been validated in this way (with 414
matching MCSZ clusters, and 46 matching MCXC only), while the

Zhttps://www.galaxyclusterdb.eu/m2c/
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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.

remaining 2670 are non-validated candidates but may nevertheless
be real galaxy clusters.

Fig. 2 contains the S/N versus the positional uncertainties of
the Planck sources, where the black dashed line represents a
S/N = 4.5. The apparent structure of the positional uncertainty is
due to the pixelization of the Planck maps. The detection algorithm
filters the maps and finds the pixel which maximizes the S/N.
The position assigned for a detection corresponds to the pixel
centre. The positional uncertainty is also computed on a pixelized
grid.

We estimate the contamination of the Planck SZE candidate list
using simulations. We use the Planck Sky Model (version 1.6.3; De-
labrouille et al. 2013), to produce realistic all-sky mock observations.
The simulations contain primary cosmic microwave background
anisotropies, galactic components (synchrotron, thermal dust, free-
free, spinning dust), extra-galactic radio and infrared point sources,
and kinetic and thermal SZE. Each frequency map is convolved with
the corresponding beam, and the instrumental noise consistent with
the full mission is added. We run the thermal SZE detection algorithm
down to S/N = 3, and we match the candidate list with the input clus-
ter catalogue adopting a 5 arcmin matching radius. We perform the
matching after removing regions of the sky with high dust emission,
leaving 75 per cent of the sky available, and we only use input clusters
with a measured Compton parameter Y in a circle of radius 5 x
Rs00,° Ysrs00, above 2 x 10~* arcmin®. We adopt the SZE flux—mass
relation,

Mo r” o

E72B3(2)D? (2)Y- =A[7
(2)D4(2)Y5Rr500 3% 1010 My

with A = 2.59 x 1073 h5) Mpc? (see equation B.3 in Arnaud et al.
2010). E(z) = H(z)/Hy is the Hubble parameter normalized to

3Rs0p is defined as the radius within which the density is 500 times the critical
density.
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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.

its present value and Dy4(z) is the angular diameter distance. The
Compton parameter Ysgsoo is given in steradians. We estimate the
purity of the sample as the number of real clusters divided by the
number of detected clusters. This ratio is computed for various
S/N thresholds. The result is shown in Fig. 3. The uncertainty
in purity is considered to be the difference between the best
estimate and the lower limit of the purity (figs 11 and 12 in Planck
Collaboration 2016, respectively) of the PSZ2 catalogue, for the
union 65 percent case. We fit this difference as a function of the
contamination with a power law in the range S/N = 4.5-20. We
extrapolate this down to S/N = 3. From here on, we refer to
this contamination as the initial contamination: fszg con. At high
S/N threshold (S/N>6), the purity, 1 — fszg.cont, 1S close to unity.
Reducing the S/N threshold to 4.5 leads to a purity close to 0.9, which
is consistent with previous estimates (Planck Collaboration 2016).
When reducing the threshold to S/N = 3, we measure a purity of ~
25 per cent corresponding to a contamination fszg cone = 0.75 in the
simulations.

3 CLUSTER CONFIRMATION METHOD

To identify optical counterparts and estimate photometric redshifts
we use a modified version of the MCMF cluster confirmation algorithm
on the Planck candidate list and DES-Y3 photometric catalogues.
For each potential cluster, the radial position and the galaxy colour
weightings are summed over all cluster galaxy candidates to estimate
the excess number of galaxies, or richness (i), with respect to the
background. Klein et al. (2019) contains further details of MCMF
weights and the counterpart identification method.

We expect only a fraction 1-fszgcont Of the Planck candidates to
be real clusters, with a large fraction (fszg.cont = 0.75) corresponding
to contaminants (we return to the value of fszg cone in Section 4.4.2).
Most of these contaminants have no associated optical system, but
some will happen to lie on the sky near a physically unassociated
optical system or a projection of unassociated galaxies along the line
of sight. We refer to these contaminants as ‘random superpositions’.
The MCMF method has been designed to enable us to remove
these contaminants from the Planck candidate list. To estimate
the likelihood of a ‘random superposition’ (e.g. a spurious Planck
candidate being associated with one of the two cases above), we
run MCMF at random positions in the portion of the sky survey
that lies away from the candidates. With this information we can
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reconstruct the frequency and redshift distribution of optical systems,
and this allows us to estimate the probability that each candidate is a
contaminant (see details in Section 3.2.2).

3.1 Cluster confirmation with MCMF

In the MCMF method the sky coordinates of the cluster candidates
are used to search the multiband photometric catalogues with an
associated galaxy red sequence (RS) model, to estimate galaxy
richness A as a function of redshift along the line of sight to
each candidate. The weighted richnesses are estimated within a
default aperture of Rsyy centreed at the candidate sky position
(Klein et al. 2018, 2019). The weights include both a radial and
a colour component, with the radial filter following a projected
Navarro, Frenk, and White profile (NFW; Navarro, Frenk & White
1996, 1997), giving higher weights to galaxies closer to the centre.
The colour filter uses the RS models and is tuned to give higher
weights to cluster RS galaxies. These RS models are calibrated
using over 2500 clusters and groups with spectroscopic redshifts
from the literature, including: the SPT-SZ cluster catalogue (Bleem
et al. 2015), the redMaPPer Y1 catalogue (only for clusters with
spectroscopic redshifts; McClintock et al. 2019), and the 2RXS X-ray
sources cross-matched with the MCXC cluster catalogue (Piffaretti
et al. 2011). These richnesses are estimated for each redshift bin
with steps of Az = 0.005. The richness as a function of redshift is
then searched to find richness peaks; the three strongest A peaks,
each with a different photometric redshift, are recorded for each
candidate.

The mean positional uncertainty of the Planck sources is ~5.3
arcmin, which, adopting the cosmology from Section 1, translates
into an uncertainty of ~0.6 Mpc and ~1.9 Mpc at z = 0.1 and
z = 0.5, respectively. Given the large positional uncertainty of the
Planck candidates, the SZE position of a cluster could in some cases
be offset by several times Rsg. These large positional uncertainties
enhance the probability of a spurious Planck candidate being paired
to a physically unassociated optical system. To address this large
positional uncertainty, we run the MCMF algorithm twice. The first run
adopts the positions from the Planck candidate catalogue, and carries
out a search for possible optical counterparts within an aperture that is
three times the positional uncertainty of the candidate, corresponding
to a mean aperture of ~15.9 arcmin.

This first run gives us up to three possible optical counterparts for
each Planck candidate, with the corresponding photometric redshift,
optical centre, and A for each. For all potential counterparts, the RS
galaxy density maps are used to identify the peak richness, which is
adopted as the optical centre. In the top row of Fig. 4 we show the
richness distribution in redshift (estimated in this first run) of two
different Planck candidates, at zyemr & 0.24 (left) and zyemp &
0.88 (right), with their corresponding pseudo-colour images shown
on the bottom row.

All potential counterparts identified in the first run are then
used for a second MCMF run with the goal of identifying the
most likely optical counterpart for each Planck candidate and
refining the estimation of the photometric redshift and richness.
We proceed with the second run of MCMF using the optical coun-
terpart positions as the input, but now using Rsoo as the aperture
within which to search for counterparts. Rsyy is derived using
a NFW profile and the Planck candidate mass estimation, Msg,
at the redshift of each potential counterpart. For each candidate,
redshift-dependant masses are estimated using the SZE mass proxy
(for details see section 7.2.2 of Planck Collaboration 2014). The
Planck flux measured with the matched filter is degenerate with the
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Figure 4. Example Planck cluster candidates with IDs PSZ-SN3 J2135 + 0124 (zmcmr = 0.24, left) and PSZ-SN3 J0102-4915 (zmemr = 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.

assumed size. We break this size-flux degeneracy using the flux—
mass relation given by (see also equation 5 in Planck Collaboration
2014)

_ D2(2)Ys00 _ _
E 2/3(Z)[ A — 10701975021

MSO() 1.79 (3)
10—4Mpc? ’

6 x 104 My,

where E = H(z)/Hy and H(z) is the Hubble parameter, and Dy is
the angular diameter distance. This second run also gives us up
to three redshift peaks for each source, but we select the richness
peak whose redshift is the closest to the output redshift from the
first run.

MNRAS 525, 24-43 (2023)

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

3.2 Quantifying probability of random superpositions

As already noted, with MCMF we leverage the richness distributions
along random lines of sight in the survey as a basis for assigning
a probability that each potential optical counterpart of a Planck-
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selected candidate is a random superposition (e.g. it is not physically
associated with the Planck candidate). We describe this process
below.

3.2.1 Richness distributions from random lines of sight

A catalogue along random lines of sight is generated from the
original Planck catalogue, where for each candidate position we
generate a random position on the sky, with a minimum radius
of approximately three times the mean positional uncertainty (5.5
arcmin). We also impose the condition that the random position
has to be at least ~3 x 5.5 arcmin away from any of the Planck
candidates. We analyse the catalogue of random positions using
MCMF in the same manner as for the data, except that, for the
NFW profile used in the second run, the mass information needed
to estimate the Rsg is randomly selected from any of the Planck
candidates (removing the candidate from which the random was
generated).

To have sufficient statistics we select two random positions for
each Planck candidate, so we have approximately two times as
many random lines of sight as Planck candidates. Given the large
positional uncertainties in the Planck candidate catalogue, optical
counterparts of random lines of sight might be assigned to an
optical counterpart of a Planck candidate. To account for this, we
remove from our random lines of sight catalogue those positions
that (1) have A > 30 (e.g. lines of sight with massive clusters),
and (2) are within 3 Mpc of any Planck source from our final,
confirmed catalogue and have |Zpjanck — Zrandom| < 0.1. Also, once the
second set of random lines of sight has been analysed, we remove
those positions that lie within 3 arcmin from any random source
position from the first set to avoid double counting the same optical
structures.

3.2.2 Estimating the random superposition probability f,,,

With the random lines of sight we can use the f;o, estimator presented
in Klein et al. (2019), which is proportional to the probability
of individual Planck candidates being random superpositions of
physically unassociated structures (Klein et al. 2022). By imposing
an foon, threshold on our final cluster catalogue, we are able to quantify
(and therefore also control) the contamination fraction. To estimate
Jeont for each Planck candidate, we integrate the normalized richness
distributions along random lines of sight fi.na(X, z), within multiple
redshift bins, that have A > Ay, where Ag. is the richness of the
Planck candidate. We do the same for the richness distribution of
the Planck candidates fy,s(A, z) and then we estimate f.,, as the
ratio,

f)\osom dA frand(}‘v Z)
f;:,c dA fobs()\v Z) .

In Fig. 5 we show three examples of Planck candidates with the
estimated f.on.. The blue and orange lines are the interpolated richness
distributions of Planck candidates and of random lines of sight,
respectively, at the redshift of the best optical counterpart. The
orange (blue) shaded area shows the integral in the numerator
(denominator) in equation (4), starting at the richness Ay, of the
Planck candidate.

In simple terms, a constant value of f., can be translated to
a redshift-varying richness value A(z). Thus, selecting candidates
with a value of f.,, lower than some threshold, is similar to
requiring the final cluster sample to have a minimum richness

fcont()\srca 7)= 4)
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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 6z < 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).

that can vary with redshift [Ayn(z)], above which the catalogue
has a fixed level of contamination. We refer to this threshold
as fioi, which yields a catalogue contamination estimated as
oeX x (initial contamination), independent of redshift. Because the
initial contamination of the Planck-selected sample is fszg.cont and
the final contamination of the cluster sample selected to have
JszE—cont < fooax 1 foiX X fszE—cont> One can think of the fix
selection threshold as the fraction of the contamination in the original
candidate sample that ends up being included in the final confirmed
cluster sample. Thus, through selecting an fon threshold one can
control the level of contamination in the final confirmed cluster

catalogue.

4 RESULTS

In Section 4.1 we present PSZ-MCMF, the confirmed cluster cata-
logue extracted from the Planck candidate list after an analysis of
the DES optical followup information using the MCMF algorithm.
We then discuss in more detail the mass estimates (Section 4.2),
the cross-comparison with other ICM selected cluster catalogues
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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 feone below f53% = 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) feon
> 0.3 are shown as small black dots. Bigger green, black, blue, and red
dots represent counterparts with 0.2 < feont < 0.3, 0.1 < feone < 0.2, 0.05 <
Jeont < 0.1, and feont < 0.05, respectively, corresponding to subsamples with
decreasing contamination.

(Section 4.3), and the catalogue contamination and incompleteness
(Section 4.4).

4.1 Creating the PSZ-MCMF cluster catalogue

As mentioned above, the MCMF algorithm allows us to identify up
to three different richness peaks, corresponding to different possible
optical counterparts, for each of the 3130 Planck candidates. To
generate a final cluster catalogue, we select the most likely optical
counterpart for each of the 3130 Planck candidates by choosing
the counterpart that has the lowest probability f.,, of being a
random superposition (i.e. of being a contaminant rather than a real
cluster).

With MCMF we identify optical counterparts for 2938 of the 3130
Planck candidates, whereas for the remaining 192 Planck candidates
no counterpart is found (see Section 4.1.2 for details). Of the 2938
candidates with optical counterparts, 2913 have unique counterparts,
while the remaining 25 share their counterpart with another candidate
that is closer to that counterpart (see Section 4.1.3 for details). Finally,
we consider a candidate to be confirmed when its optical counterpart
has feone below the threshold value f353 = 0.3. This results in 1092
confirmed Planck clusters. Of these confirmed clusters, 120 have
two prominent redshift peaks with f.,, below the threshold value

oo, and are considered to be candidates with multiple optical
counterparts.

The top panel of Fig. 6 shows the redshift distribution for different
values of the threshold f3¥, while the bottom panel shows the rich-
ness as a function of the redshift for the best optical counterpart of the
Planck candidates in this final catalogue. Small dots represent sources
with an estimated f.onc > 0.3, while bigger dots are colour coded
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Table 1. Number of confirmed Planck clusters with fi7a% = 0.3, 0.2, 0.1 and
0.05 presented by row.
oat S/N>3 S/N>4.5

Na Purity Comp. Na 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.

as green, black, blue, or red according to whether 0.2<f.,,<0.3,
0.1<feont< 0.2, 0.05<feon:<0.1, or foon:<0.05, respectively.

In Table 1 we show the number of cluster candidates with feon
below different values of the threshold f33¥, and different Planck
candidate S/N thresholds. With this analysis we are adding 589 (828)
clusters to the Planck cluster sample at fioa* = 0.2 (0.3) when going

cont
from the Planck SIN>4.5 to S/N>3.

4.1.1 Candidates with a second optical counterpart

If the cluster candidate has two prominent redshift peaks with
Jeont < fooad¥ = 0.3, where either (1) the redshift offset [§z = (z; —
z2)/(1 4 z1)] is greater than 2 per cent or (2) the on-sky separation
is greater than 10 arcmin, then we classify this candidate as a one
with multiple optical systems, because a second optical counterpart
with f.one <0.3 is an indication that the probability of being a chance
superposition is lower than fioaX X fszg—cont- We give the redshifts,
sky-positions, richnesses, and other values for this second optical
counterpart in the full cluster catalogue. In the case that both
counterparts have the same f..,, we select the one that is closer to
the Planck candidate position. In Appendix A we discuss a specific
example.

4.1.2 Candidates with no optical counterpart

Out of the 3130 Planck candidates, there are 192 for which the MCMF
analysis delivers no optical counterpart — not even with a high fion.
Most of these candidates (all but 26) are located near the edges of the
DES footprint, suggesting that with more complete optical data many
of these candidates could be associated with an optical counterpart.
The 26 candidates that lie away from the DES survey edge show
either a bright star or bright low-z galaxy near the Planck position
or a lack of photometric information in one or more DES bands.
Regions of the sky with these characteristics are masked by MCMF
and this is the likely reason that no optical counterpart is identified
for those candidates.

4.1.3 Candidates sharing the same optical counterpart

Given the rather generous search aperture used in the first run of
MCMF, it is possible that some Planck candidates lying near one
another on the sky share the same optical counterpart. There are
41 candidates at f.on;<0.3 that share 20 optical counterparts. The
criteria we use to identify these 41 candidates is similar to the one
used above to identify candidates with more than one possible optical
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counterpart. If the distance between the optical counterparts for the
two Planck candidates is less than 10 arcmin and the redshift offset
satisfies |§z] < 0.02, then we consider the two candidates to be
sharing the same optical counterpart. In Appendix B we discuss a
specific example.

To account for such cases, we add a column to our catalogue
that refers to which Planck candidate is the most likely SZE
counterpart by using the distance between the SZE and the optical
centres. The Planck candidate with the smallest projected distance
from the optical centre normalized by the positional uncertainty
of the Planck candidate is considered to be the most likely SZE
source.

4.1.4 Final PSZ-MCMF sample

With considerations of this last class we end up with 2913 Planck
candidates, which are the closest to their respective optical counter-
parts. Table 1 contains the numbers of confirmed clusters, the purity
(Section 4.4.1), and the completeness (Section 4.4.2) for different
selection thresholds in f.n and S/N. Given how the catalogue
contamination of Planck candidates depends strongly on the S/N
threshold (see Fig. 3), we decide to use two different values of fJ5o
for the low S/N (S/N>3) and high S/N (S/N>4.5) samples. The low
S/N sample will be defined as clusters with S/N>3 that meet the
Sfooa¥ = 0.2 threshold (second row of the S/N>3 sample in Table 1),
whereas the high S/N sample will be defined as clusters with S/N>4.5
that meet the £33 = 0.3 threshold (first row of the S/N>4.5 sample
in Table 1). The combination of these two samples corresponds to
the PSZ-MCMF cluster sample, with a total of 853 clusters.

As previously noted in Section 3.2.2, the contamination fraction
of the confirmed cluster sample is foa¥ X fsze—cont and depends on
the feone selection threshold applied. The full PSZ-MCMF cluster
catalogue will be made available online at the VizieR archive.*
Table B1 contains a random subsample of the PSZ-MCMF catalogue
with a subset of the columns.

In much of the discussion that follows we focus on the PSZ-MCMF
cluster catalogue; however, we will define two subsamples that will
be used in specific cases: the low S/N sample and the high S/N
sample. The low S/N sample (f5a¢ = 0.2 and S/N>3), consists of
842 clusters with a ~90 per cent purity and 53 per cent completeness.
The high S/N sample (f55¥ = 0.3 and S/N>4.5) consists of 264
clusters with a ~97 percent purity and 99 per cent completeness.
Other sample selections could be made, and the basic properties of

twelve samples are presented in Table 1.

4.1.5 Comparison with spectroscopic redshifts

Starting with the ~2500 clusters and groups with spectroscopic
redshifts used to calibrate the RS models of MCMF, we cross-match
the cluster positions with the optical coordinates of each of our Planck
candidates, selecting as matches those that lie within an angular
distance of 3 arcmin. We choose to match with the optical counterpart
positions, because they provide a more accurate sky position than the
Planck SZE positions, which have a typical uncertainty of 5 arcmin.
We use this cross-matched sample of clusters with spectroscopic
redshifts 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
catalogue, including a z = 1.1 cluster (SPT-CL J2106-5844). Of this

“http://vizier.u-strasbg.fr/
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sample, 18 clusters have another MCMF richness peak with f;o below
the threshold value f;53¢ = 0.2. Of these 18 candidates, the primary
richness peak (lowest f.on) in 16 shows good agreement with the
corrsponding spectroscopic redshift zg,., while for the remaining
two the secondary peak lies at the zgc. Of the full cross-matched
sample, there are two sources that have no secondary peak and exhibit
a large redshift offset in the primary richness peak. We discuss these
two cases in Appendix C1.

To characterise the redshift offset, we fit a Gaussian to the
distribution of Az = (Zgpec — ZMeME)/(1 + Zgpee) Of the 181 clusters,
finding that the standard deviation is 0 = 0.00468 (indicating a
typical MCMF redshift uncertainty of 0.47 percent), with a mean
offset © = —0.00005 (indicating no MCMF redshift bias). This is
consistent with the previously reported results from applications of
the MCMF algorithm (Klein et al. 2019).

4.2 Estimating PSZ-MCMF cluster masses

Each Planck candidate comes with a function ME (Yse0, z) that
allows an initial mass estimate using the redshift and the SZE signal
Y500 of the candidate (see equation 3). Therefore, for each of the 853
PSZ-MCMF clusters, we use the final photometric redshift from our
MCMF analysis to estimate a mass.

It is important to note that candidates with multiple optical coun-
terparts may have a biased SZE signature Ysoy due to contributions
from both physical systems, which would impact the estimated ME},.
However, because we do not have enough information to be able
to separate the SZE emission coming for each component of the
multiple counterparts, we adopt masses that are derived from the
redshift of the first ranked richness peak. These masses are biased as
discussed further below, and we therefore present a different mass
esimate Msqo in the final PSZ-MCMEF catalogue (see the example
Table B1).

We expect a mass shift between the PSZ-MCMF cluster sample
and both SPT and MARD-Y3, that is largely due to the hydrostatic
mass bias that has not been accounted for in the Planck estimated
masses (see e.g. von der Linden et al. 2014; Hoekstra et al. 2015;
Planck Collaboration 2020; Melin et al. 2021). In contrast, the
SPT and MARD-Y3 masses are calibrated to weak lensing mass
measurements (Bocquet et al. 2019), and should not be impacted
by hydrostatic mass bias. We therefore apply a systematic bias
correction to the Planck masses to bring all samples onto a common
mass baseline represented by M.

To be able to compare our masses with different surveys accurately,
we use cross-matched clusters and estimate the median mass ratio
between the SPT/MARD-Y3 and the Planck mass estimates (see
Section 4.3.2 for details), finding a median of ME} /M5 ~ 0.8. This
value is in agreement with both weak lensing (von der Linden et al.
2014; Hoekstra et al. 2015) and CMB lensing (Planck Collaboration
2020) analyses of Planck clusters. Therefore, we correct the masses
of the PSZ-MCMF clusters identified in our current analysis by this
factor. Because the previously published PSZ2 catalogue has masses
that are calculated in a manner similar to the ME}, described above,
we correct PSZ2 masses also using a correction of (1 — b) = 0.8.
However, we note a further shift of M,/ MES?* ~ 0.95 with respect
to our corrected masses, and so we further correct the PSZ2 masses
for the final comparison.

It should be noted that the mass bias of Planck clusters is still an
ongoing topic. In summary, the masses we present in the following
sections and the final cluster catalogue Table B1 are denoted as M5y
and are rescaled to be consistent with results from a range of weak
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lensing calibration analyses. These masses are larger than the Planck
masses ML, by a factor 1/0.8 = 1.25.

4.3 Comparison to other ICM selected cluster catalogues

To check how the PSZ-MCMF cluster sample compares to others,
we select three cluster catalogues that have been selected using ICM
signatures and that lie within the DES footprint: MARD-Y3 (Klein
et al. 2019), SPT-2500d (Bocquet et al. 2019) along with SPT-ECS
(Bleemetal. 2020) and PSZ2. MARD-Y3 is an X-ray selected cluster
catalogue confirmed with DES Y3 photometric data, using the same
tools as for the Planck analysis presented here. This MARD-Y3
catalogue has 2900 clusters with fione < 0.2. On the other hand, both
the SPT and PSZ2 cluster catalogues are based on SZE selection.
For SPT we select sources with a redshift measurement (photometric
or spectroscopic), giving a total of 964 clusters. It is worth noting
that PSZ2 is an all sky survey, and for the comparison we select
sources that lie within the DES survey region and have a redshift
measurement (226 clusters).

4.3.1 Comparison to PSZ2 catalogue

We compare the estimated redshifts of our 2938 candidates with
optical counterparts (no fii* applied) with those from the PSZ2
catalogue (Planck Collaboration 2016), because the two catalogues
should contain a similar number of clusters at S/N>4.5, with small
variations expected due to the different algorithms used to detect
clusters. There are 1094 PSZ2 clusters with a measured redshift, and,
out of those, 226 lie within the DES footprint. We match these 226
clusters with sources from our catalogue that have good photometric
redshift estimations and S/N>4.5, using a matching radius of 3
arcmin. In this case we do the matching using both the Planck SZE
position and the optical positions.

We find 217 matching sources, but one of those matches does not
correspond to the closest cluster in our catalogue so we exclude it and
use the 216 remaining sources. Of the nine PSZ2 sources for which
we find no match, seven have missing photometric information in
one or more DES bands. The remaining two clusters with IDs PSZ2
G074.08-54.68 and PSZ2 G280.76-52.30 are further discussed in
Appendix D.

Of this matched sample of 216 systems, 207 (214) systems have
Jeont <0.2 (0.3) and redshifts that are in good agreement with ours.
The cases of disagreement are discussed in detail in Appendix C2. By
comparing the 214 matching clusters with f,,, < 0.3 to the numbers
shown on the Table 1 (264 at S/N>4.5), it becomes apparent that
the analysis we describe here has led to photometric redshifts and
optical counterparts for 50 PSZ2 clusters that previously had no
redshift information. Fig. 7 shows the redshift distribution of our
cluster catalogue (red histogram) and of the PSZ2 catalogue within
DES (blue histogram).

4.3.2 PSZ-MCMF mass-redshift distribution

We compare the mass-redshift distribution of PSZ-MCMF clusters
with that of MARD-Y3, SPT, and PSZ2. Our first step in cross-
matching is to select clusters that are the closest to their respective
optical counterpart (853 clusters). Then the cross-match comparison
is done by using both a positional match within 3 arcmin from the
Planck positions or from the optical positions. We also add a redshift
constraint, where only candidates with a redshift offset §z < 0.02
(using only the first peak) are considered. This gives a total of 500,
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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.

187, and 233 matches with MARD-Y3, PSZ2, and SPT (2500 d
+ ECS), respectively. In total, then, 329 PSZ-MCMF clusters are
not matched to any of the three published catalogues.

In Fig. 8 we show the mass versus redshift distribution for the dif-
ferent cluster samples. The SPT, PSZ2, and MARD-Y3 samples are
shown as green stars, blue diamonds, or grey squares, respectively.
PSZ-MCMF clusters are shown with red dots if they are unmatched
to clusters in SPT, PSZ2, or MARD-Y 3 and as black circles if they are
matched. The red systems are the previously unknown SZE selected
clusters in the DES region. In the case of matches to previously
published samples, we adopt the mass and redshift estimates from
the PSZ-MCMEF sample to ensure the points lie on top of one another.
Fig. 8 contains more than 10 massive clusters (Msqy = 10'> Mg and
z < 0.5) with no matches to the PSZ-MCMF cluster sample. Visual
inspection shows that those systems were slightly outside the DES
footprint or within masked regions within the general DES footprint.

For MARD-Y3, we clean the unmatched sources by selecting
those without multiple X-ray sources to avoid double counting
clusters, and also exclude clusters with strong active galactic nucleus
(AGN) contamination as indicated by their AGN exclusion filter (see
section 4.2.1 in Klein et al. 2019). Also, following their mass versus
redshift distribution, we use a threshold of f.,, < 0.05 and also
remove sources with a second counterpart with f.on < 0.05.

The mass-redshift distribution of our Planck sample is similar to
that of the MARD-Y3 X-ray selected sample, which finds more
lower mass systems at lower redshifts. In contrast, the SPT sample
mass-redshift distribution exhibits only a slight redshift trend (Bleem
etal. 2015), but it lacks the lower mass systems seen at low redshift in
the Planck and MARD-Y 3 samples. For the Planck selection, it is the
multifrequency mapping that enables the separation of the thermal
SZE from the contaminating CMB primary temperature anisotropy,
and this enables the detection of low redshift and low mass systems
in a way that resembles the flux limited selection in the MARD-
Y3 catalogue. SPT, on the other hand, has coverage over a narrow
range of frequency and cannot as effectively separate the thermal
SZE and the primary CMB anisotropies. The SPT cluster extraction
is therefore restricted to a smaller range of angular scales, which
is well matched to cluster virial regions at z 2> 0.3, but at lower
redshifts an ever smaller fraction of the SZE signature is obtained,
making it ineffective at detecting the low 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, respectively. New PSZ-MCMEF 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-MCMEF catalogue.

systems seen in the Planck and MARD-Y3 samples. At z < 0.6,
MARD-Y3 selects lower mass clusters than we are able to with our
Planck sample, but at higher redshifts both catalogues follow similar
distributions. When comparing with PSZ2, our new Planck catalogue
contains lower mass clusters at all redshifts, which is expected
given that we are pushing to lower S/N with our Planck catalogue.
Our Planck sample also contains the first z > 1 Planck-selected
clusters.

4.4 PSZ-MCMF contamination and incompleteness

An application of the Planck-based cluster finding algorithm to mock
data suggests that at S/N>3 we should expect about 75 per cent of the
candidates to be contamination (noise fluctuations; see Section 2.2).
In this section we explore that expectation using information from
the MCMF followup. Moreover, as one subjects the confirmed PSZ-

MCMF sample to more restrictive f.o, selection thresholds (i.e.
smaller values), one is removing not only chance superpositions
(contaminants) from the sample, but also some real clusters. In the
following subsections we also explore the incompleteness introduced
by the fione selection.

4.4.1 Estimating contamination

With the MCMF analysis results in hand, we can now estimate the
true contamination fraction of the initial candidate list by analysing
the number of real cluster candidates N, from the number of
selected clusters N as a function of the f.on threshold f253* and input
Planck candidate catalogue contamination fszg cont- The number of

real clusters is estimated as

Nreal(fctgsz( = Ncl(fcom < fcngg:( [1 - fcrg[a,:(fSZEfcom] s (5)
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where No(feont < fooa) is the total number of confirmed Planck

candidates with feon, < fi and [1 — f29 fi75_cont| represents the
fraction of real clusters in a sample of MCMF confirmed clusters. As
discussed in Section 3.2.2, f.on is defined in a cumulative manner
and the final contamination of an feon < f5ir selected sample is the
product f75 fsze—cont Where fszg.cone 18 the contamination fraction
of the original Planck candidate list, and fJ3* is the fraction of this
contamination that makes it into the final confirmed cluster sample.

In this way, we can estimate Ny, for a number of values of f7iF
and fszg.con. Under the assumption that the f.,, selection restricts
contamination as expected, we can then solve for the input candidate
list contamination fszg cont, Which again was estimated through
Planck sky simulations to be ~0.75. The catalogue contamination
should give a constant ratio of Nyea/Neand = 1 — fszB-cont at higher

cont Where this feon; selection becomes unimportant.

It is instructive to start with a less contaminated sample similar to
PSZ2 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
real clusters N, to the total number of Planck candidates as a
function of the f.o threshold value fi53¢ used to select the sample.
Each solid curve represents the estimated number of real clusters
Nrea, colour coded according to the assumed Planck candidate
sample contamination fszg.cont. The horizontal dashed lines show 1 —
fszE-cont» Which is showing the fraction of Planck candidates that are
expected to be real clusters and therefore could be confirmed using
MCMF. We would expect that for threshold values f33¥ approaching
1, where the MCMF selection is having no impact, that the fraction
plotted in the figure would reach the value 1 — fszg cont-

The input contamination that best describes the high S/N sample
iS fszEcomt = 8.5 percent, where at f.,ny < 0.3 the fraction of
confirmed candidates has reached the maximum possible within the
Planck candidate list. A further relaxing of the f.on threshold has
essentially no impact on the number of real clusters Nye,; it just adds
contaminants to the list of MCMF confirmed clusters N, at just the
rate that matches the expected increase in contamination described
in equation (5). This contamination is in line with the ~ 91 per cent
reliability estimated for the PSZ2 cluster cosmology sample (see
fig. 11 in Planck Collaboration 2016).

Note the behavior of the blue line at f,, values <0.3. The
confirmed ratio falls away from 90 per cent, indicating the onset of
significant incompleteness in the MCMF selected sample. This is an
indication that as one uses fq, to produce cluster samples with lower
and lower contamination fractions, one is also losing real systems
and thereby increasing incompleteness. We discuss this further in the
next subsection (Section 4.4.2).

For the more contaminated S/N>3 Planck candidate sample (2913
candidates) the results are shown in the bottom panel of Fig. 9. When
the feon threshold is 0.2, the estimated number of real clusters N, is
roughly 25 per cent of the total number of Planck candidates, which
implies a 75 per cent contamination. However, unlike the S/N>4.5,
the curve does not flatten until f.o, > 0.65, and only for initial
contamination values fszg.con = 50 percent. This later flattening
reflects the low mass range (and therefore lower richness range) of
the S/N>3 candidate list. Additionally, our analysis indicates that
the initial contamination of the Planck S/N>3 candidate list is ~51
per cent rather than the estimated 75 per cent from Planck mock sky
experiments. We explore these differences further in Appendix E.

Finally, using this 51 per cent initial contamination (yellow lines),
we expect to lose 286 clusters when going from an f.q, threshold of
<0.2 (~90 per cent purity) to <0.05 (~97.5 per cent purity). Indeed,
any feont threshold below 0.6 will remove real Planck-selected clusters
from the MCMF confirmed sample, but including these systems comes
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Figure 9. Ratio of the estimated number of real clusters Ny, to the total
number of candidate clusters Neang in the Planck sample as a function of
the feont threshold value applied. The solid lines show different curves from
equation (5) with four different values of the contamination fszg cont Of the
initial Planck candidate list. The dashed lines show 1 — fszg-cont, With colours
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.

at the cost of higher contamination (purity drops to ~70 per cent).
The purity for different thresholds of f3¥ is listed in Table 1 for the
two Planck candidate S/N ranges.

Given how the PSZ-MCMEF cluster catalogue is constructed (the
combination of the low and high S/N subsamples), the final purity is
estimated to be ~90 per cent.

4.4.2 Estimating incompleteness

From this analysis, we can estimate the number of missed clusters
Ninissed OF equivalently the fractional incompleteness for a given foone
threshold. First, we estimate the maximum number of real clusters
in the full sample as Nieal, max = Neand(1 — fszB-cont) = 1427 (for the

£20Z JaqWaAON €| uo Jasn Aielqi ojsQ 10 Ausiaaiun Aq 0689€2//vZ/1/SZS/a191e/Seluw/Wwod dno-olwapeoe//:sdiy Wolj papeojumMo(]



1.0
—— S/N > 4.5

0.81 S/N > 3

0.6

0.4

Nmissed/NreaI, max

0.2

0.0 0.2 0.4 0.6 0.8
fmax

cont

Figure 10. Estimate of the fractional incompleteness versus the feon thresh-
old faX for the S/IN>4.5 (fszg-cont = 8.5 percent) and S/N>3 (fszE-cont =

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

SsZE—cont fooat (see Section 4.4.1 and Table 1).

S/N>3 sample), where in this case N g is the full Planck candidate
list. Then, we estimate the number of missed clusters using the total
number of expected real clusters minus the number of real SZE
selected clusters at a particular f..,, threshold value,

Nmissed(fcom < fcr(r)lsi( =N, Nreal(fcr(r)ls:( s (6)

real,max —
where Nieai(fioit) is defined as in equation (5). In Fig. 10 we show the
ratio of missed clusters over the expected maximum number of real
clusters for the samples at S/N>3 (orange line) and S/N>4.5 (blue
line). An feon threshold of 0.2 in the S/N>4.5 Planck sample would
be missing slightly over 3 per cent of the real clusters, while at S/N>3
and the same threshold 0.2, we expect to miss ~ 47 per cent of the
real clusters. With an fy, threshold of 0.05 we miss ~ 70 per cent of
the real clusters. The completeness for different selection thresholds

oox is shown in Table 1, for the two Planck candidate S/N ranges.
We estimate the completeness of the PSZ-MCMF cluster catalogue
to be ~54 per cent.

The higher incompleteness for the lower S/N sample is expected,
because as discussed in Section 4.2 this sample pushes to lower
masses and therefore lower richnesses than the S/N>4.5 sample. At
lower richness, real clusters cannot be as effectively differentiated
from the typical background richness distribution (see random line-
of-sight discussion in Section 3.2). In this low mass regime, along
with the large positional uncertainties, the cost of creating a higher
purity Planck sample is the introduction of high incompleteness.

5 SUMMARY AND CONCLUSIONS

In this analysis we create the PSZ-MCMEF cluster catalogue by apply-
ing the MCMF cluster confirmation algorithm to DES photometric data
and an SZE selected cluster candidate list extracted down to S/N = 3
from Planck sky maps. In contrast to previous analyses employing the
MCMF algorithm, the low angular resolution of Planck together with
the low S/N threshold result in much larger positional uncertainties of
the SZE selected candidates. To overcome this challenge we apply the
MCMF algorithm twice, first using the Planck candidate coordinates
to define a search region with an aperture that is three times the
Planck candidate positional uncertainty, and then second using the
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positions of the optical counterparts found in the first run, with an
aperture based on an estimate of the halo radius Rsoy(z) that employs
the mass constraints from the Planck data set.

We control the contamination of the final, confirmed sample by
measuring the parameter fon for each Planck candidate. As discussed
in Section 3.2.2, the value of this parameter is proportional to the
probability that the Planck candidate and its optical counterpart are a
chance superposition of physically unassociated systems rather than
areal cluster of galaxies. About 10 per cent of the Planck candidates
exhibit multiple potential optical counterparts. In such cases we select
the most likely optical counterpart by choosing the one with the
lowest feon: Value (lowest chance of being contamination).

Our analysis of the PSZ-MCMF sample indicates that the initial
contamination fraction of the Planck S/N>4.5 candidate list is
JfszE-cont ~9 percent and the S/N>3 candidate list is fszg.cont ~50
percent. The optical followup with MCMF allows us to reduce
this contamination substantially to the product f355* X fsze—conts
where f2 is the maximum allowed f.on value in a particular
subsample.

Table B1 contains the full PSZ-MCMEF sample of 853 confirmed
clusters, defined using an fo, threshold of 0.3 for S/N>4.5 candi-
dates and an fo threshold of 0.2 for S/N>3 candidates. Table 1
contains the number of clusters, the purity and the completeness
of this cl catalogue (in bold face) together with other subsamples
constructed using smaller f.o thresholds of 0.2, 0.1, and 0.05 for
both Planck S/N ranges. Whereas the full catalogue contains 853
clusters with a purity of 90 per cent and completeness of 54 per cent,
the subsample with f.on <0.2 (<0.1) contains 842 (604) clusters with
purity 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
of the real clusters when applying a limiting value at feon < 0.2,
while the same threshold on the S/N>4.5 sample excludes around
4 per cent. We attribute the higher incompleteness of the confirmed
low S/N sample to the fact that these systems have lower masses
and richnesses. The lower richnesses for the real clusters in this
regime are simply more difficult to separate from the characteristic
richness variations along random lines of sight in the DES survey.
The relatively large positional uncertainties of the Planck candidates
makes this effect even stronger.

Users are encouraged to select subsamples of the cl sample with
lower contamination, depending on their particular scientific appli-
cation. The PSZ-MCMF catalogue adds 828 previously unknown
Planck identified clusters at S/N>3, and it delivers redshifts for 50
previously published S/N>4.5 Planck clusters.

For each of the confirmed clusters we derive photometric redshifts.
By comparing the PSZ-MCMF cluster sample with spectroscopic
redshifts from the literature, we find a mean redshift offset <10~* and
an RMS scatter of 0.47 per cent. With these redshifts together with the
Planck mass constraints, we estimate halo masses for all confirmed
clusters. These original Planck-based mass estimates contain no
correction for hydrostatic mass bias, and so these are rescaled by the
factor 1/0.8 = 1.25 to make them consistent with the weak lensing
derived SPT cluster masses (Bocquet et al. 2019). Optical positions,
redshifts, and halo masses Msy, are provided for each confirmed
cluster in Table B1.

We crossmatch the PSZ-MCMF cluster catalogue to different SZE
and X-ray selected cluster catalogues within the DES footprint. We
find that the PSZ-MCMF mass distribution with redshift is similar
to that of the X-ray selected MARD-Y3 cluster catalogue. However,
at redshifts lower than z < 0.5 the PSZ-MCMF catalogue does not
contain the lower mass systems that the X-ray selected MARD-Y3
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catalogue contains. When comparing with the previous Planck SZE
source catalogue PSZ2, we have optical counterparts for most of
the systems that lie within the DES footprint, finding in general
good agreement with their previously reported redshifts. Compared
to the higher S/N PSZ2 sample, we find that most of our new lower
S/N PSZ-MCMF systems lie at lower masses at all redshifts and
extend to higher redshift, as expected. Probing to lower masses
allows for the confirmation of the first z > 1 Planck identified
galaxy clusters. Crudely scaling these results to the full extragalactic
sky (~30000 deg?) implies that the Planck full sky candidate list
confirmed using MCMF applied to DES like multiband optical data
would yield a sample of ~6000 clusters, which is ~6 times the
number of clusters in the PSZ2 all-sky cluster catalogue with redshift
information.
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APPENDIX A: MULTIPLE OPTICAL
COUNTERPARTS

In Fig. A1 we show an example of the Planck candidate PSZ-SN3
J0605-3519, which is classified as a candidate with multiple optical
counterparts. The upper figure shows the richness as a function
of redshift, which shows two prominent peaks at zyemp = 0.15
and zmcmr = 0.52. The lower image contains the pseudo-colour
image from gri DES cutouts. White and red contours are derived
from the RS galaxy density map for galaxies at zyemp = 0.15 and
zmemr = 0.52, respectively. The richness for these two counterparts
are Avemr = 84 and Ayemp = 156 for the white and red contours,
for the two optical candidates at zyemr = 0.15 and zyemr = 0.52,
respectively. For this candidate, the estimated f.on of both redshift
peaks is 0, indicating a vanishing small probability that either one is
a random superposition. We choose the one at zyemr = 0.15 as the
‘preferred’ counterpart because it lies nearer to the Planck candidate
position. The reported spectroscopic redshift for this cluster comes
from the REFLEX cluster catalogue, with zg,ec = 0.1392 for cluster
RXCJ0605.8-3518 (Bohringer et al. 2004).
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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 zyemp = 0.15 and zmemr =
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 zymcemr = 0.15 (white) and
at zmemr = 0.52 (red).

APPENDIX B: SHARED OPTICAL
COUNTERPART

In Fig. B1 we show an example of two Planck candidates (PSZ-
SN3 J2248-4430 with feone = 0.00 and PSZ-SN3 J2248-4436 with
Jeont = 0.18) sharing the same optical counterpart, where the Planck
positions are marked with dots. The optical centre of the preferred
counterpart for each candidate is marked with a cross of the same
colour. White contours are the RS galaxy density map from the
first MCMF run, where the optical centres are determined. Both
redshifts point toward a cluster at zyemp = 0.35, but it is pretty clear
that the two Planck candidates have resolved to the same optical
counterpart. 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 zycmr = 0.35. Crosses
mark the position of the optical counterparts associated with each of the
Planck sources, colour coded according to the Planck source.

South Pole Telescope (SPT) cluster, namely SPT-CL J2248-4431,
with a spectroscopic redshift of z,ec = 0.351 (Bocquet et al. 2019).

To resolve such cases, we select the Planck candidate with the
smallest projected distance from the optical centre normalized by
the positional uncertainty of the Planck candidate. We add a column
to the catalogue that identifies which Planck candidate is the most
likely SZE counterpart, flagcjosest, With a value of O for candidates
pointing to a unique optical counterpart and 1 for candidates which
share the optical counterpart with another candidate but are selected
as the most likely SZE —counterpart. We visually inspected each
of the 41 (feonr < 0.3) cases, looking not only at the separation,
but also at the S/N of the candidates, and the estimated f.o, and
A. The method described above correctly identifies the most likely
candidate for a counterpart in 18 out of 20 cases for candidates
at feonte < 0.3. For the remaining two, we manually select the most
likely SZE source. The final PSZ-MCMF cluster catalogue contains
853 clusters, which are the most likely SZE counterparts of their
respective optical counterpart.

APPENDIX C: REDSHIFT COMPARISONS

C1 Spectroscopic redshifts

As discussed in Section 4.1.5, the full cross-matched sample contains
two sources that have no significant secondary peak and exhibit a
large redshift offset with respect to zycwr. We inspect the DES images
of these two clusters, namely PSZ-SN3 J2145-0142 (zycne = 0.36
and foone = 0.0) and PSZ-SN3 J2347-0009 (zmewr = 0.26 and feont =
0.02), where the separation between the spectroscopic and optical
counterparts are ~150 and ~180 arcsec, respectively, and find that
in both cases the spectroscopic redshift points towards a different
structure. In the case of PSZ-SN3 J2145-0142, the spectroscopic
redshift seems to be associated with a single galaxy. Fig. C1 shows
the richness as a function of redshift for both PSZ-SN3 J2145-0142
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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.

0.20

0.15

Zpsz2

0.05

0.00

ZMCMF

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 feont, saturated at feone = 0.2. The solid and dashed
lines enclose the areas where |(zmemr — zpsz2) X (1 + zpszo) 1| < 0.02,
0.05, respectively.

(left) and PSZ-SN3 J2347-0009 (right), with the spec-z marked with
blue dotted lines. In the case of PSZ-SN3 J2347-0009, the measured
Jeont for the structure at z ~ 0.53 is greater than our fJ i = 0.3
threshold, indicating that this is not a significant richness peak.

C2 PSZ2 redshifts

In Fig. C2 we show the comparison of PSZ2 redshifts to the MCMF for
the 216 matching systems. On the x-axis, we show the photometric
redshift from MCMF, while redshifts from the PSZ2 catalogue are
shown on the y-axis. Each source is colour-coded according to their
Jeont estimation. Continuous (dotted) lines show the enclosed area
where 8z = |(zmemr — Zpsz2) X (1 + zpsz2)™'| < 0.02 (0.05). In case
of multiple prominent redshift peaks with f.on < 0.2, we choose to
plot only the redshift peak with the smaller §z for each match.

Fig. C2 shows that, although most of the estimated MCMF redshifts
have Az offsets at 2 per cent level or less in comparison to the PSZ2
catalogue, there are some clusters with a higher offset or with fon >
0.2. Out of the 216 matching clusters, 207 have f.on < 0.2, and 197
(205) have a redshift offset, with respect to the first redshift peak,
lower than 2 per cent (5 per cent). If we consider also structures with
a second peak, we get 201 (209) matches with an offset lower than 2

MNRAS 525, 24-43 (2023)

£20Z JaqWaAON €| uo Jasn Aielqi ojsQ 10 Ausiaaiun Aq 0689€2//vZ/1/SZS/a191e/Seluw/Wwod dno-olwapeoe//:sdiy Wolj papeojumMo(]



40  DES Collaboration

per cent (5 per cent). To further study the reasons for these catalogue
discrepancies, we separate between high fione (>0.2) and high 4z
(>0.05).

First, out of the nine clusters with f.o, > 0.2, eight have redshift
offsets 6z < 0.02, with seven of them having 0.2 < fione < 0.3. DES
images with artifacts such as missing bands can impact the MCMF
estimation of the photometric redshifts or the cluster centres. The
MCMF algorithm includes a masking of regions with artifacts when
generating the galaxy density maps, thus avoiding the region entirely.
Bright saturated stars can also bias the estimations of the richness and
centres depending on where they are located. Thus, MCMF also masks
areas with bright saturated stars for the estimation of the different
parameters.

Out of the 11 matches with §z > 0.05, four have a second
significant richness peak that is in agreement with the reported
redshift from the PSZ2 catalogue. Of the remaining seven, one
has a masked area due to a bright star. For the others, the correct
counterpart (and therefore redshift) is a matter of debate. For one of
the systems, the MCMF analysis finds a peak at the PSZ2 redshift,
although the estimated f.on is 0.31, indicating that this counterpart
has a much higher probability of being contamination as compared
to the primary richness peak with fon = 0.05.

APPENDIX D: PSZ2 COMPARISON EXAMPLES

There are two PSZ2 clusters for which we do not find a match (see
Section 4.3.1) in our list of optical counterparts: PSZ2 G074.08-54.68
and PSZ2 G280.76-52.30. PSZ2 G074.08-54.68 is a cluster at zpsz, =
0.305, with M5y = 5.40 x 10"*Mg and S/N = 6.1, which is within
the DES footprint and that shows a prominent optical counterpart
at (RA, Dec.) = 347.04601, —1.92133, with the redshift coming
from the REFLEX catalogue (ID: RXC J2308.3-0155). The area
around this cluster is not masked due to bright stars or missing DES
data. Nevertheless, this cluster is not in our Planck SZE candidate
catalogue. The PSZ2 cluster catalogue is a combination of three
detection methods; PowellSnakes, MMF1, and MMF3, with the latter
being the one used in this work. PSZ2 G074.08-54.68 is detected
by the PowellSnakes algorithm, but not by MMF1 or MMF3. This
could be due to the PSZ2 cluster being close to another cluster, PSZ2
G073.82-54.92, 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 zpszy = 0.59, with Mspy = 4.88 x 10'
Mg and S/N = 4.5, and it has the closest Planck SZE position from
our catalogue at 3.4 arcmin, with the optical position of that candidate
having an offset of 5.8 arcmin to the PSZ2 G280.76-52.30 source.
Thus, it lies just outside our 3 arcmin matching radius. The PSZ2
redshift comes from the SPT catalogue, with the SPT ID of this
cluster being SPT-CL J0240-5952 (Bocquet et al. 2019). From the
perspective of our analysis, the Planck candidate (PSZ-SN3 J0240-
5945) has zyemr = 0.41, with Ayemr = 79 and an estimated feon =
0.03. The second redshift peak that we find is at zyeme = 0.605,
which is closer to the PSZ2 redshift. In Fig. D1 we show (top) the
richness as a function of redshift, while below we show the gri DES
pseudo-colour image. Overlayed are the density contours at zyjcmr =
0.41 (white) and zyemp = 0.605 (red). The cyan cross shows the
optical position found by MCMF, and the magenta cross shows the
position of PSZ2. For the peak at zyjcmp = 0.605 with Ayemr = 50,
we estimate f.o,, = 0.28, which means that we consider this to be a
candidate with a second optical counterpart (requires feon < 0.3). It is
worth noting that, by using the same cross-match aperture, we find a
match with the SPT-2500d catalogue (Bocquet et al. 2019), SPT-CL
J0240-5946, whose reported redshift is zspr = 0.4.

MNRAS 525, 24-43 (2023)

80 A

70 A

0.0 0.2 0.4 0.6 0.8 1.0 1.2
ZMCMF

-59°44"
46' (8
48" |

50" [

Declination (J2000)

52' |8

54" [8

20s 41mO00s 40s 20s 2h40mO00s
Right Ascension (J2000)

Figure D1. Top: Richness as a function of redshift for the Planck source
PSZ-SN3 J0240-5945, with the best-fitting peak at zmcemr = 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 zyemp = 0.41 (white) and at zmemr =
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.

APPENDIX E: FURTHER EXPLORATION OF
THE Planck CANDIDATE LIST
CONTAMINATION

To investigate the difference between the observed contamination
of ~51 percent and the 75 per cent contamination estimated from
the Planck sky simulations (see Section 2.2) we compare the
detection threshold Y8 = 2 x 10~*arcmin? to the observed Ysgsoo
distribution of our candidates. We will do this in three steps: first,
we will estimate an observed mass by means of the Ayiemr—Msoo
relation derived in Section El. Secondly, we will determine the
excess distribution of candidates with respect to the random lines
of 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 feon > 0.2. Bigger black, blue and red points
represent counterparts with 0.1 < feone < 0.2, 0.05 < feone < 0.1 and feone <
0.05, respectively.

should give an estimate of the number of real clusters within this
redshift range. Finally, we will use the derived parameters from the
scaling relation and we will map from Aycmr to Ysgsoo On our excess
clusters, using the Mso0—Ysgs00 relation from equation (2). With this,
we can estimate the ratio of excess candidates with Y5500 > Ystigoo
with respect to the total number of excess candidates, which would
give us an indication of how many real systems we expect to lose
when applying this limiting value.

E1 Richness—mass relation

Previous analyses have shown that the number of galaxies in a
cluster (or richness) is approximately linearly proportional to the
cluster mass (Lin, Mohr & Stanford 2004; Gladders et al. 2007,
Rozo et al. 2009a, b; Klein et al. 2019), with some intrinsic scatter
(Ot & 25 percent; Rozo & Rykoff 2014). Fig. E1 shows how the
derived masses behave with the estimated MCMF richness of the
candidates. Colours red, blue, and black represent the different foon
selection thresholds following Fig. 6. Although at fione > 0.2 the
cloud of points does not seem follow any particular relation, the
more reliable clusters with feone < 0.2 exhibit a roughly linear trend
at Mspp 2 2.5 X 10 M. The trend is stronger at lower f.on, Where
the contamination of the cluster sample is lowest.

We fit a Apemr—Msg0 relation to our data but only for the high S/N
sample (S/N>4.5 and fiF = 0.3), which, assuming a catalogue
contamination of fszg—cont & 8.5 per cent (Section 2.2), means a
purity of ~97.4 per cent. For the fitting, we follow a similar procedure
as the one described in Klein et al. (2022), where the distribution of
richnesses Ayvcmr is assumed to follow a log-normal distribution
which depends on the mass M5 and redshift z, so that

P(In x| Mso, z) = N'(InA; (In 1) (Mso, 2), 0°(Ms00, 2)), (ED
with mean
M. 1
(In2) (Msoo, 2) = Inko + o + s In < A;ZO) Feadn (1 :zzo>
(E2)
and variance
0* (Moo, 2) = exp(In ¢ (2) — {In 1)) + exp(s), E3)

Extended Planck x DES cluster catalogue 41

where Ao, My, and z are pivots and (g, &y, ¢, and s) are constrained
by the likelihood analysis. For the pivots we use the median values
of the richness, mass and redshift of the S/N>4.5 sample. The ¢(z)
parameter corresponds to the richness correction factor used on MCMF
(see equation 7 from Klein et al. 2019). This first term on the variance
captures the Poisson noise on the measured richness, while the second
term represents the intrinsic variance within the cluster population.
We refer the reader to appendix A of Klein et al. (2022) for further
details on the likelihood analysis. We find best-fitting values for the
parameters of oy = —0.004 £ 0.023, oy = 0.961 + 0.071, o, =
0.095 + 0.252, and s = —2.151 £ 0.101.

E2 On the difference between 51 per cent and 75 per cent initial
contamination

For the distribution of excess candidates, we use the PSZ-MCMF
cluster catalogue to define the redshift ranges using the 25 per cent,
50 per cent, and 75 per cent percentiles, corresponding to ranges of
0<z<0.18,018<7<029,029<z<044,and 044 <z <
1.32. For each of these ranges we look at the Ayemr distribution of
Planck candidates and that of the random lines of sight, rescaling
the latter to fit the candidates distribution at low Apcmp. We then
subtract the number of scaled random lines of sight to the number
of Planck candidates for each Aycmr bin within a redshift range. We
refer to this as the distribution of excess candidates, which maps the
distribution of real clusters down to low A without accounting for
catalogue purity, unlike when a f.on threshold f55¥ is applied.

Finally we transform this Aycmr distribution into a My distribu-
tion, and then into a Ysgsoo distribution. Fig. E2 shows the different
steps on the estimation of the excess and the final transformations.
The top panel shows the distributions of candidates and scaled
random lines of sight for the 0 < z < 0.18 redshift range as purple
and orange lines, respectively, with the excess candidates, labeled as
‘residual’, shown in red. The bottom shows the distribution of the
excess candidates for the different redshift bins in terms of Ysgs00.
The vertical grey line marks the Y8 . Depending on how we scale
the randoms to fit the low richness regime of the candidates, the
ratio of the total excess candidates (summed at all redshifts) to that
of the total number of candidates varies between 55-65 per cent. Of
those, ~50 per cent are below the Y3 threshold, regardless of the
normalization, meaning that we would expect to lose half of the real
sources by applying this threshold.

We note that we do not probe the Anemr—Msgo relation at A < 10
(see Fig. E1), which, depending on the redshift, could translate to
M5y < 10" M. However, this does not affect our analysis because,
as can be seen in Fig. 6, the minimum A in our sample is Ay, ~ 20
at z ~ 0.03, which corresponds to a mass Msoy > 10'* M, using our
scaling relation.

The different arrows on the bottom panel show, for each redshift
range, the richness of a source with feont = 0.2, AMcME min, translated
into a Ysgso0,min, colour coded according to the redshift range. Each
AMCME, min(2) is estimated using the median redshift of each redshift
range. These arrows can be interpreted as the selection thresholds
that are applied when selecting candidates with f.o < 0.2, showing
good agreement with Y255 at all redshifts. This can also be seen in
Fig. 9, where at f;7%* = 0.2, the number of clusters over the number
of candidates is ~25 per cent, similar to the value expected using
st;eigoo (Section 2.2).

We note that groups and clusters corresponding to the difference
between 51 percent and 75 percent have 0.2 < foone < 0.65. They
correspond to small black dots in Fig. E1 and are thus subject to a
strong selection bias. For these systems, the measured SZE signal is
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Figure E2. Top: Richness distributions in the redshift range 0 < zpmemp <
0.18 of candidates, rescaled randoms, and excess candidates shown as purple,
orange, and red lines, respectively. Bottom: Ysgsoo distributions of excess
candidates for different redshift bins. Ysgso is determined from Ancmr using
scaling relations. Coloured arrows correspond to the richness derived Ysgsoo a
candidate would need to have for us to consider it a real cluster in our sample,
estimated using the median redshift of all the candidates for each redshift bin.
The grey line marks the Y;}‘;;OO used to estimate the purity in Section 2.2.

dominated by a positive noise fluctuation on top of an actual small SZ
signal from the cluster. The conversion of the measured SZE signal
to the mass thus provides strongly overestimated values. However,
we are already excluding most of these systems in the final catalogue
where we only add 11 S/N>4.5 clusters with 0.2 < f,n < 0.3.
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