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ABSTRACT

The combination of X-ray and Sunyaev—Zeldovich (SZ) observations can potentially improve the cluster detection efficiency, when
compared to using only one of these probes, since both probe the same medium, the hot ionized gas of the intra-cluster medium. We
present a method based on matched multifrequency filters (MMF) for detecting galaxy clusters from SZ and X-ray surveys. This method
builds on a previously proposed joint X-ray—SZ extraction method and allows the blind detection of clusters, that is finding new clusters
without knowing their position, size, or redshift, by searching on SZ and X-ray maps simultaneously. The proposed method is tested
using data from the ROSAT all-sky survey and from the Planck survey. The evaluation is done by comparison with existing cluster
catalogues in the area of the sky covered by the deep SPT survey. Thanks to the addition of the X-ray information, the joint detection
method is able to achieve simultaneously better purity, better detection efficiency, and better position accuracy than its predecessor
Planck MMF, which is based on SZ maps alone. For a purity of 85%, the X-ray—SZ method detects 141 confirmed clusters in the SPT
region; to detect the same number of confirmed clusters with Planck MMF, we would need to decrease its purity to 70%. We provide a
catalogue of 225 sources selected by the proposed method in the SPT footprint, with masses ranging between 0.7 and 14.5 x 10'* M,
and redshifts between 0.01 and 1.2.
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1. Introduction

Galaxy clusters can be detected from observations at different
bands of the electromagnetic spectrum, each of them probing a
different component of the cluster. In optical observations we
can see the individual galaxies inside the cluster, which con-
tribute to around 1% of the total cluster mass. Clusters are
identified in these images as overdensities of galaxies. Clusters
can also be detected in X-ray observations where they appear
as bright sources with extended emission. In these images we
observe the emission of the hot gas of the intracluster medium
(ICM), which accounts for 10-15% of the cluster mass. Over
the last decade, this gas has also begun to be detected thanks
to the characteristic spectral distortion it produces on the cos-
mic microwave background (CMB) due to Compton scattering of
the CMB photons by the ICM electrons. This effect is known as
the Sunyaev—Zeldovich (SZ) effect (Sunyaev & Zeldovich 1970,
1972).

State-of-the-art galaxy cluster detection techniques usually
rely on the analysis of single-survey observations. However,
combining information from different surveys at different wave-
lengths can potentially improve the detection performance,
allowing us to find more distant or less massive clusters.
Although multiwavelength, multisurvey detection of clusters
was theoretically conceived some years ago (Maturi 2007; Pace
et al. 2008), it is a very complex task and, to date, has only
been attempted in practice in the pilot study of Schuecker et al.
(2004) on X-ray data from the ROSAT All-Sky Survey (RASS;
Truemper 1993; Voges et al. 1999) and optical data from the

Sloan Digital Sky Survey (SDSS; York et al. 2000). In our
previous work (Tarrio et al. 2016), we proposed a new anal-
ysis tool based on matched multifrequency filters (MMF) for
extracting clusters from SZ and X-ray maps. The method was
based on the combination of the classical SZ MMF (Herranz
et al. 2002; Melin et al. 2006, 2012) and an analogous single-
frequency matched filter developed for X-ray maps. It was shown
that combining these two complementary sources of informa-
tion improved the signal-to-noise ratio (S/N) with respect to
SZ-only or X-ray-only cluster extraction, and also provided cor-
rect photometry as long as the physical relation between X-ray
and SZ emission of the clusters, namely the expected Fx/ Y500
relation, was known. The filter was used as an extraction tool
to estimate some properties of already detected clusters, but
not to detect new clusters in a blind manner, since the posi-
tion, the size, and the redshift of the clusters were assumed to
be known.

In this paper we propose a blind detection method based on
the X-ray—SZ filter studied in Tarrio et al. (2016). The goal is
to adapt this filter to use it as a blind cluster detection tool,
given that we do not know the position, the size, and the red-
shift of the clusters. As demonstrated in Tarrio et al. (2016),
combining X-ray and SZ information increases the cluster S/N
with respect to single-map extractions. This gain in S/N will
translate directly into a higher detection probability for a given
threshold in the S/N. We would also expect to obtain, in prin-
ciple, a higher purity than when using the classical SZ MMF
since the combined version will clean out objects whose emis-
sion is far from the expected Fx/Ysqo relation. However, even
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if an object does not follow the expected relation, it could still
pass the detection threshold if it has a very strong signal in the
X-ray band. This is similar to the strong infrared emissions that
were detected with the classical SZ MMF used by the Planck
Collaboration VIII (2011); Planck Collaboration XXIX (2014);
Planck Collaboration XXVII (2016) even though their spectra
did not fit the expected SZ spectrum. This may be the case of
some non-cluster X-ray sources, such as active galactic nuclei
(AGN:Ss). Since the X-ray filter was designed to be easily com-
patible with the classical SZ MMF and it is not specifically
optimized for X-ray cluster detection, it does not consider the
extent of the sources, as other X-ray cluster detection techniques
do (Bohringer et al. 2000; Vikhlinin et al. 1998; Pacaud et al.
2006; Ebeling & Wiedenmann 1993; Scharf et al. 1997). As a
result, when we add the X-ray information, we will also add
false detections produced by non-cluster X-ray sources (mainly
AGNS5s). Therefore, as already noted in Tarrio et al. (2016), the
main challenge to be solved when using the proposed X-ray—SZ
MMF for blind detection is to obtain a high purity.

The proposed method is applied to observations from the
ROSAT All-Sky Survey (RASS) and the Planck survey, the latest
full-sky X-ray and SZ surveys available to date. Nevertheless, the
proposed joint detection technique is general and also applicable
to other surveys, including those from future missions such as
e-ROSITA (Merloni et al. 2012), a four-year X-ray survey which
is planned to start in 2018 and which will be much deeper than
RASS.

The structure of the paper is as follows. Section 2 presents
RASS and Planck observations. In Sect. 3 we describe the joint
X-ray—SZ detection algorithm. Section 4 presents an evaluation
of its performance using RASS and Planck maps by compar-
ing its results with other cluster catalogues in the SPT region.
Finally, we conclude the paper and discuss ongoing and future
research directions in Sect. 5.

Throughout, we adopt a flat ACDM cosmological model
with Hy = 70kms™! Mpc‘1 and Qp = 1 — Qp = 0.3. We define
Rso as the radius within which the average density of the cluster
is 500 times the critical density of the universe, 5 as the corre-
sponding angular radius, and M5, as the mass enclosed within
Rs00.

2. Description of the observations

Although the joint algorithm proposed in this paper is a general
technique that can be applied, in principle, to any X-ray and SZ
surveys of the sky, we have tested it in this paper using all-sky
maps from the Planck and RASS surveys. In this section, we
briefly describe these observations.

2.1. RASS data description

The ROSAT All-Sky Survey (RASS) is, to date, the only full-
sky X-ray survey conducted with an X-ray telescope (Truemper
1993; Voges et al. 1999). The survey data release' contains 1378
individual RASS fields in three different bands: TOTAL (0.1-
2.4keV), HARD (0.5-2.0keV), and SOFT (0.1-0.4keV). Each
field covers an area of 6.4 degx 6.4 deg (512 x 512 pixels) and
has a resolution of 0.75 arcmin/pixel.

In this paper, we use an X-ray all-sky HEALPix map that
we built from the HARD band information. This map has a

I ftp://legacy.gsfc.nasa.gov/rosat/data/pspc/
processed_data/rass/release, or http://www.xray.mpe.
mpg.de/rosat/survey/rass-3/main/help.html#ftp
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resolution of 0.86 arcmin/pixel (HEALPix resolution closest to
the RASS resolution). The details of its construction can be
found in Appendix B of Tarrio et al. (2016). Although our
approach could optimally include all X-ray bands, we chose to
use only the HARD band. This provides a better S/N for the clus-
ters because the SOFT band is dominated by the diffuse X-ray
background of the local bubble. This is a common choice in
cluster detection surveys based on RASS data, such as REFLEX
(Bohringer et al. 2001, 2013).

2.2. Planck data description

Planck is the most recent space mission that was launched to
measure the anisotropy of the CMB. It observed the sky in nine
frequency bands from 30 to 857 GHz with high sensitivity and
angular resolution. The Low Frequency Instrument (LFI) covers
the 30, 44, and 70 GHz bands, while the High Frequency Instru-
ment (HFI) covers the 100, 143, 217, 353, 545, and 857 GHz
bands.

In this paper, we use only the six temperature chan-
nel maps of HFI, which are the same channels used by the
Planck Collaboration to produce their cluster catalogues (Planck
Collaboration VIII 2011; Planck Collaboration XXIX 2014;
Planck Collaboration XXVII 2016). In particular, we used the
latest version of these maps; their description can be found in
Planck Collaboration VIII (2016). The published full resolution
maps have a resolution of 1.72 arcmin/pixel. However, to make
them directly compatible with the all-sky X-ray map mentioned
above, we up-sampled them to a resolution of 0.86 arcmin/pixel
by zero-padding in the spherical harmonics domain.

3. Joint detection of galaxy clusters on X-ray and
SZ maps

In this section, we describe the proposed algorithm for the blind
detection of galaxy clusters using X-ray and sub-mm maps. The
algorithm is based on the X-ray—SZ extraction method proposed
in Tarrio et al. (2016), which extracts the characteristics of a clus-
ter given its known position, size, and redshift. In this paper, we
adapted this extraction method to perform a blind detection of
clusters, i.e. to discover clusters in the maps without knowing
their positions, sizes, or redshifts.

3.1. X-ray-SZ MMF

Let us first briefly recall the joint X-ray—SZ extraction method
proposed in Tarrio et al. (2016). This method is based on a
matched filter approach and was designed to be compatible
with the SZ MMF known as MMF3, described by Melin et al.
(2012) and used by the Planck Collaboration VIII (2011); Planck
Collaboration XXIX (2014); Planck Collaboration XXVII
(2016) to construct their SZ cluster catalogues.

The main idea of the joint extraction algorithm is to consider
the X-ray map as an additional SZ map at a given frequency and
to introduce it, together with the other SZ maps, in the classical
SZ-MMF. In order to do so, the X-ray map needs to be converted
into an equivalent SZ map at a reference frequency v.¢, leverag-
ing the expected Fx/ Y5 relation. The details of this conversion
are described in Appendix B of Tarrio et al. (2016). Once the
X-ray map is expressed in the same units as the SZ maps, we can
apply the classical MMF to the complete set of maps (the origi-
nal N, SZ maps obtained at sub-mm frequencies vy, ..., vy,, and
an additional SZ map at the reference frequency v, obtained
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from the X-ray map). The reference frequency v is just a fidu-
cial value with no effect on the extraction algorithm. In our case,
we took vier = 1000 GHz.

The X-ray—SZ MMF presented in Tarrio et al. (2016) is given,
in Fourier space’, by

oK) = 0 P (K)Fy,(K) 1)
with
-1
op = {Z F; (kP (K)F,, (k)] , @)
k

where ¥y is a (N, + 1) X 1 column vector whose ith com-
ponent will filter the map at observation frequency v;; 0'35 is,
approximately, the background noise variance after filtering; and
P(k) is the noise power spectrum, a (N, + 1) X (N, + 1) matrix
whose i j component is given by <N,-(k)N;f (k’)> = P;j(kK)o(k—Kk’),
where N;(K) is the noise map at observation frequency v;, which
includes instrumental noise and astrophysical sources differ-
ent from the cluster signal (extragalactic point sources, diffuse
Galactic emission, and the primary CMB anisotropy for the SZ
maps and X-ray background for the X-ray map). We note that the
properties of the noise are not the same in different sky regions;
therefore, P(K) has to be calculated locally at each position.
Finally, Fy, is a (N, + 1) X 1 column vector defined as

Fo, (%) = [JDT1(X), ..., jOn)TN, (%), Cj0ven) Tj (0], 3)

where j(v;) is the SZ spectral function at frequency v; and T;(x) =
Ty, (x) * B,,(x) and Ty (x) = ng\ (X) * Byray(X) are the convolutions
of the cluster 2D spatial profiles (Tgs (x) for the SZ profile and
Tgi (x) for the X-ray profile) with the point spread function (PSF)
of the instruments at the different frequencies. The 2D cluster
profiles Ty (x) and Té (x) are normalized so that their central
value is 1. Finally, the constant C is a geometrical factor that
accounts for the different shapes of the SZ and X-ray 3D pro-
files; it is defined in Eq. (25) of Tarrio et al. (2016) as the ratio of
the integrated fluxes of the normalized SZ and X-ray 3D profiles
up to Rsgp. As we can see, the filter is determined by the shape of
the cluster signal and by the power spectrum of the noise, hence
the name of matched filter.

This matched filter approach relies on the knowledge of the
normalized cluster profile. This profile is not known in prac-
tice, so we need to approximate it by the theoretical profile
that best represents the clusters we want to detect. As in Tarrio
et al. (2016), we assume the generalized Navarro—Frenk—White
(GNFW) profile (Nagai et al. 2007) given by

1

P (cs00%)” [1 + (cs00x)?] BN 4)
with parameters given by

[@.B. v cs00] = [1.0510,5.4905,0.3081,1.177] 5)
and

[@, 8,7, cs00] = [2.0,4.608, 1.05,1/0.303] 6)

2 We use k to denote the 2D spatial frequency, corresponding to the 2D
position x in the Fourier space. All the variables expressed as a function
of k are thus to be understood as variables in the Fourier space.

for the components corresponding to the original SZ maps and
the additional X-ray map, respectively. These parameters come
from assuming the 3D pressure profile of Arnaud et al. (2010)
and the average gas density profile from Piffaretti et al. (2011),
respectively. We note that x = /65 represents here the 3D
distance to the centre of the cluster in 05y units, and 65y
relates to the characteristic cluster scale 6 through the concen-
tration parameter csog (85 = 500/ cs00)- The cluster profile is then
obtained by numerically integrating these 3D GNFW profiles
along the line of sight.

Finally, this cluster profile needs to be convolved by the
instrument beams. As in Tarrio et al. (2016), in this paper we use
the six highest frequency Planck maps and the X-ray maps of
the ROSAT All-Sky Survey. Therefore, we use the same instru-
ment beams as in Tarrio et al. (2016), namely, a Gaussian PSF for
the SZ components, with FWHM depending on the frequency,
as shown in Table 6 of Planck Collaboration VIII (2016), and
a PSF for the X-ray component that was estimated numerically
by stacking observations of X-ray point sources from the Bright
Source Catalogue (Voges et al. 1999).

Figure 1 shows two examples of the radial profiles of the filter
¥, for 6, = 1 and 6; = 30 arcmin where we can see the spec-
tral and the spatial weighting introduced by the filter. The filter
was computed at a random position, with galactic coordinates
260.356°, —20.332°. We note that the last component of the fil-
ter corresponds to the X-ray band, and that its relative amplitude
depends on the chosen reference frequency vier.

3.2. Blind procedure

In Tarrio et al. (2016), the filter described above was proposed
as an extraction tool, to estimate the flux of a cluster once we
know that there is a cluster at a given position Xy, and if we know
its size 65 and redshift (necessary to convert the X-ray into an
equivalent SZ map through the Fx/Yso relation). In this section
we describe how this method is adapted to become a detection
tool.

Given a set of N, + 1 maps (SZ + X-ray) of a given region of
the sky M(x) = [M(X),..., My,(X), M,¢(x)]7, where M, is the
X-ray map already converted into SZ units, the first step to detect
new clusters consists of filtering the maps with the filter defined
in Eq. (1) as

G0 = D WK = M), (7)

In this way, we obtain a j-map (filtered map) and a S/N map
(§(x)/og,) with the same size as the observed maps.

We note that to calculate the filter ¥y, we first need to
estimate the noise power spectrum P(K). This is done in prac-
tice from the X-ray and SZ images themselves, assuming that
they contain mostly noise. In the case of the X-ray images, this
assumption may not be true due to bright X-ray sources with
strong signals. Therefore, to minimize this effect, we masked
some regions of the X-ray images for the calculation of P(k). In
particular, we masked the areas defined in Table 1 of Bohringer
et al. (2001) corresponding to the Large and Small Magellanic
Clouds, and we also masked the X-ray sources of the ROSAT
bright source catalogue (Voges et al. 1999) that have a count rate
>(.3 counts/s.

Since the size of the clusters is unknown, we repeat the filter-
ing process using a set of N filters with different sizes, covering
the expected range of radii. In our case, we vary 65y from 0.94
to 35.31 arcmin, in Ny = 32 steps equally spaced in logarithmic
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symmetric because we have chosen a symmetric cluster template. The filter is normalized so that its maximum amplitude is equal to 1.

scale. For each size, we obtain a filtered map and a S/N map. The
clusters are then detected as peaks in these S/N maps, down to a
given threshold.

Finally, for the conversion of the X-ray map into an equiv-
alent SZ map we need to assume a Fy/Ys5y relation, which
depends on the redshift. As studied in Tarrio et al. (2016), the
assumed Fx/ Y509 relation does not have a big impact on the esti-
mated S/N, which makes the detection robust against possible
errors in the assumed relation. For this reason, we have fixed
the redshift to a reference value of z. = 0.8 and assumed the
relation found by the Planck Collaboration I (2012):

I
Fx [erg s cm ] _ 9 53 4
———————= =495%x 1077 - E(2)’°(1 + 2) " K(2), (8

Y500 [arcminz]

where the K-correction can be obtained by interpolating in
Table 2 of Tarrio et al. (2016).

To implement the detection procedure in practice, we pro-
ceed in two phases.

1. Producing a preliminary list of candidates. In this first
phase, we project the all-sky maps into 504 small
10° x 10° tangential patches, as was done in MMF3 (Planck
Collaboration VIII 2011; Planck Collaboration XXIX 2014;
Planck Collaboration XXVII 2016). Each patch is filtered
by the X-ray—SZ filter ¥y_(Eq. (1)) using N, = 32 different
sizes, which produces Ny S/N maps. Then, we construct a
list with the peaks in these maps that are above a specified
S/N threshold g. The procedure is as follows:

(a) We look for the highest peak among all the Ng S/N maps;

(b) Ifitis above the specified threshold g, we include its posi-
tion in a preliminary candidate list and mask it in the N
S/N maps. The size of the mask is defined as the radius at
which the value of the filtered template is 1% of its maxi-
mum value. The filtered template is the 2D cluster profile
corresponding to the size at which the highest peak was
found, convolved by the PSF, and filtered by the X-ray—
SZ filter ¥y, with the Ny = 32 different sizes. Thus, the
size of the mask is different in each of the Ny S/N maps;
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(c) Then we repeat the search until there are no more peaks
above the specified threshold.

Finally, we merge the 504 lists into a single preliminary
all-sky list of candidates by merging peaks that are close to
each other by <10 arcmin, as was done in MMF3 (Planck
Collaboration VIII 2011; Planck Collaboration XXIX 2014;
Planck Collaboration XXVII 2016).

Refining the list of candidates. In this second phase, we
reanalyse each candidate in the preliminary candidate
list. This second phase is necessary to better estimate the
candidate properties and S/N, since the results from the first
phase may not be accurate. This is especially true if the
candidate is situated close to a border of the map, since the
estimated noise in this case may not be representative of
the noise around the candidate. For each candidate we use
the following procedure:

(a) We produce a set of N, + 1 (§Z + X-ray) 10° x 10°
tangential maps centred at the candidate position;
(b) We filter these maps with the different filter sizes,
obtaining Ny S/N maps;
(c) We estimate the S/N of the detection by selecting a
small circular region around the centre in each of the
Ns S/N maps and by searching for local maxima inside
this volume. This is necessary because the position of
the peak may have changed slightly when centring the
tangential maps. Among all the local maxima, we select
the one with highest S/N that is not on the border of the
circles (to avoid tails of nearby objects);
If this S/N is above a specified threshold g, we add the
detection, with its new position and corresponding size,
to the final candidate list, otherwise we discard it.

(d)

3.3. Determination of the threshold on the joint S/N

An important point of the blind joint detection algorithm is the
selection of the threshold ¢ that is applied to the peaks found
in the first and second phases. The goal of this threshold is to
discard false detections (noise peaks) with a given confidence.
This can be achieved by setting the probability that a detection
is due to a random fluctuation to a sufficiently low value. In the
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Table 1. Average standard deviation of the X-ray filtered map o7 (in AT/T units) for different values of mean Poisson noise 4 (in counts/pixel)
and several filter sizes (in arcmin), corresponding to a map with exposure time of 400's and Ny = 2 x 10 cm™.

A=003 1=006 1=009 4=015 A2=025 2=040 2=070 A1=200 4=750
6, =080 5.00e-5 7.08e-5 8.68e-5 1.12e—4 145e—4 1.84e—4 2.43e-4 4.10e—4 7.93e—4
0, =128 3.07e-5 4.34e-5 533e-5 690e-5 893e-5 1.13e-4 1.49e-4 2.52e-4 4.87e-4
0 =2.04 1.76e-5 2.49e-5 3.06e-5 3.96e-5 5.12e-5 6.49e-5 8.56e-5 144e-4 2.79e-4
0, =325 9.40e-6 1.33e-5 1.64e-5 2.12e-5 2.75e-5 3.48e-5 4.59¢e-5 773e-5 1.49e—4
0s, =519 496e-6 703e-6 8.64e—6 1.12e-5 1.45e-5 1.84e-5 2.42e-5 4.08¢-5 7.88e-5
0, =829 27le-6 3.86e-6 4.75¢e—6 6.17e—6 8.0le—6 1.0le-5 1.33e-5 2.24e-5 4.32e-5
6, =13.23 1.50e-6 2.14e-6 2.64e—6 3.44e-6 447e-6 5.67e—6 T4le—6 1.24e-5 2.39e-5
0, =21.12 8.8le-=7 126e—6 1.56e—-6 2.04e—6 2.67e—6 3.38¢—6 4.38e—6 729e-6 14le-5
6, =30.00 591le-7 8.5le-7 1.06e-6 139%e—-6 1.82e-6 2.30e-6 2.96e—6 4.90e-6 9.43e—6

Table 2. Average standard deviation of the SZ filtered maps o, (in AT/T units) for different values of mean Gaussian noise o7 (in AT/T units)

and several filter sizes (in arcmin).

o7 = 1075 o7 =2 X 1075 o7 = 2.5 X 1075 o517 =3 X 1075 o7 =4 X 1073 o117 =5 X 1073 o517 = 6 X 1073
6s =0.80 4.77e-5 9.0le-5 1.11e—4 1.33e—4 1.76e—4 2.18e—4 2.6le—4
6s =1.28 2.95e-5 5.56e-5 6.87e-5 8.19¢e-5 1.08e—4 1.35e—4 1.6le—4
6; =2.04 1.74e-5 3.25e-5 4.02e—5 4.79e—5 6.32e-5 7.86e—5 9.39e-5
6s =3.25 9.78e—-6 1.82e-5 2.24e-5 2.67e-5 3.52e-5 4.37e-5 5.22e-5
6 =5.19 5.50e-6 1.0le-5 1.25e-5 1.48e—5 1.95e-5 2.43e-5 2.90e-5
6; =8.29 3.26e—-6 5.94e-6 7.30e—6 8.68e—6 1.14e-5 1.42e-5 1.70e-5
6y =13.23 1.94e-6 3.50e-6 4.30e—6 5.11e-6 6.74e—6 8.37e—6 1.00e-5
6, =21.12 1.20e—6 2.16e—6 2.65e-6 3.15e-6 4.15e-6 5.16e—6 6.17¢-6
6, =30.00 8.19e—7 1.48e-6 1.81e-6 2.15e-6 2.84e—6 3.53e-6 4.22e—6

MMF3 method, a fixed threshold is used under the assumption
that the noise distribution is Gaussian, so that a fixed S/N thresh-
old leads to a fixed number of noise peak detections. In the joint
X-ray—SZ detection, the Gaussian assumption is no longer valid,
as explained below, so the threshold must be selected differently.

The probability density function (PDF) of the S/N in the joint
filtered maps depends on the noise properties of the observed
maps. Due to the Poisson nature of the noise in the X-ray maps,
the final PDF of the joint S/N is not Gaussian. Its shape depends
on the exposure time of the X-ray map and also on the filter size.
In particular, it becomes more long-tailed when the exposure
time is low, especially for small filter sizes; in these cases, most
of the pixels of the X-ray map contain zero photons, and just a
few pixels contain one photon. As a consequence, the average
background is very low and the S/N of the filtered map, defined
as y(x)/oy,, at the few pixels with one photon can be easily quite
high.

Since the PDF of the joint S/N will have different shapes
in different regions of the sky, using a fixed S/N threshold to
detect cluster candidates everywhere in the sky will produce a
different number of false detections, e.g. more detections will
appear in low exposure time regions due to single noise pixels
with high S/N. To have an approximately constant number of
false detections over the whole sky, we need to establish an adap-
tive threshold that depends on the noise characteristics of each
region. Since the PDF of the joint S/N cannot be calculated ana-
lytically, we have determined this adaptive threshold numerically
by means of Monte Carlo simulations.

In particular, we performed an experiment in which we sim-
ulated a set of N, + 1 = 7 maps emulating in a simple manner
the noise properties of Planck and RASS maps.

— The RASS noise map was simulated as a homogeneous
Poisson random field, characterized by a given mean value
A (in counts/pixel). This noise represents the instrumental
noise and the astrophysical X-ray background (mainly due
to diffuse galactic emission and non-resolved point sources).
To express this map into X-ray flux units, we assumed an
exposure time of 400s and a Ny of 2 x 10?°cm™2 (aver-
age values in the SPT region). We note that the simulation
results obtained for these values can be converted to results
that would be obtained for any other values of exposure time
and Ny, as explained in Appendix A, so this choice does
not have any implications. Finally, as was done with the real
RASS maps, this X-ray flux map is converted into an equiv-
alent SZ map at the reference frequency v;.s by following the
procedure detailed in Appendix B of Tarrio et al. (2016).

— The N, = 6 Planck noise maps were simulated as the sum
of two independent components: primary anisotropies and
white Gaussian noise. First, we used the Planck Sky Model
(Delabrouille et al. 2013) to obtain a realization of the CMB
for the N, = 6 Planck frequencies (100, 143, 217, 353, 545,
857 GHz). Second, for each frequency, we added zero-mean
Gaussian random noise with a frequency-dependent vari-
ance. In particular, the variance at frequency v was fixed to
the value o, = 0517 *[1.66, 0.70, 1.00, 3.12, 19.50, 649.87],
where 0517 is the standard deviation of the Gaussian noise
in the 217 GHz map. Therefore, the simulated Planck noise
maps are characterized by this single parameter 07,7.

3 These ratios correspond to those of the real Planck maps in the SPT
region.
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Table 3. Joint S/N threshold g; for different values of mean Poisson noise A (expressed in counts/pixel), different values of mean Gaussian noise

0517 (in AT /T units), and several filter sizes (in arcmin).

6, =0.8 1=003 2=006 1=009 A1=015 A1=025 A1=040 A1=070 4=200 A=750
o7 = 1073 7.31 5.67 5.09 4.71 4.59 4.52 4.50 4.51 4.51
o217 =2% 1070 8.84 7.02 6.21 5.45 4.94 4.70 4.55 4.50 4.52
o7 =25x107 9.15 7.40 6.57 5.77 5.17 4.84 4.61 4.53 4.53
o217 =3%x107 9.34 7.64 6.84 6.03 5.38 4.98 4.69 4.54 4.55
o217 =4 x 107 9.55 7.95 717 6.38 5.69 5.23 4.86 4.60 4.56
o217 = 5% 107 9.65 8.10 7.36 6.59 5.93 5.44 5.01 4.65 4.57
o217 =6 x 107 9.71 8.20 .47 6.72 6.08 5.58 5.15 4.70 4.59

0; =5.19 1=003 1=006 1=009 A1=015 A2=025 A1=040 A4=0.70 A2=200 A=7.50
o7 = 1073 6.19 5.14 4.79 4.60 4.52 443 442 442 442
o217 =2% 1070 7.06 5.96 5.50 5.07 4.76 4.55 4.44 441 4.38
o7 =25x107 7.23 6.17 5.72 5.25 4.92 4.65 4.52 4.44 4.41
o217 =3% 107 7.34 6.32 5.87 5.40 5.05 4.76 4.58 4.48 4.43
o217 =4 %107 .47 6.49 6.06 5.59 5.23 4.92 4.71 4.53 4.46
017 = 5% 107 7.52 6.58 6.17 5.70 5.35 5.04 4.81 4.58 4.49
o217 =6 x 107 7.56 6.64 6.23 5.76 543 5.14 4.90 4.63 4.51

6, = 30.0 1=003 1=006 4=009 A1=015 A=025 A1=040 A4=0.70 A2=200 A=7.50

o7 = 1073 5.11 4.54 4.40 4.18 4.21 4.17 4.01 4.10 4.10
o217 =2% 1070 5.51 4.97 4.67 4.43 4.50 4.39 4.23 4.28 4.22
o7 =25x107 5.59 5.06 4.74 4.52 4.60 4.44 4.29 4.36 4.26
o217 =3%x 107 5.63 5.11 4.80 4.58 4.64 4.48 4.34 4.43 4.28
o217 =4 x 107 5.66 5.16 4.88 4.65 4.69 4.51 4.40 4.51 4.28
17 = 5% 107 5.68 5.17 4.91 4.69 4.70 4.52 4.45 4.56 4.28
o217 =6 x 107 5.69 5.18 4.94 4.71 4.70 4.54 4.49 4.58 4.26

Notes. These thresholds correspond to a false alarm rate of 3.4 x 107 (equivalent to a 4.50" cut in a Gaussian distribution). They correspond to the

case where exposure time is 400's and Ny = 2 x 10 cm™2.

We repeated the experiment for different values of the mean
Poisson level A and the Gaussian noise level 0517, and for each
pair of values A-0,17 we used 450 different realizations of the
noise maps. At each realization, we changed the Poisson and the
Gaussian noises (maintaining their levels), as well as the CMB
realization.

Each set of N, + 1 = 7 maps was then filtered using the pro-
posed joint filter with the Ny = 32 different sizes, yielding the
variance of the X ray filtered map 0'9 , the variance of the SZ
filtered maps o7, and the S/N map for each filter size.

From these results we calculated the average values of o7
and o7 corresponding to each noise level and filter size (see
Tables 1and 2). Finally, we established the joint S/N threshold g;
for a given A-07)7-6; triplet as the S/N value for which the frac-
tion of pixels (considering the 450 realizations) with S/N > g;
does not exceed a given false alarm probability Pra. We used
the number of pixels with S/N >g; as an approximation of the
number of detections with S/N >g;. Due to the iterative blind
detection procedure, where each S/N peak is masked after detec-
tion (step 1b of the blind procedure described in Sect. 3.2), one
detection spans more than 1 pixel. However, the approximation
allows a much faster computation and it is also accurate enough,
especially for small filter sizes, which is the regime where the
Poisson noise peaks become more important and which we need
to characterize better.

A82, page 6 of 25

The value of Ppa serves to select the operational point of
the detection method. The higher the Pga, the lower the thresh-
old gy and the more candidates we keep, resulting in a catalogue
with higher completeness and lower purity. On the contrary, if
we want a very pure catalogue at the expense of being less com-
plete, we can choose a small value of Pgs. Table 3 summarizes
the S/N thresholds for each combination of noise and some fil-
ter sizes calculated for a false alarm rate of Ppy = 3.4 x 1079,
which corresponds to a cut at 4.50 in a zero-mean Gaussian
distribution.

For reasons of simplicity, we apply this adaptive threshold
qy after we have obtained the final candidate list from the second
phase of the blind procedure. The threshold g to be applied in the
first and second phases is established to a sufficiently low value
so that it does not introduce any different selection effect, i.e. it
does not discard any candidate above gj. In our case, we selected
q = 4 for the first and second phases, which is lower than any of
the adaptive thresholds shown in Table 3. The adaptive threshold
gy is then used to discard noise detections in the following way.

1. For each detection in the final candidate list provided at the
second phase of the joint blind algorithm, we save the joint
S/N of the detection, the corresponding filter size 6, the
standard deviation of the X-ray filtered map o, and the
standard deviation of the SZ filtered maps O'Zj; l
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2. We then calculate the mean Gaussian level ;7 that corre-
sponds to the measured o7y’ by interpolating in the simulation
results (Table 2);

3. Then, we calculate the mean Poisson level A that corresponds
to the measured crz To this end, we need to take into account
that the measured o7 corresponds to a map with an exposure
time and a Ny that are different from those used in the sim-
ulations (fexp = 400s and Ny = 2 X 102 ¢cm™2). Therefore,
we will first convert the measured o7 into the value that we
would have obtained with the values of exposure time and
Ny used in the simulations, and then use Table 1 to inter-
polate the value of A. The conversion from the measured
0'9 into its simulation-equivalent counterpart is done using
Eq. (A.6). A detailed description of this conversion can be
found in Appendix A;

4. We choose the two simulated values of 07 that are closer
to 017 (one above: 0';’]7, one below: 073,,) and the two sim-

ulated values of A that are closer to A (1* and A7). Then, we
select the four simulations corresponding to the filter size 6
and the four possible combinations of 03 ,,, 05,7, A* and A7;

5. Then we calculate the S/N threshold for each of the four
selected simulations. We cannot take the thresholds in
Table 3 directly because they correspond to an X-ray map
with Zexp = 400s and Ny = 2 X 10%° cm™2 and the real map
where we have detected the candidate will have, in general,
different characteristics. To correct for this effect, we need to
convert the S/N maps obtained in the simulations into equiv-
alent S/N maps corresponding to the exposure time and Ny
of the real map. This is done using Eq. (A.9), as explained in
Appendix A. Then, for each of the four selected simulations,
we calculate the S/N threshold as the value gj; for which the
fraction of pixels on the transformed S/N maps with S/N > gy;
1s at most Pga;

6. Finally, the threshold gj to be applied to our detection is
obtained via a 2D interpolation between the four values
of gy. If the S/N of the detection is above this threshold
(8/N > qy), we keep it in the list since it is not likely to be
a noise detection (with confidence 1-Pgp); otherwise, we
discard it.

3.4. Catalogue preparation

The blind detection outputs an all-sky catalogue of joint
X-ray—SZ detections that may still contain non-cluster objects or
detections caused by noise or contamination. As demonstrated in
Tarrio et al. (2016), adding the X-ray information to the SZ maps
increases the cluster detection probability, allowing us to detect
fainter or more distant clusters with respect to the catalogues
constructed from purely SZ information. However, introducing
the X-ray maps also increases the number of false detections,
produced by non-cluster X-ray sources (mainly AGNs) and
Poisson noise. Furthermore, the SZ observations contain regions
contaminated with infrared emission that may also produce false
detections. Thus, a main challenge of the proposed X-ray—SZ
blind detection is to obtain a high purity. To this end, the cat-
alogue produced by the blind detection method needs to be
cleaned to discard detections in contaminated regions of the
sky, in regions with poor statistics, or that correspond to non-
cluster objects. In the rest of this section, we introduce two
masking procedures to avoid detections in regions with infrared
contamination (Sect. 3.4.1) or X-ray poor statistics (Sect. 3.4.2),
and a method for discarding real detections corresponding to
non-cluster X-ray objects (Sect. 3.4.3).

3.4.1. SZ mask

To avoid SZ contaminated regions, we follow the same proce-
dure used to build the second Planck cluster catalogue (PSZ2)
described in Planck Collaboration XXVII (2016), i.e. we dis-
card all the detections inside the PSZ2 survey mask, we also
reject detections within 50 peam Of any SZ compact source of the
second Planck catalogue of compact sources (PCCS2; Planck
Collaboration XX VI 2016) with S/N > 10 in any of the six HFI
Planck channels, and we remove 7 arcmin matches with the
Planck cold-clump catalogue (C3PO), or with PCCS2 detections
at both 545GHz and 857 GHz to eliminate spurious infrared
detections.

3.4.2. X-ray mask

In the regions of the sky where the X-ray exposure time is
very low, the X-ray count-rate map contains few noise pixels
with very high count-rate values (typically, one count divided
by a very low exposure time) compared to adjacent pixels (with
zero counts). These bright pixels may introduce false detections,
which could be discarded using the adaptive threshold calcu-
lated by numerical simulations. However, since the amount of
simulation time required to properly simulate these regions is
significant, and given that the X-ray information provided by
these regions is very limited, we decided to just set a threshold in
the exposure time to mask the low-exposure regions. In the case
of RASS, we decided to use a threshold of 100s, which masks
only 5.5% of the sky, i.e. 2300 deg , where 910 deg” have a non-
zero exposure time and 1390 deg” have no RASS observations.
The overlap of this masked area with the SPT footprint, where
the pro 2posed method will be evaluated (see Sect. 4) is 209 deg?,
80 deg” with non-zero exposure time and 129 deg” with no RASS
observations.

3.4.3. Classification to distinguish clusters from point sources

Some of the objects detected with the blind joint detection
method correspond to point sources in the X-ray maps that coin-
cide with a SZ noise peak. Although the estimated size can be
used as a criterion to distinguish between a real cluster and a
point source, it is difficult to distinguish between a cluster with a
small apparent size and a point source.

Our ideal aim would be to recognize whether a detection is
a real cluster or a point source given the parameters extracted
during the filtering process. To check if this is possible, we cross-
matched some joint detections with a list of known clusters and
known point sources (see details below), and we labelled each of
our matching candidates as belonging to one or the other class.
Then, we characterized each sample of this labelled list using
five features: the estimated S/N, size and flux of the blind joint
detection, and the X-ray and SZ components of the S/N: (S/N)xr
and (S/N)sz. Finally, in order to get an upper bound on the best
classification accuracy that can be obtained with a linear classi-
fier, we trained a support vector machine (SVM) classifier with
this labelled list.

Using ten-fold cross-validation®, we obtained a classification
accuracy of 88%, with 5% of the mis-classifications being point
sources classified as clusters and 7% being clusters classified as
point sources. We noticed that the parameter that plays the most

4 The dataset is randomly divided into ten subsets. Then, nine subsets
are used to train the SVM and one is used to test the classifier. This
validation process is repeated ten times; each subset is used only once
as test set, and the ten results are averaged.
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Fig. 2. Estimated (S/N)sz and size 65y, of the joint detections in the
northern hemisphere that match a known cluster or a known X-ray point
source. The continuous red line shows the classification boundary pro-
vided by a SVM classifier trained with this dataset. The dashed red line
shows the conservative cut that we adopted for discarding point sources.

important role in the classification is (S/N)sz, followed by the
estimated size 6sg9. This is logical because we do not expect
to find an SZ signal at the position of an AGN, and we expect
them to be small (they are point-like sources). A classification
considering only these two parameters gives the same perfor-
mance as the one obtained with the five parameters. Figure 2
shows the detections used for this experiment in the (S/N)sz—
0500 plane, colour-coded according to the type of object with
which they are associated. A red line indicates the best linear
classification boundary determined by the trained SVM. A sim-
ple classification boundary of (S/N)sz = 2 provides almost the
same performance as the complete SVM classifier: 85% cor-
rect classifications, with 4% of the point sources classified as
clusters and 11% of the clusters classified as point sources. So,
for simplicity reasons, we decided to use only (S/N)sz for the
cluster/point source classification. Finally, since for our purity
purposes we prefer to have fewer false clusters at the expense of
a lower classification accuracy (and thus, lower completeness),
we decided to modify the classification threshold to (S/N)sz =
3, which provides 82% correct classifications, with only 2% of
the point sources classified as clusters (and 16% of the clusters
classified as point sources).

As mentioned before, the classification is based on the
labels obtained by cross-matching some joint detections with
a list of known clusters and known point sources. In par-
ticular, to construct the list of known clusters we used the
MCXC (Piffaretti et al. 2011), ESZ (Planck Collaboration VIII
2011), PSZ1 (Planck Collaboration XXIX 2014), PSZ2 (Planck
Collaboration XXVII 2016), SPT (Bleem et al. 2015b), and ACT
(Hasselfield et al. 2013) cluster catalogues, and considered only
confirmed clusters. Figure 3 shows the distribution of redshift,
mass, and size of these clusters. To construct the list of known
point sources, we took the ROSAT bright source catalogue
(Voges et al. 1999) and we applied the selection criteria of
MACS (Ebeling et al. 2001). All the objects in the resulting list
were followed up for confirmation by MACS, so by eliminat-
ing the objects that match with a known cluster, we were left
with a list of X-ray point sources. Since all these point sources
belong to the northern hemisphere, the list of joint detections
that we used for this test was obtained by running the joint
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detection algorithm on the northern hemisphere. Then, we then
cross-matched our list of detections with the two lists to label
our detections as clusters or point sources. This cross-match was
done based on distance, with a matching radius of 2 arcmin. It
is worth mentioning that this labelling may not be completely
accurate, first because the catalogues of known point sources and
clusters may not be completely correct, and second because the
cross-matching done according to distance may introduce some
incorrect matches. Therefore, the classification results reported
above just provide a good idea of the real classification per-
formance (with respect to the unknown ground truth). Finally,
we want to emphasize that these classification results are based
on the selected training dataset, so they cannot be generalized
to the problem of distinguishing point sources from any kind
of cluster.

3.5. Output parameters and mass estimation

For each detection, the joint algorithm provides its position, the
size Osq of the filter that gives the best joint S/N, the correspond-
ing flux Y500 and joint S/N, and the SZ and X-ray components of
this S/N: (S/N)sz and (S/N)xr.

Additionally, the joint method also provides a value for the
significance of each detection. This value is calculated from the
simulation results described in Sect. 3.3 in the following way:

1. For each detection, we select the four simulations corre-
sponding to the filter size that are closer to the mean Poisson
level A and mean Gaussian level 07 of the analysed map,
and we convert the S/N maps obtained in the simulations into
equivalent S/N maps corresponding to the exposure time and
Ny of the real map, as in steps 1 to 3 of Sect. 3.3;

2. Then, we calculate the fraction of pixels in the simulations
with a S/N on these transformed S/N maps greater than the
joint S/N of the detection. This measures the probability of
a false detection;

3. Finally, we perform a 2D interpolation using these four val-
ues to obtain the probability that the detection is due to noise.
From this probability, we calculate the value of significance
corresponding to a Gaussian distribution;

4. We note that if the joint S/N is very high, there are no pixels
in the simulations with a higher S/N. In these cases, it is
not possible to calculate the significance directly, and we use
the following expression to estimate it: significance = 4.5 +
0.68-((S/N);—qy). Appendix B explains how this expression
was obtained.

Finally, since the size estimation is not very accurate, as
occurred for PSZ2 catalogue, the blind detection provides the
degeneracy curves Yso0(0500) and (S/N)j(8s0) for the assumed
reference redshift z.¢, which allow us to determine more pre-
cisely the size and flux of the cluster given some a priori
information about the cluster (e.g. redshift).

Apart from the degeneracy curve Ysp9(6s00) corresponding to
the reference redshift z..¢, we can also re-extract the degeneracy
curves for different redshifts at the position given by the blind
detection. Then, if the detection matches a cluster with known
redshift, we can interpolate between these degeneracy curves to
obtain the curve corresponding to the real redshift of the clus-
ter. This size—flux degeneracy can be further broken using the
Moo — Di Y500 relation, which relates 65yy and Y509 when z is
known, as explained in Sect. 7.2.2 of Planck Collaboration XXIX
(2014). In this way, we can obtain an estimate of the mass M5
of the candidate. In Sect. 3.5 we compare the mass estimated
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Fig. 3. Distributions of the redshift (left), mass (middle), and size (right) of the clusters used for the training of the SVM classifier.

following this approach with the published mass for some of the
joint detections that match known clusters.

4, Evaluation in SPT area

In this section we present an evaluation of the proposed blind
detection method in the region of the sky covered by the SPT
survey. This region was selected because it is a wide-area region
of the sky (2500 deg®) where we can assume that almost all the
massive clusters (Mspy > 7 X 10'* M) up to redshift 1.5 are
already known. On the one hand, the SPT survey, which is deeper
than the Planck survey, is almost 100% complete at z > 0.25
for clusters with mass Msqy > 7 X 10'* M, (Bleem et al. 2015b)
(~90% complete for Mspy > 6 x 10'* M). On the other hand,
the X-ray MCXC catalogue (Piffaretti et al. 2011) should include
almost all the clusters with mass Msoy > 5 x 10'* M, at 7 < 0.25
since it contains the REFLEX sample, which is highly com-
plete (>90%) for that redshift-mass range (see Fig. 10). There
is however a small redshift range around 0.2-0.3 where some
massive clusters could be still unknown. Less massive clusters
could also be unknown in a broader redshift range. A compar-
ison of the blind detection results with these catalogues allows
us to determine whether the detected candidates are real clus-
ters (purity) and what fraction of real clusters we actually detect
(detection efficiency). Nevertheless, we should keep in mind that
there could be some clusters in the transition region that are nei-
ther in SPT nor in MCXC. Also, other clusters could be missing
due to masked regions in the surveys.

We ran the blind joint detection algorithm on the SPT foot-
print® and obtained 2767 detections in the second phase (using
q = 4). Then, we applied the cuts in the Planck S/N (S/Nsz > 3),
the RASS exposure time (fexp > 1005) and the joint S/N (S/Ny >
qr), and we applied the SZ cleaning procedure described in
Sect. 3.4.1. If we choose a false alarm rate of Pga = 3.40 x 107¢
to calculate the joint S/N threshold gy to apply to the 2767
detections, we are left with 225 candidates. Table C.1 sum-
marizes the properties of these candidates. If we decrease this
false alarm probability we get fewer candidates; for example,
for Ppa = 2.04 x 1077 (equivalent to a 50 cut in a Gaussian
distribution) we get 185 candidates and for Pga = 1.90 X 1078
(equivalent to a 5.50 cut in a Gaussian distribution) we get
165 candidates.

The detection area is not covered homogeneously: there are
slightly more candidates in the regions where the RASS expo-
sure time is higher and where the Planck noise is lower. This is

5 Defined as —65.4° <Dec

<-39.8°.

(RA<104.8° or RA>301.3°) and

4.0

Fig. 4. Positions of the joint detections with respect to the RASS expo-
sure map. Blue dots represent the 225 candidates corresponding to a
false alarm rate of Pps = 3.40 x 107°. The sky map is colour-coded
according to the logarithm of the RASS exposure time.

4.5

3.5

Fig. 5. Positions of the joint detections with respect to the Planck noise
map. Red dots represent the 225 candidates corresponding to a false
alarm rate of Pgy = 3.40x 107°. The sky map is colour-coded according
to the logarithm of the Planck noise standard deviation map.

expected, since in those regions both surveys are deeper. This
effect is shown in Figs. 4 and 5.

4.1. Crossmatch with other cluster catalogues

To estimate the purity and the detection efficiency of these
catalogues, we cross-matched all the candidates with various
published catalogues of clusters. In particular, we took several
SZ-selected catalogues covering the considered region, namely
the three Planck catalogues: ESZ (Planck Collaboration VIII
2011), PSZ1 (Planck Collaboration XXIX 2014), and PSZ2
(Planck Collaboration XXVII 2016), the SPT catalogue
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Fig. 6. Distance from the joint position to the position of the clos-
est cluster vs. the distance normalized to the cluster size. Only the
objects with known redshift and mass in the considered SZ and X-ray
catalogues were taken as clusters.

(Bleem et al. 2015b), and the ACT catalogue (Hasselfield et al.
2013). It is worth mentioning that a subsample of the PSZ2
catalogue, namely the MMF3 sub-catalogue, is especially
interesting for us since the proposed joint detection method
is based on the MMF3 detection method. The SPT and ACT
surveys are deeper than the Planck survey, so these catalogues
contain additional clusters that were not detected by Planck.
We also took as reference the X-ray selected MCXC catalogue
(Piffaretti et al. 2011). This is a metacatalogue of X-ray detected
clusters that was constructed from publicly available cluster
catalogues of two kinds: RASS-based catalogues, obtained from
the RASS survey data, and serendipitous catalogues, based on
deeper pointed X-ray observations. Finally, we also considered
the optically selected Abell catalogue (Abell et al. 1989). We did
not use the Zwicky and redMaPPer catalogues since they do not
contain clusters in the considered region.

To decide whether our detections match these previously
known candidates, we first determined the closest cluster to each
of our detections. To this end, we selected only the objects in
the considered SZ and X-ray catalogues with known redshift and
mass (i.e. confirmed clusters). Figure 6 shows a scatter plot of
the absolute distance versus the relative distance (in terms of
Os00) between the associated objects. We observe two types of
associations: those with a small distance in absolute and in rel-
ative terms, and those with a long distance in absolute and in
relative terms. The first group of points represents true detec-
tions of clusters, whereas the second group corresponds to the
detections that are randomly distributed with respect to the con-
sidered known clusters. From this observation, we decided to use
the following association rule: if the distance is <10 arcmin the
detection is considered as associated with a known cluster, other-
wise the detection is considered as not associated with a known
cluster. We show in Sect. 4.2 that the resulting associations are
valid, since the masses of the detected objects and the associated
clusters agree. Furthermore, given that the considered catalogues
also contain objects without redshift and mass information, we
decided not to introduce an additional criterion based on the rel-
ative distance, which can be only calculated if the 650y of the
object is known. This association rule is very simple, but has
the advantage that it can be applied to all the candidates in the
considered catalogues.
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After the cross-match of our candidates with these pub-
lished catalogues, we found that 187 of the 225 detections
corresponding to Pgy = 3.40 x 107% match a previously known
confirmed cluster within a distance of 10arcmin. This corre-
sponds to a purity >83.1%. For the case of Py = 2.04 x 1077
we found that 166 of the 185 detections match a previously
known confirmed cluster, whereas for Ppa = 1.90 x 1078 there
are 151 matches out of 165 detections. This corresponds to a
purity >89.7% and >91.5%, respectively, which is higher than
before, as expected, since we decreased the false detection proba-
bility. Table 4 shows more details about the number of candidates
matching the different cluster catalogues that we considered.

In this context, and for the rest of this section, we have
defined “purity” as the percentage of joint detections that are
associated with a confirmed cluster in these published cata-
logues. It is important to keep in mind that these values of purity
are just rough estimations since our simple association rule could
introduce a few incorrect associations. Furthermore, the candi-
dates without a match may also be real clusters that have not
been detected or included in the published catalogues (objects
in masked regions, objects in a mass-redshift region where the
considered surveys are not complete, etc.). Therefore, the value
of purity with respect to previously known confirmed clusters
can be considered an approximate lower limit.

On the other hand, we define “detection efficiency” as the
percentage of candidates in the considered published catalogues
that are detected by our joint algorithm. This magnitude is
related to the completeness. To calculate it, we have cross-
matched all the previously known clusters in the considered
region (SPT region with RASS exposure time >100s, outside
the PSZ2 masked region) with our detections. Table 4 shows
the results from this cross-match for different values of Pga. A
higher Pg, allows us to recover more clusters, but at the expense
of a lower purity, as seen at the bottom line of Table 4. As
expected, the proposed method is able to recover most of the
MMF3 objects, given that it is based on the same data and a
similar approach. A more detailed comparison with respect to
MMF3 can be found in Sect. 4.4. The recovery rate of PSZ2
and Planck clusters is also high. On the contrary, the method
recovers only a small fraction of SPT clusters not detected by
Planck, which was foreseen, since the SPT survey data is deeper.
Finally, 68.9% of the RASS clusters situated in the considered
region are recovered. Given that the proposed method also uses
RASS observations, this value may seem low; however, it is
not due to the detection algorithm, but to the additional cut
we imposed to discard possible X-ray point sources. A more
detailed comparison with respect to RASS clusters can be found
in Sect. 4.5.

4.2. Mass comparison

Following the procedure described in Sect. 3.5 and using the
Msp0 — Di Y500 relation proposed in Planck Collaboration XX
(2014), we estimated the mass Msq for the detections matching
confirmed SZ or MCXC clusters. There are a total of 163 detec-
tions matching a confirmed SZ cluster (155 with known mass)
and 72 detections matching MCXC clusters. Figure 7 shows the
relation between the estimated mass and the published mass for
the corresponding clusters.

The comparison with respect to the published SZ mass
(Fig. 7a) shows that the estimated mass closely follows the
published mass; the median ratio is 0.98, very close to 1. We
identified four outliers that are at more than 2.50 from the
median ratio, two with overestimated masses and two with
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Table 4. Number of previously known clusters or cluster candidates in the considered region that match our detections for Pgy = 3.40 x 1076,

Pra = 2.04 x 1077, and Ppa = 1.90 x 10~ within a distance of 10 arcmin.

Cluster Clusters in the Ppa = 3.40 x 107¢ Pra =2.04x 1077 Pra = 1.90x 1073
catalogue considered region  Clusters Percentage Clusters Percentage Clusters Percentage
detected (%) detected (%) detected (%)
All MMF3 126 118 93.7 111 88.1 106 84.1
Confirmed MMF3 113 110 97.3 106 93.8 102 90.3
MMF3 candidates 13 8 61.5 5 38.5 4 30.8
All PSZ2 154 133 86.4 124 80.5 117 76.0
Confirmed PSZ2 131 125 95.4 120 91.6 114 87.0
PSZ2 candidates 23 8 34.8 4 174 3 13.0
All Planck 174 134 77.0 125 71.8 118 67.8
Confirmed Planck 137 126 92.0 121 88.3 115 83.9
Planck candidates 37 8 21.6 4 10.8 3 8.1
Confirmed SPT 494 111 22.5 98 19.8 89 18.0
ACT 22 16 72.7 14 63.6 14 63.6
MCXC 138 72 52.2 72 52.2 72 52.2
RASS 103 71 68.9 71 68.9 71 68.9
Abell 896 104 11.6 96 10.7 91 10.2
MCXC not SZ 70 9 12.9 9 12.9 9 12.9
confirmed SPT not Planck 405 32 79 23 5.7 18 4.4
All SZ 734 163 22.2 146 19.9 134 18.3
Confirmed SZ 544 155 28.5 142 26.1 131 24.1
SZ candidates 190 7 3.7 3 1.6 2 1.1
All SZ+MCXC 804 172 21.4 155 19.3 143 17.8
Confirmed SZ +MCXC 614 164 26.7 151 24.6 140 22.8
SZ + MCXC candidates 190 10 3.7 3 1.6 2 1.1
Total number of detections 225 185 165
Detections matching any confirmed cluster 187 166 151
Purity (w.r.t. confirmed clusters) >83.1% >89.7% >91.5%

Notes. Planck refers to the combination of the three Planck catalogues (Planck Collaboration VIII 2011; Planck Collaboration XXIX 2014; Planck
Collaboration XXVII 2016), whereas PSZ2 refers only to the last one. MMF3 is the subsample of objects in the PSZ2 catalogue that were detected
using the MMF3 detection algorithm. RASS refers to the subsample of objects in the MCXC catalogue that were detected from RASS observations.
SZ refers to the combination of all the SZ catalogues (Planck, SPT, and ACT).

underestimated masses. Figure 7a also shows that the SPT clus-
ters that were not detected by Planck have, on average, a higher
mass ratio than those detected by Planck. This behaviour can be
explained by the Malmquist bias.

The two outliers with overestimated mass correspond to
clusters PSZ2 G252.99-56.09 (also RXC J0317.9-4414, ABELL
3112) and PSZ2 G348.46-64.83 (also SPT-CLJ2313-4243, RXC
J2313.9-4244, and ACO S 1101). Both clusters are known strong
cool-cores according to the classification of Hudson et al. (2010),
so the assumed F /Y500 relation used in the detection does not
represent these clusters accurately. Since our mass estimation is
obtained from the combination of X-ray and SZ information, its
value compared to the SZ mass is boosted due to the high X-ray
luminosity. We checked that the estimated mass using only the
SZ information agrees with the published mass, which supports
this explanation.

The two outliers with underestimated masses correspond
to clusters PSZ2 G265.21-24.83 (also RXC J0631.3-5610) and
PSZ2 G269.36-47.20 (also RXC J0346.1-5702 and ABELL
3164). They can be justified by the high distance between the
joint detection and the published position, which is 8.4 and
7.4 arcmin, respectively. This implies that the SZ signal at the

detected position is not at its peak value, which explains the low
value obtained for the mass. The reason for this distance is that
the detection is centred on the X-ray peak, while the X-ray emis-
sion is not coincident with the SZ emission, as can be seen in
Fig. 8. We note that in both cases the distance normalized by
the cluster size is <1, so the association can be still considered
correct.

The comparison with respect to the published MCXC mass
(Fig. 7b) shows that the ratio between the estimated mass and
the published mass is >1, with a median value of 1.19. The same
value is found for the ratio between the published SZ mass and
the published MCXC mass for the same clusters. This behaviour
was also observed by the Planck Collaboration XXVII (2016)
when they compared the SZ mass and the X-ray luminosity of
common PSZ2-MCXC objects. We identified two outliers that
are at more than 2.50 from the median ratio. They coincide
with the two outliers with underestimated mass with respect to
published SZ mass (Fig. 7a).

This mass comparison indicates that the joint extraction pro-
vides in general a good mass proxy when the redshift is known.
The main sources of bias in the mass estimation are the pres-
ence of a cool core, which tends to overestimate the mass, and
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Fig. 7. M5, estimated from the joint detection for the candidates matching a confirmed cluster vs. the published M5 of the corresponding cluster.
Panel a: comparison of the estimated mass to the published SZ mass for the 155 candidates matching an SZ cluster with known mass. Panel b:
comparison of the estimated mass to the published MCXC mass for the 72 candidates matching an MCXC cluster. The dotted red line indicates the
line of zero intercept and unity slope. The solid blue line indicates the median ratio. The dashed blue lines indicate the interval of +2.50- around
the median ratio. Outliers are highlighted with a blue (high estimated mass) or red (low estimated mass) square; see text. Green crosses indicate
SPT clusters that are not in Planck catalogues and cyan crosses indicate MCXC clusters that are not in Planck or SPT.

-2

Fig. 8. S/N maps for the two outliers with underestimated mass with respect to the published SZ mass and X-ray mass: PSZ2 G265.21-24.83 (left)
and PSZ2 G269.36-47.20 (right). The colour images show the S/N corresponding to the X-ray map and the contours indicate the S/N corresponding
to the SZ maps. The black crosses indicate the positions of the joint detection. The angular size of the images is 86.7 arcmin. The distance between
the joint detection and the published SZ position is 8.4 and 7.4 arcmin, respectively.

an offset between the X-ray and SZ peaks, which tends to give
underestimated masses.

The good agreement between the estimated and the pub-
lished masses also indicates that the 10 arcmin association rule
is appropriate.

4.3. Position accuracy

Since the proposed method combines Planck maps with RASS
observations, which have better position accuracy due to the
smaller beam, we expect the positions provided by the joint
detection method to be more accurate than those provided by
Planck. To assess this accuracy, we took as reference the posi-
tions given in the SPT catalogue, which are more accurate than
Planck positions. Then, we selected the joint detections that
match clusters detected both by SPT and PSZ2 and calculated
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the distance between the joint position and the SPT position.
Finally, we compared this distance to the distance between the
SPT and the PSZ2 position for the same clusters. Figure 9 sum-
marizes this comparison. On average, the joint position is closer
to the SPT position than the PSZ2 position is. Therefore, we can
conclude that the joint detection method introduces a gain in the
position determination with respect to Planck, thanks to the use
of the X-ray information.

4.4. Performance comparison with the MMF3 method

Since the proposed joint detection method is built as an extension
of the MMF3 detection method, we expect it to have a better
performance than that of its predecessor.

As shown in Table 4, the proposed method is able to recover
most of the MMF3 candidates for Py = 3.40 x 107 and only
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respectively. Upper panel: histograms. Lower panel: corresponding
cumulative distributions.

eight MMF3 candidates are missing, three of which are con-
firmed clusters. The three missing clusters were initially detected
(in the second phase), but then were discarded because the joint
S/N was not high enough. The five MMF3 unconfirmed clusters
that do not appear in our candidate list are missing for several
reasons: two of them are below the initial threshold ¢ = 4 used
to include S/N peaks in the list, one has a joint S/N lower than
the corresponding threshold g;, and two were discarded because
they have a (S/N)sz < 3. These five objects belong to the PSZ2
catalogue, but they are not detected by SPT or ACT, and they
do not have any known external counterpart. The recovery rate
for MMF3 confirmed clusters is much higher than that of MMF3
candidates, which indicates that thanks to the combination with
the X-ray information, our joint detection is able to clean the
MMF3 catalogue of non-cluster objects.

Even though the proposed method misses a small fraction
of the MMF3 clusters, it detects other previously known clus-
ters that are missed by MMF3 (see Table 4). In particular,
for Ppa = 3.40 x 1079, it detects 16 additional Planck clusters,
32 SPT clusters that were not detected by Planck, and 9 MCXC
clusters that were not detected by Planck or SPT. The over-
all effect is an improvement of the purity-detection efficiency
performance with respect to the reference method MMF3. A
comparison of the two methods can be seen in Fig. 10, which
shows the MMF3 clusters and the joint detections in the mass-
redshift plane for Ppy = 3.40 X 107 and Pps = 2.04 x 1077, The
MMF3 clusters are represented as black open circles, whereas
the joint detections are represented as coloured symbols. For
Pra = 3.40% 107, the proposed method is able to recover almost
all the MMF3 clusters while detecting at the same time addi-
tional clusters down to a mass of 2.6 x 10'* M, at redshift 0.5.
For Pps = 2.04 x 1077, the proposed method recovers fewer
clusters due to the increased purity.

Figures 11 and 12 show two examples of additional clusters
detected by the proposed method thanks to the combination of
SZ and X-ray information. Figure 11 shows SPT-CLJ0351-4109,
a cluster at z = 0.68 with Mspy = 4.26 x 10'* M,, detected by
SPT, but not detected by Planck. The SZ S/N obtained from

Planck observations is too low to pass the Planck detection
threshold. However, the presence of some X-ray photons at the
same position (11 photons within a 4 arcmin-radius circle, com-
pared to 3.5 photons expected from the average background
level) boosts the joint S/N so that the cluster is detected. The
red smooth region on the right side of the middle panel of
Fig. 11 is due to a negative ripple introduced by the filter
around a very strong X-ray source (X-ray S/N of 75.4) sit-
uated to the right of the cluster, at a distance of 39 arcmin
(outside the region represented here). Figure 12 shows RXC
J0211.4-4017, a cluster at z = 0.1 with Msyy = 1.65 x 10'* M,
included in the MCXC catalogue, but not detected by Planck or
SPT. In this case, the presence of a strong X-ray signal at the
same position of a faint SZ signal allows the detection of this
cluster.

A direct comparison of the purity-detection efficiency per-
formance of the joint detection method and MMF3 can be seen
in Fig. 13. The purity and the detection efficiency are calcu-
lated with respect to all confirmed clusters from Planck, SPT,
and MCXC catalogues in the considered region, thus, they are
both rough estimations. Nevertheless, they serve as indicators
to compare our method with the reference MMF3. The figure
shows different operational points of both methods. For MMF3,
the operational point is chosen through the S/N threshold. For the
nominal Planck catalogue, this threshold is set to 4.5, but differ-
ent thresholds can be used, producing catalogues with different
purity and detection efficiency (thus, different completeness).
The proposed joint method can be tuned by changing the false
alarm probability that is used to calculate the joint S/N thresh-
old. This figure shows that our detection method outperforms
MMEF3 in the sense that it can simultaneously achieve higher
purity and higher detection efficiency if the operational point is
chosen appropriately.

4.5. Comparison with RASS clusters

Since the proposed joint detection method uses RASS observa-
tions, it is interesting to check whether it is able to recover known
clusters that have been detected using the same observations.
Table 4 shows that we detect 71 of the 103 RASS clusters sit-
uated in the considered region (SPT area with RASS exposure
time >100s, outside the PSZ2 masked region), which corre-
sponds to 68.9%. Most of the RASS clusters that we do not
recover (30 of the 32) were in fact included in the list of detec-
tions provided by the second phase of the algorithm, but 29
were discarded because their (S/N)sz was lower than 3 and one
was discarded because the RASS exposure time at the detec-
tion’s position is lower than 100s. There are just two RASS
clusters that were not originally detected by the joint algorithm
because their joint S/N does not reach the threshold of g = 4:
RXC J0040.1-5607 and RXC J2326.7-5242, which are quite faint
both in X-ray and SZ. To cross-check these results, we used
the MMF3 method of Planck Collaboration XXVII (2016) to
extract the S/N of RASS clusters from Planck maps. We found
that the 2 undetected clusters and the 29 clusters that were dis-
carded due to a low (S/N)sz have a very low S/N, which supports
our results. Therefore, we can conclude that the joint detec-
tion method is able to recover almost all the RASS clusters, as
expected, but we discard some of them later in order to main-
tain a high purity by eliminating possible AGN detections with a
threshold in (S/N)sz, which has a similar effect to a mass cut at
each redshift. Figure 14 illustrates this comparison by showing
the RASS clusters and the joint detections in the mass-redshift
plane.
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Fig. 10. Mass and redshift of the clusters in the MMF3 catalogue and of the clusters detected with the proposed method for (a) Pgy = 3.40 x 107°
and (b) Pra = 2.04 x 1077, Open circles represent the MMF3 confirmed clusters in the considered region, while filled symbols represent the joint
detections colour-coded according to the associated cluster. Yellow filled circles represent joint detections matching confirmed MME3 clusters,
green filled circles represent joint detections matching other confirmed Planck clusters (not MMF3), red squares represent joint detections matching
confirmed SPT clusters not detected by Planck, and blue diamonds represent joint detections matching confirmed MCXC clusters that do not match
any of the previously mentioned catalogues. The blue solid line shows the REFLEX detection limit, calculated from the REFLEX flux limit and
the Ly — M5 relation presented in Piffaretti et al. (2011). It corresponds to a completeness of at least 90% (Bohringer et al. 2001). The green solid
line shows the Planck mass limit for the SPT zone at 20% completeness.
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Fig. 11. S/N maps for the joint detection that matches SPT-CLJ0351-4109, an SPT cluster not detected by Planck situated at z = 0.68 with
M5y = 4.26 X 10'* M. The three colour images show the S/N corresponding to the SZ filtered maps (left), the X-ray filtered map (middle), and the
joint filtered maps (right). The filter size is 0.8 arcmin, which provides the best S/N for this detection. The angular size of the images is 68.7 arcmin.

The RASS exposure time at the position of the detection is 545 s.
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Fig. 12. S/N maps for the joint detection that matches RXC J0211.4-4017, a MCXC cluster not detected by Planck or SPT situated at z = 0.1 with
Msp = 1.65 % 10" My, The three colour images show the S/N corresponding to the SZ filtered maps (left), the X-ray filtered map (middle) and the
joint filtered maps (right). The filter size is 0.8 arcmin, which corresponds to the one that provides the best S/N for this detection. The angular size
of the images is 68.7 arcmin. The RASS exposure time at the position of the detection is 946s.

4.6. New candidates

As mentioned before, 193 of the 225 detections corresponding to
Pra = 3.40 x 107° match with a real cluster within a distance of
10 arcmin. This means that our catalogue contains 32 candidates
that are not known clusters. They could be either false detec-
tions due to noise or to X-ray point sources, or true clusters not
detected before. Table 5 summarizes the coordinates and some
additional information of these 32 new candidates.

Since we set a false alarm probability of Pgy = 3.40 x 107°
to calculate the joint S/N threshold, we expect to have 1.7 pixels
in each filtered patch with (S/N);y greater than the threshold. This
means that in the whole SPT area we expect to have 42 pixels
above the threshold, producing at most 42 false detections due
to noise fluctuations. This number is close to the number of new
candidates, so can we expect most of them to be false detections.
On the other hand, for Pgy = 2.04 x 1077 and Pga = 1.90 x 1078
we would expect at most 2.5 and 0.2 false detections due to
noise fluctuations in the SPT footprint, respectively. However,
the number of new candidates for these two false alarm proba-
bilities is 14 and 10, respectively (see Table 4). We expect then

that most of these candidates are real detections (either clusters
or other objects like X-ray point sources). We indicate in Table 5
which of the 32 candidates corresponding to Pga = 3.40 x 1076
are also candidates for Pga = 2.04x 10~7 and Pgs = 1.90x 1078,

We searched for archival X-ray observations covering these
32 positions. Three of the candidates (1, 8, and 12) were observed
by Swift (Burrows et al. 2005) and two more (14 and 32) by
XMM-Newton. In the three Swift observations, there is evi-
dence that the candidates are real clusters, since we can see an
extended emission, as shown in Fig. 15. On the contrary, the two
XMM-Newton observations show that the candidates are false
detections: candidate 14 is a point source, while candidate 32 is
just a noise fluctuation. As shown in the Table 5, the joint S/N of
candidate 32 is just above the threshold.

We also looked around these 32 positions for other known
galaxy clusters or groups in the NED® and SIMBAD’ databases.
Table 6 shows all the clusters and groups found closer than
10 arcmin to our candidates. Most of the joint candidates do not

% http://nedwww.ipac.caltech.edu/
7 http://simbad.u-strasbg. fr/simbad
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Fig. 13. Comparison of the performance of the proposed method (green,
blue, cyan, and magenta circles) and the MMF3 method (red squares).
The horizontal axis shows the percentage of detections which match a
real cluster within a 10 arcmin radius. It is an indicator of the purity
of the methods. The vertical axis shows the number of real clusters
detected (which match a detection within a 10 arcmin radius). It is
related to the detection efficiency of the methods. We assume that
the real clusters in the considered region are all the clusters from the
SPT, MCXC, and Planck catalogues with known mass and redshift
(confirmed). The different points in the curves correspond to different
operational points of the detection algorithms. For the MMF3 case we
have represented the results for S/N thresholds of 4.00, 4.25, 4.50, 4.75,
and 5.00, increasing from left to right. For the proposed algorithm, we
have represented the results for Ppa = 3.40 X 107°, Ppy = 2.04 x 1077
and Ppa = 1.90 x 1078, decreasing from left to right for each (S/N)sz
cut.
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Fig. 14. Mass and redshift of the clusters in the RASS catalogue. Open
circles represent RASS clusters in the considered region; red filled
circles represent RASS clusters that are detected by the joint detec-
tion algorithm; cyan filled circles represent RASS clusters that were
detected in the second phase of the algorithm, but discarded due to a
low (S/N)sz; and the green-filled circle represents the RASS cluster that
was detected in the second phase of the algorithm, but discarded due to
a low exposure time.

have any NED or SIMBAD clusters close to them. For 13 candi-
dates, we found some close-by objects, but in most of the cases,
they do not seem to be associated with the candidate since their
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separation is too big. Only candidates 12 and 21 might be associ-
ated with clusters: the SPT cluster SPT-CL J0438-4907 and the
optical cluster LCS-CL J051723-5325.5, respectively.

We clarify that we did not match candidate 12 with SPT-
CL J0438-4907 before (Sect. 4.1) because this cluster is not
included in the published SPT catalogue of Bleem et al. (2015b)
since its significance is lower than 4.5, which was the limit for
the published catalogue. However, it is detected at lower sig-
nificance and confirmed with optical observations in Saro et al.
(2015). The presence of this cluster at only 0.7 arcmin from can-
didate 12 and the Swift observation presented in Fig. 15c are
strong indicators that this candidate is a real cluster. Moreover,
the mass obtained from the joint extraction assuming the red-
shift of the SPT cluster is Msyp = 3.04 x 10'* My, very close
to the mass published by Saro et al. (2015) for the SPT cluster
(Msoo = (3.13 £ 0.81) x 10'* My).

Regarding candidate 21, the estimated mass assuming the
redshift of the nearby optical cluster is M5y = 3.38 X 10'* M.
If we apply the richness-mass relation of Rozo et al. (2015), we
get an estimated richness of 4, = 63.5. According to Bleem et al.
(2015a), the optical cluster LCS-CL J051723-5325.5 has a rich-
ness of A = 29.2, which differs from A, by 2.92 oy,,. Given
the large scatter of the richness-mass relation, it is reasonable
to associate candidate 21 with cluster LCS-CL J051723-5325.5.

5. Conclusions

In this paper we have proposed a galaxy cluster detection
method based on matched multifrequency filters (MMF) that
combines X-ray and SZ observations. This method builds on
the previously proposed joint X-ray—SZ extraction method and
allows us to blindly detect clusters, i.e. finding new clusters
without knowing their position, size, or redshift, by search-
ing on SZ and X-ray maps simultaneously. It can be seen
as an evolution of the MMF3 detection method, one of the
MMF methods used to detect clusters from Planck observations,
that incorporates X-ray observations to improve the detection
performance.

The main challenge to solve was to obtain a high purity,
since the addition of the X-ray information increases the clus-
ter detection probability, but also the number of false detections,
produced by AGNs and Poisson noise. To deal with the Poisson
noise correctly, we proposed an adaptive S/N threshold to keep or
discard detections depending on the noise characteristics of the
region. To discard AGN detections, we proposed an additional
classification according to the SZ part of the S/N.

The proposed method is tested using data from the RASS
and Planck surveys and evaluated by comparing the detection
results with existing cluster catalogues in the area of the sky
covered by the SPT survey. We have shown that, thanks to
the addition of the X-ray information, the method is able to
simultaneously achieve better purity, better detection efficiency,
and better position accuracy than its predecessor, the MMF3
detection method.

We have also shown that if the redshift of a cluster is known
by any other means, the joint detection allows a good estimation
of its mass. Some bias may appear in the presence of a cool core
(overestimated mass) or if there is an offset between the X-ray
and SZ peaks (underestimated mass).

Finally, we have produced a catalogue of candidates in the
SPT region composed of 225 objects, with 32 new objects that
are not included in other SZ or X-ray cluster catalogues. We
have found, using Swift observations, that three of these new
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Table 5. List of candidates for Pgs = 3.40 X 107° that do not match known clusters or cluster candidates, ordered by significance.

Id. G.lon. G. lat. RA J2000 DecJ2000 (S/N); (S/N)sz qr (S/N)y-q;  Significance Notes
[°] [°] [°] [°]

1 262127 -30.865 86.910 —-54.310 13.72 3.28 4.70 9.02 10.62 ok
2 272610 -28.890 91.930 -63.244 9.46 4.23 4.87 4.59 7.62 ok
3 356.016 -51.958  330.063 —-43.514 9.05 3.08 6.00 3.04 6.57 ok
4 269.926 -33.562 81.955 —-60.928 7.70 4.06 4.84 2.86 6.44 ok
5  266.726 -34.077 81.239 —58.245 7.58 3.23 4.92 2.65 6.30 ok
6  299.961 —53.485 16.829 —-63.551 7.45 3.04 5.15 2.30 6.06 ok
7 282.665 —54.841 35.371 —58.601 6.77 3.94 4.77 2.00 5.75 ok
8 265.689 -27.575 93.313 —-57.045 7.12 3.48 4.71 242 5.67 ok
9 270.400 -44.745 60.078 —-58.641 6.93 3.01 5.00 1.93 5.65 ok
10 254.861 -20.784  100.312 -45.874 6.20 3.74 4.84 1.36 547 ok
11 327280 -75.170 4.893 —40.415 7.36 4.03 5.54 1.82 543 ok
12 255.846 —41.583 69.662 —-49.106 5.56 3.58 4.53 1.02 5.35 *
13 346.731 57456  339.853 —46.882 9.40 3.52 6.77 2.63 5.26 ok
14 290.504 -71.045 18.586 —45.527 7.07 3.02 5.64 1.43 5.25 *
15 249394 -34.217 80.293 —-43.930 5.58 3.56 4.84 0.74 5.19
16 357238 -34.672  306.147 —43.350 5.79 3.51 4.87 0.91 5.14 *
17 283.847 —65.365 25.079 -49.914 6.65 3.52 5.86 0.79 4.93
18 0.622  -48.152  324.445 —41.074 6.72 3.11 5.98 0.74 4.89
19 352487 -33.184  303.471 -47.119 5.69 3.73 5.14 0.55 4.86
20 335748 -37.097  310.996 —-60.647 5.56 3.36 5.03 0.53 4.84
21 260921 -35.301 79.333 -53.436 5.54 3.03 4.98 0.57 4.84
22 265.024 -30.437 87.988 —56.765 5.11 3.45 4.74 0.37 4.74
23 356.548 -41.337  315.336 —44.232 4.89 3.84 4.69 0.20 4.70
24 277913 -65.311 28.381 —48.691 5.34 3.97 5.06 0.28 4.68
25 274955 -58.096 37411 —53.368 5.72 3.12 543 0.29 4.65
26 282.535 -53.687 36.837 -59.477 5.34 3.13 5.16 0.18 4.62
27 258.667 —34.133 81.229 —-51.574 4.98 3.45 4.85 0.13 4.58
28 260.348 -20.324  103.375 -50.613 4.94 443 4.87 0.07 4.53
29 252269 -23.928 95.065 —44.475 4.96 3.64 4.88 0.08 4.53
30 264.135 -35.097 79.543 —-56.066 4.63 341 4.61 0.03 4.51
31 254233 -25.041 94.169 —46.485 4.84 3.19 4.82 0.01 4.51
32 328390 -59.170  351.147 —53.453 5.77 3.46 5.65 0.13 4.43

Notes. Galactic and equatorial coordinates are given in degrees. The joint S/N is indicated, as well as the SZ component of this S/N. Finally,
the joint threshold gy, the difference between the S/N and the threshold, and the significance are shown. The last column indicates whether the
candidate is also a candidate for Pry = 2.04 x 1077 and P = 1.90 x 1078 (* indicates that it is also a candidate for Pga = 2.04 x 1077, ** indicates
that it is a candidate for both Pps = 2.04 x 1077 and Pgs = 1.90 x 107%).

@ ® C©

Fig. 15. Swift observations of candidates 1 (a), 8 (b), and 12 (c). A red circle with 2 arcmin radius centred at the candidate position was added for
visual reference.

A82, page 17 of 25


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731984&pdf_id=0

A&A 614, A82 (2018)

Table 6. Galaxy clusters and galaxy groups found close to the 32
candidates listed in Table 5.

1d. Name Type  Redshift Separation
[arcmin]

1 Str 0547-543 Cluster 32
3 NGC 7166 Group  0.0077 7.1
[CHM2007] HDC 1172 Group 4.6
LGG 449 Group 7.1
NOGG H 1003 Group 7.5
7 [LH2011] 3692 Group 7.0
11 [RZZ799] ESP 121 Group 5.0
Str 0018-407 Cluster 5.0
EDCC 435 Cluster 0.15 8.6
12 SPT-CL J0438-4907 Cluster 0.24 0.7
14 LCLG -45 038 Group  0.0897 7.6
18 APMCC 688 Group 0.065 3.6
LCLG -42 164 Group 0.065 9.2
20 APM CC 607 Cluster 23
Str 2040-608 Cluster 2.8
21 LCS-CL J051723-5325.5 Cluster 0.37 0.8
LCS-CL J051759-5326.4  Cluster 0.39 5.9
LCS-CL J051813-5327.2 Cluster 0.62 8.0
23 APMCC 621 Cluster 0.143 4.9
[DEM94] 205740.8-442233  Cluster 5.8
QW 146 Cluster 6.8
27 LCS-CL J052516-5134.1 Cluster 0.22 33
LCS-CL J052502-5134.1 Cluster 0.24 9.8
30 SCSO J051755-555727 Cluster 0.66 6.9
32 SCSO J232529-532420 Cluster 0.74 8.5

Notes. The search was done in the NED and SIMBAD databases.

objects are probably real clusters. This supports the fact that the
proposed method can be used to find new clusters.

In future work we will run the joint detection on all the sky
using Planck and RASS maps and we will provide the last and
deepest all-sky cluster catalogue before the e-ROSITA mission.
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Appendix A: Matching of simulation results with
real maps parameters

As explained in Sect. 3.3, the X-ray noise maps used in the
Monte Carlo simulations were simulated as homogeneous Pois-
son random fields, characterized by a given mean value A (in
counts). To express these count maps in AT /T units, as was done
with real RASS count maps, we need to assume an exposure time
map and a Ny map, and then apply the conversion procedure
described in Appendix B of Tarrio et al. (2016), which can be
summarized as follows:

M{[counts Fx | Vie
MI[AT/T] = Mcounts] - ¢(Ny) - [_X . g(Tf) (A.1)
Texp [s] Ys00 Zref dpix

In this expression c¢(Ny) represents the factor that converts the
count rate into X-ray flux and it depends on the Ny map; the
expected Fx/ Y5 relation is used to convert the X-ray flux into
equivalent Y5 integrated flux and depends on the reference red-
shift; d;ix is the HEALPix pixel area and g(vr) is the factor that
converts from y units into AT /Tcvmp units, which depends on
the reference frequency assumed for the map (1000 GHz in our
case).

For the Monte Carlo simulations of this paper, we assumed
a constant exposure time fe, = 400s and a constant Ny =
2 x 10%° cm™2 (average values in the SPT region). If other val-
ues were used, the resulting X-ray maps in AT/T units would
only differ from the ones obtained with these values by a con-
stant factor a. This allows us to convert some of the simulation
results obtained for the reference #., and Ny values (in particular
o, and S/N) into the results corresponding to any other value of
texb and/or Ny. In the following, we explain how this conversion
is done.

Let M and M} be two X-ray maps in AT /T units, calculated
from the same count map using different values of 7., and Ny.
From Eq. (A.1), we have the following relation between the two
maps:

m =M (A2)
a
where
té_"p ) c(Nn) (A3)

a = pal
Texp C(NH)

Let M = [N, N,]" and M’ = [Ng,, N.]" = [Ny, Ny /al" be
two multifrequency noise maps whose SZ components are equal
and whose X-ray components differ by a constant factor a.

Considering that the noise in the X-ray map and the SZ maps
is uncorrelated, we can write the noise power spectrum of M as

_ Psz 0NV><l
P= [ Oy, P }’

(A4)
where Pg; is the noise power spectrum of the SZ maps N, Px is
the noise power spectrum of the X-ray map Ny, and 0,,,, denotes
a vector with n rows and m columns whose elements are all equal
to 0. The noise power spectrum of M’ can be decomposed into
P, and P} in an analogous way. Using the definition of the noise
po;ver spectrum (see Sect. 3.1), it is immediate to show that P} =
a “Py.

Using the definition of the variance of the filtered maps
(Eq. (2)) and applying (A.4), we can also decompose the vari-
ance of the filtered maps into an SZ and an X-ray component as

-2 _ pTp-1 Tp-lp _ -2 -2
oo =F P, ¥, + F\ P Fx =0 +0,°,

(A5)

where Fy, and Fy are the SZ and X-ray components of Fg,
(Eq. (3)). From this expression it is easy to show that

/

Ox
oy =—.

(A.6)
a

If we filter M and M’ with the proposed joint filter (Eq. (1)),
the S/N of the filtered maps will be given by

S/N = o, [FL, Py !Ny, + F1P' Ny | (A7)
and
SIN' = o [FL P !Ny, + aF P Ny (A.8)

From these two expressions, and taking into account (A.5) and
(A.6), we can obtain the relation between the S/N of the two
noise maps as

l+w 1+aW
S/INN=S/N: {|]—————+ ————, A9
/ / Vi+dw 1+W (A9)
where
o \2
w= (i) (A.10)
Ox
and
F*P*—INX
=Xz (A.11)

T o pE—1 :
F;, P N,

Appendix B: Significance estimation

As explained in Sect. 3.5, the significance of a detection is calcu-
lated with the aid of the S/N maps obtained from the numerical
simulations described in Sect. 3.3. In particular, it is obtained by
measuring the number of pixels in the simulations that have a
S/N higher than the S/N of the detection. Given that the number
of simulated pixels is finite, when the joint S/N of the detection
is very high, there may be no pixels satisfying this condition.
In these cases, it is not possible to calculate the significance
directly. Since for each combination of mean Poisson level A4
and mean Gaussian level 0517 we created 450 random realiza-
tions of the noise maps, and since each map has 700 x 700 pixels,
the minimum false alarm probability that we can determine is
4.5 x 107, This means that when we do not find any pixels
above a given S/N, we can only affirm that the significance will
be higher than 5.75.

To find a way to estimate the significance in these cases, we
analysed the second phase detections corresponding to Ppy =
3.40x 1075, We calculated the significance of the detections with
(S/N)sz > 3 outside the SZ mask and we found a good corre-
lation between the significance and the difference between the
joint S/N and the threshold gy, as shown in Fig. B.1. Therefore,
we decided to use a linear extrapolation to estimate the values of
significance as a function of (S/N); — gy for the detections whose
calculated significance is >5.75. By definition, the significance

A82, page 19 of 25



A&A 614, A82 (2018)

[ s I T T T 3

- o =

E o ] .
6 % < —

C oo © -

8 L -
| — —
da C 3
£ 5 —
c - —
5 ]
o ]
al .
a1 | N N N N O T O Y
-5 10 15

SNR,-q,

Fig. B.1. Significance as a function of (S/N); — g; for the second phase
detections corresponding to Ppy = 3.40 X 107%, with (S/N)sz > 3 and
outside the SZ mask. Red circles indicate the detections that pass all the
other cuts (f.x, > 100s and (S/N); > g;), while black circles indicate the
detections that do not pass them. The solid blue line is the best linear fit
with a fixed intercept of 4.5.
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corresponding to (S/N)y = gy is 4.5 for Ppa = 3.40 X 107°. Thus,
the linear extrapolation was found by fitting a line with a fixed
intercept of 4.5 to the points in Fig. B.1, excluding the outliers.
The final expression we obtained is

significance = 4.5 + 0.68 - ((S/N);y — gy). (B.1)
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