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ABSTRACT

Clusters of galaxies, formed in the latest stages of structure formation, are unique cosmological probes. With the advent of large CMB surveys
like those from the Planck satellite, the ACT and SPT telescopes, we now have access to a large number of galaxy clusters detected at millimeter
wavelengths via the thermal Sunyaev-Zel’dovich (tSZ) effect. Nevertheless, it is interesting to complement them with high-angular-resolution (tens
of arcseconds) observations to target the lowest-mass and highest-redshift clusters. This is the case of observations with the NIKA2 camera, which
is installed on the IRAM 30-m telescope in Pico Veleta, Spain. We used the existing 150 GHz (2 mm) data from the NIKA?2 Cosmological Legacy
Survey (N2CLS) Large Program to blindly search for galaxy clusters in the well-known COSMOS field, across a 877 arcmin® region centered on
(RA, Dec)j000 = (10h00m?28.81s, +02d17m30.44s). We first developed a dedicated data reduction pipeline to construct NIKA2 maps at 2 mm. We
then used a matched-filter algorithm to extract cluster candidates assuming a universal pressure profile to model the expected cluster tSZ signal.
We computed the purity and completeness of the sample by applying the previous algorithm to simulated maps of the sky signal in the COSMOS
field, including tSZ contribution, point sources and instrumental noise. We find a total of 16 cluster candidates at S/N > 4, from which eight have
either an optical or X-ray cluster (or group of galaxies) counterpart. This is the first blind detection of clusters of galaxies at mm wavelengths at
18” angular resolution. For candidates with available redshift estimates, we derived their mass by modeling the cluster tSZ signal with a universal
pressure profile via a MCMC analysis. From this analysis, we confirm that NIKA2 and the IRAM 30-m telescope should be sensitive to low-mass
clusters at intermediate and high redshift, complementing current and planned large tSZ-based cluster surveys.
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1. Introduction 2018; Kleinetal. 2019) via the bremsstrahlung emission of

. . hot electrons in the ICM. Furthermore, the last decade has
Clusters of‘galast are fqrmed in the la.test stages of struc- seen a major advance in the study of clusters at millimeter
ture formation and are unique cosmological probes to study wavelengths (Planck Collaboration XXVII 2016; Hilton et al.

structure form?ltion and its evolution (Voit 2005; Allep et al. 2021; Bleem et al. 2024) via the Sunyaev-Zel'dovich effect (SZ,
2011). In particular, cluster number counts as a function of Sunyaev & Zeldovich 1972)

mass and redshift are sensitive to the universe matter content
and root-mean-square (rms) fluctuations via the ,, and og cos-
mological parameters (see Planck Collaboration XXVII 2016).
Clusters are intricate systems comprising dark matter, galaxies,
and hot-ionized gas known as the intracluster medium (ICM),

The thermal Sunyaev-Zel’dovich (tSZ) effect, resulting from
the inverse Compton scattering of cosmic microwave back-
ground (CMB) photons by hot-thermal electrons in the ICM, is
a powerful tool for detecting high-redshift clusters. Unlike other
. . observables, it is not impacted by cosmological dimming, with
making them.observable across multiple Wavelength§ of the the cluster’s size being tlf)e only li>rlniting fac;gor. Furtherm(%re, the
electromagnetilc spectrum. Catalogs of clusters of galax1es.have cluster size is related to the cluster mass as clusters are expected
thus been built by surveys at different wavelengths, primar- to be self-similar objects (Arnaud et al. 2010; Allen et al. 2011).

ily in the optical and infrared (Abell 1958; Wen etal. 2012, Therefore, we expect low-mass, high-redshift objects to be small
2018; Bleemetal. 2015a; Ogurietal. 2018; Gonzalez et al. in size but detectable via the tSZ effect

.2019)’ through the detection of galaxy overdensities, bqt also The first successful targeted measurements of the tSZ effect
in X-ray (Gioia etal. 1990; Mehrtens et al. 2012; Adami etal. o0 ohtained in the 1970s (Pariiskii 1973; Gull & Northover

1976), with the first blind detection of tSZ clusters follow-
* Corresponding author: cherouvrier@lpsc.in2p3. fr ing three decades later (Staniszewskietal. 2009). Current
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blind cluster catalogs of order 10°-10* clusters have been
obtained using instruments dedicated to CMB observa-
tions — the Planck satellite (Planck Collaboration VIII 2011;
Planck Collaboration XXIX 2014; Planck Collaboration XXXII
2015; Planck Collaboration XXVII  2016), the ground-
based South Pole Telescopes (SPT, Williamson et al. 2011;
Bleem et al. 2015b, 2020, 2024; Kornoelje et al. 2025), and the
Atacama Cosmology Telescope (ACT, Marriage et al. 2011;
Hasselfield et al. 2013; Hilton et al. 2018, 2021). However, they
have relatively poor angular resolutions: 5arcmin for Planck,
and about 1arcmin for SPT and ACT. As a consequence,
there is a need for high-angular-resolution instruments (tens
of arcseconds) in order to map the tSZ signal for high-redshift
and/or low-mass clusters of galaxies, which are expected to be
of great cosmological interest (see for example Tinker et al.
2008). In this respect, observations of the tSZ effect with the
NIKAZ2 camera are particularly interesting.

The New IRAM KID Array (NIKA2, Bourrion et al. 2016;
Calvo et al. 2016; Adam et al. 2018) is a dual-band millimeter
camera consisting of three arrays of kinetic inductance detec-
tors (KIDs) installed at the IRAM 30-m telescope in Granada,
Spain. NIKA2 operates at 150 (2 mm) and 260 GHz (1.2 mm),
where the tSZ signal is strongly negative and slightly positive,
respectively. NIKA?2 has a field of view of 6.5" and offers a high
angular resolution of 17.6” at 2mm and 11.1”” at 1.2 mm (for a
full review of the performance of the instrument see Perotto et al.
2020). As part of the NIKA2 guaranteed time, the NIKA?2 Cos-
mological Legacy Survey (N2CLS) acquired 300 hours of obser-
vations distributed between the GOODS-N and COSMOS fields
(Bing et al. 2023; Ponthieu et al. 2025). The main goal of the
survey is to study dust-obscured galaxies up to very high red-
shift, but thanks to the depth and very high angular resolution
of the observations, the detection of galaxy clusters via the tSZ
effect is also possible. The N2CLS catalog of dusty star-forming
galaxies will be published in Béthermin et al. (in prep.).

Here we focus on the COSMOS field (Scoville et al. 2007,
Laigle et al. 2016; Weaver et al. 2022), where the NIKA2 obser-
vations cover a larger area and a large number of ancillary
data sets are available. This part of the sky is particularly
well adapted for this project as it is widely visible, and also
uncontaminated by bright X-ray, UV, and radio sources as
well as massive tSZ clusters. The field has been thoroughly
observed by both space and ground-based experiments such
as the XMM-Newton, HST, Chandra, Spitzer, Herschel, Keck,
Subaru, ESO-VLT, and CFHTLS telescopes (see Scoville et al.
2007). This wealth of data enabled the assembly of clus-
ter catalogs in COSMOS, such as the ALHAMBRA catalog
(Ascaso et al. 2015), the CES catalog (Sochting et al. 2012),
the HIROCS survey (Zatloukal et al. 2007), and other studies
(Bellagamba et al. 2011). Clusters have also been detected in
this region by larger surveys like the SDSS (Wen et al. 2012),
DESI (Zou et al. 2021), XMM (Mehrtens et al. 2012), CFHTLS
(Adami et al. 2010), KiDS (Lesci et al. 2022), and Subaru Weak-
Lensing (Miyazaki et al. 2007) surveys. However, at the time of
writing this article, there are no detections of SZ clusters in the
NIKA2 COSMOS field. The new N2CLS data are thus quite
promising, as we are able to match any cluster candidate with
the available catalogs and identify optical or X-ray counterparts.

In this paper, we present the blind detection of clusters via
the SZ effect with the NIKA2 camera in the COSMOS field.
The paper is structured as follows. In Section 2, we present the
data used and the data reduction pipeline. Section 3 describes the
blind cluster detection algorithm and the cluster sample identi-
fication process. In Section 4, we discuss the simulation frame-
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work used to characterize our sample. Finally, Sections 5 and
6 present the candidate clusters compared to other multiwave-
length cluster catalogs and their properties. We summarize and
draw conclusions in Section 7.

Throughout this article, we assume a flat ACDM cosmol-
ogy model (e.g., Planck Collaboration VI 2020) with Q,, =0.31,
Q, =0.69, and Hubble constant Hy=67.7kms™! Mpc~!. All
masses are expressed using the quantity M5, which represents
the mass contained within a radius Rsgy, where the average den-
sity equals 500 times the critical density at the cluster redshift.

2. The NIKA2 maps of COSMOS
2.1. Observations

The N2CLS data set of the COSMOS field corresponds
to a total of 195 hours of observations carried out from
October 2017 to January 2023. Two groups of 27.0° X
3477 and 35.0/ x 28.0" raster scans, centered on (RA,
Dec)jp00 = (10h00m28.81s, +02d17m30.44s), were executed
for a total area of ~1400 arcmin?. The two groups of scans were
performed with a speed of 60”/s at position angles of 0 and
90 degrees in the RA-Dec coordinate system of the telescope
(Bing et al. 2023). In this paper, we concentrate on the 2 mm
data, where the signal-to-noise ratio (S/N) for the tSZ signal is
larger. The 1.2 mm data were only used for robustness tests and
are not discussed in this paper.

2.2. Data reduction pipeline

The raw NIKA?2 data per detector array were reduced using the
data reduction pipeline described in Ponthieu et al. (2025). It is
an evolution of that of Perotto et al. (2020) and is optimized for
the detection of faint and small angular size objects. We here
summarize its main steps. The raw time-ordered information
(TOI) data were first calibrated following the baseline procedure
outlined in Perotto et al. (2020). We first transformed the NIKA?2
raw data into KID resonance frequency shift (Calvo et al. 2016),
and then Uranus was used as a primary calibrator accounting
for line-of-sight opacity absorption. Furthermore, the TOIs were
corrected from detector correlated atmospheric and electronic
noise using a decorrelation procedure. For each 45s subscan, we
fitted the TOI of each detector, £, to the following model:

Dy(r) = S,iky(l) +ag - S™M() + b - S™ () + di - (S (1)
Nharms

+ e T+
f =0
+ By sin(wp)) + ¢ + ¢, - ¢,

(Ah,k cos(wht)

ey

where Szky is the astronomical signal at the position observed
by detector k. S™™ is a template of the atmospheric signal built
from all detectors of a given array, and S®™ its time deriva-
tive to account for gradients across the array. The square of
the atmospheric model was also added to account for possible
nonlinearities of a given KID. To account for electronic noise,
we used off-resonance measurements (see Catalano et al. 2014).
Off-resonance measurements are sampled as the detector sig-
nal and come from reading tone frequencies set apart from any
KID resonance. As the electronic noise is strongly correlated
between detectors and the off-resonance measurements, the elec-
tronic noise templates, Tielec, were constructed by coadding all
off-resonances that belong to the same electronic box i. The har-
monic term consists of a series of cosine and sine terms with
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Fig. 1. Transfer function as a function of angular scale for the pipeline
used to construct the NIKA2 2mm COSMOS maps discussed in this
paper. The shaded gray regions represent the NIKA2 FoV (left) and
instrumental beam (right).

Nharms = 8, which for a 27 second subscan is equivalent to a
high-pass filtering above 1/3 Hz. The final terms c; + ¢/, - ¢ allow
a linear baseline, where 7 is the time. For each KID k, a single
linear regression was performed per subscan, to determine the
coefficients a, by, ck, ¢}, di, exi, Ak, and By, once the tem-
plates S*™, §%™ and T¢'°¢ were computed.

We observed some residuals in maps that are projected in
Nasmyth coordinates, with striping corresponding to the elec-
tronic box orientation at 1.2 mm. We decided to correct for this
pattern with one template per array.

The cleaned TOIs were then projected on a grid and coadded
with weights depending on their noise level, using an inverse
variance weighting scheme, to produce the final maps per array.
The decorrelation method needs to be performed iteratively
because the sky signal can impact the procedure. By subtract-

ing from S :ky the high S/N point source signal from the previ-
ous iteration, we can improve the quality of the final maps. We
have found that only few iterations are needed for this process to
converge.

The processing parameters (basically the high-pass filter-
ing) were tuned to optimize the detection of point and com-
pact sources, but the filtering is mild enough to allow slightly
extended sources to be detected, in particular the SZ effect of
compact clusters or groups. We found that the decorrelation pro-
cedure induces a filtering at large scales on the final maps (due
to the final harmonic term) that we need to take into account
in our analysis (see Sect. 3.2). We ran a white noise simulation
through the pipeline and computed the transfer function as the
ratio between the power spectra of the input white noise map and
of the pipeline output. The transfer function is shown in Fig. 1
as a function of the inverse of the angular scale, k. We observe

significant filtering for k < 0.5 arcmin™".

2.3. Final sky maps

The final 2 mm map was constructed combining the signal from
all available observation scans for the final iteration step of the
pipeline. In addition, null maps, or jackknife (JK, McIntosh
2016) maps, were constructed by alternately multiplying scan
pairs by +1, —1 and coadding them. This effectively subtracts the
astrophysical signal to obtain realistic noise maps. These noise
maps are used in our cluster detection algorithm presented in
Sect. 3.

We decided to limit our analysis to the region inside the black
line shown in Fig. 2, discarding the very noisy edges of the map.
We chose a region of 877 arcmin® where the noise is below 1.2
times the median noise value over the full map.

In Bing et al. (2023), the same COSMOS data were reduced
using the PIIC software (Zylka 2013), and optimized for pos-
itive point sources detection. We thus have access to two final
sky maps, one produced by PIIC, and one produced using the
pipeline described in Sect. 2.2. In the following, we use the map
produced with the IDL pipeline described above, which is better
adapted for the detection of extended negative signal. Further-
more, we extensively used simulations (see Sect. 4) that required
full access to the code, which was more difficult to achieve with
the PIIC software.

The 2mm signal map will be published in a forthcoming
publication (Carvajal et al., in prep.). Here we present only
zoom-in maps of patches around cluster candidates (see Sect. 6
and Appendix A).

3. Cluster detection
3.1. t5Z signal modeling

The tSZ cluster contribution to the NIKA2 2 mm maps can be
modeled as

S pmm®) = Coy 45, @)
where x is the spatial dependency and Ctzsli , accounts

for the tSZ spectrum in Jy/beam units for the 2mm
NIKA2 band (see Ruppinetal. 2018; Kéruzoré et al. 2020;
Muiioz-Echeverria et al. 2023). The Compton parameter, y is
given by the integration along the line of sight, /, of the cluster
electron pressure profile P,:

y = UTszedl,
m, ¢

where o, m,, and ¢ are the Thomson cross-section, the electron
rest mass, and the speed of light.

In the following, we assume spherically symmetric clus-
ters and the universal pressure profile (UPP) model defined in
Arnaud et al. (2010) as

3)

M50
3% 101 3l Mo
X p(x) 5, keV em™,

2/3+0.12
P,(r) = 1.65 x 107 h(z)*? [ }

“

where h7g = mkmf—?Mpc_,, h(z) the dimensionless Hubble param-

eter, and p(x) is the generalized Navarro-Frenk-White (gNFW)

model proposed by Nagai et al. (2007):
Py

(c500%)Y [1 + (csp0x)?] B/’

p(x) = )
with Py a normalization constant, y and S the inner and outer
slopes of the profile, respectively, cso0 = @ the concentra-
tion where r is the transition radius between the inner and outer
regimes of the profile, a the slope of the transition, and x = Rsroo
a normalized radius. We considered as free parameters of the
model only the cluster redshift, z, and the mass Msqg. The rest of

the parameters were fixed to the values derived in Arnaud et al.
(2010):

[Po, 500, 7» @, ] = [8.403 h70", 1.177,0.3081, 1.0510, 5.4905].
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We also assume the following scaling relation between the inte-
grated cluster mass and the integrated Compton parameter at
Rso0:

M
Yso0 = 2.925 x 10731(1) h(z)*? [3 500

5/3+0.12
X 101 iz} M@]

hag Mpc?, (6)

where /(1) = 0.6145, and define the angular size of the cluster
as
Rs00

0500 = arctan| —|,
500 arcan(DA)

(N

where D, is the angular diameter distance.

The pressure model was integrated along the line of sight and
projected on a two-dimensional (2D) grid to obtain a Compton
parameter map, y(#). We converted it to surface brightness (see
Eq. (2)) using the C;S[%m value discussed in Ruppin et al. (2018).
We convolved the model map with the NIKA2 2mm beam
and corrected by the transfer function computed in Sect. 2.2 to
account for the filtering at large angular scales.

3.2. Matched-filtering

We searched for galaxy cluster candidates in the N2CLS
data using a matched-filter technique (Herranz etal. 2002;
Melin et al. 2006), to optimally extract the tSZ signal from the
map. This method has been used by previous large SZ surveys
(see Sect. 1) to blindly detect galaxy clusters, without prior
knowledge on their positions. As general spatial features of clus-
ters and the spectral characteristics of the tSZ signal are well
known, it is possible to build a source filter that maximizes the
cluster signal after filtering. This filter can be applied to a set
of multifrequency maps or to a single map. In this analysis, we
only used the 2 mm data, as the tSZ signal is expected to be well
below the noise in the 1.2 mm map, and the contamination due
to point sources, mainly dusty galaxies, is too high. The signal
contained in a single frequency map can be described as /(x) =
f+S(x) + N(x) where f accounts for the tSZ spectral distortion
at 2mm, S(x) the spatial template of galaxy clusters and N(x)
the noise map. To extract the signal at maximum significance,
Haehnelt & Tegmark (1996) have shown that the optimal filter
is expressed as ¥ = [TT c! T] ' rC ' with being the Fourier
transform of the spatial template S convolved with the pipeline’s
transfer function (see Sect. 2.2), and C the noise power spectrum
C =diag(N(K)P).

We used the PyMF Python package described in Erler et al.
(2019) as our matched-filter algorithm. For the spatial template S
we used the tSZ model presented above and given by Eq. (2). To
cover a wide range of possible cluster angular sizes, we produced
a set of 15 cluster templates, with typical angular sizes 5y, €
[18.5”,185"]. For simplicity, we kept the redshift constant and
varied the cluster’s mass to obtain different cluster sizes. The SZ
cluster templates were obtained using the minot Python package

(Adam et al. 2020).

3.3. Identification of cluster candidates

Using the method detailed in Sect. 3.2, we obtained a set of
match-filtered maps where the tSZ signal is enhanced. Using the
find_peak routine in the photutils package (Bradley et al. 2023),
we identified cluster candidates as peaks above a S/N threshold
of 4 in the match-filtered maps. The extraction box size was set
to 9 pixels, to only extract one candidate per beam. When a can-
didate was detected in multiple filtered maps, its center position
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Fig. 2. S/N map of the matched-filtered 2mm COSMOS map. Posi-
tive S/N values corresponding to cluster candidates are shown in blue,
matching the colors in Figs. 7 and A.1, as expected for tSZ emission.
The angular size of the applied matched filter is equal to the size of
the NIKA2 beam at 2 mm (18.5”). The black contour shows the high-
quality region discussed in Sect. 2.3. Cluster candidates are highlighted
in black squares. Sixteen candidates are detected above a S/N threshold
of 4 (see Sect. 3.3).
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Fig. 3. Pixel negative S/N distribution in the match-filtered N2CLS
2 mm signal map (blue) and null map (red). The high negative S/N tail is
due to point sources. The hatched gray area shows a small positive S/N
tail up to S/N ~ 5, indicating strong negative signal in the 2 mm signal
map, as expected for the SZ sources.

and S/N were taken from the map where the detection had the
highest S/N value.

During the match-filtering process, we also carefully masked
bright positive point sources in the map. Indeed, the filtering of
these sources can produce ringing artifacts with negative signal,
and thus impact cluster detection. Fig. 2 shows, as an exam-
ple, one of the S/N maps, filtered to optimally extract objects
with 65090 = 18.5”. The cluster’s S/N is positive, as the nega-
tive sign of the tSZ signal at 2mm has already been accounted
for in the filter. Positive peaks in this map, highlighted in black,
can be identified as cluster candidates. To validate the signifi-
cance of the S/N estimates, we also applied the matched-filtering
technique to the null maps (see Sect. 3.4). Fig. 3 shows the
pixel S/N distribution for both the match-filtered data and null
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Table 1. Galaxy cluster candidates, sorted by decreasing S/N, with S/N > 4.

Candidate Name RA Dec S/N z 6500 Y500 Mspo Matching cluster name Reference(s)
° ° arcmin 107 arcmin? 10" M, (distance ["'])
NK2-CL J100045.8+020514.3 150.1907 2.0873 5.31 - 0.747040  1.60 )% - - -
NK2-CL J095937.7+022320.4 149.9071 23890 5.00 0.74+0.03(p) 138*)12  335*177 151249 ALH J0959.38+0223.03 (17.8"") )
NK2-CL J100004.7+021604.4 150.0194 2.2679 4.97 - 0.92+062  1.957263 - - -
NK2-CL J100043.6+023232.4 150.1818 2.5423 4.87 - 0.657031  1.11707% - - -
NK2-CL J100025.3+023346.4 150.1056 2.5629 4.67 0.72+0.02(p) 137312 2.90*137  1.38*038 [BMH2011] 124 (11.5”) 2),(3), @
NK2-CL J100100.6+022134.4 1502524 23596 4.67 0.77+001(p) 13679 3477132 1.56°0% [SCC2012] 0788 (9.1) ®)
NK2-CL J100004.4+021148.4 150.0183 2.1968 4.60 0.94+0.05(s) 1.10°0%  2.1070%}  1.21702 [KLI2009] 146 (8.7") 3)
NK2-CL J100103.4+022208.4 150.2641 2.3690 4.54 - 0.59*023  0.85%933 - - -
NK2-CL J100011.9+021256.5 150.0494 22157 4.48 0.24+0.08" (p) 3.797%1 28.20*%%  2.83*3> XMMXCS J100012.3+021246.7 (11.7”) ©6)
NK2-CL J100101.1+020146.6 150.2546 2.0296 4.30 - 0.71704  0.96+0%3 - - -
NK2-CL J100054.3+020126.4 150.2262 2.0240 428 142+0.01(p) 08155  1.5602  1.00792! [SCC2012] 1517 (16.0”) ®)
NK2-CL J100009.1+022140.3 150.0378 23612 4.27 - 2,569 14307892 - - -
NK2-CL J095942.6+023056.5 149.9277 25157 4.08 0.73+0.02(s) 145701  4.10*18 16903 DESI 2353000051 (12.0”) 0]
NK2-CL J100120.5+022828.2 150.3353 2.4745 4.07 - 0.71*4  0.931073 - - -
NK2-CL J100008.4+020908.3 150.0350 2.1523 4.04 - 07758 1.207)72 - - -
NK2-CL J095958.5+022910.4 149.9938 2.4862 4.01 0.40+0.01(p) 2.527322 1224762 238+0¢ [SCC2012] 0270 (14,8") )

Notes. The table is also available at the CDS. The first column gives the name of the candidate. The right ascension (J2000) and declination
(J2000) are presented in the second and third columns, respectively. The S/N of each candidate is given in the fourth column. The fifth column
lists the candidates’ estimated redshift, z, associated uncertainties and redshift type (photometric (p) or spectroscopic (s)). In the sixth and seventh
columns we present the cluster angular size 6so9 and tSZ flux, Y50 (see Sect. 6). For candidates with known redshift, we list their estimated mass
M35y, and uncertainties in the eighth column (see Sect. 6.2). The last column gives the name of the matched counterpart in external catalogs with
its distance to the NIKA?2 cluster candidate center in arcsec and the reference. A * indicates that the object is a group of galaxies. A ** indicates
a possible superposition of a low and a high-redshift cluster (see Sect. 5.2). References: (1) Ascaso et al. (2015); (2) Bellagamba et al. (2011);
(3) Knobel et al. (2009); (4) Iovino et al. (2016); (5) Sochting et al. (2012); (6) Mehrtens et al. (2012); (7) Zou et al. (2021).

maps. For the null map (red), we obtain a Gaussian-like dis-
tribution consistent with the noise distribution in the data. For
the filtered data (blue), we clearly observe a large negative S/N
tail corresponding to point sources in the original map. We
also observe a positive tail, which corresponds to the cluster
candidates.

As presented in Table 1, we detect 16 cluster candidates in
the low noise area defined in Sect. 2.3. The mean S/N of our
candidate sample is S/N ~ 4.51, with detections spanning from a
S/N of 4-5.31. Fig. A.1 shows a cutout of the 2 mm signal map
around each of the cluster candidates. In this case, they appear
as compact negative objects in the map, due to the filtering of the
signal at large angular scales.

3.4. Random detection rate

To estimate the expected number of random detections in the
survey area, we generated 1000 noise-only maps without any
tSZ signal, and ran the detection algorithm. We find an average
of 2.36 random detections above a S/N of 4 per null map. We
thus expect an overall purity of 85% for our sample, excluding
point source effect. The overall purity increases to 93% above a
S/N of 4.2, where we only expect ~1 random detection. A more
detailed assessment of the purity using tSZ simulations is given
in Sect. 4.

4. Cluster detection characterization via
simulations

4.1. Cluster detection on simulations

To characterize our cluster detection algorithm, we used a set
of realistic simulations of the COSMOS field. We first pro-
duced 1000 large mock cluster catalogs. We estimated the
expected number of clusters in the area considered in our anal-
ysis (877 arcmin?), by integrating the Tinker et al. (2008) mass
function in bins of redshift (0 < z < 3) and mass (2 x 103 M, <
Msoo < 3 % 10" M,,). For each catalog, we drew the number of
clusters from a Poisson distribution, assigned to each cluster a
mass and redshift drawn from the mass function, and a random
position in the survey area. To model the cluster signal, we used
the model presented in Sect. 3.1. To this thermal SZ map, we
added residual atmospheric and instrumental noise by using the
null maps described in Sect. 2.

Finally, we added a sky model, the simulated infrared
dusty extragalactic sky (SIDES, Béthermin et al. 2017, 2022).
SIDES includes galaxy clustering, and produces a catalog of
galaxies with a large set of physical parameters. We used the
SIDES light cone from the Uchuu simulation (Ishiyama et al.
2021; Gkogkou et al. 2023). Contributions from radio sources
and the spatial correlation between simulated components were
not taken into account. For each simulated cluster catalog, we

A30, page 5 of 17



Chérouvrier, D., et al.: A&A, 700, A30 (2025)

B _ . 1.0
. T / vos i
/ P ya .---o s
[ N 0.9 P o
A o .
08 y o ’,n" o
¢ Rl
g . 0.8 & e
1) g aid
7] g Ly
206 0.7 P
g 2 S
ko) S 06 s e
o} Q;_‘ B ' ] A
g ARy 5
c 0.4 05 ',: s
. » g
o o o™
= L 3
» P
0.4 Al
0.2 - 72>0 - ‘,:‘}‘ - z>0
—-e- 72>0.5 0.3 ,a"‘.{}"' —-e- z>0.5
e L -§- %"
00 ¢ e z>1 .:F"' - z>1
. 0.2
1 2 3 4 5 6 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Msgo (Mo) lel4 S/N

Fig. 4. (Left) Completeness as a function of the mass, M5, for different redshift ranges. We reach 80% completeness at all redshift for M5y >
2 x 10" M,. (Right) Purity as a function of S/N for different redshift ranges. The purity rises quickly with S/N and reaches 60% at S/N ~ 5.

produced 104 simulated maps using independent tiles from the
SIDES sky model. This prevented any overlapping of bright
point sources and massive clusters from impacting the complete-

ness and purity of the sample (see Sects. 4.2 and 4.3).
We estimated the CMB anisotropies contribution to the

NIKA2 2mm map. We note that measurements of the CMB
power spectrum, CSMB_ at the very high ¢ multipoles sampled
by NIKA2 (¢ > IO‘f) are not available. Furthermore, theoretical
models become inaccurate at such small angular scales. Thus,
we fitted a power law to the current Planck best-fit CMB power
spectrum and extrapolated it to very large ¢ multipoles. Finally,
we computed the expected CMB rms signal as

1
o2ng = (T1T2) = ym Z(Zf + DCSMB Py(cos (0)), (8)
t

where P, are the Legendre polynomials. We find that, account-
ing for the pipeline transfer function, the CMB induced noise is
negligible at the scales probed in this analysis. Thus, it is not
accounted for in the following.

We first ran the detection algorithm presented in Sect. 3.2
on the full set of simulated maps, using a 2D Gaussian as tem-
plate, to detect very bright positive sources in the maps (above
S/N =10). The filtering of these bright sources could produce
ringing artifacts with negative signal and impact cluster detec-
tion. The detected bright sources were fitted with a 2D Gaus-
sian and subtracted from the simulations. We then convolved
these simulated maps with the NIKA2 beam and corrected by the
pipeline’s transfer function shown in Fig. 1. The bright sources
were added back after filtering. This method was also used in the
data reduction pipeline described in Sect. 2.2. Using the transfer
function directly is a good compromise, as processing all simu-
lated maps through the pipeline is very long and computationally
expensive. There are no big differences between the two pro-
cesses, as bright sources have been subtracted before filtering.

We then ran the detection algorithm on the simulated maps
using the cluster template presented in Sect. 3.1. We identified
S/N peaks with S/N >4 in the resulting match-filtered maps. The
position and S/N of each cluster candidate were stored in an out-
put catalog. We defined the matching radius to 20" — the size of
the NIKA2 beam slightly extended for uncertainties as in pre-
vious studies (see e.g., Planck Collaboration XXVII 2016). We
first matched each input cluster with the closest detection in the
output catalog using the astropy function match_to_catalog_sky.
Then, we matched the output catalog with the input catalog. We
note that we require two-way matches for the following stud-
ies. If there were multiple associated input clusters with a single
output cluster in a radius the size of the NIKA2 beam around
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for each bin in mass and redshift.

the detection, we chose the best matching cluster based on two
criteria: the Y5qo value and the cluster-detection separation. This
prevented detections from being matched with very faint clus-
ters, which can introduce biases on the sample’s completeness
(see Sect. 4.2). From the results, we computed the average num-
ber of detections. Taking the median across simulations, we find
an average of 26 + 5 detections for S/N > 4. This is within two
Poisson errors from what we have found on the NIKA2 COS-
MOS data as shown in Sect. 3.3. Therefore, it is compatible with
the distribution found from the simulations.

4.2. Completeness

The completeness of a survey is a crucial information to charac-
terize the sample and the performance of the detection algorithm.
We define it as the fraction of true cluster detected with respect
to the clusters in the input mock catalog,

true
C = Ndel

N; input

s

In Fig. 5 we present, color-coded, the completeness in bins
of mass and redshift for the NIKA2 sample as derived from the
simulations described above. We observe, as expected, that the
detection algorithm performance is limited at low mass and low
redshift, for which clusters are faint and extended and thus fil-
tered out by the pipeline transfer function. (see Sect. 2.2). How-
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ever, at higher redshift, z > 1, we reach a completeness above
80% for Msyy > 2 x 10'* M. As the redshift increases, we can
effectively detect clusters with lower and lower masses, down to
Msgo ~ 1x10' M, atz ~ 1.5. This is also what we observe in the
left panel of Fig. 4, which shows the completeness as a function
of M5 for different redshift ranges. The whole sample is com-
plete, C > 80%, for Msoy > 2 x 10'* M, in all redshift ranges.
We expect to detect most clusters above this mass threshold in
the survey area.

These results highlight the interest of high-resolution instru-
ments to target the detection via the tSZ effect of high-redshift
and low-mass clusters, which are not accessible with more tra-
ditional CMB experiments. We stress also that the limit in clus-
ter mass is mainly imposed by the depth of the survey, which
in the case of the COSMOS field was not optimized for cluster
detection.

4.3. Purity

Another key information that we can draw from the simulations
is the purity, which we define as the percentage of true detections
in the sample

true
P = N det

- ’
N, det

We show in Fig. 4 the purity of the sample as a function of the
S/N for different redshift ranges. We find that the purity increases
significantly with redshift. For z > 1 the purity is above 70%
(90%) for S/N>5 (>6). From the simulations and the results
presented in Sect. 3.4, we have observed that the purity of the
sample is much better if point sources are not included in the
simulations. Sect. 3.4 describes a best case scenario where the
detection is noise limited. Adding point sources shifts the map’s
zero-level and introduces ringing artifacts after filtering.

5. Cluster candidates’ validation

We performed an extensive validation of the cluster candidates
presented in Sect. 3.3 using existing datasets and archives.

5.1. Cross-matching in NED, SIMBAD and VizieR databases

We searched for known clusters around our candidates in the
NED! and SIMBAD? databases, where most of the detected
clusters are cataloged. We adopted a search radius of 20 arcsec-
ond around each candidate for both databases. In SIMBAD, we
only queried objects listed as galaxy clusters or group of galax-
ies. For NED, after querying all objects in the vicinity of the can-
didates, we only considered objects listed as a cluster or group of
galaxies for the matching. We also performed a systematic query
in the VizieR? database to avoid missing any association with
recent cluster catalogs (e.g., DESI, Zou et al. 2021). Our candi-
dates were matched with VizieR catalogs classified as ’Clusters
of galaxies’.

We find that, from our sample of 16 cluster candidates, eight
are matched with a known cluster. From those, seven were iden-
tified in the SIMBAD and NED databases, and one in VizieR.
For each cluster candidate, the name of the closest counterpart,
the distance to it, and its redshift are given in Table 1. The

! https://ned.ipac.caltech.edu/
2 https://simbad.u-strasbg.fr/simbad/
3 https://vizier.cds.unistra. fr/

Fig. 6. Hyper Suprime-Cam (HSC) gri image of NK2-CL
J100004.4+021148.4. The image is 200” on a side, with north at
the top and east at the left. The contours in white show S/N levels in
the match-filtered map from Fig. 2, starting at 20~ and spaced by 1o
The green contours show the unfiltered tSZ cluster model, as seen in
the third panel of Fig. 7.

median redshift of the sample is z ~ 0.74, with two candidates at
high redshift, z > 0.9. We have no match with already detected
tSZ clusters from traditional large CMB surveys when query-
ing the SZMC database*. We have seven matches in optical and
NIR cluster catalogs like the ALHAMBRA (Ascaso et al. 2015),
BMH (Bellagamba et al. 2011), DESI (Zou et al. 2021), COS-
MOS 10k (Scoville et al. 2007), COSMOS Wall (Iovino et al.
2016), and SCC (Sochting et al. 2012) catalogs. One candidate
matches with an X-ray detected cluster in the XMMXCS catalog
(Finoguenov et al. 2007). We notice that the highest S/N clus-
ter candidate, NK2-CL J100045.8+020514.3, does not match
any known cluster, making it an interesting prospect for follow-
up observations. Fig. 6 shows an example optical image of the
candidate NK2-CL J100004.4+021148.4, which has an optical
counterpart at z = 0.94.

To quantify the impact of random associations between
our cluster candidates and clusters in the literature, we used
our cross-matching procedure described in Sect. 5.1 on our
detected simulated clusters from Sect. 4. We find that 24.6%
of them are matched with a cluster in the literature, compared
to 50% in our observed sample. We find that ~0.28% are ran-
domly matched with an X-ray cluster, compared to 6.5% for
our sample. The SCC catalog (Sochting et al. 2012) has a lot
of entries, and thus a non negligible 6.9% chance to match
at random. In our sample, 19% are matched with a cluster in
the SCC catalog. We tested other matching radii, but found
that this one gives the best ratio between true and random
associations.

5.2. Spectroscopic and photometric redshift catalogs

To complete the database search, we also had access to a semi-
public spectroscopic redshift catalog (Khostovan et al. 2025)

4 http://szcluster-db.ias.u-psud.fr/
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Fig. 7. Results of the fit of 200” x 200” cutouts of the NIKA2 COSMOS 2mm map centered on two cluster candidates. NK2-CL
J100004.4+021148.4 (top) has a known redshift z = 0.94. In contrast, for NK2-CL J100045.8+020514.3 (bottom) we found no counterpart.
The left map corresponds to the 1.2 mm map centered on the cluster candidate. Then, from left to right, we show the 2 mm cutout map for the
cluster candidate, the best-fit tSZ model, and residuals. For visualization purposes, the maps have been smoothed with a Gaussian 2D kernel of 6
and 10” for the 1.2 mm and 2 mm maps, respectively. The effective FWHM for the 1.2 mm and 2 mm maps is represented as a black disk in the
bottom left corner. The white contours have the same scaling as in Fig. 6. We observe that the tSZ effect at the cluster position is negative in the

2 mm band, and not observed at the 1.2 mm band, as expected.

and a public photometric catalog (Weaver et al. 2022). For both
catalogs, we searched for all objects labeled as galaxies, with
an available redshift measurement, within a radius of 1 arcmin
around each cluster candidate. This search radius is consistent
with the average 65 value we have found for the NIKA2 candi-
dates (see Sect. 6.1 and Table 1). For each of the NIKA?2 cluster
candidates, we show histograms of spectroscopic (blue) and pho-
tometric (red) galaxy redshifts in Fig. B.1. When available, red-
shift estimates of the cluster candidates are shown as a dashed
black line. We observe that in some cases — see for example
panels (b), (g), (m), and (p) — the candidates’ redshift estimates
are found at the peak of the galaxy redshift distribution. Fur-
thermore, we observe that for some of the unmatched NIKA2
cluster candidates, well-defined redshift peaks are found at rela-
tively high redshift. In some cases, we find multiple well-defined
peaks, suggesting a superposition of a low and a high-redshift
cluster. A more detailed analysis of these redshift distributions is
out of the scope of this paper.

6. Properties of cluster candidates
6.1. Integrated tSZ emission

In order to characterize the tSZ contribution in each clus-
ter candidate, we performed an MCMC analysis by fitting
the millimeter emission in the cluster candidate cutout maps
(see Appendix A) to the spherical model of the tSZ emission
presented in Sect. 4.1. We considered a Gaussian likelihood
function as in Muifioz-Echeverria et al. (2023), with the cluster
redshift, z, and mass M5 as free parameters. We used flat priors
similar to the redshift and mass limits presented in Sect. 3.1.
For the cluster candidates with known counterparts, we con-
sidered a Gaussian prior on the redshift, based on the values
and uncertainties from the literature. We used the emcee pack-
age (Foreman-Mackey et al. 2013) to run the MCMC analysis.
The convergence of the chains was checked using the R test of
Gelman & Rubin (1992). The mass and redshift posterior dis-
tributions were then converted to relevant cluster quantities, the

A30, page 8 of 17

—@— Matched candidates 1.4
—@- Unmatched candidates ’
5.0x107*
1.2
— 1.0
?‘E T -
€ 1.0x107 082
(S .8 <
S bt
- Q
g5.0x10 5 % 0.6%
>
+ 0.4
1.0x1075 P 0.2
T
5.0x107¢ 0.0

0.5 2.0

Os0p [arcmin]

3.0 5.0
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terparts is illustrated with the red colorbar.

integrated tSZ flux Y5o9 and the cluster’s angular size 65, using
Egs. (6) and (7).

As an illustration, we present in Fig. 7 examples of the results
of the fitting procedure at the map level for two cluster can-
didates. NK2-CL J100004.4+021148.4 (top) has a known red-
shift z 0.94, which is used in the MCMC analysis via a
Gaussian prior as discussed before. By contrast, for NK2-CL
J100045.8+020514.3 (bottom) we found no counterpart. On the
left, we present the 1.2 mm map centered on the cluster candi-
date, which is dominated by dusty point sources and has negli-
gible tSZ contribution. Then, from left to right we present the
NIKA2 2 mm cutout map, the best-fit model, and residuals. We
observe that the model is a good fit to the data, and the residual
maps are consistent with the local noise level, including point
sources. We also notice that the latter are much fainter at 2 mm
(as expected for dusty sources), and do not significantly affect
the fit.

We show in Fig. 8 the estimated tSZ signal and angular size
of each cluster candidate in the Ysq90 — 6509 plane. The 68%
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Fig. 9. (Left) NIKA2 matched cluster sample in the mass-redshift plane. Cluster samples from other blind tSZ surveys such as PSZ2
(Planck Collaboration XXVII 2016), ACT DRS (Hilton et al. 2021), SPT-ECS (Bleem et al. 2020), SPTpol (Huang et al. 2020), and SPT-SZ
(Bocquet et al. 2019) are shown for comparison. The 20%, 50%, and 80% completeness contours are shown as solid, dashed, and dotted red
lines, respectively. (Right) Cluster surface density as a function of cluster mass. We see that a dedicated NIKA2 survey would complement the

currently available tSZ cluster catalogs quite well.

confidence values for Ysoy and 659y and uncertainties can be
found in Table 1. Posterior likelihood distributions in the Y509 —
0500 plane are shown in Fig. C.1, presented in Appendix C. We
observe that cluster candidates for which a cluster counterpart
has been identified, and thus a redshift estimate obtained, present
much smaller scatter than unmatched candidates. A tighter red-
shift prior provides better constraints, as seen from the uncer-
tainties given in Table 1. However, at low redshift, where can-
didates are expected to have a large angular size, constrain-
ing their tSZ flux, mass, and size becomes challenging because
much of the signal is filtered out (e.g., candidate NK2-CL
J100011.9+021256.5, which has a counterpart at z = 0.24).

6.2. Cluster candidate mass estimates

As discussed above, for matched cluster candidates we can use
strong priors on the cluster redshift and then obtain reliable mass
estimates from the MCMC analysis presented in Sect. 6.1. We
stress that these mass estimates are only valid within the con-
text of the assumed model (see Sect. 3.1), but are still very use-
ful to understand the detection performance and capabilities of
NIKAZ2. The left panel of Fig. 9 shows the mass-redshift distri-
bution for our matched sample and several other large SZ sur-
veys. We also show the 20%, 50%, and 80% completeness of
our NIKA?2 survey (see Sect. 4) contours as solid, dashed, and
dotted red lines. The mass 68% confidence values and uncer-
tainties are also presented in Table 1. We see that our complete-
ness contours are steeper at high redshifts compared to other
surveys, as expected from NIKA2’s compact beam. This is
because the tSZ flux of distant (and compact) clusters is less
affected by beam dilution, making it more sensitive to fainter,
lower-mass clusters.

The median mass of the NIKA2 cluster candidate sample is
Mspy = 1.54*37¢ x 10" M. Overall, confirmed NIKA?2 detec-
tions correspond to intermediate and high-redshift, low-mass
clusters, probing a region in the mass-redshift plane where clus-
ters are not detected by other millimeter instruments and surveys.
As the COSMOS region was selected for being relatively empty,
we do not expect to find high-mass clusters. We observe that a
dedicated NIKA?2 cluster survey would significantly extend cur-
rent tSZ cluster surveys toward low-mass and high-redshift clus-
ters, as shown in the right panel of Fig. 9.

7. Summary and conclusion

The detection of low-mass, high-redshift galaxy clusters is chal-
lenging due to their compact nature, but they provide great
insightsintodeviations from self-similarity atlower cluster masses
(Pop et al. 2022), and the formation of large-scale structures.

In this work, we have presented the first blind detection of
galaxy clusters at mm wavelength via the tSZ effect at high
angular resolution (18.5”) using the NIKA2 camera. We used the
existing 195 hours of NIKA2 2 mm data of the COSMOS field,
which is part of the N2CLS Large Program. We constructed
an adapted 2 mm map of the region and then applied matched-
filtering techniques to optimally extract the tSZ signal and iden-
tify cluster candidates.

The NIKA2 sample consists of 16 cluster candidates with
S/N > 4. Using realistic simulations of the dataset and of the
clusters signal, we estimated the completeness and purity of
the sample. Purity reaches 60% for S/N>5. Completeness is
above 80% for cluster masses Msoo > 2 x 10'* M. For eight of
the cluster candidates, we found a counterpart by searching the
SIMBAD, NED, or VizieR databases. Out of these eight clus-
ters, seven are matched with optical and infrared clusters, and
one with an X-ray cluster. The median redshift of the sample is
z ~ 0.74, with values ranging from 0.24 < z < 1.42, with two
detections at high redshift z > 0.9.

We used available photometric and spectroscopic redshift
catalogs to complete the previous search. For most of the
matched candidates, their redshift estimates match with a peak
in the galaxies redshift distribution. Some unmatched candidates
also show a well-defined peak at intermediate or high redshift.

The integrated tSZ emission Ysoo and angular size 65y of
each cluster candidate were estimated using the universal pres-
sure profile and scaling relations from Arnaud et al. (2010). For
the eight cluster candidates with redshift estimates, we derived
reliable mass estimates. The median mass of the sample is
Msyy = 1.54 x 10" M., spanning from 1.0 to 3.1 X 10" M,
at intermediate to high redshift.

It was then highlighted that the NIKA?2 camera enables the
detection of high-redshift and low-mass clusters thanks to its
very high angular resolution and sensitivity. It is thus possible
to explore a region in the mass-redshift plane that is not covered
by current large cluster surveys based on tSZ. At sub 20 arcsec
scales, the CMB contribution is negligible (see Sect. 4.1) and
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dusty galaxies can be resolved on a finer scale than the SZ sig-
nal (Bing et al. 2023; Ponthieu et al. 2025). This allows us to
use single band match-filtering instead of a more standard mul-
tifrequency approach in CMB experiments. However, the latter
would help reduce possible residual radio source contamination.
By contrast, we also notice reduced S/N compared to larger and
deeper CMB surveys. This is consistent with the fact that, in
general, very large millimeter telescopes typically have a FoV of
only a few tens of arcmins and are not designed for survey-mode
observations.

Data availability

Table 1 is available at the CDS via anonymous ftp to
cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/700/A30
The N2CLS final maps and catalogs are available online on
the survey’s home page: https://data.lam.fr/n2cls/home
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We present in Fig. A.1 zoom-in views of the COSMOS NIKA2 2 mm map centered at the location of each of the cluster candidates
in Table 1. We can distinguish negative signal in the center of each of the maps, as expected for the tSZ effect in a cluster of galaxies.
We can also observe some positive point sources corresponding to those discussed in detail in Bing et al. (2023).
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Fig. A.1. 200” x 200" cutouts of the NIKA2 COSMOS 2 mm map around each cluster candidate. The center of the candidate (red star) shows
clear negative signal. Clusters found in the literature are shown as black triangles. For each candidate, we show as white contours the S/N levels in
the matched-filtered map where its detection S/N is maximum (see Sect. 3.3). The contours start at +20" and are spaced by =10 The maps have
been smoothed with a 10” gaussian kernel for display purposes.
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Fig. A.1. continued.
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Appendix B: Photometric and spectroscopic redshift histograms

In this section, we present the photometric and spectroscopic redshift on patches of 1 arcmin radius centered at the position of
the NIKA2 cluster candidates. For NIKA2 cluster candidates with redshift estimates in the literature, the value is represented as a
vertical dashed line.
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Fig. B.1. Normalized spectroscopic (blue) and photometric (red) redshift counts within a 1 arcmin radius around each cluster candidate. The total
number of galaxies, N, within this radius is indicated in the legend of the figure for each redshift type. The number of galaxies per redshift bin is
obtained by multiplying N by the normalized counts. If the NIKA?2 cluster candidate has a redshift estimate (see Table 1), its redshift is represented
by a black dashed line.
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Fig. B.1. continued.
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Appendix C: Results of the MCMC analysis

We show the main results of the fitting procedure for all cluster candidates presented in Sect. 6.1. We present the posterior likelihood

distribution in the 6599 — Y509 plane.
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Fig. C.1. Corner plot of the 0s50p — Y500 posterior maximum likelihood distribution for each of the cluster candidate. A more detailed description
of the fitting procedure can be found in Sect. 6.1. The 68% confidence values and uncertainties are given in the figure. We see that the posterior
distributions are much better constrained for cluster candidates with a redshift estimate, as expected from the tighter redshift prior.
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Fig. C.1. continued.
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