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Abstract. Clusters of galaxies are powerful cosmological probes, and the ther-
mal Sunyaev Zel’dovich (tSZ) effect provides an efficient method for their de-
tection. High-angular-resolution observations, such as those provided by the
NIKA?2 camera on the IRAM 30-m telescope, are essential to target low mass
and high-redshift clusters. We performed a blind search for galaxy clusters in
the COSMOS field using 150 GHz data from the NIKA2 Cosmological Legacy
Survey. We applied a matched-filter technique based on a universal pressure
profile to extract cluster candidates. The purity and completeness of the sample
were assessed using realistic simulations. We detected 16 cluster candidates
above an S/N of 4, eight of which have confirmed counterparts.

1 Introduction

Galaxy clusters, formed in the latest stages of structure formation, are unique cosmological
probes to study structure formation and its evolution [1, 2]. Their detection is a major field
of research in modern cosmology, with a need to observe large samples of clusters to fur-
ther reduce uncertainties on cosmological parameters. Large cluster catalogs have been built
over the last decades at different wavelengths, from optical surveys to X-ray observations.
The thermal Sunyaev-Zel’dovich effect (tSZ) [3] was first detected in the 1970s [4]. Since
then, observations at millimeter wavelengths have emerged as a great tool for the detection
and study of galaxy clusters. The Planck satellite [5], the South Pole Telescope (SPT) [6]
and the Atacama Cosmology Telescope (ACT) [7] have detected hundreds to thousands of
clusters over large fractions of the sky. However, these surveys are limited by their angular
resolution, which makes the detection of high-redshift low-mass clusters challenging. As a
consequence, there is a need for high angular resolution instruments (tens of arcseconds) in
order to map the SZ signal for high redshift and/or low-mass clusters of galaxies. Clusters in
this mass-redshift regime are expected to be of great cosmological interest [8], especially to
verify our current understanding of structure formation.

In this context, the NIKA2 camera [9—-11] installed at the IRAM 30-m telescope is well-
suited for tSZ studies. As part of the NIKA2 Cosmological Legacy Survey (N2CLS), 195
hours of deep observations of the COSMOS field have been obtained, providing an opportu-
nity to search for galaxy clusters in a region with extensive multi-wavelength coverage. We
review the results presented in more detail in [12]. In this paper, all masses are expressed
using the quantity Msoo, which represents the mass contained within a radius Rsog, where the
average density equals 500 times the critical density at the cluster redshift.
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2 Cluster detection

We searched for galaxy clusters in the NIKA2 COSMOS 150 GHz map using a matched-
filter technique optimized for the tSZ signal. The filter is constructed from a model of the
expected tSZ surface brightness profile, convolved with the instrument beam and corrected
for the pipeline transfer function, to maximize sensitivity to cluster-like features. Cluster
candidates were identified as peaks above a signal-to-noise ratio (S/N) threshold of 4 in the
filtered maps, after masking bright point sources to avoid contamination. This approach
yielded 16 cluster candidates in the central low-noise region of the map. The mean S/N of
our candidate sample is S/N ~ 4.51, with candidates appearing as compact negative features
in the signal map, consistent with the expected tSZ signature. We show in Figure 1 one of
the S/N maps, filtered to optimally extract objects with angular size 6599 = 30.4”. Positive
peaks in this map, highlighted in black, can be identified as cluster candidates. The 16 cluster
candidates and their main properties are given in Table 1.

Figure 1. S/N map of the matched-filtered
2 mm COSMOS map. Positive S/N values
corresponding to cluster candidates are shown in

2 * Z  blue and circled by black squares. The angular
& size of the applied matched filter is equal to
= 30.4”. The black contour shows the high quality
" region. 16 candidates have been detected above
l a S/N threshold of 4.
00"
10h01™30° 007 00m30° 00° 9159"30°
RA (J2000)
Candidate Name RA DEC S/N z Bs00 Ys00 Msoo Matching cluster name Reference(s)
° ° arcmin  107% aremin® 10" Mg (distance ["'])
NK2-CL J100045.8+020514.3  150.1907  2.0873 5.31 - 0.74*030 1.60%)% - - -
NK2-CL J095937.7+022320.4  149.9071 23890 5.00 0.74x0.03(p) 13813  3.35*7 1514040 ALH J0959.38+0223.03 (17.8") 1)
NK2-CL J100004.7+021604.4  150.0194 2.2679 4.97 - 0.92+0% 195728 - - -
NK2-CL J100043.6+023232.4  150.1818  2.5423 4.87 - 0.657031 111473 - - -
NK2-CL J100025.3+023346.4 1501056 2.5629 4.67 0.72£0.02(p) 1.37°313  2.90*15] 1381938 [BMH2011] 124 (11.5) 2).3), (4)
NK2-CL J100100.6+022134.4  150.2524 23596 4.67 0.77x0.01(p) 136709,  3.47+}2 15603 [SCC2012] 0788 (9.17) )
NK2-CL J100004.4+021148.4  150.0183 2.1968 4.60 0.94x0.05(s) 1.10°090  2.10*09% 1.21%% [KLI2009] 146 (8.7") 3)
NK2-CLJ100103.4+022208.4  150.2641  2.3690 4.54 - 0.5970%  0.85703 - - -
NK2-CL J100011.9+021256.5  150.0494 22157 448 0.24:0.08 (p) 3.79°7(1 28207993  2.83'(%  XMMXCS J100012.3+021246.7 (11.7") ©)
NK2-CL J100101.1+020146.6  150.2546  2.0296  4.30 - 071704 096195 - - -
NK2-CL J100054.3+020126.4  150.2262 20240 4.28 1.42+0.01 (p) 08100 1.56*0% 1.0002! [SCC2012] 1517 (16.0”) )
NK2-CL J1100009.1+022140.3  150.0378 23612 4.27 - 2567300 14307802 - - -
NK2-CL J095942.6+023056.5  149.9277 2.5157 4.08 0.73x0.02(s) 14531} 410718 169103 DESI 2353000051 (12.0”) (7
NK2-CL J100120.5+022828.2 1503353  2.4745  4.07 - 071704 093197 - - -
NK2-CL J100008.4+020908.3  150.0350 2.1523  4.04 - 077705 12047 - - -
NK2-CL J095958.5+022910.4  149.9938 24862 401 040001 (p) 25207  12.24°422 23800 [SCC2012] 0270 (14.8”) )

Table 1. Galaxy cluster candidates, sorted by decreasing S/N, with S/N > 4. The catalog gives the
candidate’s name, position, S/N, estimated redshift if matched, angular size 65, tSZ flux Ys¢, and the
name of the matched counterpart with its angular distance to the candidate.
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3 Cluster detection characterization via simulations

To characterize our sample of cluster candidates, we produce realistic simulations containing
the tSZ signal of galaxy clusters, noise from the null maps, and the Simulated Infrared Dusty
Extragalactic Sky model (SIDES) [13, 14] to account for the signal expected from other sky
components. We applied the detection algorithm to these simulated maps and identified all
S/N peaks above a threshold of 4. On average, simulations yielded 26 + 5 detections per
map. In the COSMOS data, we found 16 detections with S/N > 4, which is lower but still
compatible within 20~ with the simulations.

We then estimated the completeness and purity of our sample from these simulations, as
shown in Figure 2. Completeness, defined as the fraction of true clusters detected, exceeds
80% for Msyy > 1.7 x 10'*M,, across all redshifts. The detection algorithm is less efficient
for low-mass, low-redshift clusters due to filtering during the data reduction process. Purity,
which is the fraction of detections that are true clusters, rises quickly with S/N, reaching 80%
at S/N ~ 5 and is higher for high-redshift clusters.
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Figure 2. (Left): Completeness as a function of the mass, Msq, for different redshift ranges. (Right):
Purity as a function of S/N for different redshift ranges.

4 Cluster candidates validation

We validated our cluster candidate sample by cross-matching with NED, SIMBAD, and
VizieR, using a 20 ” search radius. This radius was validated with random association tests,
showing that it yielded the best ratio between true and chance associations. Out of 16 can-
didates, 8 have counterparts in existing catalogs, mostly in optical/NIR surveys. The median
redshift of matched clusters is z ~ 0.74, with two at z > 0.9.

To complement the validation process, we also examined spectroscopic [15] and pho-
tometric [16] redshift catalogs. We found that in most cases, the expected redshift for the
identified NIKA?2 candidates lies in the peak of the redshift distribution of galaxies. Some
unmatched candidates also show well-defined redshift peaks at their position.

Finally, we checked that all known massive and bright clusters in the NIKA2 COSMOS
footprint were detected in the NIKA2 COSMOS map. To confirm our survey’s complete-
ness as described in Section 3, we confirmed that all bright clusters are detected. Undetected
clusters are low mass and/or low-redshift ones, where our completeness is very limited.

5 Properties of cluster candidates

To characterize the properties of each cluster candidate, we fitted their millimeter emission
with a spherical tSZ model using MCMC analysis, allowing both mass and redshift to vary.
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For candidates with known counterparts, literature redshifts were used as priors to improve
constraints. As expected, a tighter redshift prior greatly improves the constraints. Mass
estimates for matched clusters were derived from the MCMC fits and are shown in the left
panel of Figure 3, which compares the mass-redshift distribution of our sample to other large
SZ surveys. We see that our completeness 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 our sample is Msyy = 1.54f8:§8 x 104 M.
Overall, confirmed NIKA?2 detections correspond to intermediate and high redshift, low-mass
clusters, probing a similar region in the mass-redshift plane as the newest SPT-Deep catalog
[17], which is currently the deepest tSZ cluster survey.

The right panel of Figure 3 presents the cluster surface density as a function of mass
for the same surveys. These results highlight NIKA2’s capabilities to complement existing
surveys, especially at lower masses.

Msage 104 M,

5 01
Mspge [10 M,

Figure 3. (Left): NIKA2 matched cluster sample in the mass-redshift plane. Cluster samples from
other blind tSZ surveys such as PSZ2 [5], ACT DRS5 [18], SPT-ECS [19], SPTpol [6], SPT-SZ [20], and
SPT-Deep [17] 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 for the same surveys.

6 Conclusions

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. 16 cluster candidates were
identified above S/N > 4, and the detection threshold was validated with realistic simula-
tions. The sample shows a completeness above 80% for Msy > 1.7 x 10" M, and a purity
of about 50% at the chosen S/N threshold of 4. Eight candidates have counterparts in ex-
ternal catalogs, with a median redshift of z ~ 0.74. Reliable mass estimates were obtained
for candidates with redshift information, with a median mass of Msy = 1.54 x 10'*M,. We
showed that the NIKA2 camera is a very powerful instrument to blindly detect low-mass
high-redshift galaxy clusters via the SZ effect. As the N2CLS survey was not optimized for
this prospect, we expect that a dedicated NIKA?2 cluster survey would greatly improve the
number of detections.

Looking ahead, future upgrades of the NIKA2 camera are being planned to enhance its
sensitivity and mapping speed by scaling up the number of detectors, as well as adding two
new frequency bands at 90 and 230 GHz [21]. With these upgrades, a dedicated NIKA3 clus-
ter survey could cover a much larger area and match the depth achieved by NIKA2, allowing
for the detection of a significantly larger sample of clusters.

In addition, a new instrument that would be placed on a 13-m telescope is currently being
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studied. The main goal of this new camera would be to cover a large fraction of the northern
sky with a FoV of 1 deg and an angular resolution of about 1 arcmin at 90 GHz. The cur-
rent survey strategy involves a wide survey covering 6000 deg® and a deep survey covering
300 deg?.

Finally, follow-up observations of the most distant cluster candidate in the NIKA2 sam-
ple, NK2-CL J100054.3+020126.4 at z = 1.42, are being carried out with the NOEMA
interferometer. With an angular resolution of about 5" at 82 GHz, NOEMA is well suited to
confirm the tSZ nature of this candidate and obtain a very high resolution tSZ map.
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