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ABSTRACT

Galaxy clusters provide an excellent probe in various research fields in astrophysics and cosmology. However, the number of
galaxy clusters detected so far in the AKARI North Ecliptic Pole (NEP) field is limited. In this work, we provide galaxy cluster
candidates in the AKARI NEP field with the minimum requisites based only on the coordinates and photometric redshift (photo-z)
of galaxies. We used galaxies detected in five optical bands (g, r, i, z, and Y) by the Subaru Hyper Suprime-Cam (HSC), with
additional data from the u band obtained from the Canada-France-Hawaii Telescope (CFHT) MegaPrime/MegaCam, and from
the IRAC1 and IRAC?2 bands from the Spitzer space telescope for photo-z estimation. We calculated the local density around
every galaxy using the 10th-nearest neighbourhood. Cluster candidates were determined by applying the friends-of-friends
algorithm to over-densities. A total of 88 cluster candidates containing 4390 member galaxies below redshift 1.1 in 5.4 deg? were
identified. The reliability of our method was examined through false-detection tests, redshift-uncertainty tests, and applications
on the Cosmic Evolution Survey (COSMOS) data, giving false-detection rates of 0.01 to 0.05 and a recovery rate of 0.9 at high
richness. Three X-ray clusters previously observed by ROSAT and Chandra were recovered. The cluster galaxies show a higher
stellar mass and lower star formation rate compared with the field galaxies in two-sample Z-tests. These cluster candidates are
useful for environmental studies of galaxy evolution and future astronomical surveys in the NEP, where AKARI has performed
unique nine-band mid-infrared photometry for tens of thousands of galaxies.

Key words: methods: data analysis—galaxies: clusters: general—galaxies: distance and redshifts —galaxies: evolution—
galaxies: groups: general.

1 INTRODUCTION

Clusters of galaxies are very important astronomical objects, having
a wide variety of uses in many research fields in both astrophysics
and cosmology. For example, because of their high density, clusters
of galaxies are good laboratories for studying the environmental
effect on galaxy evolution (e.g. Goto et al. 2003; Park & Hwang
2009; Vulcani et al. 2010; Hwang, Park & Choi 2012). In addition,
clusters of galaxies, as massively bound systems in the large-scale
structure of the Universe, can provide measurement of the standard
ruler in baryon acoustic oscillations for cosmological studies (e.g.
Hong et al. 2012; Hong, Han & Wen 2016). Clusters of galaxies
are also frequently used as gravitational lenses to observe faint or
high-redshift galaxies (e.g. Coe et al. 2013).

* E-mail: s104022505@m104.nthu.edu.tw
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There are many approaches to detecting galaxy clusters, using
their various characteristics at different wavelengths. The intracluster
medium consists of hot gas at a temperature of more than 10% K,
owing to inefficient cooling by the bremsstrahlung process, which
emits radiation in the X-ray. Therefore, identifying galaxy clusters
from X-ray surveys is relatively straightforward (e.g. Boehringer
et al. 2001; Takey, Schwope & Lamer 2011). Furthermore, high-
energy electrons interact with the cosmic microwave background
(CMB) photons through inverse Compton scattering, and distort the
CMB spectrum, a phenomenon known as the Sunyaev—Zeldovich
(SZ) effect (Sunyaev & Zeldovich 1980). Thus, galaxy clusters are
also frequently detected at millimetre wavelength by either ground-
based (e.g. Staniszewski et al. 2009; Bleem et al. 2015; Hilton et al.
2020) or space-based (e.g. Planck Collaboration XXIX 2014; Planck
Collaboration XXVII 2016) telescopes. Currently, more and more
cluster-finding algorithms using optical photometric or spectroscopic
data of galaxies are being developed. These methods generally utilize
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the colour of the cluster red sequence (e.g. Muzzin et al. 2013; Rykoff
etal. 2014; Oguri et al. 2018), or the density enhancement associated
with the galaxy redshift (e.g. Wen, Han & Liu 2012; Tempel et al.
2014; Hung et al. 2020), or both (e.g. Goto et al. 2002, 2008). All
of these approaches have their advantages and disadvantages. Using
optical photometric data allows us to find as many galaxy clusters
as possible, because they are generally observed by large-area deep
surveys, providing numerous samples of galaxies. In this work, we
used optical photometric data from the Subaru Hyper Suprime-Cam
(HSC) to search for clusters in the AKARI North Ecliptic Pole (NEP)
field.

AKARI is an infrared space telescope launched by the Japan
Aerospace Exploration Agency (JAXA) in 2006 (Murakami et al.
2007). It carried out a 5.4-deg” survey at the NEP (Kim et al. 2012)
using its Infrared Camera (IRC; Onaka et al. 2007), which is equipped
with nine filters in the mid-infrared (N2, N3, N4, S7, SOW, S11, L15,
L18W, and L24). The number in the name of each filter corresponds to
its effective wavelength. AKARI/IRC’s nine filters provide us with a
unique nine-band photometry continuously covering the whole mid-
infrared range (Matsuhara et al. 2006), which makes AKARI superior
to other infrared telescopes such as Spitzer or WISE in terms of the
wavelength coverage. With this advantage, we are able to analyse
the mid-infrared features of low-redshift galaxies more accurately,
for example the polycyclic aromatic hydrocarbons (PAH) emission
features of star-forming galaxies (e.g. Murata et al. 2014; Kim et al.
2019) or the warm dust emissions from active galactic nuclei (AGN;
e.g. Huang et al. 2017; Toba et al. 2020; Wang et al. 2020). Moreover,
the AKARI NEP data also perform very well in AGN selection based
on machine-learning methods (e.g. Poliszczuk et al. 2019; Chen
et al. 2021; Poliszczuk et al. 2021). The AKARI NEP field has been
extensively observed in multiwavelength data (e.g. Kim et al. 2012,
2021; Oi et al. 2014), and many studies in galaxy evolution are
expected to be performed with these fruitful data in the future, for
example regarding environmental effects on galaxy evolution and
AGN activity (Santos et al. submitted).

Although the AKARI NEP data are very useful, as previously
described, so far only a small number of galaxy clusters have been
found in the AKARI NEP field. Henry et al. (2006) reported on the
ROSAT NEP X-ray survey catalogue, and categorized 62 clusters of
galaxies. Only seven of them are located in the AKARI NEP field.
Goto et al. (2008) found 16 galaxy cluster candidates in the AKARI
NEP deep field (Murata et al. 2013) in 0.5 deg? at redshift 0.9 < z
< 1.7 based on a colour-cut method. Ko et al. (2012) reported the
discovery of a supercluster at z = 0.087 in the NEP. The number
of galaxy clusters identified so far is not sufficient for statistical
analysis. Also, the clusters’ redshifts are not continuously distributed
in the whole redshift range, meaning that the study of the evolution
of galaxies in clusters (cluster galaxies hereafter) has been limited.
Hence, extending the search of galaxy clusters to the entire AKARI
NEP field in a large redshift range is necessary, and also beneficial
for any further studies related to galaxy clusters, such as Euclid
(Laureijs et al. 2011). Fortunately, an optical survey was conducted
on the whole AKARI NEP field (Goto et al. 2017) by the Subaru/HSC
(Miyazaki etal. 2012), providing deep optical data that can be utilized
to search for galaxy clusters.

There are two goals in this study. The first is to provide a catalogue
of potential cluster candidates for studying environmental effects
in the AKARI NEP field with as few requisites as possible. The
reason for this is that the number of clusters in the AKARI NEP
field is limited, so it is undesirable to remove sources because of any
assumption or selection, which may reduce the number of potential
cluster candidates. By doing so, we can also avoid imposing too
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many biases on the clusters, providing a more complete sample for
environmental studies. The second is to provide a useful method
for finding galaxy clusters, which can be applied to any optical
photometric survey. Despite the substantial number of cluster-finding
methods available today, there are never too many methods for
cluster finding. Different methods have different advantages and
disadvantages so are suitable for different situations. Our presented
method has the advantage that it is simple and quick, allowing a
straightforward operation.

In this paper, we describe our data and method in Section 2. Our
results, including galaxy colour, richness, a catalogue and optical
images of our cluster candidates, and reliability tests are presented in
Section 3. In Section 4, we discuss a comparison with X-ray clusters,
a comparison with COSMOS clusters, properties of cluster galaxies,
the influence of spectroscopic data, and future prospects. A summary
is given in Section 5. Throughout this paper, the cosmology assumed
is the following: Hy = 70 km s~! Mpc~!, Q,, = 0.3, and Q4 = 0.7.
We use the AB magnitude system unless otherwise noted.

2 DATA AND ANALYSIS

The data and sample selection are described in Section 2.1, while the
cluster-finding methods, including the photo-z, density calculation
and the friends-of-friends algorithm, are described in Section 2.2.

2.1 Data and sample selection

We used the source catalogue from the HSC survey (Goto et al.
2017; Oietal. 2021) in the AKARI NEP field to detect galaxy clusters
using the friends-of-friends algorithm (Huchra & Geller 1982), which
requires only the coordinates and the redshifts of galaxies. For the
redshifts, we used the following photometric data sets to estimate the
photo-z: (1) HSC g, r, i, z, and y bands (Oi et al. 2021), (2) CFHT
MegaPrime/MegaCam u band (Huang et al. 2020), and (3) Spitzer
IRAC 3.6- and 4.5-um bands (Nayyeri et al. 2018). The data (2)
and (3) are included wherever available. Fig. 1 shows the AKARI
NEP field (red), the HSC observation coverage (grey), the CFHT
observation coverage (blue), and the Spifzer observation coverage
(pink). The crosses represent the positions of cluster candidates (to
be discussed in Section 3).

2.1.1 Data

The Subaru HSC data used in this work are described in Oi et al.
(2021) and Kim et al. (2021), including the details of the observations
and the data reduction. The total exposure times range from 5360 (i
band) to 27 440 (g band) s in each band. The 5o detection limits of
magnitudes for the g, 7, 7, z, and y bands are 28.6, 27.3, 26.7, 26.0,
and 25.6 mag, respectively. There are more than 3 million sources in
the original HSC catalogue, and 747 673 sources have 5o detection
in all five HSC bands.

The details of the observations and the data reduction of the u-
band data are described in Huang et al. (2020). The CFHT u-band
survey observed 3.6 deg” in the AKARI NEP-Wide field and obtained
a total integration time of 4520 to 13 910 s. The u-band data have a
5o limiting magnitude of 25.4 mag for the whole AKARI NEP-Wide
field, while they reach 25.8 mag in a deeper 1-deg? area. 24 per cent
of the HSC 50 sources are detected in the u-band data.

The Spitzer IRAC 3.6- and 4.5-pum-band data come from Nayyeri
et al. (2018). The Spitzer observations surveyed a 7.04-deg” area at
NEP, fully covering the AKARI NEP field. The 5o depths of the 3.6-
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Figure 1. The sky map showing the coverages of the HSC observations (grey), the CFHT observations (blue), and the Spitzer observations (pink) in the AKARI
NEP field (red). The cluster candidates are plotted as crosses, while the candidates matched with X-ray clusters and the candidates near the edge of the HSC

survey are plotted in green and orange, respectively.

and 4.5-pm bands are 21.9 and 22.5 mag, respectively. A third of the
HSC 50 sources are observed as the Spitzer sources.

The data used for photo-z calculation are summarized in Table 1.
In addition, we include 2146 spectroscopic sources at z < 1.1
to check the photo-z reliability and improve the cluster finding.
The distribution of the spectroscopic redshift (spec-z) is plotted
in blue in Fig. 2. The spectroscopic data come from various
telescopes: MMT/Hectospec and WIYN/Hydra (Shim et al. 2013),
GTC/OSIRIS (Diaz Tello et al. 2017), Subaru/FMOS (Oi et al.
2018), Keck/DEIMOS (Takagi et al. 2010; Shogaki et al. 2018; Kim
et al. 2018), and AKARI/IRC (Ohyama et al. 2018). The approach
we used to match the above multiwavelength data is described in
Kim et al. (2021).

2.1.2 Sample selection

We required the sources to have 5o detection in all
five HSC bands (i.e., sources fainter than 5o limiting
magnitudes in any HSC band were rejected). An ex-

tended/point source classification using the HSC pipeline parameter
base_ClassificationExtendedness_value was applied
to exclude extended sources. A further star—galaxy separation was
performed using the x2-values from the template fitting (to be dis-
cussed in Section 2.2.1) of galaxy ( ngal) and star (x2,,) components:
galaxies are selected if Xéal < x2.,- Because the photo-z performance
gets worse at higher redshift, we limited our sample to redshift z <
1.1. In total, the HSC sample contains 310 577 sources (we refer to
it as the selected sample hereafter). The CFHT u-band data and the
Spitzer/IRAC data are included with the selected sample to help with
the photo-z calculation, if they are available.

2.2 Analysis

2.2.1 Photometric redshift

We used the spectral energy distribution (SED) analysing code
LEPHARE (Arnouts et al. 1999; Ilbert et al. 2006) to estimate the
photo-z (denoted as z, in equations) of our selected sample. The
photo-z distribution is shown in red in Fig. 2. The method of the
photo-z calculation is the same as in Ho et al. (2021), but a smaller
number of bands are used in this work. In total, a maximum of eight
bands (Subaruw/HSC g, r, i, z, y, CFHT/Megacam u, Spitzer/IRAC
3.6-um, 4.5-um) were included in the SED fitting with stellar and
galaxy templates. The stellar templates we used were a combination
of templates from Bohlin, Colina & Finley (1995), Pickles (1998)
and Chabrier et al. (2000). These authors tested several templates for
fitting galaxy components, and found that using the COSMOS tem-
plates (Ilbert et al. 2009) gave them the most accurate performance
in terms of the normalized median absolute deviation (NMAD, o)
and the catastrophic rate (1) for the subset of galaxies with spec-z.
The NMAD is defined as 1.48 x median(%), where z, denotes
the spec-z. The catastrophic rate is defined by the fraction of outliers
in the spec-z sample, while an object is regarded as an outlier if
|zp — zs|/(1 4+ z5) = 0.15. In this work, our photo-z performances
are o, = 0.065 (to be discussed in Sections 2.2.2 and 2.2.3) and
n = 8.6 percent at z, < 1.1 (left-hand panel of Fig. 3). Throughout
this work, if a galaxy has the spec-z available then we use that instead.
It is noteworthy that the photo-z calculation improves remarkably if
we make use of the CFHT and Spirzer bands. The right-hand panel of
Fig. 3 shows the performance of photo-z calculated by using only five
HSC bands, which has a NMAD of 0.074 and an outlier fraction of
19.4 per cent.
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Table 1. Summary of the data used for the photo-z calculation in this work.

Instrument Area (degz) Filter Sensitivity (50, AB mag) Reference
Subaru/HSC 54 g 28.6 Oi et al. (2021)
54 r 27.3 Oi et al. (2021)
54 i 26.7 Oi et al. (2021)
54 z 26.0 Oi et al. (2021)
54 y 25.6 Oi et al. (2021)
CFHT/MegaCam 3.6 u 254 Huang et al. (2020)
Spitzer/IRAC 7.0 3.6-um 21.9 Nayyeri et al. (2018)
7.0 4.5-pum 22.5 Nayyeri et al. (2018)
' T T ! ! Owing to the photo-z uncertainty, the local density in this work is
012 = photo—z | calculated in two dimensions within an individual redshift bin of
= spec—Z every galaxy: z £ oy, x (1 + z), where o, = 0.065. We measured
010k . the angular separation 6 between galaxy pairs as follows:
>
2 012 :cos"[sinél sin 8, 4 cos §; cos 8, cos (o] — a)], (D)
¢ 0.08F .
g where @ € [0, 27] and § € [—7/2, 7t/2] are right ascension (o)
% 0.06| - and declination (§), respectively. Meanwhile, the 10th-nearest local
2 density of each object X; oy, is simply defined as
o
2 0.04F 7 10
Zitoh = 5 (2)
91‘ ,10th
0.02 - 8 . .
where 6; 1o, means the angular separation between the object i and
0.00 its 10th-nearest neighbour within the individual redshift bin.
o For sources near the edge of the survey area, the 10th-nearest
0.0 0.2 0.4 0.6 0.8 1.0

redshift

Figure 2. Redshift distributions of the spectroscopic sample of 2146 sources
(blue; spec-z) and the selected sample of 310 577 sources (red; photo-z) from
redshift O to 1.1. The distribution is plotted in relative frequency; that is, the
sum of all bins in each sample is equal to one. The bin size is 0.05.

2.2.2 Local surface density

The 10th-nearest neighbourhood method (e.g. Dressler 1980; Miller
et al. 2003) is used to calculate the local density around every galaxy.

with CFHT & Spitzer bands

NMAD: 0.085

PRI RSN S NI SR SR SRR RS

" outlier fraction: 8.6% . - ) //

e
>
T

(O 0] Feahi A T RS R R
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distance cannot provide the true local density in reality, because
some of the neighbouring sources are outside of the survey coverage.
Therefore, we performed a correction for the sources that were closer
to the edge than to their 10th-nearest neighbours. We assumed that
the local densities inside and outside the survey were the same.
We drew a circle with its centre at the edge galaxy using the 10th-
nearest distance, and measured the area fraction (x) outside the survey
coverage. We supposed that the nth-nearest distance we measured
actually was the mth-nearest distance in reality (i.e., there are m
galaxies in the entire circle, while n galaxies are located in the survey
coverage). As a result of the assumption of uniform density, the
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Figure 3. The comparison between photo-z and spec-z of the spec-z sample. The photo-z used in this work is plotted in the left-hand panel, while the photo-z
in the right-hand panel is calculated without the CFHT and Spitzer bands. The standard line (i.e. slope equal to one) is plotted in red. The orange lines show

where |z, — z5|/(1 + z5) = 0.15, which are the borders to define outliers.
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a galaxy. The black line is the median value of the distance to the 10th-nearest neighbour. The red line is the best-fitting arctangent function to the median
values. (Right-hand panel) Histogram of group member numbers. The blue curve shows the cumulative probability. The black line indicates where the member

number equals 30, the definition of cluster candidates in this work.

number of galaxies is proportional to the area fraction (x):
n:l—x=m:1. 3)

Therefore, to obtain the true 10th-nearest distance (i.e. m = 10) of
the source near the edge, we used the nth-nearest distance instead,
where n = 10(1 — x). The n is rounded off to the nearest integer.
Note that for some edge sources, their densities do not change after
the edge correction, as n is rounded off to 10. Among the 310 577
selected sources, 4732 sources are near the edge, and the corrected
local densities are adopted for 3690 sources. More details about the
local density calculation and the edge correction are described in
Santos et al. (2021 submitted).!

We normalized the local density (denoted as X* for the normalized
local density) with the median density in the individual redshift bin.
There exist 7137 sources (about 2 per cent in the selected sample)
with £* > 3, and 28 498 sources (about 9 per cent in the selected
sample) with £* > 2. We defined those 28 498 objects with £* > 2
as over-densities. These over-densities were used to search for cluster
candidates based on the friends-of-friends algorithm, as described in
the next section.

2.2.3 Friends-of-friends algorithm

We used the coordinates, defined as the positions of the HSC
detections, and the estimated photo-z to select cluster candidates.
We selected cluster candidates by applying the friends-of-friends
algorithm to all the over-densities. For each object of the over-
densities, its friend is defined if (1) the physical projected distance
between them is smaller than a given linking length, and (2) the
redshift difference (we call this the linking redshift, Az, hereafter)
between them is smaller than 0.032, which is a half of our photo-z
NMAD. This value was chosen empirically. Using a large value such
as 0.065 makes the algorithm link galaxies in a wide redshift space,
and the redshift of the member galaxies in a generated cluster can

IThey adopted the cosmology from the Wilkinson Microwave Anisotropy
Probe (WMAP; Komatsu et al. 2011) for their density calculation, which has
a slight difference in the cosmological parameters from this work.

deviate greatly (€.2., Zmax — Zmin > 0.5), where zp,x and zp, represent
the maximum and the minimum redshifts of member galaxies. We
reasonably believe that such kinds of results are highly contaminated.
We thus adopted a smaller value (half of the photo-z NMAD) as
the constraint of the linking redshift in the linking process. Note
that we did not make this Az value redshift-dependent, in order to
avoid the wide linking problem described above. We discuss the
details of the redshift-dependent linking redshift in Appendix A.
Using the value Az = 0.032 makes the redshift deviations of cluster
galaxies more reasonable. For example, in the worst case of our
cluster candidates, Zim.x — Zmin 1S about 0.3, which is comparable to
the redshift uncertainty +0.065(1 + z,) at z, = 1.
We used the arctangent function

f(z) =do[1 + ap arctan (z/z,)] “

to estimate the linking length, as suggested by Tempel et al. (2014).
Three parameters, namely dy (in Mpc), «, and z,., were determined
by a x2-fitting to the median values of the distances to the 10th-
nearest neighbours, as shown in Fig. 4. The physical projected
distance to the 10th-nearest neighbour of every galaxy is plotted in
grey. The median values of the distance to the 10th-nearest neighbour
were calculated for 111 redshift bins [+0.065(1 + z), redshift ranges
from O to 1.1 with a step of 0.01]. The standard errors were applied
in the x2-fitting. The best-fitting values of the parameters (dy, g, Z5)
are (0.146 Mpc, 0.867, 0.088).

We start by looking for friends around the galaxy over-densities
using the appropriate linking parameters at the redshift of the over-
density. Over-densities with at least 10 friends form an initial group.
The friends make other new friends in the same way with their
own linking length until no new friends are found. The process
ends when all over-densities with at least 10 friends are in a group.
The algorithm generated 468 groups in total. The right-hand panel
of Fig. 4 presents the numbers of groups for different numbers of
galaxy members. There are 165, 88, and 46 groups having more than
or equal to 20, 30, and 40 members, corresponding to cumulative
relative frequencies of 64.7, 81.2, and 90.2 percent, respectively.
As a compromise between the number of groups and the number of
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members, the groups with at least 30 members are defined to be the
galaxy cluster candidates.

3 RESULTS

We found 88 cluster candidates in the AKARI NEP field (5.4 deg?)
from redshift O to 1.1, which are plotted as crosses in Fig. 1 and listed
in Table 2 (to be discussed in the following subsections). There are a
total of 4390 cluster galaxies. We investigate the colours (Section 3.1)
and richness (Section 3.2) of the cluster candidates. The catalogue
and optical colour images of the cluster candidates are provided in
Sections 3.3 and 3.4, respectively. The reliability of our method and
the cluster candidates is examined by false-detection (Section 3.5)
and redshift-uncertainty (Section 3.6) tests.

3.1 Colour studies of clusters

We plotted the colour—-magnitude diagram (g — i versus i) for every
cluster candidate identified in this work. The diagrams of all the
candidates are available in the online Supporting Information. Fig. 5
shows the colour—-magnitude plots of the X-ray-matched clusters (to
be discussed in Section 4.1). The cluster galaxies are plotted with
red circles, while grey dots represent the non-cluster galaxies (field
galaxies hereafter). Because field galaxies are simply defined as the
galaxies not in cluster candidates, this definition includes galaxies
in groups with fewer than 30 members. Nevertheless, the number
of these group galaxies (5955) is relatively small compared with
the number of all field galaxies (306 187), so we believe that the
statistical contribution from these group galaxies is negligible. The
green line shows the colour cut used to define red galaxies, which is
an estimate for the cluster richness in the next Subsection 3.2.

We empirically define that a galaxy is red if its colour is redder
than the colour of the (60 + 30z )th percentile in the individual
redshift bin z, £ 0.065(1 + z), where z is the redshift of the
cluster candidate (to be discussed in Section 3.3). Compared with
colour cuts for red galaxies from other works, our colour cut is much
stricter. For example, Lai et al. (2016) separate red and blue galaxies
using g — i = 1.75 at 0.6 < z < 0.8, while our cuts are redder
by 0.6 to 0.8 mag in this redshift range. Using their colour cut in
our colour—magnitude diagrams (e.g., the right-hand panel of Fig. 5)
obviously selects many blue galaxies that do not reside in the galaxy
red sequence. We therefore believe that our redshift-dependent colour
cut for red galaxy separation is reliable.

3.2 Richness

The cluster richness provides a way to estimate the cluster masses
for clusters detected by optical data. We define the richness of our
cluster candidates according to the definition from the studies of
HSC CAMIRA galaxy clusters (e.g. Murata et al. 2019), that is,
the number of red galaxies with stellar mass greater than 10'°2Mg
within 1 2~'"Mpc of the cluster centre. Moreover, the mass—richness
relationship has been built by the calibration from weak-lensing
magnification (Chiu et al. 2020). In this work, the red galaxies are
defined by our own definition in Section 3.1, while the stellar mass
is calculated based on the best-fitting stellar models from the SED
fitting for the photo-z calculation (Section 2.2.1). Fig. 6 shows the
density map of cluster candidates in redshift and richness as a contour
plot. The plot is generated by 10 bins in the redshift range O to 1.1
and richness range 0 to 30, with 10 contour levels.

MNRAS 506, 6063—-6080 (2021)

3.3 Cluster catalogue

We list the cluster candidates in the AKARI NEP field in Table 2,
including the cluster identifier (ID), cluster number (cl), equatorial
coordinates (R.A. and Dec.), cluster redshift (z.), maximum nor-
malized local density corresponding to each cluster (X7 . ), number
of member galaxies (N), colour cut for red galaxies (g — i cut),
number of red galaxies (Nyeq), red galaxy fraction (fi.q), and cluster
richness (NVyichness)- The cluster number (cl) is the number generated
by our friends-of-friends algorithm for identifying groups. We use
this number to discuss cluster candidates throughout this paper for
convenience. For instance, the first two cluster candidates in Table 2
are denoted as cl18 and cl9. The coordinates and the redshift of the
cluster candidates are defined by the member galaxy with the highest
normalized local density. If a cluster has member galaxies detected by
a spectroscopic observation, the cluster redshift is defined by spec-z.
In some cases (cll, cl2, cl14, and cl39), the cluster candidates have
two or more members with different spec-z. We refer to the spec-
z from the brighter/brightest (in the i band) member. Two cluster
candidates, cl13 and cl18, have two and one member located near
the survey edge, respectively. However, all of their densities remain
the same after the edge correction because their edge-corrected n are
rounded off to 10, as described in Section 2.2.2. The edge correction
does not have a direct impact on the density of our cluster candidates,
but overall it affects the normalized density and the galaxy over-
density in the cluster-finding process of this work.

3.4 Cluster three-colour images

We obtained colour composite images of the cluster candidates in the
AKARI NEP field by mosaicking the HSC g-, r-, and i-band images
as blue, green, and red using SAOIMAGEDS9 (DS9). We utilized the
Subaru HSC coordinates of cluster galaxies to create the input region
file of DSY for the cluster galaxies. The colour optical images of the
X-ray-matched clusters (discussed in Section 4) are shown in Fig. 7
as examples. The cluster galaxies are circled in green with a radius
of 2 arcsec. The coordinates are shown by cyan dashed lines.

3.5 False detection

We applied our cluster-finding method (i.e. the 10th-nearest neigh-
bour and the friends-of-friends algorithm) to mock galaxy catalogues
in order to examine false detection. The mock galaxies were created
through the following steps (e.g. Goto et al. 2002; Wen & Han 2021):
(1) removing all the cluster galaxies from the selected sample; and
(2) shuffling the redshift values in the remaining sample randomly
(keeping the same redshift distribution). We repeated the above steps
10 times and generated 10 different mock galaxy catalogues. The
clusters generated in this process are regarded as false detections.
The number of false detections in every test is shown in Table 3.
‘We obtained the false-detection rate as a function of redshift (Fig. 8)
by dividing the false detection number by the number of the true
cluster candidates in each redshift bin (0.2 to 0.5, 0.5 to 0.8, and 0.8
to 1.1). The result indicates that about 1 per cent and 4 per cent false
detections occur at z < 0.8 and z > 0.8, respectively.

We note that this false-detection test does not take all kinds of
possible false detections into account, but simply tests the sensitivity
of the whole cluster-finding process to detect chance alignments.
Because the groups generated from the friends-of-friends algorithm
depend strongly on the linking, there may be unrealized false
detections. This could be a significant merging or fragmentation
of groups. Thus, we provide a test on the linking length to check
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Table 2. Catalogue of the cluster candidates. The columns are ID, cluster number, right ascension, declination, redshift, maximum normalized local
density of the member, number of member galaxies, colour cut for red galaxies, number of red galaxies, red galaxy fraction, and cluster richness.

D Cl. RA. Dec. Za $r. N g—icut Neg Jred Nrichness
HSCI174647+663904% 18 266695  66.6512 0.43 1130 85 1.90 37 0.44 7
HSCJ174720+664409 9 266.832 667359 0.39 937 45 1.73 9 0.20 1
HSCJI 1747254663506 51 266854  66.5851 0.63 8.21 47 231 28 0.60 18
HSCJI 1749544662637 50 267474 66.4435 0.68 5.11 49 240 22 045 15
HSCJ 1749544655724 68 267475  65.9566 0.83 932 33 2.56 12 036 10
HSCJI175012+663115 47 267550  66.5207 0.73 532 51 2.48 34 0.67 2
HSCJI175024+671005 40 267.600  67.1680 0.57 764 32 224 21 0.66 11
HSCI175026+671446 19 267.607  67.2460 0.38 407 32 1.66 24 0.75 10
HSCJ175032+672156 30 267632 67.3656 0.49 522 41 2.10 28 0.68 12
HSCI175137+672904% 13 267.903  67.4844 037 498 54 1.65 18 033 6
HSCJI175156+654457 76 267984 657491  0.78° 438 52 254 9 0.17 8
HSCI175159-+671443 27 267.995 67.2453 0.41 538 49 1.83 28 0.57 10
HSCJ175202+661805 7 268.008 663014  0.28° 328 30 1.35 6 0.20 0
HSCJI175223+670313 23 268.095 67.0536  0.45° 882 53 2.00 27 051 12
HSCJ175234+662346 8 268.140 663961 0.32 1039 44 1.46 13 030 2
HSCJI1753114660356 46 268297  66.0656 0.74 11.64 56 250 20 0.36 17
HSCJ175321+671957 66 268336 67.3326 0.81 467 36 255 8 0.22 7
HSCJI 1753304662245 5 268374 663793 0.28° 899 68 1.34 16 0.24 5
HSCJ1753414663327 38 268419 66.5576  0.52° 713 131 217 52 0.40 26
HSCJ1754224672201 72 268592 673670 0.85 459 42 257 15 0.36 13
HSCJI175427+661313 59 268611 66.2202 0.80 424 35 255 4 0.11 3
HSCJI 1755084662315 14 268782 663875  0.39° 5.05 36 1.74 9 0.25 6
HSCJ175524+663517% 29 268.851 66.5881  0.54° 812 64 219 45 0.70 25
HSCJI 1755474670659 56 268946  67.1164 073 930 55 2.48 23 0.42 16
HSCJ175554+661022 2 268974 661727  0.19° 402 33 1.21 18 0.55 2
HSCJ 1756014662621 39 269.006 664392 053 454 47 219 16 0.34 8
HSCJI175609-+665414 22 269.036  66.9039 0.45 1334 37 1.98 3 0.08 1
HSCJ 1757004662421 3 269249 664058  0.26° 528 55 1.31 26 0.47 1
HSCJI 1757044655047 79 269.265 65.8465 0.87 577 30 258 4 0.13 3
HSCJI175715+653920 12 269312 65.6556 0.46 3.85 37 203 4 0.11 1
HSCI175717+662912% 48 269320 66.4867  0.69° 6.61 82 241 30 037 14
HSCJI175803+651917 11 269512 653213 033 593 47 1.47 15 0.32 4
HSCJI175828+670144 86 269.615 67.0288 0.87 526 30 258 10 033 10
HSCJI 1758464652726 24 269.691 65.4572 0.49 892 134 210 36 0.27 12
HSCJI175846-+660853 67  269.693  66.1481 0.87 627 41 2.58 3 0.07 2
HSCJI 1758564654053 20 269733 65.6815  0.39° 378 32 1.74 6 0.19 3
HSCJI175909-+661703 81 269786  66.2843 1.00 690 36 258 2 0.06 2
HSCJI175918+651839 10 269825 653108  0.28° 5.81 30 1.33 13 0.43 5
HSCJI 1759424652929 41 269926 654915 0.65 1087 95 233 37 0.39 23
HSCJ175955+655323 44 269979  65.8898 0.56 5.45 35 223 24 0.69 6
HSCJI 1759594652201 16 26999 653670 031 698 33 1.41 7 021 2
HSCJI180010+661915 80 270.041 66.3207 0.80 823 42 255 4 0.10 4
HSCI180010+664216 78 270.041 66.7045 0.86 5.95 30 258 5 0.17 3
HSCJI180018+661210 49 270076 66.2027 0.66 546 32 236 14 0.44 10
HSCJI180038+670300 84  270.158  67.0501 091 4.65 31 2.57 4 0.13 2
HSCJI180039+662001 28 270164  66.3336 0.43 710 30 1.93 25 0.83 9
HSCJI 180045662947 69 270187 664964 091 424 64 257 8 0.12 6
HSCJI180049-+663254 65 270206  66.5482 0.78 399 35 254 6 0.17 5
HSCJI 1801004663104 45 270249 665177 0.63 600 31 231 8 0.26 6
HSCJ180123+654940 15 270347 658279  0.36° 379 32 1.60 9 0.28 1
HSCJ180124+655214 77 270348  65.8706 0.90 490 31 2.57 1 0.03 1
HSCJ180144+663714 58 270432 66.6205 0.81 1139 64 255 23 036 19
HSCJI 1801474652627 25 270447 654408 0.42 563 44 1.89 21 0.48 9
HSCJ180157+652856 36 270488  65.4821 0.56 552 56 222 17 0.30 10
HSCJI 1802014663400 52 270504  66.5667 0.76 864 8 253 10 0.11
HSCJ180210+665859 63 270.541 66.9830 0.82 677 32 256 2 0.06 1
HSCJ1802214664354 85 270588 667318 0.94 402 40 257 6 0.15 3
HSCJ180228+652929 55 270617 654914 0.72 460 31 2.47 8 0.26 6
HSCJI 1802424664858 61 270673  66.8160 0.85 897 8 257 20 0.24 17
HSCJ180248+652606 37 270702 654351 051 649 38 213 10 0.26 3
HSCJI 180256674845 35 270.735 67.8124 0.78 7.65 66 2.54 24 0.36 20
HSCJI180300+662646 87 270750  66.4461 0.96 531 31 2.58 2 0.06 2
HSCJI 1803114670830 73 270.795 67.1417 1.04 463 5l 2.62 11 0.22 7
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Table 2 — continued
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ID ClL R.A. Dec. Zel ):;mx N g —icut Nred Jred Nrichness
HSCJ180318+662428 83 270.824 66.4079 0.91 5.37 31 2.57 4 0.13 4
HSCJ180323+672822 1 270.845 67.4729 0.17¢ 5.06 49 1.19 17 0.35 3
HSCJ180326+4-655328 17 270.858 65.8910 0.33% 7.29 180 1.48 106 0.59 49
HSCJ180336+4-653227 34 270.898 65.5407 0.44 3.90 31 1.94 18 0.58 8
HSCJ1803544-654830 21 270.976 65.8082 0.47 12.30 42 2.05 16 0.38 7
HSCJ1804304-663555 82 271.126 66.5986 0.85 6.75 30 2.57 3 0.10 2
HSCJ180437+662706 42 271.154 66.4517 0.79 7.96 91 2.54 24 0.26 18
HSCJ180444+4-665256 32 271.184 66.8821 0.44 8.67 30 1.95 2 0.07 1
HSCJ180448+672559 33 271.201 67.4330 0.53 6.78 34 2.17 6 0.18 2
HSCJ1805234-663153 53 271.345 66.5313 0.65 343 36 2.34 6 0.17 5
HSCJ180525+663234 62 271.354 66.5427 0.88 8.67 92 2.58 17 0.18 12
HSCJ180547+665424 4 271.444 66.9066 0.29 7.19 94 1.36 20 0.21 4
HSCJ1806164-665453 31 271.568 66.9147 0.47 7.06 64 2.04 27 0.42 9
HSCJ180633+662850 70 271.636 66.4806 0.78 7.43 53 2.54 11 0.21 8
HSCJ1806354663256 88 271.644 66.5489 1.07 8.65 39 2.65 3 0.08 2
HSCJ180715+653439% 6 271.811 65.5774 0.27¢ 5.21 45 1.32 28 0.62 2
HSCJ180732+664407 26 271.885 66.7353 0.45 6.34 50 2.00 15 0.30 9
HSCJ180735+664758 64 271.896 66.7995 0.88 9.79 116 2.58 21 0.18 19
HSCJ180825+665753 60 272.103 66.9646 0.77 7.53 45 2.53 5 0.11 4
HSCJ180858+663306 43 272.242 66.5516 0.62 9.10 37 2.29 23 0.62 7
HSCJ180912+660615 75 272.300 66.1041 0.89 4.86 34 2.58 3 0.09 2
HSCJ181037+665952 74 272.654 66.9979 0.87 4.95 31 2.58 5 0.16 4
HSCJ181054+665207 71 272.727 66.8685 0.85 5.47 30 2.57 1 0.03 0
HSCJ1812124-660153 57 273.050 66.0313 0.78 12.72 30 2.54 16 0.53 12
HSCJ181252+661422 54 273.216 66.2394 0.87 491 39 2.58 7 0.18 5
Notes. * The cluster has member galaxies detected by spectroscopy, and the redshift is spec-z.
X The cluster is matched with an X-ray cluster.
£ The cluster has member galaxies located near the survey edge.
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Figure 5. Colour-magnitude diagrams (g — i versus i) of the X-ray-matched clusters cl6, cI29, and cl48. The red circles are the cluster galaxies, while the grey
dots are the field galaxies in the individual redshift bin. The cluster galaxies that contribute to the cluster richness are plotted as purple diamonds. The green
dashed line shows the colour cut for red galaxies. For cluster candidates at 0.3 < z < 0.5 and 0.6 < z < 0.8, the red galaxy cut defined by Lai et al. (2016) is

indicated by the orange dashed line.

that these two cases do not frequently occur during cluster finding,
at least in the projected space.

If significant mergers occur, then the number of groups should
decrease when a longer linking length is adopted. On the other
hand, if significant fragmentations occur owing to a short linking
length, then numerous groups will be generated. Fig. 9 shows that
the number of groups/clusters generated by our method increases
monotonically with the relative linking length from the multiplier of
0.5 to 1.5. This result implies that significant mergers/fragmentations
do not commonly occur in the linking in the projected space. We
interpret this to mean that our linking length is properly chosen at
the intergalactic scale, so that significant mergers at the intercluster
scale are avoided. Significant fragmentations are not seen either, as
the number of groups drops sharply at a low relative linking length.
This is probably a result of the fact that the linking criteria require
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10 friends, so that the code does not create overflowing groups with
only a few members.

3.6 Redshift-uncertainty test

In this section, we test how redshift uncertainty affects our cluster
finding by recovering mock clusters under different NMAD condi-
tions. The mock clusters were generated from our detected cluster
candidates by changing the redshift values of them and their member
galaxies. We assumed that all the member galaxies in a mock cluster
have the same redshift value but diverge with different redshift errors.
In a mock cluster, the redshift value is defined to be the mean redshift
(zmean) Of the detected cluster galaxies. We generated Gaussian-
distributed redshift errors (ze) according to given redshift NMAD
values (o). The redshift of a mock cluster galaxy in a cluster (Zmock)
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Figure 6. Contour plot presenting the distribution of the cluster candidates
in redshift and richness. The contour level is the number density of the cluster
candidates.

is written as

Zmock = Zmean T Zerrs
Zerr = Oz (] + Zmean) g(ov 1)’ (5)

where g(0, 1) is a randomly generated number in the Gaussian
distribution with a mean of 0 and standard deviation of 1.

We applied our friends-of-friends algorithm to mock cluster
catalogues, and then checked the cluster detection to examine the
recovery rate of our method. The recovery rate is defined as the
number fraction of the recovered clusters. We further categorized the
mock clusters into samples in different redshift ranges (0.2 to 0.5, 0.5
to 0.8, and 0.8 to 1.1) and richness ranges (0 to 5, 6 to 14, and larger
than or equal to 15). A total of 10 mock cluster samples were created
for each redshift/richness range (i.e. 10 tests were performed for
each range). To calculate the recovery rate, the average detection
was taken, and the errors were estimated by the standard error.
Additionally, two redshift NMAD values (0.03 and 0.06) were used
to generate the mock clusters for the redshift-uncertainty tests.

The results of the redshift-uncertainty tests are shown in Fig. 10.
The triangles and the circles represent the recovery rate from different
redshift NMAD values. If the redshift NMAD value is 0.06, which
is similar to the photo-z performance of our HSC catalogue used
in this work, our method achieves a recovery rate of 45 percent
in the intermediate-redshift range (0.5 to 0.8). The recovery rate
drops at high redshifts (>0.8), which could be explained by the high
uncertainty (the redshift NMAD is 0.06(1 + z) > 0.1 as z > 0.8).
On the other hand, the recovery rate increases with the richness, and
reaches 90 per cent in the high-richness sample (larger than or equal
to 15).

If the redshift NMAD is 0.03, which is a typical value in higher-
quality samples obtained from fields with more photometry such
as COSMOS or CFHT Legacy Survey (e.g. Mobasher et al. 2007;
Coupon et al. 2009), a 100 per cent recovery rate is achievable for
high richness, and it is even possible to have 65 per cent in the most
uncertain high-redshift sample (z>0.8). The results of the redshift
uncertainty analyses imply that our cluster-finding method is feasible,
although the current cluster finding is limited by the photo-z accuracy.
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4 DISCUSSION

In this section, we discuss the following topics: a comparison with the
known clusters detected in the X-ray (Section 4.1); a comparison with
the clusters in the COSMOS field (Section 4.2); comparisons between
the field and the cluster galaxies (Section 4.3); and cluster finding
with the pure photo-z sample (Section 4.4). Finally, we discuss some
ongoing and future projects that are planned to perform observations
and contribute to cluster studies in the AKARI NEP field (Section 4.5).

4.1 X-ray clusters

We compared our cluster candidates with the X-ray clusters detected
from ROSAT and Chandra. The X-ray clusters are listed in Table 4,
including the ID, R.A., Dec., redshift, flux, detecting satellite, and
match in this work. The ROSAT NEP survey (Henry et al. 2006)
reported 442 X-ray sources, and among them seven galaxy clusters
are located in the AKARI NEP field. Two ROSAT clusters were
recovered by our cluster-finding method (matched with cl6 and cl48).
We suspect that the other five ROSAT clusters cannot be recovered
because they are very near (z<0.1), or faint in the X-ray at low
redshift (~5 x 107" ergem™ s~! at z ~ 0.3). As shown in Fig. 2,
our selected sample contains a very limited number of galaxies at
z < 0.1, because local galaxies are saturated at bright magnitudes
in our HSC deep observations. Therefore, intrinsically it is difficult
for us to make groups from nearby galaxies and identify nearby
clusters. The X-ray luminosity of a cluster is related to its halo
mass (e.g. Stanek et al. 2006), so faint clusters may consist of fewer
galaxies or have a lower local density, which makes our cluster
finding ineffective. On the other hand, two clusters were found in
the Chandra survey in the AKARI NEP field. These two clusters are
spatially extended and identified visually in the colour image stacked
by three X-ray bands (Krumpe et al. 2015). One of them (cl48) is also
detected by ROSAT as RXJ1757.3+6631, while the other (cl29) is
located around o=17:55:12, 6 = + 66:33:51 (hour:minute:second).
We simply estimate the flux of the latter unknown Chandra cluster in
Appendix B. Both of the Chandra clusters are recovered through our
cluster-finding method. The determination of a match is based on the
coordinates and the redshift of the X-ray clusters and our detected
cluster candidates. A match is defined if a cluster candidate is close to
an X-ray cluster within a 2-arcmin radius and a redshift difference of
0.065(1 + zy), where zy is the redshift of the X-ray cluster. However,
the cluster detected only by Chandra has no information in the
redshift, so it is based only on the coordinates (matched with cl29).
In the case of cI29, 2 arcmin corresponds to 0.7 Mpc at redshift of
0.54, so the matching radius is probably small enough for the claim
that the Chandra source is correlated with the cluster candidate we
found.

4.2 COSMOS clusters

To further ensure the robustness and reliability of our method, we
provide a rough examination by applying our cluster finding in the
COSMOS photo-z catalogue (Ilbert et al. 2009), which has a photo-z
uncertainty of o;, = 0.053 at 0.2 < z < 1.5, and compare the result
with the COSMOS cluster catalogue (Bellagamba et al. 2011).

We mostly adopted the same approach as above, that is, calcu-
lating the local density and then grouping by the friends-of-friends
algorithm. However, because the photo-z uncertainty and the number
density of the COSMOS field are different from those in the AKARI
NEP field, we determined the linking parameters for the COSMOS
field in the same manner as we did for the AKARI NEP field. The
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Figure 7. Three-colour images of the X-ray-matched clusters cl6 (upper left), cI29 (upper right), and cl48 (bottom) created by DS9. HSC g-, r-, and i-band
images are used as the blue, green, and red colours in the stacking. The cluster galaxies are circled in green, with a radius of 2 arcsec.

Table 3. Number of false detections in every test.

Test False detection
1 5
2 3
3 1
4 2
5 1
6 4
7 3
8 0
9 0
10 1

MNRAS 506, 6063-6080 (2021)

individual redshift bin, the linking length, and the linking redshift are
determined to be +0.05(1 + z), 0.126 [1 + 2.364 arctan (z/1.137)]
Mpc, and 0.025, respectively. The linking length was obtained by
fitting the median projected distance to the 10th-nearest neighbour
in Fig. 11.

Our method selected 139 cluster candidates, and 51 of 147
COSMOS clusters are recovered. The match is defined in the same
way as in the last section for X-ray clusters. In addition, we used
a more relaxed cluster definition of 20 members for comparison in
this section. There are 100 additional relaxed cluster candidates, and
20 of them are matched with the COSMOS clusters. The recovery
rates as functions of richness and signal-to-noise ratio (S/N), which
are provided by the COSMOS cluster catalogue (Bellagamba et al.
2011), are shown in Fig. 12. We also estimated the ‘new detection
rate’ to measure how many cluster candidates are detected by our
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original linking length.

method but not found by COSMOS in Fig. 13. The recovery rate
increases with both richness and S/N, which is consistent with the
result of the redshift-uncertainty test in Section 3.6 to some extent.
Moreover, the low recovery rate at low richness (or low S/N) is
relevant to the threshold of member numbers we use to define cluster
candidates. Nonetheless, loosening the threshold might be risky, as
the ‘new detection’ increases at the same time . These results may
indicate that our method is able to capture high-richness clusters, but
has inherent difficulties in detecting low-richness clusters.

4.3 Stellar mass and star-formation rate

In this section, we compare the stellar mass and star-formation rate
(SFR) between the cluster galaxies and the field galaxies. Just as
for the stellar mass described in Section 3.2, the SFR for every
galaxy was also estimated by the SED fitting during the photo-z
calculation. Although the SFR is estimated without mid-IR and far-
IR photometry, it is still useful for a qualitative comparison of the two
galaxy populations. Fig. 14 shows the histogram of the stellar mass
and the SFR distributions in different redshift ranges (0.2 to 0.5, 0.5
t00.8,and 0.8 to 1.1). The field galaxies are plotted in black, while the

cluster galaxies of the cluster candidates with richness greater than
10 are plotted in red. The mean values of the stellar mass and SFR
are also shown. The two-sample Z-statistic (Z) is used to measure the
difference between the two distributions from the cluster and field
galaxy samples:

Xe — X¢
7= (6)

A /O’)Z(C + G)%f

where X, and Xy are the mean values of the stellar mass or SFR for the
cluster and the field galaxy sample, respectively. The ox, and oy, rep-
resent the standard errors of the stellar mass or SFR for the cluster and
the field galaxy sample, respectively. The results show that the cluster
galaxies generally have higher stellar mass and lower SFR compared
with field galaxies at 0.2 < z < 1.1 (e.g. Vulcani et al. 2010), while the
difference in stellar mass in the highest-redshift bin is not very signif-
icant. This indicates that relatively massive cluster galaxies are found
by our method. Furthermore, this result may imply that comparing
physical properties between cluster and field galaxies statistically
using our cluster candidates will be a feasible task in the future.

4.4 Cluster finding without spec-z

In this section, we examine how much the spec-z improves the
redshift-based cluster finding by repeating our cluster-finding method
with the pure photo-z sample. We found that one original cluster
candidate is missed, and two false detection are generated using
the pure photo-z sample. The missed cluster candidate is detected
as a group with 27 members in the pure photo-z cluster finding,
while the two falsely detected cluster candidates are detected as
groups with 29 and 26 members in the cluster finding with spec-z.
Further comparisons in detection numbers, missing rates, and false-
detection rates of the galaxy over-density, groups, and clusters are
listed in Table 5. The missing rates and the false-detection rates are
defined as (Ng — Niy)/Ns and (N, — Niy)/N,, respectively. Here,
Ng, Ny, and Ny, denote the detection number from including spec-
z, the detection number from pure photo-z, and their intersection,
respectively. It appears that the results obtained from the pure photo-
z catalogue miss the true structures by 1.1 per cent to 1.7 per cent,
and have false-detection rates of 1.6 per cent to 3.3 percent. This
may imply that with the aid of a small fraction of spec-z sources
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Figure 10. Recovery rate as a function of redshift (left-hand panel) and richness (right-hand panel). The triangles and the circles show the results from the
mock cluster sample with different redshift NMAD values, of 0.03 and 0.06, respectively. The errors are estimated by the standard error. The dashed horizontal
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Table 4. Catalogue of X-ray clusters detected by ROSAT and Chandra in the AKARI NEP field. The columns are ID, right ascension, declination,
redshift, flux (0.5 to 2.0 keV), satellite that detected the X-ray cluster, and match with the cluster candidates in this work.

1D R.A. Dec. Redshift  Flux (ergem ™2 s~ 1) Detecting satellite Match in this work
RXJ1806.84+6537 271.715 +65.6294  0.26 274 x 10713 ROSAT Matched with cl6
RXJ1757.3+6631 269.3325 4+ 65.5275 0.69 3.40 x 10714 Both Matched with c148
RXJ1804.24+6729 271.065 +67.4892  0.06 499 x 10714 ROSAT Not matched
RXJ1754.74+6623 268.6904  + 66.3981 0.09 1.82 x 10713 ROSAT Not matched
RXJ1751.5 6719 267.8788  467.3222  0.09 1.85 x 10713 ROSAT Not matched
RXJ1758.9+6520 269.74 +653494 037 3.89 x 10714 ROSAT Not matched
RXJ1808.74+6557 272.1817 4659514 0.5 6.01 x 10714 ROSAT Not matched
J1755114-663354 268.797 + 66.565 0.54* 2.94 x 10714 Chandra Matched with c129

Note. *These values are determined in this work.
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Figure 11. Projected distance to the 10th-nearest neighbour as a function of
redshift for the photo-z sources in the COSMOS field. The symbols are the
same as in the left-hand panel of Fig. 4.

(even less than 1 percent of the whole selected sample), a marginal
improvement in the cluster-finding could be obtained.

MNRAS 506, 6063—-6080 (2021)

4.5 Future prospects

In this section, we describe some large projects for the near future
that may help in the study of galaxy clusters in the AKARI NEP field.
We envision that the cluster candidates provided in this work will
be the observation targets in these future projects and will hopefully
enhance the chances of finding real clusters. Furthermore, we will be
able to confirm how many cluster and cluster galaxy candidates are
true with the aid of these follow-up observations, and then we can
conduct further cluster studies or improve the cluster finding.

The NEP is one of the major targets of the Euclid mission (Laureijs
etal.2011), which also plans to carry out a large-area optical and mid-
IR survey for probing galaxy clusters (Euclid Collaboration 2019).
The cluster candidates found in this work will be useful as references,
and the results of Euclid will also help to advance cluster research in
the AKARI NEP field.

The X-ray detector eROSITA, which is expected to carry out an all-
sky survey and detect more than 10° galaxy clusters (Merloni et al.
2012), has now has been launched and is operational. Having more
detected clusters in the AKARI NEP field not only directly provides
the targets for cluster studies, but also assists the development of
cluster-detection programs like this work.

As shown in Sections 3.6 and 4.4, the redshift accuracy is
a key variable for our cluster finding. An accurate redshift can
only be achieved with a large number of spectroscopic reference
objects. Larger spectroscopic surveys on the NEP are planned using
the Subaru Prime Focus Spectrograph (PFS; Tamura et al. 2016),
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Figure 13. New detection rate as a function of redshift for the COSMOS data.
The red and the black squares show the results from the cluster candidates
defined by 20 and 30 members, respectively. The errors are estimated by the
Poisson error.

which is able to perform spectral observations of 2400 objects
simultaneously. Subaru PES is expected to start operation in 2023.
We expect that using Subaru PFS will dramatically increase the
sample size of spectroscopic objects in the AKARI NEP field in the
near future.

TolTEC (Bryan et al. 2018) is a millimetre-wave camera mounted
on the focal plane of the 50-m Large Millimeter Telescope (LMT).
It is able to provide sensitive three-band imaging at 2.0, 1.4, and
1.1 mm, with a beamsize of 9.5, 6.3, and 5 arcsec, respectively.
ToITEC also has fast mapping speed of 69, 20, 12, deg? mJy > h~!
at maximum, so it can conduct the 100-deg? Large Scale Structure
Survey. As one of the main scientific goals of TolTEC, this survey is
expected to probe galaxy clusters via the SZ eftect using TolTEC’s
advantageous detectors in its unique three bands.

5 SUMMARY

This work has developed an approach for searching galaxy cluster
candidates using only positional information based on the optical
detection of galaxies with as few requisites and selection biases as
possible. The cluster-finding process applies the friends-of-friends
algorithm to galaxy over-densities. The over-densities are selected
based on the normalized local surface density of every galaxy
determined by the 10th-nearest neighbourhood within individual
redshift bins. The linking process of the algorithm is designed to
utilize the redshift-dependent linking length and the constant linking
redshift. Galaxies having more than 10 friends are made into groups,
and groups with 30 or more members are defined to be cluster
candidates. All the parameters used in the cluster finding are listed
below.

(i) kth-nearest neighbourhood: 10th;

(ii) individual redshift bin: £0.065(1 + z);

(iii) over-density: >2 x median;

(iv) linking length: 0.146 [1 + 0.887 arctan (z/0.088)] Mpc;
(v) linking redshift: 0.032;

(vi) grouping criterion: 10 friends;

(vii) cluster definition: > 30 members.

As a result, a catalogue of 88 galaxy cluster candidates in the
AKARI NEP field is presented. Bright X-ray clusters at intermediate
redshift can be successfully recovered through our method. The
reliability analyses suggest that even under the worst case of the
photo-z accuracy, the cluster finding in this work still has a fair
performance in the recovery rate of 40 per cent, and a false-detection
rate of 1 percent at redshift 0.2 to 0.8. The cluster candidates with
richness greater than or equal to 15 especially have an excellent
recovery rate of 90 percent. Applying our cluster-finding method
to the COSMOS field resulted in a recovery of 80 per cent of high-
richness and high-S/N clusters. Although some cluster candidates
provided in this work might be contaminated by field galaxies, our
method is still able to detect some high-confidence cluster galaxy
candidates for further studies. The comparison with the pure photo-z
sample suggests that having a small fraction of spec-z sources slightly
improves the cluster finding. In addition, this method is useful as a
first screening for finding galaxy clusters from a large-area survey,
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Figure 14. Normalized number distribution of the stellar mass and SFR in log scale. The field galaxies and the cluster galaxies are plotted in black and red,
respectively. The mean values of each distribution are shown in corresponding colours.

Table 5. The detection numbers, missing rates, and false-detection rates of galaxy over-densities, groups, group galaxies, clusters, and cluster galaxies. The
columns two to four show the detection numbers obtained from the cluster-finding process with spec-z (Ns), with pure photo-z (Np,), and their intersection (Nin).
The fifth and the sixth columns from the left are the missing rate (N5 — Nint)/Ns) and the false-detection rate ((Np — Nint)Np) of the cluster finding using the

pure photo-z catalogue.

Ns—N; Np—Nint

Spec-z (Ns)  Pure photo-z (Np) Intersection (Nijy) Missing rate ( A int) (per cent)  False detection rate ( A )(per cent)
Over-density 28 498 28 559 28 093 14 1.6
Group 468 472 463 1.1 1.9
Group galaxy 10 345 10 446 10 164 1.7 2.7
Cluster 88 89 87 1.1 2.2
Cluster galaxy 4390 4461 4314 1.7 33

efficiently providing potential candidates for further X-ray, radio,
or any cluster studies. The NEP is a crucial area at which many
ongoing or future projects such as eROSITA and Euclid are aiming.
The method and cluster candidates provided by this work will be
good references for these projects.
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APPENDIX A: LINKING REDSHIFT

In this section, we discuss the usage of the redshift-dependent linking
redshift.

Az =As x (1+72), (A1)
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Figure Al. (Left-hand panel) Relationships between the maximum redshift difference generated from the linking process and the linking times for different
linking redshifts Az. The dashed, dotted, and solid lines represent the initial redshifts zo = 0.2, 0.5, and 0.8, respectively. (Right-hand panel) Difference between

the photo-z error, 0.065(1 + z), and different Az as a function of redshift.

where As is a constant value we choose for the linking process.
Then after linking j times, the redshift z; that the linking process
can extend in the most extreme case is described in a recurrence
relationship:

Zj=Zj,1+ASX(1+Zj71). (A2)

We solve this equation by adding 1 to both sides and then making
products from j = 1 to j = n to obtain

I+ 2z, =04 As)"(1 + z0). (A3)

We plot the relationship between the maximum redshift difference z,,
— 7o and the linking times n in the left-hand panel of Fig. A1. We plot
the relationships of constant linking redshift Az = 0.065 and Az =
0.032 in black triangles and blue circles. For the redshift-dependent
linking redshift, the relationship depends on the initial redshift z,
and thus multiple curves of zo = 0.2, 0.5, and 0.8 are plotted, with
dashed, dotted, and solid lines, respectively. The red squares and the
orange diamonds show the relationships of Az =0.032 (1 + z;) and
Az =0.016 (1 + z;). We compare the constant linking redshift Az =
0.032 used in this work with the redshift-dependent linking redshift
Az =0.032 (1 + z;). For the redshift-dependent one, an initial galaxy
atredshift 0.5 (zo = 0.5) can be grouped with a galaxy at redshift 1.06

(z10 = 1.06) after linking 10 times (n = 10), while the linking with
the constant value gives a deviation of 0.32 in this situation. Using
the redshift-dependent linking redshift with a smaller As can solve
the wide linking problem. However, another issue arises, namely
that the difference between our photo-z error, 0.065 (1 + z), and the
linking redshift becomes larger with smaller As, especially at low
redshift (right-hand panel of Fig. Al). To summarize, according to
this study we may not be able to claim which linking redshift is better,
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but at least there is no obvious benefit to using a redshift-dependent
one.

APPENDIX B: FLUX ESTIMATION OF THE
CHANDRA CLUSTER J175511+4+663354

We obtained the observed image (Krumpe et al. 2015) around
the Chandra cluster from Stacking Analysis of Chandra Images
(CSTACK?) developed by Takamitsu Miyaji. We detected the source
of the cluster using VIPDETECT (Ebeling and Wiedenmann 1993)
in Chandra Interactive Analysis of Observations (CIAO; Fruscione
et al. 2006). We set the scale parameter of VIPDETECT to be 0.15,
so that faint sources like clusters can be detected (Fig. B1). The X-ray
flux was estimated by Portable Interactive Multi-Mission Simulator
(PMMS?). The input parameters are listed in Table B1. The estimated
flux of the Chandra cluster in 0.5 to 2.0 keV is 2.937 x 1074
ergem 2 s~
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Figure B1. Smoothed Chandra image of the cluster J1755114-663354. The image is stacked by images in two bands (0.5 to 2.0 keV in red, and 2.0 to 8.0 keV
in blue). The green polygon covers the source region detected by VIPDETECT with the parameter scale = 0.15. The coordinates are plotted with cyan dashed
lines. The number in the colour scale bar is the count rate (in counts s™'), while the green colour in this scale bar is not used in this figure.

Table B1. Input parameters for the flux estimation of the Chandra cluster
J1755114-663354 using PIMMS. The NH stands for the column density of
hydrogen atoms.

Parameter Value
Mission CHANDRA-Cycle 12
Detector ACIS-1I
Grating None
Filter None
Input energy 0.5t0 2.0 keV
Model Plasma/APEC
Galactic NH 4 x 102 cm™2
Redshift 0.5
Redshifted NH 0
Abundance 0.2 solar
log T (keV) 7.5513.0575
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