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Abstract

This paper presents the identification of galaxy clusters from the photometric redshift catalog based on three
imaging surveys of SCUSS, Sloan Digital Sky Survey, and unWISE. By applying a fast clustering algorithm, we
obtain a total of 19,610 clusters in the redshift range of 0.05 < z < 0.65 over a sky area of about 3700 deg” in the
south Galactic gap. Monte Carlo simulations show that the false detection rate is about 8.9%. The redshift
uncertainty is estimated to be about 0.013. The mass and richness of detected clusters are derived through the
calibration based on the measurements of X-ray emission and Sunyaev—Zel’dovich effect. The median mass is

1.2 x 10" M.
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1. Introduction

As the largest gravitationally bound systems, galaxy clusters
encode rich information of the universe. Most matter (~80%)
of galaxy clusters is in form of dark matter, the luminous matter
(~3%—5%) is in galaxies, and the rest (~15%-17%) is in
diffuse hot gas (Feretti et al. 2012). Luminous matter of galaxy
clusters can trace the large-scale structure of the universe so
that galaxy clusters provide ideal laboratories to study the
relation between galaxies and their environments. Large
samples of galaxy clusters have supported a lot of studies on
cosmology (e.g., Gladders et al. 2007; Rozo et al. 2010) and
galaxy formation and evolution (e.g., Hao et al. 2011; Gu et al.
2016; Cerulo et al. 2019; Yoon et al. 2019).

The overdensity feature of galaxy clusters is so evident that it
can be easily detected in a single optical-band image
(Abell 1958; Abell et al. 1989). However, it is difficult to
separate foreground and background galaxies in a single band.
The member galaxies of such detected clusters might be
contaminated due to the projection effect. In the past two
decades, a number of wide or deep sky surveys have supported
the detections of large samples of galaxy clusters (York et al.
2000; Hambly et al. 2001; The Dark Energy Survey
Collaboration 2005; Skrutskie et al. 2006; Scoville et al.
2007; Wright et al. 2010; de Jong et al. 2013; Aihara et al.
2018). The multi-band observations provide helpful informa-
tion to separate galaxies in line of sight, so the clustering
feature of galaxies can be easily detected. Galaxy clusters can
be also detected in the X-ray and radio observations. The
intracluster medium is heated by adiabatic compression and

shocks to emit X-ray photons via thermal bremsstrahlung and
line emission (Voit 2005). The cosmic microwave background
(CMB) photons passing through the hot intracluster medium
can be excited by inverse-Compton scattering and produce a
characteristic spectral distortion to the CMB, known as the
Sunyaev—Zel’dovich (SZ) effect (Sunyaev & Zeldovich 1972;
Bleem et al. 2015). The detection of galaxy clusters based on
the observations of X-ray emission and SZ effect are
independent on redshift measurements. The mass of galaxy
clusters can be reliably determined by the weak-lensing
measurements. Only a few massive clusters have such mass
estimations (Wen & Han 2015). However, there are a plenty of
galaxy clusters with reasonable mass estimations from the
X-ray emission and SZ effect (e.g., Kravtsov et al. 2006; Pratt
et al. 2009; Hoekstra et al. 2012; Hasselfield et al. 2013; Zhao
et al. 2013), although the mass proxies may be biased due to
uncertain assumptions such as hydrostatic equilibrium and
spherical symmetry. These clusters can be used to calibrate the
properties of galaxy clusters identified in optical observations
(Szabo et al. 2011; Wen & Han 2015; Wen et al. 2018).

The detection methods based on multi-band imaging data
have been the most efficient ways to obtain large samples of
galaxy clusters. There are a number of studies about the
identifications of galaxy clusters with multi-band optical and
infrared imaging data. The most popular cluster catalogs are
based on the Sloan Digital Sky Survey (SDSS York et al.
2000), such as maxBCG (Koester et al. 2007), GMBCG (Hao
et al. 2010), AMF (Szabo et al. 2011; Banerjee et al. 2018),
WHL2012 (Wen et al. 2012), and redMaPPer (Rykoff et al.
2014). Koester et al. (2007) identified 13,823 clusters at
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0.1 < z < 0.3 using the maxBCG red-sequence method with
SDSS DRS5 data. Hao et al. (2010) applied a GMBCG
algorithm to SDSS DR?7 data and selected 55,424 rich clusters
at 0.1 < z < 0.55. Szabo et al. (2011) extracted a catalog of
69,173 clusters at 0.045 < z < 0.78 from SDSS DR6 using an
adaptive matched filter cluster finder and the photometric
redshifts provided by Oyaizu et al. (2008). Wen et al. (2012)
identified the largest catalog of 132,484 clusters in the redshift
range of 0.05 < z < 0.8 using the photometric redshifts of
galaxies from SDSS III. Rykoff et al. (2014) applied the red-
sequence cluster finder, redMaPPer, to SDSS DRS8 data and
presented a catalog of ~25,000 clusters over the redshift range
of 0.08 < z < 0.55. These cluster-finding algorithms are based
on either red-sequence feature of clusters or the overdensity
feature related to photometric redshifts. The red-sequence
methods rely on the color-magnitude relation of E/S0O galaxies
and the existence of a brightest cluster galaxy (BCG) located
close to the cluster center. The overdensity methods depend on
the photometric redshifts and can detect those galaxy clusters
not presenting obvious red-sequence features.

Combining the data from South Galactic Cap u-band Sky
Survey (SCUSS; Zhou et al. 2016; Zou et al. 2016), SDSS, and
unWISE (Lang 2014; Lang et al. 2016), we have constructed an
accurate photometric redshift (photo-z) catalog. Our catalog
includes about 23.1 million galaxies with r < 22 mag,
covering the redshift range of z < 0.8. The photo-z accuracy
is about 0.02. The systematic bias between photometric and
spectroscopic redshifts is reduced much compared with those
photometric redshift catalogs that are only based on SDSS
ugriz data. In this paper, we plan to apply a new fast
overdensity finding algorithm to the photo-z catalog and supply
a new catalog of galaxy clusters.

The structure of the paper is arranged as follows. Section 2
briefly describes the photometric data and corresponding
photometric redshift catalog. The K-corrections and absolute
magnitudes for galaxies are derived in this section. Section 3
presents the cluster-finding algorithm and its performance in
detail. The mass and richness of the detected clusters are
estimated in this section. Section 4 describes the cluster catalog
as well as comparisons with other catalogs. Section 5 gives the
summary. Throughout this paper, we assume a ACDM
cosmology with Q,, = 0.3, Qp =07, and
Hy = 70kms ' Mpc ™.

2. Photometric Redshifts and K-correction
2.1. The Photometric Redshift Catalog

Based on multi-wavelength photometric data from SCUSS,
SDSS, and unWISE, Gao et al. (2018) constructed a
photometric redshift catalog covering about 3700 deg” in the
south Galactic cap. A total of 7 bands were used in the
photometric redshift estimation, including SCUSS u, SDSS
griz, and WISE W1W2. The forced model photometry is used,
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which provides unbiased colors of galaxies. All model
magnitudes are measured according to the SDSS r-band model
shape parameters and point-spread function profiles in different
bands. The SDSS u band is replaced with the SCUSS u, which
is about 1.2 mag deeper. The unWISE creates new coadds of
the official WISE images and makes forced photometry on the
coadds with consistent model parameters of galaxies from
SDSS (Lang 2014; Lang et al. 2016). The unWISE photometry
is more complete than the official one. SCUSS u band and
WISE W1 and W2 bands help to reduce the systemic error
relative to those photometric redshift estimations that are only
based on the SDSS imaging data. We have estimated the photo-
zs for about 23.1 million galaxies with r band down to 22 mag
and redshift up to 0.8. The average bias of Az,om = Tphot ~ Zapen

1+ Zgpec
is estimated to be 2.28 x 10™*, where Zphot AN Zgpec pare
photometric and spectroscopic redshifts, respectively. The
photo-z accuracy, defined as the standard deviation of
AZporms 1S about 0.019.

As shown in Figures 5 and 7 of Gao et al. (2018), the photo-z
bias becomes larger at zg,e. > 0.6 and r > 21 and the photo-z
accuracy is better than 0.04 at r < 21 and goes up to 0.08 at
r = 22. The number of photometric bands (“n_filter””) used for
estimating the photo-z is also another key factor that determines
the photometric redshift quality. For n_filter = 5, 6, and 7, the
photo-z accuracy is 0.061, 0.028, and 0.019, respectively. We
set some limits to the photometric redshift catalog to ensure the
photo-z quality as shown below:

r<2l1.5,
0.05 < Zphot < 0.65,
n_filter > 5. (1)

We restrict our cluster identification with a low redshift cut of
Zphot > 0.05, because the clusters at z < 0.05 have been
effectively detected by both photometric and spectroscopic
data. After the constraints of Equation (1) are applied, about
40% of galaxies in the photo-z catalog are eliminated. A total of
about 14 million galaxies are used for detecting clusters in this

paper.

2.2. K-correction

The K-corrections and absolute magnitudes are derived by
using the method and code (kcorrect in IDL3) of Blanton &
Roweis (2007). The version of kcorrect is v4_3. This code uses
a technique of nonnegative matrix factorization to produce
nonnegative templates from the Bruzual-Charlot stellar evol-
ution synthesis models of galaxies. The templates are then used
to fit the observed spectral energy distributions of galaxies and
calculate the K-corrections. Following Wen & Han (2015), the
r-band luminosity of a galaxy is calculated in units of L*(z),
which is the evolved characteristic luminosity defined as

3 http:/ /keorrect.org/
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L¥*(z) = L*0) * 100422 with 0=1.16 and
M,*(O.l) = —20.44 taken from Blanton et al. (2003).

3. Cluster Detection
3.1. Algorithm Description

There are many methods to find the clustering features of
galaxies, however, the difficulty is to distinguish the cluster
members from the foreground and background galaxies. In this
paper, we use accurate photometric redshifts to relieve the
projection effect and use a new fast clustering algorithm,
Clustering by Fast Search and Find of Density Peaks
(CFSFDP), to detect the overdensities. The CFSFDP algorithm
was first proposed by Rodriguez & Laio (2014). It is based on
the idea that the cluster center is characterized by both a higher
density than their neighbors and a relatively large distance from
others with higher densities. The algorithm can effectively
detect clusters regardless of their shapes and automatically
exclude outliers (e.g., foreground and background galaxies).
The specific procedure of our cluster detection using photo-z
and CFSFDP algorithm is shown as below.

1. The local density (p) of each galaxy at a given redshift z
is calculated, which is defined as the number of galaxies
within a radius of 0.5 Mpc and a photometric redshift bin
of z = 0.04(1 + z). The redshift bin is set twice larger
than the photo-z accuracy so that 95.4% of cluster
members can be selected.

2. The shortest distance (€ in Mpc) from a given galaxy to
any other galaxies with higher local densities in the
redshift bin are measured. The 6 values of galaxy
members in a cluster should be small enough, except
for the density peak of the cluster.

3. The center candidate of a cluster is defined as the position
of the galaxies with the highest density, where plenty of
member galaxies are concentrated within a radius of
0.5Mpc. The local density p at the peak should be
significantly higher than the field galaxies. The average
density pgeq Of the field galaxies along the redshift is
measured over the entire footprint. At a specified redshift,
the field density is computed within the redshift bin of
z £ 0.04(1 4 z) and scaled to the circular area with a
radius of 0.5 Mpc. We require that the potential cluster
center should have p > 5pge1q, Which is high enough to
present the overdensity feature. The left panel of Figure 1
shows the galaxy distribution in the plane of p versus z.
The solid line presents 5 times pgeig-

4. The cluster center should also have a large enough value
of 6 so that it is located at a local density peak and
meanwhile far away from other peaks. According to the
galaxy cluster catalog of Wen et al. (2012), 99% of their
clusters have ryqg larger than 0.75 Mpc, where ry( is the
radius within which the mean mass density is 200 times
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that of the critical cosmic mass density. We set a looser
limit of 1.5Mpc to 6. Thus, the candidates of cluster
centers are those galaxies with 6 > 1.5 Mpc and
p > Spgea- The right panel of Figure 1 shows the galaxy
distribution on the plane of p versus 6. The blue points
represent for the cluster center candidates.

5. Once the center candidates have been found, the galaxy
members of a cluster are iteratively identified as the
galaxies with 6 < 0.5 Mpc linking to each other. The
recognition of members is performed in a single step so it
is much faster than the traditional friend of friend
algorithm.

6. The galaxy with the peak density is not always the BCG.
Usually the BCG is located near the densest region of the
cluster and brighter than other members (Koester et al.
2007; Hao et al. 2010). We simply decide the BCG
galaxy to be the brightest galaxy in r band around the
peak (<0.5 Mpc). The BCG galaxy is considered as the
final center.

7. The redshift of the cluster is determined as the one of the
BCG, denoted as zgcg. The members galaxies with
|Zphot — zBCG| > 0.04 * (1 + zpcg) are discarded. We
count the numbers of remaining cluster members with
distance <1 Mpc (N; mpc) and compute corresponding
total r-band luminosity (L; mpe in unit of L*). They are
considered as proxies of the cluster richness. We require
that the detected clusters have Njppe > 12.

Figure 2 shows an example of detected clusters on the sky.
The intensity map shows the galaxy density within a redshift
slice of 0.2 < z < 0.3. All the cluster centers, marked with
plus, are located at the overdensity spots. There are some
overdensity regions where no clusters are detected. Most of
them are caused by the projection effect of foreground and
background galaxies.

3.2. Evaluating the Algorithm

Due to the projection effect and uncertainty of photo-z, our
cluster finding algorithm might detect some false clusters. We
evaluate the algorithm through performing a Monte Carlo
simulation based on the real photometric data according to the
methods used in Wen et al. (2009) and Hao et al. (2010). We
select an arbitrary region with the area of 500 deg®. In this area,
all galaxy members of identified clusters are taken away from
the photometric redshift catalog. A random walk of 0-2 Mpc is
assigned to each of the remaining background galaxies. The
redshifts of the background galaxies are shuffled, where a
galaxy is assigned with the redshift of another randomly
selected galaxy. This procedure makes a new random back-
ground and at the same time reserves original galaxy
distribution on the sky caused by the projection effect. The
identified clusters are finally put back to their original
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Figure 1. Left: galaxy distribution on the plane of p vs. z. The intensity map shows the galaxy density. The blue solid line shows p = 5pge1q. Right: galaxy distribution

on the plane of p vs. 6. The cluster center candidates are marked as blue points.

(A color version of this figure is available in the online journal.)
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Figure 2. Galaxy distribution within a redshift slice of 0.2 < z < 0.3 in a 100
deg” region. The intensity map shows the galaxy density. The detected cluster
centers are marked with green pluses.

(A color version of this figure is available in the online journal.)

positions. A total of 10 simulations are performed and
corresponding 10 mock catalogs are generated.

Our cluster finding procedure is implemented with the above
10 mock catalogs. The re-identified clusters are compared with
original ones with a crossmatching separation of 1 Mpc and
redshift tolerance of |Az| < 0.05 following Hao et al. (2010).
The clusters recognized in the mock catalog might contain false
detections. Some of the original clusters might be submerged
into the background. We define the completeness and purity to
present the robustness of our detecting algorithm. The
completeness is defined as the fraction of the original clusters
that are found afresh from the mock catalog, while the purity is
defined as the fraction of identified clusters found from the
mock catalog that are also included in the original clusters.

Figure 3 shows the average completenesses and purities of
clusters identified in the mock catalogs as function of redshift
for different cluster richnesses. As the redshift increases or
Nj mpe decreases, both completeness and purity decrease
slightly. The overall completeness is about 92% (i.e., the
fraction of original clusters that are re-identified). The
completeness decreases from 97% to 86% in the redshift range
of 0.1-0.5. For Njwpe = 24, the completeness goes up to
95.8%. Most of missing clusters are either shifted to a new
center with distance of >1 Mpc away from the original
locations or assigned with a different redshift (Az| > 0.05).
There are a fraction of the missing clusters (about 27.5%) with



Publications of the Astronomical Society of the Pacific, 132:024101 (11pp), 2020 February

110

100 | R

M

©
o
T
!

~
o
T
!

Completeness(%)
3

6ol —  Nimpe212 |
—  Nippe>18
—  Niype=24
50 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5

Redshift

Gao et al.
110
100 E
90 |
)
2 80f
-
S
a
70
6ol —  Nipe=12 |
—  Nimpe>18
- Nl]Mpc>24
50 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5

Redshift

Figure 3. Left: Average completenesses of clusters identified in the mock catalogs as function of redshift for different cluster richnesses (N mpc). Right: Average

purities of clusters identified in the mock catalogs as function of redshift.
(A color version of this figure is available in the online journal.)

the calculated richness of N ppe < 12. The purity is equivalent
to the false detection rate. The overall false detection rate is
about 8.9%. The false rate drops to 3.6% for Ny pe = 24.
Most of the false detections have relatively low richnesses.

3.3. Richness and Mass Estimations

Richness is one of the primary parameters of galaxy clusters,
which traces the cluster mass. The detection of galaxy clusters
is affected by the selection effect of the photometric data. This
kind of selection effect causes an underestimation of richness
for clusters at relatively high redshift. Wen & Han (2015)
defined a richness estimator, Ry so0, Which is calibrated by
clusters with X-ray and SZ measurements. This richness
estimator is independent on redshift. Following Wen et al.
(2018), we use Ry 4 sqo to calibrate our richness estimator, Ry .,
which is defined as:

Rpsx = a * Ly * (1 4 2)°, )

where L vy, is the total r-band luminosity of cluster members
within a distance of 1Mpc from the BCG, a is a linear
coefficient, and b and ¢ are the power indices for luminosities
and the correction of redshift dependency, respectively. We get
a sample of 202 clusters through matching our clusters to those
with X-ray and SZ measurements in Wen & Han (2015). Based
on Ry 500 in Wen & Han (2015) and our measured L; ppe Of

these clusters, we derive best-fit richness estimator as below:
Rps =0.69 * L§pe * (1 4 22 3)

The left panel of Figure 4 shows the relation between R; . 500
and L; mpe colored by redshift. The fitted relations between
Rys 500 and L; ppe as shown in Equation (3) at z = 0.1, 0.3,
and 0.5are overplotted in this figure. The right panel of
Figure 4 shows the comparison between Ry soo in Wen & Han
(2015) and our richness R;,. The scatter is about 17.5 after
removing the outliers with a 30-clipping algorithm. There is no
significant redshift dependency of the richness difference. The
cluster mass is estimated using the scaling relation between the
mass and richness as shown in Equation (17) of Wen & Han
(2015), which is expressed
as log Mspp = (1.08 + 0.02)log Ry« — (1.37 £ 0.02).

4. The Cluster Catalog
4.1. Catalog Description and Examples

Our cluster catalogs contains 19,610 clusters detected from
the photometric redshift catalog based on SCUSS, SDSS, and
unWISE. The catalog is accessible online.* The redshift
coverage is between 0.05 and 0.65. Figure 5 shows the
distributions of the redshift, richness, and mass for the detected
clusters. The median redshift, richness, and mass are 0.35, 21.7,

4 http:/ /batc.bao.ac.cn/~zouhu/doku.php?id=projects:scuss_clusters:start
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Figure 5. Left: redshift distribution of galaxy clusters in our catalog. Middle: richness distribution.

and 1.2 x 10" M, respectively. Table 1 lists the contents
included in the catalog. The cluster centers are located at the
positions of BCGs. The photometric redshifts and spectro-
scopic redshifts if available for the clusters are provided. The
richness and mass of the clusters are estimated from the r-band
luminosity L wpe.

Figure 6 exhibits SDSS color images of three rich clusters at
different redshifts. The color images are retrieved from the
SDSS webpage.” The clusters are centered on BCGs. From
these images, we can see that a considerable number of

> hitp:/ /skyserver.sdss.org/dr14 /en /tools /chart /image.aspx

Ry, Migo(10M M)

Right: mass distribution.

elliptical (red) galaxies are concentrated. Figure 7 shows an
example of color-magnitude diagrams for member galaxies of
one arbitrarily selected rich clusters. Both plots of g — r versus
r and u — r versus r show the sequence of red galaxies. The
u — r color presents a larger scatter for the red sequence,
because the u#-band flux is more insensitive to the star formation
and dust extinction.

4.2. Photometric Redshift Uncertainty of Clusters

The redshift of the BCG is taken as the redshift of a cluster in
our catalog since BCGs have better photo-z estimations than
other members. Some of the BCGs have spectroscopic redshift
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Table 1

Catalog Contents of Our Galaxy Cluster Catalog
Column Unit Description
NAME Cluster order number
RA deg R.A. in J2000 of the BCG
DEC deg Decl. in J2000 of the BCG
Z_PHOTO Photometric redshift of the BCG
Z_SPEC Spectroscopic redshift of the BCG if existing (or else —10)
7Z_PHOTO_MEDIAN Median photometric redshift of member galaxies
N_IMPC Number of member galaxies around BCG galaxy within a radius of 1 Mpc
L_IMPC L The integrated luminosity of the member galaxies around BCG galaxy within a radius of 1 Mpc
RICHNESS Estimated richness calibrated using the catalog of Wen et al. (2012)
M_500 10 M., Estimated cluster mass within the characteristic radius®
Note.

 The characteristic radius is defined as the radius within which the mean mass density is 500 times that of the critical cosmic mass.

Figure 6. SDSS color images of three rich clusters detected at different redshifts of z = 0.11 (left), 0.37 (middle), and 0.5 (right). The BCGs are marked with red
circles. The bigger green circle demonstrates the distance of 0.5 Mpc from the center.

(A color version of this figure is available in the online journal.)

measurements. We present the redshift uncertainty of our
clusters by comparing with the spectroscopic redshifts with
photometric redshifts of the BCGs in Figure 8. The left panel of
this figure shows the zspec Versus zphor. The right panel displays
the distribution of Agz,.m, Which is fitted with a Gaussian
function. The expectation of Az, om is g = —0.000853 and the
standard deviation is oAzyem = 0.0125. The photometric
redshift uncertainty of our clusters is smaller than the general
uncertainty of the photo-z catalog (~0.02). By contrast, the
redshift uncertainties of other cluster catalogs are calculated as
0.015 for WHL2012, 0.015 for GMBCG, and 0.009 for
maxBCG and corresponding biases are 0.0013, 0.0018, and
0.003 for these catalogs, respectively. The maxBCG catalog
contains clusters at relatively low redshift (0.1 < z < 0.3), so
the redshift uncertainty is smaller.

4.3. Comparison with other Catalogs

As mentioned previously, there have been a number of
galaxy cluster catalogs that are based on SDSS data. The
discrepancy between these catalogs comes from several
aspects, including the photometric data, photometric redshift
estimation, and cluster detecting algorithm, etc. Our detection
of galaxy clusters are based on three imaging surveys. The
application of unWISE imposes the most significant limit to the
number of galaxies having good photometric redshifts due to
the shallower depth and lower resolution relative to the optical
data. However, the SCUSS u and unWISE WI1W2 help to
improve the photo-z quality. In the following sections, we
mainly make some comparisons with the Abell and WHL2012
catalogs.
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(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)
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Figure 9. Left: Richness distributions of the matched and un-matched clusters in our catalog. Middle: richness comparison of the matched clusters between our (R; )
and WHL2012 (R, 4 s00) catalogs. Right: The percentage of our clusters that are matched with WHL2012 catalog as function of redshift. Different lines represent for

clusters with different richnesses.
(A color version of this figure is available in the online journal.)

4.3.1. Comparison with the Abell Clusters

The Abell clusters are the most famous and clear on the sky.
The Abell catalog is obtained from CDS,6 including a total of
2712 clusters compiled by Abell et al. (1989). There are 465
clusters located in the SCUSS footprint. Most of the clusters
have no redshift information. Among the clusters with
redshifts, 19 clusters have z < 0.05 and are eliminated in our
comparison due to the redshift limit. The remaining 446 Abell
clusters are used to match with our catalog using our
photometric redshifts and a separation of 2 Mpc. There are
422 matched clusters, accounting for about 95% of the total
sample. A64 and A65 clusters are assigned to the same cluster
of ID = 2309 in our catalog. A2571 and A2573 are assigned to
the same cluster of ID = 17127 in our catalog. These cluster
pairs are close to each other, so that they are considered as one
single cluster by our cluster detection algorithm. Among the 24
un-matched Abell clusters, there are 16 clusters locating at
either the edges of the footprint or the regions where galaxies
have no photometric redshifts due to invalid photometry. The
rest 8 Abell clusters are lost due to relatively low p or € values.
If not counting the above 16 clusters, we get a matching rate of
about 98%.

4.3.2. Comparison with the WHL2012 Clusters

Wen et al. (2012) identified 132,684 galaxy clusters at
0.05 < z < 0.8 based on the photometric redshifts from SDSS-
III. These clusters were obtained by applying a friend of friend
algorithm to detecting the overdensity features. The WHL2012
catalog is the largest catalog, which used only SDSS data and
similar detecting method to this work. It was stated in Wen

° hup: //vizier.u-strasbg.fr/viz-bin/VizieR

et al. (2012) that the clusters at z > 0.42 were less complete
and had a biased smaller richness due to incompleteness of
member galaxies. Wen & Han (2015) updated the WHL2012
cluster catalog with a new richness estimator that was
calibrated the optical mass proxy using the X-ray and SZ
measurements. We use the updated catalog for comparison.
There are 32,884 galaxy clusters in the WHL2012 catalog
that are located in our footprint and in the redshift range of
0.05 < z < 0.65. These two catalogs are cross-matched using a
redshift error of |[Az] < 0.05(1 + z) (approximately 2.5 times
the photo-z error of clusters) and a separation of 2 Mpc. If
spectroscopic redshifts are available, we use the spectroscopic
redshifts instead of photo-zs for cross-matching. In addition, if
the cluster in WHL2012 and corresponding cluster in our
catalog have the same center (BCG), we consider them as an
identical cluster regardless of the redshift difference. We take
the WHL2012 catalog as the reference and get a total of 12,049
matched clusters in our catalog (61.4%). Since the cluster
detection of WHL2012 is based on only SDSS photometric
data and our work is based on both optical and near-infrared
data, the number of galaxies used in WHL2012 is much more
than that in this work. A considerable number of the WHL2012
clusters have relatively low richness so that they are below our
detection thresholds. The left panel of Figure 9 shows the
richness distributions of the matched and un-matched clusters
in our catalog. The common clusters identified by both
WHL2012 and this work have relatively large richnesses.
Among the un-match 6363 clusters, there are 1598 clusters
(25.1%) that can be matched to the AMF catalog of Banerjee
et al. (2018). The middle panel of Figure 9 shows the richness
comparison of the matched clusters between our and
WHL2012 catalogs. The richness estimations of these two
catalogs are consistent. The right panel of Figure 9 presents the
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fraction of our clusters that are also detected by WHL2012 as
function of redshift. The fraction of matched clusters decreases
as the redshift increases or richness decreases. For Ry, > 10,
20, and 30, the matching rates are about 66.3%, 78.2%, and
89.0%, respectively. We also compare the redshift accuracy of
our and WHL2012 cluster catalogs. A sample of 5488 matched
clusters have spectroscopic redshifts. Figure 10 shows the
distributions of Az, for both catalogs. The standard
deviation and bias of Az,om Of these matched clusters in
WHL2012 is 0.0127 and 0.0021, respectively, and those in our
catalog are 0.012 and —0.0007, respectively. The cluster
redshifts of our catalog has slightly smaller scatter and bias, but
as seen in Figure 8(c) of Gao et al. (2018), our photo-z bias
improves substantially relative to other deep photometric
redshift catalog, when comparing the photo-z based on only
SDSS photometry.

4.3.3. Comparison with the redMaPPer Catalog

Rykoff et al. (2014) introduced a red-sequence cluster finder,
redMaPPer, and applied to the SDSS DRS catalog. They
presented a catalog of ~25,000 clusters over the redshift range
of 0.08 < z < 0.55. Rozo et al. (2015) and Rykoff et al. (2016)
updated the algorithm and provided updated catalogs. In this
paper, we use the latest version (v6.3”) of the redMaPPer
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Figure 11. Left: the percentage of redMapper clusters that are matched with our catalog for different richnesses as function of redshift. Different lines represent for
clusters with different richnesses. Right: richness comparison of the matched clusters between our (R, ) and redMaPPer (\) catalogs. The dashed line shows y = x.

(A color version of this figure is available in the online journal.)
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catalog for comparison, which consists of 26,311 clusters over
the redshift range of 0.08 < z < 0.6.

There are a total of 7905 galaxy clusters in the redMapper
catalog located in our footprint. A sample of 5881 (74.4%)
redMapper clusters are matched with our catalog using a
redshift error of |Az] < 0.05(1 + z) and a separation of 2 Mpc.
The left panel of Figure 11 shows the fraction of the
redMaPPer clusters that are also detected by us for different
richnesses as function of redshift. The matching rate increases
with decreasing redshift and increasing richness. The red-
MaPPer cluster richness(\) is defined as the sum of the
membership probabilities of all the galaxies within a scale-
radius R, (Rykoff et al. 2012, 2016). We compare the
redMaPPer richness A with our R;, in Figure 11. From this
figure, we can see that the two richness estimations are roughly
consistent, although the relation is somewhat diffuse.

S. Summary

Based on the imaging data from SCUSS, SDSS, and
unWISE, we have obtained a photometric redshift catalog of
about 23.1 million galaxies with r < 22 mag and z < 0.8.
Comparing those photo-z catalogs based only on SDSS data,
our photo-z presents less bias and higher accuracy. In this
paper, we make use of this photo-z catalog to detect clusters by
introducing a new cluster-finding algorithm, CFSFDP, which
can detect the overdensities of galaxies efficiently. This
algorithm detect the clusters in the plane of local density of a
galaxy versus shortest distance from others with higher local
densities. It can rapidly find the local density peaks and
corresponding members.

A total of 19,610 clusters at 0.05 < z < 0.65 are identified
over the area of about 3700 deg? in the south Galactic cap. The
catalog can be accessed in the webpage (see footnote 4).
Monte-Carlo simulations present that the overall completeness
is 92% and the completeness rises to 95.8% for Ny pvpe = 24.
The overall false detection rate is about 8.9% and the false rate
drops to 3.6% for N vpe = 24. Comparing with the galaxies
with spectroscopic redshifts, the redshift uncertainty of our
clusters is estimated to be about 0.0125. The richness and mass
of the clusters are calibrated using the methods of Wen & Han
(2015), Wen et al. (2018), which is based on the X-ray and SZ
measurements. Our clusters have the median richness of 21.7
and median mass of 1.2 x 10" M. About 98% of the Abell
clusters in the SCUSS footprint are matched to ours clusters.
About 64% of our clusters are matched to the WHL2012
clusters. The matching rate increases with increasing richness
and decreasing redshift. For R;, > 30, the matching rate
reaches up to about 89%. We also make a comparison with the
redMaPPer cluster catalog, about 74.4% of the redMaPPer
clusters are identified by this work. The richness estimations
are roughly consistent, although these two catalogs are based
on two distinct algorithms.
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