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ABSTRACT
The 𝐴𝐾𝐴𝑅𝐼 space infrared telescope has performed near- to mid-infrared (MIR) observations
on the North Ecliptic Pole Wide (NEPW) field (5.4 deg2) for about one year. 𝐴𝐾𝐴𝑅𝐼 took
advantage of its continuous nine photometric bands, compared with NASA's 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 and
WISE space telescopes, which had only four filters with a wide gap in the MIR. The 𝐴𝐾𝐴𝑅𝐼
NEPW field lacked deep and homogeneous optical data, limiting the use of nearly half of the
IR sources for extra-galactic studies owing to the absence of photometric redshifts (photo-zs).
To remedy this, we have recently obtained deep optical imaging over the NEPW field with 5
bands (𝑔, 𝑟 , 𝑖, 𝑧, and 𝑌 ) of the Hyper Suprime-Camera (HSC) on the Subaru 8m telescope.
We optically identify AKARI-IR sources along with supplementary 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 and WISE data
as well as pre-existing optical data. In this work, we derive new photo-zs using a 𝜒2 template-
fitting method code (𝐿𝑒 𝑃ℎ𝑎𝑟𝑒) and reliable photometry from 26 selected filters including
HSC, 𝐴𝐾𝐴𝑅𝐼, CFHT,Maidanak, KPNO, 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 andWISE data.We take 2026 spectroscopic
redshifts (spec-z) from all available spectroscopic surveys over the NEPW to calibrate and
assess the accuracy of the photo-zs. At z < 1.5, we achieve a weighted photo-z dispersion of
𝜎Δ𝑧/(1+𝑧) = 0.053 with [ = 11.3% catastrophic errors.

Key words: catalogues – redshifts – infrared: galaxies

★ E-mail: simonsimon259@gapp.nthu.edu.tw

1 INTRODUCTION

Redshift is a crucial observable in studies of galaxies and in cos-
mology ( e.g., Ilbert et al. 2006; Tanaka et al. 2018; Salvato et al.
2019). Spectroscopic measurements are the best way to determine
the redshifts of extragalactic sources. However, in practice, it is hard
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to carry out spectroscopic observations for a huge number of targets
because of the enormous time and expense required. While many
current and future surveys provide photometric data, the spectra of
faint galaxies are not easy to obtain. Alternatively, calculating pho-
tometric redshift (photo-z) is an efficient and powerful way to get
redshift information for a very large number of galaxies. Accord-
ingly, the availability of large photometric datasets has been making
photo-z estimates an essential component in modern extragalactic
astronomy and cosmology studies.

To understand the cosmic star-formation history, it is important
to investigate infrared (IR) emission because more than half of the
UV-optical energy generated by star formation activity is obscured
by dust and re-emitted in IR (e.g., Goto et al. 2010, 2017). This is
a reason why the 𝐴𝐾𝐴𝑅𝐼 space infrared telescope was launched
in 2006. It immediately started a legacy survey–the NEP survey
program– covering 5.4 deg2 using its unique 9 filter bands (Mat-
suhara et al. 2006). The NEP-Wide (NEPW) survey detected and
catalogued 114,000 near- to mid-IR (NIR to MIR) sources pub-
lished by Kim et al. (2012). However, 20-30% of the NIR (𝑁2, 𝑁3
and 𝑁4 band) sources have remained optically unidentified, because
the follow-up optical imaging surveys were not deep enough, (e.g.,
the depth at 𝑟-band of the Canada-France-Hawaii Telescope CFHT
was ∼ 25.6 mag at rest frame; Hwang et al. 2007; Jeon et al. 2010;
Kim et al. 2012). The redshift and IR luminosity of these sources
have never been measured. Galaxies at z < 2 generally require both
optical and NIR photometry for reliable photo-z derivation. There-
fore, deep imaging with 5 bands (𝑔, 𝑟, 𝑖, 𝑧, and 𝑌 ) over the entire
NEPW field was obtained using the Subaru/Hyper Suprime-Cam
(HSC; Miyazaki et al. 2012, 2018; Goto et al. 2017, Oi et al. 2020,
in press). After data reduction with the recent pipeline, a multi-band
photometric catalogue was constructed (Kim et al. 2020, in press).
To perform photo-z estimation, here we use the panchromatic data
in this catalogue, from the optical 𝑢∗-band (CFHT) to the W2 band
of the Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010).

To compute photo-z in this work, spectral energy distribution
(SED) fitting was performed by using the PHotometric Analysis for
Redshift Estimate (𝐿𝑒 𝑃ℎ𝑎𝑟𝑒; Arnouts et al. 1999; Ilbert et al. 2006)
code. We present photo-z and associated probability distribution for
all the sources in the NEPW catalogue. We also discuss the physical
properties of faint IR sources in the NEPW field.

This paper is composed as follows; we describe our data sets
in Section 2. Photo-z calculation with the multi-band data set using
SEDfitting is presented in Section 3.Discussion of source properties
is provided in Section 4, followed by the conclusions in Section 5.
Throughout this paper, we adopt the AB magnitude system, and
assume a cosmology with H0 = 70 kms−1Mpc−1, ΩΛ = 0.7, and
ΩM = 0.3 (Spergel et al. 2003).

2 THE DATASETS

In this section, we present a brief description of the data we used
in this work: summary of the source matching process, the multi-
band photometry and the spectroscopic redshift (spec-z) data in the
NEPW field. The multiwavelength data were combined for the IR
sources from the 𝐴𝐾𝐴𝑅𝐼’s NEPW survey (Matsuhara et al. 2006;
Lee et al. 2009; Kim et al. 2012) cross-matched with the deep
Subaru/HSC optical data (Kim et al. 2020, in press).

2.1 Optical Identification of the AKARI Sources

This work is based on the deep optical imaging survey carried out by
the Subaru/HSC to cover the entire NEPW field of 𝐴𝐾𝐴𝑅𝐼 (Goto
et al. 2017, Oi et al. 2020, in press). The matching process was
done by Kim et al. 2020 (in press). For a detailed matching process,
please refer to Kim et al. 2020 (in press).

Kim et al. (2012) presented a photometric catalogue of IR
sources based on the NEPW survey of 𝐴𝐾𝐴𝑅𝐼 by using its 9 pho-
tometric bands of the IRC from 2-25 `m. In the NIR bands, the
𝑁2 filter reaches a depth of ∼20.9 mag, and the 𝑁3 and 𝑁4 bands
reach 21.1 mag. AKARI’s NEPW survey covered a circular area
of 5.4 deg2 centred at the NEP, using 9 continuous IRC filters
(𝑁2, 𝑁3, 𝑁4, 𝑆7, 𝑆9𝑊 , 𝑆11, 𝐿15, 𝐿18𝑊 , and 𝐿24). The official
pipeline version 6.5.3 was used to reduce the HSC data (Oi et al.
2020, in press). All the NEPW IR sources (135,157) were cross-
matched against the Subaru/HSC optical data (using a matching
radius determined by 3𝜎 of the mean positional offset), which are
eventually divided into two categories: clean (91,861) and flagged
(19,674) sources according to the Subaru/HSC flag information (Oi
et al. 2020, in press; Kim et al. 2020, in press). Those flagged
sources are with base_PixelFlags_flag_edge (Source is outside us-
able exposure region), base_PixelFlags_flag_bad (Bad pixel in the
Source footprint), and base_PixelFlags_flag_saturatedCenter (sat-
urated pixel in the source centre) equal to 1. At the same time,
23,622 sources remained unmatched to Subaru/HSC data (no-HSC
sources). We excluded the flagged and no-HSC sources in this work
because the photo-z estimation requires good optical photometry.
Those no-HSC sources in the NEPW will be discussed by Toba
et al. (2020). Kim et al. 2020 (submitted) also used additional sup-
plementary optical data previously obtained with SNUCAM (𝐵, 𝑅,
and 𝐼; Im et al. 2010) at the Maidanak Observatory (Jeon et al.
2010) and with CFHT/MegaCam (𝑢∗, 𝑔, 𝑟, 𝑖, 𝑧; Hwang et al. 2007;
Oi et al. 2014), even though they were not deep enough to identify
all the IR sources. Nonetheless, they are still valuable for providing
detailed optical photometric data points between HSC filters. The
𝑢∗-band data from CFHT/MegaCam covers the wavelength range
(∼0.3 `m) beyond the HSC filters. They also included the additional
CFHT/MegaPrime 𝑢-band data (PI: Goto, T.) reduced/calibrated by
Huang et al. (2020), which filled out the incomplete areal coverage
of the pre-existing 𝑢∗-band from the CFHT/MegaCam.

2.2 Spectroscopic Data

Among the 91,861 clean sources, we have 2,026 sources with
spec-z from various surveys (𝐴𝐾𝐴𝑅𝐼-HSC-specz sources). The
spectroscopic data are from several observations with various tele-
scopes/instruments in the optical, Keck/DEIMOS (Goto et al. in
prep. ; Shogaki et al. 2018; Kim et al. 2018), MMT/Hectospec
(HEC; Shim et al. 2013), WIYN/Hydra (HYD; Shim et al. 2013),
GTC (Miyaji et al. in prep.; Díaz Tello et al. 2017; Krumpe et al.
2015), in the NIR, Subaru/FMOS (Oi et al. 2017), and the NIR to
mid-infrared (MIR) (‘SPICY’ Ohyama et al. 2008, 2018).

Among 2,026 spec-z data, the largest number (∼ 60%) comes
from two spectroscopic campaigns (HEC & HYD) from Shim et al.
(2013). They targeted 𝐴𝐾𝐴𝑅𝐼 IR sources based on the MIR fluxes
at 11 `m (𝑆11 < 18.5 mag) and at 15 `m (𝐿15 < 17.9 mag). Ad-
ditional 𝑅-band magnitude cuts (16 < 𝑅 < 21 for HYD, 16 < 𝑅 <

22.5 for HEC) were introduced to secure reasonable signal-to-noise
(S/N) ratio based on the optical data from the Maidanak/SNUCAM
and CFHT/MegaCam. Most of these flux-limited sources are var-
ious types of IR luminous galaxies. The second largest group of
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spectra consisting of 20% of the whole spectroscopic sample, was
observed with Keck/DEIMOS over different years (Shogaki et al.
2018; Kim et al. 2018, Goto et al. in prep.).Most of these sources are
IR-selected star-forming galaxies (SFGs). Additional spectroscopic
data obtained mostly on the NEP Deep (NEPD) area including
published (e.g., ‘SPICY’ galaxies, Ohyama et al. 2008, 2018) and
unpublished spectra (e.g. Miyaji et al. in prep.) were included.

Fig. 1 shows the colour-colour diagrams for the Subaru/HSC
bands of all the galaxies in the catalogue. Red and black dots rep-
resent objects with and without spec-z, respectively. Although the
spectroscopic catalogue we used is a collection of spec-z from
several spectroscopic campaigns, they show consistent colour dis-
tributions. This is partly because they are all IR-selected galaxies in
the NEPW region.

Apart from source target bias, it is important to make sure there
is no strong mismatch in magnitude between the spec-z catalogue
and photometric catalogues. It is better to have a spec-z sample that
extends to faint enough magnitudes so that the catalogue is useful
for photo-z calibrations. To check this, we plot the histograms of the
Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, and 𝑌 -band galaxies’ magnitude distribution
(Fig. 2). The depth of our spectroscopic catalogue extends to ∼27
mag, ∼26 mag, ∼25 mag, ∼24 mag, ∼23 mag in Subaru/HSC 𝑔, 𝑟 ,
𝑖, 𝑧, 𝑌 -bands, respectively. However, the depth of the photometric
catalogue is still deeper by ∼ 1 mag in every HSC band. We needed
to check the magnitude distribution of spec-z sample so that it can
reproduce that of all the photometric samples.

We adopted a nearest neighbour (NN) approach (Lima et al.
2008) to reconstruct the magnitude distributions of the spec-z cat-
alogue by computing weights for all spec-z sources. The NN algo-
rithm is a non-parametric method used for classification and regres-
sion. As the algorithm does not take non-detection as an input, we
can only consider the bands with the largest amounts of detections
to prevent limiting the sample size. In our case, we use the Sub-
aru/HSC 𝑔, 𝑟, 𝑖, 𝑧, 𝑌 -bands magnitudes of 2026 spec-z objects with
89,035 photometric sources as input. The algorithm then matches
the magnitude distribution of 2026 spec-z objects with 89,035 pho-
tometric sources. 2026 weights for the spec-z sources are given as
outputs. Weights are the values that indicate the contribution of a
particular set of data. In this case, it is the contribution to magnitude
distribution. We show the weighted magnitude distributions of the
spec-z sample in Fig. 2 along with the magnitude distributions of
the photometric sample and the spec-z sample before weighting. In
the figure, the weighted reconstructions of the magnitude distribu-
tions show fairly good agreement with the photometric sample. We
present photo-z performance for both the weighted and unweighted
cases. The weighted photo-z performance is shown in square brack-
ets throughout this paper.

2.3 Ancillary Near- to Mid-IR Data

The 𝐽- and 𝐻-band catalogue (Jeon et al. 2014) of the NEP region is
obtained by using the Florida Multi-object Imaging Near-IR Grism
Observational Spectrometer (FLAMINGOS; Elston et al. 2006) on
the Kitt Peak National Observatory (KPNO). On the other hand,
the Wide-field Infrared Survey Explorer (WISE) mission surveyed
the whole sky in four bands; W1 (3.4 `m), W2 (4.6 `m), W3 (12
`m), and W4 (22 `m), with spatial resolutions of 6.1, 6.8, 7.4 and
12.0 arcsec, respectively. We adopted the north & south pole survey
catalogue data release, which covered the NEP region over an area
of ∼1.5 deg2 (Jarrett et al. 2011). Moreover, the CFHT/ Wide-field
InfraRed Camera (WIRCam) data is obtained from Oi et al. (2014).
The 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 InfraredArray Camera (IRAC) provided an IRAC1 and

Figure 1. Colour-colour diagrams for the Subaru/HSC bands of all the
galaxies in the catalogue. Red and black dots represent data with and without
spec-z, respectively.

IRAC2 two-band catalogue of the NEP field Nayyeri et al. (2018).
The observations covered 7.04 deg2.

We integrated all the filter information to take airmass, tele-
scope optics, Quantum Efficiency (QE) of the CCD into account,
along with the filter responses. This information is summarised in
Table 1. We also include the depth and full width half maximum
(FWHM) of the seeing size in this table. The descriptions of how
objects are detected and measured in each band is summarised in
APPENDIX A. The methodology to calculate the depths of each
band is summarised in the APPENDIX B. The filter responses are
also presented in Fig. 3.

2.4 Data Selection

In our catalogue, we found that in some cases, Subaru/HSC mag-
nitudes are fainter than CFHT/MegaCam data by > 0.5 mag. This
photometric discrepancy was found for about ∼ 1 % of the sources.
This discrepancy did not only originate from slightly different filter
responses between the two bands but also from the deblending or
multiple detections of structure of the source. In these cases, the
Subaru/HSC band’s flux of the bright sources is actually divided
into several pieces due to the saturation/deblending. Deblending
is caused by the source detection algorithm (of the Subaru/HSC
pipeline) to separate an integrated signal, originated from many
different places, eventually generated several split detections. As a
result, the source can be observed as separate sources in one of the
bands but only one source in other bands. Thus, there will be a
false detection of the target and the photometry of these sources is
incorrect.

To investigate these sources with inconsistent and incorrect
magnitudes, we plot SEDs of them. We found that many of these
cases are bright sources (MegaCam < 21.0 mag) both in the optical
and IR-bands. We show example images in all bands (Fig. 4 ; Note
that the images are scaledwith different factors tomake the structure
visible). The red circle in the centre is the position of the 𝐴𝐾𝐴𝑅𝐼

MNRAS 000, 1–20 (2015)
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Figure 2.Magnitude distributions of Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧,𝑌 -band galaxies. The grey filled histogram shows the magnitude distribution of the spec-z sample
before weighting. The orange filled histogram is the magnitude distribution of the photometric sample. The red histogram is the magnitude distribution of the
spec-z sample after weighting. Note that the histograms are normalised so that the area equals to 1.

source’s coordinates. The cyan circles are Subaru/HSC positions
(given by the Subaru/HSC pipeline) near the matching radius. We
mark the matched Subaru/HSC source which is cross-matched with
the 𝐴𝐾𝐴𝑅𝐼 source in the green circle. Eight of the Subaru/HSC
detections are problematic detections. They are mostly parts of
the spiral arm of the bright galaxy. Only one of them seems to
be a possible deblended source (or part of the HII region of the
galaxy) near AKARI_ID 134105, which appeared at the top left
of this spiral galaxy AKARI_ID 134105 in Subaru/HSC 𝑖-, 𝑧-, 𝑌 -
band images. The correct measurement (of the flux) on this galaxy
has to be integrated over the entire galaxy. However, the detection
and photometry are divided into nine. This magnitude discrepancy
affects the photo-z estimation for certain sources in a significant
way. As a problematic source with spec-z, we present the SED of
AKARI_ID = 134105 in Fig. 5. In this case, the CFHT/MegaCam
𝑖-band magnitude is brighter than Subaru/HSC 𝑖-band which covers
a similar wavelength as the former. As a result, there are two peaks
in the probability distribution function (PDF), which is shown in
the top-left panel. This indicates that 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒 is confused by the
magnitude discrepancy. In this case, 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒 tried to take the
average of the two magnitudes and fitted the source with a galaxy
template of photo-z = 0.0055 (spec-z = 0.028 for this source).

To prevent poor SED fitting for these problematic sources,
we adopt criteria to avoid using ’erroneous’ Subaru/HSC photom-
etry for these sources. We calculate the significance of the mag-
nitude difference between the two systems, Subaru/HSC 𝑖-band
(_eff=7656.0Å), and CFHT/MegaCam 𝑖-band (_eff=7467.4Å). The
significance of the magnitude difference between the two systems is
defined as 𝜎Δ𝑚𝑎𝑔

= |𝑖𝐻𝑆𝐶 − 𝑖𝑀𝑒𝑔𝑎𝐶𝑎𝑚 |/
√︃
𝜎2
𝑖𝐻𝑆𝐶

+ 𝜎2
𝑖𝑀𝑒𝑔𝑎𝐶𝑎𝑚

.
We plot the histogram of the significance of the magnitude differ-
ence between the two systems and overplot it with its 5𝜎. (Fig. 6, top
panel). There are 155 out of 26,581 CFHT/MegaCam sources ( < 1
% ) above the 5𝜎 distribution. The number of problematic sources
selected by this method is very low. Therefore, applying this cri-
terion does not affect photo-z accuracy significantly. However, it

is important to prevent users from using sources with incorrect
magnitudes. Therefore, we flag these problematic sources in the on-
line version of the catalogue (Flag_2; Table 2). We found 3 major
reasons that caused magnitude discrepancy in the HSC-MegaCam
cases: false detections of galaxy structures, deblending of sources,
and bad photometry. All cases appear equally often. We flag these
problematic sources (Flag_2; Table 2). Great care should be taken if
these sources are to be used in research. We present more examples
of such problematic source images in Fig. 7.

In some other cases, Subaru/HSC data are inconsistent with
Maidanak/SNUCAM data. We compare their Subaru/HSC and
Maidanak/SNUCAM photometry with a similar way as HSC-
MegaCam cases. In this case, Maidanak/SNUCAM 𝐼-band mag-
nitude is brighter than Subaru/HSC 𝑧-band which is at a similar
wavelength to the former. This kind of source suffers from the same
problem as we found in the MegaCam-HSC case. However, there
is no SNUCAM-HSC case suffering from bad photometry in the
SNUCAM images. The 2 major reasons that caused magnitude dis-
crepancy in HSC-SNUCAM cases: multiple detections of galaxy
structures, deblending of sources. Both these problems appear with
a similar frequency.

We calculate the significance of the magnitude difference be-
tween the two systems, Subaru/HSC 𝑧-band (_eff=8902.1Å), and
Maidanak/SNUCAM 𝐼-band (_eff=8603.3Å). The significance of
the magnitude difference between the two systems is defined as
𝜎Δ𝑚𝑎𝑔

= |𝑧𝐻𝑆𝐶 − 𝐼𝑆𝑁𝑈𝐶𝐴𝑀 |/
√︃
𝜎2𝑧𝐻𝑆𝐶

+ 𝜎2
𝐼𝑆𝑁𝑈𝐶𝐴𝑀

. We plot
the histogram of the significance of the magnitude difference be-
tween the two systems and overplot it with its 5𝜎. (Fig. 6, bottom
panel). There are 173 out of 30,487 Maidanak/SNUCAM sources (
< 1 % ) above the 5𝜎 distribution. We also flag them in the online
version of the catalogue (Flag_2; Table 2).

MNRAS 000, 1–20 (2015)
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Figure 3. All the filters and the transmission curves we used in this work. The atmosphere (an airmass), telescope instruments, QE of the CCDs were taken
into account together with the filter shapes to present these final filter transmissions.

MNRAS 000, 1–20 (2015)
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Figure 4. A source detected in Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 -bands and 𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4-bands. The red circle shows the position of 𝐴𝐾 𝐴𝑅𝐼 detection
(AKARI_ID:134105). The green circle shows the Subaru/HSC detection coordinates which matches the same 𝐴𝐾 𝐴𝑅𝐼 source. The cyan circles show the
positions of Subaru/HSC detections (by the Subaru/HSC pipeline). The radius of the circles is 1 arcsec. Note that we apply arbitrary scaling to the images at
each panel to make the structure clearer.

MNRAS 000, 1–20 (2015)
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Table 1. Effective wavelength (_eff), full width half maximum (FWHM) of the filter transmission, depth, FWHM of point spread function (PSF) and its
reference of all the filters we discuss in this paper. A summary of definitions of depths from different sources is presented in APPENDIX B.

Filter _eff (Å) FWHM (Å) 5𝜎 depth mag [`Jy] FWHM of PSF (") Reference

Maidanak/SNUCAM-𝐵 4242.9 926.5 23.4 [1.58] 1.40 Jeon et al. (2010)
Maidanak/SNUCAM-𝑅 5402.3 1459.7 23.1 [2.09] 1.20 Jeon et al. (2010)
Maidanak/SNUCAM-𝐼 8603.3 3370.2 22.3 [4.36] 1.10 Jeon et al. (2010)
Subaru/HSC-𝑔 4723.4 1386.6 28.6 [0.01] 0.68 Oi et al. 2020 (in press)
Subaru/HSC-𝑟 6136.2 1502.9 27.3 [0.04] 1.25 Oi et al. 2020 (in press)
Subaru/HSC-𝑖 7656.0 1553.6 26.7 [0.08] 0.84 Oi et al. 2020 (in press)
Subaru/HSC-𝑧 8902.1 773.0 26.0 [0.14] 0.76 Oi et al. 2020 (in press)
Subaru/HSC-𝑌 9749.8 782.8 25.6 [0.21] 0.73 Oi et al. 2020 (in press)

CFHT/MegaPrime-𝑢 3827.2 758.4 25.8 [1.04] 0.94 Huang et al. (2020)
CFHT/MegaCam-𝑢∗ 3881.6 653.7 25.9 [0.16] 0.94 Oi et al. (2014)
CFHT/MegaCam-𝑔 4767.0 1433.8 26.1 [0.13] 0.96 Oi et al. (2014)
CFHT/MegaCam-𝑟 6191.7 1218.8 25.6 [0.21] 0.88 Oi et al. (2014)
CFHT/MegaCam-𝑖 7467.4 1570.9 24.9 [0.39] 0.84 Oi et al. (2014)
CFHT/MegaCam-𝑧 8824.0 935.5 24.0 [0.91] 0.86 Oi et al. (2014)

KPNO/FLAMINGOS-𝐽 12407.9 1563.5 21.6 [8.30] 1.80 Jeon et al. (2014)
KPNO/FLAMINGOS-𝐻 16221.3 2807.8 21.3 [11.0] 1.70 Jeon et al. (2014)
CFHT/WIRCam-𝑌 10258.8 1105.3 23.4 [1.58] 0.80 Oi et al. (2014)
CFHT/WIRCam-𝐽 12481.5 1587.5 23.0 [2.29] 0.81 Oi et al. (2014)
CFHT/WIRCam-𝐾𝑠 21337.8 3270.5 22.7 [3.02] 0.66 Oi et al. (2014)
𝐴𝐾 𝐴𝑅𝐼 /IRC-𝑁 2 22684.4 8468.7 20.9 [15.4] 4.80 Kim et al. (2012)
𝐴𝐾 𝐴𝑅𝐼 /IRC-𝑁 3 31302.7 11573.9 21.1 [13.3] 4.80 Kim et al. (2012)
𝐴𝐾 𝐴𝑅𝐼 /IRC-𝑁 4 42505.2 16343.2 21.1 [13.6] 4.90 Kim et al. (2012)

WISE1 33156.6 6357.9 18.1 [18.0] 6.10 Jarrett et al. (2011)
WISE2 45645.0 11073.2 17.2 [23.0] 6.40 Jarrett et al. (2011)

𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1 35075.1 7431.7 21.8 [6.45] 1.97 Nayyeri et al. (2018)
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC2 44365.8 10096.8 22.4 [3.95] 1.93 Nayyeri et al. (2018)
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Figure 5. An example SED of a problematic source, where Maid-
anak/SNUCAM’s photometry is inconsistent with Subaru/HSC’s. The red
curve in the main panel is the best-fitted galaxy SED template. The embed-
ded panel shows the probability distribution function (PDF) of the photo-z.

Figure 6. Top panel: histogram of the distribution of magnitude differ-
ence between the Subaru/HSC 𝑖-band and CFHT/MegaCam 𝑖-band. Bottom
panel: histogram of the distribution of magnitude difference between the
Subaru/HSC 𝑧-band and Maidanak/SNUCAM I-band. The green dashed
line in the two panels represents the 5-sigma of the distribution. Note that
the y-axis is in logarithmic scale.
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Figure 7. Examples of problematic sources mentioned in section 2.4. The top panel presents a deblended source AKARI_ID 12072. The bottom panel presents
a source AKARI_ID 55071 with bad photometry in the MegaCam image. The red circle marks the forced coordinate position in HSC. The green circles mark
the HSC detection coordinates near the source at forced coordinates. The size of the circles is 2.52 arcsec (definition of aperture size during measurement of
photometry).
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3 PHOTO-Z WITH SED TEMPLATE FITTING

We derived the photo-z of the NEPW sources using the software 𝐿𝑒
𝑃ℎ𝑎𝑟𝑒 (Arnouts et al. 1999; Ilbert et al. 2006), which is based on
a 𝜒2 template fitting method. We use a function, AUTO_ADAPT,
in 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒 for adjusting magnitude zero-points to match the
templates with the existing spec-z. Typical magnitude offsets from
AUTO_ADAPT are ∼0.02 for most of the tests throughout the paper.
We also slightly adjust the error by adding 0.05 mag to Subaru/HSC
photometry in the quadrature to compute better photo-z follow-
ing Aihara et al. (2018), and Oi et al. 2020 (in press). They have
suggested this error to avoid underestimation of HSC magnitude
uncertainty that may lead to an unrealistic PDF.

We assessed the photo-z accuracy by comparing with the
spec-z. We can estimate the photo-z dispersion from 𝜎Δ𝑧/(1+𝑧)
which is conventionally defined using the normalised median abso-
lute deviation (NMAD(|Δz|); Hoaglin et al. 1983) with 𝜎Δ𝑧/(1+𝑧)
=1.48×NMAD(|Δz|). This dispersion estimate is robust to catas-
trophic error rate, [ and outliers are defined as |Δz|/(1 + 𝑧𝑠)>
0.15. These are the two main indicators of photo-z performance.
A smaller photo-z dispersion and catastrophic error rate indicate a
better photo-z performance. We define Ngal as a number of galaxies
with photo-z computed in the test within certain redshift.

Photo-z estimation is a regression type of analysis. Therefore,
the process of learning the relationships among variables is very
important. In this paper, we focus on two major parameters, which
are the template model, and filter combination. We compare dif-
ferent parameter set-ups and find out the best set-up in our NEP
band-merged catalogue case.

3.1 Comparison of different template models

SED template fitting involves building a library of observed and/or
model templates for many redshifts and matching these to the ob-
served SEDs to estimate the redshift. Therefore, choosing the best
template model is very important.

We compare different photo-z results by 6 different commonly
used template libraries: COSMOS (Ilbert et al. 2009), SWIRE (Pol-
letta et al. 2007), AVEROIN_NEW (Arnouts et al. 1999), BROWN
(Brown et al. 2014), CWW (Coleman et al. 1980; Calzetti et al.
1994), SALVATO (Salvato et al. 2009). There is no active galactic
nuclei (AGN) template in the COSMOS template library. There-
fore, we add 6 AGN templates from SWIRE and make a new tem-
plate library. We call this COSMOS_AGN. Our controlled variable
is 26-bands filter combination, which are Maidanak/SNUCAM 𝐵,
𝑅, 𝐼, Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 , CFHT/MegaCam 𝑢∗, 𝑔, 𝑟, 𝑖, 𝑧,
CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐻, CFHT/WIRCam𝑌 ,
𝐽,𝐾𝑠 , 𝐴𝐾𝐴𝑅𝐼/IRC𝑁2,𝑁3,𝑁4,WISEW1,W2, and 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC
1 and 2. Our target redshift range is 0 < z < 1.5. We summarise the
comparison of results obtained using different template libraries in
Table 3. We use the median as a point estimate for estimation of the
photo-z. Note that some models failed to compute photo-z for some
of the sources due to the large reduced 𝜒2 value (>1,500) when the
photometry is fitted to the galaxy templates. There are only 3 out
of 2026 sources suffering from this problem in the spectroscopic
sample.

After we compare different templatemodels, we find that COS-
MOS performs the best in terms of both catastrophic error and
photo-z dispersion for our band-merged catalogue. It achieves a
redshift dispersion of 𝜎Δ𝑧/(1+𝑧) = 0.054 [0.053] with the catas-
trophic error of [ =13.3% [11.3%] at z < 1.5. The weighted photo-z
performance is shown in square brackets. In COSMOS, there are

31 model templates for different types of galaxies and it is also the
library with the highest number of templates. This is very likely to
be the reason why COSMOS performs the best in this case.

3.2 Comparison of different filter combinations

Optical bands are important, as low-redshift galaxies’ spectral break
features in the SED are significant at those wavelengths. Moreover,
the 𝑢∗-band is important because they can trace the Balmer break
feature in an SED at very low redshift. NIR data are also precious
in our analysis as it can trace the Balmer break feature in an SED
out to higher redshift. Here, we compare different combinations
among 26-band optical-NIR photometric data.We investigatewhich
combination is most suitable for our photo-z analysis. For each band
combination, we performed an SED fitting analysis to derive photo-
z accuracy. We summarise the comparison of the results obtained
with different filters combinations in Table 4.

After we compare different template models, we find that
set B1, 26 bands photometry performs the best in terms of both
catastrophic error and photo-z dispersion for our band-merged cat-
alogue. They are Maidanak/SNUCAM 𝐵, 𝑅, 𝐼, Subaru/HSC 𝑔,
𝑟 , 𝑖, 𝑧, 𝑌 , CFHT/MegaCam 𝑢∗, 𝑔, 𝑟, 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽,𝐻, CFHT/WIRCam𝑌 , 𝐽,𝐾𝑠 , 𝐴𝐾𝐴𝑅𝐼/IRC
𝑁2, 𝑁3, 𝑁4, WISEW1,W2, and 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC 1 and 2. It achieves
a redshift dispersion of 𝜎Δ𝑧/(1+𝑧) = 0.054 [0.053] with the catas-
trophic error of [ =13.3% [11.3%]. The weighted photo-z perfor-
mance is shown in square brackets. Note that set filter combination
B7 performs worse than B1. The only difference between these two
is the absence of 𝐴𝐾𝐴𝑅𝐼/IRC 𝑁2, 𝑁3, 𝑁4-bands. This emphasises
the strength of the NEPW survey is the incorporation of 𝐴𝐾𝐴𝑅𝐼
data which improves photo-z performance. Set B12 is the filter com-
bination used by Oi et al. (2014), who only analyzed the NEPD, a
smaller region inside the NEPW field. As there are just a few filter
sets, the number of sources decreases significantly. This indicates
the importance of other filters for the sources outside the deep field
region.

3.3 Star/Galaxy Classification

For each source, 𝜒2 value is evaluated for both the galaxy tem-
plates and stellar SED templates (Pickles 1998; Chabrier et al.
2000; Bohlin et al. 1995). We use the 𝜒2 value to separate stars and
galaxies. Note that we rely on the SED when separating stars and
galaxies, rather than on morphological information such as stellar-
ity and extendedness. This is because we do not want to exclude
AGN/quasars as point sources. If 𝜒2

𝑔𝑎𝑙
> 𝜒2𝑠𝑡𝑎𝑟 , where 𝜒2𝑔𝑎𝑙 and

𝜒2𝑠𝑡𝑎𝑟 are the minimum 𝜒2 values obtained with the galaxy and
stellar templates, respectively, the object is flagged as a possible
star.

We use spectroscopically confirmed samples (Krumpe et al.
2015) to examine the performance of the SED 𝜒2 classification. For
stars, they were in excellent agreement: 5/5 of the spectroscopically
confirmed stars are classified correctly. For galaxies, 1,588/1,616
of the spectroscopically confirmed galaxies are classified correctly.
Note that we are not focusing on AGN classification in this paper,
but only separating the stars from this catalogue samples. AGN
classification of the NEPW field will be discussed in Wang et al.
(2020).

After separating stars and galaxies, we use colour-colour di-
agnostics to check the performance of our star/galaxy classification
(e.g., Ilbert et al. 2009; Daddi et al. 2004). We plot Subaru/HSC

MNRAS 000, 1–20 (2015)
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Table 3. Different photo-z results with different SED templates at photo-z < 1.5. The weighted photo-z performance is shown in square brackets.

Set Template name N𝑔𝑎𝑙 [ [weighted [] 𝜎Δ𝑧/(1+𝑧) [weighted 𝜎Δ𝑧/(1+𝑧) ]

A1 COSMOS 1,921 13.3% [11.3%] 0.054 [0.053]
A2 SALVATO 1,906 22.9% [29.9%] 0.105 [0.130]
A3 SWIRE 1,949 19.6% [17.6%] 0.085 [0.085]
A4 AVEROIN_NEW 1,942 16.3% [14.8%] 0.066 [0.062]
A5 BROWN 1,937 17.0% [16.2%] 0.060 [0.060]
A6 CWW 1,921 17.9% [17.8%] 0.092 [0.101]
A7 COSMOS_AGN 1,941 16.5% [17.2%] 0.056 [0.055]

𝑔-band minus 𝐴𝐾𝐴𝑅𝐼 𝑁4 versus Subaru/HSC 𝑔-band minus Sub-
aru/HSC 𝑖-band. Fig. 8 shows 3 different sequences, which are well
distinguished by their colours. Sources marked in red and black are
sources with 𝜒2

𝑔𝑎𝑙
< 𝜒2𝑠𝑡𝑎𝑟 , which are classified as galaxies with

z > 1 and z < 1, respectively. Sources in green are sources with
𝜒2𝑠𝑡𝑎𝑟 < 𝜒2𝑔𝑎𝑙 , which are classified as stars. Green stellar sequence
is isolated at the bottom of the three sequences. Spectroscopically
confirmed stars and galaxies are also plotted on Fig. 8. Blue dots
and green stars are evenly distributed on the red+black and green
dots, respectively. There are 24,110 out of 91,861 objects with 𝜒2

𝑔𝑎𝑙

> 𝜒2𝑠𝑡𝑎𝑟 . They are flagged as possible stars in this NEP photo-z
catalogue (Flag_1; Table 2).

3.4 Best parameters for photo-z accuracy

After the analysis of both model templates and filter combinations
in Section 3.1 and 3.2, we conclude that we have the following
best parameters assuming the best photo-z performance (the low-
est catastrophic error and photo-z dispersion). For filter combi-
nations, we use 26 bands from optical to NIR (< 7 `m) photo-
metric data. They are Maidanak/SNUCAM 𝐵, 𝑅, 𝐼, Subaru/HSC
𝑔, 𝑟, 𝑖, 𝑧, 𝑌 , CFHT/MegaCam 𝑢∗, 𝑔, 𝑟, 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽,𝐻, CFHT/WIRCam𝑌 , 𝐽,𝐾𝑠 , 𝐴𝐾𝐴𝑅𝐼/IRC
𝑁2, 𝑁3, 𝑁4, WISEW1,W2, and 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC 1 and 2. For galaxy
templates, we use COSMOS (Ilbert et al. 2009). Following Ilbert
et al. (2009), we apply 4 different extinction laws to the COSMOS
SED templates. They are SMC, star burst, SB calzetti with two
different types of bumps (See Bolzonella et al. 2000, for more de-
tails of these extinction models), with reddening E(B-V) of 0.000,
0.100, 0.200, 0.300, 0.400, 0.500 for each extinction law. Ilbert
et al. (2009) found out COSMOS SEDs have the best performance
with the above configuration. The parameter set-up of this work is
summarised in Table 5. Statistics of different templates used when
running photo-z with the whole catalogue is summarised in Fig. 9
and Table 6. Spectra of the templates are presented in Fig. 10.

At photo-z < 1.5, we reach a weighted redshift dispersion of
𝜎Δ𝑧/(1+𝑧) = 0.053. The weighted catastrophic error rate is [ =
11.3%. Fig. 11 shows the photo-z versus spec-z diagram. Fig. 12
shows the photo-z distribution histogram for the whole catalogue.
There are 78,574 sources for z < 1.5. We also plot the redshift dis-
tribution of the COSMOS field (Laigle et al. 2016). There are many
more sources in COSMOS because they havemuch deeper data than
ours (∼2 mag). We limit the HSC 𝑖-band magnitude to its depth,
25.97 (mag) and fit the normalised histograms with Gaussian. For
NEP photo-z, it has a peak position of (z, 𝑁𝑛𝑜𝑟𝑚)=(0.728, 0.818),
which 𝑁𝑛𝑜𝑟𝑚 is the normalised number count, and a standard devi-
ation (𝜎) of 0.454. For COSMOS photo-z, it has a peak position of
(z, 𝑁𝑛𝑜𝑟𝑚)=(0.873, 0.643) and a 𝜎 of 0.618. COSMOS’s photo-z
has a larger redshift peak position and a larger 𝜎 in its redshift

range. To explain this, COSMOS has a smaller field (2.0 deg2) cov-
erage compared with NEP (5.4 deg2). Therefore, COSMOS might
be affected by large scale structures in the field area and thus the
redshift range is different from NEP.

From Table 3, and Table 4, most of our set-ups show a better
photo-z performance after weighting. In general, we should have
worse photo-z for faint or higher redshift galaxies. However, this is
not the case in the NEP with our 26-band photometry. In our paper,
the major optical data are the HSC and >95% of the sources have
detections in HSC. We used 5 bands in HSC, which are 𝑔, 𝑟 , 𝑖, 𝑧,
and𝑌 . They cover wavelengths of ∼0.4-1 `m. Photo-z performance
is very good at z∼0.4-1.5 because we can capture the Balmer break
using the HSC photometry within this redshift range. Therefore,
these fainter galaxies have good photo-z estimation, and improve
the accuracy after weighting within z∼0.4-1.5. For brighter galax-
ies at z∼0-0.4, we need 𝑢-band data to capture the Balmer break.
However, our MegaPrime/MegaCam 𝑢-band data do not cover the
whole NEPWfield (<40%with detections). Even when they do, it is
not deep enough compared to the HSC data. Thus, brighter galaxies
at z∼0-0.4 sometimes have worse photo-z. We have checked the
photo-z dispersion and catastrophic errors in smaller redshift bins
i.e. z=0.0-0.2, z=0.2-0.4... The photo-z dispersion and catastrophic
error indeed worsen after weighting at z<0.4. On the other hand,
photo-z dispersion and catastrophic error improve in z∼0.4-1.5 after
weighting. Then, they become worse again at z>1.5 as the Balmer
break is redshifted to 𝐽-band.

We provide the probability distribution function (PDF, defined
as

∫
𝐹 (𝑧)𝑑𝑧 between 𝑧𝑏𝑒𝑠𝑡 ±0.1(1+ 𝑧)) for all photo-z in the online

catalogue (PDF in Table 2, so that users can decide their sample
selection criteria based on the PDF.)

4 DISCUSSION

4.1 Photo-z of AGN

An AGN is a luminous compact region at the centre of a galaxy.
The SED of a galaxy with an AGN differs from that of normal
SFGs due to the strong radiation from the accretion disk around the
supermassive black hole, and higher dust temperature. Although
AGN are very bright, they may be obscured by gas and dust. The
obscured AGN could be missed by optical observation. Therefore,
MIR data is more important to overcome this problem (Toba et al.
2015; Toba & Nagao 2016; Goto et al. 2019).

In this section, we discuss the effect of AGN on photo-z per-
formance. In Section 3.1, we consider the effect of AGN in our
catalogue. We already tested the addition of Polletta’s AGN tem-
plates into COSMOS, to see if we achieve a better performance
than Polletta’s template or the COSMOS template. From Table. 3,
the templates without AGN perform better. This is probably be-
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Table 4. Different photo-z results by different filter combinations for photo-z < 1.5. The weighted photo-z performance is shown in square brackets.

Set No. of filters Ngal [ [weighted [] 𝜎Δ𝑧/(1+𝑧) [weighted 𝜎Δ𝑧/(1+𝑧) ] Filter combination

B1 26 1,924 13.3% [11.3%] 0.054 [0.053] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4, 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B2 23 1,925 17.1% [14.5%] 0.077 [0.066] Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 , CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧,
CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐽 , 𝐻 ,
CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 , 𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B3 21 1,933 15.5% [15.4%] 0.060 [0.066] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧,
CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐽 , 𝐻 ,
CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 , 𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B4 21 1,908 14.9% [14.9%] 0.067 [0.064] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B5 24 1931 12.6% [11.7%] 0.053 [0.053] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 , 𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B6 23 1917 16.3% [13.0%] 0.057 [0.062] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4, KPNO/FLAMINGOS 𝐽 , 𝐻 ,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B7 23 1,928 14.2% [13.2%] 0.057 [0.054] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B8 22 1,928 15.3% [13.3%] 0.060 [0.057] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,

B9 24 1,921 13.7% [12.6%] 0.054 [0.054] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4, 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2

B10 24 1,930 14.7% [13.1%] 0.056 [0.056] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4, WISE 1, 2

B11 25 1917 14.2% [13.6%] 0.071 [0.063] Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 , Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,
CFHT/MegaCam 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/MegaPrime 𝑢,
KPNO/FLAMINGOS 𝐽 , 𝐻 , CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4, 𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC1, 2, WISE 1, 2

B12 8 1092 14.2% [13.6%] 0.063 [0.064] CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧, CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,

Table 5. The best parameter set-up we used for the computation of photo-z in 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒.

Parameter Set-up

Galaxy template model COSMOS_MOD
Z_STEP 0.01
Z_MAX 5.0

EXTINC_LAW SMC_prevot.dat, SB_calzetti.dat, SB_calzetti_bump1.dat, SB_calzetti_bump2.dat
E(B-V) 0.000, 0.100, 0.200, 0.300, 0.400, 0.500
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Figure 8. Colour-colour diagnostics of Subaru/HSC 𝑔-band minus 𝐴𝐾 𝐴𝑅𝐼 𝑁 4 versus Subaru/HSC 𝑟 -band minus Subaru/HSC 𝑖-band. Red dots and black
dots are sources with 𝜒2

𝑔𝑎𝑙
< 𝜒2𝑠𝑡𝑎𝑟 , redshift > 1 and redshift < 1, respectively. Green dots are sources with 𝜒2𝑠𝑡𝑎𝑟 < 𝜒2𝑔𝑎𝑙 . Green star-symbols with black edge

are spectroscopically confirmed stars. Blue dots are spectroscopically confirmed galaxies.

Figure 9. The histogram of different templates used when running photo-z
with the whole catalogue. The template information and spectra is listed in
Table 6 and Fig.10, respectively.

cause including AGN templates causes additional misclassification
by 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒, i.e., in some cases, non-AGNwould be fitted by AGN
templates. As a result, the entire performance of photo-z could be
worsen. Due to this reason, we do not consider the AGN template
in our photo-z estimation. At this moment, we do not have deep
enough X-ray data. In the future, one way to improve is taking a
two-step approach of separating AGN from galaxies by using X-ray
identified AGN. Then, we perform the SED fitting separately for the
AGN and galaxies using different templates. For sources that are
not detected in X-rays, we fit them with the galaxy templates. For
AGN, we fit galaxy+AGN templates to X-ray sources.

In a different approach, we remove knownAGN from our spec-
z data to check the performance of photo-zs. In our band-merged
photometric catalogue (Kim et al. 2020, in press), spec-z sources
have already been classified by the X-ray catalogue from Chandra
NEP deep survey (Krumpe et al. 2015). There are flags indicating
whether these sources are AGN. In addition, Shim et al. (2013)
spectroscopically identified 198 type-1 AGN, and 8 type-2 AGN in
the spectroscopic sample. Therefore, we remove these AGN from
our input catalogue and compute photo-z again. In this test, we reach

Figure 10. SED templates in COSMOS used in this paper. The flux scale
is arbitrary. Deep blue curves represent barred spiral galaxies. Light blue
curves represent spiral galaxies. The green curve represents a lenticular
galaxy. The red curves represent elliptical galaxies.

a weighted 𝜎Δ𝑧/(1+𝑧) = 0.053, and weighted [ = 9.4% with 1723
sources at z < 1.5.

Compared with the photo-z accuracy computed by 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒
for the full sample, the weighted 𝜎Δ𝑧/(1+𝑧) does not change, and
the catastrophic error only slightly improves by ∼2%. However, we
also lose 198 sources’ photo-z, which is more than 10% of sources
from the spec-z data. AGN sources do negatively affect photo-z
performance. This is understandable as we do not use any AGN
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Figure 11. Top panel: The photo-z versus spec-z diagram at the NEPW field. Bottom panel: Δ𝑧/(1 + 𝑧) versus spec-z diagram at photo-z < 1.5.

Figure 12.Histogram of photo-z distribution in grey. Also shown are Gaussian fits, and spec-z distribution histograms in blue. The COSMOS photo-z histogram
is also plotted in green along with its Gaussian fitting. The histograms are normalised to area = 1.
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Table 6. The list of galaxy templates in COSMOS (Ilbert et al. 2009). The
morphology is classified based on Hubble-de Vaucouleurs galaxy morpho-
logical classification. The spectra are shown in Fig. 10.

No. Template name Morphology

1 Ell1_A_0 E1 Elliptical galaxy𝑎
2 Ell2_A_0 E2 Elliptical galaxy𝑎
3 Ell3_A_0 E3 Elliptical galaxy𝑎
4 Ell4_A_0 E4 Elliptical galaxy𝑎
5 Ell5_A_0 E5 Elliptical galaxy𝑎
6 Ell6_A_0 E6 Elliptical galaxy𝑎
7 Ell7_A_0 E7 Elliptical galaxy𝑎
8 S0_A_0 Lenticular galaxy (S0)
9 Sa_A_0 Sa Spiral galaxy (1)𝑏
10 Sa_A_1 Sa Spiral galaxy (2)𝑏
11 Sb_A_0 Sb Spiral galaxy (1)𝑏
12 Sb_A_1 Sb Spiral galaxy (2)𝑏
13 Sc_A_0 Sc Spiral galaxy (1)𝑏
14 Sc_A_1 Sc Spiral galaxy (2)𝑏
15 Sc_A_2 Sc Spiral galaxy (3)𝑏
16 Sd_A_0 Sd Spiral galaxy (1)𝑏
17 Sd_A_1 Sd Spiral galaxy (2)𝑏
18 Sd_A_2 Sd Spiral galaxy (3)𝑏
19 Sdm_A_0 Sm Spiral galaxy𝑏
20 SB0_A_0 Barred Spiral galaxy (1)
21 SB1_A_0 Barred Spiral galaxy (2)
22 SB2_A_0 Barred Spiral galaxy (3)
23 SB3_A_0 Barred Spiral galaxy (4)
24 SB4_A_0 Barred Spiral galaxy (5)
25 SB5_A_0 Barred Spiral galaxy (6)
26 SB6_A_0 Barred Spiral galaxy (7)
27 SB7_A_0 Barred Spiral galaxy (8)
28 SB8_A_0 Barred Spiral galaxy (9)
29 SB9_A_0 Barred Spiral galaxy (10)
30 SB10_A_0 Barred Spiral galaxy (11)
31 SB11_A_0 Barred Spiral galaxy (12)

(a) Elliptical galaxies are labelled En, where the number n is determined by
the galaxy shape, where n = 10(1-B/A). (A and B are the semi-minor and
semi-major axis respectively.)
(b)Spiral galaxies are classified as Sa, Sb, Sc, and Sm. They have a
decreasing bulge-to-disk luminosity respectively.

template. However, we have decided to keep the AGN in our sample
as we want to keep the completeness of our data.

Due to this reason, we do not consider the AGN template in our
photo-z estimation. At this moment, we do not have deep enough
X-ray data. In the future, one way to improve is taking a two-step
approach of separating AGN from galaxies by using X-ray identified
AGN. Then, we perform the SED fitting separately for the AGN and
galaxies using different templates. For sources that are not detected
in X-rays, we fit them with the galaxy templates. For AGN, we fit
galaxy+AGN templates to X-ray sources.

4.2 Galaxy classification in the NEPW field

Galaxy classification has been one of the most challenging topics
in extragalactic astronomy. In this section, we discuss galaxy clas-
sification in NEPW field based on 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒 SED fitting with the
COSMOS galaxy SED template. In Table 6, and Fig. 10, we present
information about different galaxy templates in COSMOS. In Fig.
9, the histogram shows the distribution of different galaxy types in
the NEPWfield.We find∼ 21%, 5%, and 74% for early-types (Tem-

plate 1-5 in Table 6), lenticular (Template 8), star-forming galaxies
(Templates 9-31), respectively in our data. Note that the names of
the templates in Table 6 imply morphological classification, but our
classification is based on only the SED fitting and should be treated
as such.

A large fraction of galaxies in our sample are classified as
SFGs. However, this is expected because the SFGs are also luminous
in infrared. The domination of SFGs in the sample reflects the
characteristics of our 𝐴𝐾𝐴𝑅𝐼 NIR- and MIR-selected galaxies in
the NEP field. Further discussion about galaxy/AGN classification
and morphology in NEPW are presented in Wang et al. (2020) and
Kim et al. 2020 (in press), respectively.

4.3 Comparison of photo-z accuracy with other work

In this section, we compare the photo-z accuracy with other works
in the NEP field (NEPD/NEPW). Oi et al. (2014) used 8-band pho-
tometry and reach a photo-z dispersion of 0.032 and a catastrophic
failure rate of 5.8% at z < 1. Comparedwith our work, which reaches
a photo-z dispersion of 0.046 [0.047] and a catastrophic failure rate
of 9.0% [9.0%] for z < 1, their results performed slightly better.
However, the data they used were mostly from NEPD survey. The
NEPW survey covers 5.4 deg2, but the NEPD survey covers only
0.67 deg2. Nevertheless, all NEPD data are deeper because some
telescopes only cover the NEPD region e.g. CFHT/WIRCAM.On
the other hand, NEPW field is a wider area (∼6,000 more sources)
with the combination of swallow and deep data. In terms of spec-z
data, Oi et al. (2014) used only 483 spec-z sources to assess the
photo-z dispersion at z < 1. In our work, we assess photo-z dis-
persion with 1,694 for z < 1, which is ∼ 3 times more than the
previous work. For a fair comparison, we have performed further
analysis by limiting our samples to the NEPD field. Our photo-z
performs almost the same at z<1.0 in photo-z dispersion (Oi 2014:
0.032, Our work: 0.036) but improves with more than 1% in the
catastrophic outlier fraction significantly. This is mainly due to the
fact that we have included deeper Subaru/HSC optical data, while
Oi et al. (2014) only used CFHT/MegaCam optical data (i.e., no
Subaru/HSC data). In addition, Oi et al. (2014) did not account for
the effect of spectroscopic catalogue bias in their work. Therefore,
we believe our weighted result is more representative of the actual
data.We summarise the comparisons in Table 7. The photo-z versus
spec-z diagram of this work at the NEPD field for z < 1.0 is shown
in Fig. 13. Note that the redshift cut we applied in this comparison is
both spec-z and photo-z < 1.0, which is the same as Oi et al. (2014).

5 CONCLUSIONS

This paper presents a photo-z catalogue for the IR sources ob-
served by 𝐴𝐾𝐴𝑅𝐼 space telescope and identified by a deep HSC
survey on the NEP-Wide survey field. This photo-z catalogue
is computed with 𝐿𝑒 𝑃ℎ𝑎𝑟𝑒 and a total of 26 filters from the
optical to NIR (< 7 `m) photometric data, which are Maid-
anak/SNUCAM 𝐵, 𝑅, 𝐼, Subaru/HSC 𝑔, 𝑟, 𝑖, 𝑧,𝑌 , CFHT/MegaCam
𝑢∗, 𝑔, 𝑟, 𝑖, 𝑧, CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐽, 𝐻,
CFHT/WIRCam 𝑌 , 𝐽, 𝐾𝑠 , 𝐴𝐾𝐴𝑅𝐼/IRC 𝑁2, 𝑁3, 𝑁4, WISE W1,
W2, and 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC 1 and 2. We separate star-like objects from
the galaxies by using the 𝜒2

𝑔𝑎𝑙
and 𝜒2𝑠𝑡𝑎𝑟 which are computed from

𝐿𝑒 𝑃ℎ𝑎𝑟𝑒.There are 24,110 out of 91,861 objects with 𝜒2
𝑔𝑎𝑙
>

𝜒2𝑠𝑡𝑎𝑟 . They are flagged as possible stars in this NEP photo-z cat-
alogue (Flag_1; Table 2). For galaxy templates, we use COSMOS
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Table 7. Summary of the best photo-z performance in this work. Different photo-z work on the deep field is also included. N is the fraction of objects with
spec-z over the total number of objects. The weighted photo-z performance is shown in square brackets.

Work Redshift N [ 𝜎Δ𝑧/(1+𝑧) Template (No. of filters) Filter combination

This work 0<z<1 1683/ 9.0% 0.046 COSMOS (Ilbert et al. 2009) (26) Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 ,
(NEPW) 91,861 [9.0%] [0.047] Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,

CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧,
CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐽 , 𝐻 ,
CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC 1, 2, WISE 1, 2

This work 0<z<1 517/ 4.4% 0.036 COSMOS (Ilbert et al. 2009) (26) Maidanak/SNUCAM 𝐵, 𝑅, 𝐼 ,
(NEPD) 91,861 [4.6%] [0.045] Subaru/HSC 𝑔, 𝑟 , 𝑖, 𝑧, 𝑌 ,

CFHT/MegaCam 𝑢∗, 𝑔, 𝑟 , 𝑖, 𝑧,
CFHT/MegaPrime 𝑢, KPNO/FLAMINGOS 𝐽 , 𝐻 ,
CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,
𝐴𝐾 𝐴𝑅𝐼 𝑁 2, 𝑁 3, 𝑁 4,
𝑆𝑝𝑖𝑡𝑧𝑒𝑟 /IRAC 1, 2, WISE 1, 2

Oi et al. (2014) 0<z<1 483/ 5.8% 0.032 Coleman et al. (1980) (8) CFHT/MegaCam 𝑢∗, 𝑔′, 𝑟 ′, 𝑖′, 𝑧′,
(NEPD) 85,797 Kinney et al. (1996) CFHT/WIRCam 𝑌 , 𝐽 , 𝐾𝑠 ,

Figure 13. Top panel: The photo-z versus spec-z diagram at the NEPD field. Bottom panel:Δ𝑧/(1 + 𝑧)versus spec-z diagram at both z<1.0

(Ilbert et al. 2009) with reddening 𝐸 (𝐵−𝑉) of 0.000, 0.100, 0.200,
0.300, 0.400, and 0.500.We computed weights by the NN algorithm
(Lima et al. 2008). The weight is applied to every spec-z sources in
order to match the magnitude distribution of the spec-z and the pho-
tometric catalogue. In general, the weighted dispersion and outlier
fraction only slightly change at our target z < 1.5 redshift range.Most
of them improve their photo-z (photo-z dispersion ∼0.003, outlier
fraction ∼2%) after applying the weights. For more detail, see Table
3, and 4. Among all the templates that we tried, COSMOS provides
the best performance based on both weighted photo-z dispersion

(0.053) and catastrophic error (11.3%) in 26-band filter combina-
tion at z < 1.5. We use the 𝜒2 value to separate stars and galaxies.
Note that we rely on the SED when separating stars and galaxies.
There are 24,110 out of 91,861 objects with 𝜒2

𝑔𝑎𝑙
> 𝜒2𝑠𝑡𝑎𝑟 . They

are flagged as possible stars in this NEP photo-z catalogue (Flag_1;
Table 2). We present and release the photo-zs for 91,861 objects in
the NEPW field survey, which covers a total effective area of 5.4
deg2 in redshift range 0 < z < 5. We use 2026 spec-z at 0 < z < 5
from the NEP as a calibration to derive these photo-z. For photo-z
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< 1.5, we reach a weighted redshift dispersion of 𝜎Δ𝑧/(1+𝑧) = 0.053
with weighted [ = 11.3% of catastrophic errors ([ is defined strictly
as those objects with |Δz|/(1 + 𝑧𝑠) > 0.15).

We also conclude that the effect of AGN on photo-z is not
significant in our case. Excluding AGN only improves the photo-z
accuracy by ∼ 0.008 and removes ∼ 5 % of the outliers. Losing
10% (AGN) of the data is the prerequisite of this photo-z accuracy.
Therefore, we keepAGN in our catalogue, sowe havemore photo-zs
and these photo-zs can be used for AGN related research.

The full version of these photo-zs (Table 2) will be shared on
reasonable request to the corresponding author.
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APPENDIX A: SUMMARY OF SOURCE DETECTION
AND PHOTOMETRY FROM DIFFERENT SOURCES

To detect sources and conduct photometry, most of the catalogues
we used applied the same method (SExtractor; Bertin & Arnouts
1996) but they are slightly different in the parameter set up. Note
that the detections were performed using the same aperture across
the HSC’s 𝑔, 𝑟, 𝑖, 𝑧, and 𝑌 -bands, but not including other filters
in this paper. We present a summary of their source detection and
photometry in the following paragraphs.

For Maidanak/SNUCAM, Jeon et al. (2010) stacked 𝐵-, 𝑅-,
and 𝐼-band images together, and used the BRI stacked image as
their object detection image. They chose a set of 1.2𝜎 for DE-
TECT_THRESH, 5 connected pixels for DETECT_MINAREA,
DEBLEND_NTHRESH of 64, DEBLEND_MINCONT of 0.005,
200 for BACK_SIZE, and 3 for BACK_FILTERSIZE as the optimal
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set of detection parameters. The adopted detection limit corresponds
to the S/N of about 4.5. They derived aperture magnitudes using an
aperture of diameter of three times FWHM and auto-magnitudes
with Kron-like elliptical apertures which are taken as the total mag-
nitudes.

For Subaru/HSC, Oi et al. 2020 (in press) used SExtractor for
source detection and photometric measurement. However, they used
C_MODEL flux instead of APERTURE_flux. In Kim et al. (2012)’s
𝐴𝐾𝐴𝑅𝐼 source catalogue, it contains both galaxies (mainly detected
inMIR bands) and stars (mainly detected in NIR bands). The seeing
condition for our HSC r-band data is worse compared to the other
four bands. To improve the photometry before source matching
of 𝐴𝐾𝐴𝑅𝐼 and HSC data, they decided to use the C_MODEL
photometry.

For MegaCam and WIRCam, Oi et al. (2014) carry out the
photometry for each band with optimal aperture. Then, they ran
SExtractor with each band image individually. Fluxes of extracted
sources were measured using SExtractor with elliptical apertures of
2.5 times of the Kron radius.

For CFHT/MegaPrime, Huang et al. (2020) used SExtractor
to extract sources from an image and performs photometry of the
sources. They chose to use a filter with a narrow Gaussian FWHM
and a small convolution mask in order not to miss any possible
faint sources. They had compared the source extraction results using
several filters, and eventually they adopted the result using Gaussian
PSF with 2-pixel FWHM and the 3-pixel by 3-pixel convolution
mask (Gauss2.0 3x3).

For 𝐴𝐾𝐴𝑅𝐼/IRC, Kim et al. (2012) used the entire mosaicked
images covering the whole NEPW area to carry out extraction and
photometry of the sources for each band. Tomeasure the fluxes of the
detected sources, they used a SExtractor (Bertin & Arnouts 1996)
and ran it in single mode. They chose DETECT_THRESH = 3, DE-
TECT_MINAREA = 5, and BACK_SIZE = 3, which are the same
as those used byWada et al. (2008), except for DETECT_THRESH.
They chose a higher threshold to reduce false detections.

For KPNO/FLAMINGOS, Jeon et al. (2014) chose the
following set of detection parameters for SExtractor: DE-
TECT_MINAREA = 20, DETECT_THRESH = 1.1, DE-
BLEND_NTHRESH = 64, DEBLEND_MINCONT = 0.005,
BACK_SIZE = 500, BACK_FILTERSIZE = 2. The adopted de-
tection parameters correspond to S/N = 5. They derived auto mag-
nitudes with Kron-like elliptical aperture, which are assumed to be
total magnitudes. For the aperture magnitudes, they set the aperture
diameter size to three times the FWHM.

For 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC, Nayyeri et al. (2018) ran SExtractor in
dual mode on the combined three-epoch mosaics on the 3.6 `m
and 4.5 `m individually, as the detection bands with photometry
are extracted in both. The two catalogues are then merged to form
the final NEP catalogue. They measured source photometry in AB
magnitudes given the pixel flux units in micro-Jansky and reported
this in a Kron radius (the MAG_AUTO), which is photometry over
an ellipse with its size and orientation determined from the second
moment of light distribution above the isophotal threshold, and also
over two apertures (with 4" and 6" diameter).

For WISE, Jarrett et al. (2011) did not use SExtractor but car-
ried out extraction on each individual frame for all bands with their
own algorithm simultaneously. It utilises an optimal combination of
the multi-band imaging data for source photometry, mitigating un-
ruly pixels, artefacts, cosmic radiation hits, source saturation, and
angular resolution differences. They did not mention how source
magnitude are measured.

APPENDIX B: SUMMARY OF DEFINITIONS OF DEPTHS
FOR DIFFERENT CATALOGUES

Most of the bands we used throughout this paper have a similar
definition when defining 5𝜎 limiting magnitude. The others used
apertures of different sizes to measure the limiting magnitudes from
the sky background. We present a summary of their methodology
in the following paragraphs.

For Maidanak/SNUCAM (Jeon et al. 2010) and
KPNO/FLAMINGOS (Jeon et al. 2014), the 5𝜎 detection
limits of each subfield were determined from the sky background
𝜎, within an aperture diameter of three times the FWHM value.
The detection limits vary from subfield to subfield. They measured
5𝜎 detection limits for each subfield. In their paper, they did not
mention the size of the aperture. In this paper, we present the
median value of the 5𝜎 detection limits for all subfields from Jeon
et al. (2010) and Jeon et al. (2014).

For Subaru/HSC (Oi et al. 2020, in press), they determined the
5𝜎 detection limits over a circular aperture of 6.0 pixels radiuswhich
corresponds to 1.02 arcsec. In addition, they calculated the S/N ratio
of all the sources in a patch from their fluxes and flux errors within
the 6.0 pixel aperture. They performed this process for all the 251
patches. Since the number of coadded images differ depending on
the sky region due to the HSC FoV positions in the observation, the
5𝜎 limiting magnitudes vary depending on patches. In this paper,
we present the median values of the 5𝜎 limiting magnitudes from
all patches.

For CFHT/MegaCam (Oi et al. 2014) and CFHT/WIRCam (Oi
et al. 2014), They determined the detection limits over a circular
aperture of 1 arcsec radius. The detection limit changes depending
on the source position on the mosaiced images since the exposure
map is not uniform. We present the median value in Table 1.

For CFHT/MegaPrime 𝑢 (Huang et al. 2020), they estimated
the depth by placing 20,000 2 arcsec apertures randomly in the
co-added images. Since the pixel value of the co-added image is
calibrated with the zero point, they converted the 5𝜎 depth by using
the equation, MAG (depth) = 25.188 - 2.5 x log(5𝜎f), where the 𝜎f
is the standard deviation obtained from the Gaussian fitting of the
distribution of the 20,000 random aperture flux values.

For 𝐴𝐾𝐴𝑅𝐼/IRC (Kim et al. 2012), the flux limit of the point
source detection in each band was estimated from the fluctuation in
the sky background, by measuring the flux at random positions far
away from the source positions. We used an aperture three times the
size of the FWHM, and determined the 5𝜎 detection limits based
on the value of 𝜎 derived from the sky background. The detection
limits depend on the noise levels of the fields, which vary from
place to place, and we present the averaged values over the entire
NEP field.

For 𝑆𝑝𝑖𝑡𝑧𝑒𝑟/IRAC (Nayyeri et al. 2018), they measured limit-
ing magnitudes over an aperture of 4 arcsec with aperture correc-
tions applied, see detail in Nayyeri et al. (2018). They corrected the
aperture photometry measurements in the 3.6 and 4.5 `m bands for
the effect of fixed apertures (at 4 arcsec and 6 arcsec) used in their
measurements.

For WISE (Jarrett et al. 2011), they used a different method
from those mentioned above to determine limiting magnitudes. The
depths of their combined mosaics was much deeper than the typical
WISE field, which has a depth of coverage from ∼ 10-15 passes,
depending on the ecliptic latitude of the field. For both the EP-N and
EP-S WISE surveys, they determined the 5𝜎 limiting magnitudes
by using a photometric error model in SExtractor (Bertin &Arnouts
1996).
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