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Abstract:  We carry out a study of Sub-Millimeter Galaxies (SMGs) in the AKARI NEP-Deep ficld
using the James Clerk Maxwell Telescope (JCMT) SCUBA-2 850 pm source catalog, released as part of
the SCUBA-2 Cosmology Legacy Survey (S2CLS) program. The SCUBA-2 850 ym map has a root mean
square (rms) noise of 1.2 mJy beam~! and covers an area of 0.60 degree?. We find four SMGs which
have counterparts to Herschel sources with spectroscopic redshifts in the literature. In addition, three
dust obscured galaxies (DOGs) detected in Herschel bands are selected as a comparison sample. We
derive IR luminosities of SMGs using the CIGALE code, which are similar to those of high redshift SMGs
from previous studies. The contribution of AGN to the total IR luminosity in SMGs (2%-11%) is smaller
than the lower limit for the one in DOGs (19%-35%), which is consistent with the expectation from
the evolutionary scenario of massive galaxies. We search for SMGs in overdense regions as protocluster
candidates and investigate four regions, including candidates around three DOGs. Finally, we argue that
follow-up spectroscopic observation for the NEP-Deep field will provide crucial information to understand
the role of SMGs in the evolution of massive galaxies.

Key words:

1. INTRODUCTION

Recent studies of the IR luminosity density (or star for-
mation rate density) show that it increases rapidly from
the local Universe to z ~ 1 and flattens at around z ~
2 (Gruppioni et al. 2013; Magnelli et al. 2013; Goto
et al. 2015). Because re-radiated emission of starlight
by dust is an important tracer of star formation, sub-
millimeter galaxies (SMGs) at high redshift are one of
the proper populations for understanding cosmic star
formation history. According to the evolutionary sce-
nario of massive galaxies in Dey et al. (2008, 2009),
SMGs at high redshift are in a starburst phase as the
early stage of major merging, and they evolve into dust
obscured galaxies (DOGs) with increasing contribution
by active galactic nuclei (AGN). Narayanan et al. (2010)
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also suggest that SMGs represent the starburst phase
in the earlier stage of the evolution of merger-driven
bright DOGs. In terms of such evolutionary scenarios,
a study of the link between SMGs and DOGs is impor-
tant to understand the evolution of massive galaxies.
For example, according to the standard evolutionary
scenario, the contribution of AGN to the total IR lu-
minosity in SMGs is expected to be smaller than that
in DOGs. Although many SMGs are known to contain
an AGN (Pope et al. 2008), the contribution of AGN
to the bolometric luminosity is not significant (Pope
et al. 2008; Menéndez-Delmestre et al. 2009) compared
to DOGs in the literature (Riguccini et al. 2015; Toba
et al. 2017b). However, the origin of DOGs and their
relation to SMGs is still under debate. Several stud-
ies have argued that DOGs do not represent a unique
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Figure 1. Post stamp images of four SMGs from Subaru/S-
cam (Miyazaki et al. 2002) Rc band. The size of each stamp
is 20” x 20”. White, red, green (solid and dotted) and
yellow circles represent FWHM of PSFs of SCUBA-2 850
pm, Herschel/SPIRE, Herschel/PACS (100 pm and 160
pm) and AKARI mid-IR (L24) bands, which correspond to
a diameter of 1478, 1776, 7/7, 1270 and 7’2, respectively.
All optical objects (Oi et al. 2014) located within the beam
size of 850 pm and SPIRE bands are identified with magenta
symbols. The magenta solid line circle represents the optical
counterpart identified by LR analysis based on mid-IR band
data. The magenta ’x’ represents an optical object that can
be classified as a star candidate with the criteria of both
stellarity (>0.95) and u*g’JKs color selection in Oi et al.
(2014). The ID of each SMG comes from the 850 ym source
catalog of Geach et al. (2017). North is up, east is left.

stage of galaxy evolution but are actually diverse pop-
ulations of disk galaxies or gas-rich merging galaxies
(Narayanan et al. 2010; Hwang et al. 2013). Moreover,
there have been claims that the large flux density ra-
tio between mid-IR and UV bands of DOGs is mainly
due to abnormal faintness in the UV band rather than
brightness in the mid-IR band due to the extra contri-
bution of AGN (Penner et al. 2012; Hwang et al. 2013;
Lee et al. 2016). Studies of the clustering of SMGs and
DOGs also support a diversity of DOGs. Brodwin et
al. (2008) report that the clustering correlation length
of IR-faint DOGs (S, (24um) < 0.5 mJy) is similar to
that of SMGs, which implies an evolutionary connection
between the two populations. They additionally show
that the clustering correlation length of DOGs increases
for the brighter mid-IR DOGs. Toba et al. (2017a)
also obtain a mid-IR flux dependence of the cluster-
ing using IR-bright DOGs (3.0 mJy < S, (22um) < 5.0
mJy). On the other hand, they show that the clustering
strength of IR-bright DOGs is larger than that of SMGs
(Hickox et al. 2012; Wilkinson et al. 2017) or IR-faint
DOGs (Brodwin et al. 2008). Therefore, a comparison

Figure 2. Post stamp images of three DOGs from Subaru/S-
cam R¢ band. The size of each stamp is 20” x 20”. Symbols
have the same meaning as in Figure 1. All optical objects
(Oi et al. 2014) located within the beam size of PACS and
SPIRE bands are identified with magenta symbols. The
magenta solid line circle represents the DOG as well as the
optical counterpart identified by LR analysis based on the
mid-IR band. North is up, east is left.

of SMGs and DOGs is important, not only to under-
stand the evolutionary sequence of massive galaxies but
also to investigate the physical connection between the
two populations.

Protoclusters at z > 2 are efficient sites for the
study of high redshift galaxy populations and their
evolution, because they are thought to be ancestors
of present-day galaxy clusters (Venemans et al. 2002;
Ouchi et al. 2004; Overzier et al. 2006). The typical di-
ameter of a protocluster is diverse, ranging from 2 Mpc
to 5 Mpc (Miley et al. 2004; Intema et al. 2006; Ven-
emans et al. 2007). One popular method of searching
for protoclusters is to measure the spatial number den-
sity of galaxies with similar redshift range. Because the
mean redshift of SMGs is larger than two (Chapman et
al. 2005; Wardlow et al. 2011; Casey et al. 2013), SMGs
are a proper population for the study of protoclusters
(Noble et al. 2013; Rigby et al. 2014; Casey et al. 2015;
Clements et al. 2016). SMG overdensities around rare
objects are also reported. For example, Jones et al.
(2014, 2015) reported SMG overdensities around Hot
DOGs (i.e., DOGs with blue mid-IR to far-IR color due
to powerful AGN) and radio selected AGNs, which sug-
gests that they (Hot DOGs and radio selected AGNs)
could be possible signposts of protoclusters.

Therefore, SMGs are a useful population for the
study of galaxy evolution. In this study, we use Sub-
millimeter Common User Bolometer Array-2 (SCUBA-
2; Holland et al. 2013) 850 pm sources in the AKARI
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Table 1
IR and sub-millimeter photometric data for seven objects with spectroscopic redshift.
(1Jy) (ndy) (1dy) (ndy) (1dy) (1Jy) (1dy)
NEP.0056 57.00+3.18 83.60+3.48  87.50+5.07 69.501+6.36 87.60+7.19 206.00+28.30
NEP.0072 32.8042.69 49.00+2.63  51.90+3.06 40.404+6.04 43.10+7.34 67.804+12.30  156.00418.00
NEP.0133 187.004+5.94 163.004+5.38 107.00+£4.53  51.60+6.17 143.00+7.56 210.00+23.00 168.00+18.10
NEP.0181 530.00£10.30 631.00£21.40 684.004+41.10 1000.00£22.50
DOG.1 60.4045.35 90.70+3.65 154.00+6.69 314.00£7.89 467.00£10.50 618.00422.20 1050.00422.60
DOG.2 35.504+2.75 56.004+2.78  61.50+3.31 55.901+6.22 87.4049.40 124.00+26.60 442.00420.00
DOG.3 60.70+3.25 116.00+£4.18 194.00+7.03 382.00+16.20 519.00+9.15 601.004+19.50 797.00+45.70
518 Soy S100 S160 Sas0 S350 Ss00 Sss0
(1Jy) (1Jy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
326.00£20.60 558.00£53.90 7.34+1.37  25.19+4.42  36.5443.46 44.05+2.85 30.78+3.62 5.13+1.38
316.00£20.50 462.004+108.00 12.5941.83 44.36+8.63 42.08+6.64 24.4048.94 5.25+1.44
214.00£30.00 292.00451.20 2.86+2.44 22.55+3.44 19.40+2.66 11.80+£3.36 4.12+1.35
1170.00426.00 1460.00485.50 30.704+10.54  49.9943.91 50.2743.15 28.2544.19 3.894+1.31
1400.00£25.50 2070.004+181.00 12.584+3.33  10.85+4.39
431.004+56.00  848.00£136.00  8.02+2.81 9.35+3.08 .
953.00£91.20 1330.00459.40 19.33+1.59  45.8645.28 30.20+9.07 19.66+8.63 17.55+9.75

S2.4 — S24: AKARI/IRC catalog (Murata et al. 2013).

S100 — Ss00: Herschel/PACS & SPIRE catalogs (Pearson et al., in prep.). SPIRE fluxes are observed fluxes which are not corrected

for flux boosting effect.
Sgs0: Deboosted flux density in Geach et al. (2017).

NEP-Deep field to study SMGs in terms of galaxy evo-
lution. Due to continuous mid-IR coverage by AK ARI
observations, the NEP-Deep field (Matsuhara et al.
2006) is an efficient site for the study of galaxy evolu-
tion. We estimate the physical properties of SMGs by
fitting spectral energy distributions (SEDs) of SMGs.
The contribution of AGN in SMGs is compared with
that in DOGs to investigate the link between them,
and the evolution of massive galaxies. We search for
SMG overdense regions in the NEP-Deep field and in-
vestigate several protocluster candidates. This paper is
organized as follows. In Section 2, we present multi-
wavelength observation data and samples of SMGs and
DOGs. In Section 3, the matching of multi-wavelength
catalogs and building SEDs of galaxies is described. In
Section 4, galaxy SEDs are fitted using models. The
results of this study are discussed in the final section.
In this study, we assume a flat Universe with a set of
cosmological parameters: Hy = 70 km s~! Mpc™!, Qs
= 0.3 and Q, = 0.7.

2. OBSERVATION DATA AND SAMPLES
2.1. Observation Data

The James Clerk Maxwell Telescope (JCMT) SCUBA-2
850 pm source catalog and mosaic map for the AK ARI
NEP-Deep field was released to the public as a part
of SCUBA-2 Cosmology Legacy Survey (S2CLS) pro-
gram (Geach et al. 2017). Among 3000 sources with
3.50 detection in the S2CLS program, approximately
300 sources are located in the NEP-Deep field. PONG-
2700 was used in observing mode for the NEP-Deep
field, which covers an area of 45" x 45" with a scan ve-
locity of 600" /sec in a single mapping procedure (Hol-

5 E 7 L L e 3
10 E —— Optical objects within matching radius
oo Optical objects in background ]
10* & Excess of the optical objects E
5 10°c = ke ]
o e E
% Y 1
z w0 1 E
10" N ]
100 I L W L 1 1 1 ]

14 16 18 20 22 24 26 28

CFHT 7' band magnitude (AB)

Figure 3. Various magnitude distributions of optical objects.
The blue thin solid line is a distribution of objects within the
matching radius around mid-IR objects, whereas the dotted
line is a distribution of objects in the background. Subtrac-
tion of the two lines gives the red thick solid line, which
results in g(m) after the normalization in Equation (3).

land et al. 2013). The SCUBA-2 850 pum map has a
root mean square (rms) noise of 1.2 mJy beam™! and
covers an area of 0.60 degree? centered at (2000, §2000)
= (17"55™53%, +66°35'58"). The pixel scale of the map
is 2" (refer to Geach et al. 2017 for more information
about SCUBA-2 850 pm observation).

Counterparts of 850 pm sources in multi-
wavelength bands were sought using various cata-
logs ranging from optical to sub-millimeter bands.
Canada-France-Hawaii Telescope (CFHT)/MegaCam
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Figure 4. Positional uncertainty of far-IR or sub-millimeter band in comparison with mid-IR band. Dots represent relative
positions of single matched mid-IR objects within the beam size of far-IR or sub-millimeter band. Mean offset and 1o are
presented in Table 2. Histograms are plotted after adjusting the mean offset and Gaussian-fitting is presented with red solid
lines. Although the offset of SCUBA-2 shows some asymmetric distribution, other cases are well fitted with a Gaussian

function.

Table 2
Positional uncertainty in comparison with mid-IR band.

Table 3
Counterpart identification at wavelengths beyond mid-IR.

Band R.A. (arcsec) DEC (arcsec) Total 1D PACS SPIRE SCUBA-2
offset o offset o o 100pm  160pm

PACS 100pm —0.2278 1.0446  0.1517 1.0488 1.4803 NEP.0056 o o o A

PACS 160pm —0.1274 1.6911  0.0579 1.7645 2.4440 NEP.0072 o N A A

SPIRE 0.0028 2.3380 0.5224 2.4307 3.3726 NEP.0133 o N o o

SCUBA-2 0.7276 2.7610 —0.8834 2.3921 3.6531 NEP.0181 N o A A
DOG.1 A o N N
DOG.2 o A N N
DOG.3 A A — N

(u*,g’,7",i" and 2z’ bands) covers optical bands with
40 detection limits of 24.6 (50), 26.7, 25.9, 25.1 and
24.1 AB magnitude, respectively, and CFHT /WIRCam
(Y, J and K's bands) covers near-IR bands with 40 de-
tection limits of 23.4, 23.0 and 22.7 AB magnitude, re-
spectively (Oi et al. 2014). AKARI/IRC (N2, N3, N4,
S7, S9W, S11, L15, L18W and L24 bands) covers near-
and mid-IR bands with 50 detection limits of 11, 9, 10,
30, 34, 57, 87, 93 and 256 uJy, respectively (Murata et
al. 2013). Herschel /PACS covers 100 and 160 pm with
3o sensitivities of 4.8 and 9.6 mJy, respectively (Pearson
et al., in prep.), in which source extraction is conducted
for 100 and 160 pm separately. There is another PACS
catalog whose photometry is conducted based on mid-
IR prior positions, which was used to select 2 DOGs
(i.e., DOG.1 and DOG.2). Herschel/SPIRE covers
250, 350 and 500 pm whose 1o sensitivities are 9.0, 7.5
and 10.8 mJy, respectively (Pearson et al., in prep.).

o: Single matching or the optical counterpart identified in the
mid-IR band has the largest L with high reliability (R > 0.8)
in that band. That is, the optical counterpart identified in the
mid-IR band is still effective as the optical counterpart in that
band.

A: The optical counterpart identified in the mid-IR band has the
largest L with low reliability (R < 0.8) in that band. That is,
although the optical counterpart identified in the mid-IR band is
still the dominant contributor in that band, there is a possibility
of contamination from other optical candidates.

N: No detection (i.e., the optical counterpart identified in mid-IR
band is not detected in that band).

—: For the case of DOG.3, because the position of the SPIRE
object is biased due to blending of two mid-IR (or two PACS)
objects, LR analysis to identify the optical counterpart based on
SPIRE band is inappropriate.

2.2. Samples

In this study, we analyzed two different samples in the
NEP-Deep field. First, we selected four SMGs in the
SCUBA-2 850 pm catalog (Geach et al. 2017), which
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Figure 5. Various magnitude distributions of optical objects. The blue thin solid line is the distribution of optical objects
within the matching radius of each band, whereas the dotted line is that of the background. Subtraction of the two lines
yields the red thick solid line, which results in g(m) after the normalization in equation (3).

were detected in the Herschel /PACS or SPIRE obser-
vations and have spectroscopic redshift information in
the literature. These criteria were adopted to avoid false
detection of SMGs and to obtain reliable results of SED
fitting. Second, we identified three DOGs with spectro-
scopic redshift in the catalog of Murata et al. (2013)
using the flux density ratio of AKARI 1.24 band to
CFHT 7' band with S, (L24)/5,(r") > 982 by following
the criterion S, (24pm) /S, (R) > 982 used in Dey et al.
(2008). These three DOGs are not detected in 850 pm
observation but detected in Herschel observations. We
used them as a comparison sample to investigate the
evolution of massive galaxies. IR and sub-millimeter
photometric data for the seven objects are presented in
Table 1.

3. ANALYSIS OF COUNTERPARTS

To identify optical counterparts in multi-wavelength
bands, we searched AK ARI mid-IR objects within the
beam size of 850 um (Figure 1 for SMGs) and within
the beam size of Herschel bands (Figure 2 for DOGs).
First, we searched for an optical counterpart based on
the AKARI mid-IR band. As shown in Figure 1,
NEP.0072 has multiple optical candidates. To identify a
reliable optical counterpart among multiple candidates,
we conducted a likelihood ratio analysis (LR analysis;
Sutherland & Saunders 1992; Smith et al. 2011; Kim
et al. 2012; Seo et al. 2017) which considers the mag-

nitude of an optical object as well as positional offset.
LR analysis was applied to AK ARI mid-IR objects and
the optical (CFHT 7’ band) objects. We estimated a
parameter L for multiple optical candidates within the
beam size of mid-IR object. Following Sutherland &
Saunders (1992), the parameter L consists of two parts:
A magnitude part and a position part as expressed be-

low
am)f(r).

T

1)
The magnitude part consists of n(m) and g(m) which
are normalized magnitude distributions of optical ob-
jects for background and true counterpart of mid-IR
object, respectively, while the position part f(r) rep-
resents the probability distribution for the radial offset
of the optical object from the mid-IR object. f(r) is
expressed using a Gaussian function as presented below

1 —r?

fr) = org2 OXP (F)’
where r and o represent a distance and a positional
uncertainty between mid-IR object and optical object,
respectively. A o value of 17556, the positional accu-
racy between AKARI 124 band and CFHT 2z’ band
(Murata et al. 2013), was used as a representative po-
sitional uncertainty between mid-IR band and optical
band. Mean offset between mid-IR object and opti-
cal object (Murata et al. 2013) was also considered in

(2)
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Figure 6. SEDs of four SMGs fitted with the CIGALE code. Black squares represent photometric data. Black solid lines
represent the best-fit models which consist of three components: stellar (blue), AGN (green) and dust (red). L;r represents
total IR luminosity. The contribution of AGN, fagn, is defined as the ratio of AGN luminosity to the total IR luminosity
(ie., = LPSN /Lrr). Luminosities are estimated in the rest frame wavelength 8 — 1000 gm. Red triangles are the deboosted
SPIRE fluxes, and black dotted lines represent the best-fit models estimated by adopting the deboosted SPIRE fluxes instead
of the observed SPIRE fluxes. The corresponding L;r and fagn are presented in red font. Because the observed SPIRE
flux at 500 pm of NEP.0133 cannot be corrected by the result of Wang et al. (2014) due to faintness, the black dotted
line of NEP.0133 was estimated without the 500 pm flux. As NEP.0072 is located in the shallow SPIRE area, the test for
deboosting by the result of Wang et al. (2014) is not appropriate (refer to Section 4).

the estimation of f(r). To estimate g(m), we found
the magnitude distribution of optical objects within the
matching radius (4703, half the sum of FWHM of PSFs
at AKARI 124 band and CFHT 2’ band) around mid-
IR objects. To estimate the magnitude distribution of
optical objects in the background separately, we consid-
ered areas of equal size with ¢(m) that are more than
4703 away from mid-IR objects. A subtraction of two
magnitude distributions was then conducted (red thick
solid line in Figure 3). The result represents the excess
magnitude distribution above the background of optical
objects, and normalization of the result becomes g(m)
as presented below

excess(m)

q(m) = x Qo, 3)

Y excess(m)

where Qg is the fraction of counterparts and is esti-
mated as follows

Qo =

Ncandidates - Nbackground (4)
)
Noid—1R

where Neandidates a0d Npackground are the number of op-
tical objects in the matching radius around mid-IR ob-
jects and in the background, respectively, and Ny,;a—1r

is the number of mid-IR objects. The value of Qg is
calculated to be 0.844. The reliability R; of the opti-
cal counterpart was estimated to confirm the validity
of the identified counterpart compared with other can-
didates within the beam size of a given mid-IR object
by following the expression in Sutherland & Saunders
(1992):
L,
RJ Ei Li + (1 7 QO)7 (5)
where subscript 7 represents each optical candidate
within the beam size of a mid-IR object. The reliability
of the optical counterpart for NEP.0072 is 0.828. The
result is larger than 0.8, which indicates that the proba-
bility of false association is less than 20%. In this study,
an optical candidate with R > 0.8 was considered as a
robust counterpart. The same procedure was repeated
for multiple optical candidates of DOG.3 (Figure 2).
The reliability of the optical counterpart of DOG.3 is
0.821.

To confirm whether the optical counterpart identi-
fied in the mid-IR band is still effective as the optical
counterpart at longer wavelength than mid-IR, we fur-
ther conducted LR analysis based on PACS (100 pum
and 160 pm), SPIRE and 850 pm bands. All opti-
cal objects (Oi et al. 2014) located within the beam
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Figure 7. SEDs of three DOGs fitted with the CIGALE code. Black squares represent photometric data, which are used for
SED fitting. Black solid lines represent the best-fit models which consist of three components: stellar (blue), AGN (green)
and dust (red). The vertical arrows represent 50% completeness limits for SPIRE bands (Pearson et al., in prep.) and
850 um (Geach et al. 2017), which are not used as input photometric data in the SED fitting procedure but presented to
show that the fitted SED does not exceed the 50% completeness limits. Because there are no photometric data at longer
wavelength bands than 160 pm (DOG.1 and DOG.2) or 500 pm (DOG.3), we constrain the fitted SED not to exceed the
50% completeness limits. Because the best-fit SED of DOG.2 exceeds the 50% completeness limits at SPTRE bands and
850 pm, we chose the model with the lowest x? among those fitted that does not exceed the 50% completeness limits. On
the other hand, the best-fit SEDs of DOG.1 and DOG.3 automatically satisfy the 50% completeness limits. The meaning

of other symbols are same with those in Figure 6.

size of each band were considered as possible optical
candidates. The difference with LR analysis based on
mid-IR band is that we do not consider optical objects
that can be classified as star candidates with the crite-
ria of both stellarity (>0.95) and u*¢’JKs color selec-
tion in Oi et al. (2014) because stars are unlikely to be
detected at longer wavelength than the mid-IR band.
Positional uncertainty in the far-IR or sub-millimeter
bands compared to the optical band was estimated in-
directly through the mid-IR band. First, a relative po-
sition to the mid-IR band was estimated for each band
using a single matched mid-IR object within the beam
size of each band (Figure 4 and Table 2). Then, the po-
sitional uncertainty between the optical band and far-IR
or sub-millimeter band results in a quadratic sum of the
value in Table 2 and the value of o used in equation (2).
The magnitude distributions of optical objects related
with far-IR and sub-millimeter bands are presented in
Figure 5.

The result of LR analysis is presented with vari-
ous symbols in Table 3. The symbol ’o’ indicates that
the optical counterpart identified in the mid-IR band is
still effective as the optical counterpart in that band,
while the symbol A’ means that the optical counter-

part identified in the mid-IR band is still the dominant
contributor in that band but there is a possibility of con-
tamination from other optical candidates based on low
reliability (R <0.8). We divided our targets into two
groups based on the result in the PACS band. First,
if the optical counterpart in the PACS band is robust
(i.e., 7o’ symbol of PACS band in NEP.0056, NEP.0072,
NEP.0133 and NEP.0181), we conclude that the object
has a single robust optical counterpart. Second, if the
optical counterpart in the PACS band is less robust
(i-e., ’A” symbol of PACS band in DOG.1, DOG.2 and
DOG.3), we conclude that the optical counterpart of
the object is less robust at longer wavelength than mid-
IR. For these sources, the photometric data of PACS
and SPIRE are treated as upper limits in those bands.

4. SED

For the case of DOG.3, as shown in Figure 2, the beam
area of the SPIRE band contains two mid-IR (or two
PACS) objects. Because the position of SPIRE object is
biased due to blending of two mid-IR objects, LR anal-
ysis to identify an optical counterpart based on SPIRE
band is inappropriate. Since the two mid-IR objects
share one SPIRE source, we divided their contributions
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Figure 8. Total IR luminosities of galaxies as a function of
redshift. Squares represent four SMGs, and triangles rep-
resent three DOGs. Most objects at z > 0.9 are ultralumi-
nous infrared galaxies (ULIRGs). The luminosity limits of
250 pm (dashed line) and 850 pum (dotted line) are estimated
using a single temperature modified blackbody (MBB) func-
tion with an optically thin assumption, S, = v?B,(T),
where the Wien side of the MBB function is replaced by
a power-law SED, S, = v~ “. B,(T) is the Planck function,
and the dust emissivity index and mid-IR power-law index
are f = 1.5 and a = 2, respectively (Casey et al. 2013).
Because the luminosity limit of 850 pum is sensitive to the
dust temperature (unlike 250 pm), those with three dust
temperatures which correspond to the mean, maximum and
minimum dust temperatures of four SMGs, respectively, are
presented. To estimate dust temperatures of SMGs, flux
densities at A\ > 100 pm are fitted by the MBB function.
Flux densities of 16 mJy and 4.1 mJy correspond to 50%
completeness limits of 250 pm and 850 pm, respectively.

to the SPIRE band flux density. Because a separation
between two mid-IR objects (11”) is smaller than the
pixel size at 500 pym of SPIRE band, deblending with
publicly available software is unsuccessful. Therefore,
we deblended their contributions manually. We esti-
mated a pixel value in the SPIRE map at the position
of each mid-IR object by 2D interpolation after sub-
traction of the mean sky value. Because the pixel val-
ues are correlated with one another due to their close
positions, we assumed a Gaussian function (FWHM =
beam size at each SPIRE band) to estimate such con-
tributions and subtracted them from the pixel values.
The deblended flux density at the SPIRE band for each
mid-IR object was then estimated by a Gaussian func-
tion having the pixel value as a peak.

In order to estimate IR luminosities of SMGs and
DOGs in the NEP-Deep field, SEDs with prior red-
shift information were fitted using Code Investigating
GALaxy Emission (CIGALE?!) v0.11 (Burgarella et al.
2005; Noll et al. 2009; Boquien et al., in prep.; Bur-
garella et al., in prep.) which allows us to investigate
the physical properties (dust luminosity, AGN luminos-

Ihttp://cigale.lam.fr

ity, stellar mass, dust mass, etc.) of galaxies with the
photometric data ranging from UV to far-IR. CIGALE
derives physical parameters using models by varying
star formation history, stellar population, dust atten-
uation, dust emission and AGN emission. The best fit-
ting parameters and their uncertainties are determined
by the mean and standard deviation of the probabil-
ity distribution function (PDF; Noll et al. 2009). We
adopted the double decreasing exponential star forma-
tion history module (sfh2exp) in the code as a star
formation history, which is adequate to fit the observed
photometric data due to two kinds of stellar popula-
tion; the oldest population and the younger starburst
population. The model from Maraston (2005) was used
for the stellar population. Because the Maraston (2005)
model includes a contribution from the thermally pul-
sating asymptotic giant branch (TP-AGB) stars, it is
superior to fit the photometric data of near-IR bright
sources. We used the Calzetti et al. (2000) model for
dust attenuation with extinction free parameter for the
young population, E(B — V). For dust emission, we
tested both DL2014 (Draine et al. 2007) and Dale2014
(Dale et al. 2014) models, and choose the DL2014 model
because it shows a better fitting result. Because most
SMGs are known to contain AGN (Pope et al. 2008),
we added an AGN model based on Fritz et al. (2006) for
SED fitting, which consists of three components; emis-
sion from central source, scattered light by torus and
thermal emission from torus. We considered most an-
gles between the equatorial plane of the torus and line
of sight, 1, ranging » = 0—90° with interval of 20°.
Results of SED fitting for SMGs and DOGs are
presented in Figure 6, Figure 7 and Table 4. The SED
fit yields total IR luminosity Lz ~ 1—107 x 10! Lg
for the SMGs (Figure 8). These values are similar to
the properties of SMGs in the literature (Clements et
al. 2008; Casey et al. 2013; da Cunha et al. 2015; Seo
et al. 2017). Because the photometric data of PACS
and SPIRE bands in DOG.1, DOG.2 and DOG.3 are
treated as upper limits and used for the SED fitting,
the total IR luminosities of the three DOGs should
be treated as upper limits. Both SPIRE and 850 pm
fluxes can be subject to a flux boosting effect due to
the contribution of instrumental noise and undetected
faint objects within their large beam size. In this study,
as presented in Table 1, the deboosted flux is used in
850 pm, while the observed fluxes which are not cor-
rected for flux boosting are used in SPIRE bands. Al-
though we did not estimate an amount of flux boosting
in SPIRE bands specifically by simulation, we tested
the effect of flux boosting on the contribution of AGN
using results taken from the literature. Among various
Herschel fields in Wang et al. (2014), 5o instrumental
noise of SPIRE observation in ELAIS S1 SWIRE field
(25.8, 21.2 and 30.8 mJy at 250, 350 and 500 pm, re-
spectively) is similar with that of a deep KPGT? obser-

2A deep Herschel/SPIRE 30" x 30" observation centered at
NGC 6543 as part of the Key Program Guaranteed Time
(KPGT; obsID = 1342188590) covers the AKARI NEP-Deep
field partially. The region outside the deep KPGT area is cov-
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Figure 9. The contribution of AGN to the total IR luminosity versus the total IR luminosity. Squares and triangles represent
SMGs and DOGs, respectively. Large and small symbols represent results in this study (facn1 in Table 4) and those in the
literature, respectively. Left-facing, small upward and right-facing triangles denote DOGs in Hwang et al. (2013), Lee et al.
(2016) and Toba et al. (2017b), respectively, and small squares denote SMGs in Pope et al. (2008). Histograms with blue
and red denote SMGs and DOGs, respectively. The left histograms are for objects with Lrr < 10** L¢ (hatched with blue
\\: SMG, hatched with blue //: Pope et al. 2008, hatched with red ||: Hwang et al. 2013, hatched with red =: Lee et al.
2016), whereas the right histograms are for sources with L;r > 10'? Ly (hatched with blue \\: SMG, hatched with blue
//: Pope et al. 2008, hatched with red ||: DOG, hatched with red =: Toba et al. 2017b). Only far-IR detected objects in
Hwang et al. (2013) are presented here. Error bars for sources taken from the literature are not plotted to avoid confusion.

vation in the NEP-Deep field (26.0, 21.5 and 31.0 mJy
at 250, 350 and 500 pum, respectively). Therefore, a
correction for flux boosting in SPIRE bands was tested
using the result of the ELAIS S1 SWIRE field®, and the
contribution of AGN was estimated again by adopting
the deboosted SPIRE fluxes in the SED fitting proce-
dure. The deboosted SPIRE fluxes (red triangles) and
the corresponding fitted SEDs (black dotted lines) are
presented in Figure 6 and Figure 7, and the contribution
of AGN (fagn2) is presented in Table 4 along with that
corresponding to the observed SPIRE fluxes (facgn1).
As shown, most fagn are almost unchanged after the
correction for flux boosting in SPIRE bands.

ered by a shallow Herschel Open Time 2 program (Pearson
et al., in prep.). Because NEP.0072 is located in the shallow
SPIRE area, the test for deboosting of NEP.0072 using the re-
sult in Wang et al. (2014) is not appropriate.

3In order to correct for flux boosting, we used the geometric
function fitted on the simulated ELAIS S1 SWIRE field (refer
to Equation (8) and the result of EL generated by the SXT
(Table 6) in Wang et al. 2014).

5. DISCUSSION AND SUMMARY
5.1. Contribution of AGN

According to the evolutionary scenario of massive galax-
ies, the DOG phase is preceded by a SMG in galaxy
merger, which increases the contribution of AGN.
Therefore, the contribution of AGN to the total IR lu-
minosity in SMGs is expected to be smaller than that
in DOGs. To test this evolutionary scenario, we esti-
mated the contribution of AGN, fagn, for both four
SMGs and three DOGs in the NEP-Deep field. fagn
was estimated by a ratio of AGN luminosity to the total
IR luminosity. As the upper limit of the total IR lumi-
nosity originates from upper limits of flux densities at
longer wavelength bands than 100 pm, where the contri-
bution of dust becomes significant compared to that of
AGN, the upper limit of the total IR luminosity mainly
corresponds to the upper limit of the dust luminosity.
Therefore, the upper limit of the total IR luminosity of
the DOGs translates into a lower limit of the contribu-
tion of AGN. As shown in Figure 9, the contribution of
AGN in SMGs ranges from 2% to 11%, and we find no
clear correlation between AGN contribution and the to-



58 SEO ET AL.
Table 4
The contribution of AGN in SMGs and DOGs

ID R.A.® DEC 2P Lir faen1° faen2® AV con

(h:m:s) (d:m:s) (x10" L) (%) (%) (mag)
NEP.0056  17:56:32.7 +66:33:20.9 1.035 12.48+0.66 8.3+2.4 1.4+1.4 2.3
NEP.0072 17:53:12.8 +66:41:12.1  0.930 12.66+£1.12 2.440.8 1.4
NEP.0133  17:57:15.6  +66:44:06.0 0.415 0.84+0.05 4.5+1.8 4.6+3.4 0.8
NEP.0181  17:56:34.6  +66:27:17.6  2.095 107.1245.86 11.0£2.8 11.0£2.6 0.6
DOG.1 17:56:04.0 +66:29:35.5 1.469 <27.15£5.06 >35.3£13.0 >35.3%+13.0 1.3
DOG.2 17:56:05.4  +66:33:29.5  1.102 <9.90+1.76 >28.34+8.3 >28.3+8.3 2.0
DOG.3 17:56:22.0 +66:40:02.6 1.253 <27.20+2.07 >19.242.6 >19.242.5 2.4

2 (R.A., DEC) represents the position of the optical counterpart.

b Spectroscopic redshift data based on DEIMOS and GTC observations are not currently publicly available, and are used in this study
with permission.

¢ fagn1 was estimated by adopting the observed SPIRE fluxes, while fagn2 was estimated by adopting the deboosted SPIRE fluxes
(refer to Section 4). Because DOG.1 and DOG.2 are not detected in SPIRE bands, their fagn1 and facn2 measurements are identical.
The error of fagn is estimated by applying the error propagation formula (Bevington & Robinson 1992, page 43) on the definition of
facn and the errors of AGN luminosity and total IR luminosity.

d The fitted dust attenuation of the stellar continuum at the V band (5500 A), which is estimated with the extinction curve in Calzetti
et al. (2000). Although Ay, con: of DOGs seems to be slightly larger than that of SMGs, they span a similar range. The result
(Av,cont=0.6—2.4) is similar with that of SMGs in the literature (Borys et al. 2005, the ensemble average of Ay, con:=1.7£0.3). It is
also comparable with the visual extinction estimated from nebular emission lines for SMGs (Takata et al. 2006, Ay, ep~1—4) or local
DOGs (Hwang et al. 2013, Ay ,,¢5~0.8—4.7) when considering the calibration between two quantities, Ay cont = 0.44Ay ey (Calzetti
et al. 2000; Wuyts et al. 2011). The Ay, ,, of Hwang et al. (2013) is estimated here by the observed flux ratio of Ha/HB ~ 3.6—11

assuming the extinction curve in Calzetti et al. (2000) with the intrinsic flux ratio of Ha/HB = 2.86.
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Figure 10. DOGs detected in 850 pum observation. Dots rep-
resent DOGs which are obtained from the AK ARI catalog
(Murata et al. 2013). Among them, seven DOGs (dots en-
closed by squares) are detected in the 850 pum band, which
are not part of the DOG sample in Figure 7 due to the ab-
sence of spectroscopic redshifts but discussed in Section 5.1
to support the conclusion of this study. Note that, in order
to show robust cases for DOGs, only objects whose mid-IR
detection is single matched with optical detection are pre-
sented here.

tal IR luminosity. This result is broadly consistent with
previous studies which report that the contribution of
AGN to the luminosity of SMGs is not significant even
though many SMGs contain AGN. For example, Pope
et al. (2008) reported that the AGN contribution to the
mid-TIR luminosity of SMGs is at most 30% and the to-
tal IR luminosity is dominated by star formation rather
than AGN. Menéndez-Delmestre et al. (2009) reported

that the contribution from AGN to the bolometric lumi-
nosity of SMG is less than 32%. Although some studies
reported a correlation between the AGN contribution
and IR luminosity for some galaxy populations (LIRGs
and ULIRGs: Lee et al. 2012; DOGs: Riguccini et al.
2015; Toba et al. 2017b), it is hard to recognize such
correlation for SMGs in this study due to the small
number of objects.

For the case of DOGs with Lrp > 10'2 L in the
NEP-Deep field, although they give lower limits, the
AGN contribution ranges from 19% to 35%, which is
larger than that of SMGs. Other studies also show
such large AGN contributions for DOGs with similar
luminosity. Riguccini et al. (2015) reported that the
AGN contribution of DOGs with Lg,,, > 2x10'% L, is
larger than 20%. Toba et al. (2017b) reported that the
AGN contribution ranges between 18%—91% for DOGs
with Lyp > 10'2 L. On the other hand, results for
DOGs with Lrg < 10'2 Ly in the literature are more
diverse (Figure 9). For local DOGs (0.05 < z < 0.08) in
Hwang et al. (2013), 43% of their sources have a large
AGN contribution (fagny > 20%), while 57% of their
sources show a small AGN contribution (facy < 20%).
For local DOGs (0.05 < z < 0.08) in Lee et al. (2016),
DOGs with power-law type show a large AGN contri-
bution (fagny > 20%), while DOGs with bump type
have a small AGN contribution (fagn < 20%). There-
fore, for objects with Lz < 10'? L, the distributions
of AGN contribution between SMGs and DOGs does
not appear to be distinctive. The AGN contribution in
SMGs and DOGs with L;p > 10'? L, in this study are
consistent with the expectation from the evolutionary
scenario of massive galaxies, which suggests that DOGs
follow SMGs, with increasing contribution from AGN.
On the other hand, for the objects with L;g < 102 L,
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Figure 11. SEDs of four DOGs detected in 850 pum data. Redshifts are photometric redshifts given in Oi et al. (2014). The
meaning of all symbols are the same as those in Figure 6 or Figure 7. Unlike the DOGs in Figure 7, we did not constrain
the fitted SED by the 50% completeness limits of SPIRE bands because there are photometric data at 850 ym. Because the
observed SPIRE flux at 500 pum of NEP.0275 cannot be corrected by the result of Wang et al. (2014) due to its faintness,
the black dotted line of NEP.0275 was estimated without the 500 pm flux.

the result seems to be not consistent with the evolution-
ary scenario.

Besides the small number of objects, another
caveat to this study is that SMGs and DOGs are
not selected in a homogeneous manner: SMGs are se-
lected from 850 pum data, while DOGs are selected from
Herschel data. In order to overcome limitations due to
the selection effect, it is required to conduct this study
with sources selected in the same manner. For example,
as shown in Figure 10, seven DOGs in the NEP-Deep
field are detected in 850 pm observation. If we use these
seven DOGs for this study instead of DOGs selected in
Herschel data, we can compare the AGN contribution
to SMGs and DOGs by reducing the selection effect.
Although we plan to obtain spectroscopic redshifts for
additional DOGs (e.g., the seven DOGs in Figure 10)
by follow-up observation, the DOGs detected in 850 pum
observation were treated in advance using photometric
redshift to confirm the conclusion of this study. For
such purpose, we considered photometric redshifts in
Oi et al. (2014), and found that photometric redshift
is more accurate, oA /(1+4.)=0.113, when mid-IR detec-
tion is single matched with optical detection. Among
the seven DOGs in Figure 10, four are considered in this
study because they have photometric redshifts and sat-
isfy the multi-wavelength matching criteria described
in Section 3. Their SEDs are fitted with the CIGALE
code and results are presented in Figure 11. As shown,

the AGN contributions are 8% and 24% at L;r < 102
L, but 31% and 34% at L;p > 10'2 Ls. For 850
pm selected DOGs with Lyg > 10'2 Lg, the AGN con-
tribution is larger than that of SMGs in Figure 6 and
consistent with that of Herschel selected DOGs in Fig-
ure 7. However, it should be noted that the range of
redshift and luminosity is different among the samples.
Although the result of 850 pm selected DOGs still seems
to support the evolutionary scenario, we will estimate
it again using more accurate spectroscopic redshifts in
a follow-up study. Although we tried to reduce the se-
lection effect using 850 pm selected DOGs, there still
remains the possibility of a biased result due to another
kind of selection effect. For example, as shown in Fig-
ure 12, the four SMGs are not the brightest objects
both at 250 pm and 850 ym. They are selected because
they have known spectroscopic redshifts, robust optical
counterparts and are detected by Herschel. For this
reason, SMGs with faint optical counterparts, SMGs
with lower dust temperatures and high redshift SMGs
are unlikely to be included in this study. To overcome
such limitation due to this selection effect, it is required
to conduct this study with a large number of sources. It
may be a more efficient way to understand the evolution
of massive galaxies. We are going to extend this study
using a larger number of SMGs and DOGs by follow-up
spectroscopic observation for the NEP-Deep field.
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Figure 12. Top: 850 pm flux densities of all SMGs in the
NEP-Deep field (Geach et al. 2017, black, dotted line: me-
dian) and the four SMGs in Figure 6 (red). Bottom: 250
pm flux densities of SPIRE objects that are located within
the beam size of all SMGs (black, dotted line: median) and
the four SMGs in Figure 6 (red).

5.2. Protocluster Candidates

Because the mean redshift of SMGs is larger than two
(Chapman et al. 2005; Wardlow et al. 2011; Casey et
al. 2013), SMGs are often used to search for protoclus-
ters. Therefore, we examined protocluster candidates
by searching for SMG overdense regions within the area
of 4 x 4’ which corresponds to 2 Mpc x 2 Mpc at z =
2. The size of 2 Mpc represents the smallest size of a
protocluster in the literature (Miley et al. 2004; Intema
et al. 2006; Venemans et al. 2007). Searching for SMG
overdense regions is the first step to find a protoclus-
ter. To identify a SMG overdense region, we conducted
a simulation using a simulated catalog which consists
of uniformly distributed objects with the same number
of sources in the observed 850 um catalog. We then
positioned a square with the FOV of 4’ x 4’ randomly
5000 times and counted the number of simulated ob-
jects within the square each time. Such a simulation
was iterated 100 times using 100 simulated catalogs.
We then applied the same procedure to the observed
850 pum catalog (Geach et al. 2017) and found that on
average 2.47 SMGs are counted within the square and
the maximum number of SMGs within the square is 12.
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Figure 13. Histograms for number count of SMGs within a
confined area. Black histogram represents the number of
observed SMGs within an area of 4 x 4’ by positioning
the area of 4’ x 4’ randomly 5000 times. The same pro-
cedure was performed for uniformly distributed simulated
SMGs (red histogram). The simulation was iterated 100
times using 100 simulated catalogs. Error bars represent
the standard deviation of 100 iterations.

As shown in the results of the simulation (Figure 13),
up to seven SMGs within the square can be treated as a
result of random distribution, whereas more than eight
SMGs within the square can be a sign of a clustering
event due to the existence of a protocluster or large scale
structure. For this reason, to find a SMG overdense re-
gion, we focused only on the region where more than
eight SMGs are counted within the square. Therefore,
by scanning the NEP-Deep field with the square in steps
of 30” toward (R.A., Dec.) directions, we searched for
SMG overdense regions where more than eight SMGs
are counted within the square. As a result, we found
seven SMG overdense regions in the NEP-Deep field,
which are denoted by large circles in Figure 14.

Among these overdense regions, we focused on four
regions as possible protocluster candidates and priori-
tized them for the follow-up study. We choose three of
the regions as protocluster candidates because at least
three SMGs seem to lie at similar redshift range judging
from similar Herschel and SCUBA-2 colors (regions de-
noted by B, C and D in Figure 14). Protocluster candi-
dates in the region of B, C and D seem to lie at redshift
z = 2—3 judging from the redshift tracks of Arp220 and
M82. Second, we selected the region denoted by A also
as a possible protocluster candidate. Jones et al. (2014)
reported unusual SMG overdensity around Hot DOGs,
which suggests that Hot DOGs could be a possible sign-
post of protoclusters. It follows that a SMG overdense
region around rare objects, such as DOGs, can be a pos-
sible protocluster candidate. As discussed earlier, seven
DOGs in the NEP-Deep field are detected in the 850 pum
band. Among them, three DOGs are located in SMG
overdense regions denoted by A, B and D in Figure 14.
Therefore, the region A is one of the strongest candi-
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Figure 14. Protocluster candidates. Left: SCUBA-2 850 pum image of the NEP-Deep field (Geach et al. 2017). Open cyan
circles are SCUBA-2 850 pm sources. Black circles represent SMG overdense regions. Among them, 4 interesting regions
are denoted by magenta squares. A FOV of the magenta square is 4 x 4’ which corresponds to 2 Mpc x 2 Mpc at z =
2. Right: SCUBA-2 and Herschel colors of 850 pm sources. Squares are 850 um sources detected in Herschel bands. A
blue square represents 850 um source with spectroscopic redshift, and red squares are 850 pum sources classified as DOGs.
Black solid lines and symbols are the redshift tracks of Arp220 (triangles) and M82 (diamonds) ranging z = 0.5—4.5 with

the interval of Az = 0.5.

dates because there are eight SMGs around a DOG.
Although most SMGs in this region are not detected
in Herschel bands, they do not seem to be false de-
tections because they are detected at a significance of
>3.80 in 850 pum observations, which indicates that the
false detection rate for each SMG in region A is less
than 10% (Geach et al. 2017). The protocluster can-
didate in region A seems to lie at redshift z > 3 be-
cause source extraction of Herschel/SPIRE data was
conducted from the 250 ym map. The regions A, B, C
and D are overdense by factors of 3.6, 4.9, 4.0 and 3.6
compared to the average SMG number density in the
NEP-Deep field. A follow-up spectroscopic observation
can confirm the protocluster candidates in this study.
Although the results of this study are restricted
due to the small number of sources, we show the avail-
ability of SMGs as a proper population for the study of
galaxy evolution. As a successive study, we plan follow-
up spectroscopic observation for the NEP-Deep field
with MMT /Hectospec, which will provide the spectro-
scopic redshift of about 60 optical counterparts with
r’ < 23.5 AB magnitude by four hours of exposure time.
Along with the results in this study, further observa-
tional data will be useful for the discussion regarding
SMGs in terms of the evolution of massive galaxies.
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