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Abstract

We investigate the properties of active galactic nuclei (AGNs) in the brightest submillimeter galaxies (SMGs) in
the COSMOS field. We utilize the bright sample of the ALMA/SCUBA-2 COSMOS Survey (AS2COSMOS),
which consists of 260 SMGs with S870 μm = 0.7–19.2 mJy at z = 0–6. We perform optical to millimeter spectral
energy distribution (SED) modeling for the whole sample. We identify 24 AGN-host galaxies from the SEDs.
Supplemented by 23 X-ray-detected AGNs (X-ray AGNs), we construct an overall sample of 40 AGN-host
galaxies. The X-ray luminosity upper bounds indicate that the X-ray-undetected SED-identified AGNs are likely to
be nearly Compton thick or have unusually suppressed X-ray emission. From visual classification, we identify

-
+25 5

6% of the SMGs without AGNs as major merger candidates. This fraction is almost consistent with the general
galaxy population at z ∼ 2, suggesting that major mergers are not necessarily required for the enhanced star
formation in SMGs. We also identify -

+47 15
16% of the AGN hosts as major merger candidates, which is about twice

as high as that in the SMGs without AGNs. This suggests that major mergers play a key role in triggering AGN
activity in bright SMGs.

Unified Astronomy Thesaurus concepts: Active galaxies (17); High-redshift galaxies (734); Submillimeter
astronomy (1647); X-ray active galactic nuclei (2035)

1. Introduction

The supermassive black holes (SMBHs) at the centers of
galaxies may play a critical role in regulating star formation
within the interstellar matter (ISM) of massive galaxies (e.g.,
R. G. Bower et al. 2006). Previous studies have suggested a
close coevolution of galaxies and SMBHs inspired by the tight
bulge-mass-to-SMBH-mass correlation found in the local
universe (see J. Kormendy & L. C. Ho 2013 for a review).
This idea is also supported by the similarity of the cosmological
evolution of star formation rate (SFR) density and the SMBH
accretion rate density across z = 0–5 (P. Madau &
M. Dickinson 2014; Y. Ueda et al. 2003, 2014). However,
the main physical mechanism driving the coevolution is still
unclear. Active galactic nuclei (AGNs) are key targets to solve
this problem, as they are the observed manifestation of growing
SMBHs (D. M. Alexander & R. C. Hickox 2012). Some

studies suggest that feedback from AGNs can affect the
star formation activity of their host galaxies through
outflowing material via winds and/or relativistic jets (see
A. C. Fabian 2012 for a review). Therefore, studying the
properties of AGNs and their host galaxies is crucial to
investigate the nature of galaxy–SMBH coevolution.
Dusty star-forming galaxies (DSFGs) are an important

population in this context. DSFGs are characterized by their
luminous far-infrared emission from dust heated by stars,
indicating their intense star formation. Theoretical studies have
indicated that intense star formation activity can trigger AGN
activity by injecting turbulence in the gas disks and making the
gas fall into the nuclear regions (e.g., A. Hobbs et al. 2011).
Some studies also suggested that starburst activity can be
triggered by galaxy mergers, which subsequently trigger AGN
activity (e.g., P. F. Hopkins et al. 2008; S. McAlpine et al.
2019). Hence, DSFGs may be useful targets for studying the
triggering mechanism of AGNs. Sub/millimeter observations
are powerful tools to detect high-redshift DSFGs. At higher
redshift, the peak of dust emission is redshifted to the sub/
millimeter bands. Thus, high-redshift DSFGs are commonly
referred to as submillimeter galaxies (SMGs) owing to their
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selection wavelength. The Atacama Large Millimeter/submil-
limeter Array (ALMA) is a key observational facility to study
high-redshift sources in the sub/millimeter bands. Due to its
high angular resolution and sensitivity, it can precisely identify
sub/millimeter sources (e.g., S. M. Stach et al. 2019).

The properties of AGNs in SMGs have been
intensely studied over the past two decades. For instance,
D. M. Alexander et al. (2005) investigated the X-ray properties
of SMGs in the 2 Ms Chandra Deep Field North (CDF-N),
using a spectroscopically identified SCUBA 850 μm sample
with radio counterparts from S. C. Chapman et al. (2005;
S850μm = 2.4–17.4 mJy). They showed that the majority (15/
20) of those radio-detected SCUBA galaxies host X-ray AGNs,
from which a large fraction (12/15) are moderately/highly
absorbed (NH � 1023 cm−2). On the basis of the ALMA 26
arcmin2 Survey of GOODS-S at One-millimeter (ASAGAO;
B. Hatsukade et al. 2018), combined with the deepest 7 Ms
Chandra X-ray survey, Y. Ueda et al. (2018) found that -

+90 19
8 %

and -
+57 25

23% of millimeter-selected galaxies with LIR > 1012 Le
and 1011 Le < LIR < 1012 Le at z = 1.5–3 contain X-ray-
detected AGNs. The GOODS fields were also studied by an
ultradeep SCUBA-2 survey (a submillimeter perspective on the
GOODS fields (SUPER GOODS); L. L. Cowie et al.
2017, 2018; A. J. Barger et al. 2019, 2022). As a study in a
wider field with relatively shallow X-ray observations,
S. X. Wang et al. (2013) studied SMGs in the Extended
Chandra Deep Field South (E-CDF-S), utilizing the ALMA
LABOCA-E-CDF-S Submillimeter Survey (ALESS;
J. A. Hodge et al. 2013; S870μm = 1.3–9.0 mJy). They
identified eight X-ray AGNs from 91 SMGs in the shallower
Chandra footprints, from which six sources are moderately/
highly absorbed. Similarly, S. M. Stach et al. (2019) examined
the properties of SMGs in the UKIDSS Ultra Deep Survey
(UDS) field, based on the ALMA SCUBA-2 UDS survey
(AS2UDS; S. M. Stach et al. 2018; S870μm = 0.6–13.6 mJy).
They found 23 X-ray AGNs from 274 SMGs in the shallow
Chandra coverage. They also found 37 potential AGNs that
were not detected in X-ray from 162 IRAC-selected SMGs at
z < 3, utilizing the IRAC color selection of J. L. Donley et al.
(2012). Moreover, studies of high-density regions by
Y. Tamura et al. (2010) and H. Umehata et al. (2015, 2019)
have investigated the properties of AGNs in a protocluster at
z = 3.09 (SSA22). Although these studies constrained the
physical properties of AGNs in SMGs, the derived values vary
from study to study. For a more comprehensive understanding
of the nature of AGNs in SMGs, it is necessary to study a larger
sample and wider parameter ranges of SMGs.

The detection of AGNs in galaxy samples is always
challenging. Historically, many studies used X-ray observa-
tions and/or optical spectroscopy to study the nature of AGNs.
However, these methods have a bias against the most heavily
obscured sources (see R. C. Hickox & D. M. Alexander 2018
for a review). In heavily obscured AGNs, X-ray and ultraviolet
(UV) emission from the inner regions of the accretion disk
around the SMBH is absorbed by surrounding material and is
reemitted in the mid- to far-infrared bands. Color–color
diagrams in the mid-infrared wave bands are able to identify
such heavily obscured systems, but they are less reliable for
high-redshift sources (z > 3; J. L. Donley et al. 2012) and
lower-luminosity AGNs, where the mid-IR emission can be
strongly contaminated by the host galaxy (see also A. Pope
et al. 2008). Spectral energy distribution (SED) modeling of

broadband (rest-frame UV to far-infrared) photometries is a
promising method to robustly identify hidden AGNs missed at
X-ray and optical energies. Although this method is dependent
on the quality of the multiwavelength photometry and model
assumptions, it has successfully identified AGN candidates that
are not detected in X-ray observations (e.g., C. Andonie et al.
2022; G. Yang et al. 2023; R. Uematsu et al. 2024;
T. C. C. Chien et al. 2024; C.-L. Liao et al. 2024).
In this study, we investigate the properties of AGNs hosted

by bright SMGs in the COSMOS field, utilizing the ALMA/
SCUBA-2 COSMOS Survey (AS2COSMOS; J. M. Simpson
et al. 2020). This survey is a follow-up of the brightest ∼180
submillimeter sources that were detected in the SCUBA-2
COSMOS Survey (S2COSMOS; J. M. Simpson et al. 2019)
and is effectively complete for S2COSMOS sources brighter
than S850 μm = 6.2 mJy. We perform rest-frame UV to far-
infrared SED modeling for the AS2COSMOS SMG sample
and identify AGNs. We also perform an X-ray spectral analysis
of the bright X-ray-detected AGNs. On the basis of these
results, we discuss the properties of the AGNs and their host
galaxies. The structure of this paper is as follows: In Section 2,
we describe the observations and data reduction. In Section 3,
we describe the SED modeling and the X-ray spectral analysis.
Section 4 presents our results and discussions. A summary is
given in Section 5. Throughout the paper, we assume a flat
universe with H0 = 70.4 km s−1 Mpc−1, ΩM = 0.272
(E. Komatsu et al. 2011). The Chabrier initial mass function
(IMF) is adopted (G. Chabrier 2003). We use the AB
magnitude system (J. B. Oke & J. E. Gunn 1983). If not
specially mentioned otherwise, the quoted errors correspond to
1σ confidence.

2. Observations and Data Reduction

2.1. Submillimeter Photometry

The ALMA submillimeter source catalog that is the basis of
our analysis was presented in J. M. Simpson et al. (2020). The
pilot study of AS2COSMOS was performed in ALMA Cycle 4.
This survey followed up 160 of the brightest SCUBA-2
850 μm sources in the COSMOS field from the S2COSMOS
survey (J. M. Simpson et al. 2019), of which 158 had
deboosted/deblended 850 μm flux densities of S850 μm >
6.2 mJy. Observations were conducted between 2018 May 15
and 21 covering the 7.5 GHz bandwidth centered at 343 GHz
(870 μm; Band 7). Supplemented by the archival ALMA Band
7 imaging, J. M. Simpson et al. (2020) constructed a sample of
182 brightest S2COSMOS sources (deboosted/deblended flux
densities of S850 μm > 6.2 mJy) with ALMA Band 7 imaging.
All the ALMA data were calibrated and reduced with the
Common Astronomy Software Applications (CASA) package
(v5.1.1). The final images have a median synthesized beam size
of 0.80 × 0.79 FWHM and a median sensitivity of
σ870 μm = 0.19 mJy beam−1.
Source extraction was performed with SExtractor. First,

J. M. Simpson et al. (2020) extracted sources within the ALMA
primary beams with a significance of > 4.8σ at a peak or
> 4.9σ in an aperture with a 1.5 × FWHM of the synthesized
beam. The number of false detections fell to zero with these
criteria. In this step, J. M. Simpson et al. (2020) constructed a
robust sample of 254 SMGs in 182 ALMA maps. Then, they
extracted sources from the outer region of the ALMA primary
beam with a slightly higher peak significance of >5.1σ, where
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the false detection rate again fell to zero. As part of this step,
six additional SMGs were detected at 8.9–11.5 offsets from the
phase center. The final sample contains 260 SMGs out of the
182 brightest S2COSMOS sources. This sample effectively
comprises all S2COSMOS sources brighter than
S850 μm = 6.2 mJy. However, due to the influence of flux
boosting on the SCUBA-2 catalog, this corresponds to an
overall completeness of 50% for SMGs at S850 μm = 7.2 mJy in
the 1.6 deg2 survey area. We note that J. M. Simpson et al.
(2020) confirmed a small astrometric offset of ΔR.A. =
0.08 ± 0.01 between the AS2COSMOS and COSMOS2015
catalog (C. Laigle et al. 2016). In this study, we always correct

the source astrometry for this offset by referring to the
COSMOS2015 catalog. Figure 1 shows the positions of the
AS2COSMOS sources on a Canada–France–Hawaii Telescope
(CFHT) Ks-band image.

2.2. Spectroscopic Redshifts

Spectroscopic redshifts of AS2COSMOS sources were
obtained from several studies. We utilized the following
spectroscopic surveys: the Sloan Digital Sky Survey (SDSS
DR16; R. Ahumada et al. 2020), the zCOSMOS survey
(DR3; S. J. Lilly et al. 2009), the VIMOS VLT Deep Survey
(VVDS final data release; O. Le Fèvre et al. 2013), the PRIsm

Figure 1. Positions of the AS2COSMOS sources. The cyan and red points correspond to the X-ray AGNs and SED AGNs, respectively (see Sections 3.1.3 and 4.1).
The background is the CFHT Ks-band image. The coverage of Hubble Space Telescope (HST)/ACS, JWST/NIRCam, and JWST/MIRI imaging is shown in yellow,
orange, and magenta, respectively.
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MUlti-object Survey (PRIMUS DR1; A. L. Coil et al. 2011;
R. J. Cool et al. 2013), the FMOS-COSMOS survey (version 2;
J. D. Silverman et al. 2015; D. Kashino et al. 2019), the 3D-
HST survey (R. E. Skelton et al. 2014; I. G. Momcheva et al.
2016), the Complete Calibration of the Color-Redshift Relation
(C3R2) survey (DR3; D. C. Masters et al. 2019), the
hCOSMOS survey (I. Damjanov et al. 2018), and the DEIMOS
10K spectroscopic survey (G. Hasinger et al. 2018). In addition
to these catalogs, we used the results of the submillimeter line
scan of the brightest AS2COSMOS sources performed by
C.-C. Chen et al. (2022) and C.-L. Liao et al. (2024; see also
J. E. Birkin et al. 2021). Moreover, we utilized the spectro-
scopic study of a galaxy cluster performed by T. Wang et al.
(2016; AS2COS0003.1, AS2COS0003.2, AS2COS0003.3, and
AS2COS0003.4) and the spectroscopic study of [C II] emitters
performed by I. Mitsuhashi et al. (2021; (AS2COS0001.1,
AS2COS0001.2, AS2COS0006.1, AS2COS0034.1, and
AS2COS0034.2).

We cross-matched the AS2COSMOS sources with these
catalogs within 1.0 radii and only used “secure” redshifts. With
priority given to the submillimeter redshifts, 80 out of 260 sources
had spectroscopic redshifts ranging from 0.033 to 5.3 (hereafter
the “spec-z sample”). In Sections 3.1.1 and C.2, we show that the
original optical counterpart of AS2COS0159.1 (zspec = 0.033)
was misidentified. Therefore, the final spectroscopic redshift
sample contains 79 SMGs within zspec = 0.3–5.3. For the other
sources, we calculate their photometric redshifts by utilizing
CIGALE to simultaneously treat redshift uncertainties (hereafter the
“photo-z sample”; Section 3.1.2).

2.3. Size Measurement with ALMA

The typical synthesized beam of the ALMA 870 μm
observations in AS2COSMOS from J. M. Simpson et al.
(2020) was ∼0.8 FWHM. Given that the characteristic sizes of
the bright dust continuum emission SMGs are believed to be
∼0.2–0.3 FWHM (e.g., J. M. Simpson et al. 2015; S. Ikarashi
et al. 2015, 2017; J. A. Hodge et al. 2016; S. Fujimoto et al.
2018; B. Gullberg et al. 2019), the coarse resolution of our
observations would have made it challenging to measure
reliable sizes for such compact sources in the image domain.
However, the high signal-to-noise ratio (S/N) of our ALMA
detections (median integrated S/N ∼ 30, with a range of
17–52) meant that it would be possible to obtain constraints on
the size of the dust continuum emission in the brighter sources
in our sample using a visibility-domain analysis, as has been
demonstrated in the past (e.g., D. Iono et al. 2006; J. D. Youn-
ger et al. 2008; S. Ikarashi et al. 2015, 2017; B. Gullberg et al.
2019).

The ALMA dust continuum size measurements were
undertaken by S. Ikarashi et al. (2025, in preparation) and
followed the methodology described in S. Ikarashi et al. (2015),
with the exception that they adopted a Sérsic n = 1
exponential disk profile (rather than a Gaussian profile used
in that earlier work) as suggested by high angular resolution
submillimeter imaging of SMGs in the literature (e.g.,
J. A. Hodge et al. 2016; S. Fujimoto et al. 2018; J. A. Hodge
et al. 2019; B. Gullberg et al. 2019). The first step in their
analysis was to remove any other significant sources (S/N� 5)
from the ALMA map of the primary source whose size was
being measured. This is necessary since the visibility-domain
analysis assumes that there is only a single source in the map.
To remove the secondary sources, these were modeled using

the CLEAN task in CASA, employing its scratch option. This
involved masking the other sources and cleaning down to 1σ
noise level, before subtracting the modeled source visibilities
from the ALMA visibility data.
Then, uv–amplitude plots were constructed for each source,

by shifting the phase center to the position of the source and
measuring the circularized, average flux in each uv–distance
bin. A single exponential disk light profile (n = 1) model was
then fitted to the uv–amplitude plot to obtain the best-fit size as
a circularized half-light radius, Rcirc,0.5. S. Ikarashi et al. (2025,
in preparation) also tested the reliability of their size
measurements by performing simulations that involved inject-
ing mock sources with known light profiles and sizes into the
real ALMA visibility data and measuring their sizes in the same
manner as for the real sources. This provided robust estimates
of the errors in our size measurements. To determine the final
size for each source, S. Ikarashi et al. (2025, in preparation)
assessed whether the reported size is measurable (or only
provides a limit) given the claimed S/N and resulting size
using these Monte Carlo simulations, which also provided
appropriate uncertainties on the source size measurements.

2.4. Optical to Far-infrared Photometry

The optical to radio photometric catalog for the SMG
counterparts was also constructed by J. M. Simpson et al.
(2020), by updating the COSMOS2015 photometry catalog
(C. Laigle et al. 2016) to include deeper observations in the
critical optical and near-infrared bands. By cross-matching the
AS2COSMOS sources with the COSMOS2015 catalog, 179/
260 optical/near-infrared counterparts were identified within
search radii of 0.85, where the possibility of a false match is
estimated at ∼6.6%. After that, the YJHKs-band photometry
was replaced with those in DR4 of the Ultravista survey
(H. J. McCracken et al. 2012), which is up to ∼ 0.5 mag
deeper than DR2 used in the COSMOS2015 catalog. Photo-
metry was measured using 2″-diameter apertures centered at
the SMG positions. In addition, the BVriz photometry of the
COSMOS2015 catalog was replaced with the grizY photometry
in the second data release of the Hyper Suprime-Cam Subaru
Strategic Program (HSC-SSP; H. Aihara et al. 2019) if
available. HSC-SSP DR2 reached ∼1 mag deeper than the
optical imaging used in the COSMOS2015 catalog, and 158/
260 counterparts were identified within 0.85. In total, 199/260
optical/near-infrared counterparts are identified in this step.
To obtain mid-infrared photometry, the 3.6–8.0 μm images

of the Spitzer Large Area Survey combined with Hyper
Supreme-Cam (SPLASH; C. L. Steinhardt et al. 2014) were
utilized. The images were reduced with IRACCLEAN
(B.-C. Hsieh et al. 2012), where sources are deblended by
referring to the stacked zYJHKs detection images and ALMA
870 μm source positions. The far-infrared imaging of the
COSMOS field was provided by three large programs: the
COSMOS-Spitzer program (24 μm; D. B. Sanders et al. 2007),
the PACS Evolutionary Probe (PEP) survey (100 and 160 μm;
D. Lutz et al. 2011), and the Herschel Multi-tiered Extragalactic
Survey (HerMES; 250, 350, and 500 μm; S. J. Oliver et al.
2012). The “superdeblended” catalog (S. Jin et al. 2018), which
contains deblended 24–160 μm photometry for Ks and
3 GHz–selected sources, was cross-matched to the SMGs to
improve completeness at the 24–100 μm band, and photometry
was also obtained by cross-matching the AS2COSMOS sources
with the PACS/PEP survey catalog (D. Lutz et al. 2011).
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Finally, 250–500 μm photometry was derived following the
method described in A. M. Swinbank et al. (2014), where the
Spitzer 24 μm, Very Large Array (VLA) 3 GHz, and ALMA
870 μm source positions were used to deblend the Herschel
images.

The radio photometry was taken from the source catalog of
the VLA-COSMOS 3 GHz Large Project (V. Smolčić et al.
2017). Cross-matching the AS2COSMOS sources with the
VLA 3 GHz catalog, 191 counterparts were identified within
1″. Since two pairs of SMGs were confused in the 3 GHz map
(AS2COS0051.1/.2 and AS2COS0228.1/.2), the CASA/IMFIT
routine was applied to deblend the fluxes of these sources.

2.5. High-resolution Imaging with JWST

The COSMOS field was observed with the James Webb
Space Telescope (JWST) through two Cycle 1 JWST treasury
programs. The first was PRIMER (J. S. Dunlop et al. 2021),
which provides a contiguous 144 arcmin2 with NIRCam in
eight filters (F090W, F115W, F150W, F200W, F277W,
F356W, F444W, and F410M) and a noncontiguous
112 arcmin2 with MIRI in two filters (F770W and F1800W).
The second was COSMOS-Web (C. M. Casey et al. 2023),
which provides a contiguous 0.54 deg2 with NIRCam in four
filters (F115W, F150W, F277W, and F444W) and a non-
contiguous 0.18 deg2 with MIRI in one filter (F770W). A total
of 107/260 AS2COSMOS sources fall within the coverage of
the NIRCam imaging, whereas 43/260 sources are in the MIRI
coverage (Figure 1). We utilized the reprocessed images
provided by the DAWN JWST Archive (DJA) and constructed
the color-composite images of those sources. Figure 2 shows
the color-composite images of the 107 AS2COSMOS sources
in the NIRCam coverage. The color-composite images of the
40 AS2COSMOS sources in the coverage of both NIRCam and
MIRI are shown in Figure 13 in Appendix A. In Section 3.3,
we perform a morphological analysis using these images. Note
that the near-infrared counterpart of AS2COSMOS0005.1 has
distorted morphology, indicating that it is a strong gravitational
lens (Y.-H. Hwang et al. 2021; J. Pearson et al. 2024; S. Jin
et al. 2024). This is due to gravitational lensing by a foreground
galaxy. Thus, we exclude AS2COSMOS0005.1 and AS2COS-
MOS0005.2 in the following analysis.

2.6. X-Ray Observations

2.6.1. Observation Overview and Cross-matching

The COSMOS field was observed with the Chandra X-ray
Observatory (M. C. Weisskopf et al. 2002) through two large
programs. The first was the Chandra COSMOS survey
(C-COSMOS; M. Elvis et al. 2009), which was conducted
from 2006 November to 2007 June. This survey covered the
central 0.5 deg2 of the COSMOS field with an exposure time
of ∼ 160 ks and an outer 0.4 deg2 area of ∼80 ks. The second
program was the Chandra COSMOS-Legacy survey (F. Civano
et al. 2016), which was carried out from 2012 November
to 2014 March. During this survey, the outer region of
C-COSMOS was observed to a depth of ∼160 ks, achieving
an effective exposure of ;160 ks over the central 1.5 deg2

and of ;80 ks in the outer 0.7 deg2. The whole survey
detected 4016 point sources to limiting depths of 2.2 ×
10−16 erg s−1 cm−2, 1.5 × 10−15 erg s−1 cm−2, and 8.9 ×
10−16 erg s−1 cm−2 in the 0.5–2.0 keV, 2.0–10.0 keV, and
0.5–10.0 keV bands, respectively.

Cross-matching the AS2COSMOS sources with the latest
catalog by F. Civano et al. (2016), we identified 23 X-ray
counterparts within a radius of 1.4. Since F. Civano et al.
(2016) reported that 95% of the X-ray sources used for the
astrometry correction have their optical counterparts within 1.4,
we employed this value for the cross-matching radius (the total
false matching rate is ∼0.3 across the entire field).
In this study, we performed an X-ray spectral analysis for the

X-ray-detected sources to derive their X-ray luminosities and
line-of-sight absorption. We also estimated the X-ray lumin-
osity upper bounds for X-ray-undetected SMGs assuming
typical X-ray spectra of AGNs.15 Details of the X-ray spectral
analysis are described in Section 3.2. Here we reanalyzed all
the X-ray data, consisting of 117 pointings, using the Chandra
interactive analysis of observations software (CIAO V4.15;
A. Fruscione et al. 2006) and the latest calibration database
(CALDB V4.10.7). Note that AS2COS0353.2 was initially
identified as an X-ray source that was later confirmed as the
counterpart of AS2COS0353.1 by visual inspection
(Appendix B).

2.6.2. Source Extraction

Before extracting X-ray spectra of the SMGs, we performed
X-ray astrometric corrections for all the observations, following
F. Civano et al. (2016). First, we reprocessed the data with
chandra_repro script, employing the vfaint mode for ACIS
background cleaning. Next, we performed source detection in
each 0.5–7.0 keV image with wavdetect tool. The point-spread
function (PSF) maps were created at the 39.3% encircled count
fraction (ECF) radius, assuming a single power-law spectrum
with a photon index of 1.4 and Galactic absorption of
NH = 2.6 × 1020 cm−2 (P. M. W. Kalberla et al. 2005). We
employed a “2 sequence” of wavelet scales (i.e., 1, 1.414, 2,
2.828, 4, 5.656, 8, 11.314, and 16 pixels) and a false-positive
probability threshold of 10−6. Then, we corrected the
astrometry using the HSC i-band-selected subsample (17–24
AB mag) of the COSMOS2020 catalog (J. R. Weaver et al.
2022). In this step, only secure sources whose significance is
higher than 5σ and whose PSF size is smaller than 2 pixels
(∼1″) were cross-matched with the reference within 1.5. On
average, 15 sources were used to perform reprojection in each
image. Finally, we combined all the images using merge_obs
script. To confirm the astrometric accuracy, we again
performed source detection in the combined image with the
wavdetect tool. In this step, the length scale was varied from
0.5 to 16″ in steps of 2 . The detailed analysis of the Chandra
astrometry is summarized in Appendix B.
We then extracted the X-ray spectra using circular apertures

centered at the X-ray source positions. Here we determined the
X-ray source positions by the frame that has the sharpest PSF at
the detected position. The aperture radii were set to the 80 ECF
radius in each frame, but an upper limit was set to 5.0 for
sources that are detected over 3σ in the 0.5–7.0 keV band16 and
to 4.0 for the others.17 Background spectra were taken from
annuli with inner and outer radii of 8.0 and 25.0, respectively,
by masking any X-ray sources with circular regions with radii

15 Here we use the term “upper bound” to describe the upper boundary of
confidence intervals (see V. L. Kashyap et al. 2010).
16 Here we used the S/Ns that were reported in F. Civano et al. (2016).
17 AS2COS95.2 was detected over 3σ in the 0.5–7.0 keV band, but the upper
limit on the extraction aperture was set to 4.0 to avoid contamination from a
nearby source.
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of 8.0. For X-ray-undetected SMGs, we estimated the X-ray
upper bound count rates at 99.73% confidence intervals (3σ) in
the 0.5–7.0 keV band, utilizing the SRCFLUX script. For the

source regions, we employed circular apertures with radii of
3.0 centered at the 870 μm source positions. The background
count rates were estimated by annular regions with inner and

Figure 2. 8″ × 8″ JWST images of the 105 AS2COSMOS sources in the coverage of NIRCam (AS2COS0005.1 and AS2COS0005.2 are excluded). The blue, green,
and red colors correspond to the F115W+F150W, F277W, and F444W filters, respectively. We label the merger candidates, which have tidal features (T), disturbed
morphology (D), or possible companions (C) (see Section 3.3). The major merger candidates are indicated by “M.” The X-ray AGNs and the SED AGNs are indicated
by “X” and “SED” (see Section 3.1.3 and Section 4.1). Note that the images of AS2COS0107.1 and AS2COS0122.1 are constructed from F115W (blue), F277W
(green), and F444W (red) filters, as they are not covered by F150W. For the same reason, the image of AS2COS0155.1 is constructed from F115W (blue), F2150W
(green), and F277W (red), and those of AS2COS0228.1 and AS2COS0228.2 are constructed from F115W (blue), F115W+F150W (green), and F150W (red),
respectively.
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outer radii of 8.0 and 15.0, respectively, by masking any X-ray
sources with circular regions with radii of 8.0.

3. Analysis

3.1. Optical to Submillimeter SED Analysis

3.1.1. SED Fitting

We perform optical to submillimeter SED modeling for the
whole AS2COSMOS sample. We use CIGALE V2022.0
(M. Boquien et al. 2019; G. Yang et al. 2020, 2022), but
incorporating modifications for the dust emission model as
described below. The CIGALE code is designed to calculate the
likelihoods of all the models on a user-defined grid and return
the likelihood-weighted mean of the marginalized probability
density function (pdf) as a Bayesian estimation. In CIGALE,
users can choose several options for each SED component. We
employ a delayed star formation history (SFH), accompanied
by a recent starburst with a constant SFR. The composite stellar
populations are calculated based on the stellar template of
G. Bruzual & S. Charlot (2003) and the Chabrier IMF
(G. Chabrier 2003). The dust extinction of the stellar
component is modeled with the modified Calzetti starburst
attenuation law (D. Calzetti et al. 2000; C. Leitherer et al. 2002;
S. Noll et al. 2009). For the dust emission model, we use the
ETHEMIS model (R. Uematsu et al. 2024), which is a high-
temperature extension of the THEMIS model (A. P. Jones et al.
2017). The optical to far-infrared emission from an AGN is
modeled with the SKIRTOR model (M. Stalevski et al.
2012, 2016), where a polar-dust component is implemented
with a single optically thin graybody. The UV to optical
emission from the accretion disk is modeled by a broken power
law (M. Schartmann et al. 2005). In the SKIRTOR model, an
AGN whose inclination angle is smaller (larger) than the half-
opening angle of the torus is classified as a type 1 (type 2)
AGN. We employ this classification in later sections.

In CIGALE, the number of parameter grid points is often
limited by computational cost. Hence, we need to optimize the

parameter set to adequately reproduce the SEDs given this
limitation. Moreover, there remain some possible errors in
extracting photometry, such as remaining blending effects or
calibration issues. For these reasons, we separate the SED
modeling into two steps. In the first step, we analyze all the
SEDs with a robust parameter set, which is summarized in
Table 2 in Appendix C. In this step, we adequately reproduce
most of the SEDs with reduced χ2 values typically lower than
5. Then, in the second step, we reanalyze the remaining sources
by optimizing the photometry or adjusting the parameter
settings. Details of these iterations are summarized in
Appendix C. With this approach, we adequately reproduce
the SEDs of the AS2COSMOS sources (χ2/degrees of freedom
(dof) < 7; see Figure 16 in Appendix C). Figure 3 illustrates
two example SEDs of AS2COSMOS sources fitted with and
without AGN templates. Note that the radio component is not
simultaneously treated in the SED modeling to save the
computational cost.
When calculating the physical properties, we vary stellar

mass (M*), SFR, dust mass (Mdust), and infrared luminosity
(LIR) logarithmically,18 while the following are varied linearly:
dust temperature (Tdust), color excess of stellar continuum
attenuation (E(B − V )), power-law index to modify the Calzetti
attenuation slope (δ), AGN luminosity fraction in the total dust
luminosity ( fAGN), bolometric AGN luminosity (LAGN, bol

SED ), and
redshift (z). For SFR, we employ 10Myr averaged values. The
specific SFRs (sSFRs) are calculated by dividing the SFRs by
the stellar masses. The radio−IR correlation parameters (qIR)
are calculated by the following equation:

( )=
´ ´n

q
L

L
log

3.75 10 Hz
. 1IR

IR

,21 cm
12

⎜ ⎟
⎛
⎝

⎞
⎠

The radio luminosity density at 21 cm is converted from the
radio flux density at 3 GHz assuming a spectral index of 0.75

Figure 3. Example SEDs of a galaxy fitted (a) without and (b) with AGN templates. The black solid line represents the best-fit template SED solution. The yellow
solid line illustrates the stellar emission attenuated by interstellar dust. The blue dashed line depicts the unattenuated stellar emission for reference. The orange line
corresponds to the emission from the AGN. The red line shows the infrared emission from interstellar dust. The gray line denotes the nebula emission from the host
galaxy. The observed data points are represented by purple circles, accompanied by 1σ error bars. The bottom panel displays the relative residuals between the best-
fitting template solution and the photometry.

18 In CIGALE, the infrared luminosity is calculated by the sum of the dust
luminosity from the AGN and the dust luminosity from the host galaxy. This is
almost the same as the integrated luminosity between 8 and 1000 μm.
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(e.g., J. J. Condon 1992; E. Ibar et al. 2009, 2010). Note that
the spectral index was reported to have large uncertainty (a
standard deviation of 0.29; E. Ibar et al. 2010) and care should
be taken. The SFR is directly calculated from the stellar
templates, and this value corresponds to the sum of UV
(unobscured) and far-infrared (obscured) SFRs.

3.1.2. Treatment of the Redshift Uncertainty

In the SED modeling, the redshifts of the SMGs without
spectroscopic redshifts are allowed to vary within 0.1 < z < 6.0
(photo-z sample). Hence, the physical quantities derived by
CIGALE include the redshift uncertainties. However, in the
X-ray spectral analysis, redshifts are always fixed at the
spectroscopic redshifts or the Bayesian-estimated photometric
redshifts derived by SED modeling (Section 3.2). This
inconsistency can cause a problem in comparing the physical
properties. Therefore, we repeat the SED modeling by fixing
the redshifts at either the spectroscopic ones or the Bayesian-
estimated photometric ones. The values estimated in this way
are used for comparison with the X-ray properties.

3.1.3. Identification of AGNs

To identify whether a galaxy hosts an AGN or not, we utilize
the Bayesian information criterion (BIC). The BIC is calculated
as ( )c= + ´k nBIC ln2 , where χ2 is the nonreduced χ2

value, k is the dof, and n is the number of photometric points.
In this study, we regard the sources with ΔBIC =
BICw/o AGN − BICw/ AGN > 10 as hosting AGNs (SED
AGNs; see also Y. Toba et al. 2020). The median number of
photometric points in the SED fitting is 21, and the dof for the
AGN module is 4. Thus, this criterion roughly corresponds to
the improvement in reduced χ2 of 1. However, in some cases,
this method gives unreasonable results, due to the limited
parameter range of the SED model. Thus, we also visually
examine the SEDs and conclude that there is no evidence of
AGNs in the SED of AS2COS0001.2, where both mid-infrared
excess and a flat far-infrared SED are not confirmed. Finally,
we identify 24 SED AGNs in the AS2COSMOS sample, where
seven sources are also detected in X-ray.

Figure 4 shows the histogram of ΔBIC. Notably, most of the
X-ray-detected sources (16 out of 23) exhibit BICs lower than
10. This shows that the SED AGNs provide a complementary
AGN sample to the X-ray AGNs in our sample (see
Section 4.1). In addition, all three type 1 SED AGNs
(AS2COS0019.1, AS2COS0175.1, and AS2COS0230.1) are
detected in X-ray, which is consistent with the unobscured
nature of those systems. We emphasize that this method
strongly depends on the quality of the multiwavelength
photometry and model assumptions. In particular, at high
redshift (z � 3) or in optical(/near-infrared)-dark systems, the
indicators of AGNs are sometimes limited to a slight excess at
observed-frame 24 μm flux density or relatively flat SED at
observed-frame 100–1000 μm, which are difficult to distin-
guish from the polycyclic aromatic hydrocarbon (PAH)
emission from the host-galaxy dust or hot dust emission
associated with a starburst. In our SED AGN sample, the
evidence for AGNs in AS2COS0025.1, AS2COS0084.1,
AS2COS0099.1, AS2COS0108.2, and AS2COS0330.3
appears to be fairly limited, and we should be careful of these
sources. For sources other than the SED AGNs, we estimate the

99.73% (3σ) upper bound of the bolometric AGN luminosity
by integrating the marginalized pdf's with a uniform prior.
Except for the SED AGNs, the physical properties of the
galaxies are calculated without the AGN component.

3.1.4. SED Modeling Check

For a consistency check, we compare some observational
properties with the physical properties derived by the SED
modeling that they are expected to most strongly correlate with.
Figure 17 in Appendix D presents these comparisons. We confirm
a strong correlation between dust mass and 870 μm flux density as
reported in U. Dudzevičiūtė et al. (2020). Additionally, we confirm
that the 5.8μm flux density, which corresponds to the rest-frame
H-band flux density at the median redshift of z = 2.47, shows a
positive correlation with the stellar mass. Moreover, the photo-
metric redshifts derived by CIGALE are reasonably correlated with
the spectroscopic redshifts; the median difference and the standard
deviation are Δz/(1 + z) = (zphoto − zspec)/zspec = −0.04 ± 0.19.
Note that the photometric redshifts derived by CIGALE are also
reasonably aligned with those derived by EAZY and LEPHARE,
which are listed in the COSMOS2020 catalog; the median
differences and the standard deviations are Δz/(1 + z) =
(zeazy/lephare − zcigale)/zcigale = 0.14 ± 0.62 for EAZY and
0.09 ± 0.41 for LEPHARE. Determining the physical properties
of galaxies with SED analysis is sometimes challenging or
unreliable, particulary for a type 1 SED AGN, where the AGN
emission can mask the host-galaxy emission. To address
this issue, we perform a mock analysis, which is a procedure
provided by CIGALE (see Section 4.3 in M. Boquien et al.
2019), for all the AS2COSMOS sources (Appendix E). The
median differences and the standard deviations are D =log SFR

( ) - = - log SFR mock log SFR 0.01 0.19 and D =*Mlog
( ) - = * *M Mlog mock log 0.02 0.19.

To validate our AGN selection, we compare the properties of
our sources to the conventional AGN selection using a color–
color diagram in the mid-infrared bands. Figure 5(a) displays
the mid-infrared color–color diagram of the AS2COSMOS

Figure 4. Distribution of ΔBIC of the X-ray-detected AS2COSMOS sources
(X-ray AGNs; see Section 4.1), SED AGNs, and all the AS2COSMOS sources.
The vertical orange solid lines show the adopted threshold to identify an SED
AGN (ΔBIC = 10). Most of the X-ray-detected sources (16 out of 23) have
BICs lower than 10, suggesting that the SED AGNs are the complementary
sample to X-ray-detected AGNs.
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sources. The orange area denotes the AGN criteria by
J. L. Donley et al. (2012). Note that only the sources detected
in all the mid-infrared bands (Spitzer 3.6, 4.5, 5.8, and 8.0 μm)
are plotted in this figure. We also limit the sample to z < 3
because the stellar emission can produce a similar shape to the
AGN emission at high redshift (J. L. Donley et al. 2012). We
confirm that 9/11 of the SED AGNs are located in the
AGN region, while two SED AGNs (AS2COS0025.1 and
AS2COS0230.1) are not. AS2COS0025.1 shows a possible
excess in the Spitzer 24 μm band, which appears to drive the
AGN classification. AS2COS0230.1 has a flat rest-frame
optical SED, which may favor the presence of an AGN.

A significant fraction of galaxies in the AGN region (40/49)
are not classified as hosting AGNs by the BIC selection. A total
of 24 out of these 40 AGN-unclassified galaxies in the AGN
region have relatively high redshifts (z  2.4), which may
make it difficult to distinguish AGN-host galaxies from DSFGs
in the mid-infrared color–color diagram (S. M. Stach et al.
2019). The CIGALE fits for the other 13 sources with lower
redshift (1.0  z  2.0) are suggested to have strong 3.3 μm
PAH emission, which may have caused the misidentification in
the mid-infrared color–color diagram. However, we need to
consider the possibility that the near-infrared AGN emission is
misidentified as the 3.3 μm PAH emission in the SED fitting.
The remaining three sources lie near the edge of the selection
criteria. In summary, we conclude that the AGN selection by
BIC provides a more conservative sample of SED AGNs than
the conventional selection using the mid-infrared color–color
diagram at z < 3.

We also check the radio-loudness of the SMGs. Figure 5(b)
plots the radio–IR correlation factors as a function of redshift.
The solid and dashed lines denote the empirical relation of star-
forming galaxies at z = 0–4 (I. Delvecchio et al. 2021) and a
criterion for radio-excess AGNs (qIR� 1.55; H. S. B. Algera
et al. 2020), respectively. We confirm that our sample mostly
aligns with the empirical relation of star-forming galaxies. One
X-ray-detected AS2COSMOS source and an X-ray-undetected
SED AGN have especially low radio–IR correlation factors
(qIR = 1.3 ± 0.2 and 1.3 ± 0.3 for AS2COS0036.1 and

AS2COS0076.1, respectively), suggesting that these sources are
radio-excess AGNs. Two galaxies that are not detected in X-ray
or identified as SED AGNs also have low radio–IR correlation
factors (qIR = 1.1 ± 0.2 and -

+1.1 0.7
0.8 for AS2COS0034.1 and

AS2COS0191.2, respectively). This might suggest that they are
candidates for radio-excess AGNs. These sources are located at
high redshift, which may have made it difficult to identify
AGNs by SED modeling. In total, the AS2COSMOS sample
contains 4/258 ( -

+1.5 0.7
1.2%) radio-excess sources. This fraction is

consistent with the previous studies of the AS2UDS sample
(12/659, 1.8% ± 0.5%; H. S. B. Algera et al. 2020).
The 18 brightest and not strongly lensed AS2COSMOS

sources (S870 μm = 12.4–19.2) were also analyzed in C.-L. Liao
et al. (2024). They performed X-ray to radio SED modeling
with CIGALE and found that the luminosity fractions of AGNs in
the total infrared luminosities ( fAGN) are always lower than
∼10% in their sample. However, in our study some of these
sources have moderately high AGN luminosity fraction ( fAGN =
0.56 ± 0.13, 0.38 ± 0.05, 0.55 ± 0.13, and 0.49 ± 0.03
for AS2COS0001.1, AS2COS0008.1, AS2COS0054.1, and
AS2COS0139.1, respectively), indicating significant contributions
of AGNs in those systems. These inconsistencies can be attributed
to the different parameter settings used for CIGALE. In particular,
since the radio photometry of some of the AS2COSMOS sources
has a high S/N, the radio-loudness parameter can sometimes
behave as the normalization for the AGN component. In
C.-L. Liao et al. (2024), the radio-loudness parameter was
sampled at 1 dex intervals in the fitting. Thus, fAGN might not be
estimated with an accuracy of less than 1 dex, which might cause
potential trouble in the identification of AGNs. In addition, care
needs to be taken about the possible degeneracies between
the parameters in SED modules. For example, the host-galaxy
dust emission module has a potential degeneracy with the AGN
module. Thus, if we limit the parameter range of the host-galaxy
dust emission module, the contribution of the AGN module can
be overestimated. Currently, we are not able to calculate all the
possible parameter grids and test the degeneracies between the
SED modules owing to the computational cost. Future studies on
the SED modules themselves are needed to solve this problem.

Figure 5. (a) Mid-infrared color–color diagram of the AS2COSMOS sources. The shaded area shows the AGN selection criteria by J. L. Donley et al. (2012). Note
that only the sources that are detected in all the mid-infrared bands (Spitzer 3.6, 4.5, 5.8, and 8.0 μm) are plotted in this figure. Moreover, the sample is limited to
z < 3, where the selection criteria by J. L. Donley et al. (2012) are applicable. We confirm that most of the SED AGNs meet the AGN criteria by J. L. Donley et al.
(2012). (b) Distribution of qIR as a function of redshift. The solid line illustrates the empirical relation of star-forming galaxies at M* = 1011 Me (I. Delvecchio
et al. 2021), while the dashed line indicates qIR = 1.55, which is used as the threshold of radio-excess AGNs in H. S. B. Algera et al. (2020). The large symbols show
the spec-z sample, while the smaller ones show the photo-z sample. We confirm that most of the AS2COSMOS sources follow the empirical relation of star-forming
galaxies, while two AGNs and two non-AGNs show radio-loud characteristics.
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3.1.5. Selection Bias of SED AGNs

Detection of type 2 AGNs using SED modeling mostly
occurs as a result of the dominance of AGN emission in the
infrared bands. Consequently, it is more difficult to identify an
AGN in a strongly star-forming galaxy because the host-galaxy
emission will mask the emission from the AGN (see also
C. Andonie et al. 2022). This selection can be characterized by
the AGN luminosity fraction in the total infrared luminosity
( fAGN). In our sample, the type 2 SED AGNs have fAGN larger
than ∼0.3, which is considered to be the detection limit of the
SED AGNs in our study. Assuming a typical SED of a type 2
AGN and the tight SFR–LIR correlation, this detection limit can
be expressed as follows:
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where κIR is the infrared to bolometric correction factor of an
AGN and k¢-IR

1 is the conversion factor of infrared luminosity to
SFR. Here we assume κIR = 1.6, which is calculated by the
SKIRTOR model with τ9.7 = 7, p = 1, q = 1, Δ = 40°, R = 20,
θ = 70°, E(B − V ) = 0.1, and Tpol = 100 K. For k¢IR, we
employ the calibration by R. C. J. Kennicutt (1998), where a
factor of 0.63 is applied to convert Salpeter IMF to Chabrier
IMF. Note that this detection limit is not as applicable to type 1
AGNs because type 1 AGNs can also be selected by their flat
UV to optical spectra. Moreover, the detection of AGNs by
SED modeling is expected to have a potential bias against high-
redshift (z > 3) AGNs unless 24 μm flux densities are
available, since the hot dust emission from an AGN is
redshifted out of the mid-infrared bands (3.6–8.0 μm) and
can only be identified by the 24 μm flux density.

3.2. X-Ray Analysis

3.2.1. X-Ray Spectral Analysis for X-Ray-detected Sources

We perform an X-ray spectral analysis of the X-ray-detected
AS2COSMOS sources. To appropriately treat the low-count
statistics, we use the C-statistic (W. Cash 1979). We first construct
a background model utilizing the combined background spectrum.
We employ an analytical model referring to H. Suzuki et al. (2021),
but including a simplification to avoid unreasonable fits. The
background model used in this study is expressed as follows in the
XSPEC terminology (K. A. Arnaud 1996):

( )

= + +
+ + +
+ + +
+
+ + *

model_back

.
3

gaussian gaussian gaussian
gaussian gaussian gaussian
gaussian gaussian gaussian
gaussian
powerlaw gabs expdec

The nine Gaussian lines represent the fluorescence lines from
the instrument: Al Kα (1.487 keV), Al Kβ (1.557 keV), Ni Kα
(7.478 keV), Ni Kβ (8.265 keV), Au Mα (2.123 keV), Au Mβ
(2.205 keV), Au Mγ (2.410 keV), Au Lα1 (9.713 keV), and Au
Lα2 (9.628 keV). The widths of these lines are fixed at 1 eV. The
remaining Gaussian line corresponds to the broad-line

component at 2.7 keV produced by the inappropriate correction
of charge transfer inefficiency. The continuum background
spectrum is approximated by a power law and an exponential
decay with Gaussian profile absorption. We note that this model
is not multiplicated by the ancillary response file, assuming that
the background spectrum is dominated by particle-induced
events. We confirm that this model adequately reproduces the
combined background spectrum (C-statistic = 826 for 634 dof).
The best-fit parameters are summarized in Table 4 in
Appendix F. In the later sections, we fix the parameters except
for the normalizations of additive components, which are left as
free parameters to treat the slight differences among the
observations.
Adopting this approach, we simultaneously fit the source and

the background spectra. Here we assume that the source X-ray
spectra are dominated by AGN emission. The X-ray spectrum
of an AGN is approximated to three components: (1) a direct
component from the nucleus, (2) reflection components from
the torus and/or the accretion disk, and (3) a scattered
component with emission from the photoionized plasma. The
photoionized emission is usually much fainter than the direct or
reflection components at rest-frame energies above 2.0 keV.
Thus, we do not consider this component in the spectral
analysis. The reflection from an accretion disk is also excluded
because its contribution to the X-ray spectrum is still under
debate (S. Ogawa et al. 2019, 2021). The combined spectrum is
expressed as follows in the XSPEC terminology:

(

{ }
{ })

( )

=
+
+
+

* * *

*

model_source

_ _ .
_ _ . .

4

phabs zphabs cabs zcutoffpl
const zcutoffpl
atable xclumpy v01 RC fits
atable xclumpy v01 RL fits

The first factor represents the galactic absorption, which is
calculated following the method of R. Willingale et al. (2013).
The first term in parentheses represents the direct component.
The second term corresponds to the unabsorbed scattered
component. The third and fourth terms are the reflection
component from the torus. In this study, we employ the
XCLUMPY model, which reproduces the X-ray reflection from a
clumpy torus (A. Tanimoto et al. 2019). The photon index,
cutoff energy, and normalization of the reflection and scattered
components are linked to those of the direct component. The
line-of-sight hydrogen column density (NH,X

LOS) of the direct
component is set to be consistent with the torus geometry (see
Equation 3 in A. Tanimoto et al. 2019). Redshifts are fixed at
the spectroscopic ones or the Bayesian-estimated values
derived by the SED modeling. Because of the modest data
quality, the scattered fraction, photon index, and cutoff energy
are fixed at 0.01, 1.9, and 370 keV, respectively. Note that the
photon index is confirmed to be unconstrained except for
AS2COS0019.1, where AS2COS0019.1 has fits in which a
photon index of 1.9 lies within the 90% confidence interval.
Moreover, the torus angular width (σ) and the equatorial
hydrogen column density (NH,X

Equ) are fixed at 20° and
1025 cm−2, respectively. Finally, the free parameters in the
X-ray spectral fitting are the inclination angle (i; 18°–87°),
which is linked to the line-of-sight hydrogen column density,
and the normalization of the direct component.
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With this approach, we successfully reproduce the X-ray
spectra of the 23 X-ray-detected sources with an AGN model
(C-statistic < 1140 for 1285 dof). The X-ray spectra and the
plots of the goodness of fit as a function of the line-of-sight
hydrogen column densities are summarized in Appendix G. We
confirm that all the sources have solutions in the Compton-thin
regime ( < -N 10 cmH,X

LOS 24.2 2), with 12/23 sources showing
significant absorption ( > -N 10 cmH,X

LOS 22 2). Note that seven
SED AGNs are detected in X-rays, three of which are classified
as type 1 and four of which are classified as type 2 from the
SED analysis. All the X-ray-detected type 2 SED AGNs show
significant absorption ( > -N 10 cmH,X

LOS 22 2), and two of the
X-ray-detected type 1 SED AGNs do not. This shows the
consistency of the X-ray analysis and the SED analysis of these
sources. However, AS2COS0019.1 shows significant absorp-
tion in X-rays ( / =-

-
+Nlog cm 22.4H,X

LOS 2
0.2
0.1), while it is

classified as a type 1 SED AGN. This might be attributed to
the time variability of the AGN or the uncertainties associated
with the model assumptions. AS2COS0036.1, AS2COS0055.2,
AS2COS0066.1, AS2COS0076.2, AS2COS0095.2,
AS2COS0153.2, AS2COS0220.1, and AS2COS0275.2 present
alternative solutions in the Compton-thick regime that are not
distinguishable from the Compton-thin solutions at a 90%
confidence level. In later sections, we investigate these
solutions separately to consider both possibilities. For the
Compton-thick case, we calculate the X-ray luminosities by
fixing the line-of-sight hydrogen column density19 to

= ´ -N 9.8 10 cmH,X
LOS 24 2. The X-ray luminosities are calcu-

lated by correcting the line-of-sight absorption and the
reflection from the torus. The median X-ray luminosity is
estimated as L2–10 keV = 2.6 × 1044 erg s−1 cm−2 for the
Compton-thin cases and L2–10 keV = 3.1 × 1045 erg s−1 cm−2

for the Compton-thick cases. Note that the X-ray spectral
analysis of the sources in the COSMOS field is also performed
by B. Laloux et al. (2023). We confirm that our estimations of

the line-of-sight hydrogen column densities and the X-ray
luminosities are almost consistent with those in B. Laloux et al.
(2023) within the errors.

3.2.2. Upper Bound Estimation for X-Ray-undetected Sources

For X-ray-undetected SED AGNs (Section 3.1), we convert the
3σ upper bound count rates to the intrinsic X-ray luminosities by
assuming a typical AGN spectrum. We employ the same model as
in Section 3.2.1, but the inclination angle is fixed to either i = 47°
( = -N 10 cmH,X

LOS 23 2) or i = 60° ( = -N 10 cmH,X
LOS 24 2) assuming

Compton-thin absorptions. We also calculate the Compton-thick
case by fixing the inclination angle to i = 87°
( = ´ -N 9.8 10 cmH,X

LOS 24 2). Note that all the type 1 SED AGNs
are detected with X-rays, so the X-ray upper bounds are only
calculated for type 2 AGNs. The X-ray luminosities are calculated
by correcting the line-of-sight absorption and the reflection from
the torus. The median X-ray luminosity upper bound is estimated
as L2–10 keV = 1.5 × 1044 erg s−1 cm−2 for = -N 10 cmH,X

LOS 23 2,
L2–10 keV = 6.5 × 1044 erg s−1 cm−2 for = -N 10 cmH,X

LOS 24 2, and
L2–10 keV = 4.7 × 1045 erg s−1 cm−2 for = -N 10 cmH,X

LOS 25 2.

3.2.3. Stacking Analysis of X-Ray-undetected Sources

We conduct an X-ray stacking analysis for the X-ray-
undetected AS2COSMOS sources, using CSTACK V4.5
(T. Miyaji et al. 2008) with default settings for the maximum
off-axis angle, the source region radius, and the exclusion of
obvious X-ray sources. We separately stack the 17 X-ray-
undetected SED AGNs and the 220 AS2COSMOS sources that
are neither detected in X-rays nor identified as SED AGNs
(non-AGNs). Figure 6 shows the results. Both samples are
detected over 3σ in the soft band (0.5–2.0 keV) but not in the
hard band (2.0–8.0 keV). The mean count rate of the X-ray-
undetected SED AGN sample is about three times higher
than that of the non-AGN sample. This might show the weak
X-ray emission from the X-ray-undetected SED AGNs.
However, given that the median far-infrared luminosity of the

Figure 6. Results of X-ray stacking analysis for (a) the X-ray-undetected SED AGNs and (b) the other X-ray-undetected AS2COSMOS sources. The left panels show
the stacked X-ray images, while the right panels show the bootstrap histograms of the net count rates. The mean count rates and the confidence intervals are shown in
green and also reported in the histograms. Both samples are detected in the soft band (0.5–2.0 keV) over 3σ.

19 This is the hard limit of the XCLUMPY model (v1).
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X-ray-undetected SED AGN sample is also about three times
higher than that of the non-AGN sample, the difference does
not necessarily trace the X-ray emission associated with the
AGN activity. Moreover, the non-AGN sample is marginally
detected in the 2.0–8.0 keV band (2.4σ), although the
significance is not high. The inferred spectral shape is quite
hard (photon index of ∼1), implying a significant absorption
of these sources ( ~ ´ -N 7 10 cmH,X

LOS 22 2 for the AGN model
in Section 3.2.1 at the median redshift of z = 2.45). This
provides marginal evidence for the existence of obscured
AGNs in the non-AGN sample.

Utilizing the integrated count rate derived from our stacking
analysis, we calculate the typical X-ray luminosity of the X-ray-
undetected SED AGN sample. Here we assume the same X-ray
spectral model as in Section 3.2.2 placed at the median redshift of
the X-ray-undetected SED AGN sample (z = 3.18). Since all these
AGNs are classified as type 2 (see Section 3.1.1), we set the
inclination angle at either i = 47° ( = -N 10 cmH,X

LOS 23 2) or i = 60°
( = -N 10 cmH,X

LOS 24 2) assuming Compton-thin absorption. How-
ever, considering that the stacked X-ray-undetected SED AGN
sample is detected only in the soft band, we explore an unobscured
AGN scenario by setting the inclination angle to i = 15°
( = -N 10 cmH,X

LOS 20 2). In addition, we examine a Compton-thick
scenario by fixing the inclination angle to i = 87°
( = ´ -N 9.8 10 cmH,X

LOS 24 2). With this recipe, we estimate the
stacked X-ray luminosity of the X-ray-undetected SED AGNs as
L2–10 keV = (1.5 ± 0.4) × 1043 erg s−1 for = -N 10 cmH,X

LOS 20 2,
L2–10 keV = (2.4 ± 0.7) × 1043 erg s−1 for = -N 10 cmH,X

LOS 23 2,
and L2–10 keV= (2.4± 0.6)× 1044 erg s−1 for = -N 10 cmH,X

LOS 24 2

and L2–10 keV = (1.1 ± 0.3) × 1045 erg s−1 for =NH,X
LOS

´ -9.8 10 cm24 2. Moreover, we evaluate the X-ray luminosity
due to star formation activity from the integrated count rate of the
non-AGN sample. In this calculation, we employ a power-law
spectrum with a photon index of 2.1 (S. Sazonov & I. Khabibul-
lin 2017) placed at the median redshift of z = 2.45. The stacked
X-ray luminosity of the non-AGNs is estimated as
L2–10 keV = (2.3 ± 0.5) × 1042 erg s−1.

3.3. Morphological Study

Utilizing high-resolution imaging with JWST, we investigate
the visual morphology of the 105/25820 AS2COSMOS sources
in the coverage of NIRCam imaging (see also J. McKinney
et al. 2024 for a similar morphological study in COSMOS). We
follow the same approach as the previous study of bright SMGs
in the PRIMER region by S. Gillman et al. (2024). We assess
the presence of distorted morphology, asymmetric structures, or
tidal features by the color-composite images of the F115W,
F150W, F277W, and F444W bands. Additionally, we check for
the presence of possible companions in the F444W images. We
classify sources with strongly disturbed morphology, tidal
features, or potential bright companions (within a factor of four
brightness of the target galaxy) as “major” merger candidates.
Sources with less disturbed morphology or fainter companions are
classified as “minor” merger candidates. The color-composite
images of the 105 AS2COSMOS sources in the coverage of
NIRCam are summarized in Figure 2. We identify 62/105
( -

+59 6
5%) as potential merger candidates, from which 33/105

(31% ± 5%) are classified as major mergers. These fractions are

broadly consistent with the previous work by S. Gillman et al.
(2024). Note that we find six systems where both of the merging
galaxies are included in the AS2COSMOS sample
(AS2COS0036.1/36.2, AS2COS0048.1/48.3, AS2COS0076.1/
76.2, AS2COS0143.2/143.2, AS2COS0228.1/228.2, and
AS2COS0239.1/239.2). If these systems are counted once, the
merging fractions are 56/99 ( -

+57 6
5%) and 28/99 (28% ± 5%) for

all merger candidates and major mergers, respectively. We stress
that the possible companions are not spectroscopically confirmed
and some of them may be foreground or background galaxies.
We also study the F770W-band morphology of the 38/258

AS2COSMOS sources in the coverage of both NIRCam and
MIRI imaging (Figure 13 in Appendix A), which is considered
to better trace obscured AGN activity. We find that
AS2COS0019.1 and AS2COS0048.1 have pointlike morph-
ology in the MIRI/F770W band. These sources are confirmed
to host AGNs by SED analysis, and their mid-infrared emission
is expected to be dominated by the AGN component. Thus, the
pointlike morphology in the MIRI/F770W band is consistent
with AGN emission, as predicted by the SED analysis.

4. Results and Discussion

In this section, we discuss the physical properties of the
X-ray-detected and SED AGN SMGs, including a comparison
of their far-infrared and X-ray luminosities, their SED-derived
host-galaxy properties, X-ray absorption, and X-ray versus
bolometric luminosities of the AGNs and their SFRs
(Sections 4.1–4.5), before ending on a discussion of the
population statistics of AGNs in SMGs and their connection to
dynamical interactions as indicated by JWST imaging. The
sample of the X-ray and SED AGNs is summarized in Table 1.
The complete table, including infrared luminosity, dust
luminosity, dust mass, dust temperature, and color excess of
dust attenuation for stellar emission, is provided as supple-
mental material. The SEDs and the best-fit models of the SED
AGNs are summarized in Appendix G. We also show the X-ray
spectra and the line-of-sight hydrogen column densities of the
23 X-ray-detected SMGs in Appendix G.

4.1. Comparison of Far-infrared Luminosity and X-Ray
Luminosity

Figure 7 compares the rest-frame far-infrared (40–120 μm)
luminosities and the X-ray luminosities for the X-ray-detected
AS2COSMOS sources. We also plot the empirical relation for
local quasars (M. Elvis et al. 1994), AGN-classified SMGs, and
starburst-classified SMGs (D. M. Alexander et al. 2005). We
confirm that the X-ray-detected AS2COSMOS sources have
more than 1 dex higher X-ray luminosities than those expected
from their star formation activity (LX = 10−4LFIR). This
suggests that the X-ray emission is dominated by AGNs, which
verifies the assumption that the X-ray-detected AS2COSMOS
sources host AGNs. Thus, we regard these sources as “X-ray
AGNs” in the following sections. Note that the X-ray to far-
infrared luminosity correlation in galaxies without AGNs has
also been studied by a recent Chandra study in the Great
Observatories All-Sky LIRG survey (N. Torres-Albà et al.
2018). According to their relation, even galaxies with
LFIR = 1046 erg s−1 (∼1012.4 Le) cannot be brighter than
LX = 1042 erg s−1. Thus, we may conservatively say that the
X-ray emission in our X-ray AGN sample is dominated by the
AGN activities. The X-ray AGN sample exhibits about a

20 The strongly lensed system (AS2COS0005.1 and AS2COS0005.2) is
excluded.
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Table 1
Physical Properties of X-Ray AGNs and SED AGNs in the AS2COSMOS SMG Sample

ID R.A. Decl. z Log10M* Log10SFR fAGN ΔBIC Log L10 AGN, bol
SED Log N10 H,X

LOS Log10L2–10 keV

(deg) (deg) (Me) (Me yr−1) (erg s−1) (cm−2) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Only X-Ray AGNs

AS2COS0014.1 150.42100 2.06802 2.921 11.50 ± 0.13 2.89 ± 0.05 L −3.6 < 46.37 -
+23.4 0.4

0.3
-
+44.06 0.26

0.25

AS2COS0031.1 149.84586 2.86042 3.643 11.24 ± 0.12 3.20 ± 0.05 L −3.0 < 46.24 +22.9lim
0.5

-
+44.21 0.23

0.22

AS2COS0036.1 150.10616 2.01437 1.61 ± 0.11 11.69 ± 0.07 2.43 ± 0.24 L −0.7 < 46.39 -
+22.5 0.4

0.3
-
+43.63 0.14

0.14

AS2COS0055.2 150.32147 1.71421 0.69 ± 0.03 11.16 ± 0.05 0.54 ± 0.31 L −12.2 < 44.45 -
+21.9 0.4

0.2
-
+42.95 0.10

0.10

AS2COS0066.1 149.94410 1.95418 3.247 11.07 ± 0.15 2.84 ± 0.08 L −10.6 < 46.08 +22.8lim
0.5

-
+43.87 0.26

0.25

AS2COS0068.1 150.14291 2.05061 2.433 11.39 ± 0.02 2.51 ± 0.03 L −1.1 < 46.37 -
+23.5 0.2

0.1
-
+44.61 0.13

0.14

AS2COS0069.1 149.77102 2.36576 3.618 10.28 ± 0.05 3.27 ± 0.02 L −2.0 < 46.40 -
+23.8 0.3

0.3
-
+44.54 0.30

0.30

AS2COS0076.2 150.38353 2.07446 4.47 ± 1.20 10.30 ± 0.37 3.26 ± 0.37 L −4.1 < 45.42 -
+23.8 0.4

0.4
-
+44.74 0.32

0.37

AS2COS0095.2 150.12596 2.69636 1.66 ± 0.12 11.37 ± 0.07 2.12 ± 0.20 L −6.2 < 46.30 -
+22.2 1.3

0.4
-
+43.69 0.11

0.11

AS2COS0133.1 149.99979 2.10924 3.59 ± 0.23 10.46 ± 0.31 3.07 ± 0.16 L 6.1 < 45.72 -
+23.7 0.2

0.2
-
+44.65 0.20

0.19

AS2COS0153.2 149.88157 2.31819 1.616 10.84 ± 0.18 2.77 ± 0.08 L −5.1 < 45.96 -
+22.4 0.4

0.3
-
+43.74 0.11

0.11

AS2COS0220.1 150.00780 1.68614 4.00 ± 0.57 10.94 ± 0.18 3.03 ± 0.18 L −12.4 < 46.34 -
+23.8 0.3

0.3
-
+44.70 0.25

0.27

AS2COS0246.2 150.50454 2.72503 3.18 ± 0.06 10.35 ± 0.04 2.66 ± 0.03 L 3.2 < 45.77 +22.7lim
0.4

-
+44.28 0.13

0.13

AS2COS0272.1 150.31664 1.60374 3.65 ± 0.67 11.29 ± 0.21 3.22 ± 0.23 L −9.0 < 48.01 +22.8lim
0.4

-
+44.42 0.17

0.17

AS2COS0275.2 149.95169 1.74405 1.632 10.85 ± 0.12 2.92 ± 0.04 L −1.3 < 46.25 -
+22.6 0.7

0.3
-
+43.43 0.20

0.19

AS2COS0353.1 149.51390 2.04452 3.13 ± 0.26 9.54 ± 0.20 2.45 ± 0.14 L −8.3 < 46.41 -
+23.9 0.3

0.3
-
+44.51 0.35

0.32

X-ray AGNs ∩ SED AGNs

AS2COS0019.1 150.15840 2.13955 1.825 10.37 ± 0.28 3.15 ± 0.08 0.22 ± 0.04 74.9 45.99 ± 0.04 -
+22.4 0.2

0.1
-
+44.42 0.05

0.05

AS2COS0028.2 149.99795 2.57821 2.15 ± 0.10 10.14 ± 0.25 2.87 ± 0.29 0.29 ± 0.17 19.0 46.42 ± 0.03 -
+23.9 0.2

0.2
-
+44.48 0.27

0.29

AS2COS0048.1 150.28853 2.38193 1.581 11.62 ± 0.06 1.91 ± 0.06 0.57 ± 0.05 11.0 46.25 ± 0.08 -
+22.6 0.2

0.2
-
+43.76 0.09

0.10

AS2COS0116.2 150.49037 1.74637 2.38 ± 0.17 10.85 ± 0.23 2.49 ± 0.14 0.61 ± 0.04 100.3 46.75 ± 0.05 -
+23.5 0.1

0.1
-
+44.73 0.10

0.11

AS2COS0175.1 150.73578 2.19958 3.509 12.40 ± 0.84 1.78 ± 1.34 0.30 ± 0.02 151.3 46.56 ± 0.02 +20.0lim
2.6

-
+44.59 0.07

0.09

AS2COS0230.1 149.61511 1.78955 1.84 ± 0.23 10.56 ± 0.30 2.71 ± 0.17 0.10 ± 0.01 14.8 45.22 ± 0.08 +22.2lim
0.6

-
+43.72 0.15

0.15

AS2COS0308.1 150.60879 2.76970 3.026 11.01 ± 0.06 3.22 ± 0.02 0.41 ± 0.04 33.3 46.77 ± 0.11 -
+22.6 0.6

0.3
-
+44.93 0.06

0.06

Only SED AGNs

AS2COS0001.1 150.03350 2.43675 4.625 10.33 ± 0.22 3.19 ± 0.12 0.56 ± 0.13 57.2 46.96 ± 0.16 L < 44.89
AS2COS0008.1 150.70497 2.54874 3.581 11.96 ± 0.07 2.27 ± 0.09 0.38 ± 0.05 15.8 46.38 ± 0.09 L < 44.93
AS2COS0024.1 150.13265 2.21184 2.176 11.25 ± 0.09 2.54 ± 0.14 0.55 ± 0.09 37.9 46.46 ± 0.07 L < 44.47
AS2COS0025.1 150.16352 2.37252 2.086 10.51 ± 0.12 2.70 ± 0.05 0.49 ± 0.03 13.3 46.42 ± 0.04 L < 44.41
AS2COS0054.1 149.69140 2.72481 3.176 10.86 ± 0.23 2.88 ± 0.15 0.55 ± 0.13 24.3 46.62 ± 0.08 L < 44.66
AS2COS0076.1 150.38388 2.07448 3.08 ± 0.30 10.04 ± 0.38 2.49 ± 0.17 0.65 ± 0.09 31.3 46.39 ± 0.03 L < 45.07
AS2COS0078.3 150.44575 2.41303 2.75 ± 0.18 10.93 ± 0.13 2.35 ± 0.16 0.46 ± 0.14 13.8 46.19 ± 0.10 L < 45.04
AS2COS0084.1 149.58108 2.25228 3.600 9.69 ± 0.12 2.64 ± 0.06 0.40 ± 0.08 21.6 46.08 ± 0.10 L < 44.90
AS2COS0099.1 149.92558 1.77732 1.60 ± 0.20 10.18 ± 0.88 2.04 ± 1.62 0.88 ± 0.04 27.2 46.89 ± 0.03 L < 44.30
AS2COS0108.2 150.09505 1.86019 3.85 ± 0.80 9.23 ± 0.23 2.16 ± 0.19 0.89 ± 0.03 14.9 46.71 ± 0.07 L < 44.81
AS2COS0123.1 149.59827 2.20781 4.84 ± 0.25 9.58 ± 0.14 2.53 ± 0.08 0.90 ± 0.02 16.4 47.03 ± 0.06 L < 45.00
AS2COS0139.1 149.58247 2.60280 3.292 10.43 ± 0.05 3.42 ± 0.02 0.49 ± 0.03 131.2 47.31 ± 0.03 L < 44.75
AS2COS0189.1 149.49363 2.28020 2.79 ± 0.61 9.78 ± 0.33 2.62 ± 0.28 0.35 ± 0.22 30.1 46.15 ± 0.73 L < 44.76
AS2COS0231.1 149.78372 2.81792 1.97 ± 0.14 11.21 ± 0.14 2.31 ± 0.14 0.69 ± 0.08 44.8 46.47 ± 0.07 L < 44.48
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Table 1
(Continued)

ID R.A. Decl. z Log10M* Log10SFR fAGN ΔBIC Log L10 AGN, bol
SED Log N10 H,X

LOS Log10L2–10 keV

(deg) (deg) (Me) (Me yr−1) (erg s−1) (cm−2) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

AS2COS0261.1 149.64308 1.91751 1.83 ± 0.16 10.93 ± 0.10 2.17 ± 0.11 0.63 ± 0.05 12.6 46.16 ± 0.06 L < 44.59
AS2COS0330.3 150.76551 1.73478 3.74 ± 0.09 10.34 ± 0.22 2.74 ± 0.15 0.70 ± 0.07 27.4 46.66 ± 0.06 L < 45.05
AS2COS0362.1 149.69350 1.72286 3.79 ± 0.12 10.81 ± 0.09 2.50 ± 0.12 0.69 ± 0.07 31.6 46.57 ± 0.03 L < 44.89

Note. Columns (1), (2), and (3): ALMA source ID and positions (same as J. M. Simpson et al. 2020). Column (4): redshift (three decimal digits are for spectroscopic redshifts and two are for photometric redshifts).
Column (5): stellar mass. Column (6): SFR. Column (7): luminosity fraction of AGNs in total infrared luminosity ( fAGN). Column (8): change in BIC by the addition of an AGN component in the SED modeling.
Column (9): bolometric AGN luminosity estimated by SED modeling (the uncertainties listed in this table are converted from those calculated in the linear space). Column (10): line-of-sight hydrogen column density
(parameters that reach the model limits are indicated by “lim”). Column (11): X-ray luminosity (the values in parentheses show the X-ray luminosities assuming Compton-thick absorption; = ´ -N 9.8 10 cmH,X

LOS 24 2).
The redshift uncertainties are not considered for the calculation of LAGN, bol

SED , NH,X
LOS, and L2–10 keV. The upper bounds correspond to the 99.73% confidence (3σ). Note that the reduced χ2 values of these AGNs are lower

than 5 (well fitted).
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median of 6 times higher X-ray luminosities than the empirical
relation of AGN-classified SMGs (LX = 0.004LFIR), assuming
Compton-thin absorption. This can be attributed to the
selection using the relatively shallow X-ray observations in
the COSMOS field, as compared with the deeper Chandra
observations employed in D. M. Alexander et al. (2005).

Regarding the X-ray stacking analysis, we plot in Figure 7
the median far-infrared luminosities and the stacked X-ray
luminosities for the X-ray-undetected SED AGNs. We find that
the stacked values are consistent with the empirical relation of
AGN-classified SMGs assuming Compton-thin absorption.
This implies that the X-ray-undetected SED AGNs are
probably the same population as the AGN-classified SMGs
reported in the previous studies using deeper X-ray observa-
tions (D. M. Alexander et al. 2005; S. X. Wang et al. 2013). On
the other hand, if we consider the Compton-thick case, the
stacked values align with the empirical relation of local quasars
(LX = 0.05LFIR). To distinguish between these two possibi-
lities, deeper hard X-ray observations above rest-frame 10 keV
are needed. Moreover, we plot the median far-infrared
luminosities and the stacked X-ray luminosities of the non-
AGNs. We find that the stacked X-ray luminosity is ∼0.7 dex
higher than that expected from their star formation activity.
This supports the prediction in Section 3.2.3 that there remain
obscured AGNs that are neither detected in X-ray nor identified

as SED AGNs. Thus, we also calculate the upper bound of the
AGN luminosity in the non-AGN sample from the integrated
count rate derived from our stacking analysis, which is used in
Section 4.5. Here we assume the same X-ray spectral model as
in Section 3.2.2 placed at the median redshift of z = 2.45, and
the line-of-sight hydrogen column density is fixed to

~ -N 10 cmH,X
LOS 23.2 2 as predicted by the stacking analysis

(Section 3.2.3).

4.2. X-Ray Absorption by Host-galaxy Gas

If we make assumptions about the distribution of dust and gas-
to-dust ratio, we can estimate the line-of-sight hydrogen column
densities of the host-galaxy dust based on the dust masses and the
sizes of the dust-emitting regions. We assume that the half-mass of
galaxy dust is uniformly distributed within a sphere with a half-
light radius centered at the SMBH. The H2-to-dust mass ratio is
fixed to 90 (A. M. Swinbank et al. 2014). Based on these
assumptions across the whole sample, the median hydrogen
column density in the molecular phase is estimated as

= ´-
+ -N 8.7 10 cmH,dust

mol
0.3
0.9 23 2, which is consistent with the

previous study of the bright subsample of AS2UDS
( = ´-

+ -N 9.8 10 cmH,dust
mol

0.7
1.4 23 2; J. M. Simpson et al. 2017).

Then, we convert the hydrogen column density in the
molecular phase to total hydrogen column density by applying a
factor of 2.5 following C. Andonie et al. (2024), which is based
on theoretical models by C. D. P. Lagos et al. (2011) and
J. Fu et al. (2012). Finally, we obtain the median hydrogen
column density of = ´-

+ -N 1.4 10 cmH,dust 0.6
0.5 24 2, =NH,dust

´-
+ -3.0 10 cm1.1

0.7 24 2, and = ´-
+ -N 2.2 10 cmH,dust 0.1

0.2 24 2 for
the X-ray AGNs, the SED AGNs, and the rest of the
AS2COSMOS sources, respectively. These values are slightly
higher than the previous report on the average ISM column
density of 24 submillimeter-infrared quasars at z ∼ 1–3 in the
COSMOS field: ( )á ñ =  ´-

-N 0.8 0.1 10 cmH, ISM submm IRquasars
24 2

(C. Andonie et al. 2024). Given the tight correlation between dust
mass and 870 μm flux density (U. Dudzevičiūtė et al. 2020), this
may be attributed to the bright submillimeter selection of our
sample.
Figure 8(a) compares the line-of-sight hydrogen column

density measured by X-ray spectral analysis (NH,X
LOS) with that

estimated by the dust properties (NH,dust
mol ). In the majority of

cases (18/21), the line-of-sight hydrogen column density
estimated from the dust properties is significantly larger than
the X-ray measurements in the Compton-thin cases. This
suggests that the host-galaxy clouds have nonspherical
geometry and/or have complex (e.g., clumpy) distributions.
We may also consider the possibility that the X-ray absorption
of those sources is dominated by the opacity in the host galaxy
rather than the torus. Moreover, this result might suggest that
many of the X-ray AGNs are Compton thick and the line-of-
sight hydrogen column densities are not properly constrained
by the X-ray spectral analysis. Figure 8(b) shows the histogram
of the line-of-sight hydrogen column density estimated from
the dust properties. We find that the SED AGNs have
tentatively ∼0.3 dex higher column densities than the X-ray
AGNs. The median value of the SED AGNs is

= ´-
+ -N 1.2 10 cmH,dust

mol
0.4
0.3 24 2, which is broadly equivalent to

the threshold of Compton-thick absorption (NH =
1.7 × 1024 cm−2). Thus, this might suggest that in bright
SMGs AGNs can be heavily obscured by the host galaxies,
which makes them difficult to detect with X-ray observations.

Figure 7. Comparison between far-infrared luminosity (rest-frame 40–120 μm)
and X-ray (rest-frame 0.5–8 keV) luminosity for X-ray-detected (X-det) SMGs.
For the AS2COSMOS sources, we apply a factor of 1/1.91 to convert total
infrared luminosity to far-infrared luminosity (B. Magnelli et al. 2012). In
addition, we convert the rest-frame 2–10 keV luminosity to rest-frame
0.5–8 keV luminosity assuming an intrinsic power-law spectrum with a photon
index of 1.9. The stacked values of X-ray-undetected (X-undet) SED AGNs
and non-AGNs are also plotted. The solid and dashed lines show the empirical
relations of AGN-classified SMGs and starburst-classified SMGs, respectively
(D. M. Alexander et al. 2005). The dotted line shows the empirical relation of
local quasars (M. Elvis et al. 1994). The large symbols show the spec-z sample,
while the smaller ones show the photo-z sample. The redshift uncertainties are
not considered in these plots. The X-ray-detected AS2COSMOS sources have
more than 1 dex higher X-ray luminosities than those expected from the
empirical relation of starburst-classified SMGs, suggesting that the X-ray
emission is dominated by AGNs.
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4.3. Comparison of Physical Properties between Samples

Figure 9 compares the stellar masses, SFRs, sSFRs, radio
−IR correlation factors, and sizes of the dust-emitting regions
of the X-ray AGNs, the SED AGNs, and the rest of the
AS2COSMOS sources (non-AGNs). We find that the median
SFR and stellar mass of the X-ray AGN sample
( [ ] =-

-
+Mlog SFR yr 2.841

0.13
0.05 and [ ] = -

+
*M Mlog 10.94 0.09

0.12)
are about two times higher than those of the non-AGN sample
( [ ] =-

-
+Mlog SFR yr 2.531

0.06
0.02 and [ ] = -

+
*M Mlog 10.62 0.09

0.04),
while the median SFR and stellar mass of the SED AGN
sample ( [ ] =-

-
+Mlog SFR yr 2.531

0.04
0.10 and [ ] =*M Mlog

-
+10.53 0.16

0.30) agree with those of the non-AGNs. This might be
attributed to the X-ray selection bias of these sources. Since the
X-ray observations in the COSMOS field are relatively
shallow, the X-ray AGNs are biased to bright AGNs, which
likely host higher-mass SMBHs. Hence, if we assume a
positive correlation between stellar mass and SMBH mass
(J. Kormendy & L. C. Ho 2013), the X-ray AGNs are expected
to be hosted by massive galaxies, which may have a high SFR
according to the scaling relation of SFR and stellar mass. This
argument is supported by the similarity in the distributions of
the sSFRs between the X-ray AGNs, SED AGNs, and non-
AGNs (the median sSFRs of the X-ray AGN, SED AGN, and
non-AGN samples are - -

+8.04 0.04
0.12 yr−1, - -

+7.83 0.31
0.23 yr−1, and

- -
+7.99 0.03

0.10 yr−1, respectively). We also find that the radio–IR
correlation factors and the dust continuum sizes do not
significantly vary between the samples. This implies that the
vast majority of the X-ray AGNs and the SED AGNs are radio-
quiet and the properties of their host galaxy are similar to those
of the non-AGNs.

4.4. X-Ray Luminosity versus Bolometric AGN Luminosity

Figure 10 compares the X-ray-to-bolometric correction
factor (κ2–10 = LAGN, bol/L2–10 keV) with the bolometric AGN
luminosity for our AGN samples. We also plot the empirical
relation of AGNs at z < 3.5 from F. Duras et al. (2020). We
find that six out of the seven X-ray-detected SED AGNs show

good agreement with the empirical relation, while one source
has about 1 dex higher X-ray luminosity than the empirical
relation (AS2COS0048.1; κ2–10 = 326). We also find that all
the X-ray AGNs are predicted to be Compton-thin AGNs,
while the majority of the X-ray-undetected SED AGNs (14/17)
appear to be nearly Compton thick ( -N 10 cmH,X

LOS 24 2 ),
assuming that the empirical relation holds. This is consistent
with the recent observation that a significant fraction of AGNs
in local ultra/luminous infrared galaxies (U/LIRGs;
LIR/Le > 1011) show Compton-thick absorption (16/35;
C. Ricci et al. 2021). However, some studies have reported
that AGNs in the local U/LIRGs are intrinsically X-ray weak
(κ2–10 = 100–1000; S. H. Teng et al. 2014; S. Yamada et al.
2021). If this phenomenon is applicable to our samples, the
X-ray-undetected SED AGNs do not have to be Compton
thick. Note that the X-ray AGNs are not predicted to be
intrinsically X-ray weak, based on the upper limits of the
X-ray-to-bolometric correction factors.
Regarding the X-ray stacking analysis, we plot the average

X-ray-to-bolometric correction factors and the median bolo-
metric AGN luminosities for the X-ray-undetected SED AGNs.
We find that, assuming the Compton-thin case, the inferred
average X-ray-to-bolometric corrections for the X-ray-unde-
tected SED AGNs are more than 1 dex higher than the
empirical relation and higher than any X-ray-detected SED
AGNs in our sample. This may indicate that the X-ray-
undetected SED AGNs are either Compton thin and intrinsi-
cally X-ray weak or are Compton thick.

4.5. SFR versus Bolometric AGN Luminosity

Figure 11 compares the SFR with the bolometric AGN
luminosity for the X-ray AGNs and SED AGNs. Here we use
the bolometric AGN luminosity derived from the SED
modeling for the SED AGNs. For X-ray AGNs, excluding
X-ray AGNs that are also identified as SED AGNs, the
bolometric AGN luminosities are converted from the X-ray
luminosities using the calibration by F. Duras et al. (2020).
Note that we use the X-ray luminosities calculated with the

Figure 8. (a) Comparison of line-of-sight hydrogen column density measured by X-ray spectral analysis (NH,X
LOS) with that estimated from the dust properties (NH,dust).

AS2COS0055.2 and AS2COS246.2 are not plotted in this panel because they are too faint to derive reliable sizes. The large symbols show the spec-z sample, while
the smaller ones show the photo-z sample. (b) Histogram of the line-of-sight hydrogen column density calculated from the dust properties for the X-ray AGNs, the
SED AGNs, and the rest of the AS2COSMOS sources (non-AGNs). Only the sources whose sizes are well constrained are included in these histograms. The vertical
solid line shows the threshold of Compton-thick absorption (NH = 1.7 × 1024 cm−2). The redshift uncertainties are not considered when calculating the plotted values
in these panels.
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Compton-thin assumption based on the discussion in
Section 4.4. We also plot the median SFR and the upper
bound of the bolometric AGN luminosity for the non-AGN
sample calculated from the X-ray stacking (Section 4.1), where
the calibration by F. Duras et al. (2020) is adopted to convert
the X-ray luminosity upper bound to the bolometric AGN
luminosity upper bound. For comparison, we plot the
“simultaneous galaxy–SMBH evolution” line for the coevolu-
tion of SMBHs and the host galaxies. Assuming that SMBHs
and the host galaxies coevolve simultaneously across cosmic
time, the relative ratio of star formation and AGN activity is

expected to track this relationship:

( )
( ) ( )/h h

´ - = ´
= ´ -

R A M

L c

SFR 1

1 , 5
BH

AGN, bol
2

where R is the return function (the fraction of stellar masses
that are ejected back to the interstellar medium), A is the mass
ratio of stars to SMBHs, η is the accretion efficiency, and c is
the speed of light. We assume R = 0.41 (Chabrier IMF) and
η = 0.05. For A, we calculate in two settings: A = 200 and
A = 400. The former value is the typical mass ratio of stars in

Figure 9. Histograms of (a) stellar masses, (b) SFRs, (c) sSFRs, (d) radio–IR correlation factors (qIR), and (e) the dust continuum sizes (Re) for the X-ray AGNs, the
SED AGNs, and the rest of the AS2COSMOS sources (non-AGNs). In the histogram of Re, the bins at Re = 0 kpc show the number of sources whose dust sizes are
only given as the upper confidence intervals. We confirm no significant difference between the samples, suggesting the similarity of their host galaxies, regardless of
the presence of an X-ray or SED AGN.

Figure 10. Comparison of X-ray-to-bolometric correction factor (κ2–10) and bolometric AGN luminosity for (a) the X-ray AGNs and (b) the SED AGNs (the
overlapped sources are plotted in panel (a)). The black solid line denotes the empirical relation at z = 0–4 (F. Duras et al. 2020). Symbols with arrows show the 3σ
upper bound for each parameter. The redshift uncertainties are not considered when calculating the overall uncertainties of the plotted values. The large symbols show
the spec-z sample, while the smaller ones show the photo-z sample. We find that the X-ray AGNs are predicted to be Compton-thin AGNs, while the majority of
X-ray-undetected SED AGNs are nearly Compton-thick AGNs, if the empirical relation holds.
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bulge components to SMBHs in the local universe (J. Korme-
ndy & L. C. Ho 2013), while the latter value includes the disk
components (see Section 4.4 in Y. Ueda et al. 2018). We find
that the SED AGNs are distributed in the AGN-dominant
phase, where SMBHs grow faster than the host galaxies, while
the X-ray AGNs are almost distributed around the simultaneous
evolution lines. The bias of SED AGNs to higher AGN
luminosity can be explained by the selection effect discussed in
Section 3.1.5. We can potentially interpret these results within
the merger-driven evolutionary scenario: on the basis of this
scenario, galaxy mergers first trigger star formation activity and
later evoke AGN activity after the gas has had time to reach the
nuclear region (e.g., via stellar winds, via supernovae, or
through gravitational torques). Within this scenario, the SED
AGNs would correspond to the transition phase, where
merging has reached the nuclear regions and the AGN activity
has been enhanced, but the star formation is not yet quenched.
Hence, we might say that in such phases AGNs are likely to be
heavily obscured by dust or have unusually suppressed X-ray
emissions, which makes them difficult to detect with X-ray
observations. We note that the selection of the AGNs by SED
modeling strongly depends on the quality of the multi-
wavelength photometry and the assumptions of models. Thus,
these results should be verified by other methods like future
sensitive observations with the Advanced Telescope for High
Energy Astrophysics (Athena; K. Nandra et al. 2013).

4.6. Population Statistics

4.6.1. AGN Number Fraction

The depths of the X-ray observations in the COSMOS field
are only moderate (∼160 ks pixel–1). Thus, the X-ray AGNs in
the AS2COSMOS sample are not complete even for X-ray-
bright sources above luminosities of LX = 1043 erg s−1 cm−2.
The SED AGNs are also incomplete owing to the selection

shown in Section 3.1.5. Hence, the AGN number fraction in
our sample provides a lower limit for bright SMGs. In this
study, the AGN number fraction in the AS2COSMOS sample
is estimated as -

+16 2
3% for all AGNs (SED AGNs and X-ray

AGNs) and 9% ± 2% for only X-ray AGNs. The number
fraction of X-ray AGNs in our sample is therefore consistent
with that in the AS2UDS sample (8% ± 2%; S. M. Stach et al.
2019), where the depths of the X-ray observations used in that
work are more comparable to those in the COSMOS field (X-
UDS; 200–600 ks with Chandra; D. D. Kocevski et al. 2018).
To identify trends in AGN fraction with the SMG

population, we separate the sample into four bins based on
the redshifts and 870 μm flux densities. Since our sample is
only complete for SMGs brighter than S850 μm = 6.2 mJy, we
separate the sample at S870 μm = 6.2 mJy. We also separate the
sample at z = 3 because the selection of AGNs by SED
modeling is more reliable at low redshift (z < 3; Section 3.1.3).
In the brighter SMG samples, the AGN number fraction

(SED AGNs and X-ray AGNs) is about two times higher at
high redshift ( -

+24 6
8%) than at low redshift ( -

+13 4
5%), which is

also confirmed for X-ray AGNs ( -
+10 4

6% and -
+6 2

4%, respec-
tively). This might suggest that the SMBH growth is more
intense in high-redshift SMGs. However, we stress that the
evidence for high-redshift SED AGNs (z > 3) is fairly limited
and that care should be taken with this issue. For low-redshift
samples, the SED AGN number fraction is higher in the
brighter SMGs ( -

+7 3
4%) than in the fainter SMGs ( -

+1 1
2%), while

the X-ray AGN number fractions are consistent within their
confidence intervals ( -

+6 2
4% and -

+8 3
4%, respectively). This might

suggest that, in bright SMGs, AGNs tend to be heavily
obscured or have unusually weak X-ray emission. As the
870 μm flux density is tightly correlated with the dust mass of a
galaxy (U. Dudzevičiūtė et al. 2020), this trend might be
attributed to the dust obscuration by the host galaxies
(Section 4.2). Nevertheless, we need to be cautious about the
selection bias due to the quality of multiwavelength photo-
metry. Brighter SMGs are more likely to have higher S/N in
the mid- to far-infrared photometry, which can highlight the
imperfection of the host-galaxy models and cause the
misidentification of SED AGNs. On the other hand, in fainter
SMGs, the S/N in the mid- to far-infrared photometry is
expected to be lower, which can miss the presence of
SED AGNs.

4.6.2. Merger Fraction

The connection between galaxy mergers and AGN/host-
galaxy properties is an important but still unresolved issue. In the
low-redshift universe (z� 1), several observational studies have
shown that galaxies in mergers are more likely to host AGNs
than isolated galaxies (e.g., A. D. Goulding et al. 2018; F. Gao
et al. 2020). Theoretical investigations predict that the fraction of
merger-induced starbursts in SMGs increases with submillimeter
flux density (C. C. Hayward et al. 2013), although other
theoretical work investigating the dependence of merger fraction
on the stellar mass found that the merger fraction in SMGs is
similar to the general galaxy population, suggesting that mergers
are not the sole driver of the enhanced star formation in SMGs
(S. McAlpine et al. 2019). To address this issue in our study, we
examine the merger fraction of the AS2COSMOS sources as
functions of stellar mass (M* > 1011 Me orM* < 1011 Me) and
AGN activity (AGN or non-AGN).

Figure 11. Comparison of SFR and bolometric AGN luminosity for the X-ray
AGNs and the SED AGNs. The orange solid and dashed lines show the
“simultaneous evolution” with A = 200 (bulge only) and A = 400 (bulge
+disk), respectively. The black solid line shows the detection limit of the type
2 SED AGNs (see Section 3.1.5). The large symbols show the spec-z sample,
while the smaller ones show the photo-z sample. We find that the SED AGNs
are distributed in the AGN-dominant region, suggesting that in such a phase
AGNs can be nearly Compton thick and missed in X-ray.
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Figure 12(a) shows the dependence of major merger
fractions on stellar masses. We also plot the theoretical
prediction using the EAGLE simulation by S. McAlpine
et al. (2019). We find no significant difference between the
massive and less massive subsets of SMGs ( -

+31 9
10% and

32% ± 6%, respectively), and the major merger fractions of the
two subsets are consistent with the EAGLE simulation.
Figure 12(b) shows the dependence of major merger fractions
on AGN activity. For comparison, we plot the major merger
fractions in X-ray-selected AGNs (D. D. Kocevski et al. 2012)
and optical-selected AGNs (M. Mechtley et al. 2016 and
V. Marian et al. 2019) at z ∼ 2 (see also C. Villforth 2023 for
the summary of these studies). Notably, the major merger
fraction in the AS2COSMOS non-AGN sample ( -

+28 5
6%) is

consistent with those of the general population at z ∼ 2.
However, we find that the major merger fraction in the
AS2COSMOS AGN sample (50% ± 15%) is potentially twice
as high as that in the non-AGN sample, which is more
significant than the enhancement reported for the general AGN
samples at z ∼ 2, although the uncertainties are large. These
results suggest that major mergers are not necessarily required
for the enhanced star formation in SMGs, as predicted by the
EAGLE simulation, but may play a key role in triggering AGN
activity in bright SMGs. We caution that there still remain large
statistical uncertainties and that further studies with large
samples are needed. For example, dependency of major merger
fraction on AGN luminosity cannot be confirmed in this study
but should be investigated in future studies with larger samples.
In addition, the selection of AGNs by SED analysis strongly
depends on the model assumptions. If we adopt the
J. L. Donley et al. (2012) criteria for the selection of SED
AGNs, the major merger fraction in the AGN sample is

-
+43 12

13%, which is still almost consistent with the major merger
fraction in our AGN sample. The slight difference might
originate from the galaxy contamination in the J. L. Donley
et al. (2012) selection. We also note that the stellar masses of
most of the companions are not measured in this study, but it
may not affect the main conclusion of this study.

5. Summary

We performed multicomponent SED modeling and X-ray
spectral analysis for the sample of bright SMGs from the
AS2COSMOS survey. The sample consists of 260 SMGs with
S870 μm = 0.7–19.2 mJy, which is effectively complete for
SMGs with 850 μm flux densities S850 μm�6.2 mJy in the
S2COSMOS catalog. Our main results are listed below:

1. Using an SED fitting methodology, we identified 24
AGN candidates (SED AGNs). Supplemented by 23
X-ray-detected AGNs (X-ray AGNs), we construct a
sample of 40 AGN candidates, of which seven sources
overlap between the two subsets.

2. The X-ray AGNs have a median of 6 times higher X-ray
luminosities than the empirical relation between the X-ray
luminosity and far-infrared luminosity for AGN-classified
SMGs, assuming Compton-thin absorption. This can be
attributed to the selection from the relatively shallow X-ray
observations in the COSMOS field. An X-ray stacking
analysis shows that the stacked luminosities of X-ray-
undetected SED AGNs show good agreement with the
empirical relation of the AGN-classified SMGs with the
assumption of Compton-thin absorption. This indicates that
the X-ray-undetected SED AGNs are likely to be the same
population as the AGN-classified SMGs detected in deeper
X-ray studies.

3. From the dust masses and the sizes of the dust-emitting
region, the median hydrogen column densities are
calculated as = ´-

+ -N 1.4 10 cmH,dust 0.6
0.5 24 2, =NH,dust

´-
+ -3.0 10 cm1.1

0.7 24 2, and = ´-
+ -N 2.2 10 cmH,dust 0.1

0.2 24 2

for the X-ray AGNs, the SED AGNs, and the rest of the
AS2COSMOS sources. The SED AGNs have about two
times higher column densities than the X-ray AGNs. This
may suggest that the SED AGNs are heavily obscured by
the host-galaxy dust, which makes them difficult to detect
with X-ray observations.

4. Among the seven X-ray-detected SED AGNs, six are
consistent with the empirical relation of X-ray luminosity
and bolometric luminosity of AGNs at z < 3.5, while one
source has about 1 dex higher X-ray luminosity than the

Figure 12. (a) Comparison of the major merger fraction in the AS2COSMOS sample with the theoretical prediction from EAGLE (S. McAlpine et al. 2019). The
errors on M* of the AS2COSMOS sample indicate the 16%–84% intervals of each stellar mass bin. (b) Dependencies of the major merger fraction as a function of
AGN activity. The X-ray- and optical-selected AGNs at z ~ 2 are also plotted (D. D. Kocevski et al. 2012; M. Mechtley et al. 2016; V. Marian et al. 2019). Each data
point is annotated with the median redshift of the galaxies in that bin. We find that major mergers may play a key role in triggering AGN activity in bright SMGs.
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empirical relation. Assuming the empirical relation, the
X-ray AGNs are predicted to be Compton-thin AGNs,
while the majority of X-ray-undetected SED AGNs are
nearly Compton-thick AGNs. However, if we consider
the X-ray weak cases, the SED AGNs can be Compton-
thin AGNs.

5. In the SFR versus AGN luminosity plane, the SED AGNs
are distributed in the AGN-dominant phase, while X-ray
AGNs are distributed around the simultaneous evolution
lines. Assuming a merger-driven evolutionary scenario,
our AGN sample may correspond to the transition phase,
where merging has finished but the star formation is not
yet quenched. Thus, our results suggest that in such
phases AGNs are likely to be heavily obscured by dust or
have anomalously suppressed X-ray emissions, which
makes them difficult to detect with X-ray observations.

6. The AGN number fraction in the AS2COSMOS sample
is -

+16 2
3% for the total (SED AGNs and X-ray AGNs) and

9% ± 2% for only X-ray AGNs. These values are lower
than the previous estimate with deeper X-ray observation,
which can be attributed to the relatively shallow X-ray
observations in the COSMOS field and also the selection
bias of the SED AGNs.

7. Using visual classification, we identify -
+47 15

16% and

-
+25 5

6% of the AGN hosts and galaxies without AGNs
as major merger candidates, respectively. The major
merger fraction in the AS2COSMOS non-AGN sample is
almost consistent with the general population at z ∼ 2.
This suggests that major mergers are not necessarily
required for the enhanced star formation in SMGs. On the
other hand, the major merger fraction in the AS2COS-
MOS AGN sample is potentially twice as high as that in
the AS2COSMOS non-AGN sample. This suggests that
major mergers may play a key role in triggering AGN
activity in bright SMGs.
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Appendix A
MIRI Images of AS2COSMOS Sources

Figure 13 shows the color-composite images of the 40
sources in the coverage of both NIRCam and MIRI.
AS2COS0019.1 and AS2COS0048.1 have pointlike morph-
ology in the MIRI/F770W band, which is consistent with the
results of the SED modeling.
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Appendix B
Astrometry Check for X-Ray Sources

Figure 14(a) shows the positional offset between the X-ray
source positions and the optical source positions used for the
astrometry correction. After the correction, 95% of the X-ray
sources have their optical counterparts within 0.74, which is 18%
smaller than the value before the correction (0.90). Then, to check
the astrometric accuracy, we cross-match the X-ray source
positions derived in Section 2.6.2 to the COSMOS2020 catalog.
Figure 14(b) shows the histogram of the separation. For
comparison, we plot the separation between the X-ray source
positions in F. Civano et al. (2016) and the optical to near-infrared
source positions in the COSMOS2020 catalog. We find that the
median separation is about two times smaller in our catalog than
in F. Civano et al. (2016). This suggests that the X-ray source
positions in our catalog are better aligned with the COSMOS2020
catalog than F. Civano et al. (2016), which is likely because our

source positions are calibrated by the COSMOS2020 catalog
whereas the CFHT MegaCam catalog (H. J. McCracken et al.
2012) was used as a reference in F. Civano et al. (2016).
Figure 15 shows the positions of the X-ray-detected sources

near AS2COS0353.1 and AS2COS0353.2 plotted over the
Ultravista Ks-band image.21 The red points show the X-ray
source positions listed in the catalog by F. Civano et al. (2016),
whereas the blue points show the positions derived in our
analysis. We notice a systematic offset of about 1″ between the
source positions of the two catalogs. As noticeable in panels (b)
and (e) in Figure 15, the X-ray source positions in our catalog
look better aligned with the Ultravista Ks-band image than
those in F. Civano et al. (2016). The X-ray source in panel (c)
is first identified as the X-ray counterpart of AS2COS0353.2.
However, the corresponding X-ray source in our image
is likely associated with AS2COS0353.1. Therefore, we
consider that the X-ray source in panel (c) is associated with
AS2COS0353.1.

Figure 13. 8″ × 8″ JWST images of the 40 AS2COSMOS sources in the coverage of both NIRCam and MIRI imaging. The blue, green, and red colors correspond to
the F115W+F150W, F277W+F444W, and F770W filters, respectively. We label the merger candidates, which have tidal features (T), disturbed morphology (D), or
possible companions (C) (see Section 3.3). The major merger candidates are indicated by “M.” The X-ray AGNs and SED AGNs are indicated by “X” and “SED,”
respectively (see Sections 3.1.3 and 4.1). Note that F150W is not used in the composite image of AS2COS0107.1 because this object is outside the coverage of
F150W. For the same reason, F444W is not used in the composite image of AS2COS155.1.

21 The Ks-band image of the COSMOS field is provided on the COSMOS
website (https://cosmos.astro.caltech.edu/page/optical).
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Appendix C
Details of Iteration of the SED Modeling

In this appendix, we describe the details of the second run in
SED modeling. For comparison purposes, we summarize the

“basic” parameter set used in the first run in Table 2. After the first
run, we notice some issues in the photometry and the parameter
settings. Therefore, we add the following operations and reper-
form SED modeling. We confirm that these operations sig-
nificantly improve the best-fit statistic.

Figure 14. (a) Positional offsets between optical sources and X-ray sources used for the astrometry correction. The solid, dotted, and dashed circles encompass 68%,
90%, and 95% of the sources before (red) and after (blue) the correction, respectively. (b) Histogram of the separation between the X-ray source positions and the
optical to near-infrared source positions in the COSMOS2020 catalog. The red area shows the separation between F. Civano et al. (2016) and the COSMOS2020
catalog, while the blue area denotes the separation between our X-ray source catalog (Section 2.6.2) and the COSMOS2020 catalog.

Figure 15. Positions of the X-ray-detected sources near AS2COS0353.1 and AS2COS0353.2 plotted over the Ultravista Ks-band image. The red points show the
X-ray source positions listed in the catalog by F. Civano et al. (2016), whereas the blue points show the positions derived in our analysis (Section 2.6.2). The green
points show the positions of AS2COS0353.1 and AS2COS0353.2. The bottom panels show the zoomed-in images of the X-ray sources.
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C.1. Photometry Optimization

In the first run, we notice some inconsistencies between the
photometry within individual sources. This can be attributed to the
remaining blending effect or a failure in extracting the
photometry. For these reasons, we check the images and decide
to treat the following photometry as upper limits: AS2COS0001.1
(Spitzer 3.6μm), AS2COS0043.1 (Ultravista YJHKs),
AS2COS0065.2 (Ultravista YJHKs), and AS2COS0228.1 (Ultra-
vista YJHKs). We also treat the Ultravista YJHKs photometry of
AS2COS123.1 as upper limits because we confirm no significant
detection in those images. Moreover, we notice systematic offsets
between the HSC grizY and Ultravista YJHKs photometry of
AS2COS0019.1, AS2COS0086.1, AS2COS0175.1, and
AS2COS0203.1. This might be caused by calibration issues.
Hence, we replace these photometry with the ones extracted from
the COSMOS2020 catalog.

In addition to these operations, we optimize the photometry
of some sources by referring to the HSC-SSP DR3 catalog. We
replace the optical photometry of AS2COS0063.1,
AS2COS0123.1, and AS2COS0228.1 with the ones extracted

from the HSC-SSP DR3 catalog (H. Aihara et al. 2022). We
also update the Ultravista YJHKs photometry of
AS2COS0063.1 with the ones extracted from the Ultravista
DR4 catalog, which appear to be less affected by a bright
contaminating source. Furthermore, we exclude the Spitzer 4.5,
5.8, and 8.0 μm photometry of AS2COS0228.1 because of the
significant contamination by AS2COS0228.2.

C.2. Misidentified Source

The potential optical counterpart of AS2COS0072.1 was
detected in the DEIMOS 10K spectroscopic survey. They
spectroscopically confirmed that the source is at z = 0.802 with
a quality flag of Qf = 4 (highest quality). However, the
submillimeter line scan performed by C.-L. Liao et al. (2024)
showed that AS2COS0072.1 is at z = 3.798. This incon-
sistency can be attributed to the misidentification of the
counterpart. We thus regard the source at z = 0.802 as the
foreground of AS2COS0072.1 and treat the optical to mid-
infrared photometry as upper limits.

Table 2
Basic Parameter Sets Used for the SED Modeling

Parameter Symbol Value

SFH (sfhdelayedbq)

e-folding time of the main stellar population τmain (Myr) 100, 316, 1000, 3162, 10000
Age of the main stellar population agemain (Myr) 100, 158, 251, 398, 631, 1000, 1585, 2512, 3981, 6310
Age of the late burst/quench population agebq (Myr) 10
Ratio of the SFR after/before agebq rSFR 1, 10, 100, 1000

SSP (bc03; G. Bruzual & S. Charlot 2003)

IMF of the stellar model G. Chabrier (2003)
Metallicity of the stellar model 0.02

Dust Attenuation (dustatt_modified_starburst; D. Calzetti et al. 2000; C. Leitherer et al. 2002)

Color excess of the nebular lines E(B − V )lines 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.4, 2.8, 3.2
Reduction factor to calculate the stellar continuum attenuation E(B − V )factor 0.44
UV bump amplitude 0 (no bump)
Power-law index to modify the attenuation curve δ –0.4, 0.0, 0.4

Dust Emission (EThemis; R. Uematsu et al. 2024)

Mass fraction of the small hydrocarbon solids qhac 0.01, 0.02, 0.06, 0.10
Minimum radiation field Umin 0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 3.0
Power-law index of the starlight intensity distribution α 2.5, 3.0
Mass fraction of dust illuminated with =U Umin 1 − γ 0.9

AGN Emission (skirtor2016; M. Stalevski et al. 2012, 2016)

Average edge-on optical depth at 9.7 μm τ9.7 3, 7
Radial gradient of dust density p 1.0
Dust density gradient with polar angle q 1.0
Half-opening angle of the dust-free cone Δ (deg) 40
Ratio of outer to inner radius R 20
Inclination θ (deg) 30, 60, 80
Fraction of AGN IR luminosity to total IR luminosity fAGN 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9
Extinction in polar direction E(B − V ) 0.0, 0.1
Temperature of polar dust Tpol (K) 100

Redshifting

Redshift z 0.1–6.0 (step size: 0.1) or fixed at spectroscopic redshifts

Note. The overall size of the parameter grid is 3,594,240,000.
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We also conclude that the optical to near-infrared counterpart
of AS2COS0159.1 in HSC and Ultravista is misidentified. The
high-resolution imaging by JWST revealed that there were two
sources near the 870 μm source position. One was identified as
a galaxy at z = 0.033 from the optical spectroscopy by
PRIMUS. This source was initially identified as an optical
counterpart of AS2COS0159.1; however, we notice that the
peak wavelength of the far-infrared SED of AS2COS0159.1 is
too long for a galaxy at z = 0.033.22 Therefore, we consider
that the source at z = 0.033 is foreground of AS2COS00159.1.
We confirm that the foreground source was only dominant

below the F277W band. We thus decide to treat the optical to
near-infrared photometry as upper limits.

C.3. SED Fitting Parameter Optimization

With the basic parameter set used in the first run, the mid- to
far-infrared SED AS2COS175.1 is not well reproduced. This
can be attributed to the oversimplification of the AGN
component. Hence, we extend the parameter grids and
recalculate the SED of these sources. The extended parameter
set is summarized in Table 3.

Table 3
Extended Parameter Set of the AGN Module Used for AS2COS175.1

Parameter Symbol Value

AGN Emission (skirtor2016; M. Stalevski et al. 2012, 2016)

Average edge-on optical depth at
9.7 μm

τ9.7 3, 5, 7, 9

Radial gradient of dust density p 1.0
Dust density gradient with polar

angle
q 1.0

Half-opening angle of the dust-
free cone

Δ (deg) 40

Ratio of outer to inner radius R 20
Inclination θ (deg) 30, 40, 50, 60, 70, 80
Fraction of AGN IR luminosity to

total IR luminosity
fAGN 0.0, 0.1, 0.2, 0.3, 0.4,

0.5, 0.6, 0.7, 0.8, 0.9
Extinction in polar direction E(B − V ) 0.0, 0.05, 0.1
Temperature of the polar dust Tpol (K) 100

22 The peak of the far-infrared emission of AS2COS0159.1 is ∼350 μm in the
observed frame. This corresponds to 9 K assuming an optically thin graybody
with an emissivity index of 1.8 at z = 0.033.
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C.4. Overall Quality of the Final Fits

Following the procedures described above, we finally obtain
reasonable fits for all the sources. Figure 16 shows the

histogram of the reduced χ2 for the final fits. The median and
the maximum reduced χ2 are 1.8 and 6.5, respectively, which
indicates that the SEDs are well reproduced.

Figure 16. Histogram of the reduced χ2 for the final fits. The median and the maximum reduced χ2 are 1.8 and 6.5, respectively.
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Appendix D
Consistency Check of SED Modeling

Figure 17 compares some observational properties with the
physical properties derived by the SED modeling that they are

expected to most strongly correlate with. We confirm positive
correlations in these plots, supporting the validity of our SED
analysis.

Figure 17. Comparison of the physical properties derived by the SED template fitting and the observational properties for the X-ray-detected AS2COSMOS sources
(X-ray AGNs; see Section 4.1), the SED AGNs, and the rest of the AS2COSMOS sources (non-AGNs). In panels (a) and (b), the large symbols show the spec-z
sample, while the smaller ones show the photo-z sample. In panel (b), the sample is limited to the sources that are detected in Spitzer 5.8 μm. In panel (c), only the
spec-z sample is plotted.
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Appendix E
Mock Analysis

Figure 18 compares the stellar masses and SFRs derived by
CIGALE with those derived from the mock catalog. We confirm
that most of the sources align well, but AS2COS0285.2 shows
a large discrepancy in stellar mass, and AS2COS0175.1 shows
large discrepancies in both stellar mass and SFR.
AS2COS0285.2 is a galaxy without an AGN. This source is
not detected in the optical band and has no spectroscopic
redshift, which may make it difficult to constrain the stellar

component. AS2COS0175.1 is a type 1 SED AGN. According
to the SED fitting result, the optical to near-infrared SED of this
source is dominated by the AGN emission, which may make
the estimations unreliable. We generated pdf's of SFRs and
stellar masses for several sources, including the problematic
sources mentioned above. We confirmed that most of the pdf's
have single-horn shapes, showing that the parameters are well
constrained. However, the pdf's of AS2COS0175.1 have
multihorn structures. This indicates that the SFR and stellar
mass of AS2COS0175.1 are unreliable.

Figure 18. Comparison of the stellar mass and SFR derived by the SED analysis with those derived from the mock catalog. AS2COS0285.2 shows a large discrepancy
in stellar mass, and AS2COS0175.1 shows large discrepancies in both stellar mass and SFR. The large symbols show the spec-z sample, while the smaller ones show
the photo-z sample.
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Appendix F
Background Modeling for Chandra ACIS-I

Table 4 summarizes the best-fit parameters of the Chandra/
ACIS-I background modeling (Section 3.2.1).

Table 4
Summary of the Background Modeling for Chandra ACIS-S (VFAINT Mode)

Model Parameter Value Unit

Gaussian E 1.487 keV
σ 1 eV

norm -
+5.3 3.7

3.9 10−6 photons cm−2 s−1

Gaussian E 1.557 keV
σ 1 eV

norm -
+7.7 3.7

3.9 10−6 photons cm−2 s−1

Gaussian E 2.123 keV
σ 1 eV

norm -
+25.5 4.5

4.7 10−6 photons cm−2 s−1

Gaussian E 2.205 keV
σ 1 eV

norm -
+11.0 4.2

4.4 10−6 photons cm−2 s−1

Gaussian E 2.410 keV
σ 1 eV

norm -
+4.9 3.1

3.2 10−6 photons cm−2 s−1

Gaussian E 2.7 keV
σ -

+61 45
39 eV

norm -
+8.2 3.7

4.3 10−6 photons cm−2 s−1

Gaussian E 7.478 keV
σ 1 eV

norm -
+64.3 5.3

5.5 10−6 photons cm−2 s−1

Gaussian E 9.713 keV
σ 1 eV

norm -
+139.8 6.6

6.8 10−6 photons cm−2 s−1

Gaussian E 9.628 keV
σ 1 eV

norm linked 1/9 × norm of Au Lα1

Gaussian E 8.265 keV
σ 1 eV

norm -
+14.5 4.0

4.2 10−6 photons cm−2 s−1

powerlaw Γ -
+0.143 0.026

0.026

norm -
+163.2 7.4

7.4 10−6

gabs E 0.25 keV
σ 153.5 eV

Strength -
+0.99 0.66

2.39 104

expdec α -
+1.58 0.49

0.88

norm -
+3.1 0.8

5.6 10−4
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Appendix G
Figures of Individual Sources

Figure 19 shows the X-ray spectra and best-fit models of the
X-ray AGNs. Figure 20 summarizes the plots of the goodness of fit

as a function of the line-of-sight hydrogen column densities.
Figure 21 shows the SEDs and best-fit models of the SED AGNs.

Figure 19. First 23 panels: The 0.5–10 keV spectra of the 23 X-ray AGNs (AS2COS0014.1–AS2COS0353.1). The black points and black solid lines show the observed spectra
and the best-fit models, respectively. The red points and red solid lines show the background spectra and the best-fit models, respectively. The blue solid lines show the scaled
background spectra. The green solid lines show the background-subtracted source spectra. To improve visibility, the source and the background spectra are binned to have at least
1.5σ and 3σ in each bin, respectively. Last panel: The combined background spectrum. The red points and red solid line show the background spectra and the best-fit model,
respectively. The black solid lines show the components of the model. The lower panel shows the residuals. To improve visibility, the combined background spectrum is binned
to have at least 7σ in each bin. Note that the spectrum binning only affects the presentation of the data and does not affect the spectral analysis results.
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Figure 20. Plots of the goodness of fit as a function of the line-of-sight hydrogen column densities. The vertical axes show the statistical values of the C-statistic. The
horizontal axes show the line-of-sight hydrogen column densities in units of 1022 cm−2. The blue lines show the 90% confidence levels compared with the best-fit
values. The red solid lines show the 68.27% confidence levels (1σ) compared with the Compton-thin solutions. The red dashed lines show the 68.27% confidence
levels (1σ) compared with the Compton-thick solutions, if they exist.
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Figure 21. The SEDs and best-fit models of the SED AGNs. The black solid line represents the composite spectrum. The yellow solid line illustrates the stellar
emission attenuated by interstellar dust. The blue dashed line depicts the unattenuated stellar emission for a reference purpose. The orange line corresponds to the
emission from an AGN. The red line shows the infrared emission from interstellar dust. The gray line denotes the nebula emission. The observed data points are
represented by purple circles, accompanied by 1σ error bars. The lower panels display the relative residuals.
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Figure 21. (Continued.)
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