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ABSTRACT

Context. The tight correlation between supermassive black hole (SMBH) and host galaxy masses suggests their coevolution. Dust-
obscured galaxies (DOGs) are thought to represent this coevolution phase, with active galactic nuclei (AGNs) buried in dust and gas.
Despite hosting rapidly growing SMBHs, the X-ray statistical properties of DOGs remain poorly understood due to their rarity and
the lack of wide, uniformly sensitive X-ray surveys.

Aims. We construct a sample of X-ray-detected DOGs in the ¢eROSITA Final Equatorial Depth Survey (eFEDS) field and examine
their X-ray statistical properties.

Methods. To construct the DOGs sample, we combined data from the Subaru/HSC SSP (optical), VIKING (near-infrared), and WISE
(mid-infrared) all-sky surveys. We then cross-matched the sample with eROSITA-detected sources to select X-ray-detected DOGs.
Results. We report the discovery of 5738 IR-bright DOGs within the 60 deg? area covered by both eFEDS and VIKING, including
65 X-ray-detected DOGs (eFEDS-DOGs). Among these, 41 eFEDS-DOGs exhibit a near- to mid-IR power-law slope, indicating
dust-obscured AGNs. Hydrogen column densities (Ny) of eFEDS-DOGs span 10’ < Ny/cm™ < 10%, including even unobscured
AGNs. Most IR-bright DOGs remain undetected in X-rays, implying heavy obscuration (Ny/cm™2 > 10%}). eFEDS-DOGs, identified
via the wide-area ¢eROSITA survey, represent a less obscured DOG phase, possibly tracing the decline of dust/gas obscuration due
to AGN feedback such as gas stripping or outflows. Some eFEDS-DOGs deviate up to ~1 dex below the Lg “m—LEfES_‘;(]’('g, relation,
potentially indicating high Eddington ratios near the Eddington limit. This suggests that eFEDS-DOGs are promising candidates for
rapidly growing black holes in an early AGN feedback phase.
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1. Introduction and the properties of its host galaxy in the low-redshift uni-

verse (e.g., Magorrian et al. 1998; Ferrarese & Merritt 2000;

gé?\i/ielihihel 9r?1(2)1$s’s Zci)f t;ghstu Z(;ﬁ?:stil\?: blizik bﬁg?e (()ls);?[gg; Gebhardt et al. 2000; Tremaine et al. 2002; Marconi & Hunt
P 2003; Kormendy & Ho 2013; Dingetal. 2020). This tight

* Corresponding authors: noboriguchi@astr.tohoku.ac.jp, correlation implies that SMBHs grow in tandem with the
kohei.ichikawa@aoni.waseda. jp parameters of their host galaxies (e.g., Magorrian et al. 1998;
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Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al.
2002; Marconi & Hunt 2003; Aller & Richstone 2007;
Kormendy & Ho 2013; Dingetal. 2020), which suggests
coevolution of the SMBH with its host galaxy. One sce-
nario proposed to explain the formation and evolution of
quasars within the context of coevolution is the gas-rich major
merger scenario (e.g., Sanders et al. 1988; Hopkins et al. 2008;
Treister et al. 2012; Goulding et al. 2018). In this scenario, at
least two galaxies undergoing a gas-rich major merger transition
into a quasar through a dusty active star-forming (SF) phase and
a dusty active galactic nucleus (AGN) phase. However, both
the SF and AGN phases are expected to be highly obscured
by surrounding dust for most of the time, preventing us from
observing the most active phases (e.g., Hopkins et al. 2008).

By combining Subaru Hyper Suprime-Cam (HSC;
Miyazaki et al. 2018)-Subaru  Strategic Program (SSP;
Aihara et al. 2018a) wide-field imaging data (optical), VISTA
Kilo-degree Infrared Galaxy survey (VIKING; Arnaboldi et al.
2007) data (near-infrared: NIR), and Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) all-sky survey (ALLWISE;
Cutri 2014) data (mid-infrared: MIR), Toba et al. (2015, 2017)
and Noboriguchi et al. (2019) surveyed dust-obscured star-
bursting galaxies and/or dusty AGNs (dust-obscured galaxies:
DOGs; Dey etal. 2008). Such DOGs are originally defined
as galaxies that are bright in MIR while faint in optical,
(i — [22Da = 7.0 (Tobaetal. 2015). Once we adopted the
criterion, the number density of DOGs is log¢ = —6.59 = 0.11
[Mpc=3] (Tobaetal. 2015) by assuming z = 1.99 + 0.45
(Dey et al. 2008).

In the context of the gas-rich major merger scenario, it
is expected that the SF phase evolves into the AGN phase
because the merging event leads to active SF while the gas accre-
tion onto the nucleus caused by a merger requires some time
(e.g., Davies et al. 2007; Hopkins et al. 2008; Ichikawa et al.
2014; Matsuoka et al. 2017). Since such active galaxies are
heavily obscured by dust and gas, DOGs potentially corre-
spond to actively growing but heavily dust obscured galaxies
in the SF-phase or AGN phase (Dey et al. 2008). Based on the
spectral energy distributions (SEDs) of DOGs between NIR
and MIR, DOGs are quantitatively classified into subclasses,
“bump DOGs” and “Power-Law (PL) DOGs” (see Section 2.2;
Toba et al. 2015; Noboriguchi et al. 2019; Suleiman et al. 2022;
Yutani et al. 2022). The bump DOGs show rest-frame 1.6 pm
stellar bumps, tracing stars at age >10 Myr, in the SEDs
(e.g., Sawicki 2002; Desai et al. 2009; Bussmann et al. 2011),
while the PL DOGs show a power-law feature in the SEDs
between optical and MIR, a hallmark feature of AGNs (e.g.,
Alonso-Herrero et al. 2006; Dey et al. 2008; Fiore et al. 2008;
Bussmann et al. 2009a; Melbourne et al. 2012; Lyu & Rieke
2022; Yoshida et al. 2025). Therefore, it has been considered
that the bump DOGs correspond to the SF-dominant phase in the
scenario while the PL DOGs correspond to the AGN-dominant
phase.

Among the PL DOGs, some show interesting features that
are seemingly contradictory. Although PL. DOGs are considered
to be dust-reddened or dust-obscured AGNSs, a certain fraction of
PL DOGs shows optical blue excess (blue-excess DOGs: Blu-
DOGs; Noboriguchi et al. 2019, 2022), selected based on the
power-law index for observed-frame optical bands (g, r, i, z, and
y bands). Even though their overall IR SEDs are dust-obscured
AGNs, they exhibit the (dust-unobscured) quasar-like optical
spectrum and even show broad emission lines, and thus the direct
measurement of Eddington ratio (Agqa = Lpol/LEdd, Where Ly
and Lgyq represent bolometric luminosity and Eddington lumi-
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nosity, respectively) is also applicable. Noboriguchi et al. (2022)
found that the Eddington ratio of BluDOGs exceeds one, and
these C IV line profiles show a blue tail. These results sug-
gest that BluDOGs are in a super-Eddington phase, and have a
nucleus outflow.

For such obscured objects, X-ray observation data is a pow-
erful tool for researching the physical properties in the obscured
region because rest-frame hard X-ray band emission from AGNs
are strong against obscurations. Given that PL. DOGs and Blu-
DOGs are believed to harbor obscured AGNs, X-ray surveys
have detected DOGs in the survey footprint, the total num-
ber now reaches ~100 sources (Lanzuisi et al. 2009; Assef et al.
2016, 2020; Corral et al. 2016; Vito et al. 2018; Riguccini et al.
2019; Zou et al. 2020). All DOGs detected by Chandra, XMM-
Newton (Jansen et al. 2001), or NuSTAR have been found to
meet the obscured AGN criterion of hydrogen column density
Np > 10?2 cm™2, with some classified as Compton thick (CT,
Nug 2 10* cm™?) AGNs (Corral et al. 2016; Riguccini et al.
2019; Toba et al. 2020). Recently, Kayal & Singh (2024) con-
ducted an X-ray spectral analysis of 34 DOGs using XMM-
Newton and Chandra data in the XMM-LSS field (5.3 deg’:
Chen et al. 2018; Nietal. 2021; Yuetal. 2024) as a part of
XMM-SERVS survey (Pacaud et al. 2006; Pierre et al. 2016;
Chen et al. 2018). While a significant fraction (~85%) of their
X-ray detected DOGs show obscured AGN signatures, they also
reported, for the first time, a less obscured AGN population at
10! < Ny/ecm™ < 10?2, However, previous X-ray surveys
for DOGs were limited to narrow survey areas (<10 deg?; see
Figure 1), selecting only a fraction of the total DOGs popula-
tion.

The extended ROentgen Survey with an Imaging Telescope
Array (eROSITA; Merloni etal. 2020, 2024) is the primary
instrument on the Spectrum-Roentgen Gamma (SRG) mission
(Predehl et al. 2021; Sunyaev et al. 2021)". The eROSITA Final
Equatorial Depth Survey (eFEDS: Brunner etal. 2022) was
released as an X-ray data catalog covering a survey area of ~140
deg? (126 < RA [deg] < 146 and -3 < Dec [deg] < 6: here-
after eFEDS footprint; Brunner et al. 2022). The eFEDS foot-
print reaches a flux limit of fys_sgey = 6.5 X 10715 erg s em™2,
which is 50% deeper than the final integration of the planned
four-year program (eRASSS8) in the ecliptic equatorial region
(fos—2kev = 1.1x10714 erg s~! cm™?; Predehl et al. 2021); there-
fore, eFEDS is considered to be a representation of the final
eROSITA all-sky survey.

The eFEDS main X-ray catalog contains 27369 point
sources (Brunner et al. 2022). In Salvato et al. (2022), a multi-
wavelength catalog for these X-ray sources is constructed (here-
after eFEDS multi-wavelength catalog), and the photometric
redshift (zphoto) Of these X-ray sources is estimated using two
different methods: machine learning (Nishizawa et al., in prep.)
and SED fitting (Arnouts et al. 1999; Ilbert et al. 2006). For the
search of optical and MIR counterparts, DESI Legacy Imaging
Surveys Data Release 8 (LS8; Dey et al. 2019) is adopted. LS8
catalog provides not only optical photometry (g, r, and z bands)
from the Dark Energy Camera Legacy Survey (DECaLS) but
also WISE forced photometry from imaging through NEOWISE-
Reactivation (NEOWISE-R; Mainzer et al. 2014) measured in
the unWISE maps (Lang 2014; Lang et al. 2016) at the locations
of the optical sources. In Liu et al. (2022), the X-ray spectra are
fitted by XSPEC (Arnaud 1996) and BXA (Buchner et al. 2014;
Buchner 2021), and the X-ray properties (e.g., Ny, absorption
corrected X-ray intrinsic luminosity between 0.5 keV and 2.0

' eROSITA was launched on July 13, 2019.
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Fig. 1. Survey area comparison between previous studies and this
work. The filled orange circle represents the estimated survey area of
this work, while the star plot denotes the final release status of HSC-
VIKING-eRASS. The filled green, purple, and pink triangles denote
the survey areas of previous X-ray detected DOG studies in the Chan-
dra Deep Field South (CDFS; Corral et al. 2016), the COSMOS field
(Riguccini et al. 2019), and XMM-LSS field (Kayal & Singh 2024),
respectively. The red line outlines the extent of the all-sky area.

keV: Léagi;‘l’:g,) are calculated by adopting the spectroscopic red-
shift (zspec) or the estimated zppo. Given the medium depth and
wide survey area of eFEDS, it provides the first X-ray data for
the statistical sample of DOGs. The estimated survey area of the
DOG survey with eFEDS is 60 deg?, which is 30 times larger
area compared to previous X-ray DOGs survey (see Figure 1)
and the final survey area of the combined HSC-SSP optical and
the final data release of the eROSITA all-sky survey (eRASS) is
expected to reach 1000 deg?.

In this paper, the objectives are to select eFEDS-detected
DOGs (hereafter eFEDS-DOGs) and report the statistical X-
ray properties of eFEDS-DOGs, based on HSC, VIKING, LS8,
unWISE, and eFEDS data. The paper is organized as follows: We
describe the sample selection of DOGs and the classifications in
Section 2. In Section 3, we detail the obtained X-ray properties
of DOGs, and we discuss the results in Section 4. Conclusions
and a summary are provided in Section 5. Throughout this paper,
the adopted cosmology is a flat Universe with Hy = 70 km s~!
Mpc~!, Qy = 0.3, and Q4 = 0.7, which are the same as those
adopted in Liu et al. (2022) and Salvato et al. (2022). Unless oth-
erwise noted, all magnitudes refer to the AB system.

2. Data analysis
2.1. Sample selection

In this study, we selected DOGs detected by eROSITA in
the eFEDS field (eFEDS-DOGs) by combining HSC-DOGs
(Toba et al. 2015; Noboriguchi et al. 2019) with the eFEDS X-
ray AGN catalog. The flow chart of our sample selection process
is illustrated in Figure 2. We identified a total of 65 eFEDS-
DOGs and 74 eFEDS-detected DOGs (the definitions will be
described later) within an area of approximately 60 deg®. To
construct the multi-wavelength sample, we used the HSC cata-

log (optical), VIKING catalog (NIR), ALLWISE catalog (MIR),
Legacy Survey catalog with unWISE photometry data (MIR),
and eFEDS AGN catalog (X-ray).

2.1.1. Catalogs

HSC is a wide-field optical imaging camera installed at the
prime focus of the Subaru telescope (Furusawa etal. 2018;
Kawanomoto et al. 2018; Komiyama et al. 2018; Miyazaki et al.
2018). The S19A catalog, released internally within the HSC
survey team, is based on data obtained from March 2014
through April 2019. In the eFEDS footprint region, the sta-
tus of HSC S19A data covers full colors of grizy and full
depth, reaching the limiting magnitudes (5c-, 2" diameter aper-
ture) with ¢, r, i, z, and y bands of 26.5, 26.1, 25.9, 25.1,
and 24.4 mag, respectively (Aihara et al. 2018b, 2019). In this
study, we used a forced photometric catalog of the S19A
release (Aihara et al. 2018b), analyzed through an HSC pipeline
(hscPipe version 7.9.1; Bosch et al. 2018) developed by the HSC
software team using codes from the Large Synoptic Survey
Telescope (LSST; LSST Science Collaboration 2009) software
(pipline12; Ivezic et al. 2019; Axelrod et al. 2010). Hereafter,
we use the cmodel magnitude, estimated by a weighted combina-
tion of exponential and de Vaucouleurs fits to the light profile of
each object (Lupton et al. 2001; Abazajian et al. 2004), to inves-
tigate the photometric properties of the sample after correcting
for Galactic extinction (Schlegel et al. 1998).

The VIKING survey is a wide-area NIR imaging survey with
five bands (Z, Y, J, H, and Ks bands) observed with the VISTA
Infrared Camera on the VISTA telescope (Dalton et al. 2006).
We utilized DR4, the final data release catalog supported by the
European Southern Observatory?. The limiting magnitudes (5o,
2" diameter aperture) for the VIKING Z, Y, J, H, and Ks bands
are 23.1, 22.3, 22.1, 21.5, and 21.2 mag, respectively. We used
2”-aperture magnitudes in our analysis, and these magnitudes
are also corrected for Galactic extinction (Schlegel et al. 1998).

In this study, we use unWISE data (Schlafly et al. 2019)
as MIR data from the LS8 catalog (Dey etal. 2019). WISE
observed all-sky in the MIR bands (3.4, 4.6, 12, and 22
um). The unWISE Catalog, an improvement over the All-
WISE catalog (Wright et al. 2010; Cutri et al. 2013; Cutri 2014,
Schlafly et al. 2019), provides deeper imaging and better model-
ing of crowded regions, detecting sources 0.7 magnitudes deeper
than those of AIIWISE for bands 3.4 um (W1) and 4.6 um (W2)
(Schlafly et al. 2019). The sensitivities of unWISE catalog at
34 (W1), 4.6 (W2), 12 (W3), and 22 (W4) um bands are gen-
erally better than 19.8, 19.5, 16.4, and 14.5 mag, respectively,
although sensitivity depends on the sky position (Wright et al.
2010; Cutri et al. 2013; Cutri 2014; Schlafly et al. 2019). We use
profile-fitting magnitude from unWISE photometric information
measured at the coordinates of LS8 optical sources.

For X-ray data, we utilized the eFEDS AGN catalog
(Liu et al. 2022), which contains the best-estimated redshifts
by Salvato etal. (2022). Liuetal. (2022) produced the X-
ray spectral catalog for 22079 objects with reliable counter-
parts and with good signal-to-noise. They extracted the X-
ray spectra using srctool v1.63 of the eROSITA Science
Analysis Software System (eSASS; Brunner et al. 2022). They
used multiple models to fit the AGN spectra, and the base-
line model was an absorbed power-law with XSPEC terminol-
ogy of TBabs*zTBabs*powerlaw (Liu et al. 2022). In addition,

2 http://www.eso.org/rm/api/v1/public/
releaseDescriptions/135
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HSC S19A wide forced catalog

VIKING DR4

LS8 with unWISE

eFEDS AGN catalog

709,003,990 objects

In the eFEDS-VIKING area?

38,537,397 objects 4,792,775 objects

SNR = 5
isprimary
NOT sdsscentroid_flag
NOT pixelflags_edge
NOT pixelflags_saturatedcenter
NOT pixelflags_crcenter
NOT pixelflags_bad

KSPPERRBITS = 0

1,354,684 objects

17,669,962 objects

Cross-match with VIKING
search radius = 1"

1,164,326 objects

HSC-VIKING sample
515,030 objects

94,819,861 objects

In the eFEDS-VIKING area?

PRIMARY_SPURC =1

1,604,942,717 objects 22,079 objects

In the eFEDS-VIKING area?

5,085,686 objects

SN(W4-mag) = 3
fracflux_w4 < 0.8

177,836 objects yes

Cross-match with LS8
search radius = 1"

17,611 objects yes

(i—[22)ae = 7.0

HSC-LS8 DOGs

5,738 objects

ross-match with eFEDS AGN catalog
using LS8 ID

eFEDS-detected DOGs

(74 objects)

CTP_quality = 2
CTP_REDSHIFT_GRADE = 3
NHclass = 2

eFEDS-DOGs

65 objects

Fig. 2. Flow chart of the sample selection for the “eFEDS-detected DOGs” (74 objects) and “eFEDS-DOGs” (65 objects).

for bright objects with a soft excess, they added an additional
power-law component to the baseline model, creating a “double-
power-law” model. On the other hand, for faint objects which
are too faint to constrain the spectral shape parameters of the
“single-power-law” model, they fixed the X-ray photon index
(T), the absorbing column density (Ny), or both at typical values
for the sample (I' = 2.0 and Ny = 0). The Galactic absorp-
tion (TBabs) is also applied using the total Ny g, measured
by the neutral HI observations through the HI4PI collabora-
tion (HI4PI Collaboration 2016) in the direction of the eFEDS
field. Utilizing the obtained redshift information by Salvato et al.
(2022), Liu et al. (2022) derived key AGN properties, including

the Lf)agg_g(l’(:z,, Ny, and T

2.1.2. Clean samples for each catalogs

In selecting DOGs and eFEDS-DOGs, we first established clean
samples for HSC, VIKING, LS8, and eFEDS catalogs. For the
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HSC and VIKING clean sample selection, we refer to the pro-
cedures outlined in Toba et al. (2015) and Noboriguchi et al.
(2019).

The HSC SI9A wide forced catalog initially contains
709003990 objects. To ensure proper measurements, we
exclude objects with inaccurate photometry as follows (see
Figure 2). Firstly, we select 38 537397 objects in the overlap
region between the eFEDS footprint and VIKING survey area
(129 < RA[deg] < 141 and -2 < Dec [deg] < 3). Conse-
quently, the survey area in this work is limited to the VIKING
region within the eFEDS footprint. We remove objects affected
by the edge, saturated pixels, cosmic rays, or bad pixels using
flags such as pixelflags_edge, pixelflags_saturatedcenter, pix-
elflags_crcenter, and pixelflags_bad (Bosch et al. 2018). Objects
without a clean centroid measurement in i band are excluded
using the flag sdsscentroid_flag. Furthermore, we exclude
objects that are not deblended and not unique using the flag
isprimary. To eliminate objects with unreliable photometry, we
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exclude those with a signal-to-noise ratio (SNR) < 5 at i
band. In the end, 17 669962 objects constitute the HSC clean
sample.

The VIKING DR4 catalog initially contains 94 819 861
objects. Applying the same region cut as for the HSC clean sam-
ple results in 4 792775 objects. We exclude objects that are not
unique or are affected by significant noise using flags such as
PRIMARY_SOURCE = 1 and KSPPERRBITS = 0 (Cross et al.
2012). Objects with SNR < 5 at K's band are also removed. Con-
sequently, 1 354 684 objects form the VIKING clean sample.

The LS8 catalog® initially contains 1604942717 objects.
Applying the region cut as for the HSC clean sample results
in 5085686 objects. Objects whose flux is affected by other
sources are excluded using the flag fracflux_w4 < 0.8. Addition-
ally, objects with SNR < 3 at W4 band are removed. In the end,
the LS8 clean sample contains 177 836 objects.

The eFEDS X-ray AGN catalog initially contains 22079
objects. We exclude objects with a counterpart quality that is not
good in multi-wavelength analysis (Salvato et al. 2022) using the
flag CTP_quality > 2. Objects with spectroscopic or photomet-
ric redshifts, estimated by two different methods (SED fitting
and machine learning; Salvato et al. 2022), and with consis-
tent results from both methods are retained using the flag
CTP_REDSHIFT_GRADE > 3. Additionally, objects with unre-
liable Ny estimations are excluded using the flag NHclass >
2 (see Liu et al. 2022). In the end, the selection above leaves
17 502 objects form the eFEDS AGN clean sample. However, to
investigate X-ray detection rate, we apply the above flags after
cross-matched HSC-LS8 DOGs with the eFEDS AGN catalog.

2.1.3. Cross-matching and selection

To minimize misidentification between HSC and unWISE sam-
ples (given their typical angular resolutions of ~0”76 in HSC
i band and ~10” in WISE W4 band), we employ an optical-
NIR color cut since the VIKING survey has spatial resolution
of 1.0 arcsec, which is similar one with optical HSC bands
(see Toba et al. 2015; Noboriguchi et al. 2019). First, the cross-
matched sample between HSC and VIKING contains 1 164 326
objects by nearest neighbor matching within a search radius
of 1.0 arcsec. Next, we apply the color cut (i — Ks)ap =
1.2; Toba et al. 2015; Noboriguchi et al. 2019), and the HSC-
VIKING sample comprises 515 030 objects.

For cross-matching the HSC-VIKING sample with the LS8
clean sample with unWISE data, we adopt a search radius of 1.0
arcsec between the coordinates of HSC and LS8 since LS8 coor-
dinates are determined from optical data. This process results in
the selection of 17611 objects (HSC-LS8 sample). To identify
DOGs, we apply the DOGs criterion of (i — [22])ag > 7.0 to
the HSC-LS8 sample. Consequently, we select 5738 HSC-LS8
DOGs.

We select eFEDS-detected DOGs from HSC-LS8 DOG sam-
ple by LS8 ID cross-matching with the sSFEDS AGN cata-
log. A total of 74 eFEDS-detected DOGs are selected. The
detected objects with NHclass < 2 are 9 objects, and all of them
have CTP_REDSHIFT_GRADE = 3. Hereafter, we treat those
objects as eFEDS-detected DOGs with NHclass < 2, but we do
not include them for the remaining discussion using Lf;?i;‘fg,
and Ny.

From the eFEDS-detected DOGs, we further apply
additional cut to obtain the sample with reliable X-ray
based parameters. We apply the flags (CTP_quality > 2,

3 https://www.legacysurvey.org/dr8/description/
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CTP_REDSHIFT_GRADE > 3, and NHclass > 2) to select 65
objects, hereafter called “eFEDS-DOGs”. This eFEDS-DOGs
sample is the primary one for the results using the X-ray prop-
erties, while the eFEDS-detected DOGs sample is used for the
results not using the X-ray properties. This number difference
slightly affects the eFEDS detection rate, which will be dis-
cussed in Section 3.2.

Although our sample is based on good redshift quality selec-
tion (CTP_REDSHIFT_GRADE > 3), it is worth noting on the
available spectroscopic redshift information. Eight objects out of
total 65 sources were observed by SDSS spectroscopic follow-up
observations (DR18; Almeida et al. 2023) after the construction
of the eFEDS AGN catalog, but we did not update that informa-
tion at this stage and we will discuss their spectroscopic proper-
ties in the forthcoming paper. Note that six out of 8 objects have
correct spec-z confirmation (|Zspec — Zphoto! < 0.05) but 2 objects
show >10 deviation of photo-z uncertainty (|zspec — Zphoto! > 107).
We will not include these two objects in the following results
using luminosities and Ny since those values could be erroneous
ones.

2.1.4. Hard X-ray detected eFEDS-DOGs sample

We also checked whether our HSC-LS8 DOGs have hard X-ray
counterparts by utilizing the eFEDS hard band catalog, which
is based on the high detection likelihood (DET_LIKE > 10) at
the 2.3-5 keV band (Brunner et al. 2022; Nandra et al. 2025).
Since the eFEDS hard band catalog contains the information of
the optical counterparts including the corresponding optical LS8
coordinates, we performed LS8 ID matching between the HSC-
LS8 DOGs and the hard X-ray band catalog. Only one source
matches. The source is also one of the 65 eFEDS-DOGs sample
(the ID is ID_SRC(main) = 608 or ID_SRC(hard) = 439). As
expected from the detection of the both X-ray catalogs, it is a
moderately obscured source with log(Ny/cm™2) = 21.1, and it is
located one of the lowest redshift source at z = 0.60. Since the
detection is only one source, we will not discuss the hard X-ray
properties of this source, but add one flag “Hard_Detection” and
the source is flagged “Y” (see Table A.1 for more details).

2.2. MIR classification of DOGs

We categorized our eFEDS-DOG samples into three
types (unclassified DOGs, bump DOGs, and PL DOGs;
Noboriguchi et al. 2019) based on the SED, using the classifica-
tion criterion of Toba et al. (2015). We assumed that the SEDs of
eFEDS-DOGs are described by a power-law between NIR and
MIR, and we fitted the SED between W2, W3, and W4 bands
using a power-law function. With the fitting result, we calculated
the expected K's band flux density described by the extrapola-
tion from the MIR power-law fit (f). 21 eFEDS-DOGs with
fracflux_w2 > 0.8, fracflux_w3 > 0.5, and/or SNR(W2 and/or
W3) < 2 were removed from the classification sample, and these
objects were classified as unclassified DOGs. We classified the
remaining 44 eFEDS-DOGs into bump DOGs and PL DOGs
(see Table 1).
Bump DOGs are selected using the following criterion:

f’gf > 3, (1)

Ks

where fx; is the observed flux density at the Ks band, selecting
3 sources. Subsequently, we classified the remaining 41 eFEDS-
DOGs as PL DOG:s (i.e., fxs/fit < 3).
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Table 1. Result of the classification of DOGs in the eFEDS footprint.

eFEDS-DOGs  eFEDS-detected eFEDS-undetected DOGs HSC-LS8 DOGs
Type HSC-LS8 DOGs
with NHclass < 2

MIR SED Classification:

Bump DOGs 3 (4.6%) 0 (0.0%) 520 (9.2%) 523 (9.1%)

Unclassified DOGs 21 (32.3%) 6 (66.7%) 4853 (85.7%) 4880 (85.0%)

PL DOGs 41 (63.1%) 3(33.3%) 291 (5.1%) 335 (5.8%)

Total 65 9 5664 5738
Optical SED Classification:

BluDOGs 0(0.0%) 0(0.0%) 9 (0.2%) 9 (0.2%)

BluDOG-like 2 (3.0%) 1(11.1%) 7 (0.1%) 10 (0.2%)

2.3. Optical classification of DOGs

Following the BluDOGs criterion outlined in Noboriguchi et al.
(2019), we conducted a search for BluDOGs within the eFEDS-
DOG sample. We estimated the optical spectral slope (azl:;zy) by
fitting the optical SEDs (HSC g, r, i, z, and y bands). None of our
sample fulfilled the BluDOG:s classification criterion of aZf;w <
0.4 (Table 1).

However, some SEDs of the eFEDS-DOGs exhibited a flat-
tened SED between the HSC ¢ band and i band, and a power-law
SED between optical and MIR bands. Consequently, we identi-
fied BluDOG-like eFEDS-DOGs using the MIR classification
and the optical spectral slope (QZE;) obtained by fitting the opti-
cal SEDs (HSC g, r, and i bands). Two objects were classified as
BluDOG-like, adhering to the criteria of MIR_CLASS =2 (PL

DOGs; see Tables 1 & A.1) and ajy; < 0.8.

2.4. CIGALE SED fitting

We also calculated the rest-frame AGN 6 um luminosity (L um),
which is used for the discussion on the accretion disk and
hot electron corona properties by comparing to Léags_;‘;:g, (see
Section 4.2). Although the rest-frame 6 um emission is generally
dominated by the AGN dust (e.g., Chen et al. 2017), eFEDS-
DOGs with high SFR might have non-negligible contribution
to 6 um from the host galaxy component. To remove such
contamination, we conducted the SED fitting of eFEDS-DOGs
by using the Code Investigating GAlaxy Emission (CIGALE,;
Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019).
In this study, we utilized the most up-to-date veresion called
the CIGALE 2022.1 (Yangetal. 2022). Since the SEDs of
eFEDS-DOGs cover the wavelength range from optical i band
to WISE W4 (22 um), we followed the same model with
Noboriguchi et al. (2022), which characterized the SED with the
combination of three main components: a direct stellar compo-
nent, a host galaxy dust emission (hereafter star formation com-
ponent), and an AGN component (direct AGN emissions and
AGN heated dust emissions). The details of the parameter set-
ting are summarized in Appendix B and in Table B.1.

Figure 3 shows the examples of the SED fitting, and the mod-
eled spectra nicely reproduce the observed SEDs in the range
of interests, especiallly around rest-frame 6 wm. We then esti-
mated the Lg,n from the decomposed AGN dust component.
Overall, the estimated Ls,m, have slightly smaller values with
0.28 dex on average (see Figure 4), compared to the rest-frame
6 wm luminosity interpolated from the nearby WISE W1, W2,
and W3 bands.
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Fig. 3. Example of the SED fitting result. The blue, green, and red plots
represent the HSC, VIKING, and WISE photometric data, respectively.
The black, blue, green, red, and orange lines correspond to the best-fit
model, stellar component, AGN component, star formation (SF) com-

ponent, and nebular component, respectively.

3. Results
3.1. Basic sample properties of eFEDS-DOGs

3.1.1. Distribution in the magnitude planes of MIR and
optical bands

Figure 5 shows the distribution of 74 eFEDS-detected DOGs on
the WISE W4 (22 um) band and HSC isp band diagram. Red,
orange, and blue stars represent eFEDS-DOGs, eFEDS-detected
DOGs with NHclass < 2, and BluDOG-like eFEDS-DOGs,
respectively. The other X-ray detected DOGs in previous studies
are also overlaid in the same plane, and their total number is 106
sources (Lanzuisi et al. 2009; Corral et al. 2016; Riguccini et al.
2019; Toba et al. 2020; Zou et al. 2020; Kayal & Singh 2024).
Figure 5 shows that the number of X-ray-detected DOGs has
almost doubled from 106 to 180, and eFEDS-detected DOGs
occupy the unique parameter range with (iap, myir AB) = (22—
24, 14-16) mag, which were not explored in the previous X-ray
surveys. This is thanks to the wide-area coverage of the combi-
nation of eFEDS and WISE, resulting in the detections of rela-
tively brighter (originating from the WISE W4 limiting magni-
tude of my4 < 15.5 mag) and relatively rarer DOG populations
that were missed in the previous X-ray survey with <10 deg?
(Lanzuisi et al. 2009; Corral et al. 2016; Riguccini et al. 2019;
Toba et al. 2020). On the other hand, Zou et al. (2020) covers
the brightest end among the X-ray detected DOGs with ixp <
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Fig. 4. L, estimated by CIGALE (L‘G:L?HALE) versus the rest-frame 6 um
luminosity (Le,m) interpolated from the nearby WISE W1, W2, and W3
bands (Ly[}). Red stars represent the eFEDS-DOGs, while blue squares
indicate the eFEDS-DOGs with BluDOG-like features. The solid black
line corresponds to log LMR6 um = log LE'9ALE6 um.

22 mag. This is because their sample selection originates from
the combination of the SDSS-WISE DOGs and heterogeneous
but very wide-area XMM-Newton Slew survey area, whose lim-
iting magnitude of ixg < 22 mag (Toba & Nagao 2016).

Additionally, our sample contains wide range of (i — [22])aB
colors, covering nine eFEDS-DOGs with extremely red color
of (i — [22])ag = 9.0 mag. Corral et al. (2016), Riguccini et al.
(2019), and Kayal & Singh (2024) also exhibit very red color
objects similar to our sample, and we discuss those populations
in Section 4.1.

3.1.2. L— plane

Figure 6 shows the rest-frame 6 wum AGN luminosity (Lsum)
as a function of redshift. Our eFEDS-DOGs cover wide red-
shift range of 0.5 < z < 2.5 with average of (z) = 1.30 +
0.47 (see Table 2) and wide luminosity range of 43.7 <
log(Lsum/erg s71) < 46.2 with average of <10g(L6 um/€1g s‘1)> =
45.2 + 0.6 (Table 2). Figure 6 also shows the comparison
from the sample made by Spitzer Wide-area InfraRed Extra-
galactic (SWIRE: Lonsdale et al. 2003) survey (Lanzuisi et al.
2009), SDSS-WISE survey (Toba et al. 2020; Zou et al. 2020),
HSC-MIPS survey (Kayal & Singh 2024), and hot DOG sur-
veys (Stern et al. 2014; Assefetal. 2016; Ricci etal. 2017a;
Vietri et al. 2018; Zappacosta et al. 2018). Our sample covers
higher-z sources thanks to relatively deeper X-ray follow-ups,
as well as the power of deep photometries of Subaru/HSC.
Figure 7 shows the absorption corrected 0.5-2 keV lumi-

nosity (L((fgf’g‘fg,) as a function of redshift. For the comparison
samples (Lanzuisi et al. 2009; Corral et al. 2016; Riguccini et al.

2019; Toba et al. 2020; Zou et al. 2020; Kayal & Singh 2024),

Léagig‘fg, values were extrapolated from their L(zaj’ls(f]f;), values by
assuming a photon index of I' = 1.8 (e.g., Ricci et al. 2017a).
This clearly shows that eFEDS-DOGs cover a relatively lumi-

nous end at each redshift. Particularly, the eFEDS-DOGs with
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Fig. 5. MIR band versus optical band magnitudes of eFEDS-DOGs
as well as previous X-ray detected DOGs. Red and orange stars
denote eFEDS-DOGs and eFEDS-detected DOGs with NHclass <
2, respectively. Blue squares show eFEDS-DOGs with the BluDOG-
like feature. Lime, Green, purple, magenta, cyan, and pink plots
denote X-ray detected DOGs from Lanzuisi et al. (2009), Corral et al.
(2016), Riguccini et al. (2019), Toba et al. (2020), Zou et al. (2020),
and Kayal & Singh (2024), respectively. For the sample fainter than
myik > 15 mag (e.g., Lanzuisietal. 2009; Corral etal. 2016;
Riguccini et al. 2019), we utilized Spitzer/MIPS 24 um bands as myyg.
The optical bands were obtained from the Hubble/ACS F775 band
(Corral et al. 2016), Suprime-Cam i), , bands (Riguccini et al. 2019) and
heterogeneous optical magnitudes by Vizier with the nearest matching
with <3 arcsec (Lanzuisi et al. 2009). The solid red line represents the
DOGs criterion, and three dashed red lines denote (i— W4),5 = 8.0, 9.0,
and 10.0. The numbers in parentheses indicate the number of objects.

z > 1 consist of the most luminous X-ray sample among the X-
ray detected DOGs, reaching Lﬁ)a?_gcl’gz, > 10% erg s~!. Moreover,
the redshift distribution of eFEDS-DOGs covers a wide redshift
range from z = 0.5 to z = 2.5, bridging the gap between the low-z
samples of z < 1 (Toba et al. 2020; Zou et al. 2020) and higher-z
samples (Lanzuisi et al. 2009; Corral et al. 2016; Riguccini et al.
2019, 1 <z < 4).

Figure 7 also shows that BluDOG-like eFEDS-DOGs exhibit
redshifts between 1.5 and 2.3. This is a natural outcome since
the redshifted C 1v41549 emission line joins the HSC g bands
(Noboriguchi et al. 2022, 2023), which makes the optical color
bluer within the redshift range of 1.6 < z < 2.5.

3.2. Basic properties of eFEDS-undetected DOGs

Non-detection by eROSITA also gives important information
either on the gas obscuration and/or the accretion disk proper-
ties of the AGN in the DOGs. The majority of DOGs in the
eFEDS footprint are not detected by eROSITA, resulting in a
low detection rate of 1.3% (74 sources out of 5738). Given
the energy band of eROSITA at E = 0.5-2.0 keV, detection by
eROSITA implies that their column densities are Ny < 10?* cm™
(Gilli et al. 2007). On the other hand, non-detection provides a
lower limit on Ny, and most undetected DOGs are expected to
have Ny > 10?2 cm™2, especially at z > 0.5.
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Fig. 6. Rest-frame 6 um AGN luminosity (Lg ) as a function of red-
shift. The Lg,nm is estimated from the decomposed AGN dust compo-
nent as a result of the SED fitting, as discussed in Section 2.4. The red
stars denote the eFEDS-DOGs, and the blue squares denote eFEDS-
DOGs with the BluDOG-like feature. The lime, magenta, cyan, and
pink plots represent X-ray detected DOGs from Lanzuisi et al. (2009),
Toba et al. (2020), Zou et al. (2020), and Kayal & Singh (2024), respec-
tively. As for the hot DOG samples, black triangle, downward trian-
gle, pentagon, square, and cross represent data from Stern et al. (2014),
Assef et al. (2016), Zappacosta et al. (2018), Ricci et al. (2017a) and
Vito et al. (2018), respectively.

To estimate the lower bound of Ny for eFEDS-undetected

DOGs, we utilized the luminosity relation between L(z‘iflsoc]f:\),

and Lem (e.g., Chen et al. 2017), and extrapolated Lf)agigfgl by
assuming a photon index of I' = 1.8. Non-detection by eROSITA
also provides an upper limit on the absorption-uncorrected 0.5—
2 keV luminosity. We estimated the required lower bound of
Ny to fulfill the gap between the two values. In this estimation,
we calculated Ny only for eFEDS-undetected PL DOGs (291
objects; see Table 1), since PL DOGs exhibit clear AGN fea-
tures, while bump DOGs do not necessarily host a central AGN.

Figure 8 displays the distributions of eFEDS-undetected PL

DOGs in terms of estimated Lga;’i;fg, as a function of redshift.
These Leunm values are simply estimated from the MIR best-fit
power-law between the W2 and W4 bands (see Section 2.2).
However, objects undetected by W2 and/or W3 bands do not
have a best-fit power-law function. Therefore, we estimated Le ym
with/without an upper limit flag, as shown in Appendix C and
Table C.1. The majority of eFEDS-undetected PL DOGs are
positioned above the line of Ny > 10% cm™2, especially at
z > 0.5. This boundary line is consistent with the expected
upper-bound of Ny for eROSITA detectable sources.

One might question whether the non-detection of X-ray
“scattered” emission can provide meaningful constraints on our
non-detection. The scattered X-ray emission contributes in the
soft X-ray bands, especially when the targets are the obscured
AGN, since the scattered emission originates from the gas-free
polar area of the obscuring torus. Assuming an average scattered
emission fraction of fi. = 1.4% (Ricci et al. 2017a), the X-ray
non-detection places an upper limit on the expected X-ray lumi-
nosity that is approximately a factor of 70 above the curve for

Nu/cm™2 = 0. As shown in Figure 8, all the estimated Léa?i;‘lfg,
values lie below the expected upper-limit curve, consistent with
this picture.

Figure 9 shows the Ny distributions of eFEDS-DOGs,
eFEDS-undetected DOGs, and comparison samples. This

demonstrates that the majority of DOGs host heavily obscured
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AGNs with Ny > 10?* cm™2, assuming that all DOGs fol-

low the Lg;gﬁ;}—Lﬁ um relation (e.g., Chen et al. 2017). In con-
trast, eEFEDS-DOGs represent a rare population among DOGs,
with smaller Ny values (Ngy < 10% cm™2). Figure 9 also
demonstrates that eFEDS-DOGs in this study expand the Ny
range for X-ray detected DOGs and eFEDS-DOGs contain
even unobscured AGNs (gas+dust unobscured DOGs) with
Ny < 102 cm™, while previous X-ray detected DOGs
exhibit Ny > 102 cm™2, representing only obscured AGNs
(Lanzuisi et al. 2009; Corral et al. 2016; Riguccini et al. 2019;
Toba et al. 2020; Zou et al. 2020). Among the sample from
Kayal & Singh (2024), five objects have 21.5 < log(NH/cm‘z) <
22.0, while the majority show log(Ng/cm~2) > 22.0. In contrast,
the presence of objects with log(Ny/cm™2) < 21.5 in our sample
represents a truly unique population.

Another important possibility for the origin of the X-
ray non-detection in eFEDS is that the DOGs are intrinsi-
cally X-ray weak. Our results are based on the assumption

that AGNs in DOGs would follow the LY L., rela-
tion, but some AGN populations lie well below this rela-
tion curve. Yamada et al. (2021, 2023) demonstrated that local
Ultra-Luminous Infrared Galaxies (ULIRGs) at z < 1 exhibit

extremely X-ray weak features that do not follow the stan-

dard L(za_bfbc E:\;—LG um Telation. Similarly, extremely dust-obscured
AGNSs, known as hot DOGs, also exhibit a similar trend at
1 < z < 3 (Eisenhardt et al. 2012; Ricci et al. 2017a; Vito et al.
2018; Diaz-Santos et al. 2021). Given that all these popula-
tions (ULIRGs, hot DOGs, and DOGs) are known to dis-
play major merger features (Veilleux et al. 2002; Ishida 2004;
Kartaltepe et al. 2010 for ULIRGs and Melbourne et al. 2009;
Bussmann et al. 2009b, 2011 for DOGs), our eFEDS non-
detected DOGs at 0.5 < z < 1.5 might also belong to such
intrinsically X-ray weak sources.

If eFEDS-undetected DOGs follow a similar trend to local
ULIRGs or hot DOGs at 1 < z < 3, the expected Lg‘gi;fg,
would decrease by a factor of up to 3 (see Ricci et al. 2017a;
Yamada et al. 2023), and thus their expected lower limits of Ny
would also decrease to Ny > 10*2 cm™2. A deeper hard X-ray
observation at E > 2 keV is crucial to disentangle the degener-
acy between obscuration (high Ny) and the intrinsic X-ray weak
scenario.

In summary, the eROSITA non-detection provides crucial
information suggesting that most eFEDS non-detected DOGs
either host heavily obscured AGNs with Ny > 10? cm™ (see
also Toba et al. 2022; Fukuchi et al. 2025), exhibit extremely
weak X-ray features, or both. On the other hand, a large frac-
tion (>50%) of eFEDS-DOGs show unobscured AGN proper-
ties. eROSITA opens up a new population of DOGs, the gas-+dust
unobscured DOGs, which might be in a transitional phase from
heavily obscured to decreased gas-covering fraction. This pop-
ulation could be a key tracer of the final phase of major merger
scenarios (e.g., Hopkins et al. 2008) and/or gas-obscured SMBH
growth (Ricci et al. 2022, 2023).

4. Discussions
4.1. Variations in gas-to-dust ratios

The finding of gas+dust unobscured DOGs with Ny <
10?2 cm~2, as shown in Figure 9, provides several key insights
on the gas and dust properties and their geometries for eFEDS-
DOGs. Figure 10 illustrates the distribution of X-ray detected
DOGs in the plane of Ny (gas absorption) and (i — W4)ap (dust
extinction). While previous X-ray detected DOGs are clustered
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Class Counts logLeum log L(()a';ig‘l’(rg, z log Ny r log Agaq
lergs™'] lergs™'] [cm™]
eFEDS-DOGs 63 452 +0.6 443+ 0.5 1.30+047 21.7+0.8 195+0.15 -0.63+0.26
PL 40 453+ 0.6 443 +0.5 127+044 219+0.7 194+0.15 -0.60+0.24
Bump 3 447 £ 0.7 442 +0.5 148 £0.58 21.3+0.3 1.86+0.08 -0.86=+0.17
Unclassified 20 45.0+0.5 442 +0.4 1.32+0.52 21.2+07 198+0.14 -0.67+0.29
BluDOG-like 2 46.0 +0.0 450+ 0.1 202+0.27 222+0.1 1.85+0.01 -0.62+0.05
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Fig. 7. LY as a function of redshift. The plots are same as in

Figure 5. One object presented in Corral et al. (2016) is not shown in

this figure due to its low luminosity (log(Lff_dS’i’;(l’(:i, Jerg s71) < 42.0).

exclusively in the obscured AGN region with Ny > 10*? cm™2,

the eFEDS-DOGs represent relatively gas+dust unobscured
AGNs but exhibit an extremely red (i — W4)ap color with
7 [mag] < (i — W4)ap < 10 [mag].

These eFEDS-DOG sources do not demonstrate a clear rela-
tionship between (i — W4)ag and Nyg. One possibility is that
the physical locations of media responsible for dust and gas
absorption for eFEDS-DOGs might be different. Such possi-
bilities were reported in several observational studies for AGN
obscurations, suggesting the presence of dust-free gas that is
responsible for part of the X-ray absorption (e.g., long-term X-
ray variabilities; Maiolino et al. 2010; Risaliti et al. 2007, 2011;
Markowitz et al. 2014), (the expected location of Fe Ka line
emitting material; Minezaki & Matsushita 2015; Gandhi et al.
2015), (e.g., the discrepancy between the gas covering fraction
and the dust one; Davies et al. 2015; Ichikawa et al. 2019a).

On the other hand, our result shows an opposite trend;
a lack of gas obscuration into the line-of-sight, but the exis-
tence of dust absorption (extinction) on a larger physical scale.
Figure 11 illustrates one possible schematic sketch to explain the
obtained (i — W4)ap vs. Ny relationship for eFEDS-DOGs. In
the left upper panel (A in Figure 11 and Table 3), heavy obscu-
ration is caused by both gas and dust. These objects exhibit
log(Nu/cm™2) > 23 and higher (i — W4)5p values, suggesting
that both the UV emitting region in the accretion disk and the X-
ray emission region are heavily obscured by gas and dust. The
majority of eFEDS-undetected DOGs, with an estimated lower
limit of log(Ny/cm~2) > 23, likely exhibit a similar gas and dust
geometry as depicted in (A) of Figure 11.

On the other hand, the right upper panel (B in Figure 11
and Table 3), heavy obscuration is caused by dust, but the gas

44.0

Estimated log(L£2% %M, [erg s™1])

435 log(Ny [cm s~1]) = 20.00
log(Ny [cm s71]) = 21.00
—— log(Ny [em s71]) = 22.00
43.0 —— log(Ny [cm s71]) = 23.00
—— log(Ny [em s71]) = 23.25
42.5 —— log(Ny [cm s71]) = 23.50
—— Nylecm s~ = 0 & foeare = 1.4%
« eFEDS-undetected PL DOGs (291)
42.%
.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift

Fig. 8. Distribution of the eFEDS-undetected PL. DOGs in the plane of

LB"?;‘E&, and redshift. The Lé"‘;;‘fg{, were estimated from the obtained

Leum, by utilizing the luminosity relation between L, v—Lesum (€.€.,

Chen et al. 2017), and extrapolated the expected Lff:s_gferz, by assuming
the photon index of I' = 1.8. The blue crosses represent the eFEDS-
undetected PL DOGs. The solid blue, orange, green, red, purple, and
brown lines represent the limiting luminosities between 0.5 and 2.0 keV
with corresponding log(Ny/cm™2) of £20,21,22,23,23.25, and 23.5,
respectively. For calculating the limiting luminosities, we utilize a flux
limit of fy5_s1ev = 6.5 % 107 erg s™! cm™2. The solid black line repre-
sents the upper bound of the expected X-ray luminosities by assuming
that the eFEDS X-ray band is dominated by the X-ray scattered com-
ponent with fi..e = 1.4%. This is equivalent to a value that is 100/1.4
times above the curve of Ny/cm™2 = 0.

L(abs,corr)

absorber does not cover the line-of-sight. Considering the X-ray
emitting size is extremely compact with <10 R, (e.g., Dai et al.
2010; Morgan et al. 2010) while optical and UV-emitting region
of accretion disk is much larger, with R 100-103 R,
(Kato et al. 2008; Morgan et al. 2010; Ichikawa et al. 2019b),
these objects show unobscured properties with log(Ny/cm™2) <
22 because of the lack of obscuring gas, but it still maintains
high (i — W4)p values due to the significant dust extinction and
dust re-emission. This dust and gas geometry suggests a transi-
tion phase between an obscured AGN and an optically selected
quasar in the gas-rich major merger scenario (Hopkins et al.
2008). The majority of eFEDS-DOGs, with log(Ng Jem™2) < 22
and (i— W4)ap > 7 [mag], likely exhibit the geometry of gas and
dust similar to (B) in Figure 11.

~

4.2. X-ray and 6 um luminosity correlation

Our sample contains both of MIR and X-ray luminosity infor-
mation of a statistically significant number of eFEDS-DOG:s,
and their locations in the luminosity-luminosity plane between
MIR and X-ray enable us to discuss a rough indication of the
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Fig. 9. Ny histogram with a bin width of 0.5 dex. Top panel: A
red histogram represents eFEDS-DOGs. Second panel: A blue his-
togram represents eFEDS-undetected PL. DOGs, indicating lower lim-
its on log(Ny/cm™2). Note that only this panel uses a different bin-
ning scheme: 22.0-23.0, 23.00-23.25, and 23.25-23.50. Third panel:
Lime, green and purple histograms represent Lanzuisi et al. (2009),
Corral et al. (2016) and Riguccini et al. (2019), respectively. Fourth
panel: Magenta, cyan, and pink histograms represent Toba et al. (2020),
Zou et al. (2020), and Kayal & Singh (2024), respectively. Bottom
panel: black, gray, and brown histograms represent Assef et al. (2016),
Ricci et al. (2017a), and Zappacosta et al. (2018), respectively.

Eddington ratio of the eFEDS-DOGs. The tight corre-
lation between X-ray and MIR luminosities for AGNs
has been reported in numerous studies. The trend shows
that almost 1:1 relation up to log(Leum/erg sThy =~
log(Lz_lo kev OI L0_5_2kev/erg S_]) ~ 44 (e.g., Gandhi et al.
2009; Asmus et al. 2015; Ichikawa et al. 2012, 2017, 2019a;
Matsuta et al. 2012; Mateos et al. 2015; Yamada et al. 2023),
above which X-ray luminosities show a saturation and thus
the flatter trend (e.g., Stern 2015; Chen et al. 2017; Toba et al.
2019, 2022; Ichikawa et al. 2023). On the other hand, extremely
IR luminous DOGs, hereafter hot-DOGs (e.g., Eisenhardt et al.
2012; Diaz-Santos et al. 2021), are known to have more X-ray
deficit feature compared to the MIR and X-ray relation discussed
above, suggesting that hot-DOGs have higher Eddington ratio,
possibly exceeding the super-Eddington limit (Stern et al. 2014;
Assef et al. 2016; Riccietal. 2017a; Zappacosta et al. 2018;
Vito et al. 2018).

Figure 12 shows a luminosity correlation between the rest-

frame 6 pum (Lg.m) and L((Jdlgiztl’gi, of our eFEDS-DOGs sam-
ple. The expected curve of Eddington ratio of Aggq = 0.1,0.3,
and 1.0 are also over-plotted (Toba et al. 2019). Our eFEDS-
DOGs nicely cover the Lgn luminosity gap between high-z
(z > 2) IR luminous hot DOGs at log(Leum/erg s™') > 46.0
and local U/LIRGs at log(Le,m/erg s71) < 44.5 (Yamada et al.
2023). Overall, most eFEDS-DOGs follow the luminosity rela-
tion of Chen etal. (2017) (hereafter referred to as the Chen
relation). This suggests that, on average, eFEDS-DOGs do not
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of (i — W4),p and Ny, and the standard deviations of (i — W4),p and Ny
are 0.21 mag and 0.69 dex, respectively.

exhibit extremely high Eddington ratios as seen in hot DOGs, but
rather have Eddington ratios similar to quasars ({1gqq) ~ 0.3) in
comparable MIR luminosity ranges (e.g., Kollmeier et al. 2006).
Similarly, the sources from Kayal & Singh (2024) exhibit a com-
parable distribution in Figure 12, overlapping well with our
eFEDS-DOGs sample. This further supports the idea that DOGs
in general tend to populate this parameter space, as also indicated
by the findings of Kayal & Singh (2024). However, focusing on
individual sources, the scatter of eFEDS-DOGs in Figure 12 is
large, with an Agqq standard deviation of o = 0.45 dex; some
eFEDS-DOGs deviate by more than 0.5 dex above or below
the Chen relation. Since we use a simple X-ray spectral fit-
ting with an average uncertainty in log(Ny/cm~2) of 0.69 dex
(Section 2.1.1), this may partially contribute to the observed
scatter. Beyond this methodological uncertainty, we discuss pos-
sible physical origins of the scatter.

One possible origin of this deviation is the difference in
Eddington ratio for eFEDS-DOGs, particularly those below the
Chen relation. The eFEDS-DOGs at ~1 dex below the Chen rela-
tion align closely with the Agga = 1 line around Lgm ~ 10%7
erg s~!, suggesting that they are in the Eddington-limit phase
(or possibly in a super-Eddington phase). Objects with high
Eddington ratios may be undergoing more rapid mass accre-
tion (known as the Slim disk model; Abramowicz et al. 1988).
In this model, when the mass accretion rate significantly exceeds
the Eddington rate, radiation becomes trapped within the accret-
ing matter before escaping by radiative diffusion, resulting in
a radiatively inefficient state (e.g., Ohsuga et al. 2009, 2005;
McKinney et al. 2014; Inayoshi et al. 2016, 2020; Takeo et al.
2020). According to this model, the inner region (X-ray emis-
sion region) of the accretion disk is expected to be thicker
than the outer accretion disk (e.g., Ohsuga et al. 2009). Con-
sequently, photons from the accretion disk may not reach the
inner region due to the X-ray-emitting region being covered by
a thick disk, resulting in X-ray weakness, as the reduced photon
supply into the X-ray-emitting region diminishes their observed
luminosity. A similar trend was also reported in several hot
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Fig. 11. Illustration explaining the (i — W4)ap vs. Ny relationship based on geometry. Filled black, gray, and cyan circles denote SMBHs, dust
clumps, and gas absorbers, respectively. Filled pink ellipses and white trapezoids represent X-ray sources and accretion disks, respectively. Cyan
and orange arrows indicate fluxes from X-ray sources and accretion disks, respectively.

Table 3. The difference between eFEDS-DOGs and eFEDS-undetected DOGs: physical parameters, geometry, and population.

Physical parameter Explanation Expression Geometry
in Figure 11 (A) B)
Nu Gas absorption High Low
A(D) Dust absorption High High
W4 flux Dust re-emission  Dust covering factor High High
(i—Wé)as Color High High
Population eFEDS-undetected DOGs eFEDS-DOGs

Notes. The table summarizes the classification of eFEDS-DOGs based on key physical parameters and their corresponding expressions in
Figure 11. The “geometry” column indicates the prevalence of high or low values for gas absorption, dust absorption, dust re-emission, and
color. The “population” row distinguishes between eFEDS-undetected DOGs and eFEDS-DOGs. The text and color in the “expression” col-

umn represent the following: a cyan arrow indicating gas-absorbed flux,

distribution representing the dust covering factor.

DOGs and X-ray weak AGNs with super-Eddington signature
(see Figure 12), showing extremely X-ray weak features (e.g.,
Stern et al. 2014; Assef et al. 2016; Ricci et al. 2017a; Vito et al.
2018; Zappacosta et al. 2018; Yamada et al. 2023) as well as
recently reported “little red dots” discovered by JWST with more
extreme X-ray “deficit” features (Kocevski et al. 2024; Yue et al.
2024). The eFEDS-DOGs at ~1 dex below the Chen relation
might be low-z (z ~ 1) and low Lgmm analogous sources of such
hot DOG samples found mostly at z > 2.

Figure 12 also shows sources above the Chen relation, up
to +0.5 dex. The origins of such a deviation have three pos-
sibilities: (1) over-estimation of photo-z, (2) objects with a jet,
(3) lensed objects. The first possibility is that the photo-z values
of those sources might be over-estimated. The over-estimation
of photo-z causes the boost of both luminosities by holding
the 1:1 relation. In this case, such sources deviate from the
Chen relation that has the shallower slope in the high luminosity
end. Two eFEDS-DOGs located more than +0.5 dex above the

Chen relation exhibit Léagi;‘l):g, ~ 10% erg s7! (see Figure 12),

an orange arrow indicating dust-absorbed flux, and a filled gray circle

with objects located around z ~ 1.5 (see Figure 7). Assuming
that the corrected redshifts have the median value of eFEDS-
DOGs sample of z ~ 1, the boost factor p of both luminosi-
ties from z ~ 1 to 1.5 is u = 3, mitigating the gap for most
of the sources. However, since we selected the eFEDS clean
sample with CTP_REDSHIFT_GRADE > 3 (see Section 2.1.2),
the likelihood of overestimating the photo-z of eFEDS-DOGs
appears to be low.

The second possibility is that those sources have promi-
nent jet emission, or radio-loud eFEDS-DOGs. The jet emis-
sion of those sources can contaminate the X-ray bands, boosting
the observed X-ray emission (e.g., Blazars and some radio-loud
AGNs; Miller et al. 2011; Wu et al. 2013; Ghisellini et al. 2017,
Zhu et al. 2020). In Matsuta et al. (2012), blazars and radio-loud
AGNSs exhibit a 1:1 relation between Lx and Lygr, suggest-
ing that the sub-sample of eFEDS-DOGs at +0.5 dex from the
Chen relation may have radio jets, which should be luminous in
the radio wavelength. However, this scenario would be unlikely,
since only one source at least 0.5 dex above the Chen relation
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Fig. 12. Luminosity correlation between the luminosities at absorption
corrected 0.5-2 keV (Lff's’s_’;‘;(:z,) and 6 um (Lg,m). The symbols are the
same as in Figure 5. The open green circles show the mean and standard
deviation of L& for the eFEDS-DOG sample, and each bin has

0.5-2keV
a range of log LS5 = 43.8-44.8, 44.8-45.3, 45.3-45.8, and 45.8-
46.3. Open triangle, inverted triangle, square, pentagon, and crosses
represent IR luminous quasars or hot-DOGs (Eisenhardt et al. 2012;
Diaz-Santos et al. 2021) from Stern et al. (2014), Assef et al. (2016),
Ricci et al. (2017a), Zappacosta et al. (2018), and Vito et al. (2018),
respectively. Open hexagon represents a sample of Yamada et al.
(2023); local (z < 0.1) U/LIRGs with a final merger stage, with two
nuclei in common envelope (stage = “D”). The solid black line repre-
sents the slope in the study of optically selected quasars at 1.5 < z < 3,
named Chen relation in this study (Stern 2015; Chen et al. 2017). The
solid, dashed, and dotted blue lines represent the expected location of
Eddington ratio of Agqyq = 1.0,0.3, and 0.1, respectively, estimated by
Toba et al. (2019). Note that original Chen relation and Agyq lines are

defined between L(;f’focf(’:\i and Le,,. We convert the original one to the
L(()/‘?IS’S_’;‘]’(Z{,—LG um relation by assuming I' = 1.8.

is detected in the VLA/FIRST 1.5 GHz (Becker et al. 1995;
White et al. 1997; Helfand et al. 2015) or VLASS 3 GHz radio
bands (Lacy et al. 2020). In addition, the median X-ray photon
index of these sources is I' = 1.95. Thus they do not show the
characteristic feature of radio-jet in X-ray spectra, which tend to
show a shallower photon index, characterized by (I') = 1.4 (e.g.,
Ighina et al. 2019).

The final possibility is the scenario that the emission of
those sources is gravitationally lensed, boosting the both MIR
and X-ray luminosities a 1:1 relation (e.g., Connor et al. 2021;
Chan et al. 2024). Assuming a tenfold increase in luminosity for
the sub-sample of eFEDS-DOGs at +0.5 dex, they align with
the Chen relation. The magnification factor can reach n = 10—
500 (Glikman et al. 2018; Fan et al. 2019; Fujimoto et al. 2020),
thus the de-lensed luminosities of those sources can join the 1:1
relation in the luminosity-luminosity plane.

In summary, at present, we cannot conclude which of the
three scenarios is preferable. Additional follow-up observations,
such as optical spectroscopy to determine spectroscopic red-
shifts (for scenario 1), deeper radio observations (for scenario
2), and/or high spatial resolution imaging (for scenario 3), are
necessary to distinguish between these three scenarios.

A34, page 12 of 21

2.2
2.0
=
[}
21.8
c
£
§1.6
[
1.4 k] Brightman et al. (2013)
b eFEDS-DOGs (63)
w/ BluDOG-like
12 O feature (2)
-14 -12 -10 -08 -0.6 -04 -0.2 0.0 0.2

109(Aeqd = Lool/Ledd)
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4.3. Eddington ratio and other properties of eFEDS-DOGs

The location of sources in Figure 12 allows us to estimate
Agdd, which enables us to compare Aggg with other parame-
ters obtained by X-ray observations. Several observational X-
ray spectral studies of AGNs and quasars indicate that pho-
ton index I' changes as a function of Aggq (see Boller et al.
1996; Shemmer et al. 2008; Risaliti et al. 2009; Brightman et al.
2013; Trakhtenbrot et al. 2017), which is thought to originate
from the change of the coronal properties around the accre-
tion disk, specifically a plasma parameter (k7,) and a plasma
optical depth (7), where k and 7, are the Boltzmann constant
and electron temperature, respectively (Titarchuk & Lyubarskij
1995; Zdziarski et al. 1996; Ishibashi & Courvoisier 2010).

Figure 13 shows the I'-Agqyq relation of eFEDS-DOGs, with
I' and Aggg of eFEDS-DOGs being I' = 1.95 + 0.15 and
log Agqa = —0.64+0.27, respectively. Although the median value
of eFEDS-DOG:s is slightly below the I'-Agqq relation obtained
by Brightman et al. (2013), it still falls within the uncertainty
range, considering the large uncertainties in our Agqq estimates.
This trend is also seen when comparing eFEDS-DOGs with
other X-ray detected quasars in the plane of I' as a function of
redshift, as shown in Figure 14. Our averaged values are largely
consistent with previous studies at z ~ 1-2, suggesting that
the coronal properties of eFEDS-DOGs are similar to optically
selected quasars at similar redshifts.

Figure 15 shows Aggg of eFEDS-DOGs as a function of
redshift. The underlying gray contour shows the number den-
sity of SDSS quasars in the plane (Shenetal. 2011). Note
that the log Aggg values for the X-ray detected DOGs from
Kayal & Singh (2024) are not directly taken from their study
but are instead estimated using the method of Toba et al. (2019)

based on Leym and Léals’igfg, This approach was adopted to
maintain consistency with our analysis. The log Agqq values of
SDSS quasars, eFEDS-DOGs, and BluDOG-like eFEDS-DOGs
at each redshift are summarized in Table 4. At each redshift
range, the average Agqq of eFEDS-DOGs is higher than those of
SDSS quasars, but they are again within the mutual scatter. This
result supports that our eFEDS-DOGs sample has similar level
or possibly more rapidly growing SMBHs compared to SDSS
quasars at each redshift, but roughly half of them are obscured
by gas with log(Ny/cm™2) > 22.

The results presented above indicate that the eFEDS-DOGs
exhibit similar X-ray coronal and accretion disk properties
to optically bright quasars within a similar redshift range.
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Fig. 14. 'z diagram. The symbols are the same as in Figure 5. Open
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tagon plots denote X-ray detected quasars from Vignali et al. (2005),
Piconcelli et al.  (2005), Shemmer et al. (2006), Justetal. (2007),
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tively.

However, the central engine of eFEDS DOGs remains obscured
by dust and gas. This dust and gas-rich environment surround-
ing the central engine positions eFEDS DOGs uniquely in the
plane of Ny vs Aggq, as shown in Figure 16. The solid black line
represents the effective Eddington limit (see also Fabian et al.
2006, 2009; Ricci et al. 2017b) derived from equation (6) in
Ishibashi et al. (2018), assuming IR and UV opacities (kg and
KUV) of KIR = 0 and Kyuv = 200 sz g_l.

In this plane, long-live clouds can survive against radiation
pressure (“long-lived obscuration” in Figure 16), while absorbed
objects at low column densities may appear above their effective
Eddington limit due to the presence of dust lanes in the galaxy
(“dust lanes” in Figure 16). AGNs in the “forbidden region” are
expected to have short-lived obscuration due to significant radi-
ation pressure on the absorbing clouds. Therefore, AGNs do not
stay in this region for prolonged periods, suggesting that they
are in a “blowout” phase. Out of 63 eFEDS-DOGs, 25 sources
(including two bluDOG-like eFEDS-DOGs) are in the forbidden
region. Given that 23 objects from the Kayal & Singh (2024)
DOG sample are also found in the forbidden region, the pres-
ence of nearly half of the eFEDS-DOGs in this region further
supports the expectation that X-ray detected DOGs tend to be in
blow-out phase. This result supports the idea that eFEDS-DOGs
in the forbidden region experience the gas outflow of the obscur-
ing material, which would eventually lead to a decrease in Ny.
Consequently, the sources would be preferentially observed as
unobscured AGNs (Ricci et al. 2022, 2023). Our results indicate
that unobscured eFEDS DOGs would be such sources. Thus,
eFEDS-DOGs are prominent candidates in a previously over-
looked transitional phase between obscured AGNs and optically
selected quasars (see also Section 4.1).

4.4. Lifetime of eFEDS-DOGs

eROSITA revealed newly X-ray-detected DOGs, which con-
stitute only 1.3% (74/5738) of the total population; however,
this small fraction may represent a transient phase from highly
obscured AGNs to unobscured ones. This rarity would give us
important information on the lifetime of such a transient phase.

The lifetime of HSC-WISE DOGs at z ~ 1 is expected
to be approximately 40 Myr, as suggested by the DOG duty
cycle (Tobaetal. 2017). Assuming that eFEDS-DOGs rep-
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Fig. 15. log Agqq as a function of redshift. The gray 2D histogram rep-
resents the number density of SDSS quasars (Shen et al. 2011). Red
stars and blue squares denote eFEDS-DOGs and BluDOG-like eFEDS-
DOGs, respectively. Orange, green, purple, cyan, pink, and lime green
hexagons denote BluDOGs (Noboriguchi et al. 2022), extremely red
quasars (ERQs: Perrotta et al. 2019), hot DOGs (Wu et al. 2018), DOGs
(Melbourne et al. 2011), X-ray detected DOGs (Kayal & Singh 2024),
and CT DOG (Toba et al. 2020), respectively.

resent one stage in the gas-rich major merger scenario, the
lifetime of eFEDS-DOGs can be roughly estimated to be
~0.5 Myr, given their abundance of 1.3% (74/5738) among
all DOGs. This number fraction is similar to that of Blu-
DOGs in DOGs (Noboriguchi et al. 2019). We note that eFEDS-
undetected DOGs may include objects such as eFEDS-DOGs
viewed from an edge-on angle. Therefore, the estimated 0.5 Myr
should be treated as a lower limit for the early transition phase
between an obscured AGN and an unobscured quasar (see
Section 4.1).

4.5. BluDOG-like eFEDS-DOGs

Blue-excess objects in dusty AGNs are considered to repre-
sent a dusty outflow phase (Noboriguchi et al. 2019), and Blu-
DOG spectra exhibit a blue tail on the C IV emission line
(Noboriguchi et al. 2022), suggesting that the blue tail is evi-
dence of nucleus outflow. Additionally, some BluDOGs show
broad emission lines that enable us to estimate the black
hole mass and thus the Eddington ratio (Noboriguchi et al.
2022). Their Eddington ratio shows Aggqg = 1, suggesting
that they are undergoing super-Eddington accretion. Recently,
Noboriguchi et al. (2023) identified high-z BluDOG candidates
from JWST-ERO high-z galaxy samples at 5 < z < 7 (e.g.,
Akins et al. 2023; Barro et al. 2024; Furtak et al. 2024, 2023;
Kocevski et al. 2023; Kokorev et al. 2023; Labbe et al. 2025;
Matthee et al. 2024). The results imply that blue-excess DOGs
are ubiquitous across cosmic time within the redshift range
2 < z < 7. Thus, the discovery of lower-z analogs at z < 2
would be of particular interest as AGN candidates undergoing
super-Eddington accretion.

Unfortunately, none of our eFEDS-DOGs samples satisfies
the conventional BluDOG criteria of a;f;zy < 0.4, but this
criterion is optimized for sources whose C IV emission lines
fall within the traditional optical range of 5000 < Ay <
7000 A, corresponding to 2.2 < z < 3.5. On the other
hand, two eFEDS-DOGs show a;‘r’; < 0.8 (Section 2.3), and
this blue excess may trace either the AGN continuum or the
strong Mg 1112800 emission line, or possibly both. Figure 17
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Table 4. log Ag4q distribution at each redshift range.

SDSS quasars eFEDS-DOGs BluDOG-like eFEDS-DOGs
Redshift range log Agdq Counts log Agdq Counts log Agdq Counts
0.0-0.5 —-1.07 £ 0.50 (8490) -0.97 @)) nan 0)
0.5-1.0 —-092+041 (19130) -0.67+0.28 (18) nan )
1.0-1.5 —-0.81+0.34 (25586) -0.64 +0.29 27 nan )
1.5-2.0 -0.73+0.37 (28031) -0.59 +0.17 (8) -0.67 @))
2.0-2.5 —-0.60+0.38 (12345) -0.56+0.19 ) -0.57 (1)
0.0-2.5 -0.80+0.41 (93582) -0.63+0.26 (63) -0.62 +0.05 2)
245 —21
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Fig. 16. Ny—Agqq diagram. The symbols are the same as in Figure 5. A 2 -5 /
gray plot with error bars denotes typical standard deviations of Ny and
Agqq- The standard deviations of Ny and Agyq are 0.69 dex and 0.18 dex, —61
respectively. Dashed and solid black lines denote log(Ny [cm™2]) = 22.0
and equation (6) in Ishibashi et al. (2018). Filled green region shows a .

forbidden region.

shows the SEDs of BluDOG-like objects. The SEDs (1-20 pum)
of HSC J090344.09—-000159.2 and HSC J091218.77-000401.2
exhibit power-law emission, and the optical SEDs do not show
extinction. These characteristics are similar to those reported by
Noboriguchi et al. (2019) for BluDOGs. We suggest that one

reason why we cannot select BluDOG-like objects using a/zl:;zy

0.4 is the difference in redshift ranges between BluDOGs and
eFEDS-DOGs. In Noboriguchi et al. (2022), the redshift range
of BluDOGs selected by aofitz < 0418 2.2 < Zgpee < 3.3, while
the photo-z of the BluDOG-like objects is 1.749 and 2.296. In
Figure 17, the HSC z and y bands show an excess in flux com-

pared to those in the HSC g, r, and i bands.

5. Conclusions

We have constructed the sample of 74 (65) X-ray detected dust
obscured galaxies (DOGs) detected in the 0.5-2 keV bands by
the eROSITA/eFEDS survey, and we call them “eFEDS detected
DOGs”. Among them, 65 sources have reliable X-ray spectral
fits, enabling the investigation of their X-ray properties with a
statistically meaningful sample; we refer to these as “eFEDS-
DOGs”. The eFEDS-DOGs were identified through a combina-
tion of multi-wavelength datasets, including HSC and LS8 opti-
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Fig. 17. SEDs of BluDOG-like objects. The plots and lines are same as
in Figure 3. Arrows denote upper limits.

cal, VIKING near-infrared (NIR), unWISE mid-infrared (MIR),

and eROSITA/eFEDS soft X-ray (0.5-2 keV) bands. Our results

are summarized as follows.

1. eFEDS-DOGs occupy a distinct region in the parameter
space, with iag = 22-24 mag and ma; ym = 14-16 mag,
previously unexplored by X-ray studies of DOGs.

2. Most DOGs are not detected by eROSITA. Assuming they

follow the fiducial L;a_bfbc]((’:&—Lﬁ um relation of Chen et al.
(2017) with a photon index of I' = 1.8, the expected lower
bound of the column density is Ny 2 10%* cm~2, suggesting
that the majority of DOGs are heavily obscured by gas.

3. A large fraction of eFEDS-DOGs show Ny < 1022 cm™2,
indicating that they are not heavily obscured by gas. This
implies that the eFEDS-DOG sample includes DOGs that are

unobscured in both gas and dust.
4. Examination of the Lem Vs. Léagig(fg/ diagram reveals a pre-
dominant alignment with the Leun—Lx relation. However,
some eFEDS-DOGs exhibit deviations, down to =~ 1.0 dex

below the Lg,n—Lx relation. Sources located ~ 1 dex below
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the relation may indicate high Eddington ratios, potentially
approaching the Eddington limit.

5. 25 out of 63 eFEDS-DOGs are located in the forbidden
region on the Ny vs. Aggq plane, supporting the idea that
eFEDS-DOGs in the forbidden region experience gas out-
flow of the obscuring material, which would eventually lead
to a decrease in Ny. eFEDS-DOGs are prominent candidates
in a previously missed transitional phase between obscured
AGNSs and optically selected quasars.

6. Despite none of the eEFEDS-DOGs meeting the strict BluDOG
criteria, our identification of BluDOG-like objects based on

@™ < 0.8 and MIR_CLASS = 2 (PL DOGs) unveils a

gri
compelling subset. Their spectral energy distributions (SEDs)

exhibit a power-law trend between the optical and MIR
regions, coupled with a distinct flattening between HSC g
band and HSC i band. This suggests that these BluDOG-like
objects may represent a population of low-redshift BluDOGs.

Data availability

Table A.1 is available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/702/A34
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Appendix A: eFEDS-DOG catalog information

In Table A.1, we provide a list of column names for our eFEDS-
DOG catalogs. These catalogs encompass a range of photomet-
ric data, including ID, R.A., Dec., magnitudes in each band,
optical spectral index, MIR and optical classification, observed
flux between 0.5-2 keV, absorption-corrected intrinsic lumi-
nosity between 0.5-2 keV, redshift, redshift grade, absorption
non-corrected luminosity between 0.5-2 keV, hydrogen column
density, monochromatic luminosity at rest-frame 6 um, and pho-
ton index. Additionally, the catalog includes information on
errors, upper and lower flags associated with each parameter.

The eFEDS-DOG samples were meticulously selected
through the combination of catalogs utilizing HSC, VIKING,
unWISE, and the eFEDS clean sample (refer to Section 2.1). In
total, the catalog comprises 65 eFEDS-DOGs, providing a com-
prehensive dataset for further analysis.

Appendix B: Parameters for CIGALE fitting

To decompose the Ly, of the AGN from the total
Leum, we employ the Code Investigating GAlaxy Emission
(CIGALE, version 2022.1; Burgarella et al. 2005; Noll et al.
2009; Boquien et al. 2019). CIGALE performs spectral energy
distribution (SED) fitting in a self-consistent framework, balanc-
ing UV/optical absorption and IR emission.

We adopt a delayed star formation history (SFH; Ciesla et al.
2015), parameterized by the e-folding times of the main stellar
population (Tpm,in) and late starburst population (Tpyst), the mass
fraction of the late burst population (fyurs), and the ages of the
main stellar population (Agem,in) and the late burst population
(Agepurst). For the stellar population, we assume the initial mass
function of Chabrier (2003), solar metallicity, and a 10 Gyr sep-
aration between young and old stellar populations (Agegeparation)-

The nebular emission model from Inoue (2011) is character-
ized by the ionization parameter (U), the fraction of Lyman con-
tinuum photons escaping the galaxy (fus.), the fraction absorbed
by dust (fgust), and the line width. Dust attenuation is mod-
eled using the modified approach presented in Boquien et al.
(2019). The attenuation for the continuum follows the model by
Calzetti et al. (2000), with extensions by Leitherer et al. (2002)
for wavelengths between the Lyman break and 1500 A. Emis-
sion lines are attenuated using a Milky Way extinction law with
Ry = 3.1 (Cardelli et al. 1989), and we adopt E(B — V)continuum =
0.44E(B — V)iine as suggested by Calzetti et al. (2000).

For the AGN emission, we utilize the SKIRTOR model,
which incorporates geometric parameters of the AGN and
accounts for extinction by polar dust. The parameters include
the average edge-on optical depth at 9.7 um (79 7), torus density
parameters (p and g; Stalevski et al. (2016)), the opening angle
of the torus (oa), the ratio of the maximum to minimum radii of
the torus (Ryao), the fraction of dust mass inside clumps (M),
the inclination angle (i), the AGN fraction (fagn), the extinc-

tion law, the color excess of the polar dust (E(B — V)Qgg o) the
dust temperature (TASN. ), and the emissivity index of the polar
polardust

dust.

For BluDOG-like objects, the observed magnitudes in the
g and r bands are treated as upper limits to account for the
effects of broad emission lines with large equivalent widths
(Noboriguchi et al. 2022). In the SED fitting of these Blu-
DOGs, we use the parameter set described in Table 8 of
Noboriguchi et al. (2022). For eFEDS-DOGs without BluDOG-
like objects, we utilize a parameter set shown in Table B.1.
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Appendix C: Criteria of upper-limit of Lgum

To estimate Le,m for each detection case and redshift, we clas-
sified eFEDS-DOGs according to the categories outlined in
Table C.1. Additionally, we summarize the criteria for the upper
limit of Lgm.

(1) For objects with detections in the W2, W3, and W4 bands,
we fit their MIR SEDs using a power-law function. Out of the 65
eFEDS-DOGs, 44 sources are detected in all three MIR bands.
We estimate Lg,m from the best-fit power-law function, and no
upper flag is assigned to Leyunm.

(2) One eFEDS-DOG shows non-detection only in the W2
band. For this source, we extrapolate the flux density at rest-
frame 6 um (fs.m) using a power-law extrapolation from the
slope between W3 and W4. Since the extrapolated flux density
at W2 (fy5m@ed) js fainter than the limiting flux density at W2

(fpsiimated o fimity ‘no upper flag is assigned to Lo . .
(3) Out of 65 sources, 18 eFEDS-DOGs were undetected in
the W3 band. Among them, three show that their estimated W3

band fluxes ( fv%‘imat‘“‘d), interpolated by W2 and W4 bands fluxes,

are fainter than the W3 band limiting flux (f;3'). In this case, we
estimate fg,m using a power-law interpolation between W2 and
W4, and no upper flag is assigned to Lem.

(4) For the remaining 15 eFEDS-DOGs undetected in the
W3 band, the simple interpolation between W2 and W4 results
in fhymated > fURt In this case, we use fio' to estimate

foum,» employing a power-law interpolation between fiyo—fim

or lf‘i,‘;‘i‘— -fwa. An upper flag is assigned to these Lg m.

(5) Two eFEDS-DOGs are undetected both in the W2 and
W3 bands. We utilize the limiting flux density of W2 and W3
bands, and fsum is estimated using a power-law interpolation
between fyiit—fumit or fiM'-fy,. An upper flag is assigned to
these Le um.
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Table A.1. Column name, units and description of the our eFEDS-DOG catalogs.

Name Units Description

HSC_ID HSC JHHMMSS.SS+DDMMSS.S

HSC_RA degree R.A. from HSC coordintes

HSC_DEC degree Dec. from HSC coordintes

HSC_g AB mag HSC g band magnitude

HSC_g_err AB mag HSC g band magnitude error

HSC_r AB mag HSC r band magnitude

HSC_r_err AB mag HSC r band magnitude error

HSC_i AB mag HSC i band magnitude

HSC_i_err AB mag HSC i band magnitude error

HSC _z AB mag HSC z band magnitude

HSC_z_err AB mag HSC z band magnitude error

HSC_y AB mag HSC y band magnitude

HSC_y_err AB mag HSC y band magnitude error

VIKING_Z AB mag VIKING Z band magnitude

VIKING_Z_err AB mag VIKING Z band magnitude error

VIKING_Y AB mag VIKING Y band magnitude

VIKING_Y_err AB mag VIKING Y band magnitude error

VIKING_J AB mag VIKING J band magnitude

VIKING_J_err AB mag VIKING J band magnitude error

VIKING_H AB mag VIKING H band magnitude

VIKING_H_err AB mag VIKING H band magnitude error

VIKING_Ks AB mag VIKING K s band magnitude

VIKING_Ks_err AB mag VIKING K's band magnitude error

WISE_W1 AB mag WISE W1 band magnitude

WISE_W1_err AB mag WISE W1 band magnitude error

WISE_W2 AB mag WISE W2 band magnitude

WISE_W2_err AB mag WISE W2 band magnitude error

WISE W2 _U_F Upper limit flag WISE_W2

WISE_W3 AB mag WISE W3 band magnitude

WISE_W3_err AB mag WISE W3 band magnitude error

WISE_W3_U_F Upper limit flag WISE_W3

WISE_W4 AB mag WISE W4 band magnitude

WISE_W4_err AB mag WISE W4 band magnitude error

MIR_CLASS MIR classification (0: unclassified DOGs, 1: bump DOGs, 2: PL. DOGs)
ALPHA_GRIZY ovizy

ALPHA_GRI o

OPTICAL_CLASS Optical classification (0: normal, 1: BluDOG-like)
ID_SRC ID of the sources in the eFEDS main X-ray catalog (Brunner et al. 2022)
FOBS0520 ergs™ cm™2  Observed flux in observed-frame 0.5-2.0 keV from Liu et al. (2022)
FOBS0520_err ergs”! cm™  Observed flux error in observed-frame 0.5-2.0 keV from Liu et al. (2022)
Logl10LINT0520_ABSCORR ergs™! LE®™ from Liu et al. (2022)
Log10LINT0520_ABSCORR _err ergs™! Error of L{%$°™ from Liu et al. (2022)

REDSHIFT
REDSHIFT_GRADE

Redshift of the optical counterpart from Salvato et al. (2022)
Redshift Grade from Salvato et al. (2022)

Log10L0520_ABSNONCORR erg s™! Absorption non-corrected luminosity in rest-frame 0.5-2.0 keV ({239 )
Log10L0520_ABSNONCORR _err erg s7! LEOn o error

Log10ONH cm™2

Log10L6_CIGALE erg s™!
Logl0L6_CIGALE_err ergs™!
Photon_index

Hard_Detection

Hydrogen column density (Ny) from Liu et al. (2022)

monochromatic luminosity at rest-frame 6 um (Lg ) estimated by CIGALE
Lgym error

Photon index (I') from Liu et al. (2022)

Hard X-ray detection result (Y: “yes”, N: “no”

In lower and upper limit flag, 0 and 1 denote “no” and “yes”, respectively. The prefix of “Log10” represents the values in log-scale.
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Table B.1. Parameters adopted in the CIGALE fit.

Parameter Value
Delayed SFH (Ciesla et al. 2015)
Tmain [Myr] 100, 250, 500
Tourst [My1] 10, 50
Jourst 0.0, 0.5, 0.99
Age, i [Myr] 500, 800, 1000
Agey . [Myr] 1,5,10
Single stellar population (Bruzual & Charlot 2003)
IMF Chabrier (2003)
Metallicity 0.02
Agesepara[ion [Myr] 10
Nebular emission (Inoue 2011)
logU -2.0
fosc 0.0
ﬁiust 00
Line width [km s™!] 300.0
Dust attenuation (Calzetti et al. 2000)
E(B = V)iine 0.03,0.1,0.3,1,3
f E(B-V) 0.44
ﬂUV,bump [nm] 217.5
FWHMUV,bump [nm] 35.0
AUV,bump [nm] 0.0
0 0.0
Extinction law of emission lines the Milky Way
Ry 3.1
Dust emission (Dale et al. 2014)
AGN fraction 0.0
QIR AGN 0.25,1.0,4.0
AGN model (Stalevski et al. 2016)
To7 3, 7, 11
P 1.0
q 1.0
oa [deg] 10, 30, 50, 70, 80
Rratio 20
My 0.97
i [deg] 0, 20, 40, 60, 80, 90
facN 0.1,0.5,0.99
Extinction law of polar dust Calzetti et al. (2000)
E(B- V)ggg dust 0.03,0.1,0.3,1,3
T}ﬁfg ause 1K1 30, 100, 300, 1000
Emissivity of polar dust 1.6
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Table C.1. Upper limits of Lg ;im.

Condition Criteria Upper Limit Flag  # eFEDS-DOGs
(1) 3 band detected ‘ - No 44
(2)  Only W2 band undetected & (1 +2) X dgum < dws & frsimated o flimit No 1
(3)  Only W3 band undetected = & fy™"e¢ < fumt No 3
(4)  Only W3 band undetected & vl‘l}gl“ < vf‘%“ma‘ed Yes 15
5 W2 & W3 bands undetected Yes 2
Total 65

Condition: Statuses of three MIR bands, Criteria: Definitions and explanations for the terms used in the table, Upper Limit flag: We attached/did
not attach upper limit flags if objects have these Condition, # eFEDS-DOGs: Number of eFEDS-DOGs classified under these Condition. Ays3,
Aspums fvlf,sz‘ima‘ed, fa,’;‘“, v}f,%“m“‘ed, and f‘ki,';“ denote W3 band wavelength, 6 um, estimated flux at W2 band, W2 band limiting flux, estimated flux at
W3 band, and W3 band limiting flux, respectively. Each estimated flux is calculated as follows:

(1): Best-fit function from MIR 3 band fitting (see Section 2.2).

(2): Interpolated function from W3 and W4 bands data.

(3): Interpolated or extrapolated function from W2 and W4 bands data.

(4): Interpolated function from W2, W3, and W4 bands data.

(5): Interpolated function from W2, W3, and W4 bands data.
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