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Abstract

Hot dust-obscured galaxies (Hot DOGs) are a rare population of hyperluminous dust-obscured quasars discovered
by the Wide-field Infrared Survey Explorer (WISE) all-sky survey. The heavy circumnuclear dust obscuration
allows only a small amount of scattered light from the obscured quasar to escape, enabling the decomposition of
the stellar component from the total flux. The presence of scattered light enables the redshift of the source and the
properties of the black hole to be obtained from the Sloan Digital Sky Survey (SDSS) and SDSS-related literature.
From WISE and SDSS data, we select 11 hyperluminous Hot DOGs at z = 1.5-3.7 with bolometric luminosities
Lyo 2 10" ergs~!. We investigate the Mgu—M, relation in these sources using Bayesian spectral energy
distribution fitting or with extra constraints from Hubble Space Telescope image decomposition. Stellar masses
are successfully derived for eight Hot DOGs. We find high Eddington ratios Agqq in these Hot DOGs, with the
median value of 1.05 and the maximum value close to 3. The super-Eddington accretion may be associated with
the overdense environments of Hot DOGs. We find no significant differences in the Myy/M, of these Hot DOGs
compared to the local relation, suggesting that these dust-obscured quasars are the progenitors of massive early-
type galaxies. We speculate that the subsequent evolution of Hot DOGs may be significantly influenced by active
galactic nucleus feedback and remain on the local relation.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Galaxy evolution (594); High-redshift
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1. Introduction

Tight correlations between the mass of supermassive
black holes (SMBHs) and their host galaxy properties have
been found in the local Universe (J. Magorrian et al. 1998;
N. Hiring & H.-W. Rix 2004; J. Kormendy & L. C. Ho 2013).
The study of coevolution for high-redshift galaxies is currently
an active research field (e.g., X. Ding et al. 2020, 2023; Y. Sun
et al. 2025; T. S. Tanaka et al. 2025), with the aim of
understanding when the tight correlations are established. At
high redshift, studies have mostly concentrated on the relation
between the SMBH masses and the total stellar masses
because of various observational limitations, including the
faintness and small angular sizes of high-redshift galaxies, the
limited spatial resolution that prevents the structural compo-
nents of the host galaxy from being resolved, and the difficulty
in obtaining high-resolution, high signal-to-noise spectra for
detailed kinematic analyses.

At high redshifts, black hole (BH) masses are mainly
estimated from single-epoch virial mass estimators based
on broad active galactic nucleus (AGN) emission lines
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(M. Vestergaard & B. M. Peterson 2006). Therefore, most
studies focused on type 1 AGNs (T. Treu et al. 2007,
J.-H. Woo et al. 2008; K. Jahnke et al. 2009; A. Merloni et al.
2010; M. Schramm & J. D. Silverman 2013; D. Park et al.
2015; X. Ding et al. 2020, 2021b; H. Suh et al. 2020; Y. Sun
et al. 2025).

Considering that the majority of the AGN population is
obscured (R. C. Hickox & D. M. Alexander 2018), it is
important to study the Mgy—M, relation of obscured AGNSs.
However, for obscured AGNSs, it is much more difficult to
measure their broad emission lines than type 1 AGNs due to
dust extinction, and only a few studies have been done,
focusing on red type 1 AGNs (T. Urrutia et al. 2012) and type
1.8-1.9 AGNs (D. M. Alexander et al. 2008; A. Del Moro
et al. 2009; J. E. Sarria et al. 2010; J. Melbourne et al. 2011;
A. Bongiorno et al. 2014).

Based on the “W1W2-dropout” method (P. R. M. Eisenhardt
et al. 2012), a population of hyperluminous, hot dust-obscured
galaxies (Hot DOGs) was discovered using the Wide-field
Infrared Survey Explorer (WISE; P. R. M. Eisenhardt et al.
2012; J. Wu et al. 2012). Subsequent studies have found that
Hot DOGs are hyperluminous Ly > 10" L., (C.-W. Tsai et al.
2015; L. Fan et al. 2016a; L. Fan et al. 2018a; W. Sun et al.
2024), heavily dust-obscured quasars (D. Stern et al. 2014;
E. Piconcelli et al. 2015; F. Vito et al. 2018). Strong AGN
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rest-frame UV /optical broad lines such as Ly«a, C1v, MgIl,
and HQ are found in their spectra (P. R. M. Eisenhardt et al.
2012; J. Wu et al. 2012, 2018; T. Diaz-Santos et al. 2021).
R. J. Assef et al. (2016, 2020, 2022) studied a subsample of
Hot DOGs that show stronger rest-frame UV /optical emission
than normal Hot DOGs and were called blue-excess Hot
DOGs. Using the polarization imaging technique, R. J. Assef
et al. (2022) have found that the rest-frame optical/UV excess
emission is most likely scattered light from the central
obscured quasar. G. Li et al. (2024) studied a larger sample
of Hot DOGs, which contains both normal Hot DOGs and
blue-excess Hot DOGs. They have found that the broad lines
in normal Hot DOGs also originate from scattered light from
the central obscured quasar, just as in blue-excess Hot DOGs.

Traditional methods for measuring the stellar mass of a
galaxy include the mass-to-light ratio (M/L) method
(E. F. Bell et al. 2003) and the normal spectral energy
distribution (SED) fitting method (A. Bongiorno et al. 2007;
A. Merloni et al. 2010; H. Suh et al. 2019). In recent years,
Bayesian SED fitting using Bayesian inference has been
widely used as a more advanced method, which provides a
more statistically robust and comprehensive estimate of
parameters (e.g., Y. Han & Z. Han 2012, 2014, 2019;
M. Boquien et al. 2019; G. Yang et al. 2020; Y. Han et al.
2023). Furthermore, in recent years, 2D image decomposition
analysis based on high-resolution images has become a
popular technique for better constraining stellar mass mea-
surements (X. Ding et al. 2020; J. Li et al. 2021a, 2021b;
J. I H. Li et al. 2021, 2023; X. Ding et al. 2023; J. Li et al.
2024; M. A. Stone et al. 2024; M. Yue et al. 2024; Y. Sun
et al. 2025; T. S. Tanaka et al. 2025; H. Yu et al. 2025). To
date, AGN studies using 2D image decomposition analyses
have predominantly focused on type 1 AGNs or quasars.
Moreover, to decompose the flux of the image into contribu-
tions from the extended host galaxy and the point-like AGN,
most of the studies used moderate-luminosity samples. This is
because if the luminosity of type 1 AGN/quasar is too high,
the flux of the host will become too faint relative to the central
AGN to be decomposed. Decomposing the host flux from
hyperluminous Ly, > 10 L. type 1 AGNs/quasars is
currently extremely challenging. However, for Hot DOGs,
the dust surrounding the central quasar allows only a small
fraction of the UV /optical light of the quasar to reach us
through scattering (R. J. Assef et al. 2016, 2020, 2022),
making it possible for the host stellar component to be
decomposed in the UV /optical band. Furthermore, the small
fraction of scattered AGN broad line components makes it
possible for Hot DOGs to be detected by spectroscopic
surveys. Previous studies have used the M/L method and
spectroscopic observations from large 8 to 10m class
telescopes to investigate the Mygy—M, relation of Hot DOGs
(R.J. Assef et al. 2015; J. Wu et al. 2018; G. Li et al. 2024). In
this work, we combine WISE photometric and Sloan Digital
Sky Survey (SDSS) spectroscopic survey data to select 11
hyperluminous Hot DOGs at z = 1.5-3.7. We use a Bayesian
SED decomposition method (Y. Han & Z. Han 2012, 2014,
2019; Y. Han et al. 2023) or combine image and SED
decomposition together (H. Yu et al. 2025) if high-resolution
images such as Hubble Space Telescope (HST) images are
available to estimate the stellar mass. We combine the results
of the decomposition with the emission line characteristics
given by the SDSS to estimate the BH mass. Then, the
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Mgy—M, relation of sources in the sample is studied. Most of
the other works focus on the unobscured type I AGN, so the
study of the Mpy—M, relation of hyperluminous dust-obscured
quasars is the highlight of this work.

The paper is structured as follows. In Section 2, we present
the sample selection and multiwavelength data description. In
Section 3, we describe the Bayesian SED decomposition
method and the combined image and Bayesian SED
decomposition method. The results and discussions are
presented in Section 4 and Section 5, respectively. We give
a brief summary in Section 6. Throughout this work, we
assume a flat ACDM cosmology (E. Komatsu et al. 2011),
with Hy = 70 km s ! Mpcfl, Q= 0.3, and 2, = 0.7. Fluxes
are corrected for Galactic extinction (E. F. Schlafly &
D. P. Finkbeiner 2011).

2. Data
2.1. Sample Selection

We select Hot DOGs based on the WISE photometric and
SDSS spectroscopic surveys data. We first select sources from
ALLWISE Data Release (R. M. Cutri et al. 2021) using the
following selection criteria (magnitudes in the Vega system):

either

W4 < 7.7 mag
or

W3 < 10.6 mag

and W2 — W4 > 8.2 mag,
and W2 — W3 > 53 mag. (1)

Compared to the “WI1W2-dropout” method used in
P. R. M. Eisenhardt et al. (2012), we remove the
W1 > 17.4 mag criterion. The W1 > 17.4 mag criterion is used
mainly to exclude background sources. However, since we
have SDSS redshift data in this work, this criterion can be
removed. Therefore, our selection criteria can be considered as
the simplified Hot DOGs selection criteria relative to
P. R. M. Eisenhardt et al. (2012). The selected sources are
then crossmatched with the catalog of quasar properties from
the SDSS Data Release 16 (Q. Wu & Y. Shen 2022), hereafter
Q. Wu & Y. Shen (2022) SDSS quasar catalog. In all, 27
sources with broad AGN emission lines are selected after
crossmatching. We perform a visual inspection of these 27
sources using WISE four-band images to eliminate spurious
sources caused by blending or artifacts in the WISE images
from our sample. Finally, we select 14 sources that pass the
visual inspection, which are classified as Hot DOGs and used
as the sample for the next analysis. We list source names and
their redshift in Table 1. We use the abbreviation form (e.g.,
SDSS J022052.11+013711.1 is abbreviated as J0220) of the
names in the following text.

In Table 1, we see that the galaxies can be divided into two
subsamples based on redshift bins: a relatively low-z
subsample with z < 0.6 and a relatively high-z subsample
with z > 1.4. In this study, we focus on the relatively high-z
subsample, specifically 11 Hot DOGs with z=1.5-3.7. We
show the distribution of all sources in our sample on the
bolometric luminosity versus redshift plane in Figure 1. The
relatively low-z and high-z subsamples are represented by
green and red dots, respectively. Figure 1 also includes the
results of previous studies. For the study of the Mpy—M,
relation of high-redshift AGN, it is very important to cover the
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Table 1
Properties of Dust-obscured Quasars Selected with WISE and SDSS
Source® Redshift® logM,*© logMpy logLp AEdd
M) M) (ergs™")
SDSS J150505.17+364916.8 0.217 9.577032 7.36108 45.12 0.36
SDSS J112657.76+163912.0 0.464 10.6373%2 8.63793! 46.80 1.13
SDSS J163559.38+304032.8 0.579 9.9801¢ 8.347038 46.15 0.50
SDSS J235511.59+070831.5 1.543 11167043 8.9670:92 47.24 1.05
SDSS J113931.08+460614.3 1.820 9.81793] 46.92 0.10
SDSS J000521.65-085345.4 2.300 1112753 9.6870:43 47.36 0.37
SDSS J205122.47-004219.2 2.450 11.08314 9.79108 47.83 0.79
SDSS J083448.484-015921.1 2.594 9.971334* 9.28+041 47.47 1.20
SDSS J085124.78+314855.7 2.638 10.671012* 9.08+041 47.43 1.57
SDSS J135959.734052512.3 3.055 9.80+0:3¢ 47.39 0.30
SDSS J022052.11+013711.1 F 3.138 11175597 9.08+:42 47.73 2.88
SDSS J011601.42-050503.9 + 3.183 11.287018* 9.14708 47.66 2.26
SDSS J015053.10-030528.7 3.296 9.047 341 47.61 2.98
SDSS J101326.24+611219.7 + 3.703 1173793} 9.59%94 47.76 0.82

Notes. The sources above and below the dividing line in the table belong to the relatively low-z and the relatively high-z subsamples, respectively. In this work, we
focus on the relatively high-z subsample, in which the stellar masses of eight sources are estimated and used for subsequent analysis.

# Source names are from the Q. Wu & Y. Shen (2022) SDSS quasar catalog. We use the abbreviation form in the text (e.g., SDSS J022052.11+013711.1 is
abbreviated as J0220). Sources with three-component decomposition are marked with .

® Redshifts are from the Q. Wu & Y. Shen (2022) SDSS quasar catalog.

¢ Stellar masses derived from the combining image and SED decomposition method are marked with *.

complete high-redshift interval, so the previous work we
selected here basically covers the high-redshift interval of
1 < z < 4. From Figure 1, we can see that in studies of the
Mgp—M, relation, our Hot DOGs in the relatively high-z
subsample are 1-2 dex brighter than the AGNs in other works
in the same redshift range. The bolometric luminosities of
these Hot DOGs are Ly, =, 10% erg s~ !, which can be written
as Lpg > 10" L. These 11 Hot DOGs satisfy the definition of
being hyperluminous. The study of these hyperluminous Hot
DOGs will help us to understand the evolution of these
extreme galaxies.

2.2. Multiwavelength Data

We assembled UV-to-millimeter data for our sample.
All 14 sources have SDSS DRI18 ugriz bands photometry
(A. Almeida et al. 2023). For Y, J, H, and K bands, we
crossmatched the sample with surveys that have a detection in
at least one band. We show the photometry of Hot DOGs in
Table 2. The names of the surveys that contribute to Y, J, H,
and K bands can be found in the notes to Table 2. For WISE
photometry from ALLWISE Data Release, 12 sources have all
four-band photometry and two sources lack W4-band photo-
metry. For far-infrared (FIR) to millimeter data, three sources
(JO851, J0220, and JO116) have Herschel data (G. L. Pilbratt
et al. 2010) collected from the Herschel Science Archive,’ the
data including PACS (A. Poglitsch et al. 2010) at 70 and
160 pm and SPIRE (M. J. Griffin et al. 2010) at 250, 350, and
500 pm. Three sources (J1126, J0220, and JO116) have
Atacama Large Millimeter/submillimeter Array (ALMA) data
collected from the ALMA Science Archive.'” J1013 has
HAWC+ /SOFIA 89 um and 154 pm, SCUBA-2/JCMT 450

9
10

https:/ /archives.esac.esa.int/hsa/whsa/index.html
https://almascience.nrao.edu/aq/

and 850 ym, SMA 870 pm, and 1.3 mm data from Y. Toba
et al. (2020).

Four sources (JO851, J0220, JO116, and J0834) have HST
imaging from MAST."' These high-resolution images are used
in the decomposition in Section 3.2.

3. Methods
3.1. SED Analysis

The SED analysis from UV to millimeter is performed using
the Bayesian SED fitting code BayeSED3 (Y. Han &
Z. Han 2012, 2014, 2019; Y. Han et al. 2023). We model
the stellar emission by adopting the G. Bruzual & S. Charlot
(2003) simple stellar population. We assume the G. Chabrier
(2003) initial mass function, the D. Calzetti et al. (2000) dust
attenuation law, and an exponentially declining star formation
history. We model the AGN emission by adopting the
CLUMPY model (M. Nenkova et al. 2008a, 2008b). The
CLUMPY model includes the torus dust emission and a part of
AGN emission scattered into our line of sight or not absorbed
by torus dust. The model has been used to fit SEDs of type II
Seyferts with scattered light that includes broad line
components (K. Ichikawa et al. 2015). This suggests that the
CLUMPY model is suitable for modeling Hot DOGs,
especially blue-excess Hot DOGs. For sources that have FIR
to millimeter data, the SEDs are decomposed into three
components: stellar, AGN, and cold dust. The cold dust
emission results from a reemitted process in which the energy
of stellar emission absorbed by dust is assumed to be totally
reemitted at the infrared band. The cold dust emission is

20\’
modeled as a graybody S, o< (1 — e*(TO) )B)\ (Tqust), Where
Ao=125 ym, B, is the Planck blackbody spectrum. The
emissivity index ( and dust temperature Ty, are two free

" https: / /mast.stsci.edu /portal /Mashup/Clients /Mast /Portal. htm]
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Figure 1. The sources in our sample are distributed in the L.~z plane.
Sources in other works that study the Mgy—M, relation at z = 1-4 are also
shown in the figure. This figure shows that our Hot DOGs in the relatively
high-z subsample are 1-2 dex brighter than sources at the same redshift range
reported in other works, indicating that the Mpy—M, relation study of
hyperluminous sources represents a key highlight of this work.

parameters. The stellar masses (M,) and the bolometric
luminosities (Ly,) derived from SED analysis are shown in
Table 1. For the 11 Hot DOGs in the relatively high-z
subsample, we derive the stellar masses for eight sources. The
details can be found in Section 4.

3.2. Combining Image and SED Decomposition

Among the 14 sources in our sample, we notice that 4 have
corresponding HST images from previous work (L. Fan et al.
2016b; N. L. Zakamska et al. 2019; R. J. Assef et al. 2020).
Following the method from H. Yu et al. (2025), we incorporate
morphology constraint from image decomposition into SED
fitting. Using GaLight (X. Ding et al. 202la), we
simultaneously fit the host galaxy and the AGN as a Sérsic
profile and a point source. For each source, we find all isolated
and nonsaturated sources in the field of view and reconstruct a
median stack point-spread function (PSF) using PSFr
(S. Birrer et al. 2025, in preparation). PSFr is a python
software for constructing PSF. PSFr calculates subpixel
astrometric shifts, making the resulting PSF highly accurate.
The uncertainty in the flux of the fitted components is
estimated to be 20% percent of the fitted flux, which could
originate from various sources such as inaccurate PSF profiles
used in the decomposition (e.g., T. S. Tanaka et al. 2025). For
image decomposition, in practice, when the flux of the host
galaxy is more than 1 order of magnitude lower than that of the
central AGN, the radiation from the central AGN completely
overwhelms that of the host galaxy, making the results of
image decomposition relatively unreliable. This is the primary
reason why image decomposition studies are rarely conducted
for Type 1 quasars. We show image decomposition results of
three sources (JO116, J0220, and JO851) in Figure 2. For these
three sources, the difference in flux between the host galaxy
and the AGN is within 1 order of magnitude. Specifically, the
flux of the host galaxies of JO116 and JO851 is comparable to
that of the AGN. This makes the image decomposition results
relatively reliable. In contrast, for J0834, the flux of the
decomposed host galaxy in the F814W and F160W images is
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more than 1 order of magnitude lower than that of the central
AGN, making the decomposition of the host galaxy exceed-
ingly challenging due to the overwhelming contribution of the
AGN. Consequently, the reliability of the image decomposi-
tion results for JO834 is significantly lower compared to that
for JO116, J0220, and JO851. Therefore, JO834 is not shown in
Figure 2.

In the SED fitting procedure in Section 3.1, we define a new
form of likelihood function to additionally constrain the galaxy
(AGN) model with the flux obtained through image decom-
position, as presented in H. Yu et al. (2025). The results of the
combination of the image and the SED decomposition of three
sources are shown in Figure 3.

3.3. BH Mass Estimation

The Q. Wu & Y. Shen (2022) SDSS quasar catalog is based
on the SDSS Data Release 16 quasar catalog (B. W. Lyke
et al. 2020) and provides further analysis of the properties of
quasars. In the Q. Wu & Y. Shen (2022) SDSS quasar catalog,
BH masses are estimated from measurements of the continuum
and broad emission lines (Q. Wu & Y. Shen 2022). Estimates
are based on the “single-epoch virial BH mass” estimators
(M. Vestergaard & B. M. Peterson 2006). We show the
fiducial BH mass recipes on H3, Mg1l, and C1V adopted in
Q. Wu & Y. Shen (2022) here.

Mgy ALy (FWHM)
lo =a+ blog| ———— | + 2log| ——— |
g( M ) g(1044 ergs! ks
2)

BH mass estimates of sources at different redshifts rely on
different broad emission lines. Here, (a, b) = (0.910, 0.50) for
Hpg, (0.740, 0.62) for Mg 11, and (0.660, 0.53) for C 1v. FWHM
is the full width at half-maximum of the broad emission line.
AL, is the monochromatic continuum luminosity at 5100,
3000, and 1350 10\, corresponding to H3, MgIl, and C1V.

However, due to the high dust obscuration of our sources in
the UV /optical band, we cannot use the AL, values of the
Q. Wu & Y. Shen (2022) SDSS quasar catalog, which are
measured directly from SDSS spectra and are used mainly for
type 1 quasars. Instead, we use the CLUMPY model
(M. Nenkova et al. 2008a, 2008b) adopted in the SED fitting
to derive the obscuration-corrected monochromatic continuum
luminosity. Then we substitute the FWHM of the broad
emission line from the Q. Wu & Y. Shen (2022) SDSS quasar
catalog and the obscuration-corrected monochromatic con-
tinuum luminosity into Equation (2) to derive BH masses of
our sources. The BH masses value are shown in Table 1.

4. Results

For the 11 Hot DOGs in the relatively high-z subsample, the
stellar masses and their confidence intervals of eight sources
are estimated by combining images and Bayesian SED
decomposition or by Bayesian SED decomposition alone.
For the remaining three sources in the relatively high-z
subsample, due to insufficient data in the UV /optical band and
lack of FIR-millimeter data, SED decomposition cannot
estimate the stellar mass and its confidence interval. The
ellipses (...) in Table 1 indicate the sources that lacked a stellar
mass estimate. In Figure 3, we show the best-fit SEDs of three
sources with both FIR-millimeter observations and high-



THE ASTROPHYSICAL JOURNAL, 986:195 (10pp), 2025 June 20

data—point source

J0116 F555W

data—point source

J0116 F160W

1080 107 107

data—point source

J0220 F555W

model

J0220 F160W

I

107 107 102 107! 10l 107 107 107! 1010 107 10 107!

J0851 F160W

USRS (S (S (U 10 107 10 10! 0 107 10 10!

Luo et al.

normalized residual 0 dua

model

point source |
1 galaxy(s)

10 15 20

O daa r-23
model

point source |
— 2mlaye |,

02 05 10 20
arcsec

pixel
6 015 20 30

normalized residual o
model
poiot source

— 1 galaxy(s)

F-20

1"
eesnesens 5 g]_
| —0.25
[ — ] 2%
6 -4 -2 0 2 4 6 0.1 02 05 10
arcsec
pixel
2 6 10 15 20
normalized residual 0 dua
model F-22
point source <
1 galaxy(s) 3
¥ -20 'F
E
F-18 X
F0.25
0.00 é‘
F-0.25
—0.50
0 2 4 6 02 0.5 1.0 20
arcsec
pixel
6 10 15 20 30
e . L — 23
normalized residual o dua
model -2
. point souree. |y, &
o —— 1 galaxy(s) o)
F’h -20 &
| ¥ 0 ¥
-y - P E
- 18 1
-17
Al
3
0.00
—0.25 <
—0.50

02 05 10 20
arcsec

Figure 2. Best-fit image decomposition results for the three sources (JO116, J0220 and JO851) obtained using GaLight. The panels from left to right are (1)
observed data, (2) best-fit Sérsic + point source model, (3) observed data minus the point source model, (4) residual divided by variance, and (5) radial surface
brightness profile (top) and residual (bottom). This profile includes the data (open circles), best-fit model (blue curve), the point source model of the AGN (orange
curve), and the model of the host galaxy (green curve). The fitting is based on a two-dimensional image, while the one-dimensional profile is only an illustration of

the fitting result.

resolution images from the HST using the combining image
and SED decomposition method. For these three sources
JO116, J0220, and JO851), which have the most complete
data, the stellar mass of galaxies can be estimated more
accurately using the combined image and SED decomposition.

It is worth noting that J0220 and JO116 have been identified
as blue-excess Hot DOGs in previous studies, where the rest-
frame UV /optical flux is dominated by AGN emission
(R. J. Assef et al. 2016, 2020). R. J. Assef et al. (2022) used
VLT/FORS?2 to perform imaging polarimetry of JO116 in the
R band and found that the rest-frame UV /optical flux of JO116
is strongly linearly polarized, indicating that the flux is most

likely scattered light from the central obscured quasar. In
Figure 3, we see that the rest-frame UV /optical flux of these
two sources is dominated by AGN emission (as indicated in
Section 3.1, the CLUMPY model represents scattered light in
rest-frame UV /optical). This finding is consistent with the
imaging polarimetry observations of JO116 (R. J. Assef et al.
2022), suggesting that the CLUMPY model can describe the
physical properties of these sources well. JO851 has been
identified as a Hot DOG in J. Wu et al. (2012). From the
bottom panel of Figure 3, we find that its AGN emission does
not dominate the rest-frame UV /optical flux. Therefore, we
identify this source as a normal Hot DOG.
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Figure 3. Three components' best-fit SEDs of three sources that use the
combining image and SED decomposition method. The red points represent
the observed data. The blue crosses and green points are the fluxes of stellar
and AGN component derived from image decomposition. The green, blue, and
orange solid lines represent the emissions from AGN, stellar, and cold dust
components, respectively. The black solid line represents the total model fit.

For three sources at relatively low redshifts, J1126 at
z=0.464 has L, > 10> L. and may satisfy the definition of
low-redshift Hot DOGs in G. Li et al. (2023, 2025). The low-
redshift Hot DOGs are very similar to the high-redshift Hot
DOGs in the SED shape. We will focus on J1126 in future
work (Y. Luo et al. 2025, in preparation).

5. Discussion

For sources in our sample, we calculate the Eddington ratio
Agdd = Lagn/Lgads Where Lagy is the bolometric luminosity
of the AGN obtained by integrating the AGN component. The
derived properties are listed in Table 1. For the 11 Hot DOGs
in the relatively high-z subsample, their Eddington ratios are
generally high, with a median of 1.05, which is consistent with
previous studies of Hot DOGs (C.-W. Tsai et al. 2018; J. Wu
et al. 2018; G. Li et al. 2024). We found that the Eddington
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ratios of these Hot DOGs are similar to those of z ~ 6 quasars
(R. Wang et al. 2010; F. Loiacono et al. 2024; M. Yue et al.
2024). Research has found that z ~ 6 quasars are often located
in high-density environments, experiencing frequent mergers
and having abundant gas supply, which is responsible for their
high Eddington ratios (L. Morselli et al. 2014; R. Decarli et al.
2024; F. Loiacono et al. 2024; A. Trinca et al. 2024). Given
that Hot DOGs are also frequently found in high-density
regions with high merger rates (S. F. Jones et al. 2014; L. Fan
et al. 2016b; T. Diaz-Santos et al. 2018; Y. Luo et al.
2022, 2024; D. Zewdie et al. 2023), we propose that this may
explain their high Eddington ratios.

In addition, the FIR-millimeter data can well constrain the
SFR in the SED fitting. For the four sources (JO851, J0220,
JO116, and J1013) with available FIR-millimeter data, the
SFRs are 453.85, 1616.40, 938.66, and 2626.76 M yr ',
respectively, which suggests that there is intense star formation
activity in these galaxies. Therefore, there are both intense star
formation and rapid BH accretion in these Hot DOGs,
supporting the perspective that Hot DOGs are in the hybrid
phase of starbursts and AGN activity (L. Fan et al. 2016a;
W. Sun et al. 2024).

In Figure 4, we plot the BH masses and stellar masses of
sources in our sample on the log scale Mgy—M, diagram to
investigate the Mgy—M, relation. We include the local relation
and its scatter range from J. Kormendy & L. C. Ho (2013) in
the diagram, along with the local galaxies used in their work.
Type 1 AGNs within the redshift range of 0.2 < z < 4 from
X. Ding et al. (2020), J. Li et al. (2021b), and Y. Sun et al.
(2025) and type 1.8-1.9 AGNs within the redshift range of
1.2 < 7 < 2.6 from A. Bongiorno et al. (2014) are also plotted.
For AGNs in the early Universe, we plot the results of the
work of z ~ 6 quasars (R. Wang et al. 2010; X. Ding et al.
2023; M. A. Stone et al. 2024; M. Yue et al. 2024). In addition,
we also show the values of Mgy and M, of Hot DOGs
estimated from previous studies (J. Wu et al. 2018; G. Li et al.
2024).J. Wu et al. (2018) used the maximum value of the M/L
constraint range to estimate the upper limits of the stellar
masses. G. Li et al. (2024) used the relation between the
optical color of the rest frame and the M/L ratio to estimate
the stellar masses. Note that in these Hot DOGs studies, a local
relation from V. N. Bennert et al. (2011) is used, which is very
close to the local relation from J. Kormendy & L. C. Ho
(2013). The results of Hot DOGs compared to the V. N. Ben-
nert et al. (2011) local relation can be seen in Figure 9 in J. Wu
et al. (2018).

We find that among the eight Hot DOGs, four reside within
the Mgp—Myyge relation in the local Universe, while the
remaining four sources lie above this local relation. There is
significant scatter in our sample. To better compare Hot DOGs
with the local relation, we show log Mgy /M, as a function of
the redshift in Figure 5. For log (Mpy/M,) of the eight Hot
DOGs, the 16th, 50th, and 84th percentiles are —2.14, —1.83,
and —1.31, respectively. The red star marked the median log
(Mpu/M,,) of the eight Hot DOGs. Consider that two out of the
three sources in our sample with the most complete data are
located within the local relation, and one is above it. In
addition, J1013, which also has relatively complete multi-
wavelength data, is situated within the local relation. The
insufficient multiwavelength data for some Hot DOGs result in
larger estimation errors for Mgy and M,, which may contribute
to the significant scatter observed in these eight Hot DOGs.
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However, this large scatter might also indicate that there may
exist intrinsic scatter within the population of Hot DOGs. It is
worth noting that the Hot DOG from G. Li et al. (2024) also
shows large scatter, with some sources within the local relation
and others above the local relation. Considering previous

studies that have found the Hot DOGs stage is triggered and
sustained by multiple minor mergers (small satellite galaxies
merging into the primary galaxy; T. Diaz-Santos et al. 2021;
M. Ginolfi et al. 2022; G. Li et al. 2024), we hypothesize that
minor mergers may be the intrinsic mechanism driving the
observed scatter. Minor mergers can significantly increase
stellar mass without significantly increasing BH mass.

Four Hot DOGs (J2355, J0220, JO116, and J1013) lie within
the 1o scatter range of log (Mpy /Mbulge) observed in the local
Universe, whereas the remaining sources (JO005, J2051,
JO834, and JO851) lie above this range. Among these Hot
DOGs above this range, JO851 has the lowest deviation, while
JO834 has the largest deviation. For J0834, this is primarily
due to fitting issues, as the photometric data of JO834 in the
rest-frame wavelength range of ~2400-2700 A exhibit an
anomalous bump, as can be seen from Table 2. This
phenomenon has been observed in survey data from SDSS,
Pan-STARRSI1, and Hyper Suprime-Cam Subaru Strategic
Program. We check the images and preliminarily determine
that this is not caused by photometric contamination. It may be
an intrinsic feature of the galaxy, but existing AGN and stellar
templates fail to adequately explain this phenomenon, leading
to poor fitting results. Consequently, the resulting ratio,
although retained in the figure, is noted to have low reliability.
We prepare to conduct a detailed investigation of this
phenomenon in future work (Y. Luo et al. 2025, in
preparation).
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Even if we include J0834, the median log (Mgy/M,) of the
eight sources is only slightly higher than the 1o scatter range
of log (Mgn/Mpue) in the local Universe, but it still falls
within the 20 scatter range. This suggests that the Mpy—M,
relation of Hot DOGs, as a whole population may not have
significant differences relative to the local relation.

In the framework of galaxy formation and evolution,
starburst galaxies, dust-obscured quasars, optically bright
quasars, and massive early-type galaxies are considered to be
in an evolutionary sequence, and dust-obscured quasars are
considered to be the progenitor of massive elliptical galaxies
in the local Universe (P. F. Hopkins et al. 2008; D. M. Ale-
xander & R. C. Hickox 2012). For starburst galaxies such as
submillimeter galaxies (SMGs), the estimation of BH masses
is primarily based on assuming fixed Eddington ratios due to
the severe obscuration that makes it difficult to observe
broad emission lines (C. Borys et al. 2005; D. M. Alexander
et al. 2008), and these studies indicate that the SMGs are
located below the local relation. M.-Y. Zhuang & L. C. Ho
(2023) suggest that starburst galaxies below the local
relation will evolve more in the vertical direction with
significant Mgy growth and finally return to the local relation
of early-type galaxies. Hot DOGs represent a critical stage in
this evolutionary sequence. The presence of heavy obscura-
tion and scattered AGN light in these sources allows us to
estimate both stellar masses and BH masses simultaneously.
We find that these sources deviate only slightly from the
local relation, and their BH masses have reached IOQ_IOMQ,
comparable to massive early-type galaxies in the local
Universe. This indicates that if these sources are progenitors
of massive early-type galaxies, their mass assembly process
has been largely completed. If these sources remain on the
local relation, this suggests that their evolution in the
Mgu/M, diagram is minimal. Considering previous studies
have found AGN feedback such as ionized gas or molecular
gas outflows in some Hot DOGs (T. Diaz-Santos et al. 2016;
L. Fan et al. 2018b; L. Finnerty et al. 2020; H. D. Jun et al.
2020), we speculate that for Hot DOGs, although star
formation and BH accretion are still strong at the current
stage, the strong AGN feedback will “quench” them in a very
short period of time, so that these sources will remain on the
local relation.

To gain more insight into the potential evolutionary
sequence of Hot DOGs. We compare Hot DOGs with another
hyperluminous population, the WISSH quasars (F. Duras et al.

2017), whose bolometric luminosity Ly, =2 10%7 erg s L.

F. Duras et al. (2017) have found that the WISSH quasars
are unobscured quasars, but their SFRs are high, up to
~2000 M, yr—'. Similar bolometric luminosity and SFR
suggest that there may be an evolutionary link between the
two populations, although further research is required for a

detailed connection.
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6. Summary and Conclusion

In this work, we select 11 hyperluminous Hot DOGs at
z = 1.5-3.7 based on the ALLWISE Data Release and the
Q. Wu & Y. Shen (2022) SDSS quasar catalog. BH masses of
these sources are estimated via “single-epoch virial BH mass”
estimators. We derive the stellar masses of these sources via
either Bayesian SED fitting or a combination of HST image
and SED decomposition. For these 11 hyperluminous Hot
DOGs, stellar masses were successfully measured from eight
sources. We find high Eddington ratios in our sample, with the
median value of 1.05 and the maximum value close to 3. Hot
DOGs are often found in overdense environments. Frequent
mergers and having abundant gas supply in overdense
environments may be the reason for super-Eddington
accretion.

We find that the log (Mgn/M,) of these Hot DOGs shows a
large scatter, which originates primarily from measurement
errors and intrinsic scatter within this population. However, the
median log (Mpyp/M,) of these Hot DOGs is only slightly
higher than the 1o scatter range of log (Mgn/Mpuge) in the
local Universe, and half of the Hot DOGs lie on the local
relation. This suggests that as a whole population, there is no
significant evolution of the Mpy—M, relation of these Hot
DOGs compared to the local relation. This indicates that Hot
DOGs may be the progenitor of massive early-type galaxies in
the local Universe. We speculate that the subsequent evolution
of these sources may be significantly influenced by AGN
feedback and remain on the local relation.
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Appendix
Information

Here we include a supplementary table (see Table 2) that
shows the photometry of Hot DOGs.



Table 2
Photometry of Hot DOGs

Source u g r i z Y J H K Wi w2 w3 W4

(Wy) (Wy) (udy) (Jy) (Wly) (ly) (udy) (udy) (dy) (pdy) (1dy) (1dy) (udy)
11505 320 £ 1.5 391 + 0.6 535 + 0.8 704 + 1.2 757 + 4.0 69.7 + 3.3* 99.8 + 4.0° 1677 + 82° 1216 + 49 1532 + 8.0 22762 + 1153 156459 + 749.3
11126 582 + 26 825 + 1.1 1702 + 1.7 2320 + 24 2866 + 9.0 1949 + 34* 2158 + 64° 4535 + 7.5° 6480 + 173 7852 + 217 176360 + 341.1  98900.8 + 2550.6
11635 112 + 1.3 143 + 06 26.1 + 0.8 399 £+ 13 436 + 4.1 464 + 3.0° 396 £ 274 577 £ 5.7¢ 80.7 + 59Y 2093 + 262 2802 + 10.1 48439 + 1785 271894 + 1252.1
12355 133 + 1.7 182 + 0.6 274 + 0.8 388 + 1.1 484 + 3.8 39.5 4+ 4.3° 505 £ 62¢ 700 £ 559 633 + 6.5 1193 + 6.8 141.8 + 11.9 4073.8 + 180.1
11139 80 + 1.3 6.1 £ 05 80 + 09 79 + 14 7.1 + 45 455 + 4.1 92.1 + 82 20322 + 124.2 93154 + 866.6
10005 47 £ 1.5 75 £ 05 93 + 038 90 + 1.3 157 + 48 506 + 5.3 69.9 + 132 12612 + 169.6 8995.0 + 1035.6
12051 289 + 1.9 457 + 0.8 431 + 0.8 451 + 1.1 619 + 3.8 717 4+ 2.5° 521 + 49 610 £ 68° 68.0 + 6.1 521 + 5.8 60.8 + 13.2 3694.9 + 343.7
J0834 35 £ 09 228 + 0.6 13.0 + 06 155 + 1.0 455 + 3.7 499 + 2.9° 211 + 1.9° 368 + 2.8° 240 + 32° 446 + 6.6 1062 + 11.4 43732 + 2175 144012 + 1246.8
J0851 39 £ 10 117 £ 05 8.5 + 0.6 86 + 08 9.4 + 3.1 198 + 42 95.0 + 123 3729.1 + 1820  15660.3 + 1096.2
11359 0.5 + 06 94 + 06 55 + 06 77 + 1.0 11.0 + 4.1 279 + 4.1 109.3 + 9.6 33174 + 1436 100832 + 845.1
10220 1.8 £ 1.0 79 + 04 72 + 0.6 58 + 0.7 84 + 2.1 74 £ 17° 7.6 £ 1.0% 244 + 2.6% 215 + 4.5 395 + 92 19302 + 1333 12067.0 + 1022.5
J0116 1.8 + 1.1 1.6 + 0.6 11.6 + 06 81 + 07 108 + 2.6 112 + 1.6° 136 + 29" 194 + 4.1° 41.1 + 5.9 389 + 54 89.9 + 12.0 2361.6 + 1523 118141 + 1109.9
J0150 02 + 0.1 48 + 04 72 + 06 58 + 08 50 + 24 25 + 1.3° 8.6 + 29" 28.1 + 7.0 304 + 48 324 + 10.6 1617.3 + 1519 8847.1 + 1181.5
11013 1.6 + 08 36 £ 05 140 + 0.7 13.8 + 1.0 213 + 3.9 456 + 7.0 1343 + 9.0 3296.1 + 1639  10695.5 + 985.1

Notes. All 14 sources have SDSS DR18 ugriz band photometry (A. Almeida et al. 2023).

4 Pan-STARRSI survey (PS1) DR2 (K. C. Chambers et al. 2016; H. A. Flewelling et al. 2020).
® Dark Energy Survey DR2 (T. M. C. Abbott et al. 2021).

¢ UK Infra-Red Telescope (UKIRT) Hemisphere Survey DR2 (S. Dye et al. 2018).

4 UKIRT Infrared Deep Sky Survey Large Area Survey DR11 (A. Lawrence et al. 2007).

¢ VISTA Kilo-Degree Infrared Galaxy Survey DR5 (A. Edge et al. 2013).

fvIsSTA Hemisphere Survey DR6 (R. G. McMahon et al. 2013).

€ Photometry from R. J. Assef et al. (2020).
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