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Abstract

Dust-obscured galaxies (DOGs) containing central supermassive black holes (SMBHs) that are rapidly accreting (i.e.,
having high Eddington ratios, Agqq) may represent a key phase closest to the peak of both the black hole and galaxy
growth in the coevolution framework for SMBHs and galaxies. In this work, we present a 68 ks XMM-Newton
observation of the high-Agqq DOG J1324+4501 at z ~ 0.8, which was initially observed by Chandra. We analyze the
XMM-Newton spectra jointly with archival Chandra spectra. In performing a detailed X-ray spectral analysis, we find
that the source is intrinsically X-ray luminous with log(Lx/ergs') = 44.71705 and heavily obscured with
log(Ny / cm?) = 23.43t8;?§. We further utilize UV-to-IR archival photometry to measure and fit the source’s spectral
energy distribution to estimate its host-galaxy properties. We present a supplementary comparison sample of 21 X-ray
luminous DOGs from the XMM-SERVS survey with sufficient (>200) 0.5-10 keV counts to perform a similarly detailed
X-ray spectral analysis. Of the X-ray luminous DOGs in our sample, we find that J1324+4-4501 is the most remarkable,
possessing one of the highest X-ray luminosities, column densities, and star formation rates. We demonstrate that J1324
+4501 is in an extreme evolutionary stage where SMBH accretion and galaxy growth are at their peaks.

Unified Astronomy Thesaurus concepts: Active galaxies (17); AGN host galaxies (2017); X-ray active galactic
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1. Introduction

Under the coevolution framework for supermassive black
holes (SMBHs) and their host galaxies (e.g., P. F. Hopkins
et al. 2006, 2008; D. M. Alexander & R. C. Hickox 2012), the
peak of both SMBH accretion and star formation occurs during
dust-enshrouded, heavily obscured phases following mergers
among gas-rich galaxies. During its early stage, a large amount
of material fuels the obscured SMBH with accretion approach-
ing the Eddington limit; then, radiation-driven outflows from
near the central SMBH sweep out the obscuring material,
allowing the SMBH to shine as an unobscured quasar (e.g.,
E. Glikman et al. 2012; M. Brusa et al. 2015).

The successes of the Spitzer Space Telescope (M. W. Werner
et al. 2004) and the Wide-field Infrared Survey Explorer (WISE;
E. L. Wright et al. 2010) have enabled detailed analyses of dust-
obscured galaxies (DOGs) and Hot DOGs. DOGs and Hot DOGs,
observationally selected via their extremely red optical-to-infrared
(IR) colors (e.g., A. Dey et al. 2008; J. Wu et al. 2012; Y. Toba
et al. 2017), may often represent the peak phase in the SMBH-
host galaxy coevolution framework.

In particular, Hot DOGs, which are a rare subpopulation of
DOGs with a sky surface density of around one candidate per
30 deg?, are believed to be mainly powered by deeply buried,
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massive, and rapidly accreting SMBHs with high Eddington
ratios (Aggq). Their extreme IR colors arise from hot dust
emission heated by the central accreting SMBH, with dust
temperatures reaching hundreds of Kelvins (e.g., C.-W. Tsai
et al. 2015). They often have high intrinsic rest-frame 2—-10 keV
luminosities (Lx) with nearly Compton-thick (CT) obscuration
(e.g., F. Vito et al. 2018).

DOGs are generally less extreme with less-massive SMBHs,
larger host-galaxy contributions, and smaller dust temperatures
(30-40 K), and they generally have smaller Ly than Hot DOGs.
The DOG population is heterogeneous: they appear to span a
wide range of evolutionary stages or even often can be
explained by episodes of star formation (e.g., G. Lanzuisi et al.
2009; A. Corral et al. 2016; Yu et al. 2024). However,
high-Agqq DOGs are thought to be analogous to Hot DOGs at
the peak evolutionary stage following gas-rich mergers (F. Zou
et al. 2020). The X-ray obscuration of DOGs spans a wide
range from low-to-moderate to high column densities (Ny), and
high-Agqq DOGs are expected to have the generally highest
Ny. Due partly to the relatively smaller Ly of DOGs compared
to Hot DOGs, high-Agqg DOGs have not been well sampled in
the X-ray regime. F. Zou et al. (2020) conducted systematic
Chandra snapshot (3—5ks per source) observations of 12
high-Agqq DOGs, but most sources are either undetected or
have very limited (<2) counts.

Previous X-ray observations of high-Agqq (Hot) DOGs are
highly limited by the source counts. There is only one source,
W1835+4355, with X-ray net counts above 130, regardless of the
energy band (i.e., from Chandra, XMM-Newton, or NuSTAR),
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and W1835+4355 itself has 177 net counts in the 0.5-8 keV band
from a 42 ks XMM-Newton observation and 61 net counts in the
3-24keV band from a 155 ks NuSTAR observation (E. Piconcelli
et al. 2015; L. Zappacosta et al. 2018). W1835+4-4355 was the first
Hot DOG with moderately detailed spectral analyses presented; its
X-ray spectrum shows a prominent neutral iron (Fe) Ka line, a
tentative ionized Fe line, and a strong scattered soft component.
Aside from this single Hot DOG, most of the other high-Aggq
(Hot) DOGs lack sufficient counts to examine more detailed
spectral features other than estimating Ny and Ly, and many
strong assumptions (e.g., fixing the photon index) were often
made when estimating Ny, Ly, and occasionally Fe Ko lines (e.g.,
F. Vito et al. 2018). This is not because high-Agqq (Hot) DOGs
lack X-ray observations; instead, there are around 10 such sources
with more than 50 ks of exposure each from Chandra, XMM-
Newton, and/or NuSTAR, and around two dozen sources with
shorter exposures. However, spectral analyses of high-\gqq (Hot)
DOGs have been hindered by their low X-ray count rates.

Fortunately, F. Zou et al. (2020) found a uniquely X-ray bright
high-Agqg DOG, SDSS J132440.174450133.8 (J1324-+4501
hereafter), with a 3ks Chandra snapshot observation. J1324
+4501 has Aggg = 1.137437 (see Section 4) and zpe. = 0.774. It
has an even higher 2-10keV X-ray flux than W1835+44355
(2 x 10" P ergem s, and thus is the brightest source among
high-Agqqg (Hot) DOGs, offering us a unique opportunity to
examine the detailed X-ray spectrum of this extreme population.
In this work, we obtained 68ks follow-up XMM-Newton
observations for J1324+4-4501, aiming to have a much better
X-ray characterization of it compared to the previous X-ray
snapshot. We perform a broadband, ~0.5-10keV joint XMM-
Newton/Chandra spectral analysis and updated X-ray-to-mid-IR
spectral energy distribution (SED) modeling.

To support our detailed analysis of J13244-4501, we also
present the X-ray spectral analysis and SED results for 21 other
typical, X-ray bright (>200 counts) DOGs, without the high-Agyq
requirement, residing in the XMM-Spitzer Extragalactic Repre-
sentative Volume Survey (XMM-SERVS; C. T. J. Chen et al.
2018; Q. Ni et al. 2021). We acknowledge that, in selecting these
DOGs with the highest counts, we are biasing our analysis toward
those with high X-ray luminosities and low column densities.
However, these high counts are needed in order to perform a
meaningful spectral analysis. These sources provide us with a
diverse sample of DOGs across a wide range of redshift
(z=~0.98-3.0) that allows for a robust comparison between
J13244-4501 and similarly X-ray luminous, but physically
different, DOGs. Because previous X-ray analyses of DOGs
have been greatly hindered by low-quality X-ray spectra, our
analysis across these three fields provides an unprecedented look
into the X-ray properties of DOGs.

The structure of this paper is as follows. In Section 2, we
describe the XMM-Newton X-ray observations, the available
archival Chandra data, and the data reduction methods used. In
Section 3, we outline our X-ray spectral fitting process. In
Section 4, we obtain SED measurements for each of the sources
in our sample. In Section 5, we display the results of our
multiwavelength analysis and compare our DOG to previously
reported (Hot) DOGs from the literature. Lastly, Section 6
summarizes this work. Throughout this paper, we adopt a flat
ACDM cosmology with Hy=70km s~ Mpc™', 2, = 0.7, and
Qwm = 0.3, and uncertainties are reported at the 1o level unless
otherwise noted.
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2. X-Ray Observations and Data Reduction

In this section, we detail the X-ray observations and data
reduction processes for J1324+-4501 and our supplementary
sample of 21 other X-ray luminous DOGs.

2.1. J1324+4501

J13244-4501 was one of 36 IR-bright DOGs studied in
Y. Toba et al. (2017), who selected these based upon their
extreme optical /IR colors and clear [O III] emission lines in
their Sloan Digital Sky Survey (SDSS) spectra. J13244-4501
was further observed by Chandra (PI Garmire; ObsID 21144)
for 3.1ks on 2019 August 22, and the results were reported in
F. Zou et al. (2020). It was clearly detected with 15 counts
between 2 and 7keV but 0 counts below 2keV. This hard
spectrum indicates likely heavy intrinsic obscuration.

J1324+4501 was further observed with XMM-Newton
(F. Jansen et al. 2001) for 67.9 ks (PI Zou; ObsID 0921650101)
on 2023 December 18. Due to high levels of background flaring
during the observation, the MOS observations were broken into
eight exposures. These EPIC observations were performed
with the PN and MOS cameras operating in Full-Window mode
with the Thin filter applied. We reduce these observations and
extract the corresponding spectra using the XMM-Newton Science
Analysis System (SAS) v21.0.0. We filter the X-ray event lists to
ignore periods of high background flaring activity by selecting
good time intervals with the time intervals exceeding count rates
3¢ above the mean count rate value being removed. We obtain
34.2, 32.3, and 14.4 ks of flare-filtered exposure for the MOSI,
MOS2, and PN cameras, respectively. We extract the source
spectrum using a circular cell with 20”0 radius centered on the
position of the source, and we extract the background using an 85”
radius circular source-free region elsewhere on the same CCD
chip.® We further merge the spectra belonging to the same
camera but from different exposures into a single one using the
SAS task epicspeccombine. Thus, we are left with three
spectra from EPIC MOS1, MOS2, and PN, and we fit them
jointly rather than merging them into one spectrum. Lastly, we
group these spectra and their background spectra to at least one
count per bin for spectral inference.

For our XMM-Newton observation, J1324+44501 is detected
in the full (0.5-10keV), soft (0.5-2keV), and hard (2-10keV)
bands. We obtained 468 (270), 124 (46), and 344 (224) total
(net), aperture-uncorrected counts in the full, soft, and hard
bands, respectively, for all the EPIC cameras combined.

2.2. Supplementary Comparison Sample

The additional 21 sources in our study were observed as part of
the XMM-SERVS survey. The XMM-SERVS survey is a ~50ks
depth X-ray survey that covers the prime parts of three out of the
five Vera C. Rubin Observatory Legacy Survey of Space and Time
Deep-Drilling Fields (LSST DDFs): Wide Chandra Deep Field-
South (W-CDF-S; 4.6 deg®), European Large-Area ISO Survey-S1
(ELAIS-S1; 3.2 degz), and XMM-Large Scale Structure (XMM-
I:SS; 4.7 degz). For an overview of LSST and the DDFs, see, e.g.,
Z. Ivezi¢ et al. (2019) and W. N. Brandt et al. (2018).

The X-ray point-source catalogs for XMM-SERVS are
presented in C. T. J. Chen et al. (2018; XMM-LSS) and Q. Ni
et al. (2021; W-CDF-S and ELAIS-S1). They contain 11,925

8 A 20" radius corresponds to an enclosed energy fraction of 70%—-80%, and

we verify that our results are materially unaffected by choice of radius.
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X-ray sources in total and reach a limiting flux in the
0.5-10keV band of ~10~"“ergcm *s~'. Additionally, 89%,
87%, and 93% of the X-ray sources in the W-CDF-S, ELAIS-
S1, and XMM-LSS fields possess reliable multiwavelength
counterparts. A summary of the X-ray-to-far-IR surveys/
missions that have observed XMM-SERVS is provided in
Table 1 of F. Zou et al. (2022).

We select these 21 sources from the catalog presented by Yu
et al. (2024). Yu et al. (2024) selected 3738 DOGs in XMM-
SERVS using the DOG selection criteria provided in A. Dey et al.
(2008), creating the largest DOG catalog to date with high-quality
multiwavelength characterization. Of these, 174 (4.6%) are
detected in X-rays. Their DOGs are generally not high-Aggq
DOGs, making them different from J13244-4501 in nature. We
select DOGs from this catalog by selecting those with sufficient
(>200) net counts, for all XMM-Newton cameras combined, for
good X-ray spectral analysis and either spectroscopic redshifts
(spec-zs) or photometric redshifts (photo-zs) with ngo"d <1,
where Q£ is a modified version of the Q. photo-z quality
indicator defined in Equation (8) of G. B. Brammer et al. (2008).
In brief, Yu et al. (2024) developed this as a photo-z quality
indicator to be more indicative of the photo-z quality for sources
with extreme colors similar to DOGs. Of our 21 sources, 2 have
spec-zs and the remaining 19 have photo-zs. The photo-zs are
public and are taken from C. T. J. Chen et al. (2018) for XMM-
LSS and F. Zou et al. (2021) for W-CDF-S and ELAIS-S1. The
photo-zs have been derived using EAZY (G. B. Brammer et al.
2008), and the SED of each source contains 26 photometric bands
(15 with signal-to-noise ratio >5) on average.

The redshift range for our sample of DOGs is z ~ 0.98-3.0. Five
of the DOGs in our sample are also analyzed in A. Kayal &
V. Singh (2024) with their work covering the X-ray properties of
some DOGs in the XMM-LSS field. Further, three (WCDEFES 1049,
WCDES 2030, and XMM 00267) of the 21 sources are classified
as radio active galactic nuclei (AGNs) via the criteria in either
S. Zhu et al. (2023) or Zhang et al. (2024).

We obtain the raw observation files for our supplementary
X-ray bright sample from the XMM-Newton Science Archive.’
We download all available archival observations for each
source, and we reduce the observations and extract the
corresponding spectra following the same data reduction
processes as in Section 2.1.

3. X-Ray Spectral Modeling

To fit our sources’ X-ray spectra, we use XSPEC
(K. A. Arnaud 1996) models within sherpa v4.16.0
(S. Doe et al. 2007). We use the W-stat statistic within
sherpa. We also filter out energy ranges that overlap with
XMM-Newton instrumental background lines (i.e., Al Ko at
1.45-1.54keV; Cu at 7.2-8.2keV).'"” We outline the models
tested for J1324+4501 in Section 3.1, and we outline the
model used for our supplementary sample in Section 3.2. For
completeness, we analyze the corresponding Chandra spectrum
in our XMM-Newton spectral analysis for J1324+44501; the
Chandra spectrum has limited counts but very low background.
We verify that this inclusion does not significantly alter our
results.

o https: / /nxsa.esac.esa.int/nxsa-web/#home

19 hitps:/ /xmm-tools.cosmos.esa.int /external /xmm_user_support,/
documentation/uhb/epicintbkgd.html
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3.1. J1324+4501

We begin our X-ray spectral fitting process for J1324+4501
with a simple power law absorbed by the Galactic absorption,
expressed as phabs*zpowerlw where phabs represents the
Milky Way’s Ny and zpowerlw represents a redshifted
power-law spectrum. We will refer to this model as the Pow
model. The Galactic Ny is fixed to the value obtained from
NASA’s HEASARC Ny calculator (HI4PI Collaboration et al.
2016), which yields a value of 2.09 x 10°° cm 2. The effective
power-law photon index (I'e¢r) and the power-law normalization
are left as free parameters in our fit. This fit (W-stat/d.o.f.
=454/435) returns a hard effective photon index of
T = 0.03752, indicating that our source is heavily obscured.

To measure the source’s intrinsic Ny, we utilize an absorbed
power law, expressed as phabs™ (zphabs*cabs*zpowerlw +
constant*zpowerlw). We will refer to this model as the
AbsPow model. The first term contains the transmitted component,
which is represented by a redshifted power law (zpowerlw) with
zphabs accounting for the source’s intrinsic absorption and cabs
modeling the Compton-scattering losses along the line of sight. The
second term describes a soft scattered component with constant
describing the scattered fraction (f;.). The Ny values of zphabs
and cabs are linked, and the two zpowerlw components are set
to be the same. We also fix the power-law photon index (I") to
1.9, and we do not observe any material change in our results if
we fix it to other reasonable values, e.g., 1.8 or 2. In this fit (W-stat/
d.o.f. =424/434), we obtain log(Ny/cm~2) = 23.4473% and a
high X-ray luminosity log(Ly /ergs™!) = 4478093 Further, we
obtain an f;. = 1.7% consistent with those of Compton-thick AGNs
(e.g., G. Lanzuisi et al. 2015; J. Li et al. 2019). It is worth noting
that the errors on Ny and Ly in this fit are likely artificially lowered
by the fixing of I'.

Allowing I' to be a free parameter, we obtain I' = 1.841L8jﬂ
with log(Ny/cm=2) = 23.4370% log(Lx Jergs™!) = 44.7170%,
and f,. = 1.9%. These measurements are largely consistent with
those when I" is fixed, and we find that allowing I" to vary provides
a similar fit quality (W-stat/d.o.f. = 424/433). Because we are able
to constrain I', we adopt these Lx and Ny values as our final
measurements. We plot the “unfolded” X-ray spectrum for J1324
44501 fitted with this model in Figure 1. We do not find any
evidence for a neutral Fe Ko line from the residuals of our fits.

Third, we test a more physically motivated model in order to
consider reprocessed X-ray emission from the circumnuclear
material around the AGN (i.e., the torus; H. Netzer 2015). This
model is expressed as phabs”®(borus + zphabs*cabs™
cutoffpl + constant®cutoffpl) where borus is the
reprocessed torus emission model from M. Balokovi¢ et al.
(2018) and cutoffpl is a power law with a high-energy
exponential drop-off. We will refer to this model as the Torus
model. The Ny values of borus, zphabs, and cabs are all set to
be the same, and the cutoffpl parameters are linked to those
of borus. Our fit returns a covering factor (Cy,) of Cyr =
cos Oy = 090709 We obtain Ny, Ly, and f,. values consistent
with those of our AbsPow model in this fit (W-stat/d.o.f. =423/
431). This is due to the fact that, at log(Ny/cm™2) < 23.5, the
reflected component of our spectrum is weak and the Torus model
then closely resembles an absorbed power law.

Because the borus model can account for the average torus
Ny differing from the line-of-sight Ny, we also perform a fit
where we do not link the zphabs Ny (line of sight) and the
borus Ny (average). In doing so, we obtain results consistent
with those when they are linked. Because the AbsPow model is
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Figure 1. The unfolded joint observed-frame XMM-Newton/Chandra
spectrum of J1324+4501. The best-fit AbsPow model is given by the cyan
line, while the individual transmission and scattered components are shown by
the red-dashed and blue-dotted lines, respectively. This spectrum is rebinned
for visualization purposes, and this merged spectrum is presented only for
illustration purposes. Our scientific analyses are based on jointly fitting the
individual spectra.

simpler, we opt to use the measurements from this model as our
final results for this source.

Finally, we test a reflection-dominated model (Refl) to assess
a pure reflection case. Given the results for our Torus model,
we expect that the reflection-dominated model should not
provide a good fit relative to our other model results. This final
model is expressed as phabs*pexrav, where pexrav is the
Compton-reflection model from P. Magdziarz & A. A. Zdziarski
(1995). For this model, we assume solar abundances and leave the
inclination angle of the reflecting medium free to vary. As
expected, we do not obtain a better fit than the AbsPow or Torus
models considering this scenario (W-stat/d.o.f = 455/434), so we
conclude that the X-ray spectrum of our DOG is not reflection
dominated. We provide a summary of our fitting for J1324+4501
in Table 1.

With no evidence in our fits for any Fe lines, we derive an
upper limit for the rest-frame equivalent width (EW) of a
narrow neutral Fe Ka line using a model expressed as
phabs™ (zphabs*cabs®zpl + zgauss + £sc*zpl), where
zgauss models a redshifted Gaussian line profile. We fix the
line energy to 6.4 keV and the line width to 1 eV. We derive an
upper limit to the rest-frame EW at 6.4 keV to be 0.50 keV. This
rest-frame EW upper limit is smaller than rest-frame EWs
previously observed for Hot DOGs, which are ~1-2keV (e.g.,
E. Piconcelli et al. 2015; F. Vito et al. 2018).

We check the reliability of our fits by creating 1000 mock
spectra using our best-fit parameters and fixing them to derive
their best-fit W-stat/d.o.f. values. To assess the quality of the
fit, we compare the median W-stat/d.o.f. of the simulated fits to
the real fit. If our fit is of good quality, the W-stat/d.o.f. of our
fit should be close to the median W-stat/d.o.f. of the
simulations. We indeed find that our simulations yield a
median W-stat/d.o.f. of 0.94 with 1o of the distribution lying
between 0.86 and 1.04, while the real AbsPow fit yields a W-
stat/d.o.f. = 0.98. These values are close enough to indicate
that we are able to fit the data acceptably.

Lastly, we briefly compare the results of our X-ray analysis to
those from F. Zou et al. (2020), where they fit the X-ray spectrum
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Table 1
Summary of the X-Ray Spectral Fitting Results for J1324+4-4501
Model I log(LX/erg s~ 1) log(NH/cm*Z) W—stat/d.o‘f‘
Pow 0.032543 4411109 . 454/435
AbsPow  1.84+041 4471998 2343709 424/433
Torus 1.7579% 44.6810:07 23417098 423/431
Refl 0.03+3:39 44397549 455/434

Note. The Ly values of the Pow and Refl models are observed ones with no
absorption corrections, while the Ly values of the AbsPow and Torus modes
are intrinsic (i.e., absorption corrected).

of J132444501 and measured a higher log(Lx/erg s~ ') =
452492 and log(Ny/cm™2) = 23.737513. Their measurements
are higher than ours by ~0.5dex for Lyx and 0.3dex for Ng.
However, the statistical uncertainties are large, especially for the
Chandra observation in 2020 with only 15 counts, and thus our
measurements are consistent with theirs within 20, and any
possible X-ray variability cannot be confirmed.

3.2. Supplementary Comparison Sample

We fit our supplementary sample with the best-fit model for
J13244-4501 (the AbsPow model); this model is flexible and
can accommodate a wide range of absorption levels. We allow
for the photon index to be free if the model is able to
reasonably constrain it without too large errors (i.e., >0.5) or
too low an index (i.e., I' < 1.7).

As we did for J13244-4501, we also perform 1000
simulations for each source. In doing so, we find that the
median of the simulated W-stat/d.o.f.s are generally consistent
with the W-stat/d.o.f.s from the real fits.

We also check for the existence of Fe Ko lines, but none of
our sources has apparent emission lines. Finally, we perform a
brief comparison with the Ny and Ly values of A. Kayal &
V. Singh (2024). We find that our measurements for both
properties are largely consistent with theirs, despite their use of
a different spectral model. There are two outliers for Ly,
XMM 00131 and XMM 04404. The outlier XMM 00131 is
likely caused by our decision to let I' vary for this source, while
A. Kayal & V. Singh (2024) fix I" to 2.0. For the outlier
XMM 04404, its spectrum is soft, and our best-fit Ny value
reaches the lower limit of Ny = 10%° cm 2. With a steep I" (see
Table 2), this source may have a strong soft-excess component,
leading to our AbsPow model being unable to constrain Ny.
We have double checked our procedures and made sure that
our results should be reliable.

Finally, we provide a table summarizing the results for each
source in Table 2. Note that one source, WCDEFS 2030, has
nearly 5000 aperture-uncorrected source counts across the 34
archival observations used in our work. This is due to this
source lying in the original CDF-S proper where XMM-CDEF-S
observations were very deep (e.g., P. Ranalli et al. 2013; Figure
1 in Q. Ni et al. 2021).

4. Multiwavelength SED of J1324+4501

To further characterize J1324+4-4501, we fit its SED using the
available photometry from the literature in order to obtain
measurements for, e.g., the host-galaxy stellar mass (44,) and star
formation rate (SFR). While this source’s SED is modeled in
F. Zou et al. (2020), we revisit and revise the SED-fitting results
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Table 2
The Basic Observation Information and X-Ray Spectral Properties for Our Supplementary Sample

XID Redshift FB Counts SB Counts HB Counts T log(Lx/erg sh log(Nu /em~2) W-stat/d.o.f.
(eY] (2) (3) ) (5) (6) ) (©)] ()]
WCDFS 0192 1.23975%1 237 140 97 2534708 44335047 23527939 518/562
WCDFS 0808 1.705+9:9%4 241 201 40 1.9 43,9331 2258193 467/490
WCDFS 0950 17873133 125 89 36 1.85792% 43421032 20.0' 348/308
WCDEFES 1049 173240078 366 223 143 1.9 44713092 22677013 449/472
WCDES 1644 178749311 149 110 39 1.9 4411591 22461013 599/521
WCDFS 2030 1.603° 4984 3857 1127 2,239 44221008 22277538 3677/3986
WCDFS 2561 1.900+0:054 300 142 158 1.9 44731004 22974096 549/604
WCDFS 2775 1705793 201 123 78 1.9 4433759 22457013 378/437
WCDFS 2862 2.04879942 608 461 147 1.887014 44.78+032 22.034047 688/779
ES 1272 1.4247099 184 141 43 2.54704 44167037 22447537 372/333
ES 1312 1.6257913% 101 70 31 1.9 44.03793) 2317798 351/323
ES 1783 2.345%942 164 125 39 1.9 44.62*511 22847929 365/346
XMM 00131 173240288 359 260 99 172793} 44077931 222170% 460/502
XMM 00267 294810080 823 593 230 1.9 45.34°997 22697918 647751
XMM 00497 0.986* 656 146 510 1.9 44897093 23177538 724/710
XMM 00860 1.8157941¢ 117 75 42 1.9 4415755 22.969% 315/297
XMM 01198 1.7877093% 143 104 39 2067034 44.5379% 2220708 234/243
XMM 03243 1.678 043 652 482 170 1.88701% 44517308 21987312 622/707
XMM 04114 1.81579933 118 49 69 1.9 44.375% 23.037912 391/387
XMM 04404 1.652*9:97 175 149 26 2.401022 44,0373 20.0' 208/281
XMM 04744 2.538+033 173 111 62 1.9 44654019 2290403 347/331

Note: (1) The XID of the object from C. T. J. Chen et al. (2018) or Q. Ni et al. (2021). (2) The best redshift and the corresponding 1o uncertainty of the source.
Superscript s denotes sources with spec-zs. All other redshifts are high-quality photo-zs. (3) The total, aperture-uncorrected 0.5-10 keV source counts. (4) The total,
aperture-uncorrected 0.5-2 keV source counts. (5) The total, aperture-uncorrected 2—10 keV source counts. (6) The best-fit I' returned from our spectral fitting process.
Superscript f denotes that I" was fixed for this source. (7) The Lx returned from our spectral fitting process. (8) The Ny values returned from our spectral fitting process.
Superscript / indicates lower limits for sources with Ny values that could not be constrained well with the data. (9) The W-stat/d.o.f. for the fit.

for two reasons. First, the X-ray flux used in the fitting in F. Zou
et al. (2020) is based upon the limited counts from Chandra. We
refit the SED of J1324+4501 using our new X-ray flux value to
best constrain the AGN component of our DOG’s SED. Second,
F. Zou et al. (2020) used a delayed star formation history (SFH) to
measure the source’s SFR and obtained a very high SFR
(~140 M, yr"). This indicates that the AGN is residing in a
galaxy producing stars at an extremely rapid rate (i.e., a “starburst”
galaxy). For this reason, we opt to use a truncated delayed SFH to
better model this starburst activity.

J1324+4-4501 has photometry in the SDSS DR12 ugriz, Pan-
STARRSTI griz, WISE 3.4, 4.6, 12, and 22 pm, and AKARI 9,
18, 65, 90, 140, and 160 yum bands. However, J1324+4-4501 is
not detected by AKARI (Y. Toba & T. Nagao 2016), and thus
we adopt the 50 photometric upper limits: 0.05, 0.12, 2.4, 0.55,
1.4, and 6.2Jy in each band, respectively (M. Kawada et al.
2007; D. Ishihara et al. 2010). We further impose a 5% error
floor when fitting the photometry, and we correct for Galactic
extinction using the extinction coefficients provided in
R. Zhang & H. Yuan (2023). The UV-to-IR photometric
measurements used in our modeling are presented in Table 3.

We utilize CIGALE v2022.1 (M. Boquien et al. 2019;
G. Yang et al. 2020, 2022) to model the SED, where the AGN
component and its X-ray emission can be appropriately treated.
We adopt a truncated delayed SFH (L. Ciesla et al. 2016),
modeled by

t X 67’/7—, t < tyunc

(1)
rser X SFR(fgunc)s t > firunc

SFR(#) o {

where the formula at 7 < #,p i the normal delayed SFH with
an e-folding time of 7, and the SFR is assumed to
instantaneously change by a factor of rggr at #unc and remain
constant until the current age. Stellar templates are from
G. Bruzual & S. Charlot (2003), assuming a G. Chabrier (2003)
initial mass function. The host-galaxy dust attenuation is
assumed to follow D. Calzetti et al. (2000), and the IR dust
emission follows the models in B. T. Draine et al. (2014),
updated from B. T. Draine & A. Li (2007) based upon detailed
observations of M31. The UV-to-IR AGN module is based on
the SKIRTOR model (M. Stalevski et al. 2012, 2016) with
polar dust following the extinction law in the Small Magellanic
Cloud (M. L. Prevot et al. 1984). We allow for torus inclination
angles of 30° (Type 1) and 70° (Type 2), and we let a,, vary
between —1.9 and —1.1 in increments of 0.2."' The disk
spectral shape is modified from M. Schartmann et al. (2005).
We plot the best-fit SED in Figure 2.

The SEDs of the 21 DOGs in our supplementary comparison
sample are fitted in F. Zou et al. (2022) using CIGALE
v2022.0. We utilize their host-galaxy measurements for the
sources in this sample.

Through our SED fitting for J1324+4501, we measure an
extremely high instantaneous SFR of log(SFR/Mg yr~!) =
2.68 £ 0.43. We also find that the host galaxy of J1324+4-4501

1 qox = —0.383810g(Lasoo 4/L> xev) is the SED slope between the UV and

X-ray and connects the X-ray photometry to the AGN disk emission in
CIGALE.
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Table 3
Multiwavelength Photometry of J1324+44501

Band Magnitude

(AB)
SDSS u 22.87 £ 0.58
SDSS g 21.97 £ 0.12
SDSS r 21.46 £0.12
SDSS i 20.95 £0.13
SDSS z 19.83 £0.14
PSI g 21.97 £ 0.06
PS1 r 21.22 £0.05
PS1 i 20.86 £ 0.07
PSI z 19.81 £ 0.11
WISE W1 16.95 £ 0.11
WISE W2 16.02 £ 0.11
WISE W3 14.35 £ 0.11
WISE W4 13.14 £0.12
AKARI SO9W 12.15"
AKARI L18W 11.20"
AKARI N60 7.95"
AKARI Wide-S 9.54"
AKARI Wide-L. 8.53"
AKARI N160 6.90"

Note: The photometry has been corrected for Galactic extinction. Magnitudes
and their uncertainties are quoted in the AB system (J. B. Oke &
J. E. Gunn 1983). Superscript u denotes values that are upper limits.

is very massive, with a stellar mass of log(M,/My) =
11.29 £ 0.51. With the black hole mass measurement from
F. Zou et al. (2020) of log(Mpu/My) = 8.27 £ 0.40, measured
through its broad Mgl emission line, we find that the central
SMBH is ~0.1% of the total mass. This is consistent with the
local relation from A. E. Reines & M. Volonteri (2015). We
further measure the fractional flux contribution by the AGN in the
IR to be fagn = (59 % 13)% and the best-fit SED to favor a Type
2 solution.

The extreme host-galaxy and AGN nature of J1324+4501
forces us to take the above SED-fitting results into careful
consideration. From the best-fit SED, it is clear that the galaxy
component dominates below rest-frame =1 um via stellar
emission, while the AGN component dominates above rest-
frame ~3 pm via the AGN-heated dust. However, discerning
between the AGN-heated dust and the old stellar population in
the wavelength range between this (x<1-3 ym) becomes
difficult. This is the wavelength range in which the old stellar
emission or the AGN component could be dominant. Thus,
constraining the true SFR, M,, and AGN fraction becomes
difficult, because the measured M, and AGN fraction may be
dependent on the assumptions about the source’s SFH (i.e.,
how much old stellar emission dominates).

F. Zou et al. (2020) performed SED fitting for J1324+4-4501,
measuring a much lower log(M, /M) = 10.50 £+ 0.13 and
an instantaneous log(SFR/M, yr~!) = 2.15 & 0.11. Their
fagn measurement was much higher, however, at fagn =
(81.7 &=7.6)%. The lower bound on our M, measurement does
not rule out the F. Zou et al. (2020) measurement. Indeed, the
F. Zou et al. (2020) measurement may be viewed as a lower
limit on the source’s M, since a delayed SFH assumes a
younger stellar population without many old stars. Also, the
differences between SFR and fgn are more notable. One of the
reasons for the fygy difference could be due to the F. Zou et al.
(2020) Lx measurement being much higher than ours. A
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second reason, as discussed above, could be the choice of SFH
and the subsequent stellar-population assumptions, which also
may explain the difference in measured SFR.

To test what is affecting the recovered SED results the most, we
perform two checks. First, we fit the SED using our UV-to-IR
data but with the X-ray measurement from F. Zou et al. (2020) to
test whether the discrepancy is due to the differences in L. In this
fit, we obtain M,, SFR, and fagn Vvalues close to those recovered
with our X-ray measurement. Thus, the X-ray measurement is not
a large factor in the discrepancy. Second, we fit the SED using the
original F. Zou et al. (2020) data and our stellar-population
assumptions. This fit returns a higher log(M,/M.) = 11.56 +
0.34 and log(SFR/M, yr ) =275 £ 0.43, and a lower
Jfagn = (53.5 +-20)%. These values are still consistent with ours;
thus, we conclude that the stellar-population assumptions likely
play a key role in the returned M,, SFR, and fagn values returned
from CIGALE for this source.

To further test the reliability of our recovered M, and SFR
values with CIGALE, we fit the optical photometry using the
Prospector-a model within Prospector (J. Leja et al.
2017; B. D. Johnson et al. 2021), which includes complex dust
attenuation and reradiation, nebular emission, gas- and stellar-
phase metallicity, and a six-component nonparametric SFH.
We choose this model both for its flexibility and its
nonparametric SFH. The nonparametric SFH is particularly
important as it allows us not to rest on strong assumptions
concerning the source’s SFH, which should reduce biases in the
recovered M, or SFR (J. Leja et al. 2019). We opt not to
include the WISE photometry in the fitting because AGN-
dominated IR colors may be mistaken as circumstellar dust
around AGB stars in the fitting and affect the recovered SFH
(e.g., J. Leja et al. 2017).

This fit returns values of log(SFR/M,, yr~!) = 1.971028 and
log(M,/M.) = 11.047315. Interestingly, the recovered SFH
suggests a recent starburst (see Figure 3), which indicates that
our choice in SFH in our CIGALE fit was reasonable. The SFR
is lower than that of our CIGALE fit by a factor of &5, but it
possesses errors of similar proportion. Choosing to remove the
WISE photometry may have lowered the recovered SFR for
this fit, as we may be losing important information on
reradiated UV emission. From our CIGALE fit, we obtain a
best-fit E(B — V) = 0.5, suggesting that there is a large amount
of UV radiation being lost to attenuation and reradiated in the
IR. This large difference in SFR may be due to the fact that
CIGALE is able to account for both the AGN and galaxy
components in the IR, while our Prospector fit does not
take into account either the AGN component or the strong UV
attenuation /reradiation. Thus, our results are not materially
weakened by this factor as our CIGALE fit is the best model to
use for this source.

It is worth noting that while the SFH suggests a starburst,
recent works focusing on Hot DOGs with excess UV emission
(BluDOGs; e.g., A. Noboriguchi et al. 2022, 2023) have found
that the UV emission may be attributed to either a strong
starburst or leaked UV emission from the central AGN that has
been scattered into our line of sight (e.g., R. J. Assef et al.
2016, 2020). J1324+44501 shares some similarities with
BluDOGs, so we take the SFR results with caution.

Based upon our new SED fitting and the Mgy measurement
from F. Zou et al. (2020), we are able to estimate \gy4q for
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Figure 2. The best-fit SED for J1324+4501. The observed photometry is shown by the green points, the AKARI upper limits are shown by the green downward-
facing triangles, and the model spectrum (photometry) is shown by the gray line (black squares). The SED is decomposed into the galaxy components (red) and the
AGN components (blue), and the reduced chi-squared of the fit is shown in the lower right. The bottom panel shows the  residuals of the fit for points that are not

upper limits.

102}

101}

SFR [Mo /yr]

| f

0.4 0.5

0.1

100
0.

02 03
Lookback Time [Gyr]

Figure 3. The recovered SFH from our Prospector-a fit. The 50th
percentile of the SFH is shown in black, while the 16th and 84th percentiles of
the SFH are shown in gray.

J1324+4501 via the equation

Lo/ (erg s
1.26 x 103 Mgy/M.,~

AEdd =

where Ly, is estimated within CIGALE and errors are propagated
from both Mgy and L,,. We estimate a value of Aggq =
1.137)31, placing this DOG on the boundary of the expected area
for (Hot) DOGs in the Aggq—Ny plane (e.g., W. Ishibashi et al.
2018; F. Vito et al. 2018; J. Wu et al. 2018; Figure 7 of F. Zou
et al. 2020). The large error bars in our measurement of A\gqq are
dominated by the uncertainties in our black hole mass measure-
ment (F. Zou et al. 2020). From a physical standpoint, this
indicates that J1324+4501 may be in a similar evolutionary phase
as Hot DOGs, where the central AGN is at the peak of its growth
and has not entered the blowout phase.

5. Results

In this section, we analyze the basic physical characteristics
of our DOGs in comparison to those previously reported in the
literature, investigate the nature of the obscuring material in our

DOGs, and study the host-galaxy star formation of J1324
44501 relative to the general DOG population.

5.1. The Ny—Ly Plane

We plot our sources in the Ny—Lx plane in Figure 4. For
reference, we plot reddened type 1 quasars (T. Urrutia et al.
2005; S. Martocchia et al. 2017; G. Mountrichas et al. 2017;
A. D. Goulding et al. 2018; G. B. Lansbury et al. 2020), DOGs
(G. Lanzuisi et al. 2009; A. Corral et al. 2016; F. Zou et al.
2020; A. Kayal & V. Singh 2024), and Hot DOGs (D. Stern
et al. 2014; R. J. Assef et al. 2016; C. Ricci et al. 2017; F. Vito
et al. 2018; L. Zappacosta et al. 2018).

We find that J1324+4501 is one of the most obscured DOGs
in our sample and lies in a region of the plane where some Hot
DOGs live. This is an indicator that the physical nature of
J13244-4501, as a high-Agqq DOG, differs from the general
DOG population. It is likely closer to the peak of its SMBH
accretion and obscuration and is in a similar evolutionary phase
as Hot DOGs. It is less obscured than most of the Hot DOGs
(with most Hot DOGs reaching the Compton-thick level), but
possesses an Ly similar to the lower Lx Hot DOGs.

That said, our supplementary DOGs are largely physically
similar to the general DOG population that contains AGNs. They
span a wide range of column densities and X-ray luminosities,
highlighting the heterogeneous nature of DOGs. There is one
object, XMM 00267, which possesses an extremely high Ly with
a moderate Ny, placing it in the “Red Type 1 Quasar” area of the
diagram. This DOG likely is past its obscuration peak with much
of its obscuring material having been swept out already, and it is
the only DOG in our supplementary sample of such nature.

5.2. The L, —Lx Plane

We utilize the Le,n—Lx diagnostic plot to investigate the nature
of the obscuring material in our DOGs, where Le,, is defined as
vL,, at rest-frame 6 ym (for the AGN component only), and Ly s
is the observed Lx at rest-frame 2-10 keV (i.e., not corrected for
intrinsic absorption). We estimate Ly s for each of our sources
using a simple model expressed as phabs*zpowerlw (ie., the
Pow model for J1324+4501).
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Figure 4. The Ny—Lx plane for several types of AGNs. Our primary source, J1324
44501, is plotted in pink. Our X-ray bright supplementary sample is plotted in
purple. Reddened Type 1 quasars, DOGs, and Hot DOGs from the literature (see

text) are plotted in light green, orange, and red, respectively. The median Ly and
Ny values for each population are shown by the light green, orange, and red stars.

If a source possesses heavy intrinsic absorption, the observed
X-ray emission is expected to be lower relative to the intrinsic
X-ray emission while the 6 ym emission should remain largely
the same. We estimate L, for J1324+4501 through the SED-
fitting results. We have WISE photometric measurements
around rest-frame 6 ym (see Figure 2), so we should be able to
constrain this luminosity well in the fitting process. For our
supplementary sample, we utilize the Lg,, measurements
provided in the best-fit SEDs of Yu et al. (2024), who obtained
them from F. Zou et al. (2022).

We plot our DOGs’ Lx o against their AGN Lg,y, in
Figure 5 in addition to the X-ray detected DOGs from Yu et al.
(2024) for reference. We find that the majority of our sources
are consistent (within 10) with the D. Stern (2015) relation, and
the majority of our supplementary sample has small absorption
corrections. However, there are two notable deviations in J1324
44501 and XMM 00267.

Recalling the intrinsic Ly measurements from Table 1, Figure 5
demonstrates the heavy X-ray absorption in J13244-4501. There
is a significant ~0.6 dex change between its intrinsic Ly and
Lx obs- 1132444501 is also very luminous in the IR, with a high
Le,m relative to the other DOGs in our sample.

XMM 00267 is once again a source to note relative to the
other supplementary DOGs, having a large Lx ops. It has a
minimal deviation from its intrinsic luminosity, with a
~0.1 dex change between the quantities. Given that this source
is also detected at radio wavelengths, enhanced coronal
emission and/or jet-linked emission may be responsible for
its elevated Ly (e.g., D. M. Worrall et al. 1987; B. P. Miller
et al. 2011; S. F. Zhu et al. 2020, 2021). Therefore, with its
placement in the Ng—Lx plane in mind, we can interpret this
source as a likely post-merger galaxy, past its obscuration peak,
likely close to becoming an unobscured quasar.

5.3. Host-galaxy Star Formation

The SED fitting in Section 4 provides us with host-galaxy
measurements for J13244-4501. To compare the host galaxy of
J13244-4501 to other DOGs, we utilize the catalog from
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Figure 5. Our sources in the Le,m—Lx, obs plane. Similar to Figure 4, J1324
+4501 is plotted in pink, and our supplementary sample is plotted in purple.
The open pink circle shows the intrinsic Ly for J1324+4501. For reference, we
also include the DOGs from Yu et al. (2024) in gray. The solid black line is the
relation from D. Stern (2015), and the dashed black lines represent the lo
deviation from this relation.

Yu et al. (2024). Yu et al. (2024) selected ~3700 DOGs in the
XMM-SERVS fields and studied their basic X-ray and host-
galaxy properties, providing the largest catalog of well-
characterized DOGs to date. The SED results utilized in Yu
et al. (2024) also come from F. Zou et al. (2022).

Rather than investigate the SFRs of our DOGs directly, we
analyze their SFRs relative to the star-forming main sequence
(MS) predicted SFRs (SFRy;s). To do so, we use the normalized

SFR (SFR;0rms SS%) values from Yu et al. (2024) to calculate
MS

SFRyis for our supplementary sample. Several previous works
have successfully utilized this value to indirectly study the
relationship between SFR and other properties of the central AGN
and/or the host galaxy (e.g., J. R. Mullaney et al. 2015;
G. Mountrichas et al. 2021; G. Vietri et al. 2022; K. L. Birchall
et al. 2023; N. Cristello et al. 2024; G. Mountrichas et al. 2024,
Yu et al. 2024; Zhang et al. 2024). We calculate SFRys for J1324
44501 by utilizing the SFR and M, from our CIGALE fitting and
the MS from P. Popesso et al. (2023). We calculate the errors in
SFRys using

o dlogSFR ‘o

l0gSFRys = | 57— log M,

0g MS d lOg M, 0g

where % is the local slope of the main sequence at a

combination of (z, M,). These errors are generally small.

We plot the measured SFR against the SFRyg for our
supplementary DOG sample, in addition to the X-ray detected
DOGs from Yu et al. (2024), in Figure 6. In the figure, it is
clear that the DOG population possesses a wide range of SFRs
across an order of magnitude of MS-predicted SFRs. We find
that many of the DOGs in our supplementary sample are
consistent with their MS-predicted values. However, we find
that J1324+4-4501 is undergoing more intense starburst activity
than the general DOG population, with its actual SFR residing
roughly an order of magnitude above the MS SFR. This
remarkable starburst activity is consistent with other high-Agqq
DOGs (e.g., F. Zou et al. 2020), indicating that J13244-4501 is
also at the peak of galaxy growth among gas-rich mergers.
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Figure 6. A comparison between SFRy;5 and SFR for our sample. J1324+4501
is shown in pink, our supplementary sample in purple, and the X-ray detected
DOGs from Yu et al. (2024) in gray. The black solid line represents the 1-to-
1 line.

6. Discussion and Conclusions

In this work, we utilized 22 X-ray luminous DOGs to
provide the most-detailed X-ray spectral analysis of X-ray
detected DOGs to date. We find that the spectra of all our
sources are well represented by a redshifted, absorbed power
law with a soft scattering component.

J1324+4-4501 is the most exceptional source with a high Agqq,
Ly, and Ny. We perform SED fitting for this source using the
available archival photometry, finding that it is experiencing an
extreme starburst unseen in many other X-ray detected DOGs.
Due to the extreme nature of the source, it is difficult to place
robust constraints on the stellar mass, SFR, or AGN fraction,
since these quantities may depend on assumptions about the
source’s SFH. The nature of J1324+44501 indicates that it is
physically different from typical DOGs, and its high-Agqq
nature pushes it closer to the Hot DOG population.

The 21 other X-ray luminous DOGs are largely physically
consistent with the general DOG population that contains
AGN:s. There is one exception in XMM 00267, with this source
showing more characteristics consistent with red, Type 1
quasars rather than DOGs. Even with a selection effect that
biases our sample toward high-Ly/low-Ny sources, we still
observe a wide range in both Ly and Ny for these sources.

Overall, our comparison between J132444501 and other
X-ray luminous DOGs can be linked to the SMBH-galaxy
coevolution framework. This work demonstrates that our
high-Agqq DOG is indeed in a similar evolutionary stage as
Hot DOGs, where accretion and star formation are at their
peak. At the same time, all other DOGs in our sample show a
wide range in properties such as Ly, Ny, and SFR, suggesting
that the general DOG population is more heterogeneous in
nature. This comparison also suggests that Agqg may be a key
factor in distinguishing between different kinds of DOGs
(F. Zou et al. 2020). A larger sample of high- or low-Aggq
DOGs with quality X-ray spectroscopy would yield a useful
comparison between DOGs and provide insight into this idea.

Most DOGs require ~<50-100ks of observing time with
XMM-Newton or Chandra to acquire sufficient counts for
X-ray analysis. For high-Aggqg DOGs in particular, which are
more extreme and more obscured, even much longer exposures
are necessary. However, next-generation X-ray observatories
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such as Athena (K. Nandra et al. 2013) and Lynx (J. A. Gaskin
et al. 2019) will provide unprecedented opportunities to probe
the X-ray properties of DOGs with their high throughput,
shortening the required observing time by a factor of 10. The
Athena and Lynx X-ray microcalorimeters will also provide
unprecedented spectral resolving power, allowing the detection
of, e.g., Fe lines and resolution of spectral features that may
otherwise be blended.

Further, JWST imaging and spectroscopy with NIRCam,
NIRSpec, and MIRI would enable detailed analyses of the
infrared properties of J13244-4501 and (Hot) DOGs more
generally. In the case of J1324+4501, these data would enable
high-quality analysis of rest-frame ~0.3-16 yum emission,
providing a detailed decomposition of the galaxy and AGN
contributions to the SED. In turn, it would be possible to
determine more accurate constraints on, e.g., M, and SFR, and
would provide important information on both the role of the
AGN and the galaxy in the evolution of this object.
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