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ABSTRACT

One of the most remarkable discoveries of JWST is a population of compact, red sources at z > 4,
commonly referred to as Little Red Dots (LRDs). Spectroscopic identifications reported that most
LRDs are active galactic nuclei (AGNs), which are preferentially found around z ~ 6 and could imply
a key phase in the formation and growth of black holes (BHs) in the early universe. Photometric surveys
at lower redshift have recently been carried out to trace their evolution across cosmic time, and a small
number of LRDs have been spectroscopically identified at both Cosmic Noon and in the local universe.
Here we report the discovery of one of the lowest-z analogs of LRDs, J204837.26-002437.2 (hereafter
J2048) at z = 0.4332, using new Gemini-N/GMOS IFU observations combined with archival multi-
band photometric SED data. The GMOS data reveal extended blue emission from starburst with a
star formation rate of 400 My yr—!, together with an extended, highly fast ionized outflow. This is the
first spectroscopic confirmation of extended host emission and outflow in an LRD-like galaxy, providing
a unique laboratory for understanding the nature of their high-redshift counterparts. Moreover, J2048
would host an extremely overmassive BH with a BH-to—stellar mass ratio of ~ 0.6, with the BH mass
and host stellar mass estimated to be 10102 and 101%4 M, respectively. We discuss the origin and
evolutionary fate of J2048, and the implications that such low-z analogs have for interpreting the
properties of high-z LRDs.

Keywords: Active galactic nuclei (16), Ultraluminous infrared galaxies (1735), Supermassive black
holes (1663), AGN host galaxies (2017)
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1. INTRODUCTION

The advent of JWST has revealed a previously un-
known population of compact, red sources at z > 4,
commonly referred to Little Red Dots (LRDs; e.g.,
Matthee et al. 2024). These sources show a distinc-
tive v-shaped spectral energy distribution (SED), char-
acterized by a blue continuum in the rest-frame UV, a
red continuum in the rest-frame optical bands, with a
turnover near the Balmer break (Kocevski et al. 2023,
2025; Barro et al. 2024; Furtak et al. 2023; Greene et al.
2024; Setton et al. 2024; Wang et al. 2025). Spectro-
scopic follow-up has confirmed that over 60% of LRDs
host broad Balmer emission lines, indicating the pres-
ence of active galactic nuclei (AGNs) with inferred black
hole (BH) masses of Mgy ~ 10978 Mg (Maiolino et al.
2024; Greene et al. 2024; Hviding et al. 2025).

Despite their AGN signatures, most LRDs show weak
near-IR (NIR) to mid-IR (MIR) emission and non-
detections by ALMA bands, suggesting a lack of hot
(T ~ 1000 K) and warm (T ~ 300 K) dust heated by
the AGN torus (Leung et al. 2024; Pérez-Gonzélez et al.
2024; Williams et al. 2024; Akins et al. 2024; Setton et al.
2025). It is discussed that a more extended dust distri-
bution (> 10 pc) rather than typical AGN dusty region
(e.g., Nenkova et al. 2008; Honig 2019; Nikutta et al.
2021), along with new constraints on the dust content
in LRDs from multiwavelength data (Casey et al. 2025),
is required to explain the weak warm dust emission (Li
et al. 2025b; Chen et al. 2025b). In addition, most LRDs
lack X-ray detections with the exception of a few sources
(Kocevski et al. 2025), indicating either significant ob-
scuration or intrinsically weak corona emission, possibly
related to a super-Eddington accretion phase (Ananna
et al. 2024; Yue et al. 2024; Inayoshi et al. 2024).

The origin of the v-shape SED, or in other words,
the blue excess in the rest-frame UV SED, is also under
debate. Either a star-forming host galaxy or scattered
AGN light is considered as possible explanations of the
blue excess. Most LRDs are spatially unresolved with
effective radii < 100-300 pc (e.g., Akins et al. 2024;
Kokorev et al. 2024). Several studies report extended
emissions in JWST’s imaging observations in rest-frame
UV bands, which support the explanation with blue,
young stars in their host galaxies (e.g., Rinaldi et al.
2024; Billand et al. 2025; Chen et al. 2025a; Zhuang et al.
2025). Billand et al. (2025) reports that the outskirt
component could become more apparent with decreasing
redshift due to the formation of host galaxies. However,
due to the distance of the high-z LRDs, the extended
features are very faint, which prevent us from a detailed
view of the host properties of LRDs.

Corresponding author: Xiaoyang Chen
astro@xychen.me

It is suggested that a powerful outflow can have an
important role in the evolution of LRDs, e.g., expelling
gas from the inner AGN region, enlarge the galaxy size,
enhance or suppress star formation (e.g. Billand et al.
2025; Wang et al. 2025). Outflow has been seen in sev-
eral LRDs with JWST/NIRSpec observations with both
emission lines (e.g., [O111], Cooper et al. 2025; D’Eugenio
et al. 2025) and absorptions (e.g., He I, Juodzbalis et al.
2024a; Wang et al. 2025), although the sample is very
limited probably due to the faintness of outflow features.

Another key aspect of LRDs is their unexpectedly high
number density at z > 4, reaching ~ 10™* Mpc—3, at
least two orders of magnitude higher (Kokorev et al.
2024; Kocevski et al. 2025) than the extrapolation of
UV-selected quasars (Akiyama et al. 2018; Matsuoka
et al. 2018, 2023; Kulkarni et al. 2019; Niida et al. 2020;
He et al. 2024). The reason on different densities of
LRDs and quasars is under debate, which is possibly due
to selection bias of those surveys of LRDs and quasars,
e.g., the current JWST survey area is not sufficient to
find rare bright quasars. The different densities can be
also explained by the different evolutionary phases of
black holes through cosmic time (Inayoshi & Ichikawa
2024; Inayoshi 2025). Unlike quasars whose number den-
sity declines toward higher redshift, the LRD population
appears to increase with redshift, suggesting that they
may represent a distinct phase in black hole evolution,
possibly corresponding to the earliest growth stage of su-
permassive BHs (SMBHs) with their BH masses roughly
two orders of magnitude smaller than the typical ones
in luminous quasars (Greene et al. 2024; He et al. 2024).

The current JWST surveys imply a sharp decline in
the abundance of LRDs at z < 4 (e.g., Inayoshi &
Ichikawa 2024). In order to explore evolution of LRDs
through cosmic time, several recent efforts have sought
to identify LRDs at lower-z (z < 4) using optical and
NIR photometry, e.g., Kocevski et al. (2025, JWST
imaging surveys), Euclid Collaboration et al. (2025, Eu-
clid Quick Release 1), and Ma et al. (2025, UltraDeep
fields of the Subaru/HSC SSP survey). These studies
confirm the decline of LRDs’s number density as redshift
decreases, though the values of the number densities
are still diverse probably due to contamination of other
type objects in LRD identifications (e.g., Euclid Col-
laboration et al. 2025). A small number of LRDs have
been identified with spectroscopic observations at Cos-
mic Noon (z ~ 2-3; Noboriguchi et al. 2023; Juodzbalis
et al. 2024a; Billand et al. 2025; Ma et al. 2025; Stepney
et al. 2024; Rinaldi et al. 2025; Wang et al. 2025) and in
the local universe (Lin et al. 2025). Utilizing observa-
tions with higher S/N and wider wavelength coverage,
those lower-z LRDs can be used as a window to witness
the properties of the LRDs at z > 4 by exhibiting more
detailed properties.

In this paper, we present the discovery and spec-
troscopic confirmation of one of the lowest-z analog
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of LRDs, J204837.26-002437.2 (hereafter J2048) at'®
z = 0.4332, by utilizing new Gemini-N/GMOS observa-
tions as well as archived multi-band photometric SED.
J2048 exhibits features similar to those of the high-
z LRDs, such as a v-shape SED in UV and optical
bands as well as a compact, red continuum from a red-
dened AGN. The GMOS observation shows extended
blue emission from young stars and extended, highly fast
ionized outflow. This is the first time that the extended
host emission and outflow is spectroscopically confirmed
in a LRD-like galaxy, providing a unique laboratory to
study the nature of those distant LRDs. We report the
observation in Section 2 and analysis methods in Sec-
tion 3. The results on AGN, host galaxy, and emission
line properties are shown in Section 4. The comparison
of observational properties (e.g., v-shape SED and red
continuum) between J2048 and high-z (z > 4) LRDs
is discussed in Section 5.1; the implications on high-
z LRDs from the observations of J2048 is discussed in
Section 5.2; the extremely overmassive SMBH is dis-
cussed in Section 5.3. Cosmological parameters Hy =
67.4 kms~! Mpc~! and Qy = 0.315 (Planck Collabora-
tion et al. 2020) are adopted throughout the paper.

2. SAMPLE AND DATA
2.1. Sample Selection

J2048 is one of the ultra-luminous IR galaxies
(ULIRGS) at intermediate redshifts (0.1 < z < 1.0),
which were selected from the cross-matched all-sky sur-
vey catalogs of AKARI (far-IR) and Wide-field Infrared
Survey Explorer (WISE, NIR and MIR) as well as
the Sloan Digital Sky Survey (SDSS, optical) spectro-
scopic catalog (Chen et al. 2020). The parent sample
is selected with the entire IR luminosity (L1-1000um)
higher than 10'2 L. Eight ULIRGs including J2048
exhibit highly fast ionized outflows (> 1500 kms™!) in
their blueshifted, broad [O111] 5007A line profiles. Inte-
gral field unit (IFU) follow-up observations with Gem-
ini/GMOS and Subaru/FOCAS were conducted for the
ULIRGs to understand the spatial extent and kinetic
power of these extreme outflows. Compared to the
spatially-unresolved and fiber-aperture-limited spectro-
scopic data of the SDSS legacy survey, the new IFU
follow-ups provide spatially-resolved data for the entire
galaxies and cover longer wavelength ranges up to 1.05
pm. A compact red continuum and a broad Ha line from
the AGN Broad Line Region (BLR) are newly detected
in the Gemini/GMOS observation of J2048, which are
not shown in the SDSS archived spectrum due to its
limited spectral coverage. We show the observational
details in the next subsection.

16 The systemic redshift is estimated with narrow He line. See
Section 3.1 and 4.3 for details.

2.2. Gemini-N/GMOS IFU observations

J2048 was observed by Gemini-N/GMOS in 2022 July
(ID: GN-2022A-Q-221, PI: Chen). The observation was
conducted with a total of 2.5 hours on-source exposure
in two nights in the 2-slit IFU mode of GMOS. The 2-
slit IFU mode has a field of view (FoV) of 5" x 7" with
a pixel scale of 0.2”. The FoV and position angle of the
observation are shown in Figure 1. The Point Spread
Function (PSF) of the IFU data has a Full Width Half
Maximum (FWHM) of ~ 0.65” in i-band (~ 7500A),
which is estimated with stellar objects in the acqui-
sition images of the observations. The grating R150
was utilized to achieve a wide wavelength coverage, i.e.,
from [O11] 3726A line to [Su]6731A line (Figure 2),
which provides a spectral resolution of R ~ 1000 (~
300 kms~ ') around 7000A. The wavelength accuracy
estimated with night sky emission lines is ~ 50 kms™!.
The observation has a spectral pixel scale (A\) of 3.9A.

The GMOS data is reduced with the Gemini IRAF
package (Gemini Observatory & AURA 2016), e.g., to
calibrate the wavelength, mask bad pixels, remove the
scattered light, correct for the atmospheric dispersion,
and subtract the night sky emissions. We follow the
same reduction pipeline adopted in Chen et al. (2025¢)
and recommend readers to check the details in this pa-
per.

2.3. Archive observations

We collect the multi-wavelength photometric obser-
vations of J2048 in archives of the following telescopes
and instruments: SDSS (v’ to 2z’ bands), 2MASS (J,
H, and K; bands), WISE (3.4, 4.6, 12, and 22 pm),
Spitzer IRAC (3.6, 4.5, 5.8, and 8 pm) and MIPS (24
pm). The photometric fluxes are shown in Figure 3. A
simultaneous fitting for the new GMOS spectrum and
the archived photometric data is performed with the
method described in Section 3.2.

3. ANALYSIS METHOD
3.1. Spectral fitting for the GMOS IFU spectra

In order to determine the spatial extents of the host
and AGN components, we perform per-pixel spectral fit-
ting for the GMOS IFU data cube utilizing our fitting
code!” $3Fit (Chen 2025; Chen et al. 2025¢). The stel-
lar continuum is fit utilizing an old stellar population
(OSP) with an exponentially decayed star formation his-
tory (SFH), and a young stellar population (YSP) with
constant star formation rate (SFR). Both of OSP and
YSP are built using the single stellar population (SSP)
library of PopStar (Milldn-Irigoyen et al. 2021) with the
initial mass function (IMF) of Kroupa (2001). A power-
law component (fy oc A*PL) is adopted to represent the
radiation from the AGN accretion disk.

17 https://github.com/xychcz/S3Fit
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Figure 1. Left: SDSS gri-bands composite image of J2048. The field of view of the GMOS IFU observation is over-plotted
as a blue rectangular. Middle: Composite image of J2048 from the best spectral fitting results of GMOS IFU data. The red,
green, and blue colors denote the AGN BLR Hea line, narrow Ha line, and young stellar continuum (integrated in rest frame
3500-4000 A), respectively. The grey circle shows the PSF FWHM of 0.65”. Right: Average radial profiles of young stellar
continuum (blue; 35004000 A), narrow He line (green), outflow [Ommn] line (purple; the “outflow line 17 component in Figure

2), AGN BLR (red solid) and disk power-law component (red dashed). The profiles are arbitrarily normalized at the center.

An approximate PSF using a Gaussian profile with FWHM of 0.65” is shown in grey dotted line, which can reproduce the bulk

of the unresolved AGN BLR and power-law components.

The GMOS spectra covers a wide emission line range
from [O11] to [St1] (Figure 2). Two Gaussian profiles are
used to fit each line, with a narrow profile (FWHM <
750 kms~1) for the emission from dynamically quiescent
gas, and a broad profile (750 < FWHM < 2500 kms™1)
for the emission from outflowing gas. A secondary out-
flow profile with velocity shift (vs) < —1000 kms™! is
required to describe the blueshifted wings of [Or1] and
Ha-[N11] complex. Furthermore, we use an additional
broad profile (FWHM > 5000 kms~1) to model the gas
emission in the AGN BLR. The BLR profile is only de-
tected in Ha due to high dust extinction (see discussion
in Section 4.1) and thus disabled for other Hydrogen
Balmer lines.

We employ the following methods to reduce the degen-
eracy in the fitting. (1) A solar metallicity is adopted
for stellar components, which is found as a typical value
in local (U)LIRGs (e.g., Pérez-Torres et al. 2021). The
extinction of stellar continuum (Ay,.) is adopted as
0.5Ay N1, where Ay i, is estimated from the Balmer
decrement'® of narrow lines with the extinction law of
Calzetti et al. (2000); the factor 0.5 is an typical stellar-
to-nebular extinction ratio in starburst galaxies (e.g.,
Calzetti 1997; Chen et al. 2025¢). The effect of the as-
sumed extinction ratio on estimation of properties (e.g.,

18 The adopted intrinsic Ha/Hp ratio is 2.863, assuming Case B
recombination with electron temperature of 10* K and electron
density of 102 cm™3 (Hummer & Storey 1987). The adopted
electron density is consistent to the value estimated from the
narrow [St1] 6716,6731A doublets of the integrated spectrum,
102.1i0.1 cm 3.

stellar mass) is discussed in Section 4.2. (2) The AGN
power-law index (apr,) is fixed to —1.7, which is a typ-
ical value in composite quasar templates (e.g., Francis
et al. 1991; Vanden Berk et al. 2001; Selsing et al. 2016;
Temple et al. 2021). The effect of the assumed index
on estimation of properties (e.g., bolometric luminos-
ity) is discussed in Section 4.1. The extinction of the
power-law continuum (Ay pr,) is a free fitting parameter
following the extinction law of Calzetti et al. (2000). (3)
For either narrow or outflow line profiles, we tie the kine-
matic parameters, i.e., vs and FWHM, of each emission
line (e.g., [O11] and He). In addition, the vs of BLR Ha
line is tied to vs of the narrow line component, assum-
ing that both of them reflect the systemic redshift. (4)
The flux ratios of neighboring lines of the same ions are
fixed to their theoretical values, e.g., [O111] 4959,5007A
and [N11] 6548,6583A (Storey & Zeippen 2000); or the
values calculated with PyNeb (Luridiana et al. 2015),
e.g., [O11] 3726,3729A, with the electron density esti-
mated from the [S11] 6716,6731A doublets and an as-
sumed electron temperature of 10* K. We recommend
readers to check the document'? of S?Fit for details of
the line setup.

Monte Carlo simulations are used to estimate the un-
certainty of each fitting parameter. For each observed
spectrum, we generate 100 mock spectra via adding ran-
dom noise normalized by the measurement errors, and
perform spectral fitting for the mock spectra. The stan-

19 https://github.com/xychcz/S3Fit/blob/main/manuals
/basic_usage.md
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Best-fit results of the pure spectral fitting (Section 3.1) for the GMOS spectrum of the entire galaxy with fitting

residuals (top and middle panels), as well as two zoomed-in regions around Hj-[O111] (bottom-left) and Ha-[N11] (bottom-right),
respectively. The observed spectrum is shown in grey. The total model is shown in orange, with the young stellar continuum in
blue and the AGN power-law component in red dashed lines. Emission lines include the narrow component (green), two broad
blueshifted outflows (purple and violet), and the BLR Ha line (thick red). Grey hatched areas are excluded due to poor data
quality. Note that in the top panel, the outflow profiles of the sum of Ha-[N11] complex are shown for the sake of illustration.

dard deviations of best-fit parameters of the simulated
spectra are used as the uncertainties of best-fit parame-
ters of observed spectra.

The map of AGN, stellar, and emission line compo-
nents as well as the average radial profiles of them are
shown in Figure 1. The best-fit results for the integrated
spectrum of the entire galaxy (i.e., in the region shown
in the middle panel of Figure 1) are shown in Figure 2.
We discuss these results in details in Section 4.

3.2. Simultaneous fitting for the GMOS integrated
spectrum and multi-band photometric SED

The fitting of the reddened AGN power-law compo-
nent is sensitive to the spectrum at A > 6000 A (rest
frame), which can be affected by the cutoff and mod-
erate S/N of GMOS spectral observation at the long
wavelength end. The fitting of the power-law model can
in turn, affect other components such as the stellar con-
tinuum. In order to improve the fitting quality and to
obtain better constraints on parameters (e.g., extinction
of the AGN power-law), we employ a simultaneous fit-

ting for the integrated GMOS spectrum and the archived
multi-band photometric data from UV to MIR range.
The simultaneous fitting is performed with the S3Fit
in the joint spectrum+SED fitting mode. We keep us-
ing the same configurations of continuum and emission
line models in Section 3.1 and add the SKIRTor AGN
torus model (Stalevski et al. 2016) to extend the fitting
to NIR-MIR range?’. The AGN power-law continuum is
declined at A > 5um with apy, = —4, which corresponds
to the Rayleigh-Jeans branch of the thermal emission
from the outer region of the accretion disk (e.g., Schart-
mann et al. 2005; Feltre et al. 2012; Stalevski et al. 2016).
S3Fit works by minimizing the reduced chi-square

value:
(2] o

20 We do not use the interstellar medium (ISM) dust model in the
fitting since it only contributes to < 10% of fluxes in NIR-MIR
range for J2048 (Chen et al. 2020). The best-fit ISM model of
Chen et al. (2020) is shown in Figure 3 as a reference.
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where np,, is the number of used model parameters. D;
and M; are the data and total model flux at each wave-
length pixel and photometric band. w; is the weight
to balance the fitting of spectroscopic and photomet-
ric data. We adopt w = RAM/A for the spectrum,
where R and A\ are the resolution and binning width
of the spectrum; w = 1 is adopted for photometric
data in each band. In order to account for calibration
errors between different instruments, modified errors,

Eimoa = \/Ezorig+(10%Di)2, are employed, where

3.3. Comparison and choice of results from the two
fitting methods

The best-fit results of the pure spectral fitting and the
simultaneous spectrum-+SED fitting for the spatially in-
tegrated data are shown in Figure 2 and 3, respectively.
For the sake of a direct comparison between results of
the two methods, we also extend the best-fit models of
the pure spectral fitting to the full SED range in Fig-
ure Al. Due to the limited wavelength coverage of the
GMOS spectrum, the AGN power-law model from the

E; orig are the original measurement errors. The mod-
ified errors are also used to create mock data in the
Monte Carlo estimation of fitting uncertainties as dis-
cussed in Section 3.1. In the calculation of E; noq, the
original spectral data D; is convolved with a FWHM of
10* kms™' to avoid involving artifacts into the mock
spectral data around bright emission lines.

pure spectral fitting is not well constrained and cannot
reproduce the observations in NIR range. Therefore,
in the later analysis, we adopt the power-law proper-
ties (e.g., Ay pr, and luminosity) from the simultaneous
spectrum+SED fitting. We also use the best-fit stellar
properties (e.g., mass and SFR) from the simultaneous
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spectrum+SED fitting, since it can be affected by the
continuum decomposition with the power-law model.

On the other hand, the values of emission line proper-
ties (e.g., velocities and fluxes) estimated from the two
methods only have slight differences (Table 1 and 2),
except for the BLR Ha line, which is more sensitive to
the fitting of the underlying continuum. The results
of the simultaneous spectrum+SED fitting show larger
uncertainties than those of the pure spectral fitting as
the modified errors enlarge the fitting tolerance (e.g.,
Equation 1) and involve more scatters in the mock spec-
trum in Monte Carlo simulation, which are also reflected
by the larger fitting residuals in Figure 3 (upper-middle
panel). We adopt the results of emission lines from the
pure spectral fitting throughout the paper since they
are derived with a better subtraction of the underlying
continuum, and their uncertainties directly reflect the
measurement errors of the GMOS spectrum. The effect
of result of BLR Ha line on the estimation of black hole
mass is discussed in Section 4.1.

Table 1. Velocity shifts® (vs) and FWHM?" of each emission

line component®

vs (kms™!) FWHM (kms™')

0.00 £0.91

0.08 £3.99
—504.11 £ 17.92
—496.30 & 54.07
—2246.06 £ 27.90
—2215.93 £ 98.57

0.00 £0.91

0.08 £3.99

357.41 £ 4.30

380.34 £ 15.24
1360.93 £ 27.13
1350.00 £ 104.24
1113.65 £ 61.13
1037.92 £ 156.12
9517.29 £ 350.20

11853.13 £ 1810.78

Narrow line

Outflow line 1

Outflow line 2

AGN BLR line

2All of the wvs is relative to the systemic redshift z = 0.4332
estimated from the vs of narrow line.

b All of the line widths are corrected for spectral resolution.

“For each component, the upper value is derived from the pure
spectral fitting for the GMOS integrated spectrum (Section 3.1),
which is adopted in default throughout the paper; the lower value
is derived from the simultaneous fitting for the spectrum and the
photometric SED (Section 3.2).

3.4. Ezxzamination of AGN BLR and power-law
components

The AGN BLR Ha line and power-law continuum are
related to the main finding of this work, i.e., a low-z
LRD analog with an overmassive SMBH (Section 4.1
and 5). It is crucial to examine the detection of these
components, i.e., if they are indeed required in the fit-
ting, before detailed discussion of the results. We assess
the significance of these components using the Akaike
Information Criterion (AIC; Akaike 1974; Burnham &
Anderson 2002) and the Bayesian Information Crite-

rion (BIC; Schwarz 1978; Kass & Raftery 1995, fol-
lowing recommendations for astrophysical models (e.g.,
Takeuchi 2000; Liddle 2007). For a given dataset with
noises following a Gaussian distribution, the criterion
values can be calculated as AAIC = 2Ang,, + Ax?
and ABIC = Anpar(Inngata) + Ax?, where Anp,, is
the difference of numbers of model parameters between
two fitting configurations; ngata is the number of data
points; Ax? is the difference of chi-square values be-
tween the two fitting results. A netagive criterion value,
e.g., AAIC = AlCgy; — AlCgo < 0, suggests the model
configuration in fitl is preferred.

We perform the fitting without BLR Ha or power-
law components and calculate the AAIC and ABIC, re-
spectively. The BLR Ha line is examined in rest-frame
6300-6800 A (e.g., Figure 2, bottom-right panel). The
pure spectral fitting results in AAIC = AICy BLr —
AICy,/oBLr = —1203 and ABIC = —1193; the simul-
taneous spectrum+SED fitting results in AAIC = —48
and ABIC = —38, all of the tests support the require-
ment of BLR Ha line in the fitting. The power-law
continuum is examined in the full SED range (e.g., Fig-
ure 3, lower-middle panel) and we get the criterion of
~ —1800 for both of AAIC and ABIC, which indicates
that the power-law component is necessary to reflect the
red bump in optical and NIR bands.

In addition to the AIC and BIC tests of the AGN
power-law component, we also check if the red bump in
optical and NIR SED can be explained by other models,
e.g., a highly obscured old stellar continuum (Case 1)
or a hidden starburst continuum (Case 2). The best-fit
results of Case 1 and 2 are shown in Figure A2. In Case
1, the obscured old stellar continuum with A4, = 5.7
(brown dashed curve) can reproduce the red bump in
SED (except for 1-3 pm). However, the derived stellar
mass, 1013 M, exceeds that of the most massive galax-
ies by one order of magnitude (e.g., Kormendy & Ho
2013). It is also unlikely that the bulk of the old stellar
population is fully obscured by dust in optical bands as
they mainly locate in diffuse interstellar medium (e.g.,
Charlot & Fall 2000). Therefore, it is unlikely that the
observed red continuum is mainly contributed by ob-
scured old stars. In Case 2, in addition to the young stel-
lar population observed in UV and optical bands (blue
solid curve in Figure A2), the best-fit result shows an
additional hidden starburst component with Ay = 7.2
(cyan dotted curve). The hidden starburst corresponds
to an unphysically high SFR of 10° M yr~—! in the re-
cent ~ 10 Myr, suggesting that the possibility of a hid-
den starburst to explain the red bump can be ruled out.

To summarize, both of the AGN BLR Ha line and
power-law continuum are required to explain the ob-
served spectrum and SED; neither obscured old stars
nor a hidden starburst could be a reasonable main con-
tributor to the red bump in optical and NIR SED. Fur-
thermore, we find that the power-law and BLR line com-
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Table 2. Fluxes of each component of main emission lines®

[On] 3726A [On] 3729A Hj [Om1] 5007A [O1] 6300A Ha [N11] 6583A [Su] 6716A [Su] 6731A
Narrow line 8.84 + 0.28 11.93 + 0.38 8.94 £+ 0.23 6.01 + 0.25 3.91 £+ 0.18 54.05 + 0.69 21.69 + 0.55 9.75 £ 0.27 7.83 £+ 0.20
8.92 £ 0.46 12.04 £ 0.62 9.54 £+ 0.53 6.16 £+ 0.82 3.95 £ 0.51 56.83 + 2.40 23.31 + 2.07 10.35 £ 0.97 8.28 £+ 0.80
Outflow line 1 4.06 + 0.36 5.49 £+ 0.49 2.72 £ 0.27 23.94 + 0.42 2.72 4+ 0.27 24.59 + 1.05 35.90 £ 1.25 2.45 £ 0.38 3.22 £ 0.61
4.46 + 0.57 6.02 £ 0.77 2.04 £+ 0.64 22.78 £ 1.14 1.37 £ 0.85 20.87 + 3.97 35.14 + 5.76 2.65 + 1.14 1.89 + 1.56
Outflow line 2 — — — 7.55 + 0.37 — 4.99 £ 0.75 _b — —
— — — 6.62 + 1.03 — 4.58 £ 2.12 — — —
AGN BLR line - - - - - 65.59 + 1.87 — - -
— — — — — 72.98 + 7.34 — — —

aThe fluxes are in unit of 10716 ergs=! cm—2

, which are the observed values and not corrected for the extinction. For each line component,

the upper value is derived from the pure spectral fitting for the GMOS integrated spectrum (Section 3.1), which is adopted in default
throughout the paper; the lower value is derived from the simultaneous fitting for the spectrum and the photometric SED (Section 3.2).

The component with “-” is not used in the fitting due to their faintness.

bWe enable the “Outflow line 2” component for [N11] doublets in the fitting, while they are not detected (Figure 2, bottom-right).

ponents show consistent morphologies and luminosities,
which are discussed in details in Section 4.1.

4. RESULTS
4.1. AGN properties

The AGN is implied by the power-law continuum and
the BLR Ha emission line. Both of the two components
share the almost same, unresolved spatial profile (Figure
1, right panel), which can be described approximately
using a Gaussian profile with FWHM of 0.65".

The power-law continuum has a luminosity of
ALsig0 = 101281011 T after extinction correction
with Ay pr, = 6.28 & 0.27, which are estimated from
the simultaneous spectrum+SED fitting. The observed
flux of the BLR Ha line is estimated as 10~ 4-18+0.01
ergs~!cm™2 from the spectral fitting. Since the BLR
HpS line is too faint to be detected (e.g., Figure 2,
bottom-left panel), we also adopt Ay pr, = 6.28 for cor-
rection of BLR He line assuming that the BLR has the
same amount of extinction as that of the AGN accre-
tion disk (i.e., the power-law component). If we assume
the peak of the BLR Hf line with the 1o noise level
(Figure 2, bottom-left panel), the lower limit of Ay srr
is estimated®! to be 6.05, suggesting that the adopted
Ay pr, = 6.28 is a reasonable assumption. The intrin-
sic BLR Ha luminosity (Lue,pLr) is estimated to be
1011-13£0-09 1 o (or 10%472%0-09 ergs=1). Tt is reported
that the AGN optical and BLR Ha luminosities has a
tight log-linear relation over a wide range of luminosities
and redshifts (e.g., Greene & Ho 2005; Shen & Liu 2012;
Jun et al. 2015). The ratio, log(Lua,BLr/AL5100) =
—1.7, is 0.4 dex lower than the empirical relation of Jun
et al. (2015), while the offset is within the distribution
scatter of the sample to derive the relation (e.g., Figure
11 of Jun et al. 2015), indicating that our estimation of
Ly, Brr and ALsioo are consistent.

In order to estimate the AGN bolometric luminos-
ity (LagN,bol), we employ an empirical optical bolo-
metric correction, LagN,bol/ALaa00 = 5.1 (Duras et al.

21 The adopted intrinsic Ha/Hg ratio is 2.615, assuming Case B
recombination with electron temperature of 10* K and electron
density of 109 cm ™2 (Hummer & Storey 1987).

2020). The extinction-corrected ALgq00 is estimated as
1012:85+0-11 1 from the simultaneous spectrum-+SED
fitting. LaGNbol is then estimated to be 1013:56+0.11
L, where the uncertainty corresponds to the scatters
of AL4a00 and Ay,pr; the empirical bolometric correc-
tion can involve an additional spread of ~ 0.3 dex
(Duras et al. 2020). The AGN torus IR luminosity
(LAGN torus) 1s estimated to be 1012:0+0:6 I, . The ratio,
log(LaGN torus/LAGN bot) = —1.5, is 0.4 dex lower than
the typical value of AGNs at the high luminosity end
(~ 10*7 ergs™!, e.g., Ichikawa et al. 2019). The ratio
could imply that the covering factor of the dusty torus
is relatively small, e.g., 0.2-0.3 (or a half-opening angle
of 10°-20°), indicated by the energy balance of the ab-
sorbed emission of the central AGN and the reemitted
radiation of torus in the SKIRTor model (Stalevski et al.
2016).

The black hole mass (Mpy) can be estimated with the
AGN optical luminosity (e.g., ALs100) and the line width
of the BLR Ha line following the empirical relation of
Shen & Liu (2012):

Mpu\ ALs100
log ( M. ) =1.39 + 0.56log <1O44 orgs—T

FWHMHq,BLR
kms—! '

The FWHM of the BLR Ha line is estimated to be
95204350 km s ! from the fitting of the integrated spec-
trum. The Mgy is then derived as 101917+09-07 Af_ . The
shown uncertainties above corresponds to the scatters of
ALs100 and FWHM#y, Brr; the empirical calibration can
involve an additional spread of ~ 0.1 dex.

Both of LagNn,bol and Mpy are estimated with the
power-law luminosity, which can be affected by the as-
sumed power-law index (apr). apy, is fixed to —1.7 in
the default fitting as it is a typical value for composite
quasar templates (e.g., Temple et al. 2021). In order
to understand the effect of assumed apy, on the estima-
tion of LagN,bol and Mph, we test fitting with apr, in a

+ 1.87log <

range from —2.0 to —1.4. In the case with apy, = —2.0,
we get AV,PL = 685, LAGN,bol = 1013‘77 L@, and
Mgy = 101028 Mg; in the case with ap, = —1.4,

we get Aypr = 5.70, LagNbol = 101335 Ly, and
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Mgy = 10'°-9 M. Therefore, uncertainties of 40.2
dex and +0.1 dex can be involved in the estimation of
LagN,bol and Mgy, respectively, as the assumed apr,
varies from —2.0 to —1.4.

Mpn can be also estimated using Lpoprr and
FWHMpuq BrLr. Utilizing the empirical calibrators of
(Shen & Liu 2012, their Table 5), Mpy is derived to be
109-87+0.05 Mg with Lya srLr corrected using Ay pr, =
6.28. If we adopt the lower limit of Ay g, 6.05, as dis-
cussed above, Mpy is estimated to be 107-32 Mg, which
can be considered as an lower limit of Mpy estimated
independently from the fitting of the power-law compo-
nent.

As noted in Section 3.3, we use the best-fit results
of emission lines from the pure spectral fitting through-
out the paper. If we adopt FWHMp,,prr = 11850 +
1810 kms™! (Table 1) estimated from the simultane-
ous spectrum+SED fitting, the Mpy is estimated to be
1010-35+0.14 Mg, with the default assumed ap;, = —1.7.
We consider this value as an upper limit of Mpy.

In the later discussion, we adopt fiducial values,
LAGN,bol — 1013.6i0.4 L@ and Mgy = 1010.2:&0.2 M@,
which are estimated utilizing the best-fit AL4400, AL5100,
and FWHMy, prr with an assumed apy, of —1.7; the
uncertainties in those values account for the uncertain-
ties in the fitting results, the choice of assumed apy,,
and the scatters in the empirical calibrations (Shen &
Liu 2012; Jun et al. 2015). Combining the estimated
LacN,bol and Mpy, the Eddington ratio of the AGN
(ARda) is estimated to be 0.09 + 0.01, suggesting the
SMBH of J2048 is still growing via rapid accretion. The
value is close to typical Agqq of high-z LRDs, 0.1-0.4
(e.g., Greene et al. 2024; Kokorev et al. 2023).

4.2. Host galaxy properties

Since the AGN power-law continuum emitting from
the accretion disk is highly obscured in UV and optical
bands, the spectrum of J2048 at rest-frame A < 6000 A is
dominated by stellar continuum emitted by young stars
even in the unresolved central region (r < 1.8kpc; Fig-
ure A3, top panel). In the outskirt region (r > 2kpc)
where the AGN components are not detected, the full
observed spectrum in dominated by stellar light (Fig-
ure A3, lower-middle panel). After correction for PSF
using a Gaussian profile with FWHM of 0.65”, the aver-
age effective radius (i.e., the radius enclosing half of the
entire flux) is estimated to be 3 kpc. The stellar disk
is elongated to an effective radius of 7 kpc towards the
west, showing a spiral arm-like structure in the direction
(Figure 1, middle panel).

The best-fit results of the simultaneous spec-
trum+SED fitting suggest a total mass (Mysp) of
1099%0-1 A7 for the young stellar population, which
was formed in the recent ~ 20 Myr and corresponds
to a mean SFR of 400 + 60 Mg yr—! assuming a SFH
with constant SFR. As noted in Section 3, in order to
reduce the degeneracy in the fitting, the extinction of

stellar continuum (Ay.) is adopted as 0.5Ay, N1, where
Ay i, is estimated from the Balmer decrement of narrow
lines and the factor 0.5 is an empirical stellar-to-nebular
extinction ratio in ULIRGs (e.g., Chen et al. 2025¢).
The estimation of Mysp and SFR can be affected by
the adopted extinction ratio. We test the fitting with
the extinction ratio in a range of 0.1-0.7 with the corre-
sponding Ay, varying from 0.2 to 1.5; the fitting quality
is poor with an extinction ratio over 0.7. The derived
Mysp varies from 10%3 to 100! Mg with the SFR from
100 to 600 M yr—! in the test fits, which suggest the un-
certainty ranges related to the assumed extinction ratio.
The SFR can be also estimated independently with the
IR luminosity emitted from ISM dust heated by stel-
lar light. Utilizing Ligrsp = 1025 Lg (Chen et al.
2020) and the empirical function (Calzetti 2013) under
the same conditions®?, the IR-based SFR is estimated
to be 450 Mg yr—!, which is consistent with the optical-
based SFR from the default fitting result with a factor
of 1.1.

The mass of the old stellar population (Mogp) is re-
quired to obtain the total stellar mass of the galaxy?3.
Stellar radiation from old stars typically peaks at NIR
range (e.g., 1-3 um), however, the archived NIR obser-
vations of J2048 is dominated by the reddened AGN
power-law component, making it hard to directly esti-
mate the mass of the old population. In order to esti-
mate the upper limit of Mopgp, we assume an oldest pop-
ulation (i.e., with the highest mass-to-light ratio) that
was formed at z = 10 with an exponential timescale
of 100 Myr. The spectrum+SED fitting is repeated by
scanning a series of Mogp values. The 1o upper limit
on Mogp (i.e., the one-sided 84.1% confidence interval)
is derived to be 10110 M, which is defined as the value
for which the profile-likelihood increases by Ayx? = 1.35
(e.g., Bevington & Robinson 2003; Wall & Jenkins 2012)
from the best-fit case that shows zero OSP component.
The OSP SED corresponding to the 1o upper limit is
shown as brown hatched regions in Figure 3.

With the above analyses, the total stellar mass (M)
is constrained in a range from 10%9 M, (best-fit Mysp)
to 10119 My (Mogp upper limit). In later discussion,
we adopt a fiducial value of M, = 1004 Mg, which
is estimated utilizing the average mass fraction of YSP,
0.3 £ 0.2, of 149 ULIRGs at 0.1 < z < 1 (Chen et al.
2020). The fiducial M, value corresponds to a spe-
cific SFR of 1077 yr~!, suggesting a vigorous starburst
phase.

22 SFR (in Mg yr~1!) can be estimated as 3.7 x 10* Lig sr (in
ergs~1) for a young stellar population formed in 10 Myr with
an IMF of Kroupa (2001) and a stellar mass range of 0.1-100
Mg (Calzetti 2013).

23 Due to the moderate spectral resolution and S/N of stellar
absorption features, in this paper we do not use the stellar
dispersion to estimate the dynamical mass.
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4.3. FEzxtended narrow emission lines

J2048 has an spatially extended narrow emission line
region. The map and mean radial profile of narrow Ha
line is shown in Figure 1, which correspond to an effec-
tive radius of 2.5 kpc after correction for PSF blurring.
The FWHM of the narrow line component is estimated
to be 35744 kms~! using the integrated spectrum after
correction for the spectral resolution (Table 1). Table 3
lists the flux ratios of emission lines that are used to
determine the ionization energy source. It is indicated
that the extended narrow lines are ionized by stellar
light of young stars with the BPT diagnostics (Baldwin
et al. 1981; Kewley et al. 2001; Kauffmann et al. 2003).
The corresponding instantaneous SFR estimated using
the extinction-corrected fluxes of the narrow Ha or [O11]
lines are 140 + 10 or 100 + 20 Mg yr—!, respectively,
utilizing the empirical functions of Calzetti (2013) and
Kennicutt et al. (2009).

Table 3. Flux ratios of narrow and outflow emission lines.

Ratio | Narrow line  Outflow line 1
log([O111] /HPB) —0.17 £ 0.02 0.94 +0.04
log([N11]/He) —0.40 + 0.01 0.16 +0.02
log([O1]/Ha) —1.14+0.02 —0.96 +0.05
log([S11]/Ha) —0.49+£0.01 —0.64+£0.05

4.4. Fast and powerful ionized outflow

J2048 possesses a fast ionized outflow, which is in-
dicated by the blueshifted, broad wings in profiles
of all emission lines in the integrated spectrum (Fig.
2). The outflow wings dominate the line profiles of
[O111] 4959,5007A doublets with a flux fraction of 84%.
The [O111] outflow have two components, a primary wing
(“outflow line 17 in Figure 2) with vs of —500420 km s~*
and FWHM of 1360 4 30 kms~! (Table 1); a secondary
wing (“outflow line 2”) with vy of —2250 + 30 kms™!
and FWHM of 1110460 km s—'; the line widths are cor-
rected for spectral resolution. The primary [O111] out-
flow is marginally extended out of the PSF scale (Figure
1, right panel), with a PSF-corrected effective radius of
1.4 kpc. The secondary wing traces a faster outflow
component while the component is unresolved in this
observation. The log([Om1]/HpB) ratio of the primary
wing is 0.94£0.04 (Table 3). The Hp line of the sec-
ondary wing is not detected and we can derive a lower
limit of log([O111]/HB), ~ 1.2, by assuming the peak of
the Hf line with the 1o noise level (Figure 2, bottom-left
panel). Those high [O111] /HfS flux ratio and upper limit
imply that the fast outflowing gas is ionized by AGN.

We follow the method adopted in Chen et al. (2025¢)
to estimate the mass-loss rate and kinetic power of the
fast ionized outflow. The gas mass of the ionized outflow
(Moyt) can be derived with the fluxes of outflow com-

ponents of [O11] 3729A and [O1m1] 5007A lines, with the
assumptions that the ionized outflow has a solar oxygen
abundance and the oxygen ions are mainly in the singly
and doubly ionized phases. The extinction in the out-
flow, Ay ous = 3.9 £ 0.3, is estimated using the Balmer
decrement of the outflow lines. The electron density,
1031408 ¢m=3 is estimated with the outflow compo-
nent of the [S11] doublets. The Oxygen-based?* Moy is
then estimated to be 1089%0-% A7 using the Equation
(2) in Chen et al. (2025¢). The timescale of the outflow
can be derived as Atout = Tout/Vous = 0.7 Myr; here
we adopt the effective radius, 1.4 kpc, as the outflow
traveling distance. The outflow velocity is calculated
as Vout = |vs0| + wso/2 = 2070 & 40 kms~!, where vsg
and wgg are the 50% velocity and the 80% width of the
sum of outflow 1 and 2 components of [O11] (Figure 2,
bottom-left panel). The time-averaged mass-loss rate is
estimated to be Moy, = MoutVout /Tout = 160 Mg yr—1.
The kinetic power (or the kinetic energy ejection rate)
is estimated to be E'k’out = Moutvgut/Q =10*3 ergs™!.

The high velocity and kinetic power as well as the
AGN-type ionization of the fast ionized outflow suggest
that it is driven by AGN activity. The coupling fac-
tor of kinetic power, Ey out/LAGN bol = 0.2%, is consis-
tent with the values of luminous AGNs (e.g., Fiore et al.
2017). The high mass-loss and kinetic ejection rates in-
dicate that the powerful outflow could have an impor-
tant role in the galaxy evolution, e.g., by redistributing
the fueling gas in the central and outskirt regions.

5. SUMMARY AND DISCUSSION

In this paper, we report a new discovery of an analog
of LRDs at z = 0.4, J2048, utilizing the new GMOS
optical IFU spectroscopic data and the archived multi-
band photometric SED. J2048 has a v-shape SED in UV
and optical bands as those appear in JWST-discovered
LRDs at z > 4. The blue-excess is spatially extended
and emitted from a starburst with SFR of 400 Mg yr—1.
A compact red continuum in NIR and the BLR Ha line
indicate an obscured AGN with Ay p1, = 6.3, which cor-
responds to a bolometric luminosity of 10136 ergs=!.
The black hole mass is estimated to be 10192 M. J2048
also exhibits an extended, star formation ionized narrow
line region and a concentrated, highly fast ionized out-
flow driven by the AGN, which suggest strong interac-
tion between the AGN and the host galaxy.

We discuss the observational similarities of J2048 and
high-z LRDs in Section 5.1. The implications on high-z
LRDs from the observations of J2048 are discussed in
Section 5.2 and the overmassive SMBH in Section 5.3.

24 The Moyt estimated from the flux of Ha outflow profile is
108-1£0-8 A7 which is consistent to the Oxygen-based result.
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The observations and best-fit models of J2048 compared with the stacked SED of LRDs.
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Figure 4. Best-fit models of the simultaneous spectrum+SED fitting for J2048 in the unresolved (r < 2kpc) region of J2048.
The unresolved SED (orange thick line) is obtained by subtracting the best-fit models of the extended outskirt region (Figure
5 and A3) from the best-fit SED of the entire galaxy (Figure 3). The best-fit power-law models for the unresolved SED are
shown in purple dotted (UV, < 3500 A) and green dash-dotted lines (optical, 40006500 A), respectively. The stacked SED of
LRDs in JADES (Pérez-Gonzilez et al. 2024) and COSMOS-Web surveys (Akins et al. 2024) are shown in grey thick curves
and squares, respectively; the upper limits of LRDs in COSMOS-Web survey are shown in grey triangles. All stacked SED are
normalized to 0.01 mJy at rest 3000 A for a direct comparison of the unresolved SED of J2048 and high-z LRDs.

GMOS spectra integrated in the unresolved and extended regions.
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GMOS spectra integrated in the unresolved central region (red) and the extended outskirt region (blue). The

Figure 5.
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extended spectrum is rescaled by 50% to match the continuum flux of the unresolved region at 35004500 A. Only the unresolved
region shows a red continuum and a BLR component of Ha line, which are emitted from an obscured AGN. The integration
method to create the two spectra are shown in Appendix A with the best-fit models in Figure A3.

5.1. A LRD analog at low-redshift

J2048 and the LRDs at z > 4 share several common
features: (i) a v-shape SED in the UV and optical bands
(Figure 4); (ii) a compact red continuum and a broad
Ha line component emitted by attenuated AGN (Figure
1 and 3); and (iii) an overmassive location in the Mpy-
M, diagram (Figure 6). These similarities suggest J2048
as a low-z analog of those distant LRDs.

The SED of J2048 is compared with the stacked SED
of high-z LRDs in JADES (Pérez-Gonzalez et al. 2024)

and COSMOS-Web surveys (Akins et al. 2024) in Fig-
ure 4. For the sake of a direct comparison with SED of
high-z LRDs that are typically unresolved, we show the
SED from the unresolved region (r < 2kpc) of J2048
in Figure 4 (orange thick line), which is obtained by
subtracting the best-fit models of the extended outskirt
spectrum?® from the best-fit SED of the entire galaxy

25 In order to obtain the SED in the outskirt region, we extend
the best-fit stellar continuum model (as shown in Figure A3)
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Mgu vs. M, (left), Mpu vs. redshift (middle), and M. vs. redshift (right) diagrams of JWST-discovered LRDs

at z > 4 (pink dots, Goulding et al. 2023; Harikane et al. 2023; Kocevski et al. 2023; Maiolino et al. 2024; Wang et al. 2024;
Juodzbalis et al. 2024b; Akins et al. 2025; Kocevski et al. 2025), as well as the lower-z analogs of LRDs at Cosmic Noon (squares,
Juodzbalis et al. 2024a; Billand et al. 2025; Ma et al. 2025; Rinaldi et al. 2025; Stepney et al. 2024; Wang et al. 2025) and
local universe (triangles, Lin et al. 2025). J2048 is shown as purple stars with the lower- and upper-limits (Section 4.1 and 4.2)

denoted in purple triangles. The Mpu-M., relations of local AGNs and E/S0-type galaxies are shown with green and blue thick
lines, respectively (with +0.5 dex; Reines & Volonteri 2015). The Mgu/M, = 1 locations are shown with grey dashed line; the

ratios of 107%-107" are shown with grey dotted lines.

(Figure 3). The stacked LRD SED are normalized to
0.01 mJy at rest 3000 A to compare with the unresolved
SED of J2048. The unresolved SED of J2048 is curved
due to the Balmer break of a young stellar population
formed in ~ 20 Myr (from continuum fitting) and the
red color from the obscured AGN power-law. The un-
resolved SED of J2048 is very similar to the v-shape
SED of the stacked LRD templates in the UV and opti-
cal ranges. The approximate power-law indexes in UV
(< 3500A) and optical range (4000-6500A) are esti-
mated to be ayyy = —1.5 and oy opt = 1.2, respec-
tively, which are within the index ranges of high-z LRDs,
e.g., —2.8 < ayuv < —0.4 and 0 < ay opt < 3 (Figure
3 of Kocevski et al. 2025). Note that the v-shape SED
with a red continuum is only detected in the unresolved
region (r < 2kpc) of J2048, while the extended region
shows a blue continuum emitted by young stars in the
optical range (Figure 5 and A3).

The SED of J2048 has an obvious red bump in the
NIR range (> 1um). We examine the possible con-
tributor of the red bump in Section 3.4, and conclude
that a reddened AGN power-law continuum is the only
reasonable explanation. The reddened power-law con-
tinuum as well as the BLR Ha line indicate an obscured
AGN embedded in J2048, which is also considered as a
main population in the high-z LRDs (e.g., Maiolino et al.
2024; Greene et al. 2024; Hviding et al. 2025). The SED
of J2048 is redder than the stacked LRD SED (Figure
4), which is probably due to the higher extinction of

to UV and NIR ranges. Since the AGN power-law continuum
and torus components emit only in the nuclear region, they are
not considered in the subtracting of outskirt SED.

J2048, Ay pr, = 6.3, compared to the typical values of
LRDs, e.g., Ay = 3-4 (Kocevski et al. 2025; Li et al.
2025b).

Utilizing the best-fit results of the pure spectral fit-
ting and the simultaneous spectrum+SED fitting, we
estimate Mpy and M, as well as their lower- and upper-
limits (Section 4.1 and 4.2), which are shown in Figure
6. The results of the JWST-discovered LRDs at z > 4
(e.g., Goulding et al. 2023; Harikane et al. 2023; Ko-
cevski et al. 2023; Maiolino et al. 2024; Wang et al. 2024;
Juodzbalis et al. 2024b; Akins et al. 2025; Kocevski et al.
2025), as well as the lower-z analogs of LRDs at Cosmic
Noon (squares, Juodzbalis et al. 2024a; Billand et al.
2025; Ma et al. 2025; Rinaldi et al. 2025; Stepney et al.
2024; Wang et al. 2025) and local universe (triangles, Lin
et al. 2025) are also shown in Figure 6. Despite the large
uncertainties in estimation of host stellar mass2®, there
is an increasing trend of M, from LRDs at z > 4 (108
10'° M) to the analogs at Cosmic Noon (109101t M),
and J2048 locates at this increasing path towards lower
redshift as shown in Figure 6 (right panel). On the other
hand, similar to many of the distant LRDs, J2048 also
possesses an overmassive SMBH even if we adopt our

26 The typical method to estimate M, with SED fitting can be
affected by the choice of SED types, e.g., galaxy-only SED or
AGN-host composite SED (e.g. Wang et al. 2024, 2025; Billand
et al. 2025). The derived M, can also be underestimated due
to the lack of the faint old stellar population, especially for the
LRD analogs at lower redshifts (as discussed in Section 4.2).
For M, estimated based on dynamical mass, the uncertainties
can originate from the unconstrained size (e.g., Ma et al. 2025)
and the complicated dynamical structure (e.g., Banerji et al.
2021; Stepney et al. 2024).
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most conservative estimation of Mgy or M, (Figure 6,
left panel). We discuss the overmassive SMBH in details
in Section 5.3.

Finally we note the main difference of J2048’s spec-
tral features compared to those of high-z LRDs, i.e., no
obvious absorption feature on AGN BLR lines in J2048.
The absorption line can be associated to the dense gas
environments and super-Eddington accretion bursts in
high-z LRDs (e.g., Inayoshi 2025). However, the non-
detection of such absorption lines in J2048’s spectrum
does not imply the actual absence of those features, since
in the observation only Ha show BLR line while the
Ha absorption line could be merged by the complicated
outflow profiles of Ha-[N11] complex. Future NIR obser-
vations of Paschen lines are required to address if such
dense gas absorption exist in J2048.

5.2. Implications on high-redshift LRDs from
observation of J2048

Thanks to its brightness and low redshift, J2048 serves
as a unique laboratory to witness the properties in dis-
tant LRDs. One of the major mysteries on LRDs is the
reason of the v-shape SED, or in other word, the ori-
gin of the blue excess. Either a star-forming galaxy or
scattered AGN light is considered as possible explana-
tions of the blue excess. The host star-forming origin is
preferred to explain the LRDs with extended features
in JWST’s imaging observations (e.g., Rinaldi et al.
2024; Billand et al. 2025; Chen et al. 2025a; Zhuang
et al. 2025); however, due to the distance of the high-
z LRDs, such extended features are usually very faint.
The GMOS observation of J2048 clearly exhibit that
the extended, blue continuum is emitted by young stars
with a SFR. of 400 M yr—! in the recent ~ 20 Myr.
This is the first time that a starburst host galaxy in a
LRD-like object is spatially resolved with spectroscopic
confirmation. The extended, bright starburst emission
also matches the prediction of Billand et al. (2025), i.e.,
the outskirt component could become more apparent as
redshift decrease due to the formation of host galaxies.

Most LRDs at z > 4 show weak or non-detections of
rest MIR emissions, which implying the lack of dusty tori
(T ~ 300-1500 K) in the vicinity of the SMBHs (e.g.,
Leung et al. 2024; Pérez-Gonzéalez et al. 2024; Williams
et al. 2024; Akins et al. 2024; Setton et al. 2025). A torus
is also absent in the “Big Red Dot” at z ~ 2.5 (Stepney
et al. 2024). A possible explanation is that the AGN is
reddened by dust out of the nuclear torus scale (10-30
pc; e.g., Nenkova et al. 2008; Honig 2019; Nikutta et al.
2021; Li et al. 2025b; Chen et al. 2025b). The AGN
torus component is detected in J2048. However, if we
redshift the SED of J2048 to z > 4 and scale it to the
flux level of LRDs at rest 3000 A, the torus component
of J2048 is also below the detection limits of the current
LRD surveys at rest MIR bands (e.g., Akins et al. 2024),
e.g., Herschel/PACS at 70 and 160 ym (~ 10 gm in rest
frame), as shown in Figure 4. As discussed in Section

4.1, the torus-to-bolometric luminosity ratio of J2048, ~
0.03, is 0.4 dex lower than that of typical normal AGNs
(e.g., Ichikawa et al. 2019). The lower ratio suggest that
the torus in LRD-like objects could be thinner than that
in typical AGNs, i.e., a smaller covering factor, which
reduces the absorbed and reemitted energy by torus and
results in its faintness. The slim and faint torus scenario
can be incorporated into the one with extended absorber
to explain the weak MIR features of LRDs.

It is suggested that a powerful outflow can have an im-
portant role in the evolution of LRDs, e.g., expelling gas
from the inner AGN region, enlarge the galaxy size, en-
hance or suppress star formation (e.g. Billand et al. 2025;
Wang et al. 2025). Outflow features have been seen in a
small number of LRDs with JWST/NIRSpec in both of
emission lines (e.g., [O111], Cooper et al. 2025; D’Eugenio
et al. 2025) and absorptions (e.g., He I, Juodzbalis et al.
2024a; Wang et al. 2025). Such outflows have also been
detected in lower-z LRD analogs with unresolved ob-
servations (e.g. Stepney et al. 2024; Lin et al. 2025).
J2048 has the first spatially-resolved outflow detection
and the most powerful outflow among LRD-like objects.
Since the extinction in the AGN central region is high
(Ay ~ 6) of J2048 and only Ha has the BLR line, the
ionized outflow is clearly detected in the [Om1] line pro-
file without contamination of H3 BLR line. It is fast
(—2070 kms™!) and extended to 1 kpc scale, showing
high mass-loss rate (160 My yr—!) and kinetic power
(10%43 ergs™!). The finding indicates that such pow-
erful outflow could also occur in high-z LRDs and sig-
nificantly affect the evolution and environment of those
distant galaxies.

The extinction of AGN in J2048, Ay = 6.3, is higher
than the typical values of LRDs, e.g., Ay = 34 (Ko-
cevski et al. 2025; Li et al. 2025b). The finding could
suggest that LRDs with higher obscuration, or even a
buried AGN (i.e., a type-2 SED), may also exist in high-
z universe; and there could be a dynamical change of
obscuration level driven by AGN feedback via strong
radiation or powerful outflows. Those obscured/buried
AGN population has not been found yet due to their
faintness and the selection upper limit of JWST obser-
vations at redshift up to 10. It is implicated that the
actual AGN population related to the JWST-discovered
distant LRDs could possess even a higher number den-
sity than the values based on the current LRDs surveys.

5.3. An extremely overmassive SMBH

J2048 has an extremely overmassive SMBH. If we
adopt the fiducial estimation, Mgy = 10192 My and
M, = 10'%% Mg (Section 4.1 and 4.2), the Mgy /M.
ratio is derived to be ~ 0.6, which is approximately two
orders of magnitude higher than the ratio of local E/SO-
type galaxies (Reines & Volonteri 2015) with a similar
M, (Figure 6, left panel). Even if we adopt our most
conservative estimation, e.g., the upper limit of M., 10'!
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Mg, (or the lower limit of Mgy, 1098 Mg), we still get

Overmassive central BHs (e.g., Mpu/M, > 0.1) are
found in a large fraction of the LRDs at z > 4 (e.g., In-
ayoshi & Ichikawa 2024; Maiolino et al. 2024; Kocevski
et al. 2025). The origin of the overmassive BHs are
still debated, possible explanations are underestimation
of M, in SED fitting due to different choices of SED
types (e.g., Maiolino et al. 2024; Wang et al. 2024), se-
lection bias of LRD surveys favoring luminous and mas-
sive BHs (e.g., Li et al. 2025a), the lag of star formation
and less developed stellar bulge at these early epochs
(e.g. Maiolino et al. 2024; Juodzbalis et al. 2024b), or
the super-Eddington accretion bursts (e.g. Inayoshi &
Ichikawa 2024; Juodzbalis et al. 2024b). Such overmas-
sive SMBHs are also discovered in two LRD analogs at
cosmic noon, ULASJ231540143 (Stepney et al. 2024)
and JADES GN-28074 (Juodzbalis et al. 2024a). Over-
massive SMBHs are very rare in local universe (e.g.,
NGC 1277, van den Bosch et al. 2012). J2048 would
possess one of the highest Mpy/M, ratio at low red-
shifts.

In the case of J2048, the possibility of an underesti-
mated M, can be discarded because J2048 has an over-
massive SMBH even if we adopt our most conservative
M, estimation. Galaxy mergers are usually considered
to enhance the accretion of central SMBHs (e.g. Hopkins
et al. 2008; Sturm et al. 2011; Veilleux et al. 2013; Toba
et al. 2022; Yutani et al. 2022). However, the overmas-
sive SMBH of J2048 is unlikely the direct production of
the recent merger in past ~ 20 Myr (from stellar contin-
uum fitting). Even if we consider J2048 experienced 10
cycles of such merger events, the mean accretion rate re-
quired to construct Mpy of ~ 1010 My is still impossibly
high (e.g., ~10-100 Mg yr~!). Therefore the overmas-
sive SMBH could already be in place before the recent
merger event(s). A possible scenario is that, J2048 was
a successor of the most massive LRDs at z > 4, e.g.,
CEERS 7902 (Mpg = 103, Mg Kocevski et al. 2025),
which already built the bulk of the Mpy at early epochs
(e.g., via super-Eddington accretion bursts), and then
experienced several merger events during Cosmic Noon
to possess the observed Mpp. Meanwhile, unlike most
LRDs that left from the overmassive-BH phase as the de-
velopment of the host stellar components (e.g. Maiolino
et al. 2024; Billand et al. 2025), the stellar build-up of
J2048 was suppressed due to some reasons (e.g., power-
ful outflow feedback, or stripping-out of stellar envelope
during past mergers), and as a result, the overmassive-
BH is retained till the observed epoch.

J2048 is currently in a growing period of both of
the SMBH and the host galaxy suggested by the AGN
Eddington ratio of 0.14 and the SFR. of 400 Mg yr—!
(optical /TR-based). However, this active growing phase
is likely to be terminated soon since a powerful outflows
have been launched (Section 4.4), although currently
there is no significant evidence of the occurrence of such

strong negative feedback®” (e.g. Chen et al. 2025¢). Fur-
thermore, the current Mpy is already comparable to
those of the most massive SMBHs in local universe (e.g.,
Kormendy & Ho 2013; Reines & Volonteri 2015), and it
is not probable that J2048 will experience any further
significant SMBH growth. Moreover, the host build-up
in J2048 is also constrained, which prevent it to mi-
grate into the local Mpy-M, relation. A local elliptical
galaxy with Mgy of ~ 10'° Mg has a M, of ~ 102
Mg, If J2048 could grow up to M, = 10'2 M via star
formation in the remaining cosmic time (~ 4.6 Gyr at
z = 0.433), an average SFR of ~ 200 My, yr—! over Gyrs
is required, which is impossibly high. On the other hand,
there is also no potential mass budget for future merger
assembling. The Illustris TNG100 simulation suggests a
maximum separation of ~ 200 kpc (~ 35" at z = 0.433)
for galaxy merger occurring in 4 Gyr (Chamberlain et al.
2024). However, there is no non-stellar objects within
35" from J2048 that reaches 1% of the flux of J2048
(19.05 mag in i-band). To summarize, the evolution-
ary destination of J2048 could be a moderately enlarged
stellar bulge with a retained overmassive SMBH.
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APPENDIX

A. GMOS INTEGRATED SPECTRA IN THE
CENTRAL AND OUTSKIRT REGIONS

Figure A3 shows the GMOS integrated spectra in the
central and outskirt regions. The central spectrum is
created using the average spectra of the central pixels
and scaled with the PSF model. The outskirt spectrum
is integrated with the GMOS data cube after subtracting
the PSF-scaled spectra in the central region. Here we
employ the PSF model as the average of the normalized
intensity maps of AGN power-law and BLR Ha line,

which are obtained with the per-pixel spectral fitting.
The PSF can be fit with a Gaussian profile with FWHM
of 0.65"” (3.70 kpc) as shown in Figure 1 (right panel).

Since the emission from AGN power-law continuum is
highly obscured, the central spectrum at rest A < 6000 A
is dominated by stellar continuum emitted by young
stars. In the outskirt region where the AGN core compo-
nents are not detected, the full spectrum in dominated
by stellar light. Please refer to Section 4.2 for detailed
discussions.
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Pure spectral fitting of GMOS integrated spectrum with the best-fit models extended to full SED range.
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Figure Al.

Best-fit models of the pure spectral fitting for the GMOS integrated spectrum of the entire galaxy. The models

are extended to the wavelength range covered by the photometric SED. The result suggests that the red power-law continuum
is not well constrained with pure spectral fitting due to the limited wavelength coverage. See Section 3.3 for detailed discussion.

Simultaneous fitting of integrated spectrum and photometric-SED (in spectral range).
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