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ABSTRACT

Recent observations by the James Webb Space Telescope (JWST) have revealed a puzzling population of optically red and com-
pact galaxies with peculiar “V’’-shaped spectra at high redshift, known as “Little Red Dots” (LRDs). Until now, most spectro-
scopically confirmed LRDs are found at z > 4 and it has been speculated that LRDs are tracing the early stages of black hole
evolution. We report an independent rediscovery of a broad-line active galactic nucleus (AGN), SDSS J102530.29+140207.3,
at z = 0.1, which shows spectral features matching those of LRDs seen in the early Universe, including the V-shaped spectrum,
broad Balmer lines (with widths of 1000 - 2000 km s~!), and deep Balmer absorption. We present a new GTC observation of this
LRD, which reveals an optical continuum similar to those of G-to-K giant stars including an unambiguous G-band absorption
originating from the CH molecule. In addition, this local LRD shows a series of absorption lines potentially related to low-
ionization ions or atoms but are deeper than what is observed in empirical stellar templates. We further identify a series of [Fe 11]
emission lines indicative of low-ionization gas, which we find also present in a JWST-selected LRD at z = 2.26. We find small
but statistically significant variability in the He of SDSS J102530.29+140207.3 consistent with previous findings. Finally, we
report new observations with NuSTAR. We confirm the extreme X-ray weakness of this LRD, which might imply Compton-thick
gas obscuration with Ny > 10%* cm~2. All evidence suggests SDSS J102530.29+140207.3 has a complex gaseous environment
and the strong ionic, atomic, and molecular absorptions are hard to explain with typical stellar and AGN models.

Key words: galaxies: active — galaxies: dwarf

1 INTRODUCTION “V’-shaped spectral turnover near the Balmer limit (i.e., ~ 3646 A,
see, e.g., Greene et al. 2024; Setton et al. 2024). In the local Uni-
verse, UV upturn is observed in early-type galaxies, but in this case
the turnover point typically occurs at ~ 2500 A, which is likely pro-
duced by old and evolved low-mass stars (e.g., Maraston & Thomas
2000; Le Cras et al. 2016; Martocchia et al. 2025), different from that
observed in LRDs. Also, the V-shaped turnover of LRDs is not ob-
served in the typical continua of accreting supermassive black holes
in the local Universe (Vanden Berk et al. 2001).

One of the most exciting and puzzling discoveries of James Webb
Space Telescope (JWST, Gardner et al. 2023; Rigby et al. 2023) is the
abundant population of compact and optically red galaxies known as
“Little Red Dots” (LRDs) typically found at z > 4 (e.g., Kocevski
et al. 2023, 2025; Harikane et al. 2023; Matthee et al. 2024; Greene
et al. 2024; Wang et al. 2024; Kokorev et al. 2024; Labbé et al. 2024,
2025; Taylor et al. 2025). These galaxies ubiquitously show red op-
tical colors and blue ultraviolet (UV) slopes, leading to a peculiar
Another key characteristic of LRDs is their compact morphology,

and the UV and optical light of many LRDs remains spatially un-

* E-mail: xj274@cam.ac.uk resolved even in the JWST/Near-Infrared Camera (NIRCam) images
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(see, however, Rinaldi et al. 2025 for cases where the UV images of
LRDs are resolved), suggesting physical sizes smaller than 100 - 300
pc for the general population (Akins et al. 2025b) and even within 30
pc for particular cases (Furtak et al. 2023, 2024). To date, the physi-
cal nature of LRDs remains highly debated, and the explanations for
their peculiar UV-optical turnover include stellar continua of massive
and compact stellar populations (Pérez-Gonzélez et al. 2024; Baggen
etal. 2024; Wang et al. 2024; Ma et al. 2025b; Nandal & Loeb 2025),
gas-obscured accretion disc emission of active galactic nuclei (AGN,
Inayoshi & Maiolino 2025; Ji et al. 2025a; de Graaff et al. 2025b;
Naidu et al. 2025; Begelman & Dexter 2025; Liu et al. 2025), ac-
cretion disc emission of AGN attenuated by special dust attenuation
curves (Li et al. 2025), or emission from extended and gravitationally
unstable accretion discs of AGN (Zhang et al. 2025a).

One of the consequences of the stellar interpretation of the
UV-optical turnover is the high stellar masses (> 10°710 M) for
LRDs, which are mainly derived from the strong Balmer breaks
in the turnover region. These large masses, together with the high
comoving-volume density of LRDs, lead to a stellar-mass func-
tion potentially incompatible with the standard ACDM cosmological
model (e.g., Akins et al. 2025b; Inayoshi & Ichikawa 2024). Addi-
tionally, the compactness of LRDs implies extremely high stellar-
mass densities reaching 10°~% My, pc~2 within their half-light radii
(Baggen et al. 2024; Labbé et al. 2024; Ma et al. 2025b). Such a high
stellar density is only seen in the nuclear star clusters (NSCs) of lo-
cal galaxies (Neumayer et al. 2020), whose stellar masses are several
orders of magnitude lower than those inferred for LRDs. Further-
more, the high stellar masses of LRDs are incompatible with the low
dynamical masses inferred from the widths of their emission lines
(JuodZbalis et al. 2024a; Wang et al. 2025; Ji et al. 2025a; D’Eugenio
et al. 2025a; Akins et al. 2025a).

Recently, it has been proposed that the stellar-mass problem of
LRDs can be alleviated if their observed continua including the
strong Balmer breaks are dominated by AGN accretion discs rather
than stellar populations (Inayoshi & Maiolino 2025; Ji et al. 2025a).
In this picture, the Balmer breaks are driven by dense nuclear gas po-
tentially close to the broad-line region (BLR) that is optically thick
to the Balmer continuum, without invoking massive stellar popula-
tions. Recent models also explore the potential origin of the obscur-
ing gas, including the “quasi-star” idea where the black hole formed
through direct collapses and left a gas envelope (Begelman et al.
2006; Begelman & Dexter 2025; Naidu et al. 2025) or the turbulent
accretion flows surrounding the black hole (Liu et al. 2025). Such gas
envelopes around early black holes might eventually disappear due
to the drop of gas inflow rates due to the gas removal by supernova
feedback in galaxies (Inayoshi et al. 2025a).

It has been speculated that the presence of high-column density
and dense gas is ubiquitous in early AGN at z > 2 discovered by
JWST (Maiolino et al. 2024; JuodZbalis et al. 2024a), with LRD AGN
being a subpopulation that makes up roughly 30% of the whole AGN
population (Hainline et al. 2025). Indeed, many of the spectroscopi-
cally confirmed LRDs show prominent broad Balmer emission lines
with full widths at half maximum (FWHM) > 1000 km s~!, tracing
the broad-line regions (BLRs) of AGN (Matthee et al. 2024; Greene
et al. 2024; Rinaldi et al. 2025). However, even the AGN interpreta-
tion is not without problems. Notably, these LRD AGN have pecu-
liar properties not commonly seen in local AGN or bright quasars:
extremely weak X-ray emission, the widespread absence of high-
ionization emission lines (see, however, Tang et al. 2025 for an excep-
tion), weak or no continuum variability, and ~20% of them exhibit
strong Balmer-line (sometimes also helium-line) absorption with a
non-stellar origin (Ananna et al. 2024; Yue et al. 2024; Maiolino
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et al. 2025b; Matthee et al. 2024; Akins et al. 2025b; JuodzZbalis
et al. 2024a; Taylor et al. 2025; Lin et al. 2024; Labbé et al. 2024;
Ji et al. 2025a; D’Eugenio et al. 2025a; Kokubo & Harikane 2024;
Zhang et al. 2025b). The dense gas obscuration might explain the
above peculiarities through Compton down-scattering of X-ray pho-
tons by high-column density gas (with Ng > 1.5 x 10** cm~2) and
absorption of hydrogen Balmer and helium transitions (JuodZbalis
et al. 2024a; Wang et al. 2025). Meanwhile, super-Eddington accre-
tion could serve as an alternative or a complementary mechanism
to produce intrinsically weak X-ray emission, weak high-ionization
emission lines, weak variability (King 2025; Madau & Haardt 2024;
Pacucci & Narayan 2024; Lambrides et al. 2024; Inayoshi et al.
2025b), and potentially the red optical continuum without dust at-
tenuation (Liu et al. 2025). Full investigation of the AGN scenario
is usually limited by the lack of constraining multiwavelength data
at high redshift (de Graaff et al. 2025b; Greene et al. 2025) and of
multi-epoch observations (Kokubo & Harikane 2024)!.

The main obstacle to studying LRDs is the rapid decline in their
population at z < 4 (Kocevski et al. 2025), which could be evi-
dence for a connection with cosmic evolution (Loeb 2024; Inayoshi
2025; Pacucci & Loeb 2025; however, note that large-area Euclid
and Spitzer photometry suggests an increase in comoving volume
density of photometric LRD candidates with increasing cosmic time,
Euclid Collaboration et al. 2025). Thus far, there are only three spec-
troscopically confirmed LRDs at z = 2, which are the Rosetta Stone
at z = 2.26 (Juodzbalis et al. 2024a), DEEP23-z2LRD1 at z = 2.26
(Ma et al. 2025a), and the Big Red Dot at z = 2.33 (Loiacono et al.
2025), and there are no credible spectroscopically selected LRD can-
didates with JWST at z < 2 (although recent results from Euclid have
pushed the color-selected LRD candidates to z = 0.33, Euclid Col-
laboration et al. 2025). Establishing a truly local analog would be a
huge leap forward in our ability to study these systems in detail. First
of all, a local object can put stringent constraints on current theories
that link LRDs to cosmic evolution, such as the first accretion event
on supermassive black holes (Inayoshi 2025). More importantly, the
time required for multi-wavelength observations would be greatly re-
duced, enabling a panchromatic view of the spectral energy distribu-
tion (SED) of the LRD with stringent constraints on X-ray and radio
emission, which is usually not detected in this kind of objects (e.g.,
Ananna et al. 2024; Yue et al. 2024; Akins et al. 2025b). Finally, de-
tailed time-domain science would become possible, as cosmic time
dilation is negligible. This will allow for variability studies of the
AGN properties, which is extremely challenging for high-z LRDs
(Zhang et al. 2025b).

Recently, Lin et al. (2025b) presented a catalog of 19 broad-
line AGN in green pea (GP) galaxies at z < 0.4 as local spectro-
scopic analogs of high-redshift LRDs, among which 6 objects have
V-shaped UV-optical continua. Many of these sources show strong
[N 11]16583 lines, which imply chemically enriched environments
unlike the very metal-poor broad-line AGN selected by JWST (Tre-
foloni et al. 2025). None of these candidates shows clear Balmer
absorption as seen in LRDs spectroscopically confirmed by JWST.
Also, some candidates show strong high-ionization lines such as
He 114686, which are, perhaps surprisingly, weak in JWST-selected
broad-line AGN, potentially due to their high-accretion rates (e.g.,

! The variability, however, can be well constrained with single-epoch obser-
vations of gravitationally lensed sources with multiple images (see e.g., Ji
et al. 2025a; Furtak et al. 2025).



Lambrides et al. 2024; Juodzbalis et al. 2025a)2. Finally, it remains
unclear whether the SEDs of the local analogs outside the optical
regime actually match that of the average LRD selected by JWST.
To find a local LRD, it is vital to match all the characteristics of the
high-z counterparts mentioned above in observations. It is thus use-
ful to start the search by looking into spectral features rarely seen in
local sources, such as the V-shaped spectrum and the strong Balmer
absorption.

More recently, Lin et al. (2025a) presented three local broad-line
LRDs with V-shaped spectra at z ~ 0.1 — 0.2. These LRDs have
low metallicities similar to high-z counterparts, have weak high-
ionization lines, and their V-shaped turnover points are close to the
Balmer limit. In addition, two of these LRDs show clear Balmer ab-
sorptions, making them the best local LRD candidates thus far.

We have independently identified the brightest and also the low-
est redshift LRD present in Lin et al. (2025a)’s sample. In this
work, we present a detailed analysis of this local LRD, SDSS
J102530.29+140207.3 (hereafter J1025+1402). We provide a de-
tailed panchromatic view on J1025+1402 with the goal of demon-
strating its similarities to high-redshift LRDs and how it provides
new insights into the nature of the LRD population. The structure
of the manuscript is as follows. In Sections 2 and 3, we present the
data we used for J1025+1402 and our spectral measurements. In Sec-
tion 4, we compare the observations of J1025+1402 with those of
high-z LRDs. In Section 5, we perform emission-line and absorption-
line diagnostics of J1025+1402. We discuss the physical interpreta-
tions of the panchromatic spectrophotometric data of J1025+1402 in
Section 6, and discuss issues with the derived stellar mass and energy
budget in Section 7. We draw our conclusions in Section 8. Through-
out this work, we assume a flat ACDM cosmology with & = 0.674
and Qy, = 0.315 (Planck Collaboration et al. 2020). All magnitudes
are given in the AB system and wavelengths are given in air. All ob-
servations are corrected for Galactic extinction using the Schlafly &
Finkbeiner (2011) dust map and a Fitzpatrick (1999) extinction curve
with Ry = 3.1.

2 SPECTROSCOPIC AND PHOTOMETRIC DATA

We started our search of the local LRD candidates using the dwarf
galaxy catalog of Izotov et al. (2007) with broad-line detections in
35 sources at z < 0.3, which might host low-metallicity AGN simi-
lar to those found at high redshift (Izotov & Thuan 2008). We used
archival photometric and spectroscopic data from the Sloan Digital
Sky Survey (SDSS, York et al. 2000) data release 7 (DR7, Abaza-
jian et al. 2009), and the Galaxy Evolution Explorer (GALEX, Martin
et al. 2005) to select sources satisfying the following criteria

(i) Following the photometric selections with JWST/NIRCam
bands by Kocevski et al. (2025), an ambiguous V-shape turnover
indicated by photometric bands at 3000 - 4000, with the UV slope
Buv < —0.37 (determined by GALEX NUV and SDSS u bands) and
the optical slope Boptical > 0 (determined by both SDSS g and r, and
g and i bands).

(ii) Significant absorption in Ha revealed by archival spectro-
scopic data from SDSS (see, e.g., Burke et al. 2021b).

(iii) Point-source like morphology from the SDSS imaging, where
model photometric magnitudes are consistent with the point spread
function (PSF) magnitudes within 20~ uncertainties.

2 Sometimes strong He 1114686 emission is also found in star-forming galax-
ies in the local Universe (Shirazi & Brinchmann 2012).
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(iv) A metal-poor gaseous environment with Z/Zg < 0.1 similar
to JWST-selected broad-line AGN (Trefoloni et al. 2025). Here we
took the metallicity measurements by Izotov et al. (2007).

(v) High-ionization lines, such as He 114686, weaker than typical
Seyferts (with the flux ratio of He i/Hf 50.06, e.g., JuodZzbalis et al.
2025a).

Within the catalog, J1025+1402 is the only source satisfying all
criteria. Furthermore, J1025+1402 has a stable light curve with ten-
tative evidence of small variability in Ha and a high broad Ha lu-
minosity > 10*! erg s™!, which largely rule out the possibility of
it being dominated by blue variable stars or supernovae (Izotov &
Thuan 2008; Burke et al. 2021b).

In this work, we focus on the single source, J1025+1402, and
examine its physical properties leveraging both spectroscopic and
photometric data. For spectroscopic data, besides SDSS, we ob-
tained archival Gemini-North observations described in Burke et al.
(2021b). The publicly available Gemini observations were obtained
within the programme GN-2020A-FT-204 (PI C. Burke) using the 1
slit and we performed our own reduction as detailed in Appendix A.
The Gemini spectrum has a wavelength coverage of 6050-8410 A
and has an effective spectral resolution of R ~ 3400.

In addition to the archival spectroscopic data, we obtained new
spectroscopic data in the optical using the 10.4 m-Gran Telescopio
CANARIAS (GTC) with the Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy (OSIRIS) from the
programme GTCO03-25ADDT (PI C. Ramos Almeida). The observa-
tion was performed using the ("’ 6-slit, oriented along the parallactic
angle, and R1000B grism with a total exposure time of 2 hr on source,
which produces an effective spectral resolution of R ~ 1000 in the
optical. We describe the data reduction in detail in Appendix B. Due
to the smaller size of the slit (0”6) compared to the seeing (0”8 -
1”72), there is significant aperture loss in the final spectrum, which
we corrected by normalizing the continuum level to that of the SDSS
spectrum. The average normalization factor between the GTC and
SDSS spectra is 2.40 = 0.01 and the derivation is detailed in Ap-
pendix C. Figure 1 shows the full GTC spectrum covering 3380 A-
7140 A in the rest frame (convolved to a low resolution of R ~ 100 to
compare with the SEDs of high-z LRDs). The signal-to-noise (S/N)
of the GTC spectrum is significantly higher than that of the SDSS
spectrum, which helps reveal a series of emission lines as we de-
scribe later in Section 3.

We also collected archival and new photometric observations for
J1025+1402 from X-ray to Mid-infrared (MIR). The archival X-
ray data are from a small Chandra programme (PI T. Thuan) pre-
sented by Simmonds et al. (2016), who reported no detection. We
obtained new X-ray observations with a NuSTAR Director’s Discre-
tionary Time programme (PI A. Fabian) for 40 ks on-source that
reaches high energies up to 50 keV and still had no detection. The
rest of the photometric data are queried through the photometric tool
VizieR (Ochsenbein et al. 2000). Specifically, we extracted FUV and
NUYV data from GALEX (Martin et al. 2005), u, g, r, i, z-band data
from SDSS (York et al. 2000), Y, J, H, K-band data from UKIDSS
(Lawrence et al. 2007), and W1, W2, W3, W4-band data from WISE
(Wright et al. 2010). In Figure 1, we plot the archival photometric
points of J1025+1402, which show the characteristic V-shape in the
UV-optical regime with the turnover point close to the location of
SDSS u band also revealed by the GTC/OSIRIS spectrum. Next, we
describe measurements of spectral features for J1025+1402.

MNRAS 000, 1-32 (0000)
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Figure 1. Comparison between the spectrophotometric SEDs of J1025+1402, the Rosetta Stone (one of the lowest-z LRDs discovered by JWST at z = 2.26,
JuodzZbalis et al. 2024a), the CIliff (one of the LRDs showing the strongest Balmer break at z = 3.55, de Graaff et al. 2025b), and the median stack of the
color-selected LRDs at z ~ 6 from the COSMOS field (Scoville et al. 2007) provided by Akins et al. (2025b) (where non detections are plotted as 5o -upper
limits following Akins et al. 2025b). The GTC spectrum (solid black) of J1025+1402 is convolved to the resolution of the PRISM spectrum (R ~ 100) of the
Rosetta Stone (solid pink) for illustrative purposes. There is a close resemblance among the SEDs of J1025+1402, the Rosetta Stone, and the stacked LRDs,
once normalized to similar flux density levels, with a common V-shaped turnover in the NUV-optical regime, a blue UV slope, a red optical slope, a peak in the
NIR, and weak MIR emission. While the Cliff exhibits a much stronger break near the Balmer limit compared to all the other LRDs, its NIR SED is similar to
that of J1025+1402. On the top, we show the SDSS (York et al. 2000) gri-composite image and the Legacy Survey (Dey et al. 2019) gr z-composite image of

J1025+1402, where J1025+1402 is unresolved.

3 SPECTRAL MEASUREMENTS

We measured emission as well as absorption lines present in the
archival SDSS and Gemini spectra and the new GTC spectrum of
J1025+1402. Due to the different spectral coverages, instrumental
resolutions, and S/N of these spectra, we adopted the following strate-
gies for line measurements. First of all, we removed the relative flux
calibration difference (mainly due to the flux calibration uncertainty
of the Gemini spectrum) by renormalizing the continuum of the
Gemini spectrum to that of the SDSS spectrum (see Appendix A).
While this step prohibits studies of the continuum variability for
J1025+1402 (as the Gemini observations were taken ~ 16 yr after
the SDSS observations, see Burke et al. 2021b), the spectral vari-
ability can still be constrained through the equivalent width of broad
emission lines, which we discuss later in Section 5. For the GTC
spectrum, as we have mentioned, there are significant slit losses, and
we applied corrections also based on the SDSS spectrum (see Ap-
pendix C).

MNRAS 000, 1-32 (0000)

To fit the lines in the SDSS, we used the Penalized PiXel-Fitting
code (pPXF, Cappellari & Emsellem 2004; Cappellari 2017) and
assumed the continuum is a superposition of three power laws
(with slopes of @ = —-2.33, —1, and 0.5) multiplied by a fourth-
order Legendre polynomial. By doing so, we remain agnostic about
the physical nature of the continuum, given that the relatively low
S/N of the continuum does not allow detailed modeling with stel-
lar or AGN templates. During the fit, we fixed the flux ratios of
lines in certain doublets, forcing [O 111]14959/[O m1]A5007 = 0.347,
[01]16363/[01]26300 = 0.33, [N 11]16548/[N 11]16583 = 0.33, and
[Ne 1m1]13968/[Ne m1]13869 = 0.30 based on theoretical emissivity
ratios (Del Zanna et al. 2021). We assumed a single narrow compo-
nent for lines except Ha and HB and tied the kinematics of all nar-
row lines. For He and HpB, we include narrow, broad, and absorption
components. We used the standard parameterization of

—(1— 2.2/,,2
falfao = 1= Cy + Cypexp[—rge™ IV W0/, (1)

to model the Balmer absorption, which assumes a screen geometry
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Figure 2. Best-fit spectral models for part of the observed spectra of J1025+1402. Panel (a) SDSS spectrum around HB and [O 1], where HB has a narrow
component, a broad component, and a redshifted absorption (modelled with Equation 1) shown in the zoomed-in panel. Panels (b) and (c) Gemini/GMOS
spectrum around He 1, NaD, and [O 1], where NaD is modelled as an absorber with kinematics independent of narrow emission lines. Panel (d) Gemini/GMOS
spectrum around He, [N 11], and He1, where Ha has a narrow component, a broad component (modelled as a double-Gaussian function), and a blueshifted
absorption shown in the zoomed-in panel. Panels (e), (f), and (g) Gemini/GMOS spectrum around [S 11], He 1, [Ar 1], [Fe 1], [Ca 1], and [O 11]. [Fe 1] and [Ca11]
show different line profiles compared to other narrow lines, suggesting that they come from a different region.

for the absorber. In the equation above, fy/ fi.0 is the ratio between
the transmitted flux and the initial flux, Cy is the covering fraction
of the absorber (varying between 0 and 1 assuming the source is par-
tially and isotropically obscured), 1q is the optical depth at the line
center, A is the central wavelength, ¢ is the speed of light, and v is
the effective velocity broadening of the absorbing gas. The reason for
modeling these absorptions separately is due to the fact that they have
large equivalent widths and are offset from the narrow lines, suggest-
ing they do not have a stellar origin (see, e.g., Burke et al. 2021b;
Juodzbalis et al. 2025a; Ji et al. 2025a; D’Eugenio et al. 2025a).
During the fit, we assume both broad lines and the continuum are ab-
sorbed. Due to the relatively low continuum level compared to emis-
sion lines, whether the continuum is absorbed or not only has a small
impact on narrow line fluxes and does not change our conclusions.
The same formalism was adopted to fit the NaD absorption present
in the spectrum of J1025+1402, where we allowed the parameters to
be independent of those describing the Ha absorption.

A similar fitting strategy is adopted for the Gemini/GMOS spec-
trum. The only difference is that the Gemini/GMOS spectrum shows
that profiles of [Fe 11]J47155, [Ca1n]17291, and possibly [Ca11]17324
are clearly broader than other narrow lines, and thus we untied the
kinematics of these lines from those of other narrow lines. Since the
Gemini/GMOS data have higher spectral resolution, we used its fit-
ting results as the fiducial values for different spectral components of
Ha and NaD. However, the Gemini/GMOS spectrum does not cover

Hp, which has an indication of a redshifted absorption in the SDSS
spectrum and is confirmed in the new observations obtained by Lin
et al. (2025a). Also, the GTC spectrum does not have enough spec-
tral resolution to fit the HB absorption. Therefore, we used the SDSS
spectrum to fit the HB absorption and plotted the result in Figure 2a,
where the redshifted absorption can be clearly seen in the zoomed-in
panel.

For the Ha emission, we initiated our fit assuming both broad and
narrow components have Gaussian intrinsic profiles. Inspired by the
recent work of D’Eugenio et al. (2025a), we examined the possibil-
ity that the broad component is described by two Gaussians, which
are also found to be typical in a sample of z ~ 2 quasars (Santos
et al. 2025). Based on the Bayesian Inference Criterion (BIC, Liddle
2007), we found that the double-Gaussian model provides a good de-
scription of the broad line profile and is strongly preferred over the
single Gaussian profile (A BIC > 200). The best-fit model for Ho
as well as other spectral features in the Gemini/GMOS spectrum is
shown in Figure 2b - 2g. One potential physical interpretation of the
double-Gaussian broad component is that there are kinematically dis-
tinct regions within the BLR with the narrower broad component po-
tentially originating in the larger radius (e.g., Brotherton et al. 1994;
Popovi¢ et al. 2004; Zhu et al. 2009; Zhang 2011; Nagoshi et al.
2024).

We also checked another possible model for the broad component
recently proposed by Rusakov et al. (2025) for high-z LRDs, where
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Figure 3. Best-fit spectral model for the GTC/OSIRIS spectrum of J1025+1402 based on MILES empirical stellar templates (Sdnchez-Blazquez et al. 2006) and
additive polynomials with PPXF (Cappellari & Emsellem 2004; Cappellari 2017). We plot both the best-fit emission line + continuum model (magenta) and the
best-fit continuum model (red) and compare them with the GTC spectrum (black with 10 uncertainty in shaded green). Regions overlapping with the vertical
shaded bands are excluded during the fit. We also plot the residual of the fit divided by the uncertainty (i.e., x). The best-fit models primarily consist of cool
G-to-K type supergiant stars with Teg ~ 5000 K. The bottom panels show zoom-in views of the spectrum, where we mark tentative identifications of absorption
lines and Fe 11 emission lines that are rarely seen in galaxies. Despite adding the flexible polynomials, the strengths of many absorption lines are underfitted.

the line profile is dominated by electron scattering and has expo-
nential wings. Such line profiles have been identified in some local
AGN and Laor (2006) suggests the exponential profile becomes ap-
parent in BLRs of low-mass BHs, where the virial broadening of
the lines is < 1000 km s~!. The exponential model, which also pro-
vides a reasonably good fit to the line profile, is presented in Ap-
pendix D. Statistically, the exponential model is strongly preferred,

MNRAS 000, 1-32 (0000)

with ABIC = 199. This preference is not due to differences in the
fainter, forbidden lines, since we find almost the same A BIC when
restricting the analysis to Ha alone. The preference for an exponen-
tial model based on Ha is in agreement with high-redshift LRDs
(Rusakov et al. 2025; but see below for other hydrogen lines). In the
case of the exponential model, Rusakov et al. (2025) suggest that
one can still use the virial theorem to derive the single-epoch BH
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Table 1. Best-fit fluxes for major emission lines in different optical spectra of the local LRD J1025+1402 at z = 0.1006. The red end of the Gemini/GMOS
spectrum has been normalized to that of the SDSS spectrum and the GTC/OSIRIS spectrum has been corrected for slit losses using a linear correction. See

Appendices A and C for details.

Line Flux [10~7 erg s™T cm™2]
(SDSS, R ~ 2000)

Flux [10"7 erg s~T cm™?]
(Gemini/GMOS, R =~ 3400)

Flux [10~7 erg s™T cm™?]
(GTC/OSIRIS, R ~ 1000)

952+ 14
(1.35+0.04) x 10°
(1.71 £0.03) x 103

Ha (narrow)
Ha (broad 1; “NB”)
Ha (broad 2; “BB”)

Hp (narrow) 260 + 8
Hp (broad 1; “NB”) 45+ 14
Hp (broad 2; “BB”) 58 +17
Hy 118 +3
Hé 57.7+2.9
He 33.6+3.3
H8+He1 23889 47.5+3.0
H9 21.4+29
HI0 <94
H11 < 8.8
H12 <9.4
[0 ]A3726 66.9 + 3.8
[0 1]A3729 73.9+4.0
He1 23820 < 8.9
[Ne 1] 13869 96.2 +3.3
He1 24026 <78
[S 1] 24069 < 8.2
[0 m1]24363 46.2+£2.6
He 1114686 9.4+2.1
[0 m1]A5007 (1.17 £0.01) x 10°
[N 1]A5755 5.5+1.7
He1 15876 45.7+3.3
[01]26300 15.6+1.6
[N 11]26583 11.8+3.5
He1 16678 11.7+1.9
[S1]A6716 12.1+£2.2
[S1u]6731 12.6 £2.0
He1 27065 23.0+2.0
[Arm]A7136 <12
[Feu]A7155 <6.8
[Can]A7291 25.4+3.9
[0 1]A7320 5.7+2.1
[O1]A7331 6.5+2.0
[Cam]A7324 12.6 £2.9

946 + 8
(1.22+£0.02) x 103 (1.274 +0.007) x 103
(1.70 £ 0.02) x 10 (1.318 +0.004) x 10
- 270.9 + 0.8
- 62+2
- 63+3
- 108.8 + 0.6
- 58.3+0.5
- 32.6+0.5
- 40.6 £ 0.5
- 13.8+0.5
- 10.7 0.5
- 8.6+0.5
- 5.6+0.5
- 54.8+1.0
- 81.6+ 1.0
- 3.6+0.5
- 97.2 +0.6
- 4.0+0.4
- 4.7+0.4
- 443+0.5
- 6.0+0.4
- (1.31+0.01) x 103
- 5.4+0.3
39+2 47.9+0.5
17+1 17.4+0.3
13+1 9.9+0.7
11+1 10.4 +0.3
12+1 11.9+0.3
11+1 10.9+0.3
24+ 1 -
9.2+1.0 -
13+1 -
19+1 -
5.1+0.7 -
2.6+0.3 -
15+1 -

898 £2

Notes.

All upper limits listed are 3 o--upper limits. For doublets with fixed flux ratios we only list the stronger lines.

mass, but the line width needs to be replaced by the intrinsic width
of the broad-line profile before undergoing electron scattering (see
Appendix D for the derivation). The derived mass of the black hole
is lowered by roughly a factor of 3 (i.e., 0.5 dex) with the exponential
model due to the intrinsically smaller virial broadening. We note here
that this simple electron scattering model also predicts an electron
temperature for the scattering medium, but the inferred value is only
T. = 2,500 K, which is too low for photoionized gas of AGN or star-
forming regions that can provide free electrons (Osterbrock & Fer-
land 2006; see Appendix D for more details). Furthermore, the recent
work of Brazzini et al. (2025) has shown that simple electron scatter-
ing due to a foreground ionized gas screen is unlikely to explain the
Balmer and Paschen line profiles observed in the Rosetta Stone, an
LRD at z = 2.26, which is remarkably similar to J1025+1402 as we
demonstrate later in this manuscript. For this work, we do not have
the spectral coverage of Paschen lines to investigate the origin of the
line broadening and we simply use the double-Gaussian fit as the
fiducial fit. For more discussions on the broad-line profiles of LRDs,

see Rusakov et al. (2025); Juodzbalis et al. (2025a,b); Brazzini et al.
(2025).

For HB, the absorption feature appears clearly redshifted, unlike
for Ha, where the absorption is blueshifted. For this reason, and sup-
ported by similar observations in other LRDs (cf. Ji et al. 2025a ver-
sus D’Eugenio et al. 2025a; D’Eugenio et al. 2025b), we allowed the
Hp absorption to have independent kinematics from the Ha absorp-
tion. We present our best-fit profile in Figure 2a. Comparing Fig-
ure 2a with 2d, one can clearly see the different kinematics of Ha
and Hp absorptions.

To fit the GTC spectrum, which has a much higher S/N throughout
the optical range compared to the SDSS spectrum, we invoked em-
pirical stellar templates to match the absorption features in detail. Al-
though, as argued by Ji et al. (2025a); de Graaff et al. (2025b); Naidu
et al. (2025) for high-z LRDs and Lin et al. (2025a) for J1025+1402,
the optical continua of LRDs can originate from AGN emission mod-
ified by gas envelopes, our goal here is to identify key absorption
features based on stellar templates and see if stellar populations are
capable of producing the observed strengths of the absorptions. To

MNRAS 000, 1-32 (0000)
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Table 2. Best-fit kinematics for emission lines and absorption lines measured
from the observed spectra of J1025+1402, where the velocity of narrow lines
is set as the zero point.

Line Velocity [kms™']  FWHM [km s~ ]
| Gemini/GMOS spectrum (R =~ 3400) |
Ha, Her, [O1], [N 11], 0 92+1
[S ], [Ar111] (narrow)
[Feu], [Cam] 19+7 240 + 40
Ha (broad 1; “NB”) 3+1 727 + 10
Ha (broad 2; “BB”) 3+1 2050 + 20
Ha (absorption)” -62+1 188 +5
NaD (absorption)T =50 +£25 260 + 50
| SDSS spectrum (R ~ 2000) |
Hp (broad 1; “NB”)% 25+4 790 + 30
Hp (broad 2; “BB”)% 25+4 2120 + 60
Hp (absorption)’ 100 + 20 24+82

 For absorption the nominal FWHM is calculated as V41n4 o, where o is
the velocity dispersion.

% In the SDSS model, the velocity, FWHM and flux ratio of the two broad
components of HB are tied to the equivalent components of Hea.

Table 3. Identifications and flux measurements of weak lines associated with
Fe rin the local LRD J1025+1402 at z = 0.1006. All measurements are made
in the GTC spectrum corrected for slit losses.

Line Flux [10~17 erg s~Tem™2)
[Fe]A4178.96% 3.48 +0.35
Fe1114233.17 3.31+0.35
[Fen]A14243.97, 4244.81 8.25+0.36
[Fe11]14276.83 6.40 +0.32
[Fe 11]14287.39° 11.8+0.3
[Fe11]24305.89¢ <0.84
[Fe 11]24359.33Y 9.40 +0.20
[Fen]A4413.78 9.05 +0.34
[Fe]14814.53 5.48 +0.30
[Fe11].14889.62 5.93+0.36
[Fe11]14905.34 3.12+0.31
[Fe]A5043.52 3.43+£0.29
[Fe11]225158.00, 5158.78 15.4+0.3
[Fen]A5261.62° 8.79 +0.28

Notes.

4 Tentative identification. Blended with the permitted transition
Fe 1114178.86.

b Fixed doublet flux ratio with [Fe 11]214287/[Fe 11]14359 = 1.25.

¢ Blended with absorptions.

435 upper limit.

do the fit, we again used the PPXF code. We used empirical stellar
templates from MILES (Sdnchez-Blazquez et al. 2006) that cover
the optical range and assumed Gaussian profiles for emission lines
as input models, and the continuum and the lines are fitted simulta-
neously with their kinematics being independent. The templates are
convolved with the instrumental resolution of the GTC spectrum be-
fore fitting so that we can recover the intrinsic width of lines, although
the intrinsic broadening dominates the profiles of narrow lines. Since
the Balmer absorption lines are barely resolved in the GTC spec-
trum, we fixed the parameters of the absorber to those measured from
the SDSS and Gemini spectra. To fit the other absorption lines, we
adopted a flexible 20"-order additive polynomial to adjust the depths
of absorption, which is not physical but provides a significantly im-
proved fit compared to the one without the polynomial or the ones
with low-order polynomials (e.g., 8 or 4) typically adopted for fitting
stellar kinematics. During the fit, we masked strong telluric features
as well as the strong NaD absorption, as it likely has an outflow ori-
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gin. Our best-fit model has y2 = 14.9 over the full spectral range
and is plotted in Figure 3. This model roughly reproduces the over-
all continuum shape and a few absorption features. Still, many of the
absorption lines, which cannot come from telluric absorption, are
not reproduced and we emphasize again that the continuum model
is not physical. We made tentative identifications of absorption lines
in the bottom panels of Figure 3 based on known stellar absorption
lines (Gray & Corbally 2009). All absorption lines are likely from
low-ionization ions, atoms, or even molecules. We further discuss
the interpretation of the continuum in Section 6.

In addition to the major emission lines typically seen in the inter-
stellar medium (ISM) of galaxies, we identified a series of weak and
narrow lines associated with Fe 11 in our newly obtained GTC spec-
trum. We marked the location of the Fe i1 lines we identified in the
bottom left panel of Figure 3. These Fe 11 lines are mainly forbidden
transitions and can be produced by collisional excitation and fluores-
cence of UV photons (Baldwin et al. 1996). In the local Universe,
these lines are seen in the dense gas regions of the Orion nebula,
some Seyfert galaxies, supernova remnants, envelopes of blue vari-
able stars, and i Carinae-like objects (Bautista & Pradhan 1998; Gull
etal. 2001; Choe et al. 2025). Intriguingly, similar Fe 11 transitions are
identified in a z = 2.26 LRD as we show later, as well asina z ~ 6.7
LRD (D’Eugenio et al. 2025¢) and a z ~ 5 LRD (Tripodi et al. 2025).
Many of these weak Fe 11 lines are close to absorption features in the
spectrum, making the recovery of their intrinsic strengths subject to
the continuum model.

We summarize our measurements of fluxes of major emission lines
in Table 1 and the kinematics of different components in Table 2. For
weak forbidden and permitted lines of Fe 11, we list the measurements
separately in Table 3. The 10 uncertainties of all line measurements
are extracted from a Markov chain Monte Carlo (MCMC) method
with 1000 steps using the PyTHON package EMcEE (Foreman-Mackey
et al. 2013). Next, we show why J1025+1402 is considered a local
LRD by comparing its spectrophotometric measurements with high-
redshift sources.

4 COMPARISON WITH HIGH-REDSHIFT LRDS

In this section, we check the SED characteristics of J1025+1402
based on typical selection criteria of high-z LRDs We further com-
pare some observed properties of J1025+1402 with those of high-z
LRDs selected from JWST observations.

4.1 Photometric characteristics

The definition of the LRD varies in the literature. Still, there is a
general consensus on criteria including a flat or blue UV slope (e.g.,
with a UV slope Buy < —0.37, Kocevski et al. 2025), a red optical
color (e.g., with an optical slope Bopticar > 0, Kocevski et al. 2025),
and a compact morphology (with a physical effective radius typically
< 300 pc, Akins et al. 2025b).

The UV slope computed from the NUV and u bands of
J1025+1402 is Byy = —1.5 £ 0.6. While the uncertainty is large, the
FUV-u slope is —2.8£0.3, suggesting the overall UV slope should be
significantly below —0.37. Meanwhile, the optical slope from the g
and r bands are Bopiical = 1.6+0.1 > 0. The computed slopes confirm
the SED of J1025+1402 satisfies the V-shaped criteria of Kocevski
et al. (2025).

In Figure 1, we have compared the spectrophotometric SED of
J1025+1402 with those of JWST-selected LRDs at z > 2 from the
rest-frame FUV to MIR. As a representative case of high-z LRDs,



we show the UV-to-NIR spectrum and photometric data of GN-
28074, which is one of the closest LRDs observed spectroscopi-
cally by JWST at z = 2.26 (the “Rosetta Stone”, Juodzbalis et al.
2024a). The spectrum of GN-28074 shown here is obtained with the
low-resolution PRISM (R ~ 100) from the JWST Advanced Deep
Extragalactic Survey (JADES, Rieke et al. 2023; Eisenstein et al.
2023a,b; Bunker et al. 2024) data release 3 (DR3, D’Eugenio et al.
2025d), which is upscaled by 100 times to compare with the SED of
J1025+1402. The photometric data are compiled from JWST, HST,
and Spitzer as described in Juodzbalis et al. (2024a) and are upscaled
also by 100 times. Additionally, we show the median stacked SED of
LRDs covering the rest-frame FUV to FIR at z ~ 6 (Akins et al.
2025b) selected in the COSMOS field (Scoville et al. 2007). Intrigu-
ingly, the three SEDs show remarkable consistency in the UV-optical
regime, with blue shapes in the UV, red shapes in the optical peaking
at the NIR, and V-shaped turnovers around 3000 - 4000 A in the rest
frame. In addition to the typical LRDs, we plot the JWST/NIRCam
+ MIRI photometric data of a special LRD, the Cliff, at z = 3.55,
which shows an extreme change in the flux density near the Balmer
limit (de Graaff et al. 2025b). Although the UV part of the Cliff is sig-
nificantly fainter compared to typical high-z LRDs and J1025+1402,
their optical-to-NIR spectra show excellent agreement, suggesting
that (part of) the UV of the LRDs could be a physically distinct com-
ponent compared to the optical (Rinaldi et al. 2025; Ji et al. 2025a;
Naidu et al. 2025; Torralba et al. 2025). Thanks to the low redshift
of J1025+1402, the IR detection is pushed to the MIR regime and is
significantly lower than the upper limits set by high-z observations.
This new constraint, together with the curious UV component is fur-
ther discussed in Section 6.

In Figure 1, we also show color composite images of J1025+1402.
While J1025+1402 is unresolved in the SDSS and Legacy Survey im-
ages, the large FWHM of the PSFs of these images (~ 171-173) set
very loose constraints on the physical sizes. A better size constraint
comes from the Gemini observation with the best seeing, where the
source image remains unresolved as described in Appendix A. This
gives an effective (half-light) radius of R. < 0”32 in the optical, cor-
responding to R. < 620 pc. While the limit is still loose compared to
the limit for typical LRDs selected by JWST (optical R. < 100 -300
pc; Akins et al. 2025b), this is clearly a compact source in the local
Universe.

Taking the nominal value of the total stellar mass of M, =
10%-9%0-1 A1 reported by Burke et al. (2021b) obtained with the SED
fitting code c1GALE (Boquien et al. 2019), one can calculate the nom-
inal stellar mass surface density limit, which is £, o = M, /27rR§ >
103 My pc2. Such a high stellar mass surface density is compa-
rable to those of individual star clusters (which are also candidates
of progenitors of current-day globular clusters) in the gravitationally
lensed galaxy, the Firefly Sparkle, at z = 8.3 (Mowla et al. 2024), yet
J1025+1402 is 10* times more massive compared to individual star
clusters and 10° times more massive compared to the whole Fire-
fly Sparkle. Such a “too dense and too massive” problem has also
been noted for high-z LRDs (Baggen et al. 2024; Ma et al. 2025b;
Akins et al. 2025b), and it has been suggested that the stellar mass is
overestimated due to the overlooked AGN contribution to the optical
continuum (Ji et al. 2025a), which we discuss in Section 6.

To further illustrate that J1025+1402 would be selected as an LRD
if it were at high redshift, in Figure 4, we show the JWST/NIRCam
color-color diagram frequently used for selecting high-z LRDs. The
F277W-F444W color and F115W-F200W color trace rest-frame op-
tical and UV of galaxies at z ~ 4 — 6. The V-shape zone defined
in Greene et al. (2024) sets a rough cut for optically red and UV
flat objects. In the upper left corner where the UV is blue, high-z
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photometric samples have the risk of being contaminated by local
brown dwarfs, which is not a concern for spectroscopic samples and
our local source. In this diagram, we plot a sample of galaxies ob-
served within the Ultradeep NIRSpec and NIRCam Obser Vations be-
fore the Epoch of Reionization (UNCOVER) survey (Bezanson et al.
2024; Price et al. 2025) as well as the stacked LRD of Akins et al.
(2025b). To compare J1025+1402’s color with high-z sources, we
redshifted its spectrophotometric data to a typical redshift of z = 5
for high-z LRDs. The UV color is measured by setting a power law
connecting the GALEX FUV flux and SDSS u band flux. The loca-
tion of J1025+1402 is within the brown dwarf zone and close to the
V-shaped zone defined in Greene et al. (2024), where most LRDs lie,
and the spectral data rule out the brown dwarf possibility. Overall,
the photometric properties of J1025+1402 are very similar to those
of high-z LRDs, and we discuss the spectroscopic properties next.

4.2 Spectroscopic characteristics

One of the key characteristics of LRDs is the V-shaped spectral
turnover. As shown by Setton et al. (2024) and recently updated by
de Graaff et al. 2025a, the V-shaped turnovers in low-resolution NIR-
Spec PRISM spectra of high-z LRDs appear ubiquitously close to
the Balmer limit of 3645.1 A in the rest frame (with ~ 50% of the
LRDs showing the turnovers at the Balmer limit), implying physical
processes associated with atomic hydrogen. Whether this conclusion
holds for all photometrically selected LRDs, which is a much larger
sample, remains unclear’, but the general sample of high-z LRDs
hinted a turnover point at 3000 - 4000 A (see e.g., Figure 1).

In the GTC spectrum of J1025+1402, the turnover point, if defined
as the lowest spectral point, appears to be at ~ 3940 A, roughly the
location of the Catr K absorption. In the left panel of Figure 5, we
show a zoomed-in view of the spectrum of J1025+1402 around the
turnover region and compare it with the NIRSpec median-resolution
(G140M, R ~ 1000) spectrum of the Rosetta Stone from JADES
(JuodZzbalis et al. 2024a; D’Eugenio et al. 2025d). In both spectra,
there appears to be a drop in the flux density around 3900 A, which
is also roughly the turnover point in the spectrum of J1025+1402.
In comparison, the Balmer limit, Aye, is blueward of the turnover
point and matches the edge of a tentative Balmer continuum. For
the Rosetta Stone, due to the nosier spectrum blueward of 3900
A, it is unclear whether the turnover point is different from Ape.
In the right panel of Figure 5, we plot the high-S/N low-resolution
(R ~ 100) spectra for both sources. The R100 spectrum of the
Rosetta Stone was obtained with NIRSpec PRISM and from the
JADES DR3 (D’Eugenio et al. 2025d), whereas the R100 spectrum
of J1025+1402 was constructed by convolving the GTC spectrum
to the instrumental line spread function (LSF) of the PRISM spec-
trum (assuming it is point-source like, de Graaff et al. 2024) and then
resampling to the wavelength grid of the Rosetta Stone using sPEC-
TRES (Carnall 2017). In the R100 spectrum of the Rosetta Stone, the
turnover point matches Ape. For J1025+1402, it is unclear whether
the turnover point is shifted from Ay in its R100 spectrum due to
the flat spectral shape. This comparison shows that for LRDs with
strong nebular emission, the visual identification of a turnover point
at A in the low-resolution spectrum does not guarantee it is a true
spectral turnover, as blended emission lines can shift the apparent
turnover wavelength.

As another characteristic of LRDs, Hviding et al. (2025) recently
showed that broad Balmer lines (FWHM > 1000 km s~!) are present

3 Such a question seems to be a Hempel’s Ravens problem (Hempel 1945).
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in at least 80% of the spectroscopically observed LRDs with V-
shaped SEDs and compact optical morphologies, implying the pres-
ence of accreting black holes (see also Greene et al. 2024). In Fig-
ure 6, we plot the spectral region around He for both the Rosetta
Stone and J1025+1402. In the left panel, both spectra with median
resolutions (R ~ 1000) are compared and clear absorption in Ha
as well as NaD can be seen. The strong Balmer absorption is a key
feature present in many LRDs with spectroscopic observations. Such
absorption cannot be explained by typical stellar atmospheric mod-
els and instead could originate from dense and/or high-column den-
sity gas around the accreting black holes (e.g., Matthee et al. 2024;
Juodzbalis et al. 2024a; Inayoshi & Maiolino 2025; Ji et al. 2025a;
de Graaff et al. 2025b; Naidu et al. 2025; Rusakov et al. 2025). The
detection rate of the Balmer absorption in JWST-selected broad-line
AGN is ~ 20% but it could be significantly underestimated due to
the S/N and spectral resolutions of JWST observations (D’Eugenio
et al. 2025b). There is an indication of a common weak absorption
feature at 6142 A, which is not identified as a telluric line and could
originate from Bar or Ca1. There is another weak absorption at the
blue wing of the broad Ha around 6497 A in J1025+1402, poten-
tially matching the 6497 A blend seen in some stellar atmospheres
and is present in the best-fit stellar model in Figure 3. It is unclear
whether the 6497 A blend is also present in the Rosetta Stone due to
the much broader Ha profile.

In summary, J1025+1402 shows spectral features similar to high-
z LRDs including the V-shaped turnover, broad Balmer lines, and
strong Balmer absorption. It also reveals additional absorption from
neutral sodium and potentially other low-ionization ions and atoms,
which could also be present in high-z LRDs. Next, we describe
the derived physical properties based on spectral lines observed in
J1025+1402.

5 EMISSION-LINE AND ABSORPTION-LINE
DIAGNOSTICS

Based on our spectral fitting results for J1025+1402, we discuss the
properties of the supermassive black hole in J1025+1402 as well as
its gaseous environment probed by emission and absorption lines. In
addition, we compare these properties with those of JWST-selected
AGN, thereby placing J1025+1402 within the broader context of
AGN rather than an LRD, which is potentially a subcategory of AGN
based on the UV-optical colors (Hainline et al. 2025).

5.1 Black hole parameters

We started by investigating the black hole parameters based on the
observed spectra of J1025+1402. While Burke et al. (2021b) have
already derived black hole parameters for J1025+1402 based on the
same Gemini observation, we show below that some of these values
might need to be reevaluated.

From the high-resolution Gemini spectrum, the luminosity of the
broad He is Ly, (He) = (7.99 £0.03) x 10*! erg s~ in total, with the
narrower broad (hereafter NB) component (which dominates the core
of the profile) being 70% of the broader broad (hereafter BB) com-
ponent (which dominates the wing of the profile). The luminosity of
the BB component in our fit is consistent with the total luminosity
of the broad He fitted by Burke et al. (2021b) within 20-. We note
that Burke et al. (2021b) also used a double-Gaussian model, as ev-
ident from their Fig. 1. However, Burke et al. (2021b) ascribed the
NB component to part of the narrow component in their fit and thus
exclude it from the BLR. As a result, the FWHM of the total broad
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Figure 4. JWST/NIRCam color-color diagram used for selecting high-z
LRDs. The mock NIRCam colors for J1025+1402 is generated by redshift-
ing its SED to z = 5. The V-shape zone in the diagram defined in Greene
et al. (2024) is indicated by solid demarcation lines, which also set a zone for
excluding brown dwarfs that contaminate the selection of the high-z sample
but not in our case. For comparison, we show the locations of normal high-
z galaxies from the UNCOVER survey (Bezanson et al. 2024; Price et al.
2025) as well as LRDs selected by Labbé et al. (2023). Some of Labbé et al.
(2023)’s sources are outside the V-shaped zone due to a slightly different se-
lection based on F150W-F200W. The location of the stacked LRD of Akins
et al. (2025b) are also shown.

component in our fit is largely set by the NB component since it dom-
inates the core, and we have FWHM,, (Ha) = 934+ 10km s~!, which
is only ~ 1/2 of what is inferred by Burke et al. (2021b) for the total
broad He.

One might wonder whether the NB component should be consid-
ered as a narrow component outside the BLR. We argue that this
scenario is less likely due to the following reason. The NB compo-
nent in He is significantly brighter and broader compared to the nar-
rowest component (FWHM,, = 92 + 1 km s~!) marginally resolved
in the Gemini spectrum. There is no smooth transition between the
NB component and the narrowest component, implying that the NB
component likely originates in a spatially distinct region, such as an
outflow. However, no NB component has been found in other emis-
sion lines, even in [O m1]A5007 that is similarly bright as Ha. Also,
for [O 111]24363 that is detected at S/N ~ 18 in the SDSS spectrum
and at S/N =~ 90 in the GTC spectrum, there is no NB component.
This means the gas giving rise to the NB component needs to have
a gas density higher than the critical densities of these metal lines,
in other words, n. > 107 cm~3. Such a high density is more typical
for BLR clouds rather than the ISM in galaxies (Netzer 1990). One
could still argue that the NB component in other lines is simply ex-
tinguished by dust, meaning the NB component sees a significantly
larger amount of dust compared to the narrowest component. While
plausible, this dust reddened scenario for [O 111] might be somewhat
contrived since there is significant detection of a broad component in
Hp. In addition, recent observations show that double-Gaussian pro-
files are common in the BLR components of AGN at high z if suf-
ficiently high spectral S/N and resolution are achieved (D’Eugenio
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Figure 5. Comparison between the UV-optical spectra of J1025+1402 and the high-z LRD, the Rosetta Stone, at z = 2.26 (Juodzbalis et al. 2024a). Left: the
median-resolution (G140M, R ~ 1000) spectrum of the Rosetta Stone (red) is compared with the GTC spectrum of J1025+1402. Fluxes of both spectra are
rescaled for illustrative purposes. The shaded regions correspond to 1o flux density uncertainties. The vertical grey band masks the telluric absorption in the
GTC spectrum. The vertical dash-dotted purple line marks the Balmer limit. The vertical dashed black line marks the turnover point seen in the GTC spectrum.
The vertical dotted grey lines mark several narrow lines corresponding to the forbidden transitions of Fe 11 seen in both spectra. The vertical dotted cyan line
marks a potential absorption feature in both spectra. The two sources have overall similar spectral shapes, although J1025+1402 appears redder in the optical.
Right: the low-resolution (PRISM, R ~ 100) spectrum of the Rosetta Stone is compared with the GTC spectrum convolved to the same LSF. At low resolutions,
it becomes difficult to determine whether the turnover point is at the Balmer limit or at redder wavelengths due to the blended lines, although the spectrum of
the Rosetta Stone seems to favor a turnover at Heo.
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Figure 6. Comparison between the spectra of J1025+1402 and the rescaled JWST/NIRSpec G235M spectrum (R ~ 1000) of the Rosetta Stone, a bright LRD at
z = 2.26 (Juodzbalis et al. 2024a), in the rest frame around He. Left: comparison between the GTC spectrum of J1025+1402 and the rescaled NIRSpec R1000
spectrum of the Rosetta Stone. The telluric absorption is marked by the gray shaded region. Both spectra show a clear broad component in Ha. In addition, there
are clear indications of Ha absorption and NaD absorption in both spectra. There is a clear 6142 A-absorption in J1025+1402, which is tentatively present in
the Rosetta Stone. Right: show case of the high-resolution (R ~ 3400) Gemini spectrum of J1025+1402 zoomed in around Ha. The Ha absorption is narrow,
deep, and slightly blueshifted with respect to the centroids of narrow Hea and broad He, as the case in the Rosetta Stone.
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Table 4. Derived properties for the local LRD J1025+1402.

Parameter Value
| Black hole/BLR |
Maximum Ay [mag] 5.1 +0.1 [assuming (Ha/HB)intinsic = 3-06]

Lo [erg s~ (1.039 +0.004) x 10* (w/o dust)
(3.7 £0.3) x 10* (w/ dust)
log(Me/Mo) 6.49 £ 0.01 (w/o dust)

7.22 £ 0.04 (w/ dust)
Apdd 0.26 + 0.01 (w/o dust)
1.40%0-05 (w/ dust)
| Outflowing neutral gas (probed by Ha and NaD) |

Cy 0.86’:(%%))% Ha)

0.48*0-07 (Nar)

To 3.2+0.3 (Ha)
2.1*-3 (Nar)

13.77 £ 0.04
14.04 +0.24 (W/ oNap)
13.90%0L7 (W/ oa)

log Ny (n=2) [em™2]
log NNaO [cm’z]

Veentroid [Km s7! ] -62+1(Ha)
=50 +£25 (Narn)
max v [kms™! ] 112+ 1 (Ha)
156+42 (Na1)
| NLR/ISM |
Ay [mag] 0.38 +0.01
ne [em™] 380390 (IS u])

1.41*060 % 10° ([Om])

~ 10>~ ([Fen])

T. (0**) [K] 2174008 x 104

T, (0%) [K] (1.02 £0.15) x 10*
12 + log(O** /H*) 7.36 +0.03
0.31
12 + log(O* /H*) 7.46+93L
ICF(O** + O*) 1.04 +0.02
0.21
12 + log(O/H) 7.73 00
| Host galaxy |
Ay [mag] 1.7-1.9 (ciGALE)
log(My/M©®) 10-11 (cIGALE)
Re < 620 pc (Gemini slit image)
lOg(Mdyn/Mo) <95
Notes.

We used the bolometric conversion from Stern & Laor (2012) and the
single-epoch virial black hole mass relation from Reines & Volonteri
(2015). The dust attenuation curve is from Calzetti et al. (2000) and we
set Ry = 3.1. The atomic data set for relevant calculations are from CHI-
ANTI (v10, Dere et al. 1997; Del Zanna et al. 2021).

et al. 2025a; Santos et al. 2025). Potential physical pictures for com-
plex BLR profiles include a stratified BLR structure (e.g., Storchi-
Bergmann et al. 2017), turbulence caused by gravitational instability
in the accretion disc at high accretion rates (e.g., Collin et al. 2006),
electron scattering (Baldwin 1975; Laor 2006; Rusakov et al. 2025),
or radiation pressure-dominated BLR clouds (Blumenthal & Math-
ews 1975). In what follows, we adopt the assumption that both the NB
and BB components originate in the BLR (see Rusakov et al. 2025;
Brazzini et al. 2025 for further discussions on broad-line profiles in
LRDs).

With FWHM,, (He) = 934 + 10 km s~! and Ly (Ha) = (7.99 +
0.03) x 10*! erg s~!, we derived log(Me/Ms) = 6.49 + 0.01 us-
ing the relation of Reines & Volonteri (2015). The 0.01 dex uncer-
tainty only includes measurement uncertainties, and we caution that
the single-epoch method based on He can have a systematic un-
certainty as large as 0.5 dex (Shen 2013). To estimate the Edding-
ton ratio, Agaqg = Lpoi/Lgdad, We used the bolometric conversion of
Lo = 130 Ly, (Ha) from Stern & Laor (2012), and calculated Lggq ~
1.26 x 103 (Mo/Ms) erg s~!. We obtained Aggq = 0.26 + 0.01.
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Again, the uncertainty only includes the measurement uncertainty,
and we caution that the bolometric conversion for LRD AGN can
be highly uncertain (Lambrides et al. 2024). The Eddington ratio we
derived for J1025+1402 is comparable to high-z LRDs with broad-
line measurements, despite having a considerably lower black hole
mass (e.g., Juodzbalis et al. 2024a; Furtak et al. 2024; Ji et al. 2025a;
D’Eugenio et al. 2025a). We summarize our derived values in Ta-
ble 4.

The black hole mass and the Eddington ratio we derived above are
not corrected for dust attenuation. The Balmer decrement measured
from the broad line ratio in the GTC spectrum is F,(Ha)/Fy, (HB) =
21+1. This is a very large ratio compared to the typical Case B value
of 2.86 in the ISM. Even using an average intrinsic Balmer decre-
ment of 3.06 obtained by Dong et al. (2008) for low-z AGN, the im-
plied attenuation is Ay = 5.1 £ 0.1 assuming a Calzetti et al. (2000)
attenuation curve with Ry = 3.1. The reddening correction would
make log(Me /M) = 7.22 + 0.04 and Agaa = 1.40*5:0¢, suggest-
ing J1025+1402 is accreting above the Eddington limit. However, we
note that the intrinsic Balmer decrement in the BLR can be enhanced
by collisional excitation, especially when the ionizing photon inten-
sity is low, which would mimic extreme dust attenuation (Ili¢ et al.
2012). Such an effect has also been proposed for JWST-selected AGN
and LRDs to explain their high broad-line Balmer decrement (e.g.,
Lambrides et al. 2024; de Graaff et al. 2025b). Therefore, we consid-
ered the derived Ay for the BLR only as a maximum value and we
further discuss it in the context of energy budget in Section 7.

Combining the above black hole mass with the nominal stel-
lar mass of M, = 1079%0-1 My derived by Burke et al. (2021b),
J1025+1402 exhibits a black hole mass to stellar mass ratio of
~ 1073, not overmassive compared to many JWST-selected high-z
AGN that have Mo /M, > 10~2 (Harikane et al. 2023; Maiolino et al.
2024; Juodzbalis et al. 2025a; Ubler et al. 2023, 2024). This result is
subject to the systematics in the SED fitting. As already shown im-
plicitly by Burke et al. (2021b), their best-fit SED model fails to fit
the UV continuum and also overpredicts the strength of the Balmer
break in the optical. We discuss SED fitting with stellar populations
later in this manuscript.

Overall, J1025+1402 is similar to the majority of JWST-selected
AGN given its low black hole mass and high accretion rate (Harikane
etal. 2023; Matthee et al. 2024; Maiolino et al. 2024; JuodZbalis et al.
2025a). Next, we investigate the gaseous environment in J1025+1402
using the observed emission and absorption features.

5.2 Gaseous environment

There is rich nebular emission in the spectra of J1025+1402, as al-
ready shown in the SDSS spectrum. Our new GTC observation fur-
ther reveals a series of weak emission and absorption lines, implying
complex gaseous environments in J1025+1402. In this section, we
discuss in detail nebular diagnostics associated with emission and
absorption lines.

5.2.1 Excitation of narrow lines

We examined the excitation diagnostics of narrow emission lines in
J1025+1402. In Figure 7, we plot J1025+1402 in BPT/VO diagrams
(Baldwin et al. 1981; Veilleux & Osterbrock 1987) as well as the
He/HB versus [N u]/Ha diagram (Shirazi & Brinchmann 2012).
We also plot SDSS galaxies from DR7, broad-line GP galaxies at
0.2 < z < 0.3 as LRD analogs selected by Lin et al. (2025b), metal-
poor broad-line AGN candidates at z < 0.3 present by Simmonds
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Figure 7. Locations of J1025+1402 in four optical diagnostic diagrams. In comparison, we show SDSS DR7 galaxies with S/N > 5 for all lines involved as
contours, which correspond to their probability density distributions and enclose 5%, 16%, 50%, 84%, and 95% of the galaxies from the innermost contour to the
outer most contour. We also show broad-line GP galaxies selected by Lin et al. (2025b) as local analogs for LRDs, metal-poor AGN candidates with broad-line
detections and X-ray constraints at z < 0.3 present by Simmonds et al. (2016) and Baldassare et al. (2017) (originally from Izotov et al. 2007 and Reines et al.
2013, respectively), the Rosetta Stone LRD at z = 2.26 (JuodZzbalis et al. 2024a), and stacked broad-line AGN selected from JADES over 1.5 < z < 7 divided
into three redshift bins (Juodzbalis et al. 2025a). Top panels: BPT/VO diagrams (Baldwin et al. 1981; Veilleux & Osterbrock 1987) with demarcation lines from
Kewley et al. (2001, 2006); Kauffmann et al. (2003). Bottom panel: He n-diagram with the demarcation line from Shirazi & Brinchmann (2012). The solid red
contours and dashed blue contours correspond to He n-emitting AGN and SF galaxies compiled by Shirazi & Brinchmann (2012). Overall, J1025+1402 lies

within or close to SF regions similar to high-z broad-line AGN in all diagrams.

et al. (2016) and Baldassare et al. (2017), the Rosetta Stone LRD at
z = 2.26 (Juodzbalis et al. 2025a), and stacked broad-line AGN at
1.5 < z < 7 selected from JADES (Rieke et al. 2023; Eisenstein et al.
2023a,b; Bunker et al. 2024; D’Eugenio et al. 2025d) by Juodzbalis
et al. (2025a).

In both [Nu]- and [S u]-based BPT/VO diagrams, J1025+1402
lies below the SF demarcation lines of Kewley et al. (2001) and
Kauffmann et al. (2003), similar to high-z Type 1 AGN selected
with JWST. In contrast, local GP AGN and metal-poor AGN candi-
dates show a wide distribution in [N 1r]/He with several sources lying
above the theoretical extreme starburst line of Kewley et al. (2001)
and inside the AGN region in the BPT diagram. The generally low
[Nu]/He and [S u)/He in high-z AGN and J1025+1402 are likely
caused by the low metallicities in these systems (Ubler et al. 2023;
Maiolino et al. 2024; Juodzbalis et al. 2025a; Scholtz et al. 2025),
where N/O and S/O are well below solar values. Notably, these AGN
are relocated in the Seyfert region in the [O1]-based VO diagram.
This could be in part due to the lower sensitivity of [O1]16300 to the

metallicity compared to [N 11]16583 and [S 11]416716, 6731 (Jiet al.
2020).

In the Hem-based diagram, both JADES Type 1 AGN and
J1025+1402 are again more consistent with local SF galaxies se-
lected from SDSS. The only difference is that in J1025+1402,
He 114686 is well detected in the GTC spectrum, whereas this line is
not detected even in the stacked spectra of JADES AGN (Juodzbalis
et al. 2025a). In principle, He 114686/Hp is sensitive to the hard-
ness of the extreme ultraviolet (EUV) SED due to the high ioniza-
tion potential (IP) of He* (54.4 eV). This seems to imply the EUV
SEDs are intrinsically soft in JADES AGN and J1025+1402, unlike
those of typical local AGN (e.g., Oh et al. 2017; see, however, Ramos
Almeida et al. 2025 for a local Type 2 quasar with comparably low
He 114686/Hp). The softening of the ionizing SEDs might be an
indication of high accretion rates for the supermassive black holes
(Lambrides et al. 2024). Alternatively, the narrow lines in these re-
gions might be predominantly ionized by stellar populations, mean-
ing there are no classical NLRs in these AGN. The latter explanation
would be in conflict with the high [O1]/He, as stellar populations
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Figure 8. Balmer decrements measured from the optical GTC and SDSS
spectra of J1025+1402, which are consistent with Ay = 0.38 + 0.01 mag
assuming a Calzetti et al. (2000) attenuation curve. The Balmer line H8 is not
included as it is blended with He1 23889. A similarly moderate narrow-line
attenuation is also found in the Rosetta Stone (Juodzbalis et al. 2024a), in con-
trast to the red optical continuum and extreme broad-line Balmer decrements
in both cases.

generally do not have enough soft X-ray photons to produce extended
partially ionized zones that enhance low-ionization lines (Ho 2008),
unless other ionization and excitation mechanisms such as shocks
are involved. Besides He 11, we found no detection of any other high-
ionization lines with IP > 50 eV in J1025+1402, again suggesting a
soft EUV spectrum (see Ramos Almeida et al. 2025).

Finally, for the general population of broad-line AGN selected by
JWST, the lack of high-ionization lines is often found (JuodZzbalis
et al. 2025a; Zucchi et al. 2025), but not always (e.g., Ubler et al.
2023; Ji et al. 2024; Tang et al. 2025), which might imply different
evolutionary stages of AGN and their host galaxies. The optical di-
agnostics suggest J1025+1402 is not only similar to high-z LRDs,
but more generally to most of high-z AGN discovered by JWST. If
J1025+1402 does represent an early evolutionary stage of an AGN
in the low-redshift Universe, one might expect a low metallicity as
another evidence, which we discuss next.

5.2.2 Gas-phase metallicity

Based on the SDSS spectrum, Izotov & Thuan (2008) inferred a very
low metallicity of 12 + log(O/H) = 7.36 + 0.08 for J1025+1402,
which assumes that the dominant species of oxygen is O?*. This
clearly places J1025+1402 significantly below the mass-metallicity
relation (MZR) of z ~ 0 galaxies given its nominal stellar mass
(Tremonti et al. 2004) but tentatively consistent with the extrapo-
lation of the MZR of z > 3 galaxies observed by JWST (Curti et al.
2024). With the high-S/N Gemini and GTC spectra, we reexamine
the above conclusion.

First of all, the derivation of 12 + log(O**/H*) is relatively
insensitive to any dust reddening as all the lines involved (i.e.,
[Omr]A4363, [O1m]A5007, and HB) are close in the wavelength
space. The only caveat is the contamination of [Fe]44359 to
[O111]44363, which is clearly identified and fitted in the GTC spec-
trum. Using [O 111]14363/[O 11]215007, we obtained an electron tem-
perature of T,(0?*) = 2.17*9-98 » 10* K with PyNes (Luridiana

-0.09
etal. 2015; where the atomic data are from Tayal & Zatsarinny 2017;
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Dere et al. 1997; Del Zanna et al. 2021). The electron density is
determined through [S 11]116716,6731 and [O 11]A13726,3729 and
are all in the low-density regime with n, < 10* cm™3, thus having
little impact on the [O 1] temperature derivation. We then derived
12 + log(O** /H*) = 7.36 + 0.03 based on the narrow-line ratio of
[O m1]A5007/Hp, similar to the total metallicity derived by Izotov &
Thuan (2008). We list all derived values in Table 4.

Next, we derived 12 + log(O*/H*), which relies
on the low-ionization zone temperature derived from
[0 11]A43726,3729/[011]A47320,7330 and thus is very sensi-
tive to dust attenuation. The narrow-line Balmer decrement we
measured for J1025+1402 significantly deviates from the Case B
value. For Ha and Hp, for example, the ratio from the GTC spectrum
is He/HB = 3.31+0.01 > 2.86. In Figure 8, we compare the Balmer
decrement measured from the GTC spectrum up to H12 with Case
B values computed at T, = 10* K and n, = 10> cm™3 with PyNEs.
Overall the Balmer decrement can be fitted with Ay = 0.38 + 0.02
mag using MCMC assuming a Calzetti et al. (2000) attenuation
curve, implying a small amount of dust attenuation (see also, Izotov
& Thuan 2008). We also tried the Small Magellanic Cloud (SMC)
extinction curve of Gordon et al. (2003), which produces a slightly
worse fit but does not have a significant impact on our results.
Considering that the Balmer decrement measured from the GTC
spectrum might be affected by the slit-loss correction, we performed
the same analysis using the SDSS spectrum, where the highest order
Balmer line that can be measured is H9. This time we obtained
a best-fit attenuation magnitude of Ay = 0.6 = 0.1 mag when
including Ha to H9, or Ay = 0.4 + 0.1 mag if we exclude Ha
that might be more affected by absorption, again suggesting that
J1025+1402 has a moderate amount of dust.

With the dust attenuation corrected
[011]243726,3729/[0 1]A117320,7330, we obtained 7.(0%) =
(1.02 + 0.15) x 10* K, much lower than 7, (O%*), but such a differ-
ence is typical for Seyferts (Dors et al. 2020). The low low-ionization
zone temperature, combined with the strong [O 11]143726, 3729, im-
plies 12+log(O* /H*) = 7.46*0-31 comparable to 12+log(0** /H*).
We further calculated the ionization correction factor (ICF) to cor-
rect for higher ionization species of oxygen, by approximating
ICF(O** +0*) ~ (He™ + He*)/He* and using the observed fluxes
of He 1114686 and He1 45876 and their emissivities calculated with
PyNEeB. The derived ICF has a modest value of 1.04 = 0.02, and the
final metallicity is 12 +log(O/H) = 7.73*0-4}. higher than the value
derived by Izotov & Thuan (2008) yet still low compared to the
local MZR (Tremonti et al. 2004). The metallicity of J1025+1402
is comparable to the narrow-line metallicity of JWST-selected
broad-line AGN and LRDs (Trefoloni et al. 2025; Isobe et al. 2025;
Juodzbalis et al. 2024a; Ji et al. 2025b).

With the above derived metallicity of ~ 11% solar, one expects
little enrichment of Fe in the ISM due to the low Fe/O from the
core-collapse supernova ejecta in the early phase of galaxy evolu-
tion (Kobayashi et al. 2020). Intriguingly, as can be seen in Figures 5
and 9, there is rich [Fe 1] emission in J1025+1402, perhaps also in
high-z LRDs. We discuss these transitions next.

5.2.3 Fe forest

Based on the high-S/N Gemini spectrum, we identified 14 emission
lines associated with Fenr within 4100 A < 1 < 5300 A. To iden-
tify these transitions, we checked the line list of Bautista & Pradhan
(1998), which includes [Fe 11] emission lines observed in the Orion
nebula. In addition, we checked the built-in line list in the photoion-
izaiton code Croupy (Ferland et al. 2017; Chatzikos et al. 2023),
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Figure 9. Comparison between the GTC/OSIRIS spectrum of J1025+1402 and the rescaled JWST/NIRSpec G235M spectrum (R ~ 1000) of the Rosetta Stone,
abright LRD at z = 2.26 (JuodZzbalis et al. 2024a) around HB and Hy. Left: comparison of the two spectra around HB. There are clear broad HB in both spectra.
While the Rosetta Stone has a blueshifted HB absorption, the existence of the HB absorption in the GTC spectrum of J1025+1402 is not clear and it is only
present in the higher resolution SDSS spectrum shown in Figure 2. There is a weak He 11 line visible in both spectra. The GTC spectrum of J1025+1402 further
reveals several [Fe 11] lines, with the strongest one, [Fe 11]25159 also visible in the NIRSpec spectrum of the Rosetta Stone. Right: comparison of the two spectra
around Hvy. There are a series of [Fe] lines significantly detected in J1025+1402, among which [Fe 11]14245, [Fe 11]14287, and potentially [Fe 11]14414 are
also present in the Rosetta Stone. The existence of the “Fe 11 forest” implies very low-ionization gas in the LRDs.
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[Fe 11]24245/[Fe 1]A5159 (each line is actually a blend of two lines), observed in J1025+1402 and those predicted by CLouDY photoionization models. Both the
observed line ratios and the dust attenuation corrected line ratios together with the 1 0~ uncertainties are shown. Two sets of models with different ionizing SEDs
and —4.5 < logU < -2 are plotted. Overall, the dust attenuation corrected line ratios of J1025+1402 favor high-density models with nyy ~ 10°~7 cm™~3. For
comparison, the line ratio measured from the Rosetta Stone, an LRD at z = 2.26, is plotted, which also implies a high density despite the larger uncertainty.
Right: density diagnostic with [Fe 11]44287/[Fe 1]A12567. The measured value from the Rosetta Stone, which has the NIR coverage from NIRSpec, is compared
with the same CLoupy models. Again, the observed line ratio indicates a high density for the [Fe 11]-emitting region.
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Figure 11. Comparison between two spectral fits with PPXF within a wave-
length window around H¢&, where we tied the kinematics of the weak line
around 4070 A to those of HS. The two fits assume the weak line is
[S 11]244069, 4076 doublet and [Fe v]24071, respectively, and their resid-
uals normalized by 10 uncertainties are shown in the bottom. If the weak
line has the same kinematics as those of Hd, the fit with [S 1] is significantly
better compared to the one with [Fe v]. The reduced y? of the two fits are
x2[SIT] = 1.8 and x2[FeV] = 3.4, respectively.

Table 5. Input parameters for CLoupy photoionization models to predict
[Fe 1] line fluxes.

Parameter Values

Z|Zs 0.1

logU -4.5,-4,-3.5,-3,-2.5, -2
log(ny/cm™3) 2,3,4,5,6,7,8

Stopping criterion ne/ng < 0.0l or T, < 100K

SED Black hole accretion disc and SSP (see text)
Solar abundance set Grevesse et al. (2010) abundance set
Dust No dust

Fe 11 atomic data Bautista et al. (2015), Tayal & Zatsarinny (2018),

Smyth et al. (2019)

which uses Fe i1 atomic data sets from Bautista et al. (2015); Tayal
& Zatsarinny (2018); Smyth et al. (2019) as detailed in Sarkar et al.
(2021). We also checked transitions from Fe 111, which generally do
not match the lines we identified. The absence of Fe i suggests a
peculiar ionizing condition characterized by low-energy photons.

The fluxes we measured for the identified Fe lines are listed in
Table 3, among which 9 lines are comparable to or stronger than
He 1114686 measured in the GTC spectrum. From Figure 5, some of
these [Fe11] lines are potentially present in the Rosetta Stone (LRD
at z = 2.26) as well, with the strongest one being [Fe 11]15159.
In Figure 9, the R1000 spectrum of the Rosetta Stone is rescaled
to match the continuum level of J1025+1402 near HS and Hy,
where there are many [Fe 11] emission lines present in J1025+1402.
By comparing the two LRDs, one can see the Rosetta Stone has
indications of [Fe 14245, [Feu]14287, [Fen]A5159, and poten-
tially [Fe]14414. In fact, as shown by Tripodi et al. (2025) and
D’Eugenio et al. (2025c¢), similar Fer transitions are identified in
high-z LRDs once enough S/N is achieved. This suggests similarly
low-ionization environments in these high-z LRDs.

The [Fe 1] lines can be produced through either fluorescence by
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UV photons or collisional excitation (Baldwin et al. 1996; Bautista
& Pradhan 1998). Due to the low IP of ~ 7.6 eV of Fe, [Fe 11] lines are
presumably from the transition zones between ionized gas and neu-
tral gas. The presence of strong nebular absorption in the spectrum of
J1025+1402, including the NaD and Balmer absorption, also implies
the presence of a large column of neutral gas along the line-of-sight
(LOS).

With the Fe i1 transitions, one can perform diagnostics of the gas
properties in the transition zone. For example, Bautista & Prad-
han (1998) show the flux ratio between the two [Fem] blends,
[Fe 11]14245/[Fe 1]A5159 is a good tracer of the gas density. These
two blends are also not affected by any obvious underlying absorp-
tion. In Figure 10, we plot the flux ratio of [Fe 11]14245/[Fe 1]15159
and compare it with the model predicted ratios as a function of the
gas density using the photoionization code CrLoupy (v17.03, Fer-
land et al. 2017). For the model, we used two sets of ionizing SEDs,
one is a theoretical AGN accretion disc with Mgy = 10° My and
Apaa = 0.1 from Pezzulli et al. (2017), the other is a young sim-
ple stellar population (SSP) with an age of 1 Myr from the Binary
Population and Spectral Synthesis models (BPASS; Stanway & El-
dridge 2018; Byrne et al. 2022). We considered a range of ioniza-
tion parameters and fixed the metallicity to about 10% solar. There
is a secondary dependence of the flux ratio on log U, although it
appears unlikely that log U could reach a high value due to the ab-
sence of Fe transitions. We summarize our model parameters in
Table 5. Based on the models, we inferred a high gas density of
roughly ny ~ 10°~7 ¢cm™3 for the [Fe n]-emitting region, which is
broadly consistent with the model-based result of Lin et al. (2025a),
who fitted a density of ng = 1075 cm~3. This density is much
higher compared to those inferred from the low-ionization lines of
[Su] and [O11] (ne ~ 10273 ¢cm™3, see Table 4), and these lines
are likely saturated in the [Fe 11]-emitting region. Our derived [Fe 11]-
density suggests a stratified NLR, where the [Fe 11]-emitting clouds
are in a denser environment. The stratified emission is not uncom-
mon in NLRs of AGN (see, e.g., Ji et al. 2024), and in the case
of J1025+1402, the high-density zone is characterized by very low-
ionization emission. Intriguingly, from the line kinematics we mea-
sured from the Gemini/GMOS spectrum, the [Fe 11]17155 line has
a broader line profile compared to other narrow lines and might be
slightly redshifted (see Table 2), suggesting the high-density zone is
also kinematically distinct. This is in contrast to the previous obser-
vations of local AGN where high-ionization coronal lines are broader
compared to lower ionization narrow lines (e.g., Rodriguez-Ardila
et al. 2004, 2011; Miiller-Sanchez et al. 2011; Ramos Almeida et al.
2025).

For comparison, we also plotted the line ratio measured from the
NIRSpec G140M (R ~ 1000) spectrum of the Rosetta Stone, which
show clear detection of [Fe] lines at 4 = 4245, 4287, and 5159
A (see Figure 9). Despite the much larger uncertainty, the [Fe ]
emission in this high-z LRD also matches high-density models with
ng 2 107 ecm™3. In addition, the NIRSpec G395M spectrum of the
Rosetta Stone covers [Fem]212567 in the NIR, allowing us to per-
form another density diagnostic illustrated by Bautista & Pradhan
(1998). In the right panel of Figure 10, we compared the flux ratio
of [Fe m]14287/[Fe 11]112567 between the measured value from the
Rosetta Stone and those predicted by CLoupy models. Again, the
observed ratio is consistent with ng ~ 10°~7 cm™ for the Rosetta
Stone. This result is subject to the relative flux calibrations between
different NIRSpec gratings (which can introduce a ~ 10% system-
atic, D’Eugenio et al. 2025d). We also note that, while we did not cor-
rect the line ratio for dust attenuation, the dust-corrected ratio would
only be higher and correspond to an even higher density. As an-



other caveat, we note that the optical [Fe 1] lines can have strong flu-
oresence contributions from the UV photons (Baldwin et al. 1996;
Bautista & Pradhan 1998), which might not be precisely modeled
given the unknown intrinsic UV fluxes. The inclusion of other weaker
NIR [Feu] lines (1 = 8617, 8892) would be useful as they are pre-
dominantly produced by collisional excitation (Baldwin et al. 1996),
which requires deep observations in the NIR.

The recent work of Lin et al. (2025a) claims the detection of
the high-ionization line, [Fe v]14071. In our GTC spectrum, our
best-fit model prefers the auroral line [S11]14069 near this loca-
tion. The presence of this auroral line is expected as auroral lines
of [011]A47320, 7330 and [N 11]A5755 are both detected in the GTC
spectrum. In fact, if we jointly fit [S 11]44069 and [Fe v]14071 in the
GTC spectrum, the latter is not detected. To avoid having the spec-
tral fit of [S1] and [Fe v] dominated by other spectral regions, we
performed a test by isolating a spectral window around H¢é. We per-
formed two separate fits assuming only [S11] or [Fe v] is present in
addition to H¢. The results are shown in Figure 11. If we tied the
kinematics of [S 11] or [Fe v] to those of Ho, then the fit with [S 11] is
significantly better. Of course, this does not rule out the possibility
that [Fe v]14071 is blueshifted with respect to other narrow lines by
~ 150 km s~L. In the optical, [Fe v]14227 is usually much stronger
than [Fe v]44071 but it is also not detected in our GTC spectrum.
[Fe v]24227 has a critical density of ;. ~ 106 cm™3, which is lower
than that of [Fe v]14071 (nerir. ~ 108 cm™3). Thus, if one believes the
[Fe v]24071 detection, a high density of n. > 10° cm™3 needs to be
present to not detect [Fe v]14227. Still, there could be a small con-
tribution from [Fe v]14071 that is blended with [S 11]14069, as the
ionization potential of Fe?* is very similar to that of He* and we de-
tect a weak He 114686. Overall, the optical spectrum of J1025+1402
is dominated by low-ionization species.

5.2.4 Absorbing medium

One of the most intriguing features of J1025+1402 is the deep ab-
sorption line near He, as already noted by Burke et al. (2021b). As
can be seen in Figure 6, this absorption is clearly deeper than the
underlying continuum, indicating that it must be absorbing the broad
Ha at the same time. A very similar absorption line is observed in the
spectrum of the LRD GN-28074 as shown in Figure 5. To date, about
10-20% of JWST-selected broad-line AGN show similar Balmer ab-
sorption (Matthee et al. 2024; Juodzbalis et al. 2024a; Lin et al. 2024;
Labbé et al. 2024; Ji et al. 2025a; D’Eugenio et al. 2025a; Naidu et al.
2025; Taylor et al. 2025) and more could have been missed due to the
insufficient spectral resolutions and S/N (D’Eugenio et al. 2025b). In
comparison, the occurrence of narrow Balmer absorption in the local
AGN is very rare (Izotov & Thuan 2008; Wang & Xu 2015; Burke
etal. 2021b; Lin et al. 2025a). As shown by Juodzbalis et al. (2024a),
such deep Balmer absorption cannot have a stellar atmospheric origin
and is originating in gas with high densities capable of collisionally
exciting hydrogen to n = 2 and/or high column densities capable of
trapping Lya photons. The implied gas conditions support a picture
of high-covering fraction but slowly moving clouds close to the BLR
(Juodzbalis et al. 2024a).

The strength of the absorption in He would give the column den-
sity of hydrogen in the excited state at n = 2, Ny (5=2). Burke et al.
(2021b) derived log Ny (n=2) = 14.2 cm™? using the EW of Ha ab-
sorption following the method of Wang & Xu (2015). This approach
is only appropriate when the core of the line is not strongly saturated.
By doing so, Burke et al. (2021b) implicitly assumed the absorption
only applies to the observed continuum below Ha, which is not ex-
act as the absorption profile is clearly deeper than the continuum. We
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derived Ny (n=2) based on a different approach, where we modeled
the absorption profile explicitly and obtained the integrated optical
depth, 7, over the entire line profile. The column density is given by
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Nu (n=2) =
where m, is the electron mass, ¢ is the speed of light, e = g./V4ney
is the “Gaussian electron charge” (g. is the electron charge and €
is the vacuum permittivity), fo is the oscillator strength, 1o is the
central wavelength, and 7 is the integrated optical depth with a di-
mension of velocity. We obtained log Ny (n=2) = 13.77 + 0.04 much
lower than Burke et al. (2021b)’s result. This is because, as shown
in Section 3, our best-fit model implies absorption in both the con-
tinuum and the broad He rather than just in the continuum. With
NH (n=2), Burke et al. (2021b) then inferred a total column density
of Ng = 1.6 x 107 cm™2 assuming that the gas cloud is homo-
geneous in all physical conditions with 7. = 7500 K, which again
is not exact. As shown by the photoionization models of JuodZbalis
et al. (2024a), most of Ny (n—2) is accumulated in the transition zone
between the ionized gas and the neutral gas, meaning that the homo-
geneous gas assumption tends to bias Ny low. Based on the analysis
of JuodZzbalis et al. (2024a), one generally needs ny > 108 cm~3 and
Ny > 10?15 em~2 to accumulate Ny (n=2) 2 10'* cm™2 in a cloud
photoionized by a supermassive black hole accretion disc.

In addition to the Ha absorption, there is detection of the HS ab-
sorption in the SDSS spectrum as shown in Figure 2a. This HS ab-
sorption has also been confirmed in the Large Binocular Telescope
(LBT) Multi-Object Double Spectrograph (MODS) spectrum ob-
tained by Lin et al. (2025a). Interestingly, and perhaps surprisingly,
the HB absorption shows a different kinematic compared to the Ha
absorption and they have opposite signs of velocities with respect
to narrow lines (see Table 2). Such a difference in the kinematics
is also seen in the high-resolution (R ~ 2700) JWST spectrum of
the triply imaged LRD, Abell2744-QSO1 at z = 7.04, although the
Hp absorption in this high-z LRD is detected only at 40 signifi-
cance (Ji et al. 2025a; D’Eugenio et al. 2025a). As another example,
D’Eugenio et al. (2025c¢) find significant detection of a redshifted HS
absorption and a blueshifted Ha absorption in an LRD at z ~ 6.7.
Similar inverse P-Cygni-like features in HB and Ha can be seen in
the spectrum of the supernova SN 2010jl interacting with the circum-
stellar medium (Fransson et al. 2014). The difference implies that the
Ha absorption comes from outflowing gas whereas the HB absorp-
tion is dominated by infalling gas, and their optical depths are not
fixed by their oscillator strength ratio. Whether this kinematic incon-
sistency is ubiquitous in LRDs remains unclear. At least the Rosetta
Stone analyzed by Juodzbalis et al. (2024a) shows consistent He and
Hp absorptions. We will present a detailed comparison between the
absorption features of different LRDs in future work.

In the spectrum of J1025+1402, the second strongest absorption
feature is the NaD absorption. The Na1 absorption is usually found
in the spectra of cool stars, but it can also trace ISM absorption and
neutral gas outflows. The observed strength of the NaD absorption is
much deeper than that reproduced by stellar templates. We measured
the kinematics of NaD as an independent absorption line. Despite
relatively large uncertainties, we obtained a velocity of —50 + 25
km s~! consistent with the Ha absorption velocity and a width of
FWHM = 260 + 50 km s~! marginally higher than that of the Ha
absorption. This implies the NaD absorption can have an outflow-
ing component similar to that of the Balmer absorption. We derived
a very high column density of log Ny, [cm™2] = 14.04 + 0.24, or
log N0 [em 2] = 13.97%-17if we assume the intrinsic width should

-0.30
be the same as He. It is difficult to reconcile the comparably high
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Figure 12. Relative equivalent widths of emission lines measured in the
SDSS spectrum (MJD = 53075), the Gemini spectrum (MJD = 58999), and
the GTC spectrum (MJD = 60817). All line EWs are normalized to the EWs
of corresponding lines measured in the GTC. Only the spectral region around
Ha show significant variation at > 5o, while the EW differences between
the SDSS and GTC spectra in HB and [O 1] are marginal (< 30). Consid-
ering the slit loss effect is unlikely to reduce the EWs in the GTC spectrum
if the continuum is more spatially extended compared to lines, the ~ 10%
variability in Ha implies tentative continuum variation.

column densities of neutral Na and excited H(n=2) in a single low-
metallicity cloud, and one possibility is that NaD has an additional
contribution from stellar atmospheres or the ISM. Finally, we calcu-
lated the maximally allowed turbulence in the absorbing gas from the
absorption line width and obtained vy, < V20 = 112 km s™! for
He. This value is similar to the measurement made in high-z LRDs
(e.g., Ji et al. 2025a; de Graaff et al. 2025b) and is compatible with
the microturbulence value required for BLRs (Bottorff et al. 2000) or
ensembles of outflowing clouds.

In addition to the Balmer and NaD absorptions, the GTC spectrum
of J1025+1402 shows a series of absorption lines potentially related
to ionic, atomic, and even molecular transitions. Whether any of these
lines can be contributed by the same slowly outflowing gas is unclear,
but many of the absorption lines are clearly deeper than what can be
reproduced by our stellar templates. We discuss the identities and
implications of these weaker absorption lines in Section 6.1.

Interestingly, if one compares the Ha absorptions in SDSS and
Gemini spectra that were obtained at different epochs, there is a re-
markable similarity in the shapes of the absorption (see Appendix A),
suggesting the absorbing medium as well as the BLR emission are
rather stable. This is in clear contrast to the luminous local Seyfert,
NGC 4151, where the Balmer absorption is varying drastically with
the broad lines in a timescale of roughly 1 yr (Hutchings et al. 2002).
Next, we discuss the spectral variability of J1025+1402 based on line
measurements.

5.3 Variability

As shown by Kokubo & Harikane (2024) and Zhang et al. (2025b)
for high-z LRDs and by Maiolino et al. (2025b) for general JWST-
selected broad-line AGN, there is a clear lack of continuum variabil-
ity in these sources compared to local galaxies (Burke et al. 2021a).
However, not all LRDs lack variability. For example, Ji et al. (2025a)
and Furtak et al. (2025) recently showed that the triply imaged LRD,
Abell2744-QSO01, at z = 7.04 (Furtak et al. 2023, 2024) exhibits sig-
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nificant variability in terms of the HB EWs measured from different
gravitationally lensed images. There is also an indication of variabil-
ity reported by Naidu et al. (2025) for an LRD at z = 7.8.

For J1025+1402, Burke et al. (2021b) show by comparing the
SDSS spectrum taken at Mar 2004 and the Gemini spectrum taken at
May 2020, there is only 10-20% variation in the luminosity of broad
He, consistent with low variability seen in the observations taken
with the 3.5-m Sloan Telescope during these two observations (1zo-
tov & Thuan 2008). Due to the uncertainty in the flux calibration of
the Gemini spectrum, and given that we now have a new spectrum
from GTC taken at May 2025, we performed a new variability anal-
ysis below combining the SDSS, Gemini, and GTC spectra.

We started by examining the spectral variability around Ha. We
normalized the continua of all three spectra (SDSS, Gemini, and
GTC) to the same level in the wavelength range of 5950 A < A <
6850 A. This step is to remove any potential systematics induced by
relative flux calibrations between the continua bluewards and red-
wards of Ha. However, we emphasize that this step actually has little
impact on the variability analysis we made based on line EWs. To nor-
malize the spectra, we used the approach described in Appendix C.
Specifically, we defined seven 50 A-wide and non-overlapping spec-
tral windows within the above wavelength range and calculated me-
dian flux densities and uncertainties within the windows for individ-
ual spectra. We then fit the relative flux densities between the three
spectra as a linear function of wavelength and applied the correc-
tions to the Gemini and GTC spectra. For the GTC spectrum this
leads to a correction factor of 2.45 at 6563 A. The final results are
plotted in Figure 12, where EW(Ha)spss = 456.5 + 2.3 A and
EW(Ha)gre = 414.7 + 0.3 A, implying a significant change of 9%
(180) over 19 years in the rest frame of J1025+1402. In the Gemini
spectrum, we found EW (Ha)spss = 449.1 + 1.1 A, suggesting 8%
variation occurred between the Gemini and GTC observations (~ 4
years in the rest frame). We also measured the EWs of weaker nar-
row lines near He, including [S 11]416716, 6731 and [0 1]16300 and
plotted their values in Figure 12. Both lines show tentative enhance-
ment in their EWs in the SDSS spectrum, although this is statistically
insignificant due to the large measurement uncertainties. If EWs of
all the above lines are actually varying, the plausible explanation is
the continuum itself is varying. Alternatively, if only He is varying,
the variability could come from a response to the previous variation
in the underlying continuum.

To understand whether the EW variations could be caused by any
systematics, we performed another measurement for HS and [O 1]
(not covered by the Gemini spectrum). This time, the EWs of both
lines are tentatively lower by 5% in the SDSS spectrum, although
insignificant again (< 307). We also checked GTC spectra coadded
from two separate groups of science exposures with a total exposure
time of 1 hr each, which have significantly different seeing conditions
(0”8 versus 1”2), and we found consistent results supporting low but
significant variation in the EW of Ha.

Since the GTC spectrum was obtained with a 0’ 6-slit, one might
wonder whether the small change in the EWs might be due to differ-
ential slit lossess, affecting more the more spatially extended compo-
nent. For example, any continuum due to stellar populations should
be more extended than the BLR component. However, while the
loss of the continuum could explain the tentatively higher EWs of
Hp and [O ] in the GTC spectrum, it cannot explain the signifi-
cantly lower EWs of He in the GTC spectrum. Also, the lowering
Ha EW is unlikely to be explained by the possibility that the narrow
Ha is more spatially extended. This is because, based on the analy-
sis of the Gemini slit image, the core of He remains unresolved, with
FWHM < 0”64 and no detectable difference from either the contin-



uum and the broad wings of the line. In addition, if the narrow lines
are more spatially extended, [O 111] and HB EWs should be decreasing
more significantly compared to Ha, instead of the marginal increase
we observed. Thus, a more natural explanation for the change in the
Ha EWs, and possibly the [S11] and [O1] EWs, is a small variation
in the accreting black hole. Overall, the variability in J1025+1402
is modest and consistent with the small variability reported by Izo-
tov & Thuan (2008); Burke et al. (2021b). The stable broad Hoe EW
rules out the possibility of J1025+1402 being a supernova, and its
luminosity is too high to be explained by any variable star.

Finally, we comment on the photometric variability of
J1025+1402. Based on the photometric data we used (see Sec-
tion 2), there is no clear indication of any variability beyond 1o
from the FUV to MIR, which has been confirmed by Lin et al.
(2025a) as well. We note that Burke et al. (2021b) have shown a
comparison between the light curve constructed from the Catalina
Real-Time Transient Survey (CRTS, Drake et al. 2009) V-band data
and the Zwicky Transient Facility (ZTF, Masci et al. 2019) r-band
data and the prediction from the damped random walk-like model for
QSO variability (Butler & Bloom 2011). Burke et al. (2021b) found
that the light curve of J1025+1402 has a variability significance of
2.30 and the significance of the variability being consistent with
the QSO variability pattern is 3.70. Thus, there is evidence that
the optical light of J1025+1402 is varying QSO-like, but clearly
not significant. More recently, Burke et al. (2025) updated the
photometric variability analysis for J1025+1402 leveraging new
epochs of ZTF observations, confirming a low intrinsic variability
of < 3 -4 % at 30. To better understand the contribution from
the AGN to the observed spectrum, it is vital to investigate the
panchromatic SED of J1025+1402, which we describe in the next
section.

6 INTERPRETATION OF THE SED

In this section, we discuss the physical interpretation of the different
parts of the spectrophotometric energy distribution of J1025+1402.
We also discuss whether any of these interpretations can be applied
to high-z LRDs discovered by JWST.

6.1 Cool optical

One of the debating issues for JWST-selected LRDs is the ori-
gin of the optical continuum, which appears ubiquitously red and
peaks around the location of He in terms of F, (see e.g., Fig-
ure 1). The high-S/N GTC spectrum reveals rich absorption features
in J1025+1402, whose identities can help to understand the ioniza-
tion and temperature conditions of the medium that produces them.
With pPPXF we used a semi-empirical approach to fit the opti-
cal continuum of J1025+1402, as shown in Figure 3. Based on the
best-fit weights of MILES stellar templates, we found that the domi-
nant stellar templates are a GOla yellow supergiant, HD 18391, with
T.g = 5500 K, and a KO chemically peculiar star, BD+06_0648,
with Teg = 4400 K. These two stars make up 80% of the total
weight. However, we note that it does not mean that the spectrum of
J1025+1402 is made up of two stars only, but rather the continuum
shape is best described by cool supergiant-like stellar populations.
Indeed, for a spectral peak around He, one expects cool stars with
T.g ~ 4000 — 5000 K. In addition, there is no TiO band present in
the spectrum, indicating a not too low temperature consistent with G
to K giants. While dust attenuation would allow for hotter stars, this
would be inconsistent with the small nebular attenuation. It is worth
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Figure 13. Comparison between the JWST/NIRSpec PRISM (R ~ 100) spec-
trum of the LRD, UNCOVER-45924 at z = 4.47, and the GTC spectrum
of J1025+1402 convolved to the PRISM resolution. The flux densities of
both spectra are rescaled to be compared. Despite being redder in the opti-
cal, J1025+1402 shows an exact same drop and a continuum bump redwards
of the drop as in UNCOVER-45924. This implies the drop feature is a real
absorption in the continuum, rather than an artifact made by broad emission
lines on both sides as recently proposed by Labbé et al. (2024).

noting that we have included additive polynomials in our PPXF fit,
which modifies the strengths of the absorptions in the original stellar
templates to better fit the observed continuum. However, even with
the unphysical modifications by the additive polynomials, many of
the observed absorption lines are still deeper compared to the model.
This might suggest a non-stellar origin for the absorptions, similar to
the Balmer absorption and NaD absorption, as well as the NIR Can
T absorptions shown by Lin et al. (2025a), or at least a non-standard
stellar population.

We also identified typical stellar absorptions including the Cant K
absorption (although the strength of Ca K is clearly over-fit by the
stellar templates), G-band absorption, and the Mgb absorption. The
strong G-band absorption, which is produced by the CH (methyli-
dyne) molecule, suggests a cool atmosphere where molecules are
not photo-dissociated. Compared to other ionic and atomic absorp-
tions, CH absorption revealed by the GTC spectrum is an important
feature. This is because, as a typical G-to-K type star feature, the
CH absorption is primarily produced in atmospheric conditions with
Terr ~ 5000 K and extremely high gas densities of nyy 2 10'* cm™3
(Gray 2008). The extreme conditions make the CH absorption much
more difficult to be explained by an external origin in the ISM or
outflows.

In addition to the typical stellar absorptions above, we present ten-
tative identifications of absorption lines in Figure 3 based on absorp-
tion lines mostly identified in K-to-G stars (Gray & Corbally 2009).
These lines are mostly associated with low-ionization ions and atoms,
and their observed strengths are stronger than those in typical stars
indicated by the stellar templates. In the blue part of the spectrum,
there is a clear drop near 4570 A with unknown origin, potentially
resulted from a blend of absorption lines including Ti1114572. This
drop has been unambiguously identified in high-z LRDs, including
the Rosetta Stone at z = 2.26 as shown in Figure 5 and another bright
LRD at z = 4.47 present by Labbé et al. (2024). In Figure 13, we
compare the spectrum of J1025+1402 to the JWST/NIRSpec PRISM
spectrum of a luminous LRD, the UNCOVER “Monster” Abell2744-
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45924, at z = 4.47 (Greene et al. 2024; Labbé et al. 2024). Once
again, the 4570 A-drop is clearly visible in the PRISM spectrum of
the LRD. If we convolved the GTC spectrum to the PRISM resolu-
tion and rescaled the spectra, the 4570 A-drops and the small bumps
redwards of the drop in both spectra match well.

Labbé et al. (2024) argue the 4570 A-drop is not an actual absorp-
tion, but a feature made by broad Fe 11 and He 1114686 emission from
the BLR on both sides of the drop. While this scenario is partly justi-
fied by the strong Fe 11 emission seen in the UV of the Monster, such
a shape of the optical Fe i1 bump was not observed in typical AGN or
quasars previously, and the general population of high-z broad-line
AGN selected by JWST show very weak optical Fenr bumps (Tre-
foloni et al. 2025). In fact, typical optical Fe i1 bump is characterized
by a peak around 4570 A rather than a drop, and UV-to-optical Fe i1
strengths vary strongly with the gas-phase metallicity and other phys-
ical conditions in the outskirt of BLRs (Shields et al. 2010). With the
medium-resolution (R ~ 1000) GTC spectrum, we found no clear in-
dication of any broad-Fe 11 emission lines, nor any strong broad He 1
emission, and there is a true absorption (band) around 4570 A. still,
the origin of the absorption is unclear and we will investigate it by
exploring a more comprehensive stellar library in future work.

In the red part of the spectrum as shown in the bottom right panel
of Figure 3, there are again multiple absorption lines associated with
atomic transitions. At 1 = 6142 A, there is a clear absorption line
potentially from Ban16142 or Ca116142. We note that Lin et al.
(2025a) identify the line as Fe 116148, which, however, does not
match the central wavelength of the absorption in our GTC spec-
trum. Finally, at the blue wing of the broad He, there is a known
absorption feature, the 6497 A-blend, typically seen in G-to-K type
stars, which Lin et al. (2025a) identified instead as a diffuse interstel-
lar band (DIB) absorption. The 6497 A-feature could be a blend of
Bam and Fe 1 and its strength seems recovered by the stellar template.
Given the Balmer absorption in He, another interesting possibility
for this feature is a P-Cygni absorption from stellar winds, similar
to the double-absorption profiles seen in 7 Carinae systems (Gull
et al. 2001), which also exhibit abundant low-ionization emission
lines typically associated with Fet (e.g., Choe et al. 2025). How-
ever, this shift would imply a wind velocity of ~ 3000 km s~!, and
no other absorptions around, for example, HS or He1 415876 can be
interpreted as P-Cygni features with similar velocities. Notably, the
G-to-K giant-like optical, in combination with the blue UV, makes
J1025+1402 share similar spectral shapes as some of the symbiotic
star systems or X-ray binaries, such as AG Dra and V404 Cyg, both
of which have their optical spectra dominated by K (sub)giants and
UV dominated by a hot star or an accreting black hole (Mikotajewska
2003; Mata Séanchez et al. 2018).

The low-ionization potentials of the identified ionic and atomic
transitions imply a cool atmosphere. As recently discussed in Ji et al.
(2025a); de Graaff et al. (2025b); Naidu et al. (2025), the optical con-
tinua of high-z LRDs can be explained by AGN accretion discs and
BLRs obscured by dense neutral gas with ng ~ 1019711 ¢cm~3, which
produces strong Balmer absorption that is clearly deeper than the un-
derlying continua and strong Balmer breaks deeper than what can be
produced by typical stellar populations. Alternatively, turbulent ac-
cretion flows surrounding the accretion disc can make a K-star like
optical continuum with a Balmer break (Liu et al. 2025). Clearly, as
we have shown, there is no strong Balmer break in J1025+1402, de-
spite the presence of deep Balmer absorption. This is not unexpected
as the presence of Balmer absorption with a non-stellar atmospheric
origin does not guarantee the presence of a Balmer break (Juodzbalis
et al. 2024a; Inayoshi & Maiolino 2025; Ji et al. 2025a). The pres-
ence of the G-band absorption from the molecular CH adds more
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constraints to the AGN models, suggesting very dense and cool gas
in the accretion flows or the vicinity of the BLR, if it has a non-
stellar origin. While densities as high as ny ~ 10'* cm™3 are not
implausible for BLRs (Netzer 2013; Moloney & Shull 2014; Tem-
ple et al. 2020), whether the rest of the gas conditions would allow
for reproducing the observed absorption lines require further inves-
tigation. Alternatively, if the optical absorptions are truly associated
stars, one would need exotic stellar atmospheric conditions to explain
many underpredicted absorption lines.

As aresult, the current constraints based on the optical continuum
alone still pose challenges for explaining LRDs with either AGN or
stellar models. Next, we explore observational evidence from other
wavelength ranges.

6.2 Missing X-rays

As noted above, there is no X-ray detection of J1025+1402 to date, ei-
ther in the archival Chandra observation (~5 ks exposure; Simmonds
et al. 2016) or in our more recent NuSTAR observation. We therefore
analyzed the data from both observations to compute upper limits on
the X-ray luminosity of J1025+1402 for a couple of bands of interest,
using the Bayesian approach outlined in Kraft et al. (1991). For the
Chandra data we consider a region 2" in radius around the source
position, and a region of 30" radius for the NuSTAR data when com-
puting these limits; in both cases the background level was estimated
from larger regions of blank sky on the same chip as the target posi-
tion. For the NuSTAR analysis we combine the data from FPMA and
FPMB, and also consider both the ‘science’ and ‘spacecraft science’
data (NMuSTAR modes 1 and 6; see Walton et al. 2016), giving a total
on-source exposure of ~45ks. Initially we assume a simple, ‘unob-
scured’ model consisting of a I' = 1.7 powerlaw continuum mod-
ified only by the Galactic absorption column toward J1025+1402
(NiGa = 4 x 10%° cm™2; HI4PI Collaboration et al. 2016) to al-
low for direct comparisons with relevant literature (e.g., Maiolino
et al. 2025b), and use pimms (Mukai 1993) to convert between count
rates and fluxes (adopting the appropriate cycle 10 responses for
Chandra). For the 2-10keV band the 90% and 99.73% (30°) lim-
its we find for the Chandra data with this model are Ly_jgkev <
2.8x10* ergs~!and < 7.5x10*" erg s, respectively.* For the NuS-
TAR data the corresponding limits are L_ g ev < 3.9 x 10*! erg s~!
and < 7.7 x 10" erg s™!, respectively (initially calculated for the 3—
10keV band and then converted into the 2—-10keV band using the
above spectral form). Both observatories thus provide comparable
constraints on the luminosity of J1025+1402 below 10 keV.
However, should J1025+1402 be heavily obscured, one might ex-
pect its X-ray spectrum to peak above 10keV, energies which can
only be probed by NuSTAR. While there is still no detection of
J1025+1402 above 10keV in the NuSTAR data, we can compute a
separate upper limit on its luminosity in the 10-30 keV band. Here
we adopt a more obscured spectral model, allowing reasonably heavy
obscuration at the redshift of J1025+1402 with Ny jn = 108 cm™2.

4 We note that Simmonds et al. (2016) reported a 99% limit of Ly_1¢ ev <
1.1x10% erg s~! based on the same Chandra observation, whereas our anal-
ysis yields a higher value of Ly_1g gev < 5.5 X 10%! erg s~! for the 99% con-
fidence limit. This is because the limit in Simmonds et al. (2016) is actually
initially computed over a Chandra bandpass that extends to lower energies
(0.5-7keV), and is then converted into a 2-10keV limit assuming a simi-
lar spectral model to the unobscured case considered above. In contrast, the
Chandra analysis presented here focuses only on the 2—-10keV band through-
out, and therefore does not involve the softer X-ray data that would be most
impacted by the presence of any further obscuration local to J1025+1402.
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Figure 14. Comparison between the nominal bolometric luminosities and the bolometric-to-X-ray luminosity ratios for different samples of broad-line AGN.
For J1025+1402, the solid symbol represents the derived values without any dust attenuation correction and the transparent symbol represents the derived values
with the maximum dust attenuation correction. In addition to the local LRD J1025+1402 at z = 0.1, we plot a sample of metal-poor AGN candidates in dwarf
galaxies at z < 0.3 from Simmonds et al. (2016) and Baldassare et al. (2017). We also plot two bright LRDs, the Rosetta Stone at z = 2.26 (JuodZbalis et al.
2024a) and Abell2744-45924 (the UNCOVER Monster) at z = 4.47 (Labbé et al. 2024). We also plot two blue high-z AGN, GS_3073 at z = 5.55 (Ubler
et al. 2023) and JADES-GN-1001830 at z = 6.68 (Juodzbalis et al. 2024b). Constraints for JWST-selected broad-line AGN at z > 2 are from Maiolino et al.
(2025b), and constraints for a sample of LRDs come from Yue et al. (2024). We also plot a sample of local broad-line AGN from Jin et al. (2012) at z < 0.4 for
comparison, as well as the best-fit relation based on a sample of optically selected AGN by Duras et al. (2020). J1025+1402 stands out as the broad-line AGN
with the most stringent constraint on Ly /La_ 10 kev at the low luminosity end of Lyo ~ 104 erg s™!. All X-ray limits plotted are 90% confidence upper limits.
We also provide 3 o~ upper limit for J1025+1402 in the text, which would give Lo/ Ly—10 kev > 145.
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Figure 15. Ratio of the observed luminosity predicted assuming J1025+1402 intrinsically exhibits a standard AGN SED to the limit implied by the X-ray non-
detections from Chandra and NuSTAR, as a function of line-of-sight column density. Calculations are shown for both models for the BLR presented in Table
4: no dust — left panel, dust obscured — right panel. Different curves correspond to the X-ray limits set by different telescopes and energy bands. The horizontal
dashed line indicates the observational constraint and only the region below the line would be compatible with the current observations. The non-detection at
high energies by NuSTAR sets the most stringent constraint on the column density that would be required for a standard AGN SED to be consistent with the
observational data, and would require a Compton-thick medium (i.e. Ny > 1.5 x 10** cm~2) along the line-of-sight in each case.
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We find 90% and 99.73% limits of Ljo_30 v < 5.9 x 10*! erg s~
and < 1.3 x 10*? erg s™!, respectively.

The above results suggest J1025+1402 is extremely X-ray weak
compared to typical AGN in the local Universe. In Figure 14, we
compare the bolometric-to-X-ray luminosity ratio of J1025+1402
with those of optically selected local AGN as well as high-z broad-
line AGN and LRDs selected by JWST. In this plot, all X-ray limits
included represent 90% confidence limits. While J1025+1402 lies
at the low-luminosity end, it has Lyoi/Ly-10kev > 145 as the 30
limit and Lyo;/La—10 kev > 371 as the 90% confidence limit (assum-
ing a standard bolometric conversion from Ha from Stern & Laor
2012), which is significantly higher compared to the local AGN, and
even the current limits for JWST-selected Type 1 AGN and LRDs.
For comparison, we plot two bright LRDs, the Rosetta Stone and
the Monster, which have more stringent limits on Lo/ Ly—10 kev but
have 1-2 magnitudes higher nominal bolometric luminosities. Some
metal-poor AGN candidates in dwarf galaxies selected through broad
lines at z < 0.3 exhibit certain levels of X-ray weakness, as measured
by Simmonds et al. (2016) and Baldassare et al. (2017) and shown
in Figure 14, although the uncertainties are large. A more systematic
study with careful sample selection is needed to compare the X-ray
properties of AGN candidates in local dwarfs and LRDs, which is
beyond the scope of the current work.

The extreme apparent X-ray weakness of J1025+1402 might po-
tentially indicate similarly extreme levels of obscuration in this sys-
tem. To investigate this further, we estimate the absorption columns
that would be needed to result in the X-ray non-detections reported
above, under the assumption that J1025+1402 should intrinsically be
similar to other AGN. To do so, we use the information provided in
Table 4 along with the Agqg-dependent 2—-10keV bolometric correc-
tions (k2—10) presented for type-1 AGN in Lusso et al. (2012) to pre-
dict what the intrinsic 2—-10 keV luminosity (Lpred,int) 0f J1025+1402
should be (and in the case of the 10-30 keV band, subsequently de-
termine the predicted intrinsic 10-30keV luminosity assuming a
I' = 1.7 powerlaw continuum). We then determine what the observed
luminosity (Lpred,obs) should be for a range of different line-of-sight
column densities at the redshift of J1025+1402, accounting for losses
due to both photoelectric absorption and scattering using models for
both included in xspec (Arnaud 1996). These predicted luminosities
are then compared to the corresponding limit on the luminosity pro-
vided by the X-ray data (which are also re-computed for each value
of Ny considered; we again consider 90% confidence limits here, as
in Figure 14).

This process is repeated for both the models with and without
dust, for which we find predicted intrinsic 2-10 keV luminosities of
Lpred,int ~ 1.3 X 10 and ~ 2 x 10*2 erg s~h respectively, based
on the values presented in Table 4. The results are shown in Figure
15, where we plot the ratio of the predicted and limiting luminosi-
ties as a function of the hydrogen column density; ratios > 1 would
be excluded by the existing observations, while ratios < 1 are still
permitted by them. The most stringent constraints here come from
the high energy NuSTAR data. Should J1025+1402 intrinsically ex-
hibit a relatively normal AGN SED, the level of obscuration required
for a non-detection above 10keV by NuSTAR would need to be in
the Compton-thick regime, i.e., Ny > 1.5 x 10%* cm~2. These limits
can likely be viewed as conservative, as the presence of any reflected
emission from the obscurer (predicted by all physical ‘torus’ models,
e.g. Murphy & Yaqoob 2009; Brightman & Nandra 2011; Balokovi¢
et al. 2018), and reducing the metallicity of the absorber to sub-solar
values would both drive the limits on Ny even higher.

Alternatively, the extreme X-ray weakness of J1025+1402 might
indicate photon-trapping/a change in the structure of the corona in
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the super-Eddington regime, as recently proposed for high-z AGN
(Maiolino et al. 2025b; Lambrides et al. 2024; Madau & Haardt
2024; Inayoshi et al. 2025b). It is worth noting that Inayoshi et al.
(2025b) also connect the X-ray weakness to low optical variabil-
ity, and the lack of high-ionization lines and the high broad-line
Balmer decrement could be indications of softening ionizing radia-
tion field from the accretion disc due to photon-trapping (Lambrides
et al. 2024). Without an actual detection or a stronger constraint from
high-energy X-ray photons, we cannot further constrain the models.
Fortunately, given the relatively low-redshift of J1025+1402, future
X-ray follow-ups will be valuable and efficient to understand the X-
ray signatures of this LRD. Next, we move to the UV regime where
J1025+1402 instead appears bright.

6.3 Extreme FUV

The UV continuum of J1025+1402 is currently only sampled by
three photometric points, which are GALEX FUV, NUYV, and SDSS
u. The GALEX UV fluxes we queried from VizieR are taken from
GALEX All Sky Imaging Survey (AIS) within the DRS (Bianchi et al.
2011). A noticeable feature of the UV continuum is a steepening to-
wards the GALEX FUV band. The NUV-u band slope combining
the GALEX and SDSS photometry is Snuv-u = —1.5 £ 0.6, which
is comparable to the UV slopes of reddened quasars (Vanden Berk
et al. 2001) and those of high-z LRDs (Hainline et al. 2025). How-
ever, the FUV-NUYV slope of J1025+1402 purely based on GALEX
is Bruv-Nuv = —4.1 = 0.9, which is surprisingly steep for a stan-
dard and unattenuated AGN accretion disc (Byy = —2.33, Shakura &
Sunyaev 1973) or typical stellar populations. Recent observations of
early galaxies by JWST have revealed that extreme UV slopes reach-
ing B = —2.6- 3.0 exist at early times (Topping et al. 2022; Cullen
et al. 2024; Morales et al. 2024; Baker et al. 2025), which requires
very young stellar populations (fage < 10 Myr) and they must be
nearly dust-free (Ferrara et al. 2025). Still, these high-z “Blue Mon-
sters” are marginally shallower in the UV compared to J1025+1402
and the much shallower NUV-u band region cannot be explained si-
multaneously. Therefore, we discuss some other possible scenarios
below to steepen the FUV slope.

In Figure 16, we plot the UV part of J1025+1402 as a best-fit
broken-power law. Compared to the optical part, the FUV is not
only extremely blue but also bright. One possibility to make a shal-
low NUV-u slope and a steep FUV-NUV slope is to have a nebular
dominated UV spectrum, where the FUV region is dominated by the
two-photon continuum (plus nebular emission such as Ly@) and the
region redwards to the NUV is flattened by a Balmer continuum (see
e.g., Cameron et al. 2024). However, this scenario is easily ruled out,
as shown in the left panel of Figure 16. The strength of the Balmer
continuum as well as the two-photon continuum should be closely
tied to the strength of the Balmer lines (Peimbert 1967; Bottorft et al.
2006). Based on the measured strength of Balmer lines and assum-
ing T, = 10* K and n, = 10°> cm™3, we used PyNEB to compute the
maximum nebular continuum in the UV with no dust attenuation and
plotted it as the solid cyan line. The nebular continuum is extremely
weak and cannot explain the UV photometric points of J1025+1402.

As another possibility, the FUV part could be boosted by nebular
emission lines, especially if there are lines excited by AGN. In the
right panel of Figure 16, we checked such a possibility based on the
composite quasar spectrum of Vanden Berk et al. (2001) constructed
using SDSS quasars. The composite quasar spectrum has Syy =
—1.56, which is marginally steeper than the NUV-u band slope of
J1025+1402. We rescaled the composite quasar spectrum with the
best-fit normalization factor derived from a minimum y? method
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Figure 16. Unusually steep rest-frame FUV slope of J1025+1402. Left: comparison between the predicted nebular continuum based on the measurements of
optical narrow lines without dust extinction (solid cyan) and with dust extinction (dashed red). The zero-point continuum level of the nebular continuum is shifted
to match the continuum of the GTC spectrum measured at 3800 A. Overall the nebular continua are too weak and flat to explain the UV slopes of J1025+1402.
Right: comparison between the composite spectrum of SDSS quasars from Vanden Berk et al. (2001) and observations of J1025+1402 in FUV, NUV, u bands.
The NUV-u slope of J1025+1402 is consistent with that of the SDSS quasar (Byy = —1.56) within 1 0. To explain the FUV observations, the nebular lines
(partially or entirely) covered by the band, including Ly e, Si1v, C1v, and He 11 need to be upscaled by a factor of 11. The required strength of high-ionization
UV lines is in tension with the weak high-ionization optical lines (e.g., He 14686).
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Figure 17. Photoionization model of a gas-enshrouded accreting black hole.
The shaded red region encloses models predicted by CLoupy where the
AGN accretion disc (dashed line) is obscured by a spherically symmetric
gas shell with a covering faction of unity and a column density in a range
of Nu = 10%4-25 cm~2. Both the intrinsic disc emission and the net transmit-
ted emission are normalized by the same scaling factor. The net transmitted
emission is steepened towards the FUV due to a combined effect of contin-
uum absorption and reemission. While the steepened FUV could provide a
fit to the photometric data of J1025+1402, the optical Balmer break is not
seen in J1025+1402, suggesting the AGN component cannot dominate the
full UV-to-optical regime.

by matching the NUV- and u-band fluxes to those of J1025+1402.
With this normalization, the FUV flux is significantly lower than the
FUYV flux of J1025+1402. We then upscaled the nebular emission by
subtracting a power-law continuum with Byy = —1.56 and multi-
plied the residual flux by a constant factor, and re-added the flux to
the power-law continuum. We then calculated the synthetic GALEX
FUV band flux of the modified quasar spectrum. We found that the
nebular emission of the composite quasar spectrum needs to be up-
scaled by a factor of 11 + 4 to match the observed FUV band flux of
J1025+1402. The resulting spectrum within the FUV band is plotted
as the dashed magenta line, where strong enhancement in Ly, Si1v,
C1v, and He 11 can be clearly seen.

While the extremely strong nebular emission of the above
lines can indeed boost the FUV flux, the required emission line
strengths might become unphysical. For example, the flux ratio of
He 111640/He 114686 is roughly a constant of 7-8 over a wide
range of physical conditions, and thus upscaling the UV Hen by
a factor of 11 would lead to unphysical flux relative to the optical
He 114686, especially given that the observed flux of He 114686 in
J1025+1402 is lower than that of typical quasars (see Figure 7). Still,
one could argue that He 11 is not the dominant line within the FUV
band. As another example, the Case B value for Lya/Hg is roughly 26
atT, = 10* K and n, = 10> cm™3. Comparing the requiring Lya flux
based on the composite quasar template with that of the total HB flux
measured from the GTC spectrum, we have Ly /HB = 83 + 30, sig-
nificantly beyond the Case B value. A potential mechanism to reach
such high Lya/Hg is through collisional excitation as shown by Fer-
land & Osterbrock (1985). In such a case, the FUV nebular emission
is likely dominated by a BLR with strong collisionally excited lines,
and the high broad-line Ha/Hp ratio is caused by strong collisional
excitation rather than dust attenuation. The implied little dust atten-
uation of the BLR as well as the accretion disc would support the
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scenario where the UV light is dominated by an AGN accretion disc,
similar to the assumption made by Burke et al. (2021b).

As a third possibility, we checked the recently proposed model
of Inayoshi & Maiolino (2025), the intrinsic UV spectrum of LRDs
could be heavily obscured by dense dust-free neutral gas that pro-
duces strong hydrogen continuum absorption. The dense gas “atmo-
sphere” might also produce the X-ray weakness of LRDs through
Compton scattering (Maiolino et al. 2025b). We considered a sim-
ple model where a standard Shakura & Sunyaev (1973) accretion
disc is fully covered by a spherical shell with a covering factor of
unity using Croupy (Ferland et al. 2017). In this simple practice,
we fixed the ionization parameter to log(U) = -2 and the density
to ny = 10'° ¢cm™3, and considered a range of column density of
Nu = 10%*7% cm™2. The final results are plotted in Figure 17 and
compared with the observations. Due to the continuous hydrogen
opacity in the UV and the reemission from the spherical shell (In-
ayoshi & Maiolino 2025), the FUV slope is steepened with respect
to the intrinsic slope, and the NUV-u band slope is instead flattened.
The resulting shape of the UV spectrum can roughly match the ob-
served photometric points, but the model predicts a strong Balmer
break that is not observed in the optical, which is produced by the
large Balmer continuum opacity in the gas shell. While adding an ad-
ditional continuum component including a Balmer continuum emis-
sion might alleviate the optical tension, this simple exercise suggests
that the gas-obscured AGN model cannot dominate the full UV-to-
optical regime.

In summary, while the steep FUV slope of J1025+1402 might be
caused by extremely strong nebular emission from a BLR or a heav-
ily gas-obscured accretion disc, none of these scenarios are standard
interpretations for local AGN. Spectroscopic observations of the UV
with, for example, HST, will be the key to understanding the origin of
the UV light. Next, we discuss the red end of the SED of J1025+1402,
where an “MIR-crisis” occurs in high-z LRDs.

6.4 Low MIR emission

As discussed recently by Williams et al. (2024); Akins et al. (2025b);
Setton et al. (2025); Chen et al. (2025), there is a lack of hot and cold
dust emission in the NIR-MIR regime of high-z LRDs, suggesting
that the optical continuum of LRDs could be intrinsically red. As
shown in Figure 1, the NIR spectrum of J1025+1402 is similar to
those of high-z LRDs until 5 ym in the rest frame. Redwards of 5 um,
J1025+1402 has the strongest constraint on the fluxes for wavelengths
up to about 20 um. This sets a strong constraint on the allowable dust
reemission if one assumes energy balance.

To characterize the NIR-MIR emission, we used the SED fitting
code ciGALE (Boquien et al. 2019) that has built-in energy-balance
calculations. We note that a similar fit has been done by Burke et al.
(2021b) using ciGALE, who found that the dust is mainly heated by
stellar populations and the AGN is subdominant over the optical-
MIR regime and only visible in the UV. We reexamined the fit by
assuming different AGN contributions in the UV. For the fitting, we
include photometric data from GALEX FUV to WISE MIR, and we
include an additional uncertainty of 10% as model systematics. We
modelled the AGN component using the SKIRTOR model (Stalevski
et al. 2016), where the dust attenuation curve is assumed to be an
SMC curve (Gordon et al. 2003). We considered two configurations
for the intrinsic AGN component. In the first configuration, we al-
lowed the AGN accretion disc to have a steeper slope compared to the
default Schartmann et al. (2005) model, which is achieved by adding
a power-law index down to —2. In the second configuration, we only
allowed the default disc to be steepened by at most a power-law in-
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dex of —0.36. The stellar population component uses stellar popu-
lation synthesis model of Bruzual & Charlot (2003) with a Salpeter
(1955) initial mass function (IMF) and a delayed-t star formation
history. The stellar dust re-emission is modelled using the Dale et al.
(2014) model with a variable slope of @ = 1.3 — 4. The stellar atten-
uation curve is assumed to follow that of Calzetti et al. (2000) and
the ratio between the stellar- and nebular- dust attenuation is set to
E(B = V)4 /E(B = V)gs = 0.44.

Figure 18 shows the best-fit models under the two configurations.
The first configuration (left panel of Figure 18) produces a fit similar
to that done by Burke et al. (2021b), where the whole UV is domi-
nated by the AGN continuum. The AGN produces dust emission that
is stronger than the stellar dust emission in the NIR around 5 ym
but becomes subdominant in the MIR. The fitting result for the NIR
part is similar to the results presented by Juodzbalis et al. (2024a)
for the Rosetta Stone, although in that case there is no longer wave-
length coverage to determine the dominant contributor for the MIR
emission. The fitting results suggest the NIR-to-MIR emission can
be explained by a combination of AGN and stellar dust emission, if
the optical continuum is star dominated. The best-fit stellar mass is
M, = 10'° M dominated by a 2-Gyr old evolved stellar population,
consistent with the result of Burke et al. (2021b). However, there are
several caveats associated with this interpretation. First, even with a
significantly steepened UV, the FUV-NUYV part is not well fitted. As
discussed in Section 6.3, additional physical scenarios such as ex-
treme nebular emission or gas-obscured accretion disc might need
to be considered, which is not included in the SED modelling. This
makes the calculation of the AGN dust re-emission uncertain. Sec-
ond, the best-fit dust attenuation is Ay ~ 2 mag, significantly higher
than the nebular attenuation derived from the Balmer decrement. In-
deed, it is quite atypical for evolved stellar populations to be more
dust attenuated compared to the nebular emission (Calzetti et al.
1994; Charlot & Fall 2000; Wild et al. 2011; Li et al. 2021). The sec-
ond configuration, as shown in the right panel of Figure 18, produces
a worse fit due to the significantly underpredicted FUV and NUV.
The best-fit stellar mass reaches a very high value of M, = 10'! M
and it is still dominated by a 2-Gyr old evolved stellar population.
Compared to the GTC spectrum, the Balmer break predicted by the
model is too strong. In addition, this model has a problem with the
broad-line EW. The AGN continuum in this model is highly red-
dened and contributes to less than 1% of the light near Ha, which
poses a great challenge to the energy balance for the broad line. Even
considering that the covering factor of the BLR in J1025+1402 can
reach unity, which would lead to a factor of 2- 10 increase in the
broad He EWs compared to the normal AGN population with cover-
ing factors of 10-50% (Netzer 1990; Ferland et al. 2020), the intrin-
sic broad Ha EW of > 30, 000 A inferred from this best-fit CIGALE
model is still hard to reconcile with the observed AGN and quasars
(Lusso et al. 2020; Maiolino et al. 2025b).

Recently, Liu et al. (2025) proposed an alternative gas-obscured
model for LRDs, where the accretion disc is embedded in turbulent
accretion flows. This model predicts a cool optical continuum resem-
bling a G-to-K star atmosphere with T.g ~ 5000 K that dominates
the optical continuum. While similar to the gas-obscured models of
Inayoshi & Maiolino (2025); Ji et al. (2025a) in terms of producing
the optical Balmer break, the model of Liu et al. (2025) requires little
dust attenuation and thus would presumably produce low NIR-MIR
dust re-emission from the AGN torus. Lin et al. (2025a) have pre-
sented a comparison between the turbulent accretion flow model and
the optical spectrum of J1025+1402 and found a good match in the
overall shape. A full investigation of the alternative AGN continuum
model will benefit from a careful comparison between identified ab-
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Figure 18. Best-fit cicaLe SED models for J1025+1402 from FUV to MIR, where an AGN component and a stellar component are included. We plot both
observed photometric points and the GTC spectrum and compare them with model SEDs. Left: the UV continuum is fitted by an intrinsically steep AGN SED.
Right: no steepening in the AGN SED is assumed. In both cases, the NIR of the best-fit model around 5 um is dominated by hot dust emission from the
torus whereas the MIR emission is mainly from dust heated by stellar populations. The UV continuum is poorly fitted even with an unphysically steep AGN
continuum. Also the stellar attenuation is significantly higher than that inferred from the Balmer decrement. In configuration 2, the Balmer break is too strong
and not observed in the GTC spectrum. While the MIR crisis seems not as severe in J1025+1402 as in other high-z LRDs, the best-fit model is not satisfying

due to the above mismatches.

sorption lines in the observed spectrum and those predicted by mod-
els, which we will investigate in future work. On the other hand, a
stellar-dominated model also resolves the MIR crisis but would face
the same issue of reproducing the optical absorptions.

7 DISCUSSION

Thus far, we have compared the observations of J1025+1402 and
high-z LRDs and shown their similarities. Also, we have shown the
new information extracted from the SED of J1025+1402. In this sec-
tion, we discuss additional implications for the general LRD popula-
tion based on J1025+1402.

7.1 Stellar mass of the host galaxy

A debating question of high-z LRDs is the contribution from their
host galaxies to the observed light, since some recent studies have
suggested their entire optical spectra can be black-hole dominated
(Jietal. 2025a; de Graaff et al. 2025b; Naidu et al. 2025). While the
presence of metal emission lines certainly requires stellar evolution
and enrichment, there are also weak-line LRDs with nearly chemi-
cally pristine environments (Maiolino et al. 2025a). J1025+1402 is
clearly more chemically evolved compared to the weak-line LRDs
and actually overmassive compared to the MZR given its nominal
stellar mass of M, ~ 100 M.

A useful constraint on the host galaxy contribution is from the dy-
namical mass, which requires measurements of both the galaxy size
and the stellar or gas kinematics. In Appendix A, we show that the
Gemini slit image of J1025+1402 indicates its optical light is unre-
solved and has an effective radius of R. < 620 pc. Regarding the
kinematics, using the high-resolution (R ~ 3600) spectrum from
MMT/Binospec, Lin et al. (2025a) found that the narrow emission

lines of J1025+1402 remain unresolved and their best-fit emission-
line models have a small velocity dispersion of oy, = 17 £ 1 km s~L
From the high-resolution Gemini/GMOS spectrum (R = 3400),
however, we measured a higher narrow-line velocity dispersion of
on = 39.1 = 0.4 km s~!, where the lines are marginally resolved.
The difference potentially arises from the decomposition of Ha. The
narrow-line Ha luminosity we measured from the Gemini spectrum
iS LHa, narrow = (2.37+£0.02) X 10%! erg s~ lwithout dust attenuation
correction, which is roughly two times the value measured by Lin
et al. (2025a). During the spectral decomposition, the lower the rela-
tive flux of the narrow He, the narrower the line profile is fitted since
the narrow component is pushed to the core of the observed profile.
Alternatively, if the resolution of the Gemini spectrum is actually
R =~ 2500, we can recover Lin et al. (2025a)’s velocity dispersion.
But in this case, the resolution would be inconsistent with our inter-
pretation based on the slit image as well as our measurement of the
sky line width. Regardless, both velocity dispersions are low and we
would have a stronger limit on the dynamical mass if we adopt Lin
et al. (2025a)’s measurement.

To estimate the dynamical mass in an unresolved system such as
J1025+1402, we start with the virial theorem following Binney &
Tremaine (1987)

Ry\ 0ZR. _ o2lR.

Re) ¢ TG
where o, is the LOS stellar velocity dispersion, R. is the effective
(half-light) radius, and Ry is the gravitational radius. To take into
account that the gas velocity dispersion could be lower than the stel-
lar velocity dispersion, we used the relation of oy ~ o, x 10013
(Bezanson et al. 2018). The effective radius is set by the Gemini slit
image, R. < 620 pc. The remaining part is the coefficient, n, which
is taken to be 3/0.45 ~ 6.7 by Binney & Tremaine (1987) as an av-
erage over King (1966) models. From observations, Cappellari et al.
(2006) found n =~ 5 by fitting local early-type galaxies, similar to

Mgy, =3 ( (3)
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the case of a uniform density sphere (MacLaren et al. 1988), and the
same coefficient has been adopted for high-z galaxies (Pettini et al.
2001; Shapley et al. 2004; Erb et al. 2006, see also de Graaff et al.
2024; Ubler et al. 2023 who adopted smaller 7 for resolved sources).
Finally, for dispersion-dominated systems, one can have n ~ 3.4
(Diaz-Santos et al. 2021). With the most conservative = 6.7, we
have Mgy, < 3.3 X 10° Mg using our measured o, = 39.1 + 0.4
kms™!, or Mgyn < 6.3% 108 Mg, using oy = 17+ 1 km s~! measured
by Lin et al. (2025a).

The most conservative upper limit of the dynamical mass is 2.90
lower than the nominal stellar mass estimated from the ciGALE fitting
result by Burke et al. (2021b), which is M, = 7'9t21'.16 x 10° Mo,
and significantly lower compared to our fitted range of M, =
101911 M. A stellar mass higher than the dynamical mass is un-
physical as the latter also includes the gas mass and the dark matter
mass in addition to the stellar mass. The same mass discrepancy has
been pointed out for several high-z LRDs (JuodZbalis et al. 2024a;
Wang et al. 2025; Ji et al. 2025a; D’Eugenio et al. 2025a; Akins et al.
2025a), which serve as a key evidence that the optical continuum can-
not be dominated by stellar populations alone, or at least the typical
evolved stellar population fitted by standard SED modelling codes.

Notably, Juodzbalis et al. (2025a) recently found that in a sample
of JWST-selected broad-line AGN at 2 < z < 7, there is a relation
between the narrow Hf luminosities and narrow-line velocity dis-
persion consistent with the trend found in local giant H 11 regions as
well as high-z compact SF galaxies (e.g., Terlevich & Melnick 1981;
Melnick et al. 2017; Chavez et al. 2014, 2025), where both Lyg and
o are connected to the total stellar mass for virialized ionized gas.
For J1025+1402, it has a dust-attenuation corrected HB luminosity
of log Lyg/[erg s™'] = 41.01 + 0.01 and a velocity dispersion of
0a=39.1+04kms™!, making it consistent with the Lyg - o, rela-
tion derived by Chavez et al. (2025) within 1o scatter. This implies
that the NLR of J1025+1402 could be virialized and follow a scaling
relation similar to that of young star clusters. To further understand
the actual host galaxy contribution, one needs to measure the spa-
tial extensions of the observed light at different wavelengths, which
is not available from current observations but will be key for future
follow-up observations.

7.2 Total energy budget

Since there is a good coverage of the panchromatic SED of
J1025+1402 from photometric data, one can examine the typical as-
sumptions made for energy conversions across different wavelengths.
A relevant parameter is the intrinsic bolometric luminosity of the
AGN. Based on the broad-line Balmer decrement, the inferred bolo-
metric luminosity reaches a high value of Lyo ~ 10% erg s7! given
Ay = 5.1+0.1 mag. We performed a simple consistency check by in-
terpolating the FUV-to-MIR photometric SED as broken power laws
using the INTERPID function from the scipy package and obtained
an integrated luminosity of Lryy_mir =~ 6.2 x 10*3 erg s~!. This
integrated luminosity is significantly lower than the nominal bolo-
metric luminosity with dust attenuation corrections. Given the non-
detection in X-ray, it appears implausible that over 98% of the energy
is found at A < Apy, = 1216 A. In fact, based on the empirical AGN
SEDs constructed by Jin et al. (2012, 2017) covering sub-Eddington
to super-Eddington sources at low redshift, the fraction of total en-
ergies at A < 1216 A is typically 40 - 50%. This estimation supports
the bolometric conversion with little or no dust attenuation, with the
latter giving Lyoy ~ 1.0 x 10* erg s™!. If J1025+1402 is a repre-
sentative case for LRDs, which is supported by the highly similar
panchromatic photometric SEDs of J1025+1402 and high-z LRDs
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shown in Figure 1, then it suggests the BLRs of LRDs are not heav-
ily dust obscured and the bolometric luminosities are best estimated
from the direct measurements of broad-line luminosities. The little
dust obscuration further suggests that if the UV light of LRDs is not
from the AGN continuum, strong opacity, possibly from neutral hy-
drogen, must exist to extinguish the UV.

If the BLR is not dust obscured, the high broad-line Balmer decre-
ment of He/HB > 20 in J1025+1402 as well as high-z LRDs
(Juodzbalis et al. 2024a) could be a result of collisional excitation
and radiative transfer effects. In the case of the collisional excitation,
the broad-line Ha/HB is enhanced simply because it is easier to col-
lisionally excite hydrogen to n = 3 than to n = 4. Based on this argu-
ment, qualitatively, one expects Paschen decrements are more con-
sistent with Case B since they are produced from n > 3 levels, which
is indeed found by Lin et al. (2025a) based on the Magellan/FIRE
spectrum in the NIR of J1025+1402. In the case of radiative transfer
effects, it is possible that HB is more optically thick compared to Ha
due to obscuration by neutral hydrogen along the LOS. Since Paschen
series likely have lower optical depths, this scenario would again pre-
dict less Paschen decrements. By doing a simple test with CLouby
photoionization models, we found that with a standard accretion disc
and a BLR with Ng = 10 cm™2, ngg = 10° em™3, and logU = -2,
the predicted Ha/Hp is 8.4 and 6.9 for calculations with and without
collisional excitation, suggesting both effects should be considered.
The predicted He/Hp increases to 10 for a higher column density
of Ny = 10** cm~2, which matches the observed broad-line Balmer
decrement of the Rosetta Stone if it is completely dustless (Juodzbalis
et al. 2024a).

As another possibility, the AGN in J1025+1402 could be heav-
ily dust obscured but the bolometric conversion factor based on the
broad Ha from Stern & Laor (2012) (which is 130) is significantly
overestimated. This could happen if the BLR has a high covering
fraction, but only accounts for a factor of 2- 10 if we consider the
typical covering fraction in local AGN where the bolometric con-
version is derived is 10-50% (Ferland et al. 2020). To further lower
the estimated Ly and make it compatible with the integrated photo-
metric luminosity, one needs to increase the fraction of photons near
the hydrogen ionizing edge at 4 = 912 A (where the photoionization
cross-section is highest for hydrogen) in the SED of the accretion
disc seen by the BLR. Such a condition might be met if the temper-
ature cut-off set by the inner disc radius corresponds to an energy
close to 1 Ryd, which is Toy_of = 1.6 x 10° K. This can be achieved
for a black hole mass of Mgy ~ 107 Mg, based on simple disc SED
models from xspec with certain constraints on the black hole spin
and the inclination angle. Since the thermal disc component peaks
around the hydrogen ionizing edge, there is little energy beyond the
ionizing edge of He* (i.e., 54.4 eV), which naturally leads to rela-
tively weak high-ionization lines.

In reality, all of the above effects might be at play in modifying
the observed Balmer decrements in LRDs. Deciphering the physical
conditions that produce the observed line ratios are key to recovering
the correct black hole parameters. We will present a more compre-
hensive investigation of the broad-line ratios observed in LRDs and
high-z AGN in future work.

8 CONCLUSIONS

In this work, we present an independent investigation on the brightest
and lowest redshift LRD discovered to date, J1025+1402, at z = 0.1,
by exploring its SED from rest-frame X-ray energies to MIR. We
summarize our conclusions in the following.



e The UV-optical SED of J1025+1402 has a characteristic V
shape and the optical continuum peaks around He similar to high-
z LRDs, which implies a cool atmosphere of Teg ~ 5000 K in
the optical. Unlike some high-z LRDs with strong Balmer breaks,
J1025+1402 does not show a clear Balmer break and the turnover
point of the V-shaped spectrum is visually found at the location of
Can K absorption at 3940 A. The case of J1025+1402 suggests many
photometric LRDs at high-z might not have a strong Balmer break
despite the fact that the SED turnover point is close to the Balmer
limit.

e J1025+1402 shows clear broad Balmer emission lines with a
best-fit broad-line width of FWHMp, = 934 + 10 km s~!, which
imply an accreting black hole with a mass of M, = 105497722 M
and an Eddington ratio of Agqqg = 0.26 — 1.4, where the exact val-
ues depend on whether the BLR emission is heavily dust attenu-
ated or not. The black hole parameters are similar to the broad-line
AGN selected by JWST at high redshift. In addition, the metal-poor
[12 + log(O/H) = 7.73t%:21£] and compact (R, < 620 pc) nature of
J1025+1402 makes it a close counterpart of high-z broad-line AGN
selected by JWST.

e Archival Gemini/GMOS spectrum shows strong Balmer ab-
sorption and NaD absorption in the spectrum of J1025+1402. By
fitting these features, we found Ha and part of the NaD absorption
likely originate in slowly outflowing gas rather than the stellar atmo-
spheres. However, HS exhibits a redshifted absorption in the SDSS
spectrum, suggesting another inflow component with a lower optical
depth where Hp originates.

e We obtained GTC/OSIRIS spectroscopic observation for
J1025+1402 and discovered rich absorption lines and bands in the
rest-frame optical. We found typical stellar absorption including Ca 1t
K, G-band, Mgb, and NaD. We also made tentative identifications of
a series absorption lines potentially associated with low-ionization
ionic or atomic transitions such as Fem, Timr, Ba, Nar1, Fe1, and
Ca1. Many of the absorption strengths are underpredicted by empiri-
cal stellar templates, suggesting potential contribution from the ISM
or outflows. We found an unknown and strong absorption feature at
4570 A, which is clearly seen in high-z LRDs as well. Among the
absorption lines, the G-band absorption is the only one produced by
a molecule (CH), which poses a challenge for the current model that
describes the optical continuum as gas-enshrouded black hole accre-
tion discs, as stellar atmosphere-like gas with extremely high density
of nyy 2 10'* cm™3 and warm temperature of ~ 5000 K is required.
Still, typical stellar templates do not reproduce the observed set of
absorptions as well.

e J1025+1402 exhibits an emission-line spectrum indicative of a
soft ionizing SED. While there is detection of He 1114686, the flux
ratio of He 114686/Hp is consistent with star-forming galaxies in the
local Universe. There are also a series of weak lines associated with
the forbidden and permitted transitions of Ferr. The density diag-
nostic based on Fe i suggests a high density of ng = 10°~7 cm™3.
The different kinematics of [Fe 11]47155 and [Ca11]17291 compared
to other optical narrow lines revealed by the Gemini/GMOS spec-
trum further suggest they originate from a spatially distinct region.
We identified several [Fe 1] lines in an LRD at z = 2.26 that match
the lines seen in J1025+1402, suggesting a high gas density of ny >
10 cm™3 in this source as well.

e By analyzing the change in the equivalent widths of Ha
from spectroscopic observations over 19 years in the rest frame of
J1025+1402, we found a small variation of 9% but it is very signif-
icant (> 507). This is consistent with the previous finding by Burke
et al. (2021b) and suggest J1025+1402 hosts an accreting black hole
with low variability.
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e J1025+1402 exhibits an extremely steep FUV slope of =
—4.1 £ 0.9 from archival GALEX data, atypical for AGN accretion
disc or stellar populations. The shape can be roughly reproduced if
the FUV has extreme nebular emission, potentially requiring strong
collisional excitation. Alternatively, a gas obscured standard AGN
accretion disc can produce a steepened FUV spectrum and a flat-
tened NUV spectrum, but the optical part of disc would have a strong
Balmer break that is not seen in the observed spectrum.

e With archival Chandra and new NuSTAR observations, we
found a high 90% confidence limit for the bolometric-to-X-ray lu-
minosity ratio of Lyo/La—10kev > 336 assuming no gas obscura-
tion, meaning J1025+1402 is extremely X-ray weak even compared
to high-z broad-line AGN selected by JWST. If the X-ray weak-
ness of J1025+1402 is produced by Compton scattering of gas ob-
scuring the line-of-sight, the non detection in 10 — 30 keV from
the NuSTAR observation indicates a large gas column density of
log[ Ny /(cm™2)] = 24.1 —24.6. In this scenario, the same obscuring
gas could be responsible for producing the absorption lines seen in
the optical as well as the optical continuum shape.

e The MIR data of J1025+1402 set by far the most stringent con-
straint on the dust re-emission in LRDs. Using the SED fitting code
CIGALE that assumes energy balance, we found that the MIR can
be well fitted with models where the optical is dominated by dust-
obscured and evolved 2-Gyr old stellar population and the NIR is
partly contributed by emission from the dusty torus of AGN. How-
ever, the models either require an unphysically steep UV slope for
the AGN accretion disc, or fail completely in the UV and overpredict
the strength of the Balmer break. The models also require the stel-
lar populations to be more dust reddened by about 1.4 mag in the V
band compared to the nebular emission, which is atypical for evolved
populations.

e While the nominal stellar mass obtained through SED fitting is
M, = 10911 M, the actual stellar mass in J1025+1402 is likely
lower. This is because based on the size limit and the width of nar-
row emission lines, the most conservative limit we derived for the
dynamical mass is Mgy, < 3.3X 10° M, which is significantly lower
than the nominal stellar masses. This implies the optical continuum
is unlikely to be dominated by stellar populations alone, or at least a
typical, evolved stellar population.

e The integrated photometric luminosity from FUV to MIR of
J1025+1402 is two orders of magnitude lower than the dust atten-
uation corrected bolometric luminosity inferred from broad Balmer
lines. This implies a combined effect of an intrinsically high Balmer
decrement due to an optically thick BLR and collisional excitation,
and a non-standard bolometric conversion modified by a high cover-
ing fraction and a soft ionizing SED.

Our new GTC and NuSTAR data confirm J1025+1402 as a local
LRD, and all evidence suggests that it has a complex gaseous en-
vironment. The strong ionic, atomic, and molecular absorptions re-
vealed by the new data are difficult to explain with typical stellar and
AGN models. As a concluding remark, the case of J1025+1402 opens
an interesting new window where we can study previously identified
sources in the local Universe within the new context of JWST discov-
eries. Despite the fact that its physical nature still remains unclear, the
low redshift and high brightness of J1025+1402 would allow for ef-
ficient follow ups that constrain the full SED of this LRD in greater
detail and it can serve as a template for the search of other LRD can-
didates in the local Universe.

MNRAS 000, 1-32 (0000)



28 Jietal

ACKNOWLEDGEMENTS

We thank our referee, Mar Mezcua, whose thoughtful suggestions
improved the clarity of this work. This work is based on observations
made with the GTC telescope, in the Spanish Observatorio del Roque
de los Muchachos of the Instituto de Astrofisica de Canarias, un-
der Director’s Discretionary Time. We also thank Fiona Harrison for
approving the NuSTAR Director’s Discretionary Time. We acknowl-
edge invaluable help from Antonio Luis Cabrera Lavers in designing
the GTC/OSIRIS observations, and we thank the GTC staff for their
immediate response once the Director’s Discretionary Time was ap-
proved. We thank Stefano Carniani, Benjamin D. Johnson, and Max
Pettini for helpful discussions. XJ, FDE, 1J, RM, and JS acknowl-
edge ERC Advanced Grant 695671 “QUENCH” and support by the
Science and Technology Facilities Council (STFC) and by the UKRI
Frontier Research grant RISEandFALL. RM acknowledges funding
from a research professorship from the Royal Society. CRA acknowl-
edges support from the Agencia Estatal de Investigacion of the Min-
isterio de Ciencia, Innovacién y Universidades (MCIU/AEI) under
the grant “Tracking active galactic nuclei feedback from parsec to
kiloparsec scales”, with reference PID2022—-141105NB—-100 and the
European Regional Development Fund (ERDF).

This work used observations made with the NASA/ESA/CSA
James Webb Space Telescope. The data are available at the Mikulski
Archive for Space Telescopes (MAST) at the Space Telescope Sci-
ence Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc., under NASA contract NAS 5-03127
for JWST.

DATA AVAILABILITY

All JWST observations used in this paper are available through the
MAST portal. The Gemini observations are available at the Gem-
ini Observatory Archive. We have made our reduced Gemini/GMOS
spectrum publicly available through this link. The GTC observations
will be shared on the GTC archive after the 12-month proprietary
period. We have uploaded the reduced GTC/OSIRIS spectrum and
made it publicly available through this link. All analysis results of
this paper will be shared on reasonable request to the corresponding
author.

REFERENCES

Abazajian K. N, et al., 2009, ApJS, 182, 543

Akins H. B., et al., 2025a, arXiv e-prints, p. arXiv:2503.00998

Akins H. B., et al., 2025b, ApJ, 991, 37

Ananna T. T., Bogddn A., Kovics O. E., Natarajan P., Hickox R. C., 2024,
ApJ, 969, L18

Arnaud K. A., 1996, in Jacoby G. H., Barnes J., eds, Astronomical Society
of the Pacific Conference Series Vol. 101, Astronomical Data Analysis
Software and Systems V. p. 17

BaggenJ. F. W., et al., 2024, ApJ, 977, L13

Baker W. M, et al., 2025, A&A, 697, A90

Baldassare V. F., Reines A. E., Gallo E., Greene J. E., 2017, ApJ, 836, 20

Baldwin J. A., 1975, ApJ, 201, 26

Baldwin J. A., Phillips M. M., Terlevich R., 1981, PASP, 93, 5

Baldwin J. A., et al., 1996, ApJ, 468, L115

Balokovié¢ M., et al., 2018, AplJ, 854, 42

Bautista M. A., Pradhan A. K., 1998, ApJ, 492, 650

Bautista M. A., Fivet V., Ballance C., Quinet P., Ferland G., Mendoza C.,
Kallman T. R., 2015, ApJ, 808, 174

Begelman M. C., Dexter J., 2025, arXiv e-prints, p. arXiv:2507.09085

Begelman M. C., Volonteri M., Rees M. J., 2006, MNRAS, 370, 289

MNRAS 000, 1-32 (0000)

Bezanson R., et al., 2018, ApJ, 868, L36

Bezanson R, et al., 2024, ApJ, 974, 92

Bianchi L., Herald J., Efremova B., Girardi L., Zabot A., Marigo P., Conti A.,
Shiao B., 2011, Ap&SS, 335, 161

Binney J., Tremaine S., 1987, Galactic dynamics. Princeton University Press

Blumenthal G. R., Mathews W. G., 1975, ApJ, 198, 517

Boquien M., Burgarella D., Roehlly Y., Buat V., Ciesla L., Corre D., Inoue
A. K., Salas H., 2019, A&A, 622, A103

Bottorft M., Ferland G., Baldwin J., Korista K., 2000, ApJ, 542, 644

Bottorft M. C., Ferland G. J., Straley J. P., 2006, PASP, 118, 1176

Brazzini M., D’Eugenio F., Maiolino R., JuodZbalis I., Ji X., Scholtz J., Chang
S.-1., 2025, MNRAS, 544, 1.167

Brightman M., Nandra K., 2011, MNRAS, 413, 1206

Brotherton M. S., Wills B. J., Francis P. J., Steidel C. C., 1994, Ap]J, 430, 495

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Bunker A. J., et al., 2024, A&A, 690, A288

Burke C. J., et al., 2021a, Science, 373, 789

Burke C. J., Liu X., Chen Y.-C., Shen Y., Guo H., 2021b, MNRAS, 504, 543

Burke C. J., Stone Z., Shen Y., Jiang Y.-F., 2025, arXiv e-prints, p.
arXiv:2511.16082

Butler N. R., Bloom J. S., 2011, AJ, 141, 93

Byrne C. M., Stanway E. R., Eldridge J. J., McSwiney L., Townsend O. T.,
2022, MNRAS, 512, 5329

Calzetti D., Kinney A. L., Storchi-Bergmann T., 1994, ApJ, 429, 582

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-
Bergmann T., 2000, ApJ, 533, 682

Cameron A. J., Katz H., Witten C., Saxena A., Laporte N., Bunker A. J., 2024,
MNRAS, 534, 523

Cappellari M., 2017, MNRAS, 466, 798

Cappellari M., Emsellem E., 2004, PASP, 116, 138

Cappellari M., et al., 2006, MNRAS, 366, 1126

Carnall A. C., 2017, arXiv e-prints, p. arXiv:1705.05165

Charlot S., Fall S. M., 2000, ApJ, 539, 718

Chatzikos M., et al., 2023, Rev. Mex. Astron. Astrofis., 59, 327

Chavez R., Terlevich R., Terlevich E., Bresolin F., Melnick J., Plionis M.,
Basilakos S., 2014, MNRAS, 442, 3565

Chavez R, et al., 2025, MNRAS, 538, 1264

Chen K., Li Z., Inayoshi K., Ho L. C., 2025, ApJ, 994, L42

Choe S., et al., 2025, A&A, 698, A16

Collin S., Kawaguchi T., Peterson B. M., Vestergaard M., 2006, A&A, 456,
75

Cullen F., et al., 2024, MNRAS, 531, 997

Curti M., et al., 2024, A&A, 684, A75

D’Eugenio F,, et al., 2025a, arXiv e-prints, p. arXiv:2503.11752

D’Eugenio F,, et al., 2025b, arXiv e-prints, p. arXiv:2506.14870

D’Eugenio F,, et al., 2025¢, arXiv e-prints, p. arXiv:2510.00101

D’Eugenio F,, et al., 2025d, ApJS, 277, 4

Dale D. A., Helou G., Magdis G. E., Armus L., Dfaz-Santos T., Shi Y., 2014,
ApJ, 784, 83

Del Zanna G., Dere K. P., Young P. R., Landi E., 2021, ApJ, 909, 38

Dere K. P., Landi E., Mason H. E., Monsignori Fossi B. C., Young P.R., 1997,
A&AS, 125, 149

Dey A., etal., 2019, AJ, 157, 168

Diaz-Santos T., et al., 2021, A&A, 654, A37

Dong X., Wang T., Wang J., Yuan W., Zhou H., Dai H., Zhang K., 2008,
MNRAS, 383, 581

Dors O. L., Maiolino R., Cardaci M. V., Hégele G. F., Krabbe A. C., Pérez-
Montero E., Armah M., 2020, MNRAS, 496, 3209

Drake A. J., et al., 2009, ApJ, 696, 870

Duras F,, et al., 2020, A&A, 636, A73

Eisenstein D. J., et al., 2023a, arXiv e-prints, p. arXiv:2306.02465

Eisenstein D. J., et al., 2023b, arXiv e-prints, p. arXiv:2310.12340

Erb D. K., Steidel C. C., Shapley A. E., Pettini M., Reddy N. A., Adelberger
K. L., 2006, ApJ, 646, 107

Euclid Collaboration et al., 2025, arXiv e-prints, p. arXiv:2503.15323

Feige J., 1958, ApJ, 128, 267

Ferland G. J., Osterbrock D. E., 1985, ApJ, 289, 105

Ferland G. J., et al., 2017, Rev. Mex. Astron. Astrofis., 53, 385


https://archive.gemini.edu/searchform/publication=2021MNRAS.504..543B
https://archive.gemini.edu/searchform/publication=2021MNRAS.504..543B
https://doi.org/10.5281/zenodo.17749122
https://doi.org/10.5281/zenodo.17235199
http://dx.doi.org/10.1088/0067-0049/182/2/543
https://ui.adsabs.harvard.edu/abs/2009ApJS..182..543A
http://dx.doi.org/10.48550/arXiv.2503.00998
https://ui.adsabs.harvard.edu/abs/2025arXiv250300998A
http://dx.doi.org/10.3847/1538-4357/ade984
https://ui.adsabs.harvard.edu/abs/2025ApJ...991...37A
http://dx.doi.org/10.3847/2041-8213/ad5669
https://ui.adsabs.harvard.edu/abs/2024ApJ...969L..18A
http://dx.doi.org/10.3847/2041-8213/ad90b8
https://ui.adsabs.harvard.edu/abs/2024ApJ...977L..13B
http://dx.doi.org/10.1051/0004-6361/202553766
https://ui.adsabs.harvard.edu/abs/2025A&A...697A..90B
http://dx.doi.org/10.3847/1538-4357/836/1/20
https://ui.adsabs.harvard.edu/abs/2017ApJ...836...20B
http://dx.doi.org/10.1086/153855
https://ui.adsabs.harvard.edu/abs/1975ApJ...201...26B
http://dx.doi.org/10.1086/130766
https://ui.adsabs.harvard.edu/abs/1981PASP...93....5B
http://dx.doi.org/10.1086/310245
https://ui.adsabs.harvard.edu/abs/1996ApJ...468L.115B
http://dx.doi.org/10.3847/1538-4357/aaa7eb
http://adsabs.harvard.edu/abs/2018ApJ...854...42B
http://dx.doi.org/10.1086/305061
https://ui.adsabs.harvard.edu/abs/1998ApJ...492..650B
http://dx.doi.org/10.1088/0004-637X/808/2/174
https://ui.adsabs.harvard.edu/abs/2015ApJ...808..174B
http://dx.doi.org/10.48550/arXiv.2507.09085
https://ui.adsabs.harvard.edu/abs/2025arXiv250709085B
http://dx.doi.org/10.1111/j.1365-2966.2006.10467.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.370..289B
http://dx.doi.org/10.3847/2041-8213/aaf16b
https://ui.adsabs.harvard.edu/abs/2018ApJ...868L..36B
http://dx.doi.org/10.3847/1538-4357/ad66cf
https://ui.adsabs.harvard.edu/abs/2024ApJ...974...92B
http://dx.doi.org/10.1007/s10509-010-0581-x
https://ui.adsabs.harvard.edu/abs/2011Ap&SS.335..161B
http://dx.doi.org/10.1086/153628
https://ui.adsabs.harvard.edu/abs/1975ApJ...198..517B
http://dx.doi.org/10.1051/0004-6361/201834156
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.103B
http://dx.doi.org/10.1086/317051
https://ui.adsabs.harvard.edu/abs/2000ApJ...542..644B
http://dx.doi.org/10.1086/506974
https://ui.adsabs.harvard.edu/abs/2006PASP..118.1176B
http://dx.doi.org/10.1093/mnrasl/slaf116
https://ui.adsabs.harvard.edu/abs/2025MNRAS.544L.167B
http://dx.doi.org/10.1111/j.1365-2966.2011.18207.x
http://adsabs.harvard.edu/abs/2011MNRAS.413.1206B
http://dx.doi.org/10.1086/174425
https://ui.adsabs.harvard.edu/abs/1994ApJ...430..495B
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B
http://dx.doi.org/10.1051/0004-6361/202347094
https://ui.adsabs.harvard.edu/abs/2024A&A...690A.288B
http://dx.doi.org/10.1126/science.abg9933
https://ui.adsabs.harvard.edu/abs/2021Sci...373..789B
http://dx.doi.org/10.1093/mnras/stab912
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504..543B
http://dx.doi.org/10.48550/arXiv.2511.16082
https://ui.adsabs.harvard.edu/abs/2025arXiv251116082B
https://ui.adsabs.harvard.edu/abs/2025arXiv251116082B
http://dx.doi.org/10.1088/0004-6256/141/3/93
https://ui.adsabs.harvard.edu/abs/2011AJ....141...93B
http://dx.doi.org/10.1093/mnras/stac807
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.5329B
http://dx.doi.org/10.1086/174346
https://ui.adsabs.harvard.edu/abs/1994ApJ...429..582C
http://dx.doi.org/10.1086/308692
https://ui.adsabs.harvard.edu/abs/2000ApJ...533..682C
http://dx.doi.org/10.1093/mnras/stae1547
https://ui.adsabs.harvard.edu/abs/2024MNRAS.534..523C
http://dx.doi.org/10.1093/mnras/stw3020
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466..798C
http://dx.doi.org/10.1086/381875
https://ui.adsabs.harvard.edu/abs/2004PASP..116..138C
http://dx.doi.org/10.1111/j.1365-2966.2005.09981.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.366.1126C
http://dx.doi.org/10.48550/arXiv.1705.05165
https://ui.adsabs.harvard.edu/abs/2017arXiv170505165C
http://dx.doi.org/10.1086/309250
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..718C
http://dx.doi.org/10.22201/ia.01851101p.2023.59.02.12
https://ui.adsabs.harvard.edu/abs/2023RMxAA..59..327C
http://dx.doi.org/10.1093/mnras/stu987
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442.3565C
http://dx.doi.org/10.1093/mnras/staf386
https://ui.adsabs.harvard.edu/abs/2025MNRAS.538.1264C
http://dx.doi.org/10.3847/2041-8213/ae1955
https://ui.adsabs.harvard.edu/abs/2025ApJ...994L..42C
http://dx.doi.org/10.1051/0004-6361/202450685
https://ui.adsabs.harvard.edu/abs/2025A&A...698A..16C
http://dx.doi.org/10.1051/0004-6361:20064878
https://ui.adsabs.harvard.edu/abs/2006A&A...456...75C
https://ui.adsabs.harvard.edu/abs/2006A&A...456...75C
http://dx.doi.org/10.1093/mnras/stae1211
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..997C
http://dx.doi.org/10.1051/0004-6361/202346698
https://ui.adsabs.harvard.edu/abs/2024A&A...684A..75C
http://dx.doi.org/10.48550/arXiv.2503.11752
https://ui.adsabs.harvard.edu/abs/2025arXiv250311752D
https://ui.adsabs.harvard.edu/abs/2025arXiv250614870D
http://dx.doi.org/10.48550/arXiv.2510.00101
https://ui.adsabs.harvard.edu/abs/2025arXiv251000101D
http://dx.doi.org/10.3847/1538-4365/ada148
https://ui.adsabs.harvard.edu/abs/2025ApJS..277....4D
http://dx.doi.org/10.1088/0004-637X/784/1/83
https://ui.adsabs.harvard.edu/abs/2014ApJ...784...83D
http://dx.doi.org/10.3847/1538-4357/abd8ce
https://ui.adsabs.harvard.edu/abs/2021ApJ...909...38D
http://dx.doi.org/10.1051/aas:1997368
https://ui.adsabs.harvard.edu/abs/1997A&AS..125..149D
http://dx.doi.org/10.3847/1538-3881/ab089d
https://ui.adsabs.harvard.edu/abs/2019AJ....157..168D
http://dx.doi.org/10.1051/0004-6361/202140455
https://ui.adsabs.harvard.edu/abs/2021A&A...654A..37D
http://dx.doi.org/10.1111/j.1365-2966.2007.12560.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.383..581D
http://dx.doi.org/10.1093/mnras/staa1781
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.3209D
http://dx.doi.org/10.1088/0004-637X/696/1/870
https://ui.adsabs.harvard.edu/abs/2009ApJ...696..870D
http://dx.doi.org/10.1051/0004-6361/201936817
https://ui.adsabs.harvard.edu/abs/2020A&A...636A..73D
http://dx.doi.org/10.48550/arXiv.2306.02465
https://ui.adsabs.harvard.edu/abs/2023arXiv230602465E
http://dx.doi.org/10.48550/arXiv.2310.12340
https://ui.adsabs.harvard.edu/abs/2023arXiv231012340E
http://dx.doi.org/10.1086/504891
https://ui.adsabs.harvard.edu/abs/2006ApJ...646..107E
http://dx.doi.org/10.48550/arXiv.2503.15323
https://ui.adsabs.harvard.edu/abs/2025arXiv250315323E
http://dx.doi.org/10.1086/146541
https://ui.adsabs.harvard.edu/abs/1958ApJ...128..267F
http://dx.doi.org/10.1086/162867
https://ui.adsabs.harvard.edu/abs/1985ApJ...289..105F
http://dx.doi.org/10.48550/arXiv.1705.10877
https://ui.adsabs.harvard.edu/abs/2017RMxAA..53..385F

Ferland G. J., Done C., Jin C., Landt H., Ward M. J., 2020, MNRAS, 494,
5917

Ferrara A., Pallottini A., Sommovigo L., 2025, A&A, 694, A286

Fitzpatrick E. L., 1999, PASP, 111, 63

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Fransson C., et al., 2014, ApJ, 797, 118

Furtak L. J., et al., 2023, AplJ, 952, 142

Furtak L. J., et al., 2024, Nature, 628, 57

Furtak L. J., et al., 2025, A&A, 698, A227

Gardner J. P,, et al., 2023, PASP, 135, 068001

Gordon K. D., Clayton G. C., Misselt K. A., Landolt A. U., Wolff M. J., 2003,
ApJ, 594, 279

Gray D. F., 2008, The Observation and Analysis of Stellar Photospheres.
Cambridge University Press

Gray R. O., Corbally J. C., 2009, Stellar Spectral Classification. Princeton
University Press

Greene J. E., et al., 2024, ApJ, 964, 39

Greene J. E., et al., 2025, arXiv e-prints, p. arXiv:2509.05434

Grevesse N., Asplund M., Sauval A. J., Scott P., 2010, Ap&SS, 328, 179

Gull T., Ishibashi K., Davidson K., Collins N., 2001, in Gull T. R., Johann-
son S., Davidson K., eds, Astronomical Society of the Pacific Conference
Series Vol. 242, Eta Carinae and Other Mysterious Stars: The Hidden Op-
portunities of Emission Spectroscopy. p. 391

HI4PI Collaboration et al., 2016, A&A, 594, A116

Hainline K. N., et al., 2025, ApJ, 979, 138

Harikane Y., et al., 2023, ApJ, 959, 39

Hempel C. G., 1945, Mind, LIV, 1

Ho L. C., 2008, ARA&A, 46, 475

Hook I. M., Jgrgensen 1., Allington-Smith J. R., Davies R. L., Metcalfe N.,
Murowinski R. G., Crampton D., 2004, PASP, 116, 425

Hutchings J. B., Crenshaw D. M., Kraemer S. B., Gabel J. R., Kaiser M. E.,
Weistrop D., Gull T. R., 2002, AJ, 124, 2543

Hviding R. E., et al., 2025, A&A, 702, A57

1li¢ D., Popovi¢ L. C., La Mura G., Ciroi S., Rafanelli P, 2012, A&A, 543,
Al42

Inayoshi K., 2025, ApJ, 988, L22

Inayoshi K., Ichikawa K., 2024, ApJ, 973, L49

Inayoshi K., Maiolino R., 2025, Ap]J, 980, L27

Inayoshi K., Murase K., Kashiyama K., 2025a, arXiv e-prints, p.
arXiv:2509.19422

Inayoshi K., Kimura S. S., Noda H., 2025b, PASJ, 77, 811

Isobe Y., et al., 2025, MNRAS, 541, L71

Izotov Y. I., Thuan T. X., 2008, ApJ, 687, 133

Izotov Y. I., Thuan T. X., Guseva N. G., 2007, ApJ, 671, 1297

Ji X., Yan R., Riffel R., Drory N., Zhang K., 2020, MNRAS, 496, 1262

Ji X, etal., 2024, MNRAS,

Ji X, etal., 2025a, MNRAS,

Ji X., Belokurov V., Maiolino R., Monty S., Isobe Y., Kravtsov A., Mc-
Clymont W., Ubler H., 2025b, MNRAS,

Jin C., Ward M., Done C., 2012, MNRAS, 425, 907

Jin C., Done C., Ward M., Gardner E., 2017, MNRAS, 471, 706

Juodzbalis 1., et al., 2024a, MNRAS, 535, 853

Juodzbalis I, et al., 2024b, Nature, 636, 594

Juodzbalis 1., et al., 2025a, arXiv e-prints, p. arXiv:2504.03551

Juodzbalis 1., et al., 2025b, arXiv e-prints, p. arXiv:2508.21748

Kauffmann G., et al., 2003, MNRAS, 346, 1055

Kewley L. J., Dopita M. A., Sutherland R. S., Heisler C. A., Trevena J., 2001,
ApJ, 556, 121

Kewley L. J., Groves B., Kauffmann G., Heckman T., 2006, MNRAS, 372,
961

King L. R., 1966, AJ, 71, 64

King A., 2025, MNRAS, 536, L1

Kobayashi C., Karakas A. I., Lugaro M., 2020, ApJ, 900, 179

Kocevski D. D., et al., 2023, ApJ, 954, L4

Kocevski D. D., et al., 2025, ApJ, 986, 126

Kokorev V., et al., 2024, Apl, 968, 38

Kokubo M., Harikane Y., 2024, arXiv e-prints, p. arXiv:2407.04777

Little Red Dot at 7 = 0.1 29

Kraft R. P., Burrows D. N., Nousek J. A., 1991, Apl, 374, 344

Labbé 1., et al., 2023, Nature, 616, 266

Labbé L., et al., 2024, arXiv e-prints, p. arXiv:2412.04557

Labbé L., et al., 2025, ApJ, 978, 92

Labrie K., et al., 2023, Research Notes of the American Astronomical Soci-
ety, 7,214

Lambrides E., et al., 2024, arXiv e-prints, p. arXiv:2409.13047

Laor A., 2006, ApJ, 643, 112

Lawrence A., et al., 2007, MNRAS, 379, 1599

Le Cras C., Maraston C., Thomas D., York D. G., 2016, MNRAS, 461, 766

Li N, etal., 2021, ApJ, 917,72

Li Z., Inayoshi K., Chen K., Ichikawa K., Ho L. C., 2025, ApJ, 980, 36

Liddle A. R., 2007, MNRAS, 377, L74

Lin X, et al., 2024, ApJ, 974, 147

Lin X, et al., 2025a, arXiv e-prints, p. arXiv:2507.10659

Lin R., et al., 2025b, ApJ, 980, L34

Liu H., Jiang Y.-F., Quataert E., Greene J. E., Ma Y., 2025, ApJ, 994, 113

Loeb A., 2024, RNAAS, 8, 182

Loiacono F,, et al., 2025, A&A, 703, A36

Luridiana V., Morisset C., Shaw R. A., 2015, A&A, 573, A42

Lusso E., et al., 2012, MNRAS, 425, 623

Lusso E., et al., 2020, A&A, 642, A150

MaY., et al., 2025a, arXiv e-prints, p. arXiv:2504.08032

MaY., etal., 2025b, ApJ, 981, 191

MacLaren I., Richardson K. M., Wolfendale A. W., 1988, ApJ, 333, 821

Madau P., Haardt F., 2024, ApJ, 976, L24

Maiolino R., et al., 2024, A&A, 691, A145

Maiolino R., et al., 2025a, arXiv e-prints, p. arXiv:2505.22567

Maiolino R., et al., 2025b, MNRAS, 538, 1921

Maraston C., Thomas D., 2000, ApJ, 541, 126

Martin D. C,, et al., 2005, ApJ, 619, L1

Martocchia S., et al., 2025, A&A, 696, A79

Masci F. J., et al., 2019, PASP, 131, 018003

Mata Sénchez D., et al., 2018, MNRAS, 481, 2646

Matthee J., et al., 2024, ApJ, 963, 129

Melnick J., et al., 2017, A&A, 599, A76

Mikotajewska J., 2003, in Corradi R. L. M., Mikolajewska J., Ma-
honey T. J., eds, Astronomical Society of the Pacific Conference
Series Vol. 303, Symbiotic Stars Probing Stellar Evolution. p. 9
(arXiv:astro-ph/0210489), doi:10.48550/arXiv.astro-ph/0210489

Moloney J., Shull J. M., 2014, ApJ, 793, 100

Morales A. M., et al., 2024, ApJ, 964, L.24

Mowla L., et al., 2024, Nature, 636, 332

Mukai K., 1993, Legacy, 3, 21

Miiller-Sdnchez F., Prieto M. A., Hicks E. K. S., Vives-Arias H., DaviesR. 1.,
Malkan M., Tacconi L. J., Genzel R., 2011, ApJ, 739, 69

Murphy K. D., Yaqoob T., 2009, MNRAS, 397, 1549

Nagoshi S., Iwamuro F., Yamada S., Ueda Y., Oikawa Y., Otsuka M., Isogai
K., Mineshige S., 2024, MNRAS, 529, 393

Naidu R. P, et al., 2025, arXiv e-prints, p. arXiv:2503.16596

Nandal D., Loeb A., 2025, arXiv e-prints, p. arXiv:2507.12618

Netzer H., 1990, in Blandford R. D., Netzer H., Woltjer L., Courvoisier
T.J. L., Mayor M., eds, Active Galactic Nuclei. pp 57-160

Netzer H., 2013, The Physics and Evolution of Active Galactic Nuclei. Cam-
bridge University Press

Neumayer N., Seth A., Boker T., 2020, A&ARyv, 28, 4

Ochsenbein F., Bauer P., Marcout J., 2000, A&AS, 143, 23

Oh K, etal.,, 2017, MNRAS, 464, 1466

Osterbrock D. E., Ferland G. J., 2006, Astrophysics of gaseous nebulae and
active galactic nuclei. University Science Books

Pacucci F., Loeb A., 2025, ApJ, 989, L19

Pacucci F., Narayan R., 2024, ApJ, 976, 96

Peimbert M., 1967, ApJ, 150, 825

Pérez-Gonzidlez P. G., et al., 2024, ApJ, 968, 4

Pettini M., Shapley A. E., Steidel C. C., Cuby J.-G., Dickinson M., Moorwood
A. F. M., Adelberger K. L., Giavalisco M., 2001, ApJ, 554, 981

Pezzulli E., Valiante R., Orofino M. C., Schneider R., Gallerani S., Sbarrato
T., 2017, MNRAS, 466, 2131

MNRAS 000, 1-32 (0000)


http://dx.doi.org/10.1093/mnras/staa1207
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.5917F
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.5917F
http://dx.doi.org/10.1051/0004-6361/202452707
https://ui.adsabs.harvard.edu/abs/2025A&A...694A.286F
http://dx.doi.org/10.1086/316293
https://ui.adsabs.harvard.edu/abs/1999PASP..111...63F
http://dx.doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
http://dx.doi.org/10.1088/0004-637X/797/2/118
https://ui.adsabs.harvard.edu/abs/2014ApJ...797..118F
http://dx.doi.org/10.3847/1538-4357/acdc9d
https://ui.adsabs.harvard.edu/abs/2023ApJ...952..142F
http://dx.doi.org/10.1038/s41586-024-07184-8
https://ui.adsabs.harvard.edu/abs/2024Natur.628...57F
http://dx.doi.org/10.1051/0004-6361/202554110
https://ui.adsabs.harvard.edu/abs/2025A&A...698A.227F
http://dx.doi.org/10.1088/1538-3873/acd1b5
https://ui.adsabs.harvard.edu/abs/2023PASP..135f8001G
http://dx.doi.org/10.1086/376774
https://ui.adsabs.harvard.edu/abs/2003ApJ...594..279G
http://dx.doi.org/10.3847/1538-4357/ad1e5f
https://ui.adsabs.harvard.edu/abs/2024ApJ...964...39G
http://dx.doi.org/10.48550/arXiv.2509.05434
https://ui.adsabs.harvard.edu/abs/2025arXiv250905434G
http://dx.doi.org/10.1007/s10509-010-0288-z
https://ui.adsabs.harvard.edu/abs/2010Ap&SS.328..179G
http://dx.doi.org/10.1051/0004-6361/201629178
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.116H
http://dx.doi.org/10.3847/1538-4357/ad9920
https://ui.adsabs.harvard.edu/abs/2025ApJ...979..138H
http://dx.doi.org/10.3847/1538-4357/ad029e
https://ui.adsabs.harvard.edu/abs/2023ApJ...959...39H
http://dx.doi.org/10.1093/mind/LIV.213.1
http://dx.doi.org/10.1146/annurev.astro.45.051806.110546
https://ui.adsabs.harvard.edu/abs/2008ARA&A..46..475H
http://dx.doi.org/10.1086/383624
https://ui.adsabs.harvard.edu/abs/2004PASP..116..425H
http://dx.doi.org/10.1086/344080
https://ui.adsabs.harvard.edu/abs/2002AJ....124.2543H
http://dx.doi.org/10.1051/0004-6361/202555816
https://ui.adsabs.harvard.edu/abs/2025A&A...702A..57H
http://dx.doi.org/10.1051/0004-6361/201219299
https://ui.adsabs.harvard.edu/abs/2012A&A...543A.142I
https://ui.adsabs.harvard.edu/abs/2012A&A...543A.142I
http://dx.doi.org/10.3847/2041-8213/adea66
https://ui.adsabs.harvard.edu/abs/2025ApJ...988L..22I
http://dx.doi.org/10.3847/2041-8213/ad74e2
https://ui.adsabs.harvard.edu/abs/2024ApJ...973L..49I
http://dx.doi.org/10.3847/2041-8213/adaebd
https://ui.adsabs.harvard.edu/abs/2025ApJ...980L..27I
http://dx.doi.org/10.48550/arXiv.2509.19422
https://ui.adsabs.harvard.edu/abs/2025arXiv250919422I
https://ui.adsabs.harvard.edu/abs/2025arXiv250919422I
http://dx.doi.org/10.1093/pasj/psaf050
https://ui.adsabs.harvard.edu/abs/2025PASJ...77..811I
http://dx.doi.org/10.1093/mnrasl/slaf056
https://ui.adsabs.harvard.edu/abs/2025MNRAS.541L..71I
http://dx.doi.org/10.1086/591660
https://ui.adsabs.harvard.edu/abs/2008ApJ...687..133I
http://dx.doi.org/10.1086/522923
https://ui.adsabs.harvard.edu/abs/2007ApJ...671.1297I
http://dx.doi.org/10.1093/mnras/staa1521
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1262J
http://dx.doi.org/10.1093/mnras/stae2375
http://dx.doi.org/10.1093/mnras/staf1867
http://dx.doi.org/10.1093/mnras/staf2110
http://dx.doi.org/10.1111/j.1365-2966.2012.21272.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.425..907J
http://dx.doi.org/10.1093/mnras/stx1634
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471..706J
http://dx.doi.org/10.1093/mnras/stae2367
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535..853J
http://dx.doi.org/10.1038/s41586-024-08210-5
https://ui.adsabs.harvard.edu/abs/2024Natur.636..594J
http://dx.doi.org/10.48550/arXiv.2504.03551
https://ui.adsabs.harvard.edu/abs/2025arXiv250403551J
http://dx.doi.org/10.48550/arXiv.2508.21748
https://ui.adsabs.harvard.edu/abs/2025arXiv250821748J
http://dx.doi.org/10.1111/j.1365-2966.2003.07154.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.346.1055K
http://dx.doi.org/10.1086/321545
https://ui.adsabs.harvard.edu/abs/2001ApJ...556..121K
http://dx.doi.org/10.1111/j.1365-2966.2006.10859.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..961K
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..961K
http://dx.doi.org/10.1086/109857
https://ui.adsabs.harvard.edu/abs/1966AJ.....71...64K
http://dx.doi.org/10.1093/mnrasl/slae100
https://ui.adsabs.harvard.edu/abs/2025MNRAS.536L...1K
http://dx.doi.org/10.3847/1538-4357/abae65
https://ui.adsabs.harvard.edu/abs/2020ApJ...900..179K
http://dx.doi.org/10.3847/2041-8213/ace5a0
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L...4K
http://dx.doi.org/10.3847/1538-4357/adbc7d
https://ui.adsabs.harvard.edu/abs/2025ApJ...986..126K
http://dx.doi.org/10.3847/1538-4357/ad4265
https://ui.adsabs.harvard.edu/abs/2024ApJ...968...38K
http://dx.doi.org/10.48550/arXiv.2407.04777
https://ui.adsabs.harvard.edu/abs/2024arXiv240704777K
http://dx.doi.org/10.1086/170124
https://ui.adsabs.harvard.edu/abs/1991ApJ...374..344K
http://dx.doi.org/10.1038/s41586-023-05786-2
https://ui.adsabs.harvard.edu/abs/2023Natur.616..266L
http://dx.doi.org/10.48550/arXiv.2412.04557
https://ui.adsabs.harvard.edu/abs/2024arXiv241204557L
http://dx.doi.org/10.3847/1538-4357/ad3551
https://ui.adsabs.harvard.edu/abs/2025ApJ...978...92L
http://dx.doi.org/10.3847/2515-5172/ad0044
http://dx.doi.org/10.3847/2515-5172/ad0044
https://ui.adsabs.harvard.edu/abs/2023RNAAS...7..214L
http://dx.doi.org/10.48550/arXiv.2409.13047
https://ui.adsabs.harvard.edu/abs/2024arXiv240913047L
http://dx.doi.org/10.1086/502798
https://ui.adsabs.harvard.edu/abs/2006ApJ...643..112L
http://dx.doi.org/10.1111/j.1365-2966.2007.12040.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.379.1599L
http://dx.doi.org/10.1093/mnras/stw1024
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461..766L
http://dx.doi.org/10.3847/1538-4357/ac0973
https://ui.adsabs.harvard.edu/abs/2021ApJ...917...72L
http://dx.doi.org/10.3847/1538-4357/ada5fb
https://ui.adsabs.harvard.edu/abs/2025ApJ...980...36L
http://dx.doi.org/10.1111/j.1745-3933.2007.00306.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.377L..74L
http://dx.doi.org/10.3847/1538-4357/ad6565
https://ui.adsabs.harvard.edu/abs/2024ApJ...974..147L
https://ui.adsabs.harvard.edu/abs/2025arXiv250710659L
http://dx.doi.org/10.3847/2041-8213/adaaf1
https://ui.adsabs.harvard.edu/abs/2025ApJ...980L..34L
http://dx.doi.org/10.3847/1538-4357/ae0c19
https://ui.adsabs.harvard.edu/abs/2025ApJ...994..113L
http://dx.doi.org/10.3847/2515-5172/ad614c
https://ui.adsabs.harvard.edu/abs/2024RNAAS...8..182L
http://dx.doi.org/10.1051/0004-6361/202555946
https://ui.adsabs.harvard.edu/abs/2025A&A...703A..36L
http://dx.doi.org/10.1051/0004-6361/201323152
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..42L
http://dx.doi.org/10.1111/j.1365-2966.2012.21513.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.425..623L
http://dx.doi.org/10.1051/0004-6361/202038899
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.150L
http://dx.doi.org/10.48550/arXiv.2504.08032
https://ui.adsabs.harvard.edu/abs/2025arXiv250408032M
http://dx.doi.org/10.3847/1538-4357/ada613
https://ui.adsabs.harvard.edu/abs/2025ApJ...981..191M
http://dx.doi.org/10.1086/166791
https://ui.adsabs.harvard.edu/abs/1988ApJ...333..821M
http://dx.doi.org/10.3847/2041-8213/ad90e1
https://ui.adsabs.harvard.edu/abs/2024ApJ...976L..24M
http://dx.doi.org/10.1051/0004-6361/202347640
https://ui.adsabs.harvard.edu/abs/2024A&A...691A.145M
http://dx.doi.org/10.48550/arXiv.2505.22567
https://ui.adsabs.harvard.edu/abs/2025arXiv250522567M
http://dx.doi.org/10.1093/mnras/staf359
https://ui.adsabs.harvard.edu/abs/2025MNRAS.538.1921M
http://dx.doi.org/10.1086/309433
https://ui.adsabs.harvard.edu/abs/2000ApJ...541..126M
http://dx.doi.org/10.1086/426387
https://ui.adsabs.harvard.edu/abs/2005ApJ...619L...1M
http://dx.doi.org/10.1051/0004-6361/202453001
https://ui.adsabs.harvard.edu/abs/2025A&A...696A..79M
http://dx.doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M
http://dx.doi.org/10.1093/mnras/sty2402
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.2646M
http://dx.doi.org/10.3847/1538-4357/ad2345
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..129M
http://dx.doi.org/10.1051/0004-6361/201629728
https://ui.adsabs.harvard.edu/abs/2017A&A...599A..76M
http://arxiv.org/abs/astro-ph/0210489
http://dx.doi.org/10.48550/arXiv.astro-ph/0210489
http://dx.doi.org/10.1088/0004-637X/793/2/100
https://ui.adsabs.harvard.edu/abs/2014ApJ...793..100M
http://dx.doi.org/10.3847/2041-8213/ad2de4
https://ui.adsabs.harvard.edu/abs/2024ApJ...964L..24M
http://dx.doi.org/10.1038/s41586-024-08293-0
https://ui.adsabs.harvard.edu/abs/2024Natur.636..332M
https://ui.adsabs.harvard.edu/abs/1993Legac...3...21M
http://dx.doi.org/10.1088/0004-637X/739/2/69
https://ui.adsabs.harvard.edu/abs/2011ApJ...739...69M
http://dx.doi.org/10.1111/j.1365-2966.2009.15025.x
http://adsabs.harvard.edu/abs/2009MNRAS.397.1549M
http://dx.doi.org/10.1093/mnras/stae319
https://ui.adsabs.harvard.edu/abs/2024MNRAS.529..393N
https://ui.adsabs.harvard.edu/abs/2025arXiv250316596N
http://dx.doi.org/10.48550/arXiv.2507.12618
https://ui.adsabs.harvard.edu/abs/2025arXiv250712618N
http://dx.doi.org/10.1007/s00159-020-00125-0
https://ui.adsabs.harvard.edu/abs/2020A&ARv..28....4N
http://dx.doi.org/10.1051/aas:2000169
https://ui.adsabs.harvard.edu/abs/2000A&AS..143...23O
http://dx.doi.org/10.1093/mnras/stw2467
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.1466O
http://dx.doi.org/10.3847/2041-8213/ade871
https://ui.adsabs.harvard.edu/abs/2025ApJ...989L..19P
http://dx.doi.org/10.3847/1538-4357/ad84f7
https://ui.adsabs.harvard.edu/abs/2024ApJ...976...96P
http://dx.doi.org/10.1086/149385
https://ui.adsabs.harvard.edu/abs/1967ApJ...150..825P
http://dx.doi.org/10.3847/1538-4357/ad38bb
https://ui.adsabs.harvard.edu/abs/2024ApJ...968....4P
http://dx.doi.org/10.1086/321403
https://ui.adsabs.harvard.edu/abs/2001ApJ...554..981P
http://dx.doi.org/10.1093/mnras/stw3243
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.2131P

30 Jietal

Planck Collaboration et al., 2020, A&A, 641, A6

Popovié L. C., Mediavilla E., Bon E., Ili¢ D., 2004, A&A, 423, 909

Price S. H., et al., 2025, ApJ, 982, 51

Prochaska J. X., et al, 2020a, pypeit/Pypelt: Release 1.0.0,
doi:10.5281/zenodo.3743493

Prochaska J. X., Hennawi J. F., Westfall K. B., Cooke R. J., Wang F., Hsyu
T., Davies F. B., Farina E. P., 2020b, arXiv e-prints, p. arXiv:2005.06505

Prochaska J. X., et al., 2020c, Journal of Open Source Software, 5, 2308

Ramos Almeida C., et al., 2025, A&A, 698, A194

Reines A. E., Volonteri M., 2015, ApJ, 813, 82

Reines A. E., Greene J. E., Geha M., 2013, AplJ, 775, 116

Rieke M. J., et al., 2023, ApJS, 269, 16

Rigby J., et al., 2023, PASP, 135, 048001

Rinaldi P., et al., 2025, ApJ, 992, 71

Rodriguez-Ardila A., Prieto A., Viegas S. M., 2004, in Storchi-Bergmann
T., Ho L. C., Schmitt H. R., eds, IAU Symposium Vol. 222, The Inter-
play Among Black Holes, Stars and ISM in Galactic Nuclei. pp 283-286
(arXiv:astro-ph/0406648), doi:10.1017/S1743921304002273

Rodriguez-Ardila A., Prieto M. A., Portilla J. G., Tejeiro J. M., 2011, ApJ,
743, 100

Rusakov V., et al., 2025, arXiv e-prints, p. arXiv:2503.16595

Salpeter E. E., 1955, ApJ, 121, 161

Sanchez-Bldzquez P., et al., 2006, MNRAS, 371, 703

Santos D. J. D, et al., 2025, A&A, 696, A30

Sarkar A., et al., 2021, ApJ, 907, 12

Schartmann M., Meisenheimer K., Camenzind M., Wolf S., Henning T., 2005,
A&A, 437,861

Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103

Scholtz J., et al., 2025, A&A, 697, A175

Scoville N, et al., 2007, ApJS, 172, 1

Setton D. J., et al., 2024, arXiv e-prints, p. arXiv:2411.03424

Setton D. J., et al., 2025, ApJ, 991, L10

Shakura N. L., Sunyaev R. A., 1973, A&A, 24, 337

Shapley A. E., Erb D. K., Pettini M., Steidel C. C., Adelberger K. L., 2004,
ApJ, 612, 108

Shen Y., 2013, Bulletin of the Astronomical Society of India, 41, 61

Shields G. A., Ludwig R. R., Salviander S., 2010, ApJ, 721, 1835

Shirazi M., Brinchmann J., 2012, MNRAS, 421, 1043

Simmonds C., Bauer F. E., Thuan T. X., Izotov Y. I., Stern D., Harrison F. A.,
2016, A&A, 596, A64

Smyth R. T., Ramsbottom C. A., Keenan F. P., Ferland G. J., Ballance C. P,
2019, MNRAS, 483, 654

Stalevski M., Ricci C., Ueda Y., Lira P, Fritz J., Baes M., 2016, MNRAS,
458, 2288

Stanway E. R., Eldridge J. J., 2018, MNRAS, 479, 75

Stern J., Laor A., 2012, MNRAS, 423, 600

Storchi-Bergmann T., SchimoiaJ. S., Peterson B. M., Elvis M., Denney K. D.,
Eracleous M., Nemmen R. S., 2017, ApJ, 835, 236

Tang M., et al., 2025, ApJ, 991, 217

Tayal S. S., Zatsarinny O., 2017, ApJ, 850, 147

Tayal S. S., Zatsarinny O., 2018, Phys. Rev. A, 98, 012706

Taylor A. J., et al., 2025, ApJ, 986, 165

Temple M. J., Ferland G. J., Rankine A. L., Hewett P. C., Badnell N. R., Bal-
lance C. P, Del Zanna G., Dufresne R. P., 2020, MNRAS, 496, 2565

Terlevich R., Melnick J., 1981, MNRAS, 195, 839

Topping M. W., Stark D. P., Endsley R., Plat A., Whitler L., Chen Z., Charlot
S., 2022, ApJ, 941, 153

Torralba A., et al., 2025, arXiv e-prints, p. arXiv:2505.09542

Trefoloni B., et al., 2025, A&A, 700, A203

Tremonti C. A., et al., 2004, ApJ, 613, 898

Tripodi R., et al., 2025, arXiv e-prints

Ubler H., et al., 2023, A&A, 677, A145

Ubler H., et al., 2024, MNRAS, 531, 355

Vanden Berk D. E., et al., 2001, AJ, 122, 549

Veilleux S., Osterbrock D. E., 1987, ApJS, 63, 295

Walton D. J., et al., 2016, ApJ, 826, 87

Wang J., Xu D. W,, 2015, A&A, 573, A15

Wang B., et al., 2024, ApJ, 969, L13

MNRAS 000, 1-32 (0000)

Wang B., et al., 2025, ApJ, 984, 121

Wild V., Charlot S., Brinchmann J., Heckman T., Vince O., Pacifici C.,
Chevallard J., 2011, MNRAS, 417, 1760

Williams C. C., et al., 2024, ApJ, 968, 34

Wright E. L., et al., 2010, AJ, 140, 1868

York D. G., et al., 2000, AJ, 120, 1579

Yue M., Eilers A.-C., Ananna T. T., Panagiotou C., Kara E., Miyaji T., 2024,
Apl, 974,126

Zhang X.-G., 2011, ApJ, 741, 104

Zhang C., et al., 2025a, arXiv e-prints, p. arXiv:2505.12719

Zhang Z., Jiang L., Liu W., Ho L. C., 2025b, ApJ, 985, 119

Zhu L., Zhang S. N., Tang S., 2009, ApJ, 700, 1173

Zucchi G., Ji X., Madau P., Maiolino R., Joudzbalis I., D’Eugenio F., Geris
S., Isobe Y., 2025, arXiv e-prints, p. arXiv:2510.10772

de Graaff A, et al., 2024, A&A, 684, A87

de Graaff A., et al., 2025a, arXiv e-prints, p. arXiv:2511.21820

de Graaff A., et al., 2025b, A&A, 701, A168

APPENDIX A: GEMINI GMOS DATA REDUCTION

Rest-frame optical spectroscopy from Gemini was obtained as part
of the programme GN-2020A-FT-204 (PI C. Burke), using the Gem-
ini Multi-Object Spectrograph (GMOS; Hook et al. 2004) in long-
slit mode. The observations used the R831_G5302 grating, with the
central wavelength set to 7230 A, covering the nominal wavelength
range 6050-8410 A with 0.38-A pixels. For a uniformly illuminated
slit of width 075, this grating gives a spectral resolution at 7570 A
of Ryrs = 4396 (see below for the effective resolution). The obser-
vations of J1025+1402 were taken on May 30™ 2020; they consist of
two integrations of 450 s each, with 1x2 detector binning.

For the data reduction, we used the praGons data reduction
pipeline (Labrie et al. 2023). We performed the standard calibra-
tion tasks of subtracting the bias current using a master bias, and flat
fielding the observations using a lamp-flat observations taken imme-
diately before and after the two science integrations. The wavelength
solution was calibrated using the standard arc-lamp exposures. After
completing the data reduction, we correct the wavelengths from air to
vacuum values, and find good agreement with the SDSS wavelength
solution. We subtracted the sky with the standard routine, which fits
the continuum and telluric lines along the spatial direction of the slit,
with a gap at the location of J1025+1402. A modification of the stan-
dard algorithm was used to save the sky spectrum as a separate ex-
tension. For the flux calibration, we initially used the standard star
O-type star Feige 66 (Feige 1958), from the long-term baseline cal-
ibration programme. Since this star was observed four days before
J1025+1402, the resulting calibration is rather uncertain. We apply
a further calibration correction by matching the shape of the contin-
uum between GMOS and SDSS. The resulting calibration is shown
in Figure A1, where we compare SDSS (grey line) to the initial flux
calibration (red, top panel), and to the continuum-matched calibra-
tion (middle panel). The flux ratio between the GMOS and SDSS
data is shown in the bottom panel. We also show the GMOS data,
after matching the spectral resolution and sampling of SDSS (blue,
third panel). Each calibration step was visually inspected, to assess
the quality of, for example, the flat-field model, the wavelength solu-
tion, the extraction and sky apertures, and the spectral trace.

To gauge the seeing, we extract several slit images by taking the
median of the slit image across several windows in wavelength, of
width 500 pixels each. We model these images as a Moffat func-
tion plus a line representing the background, and find a FWHM of
0”64, with a dispersion of 0’01, and a maximum variation of 10 per-
cent between the blue and red ends of the spectrum. For the Moffat
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Figure A1. Correction for the Gemini/GMOS spectrum based on the SDSS
spectrum. The top two panels highlight the GMOS spectra before and after
the correction. The bottom two panels illustrate the goodness of the correction
by convolving the GMOS spectrum to the SDSS spectral resolution, resam-
pling them to the common wavelength grid, and calculating the relative flux
difference.

exponent, we find a somewhat low value 8 = 2.18 + 0.05. The fit
residuals show no evidence for a host galaxy, neither in the contin-
uum nor around emission lines, hence we conclude that J1025+1402
is unresolved and that the Moffat profile traces the seeing of the ob-
servations, with FWHM = (”’64. This implies that J1025+1402 has
half-light radius R. < 0”32, a more stringent limit than that provided
by SDSS and Legacy Survey imaging.

Given the slit width of 1”, the spectral resolution for a uniformly
illuminated slit should be R = 0.5 - Ry»s, based on the grating equa-
tion. However, the PSF FWHM is narrower than the slit width, so
the effective spectral resolution is higher than the nominal value,
and is of order R ~ O0”/5/FWHM - Rgrs =~ 3430. We verify this
value by fitting the brightest telluric lines. Since the PSF is narrower
than the slit, the sky lines have a profile shape that reflects both the
slit image (which we assume to be a top-hat function) and the line
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spread function (which we assume to be Gaussian). For this reason,
we model each line with a difference of error functions, using a sim-
ple y2-minimization technique. The o~ parameter of the error func-
tions is 0.86 +£0.09 A, with no clear trend with wavelength (although
we remark that we measure only two emission lines at wavelengths
A1<7,200 A). With this o value, we obtain an effective resolution at
7570 A of R = 7570/(VIn256 o) ~ 3740, which is within 10 per-
cent of the expected value.

APPENDIX B: GTC OSIRIS DATA REDUCTION

The GTC observations were carried out during the night of May 21,
2025, divided into two OBs of 3 x 1200 s each, using a 10" off-
set to improve sky correction, and we used 2 X 2 detector binning.
The data reduction of the GTC/OSIRIS spectrum was done using
the PypelT pipeline, which permits a semi—automated processing of
spectroscopic data. PypelT is developed as a Python package based
on well-tested algorithms (Prochaska et al. 2020b; Prochaska et al.
2020c; Prochaska et al. 2020a) and configured to be used in a large
list of spectrographs, including OSIRIS. The data reduction starts
with the standard basic image processing, ie., bias subtraction, trim-
ming, and flat-fielding. Following these steps, cosmic rays are iden-
tified and masked. The wavelength calibration is done automatically
using an algorithm based on pattern matching the detected lines with
the expected ones read from a linelist database. In this case, we use
ThAr and Ne lamps. The wavelength calibration is provided in vac-
uum frame. At this point, object detection is executed in both science
and standard star spectral frames. The detected objects are extracted
following optimal extraction and at the same time the sky subtrac-
tion is performed. The last steps are flux calibration and spectra com-
bination. The sensitivity function was determined using a spectrum
of the spectrophotometric standard Ross 640 and modelled as a B-
spline function. Note that the standard star spectrum was taken with
the 2’5 slit, whereas the science spectra were taken using the 0”6
slit. The last step was to coadd the extracted science spectra from
the six science exposures, each one of 1200s. We used the coadded
spectra as the fiducial GTC spectrum throughout the manuscript. In
Section 5.3, we also examined coadded spectra from the first three
and the last three science exposures separately, corresponding to two
different seeing conditions.

APPENDIX C: SLIT-LOSS CORRECTION FOR THE GTC
SPECTRUM

The GTC/OSIRIS spectrum we obtained has clear slit losses that
needs to be corrected. While as we discussed in Appendix A, the
effective radius of the source should be smaller than (”/32, similar to
the half width of the slit used for the GTC observations, the seeing
of the GTC observations is roughly 0”8 for the first OB and 17’2 for
the second OB, which should lead to significant slit losses.

To correct for the slit losses, we used the SDSS spectrum as a ref-
erence. We defined 28 non-overlapping spectral windows with a full
width of 50 A each, covering 4600 A < 1 < 6800 A in the rest frame
of J1025+1402 and avoiding strong emission lines including HS,
[O 1], He1, He, and [S 11]. For each spectral window, we calculated
the average ratio between the flux densities of the SDSS spectrum and
the GTC spectrum. The results are plotted in Figure C1. The inverse-
variance weighted correction factor across the full wavelength range
is 2.40+0.01 as indicated by the dashed red line. Given the variation
of the correction factor across the wavelength range, we also fitted a
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Figure C1. Ratios between the flux densities of the SDSS spectrum and the
GTC spectrum in 28 different spectral windows. The average values as well
as the 10 uncertainties in individual spectral windows are shown as blue
diamonds with errorbars. The best-fit zeroth-, first-, and fourth-order polyno-
mials for the flux density ratio as a function of the wavelength are plotted as
dashed red, dash-dotted green, and dotted yellow lines, respectively.

first-order polynomial and a fourth-order polynomial to describe the
correction factor as a function of the wavelength. Overall, the devi-
ation of these functions from the zeroth-order correction is within
2% for A < 6700 A, which has negligible impact on the derivation
of the dust attenuation from the GTC spectrum. For the variability
analysis, since we used EWs of emission lines and only focused on
small wavelength ranges, the variation in the slit-loss correction is
also negligible (which has been taken into account nonetheless).

APPENDIX D: FITTING AN EXPONENTIAL PROFILE TO
BROAD He

Recently, Rusakov et al. (2025) showed that most high-redshift LRDs
have broad lines that can be explained with exponential wings. They
interpret this as evidence for electron scattering of the broad lines,
which would imply a much narrower intrinsic FWHM for the BLR,
and up to two orders of magnitude smaller SMBH masses. The ef-
fect is more pronounced if one uses a single Gaussian as benchmark,
as done by Rusakov et al. (2025). In contrast, our double-Gaussian
approach yields already a relatively narrow FWHM, so the expected
reduction in mass when using an exponential profile should be less
than two orders of magnitude.

To test this hypothesis, we repeat the Gemini/GMOS line model-
ing by replacing the double-Gaussian parameterization with a single
Gaussian, which we then convolve with an exponential function. We
assume that the intrinsic BLR profile is dominated by virial motion
and is described by a Gaussian. The ratio between the intrinsic emis-
sion, the transmitted emission, and the scattered emission are set by
the scattering optical depth 7y, such that the transmitted and scat-
tered fractions are exp(—7y) and 1 — exp(—7y.), respectively. The
exponential kernel has a width of W = (a7 + b)~/T./10,000 K,
where the coefficients a and b are from Rusakov et al. (2025).

The resulting model is shown in Figure D1, with the same meaning
as Figure 2. The best-fit model parameters as well as the derived black
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Figure D1. Alternative fit of the Gemini/GMOS spectrum assuming the broad
component in He is described by exponential wings made by electron scat-
tering. The rest of the parametrization is the same as the double-Gaussian
fit shown in Figure 2. The exponential model provides a statistically bet-
ter fit compared to the double-Gaussian model, with ABIC = 199. How-
ever, the physical interpretation of the exponential profile remains unclear for
J1025+1402.

hole parameters are listed in Table D1. We infer 7o = 1.79 % 0.05,
and T, = 2,500 K. The latter value is much lower than typical ISM
conditions, where 7. ~ 10,000 K. The model suggests that the ob-
served width of the exponential profile is too narrow for the inferred
scattered fraction at typical ISM T¢, thus requiring lower temperature.
On one hand, this resonates with the cool envelope hypothesis (Lin
et al. 2025a), while on the other, the discrepancy could be due to the
simplistic assumption of a simple scattering screen (which are known
to yield to inconsistent line profiles in LRDs; Brazzini et al. 2025).
More importantly, we find a lower FWHM, (Ha) = 520+ 10kms™!,
resulting in a smaller black hole mass of log(M, /My) = 5.97+0.02,
or 6.0 + 0.3, after accounting for the uncertainties in the calibration
(and assuming no dust attenuation). While lower than the fiducial
model, the difference is not dramatic.
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Table D1. Best-fit parameters for the Ha emission and absorption as well as
the NaD absorption assuming the broad Ha has an exponential profile. We

also list the derived BH mass and Eddington ratio.

Vo 1’:21 [kmsT]
Fy(Ha) 310029 (1077 ergs~! cm™2 ]
FWHM, (Ha) szotll% [kms™!]
Te 1 .79t°-85 —]
T. 0.25t858§ [10*K]
Fucan 0.833t§1§(279 [—]
0.00001
w o.()013577t+0]_00001 [k[um]l ]
Vabs =577 ms~
cr:bbs 8672 [kms~']
cs 0.0270%% )
7o(Ha) 3.0t°% (—]
VNal 40+2 [kms™!]
ONal 100*20 [kms™']
f.Nal 770,05
To(Nal) 2.2%02 [—1]
EWps (Ha) 6.3 (Al
EW, (He) —342+3 [A]
EW s (Nal) 6.2’:‘5% [A]
FWHM, (He) 520*! [kms~!]
L,(Ha) 0 265104%0% [10%%ergs™']
Ly(Ha) 0 8451838 6 [10%%ergs™1]
log M. 5 97t§{§§4 Mo ]
Apdd 0.94+00% [—]
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