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Jake S. Bennett ,5 Andrew Bunker,8 Stéphane Charlot ,9 Giovanni Cresci,10 Mirko Curti,11 

Eiichi Egami,12 Andy Fabian ,13 Kohei Inayoshi,14 Yuki Isobe ,1 , 2 , 15 Gareth Jones ,1 , 2 
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A B S T R A C T 

Recent observations from James Webb Space Telescope ( JWST ) have revealed an abundant population of active galactic nuclei 
(AGNs) and the so-called ‘Little Red Dots’ (LRDs) at 2 � z � 11, many of which are characterized by V-shaped UV-to-optical 
continua with turnovers around the Balmer limit. The physical nature of these LRDs is unclear, and it remains debated whether 
the peculiar spectral shape originates from AGN, compact galaxies, or both. We present the analysis of new NIRSpec-IFU data 
from the BlackTHUNDER JWST Large Programme and archival NIRSpec-MSA data of a lensed LRD at z = 7 . 04. The spectra 
confirm the presence of a smooth Balmer break and a broad H β tracing the Broad Line Region (BLR) of an AGN. The small 
velocity dispersion of the H β narrow component indicates a small dynamical mass of the host galaxy of Mdyn < 4 × 108 M�, 
which implies that the stellar population cannot contribute more than 10 per cent to the optical continuum. We show that the 
Balmer break can be well described by an AGN continuum absorbed by very dense ( nH 

∼ 1010 cm−3 ) and nearly dust-free gas 
along our line of sight (possibly gas in the BLR or its surrounding). The same gas is expected to produce H β absorption, at a 
level consistent with a tentative detection (3 σ ) in the high-resolution spectrum. Such a non-stellar origin of the Balmer break 

may apply to other LRDs, and would alleviate the issue of extremely high stellar mass surface densities inferred in the case of a 
stellar interpretation of the Balmer break. We note that this is a rare case of a black hole that is overmassive relative to both the 
host galaxy stellar and dynamical masses. We finally report indications of variability and the first attempt of AGN reverberation 

mapping at such an early epoch. 

Key words: galaxies: active – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

he first two years of observations with the James Webb Space
elescope ( JWST ) have revealed a large number of accreting black
oles (active galactic nuclei, AGNs) at 2 � z � 11 (e.g. Y. Harikane
t al. 2023 ; D. D. Kocevski et al. 2023 ; R. L. Larson et al. 2023 ;
. Perna et al. 2023 ; H. Übler et al. 2023 ; J. E. Greene et al. 2024 ;

. Matthee et al. 2024 ; R. Maiolino et al. 2024a ; I. Juodžbalis et al.
024b ; R. Maiolino et al. 2024b ; H. Übler et al. 2024b ; M. Perna et al.
025 ; J. Scholtz et al. 2025 ). A significant fraction of these AGNs
ere classified as Type 1, through the detection of a broad component

n permitted emission lines (primarily H α and/or H β) with a full-
idth-at-half-maximum (FWHM) � 1000 km s−1 , and without a
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ounterpart in forbidden emission lines (in particular [O III ] λ5008),
ndicating that the broad component emerges from the Broad Line
egion of AGN (BLR; Y. Harikane et al. 2023 ; D. D. Kocevski et al.
023 ; H. Übler et al. 2023 ; R. Tripodi et al. 2024 ; R. Maiolino
t al. 2024a ; A. J. Taylor et al. 2025 ). An even more abundant
opulation of narrow-line (Type 2) AGN has also been identified by
he detection of high-ionization emission lines or by using narrow-
ine diagnostic diagrams (e.g. J. Chisholm et al. 2024 ; G. Mazzolari
t al. 2024b , 2025 ; J. Scholtz et al. 2025 ). All these studies have
pened the exploration of intermediate-/low-luminosity AGN with
ypically estimated Lbol � 1045 erg s−1 and MBH � 107 −8 M� at
 � 4, populating a parameter space not sampled by observations in
he pre- JWST era. 

However, the new population of AGN revealed by JWST has
roperties that are quite different compared to the general population
f AGN in the local Universe as well as luminous and distant quasars
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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QSOs). In fact, most of the JWST selected AGN are characterized 
y significant X-ray weakness, many of them showing no detection 
f hard X-ray emission at 2 − 10 keV in the rest frame (T. T. Ananna
t al. 2024 ; J. Lyu et al. 2024 ; M. Yue et al. 2024b ; R. Maiolino
t al. 2025b ), as well as radio weakness, at 5 GHz in the rest frame
I. Juodžbalis et al. 2024a ; G. Mazzolari et al. 2024a ). In terms of
ontinuum emission, many JWST -selected AGN with multi-epoch 
hotometry seem to lack variability in the rest-frame optical and UV 

M. Kokubo & Y. Harikane 2024 ; R. Maiolino et al. 2025b ; Z. Zhang
t al. 2025 ). In terms of emission lines, the Type 1 AGN selected
y JWST show a significantly weaker Fe II emission bump in the
ptical compared to low-redshift AGN with similar luminosities (B. 
refoloni et al. 2025 ). In addition, the loci of JWST -selected AGN in
idely used optical narrow-line diagnostic diagrams such as BPT/VO 

iagrams (J. A. Baldwin, M. M. Phillips & R. Terlevich 1981 ; S.
eilleux & D. E. Osterbrock 1987 ) are clearly offset from those of

ow-redshift AGN (Y. Harikane et al. 2023 ; H. Übler et al. 2023 ;
. Maiolino et al. 2024b ). These peculiarities have raised concerns 
bout the true identities of these JWST -selected sources and prompted 
he question of non-AGN scenarios for explaining this population of 
bjects (M. Kokubo & Y. Harikane 2024 ; M. Yue et al. 2024b ; R.
aiolino et al. 2025b ). However, it has been shown, on various

hysical and observational grounds, that currently proposed non- 
GN scenarios are not tenable for most of these sources and produce
ore difficulties (M. Killi et al. 2024 ; I. Juodžbalis et al. 2024a ; R.
aiolino et al. 2025b ; Ji et al., in preparation). Alternatively, the

bove peculiarities of JWST -selected AGN might be explainable in 
he context of high (near-to-super Eddington) gas accretion around 
he central black hole and/or dense gas obscuration due to changes 
n the BLR structure (e.g. R. Schneider et al. 2023 ; A. King 2024 ; P.

adau & F. Haardt 2024 ; F. Pacucci & R. Narayan 2024 ; A. Trinca
t al. 2024 ; K. Inayoshi & R. Maiolino 2025 ; K. Inayoshi, S. S.
imura & H. Noda 2025 ; P. Madau 2025 ; B. Trefoloni et al. 2025 ;
. Maiolino et al. 2025b ). 
A fraction of this new population of AGN uncovered by JWST 

xhibits further peculiar features by having red optical colours and 
ompact morphologies in their NIRCam images, and ‘V-shaped’ 
pectral energy distributions (SEDs) with turnovers at roughly 4000 

in the rest frame (e.g. J. E. Greene et al. 2024 ; D. J. Setton et al.
024 ; B. Wang et al. 2025 ). Based on the above observational facts,
hese sources are usually referred to as ‘Little Red Dots’ (LRDs).
otably, not all JWST -selected AGN are found to be LRDs, and not

ll LRDs are identified as AGN. While the fraction of AGN among
RDs is debated (ranging between 20 per cent and 80 per cent, e.g.
. E. Greene et al. 2024 ; P. G. Pérez-González et al. 2024 ; D. D.
ocevski et al. 2025 ), which likely depends on the specific criteria

or selecting LRDs, the opposite has been established quite carefully: 
nly about 10 per cent–30 per cent of the new population of Type 1
GN discovered by JWST have colours and/or slopes typical of LRDs 

K. N. Hainline et al. 2025 ), although the fraction probably depends
n luminosity and redshift. 
An intriguing feature of spectroscopically confirmed LRDs is the 

resence of a prominent break at around 4000 Å in the rest frame 
e.g. L. J. Furtak et al. 2024 ; J. E. Greene et al. 2024 ; B. Wang et al.
024 , 2025 ; D. D. Kocevski et al. 2025 ). If this feature is interpreted
s the Balmer break associated with stellar populations, one usually 
btains very high stellar masses and, combined with the compact 
izes of LRDs ( Re � 100 pc), extremely high stellar densities ( ∼
04 − 107 M� pc−2 from a maximum AGN contribution to no AGN 

ontribution, see e.g. J. F. W. Baggen et al. 2024 ) not observed in
alaxies at lower redshift (e.g. J. F. W. Baggen et al. 2024 ; C. A. Guia,
. Pacucci & D. D. Kocevski 2024 ; B. Wang et al. 2024 , 2025 ; Y.
a et al. 2025 ; H. B. Akins et al. 2025b ). In fact, such a high density
s only comparable locally to the nuclear star clusters (NSCs) at the
enter of galaxies (e.g. P. F. Hopkins et al. 2010 ; H. Pfister et al.
020 ). For example, the NSC in the Milky Way (MW) has a stellar
ensity of ∼ 106 . 4 M� pc−2 but is only within the central 0.5 pc 
N. Neumayer, A. Seth & T. Böker 2020 ). In addition, the implied
tellar mass densities from LRDs within the cosmic volume might be
n tension with the standard � CDM cosmology (K. Inayoshi & K.
chikawa 2024 ; B. Wang et al. 2024 ; H. B. Akins et al. 2025b ). The
bove stellar Balmer break interpretation hence raises the questions 
f what physical mechanisms make these systems so massive and 
hat could dissolve these systems into the galaxies at low redshift. 
Another interesting feature found in 10 − 20 per cent of the Type 1

GN newly discovered by JWST (including LRDs) is the presence of
 α and/or H β absorption along with the broad emission components 

e.g. I. Labbé et al. 2024 ; X. Lin et al. 2024 ; J. Matthee et al. 2024 ;
. Wang et al. 2024 , 2025 ; I. Juodžbalis et al. 2024a ; D. D. Kocevski
t al. 2025 ; A. J. Taylor et al. 2025 ). These absorption features are
elatively narrow (with typical FWHM ∼ 100 − 200 km s−1 ) yet 
eep (with typical equivalent widths of EW � 4 Å). The centroids of
he absorption are generally slightly blueshifted (typically by ∼100–
00 km s−1 ), but there are cases in which the absorption is nearly
t the rest frame of the narrow-line emission or even redshifted
e.g. I. Labbé et al. 2024 ; J. Matthee et al. 2024 ). If the Balmer
bsorption observed in LRDs comes from photospheric absorption 
n stars, based on the extremely high stellar masses inferred from
he Balmer break ( � 1010 M�) and the small sizes ( < 100 pc) of
RDs, the expected FWHM should be � 1000 km s−1 (J. F. W.
aggen et al. 2024 ), which is significantly broader than the observed
idths. Additionally, the large EW of the H α absorption (relative to

he continuum) is generally far larger than observed in any stellar
opulation. Furthermore, many of these absorption features show 

elocity offsets relative to both the narrow and broad H α. Therefore,
he Balmer absorption in these systems cannot have a stellar origin. 

The findings of the Balmer absorption lines are surprising 
ecause, unlike lines that are often seen in absorption such as
 IV λλ1548 , 1551, H α and H β are not resonant lines (i.e. the lower

evel of the emission, n = 2 of hydrogen, is not even metastable and
s extremely short-lived). Hence, to see Balmer lines in absorption, 
t requires the n = 2 level of hydrogen to be populated and to keep
t populated. By studying an AGN with deep Balmer absorption 
elected by JWST at z = 2 . 26, I. Juodžbalis et al. ( 2024a ) showed
hat, in order to produce the observed absorption, one needs [in addi-
ion to temperatures typical of the warm ionized interstellar medium 

ISM), which is ∼ 104 K] gas densities higher than 108 cm−3 . 
he required densities are much higher than the densities found 

n the ISM of any galaxies at 0 � z � 10 (X. Ji et al. 2020 ; R. L.
avies et al. 2021 ; Y. Isobe et al. 2023 ; S. Li et al. 2025 ). In fact,

uch high densities are more typical of the clouds in the BLRs of
GN (H. Netzer 1990 ). Given the identifications of AGN in these

ources, a natural explanation is that we are seeing absorption from
louds within or very close to the BLRs. Since the BLR clouds
re supposed to lie within the dust sublimation radius and are thus
ikely dust free (although some dust might still be present in the
uter BLRs, e.g. G. A. Shields, R. R. Ludwig & S. Salviander
010 ), the broad-line emission is not extinguished by dust despite
he potentially large column densities of these clouds ( ∼ 1023 cm−2 ; 
. Netzer 1990 ). The small velocities and velocity dispersions of

he absorption lines imply that such nuclear gas is not rapidly
utflowing. 
It is worth noting that the current fraction of the Balmer absorption

mong JWST -discovered AGN and LRDs is about 10–20 per cent,
MNRAS 544, 3900–3935 (2025)
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ut this is likely a lower limit. This is because detecting H α (not to
ention H β) in absorption requires high signal-to-noise (S/N) and

igh spectral resolutions, as the absorption can be hidden by the
arrow component in the emission of the same line. For instance,
. D’Eugenio et al. ( 2025b ) report a case where H α absorption is
een when using R2700 spectroscopy, while the same absorption is
ndetected in the R1000 spectrum. Since most of the JWST spectra
or Type 1 AGN are obtained with low-resolution NIRSpec/PRISM
 R ∼ 100) and medium-resolution NIRSpec/grating ( R ∼ 1000) or
IRCam/grism ( R ∼ 1600) spectroscopy, the Balmer absorption

ines in these AGNs might well go undetected. 
Within the same context, K. Inayoshi & R. Maiolino ( 2025 ) have

ointed out that the presence of H α and/or H β in absorption must also
ntail the absorption in higher order Balmer lines and the presence
f a Balmer break. In addition, K. Inayoshi & R. Maiolino ( 2025 )
oint out that at least part of the Balmer break seen in LRDs (with
road line detections) discovered by JWST could have a non-stellar
rigin, and the non-stellar part must be associated with the same
ense gas responsible for H α and/or H β absorption. As speculated
y K. Inayoshi & R. Maiolino ( 2025 ), the Balmer breaks observed
n LRDs can potentially be entirely associated with non-stellar gas
bsorption, although thus far, no full-spectral fitting attempts have
een made for individual spectra of JWST selected LRDs confirmed
s broad-line sources. The non-stellar explanation for the Balmer
reaks in LRDs has the advantages of alleviating the issue associated
ith extreme stellar densities as well as the need for special dust

ttenuation laws (see e.g. Z. Li et al. 2025 ; Y. Ma et al. 2025 ). Still,
hese aspects remain to be tested with actual observations. 

In the context of broad-line LRDs in observations, Abell 2744-
SO1 is one of the most intriguing and enigmatic objects. It was
rst identified by L. J. Furtak et al. ( 2023 ) as a triply imaged
ed point-like source lensed by the cluster Abell 2744, as part
f observations from the UNCOVER survey (Ultra-deep NIRSpec
nd NIRCam ObserVations before the epoch of reionization; PIs:
. Labbé, R. Bezanson; R. Bezanson et al. 2024 ). Subsequent
ow-resolution (PRISM) NIRSpec-MSA spectroscopy confirmed a
pectroscopic redshift at z = 7 . 04 and identified the presence of
road H β, which indicates the presence of an AGN (L. J. Furtak
t al. 2024 ). This source also has a V-shaped continuum, with a red
ptical slope and a blue UV slope in the rest frame (L. J. Furtak
t al. 2024 ). The spectrum shows, as in other LRDs, the presence
f a turnover around 4000 Å, resembling the shape of a Balmer
reak. However, as pointed out recently by Y. Ma et al. ( 2025 ), the
pectral shape of Abell 2744-QSO1 cannot be well reproduced with
 stellar continuum and an associated Balmer break without invoking
 large stellar mass of M∗ ≈ 4 × 109 M�, an unusually steep dust
ttenuation law, and a dust attenuated AGN continuum in the rest-
rame optical. The derived stellar mass, combined with the small
ize of the system ( Re < 30 pc), places Abell 2744-QSO1 among
he galaxies with the highest stellar mass surface density observed
o date ( > 106 M� pc−2 ; Y. Ma et al. 2025 ). Even with the best-
tting model that includes the above assumptions, the reduced χ2 

f the fit excluding emission lines and the continuum region close
o Ly α emission is 2.85 (table 2 of Y. Ma et al. 2025 , the full range
s χ2 

ν = 2 . 74 − 4 . 32 based on different model assumptions). On the
ther hand, the same authors point out that an AGN continuum
bsorbed by dust cannot reproduce the shape of the turnover either,
nless a very peculiar extinction curve is assumed. 
In this work, we combine previous NIRSpec-MSA spectroscopic

bservations of Abell 2744-QSO1 with newly obtained high-
esolution (grating; R ∼ 2700) and low-resolution (PRISM; R ∼
00) NIRSpec-integral field unit (IFU) spectroscopic observations
NRAS 544, 3900–3935 (2025)
rom the BlackTHUNDER Large Programme (Black holes in THe
arly Universe aNd their DensE surRoundings; PID 5015; PIs: H.

¨ bler, R. Maiolino). Among other findings, we illustrate that the
hape of the continuum can be fit by an AGN continuum absorbed
y dense gas along the line of sight, which reproduces the smooth
almer break seen in the low-resolution spectrum and the tentative
 β absorption seen in the high-resolution spectrum. 
The layout of the paper is as follows. In Sections 2 and 3 , we

escribe the observational data and the data reduction. In Section 4 ,
e describe our spectral measurements. In Section 5 , we present
ur derivation of the black hole parameters and discuss them in the
ontext of scaling relations. In Section 6 , we describe our new method
o fit the UV-to-optical JWST /NIRSpec spectra of Abell 2744-QSO1
nd present our fitting results. In Section 7 , we present our analysis on
he variability of Abell 2744-QSO1 based on multiple observations.

e discuss the implications of our results in Section 8 and draw
ur conclusions in Section 9 . Throughout this work, we assume a
at � CDM cosmology with h = 0 . 674 and 
m 

= 0 . 315 (Planck
ollaboration VI 2020 ). 

 OBSERVATI ONA L  DATA  

.1 BlackTHUNDER NIRSpec-IFU spectra 

e used integral field spectra from the BlackTHUNDER Large
rogramme (PID 5015; PIs: H. Übler, R. Maiolino). The programme
onsists of observations with the NIRSpec-IFU mode (T. Böker et al.
022 , 2023 ; P. Jakobsen et al. 2022 ), both at high (G395H, hereafter
2700) and low (PRISM) spectral resolution, of a sample of 20
road-Line AGNs previously identified by JWST MSA observations
t z > 5. 1 

Image A of Abell-2744-QSO1 was observed for 7.4 h with the
igh-resolution grating G395H and 2 h with the PRISM on 2024
ecember 10. Image A is less magnified than image B. However,

mage B is contaminated by a bright foreground galaxy, closer than
 arcsec in projection. 14 dithers with the ‘medium’ pattern were
dopted for both observations. For the grating observation, 26 groups
nd the NRSIRS2 readout mode were adopted, while for the PRISM
bservation, we used 34 groups and the NRSIRS2RAPID pattern (B.
. Rauscher et al. 2017 ). 

We downloaded raw data files from the Barbara A. Mikulski
rchive for Space Telescopes (MAST) and subsequently processed

hem with the JWST Science Calibration pipeline. 2 version 1.15.0
nder the Calibration Reference Data System (CRDS) context
wst 1281.pmap. To increase data quality, we made the following
odifications to the default reduction steps (see M. Perna et al. 2023 ,

or details): count-rate frames were corrected for 1 /f noise through
 polynomial fit; and during calibration in Stage 2, we removed
egions affected by failed open MSA shutters and strong cosmic ray
esiduals. Remaining outliers were flagged in individual exposures
sing an algorithm similar to LACOSMIC (P. G. Dokkum 2001 ) and
e rejected the 95th (99.5th) percentile of the resulting distribution

or the grating (PRISM) observations. The cubes were combined
sing the ‘drizzle’ method and reconstructed using a 0 .′′ 05 spaxel
cale. To identify residual outliers not flagged by the procedures
ummarized previously, we used the ERROR extension of the data
ubes. We flagged any pixels whose error is 10 × above the median

https://jwst-pipeline.readthedocs.io/en/stable/jwst/introduction.html


A non-stellar Blamer break in a LRD 3903

e  

d  

a

c
S
a
b
e
t
f
t  

o
b

 

e
o
a
d  

u  

w  

s
f
f  

a
t  

t  

fl  

s
t  

c
m

N
B  

o
w
r

 

o
(  

p  

B
a  

b  

a  

b  

n  

a

2

2

A
o
2  

o
o
r
F
(  

N  

h
v
t
c  

m
U
a
(  

(

2

N
o
A  

o  

w
d
s
f

 

c  

A  

o
t  

n
p  

a  

a
b  

e
f
t  

o
 

s
c  

s  

fl  

i
s  

e  

i  

a  

a

a  

s  

o
S  

b  

n
o  

t  

T
G  

t  

c  

n  

G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/3900/8306870 by guest on 10 M
arch 2026
rror value of the cubes. We verified that this choice of threshold
oes not have any impact on the emission line maps by using the 5
nd 20 thresholds without any changes to our results. 

To perform background subtraction, we mask the lo- 
ation of the source based on its H β emission (2 σ
/N contours). Then, we estimate the background using 
stropy.photutils.background.Background2D (2D 

ackground estimator) task with 5 ×5 spaxels box window, for 
ach individual channel in the data cubes. We visually inspected 
he resulting background spectra and found no evidence of narrow 

eatures (e.g. emission or absorption lines). Therefore, we smoothed 
he background in spectral space using a median filter with a width
f 25 channels to reduce any noise effects. The final estimated 
ackground is subtracted from the flux data cubes. 
As a basis for our scientific analysis of the NIRSpec-IFU data, we

xtracted the integrated PRISM spectrum with an extraction aperture 
f diameter 0 .′′ 25. We also estimated the wavelength-dependent 
perture losses by extracting the spectrum with a much larger 
iameter of 0 .′′ 5. The latter spectrum is much more noisy, but can be
sed to estimate the total flux of the source at each wavelength, which
as then used to correct the flux (as a function of wavelength) of the

maller (and higher S/N) aperture spectrum. The average correction 
actor around H β is 1.8. The integrated grating spectrum is extracted 
rom the same circular aperture of 0 .′′ 25 and a similar process for
perture-loss correction is applied. However, the flux extracted from 

he grating spectrum is roughly a factor of 1.9 higher than that of
he PRISM spectrum near the location of H β, possibly due to a
ux calibration issue. We also compare the flux of the IFU PRISM
pectrum with that of the MSA PRISM spectrum (image A with 
he GTO reduction; see also Sections 2.2.2 and 7 ) and find good
onsistency. Therefore, we scale the flux of the grating spectrum to 
atch that of the PRISM spectrum. 
Previous works have noted that the error extension in the combined 

IRSpec-IFU cube can be underestimated (e.g. H. Übler et al. 2023 ; 
. Rodrı́guez Del Pino et al. 2024 ). To obtain realistic uncertainties
n our aperture-integrated spectra, we rescale the noise spectrum 

ith a measurement of the noise obtained from the sigma-clipped 
ms of the integrated spectra in regions free of line emission. 

The top panel of Fig. 1 shows the field of view of the IFU
bservation and the extraction aperture on top of the NIRCam images 
to be introduced in the next subsection) and IFU images. The middle
anel shows the extracted 1D PRISM spectrum for image A from
lackTHUNDER together with MSA spectra from images A + C 

nd images A + B + C, which we introduce in Section 2.2.2 . The
ottom panel of Fig. 1 shows a portion of the extracted spectrum
round H β and [O III ] λλ4960 , 5008, illustrating the well resolved
road component of H β, a clear narrow component of H β and a
arrow [O III ] λ5008. H β also presents a tentative detection of an
bsorption feature, which will be discussed in Section 4 . 

.2 Archival data 

.2.1 Imaging 

bell 2744-QSO1 was initially discovered through NIRCam imaging 
bservations of UNCOVER in November 2022 (L. J. Furtak et al. 
023 ; R. Bezanson et al. 2024 ). Cycle-1 DDT-2756 (PI: Chen) also
btained NIRCam imaging observations covering the three images 
f Abell 2744-QSO1 on 2022 October 20 and December 6. The 
epeated filters are F115W, F150W, F200W, F277W, F356W, and 
444W. In November–December 2023, Cycle-2 program GO-3516 
All the Little Things, ALT; R. P. Naidu et al. 2024 ) obtained repeated
IRCam imaging observations in the F356W band at two PAs. We
ave processed these imaging data through the same JWST pipeline 
ersion 1.11.2 and CRDS context jwst 1174.pmap . In addition to 
he standard JWST pipeline, we also include many frequently adopted 
ustomized steps, such as 1 /f noise subtraction, additional bad pixel
asking, wisp removal, and global background subtraction. For the 
NCOVER observations, two epochs of DDT-2756 and ALT images 

re mosaicked separately with a common world coordinate system 

WCS) at a pixel size of 0.′′ 03, and the astrometry is tied to Gaia DR3
Gaia Collaboration 2023 ). 

.2.2 Spectroscopy 

IRSpec-MSA PRISM spectroscopy of the three lensed images 
f Abell 2744-QSO1 were obtained between 2023 July 31 and 
ugust 2 (R. Bezanson et al. 2024 ; L. J. Furtak et al. 2024 ). The
bservations are discussed in detail in L. J. Furtak et al. ( 2024 ). Here
e only briefly summarize that the observations used a 2-points 
ithers pattern with a 3-shutters nodding strategy for background 
ubtraction. The total exposure times for the three images ranged 
rom 9.4 to 16.4 h. 

We also use the spectrum of the three images extracted and
ombined by L. J. Furtak et al. ( 2024 ) and present the analysis in
ppendix C . However, we also re-process the MSA PRISM spectra
f the three images with the NIRSpec GTO pipeline, following 
he same procedure described in F. D’Eugenio et al. ( 2025c ). We
ote that, especially for exploring variability (in contrast with some 
revious studies) the spectra must be extracted from the full shutter,
s it is the only extraction that guarantees accurate path losses
nd diffraction losses corrections. Additionally, the spectra should 
e extracted from the individual 2D dithered spectra and then the
xtracted 1D spectra should be combined. Extracting 1D spectra 
rom the 2D-combined spectra is deprecated as the combination of 
he 2D spectra does not preserve the path losses and diffraction losses
f each individual spectrum. 
When the spectra of the three images are compared, image B

hows a bluer spectrum at wavelengths shorter than ∼ 3 μm, when 
ompared to the spectra of the A and C images. This can be clearly
een in Appendix C , where the three spectra are normalized to the
ux densities at λ = 3 . 6 μm. The reason for this difference in shape

s unlikely due to variability but instead to improper background 
ubtraction of the spectrum of image B because of the extended
mission of a foreground, large, and bluer galaxy, located about 0 .′′ 9
n projection from image B. We therefore do not use image B in our
nalysis, and combine the spectra of images A and C, normalized
nd inverse variance weighted. 

The GTO-processed and combined spectra of images A and C 

re shown in Fig. 1 , where they are compared with the combined
pectrum in L. J. Furtak et al. ( 2024 ) as well as the PRISM spectrum
f image A from the BlackTHUNDER programme as described in 
ection 2.1 . The spectra are generally consistent with each other,
ut they also present some deviations. One difference is that the
oise estimated for the GTO-processed spectra is higher than the 
ne inferred by L. J. Furtak et al. ( 2024 ). The lack of one of
he spectra (image B) cannot explain the difference in the noise.
he reason, as when comparing many other spectra between the 
TO and other pipelines, is that the noise (ERROR) extension of

he GTO pipeline incorporates a factor to account for the effect of
orrelated noise (B. Dorner et al. 2016 ), which is instead typically
ot accounted for by the other pipelines. The finer grid of the
TO pipeline also partly contributes to the higher noise. The 
MNRAS 544, 3900–3935 (2025)
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Figure 1. Observations of the triply imaged Abell 2744-QSO1. Top: Colour-composite NIRCam images as well as NIRSpec/IFU maps. The NIRCam images 
of three lensed images from the UNCOVER DR4 (S. H. Price et al. 2025 ) are shown, where the field of view of the IFU observation for image A is indicated by 
the dotted white rectangular aperture. For IFU maps, fluxes of the narrow and the whole H β are shown and the extraction aperture for the PRISM and grating 
spectra is indicated by the dashed white circle. Middle: IFU and MSA PRISM spectra combining different lensed images normalized to the flux density at 
λ = 4260 Å in the rest frame. The spectra are manually shifted in the y axis for presentation purposes. From top to bottom, the spectra correspond to the central 
region of image A extracted from a circular aperture with a diameter of 0 .′′ 25 using the BlackTHUNDER IFU observations with the GTO reduction, the A and 
C images combined from the MSA observations with the GTO reduction (image B is removed due to the background subtraction issue described in Section 2 ), 
and the A, B, and C images combined from the MSA observations with L. J. Furtak et al. ( 2024 )’s reduction, respectively. The shaded regions correspond 
to the 1 σ pipeline uncertainties. Bottom: The high-resolution (R2700) BlackTHUNDER IFU spectrum of image A extracted from a circular aperture of 0.′′ 25 
zoomed around the location of H β and [O III ] λλ4960 , 5008. The dashed lines are the best-fitting emission line and continuum models, which show a tentative 
absorption in H β at a significance of 3 σ . The two bottom panels show the residuals normalized by uncertainties ( χ = residual /σ ) of fits with and without the 
H β absorption, respectively. The fit with the H β absorption produces improved χ residuals near the centroid of the broad H β ( ∼ 3 . 91 μm ). 
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dditional difference is that at short wavelengths ( λ < 1 . 3 μm)
ur A + C combined and GTO-pipeline-processed spectrum is 
luer than the L. J. Furtak et al. ( 2024 ) spectrum; the difference
ikely originates from the problematic background subtraction in 
mage B used in the combined L. J. Furtak et al. ( 2024 ) spectrum.
owever, this spectral region is not critical for the modelling of

he source, except when trying to explore the contribution of the 
ebular continuum, as discussed later. Indeed, in Appendix C we 
how that fitting the combined spectra by L. J. Furtak et al. ( 2024 )
rovides an equally good fit – the reduced χ2 is higher, but primarily 
s a consequence of the lower estimation of the errors in that
pectrum. 

 PH OTOM ETRY  F RO M  IMAG ING  

ccording to L. J. Furtak et al. ( 2023 ) and Y. Ma et al. ( 2025 ), the
hree images of Abell 2744-QSO1 are unresolved. As already men- 
ioned, image B is located in the halo of a bright foreground galaxy,
ocated about 0 .′′ 9 in projection. This may cause some problems in the
hotometry and, as already discussed, in the background subtraction 
f the MSA spectrum. The foreground galaxy and its halo are much
luer than Abell 2744-QSO1, hence the contamination effect is 
ikely most significant in the blue bands. As we are predominantly 
nterested in the spectroscopic aspects of Abell 2744-QSO1, we 

ostly rely on the UNCOVER photometry provided by L. J. Furtak 
t al. ( 2023 ). 

However, for exploring variability, we also extracted photometry 
rom the UNCOVER, DDT-2756, and ALT images in the F356W and 
444W filters, covering the wavelength redder than the Balmer break. 
356W is the only band used in these three programmes. Circular
perture photometry is conducted with radius r = 0.′′ 15. Local 
ackground is measured using a circular annulus and subtracted. 
e correct for aperture loss assuming the webbpsf model and 

ompute photometric uncertainty from random-aperture experiments 
n source-free regions. The F356W and F444W flux densities of all 
hree images are similar to those reported by L. J. Furtak et al.
 2024 ), and we do not find photometric variability at a significance
evel higher than 3 σ for any of the images, similar to previous studies
Z. Zhang et al. 2025 ). Yet, variations of up to 25 per cent can be
otentially consistent with photometric errors and calibration/flat- 
eld uncertainties for image C in DDT-2756 epochs. 

 SP ECTR A L  M EASUREMENTS  

he spectral fitting of the low-resolution PRISM spectra will be 
iscussed extensively in Section 6 . For Ly α, which is not modelled
n Section 6 , we measured its basic properties. To be consistent
ith the grating-based measurements, we measured Ly α observed 

n the image A. We remain agnostic about the physical nature of
he continuum during the fit by using a power law to describe the
V continuum, where the region near the Ly α damping wing is
escribed by a step function convolved with the instrumental line 
pread function (LSF) of the NIRSpec PRISM spectrum. For Ly α,
e fitted it as a Gaussian function, which is LSF-dominated due to

he low resolution of PRISM ( R � 50 near 1 μm). Therefore, the
inematics of Ly α remain largely unconstrained. 
Next, we focus on the analysis and fitting of the various compo-

ents of the H β line (as well as the tentative detection of [O III ]) in the
igh resolution BlackTHUNDER spectrum. We fitted the integrated 
perture R2700 spectra of this source (see bottom panel of Fig. 1 ) as
 series of Gaussian profiles for emission and absorption lines, and a
ower law to describe the continuum, using the Fitting routines 
n QubeSpec code. 3 We fit the H β and [O III ] λλ4960 , 5008. To
ach of the emission lines we fit a single Gaussian profile to describe
he narrow component of the emission lines, tying their redshift 
centroid) and intrinsic FWHM to a common value to reduce the
umber of free parameters, leaving the flux of each Gaussian profile
ree. We fixed the [O III ] λ5008/[O III ] λ4960 flux ratio to be 2.99,
iven by the Einstein coefficients (M. S. Dimitrijević et al. 2007 ). The
road line region and the absorption associated with it is modelled
s a Gaussian profile with its own redshift and FWHM. The FWHM
f each emission line is convolved with the line spread function of
IRSpec from the JDOCS. 4 

We note that recently, it was found that the broad H α observed
n LRDs is better described by two Gaussians (e.g. M. Brazzini
t al. 2025 ; X. Ji et al. 2025 ; X. Lin et al. 2025 ; F. D’Eugenio
t al. 2025a ) or an exponential (X. Ji et al. 2025 ; V. Rusakov
t al. 2025 ), when enough S/N is achieved. The double-Gaussian
road lines were also observed in some AGN at z ∼ 2 (D. J. D.
antos et al. 2025 ). For Abell 2744-QSO1, specifically, the broad-

ine profile is discussed extensively by F. D’Eugenio et al. ( 2025a ),
. Maiolino et al. ( 2025a ), and I. Juodžbalis et al. ( 2025b ), who

how that, by extending the nominal wavelength coverage of the 
IRSpec spectrum with a customized reduction to cover H α, the
road H α is better described by two Gaussians. R. Maiolino et al.
 2025a ) also suggest that the broad H β might have an intermediate
omponent, which, however, seems to be spatially resolved and thus 
ikely associated with a (low-metallicity) outflow. I. Juodžbalis et al. 
 2025b ) reach the same conclusion for the intermediate Gaussian
omponent of H α, which they found to be spatially resolved. Given
hese results, we also attempted fitting the broad H β with two
aussians, and we used the Bayesian Inference Criterion (BIC; A. 
. Liddle 2007 ) to check whether the double-Gaussian model is
referred. We found �BIC = −46 < 0, which indicates given the
urrent S/N of the data, the double-Gaussian model is not preferred
tatistically for the broad H β. With the above results and given
he current data quality, we used the single-Gaussian fitting result 
or the broad H β. Later in Section 5 , we show that the H β-based
ingle-epoch black hole mass is consistent with the recent dynamical 
easurement of the black hole mass performed by I. Juodžbalis et al.

 2025b ). 
We note that, while for NIRSpec-MSA spectroscopy, compact 

ources result in a spectral resolution significantly higher than the 
ominal spectral resolution (because the source is smaller than the 
hutter width), this is not the case for NIRSpec-IFU spectroscopy. 
his is due to the anamorphic magnification in the IFU optical path,
hich makes each slice of the IFU image slicer have a width of 0.′′ 1
rojected on sky, while maintaining the 2-spectral pixel sampling. 
or a compact, unresolved source the effective resolution might still 
e slightly higher than the nominal spectral resolution (which is for
 uniform illumination of each slice), but the effect is not as large as
n the case of the MSA. 

The best-fitting parameters are estimated with a Bayesian ap- 
roach, where the posterior probability distribution is estimated 
sing the Markov-Chain Monte-Carlo (MCMC) ensemble sampler 
EMCEE (D. Foreman-Mackey et al. 2013 ) with 10 000 steps. For

ach of the variables, we need to define set priors for the MCMC
ntegration. The prior on the redshift of each component is set as a
runcated Gaussian distribution, centred on the systemic redshift of 
MNRAS 544, 3900–3935 (2025)
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Table 1. Spectral measurements for Abell 2744-QSO1 based on the new BlackTHUNDER IFU R2700 spectrum 

extracted from the central 0.′′ 25 of image A (shown in the bottom panel of Fig. 1 ) as well as the GTO reduced R100 
spectrum. The velocities are measured with respect to the narrow component. The fluxes are corrected for aperture losses 
and are scaled to the flux of the IFU PRISM spectrum. The fluxes are not corrected for lensing magnification. 

Line v (km s−1 ) FWHM (km s−1 ) Flux (10−20 erg s−1 cm−2 ) Equivalent width (Å) 

R2700 spectrum 

H β (narrow emission) – < 75 ( < 112 conserv.) 12 . 8+ 2 . 6 
−2 . 2 7 . 5+ 2 . 5 

−2 . 1 

H β (broad emission) 17+ 41 
−43 2658+ 351 

−292 118+ 10 
−8 72 . 6+ 10 . 1 

−7 . 7 

H β (absorption) 101+ 65 
−77 185+ 69 

−72 −7 . 3+ 2 . 3 
−2 . 0 5 . 5+ 2 . 2 

−1 . 7 

[O III ] λ5008 – < 75 ( < 112 conserv.) 7 . 6+ 1 . 8 
−1 . 8 4 . 52+ 1 . 4 

−1 . 2 

R100 spectrum 

Ly α – unresolved 491 ± 16 155 ± 11 
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he galaxy with a sigma of 300 km s−1 and boundaries of ±1000 km
−1 . The prior on the intrinsic FWHM of the narrow-line component
s set as a uniform distribution between 10 and 500 km s−1 , while
he prior on the amplitude of the line is set as a uniform distribution
n log-space between 0.5 ×rms of the spectrum and the maximum of
he flux density in the spectrum. 

The final best-fitting parameters and their uncertainties are calcu-
ated as the median value and the 68 per cent confidence interval of
he posterior distribution. We note that all the quantities derived from
2700 spectral fitting are calculated from the posterior distribution

o account for any correlated uncertainties in the spectrum between
ach component. 

Despite the longer exposure, the high-resolution spectrum appears
ore noisy as a consequence of the continuum and broad H β being

pread over many more resolution elements. The broad H β is well
etected and its FWHM agrees with the value reported in L. J.
urtak et al. ( 2024 ). However, the grating spectrum clearly reveals a
arrow component of H β, which is barely resolved and it cannot be
eblended using the PRISM alone. Formally, the fit provides a 3 σ
pper limit on the width of FWHM < 75 km s−1 (after deconvolving
or the instrumental LSF). However, in the rest of this paper, to be
ven more conservative, we take as an upper limit on the line width
he nominal spectral resolution of the IFU at this wavelength (i.e.
 112 km s−1 , although the actual resolution is probably slightly

etter). There is also a detection of [O III ] λ5008 at a significance of
 σ , which matches the velocity of the narrow component of the H β

mission. 
The profile of broad H β also shows the tentative detection of H β

bsorption with a FWHM of 185+ 69 
−72 km s−1 and a velocity shift

f 101+ 65 
−77 km s−1 with respect to the narrow component, indicative

f an inflow. As discussed in Introduction, the presence of Balmer
bsorption is not uncommon among JWST -discovered AGNs, and at
east 20 per cent of the systems are found with this feature in H α

r H β when they are observed at medium to high resolution (e.g. I.
abbé et al. 2024 ; X. Lin et al. 2024 ; J. Matthee et al. 2024 ; B. Wang
t al. 2024 , 2025 ; I. Juodžbalis et al. 2024a ; D. D. Kocevski et al.
025 ; A. J. Taylor et al. 2025 ). 
The coloured dashed lines in the bottom panel of Fig. 1 show the

est fit of that portion of the spectrum with the following components:
 broad component of H β (orange), a narrow component of H β and
O III ] (blue), and a power-law continuum and absorption component
f H β (green). The total fit is shown with a red dashed line. The
entral row of the same panel shows the χ residuals of the full fit,
hile the bottom row shows the residuals when not accounting for
 β absorption. We summarize the spectral measurements for the

mage A of Abell 2744-QSO1 in Table 1 . 
NRAS 544, 3900–3935 (2025)
 BLAC K  H O L E  PROPERTIES  A N D  SCALING  

E L AT I O N S  

n this section, we describe the derivations of the black hole properties
n Abell 2744-QSO1 as well as the related scaling relations. We also
iscuss implications for the stellar mass of Abell 2744-QSO1. 

.1 Black hole mass and accretion rate 

he black hole mass can be estimated assuming the local virial
elations between BH mass, widths of the lines from the BLR, and
he continuum or broad line luminosity (e.g. J. E. Greene & L. C.
o 2005 ; M. Vestergaard & B. M. Peterson 2006 ; A. E. Reines &
. Volonteri 2015 ). It is not obvious that the same relations apply at

igh redshift. In particular, it has been speculated that in the super-
ddington regime (which may apply to some high- z AGN), the black
ole masses may be overestimated (e.g. E. Lambrides et al. 2024 ; A.
upi et al. 2024 ). However, recently the GRAVITY + collaboration
as obtained a direct (interferometric) measurement of the BLR size
nd of the BH mass in a quasar at z = 2 . 33 (R. Abuter et al. 2024 ),
hich is a cosmic epoch much closer to Abell 2744-QSO1 than to

he present epoch. According to their direct measurements, this black
ole is accreting at a highly super-Eddington rate ( L/LEdd ∼ 7 − 20).
espite the high accretion rate, the BH mass estimated from the virial

elation using broad H α is consistent with the direct interferometric
easurement within a factor of 2.5, well within the scatter of

he virial relation (and this small offset can be mitigated even
urther by applying the correction factor proposed by R. Abuter
t al. 2024 ). When using broad H β the agreement is worse (a
actor of 5), but still not in dramatic contrast with the virial
elations, taking into account their scatter and also the fact that
his test case is actually a highly super-Eddington accreting black
ole. 
We take the FWHM of the broad component of H β measured

n the grating spectrum. Then we estimate the luminosity of H α by
ssuming a typical H α/H β ratio of 3 (different from the Case B value
f 2.86 due to the collisional enhancement in AGN-ionized gas, see
.g. X. Dong et al. 2008 ) and correcting for a visual dust extinction
f AV = 2 . 1 estimated from our spectral fitting result in Section 6
see Table 3 ) assuming a Small Magellanic Cloud (SMC) extinction
urve with RV = 2 . 505 (K. D. Gordon et al. 2003 ), which has been
dopted for describing dust attenuation in high- z galaxies (e.g. N. A.
eddy et al. 2015 ). This leads to H α/ H β = 7 . 6. As a consistency
heck, we measure the Balmer decrement from the MSA PRISM
pectrum of image A with PPXF (M. Cappellari & E. Emsellem 2004 ;

. Cappellari 2017 ). Although the profile of H α is only partially



A non-stellar Blamer break in a LRD 3907

c  

fi  

H  

t  

d  

G  

t
o  

l
w  

e  

R  

l
d
o  

v
 

t
L  

s  

G  

b  

d  

o  

v
c
t  

a
a  

w
t  

m
 

t  

S  

a
0  

l
c
(
a  

i  

t  

b
u
t
l
c  

a
2  

s
h
o
w
c
h
f  

M  

s
A
b  

a

i
a

5

A
f  

T  

b  

c
 

a  

e

M

w  

l  

w  

e  

i  

t  

t  

m  

t  

w  

i  

s  

a  

2  

d
s
e  

r  

D  

h
(  

r  

f  

o  

2  

w  

w  

w  

a
o  

o  

w  

b  

fi  

o
2  

u
 

l  

g  

5 We note that rotation-dominated broadening would disappear at very low 

inclination. However, since the inclination should be random in observations 
but many LRDs likely have M� /Mdyn > 1, the low-inclination scenario seems 
implausible. 
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overed as can be seen in Fig. 1 , we assumed it is Gaussian and
xed its kinematics to those of H β. The resulting ratio from the fit is
 α/ H β = 8 . 0 ± 0 . 8, consistent with our estimation above. We note

hat L. J. Furtak et al. ( 2024 ) also reported the PRISM-based Balmer
ecrement for images A + B + C of Abell 2744-QSO1 assuming
aussian line profiles, which is H α/ H β = 7 . 5 ± 0 . 4 (based on their

able 1). We also correct the luminosity for a lensing magnification 
f μA = 5 . 8 for image A. We describe the measurements of the
ensing magnification in Appendix A , which are broadly consistent 
ith measurements of L. J. Furtak et al. ( 2023 ) and L. J. Furtak

t al. ( 2024 ). We then use the virial relation proposed by A. E.
eines & M. Volonteri ( 2015 ), to estimate a black hole mass of

og ( MBH / M�) = 7 . 59. The formal uncertainties would be about 0.2 
ex. However, we prefer to be conservative by giving an uncertainty 
f 0.3 dex to take into account the dispersion and uncertainties in the
irial relations (e.g. L. C. Ho & M. Kim 2014 ). 
One caveat of the above analysis is the assumed intrinsic ratio of

he Balmer decrement, which can be significantly larger than 3 in 
RDs (e.g. E. Lambrides et al. 2024 ; S.-J. Chang et al. 2025 ). If we
imply used the H β luminosity to derive the BH mass following J. E.
reene & L. C. Ho ( 2005 ), and applied the dust attenuation correction
ased on the narrow-line attenuation of AV = 0 . 66 ± 0 . 40 mag
erived by R. Maiolino et al. ( 2025a ), we obtained a black hole mass
f log ( MBH / M�) = 7 . 2 ± 0 . 3. This estimation is consistent with the
alue estimated above within the combined 1 σ uncertainty, especially 
onsidering that the BLR is likely more dust attenuated compared 
o the NLR. Interestingly, I. Juodžbalis et al. ( 2025b ) recently made
 dynamical measurement of the BH mass for Abell 2744-QSO1 
nd obtained log ( MBH / M�) = 7 . 7 ± 0 . 3, which is more consistent
ith our first single-epoch BH mass estimation. We refer the readers 

o I. Juodžbalis et al. ( 2025b ) for further discussions on BH mass
easurements in Abell 2744-QSO1. 
We also estimate the bolometric luminosity of the AGN by using

he scaling relations with broad emission line fluxes presented by J.
tern & A. Laor ( 2012 ); using the H β line (corrected as discussed
bove) gives LAGN ≈ 2 . 6 × 1044 erg s−1 , hence implying L/LEdd ≈
 . 05. As we discuss in Sections 5.2 , 6 , and 7 , the rest-frame optical
ight is likely dominated by the AGN continuum. Therefore, we 
an also infer the bolometric luminosity from the optical continuum 

 L5100 ), corrected for extinction and lensing magnification, and again 
dopting the scaling relation in J. Stern & A. Laor ( 2012 ), resulting
n LAGN ≈ 1 . 2 × 1045 erg s−1 , hence L/LEdd ≈ 0 . 24. This is close
o the estimation by L. J. Furtak et al. ( 2024 ) of L/LEdd ≈ 0 . 3
ased on MSA PRISM spectra of Abell 2744-QSO1, where they 
sed a bolometric conversion to get Lbol from line luminosities. The 
wo estimations of the bolometric luminosity differ by 0.66 dex, 
arger than the combined scatter of 0.43 dex between the bolometric 
onversions of J. Stern & A. Laor ( 2012 ). The difference might
rise due to the intrinsic difference between the SED of Abell 
744-QSO1 and the average SED of J. Stern & A. Laor ( 2012 )’s
ample. Qualitatively, if the accretion disc in Abell 2744-QSO1 
as a softer ionizing spectrum, the bolometric luminosity based 
n hydrogen Balmer lines that scale with the ionizing luminosity 
ould give a lower bolometric luminosity compared to the 5100 Å

ontinuum-based value. In addition, if the observed Balmer lines 
ave non-negligible optical depths, the actual bolometric conversion 
actor would be higher than assumed. Finally, as discussed in R.

aiolino et al. ( 2025b ), if the covering fractions of BLRs in JWST -
elected AGN are systematically different from the low-redshift 
GN, the Balmer line-based bolometric conversions would also 
e different. Regardless, since in either case this black hole is
ccreting at substantially sub-Eddington, it is unlikely that it is 
n the regime where the virial scaling relations are drastically 
ffected. 

.2 A small dynamical mass of the host galaxy 

s discussed above, the very small velocity dispersion inferred 
or the narrow component of H β (and for [O III ] λλ4960 , 5008; see
able 1 ) indicates that the dynamical mass of the host galaxy must
e quite low. In this section, we quantify this aspect starting with the
onservative upper limit on the line width of FWHM < 112 km s−1 . 

In order to constrain the dynamical mass, we use the same
pproach as H. Übler et al. ( 2023 ) and R. Maiolino et al. ( 2024b ) by
stimating the dynamical mass through the equation 

dyn = K ( n ) K ( q)
σ 2 Re 

G 

, (1) 

here K( n ) = 8 . 87 − 0 . 831 n + 0 . 0241 n2 with Sérsic index n , fol-
owing M. Cappellari et al. ( 2006 ), K( q) = [0 . 87 + 0 . 38e−3 . 71(1 −q) ]2 ,
ith axis ratio q following A. der Wel et al. ( 2022 ), and Re is the

ffective radius. Given that we do not have information on q, we take
t equal to one, which gives an even more conservative estimate of
he upper limit on the dynamical mass; taking q = 0 would reduce
he value by a factor of about two. As for the size, we use the

easurements from L. J. Furtak et al. ( 2023 ), who report the source
o be unresolved both in the rest-frame UV and optical. Therefore,
e take the upper limit of 30 pc on the effective radius of the source

nferred by L. J. Furtak et al. ( 2023 ). In this equation, σ is the
tellar velocity dispersion. As we do not have this information, we
dopt the same approach as in some previous papers (H. Übler et al.
023 ; R. Maiolino et al. 2024b ) of using the nebular gas velocity
ispersion and applying the empirical scaling between integrated 
tellar and gaseous velocity dispersions derived by R. Bezanson 
t al. ( 2018 ) at z ∼ 1. There are only a few systems in which this
elation can be tested at higher redshift (A. C. Carnall et al. 2023 ; F.
’Eugenio et al. 2024 ; R. G. Pascalau et al. 2025 ), and it seems to
old, although in systems much more massive than Abell 2744-QSO1 
 M� � 1010 . 5 M�). The correction from the R. Bezanson et al. ( 2018 )
elation entails an increase of 0.18 dex in the velocity dispersion. As
or the Sérsic index, we assume n = 1, as is the case for the majority
f star-forming galaxies at such high redshift (e.g. K. Ormerod et al.
024 ), including AGN host galaxies (R. Maiolino et al. 2024b ). Since
e assume an upper limit on both the velocity dispersion and the size,
e obtain a very conservative upper limit on the dynamical mass,
hich we estimate to be Mdyn < 4 . 4 × 108 M�. Alternatively, if we

ssume the system is dispersion-dominated and apply equation (A2) 
f T. Dı́az-Santos et al. ( 2021 ), which is Mdisp 

dyn = 3 . 4 σ 2 Re /G , we

btain Mdisp 
dyn < 1 . 2 × 108 M�. Interestingly, the latter upper limit

ould imply that the dynamical mass of the system is dominated
y the black hole. 5 If we used the formal 3 σ upper limit from the
t on the FWHM of the line ( < 75 km s−1 ), then the upper limits
n the dynamical masses would be even tighter, specifically Mdyn < 

 . 0 × 108 M� if using equation ( 1 ), and Mdisp 
dyn < 5 . 5 × 107 M� if

sing the dispersion-dominated equation. 
One caveat of the above calculations is the origin of the narrow

ines, that is, whether they are dynamically influenced by the whole
alaxy or only by the black hole if they are sufficiently concentrated
MNRAS 544, 3900–3935 (2025)
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M

Figure 2. Comparison of stellar and dynamical masses for AGN at high- 
z discovered by JWST and observed with high spectral resolution. The 
shaded region is the ‘unphysical’ area where the stellar mass is larger than 
the dynamical mass. Red small symbols are objects in the JADES sample 
presented in R. Maiolino et al. ( 2024b ) (updated with new estimated stellar 
masses in I. Juodžbalis et al. 2025a ). The upper golden symbol shows the 
dynamical mass estimated by the BlackTHUNDER high resolution spectrum 

of Abell2744-QSO1, where the stellar mass is the one inferred by Y. Ma et al. 
( 2025 ) assuming that the optical continuum and Balmer break are entirely 
dominated by stellar light; clearly this scenario leads to an unphysically high 
stellar mass, about an order of magnitude larger than the dynamical mass. 
The maximum stellar mass allowed by the dynamical mass is shown with the 
lower golden symbol. 
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patially. Interestingly, as recently pointed out by I. Juodžbalis
t al. ( 2025b ) and R. Maiolino et al. ( 2025a ), the narrow lines in
bell 2744-QSO1 are actually spatially resolved in NIRSpec IFU
bservations, whose dynamics were subsequently modelled by I.
uodžbalis et al. ( 2025b ) using the code MOKA3D (C. Marconcini
t al. 2023 ). I. Juodžbalis et al. ( 2025b ) found that the kinematics
f narrow H α are best modelled by a point source-like mass of
 × 107 M�, likely dominated by the central black hole. While
n extended exponential disc component is not preferred by the
ata, enforcing such a component would give an upper limit on the
xtended dynamical mass of 2 × 107 M�, much smaller than our
ynamical mass estimate. Therefore, no matter whether we used
he rough dynamical mass estimate by assuming an unresolved
tellar component and stellar velocity dispersion scaled from the
as velocity dispersion, or took the more sophisticated dynamical
odelling result of I. Juodžbalis et al. ( 2025b ), we obtained relatively

mall dynamical mass upper limits in a range of 107 . 3 −8 . 6 M�. 
We note that the derived dynamical mass, even taking the most

onservative upper limit, is an order of magnitude lower than the
tellar mass inferred by Y. Ma et al. ( 2025 ) when assuming that the
ptical continuum and Balmer break are entirely dominated by stellar
ight, which is 4 × 109 M�. 6 This discrepancy is illustrated visually
n Fig. 2 . This result highlights that most of the optical light, as well
s the Balmer break, cannot have a stellar origin. Even our most
onservative upper limit on the dynamical mass is only 10 per cent
f the stellar mass inferred from stellar dominated Balmer break
nd optical continuum. Our finding indicates that no more than 10
er cent of the optical light originates from stars. In Section 6 , we
NRAS 544, 3900–3935 (2025)

 It is worth noting that the fiducial fit by Y. Ma et al. ( 2025 ) also includes 
ontributions from AGN to the optical continuum. Even in this case, the 
nferred stellar mass is ∼ 4 × 109 M�. 

t  

K  

fi  

d  

h  
urther illustrate that an AGN continuum and dense gas along the line
f sight (LOS) can explain well the shape of the optical continuum
nd, in particular, the Balmer break, hence greatly alleviating the
ssue of the high stellar mass and extremely high stellar densities
nferred when assuming a stellar origin of the Balmer break. 

.3 An overmassive black hole 

he upper limits on the dynamical mass also translate into a tight
pper limit on the stellar mass. These upper limits can be compared
ith the black hole mass inferred from the virial relations and with

he local scaling relations between black hole mass and galaxy
roperties. 
The left panel of Fig. 3 shows the relationship between BH mass

nd host galaxy stellar mass. Local galaxies (blue points) are taken
rom A. E. Reines & M. Volonteri ( 2015 ); these are disc galaxies,
ence with Sérsic index n comparable to the host galaxies of high- z
GN; additionally, the black hole masses in this sample have been
easured using the same virial relations as adopted in our work,

ence are fully consistent. We also show the galaxies reported in J.
. Greene, J. Strader & L. C. Ho ( 2020 ), which also have Sérsic

ndex n ∼ 1, although in this case the BH masses are estimated with
 different calibration. The black solid line and blue solid line show
he relations inferred from those two local studies, and the grey and
lue shaded regions show their dispersions. We also show the relation
btained by M. C. Bentz & E. Manne-Nicholas ( 2018 ) for local AGN
ith reverberation mapping (orange line and shaded region), mostly

n disc galaxies. For completeness we also show with a dot-dashed
lack line the J. Kormendy & L. C. Ho ( 2013 ) MBH –Mspheroid relation
or early-type galaxies, but we caution that this is inadequate as
or the vast majority of high- z galaxies, including AGN hosts, the
tellar light has a disc-like profile. The red points are black hole and
ost galaxy stellar mass measurements from various JWST studies at
 > 4 (A. C. Carnall et al. 2023 ; X. Ding et al. 2023 ; A. D. Goulding
t al. 2023 ; Y. Harikane et al. 2023 ; D. D. Kocevski et al. 2023 ; V.
okorev et al. 2023 ; H. Übler et al. 2023 ; Á. Bogdán et al. 2024 ; M.
. Stone et al. 2024 ; B. Wang et al. 2024 ; M. Yue et al. 2024a ; R.
aiolino et al. 2024b ; B. Trefoloni et al. 2025 ; I. Juodžbalis et al.

025a ). Note that candidate dual/merging BHs are connected with
ed dashed lines (R. Maiolino et al. 2024b ). Most of the high- z AGN
iscovered by JWST are overmassive relative to the local MBH –M� 

elations, by even orders of magnitude. This was already highlighted
y previous studies (e.g. Y. Harikane et al. 2023 ; H. Übler et al.
023 ; I. Juodžbalis et al. 2024b ; R. Maiolino et al. 2024b ; M. A.
arshall et al. 2025 ). The golden large symbol shows the location

f Abell 2744-QSO1. As no solid detection of the stellar light has
een obtained yet, here we use the dynamical mass (based on the
onservative upper limit on the line width) as a conservative upper
imit on the stellar mass. Abell 2744-QSO1 deviates from the local
elations by orders of magnitude. This was already pointed out by L.
. Furtak et al. ( 2024 ), by setting an upper limit on the stellar mass
y assuming the case that all observed optical light is associated
ith stellar emission. Here we confirm their finding but in this case
sing the dynamical mass as an independent constraint on the stellar
ass. 
The right panel of Fig. 3 shows the MBH –Mdyn relations. In

his case, for local galaxies we use the early-type sample of J.
ormendy & L. C. Ho ( 2013 ) (blue points and dot-dashed best-
tting relation), where we use their stellar masses as a proxy of the
ynamical masses. The justification is that these early-type galaxies
ave very little gas content and the total dynamical mass is nearly
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Figure 3. Scaling relations between black holes and their host galaxies, specifically BH mass versus galaxy stellar mass (left) and versus galaxy dynamical 
mass (right). The small blue symbols show local galaxies, and the straight lines and shaded regions illustrate the best-fitting local scaling relations (see the 
text for details). The red squares show AGN at 4 < z < 11 for which the black hole mass and host galaxy stellar/dynamical mass has been measured with JWST 
data, as reported by Á. Bogdán et al. ( 2024 ); A. C. Carnall et al. ( 2023 ); X. Ding et al. ( 2023 ); A. D. Goulding et al. ( 2023 ); Y. Harikane et al. ( 2023 ); D. D. 
Kocevski et al. ( 2023 ); V. Kokorev et al. ( 2023 ); H. Übler et al. ( 2023 ); M. A. Stone et al. ( 2024 ); B. Wang et al. ( 2024 ); M. Yue et al. ( 2024a ); R. Maiolino 
et al. ( 2024b ); B. Trefoloni et al. ( 2025 ); I. Juodžbalis et al. ( 2025a ). The mean uncertainties of masses are indicated by the black cross on the top left location 
of each panel. Additionally, we plot high- z sources from T. Izumi et al. ( 2019 ); A. Pensabene et al. ( 2020 ); H. B. Akins et al. ( 2025a ). The golden circles show 

Abell2744-QSO1 for which we have taken the upper limit on the host galaxy dynamical mass as conservative upper limit on the stellar mass. The black hole in 
Abell2744-QSO1 is clearly overmassive both in terms of stellar and dynamical mass, when compared with the local relations. 

c
c
(
f
a  

s  

m
U  

B  

t  

b  

a  

b
b
o
b  

H
b  

e  

t
H  

u  

m

7

w
F
s

R
o  

t  

h
s  

H
e  

o  

e  

d

M
c  

a  

i  

i  

t

6
D

A  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/3900/8306870 by guest on 10 M
arch 2026
oincident with the spheroidal stellar mass component. 7 However, for 
ompleteness we also show the stellar relation for the disc samples 
solid black and solid blue lines), although these are inadequate 
or assessing the dynamical masses, given the large amount of gas 
nd also dark matter expected in these early galaxies. The red points
hown here are AGN at z > 4 discovered by JWST , whose dynamical
asses could be estimated based on high spectral resolution data (H. 

¨ bler et al. 2023 ; R. Maiolino et al. 2024b ). In this case, the high- z
Hs are closer to the local relation. This is partly due to the fact that

he local J. Kormendy & L. C. Ho ( 2013 ) relation is higher than those
y A. E. Reines & M. Volonteri ( 2015 ) and J. E. Greene et al. ( 2020 ),
lthough, given that the J. Kormendy & L. C. Ho ( 2013 ) relation is
ased on direct dynamical measurements of BH masses, it is likely 
iased high (i.e. for black holes massive enough that their sphere 
f influence can be resolved). Also, black holes in non-classical 
ulges are excluded from the fit of J. Kormendy & L. C. Ho ( 2013 ).
owever, regardless of the adopted local relation and its potential 
iases, most high- z AGN do not have black holes masses that are in
xcess of 0.1 times the dynamical mass, which instead is the case for
he stellar masses. One exception is the LRD with Mdyn measured by 
. B. Akins et al. ( 2025a ) with the tentative detection of [C I ](2-1)
sing ALMA, where MBH /Mdyn is close to 1, although [C I ](2-1)
ight be spatially offset from the centre of the NIRCam image. 
 We note that below log ( M� / M�) = 10 . 5, the dark-matter fraction decreases 
ith decreasing stellar mass (M. Cappellari et al. 2013 ; E. Toloba et al. 2014 ; 
. S. Eftekhari et al. 2022 ). This would make the true MBH –Mdyn relation 
teeper, making Abell 2744-QSO1even more overmassive. 

t  

m  

A  

o
o
(  
egarding Abell2744-QSO1 (large golden symbol), the upper limit 
n its dynamical mass is lower than most JWST AGN and it indicates
hat its black hole mass is heavily overmassive also relative the black
ole-dynamical mass relation. As already pointed out in the previous 
ection, using the formal 3 σ upper limit on the width of the narrow
 β, or adopting the dispersion-dominated scenario, would yield an 

ven lower upper limit on the dynamical mass, approaching the mass
f the black hole itself. In fact, the recent work of I. Juodžbalis
t al. ( 2025b ) has shown that the dynamical mass of QSO1 is indeed
ominated by the central black hole. 
For other JWST -discovered AGN the overmassive nature on the 
BH –M� relation and being more aligned with the MBH –Mdyn relation 

ould have been interpreted in terms of the host galaxy having the
dequate baryon mass, but where most of the gas had been inefficient
n forming stars. Yet, in the case of Abell2744-QSO1 the black hole
s overmassive in all regards, also relative to the dynamical mass of
he host galaxy. 

 A  BA LMER  BREAK  O R I G I NAT I N G  F RO M  

ENSE  G A S  ABSORPTI ON  

s discussed in Section 5.2 , interpreting the optical continuum and
he Balmer break with a stellar origin would result in a stellar

ass that is an order of magnitude larger than the dynamical mass.
dditionally, the implied stellar density would be far larger than any
ther system seen at lower redshift. However, the growing number 
f JWST -discovered AGN showing either H α and H β absorption 
visible only in medium- and high-resolution spectra; I. Labbé et al.
MNRAS 544, 3900–3935 (2025)
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Figure 4. Example of an AGN accretion disc emission with MBH = 107 M�
and λEdd = 0 . 1 attenuated by a slab of gas with nH = 1010 cm−3 , NH = 

1023 cm−2 , U = 10−1 . 5 , and vturb = 120 km s−1 (definitions of parameters 
given in Section 6.2.1 ). The simulation is performed with CLOUDY . The dashed 
line is the intrinsic continuum normalized at λ = 4260 Å. The dash-dotted 
red line is the dust-free attenuated continuum, which exhibits prominent 
absorption features including Balmer lines and the Balmer break. The solid 
blue line is the attenuated continuum further obscured by a dust screen with 
AV = 2, which shows an uprising optical continuum in addition to the Balmer 
break resembling the rest-frame optical part of LRDs. The spike at the UV- 
optical interface is an artefact caused by the limited number of resolved 
energy levels of hydrogen. 
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024 ; X. Lin et al. 2024 ; J. Matthee et al. 2024 ; I. Juodžbalis et al.
024a ; D. D. Kocevski et al. 2025 ; B. Wang et al. 2025 ) indicates
hat many (probably most) of these systems require extremely dense
as ( nH > 108 cm 

−3 ) with high column densities ( NH > 1021 cm 

−2 )
long the LOS, possibly associated with the BLR clouds, which is the
nly way to keep the short-lived n = 2 level of hydrogen populated
nd subsequently result into the observed Balmer absorption (I.
uodžbalis et al. 2024a ). As shown in Fig. 1 , Abell2744-QSO1 has
 tentative detection of H β absorption as well. K. Inayoshi & R.
aiolino ( 2025 ) pointed out that H α and/or H β absorption must

lso necessarily come with absorption of higher Balmer orders and
ncluding a Balmer break. 

In this section, we explore whether the Balmer break observed
n Abell 2744-QSO1, as well as its other spectral properties, can
e explained in the scenario where the optical light is dominated
y an AGN continuum with dense absorbing gas along the line of
ight. As we mentioned in Section 2 , the background subtraction of
mage B is likely problematic. Thus, we used the spectrum from the
ombined images of A and C obtained through the GTO reduction
s the fiducial spectrum. Still, we checked the results based on the
pectrum from the combined images of A, B, and C images reduced
y L. J. Furtak et al. ( 2024 ), as well as the integrated IFU spectrum
rom image A observed in BlackTHUNDER, as detailed later. 

.1 Balmer break fitting: method 

e formulate our spectral model as follows 

λ;model = bλm + 10−0 . 4 Aλ ( F att. 
λ;Acc . disc + Cf Fλ;neb . BLR ) 

+ Fλ;neb . narrow , (2) 

ased on a series of physically motivated assumptions. In the
quation above, Fλ;Acc . disc represents the flux of the accretion disc
ttenuated by a slab of dust-free gas in the BLR, Cf Fλ;neb . BLR 

epresents the nebular emission from the BLR observed along the
OS, Fλ;neb . narrow represents the nebular emission from the narrow-

ine component, 10−0 . 4 Aλ is a dust attenuation factor for the BLR
mission, and bλm is a power-law continuum. We explain in detail
he physical meaning of each term below. 

First, we assume the AGN emission that dominates the optical
pectrum has two major components, which represent the attenuated
ontinuum emission and the nebular emission, respectively. The first
omponent, Fλ;Acc . disc , originates in the AGN accretion disc and
s attenuated by dense and dust-free gas along the LOS. For the
ccretion disc emission, we used theoretical SEDs parametrized
y the black hole mass, MBH , and the Eddington ratio, λEdd ,
omputed by E. Pezzulli et al. ( 2017 ). According to the estima-
ion of L. J. Furtak et al. ( 2024 ), Abell 2744-QSO1 has a black
ole mass of MBH = 4+ 2 

−1 × 107 M� and an Eddington ratio of
Edd = Lbol /LEdd ∼ 0 . 3. In comparison, our estimations involving

he new BlackTHUNDER observations give MBH = 4+ 4 
−2 × 107 M�

nd λEdd = Lbol /LEdd ∼ 0 . 05 − 0 . 24 (see Section 5.1 ). We note that
bell 2744-QSO1 shows no detection of He II λ4686 in the optical

L. J. Furtak et al. 2024 ), which might imply the lack of high energy
hotons with hν > 54 eV (although low He II λ4686/H β down to
.1 and lower has also been observed in local AGN, e.g. D. E.
anden Berk et al. 2001 ; G. Tozzi et al. 2023 ). As recently suggested
y E. Lambrides et al. ( 2024 ), the lack of high ionization lines in
WST -selected Type 1 AGN might imply near-to-super Eddington
ccretion and the Eddington ratio might have been underestimated
n these systems. Therefore, we considered theoretical SEDs with

BH = 107 M� and λEdd = 0 . 1 , 1 , 10 and compared their fitting
NRAS 544, 3900–3935 (2025)
esults. In the sub-Eddington regime (10−2 � λEdd ≤ 1), the SED is
omputed assuming the standard disc model with a geometrically
hin and optically thick disc (N. I. Shakura & R. A. Sunyaev
973 ). In the super-Eddington regime, the accretion disc becomes
eometrically thick due to inefficient radiative cooling, where instead
nergy advection via photon trapping dominates and suppresses
he emergent radiation flux from the innermost disc region (M. A.
bramowicz et al. 1988 ). E. Pezzulli et al. ( 2017 ) accounted for

he photon trapping effect on the SED by removing the emergent
adiation flux within the characteristic radius, resulting in a softer
V SED. However, the emission within the photon-trapping radius

s not entirely suppressed in super-Eddington accretion. In fact, the
V SED could become harder compared to the sub-Eddington case
ue to contributions from the hotter optically thick regions of the
ccretion disc extended within the innermost stable circular orbit
e.g. A. Kubota & C. Done 2019 ; K. Inayoshi et al. 2025 ; however,
ee F. Pacucci & R. Narayan 2024 for a different model). We discuss
he effect of different SEDs later in this section and in Appendix B . 

Fig. 4 shows the shape of the accretion disc continuum with MBH =
07 M� and λEdd = 0 . 1 in the UV-to-optical regime. We adopt this
alue as the baseline, given that the estimated accretion rate is sub-
ddington and in the range λEdd ∼ 0 . 05 − 0 . 24. 
To obtain the gas-absorbed SED, we passed the intrinsic disc

mission through a slab of gas with high densities and column
ensities. This calculation is done with the photoionization code
LOUDY (v17.03, G. J. Ferland et al. 2017 ). As already shown by K.
nayoshi & R. Maiolino ( 2025 ), at densities of nH ∼ 109 −11 cm−3 ,
ollisional excitation efficiently populates neutral hydrogen to the
xcited state of n = 2, leading to a strong Balmer break. At such high
ensities, the gas likely originates from the BLR or its proximity
I. Juodžbalis et al. 2024a ). Therefore, we did not consider dust
ttenuation within the dense gas, as the BLR clouds are usually within
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Table 2. Input parameters for CLOUDY simulations of BLR absorption and emission. The fiducial parameters are shown 
in the bold font. 

Parameter Values 

SED M BH = 107 M�, λEdd = 0 . 1 , 1 , 10 (E. Pezzulli et al. 2017 ) 
log( U ) −2 . 5, −2 . 25, −2 . 0, −1 . 75, −1 . 5 , −1 . 25, −1 . 0 
log ( Z/Z�) −1 
Solar abundance set N. Grevesse et al. ( 2010 ) solar abundance set 
log ( nH /cm 

−3 ) 8, 8.5, 9, 9.5, 10 , 10.5, 11, 11.5, 12 
log ( NH /cm 

−2 ) 21 , 21 . 5 , 22 , 22 . 5 , 23 , 23 . 5 , 24 
vturb (km s−1 ) 20, 40, 60, 80, 100, 120 
Dust No dust 
Resolved hydrogen energy levels 50 
Atomic data set CHIANTI (v7, K. P. Dere et al. 1997 ; E. Landi et al. 2013 ) 
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he dust sublimation radius (H. Netzer & A. Laor 1993 ; C. M. Gaskell
009 ; for discussions of BLR models with dust, see e.g. G. A. Shields
t al. 2010 ). In Fig. 4 , we show a continuum attenuated by a slab of
as with nH = 1010 cm−3 and NH = 1023 cm−2 . One can see a clear 
almer break starting around the Balmer limit of 3646 Å, as well as a

eries of absorption features underlying the locations of Balmer lines. 
nother notable feature is a spike of emission near the Balmer limit,
hich is also seen in the models of K. Inayoshi & R. Maiolino ( 2025 ).
his spike is due to the fact that not all energy levels of hydrogen are

esolved in the simulation. To save computational time, we include 
he first 50 energy levels from the ground level in the calculation. We
ote that the remaining spike does not have any significant impact on
he fitting result. We also considered dust attenuation external to the 
LR, which is described by the attenuation factor 10−0 . 4 Aλ (note that 
otentially some of this dust obscuration can also come from some 
ust content in self-shielded clouds in the outer BLR, as suggested 
y G. A. Shields et al. 2010 ; regardless, the dust location would not
ffect the fitting results). The extinction curve is assumed to be an
MC bar extinction curve with RV = 2 . 505 (K. D. Gordon et al.
003 ). Recently, Y. Ma et al. ( 2025 ) suggested that an unusually
teep dust attenuation law is required to fit the spectrum of Abell
744-QSO1. However, as we show later, the SMC extinction curve 
s sufficient to provide a sensible fit with the framework adopted here.
n Fig. 4 , we show an example where the gas-obscured continuum
s attenuated by a dust screen with AV = 2, which leads to a rising
ontinuum in the optical resembling the optical spectrum of LRDs 
see e.g. D. D. Kocevski et al. 2025 ). 

In addition to the continuum emission, we considered the nebular 
mission from the BLR, Fλ;neb . BLR , including the nebular continuum 

nd emission lines. The nebular emission is also computed with 
LOUDY with the same physical condition as the continuum absorbing 
as. We considered a wide range of model parameters as summarized 
n Table 2 . The effects of various model parameters and how we
arrowed down the ranges for these parameters are described in 
he next section. The nebular emission is multiplied by a covering 
raction, Cf , before being added to the continuum emission as the 
otal emission from the BLR. The covering fraction is defined as
f ≡ 
/ 4 π , where 
 is the solid angle of the BLR clouds with

espect to the central accretion disc. This parameter is included 
ut of a geometrical consideration to describe how much of the 
ebular emission is produced and captured along the LOS (see D. E.
sterbrock & G. J. Ferland 2006 and section 16.44 of Hazy 1, C17 8 ).
gain, we considered the BLR nebular emission is further processed 
 https://gitlab.nublado.org/cloudy/cloudy/-/wikis/home 

o
m
(  
y external dust extinction with the same factor of 10−0 . 4 Aλ as the
ontinuum emission. 

Then, we assume the UV continuum is a featureless power law,
epresenting either an AGN SED (e.g. scattered light by extended 
as) or a stellar SED with young stellar populations. For the moment,
e do not consider the case where the physical process generating

he UV continuum produces a Balmer break, for which the reason
s justified as the following. As shown by Y. Ma et al. ( 2025 ),
ssuming the UV continuum has a Balmer break and has a stellar
rigin, the AGN component needs to be sub-dominant over the full
V-to-optical range. This leads to three difficulties, which are the 
igh intrinsic equivalent widths for broad emission lines (see e.g. 
. Maiolino et al. 2025b ), an extremely high stellar mass density

not observed in any lower redshift galaxy), and an unusual dust
ttenuation law (Y. Ma et al. 2025 ). Assuming the UV continuum
as a Balmer break but has an AGN origin also faces difficulties,
hich are discussed later in Section 6.2.3 . In Section 6.2.3 , we also
iscuss in detail the possible physical origin of the UV continuum
ased on the observed Ly α damping wing. However, at the level of
he fitting, as this is not the focus of the paper, we remain agnostic on
he origin of the UV continuum and, as said, we simply empirically
t it with a power law. 
Finally, for the narrow-line emission, we only include H β and H γ

s no other lines are significantly detected in the PRISM spectrum.
hile L. J. Furtak et al. ( 2024 ) claimed detection of other lines in

he PRISM spectrum such as [O III ] λλ4960 , 5008 and S II λ6347, as
hown in Section 2 , presence of these lines depends on data reduction
nd thus we do not consider them as confirmed detections. The flux
f the narrow H β in the model is fixed to that of the broad H β by
he observed ratio of H βnarrow / H βbroad in Table 1 . Then the flux of
he narrow H γ is obtained by multiplying the flux of the narrow H β

y a Case B factor of 0.469 (B. T. Draine 2011 ). Since the narrow-
ine emission is significantly weaker than the broad-line emission, 
hether we include the dust attenuation for the narrow-line emission 
r not has little impact on the fitting results. 
We used equation ( 2 ) to describe the spectral range of λ =

600 − 6400 Å to avoid the proximity of the Ly α damping wing and
he partially covered H α line. Later in Section 6.2.3 , we extend the
pectral range to λ = 1250 − 6400 Å to fit part of the Ly α damping
ing. Before fitting, we convolve the BLR nebular emission with a
WHM measured from the broad H β, which is 2658 km s−1 (the

ntrinsic FWHM of the CLOUDY models is negligible compared to 
he value). We did not convolve the attenuated continuum emission 
r the narrow-line emission with the measured widths, which are 
uch narrower compared to the LSFs of the PRISM spectrum 

 ∼ 1 − 3 × 103 km s−1 ). We then convolved the full model with
MNRAS 544, 3900–3935 (2025)
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he LSF for point sources observed with the MSA given by A. Graaff
t al. ( 2024 ), and resampled the model to the wavelength grid of
he PRISM spectrum using the PYTHON function SPECTRES (A. C.
arnall 2017 ). 
There are a total of five free parameters to be fitted once the

arameters for the CLOUDY simulations are fixed. These parameters
re the normalization of the power law, b, the power-law slope,
 , the covering fraction, Cf [ ∈ (0 , 1)], the magnitude of the V -

and attenuation, AV , and the overall normalization of the BLR
omponent, fBLR (the normalization of the narrow-line component
as been tied to the BLR component based on the flux ratio in
able 1 ). We used the Markov chain Monte Carlo (MCMC) method
ith EMCEE (D. Foreman-Mackey et al. 2013 ) to estimate the best-
tting values of the parameters. We set the likelihood function to 

log Llikelihood =
∑ 

λ

−0 . 5( Fλ;obs . − Fλ;model )
2 /σ 2 

λ , (3) 

nd assumed flat priors for all model parameters. We ran 5000 steps of
CMC for each fit and took the medians of the posterior distributions

s the best-fitting parameters. The 1 σ uncertainties are estimated
sing the 68 per cent confidence interval of the posterior distributions.

.2 Balmer break fitting: results 

n this section, we present our fitting results. As we mentioned in the
revious section, there are a total of five free parameters we need to
onstrain in addition to the CLOUDY parameters. While the CLOUDY

imulations cover a large parameter space, as shown by K. Inayoshi &
. Maiolino ( 2025 ), the Balmer break is enhanced in certain regimes
f the parameter space. Therefore, we divide the section into two
ajor parts. In the first part, we re-examine the dependencies of the
almer break and Balmer absorption on various CLOUDY parameters,

imilar to what K. Inayoshi & R. Maiolino ( 2025 ) did. In the second
art, we perform a series of full spectral fits and check the effects of
ther model parameters in equation ( 2 ). 

.2.1 Effects of different photoionization parameters 

n Table 2 , we list a series of photoionization parameters to vary
or CLOUDY models, including the shape of the SED, the ionization
arameter, U ≡ �0 /nH c ( �0 is the hydrogen ionizing photon flux,
H is the hydrogen density, and c is the speed of light), the
ydrogen density, nH , the hydrogen column density, NH , and the
icroturbulence velocity, vturb . We set the metallicity to 0.1 solar, as

o strong constraints from nebular emission lines are available (L.
. Furtak et al. 2024 ). Regardless, the metallicity has little impact on
ur results as we focus on spectral features produced by hydrogen.
dditionally, we considered no dust in our simulations, as expected

or typical BLRs that lie within the dust sublimation radius (H.
etzer & A. Laor 1993 ; C. M. Gaskell 2009 ). The possible presence
f dust surviving in the outer (possibly self-shielded) parts of the
LR (G. A. Shields et al. 2010 ), is accounted for by the dusty-screen
art of the model, whose location does not affect the results. 
First of all, we explore the effects of varying parameters other

han the SED. Fig. 5 shows the model-predicted strength of the
almer break as well as the H β absorption as a function of different
arameters, where the SED is fixed to the one with MBH = 107 M�
nd λEdd = 0 . 1 that best match our measurements in Section 5.1 .
ere we characterize the strength of the Balmer break using the ratio
etween the flux densities at 4050 Å and 3640 Å to avoid any line
eatures as well as the artificial spike seen in Fig. 4 . The strength
f the H β absorption is simply represented by its equivalent width
NRAS 544, 3900–3935 (2025)
EW) with respect to the continuum. In each panel, we vary only one
arameter while keeping all the other parameters fixed to the values
hown on the top. 

The top left panel of Fig. 5 shows the effects of nH once
he other parameters are fixed. The Balmer break is much more
ensitive to the variation in nH compared to the H β absorption.
verall both the break and the absorption reach the maximum
alues around nH = 1010 cm−3 . The same effect was noted by K.
nayoshi & R. Maiolino ( 2025 ) and is explained by the strength
f the collisional excitation. At very low densities, the collisional
xcitation of hydrogen is not strong enough to populate the atoms to
heir excited states. At very high densities, the collisional excitation
s so strong that a considerable fraction of hydrogen is populated at
 > 2 levels. Both of the above tend to reduce the strength of the
almer absorption, leading to the peak we see at nH ≈ 1010 cm−3 .
hile this density produces the strongest Balmer break, it should

e noted that a Balmer break is expected at any density higher than
09 cm 

−3 . 
The top right panel of Fig. 5 shows the effect of NH . Both the

almer break and the H β absorption are enhanced with increasing
H . The only difference is that the Balmer break starts to increase
ith NH faster at NH � 1023 cm−2 , whereas the H β absorption starts

o saturate at NH � 1022 −23 cm−2 . Increasing NH strengthens Ly α
rapping that helps to populate hydrogen to n = 2, thereby leading
o the observed trends (P. B. Hall 2007 ; I. Juodžbalis et al. 2024a ). 

The bottom left panel of Fig. 5 shows the effect of the ionization
arameter U . Increasing U significantly enhances the Balmer break
nd slightly enhances the Balmer absorption. This can be understood
s the fact that the bound-free absorption is enhanced with the
ncreasing ionizing flux. 

Finally, the bottom right panel shows the effect of the microtur-
ulence velocity, vturb . The microturbulence velocity describes the
elative motions of gas within the line emitting/absorbing regions
nd is related to the observed velocity dispersion via vturb =

√ 

2 σ .
hile the physical origin of the microturbulence remains debated,
echanisms such as disc winds and magnetohydrodynamic (MHD)
aves have been proposed to explain the formation of the turbulence

M. Bottorff et al. 2000 ; M. C. Bottorff & G. J. Ferland 2000 ). It has
een shown by many previous modelling works that to reproduce the
ebular emission of BLRs, a microturbulence velocity of vturb ∼ 100
m s−1 is needed, which can enhance line escaping as well as
ontinuum pumping (e.g. J. A. Baldwin et al. 2004 ; G. J. Ferland
t al. 2009 ; A. Sarkar et al. 2021 ). In our case, vturb clearly enhances
he H β absorption but only moderately enhances the Balmer break.
he enhancement of EW(H β) can be understood as the strengthened
ontinuum absorption due to a broader wing of the absorption profile
oosted by the velocity dispersion (I. Juodžbalis et al. 2024a ). More
pecifically, the absorption profile around H β can be written in the
nalytical form of 

λ ∝ exp 
[ 
−τ0 e

−(1 −λ/λ0 )2 c2 / ( v2 
therm + v2 

turb ) 
] 
, (4) 

here τ0 is the optical depth at the line centre (which depends
nversely on the line width, see B. T. Draine 2011 ), λ0 is the central
avelength, c is the speed of light, vtherm 

= √ 

2 kB Te /mH is the ther-
al broadening (typically 10–20 km s−1 ), and vturb is the turbulent

roadening. This equation indicates that the absorption profile is
roadened at higher turbulence, leading to a larger equivalent width.
e note that K. Inayoshi & R. Maiolino ( 2025 ) did not consider vturb 

n their CLOUDY simulations, which actually lead to an important
mplication on the smoothness of the Balmer break, as we discuss
ater in this section. 
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Figure 5. Dependencies of the strength of the Balmer break and the equivalent width of the H β absorption on various model parameters for an AGN continuum 

attenuated by a slab of dust-free gas computed with CLOUDY . From top left to bottom right, we vary the hydrogen density, nH , the hydrogen column density, NH , 
the ionization parameter, U , and the microturbulence velocity, vturb , respectively. The horizontal red dashed lines and shaded regions represent lower limits and 
their 68 per cent confidence intervals constrained by the observed spectra of Abell 2744-QSO1. The vertical green dashed lines and shaded regions represent the 
upper limit on vturb and its 68 per cent confidence interval. For the strength of the Balmer break, the constraint is a lower limit since the intrinsic break is lifted 
by the extension of the UV continuum. Similarly, for EW(H β), the constraint is a lower limit since the optical tail the UV spectrum is not subtracted. The upper 
limit on vturb is obtained from the measured width of the H β absorption. The inclusion of the H β absorption tightens the constraints on the microturbulence 
velocity, vturb , assuming it originates in the same absorber that produces the Balmer break. 
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Besides the model dependencies, we also show the apparent 

trengths of the Balmer break and H β absorption measured from 

he spectra of Abell 2744-QSO1 in Fig. 4 . These measurements 
re shown as lower or upper limits with uncertainties. The Balmer 
reak of Abell 2744-QSO1 is measured using the same definition 
s adopted in the model [i.e. F (4050) /F (3640)] and has a value of
.28. 9 However, since we have not separated the optical continuum 

rom the UV continuum for Abell 2744-QSO1 at this stage, the 
nremoved UV continuum tends to lower this ratio. Thus, we 
 As a comparison, B. Wang et al. ( 2024 ) reported break strengths for three 
RDs in a range of 1.96–2.44, although they adopted a slightly different 
efinition using spectral windows centred at wavelengths similar to those we 
dopted. 

o
A  

a
u  

a  

l  
onsidered the measured F (4050) /F (3640) as a lower limit, as
hown in Fig. 4 . One can see this lower limit already sets some rough
onstraints on CLOUDY model parameters, requiring nH > 108 . 5 cm−3 

nd NH > 1022 . 5 cm−2 , although this is subject to the choice of
. I. Juodžbalis et al. ( 2024a ) found that the ionization parameter

f the Balmer-line absorbing gas in another JWST -selected AGN 

t z = 2 . 26 is U ∼ 10−1 . 8 − 10−2 . 1 based on the detection of both
almer and He I absorption lines. We chose a slightly higher value
f U ∼ 10−1 . 5 to start with. Overall the choice of U within a range
f 10−2 − 10−1 . 5 does not impact our conclusions, as we show in 
ppendix B . Furthermore, we show the measurement of EW(H β) in

bsorption from the BlackTHUNDER spectrum together with the 1 σ
ncertainty, which is 5 . 5+ 2 . 2 

−1 . 7 Å. Again, we interpret this measurement
s a lower limit, since the optical tail of the UV continuum should
ower the apparent EW(H β). The lower limit on EW(H β) sets a
MNRAS 544, 3900–3935 (2025)
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ough constraint on the turbulence, requiring vturb � 60 km s−1 .
eanwhile, the measured width of the absorption sets an upper

imit on the turbulence velocity, vturb �
√ 

2 σH β;abs ≈ 110 km s−1 .
owever, due to the large uncertainty in the measured width of the
 β absorption (see Table 1 ), the highest allowable value for the

urbulence velocity is actually 110 ± 40 km s−1 . We considered vturb 

p to 120 km s−1 , which is still well within the 1 σ uncertainty. As
e mention later in this section, vturb = 120 km s−1 produces the

mallest χ2 compared to other values by fitting the observed Balmer
reak best. This motivates us to choose vturb = 120 km s−1 as the
ducial value, although we note that making a more conservative
hoice of vturb = 100 km s−1 only slightly increases the reduced χ2 

f the fit. 
Combining all the above analyses, to model the attenuated AGN

mission with spectral features compatible with the observational
imits and a deep Balmer break, we chose nH = 1010 cm−3 , NH =
024 cm−2 , U = 10−1 . 5 , and vturb = 120 km s−1 as the fiducial model
arameters. We further discuss the impacts of these parameters later
n this section as well as in Appendix B . 

The remaining parameter is the shape of the AGN SED, for which
e list a range of Eddington ratios in Table 2 . To see the impact
f the AGN SED, we performed three fits with different λEdd and
xed the other CLOUDY parameters to the fiducial values. The fitting
esults for each of these cases are shown in Fig. B2 of Appendix B .
he overall continuum shapes produced by different models are very
imilar. Therefore, we choose λEdd = 0 . 1 in our following analysis,
lso because it is more aligned with the accretion rate inferred by
s in Section 5.1 ( λEdd ∼ 0 . 05 − 0 . 24). We caution that we are not
rying to set a stringent constraint on the Eddington ratio, but rather
elect a plausible value. As shown in Fig. B2 , the main effect of
ifferent Eddington ratios is the strength of the nebular emission,
hich also leads to a change in the best-fitting covering fraction. In
ection 8 , we further discuss the scenario where Abell 2744-QSO1
ctually hosts an AGN accreting at a super-Eddington rate. 

Finally, we can use the fiducial parameters to infer the mass of
he dense gas. If we assume that the gas responsible for the Balmer
bsorption is the same gas emitting the broad H β then gas mass can
e simply inferred from the equation adopted by S. Carniani et al.
 2015 ) assuming Te ∼ 104 K 

dense gas = 0 . 85

(
LH β

1042 erg s−1 

)( nH 

1010 cm−3 

)−1 
M�. (5) 

sing the observed H β luminosity corrected for extinction as
iscussed in Section 5.1 , and the gas density derived by our fitting of
he absorber in this section, we obtain a gas mass of only ∼ 4 M�.

e caution that the above calculation assumes typical emissivity
oefficient, εH β ≡ jH β/ ( ne np ) (where jH β is the H β emissivity),
or H β in the NLR under the Case B assumption at Te = 104 K,
hereas in the BLR, εH β can be different (D. E. Osterbrock & G. J.
erland 2006 ). With CLOUDY , we checked this effect by computing

he average εH β of two AGN-ionized clouds with nH = 1010 cm−3 

BLR-like) and nH = 500 cm−3 (NLR-like), and we found BLR
H β is roughly 12 per cent higher than that of the NLR εH β at a fixed
emperature of Te = 104 K, slightly decreasing the gas mass estimate
o 3 . 6 M�. Compared to the density, the temperature has a stronger
ffect, and we found that by increasing Te from 104 K to 3 × 104 

, εH β decreases by roughly a factor of 2, increasing the gas mass
stimate to 8 M�, which is still a relatively small amount of mass.
uch a small gas mass is quite typical of the BLR of AGN, which
an be very luminous in the recombination lines despite the small
ass involved, as a consequence of the high densities (R. Maiolino

t al. 2024b ). 
NRAS 544, 3900–3935 (2025)
.2.2 Decomposing the optical spectrum of Abell 2744-QSO1 

n Fig. 6 we show the fitting result of our fiducial model, including the
pectral model from the rest-frame UV to the optical for Abell 2744-
SO1, and the best-fitting parameters, which are summarized in
able 3 . In the top panel of Fig. 6 , we plot individually the component

hat dominates the rest-frame UV and the component that dominates
he rest-frame optical. For the moment, we concentrate our discussion
n the optical part, which is the focus of this paper, and we resume
he discussion on the UV part in Section 6.2.3 . 

The most notable feature in the optical part of the model is the
almer break. Close to the Balmer limit, the Balmer absorption

eatures are increasingly blended as the energy level n increases.
t the resolution of the PRISM spectrum, the blended absorption

erodes’ the red side of the Balmer break and leads to the slowly
ising break in Abell 2744-QSO1. To make this smooth break, a key
arameter is the turbulence velocity. As we have seen in Fig. 5 , the
epth of the H β absorption increases with increasing vturb . The same
rocess applies to other Balmer absorption lines, making the erosion
n the red side of the Balmer break stronger at high vturb . We note
hat in the CLOUDY models of K. Inayoshi & R. Maiolino ( 2025 ),
hich also predict a Balmer break, vturb is effectively 0 and thus the
almer break is always sharp. To demonstrate the importance of the

urbulence, we compare two models with vturb = 20 and 120 km s−1 ,
espectively, in Fig. 7 . In the top panel, we show the attenuated
GN continua of the two models normalized at λ = 4260 Å. The
ttenuated continuum with vturb = 120 km s−1 exhibits significantly
eeper Balmer absorption and a redder Balmer jump due to the
eepened and blended higher order Balmer absorption lines. After
pplying the dust attenuation, the more turbulent model shows a
ore gradual break. The bottom panel of Fig. 7 compares the fitting

esults based on these two models. Notably, without considering a
trong turbulence, the fit is much worse around the Balmer break,
esulting in χ2 

ν = 1 . 35, much larger than χ2 
ν = 1 . 10 arising from a

trong turbulence. 
The strongest turbulence we adopted is compatible with the upper

imit set by the width of the H β absorption measured from the
lackTHUNDER spectrum, which is FWHMH β;abs = 185+ 69 

−72 km s−1 

corresponding to vturb < 110 ± 40 km s−1 ). In addition, a consis-
ency check can be performed using EW(H β), which is strongly
ependent on vturb as shown in Fig. 5 . The best-fitting model with
turb = 120 km s−1 gives EW(H β) = 8 . 0 Å with respect to the co-
dded continuum (i.e. attenuated AGN continuum + nebular contin-
um + UV continuum), which is consistent with the value measured
rom the high-resolution spectrum, EW(H β)R2700 = 5 . 5+ 2 . 2 

−1 . 7 Å within
 . 1 σ . If we lower the turbulence velocity to vturb = 100 km s−1 , the
t is slightly worse with χ2 

ν = 1 . 15. The resulting strength of the H β

bsorption becomes EW(H β) = 6 . 8 Å, consistent with the observed
alue within 1 σ . Overall, our fitting results suggest that under the
ssumption of an AGN-dominated Balmer break, the best-fitting
odel indicates a level of turbulence with vturb ∼ 100 km s−1 . This

alue is consistent with the turbulence velocity adopted in previous
hotoionization modelling of BLR clouds (J. A. Baldwin et al. 2004 ;
. J. Ferland et al. 2009 ; A. Sarkar et al. 2021 ). 
Next, we examine other spectral features in the optical. The

ptical spectrum has a rising slope towards longer wavelengths,
hich can be explained by the dust reddened AGN continuum.
he best-fitting value for the visual extinction is AV = 2 . 13 ± 0 . 02
ag ( AV = 2 . 18 ± 0 . 02 mag for the image A used by Y. Ma et al.

025 ). This value is slightly higher than the best-fitting magnitude
f the dust attenuation estimated by Y. Ma et al. ( 2025 ) for their
GN-only model ( AV = 2 . 08 ± 0 . 01 mag) and Galaxy-only model
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Figure 6. Fiducial fit for the PRISM spectrum of the A + C images reduced by the JADES GTO pipeline. Top: Best-fitting model for Abell 2744-QSO1, where 
the UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model 
parameters including the UV power-law slope, m , the UV power-law normalization, b, the normalization of the optical continuum, fBLR , the covering fraction 
of BLR clouds, Cf , and the magnitudes of the V -band extinction for the AGN emission, AV . The medians of the distributions are used as the best estimations 
and are indicated by the solid red lines. 
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 AV = 2 . 12 ± 0 . 02 mag), and significantly higher than the best-
tting AV of their fiducial model (AGN + Galaxy; AV = 0 . 50 ± 0 . 09
ag for the AGN component and AV = 2 . 02 ± 0 . 02 mag for the
alaxy component). Compared to the fiducial fit of Y. Ma et al. ( 2025 )

o the image A of Abell 2744-QSO1 from the UNCOVER DR4, 
eside obtaining an improved χ2 (2.38 versus 2.85; see Table 3 ),
ν
ur fiducial fit does not require an unusually steep dust attenuation
aw. The implication of the dust attenuation is further discussed in
ection 8 . Finally, we note that the best-fitting nebular emission
odel, which includes nebular continuum as well as emission lines, 

s best described by a covering fraction of Cf = 0 . 24 ± 0 . 01. The
est-fitting value of Cf depends on the choice of λEdd and U , both
MNRAS 544, 3900–3935 (2025)
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Table 3. Best-fitting model parameters for different PRISM spectra of Abell 2744-QSO1. All spectra are normalized to 
the flux densities at λ = 4260 Å before fitting. The model is given by Fλ;model = bλm + 10−0 . 4 AλfBLR Fλ;BLR + Fλ;NLR 

[see equation ( 2 ); here fBLR is a normalization factor and is absorbed in the BLR terms in equation ( 2 )]. The fiducial 
photoionization model parameters we used to compute Fλ;BLR are listed in Table 2 . The fitting results for the spectra 
from L. J. Furtak et al. ( 2024 ), BlackTHUNDER, and the UNCOVER DR4 (the same one used by Y. Ma et al. 2025 ) 
are shown in Appendix C . 

Fiducial model (images A + C); χ2 
ν = 1 . 12 

Parameter m b fBLR Cf AV 

value −1 . 75 ± 0 . 07 5 . 7 ± 0 . 2 0 . 81 ± 0 . 01 0 . 24 ± 0 . 01 2 . 13 ± 0 . 02 

Fiducial model (images A + B + C with L. J. Furtak et al. 2024 ’s reduction); χ2 
ν = 1 . 86 

Parameter m b fBLR Cf AV 

value −1 . 61 ± 0 . 01 5 . 20 ± 0 . 05 0 . 723 ± 0 . 007 0 . 22 ± 0 . 01 2 . 39 ± 0 . 02 

Fiducial model (image A from BlackTHUNDER); χ2 
ν = 1 . 09 

Parameter m b fBLR Cf AV 

value −2 . 17 ± 0 . 11 7 . 0 ± 0 . 4 0 . 86 ± 0 . 01 0 . 25 ± 0 . 01 2 . 04 ± 0 . 03 

Fiducial model (image A from UNCOVER DR4, S. H. Price et al. 2025 ); χ2 
ν = 2 . 38 

Parameter m b fBLR Cf AV 

value −2 . 00 ± 0 . 05 6 . 5 ± 0 . 2 0 . 79 ± 0 . 01 0 . 22 ± 0 . 01 2 . 18 ± 0 . 02 
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f which impact the relative strength of the nebular emission with
espect to the strength of the continuum. For λEdd = 0 . 1 − 10 and
 = 10−1 . 5 , the best-fitting covering fraction is Cf = 0 . 22 − 0 . 46;

or λEdd = 0 . 1 and U = 10−2 − 10−1 , the best-fitting covering frac-
ion is Cf = 0 . 23 − 0 . 34 (see Appendix B ). For AGN at lower
edshift, observations imply a wide range of Cf from 0.05 to 0.5
nd might depend on the luminosities and Eddington ratios (e.g. G.
. Ferland et al. 2020 ). The best-fitting Cf for Abell 2744-QSO1 is
till within the range found in the local Universe. We note that the
odels of K. Inayoshi & R. Maiolino ( 2025 ) assume Cf = 1, which

eads to a stronger reduction in the strength of the Balmer break at
igh densities due to the contribution from a Balmer jump in the
ebula. We further discuss the implication of the covering fraction
n Section 8 . 

.2.3 Origin of the rest-frame UV emission 

hus far, we have limited the spectral range of the fit away from
he proximity of the Ly α damping wing. As already noted by Y. Ma
t al. ( 2025 ), the PRISM spectrum of Abell 2744-QSO1 might have
amped Ly α (DLA) absorption, which can be seen in the top panel
f Fig. 1 . If this feature close to Ly α emission is indeed a DLA, it
ight help to constrain the physical origin of the UV continuum. 
In previous subsections, we have fitted the UV continuum of

bell 2744-QSO1 with a featureless power law without assuming
ts physical nature. Previous studies on LRDs have suggested their
lue UV continua could come from less attenuated AGN continua or
tellar continua (e.g. J. E. Greene et al. 2024 ; Z. Li et al. 2025 ; Y. Ma
t al. 2025 ; M. Volonteri et al. 2025 ). Given the potential presence
f the DLA in Abell 2744-QSO1, we aim to test the following two
cenarios for the UV continuum. First, the UV continuum comes
rom the AGN continuum emission attenuated by the same dense
as as the optical continuum, but without being strongly attenuated
y a foreground dust screen to preserve the blue UV slope. Secondly,
he UV continuum comes from either the AGN continuum emission
r a stellar continuum with the DLA absorber located outside the
LR and without being strongly attenuated by a foreground dust

creen. The AGN scenarios above would require either that the dusty
bsorber has partial covering towards the UV continuum (e.g. C. W.
inn et al. 2014 ) or that the AGN continuum is scattered from a
ightline that does not intercept the dusty medium. 
NRAS 544, 3900–3935 (2025)
In Fig. 8 , we compare two fits with different UV continuum
odels and extend the fitted spectral range from 1600 − 6400
to 1250 − 6400 Å. In the left panel, the UV continuum is

ssumed to be the AGN continuum emission attenuated by a slab
f gas with NH = 1024 cm−2 (i.e. the same model as the optical
ontinuum). The corresponding neutral hydrogen column density is
HI = 9 × 1023 cm−2 . We also allowed the UV continuum to have

dditional dust attenuation (independent of the best-fitting magnitude
or the optical attenuation) during the fit, which is characterized by
 free parameter AV (DLA) and an extinction curve with the same
hape as adopted for that of the optical continuum. Still, the best-
tting model yields AV (DLA) = 0. It is clear that such a model
annot provide a proper fit to the spectrum of Abell 2744-QSO1. This
odel not only fails at the location of the Balmer break by pushing

p the break too much, but also fails in the whole UV regime due
o the significantly more pronounced DLA feature compared to that
bserved in Abell 2744-QSO1. In the right panel, we reduce the gas
olumn density that attenuates the AGN emission to NH = 1022 cm−2 

with a neutral hydrogen column density of NHI = 2 . 7 × 1021 cm−2 )
or the UV continuum but keep other model parameters the same.
n this case, the overall fit is significantly improved and the DLA
eature of the model roughly fits that in the observed spectrum. The
est-fitting V -band attenuation is AV (DLA) ≈ 0 . 13 mag, which is
ignificantly lower than that of the optical attenuation. An immediate
uestion is whether the DLA absorber is close to the BLR under the
GN scenario. As shown by A. C. Fabian, R. V. Vasudevan & P.
andhi ( 2008 ), considering the effect of radiation pressure from the
GN emission on the dusty gas in the nuclear region, the gas is only

ong-lived when NH > 5 × 1023 λEdd cm−2 . If the DLA absorber in
bell 2744-QSO1 does originate in the nuclear region, the column
ensity adopted in our CLOUDY model ( NH = 1022 cm−2 ) is close
o the critical value when the gas becomes dynamically unstable at
Edd ∼ 0 . 1. We note that if we reduce the gas column density of

he optical continuum model to the same value of NH = 1022 cm−2 ,
he Balmer break in the model would become too shallow to fit the
bserved Balmer break. 
Although here we used the AGN continuum to test the fit of the

V spectrum, the same should be applicable to the stellar continuum
s the physical mechanism for creating the DLA feature is most
ensitive to the gas column density. Also, an advantage of a UV stellar
ontinuum (while the optical continuum being still AGN-dominated)
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Figure 7. Comparison between model fits with low turbulence and high turbulence. Top: CLOUDY models for attenuated AGN continua with vturb = 20 and 
120 km s−1 . Besides vturb , the rest of the model parameters are fixed to the fiducial values in Table 2 . The models have been convolved to the LSF of the PRISM 

spectrum and resampled to the wavelength grid of the PRISM spectrum. The left panel shows the model continua with no dust attenuation. The right panel 
shows the model continua attenuated by a foreground dust screen with AV = 2. The model with a higher vturb produces deeper Balmer absorption and thus a 
more redshifted wing redward to the Balmer break. Bottom: Best-fitting models for the PRISM spectrum of Abell 2744-QSO1 (images A + C with the GTO 

reduction) with vturb = 20 and 120 km s−1 with a best-fitting AV ≈ 2 . 1 mag. The high-turbulence fit yields a smaller χ2 
ν due to a better match between the 

model and the observed spectrum close to the Balmer break. 
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s that it can alleviate the problem where the UV and optical continua
eed to have different column densities and dust attenuation, if one 
onsiders the stellar populations providing the UV light originate 
rom a much larger physical scale (see e.g. M. Volonteri et al. 2017 ,
025 ). This simple practice shows that the UV continuum needs to
e attenuated not only by a significantly less amount of dust but
lso by a significantly less amount of gas, if there is indeed a DLA
bsorber in Abell 2744-QSO1. If the UV stellar continuum has a 
tellar origin, one can estimate the stellar mass associated with the
V. This has been done by I. Juodžbalis et al. ( 2025b ) following

he MUV –M� relation derived by C. Simmonds et al. ( 2024 ) using
hotometric observations of galaxies at 3 ≤ zphot ≤ 9 in JADES. The 
V-based stellar mass estimate is M� ≈ 106 M�, compatible with 

he dynamical mass upper limit of 107 . 3 −8 . 6 M� (see Section 5.2 ). 
One might wonder how the presence of the Ly α emission (see

able 1 for the measurements) can be explained if there is DLA at
MNRAS 544, 3900–3935 (2025)
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Figure 8. Comparison between two fits to the PRISM spectrum (extracted from the combined A + C images with the GTO reduction) with different UV 

continuum models. The UV model in the left panel is the AGN continuum emission attenuated by gas with NH = 1024 cm−2 (i.e. the same gas that attenuates 
the optical continuum). The UV model in the right panel is the AGN continuum emission attenuated by gas with NH = 1022 cm−2 . Both UV continuum models 
are allowed to have dust attenuation characterized by AV (DLA) during the fit. The rest of the photoionization model parameters are the same as the fiducial 
values listed in Table 2 . Different from previous fits, the fitted spectral range is extended to 1250 − 6400 Å in the rest frame of Abell 2744-QSO1 to capture part 
of the DLA-like feature and avoid Ly α emission. The UV component is better fitted by the model with a lower column density compared to that of the optical 
component. 
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he same time. One possibility is that the Ly α emission comes from
he more diffuse gas on a larger scale (e.g. ionized or reflecting gas in
he Circum-Galactic Medium, CGM), whereas the DLA is produced
n gas blocking the UV light emitters on a smaller scale along the
OS. Such a geometry has been proposed for several sources with
trong Ly α emission and DLA-like feature (e.g. W. Hu et al. 2023 ; S.

u et al. 2024 ; S. Tacchella et al. 2025 ; J. Witstok et al. 2025 ). The
lackTHUNDER PRISM IFU data do show that the Ly α emission

s offset (by 0 .′′ 05 = 270 pc in the image plane and roughly 160 pc
n the source plane; L. J. Furtak et al. 2024 ) relative to the optical
ontinuum, possibly supporting this scenario; however, the analysis
f the Ly α emission goes beyond the scope of this work and will
e discussed in a separate paper. An alternative explanation is that
he UV continuum is actually dominated by a nebular continuum,
here the DLA-like feature is actually the signature of a two-photon

ontinuum (A. J. Cameron et al. 2024 ). Indeed, given the current S/N
f the spectrum, we cannot rule out the case where the flux density of
he UV continuum peaks at 1430 Å as the two-photon continuum (C.

. Gaskell 1980 ). This nebular continuum cannot originate in the
LR or its proximity as the two-photon continuum is significantly

uppressed at nH � 104 cm−3 (M. C. Bottorff, G. J. Ferland & J.
. Straley 2006 ). It can be created either in the diffuse gas close
o/outside the BLR or in the gas surrounding very hot and massive
tellar populations (e.g. S. A. Grandi 1982 ; D. Schaerer 2002 ; A.
aiter, D. Schaerer & R. A. E. Fosbury 2010 ; A. K. Inoue 2011 ; E.
ackrisson et al. 2011 ). 
The existence of the two-photon continuum must be accompanied

y the bound-free continuum of hydrogen as well as Balmer emission
ines. We can thus perform another fit by including the above
NRAS 544, 3900–3935 (2025)
omponents to see whether the nebular continuum scenario works.
e set up a simple configuration by using the nebular continuum

omputed with PYNEB (V. Luridiana, C. Morisset & R. A. Shaw
015 ). We used the GET CONTINUUM function and included two-
hoton emission, bound-free emission, and free–free emission from
ydrogen. The density is set to nH = 100 cm−3 , below the low-
ensity limit of the two-photon emission. The temperature and
he normalization of the nebular continuum is set to vary freely
uring the fit. Specifically, we allow the temperature to vary within
 × 103 K < Te < 3 × 104 K. In principle, the normalization of
he nebular continuum should be fixed to the fluxes of Balmer
ines emitted by the same cloud (M. Peimbert 1967 ). In the case
f Abell 2744-QSO1, a natural assumption might be that the
ebular continuum originates in the gas emitting the narrow H β.
egardless, we set the normalization as a free parameter to see
hether the nebular continuum can provide a sensible fit without this
hysical constraint. Also, we included additional dust attenuation
haracterized by AV;neb . con as a free parameter. Fig. 9 shows the
est-fitting model for Abell 2744-QSO1 with a nebular dominated
V component and an optical component dominated by attenuated
GN emission. This fit results in the same χ2 

ν compared to the DLA
t with NH = 1022 cm−2 . However, the fit is worse in the FUV
egion as reflected by a significantly larger χ2 

ν at 1250 − 2000 Å
ainly due to the underestimation of the flux densities. Clearly, the

ebular continuum is not steep enough to describe the UV continuum
f Abell 2744-QSO1 especially at shorter wavelengths, even if we
ncluded an extra freedom (i.e. the normalization of the nebular
ontinuum) during the fit. The fit also prefers the temperature of the
iffuse gas to be Te ≈ 30 000 K, which would be among the highest
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Figure 9. Fitting attempt that adopts a nebular dominated continuum for 
the UV component. The nebular continuum is assumed to come from low- 
density (diffuse) gas with no dust attenuation, and it includes hydrogen two- 
photon emission, the free-bound emission, and the free–free emission. The 
temperature and the normalization of the nebular continuum are allowed to 
vary. While the diffuse nebular continuum provides a equally good fit to that 
of the DLA model based on the overall χ2 

ν , the fit in the FUV region near 
Ly α is worse. 
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Figure 10. Variation (or lack thereof) of the rest-frame equivalent width of 
H β measured in the four spectra of Abell2744-QSO1: the three MSA spectra 
of the three images obtained in 2023 and BlackTHUNDER IFU spectrum 

obtained in 2024. The spectra are plotted as a function of arrival time since 
the observation of image C, taking into account the lensing time delay. While 
images A and B do not show evidence for variation of the EW, image C 

clearly shows an EW that is about two times higher than in the other images, 
at high significance. 
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emperatures currently found by JWST at z � 4 (I. H. Laseter et al.
024 ). In Appendix C we show the results for PRISM spectra with
ther reductions and we found a general agreement between most 
eductions. 

To conclude, while the nature of the UV continuum of Abell 
744-QSO1 remains unclear, it is most likely explained by either 
tellar populations or AGN continuum emission with little dust 
ttenuation and a DLA produced by gas with NH ∼ 1022 cm−2 . In the 
ase of stellar light, the UV component is more spatially extended 
ompared to the optical component. In the case of AGN light, the
V component might be as compact as the optical component but 
 specific geometry is needed to explain the differential attenuation. 
till, without better observational constraints in the FUV, we cannot 
ully rule out the nebular dominated scenario, which is further 
iscussed in Appendix C . 
Thus far, we have explored models where the optical spectrum 

f Abell 2744-QSO1 is dominated by AGN light. An immediate 
uestion related to this model is whether there is any sign of
ariability associated with the AGN emission as typically found at 
ower redshift (e.g. C. J. Burke et al. 2021 ), which we discuss next. 

 VARIA BILITY  A N D  R E V E R B E R AT I O N  

AP P ING  

he triply imaged system, Abell 2744-QSO1, is in principle an 
xcellent tool to explore variability of AGN at high redshift. Indeed, 
he arrival times of the three images are subject to delays associated
ith the image-lens configuration. Specifically, as pointed out in 
ppendix A , the arrival of image C is followed by image A 18–19 yr

ater ( = 2 . 2 − 2 . 4 yr rest-frame), which is then followed by image B
nother ∼ 2 . 2 − 3 yr later (3.2–4.5 months rest-frame), depending 
n the lens model. Unfortunately, as mentioned in Appendix A , the
ncertainties in the lensing magnifications of the three images do 
ot allow exploring variability by simply comparing the fluxes of the
hree images. 

However, the BlackTHUNDER IFU spectrum provides an ad- 
itional, new epoch of image A, taken one year after the MSA
pectrum. In Appendix D , we show that the spectra taken at the
wo epochs (July 2023 and November 2024) are consistent with each
ther within the uncertainties, implying that the source has probably 
een stable within the ∼ 2 months in the rest frame covered by the
wo observations (although we cannot exclude variability between 
he two epochs). 

While comparing the absolute fluxes is not really possible between 
he different images, because of the magnification factor uncertain- 
ies, it is possible to compare the equivalent widths of the lines, as
hese are calculated relative to the continuum at similar wavelengths 
nd thus are insensitive to lensing magnification. Fig. 10 shows the
ariation of the equivalent width (rest frame) of H β as a function
f time relative to the arrival time of image C. While the EWs of
mage A in the two epochs (MSA and IFU) and image B are fully
onsistent with each other, the EW of image C is clearly higher, by
bout a factor of two and with high significance relative to the other
wo images. 

We note that when undertaking this kind of variability analysis it
s important to use the full-shutter, pipeline extracted 1D spectra, as
hese fully and rigorously take into account path losses and diffraction 
osses. Using 1D spectra extracted from the 2D spectra with any kind
f custom aperture is deprecated in this case, as the extraction from
he 2D spectra loses information on the path- and diffraction-losses. 
n Appendix D , we illustrate this issue by showing that the analysis
erformed on spectra extracted with the latter method provides results 
hat are quantitatively different because of such issues, although the 
ualitative trends remain. 
The higher equivalent width of H β in image C can also be seen

isually in the top panel of Fig. 11 , where the four PRISM spectra
three MSA and one IFU) are compared with each other after being
ormalized to the continuum level in the vicinity of H β. Although the
MNRAS 544, 3900–3935 (2025)
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Figure 11. Top: Comparison of the four spectra of Abell2744-QSO1 around 
H β, normalized to the continuum level. Although the spectrum of image C 

is noisier than the others, its H β is clearly more prominent than in the other 
images (i.e. has a higher equivalent width). Bottom: Same comparison for H α. 
The H α line is at the edge of the available wavelength range, hence its red wing 
is partly chopped. Additionally, the calibrations at such long wavelengths are 
more uncertain, hence variations of the order of 15–30 per cent may not 
be real. However, the spectrum of image C shows that H α is clearly much 
stronger (relative to the continuum) when compared with the other two images 
by about a factor of two, consistent with what observed for H β. 
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pectrum of image C is more noisy, the relative flux of H β is clearly
igher, even taking into account the noise. The same comparison for
 α is shown in the bottom panel of Fig. 11 . Unfortunately, H α is at

he edge of the wavelength range, and the red wing of its profile is
hopped. Additionally, at such long wavelengths the calibrations are
ore uncertain therefore the 10 per cent–30 per cent variation seen

n images A and B should be considered with caution and may not be
eal. However, the H α line of image C is much stronger (relative to
he continuum) than observed in images A and B, by about a factor
f two (i.e. at the same level seen in H β). 
Clearly, the AGN in Abell2744-QSO1 must have undergone a short

hase of enhanced accretion before the spectroscopic observation
f image C or, equivalently, the accretion rate (hence continuum
uminosity) must have dropped during the spectroscopic observation
f image C. Then, during the spectroscopic observation of image C
e are observing the BLR reverberation traced by the H β, which has
ot yet adjusted its flux relative to the continuum variation, due to
he extension of the BLR. 
NRAS 544, 3900–3935 (2025)
It is possible, in principle, to test this by looking at the flux
ifference in image C between the photometry in 2022 and its MSA
pectrum in 2023. One should always be cautious about comparing
hotometry and slit spectroscopic measurements because of slit
osses plaguing the latter. However, given that Abell2744-QSO1 is
oint like, and that its location in the shutter is known accurately,
he slit losses provided by the pipeline are quite accurate (better
han 15 per cent). The comparison of photometry and spectroscopy
f image C is shown in bottom panel of Fig. 12 , where the red
ircles show the photometry from 2022 and the orange squares
how the synthetic photometry obtained from the spectrum (where
he errorbars include both the Poissonian error and calibration
ncertainties). In the optical rest frame the photometry from 2022
s clearly higher than the spectrum in 2023 by a factor of about
wo. This is exactly the flux difference expected by the higher
W(H β) observed in 2023 for image C. In other words, the MSA
pectrum of image C shows either the increase of EW(H β) is
ue to a drop in continuum ionizing emission between 2022 and
023, or the H β reverberation of an increase in continuum flux
n 2022. 

The UV rest-frame spectrum of image C is too noisy to draw any
onclusions, and it is consistent with no variability within 1–2 σ .
owever, should variability be confirmed also in the UV, this would

avour an AGN contribution also in this spectral region, possibly
ithin the partial covering scenario discussed in Section 6.2.3 . If the
V is truly varying, following the variability pattern of SDSS quasars
easured by C. L. MacLeod et al. ( 2010 ), one expects the RMS flux

ariation in the UV is stronger than that in the optical. For image C,
iven its optical variation of 50 per cent, the expected UV variation
hould be roughly 67 per cent, compatible with the measured UV
ariation of 50 ± 50 per cent. However, we cannot draw any further
onclusions due to the large uncertainty and the fact that the RMS
ariation is not well constrained by two epochs. 

Unfortunately, there is no photometry available at the epoch of
he spectroscopic observation. As discussed in Section 3 , images
n F356W and F444W are available about 8 months before and 4
onths after the spectroscopic observation. The photometry does

ot show evidence for variability at those two epochs, at a level
igher than 3 σ , although for image C variability of up to 25 per cent
ould be consistent with the photometric observations and associated
ncertainties. 
We notice that, in contrast to image C, the comparison of

hotometry and MSA spectroscopy for images A and B does not
how evidence for significant flux variation among the two epochs
a variation in the UV for image B is likely due to the problematic
ackground subtraction discussed above and associated with a bright
oreground galaxy). This is shown in the top and middle panels of
ig. 12 . This means that about 17 yr after the arrival of image C
 ∼2 yr rest frame) the source was relatively stable in flux for a
ew rest-frame months, as also evident from the stable EW(H β).

e note that if the UV of image B is truly varying, taking the
mall optical variation of ∼ 8 per cent at λobs ≈ 4 . 4 μm , one
xpects a UV variation of 13 per cent at λobs ≈ 1 . 5 μm following
he result of C. L. MacLeod et al. ( 2010 ). While this is marginally
ompatible with the measured UV variation of 35 ± 16 per cent,
e again caution on the large uncertainty and the two-epoch
easurement. 
Unfortunately, with only two data points for image C it is very

ifficult to attempt a reverberation mapping. However, the finding
hat the EW(H β) is two times higher than its regime value at
ater epochs, and as expected by the higher continuum flux in
022, indicates that the BLR has not yet adjusted its flux to the
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Figure 12. Comparison of the MSA spectra, and associated synthetic 
photometry (red circles), taken in July–August 2023, with the photometry 
from the images take in November 2022 (orange squares), for image A (top), 
B (middle), and C (bottom). Clearly the continuum flux in the optical rest- 
frame of image C was higher in 2022, by about a factor of two, relative to the 
spectrum taken in 2023, showing a flux drop, at least in the optical, by a factor 
of about two between 2022 and 2023. On the contrary, 2022 photometry and 
2023 spectroscopy of image A are in agreement within errors, and the same 
is for the optical part of image B. The UV part of image B shows a variation, 
but this is likely due to the background subtraction issues in image B due to 
the blue foreground galaxy, 0.′′ 9 from image B. 

Figure 13. Relation between radius of the BLR and optical continuum 

luminosity ( L5100 ) from H β reverberation mapping in local AGN (small blue 
squares), where the blue solid line and black dashed lines show the best fit of 
the local relations from P. Du et al. ( 2016 ) (for their sub-Eddington sample) 
and M. C. Bentz et al. ( 2013 ), and the shaded region show the scatter of the 
relations. The golden circle shows the lower limit on the radius of the BLR 

inferred for Abell2744-QSO1 based on the variability of image C. The large 
orange square shows the interferometric measurements at z = 2 . 33 obtained 
by R. Abuter et al. ( 2024 ) for a QSO accreting at a highly super-Eddington 
rate. 
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ux drop between November 2022 and July 2023. This essentially 
eans that the radius of the BLR must be larger than about 9-

ight-months/(1 + z), which is about 45 light-days. This constraint 
s shown in Fig. 13 and compared with the scaling relation between
he BLR radius (for H β) and L5100 , as inferred from reverberation

apping in local/low- z galaxies, specifically data from table 7 of P.
u et al. ( 2015 ) and the relations for sub-Eddington AGN taken from

. Du et al. ( 2016 ) (blue solid line and blue shaded region), as well as
he relation (from ‘Clean2’ parameters) of M. C. Bentz et al. ( 2013 ).

e also show the interferometric image obtained by R. Abuter et al.
 2024 ) at z = 2 . 33 (orange square) for a super-Eddington quasar.
he lower limit on the size of the BLR inferred for Abell 2744-
SO1 is consistent with the scatter of the local relations. Additional

pectroscopy of image C in the future will be able to verify whether
he BLR in this early AGN at z = 7 . 04 behaves as the BLRs of local
GN. 
Finally, the simple fact that the continuum of image C has been

arying by a factor of two between 2022 and 2024 indicates that
t least the optical continuum cannot be dominated by stellar light.
his is consistent with our analyses in previous sections, based both
n the dynamical mass analysis and on the modelling of the Balmer
reak and SED. 

 DI SCUSSI ON  

n previous sections, we present our physical model for Abell 2744-
SO1 where the optical spectrum is dominated by AGN light 
ased on observational data. In this section, we discuss whether the
hysical model we adopted for Abell 2744-QSO1 can in principle 
e generalized to other JWST -selected LRDs that host AGN. In
ddition, we discuss the implications of our fitting results in the
ontext of the peculiar observational features of JWST -selected Type 
 AGN. 
MNRAS 544, 3900–3935 (2025)
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.1 Applicability to other LRD AGN 

hus far we have focused our analyses on Abell 2744-QSO1, an
RD and a Type 1 AGN identified by JWST . An immediate question

s whether the V -shape spectra and Balmer break observed in other
RD AGN can be explained by the same modelling approach. 
Based on our analyses shown in Section 6.2 , the V -shape can

e explained by an unobscured UV component of a stellar or an
GN origin, and an optical component corresponding to an AGN
ontinuum attenuated first by high-density and dustless gas and then
y a dust screen (which can potentially be also the outer regions
f the high-density gas). The shape of the Balmer break in such
 model is mainly determined by the physical conditions of the
ense gas that absorbs the AGN continuum, as well as the amount
f external dust attenuation. It is worth noting that the shape of the
almer break varies among LRDs. For example, I. Labbé et al. ( 2024 )

ecently reported an LRD at z = 4 . 47, which has both H α absorption
nd a ‘sharp’ Balmer break that rises rapidly at the wavelengths
ongwards of the Balmer limit, unlike the gradual break we see in
bell 2744-QSO1. One might thus wonder whether our modelling

pproach can explain the diversity of the Balmer breaks in LRDs.
ne potential clue to resolve this question comes from the variation

n the turbulence. As shown in Fig. 7 , at low turbulence, the Balmer
reak becomes sharper compared to the case of high turbulence.
his is due to the weakening of the Balmer line absorption at low

urbulence shown in Fig. 5 , which results in less erosion of the break.
herefore, in the context of our models, the diversity of the Balmer
reak could be partly related to the diversity of the turbulence in the
ense absorbing gas (see e.g. M. Bottorff et al. 2000 ). Additionally,
uperpositions (and blending) of strong emission lines might change
he shape of the break. While in the case of Abell 2744-QSO1 the
mission lines are not very strong, in the case discussed by I. Labbé
t al. ( 2024 ), an abundant set of strong emission lines are present.
urthermore, we have not fully excluded the contribution from a
tellar Balmer break, which would add more complexity to the shape
f the break. We will present our analyses on other LRDs including
he one reported in I. Labbé et al. ( 2024 ) in a future paper. 

One might wonder what observational evidence is required to
erify our models. One piece of evidence comes from the connection
etween the Balmer break and the Balmer absorption. As already
hown by K. Inayoshi & R. Maiolino ( 2025 ) and in Fig. 5 , when there
s a strong Balmer break, there is likely also strong Balmer absorption
roduced in the same gas. Despite the complex dependencies of the
reak and absorption strengths on various parameters, statistically,
tronger Balmer breaks are accompanied by stronger Balmer-line
bsorption. The fact that at least 20 per cent of the LRDs and JWST -
iscovered AGN show evidence of H α absorption suggests that the
bserved Balmer breaks likely have, at least partly, a dense-gas
bsorption component. Still, a detailed fit and assessment is required
or each individual LRD/AGN, which is beyond the scope of this
aper. In addition, constraining the shape of the Balmer break in
bservations will be useful, since statistically, narrower and weaker
bsorption would correspond to sharper breaks. We do emphasize
hat there could be large stochasticity within small samples. Thus, it
s vital to accumulate more high spectral resolution observations
iming to find Balmer lines absorption and combine them with
RISM observations. Another interesting observable is the potential
LA-like features in the rest-frame FUV of LRDs. Verifications

nd detailed modelling of these features can help us understand the
rigin of the UV continuum. This requires more PRISM observations
ith high S/N to constrain the shapes of the DLA-like features and

ompare them with the shapes of the Balmer breaks. 
NRAS 544, 3900–3935 (2025)

u  
Finally, we would like to comment on the occurrence rate of LRDs
iven our physical model. It is known that not all JWST -selected
GN are LRDs. As shown by K. N. Hainline et al. ( 2025 ), about
0 per cent of the JWST -selected Type 1 AGN are LRDs. If the
ase of Abell 2744-QSO1 is typical, given a covering fraction of
f ≈ 0 . 24 for BLR clouds (see Section 6.2.2 ), one expects about 24
er cent of the time our LOS is blocked by dense BLR gas, which
mplies an LRD fraction of 24 per cent. This is certainly a very rough
stimation and does not take into account the variations in the AGN
nd BLR properties. Also, as we have shown in Section 6 and in
ppendix B , the derived value for Cf depends on the assumption
f the Eddington ratio and the ionization parameter and can vary
n a range of 0 . 22 − 0 . 46 for Abell 2744-QSO1. Furthermore, we
aution that it remains debated whether all LRDs are hosting AGN
ince the majority of these sources are colour-selected. Still, it would
e interesting to investigate the properties of the absorbing gas over
 larger sample and see if they match the statistics. 

.2 Implications of a non-stellar origin of the Balmer break 

ast attempts to fit the Balmer break observed in Abell 2744-QSO1
nd in other LRDs have faced difficulties with scenarios advanced
hat are extreme and difficult to reconcile with other findings. The
tellar interpretation of the Balmer break typically leads to high
tellar mass. Combined with the large number of LRDs, this results
n extremely high stellar mass density per cosmic volume, possibly
n tension with the standard cosmological framework (K. Inayoshi &
. Ichikawa 2024 ; B. Wang et al. 2025 ; H. B. Akins et al. 2025b ). 
Additionally, when combined with the very compact sizes of the

RDs (often unresolved), a stellar interpretation of the Balmer break
nd optical continuum results in extremely high stellar densities of
06 − 107 M� pc −2 (J. F. W. Baggen et al. 2024 ; I. Labbé et al.
024 ), which have never been seen (with such high masses) at lower
edshifts or in the local Universe, hence posing the question of how
hese hyper-dense and massive stellar system would dissolve across
he cosmic epochs. The same issue also applies specifically to Abell
744-QSO1, for which Y. Ma et al. ( 2025 ) reported a lower limit
n the stellar density of 106 M� pc −2 , if one associates the Balmer
reak and optical continuum with a stellar origin. However, the same
uthors recognized that any stellar fit is unsatisfactory for this object,
nd an unusually steep extinction curve (steeper than both the D.
alzetti et al. 2000 and SMC extinction curves of K. D. Gordon et al.
003 ) is required. 
Our work strongly disfavours a stellar origin of the optical

ontinuum and of the Balmer break on multiple grounds. The
onservative upper limit on the dynamical mass is at least an order
f magnitude below the stellar mass obtained when interpreting the
almer break and optical continuum in terms of stellar emission,
hich implies a very conservative upper limit of 10 per cent on

he contribution of the stellar light to the optical continuum and
almer break. Our dense-gas absorption scenario provides a good
t ( χ2 

ν = 1 . 12) to the spectrum and predicts the presence of H β

bsorption which is roughly consistent with the high-resolution
pectrum. The indications of variability provide further support for
he non-stellar origin of the optical continuum. 

The scenario of an optical continuum dominated by AGN light and
he Balmer break originating from gas absorption naturally avoids
ll extreme physical scenarios faced when interpreting the Balmer
reak and optical continuum as stellar, as discussed above. AGNs
re intrinsically very compact; hence, if they dominate the optical
ontinuum, they very naturally explain the very compact (often
nresolved) emission. It has been known for decades that AGNs
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re surrounded by extremely dense gas (the BLR; H. Netzer 1990 ),
ence ascribing the Balmer break to dense gas absorption does not 
equire invoking new, exotic scenarios. 

Clearly, AGN dominating the optical continuum of LRDs and 
ense gas absorption being responsible for the Balmer break, natu- 
ally explain most of their properties. In this paper, we have verified
his model for the specific case of Abell 2744-QSO1. However, as
iscussed in the previous section, the same scenario may explain the 
roperties observed also in other LRDs. This would more broadly 
lleviate the issues faced by previous work when attempting to 
xplain the Balmer break with a stellar origin. An analysis of other
RDs with a methodology similar to that adopted here will be 
resented in a future work. 

.3 Insights into the X-ray weakness of JWST -selected AGN 

n the local Universe, it is observed that AGNs are frequently accom-
anied by strong hard X-ray emission, which has been proposed to 
e associated with ‘hot coronae’ above accretion discs. Photons from 

he accretion discs undergo Compton up-scattering by electrons in 
he hot coronae, leading to non-thermal X-ray emission. The non- 
hermal hard X-ray emission is generally considered as a ubiquitous 
eature of AGN, whose contributions to the AGN SED can be 
haracterized by a spectral slope from the optical to the X-ray, 
ox = −0 . 384 × log ( L2 keV /L2500 Å), which has a typical value of
1 . 2 to −1 . 4 for Type 1 AGN and QSOs at z � 3 (G. Zamorani

t al. 1981 ; E. Lusso & G. Risaliti 2017 ). 
However, one of the most puzzling observational results obtained 

y combining data from JWST and from X-ray missions, such as
handra , is the lack of hard X-ray emission in most JWST -selected
GN (T. T. Ananna et al. 2024 ; M. Kokubo & Y. Harikane 2024 ;
. Lambrides et al. 2024 ; J. Lyu et al. 2024 ; M. Yue et al. 2024b ;
. Maiolino et al. 2025b ). For example, as shown by R. Maiolino
t al. ( 2025b ), compared to quasars selected in the UV/optical at
ow redshift, JWST -selected AGN at z � 4 with similar bolometric
uminosities, no matter whether they are Type 1 or Type 2, are 1–2
rders of magnitude weaker in their X-ray luminosities. Similarly, E. 
ambrides et al. ( 2024 ) found that the broad-line AGN selected by
WST must have their αox offset from the lower redshift broad-line 
GN at similar UV luminosities by more than 0.6 dex. 
The explanations for the X-ray weakness of the JWST -selected 

GN (apart from the non-AGN explanations) can be broadly divided 
nto external processes and internal processes. For external processes, 
. Maiolino et al. ( 2025b ) suggest Compton-thick obscuration by 
ust-free clouds within BLRs leads to the X-ray weakness. This 
icture is further investigated by I. Juodžbalis et al. ( 2024a ) using the
bservation of an extremely X-ray weak AGN at z = 2 . 26, suggest-
ng that the Compton-thick clouds along the LOS also lead to strong
almer and He I absorption detected in the JWST /NIRSpec grating 

pectra of this source. Furthermore, B. Trefoloni et al. ( 2025 ) suggest
he metal-poor nature of the BLRs of the JWST -selected AGN might
ead to more compact BLRs compared to metal-rich AGN at low 

edshift as well as metal-rich QSOs at high redshift, increasing the 
hance of obscuration. For internal processes, various authors have 
uggested super-Eddington accretion as a mechanism to reduce hard 
-ray luminosities (L. Dai et al. 2018 ; A. King 2024 ; E. Lambrides

t al. 2024 ; P. Madau & F. Haardt 2024 ; F. Pacucci & R. Narayan
024 ; K. Inayoshi et al. 2025 ). For example, E. Lambrides et al.
 2024 ) argue the super-Eddington accretion leads to much steeper 
ptical-to-X-ray slopes and thus reduces the X-ray luminosities. E. 
ambrides et al. ( 2024 ) also show that the high-ionization emission

ines are suppressed under super-Eddington accretion due to photon 
rapping. Meanwhile, super-Eddington accretion can also explain the 
ack of UV/optical variability in JWST -selected AGN due to photon
rapping (K. Inayoshi et al. 2025 ). 

For Abell 2744-QSO1 L. J. Furtak et al. ( 2024 ) report that the hard
-ray emission constrained by Chandra in the rest-frame 40 keV 

nly has a 3 σ upper limit of L40 keV < 3 × 1043 erg s−1 , which is
t least 10 times weaker than the value expected from UV/optical
uminosities given a typical AGN SED. Given the confirmation of 
he X-ray weakness, we discuss below whether any of the physical
onditions in Abell 2744-QSO1 we derive would imply reduction in 
he X-ray emission. 

First, we note that the column density for the dust-less gas in our
ducial model is NH = 1024 cm−2 , and the Compton-thick column 
ensity is NH;thick ≈ 1 . 5 × 1024 cm−2 . Thus, our fiducial model of
 slab of gas along the LOS is capable of reducing the hard X-
ay emission by a factor of 2 (or 0.3 dex) at 40 keV, whereas a
loud that is twice as thick as the cloud in our fiducial model can
educe the hard X-ray emission by roughly a factor of 4 (0.6 dex).

e emphasize that the above estimations are only tentative as we
re not constraining the total NH accurately in our analyses, and 
he photoelectric absorption of X-ray is not quantitatively calculated 
see M. S. Longair 2011 ). Additionally, the column density estimated
rom our models is only sensitive to the fraction of the gas responsible
or the Balmer absorption and Balmer break. It is possible that there
s additional gas (on the opposite side of the illuminated side of the
louds; see discussion in I. Juodžbalis et al. 2024a ) that is colder
nd, while not contributing to the Balmer absorption, its column 
ontributes to the X-ray absorption. In other words, the column 
ensity estimated in our model is only a lower limit of the column
ensity absorbing the X-rays. 
An immediate question is how often one expects to see X-ray

eak AGN if it is due to Compton-thick absorption. In principle,
he occurrence rate of the X-ray weak AGN should depend on the
overing fraction of Compton-thick clouds. If we took the covering 
raction from our best-fitting fiducial model, which is Cf ≈ 0 . 24, the
ccurrence rate would be 24 per cent, which is significantly lower
han the nearly 90 per cent of the X-ray weakness in JWST -selected
ype 1 AGN (R. Maiolino et al. 2025b ; Ji et al., in preparation)
ut close to the occurrence rate of LRDs among the sample of
WST -selected Type 1 AGN ( ∼ 30 per cent ; K. N. Hainline et al.
025 ) as discussed in the last subsection. Therefore, if Abell 2744-
SO1 is representative for JWST -selected AGN, the (near) Compton- 

hick obscuration cannot explain the ubiquity of X-ray weakness but 
ight explain the occurrence rate of LRDs among AGN. To check
hether a high- Cf model can provide a comparably good fit, we
erformed a test by fixing Cf = 0 . 9. This produced a significantly
orse fit with χ2 

ν = 3 . 2, mainly due to the over prediction of the
trength of the nebular emission with respect to the strength of the
almer break. The fit can be improved by increasing the column
ensity, thereby increasing the optical depth of the nebular emission. 
t NH = 1025 cm−2 , the fit is improved to have χ2 

ν = 2 . 1, but
till significantly worse than the fiducial fit. At NH � 1025 cm−2 , 
he improvement in the fit becomes negligible. While such a high
olumn density possibly exists in some LRDs (e.g. A. Graaff et al.
025 ; R. P. Naidu et al. 2025 ), one needs to start considering
he electron scattering optical depth for the optical emission (e.g. 
. Panda et al. 2020 ; V. Rusakov et al. 2025 ), and we defer the

nvestigation on CLOUDY ’s calculations in this regime in future work.
verall, while the best-fitting Cf can be affected by other model 
arameters, whether a high Cf is preferred requires more statistical 
vidence. Certainly, one should be cautious on the interpretations 
ased on a single target. Also, the above analyses are based on
MNRAS 544, 3900–3935 (2025)
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nother idealization that all BLR clouds have the same column
ensity. 
In addition to the dense gas obscuration, the intrinsic X-ray

eakness might occur in Abell 2744-QSO1 due to super-Eddington
ccretion. L. J. Furtak et al. ( 2024 ) estimated a sub-Eddington
ccretion ratio of ∼ 0 . 3 for Abell 2744-QSO1, and our estimations in
ection 5.1 gives λEdd ∼ 0 . 05 − 0 . 24, which put Abell 2744-QSO1

nto the sub-Eddington regime. Still, if we assume the scenario pro-
osed by E. Lambrides et al. ( 2024 ) and A. Lupi et al. ( 2024 ) where
he black hole masses of essentially all JWST -selected AGN might be
verestimated (in our case by a factor of � 3 − 20 to be compatible
ith super-Eddington accretion) and thus the Eddington ratios are
nderestimated, some of the features seen in the observations of
bell 2744-QSO1 including the X-ray weakness might be explained
ith super-Eddington accretion. The underestimated factor for the
ass accretion rate, ṁ /ṁEdd , can be even larger due to the photon

rapping effect at super-Eddington accretion (P. Madau, F. Haardt &
. Dotti 2014 ; K. Inayoshi et al. 2025 ). Since λEdd ∝ Lbol /MBH , if

bol is not biased, an underestimation of λEdd by a factor of 20 would
ean an overestimation of MBH by the same factor. In Fig. 2 , the

lack hole in Abell 2744-QSO1 would still be overmassive compared
o the stellar mass. In terms of dynamical mass, the system will get
loser to the J. Kormendy & L. C. Ho ( 2013 ) relation, approaching
he 1 σ dispersion, although one should take into account that the
ynamical mass is still a very conservative upper limit. We caution
hat the potential bias associated with the bolometric conversion to
et Lbol at the super-Eddington regime is not taken into account in
he above estimation. 

An additional piece of evidence may potentially come from the
trength for high-ionization lines such as He II λ4686. As shown
n Fig. B2 , to fit the observed He II λ4686 together with Balmer
mission lines, one can use an AGN SED with super-Eddington
ccretion, which performs slightly better than the sub-Eddington
odel. However, as we mentioned in Section 6 , the softening of

he EUV photons at the super-Eddington regime might not be
ealistic due to the complete exclusion of the emission within the
hoton-trapping radius (K. Inayoshi et al. 2025 ). As a result, further
nderstanding of the effect of the super-Eddington SED is still needed
nd we leave this investigation to future work. 

To distinguish the super-Eddington case from the sub-Eddington
ase, evidence from the UV/optical variability can also be useful,
s the super-Eddington accretion should in principle result in less
ontinuum variability due to photon trapping (K. Inayoshi et al.
025 ). As shown in Section 7 , there is evidence for the variation
n EW(H β) over a rest-frame time interval of ∼ 2 . 5 yr, which
ight be tracing an earlier variation in the continuum if this is

eal. Still, we note that based on multi-epoch JWST and HST
hotometry, most of the JWST -selected AGN and LRDs show no
vidence for continuum variability (M. Kokubo & Y. Harikane
024 ; H. Übler et al. 2024a ; Z. Zhang et al. 2025 ; R. Maiolino
t al. 2025b ). More photometric/spectroscopic follow-up is needed to
nderstand the variability or the lack thereof in JWST -selected AGN
nd LRDs. 

To conclude, Abell 2744-QSO1 serves as an interesting case to test
heories of X-ray weakness in JWST -selected AGN. The observed
almer break, if indeed originating in a dense and warm absorber,
ight also lead to strong absorption of the hard X-ray emission

ue to Compton down-scattering. However, the best-fitting covering
raction is not high enough to explain the ubiquitous X-ray weakness
n JWST -selected AGN, if Abell 2744-QSO1 is a representative
ase. Alternatively, there could be intrinsic X-ray weakness caused
y super-Eddington accretion, which is supported by the lack of
NRAS 544, 3900–3935 (2025)
igh-energy photons. In the case of intrinsic X-ray weakness, the
overing fraction of Abell 2744-QSO1 might instead imply the
raction of LRDs among JWST -selected AGN is ∼ 24 per cent , if
he physical conditions of its BLR are representative. 

.4 Implications of an overmassive black hole 

he finding that the AGN discovered by JWST tend to be overmassive
elative to the stellar mass of their host galaxies has been reported
y several studies (e.g. Y. Harikane et al. 2023 ; F. Pacucci et al.
023 ; H. Übler et al. 2023 ; Á. Bogdán et al. 2024 ; L. J. Furtak et al.
024 ; I. Juodžbalis et al. 2024b ; R. Maiolino et al. 2024b ; M. A.
arshall et al. 2025 ). It has been claimed that part of this offset

s due to a much larger dispersion of the MBH − M� and selection
ffects that make overmassive black holes preferentially observed,
ince they are on average more luminous (H. Zhang et al. 2023 ;
. Li et al. 2025 ). Yet, the discovery of highly overmassive and
ormant (hence low-luminosity) black holes suggests that the bias
nd putative high-dispersion effects cannot entirely explain the offset
n this relation (I. Juodžbalis et al. 2024b ). Regardless of the role of
election effects, the simple finding that even a small fraction of the
lack holes found by JWST are as massive as 10 per cent of the host’s
tellar mass (or even more), is very important, as it indicates that
ature somehow manages to produce such overmassive black holes
n the early Universe. Within this context, Abell 2744-QSO1 is a
emarkable object as it is not only one of the most overmassive black
oles confirmed to date, but also one of the most distant overmassive
lack holes. 

Based on high-resolution spectroscopic data, R. Maiolino et al.
 2024b ) and H. Übler et al. ( 2023 ) found that, in terms of dynamical
asses, these early black holes are closer to the local relation. One

mplication could be that the host galaxies of these black holes have
bout the right amount of baryonic mass, but that the formation of
tars has not been as efficient as the black hole growth. This could be
ue to the feedback of the black hole during its accretion, although
ostly in the form of heating/photo-dissociation feedback, rather

han ejective feedback. However, Abell 2744-QSO1 is an interesting
bject in this context in the sense that its black hole is highly
vermassive also relative to the dynamical mass of the host galaxy.
pecifically, the conservative upper limit on the dynamical mass

ndicates that the black hole must be more massive than 10 per cent
f the dynamical mass of the host galaxy. If one takes the tentative
easurement of the velocity dispersion, then the implied dynamical
ass of the host galaxy would be just a factor of about two higher

han the black hole mass, meaning that the black hole potentially
ontributes to the observed dynamical mass. 

It is beyond the scope of this paper to explore the possible
heoretical implications of this finding. However, we note that highly
vermassive black holes are predicted both in scenarios where black
oles originate from heavy seeds, such as the so-called Direct
ollapse Black Holes (e.g. H. Zhang et al. 2023 ; A. K. Bhowmick
t al. 2024 ; P. Natarajan et al. 2024 ), remaining outliers in the
opulation through sustained growth across cosmic times (H. Hu
t al. 2022 ; M. T. Scoggins & Z. Haiman 2024 ), and/or scenarios in
hich black holes experience episodes of super-Eddington accretion

e.g. M. Volonteri, J. Silk & G. Dubus 2015 ; K. Inayoshi et al.
022 ; R. Schneider et al. 2023 ; A. Trinca et al. 2023 , 2024 ; J. S.
ennett et al. 2024 ; W. Li et al. 2024 ). These two scenarios are not

n conflict, and both of them could apply to different classes of black
oles, or even the same objects. Primordial black holes, formed from
uctuation in the early phases after inflation, are also a possible
lternative to explain overmassive black holes in the early Universe
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P. Dayal 2024 ). Many of these studies manage to reproduce the
vermassive nature of early black holes on the MBH − M� relation. 
owever, there has been little effort in exploring the offset on the
BH − Mdyn relation. Thus, it is vital in the near future to explore 

his relation with models and simulations. The extreme properties of 
bjects such as Abell 2744-QSO1 may help to break degeneracies 
etween the models. 

.5 Low metallicity and possible feedback 

s already illustrated by L. J. Furtak et al. ( 2024 ), the MSA PRISM
pectrum of Abell 2744-QSO1 shows peculiar narrow emission lines 
ith very weak [O III ] λ5008. Our high-resolution spectrum confirms

he weakness of [O III ] λ5008, with EW < 3.7 Å. Such a low EW
f the [O III ] λ5008 has been observed also in many lower redshift
uasars. Potential explanations for the weak [O III ] λ5008 include 
ery extended NLRs (with sizes larger than the host galaxies, hence 
unning out of gas to ionize; H. Netzer et al. 2004 ), and the so-called
aldwin effect for [O III ] λ5008 caused by the inclinations of the
ccretion discs (G. Risaliti, M. Salvati & A. Marconi 2011 ). However, 
he above explanations were proposed in the context of very luminous 
uasars ( Lbol ≈ 1046 − 1048 erg s−1 ), while Abell 2744-QSO1 is 
 much lower luminosity AGN ( Lbol ≈ 0 . 2 − 1 × 1045 erg s−1 ).
pecifically, in terms of bolometric luminosity Abell 2744-QSO1 

s similar to many other AGN discovered by JWST at high- z (e.g. R.
aiolino et al. 2024b ; A. Adamo et al. 2025 ; J. Scholtz et al. 2025 ; A.

. Taylor et al. 2025 ), which are instead characterized by prominent
O III ] emission. In principle, the weakness of [O III ] could be due
o a very low metallicity. However, our high-resolution spectrum 

eveals that the narrow component of H β is relatively weak as well,
n contrast to many other JWST -discovered Type 1 AGN, whose H β

mission is dominated by the narrow component (H. Übler et al. 2023 , 
024a ; R. Maiolino et al. 2024b ). The weakness of the narrow H β

annot be explained by the low metallicity. One possible explanation 
or the weak narrow lines is that the host galaxy has experienced
 recent strong feedback effect by the AGN, which has removed a
arge fraction of the ISM in the host galaxy, hence leaving little gas
o ionize in the host galaxy (i.e. a very weak NLR). 

In Section 6.2.3 , based on the fit of the UV continuum, we discuss
 scenario where the UV light of Abell 2744-QSO1 is dominated by
tellar light. The strong feedback scenario inferred from the weak 
arrow H β implies that the star formation must have quenched in 
he last few Myr. Under the hypothesis that the UV continuum is
ominated by young stars, one additional characteristic of Abell 
744-QSO1 is the mismatch between MUV and the luminosity of 
 β. Specifically, using the UV calibration of R. C. Kennicutt ( 1998 ),

orrected for a G. Chabrier ( 2003 ) initial mass function, we can
stimate a star-formation rate (SFR) of 0.2 M� yr−1 (we assumed a 
alibration for solar metallicity, MB lhypUV B lhyp − 16 . 98 ± 0 . 09
ag, L. J. Furtak et al. 2024 , and uncertainties on the calibration of

.3 dex). From the luminosity of the narrow H β (Table 1 ), assuming
ase B recombination and the SFR law of A. E. Shapley et al. ( 2023 ),
e infer an SFR of 0.06 M� yr−1 . This is a discrepancy of a factor
f three, without even considering that any dust attenuation would 
uppress the UV-inferred SFR more than the SFR based on H β, and
hat the latter estimate assumes no NLR to be present in the AGN.
ince the UV and H β SFRs trace star formation on time-scales of 100
nd 10 Myr, respectively, this mismatch could point to a decreasing 
FR trend, reminiscent of rapidly quenched galaxies (V. Strait et al. 
023 ; T. J. Looser et al. 2024 ; W. M. Baker et al. 2025 ) and consistent
ith the strong-feedback interpretation. 
On the other hand, it is also true that Abell 2744-QSO1 has
n anomalously low [O III ] λ5008 to H β flux ratio, which is
O III ]/H βnarrow = 0 . 60 ± 0 . 18 from the R2700 BlackTHUNDER
pectrum. This [O III ]/H βnarrow is the lowest among all high- z AGN to
ur best knowledge (e.g. V. Kokorev et al. 2023 ; M. A. Marshall et al.
023 , 2025 ; H. Übler et al. 2023 , 2024a ; R. Maiolino et al. 2024b ;
. Trefoloni et al. 2025 ). Such a low ratio could be due to a very

ow metallicity in the ISM of the host galaxy. While it is difficult to
ssess the metallicity without other nebular emission lines, based on 
he photoionization models presented by K. Nakajima & R. Maiolino 
 2022 ), it is possible that the metallicity of the host is below 0 . 01 Z�.
uch a low metallicity inferred from [O III ]/H βnarrow implies that we
ight be witnessing the formation of a primeval black hole in a

rimeval galaxy. Alternatively, the weakness of [O III ] relative to H β

ould be a consequence of very high gas density in the ISM of this
ystem. Specifically, if the electron density is higher than the critical
ensity of [O III ] λ5008, which is ne;ISM 

> n[OIII];critical ∼ 106 cm 

−3 , 
he observed strength of [O III ] would be significantly suppressed
elative to H β (B. T. Draine 2011 ). However, this scenario would
mply that there is no intermediate/low-density gas in the system and
hat most of the ISM has extremely high densities, which is atypical
ven in high- z galaxies (e.g. Y. Isobe et al. 2023 ; S. Li et al. 2025 ). 

 C O N C L U S I O N S  

n this work, we have presented new NIRSpec-IFU data of a lensed
ittle Red Dot (LRD) at z = 7 . 04, obtained within the context of the
lackTHUNDER JWST Large Programme, using both high (G395H, 
 ∼2700) and low (PRISM, R ∼100) spectral resolution modes. We
lso re-analysed archival, low-resolution MSA spectra of the three 
mages of the lensed LRD. 

The spectrum confirms a prominent, but smooth Balmer break 
nd the presence of broad Balmer lines tracing the BLR of an AGN.
e also detect a very narrow component of H β and [O III ] λ5008

mission and tentative (3.2 σ ) H β absorption. By analysing these 
pectral properties in detail, we reach the conclusions listed below. 

(i) Assuming local virial relations, we infer a black hole mass of
+ 4 
−2 × 107 M�. The black hole is estimated to accrete at an Eddington
atio of λEdd = Lbol /LEdd ≈ 0 . 05 − 0 . 24, depending on whether the
olometric luminosity is measured assuming bolometric corrections 
rom the H β luminosity or from the optical continuum ( L5100 ). 

(ii) The narrow component of H β is extremely narrow, unresolved 
conservatively, σ < 47 km s−1 ). This, together with the compact size
f the galaxy, was used to set an tight, conservative upper limit on
he dynamical mass of Mdyn < 4 × 108 M�, which is one order of

agnitude lower than the stellar mass of the galaxy inferred when
ssuming that the Balmer break and optical continuum are of stellar
rigin (4 × 109 M�). Our finding indicates that the stellar light cannot 
ontribute more than 10 per cent (very conservatively) to the Balmer
reak and to the optical continuum. 
(iii) We have shown that the Black Hole in Abell 2744-QSO1 is

vermassive, by ∼ 1 − 2 orders of magnitude relative to both the
tellar and dynamical mass of the host galaxy, when compared to
ocal scaling relations. This is the first high- z black hole found to be
o overmassive on both scaling relations, and may have important 
mplication understanding the seeding and early growth of black 
oles. 
(iv) The Balmer break-like feature in the PRISM spectrum of 

bell 2744-QSO1 can be described by absorption from dust-free 
ense gas, likely originating in the BLR. Specifically, we have shown
hat the spectrum can be well fit by a model composed of an optical
MNRAS 544, 3900–3935 (2025)
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art dominated by AGN continuum attenuated by dust-free gas in
he BLR along the line of sight, and then by a dust screen outside
or in the outer parts of the BLR). The UV part is dominated by a
ess attenuated continuum of an AGN (either scattered or transmitted
hrough partial covering) or from a young stellar population. Based
n our fiducial model, the dense absorbing gas has a density of
H = 1010 cm−3 , a column density of at least NH = 1024 cm−2 , an

onization parameter of U = 10−1 . 5 , and a microturbulence velocity
f vturb = 120 km s−1 . Our modelling approach provides a better fit
o the spectrum of Abell 2744-QSO1 compared to previous works
hat assume a stellar Balmer break. 

(v) This non-stellar origin for the Balmer break has the advantages
f not invoking a high stellar mass that is inconsistent with the
nferred dynamical mass and which would result in an extremely high
tellar density; it does not require a peculiar shape of the attenuation
urve, and does not imply extremely high intrinsic equivalent widths
or broad emission lines. 

(vi) Our fiducial model also predicts an absorption line in H β with
n equivalent width of 8.0 Å with respect to the continuum. This
alue is consistent, within 1.1 σ with the tentative H β absorption that
e measured from the high-resolution ( R ∼ 2700) IFU spectrum of
bell 2744-QSO1, which has an EW of 5 . 5+ 2 . 2 

−1 . 7 Å. Further tuning of
he model parameters can result in even better consistency. 

(vii) The shape of the Balmer break in our model depends on
arious model parameters. Specifically, a microturbulence velocity
f vturb ∼ 100 km s−1 is needed to recover the smooth Balmer break
bserved in Abell 2744-QSO1, which is caused by the superpositions
f deep Balmer absorption lines near the Balmer limit. The variation
n the microturbulence velocity could lead to different shapes of the
almer break and might explain the diversity of the break seen in
ther JWST -discovered LRDs. 
(viii) Potentially, the Balmer break of other LRDs may be ex-

lained with the same scenario of AGN continuum and dense gas
bsorption, especially given that at least 20 per cent of the LRDs
resent evidence of H α absorption. A non-stellar origin of the Balmer
reak in LRDs would greatly alleviate the extreme stellar mass
ensities in these systems, as well as the extremely high stellar mass
ensity per cosmic volume, inferred when assuming a stellar origin
f the Balmer breaks. Studies such as the one performed here on
ther LRDs can clarify this aspect. 
(ix) The rest-frame UV continuum of Abell 2744-QSO1 likely has

 different origin compared to the optical continuum. 
he UV continuum can be described by an AGN/SF continuum
ith a small amount of dust attenuation ( AV ∼ 0 . 1) and a damped
y α absorber with NHI ∼ 3 × 1021 cm−2 , although we cannot fully
xclude the scenario where the UV continuum is instead nebular
ominated. The nebular dominated scenario would require a tem-
erature of Te ∼ 30 000 K and the normalization of the continuum
odel might not be entirely physical. 
verall, the UV continuum likely comes from a more extended

egion compared to the optical part due to the significantly lower
as column density and dust attenuation. Alternatively, the UV could
otentially also be AGN light transmitted through a partial covering
bsorber. 

(x) The lack of hard X-ray emission in Abell 2744-QSO1 might
e related to the presence of the dense gas along the line of sight
n our model, whose lower limit on the column density is close
o the Compton-thick regime. If the X-ray weakness is indeed
ue to Compton-thick absorption within the BLR, our best-fitting
overing fraction of the BLR clouds implies 24 per cent of the JWST -
iscovered AGN are X-ray weak, which is significantly lower than
he observed fraction of ∼ 90 per cent. Meanwhile, if we interpret
NRAS 544, 3900–3935 (2025)
he dense gas obscuration as the necessary condition for LRDs, this
esult implies 24 per cent of the JWST -discovered AGN are LRDs,
hich is consistent with the value of ∼ 30 per cent currently found

n observations. It is possible that for the remaining part of non-LRD
GN (about 70 per cent of them), the X-ray weakness is intrinsic
ue to, for example, high accretion rates. 
(xi) Super-Eddington accretion can explain the X-ray weakness

nd potentially the weakness of He II λ4686 in the PRISM spectrum of
bell 2744-QSO1. However, this scenario requires an overestimation
f the black hole mass by a factor of � 3 − 20 and the extreme UV
art of the super-Eddington SED remains to be examined carefully. 
(xii) We have found evidence for a higher equivalent width of the

almer lines in one of the three lensed images of Abell 2744-QSO1,
pecifically image C, relative to the other two images. We note that
 variation in EW cannot be ascribed to any calibration issues. This
nding can be explained in terms of a drop of the continuum flux

n image C and the fact that the BLR has not yet responded to
he ionizing flux variation because of its size. This interpretation is
upported by the finding that the flux observed in image C a few
onths before the spectroscopic observation was about a factor of

wo higher. 
(xiii) We used this information to attempt a first reverberation
apping at such an early epoch, which would make this source

onsistent with the relation between RBLR and L5100 found in local
everberation studies. 

(xiv) Abell 2744-QSO1has the lowest EW([O III ] λ5008) among
ll JWST -discovered AGN, and also the weakest H β narrow relative
o the broad component. These features may indicate that the AGN
as exerted extremely strong feedback, removing most of the ISM in
he host galaxy and possibly quenching star formation. 

(xv) Abell 2744-QSO1 has the lowest flux ratio between
O III ] λ5008 and the narrow H β among all high-z AGNs, with
O III ] λ5008/H βnarrow = 0 . 60 ± 0 . 18. This indicates that the host
alaxy of this black hole is very metal poor (possibly Z < 10−2 Z�).
lternatively, very high electron densities ( ne > 106 cm 

−3 ) in the
SM may suppress [O III ] λ5008 relative to H β. 

As a concluding remark, the case study of Abell 2744-QSO1
rovides clues for deciphering the physical conditions of LRDs and
GN discovered by JWST , and demonstrates the need for deep and
igh spectral resolution observations that help differentiate AGN
nd stellar scenarios. It remains to be explored in future work
hether the SED modelling approach proposed in this work can be
eneralized to other LRD AGNs, and whether the X-ray weakness
n these sources is related to the inferred properties. Furthermore, it
ould be important to perform a statistical analysis to understand
ow the inferred physical conditions are changing with redshift and
hether this explains the significantly reduced number of LRDs at

ow redshift. 
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PPEN D IX  A :  LENS  M O D E L L I N G  

he lens magnification factors and time delays are not the focus of
his paper, and our results are largely unaffected by the details of
he lens model. However, in this section we very briefly summarize 
he results of previous lens models for the three images of Abell
744-QSO1, and we also present an independent analysis. 
L. J. Furtak et al. ( 2023 , 2024 ) use the wealth of data available

or this cluster to model the lensing of the three images of Abell
744-QSO1. They obtain that the magnification factors for the three 
mages are μA = 6 . 15+ 0 . 77 

−0 . 39 , μB = 7 . 29+ 0 . 36 
−2 . 18 , and μC = 3 . 55+ 0 . 25 

−0 . 24 .
hey also estimate the time delays between the three images: image 
igure B1. Best-fitting models for the combined spectrum of images A + C of Ab
f 1600 − 6400 Å. We compare three different ionization parameters for the dens
0−1 . The observed spectrum is plotted as the solid black line. In each panel, we sh
 follows image C by about ∼ 19 yr, while image B follows image
 by about ∼ 3 yr (although these values were estimated by L.

. Furtak et al. 2023 , based on the photometric redshift of the
ource). 

We have independently validated these quantities, for each of the 
hree images, by using the high-precision strong lens model derived 
rom JWST observations by P. Bergamini et al. ( 2023 ). We obtain
he following lens magnifications: μA = 5 . 8+ 0 . 4 

−0 . 2 , μB = 9 . 1+ 0 . 9 
−0 . 8 , and

C = 3 . 2+ 0 . 1 
−0 . 1 , respectively. Additionally, we find a delay between

he arrival of images C and A of τ = 17 . 9+ 0 . 3 
−0 . 5 yr and τ = 2 . 2+ 0 . 1 

−0 . 1 yr
etween images A and B. While these results are broadly consistent
ith those of the L. J. Furtak et al. ( 2023 , 2024 ) analysis, they
nderscore the inherent uncertainties and systematic biases that can 
rise from the choice of the lens model. 

PPENDI X  B:  FITS  BA SED  O N  M O D E L S  WITH  

I FFERENT  PA R A M E T E R S  

n this section, we show additional fitting results based on different
odel assumptions. In Section 6 , we introduced a range of ionization

arameters to describe the properties of the warm absorber that 
roduces the Balmer break as well as the tentative H β absorption
n Abell 2744-QSO1. In Fig. B1 , we compare best-fitting models
ith different ionization parameters in a range of U = 10−2 − 10−1 

or the warm absorber. All the other parameters are fixed to the
ducial values listed in Table 2 . One can see the main effect of

he ionization parameter is to change the relative strength of the
ebular emission with respect to the continuum. At U = 10−2 , the
onization parameter is relatively low and the strength of H γ is clearly
nderpredicted. In contrast, at U = 10−1 , H β is slightly weaker
ompared to the observation. The choice of the ionization parameter 
lso impacts the best-fitting covering fraction, Cf . For example, at the 
ighest ionization parameter of U = 10−1 , the best-fitting covering 
raction increases to Cf = 0 . 34 compared to the fiducial case of
MNRAS 544, 3900–3935 (2025)

ell 2744-QSO1 with the GTO reduction in the rest-frame wavelength range 
e gas that absorbs the AGN continuum, which are U = 10−2 , 10−1 . 5 , and 
ow the resulting χ of the fit. 
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Figure B2. Comparison between three fits to the PRISM spectrum of Abell 2744-QSO1 using different AGN SEDs with λEdd = 0 . 1 , 1 , and 10 zoomed in the 
rest-frame optical. The observed spectrum is from the GTO reduced A + C images and is plotted in solid black. The bottom panels show χ of the fits calculated 
for each pixel. In each panel, we also show the reduced χ2 of the fit. The main differences between the fits are the nebular emission in H γ , He II λ4686, and 
He I λ5876. Overall the super-Eddington case with λEdd = 10 provides the best fit, but only marginally relative to the sub-Eddington fit with λEdd = 0 . 1. 
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f = 0 . 24 at U = 10−1 . 5 . In comparison, at U = 10−2 , the best-
tting covering fraction slightly decreases to Cf = 0 . 23. Overall, the
odel with out fiducial ionization parameter, U = 10−1 . 5 , produces

he best fit, although the differences between the χ2 
ν of the fit is not

arge. 
Fig. B2 compares fitting results with three different Eddington

atios, λEdd = 0 . 1, 1, and 10, for the input SEDs. The most notable
ifference is in the nebular emission. When λEdd = 0 . 1, the strengths
f He II λ4686 and He I λ5876 from the BLR is slightly overpredicted.
hen λEdd = 1, He II λ4686 and He I λ5876 are further overpredicted

ut H γ is underpredicted. The smallest reduced χ2 is achieved at
Edd = 10. The above difference is mainly driven by the hardness
f the ionizing radiation, which is generally too hard for Abell
744-QSO1 at the sub-Eddington regime. This is consistent with the
ecent finding of E. Lambrides et al. ( 2024 ), who claimed that JWST -
elected Type 1 AGN generally show softer SEDs compared to those
xpected at the sub-Eddington regime. Still, the difference in the
educed χ2 between the super-Eddington case and the sub-Eddington
ase is only 0.05. Also, based on our derivation in Section 5.1 , Abell
744-QSO1 is more likely to host a sub-Eddington AGN. In addition,
ccording to K. Inayoshi et al. ( 2025 ), the UV spectrum of a super-
ddington AGN should actually become harder due to the emission

rom the hotter part of the accretion disc within the photon-trapping
adius. This is in contrast to the SED model we took from E. Pezzulli
t al. ( 2017 ), which does not include the emission within the photon-
rapping radius. Finally, we note that different from the fiducial case
 λEdd = 0 . 1) where the best-fitting covering fraction is 0.24, the near-
ddington case ( λEdd = 1) yields a best-fitting covering fraction of
.22, and the super-Eddington case a best-fitting covering fraction of
NRAS 544, 3900–3935 (2025)

.46. e  
PPENDI X  C :  FITTING  O F  SPECTRA  WI T H  

I FFERENT  R E D U C T I O N S  

n this section we show the fitting results for NIRSpec MSA and IFU
RISM spectra with different data reductions. The first spectrum we
sed is the same spectrum adopted by L. J. Furtak et al. ( 2024 ),
hich combines MSA PRISM spectra from three images of Abell
744-QSO1 following the reduction process detailed in L. J. Furtak
t al. ( 2024 ). The second spectrum we used is the PRISM spectrum
ntegrated from the IFU observation of BlackTHUNDER, of which
s data reduction process is given in Section 2 . The BlackTHUNDER
RISM spectrum is only for the image A of Abell 2744-QSO1. The

hird spectrum we used is the same spectrum adopted by Y. Ma et al.
 2025 ), which is the MSA PRISM spectrum for image A of Abell
744-QSO1 from the UNCOVER DR4. The data reduction is given
y S. H. Price et al. ( 2025 ) and also summarized by Y. Ma et al.
 2025 ). We summarize the best-fitting model parameters for these
pectra in Table 3 . 

Fig. C1 shows our fiducial fit to the spectrum reduced by L. J.
urtak et al. ( 2024 ). The photoionization model parameters we used

o compute the attenuated AGN continuum are the fiducial set given
n Table 2 . Compared to the fit to the A + C images, the best-fitting
odel for the spectrum reduced by L. J. Furtak et al. ( 2024 ) yields a

arger χ2 
ν (which is still significantly lower than the χ2 

ν ∼ 3 reported
y Y. Ma et al. 2025 using alternative models). The UV part appears
ess well fitted by a featureless power law and shows continuous flux
xcess around 2000–3000 Å. The resulting UV slope is shallower
han the one fitted for the A + C images, leading to a longer tail in the
ptical and thus requiring an AV 0.26 magnitudes higher than that of
he A + C images (cf. Table 3 ). Fig. C2 shows fits to the L. J. Furtak
t al. ( 2024 )’s spectrum with different UV models for a wavelength
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Figure C1. Fiducial fit for the combined images of A + B + C reduced by L. J. Furtak et al. ( 2024 ) in the rest-frame wavelength range of 1600 − 6400 Å. The 
observed PRISM spectrum is normalized to the flux density at λ = 4260 Å in the rest frame of Abell 2744-QSO1. Given the apparently unphysical bad pixels 
in the optical, we added 5 σ -clipping to the fit. 

Figure C2. Best-fitting models for the PRISM combined images of A + B + C reduced by L. J. Furtak et al. ( 2024 ) in the rest-frame wavelength range of 
1250 − 6400 Å with different assumptions in the UV. Left: the UV continuum is assumed to be the AGN continuum emission attenuated by a slab of gas with 
NH = 1022 cm−2 . Right: the UV continuum is assumed to be a nebular continuum composed of a two-photon continuum, a hydrogen free-bound continuum, 
and a hydrogen free–free continuum. Both models assume no dust attenuation in the UV. The nebular continuum model provides a better fit compared to the 
DLA model. 
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Figure C3. Comparison between three MSA PRISM spectra from the three 
images of Abell 2744-QSO1. The spectra are reduced with the GTO pipeline 
and are normalized to the flux density at λ = 3 . 6 μm . The rest-frame UV 

continuum of the spectrum from image B is bluer compared to the other two 
spectra, possibly due to a background subtraction issue. 
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ange of 1250 − 6400 Å. As can be seen in Fig. 1 , L. J. Furtak et al.
 2024 )’s spectrum shows a smoother DLA-like feature around Ly α.
his actually makes the DLA model with NH = 1022 cm−2 with a
mall amount dust attenuation [ AV (DLA) = 0 . 22] fail to describe the
V part well (left panel), assuming the intrinsic UV spectrum has

n AGN origin. In comparison, a nebular dominated UV continuum
NRAS 544, 3900–3935 (2025)

igure C4. Fiducial fit for the integrated PRISM IFU spectrum of image A from B
bserved PRISM spectrum is normalized to the flux density at λ = 4260 Å in the r
ith Te = 30 000 K is able to the fit the UV part better, especially
he turnover feature around Ly α. 

The different result from the L. J. Furtak et al. ( 2024 )’s spectrum
s likely caused by the inclusion of image B. As shown in Fig.
3 , when the spectra from three images are normalized to the rest-

rame optical, the UV continuum of image B shows a different slope
ompared to the other two images. As we have noted in Section 2 ,
he MSA PRISM spectrum from image B (included in the combined
pectrum of L. J. Furtak et al. 2024 ) possibly has a background
ubtraction issue, which might affect the DLA-like feature in the UV
nd lead to the different fitting result. In addition, we caution that in
ur analyses, the normalization of the nebular continuum is set to a
ree parameter during the fit. 

Figs C4 and C5 show the corresponding results for the integrated
FU PRISM spectrum from the observations of BlackTHUNDER.
ere the spectrum is taken from the central 0.′′ 2 of image A only.

n Table 3 , one can see that the best-fitting model has the steepest
V slopes among all the fits. The best-fitting AV is 0.09 magnitudes

ower than that of the A + C images. Similar to the results of the
 + C images, a DLA model is favoured over the nebular dominated
odel for the UV part of the spectrum. 
Finally, we show our fit to the spectrum from the UNCOVER DR4

dopted by Y. Ma et al. ( 2025 ) in Fig. C6 . This reduced spectrum
roduces the largest χ2 

ν , which is still significantly lower than the
tting results from Y. Ma et al. ( 2025 ). The comparison between

he DLA fit and the nebular continuum fit is shown in Fig. C7 .
imilar to the result based on image A from BlackTHUNDER, the
LA model provides a better fit compared to the nebular continuum
odel. This further indicates the different result obtained from the
RISM spectrum of L. J. Furtak et al. ( 2024 ) might be caused by the
pectrum from image B. 
lackTHUNDER in the rest-frame wavelength range of 1600 − 6400 Å. The 
est frame of Abell 2744-QSO1. 

le/544/4/3900/8306870 by guest on 10 M
arch 2026
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Figure C5. Fiducial fit for the integrated PRISM IFU spectrum of image A from BlackTHUNDER in the rest-frame wavelength range of 1250 − 6400 Å with 
different assumptions in the UV. Left: the UV continuum is assumed to be the AGN continuum emission attenuated by a slab of gas with NH = 1022 cm−2 . 
Right: the UV continuum is assumed to be a nebular continuum composed of a two-photon continuum, a hydrogen free-bound continuum, and a hydrogen 
free–free continuum. Both models assume no dust attenuation in the UV. The nebular continuum model provides a worse fit compared to the DLA model. 

Figure C6. Fiducial fit for the image A of Abell 2744-QSO1 from the UNCOVER data release in the rest-frame wavelength range of 1600 − 6400 Å. This is 
the same spectrum that was fitted by Y. Ma et al. ( 2025 ), who obtained χ2 

ν = 2 . 74 − 4 . 32 based on their models. The observed PRISM spectrum is normalized 
to the flux density at λ = 4260 Å in the rest frame of Abell 2744-QSO1. We adopted 5 σ -clipping during the fit. 
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Figure C7. Fiducial fit for the spectrum of image A from UNCOVER DR4 in the rest-frame wavelength range of 1250 − 6400 Å with different assumptions 
in the UV. Left: the UV continuum is assumed to be the AGN continuum emission attenuated by a slab of gas with NH = 1022 cm−2 . Right: the UV continuum 

is assumed to be a nebular continuum composed of a two-photon continuum, a hydrogen free-bound continuum, and a hydrogen free–free continuum. Both 
models assume no dust attenuation in the UV. The nebular continuum model provides a worse fit compared to the DLA model. 
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Figure D1. Comparison of the two low resolution spectra of Image A of 
Abell2744-QSO1 obtained with the MSA in November 2023 (orange, front, 
reduced with the GTO pipeline) and with the IFU in Nov 2024 through 
the BlackTHUNDER programme (blue, back). There are not significant 
variations between the two spectra. 
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PPENDIX  D :  A D D I T I O NA L  ANALYSES  A N D  

N F O R M AT I O N  O N  VARIABILITY  

n this appendix, we provide some additional multi-epoch analyses
n the variability of Abell 2744-QSO1. We also discuss the impact
f the data reduction on the variability analysis. 

1 Comparison of IFU and MSA spectra of image A 

s already discussed in the main text, the BlackTHUDER IFU spec-
rum taken in November 2024, provides an additional spectroscopic
poch of image A, relative to the MSA spectrum taken in July 2023
i.e. 1.7 months earlier in the source rest-frame). Fig. D1 compares
he PRISM spectrum of image A extracted from the IFU Cube with
he PRISM MSA spectrum. The two spectra are consistent with each
ther within the errors, implying that the source has probably been
table within the ∼ 2 months in the rest frame covered by the two
bservations, although intra-epoch variability cannot be excluded. 
It is, however, intriguing that some changes are seen in the emission

ines. The H β is slightly higher in the IFU spectrum, although within
he uncertainties (both Poissonian and calibration). However, the
ariation is not seen in terms of equivalent width (Section 7 ; i.e.
hen the spectra are normalized to the continua), meaning that the

light variation of H β may be simply due to a calibration effect. 
Also, H γ seems stronger in the IFU spectrum. However, this is

till only at the 2 σ level, and it is possible that this is due to an artefact
n the IFU PRISM cube. Alternatively, it may trace real variability
n the absorbing medium (either in the Balmer absorption or dust
bsorption, if located in the outer parts of the BLR). Or, the IFU may
e tracing gas on more extended scales, and less obscured, that is
issed by the MSA. There is no clear evidence for extension of the
NRAS 544, 3900–3935 (2025)
almer lines, but it is also true that image A is located at the edge
f the shutter, hence some structural variation close to the resolution
imit may result in flux differences between the MSA and the IFU. 

Some flux variation, again only at the ∼ 2 σ level is seen in Ly α.
nce again, variability of the Ly α emission lines between the two

pochs cannot be excluded. However, Ly α is spectrally unresolved
r marginally resolved, hence the apparent drop in the peak flux of
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from the 2D spectrum does not incorporates path- and diffraction- 
losses, which may be particularly problematic around strong emis- 
sion lines and especially for sources close to the edge of the 
spectrum. 
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igure D2. Same as Fig. 10 , but where now the spectra are not obtained
rom the full-shutter pipeline extraction, which takes properly into account 
he path- and diffraction-losses, but by extracting the spectrum from 3-pixel
pertures from the 2D spectra (which does not take into account for path-
nd diffraction-losses). In this case the EW variation of H β is still highly
ignificant, but reduced. The effect is likely arising from the inappropriate
pectral extraction in this case. 

y α is mostly due to the MSA having higher resolution (hence the
ine more peaky) than in the IFU spectrum. 

2 Issues associated with custom-extraction from the 2D 

pectra 

s already pointed out in Section 2.2 , the correction of path- and
iffraction-losses is very accurate for unresolved sources like this 
ne. The pipeline extraction of the spectra from the full-shutter takes 
nto account of these aspects. On the contrary, extracting the 1D 

pectra with bespoke apertures on the 2D spectra is deprecated if one
ants to carefully account for the flux calibration, as this procedure 
oes not take into account the path- and diffraction-losses, and this
an introduce issues when looking for variability. Especially for 
ources located close to the edge of the shutter, using extraction 
rom the 2D spectra can easily lead to inappropriate flux calibration, 
nd the effect can also be more pronounced at the location of strong
mission lines, whose PSF and diffraction losses may not be captured 
y a fixed or bespoke aperture on the 2D spectrum. As stated, the
igorous approach is to take the full-shutter spectra extracted by 
he pipeline. In order to illustrate the effect of using the bespoke
xtraction from the 2D, Fig. D2 shows the quantities same as Fig.
0 , i.e. the variation of EW among different observations, but where
he EWs are measured on spectra extracted from 3-pixel aperture 
n the 2D spectrum (i.e. similar to the optimized extraction used 
n other works), instead of the pipeline full-shutter extraction. The 
ariation in EW in image C is still highly significant, but it is now
educed to about 50 per cent–60 per cent. This is not due to an
xtended component of H β (which might result in picking more H β

n the full shutter relative to the 3 pixel extraction). Indeed, we have
hecked in the IFU cube that the EW(H β) changes less than 2 per cent
sing spectra extracted from 0.′′ 2 and 0.′′ 5 apertures. The difference 
s instead likely originating from the fact that the bespoke extraction 
MNRAS 544, 3900–3935 (2025)
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