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ABSTRACT

James Webb Space Telescope (JWST) has revealed a population of ‘Little Red Dots’ (LRDs): compact, red objects at redshifts
z = 2-9 with ‘v’-shaped spectral energy distributions, broad permitted lines, and, often, hydrogen Balmer absorption. We
use NIRSpec/IFS data from the BlackTHUNDER survey to study the H « line in the LRD Abell2744-QSO1 at z = 7.04,
which is a confirmed active galactic nucleus (AGN) due to time-variable equivalent width (EW) in its broad emission
lines. The H « spectral profile is non-Gaussian, requiring at least two Gaussian components. We also detect a narrow-
line Gaussian component, and strong H « absorption (EW relative to the continuum ~ 2212A), confirming a connection
between the strong Balmer break and line absorption. The absorber is at rest with respect to broad H « , suggesting that
the gas cannot be interpreted as an inflow or outflow, forming instead a long-lived structure. Its velocity dispersion is
Oabs = 110f§g km ™!, consistent with the value inferred from the analysis of the Balmer break. Based on H« , we infer a
black hole mass of log(M,/Mg) = 7.2, smaller but close to the previous estimates based on H 8 . The Eddington ratio is
0.09. Combining the high signal-to-noise ratio of the narrow H « line with the spectral resolution R = 3, 700 of the G395H
grating, we infer a narrow-line intrinsic dispersion o, = szg kms~!, which places a stringent constraint on the black
hole-to-dynamical mass ratio of this system to be Me/Mgayn = 0.15-1.2, confirming the overmassive nature of the black
hole and potentially leaving little room for a host galaxy.

Key words: galaxies: active — galaxies: high-redshift — quasars: supermassive black holes.

(M,) correlate tightly with galaxy properties such as stellar veloc-

1 INTROD TION ) . . . .
ODUCTIO ity dispersion (Me-o relation; L. Ferrarese & D. Merritt 2000; K.

A key question in galaxy evolution is whether supermassive black
holes (SMBHs) and their host galaxies grow in tandem or if one
forms first (M. J. Rees 1984; M. A. Latif & A. Ferrara 2016; K.
Inayoshi, E. Visbal & Z. Haiman 2020). Did massive SMBH seeds
emerge early, perhaps via direct collapse of pristine gas clouds
(e.g. V. Bromm & A. Loeb 2003; M. C. Begelman, M. Volonteri &
M. J. Rees 2006), or did star clusters and proto-galaxies accumu-
late mass first, fuelling the growth of lower-mass seeds, for exam-
ple via runaway collisions (e.g. S. F. Portegies Zwart et al. 1999)?
This question is fundamental for our understanding of the link
between SMBHs and galaxies. At redshifts z = 0-2, SMBH masses
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Gebhardt et al. 2000) and stellar or bulge mass (M,-M, relation;
A. Marconi & L. K. Hunt 2003; J. Kormendy & L. C. Ho 2013;
N. J. McConnell & C.-P. Ma 2013; A. E. Reines & M. Volonteri
2015, hereafter RV15; R. P. Saglia et al. 2016; E. Dalla Bonta et
al. 2025, hereafter DB25; Y. Sun et al. 2025). These correlations
suggest a co-evolutionary link, where accreting SMBHSs regulate
star formation through powerful feedback (S. Veilleux, G. Cecil &
J. Bland-Hawthorn 2005; A. C. Fabian 2012; F. Fiore et al. 2017; S.
Veilleux et al. 2020), while galaxies, in turn, shape SMBH growth
by modulating the gas supply for accretion, for instance by fa-
cilitating angular momentum loss, by altering the metal content
and thermodynamic properties of the gas, and not least via star
formation and supernova feedback (Y. Dubois et al. 2015; J. Silk
2017; M. Trebitsch et al. 2018; S. Koudmani, D. Sijacki & M. C.
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Smith 2022). While efficiently accreting SMBHs powering active
galactic nuclei (AGNs) are readily observable at high redshifts,
the properties of their host galaxies remain uncertain - especially
in the low-mass regime most relevant to understanding the ori-
gins of galaxies and SMBHs.

The advent of James Webb Space Telescope (JWST) enables
direct observations of low-mass galaxies (M, > 10°My) and
SMBHs (M, > 10°M,) at z > 5, offering new insights into their
co-evolution. Recent discoveries reveal a large population of ac-
creting SMBHs in low-mass galaxies at these redshifts (J. Matthee
et al. 2024), with many appearing overmassive relative to their
hosts’ stellar mass (e.g. Y. Harikane et al. 2023; D. D. Kocevski et
al. 2023; V. Kokorev et al. 2023; H. Ubler et al. 2023; R. Maiolino
et al. 2024). While M, measurements in AGN-dominated sys-
tems remain uncertain, observations of faint SMBHs with low
accretion rates support this trend (A. C. Carnall et al. 2023; L.
Juodzbalis et al. 2024b). Notably, SMBHs at z > 5 may still lie
on the local M,-o relation (R. Maiolino et al. 2024), suggesting
a degree of co-evolution before the onset of the local Me-M,
relation, which may happen at later epochs and/or higher mass
ranges (J. Li, Y. Shen & M.-Y. Zhuang 2025; Y. Sun et al. 2025), but
could hold already for the total baryonic mass (W. McClymont et
al. 2026).

In addition to a possible departure from local scaling rela-
tions, several broad-line AGNs display strong Balmer breaks; if
these spectral features arise from evolved stellar populations (a
few hundred Myr and older), they would imply the existence
of massive, old galaxies 600 Myr after the big bang (B. Wang et
al. 2024, 2025) with extremely high surface densities (J. F. W.
Baggen et al. 2024; Y. Ma et al. 2025b). Alternatively, these Balmer
breaks could arise from dense gas absorption (K. Inayoshi & R.
Maiolino 2025) along the line of sight to the SMBH. The discovery
of Abell2744-QSO1 (L. J. Furtak et al. 2023, 2024) enabled us to
break this degeneracy. The continuum of this source cannot be
well reproduced by stellar-population spectra alone (Y. Ma et al.
2025b, at least not without invoking ad hoc attenuation laws).
Subsequent JWST observations have revealed that the equiva-
lent widths (EWs) of the broad lines are time variable (L. J.
Furtak et al. 2025; X. Ji et al. 2025, hereafter J25), ruling out a
stellar origin (e.g. J. F. W. Baggen et al. 2024; M. Kokubo & Y.
Harikane 2025). Furthermore, time variability of the rest-frame
optical continuum (J25) implies an AGN origin (but see L. J.
Furtak et al. 2025 for a different view). Even more importantly,
the narrow H 8 and [O111] 15007 emission lines impose an up-
per limit on Mgy, that is one order of magnitude lower than
the M, inferred when assuming a stellar origin of the Balmer
break.

One of the key predictions of J25 is that a strong, smooth
Balmer break (with Balmer-break index ~ 2.3; K. Inayoshi &
R. Maiolino 2025) - associated with micro-turbulence of order
100 km s~ - would produce equally strong Balmer line absorp-
tion with comparable broadening and high EWs. Indeed, several
Little Red Dots (LRDs) have been reported to display high-EW
Balmer-line absorption (I. Juodzbalis et al. 2024a; I. Labbe et
al. 2024; J. Matthee et al. 2024; A. J. Taylor et al. 2025; B. Wang
et al. 2024, 2025). In contrast, in the stellar scenario, since micro-
turbulence is relatively low (< 15kms™! in the relevant stellar
spectral types; K. C. Smith & I. D. Howarth 1998), line broadening
is dominated by Gaussian-like stellar kinematics, resulting in sig-
nificantly narrower line widths and much lower EWs (although
non-Gaussian tails are still observed, due to pressure broaden-
ing). While J25 tentatively report H 8 absorption, their measure-
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ment is only at the 30 significance level, due to the low signal-
to-noise ratio (SNR) of the underlying broad line. Confirming
this absorption is crucial, because its presence is a key prediction
of the gas-absorber hypothesis, and because, if present, it would
enable probing the kinematics of the gas cloud.

In this work, we present a re-analysis of the BlackTHUNDER
high-resolution NIRSpec observations from J25, focusing on the
much brighter Ha line, which we recover using a custom re-
duction procedure that extends beyond the nominal wavelength
range calibration of NIRSpec. After describing the new data re-
duction and analysis (Section 2), we report three key findings
(Section 3): non-Gaussian broad-H« emission, a strong rest-
frame H o absorber, and an even more stringent upper limit on
Mgyn. We conclude with a discussion of our results and their
implications (Sections 4 and 5).

Throughout this work, we assume a flat Lambda cold dark
matter (A\CDM) cosmology from Planck Collaboration VI (2020)
and a G. Chabrier (2003) initial mass function. All EWs are in the
rest frame.

2 DATA AND ANALYSIS

High-resolution spectroscopy of Abell2744-QSO1 covers Ha
at observed wavelength A = 5.278 um (spectral resolution R =
3700). These data were obtained by the programme Black holes
in THe early Universe aNd their DensE surRoundings (Black-
THUNDER; JWST proposal PID 5015; PIs H. Ubler and R.
Maiolino) using the NIRSpec spectrograph (P. Jakobsen et al.
2022) in integral field spectroscopy mode (IFS; T. Boker et al.
2022). Here, we use only the G395H grating observations, consist-
ing of 14 dithered integrations using the medium-dither cycling
to offset fail-open shutters from the interloping micro-shutter
assembly (MSA; P. Ferruit et al. 2022; K. Bechtold et al. 2024).
We used the improved reference sampling and subtraction (IRS?)
readout mode (B. J. Rauscher et al. 2012), to minimize amplifier
noise (‘pink’ or 1/ f noise; S. H. Moseley et al. 2010; B. J. Rauscher
et al. 2017). Each integration consisted of 23 groups and one ex-
posure, giving 1692 s per dithered exposure and a total on-source
exposure time of 1692.3 x 14 = 23, 692 s.

For the data reduction, we use the procedure described in M.
Perna et al. (2023), but we start from the JWST pipeline ver-
sion 1.17.1 and context file 1303. At z = 7.04, He falls at L =
5.278 um, just outside the calibrated range of the NIRSpec G395H
grating, which reaches A < 5.27 um. Moreover, the high-velocity
wings of broad-H « emission can easily reach up to A = 5.32 um.
However, since the low-pass F290LP is not suppressing long
wavelengths, and since the grating transmission does not drop
sharply, H« is readily observable on the detector. We therefore
extract the data by extrapolating the flat-field curves and wave-
length solution beyond the nominal range. Due to the small
extrapolation (only 95 spectral pixels between A = 5.27 um and
5.34 um), and thanks to the well characterized behaviour of the
grating, the error on the wavelength solution is expected to be
negligible. Similarly, the line-spread function is obtained from the
grating equation, so we expect no significant deviation from the
pre-flight characterization of the instrument (P. Jakobsen et al.
2022).

2.1 Spectral extraction

We use the optimal extraction method to obtain the 1D spectrum
(K. Horne 1986). In principle, we would measure the spatial



profile directly from the datacube, but in practice the resulting
profile shapes are too noisy. Therefore, we use a 2D Gaussian
tracing the point spread function (PSF) of the NIRSpec/IFS. The
aperture has elliptical shape with fixed position angle 25° and
axis ratio g = 0.8 (following the elongated PSF shape and slice
orientation; F. D’Eugenio et al. 2024a). The semimajor axis is
wavelength dependent, following new empirical measurements
(F. D’Eugenio et al. 2026; G. C. Jones et al. 2026).

Within two spectral pixels on either side of narrow H 8, [O 111]
A 24959, 5007, and H « , we use the spatial profile measured from
the narrow H« line, which is more extended than the PSF (R.
Maiolino et al. 2025a; I. Juodzbalis et al. 2026a).

If we replace our analysis with a large aperture of semimajor
axis 0.25 arcsec (e.g. X. Ji et al. 2025) our results are unchanged,
but the spectral SNR for the broad lines is lower than for the
optimal extraction.

The spectrum is shown in Fig. 1, with the data in black and
the best-fitting model in red. While the model is described in
the next sections, here we observe that the continuum blueward
and redward of H« is described well by a linear fit, similar to
other LRDs and broad-line AGN (over an equally narrow spectral
range; e.g. J. E. Greene et al. 2024; 1. JuodZbalis et al. 2024a, 2024b;
A.J. Taylor et al. 2025). This agreement lends confidence to the
accuracy of our extrapolated flux calibration. Nevertheless, since
our M, measurements are sensitive primarily to the width of the
broad H« , with only a sub-linear dependence on the line flux,
our main results are not driven by possible flux-calibration errors.

2.2 Spectral modelling

In this section we describe the fiducial model, which employs two
broad Gaussians to model the broad lines. For clarity, we antici-
pate that the model choice is not motivated by statistical prefer-
ence, but by the recent results of R. Maiolino et al. (2025a) and
I. Juodzbalis et al. (2026a), who establish that the intermediate-
width broad component in Abell2744-QSO1 is spatially resolved,
while the broadest broad component is not, motivating two dis-
tinct Gaussians. Alternative models are introduced in Section 3
or in the Appendix.

We model the narrow lines with Gaussians, using the same
redshift and intrinsic velocity dispersion o, for all lines. We fur-
ther constrain the [O111] and [N 11] doublet ratios to 0.336 (P. J.
Storey & C.J. Zeippen 2000) and 0.328, respectively (I. Doj¢inovic,
J. Kovacevi¢-Dojcinovi¢ & L. C. Popovi¢ 2023), hence the narrow-
line model requires six parameters: z,, oy, and the fluxes of H 8
, [0 111] A5007, He and [N 11] A6583. In principle, the narrow hy-
drogen, [O111] and [N 11] lines could arise from different regions
with different kinematics, but the limited SNR of our data (and
the non-detection of [N1I] A 16548, 6583) prevent us from test-
ing this hypothesis. We model the continuum piecewise in each
spectral window using a first-order polynomial each, requiring
four more parameters in total. For the broad Balmer lines we use
a double Gaussian, given the clearly non-Gaussian shape of H
« (Fig. 1c). The two Gaussians representing broad H « share the
same centroid, specified by a common free parameter represent-
ing the velocity offset v, between the broad and narrow lines.
We have two independent full width at half-maximum (FWHM)
values, while the flux is parametrized by the total unabsorbed
flux of H @ and by the flux ratio between the narrowest Gaussian
and the total unabsorbed line flux. There are thus five more free
parameters.

H « line in Abell2744-QSO1 3
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Figure 1. Detail of the BlackTHUNDER point-source aperture spectrum
(black) around H 8 and [O 111] A 14959, 5007 (panel a) and H « (panel c).
The red line is the maximum-likelihood model (Section 2), with the x
residuals shown in panels (b) and (d). The maximum-likelihood model
includes the continuum and two broad Gaussians (cyan and blue), subject
to Balmer-line absorption, and an unabsorbed narrow Gaussian (green).
The grey vertical bands are masked spectral regions, while the vertical
dashed lines mark the rest-frame wavelengths of the modelled emission
lines. For H o , we show the narrow-component Gaussian in green and the
two unabsorbed broad Gaussians in cyan and blue. The wings of Ho are
highlighted in panel (e). There is clear evidence of line absorption in H «
and of a narrow component with o, = 22 km s~1. The absorption profile
(including partial covering factor) is shown in panel (f).

One additional parameter is required to model the broad H 8,
which also consists of two Gaussians, but whose velocity, FWHM
and flux ratio are constrained to be identical to those for He . In
other words, the broad H « and H 8 models share the same kine-
matics and internal flux ratio, and the only additional parameter
for broad H B is the total unabsorbed H 8 flux.

In principle, the flux ratio of the two broad Gaussians could be
different between H 8 and He , for instance if these two Gaus-
sians reflect different kinematic components, which could be
subject to different excitation mechanisms and dust attenuation.
However, the number of parameters for H g is effectively limited
by the SNR of the data (J25). Finally, we add a dense hydrogen
absorber, with a common covering factor Cy, the same velocity
dispersion oy, and different velocity offsets Vaps 14 and Vaps Ho
for H 8 and H« (the velocity offset is relative to the redshift of
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the narrow lines). The residual intensity at wavelength A is given

by

10)/Io(A) =1 = Cy + Cp x exp (—z(k; 1))
t(k; A) = 1o(k) x flv()],

where Iy(2) is the spectral flux density before absorption, o(k) is
the optical depth at the centre of the line (with k= Hf or H «
), and f[v(1)] is the velocity distribution of the absorbing atoms,
assumed to be a Gaussian probability distribution. I(A) consists
of both the continuum (dominated by the accretion disc; J25) and
the broad-line region (BLR). The different velocity of the H g and
H o absorptions is motivated by visual inspection of the data, and
is justified by the observation of dense absorbers with different
effective velocities for Ho and H § in higher-SNR observations of
LRDs (F. D’Eugenio et al. 2025; X. Ji et al. 2026; X. Lin et al. 2026).

For each optimization step, the trial model is convolved with
the wavelength-dependent line spread function and is then in-
tegrated pixel-by-pixel. For model inference we use a Bayesian
approach, with flat, non-informative priors around all parame-
ters. The posterior probabilities are sampled using the Markov
chain Monte Carlo method (see F. D’Eugenio et al. 2026 for more
details).

¢y

3 RESULTS

The maximum-likelihood model is shown in Fig. 1. The Hoa
narrow line is clearly detected, with the observed flux p F,( Ha)
being 60 away from 0 (Table 1). Together with weaker H 8 and
[O11] 25007, the observed wavelength of narrow Ho implies
a redshift z = 7.0366 = 0.0001. The intrinsic width of the nar-
row lines is extremely small, o, = 22f2 kms™!, corresponding
to 0.6 times the spectral resolution (FWHM = 81kms™}, op =
34km s™! at the observed wavelength of H o ). While the inferred
on is small, a simple analytical calculation tells us that, given a
Gaussian line spread function (LSF) with R = 3700 and a line
detection with SNR of 6, we can detect a spectral broadening
of 0 =22 kms™! at 20 (L. Zhou et al. 2017), comparable to
the posterior probability on oy, (i.e. 22/6 = 30 significance). The
smaller uncertainties for our measured o, relative to the analyt-
ical prediction could be explained by the additional information
carried by narrow H 8 and [O 111] 25007 (70 and 30 detections,
respectively), modulated by the presence of additional unknowns
compared to the analytic approximation of L. Zhou et al. (2017),
such as the absorber depth and redshift. We find no evidence of
[N1I] A 16548, 6583, with F,([N u]A6583)/F.( Ha) < 0.18 (30).

The flux ratio between the narrowest of the two broad Gaus-
sians and the total broad Hea is 0.45 4 0.03. The width of the
narrowest and broadest Gaussians are FWHM = 560730 kms™!
and 2000739 kms~?.

We perform a set of tests to establish whether our fiducial
model is warranted, using the Bayes Information Criterion with a
threshold A BIC > 10 as discriminant. A single Gaussian model
to fit broad H« is ruled out, with A BIC > 30 (Appendix A). F.
D’Eugenio et al. (2025) found mild asymmetry in the broad-line
profile of the Irony LRD at z = 6.68, which they reproduce by
decoupling the two broad Gaussians modelling broad H «. For
Abell2744-QS01, introducing independent velocity shifts vy, ; and
p,» yields different centroids (=33 and —11070 kms™?, a 2.50
difference) but no improvement over the fiducial model. We also
tested decoupling the H 8 and H « broad lines, which also results
in a fit that is indistinguishable from the fiducial model. Finally,
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Table 1. Emission-line model of Abell2744-QSO1, reporting the median
and 16th-84th percentile range of the posterior probability distribution
for 18 free parameters of the model (Section 2; four free parameters for
the continuum are not listed). The ‘n’ and ‘b’ subscripts denote values
inherent to the narrow lines and to the (two-component) broad lines,
respectively.

Observable Value Unit
1 Fy([O m]25007)2 0.1015:93 108 ergs—' cm~2
wFE,(HB) 0.1975:93 1078 ergs™! cm ™2
wF(Ha) 0.4970-29 10~ 8 ergs—! cm~2
1 Fa([N 1]A6583) < 0.09 1078 ergs™! cm~2
On 2% kms™!
++0.0001
Zn 7.03667 5 0001 -
Vb —18%% kms™!
Fy(H B)/Fo(Ha) 0.11555; n
wh(Ha) 13.910%9 1078 ergs™! cm~2
F,1/Fy(Ha) 0.457003 N
FWHMy 1 (Ha)? 560130 kms™?
FWHM, ,(Ha) 20007129 kms™?
Vabs, H g 50120 kms™!
Vabs. Her —4010 kms™!
Gabs 110720 kms™?
+0.07
Cy 0.56Z 07 -
w0(HB) 127 -
o(Ha) 1.2%9¢ -

Note.? The line fluxes are not corrected for lensing magnification nor for
dust attenuation (see Table 2 for the corrected values). ® The FWHM
values reported here are model parameters for the two Gaussians rep-
resenting the broad Balmer lines. The FWHM of the combined double-
Gaussian profile is reported in Table 2.

we studied non-Gaussian line shapes, namely a Lorentzian pro-
file (which may represent turbulent broadening; W. Kollatschny
& M. Zetzl 2013, and which we parametrize as a Voigt profile,
accounting for the finite instrument resolution), and a single
Gaussian convolved with an exponential kernel (which may be
due to Thomson scattering; A. Laor 2006; V. Rusakov et al. 2026).
Both the Lorentzian and exponential-wings models provide an
equally good fit as the fiducial model (A BIC = 3 in favour of the
exponential-wings model). In Section 3.2, we discuss that these
two alternative models are disfavoured based on the analysis of I.
Juodzbalis et al. (2026a).

3.1 Host galaxy

To estimate the dynamical mass of the system, we use the same
approach as J25, but we leverage the higher spectral resolution
and SNR of H « to infer a more accurate velocity dispersion o, =
22 km s~! of the gas. For the galaxy size, we adopt the upper limit
on the half-light radius R, < 30 pc from L. J. Furtak et al. (2023).
Our highest estimate of Mgy, is derived from the virial calibration
of A. van der Wel et al. (2022), Mgy, = K(n)K(q)0 %, Rsma/G,
where K(n) and K(q) are functions of the Sérsic index n and
the projected axis ratio g, Rsma is the semimajor axis and o ; , is
the integrated stellar velocity dispersion. Assuming a Sérsic index
n = 1 and axis ratio g = 1 leads to the highest possible value of
the structural factor K(n)K(q) in this calibration, hence the most

conservative upper limit on Mgy, from the A. van der Wel et al.



Table 2. Summary of the derived parameters of Abell2744-QSO1, report-
ing the median and 16th-84th percentile range of the posterior probabil-
ity distribution. All fluxes are corrected for dust redding, and all relevant
quantities have been corrected for gravitational lensing magnification
(assuming u = 5.8; L. J. Furtak et al. 2023). The ‘n’ and ‘b’ subscripts
denote values inherent to the narrow lines and to the (two-component)
broad lines, respectively.

Property Posterior Unit

Ay —0.2ng§ mag

Ayy 2.9792 mag

F(HpB) 0.0315:92 10718 erg s~! cm 2 <?vsp 2pt?>
Fy ([0 m]A5007) 0.01375011 1078 ergs™! cm™2
Fy(Ha) 0.07+5:53 107¥ ergs~! cm™2
Ly(He) 0.0415:93 10* ergs™!
SFR(Ha)® 0.794 Mo yr~!

EWabs(H /3) 90f8? A

EWaps(Ha) 512 A

EWeont(H B) 173 A

EW,(HB) -38+2 A

EWeont(Ha) 2472 A

EW,(Ha) -170*39 A

F,(Hp) 0.2175.25 1078 ergs™! cm™2
F(Ha) 21739 1078 ergs™! cm ™2
FWHMy,(Ha) 680170 kms™!

o p(Ha) 7401—}(2)8 kms™!

log MRV 6.3701 dex Mg

log MPB25 6.5752 dex Mg

log M, (fiducial) 7.2791 dex Mg

- 000508 -

Note.® This SFR assumes no AGN contribution, so should be regarded as
an upper limit. ? oy}, is the second moment of the observed line profile, as
described in B. M. Peterson et al. (2004) and DB25. It shall not be confused
with the dispersion of a Gaussian.

(2022) calibration. We also increase o, by 0.175 dex, following
the calibration of R. Bezanson et al. (2018), as described in H.
Ubler et al. (2023) and R. Maiolino et al. (2024). This is meant
to capture the different average value of o between gas and stars
(the latter of which underlies the calibration of A. van der Wel
et al. 2022). However, we note that at low values of the stellar ve-
locity dispersion, the calibration of R. Bezanson et al. (2018) may
already implicitly capture an average inclination correction, since
aperture velocity dispersion has a larger velocity contribution for
gas than for stars (e.g. L. Cortese et al. 2016; D. Barat et al. 2019).
Our inclusion of the R. Bezanson et al. (2018) scaling between
the gas and stellar aperture dispersions thus yields an even more
conservative upper limit on Mgyn, by 0.4 dex. With this approach,
we find an upper limit log(Mgyn/Mo) < 8.0. Alternatively, using
the calibration of J. P. Stott et al. (2016) for purely dispersion dom-
inated systems, we find log(Mayn /M) < 7.1. These are extremely
low values, driven by the low dispersion of the narrow H« and
by the unresolved nature of the galaxy in the spatial dimension.
We measure the Balmer decrement of the narrow lines from
the total aperture, and find a dust attenuation value Ay, =
—0.2 £ 0.5 mag, fully consistent with no dust (Table 2), and pos-
sibly even suggesting an intrinsic line ratio lower than the stan-
dard Case-B value adopted here (W. McClymont et al. 2025a; G.
P. Nikopoulos et al. 2025). The posterior chains include a dust
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attenuation correction, applied for every sample where Ay, > 0.
For this, we adopted the K. D. Gordon et al. (2003) ‘SMC-bar’
dust extinction law and an intrinsic H « /H B flux ratio of 2.86,
appropriate for Case-B recombination, electron temperature T, =
10000 K and density n, = 500 cm~3.

For the BLR, assuming an intrinsic Balmer decrement of 3.1 (X.
Dong et al. 2008), we find Ay, = 2.9 & 0.2 mag. We caution, how-
ever, that the intrinsic H «/H 8 ratio in BLRs is quite uncertain,
reaching values up to 10 (D. Ili¢ et al. 2012). For Abell2744-QSO1,
we disfavour such a high intrinsic ratio, because the observed
Balmer decrement of the broad lines is also equal to 10 & 1. Given
this observed value, assuming an intrinsic decrement of 10 would
imply little or no dust attenuation, at variance with the consider-
able dust found in front of the accretion disc (Ay = 2.13 + 0.02
mag; J25). On the other hand, other high-redshift LRDs seem
to display non-Case-B ratios (G. P. Nikopoulos et al. 2025), and
evidence for collisional excitation from a joint analysis of broad
Hy ,Hp, and He (F. D’Eugenio et al. 2025).

Based on the Ho luminosity of the narrow component and
using the star-formation rate (SFR) scaling of W. McClymont et
al. (2025b), we infer 0.7704 Myyr~! (corrected for lensing using
u = 5.8; L. J. Furtak et al. 2023). Using the calibration of A. E.
Shapley et al. (2023), we would infer instead a much lower value
of 0.0975:9> Mgyr!. These values assume that the narrow-line
region is completely dominated by star formation photoioniza-
tion, with no AGN contribution. Clearly, since Abell2744-QSO1
is AGN dominated (J25), a more cautious approach would be to
regard this SFR estimate as an upper limit. Following e.g. G. C.
K. Leung et al. (2019), we can estimate the gas mass from the
narrow-H « luminosity as

-3
L,(H oz)1 100cm , @

Ne

My = 3.3 x 105Mg

10%erg s~

where we assumed T, = 10000 K. For an electron density in
the range 100-500 cm~3, plausible for star-forming regions, we
obtain an ionized-gas mass of 3-13 x 10° M, negligible relative
to the dynamical masses. Higher densities such as those found
in the absorber and in the BLR would further lower this esti-
mate, but as we have seen, the small velocity dispersion of the
narrow lines disfavours their origin too close to the BLR. Dark
matter should also be negligible on these scales. For an object
with M, < Mgy, < 10”1-10M, the halo mass at z = 7 should
be of order My, < 10'°°-10"3 Mg, Using the relations from J. S.
Bullock et al. (2001) and A. A. Dutton & A. V. Maccio (2014),
we can infer the scale density and scale radius, from which we
derive the dark-matter mass inside the sphere of radius 30 pc to
be My (R < 30pc) < 3 x 10° Mg,

With the measured SFR, and using the upper limit on Mgy, as
a limit on M, too, we can relate this object to the star-forming
main sequence of galaxies (SFMS). In Fig. 2, we show the posi-
tion of Abell2744-QSO1 relative to star-forming galaxies at z =
7.04, from both observations and numerical simulations. Obser-
vational data are from the JWST Advanced Deep Extragalactic
Survey (JADES; M. J. Rieke et al. 2023; K. N. Hainline et al. 2024;
D. J. Eisenstein et al. 2026), where M, and SFR were measured
from spectral energy distribution (SED) modelling (C. Simmonds
et al. 2024). Simulated galaxies are from the hydrodynamic suites
DUSTYGADGET (L. Graziani et al. 2020; C. Di Cesare et al. 2023),
THESAN-ZOOM (R. Kannan et al. 2025; W. McClymont et al.
2025b), and AESOPICA (S. Koudmani et al. 2022; Koudmani et al.
in preparation). AESOPICA is a new suite of large-volume cosmo-
logical simulations (Koudmani et al. in preparation) built upon
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Figure 2. Abell2744-QSO1 in relation to the SFMS, using our largest
upper limit on Mgy, as an upper limit on M, too, and assuming that all
the narrow H« is due to star formation. Solid and dashed contours are
simulated galaxies at z = 7-7.5 from DUSTYGADGET (L. Graziani et al.
2020; C. Di Cesare et al. 2023) and from AESOPICA (S. Koudmani et al.
2022; Koudmani et al. in preparation). The dashed red and solid-blue lines
with shaded 0.2-0.3 dex scatter are the SFMS from the C. Di Cesare et
al. (2023) and from the THESAN-ZOOM project (R. Kannan et al. 2025;
W. McClymont et al. 2025b). The dotted contours are observed galaxies
at 6.5 < z < 7.5 from JADES (C. Simmonds et al. 2024), with the green
line representing a bias-corrected SFMS model (C. Simmonds et al. 2025).
Abell2744-QS01 (orange hexagon) lies on the SFMS. Note that any AGN
contribution to narrow H & would lower the estimated SFR.

the FABLE galaxy formation model (N. A. Henden et al. 2018),
with targeted updates for modelling the growth of infant SMBHs
in the early Universe. AESOPICA explores three key modifications
to fiducial galaxy formation models: enabling efficient accretion
in the low-mass regime (S. Koudmani et al. 2022), incorporating
super-Eddington accretion, and examining a broad range of seed
masses (10°Mg, to 10°My,) following seed evolution from early
cosmic epochs (z ~ 20).

Assuming that all the narrow H« was due to star formation,
we would infer a location of Abell2744-QSO1 on the SFMS, as in-
ferred from all of DUSTYGADGET, THESAN-ZOOM, and AESOPICA.
Clearly, an independent measure of the SFR is required to dis-
entangle the AGN contribution, and to assess the precise star-
forming nature of the host galaxy.

3.2 Black hole mass

To estimate the mass of the SMBH, we use two alternative
virial calibrations, both based on the luminosity and width
of the broad Hoa line. The calibration of RV15 uses the line
FWHM. In our case, we have three possible choices, depend-
ing on how the broad-line profile is interpreted. One could
adopt the FWHM of the total line profile (modelled as the
sum of two Gaussians), corrected for line absorption. With this
method, and with FWHM, = 6807} kms™! (Table 2), we in-
fer log(M®V15 /M) = 6.3751, with 0.3 dex additional uncertainty
from the scatter about the calibration. These values are much
lower than previous estimates based on the width of the broad
H B line (L. J. Furtak et al. 2024; J25; FWHM,(H 8) = 2658733
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kms™!); the key difference is the much narrower FWHM of
the total broad line profile (Table 2). Our total FWHM,(H «)
(Table 2) is much closer to the FWHM of the narrowest of
the two broad Gaussians (FWHM,; = 560 4+ 50 km s~! versus
FWHM,;,, = 20007200 km s~1; Table 1), but this is a consequence
of the flux ratio between the two components. Using instead the
width of the broadest Gaussian, 2000720 km s ™!, one would infer
log(MRV15 /M) = 7.2 4 0.1. This measurement is in much better
agreement with the H 8 -derived mass (L. J. Furtak et al. 2024; X.
Ji et al. 2025).

As an alternative, we use a calibration based on the line second
moment, o}, which we measured on the observed line profile
after subtracting the continuum. We remark that o, is not the
dispersion of the Gaussian. In fact, we find o1, = 740119 kms~1,
broader than FW HM,(H «). This larger value is due to a combi-
nation of model assumptions (the o, method does not take into
account the presence of the absorber) and to the broad wings
of He , which are up-weighted when calculating the second-
moment of the line profile. For reference, oy diverges for a
Lorentzian-like line profile. From our estimate of o7, using the
calibration of DB25, we obtain log(MP5% /M) = 6.5731, with
0.2 dex calibration uncertainties.

Crucially, the direct M, measurement from I. Juodzbalis et al.
(2026a) agrees best with the single-epoch virial estimate using
the width of the broadest Gaussian component. Alternative esti-
mates, such as from the FWHM of the sum of the two Gaussians,
or from the line second moment, both fall significantly shorter
than the direct measurement. The discrepancy between the dy-
namical estimate and the values inferred from the total profile
can be understood if the narrowest of the two broad Gaussians
is not related to the black-hole BLR. Evidence for a spatially re-
solved nature support a different physical origin of this kinematic
component (I. Juodzbalis et al. 2026a).

Among the alternative models, both the Lorentzian/Voigt pro-
file as well as the electron-scatter model (Appendix A) underpre-
dict M,. In particular, the electron-scatter model of V. Rusakov
et al. (2026) — coupled with the RV15 calibration - yields a value
of M, that is 1.7 dex below the dynamical estimate — despite
this model being marginally better statistically than the fiducial
model (A BIC = 5).

To obtain the bolometric luminosity, we use the calibration
of J. Stern & A. Laor (2012), based on the broad H « , and find
Lot = 2.1 x 10*erg s~!, within a factor of 2 from the value based
on broad H g, as reported by J25.

3.3 Absorbing gas

The gas absorber has a very high equivalent width; when mea-
sured relative to the broad-Ha flux, the value is EW(Ha) =
Sff A, while the value measured relative to the continuum is
EWeont(Ha) = 22112 A, Both values are very high, but the second
value is so high that it completely rules out a stellar origin.! The
strength of the HS absorber appears much larger, with an optical

'High-EW Balmer-line absorption in stellar atmospheres is routinely ob-
served in spectral types from late B to early F, but is never as strong
as seen here. For reference, for a simple stellar population employing
MIST isochrones (J. Choi et al. 2016) and the C3K model atmospheres
(C. Conroy et al. 2019), the maximum EW (H ) is 8.3 A for a burst age
of 400-500 Myr, depending on metallicity. For Abell2744-QSO1, such an
old burst age is ruled out by the amount of rest-UV light.
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Figure 3. The best-fitting model where the dense gas absorbs only the
continuum and not the broad H « line cannot reproduce the observations,
therefore the dense absorber must be located between the observer and
the BLR.

depth at the line centre of 7o(H ) = 1212, compared to only
w(Ha) = 1.2fgjg. Since these are absorption lines arising from
the same energy level, their optical depth ratios are set by atomic
physics to be o(HB)/te(Ha) = Aug/Aua - fr4/fr3 = 0.137,
where we used the oscillator strength values f,,, = 0.119 and
fr—3 = 0.641. Our results yield to(H 8)/to(H ) = 10 & 6, almost
20 away from the theoretical value. Higher-quality observations
of H B are needed to confirm this finding in Abell2744-QSO1, but
similar results have been reported for other LRDs (F. D’Eugenio
etal. 2026, 2025), lending credibility to this low-SNR result. Addi-
tionally, the H 8 and H « absorber require two different velocities,
With Vabs 11 p — Vabs e = 90 £ 30 km s™. Again, while this is only
a 3o result, other LRDs have been confirmed to have different H o
and H B absorber velocities (F. D’Eugenio et al. 2025; X. Ji et al.
2026; X. Lin et al. 2026). At face value, the kinematic discrepancy
in the two absorbers suggests the presence of some line infill,
possibly P-cygni profiles (A. Torralba et al. 2025; V. Rusakov et
al. 2026). Spatially, the absorber is clearly located in the BLR, or
between the BLR and the observer, as demonstrated in Fig. 3;
there is clearly not enough continuum flux to be absorbed, and
the model is unable to reproduce the data.

The mean velocity offset of the BLR model is v, = —18 £
8kms~!. This is only a 2.50 difference, so we do not regard it
as strong evidence for a velocity offset, especially since we miss
the peak of the BLR due to the absorption. The velocity of the
Ha absorber is also very close to the systemic velocity, Vs =
—40 4 10 km s~. This weak blueshift echoes the blueshift of the
BLR, such that their difference 22 & 13 km s~ is fully consistent
with zero (within 1.7¢), implying that the dense-gas absorber is
at or very near rest-frame velocity relative to the BLR.

While a single rest-frame absorber could indicate an in-
flow/outflow directed close to the plane of the sky, there is in-
creasing evidence for near rest-frame absorbers being common
(e.g. F. D’Eugenio et al. 2025, 2026; Y. Ma et al. 2025a), favouring
stationary equilibrium, such as a gas disc, or at least long-lived
structures, such as stalling gas clouds. Indeed, if we adopt the
column density Ny ~ 10**cm~2 estimated from the strength of
the Balmer absorption (J25), the gas absorber could be long-lived
even under a high-Agqq scenario, because the cross section for
absorption depends on the dust fraction (A. C. Fabian, R. V. Va-
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sudevan & P. Gandhi 2008), which we estimate to be low. In fact,
from the dust-to-column density ratio of the Milky Way (MW)
and from the hydrogen column density of J25, we can derive
constraints on the dust and metallicity properties of the absorbing
gas. Following the method of F. D’Eugenio et al. (2024b, their
equation 1), we can write

Ayn (Nu
Z x &4 = Zyw X Eq.mw Nu (AV>MW7 3
where Z is the ISM metallicity, &; is the dust-to-metal ratio.
Adopting the MW values of the gas-to-extinction ratio Ny /Ay =
(2.09 £0.03) x 10! cm~2 mag™! (H. Zhu et al. 2017), the dust-to-
metal ratio & mw = 0.45 (C. Konstantopoulou et al. 2024), and
an ISM metallicity in the solar neighbourhood Zyw = 0.6 Z, (K.
Z. Arellano-Cérdova et al. 2021), and using a 30 upper limit on
the dust content of Ay, < 1.5 mag, we infer Z - & < 0.0008 Z,.
The inequality stems from the upper limit on Ay ,, but one must
recall that even if dust was detected, some or even most of the
narrow-line attenuation may not be associated with the absorber.
Atfacevalue, suchalow Z - & implies that the absorbing medium
is extremely dust poor. This could stem in part from a very low
value of &4, which would be expected if the absorber is within
the dust sublimation radius from the SMBH, and in part from
intrinsically low metallicity - which resonates with the emission-
line analysis of R. Maiolino et al. (2025a), who use the narrow-line
ratios to estimate Zg,; < 0.01Zo. Whatever the reason (absence of
metals or dust sublimation), our estimate of Z - & would lower
the effective Eddington ratio for the galaxy interstellar medium
(ISM), thus increasing the lifetime of absorbing clouds (A. C.
Fabian et al. 2008; N. Arakawa et al. 2022).

4 DISCUSSION

LRDs defined as having broad permitted lines, a ‘v-shaped’ SED,
and very compact morphology, are a puzzling new class of AGN,
unknown before JWST. It is clear that these objects are preferen-
tially found in the Universe before Cosmic Noon, at 7 > 2-3 (Y.
Ma et al. 2025a; X. Lin et al. 2026).

Abell2744-QSO01 (L. J. Furtak et al. 2023, 2024) was found to
have one of the strongest Balmer breaks observed at high redshift
(see also I. Labbe et al. 2024). The smooth nature of the break in
this galaxy has defied any attempt to model it as a stellar Balmer
break (Y. Ma et al. 2025b). In contrast, by using the model of
K. Inayoshi & R. Maiolino (2025), which associates the Balmer
break to dense gas absorbers around the AGN, and by introducing
a large micro-turbulence parameter of v, ~ 120kms™, J25 were
able to successfully model the shape of the continuum break.

4.1 Properties of the gas absorber

One of the key predictions of the K. Inayoshi & R. Maiolino
(2025) model is the presence of high-EW Balmer-line absorp-
tion. While J25 reported tentative evidence of H 8 absorption, the
much higher SNR of the H & emission line enables us not only to
confirm beyond any doubt that Abell2744-QSO1 also has H « ab-
sorption (Fig. 1), but also to study its kinematics. The EW of this
absorption is too large to be of stellar origin, completely ruling
out a stellar-atmosphere interpretation of the Balmer break. The
inferred broadening, oups = 11072 kms™, closely matches the
micro-turbulence value required to model the continuum shape
(by definition v, = V2045). Such a high degree of smoothness
cannot be obtained from stellar atmospheres (v, < 15kms™;
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K. C. Smith & I. D. Howarth 1998), or from stellar kinematics
(given the Gaussian dependence of kinematics-driven broaden-
ing, while turbulence-driven broadening is exponential).

Different aspects of our analysis favour a location of the ab-
sorber within or just outside the BLR. First, because the absorp-
tion is too deep to absorb only the continuum (in agreement
with the ‘Rosetta Stone’ LRD from I. Juodzbalis et al. 2024a).
Second, the density of the absorber is fully consistent with the
high densities of BLRs (J25).

4.2 Absorber energetics

The high value of the turbulence (now coming from two inde-
pendent measurements) must indicate either a transient nature,
or an adequate energy source to counteract dissipation, which for
turbulent energy is of order of the crossing time (M.-M. Mac Low
1999; M.-M. Mac Low & R. S. Klessen 2004; R. S. Klessen & S. C.
0. Glover 2016). Since we do not know the scale of the turbulent
motions, we can derive an upper limit to the dissipation time by
using the size of the system, hence the dissipation time must be
shorter than 30pc/(110kms™!) ~ 200000 yr. We can obtain a
crude estimate of the clouds turbulent-energy density from the
usual definition of kinetic energy, as 1.4mpny - aazbs, with ng =
1083-101%m=3 (J25). Using simple geometry, a spherical shell of
radius R., thickness SR, and solid angle 2. has total turbulent
energy

Q n
E. =69 x 100 2= (7}‘)
A7 108cm—3

Rc 2 SRC Oabs 2
. 4
(1pc> (0.001pc) (100km s—l) ere @)

For the galactocentric distance of the clouds R, we use the size
of the BLR; since there is not enough continuum to be absorbed
(Section 3.3), the clouds must be back-illuminated by the BLR, at
least in part. We set therefore a lower limit R, = Rprg > 2.7 pc,
where the lower bound on the size of the BLR has been derived
from the time delay between the continuum and emission-line
variability (J25). The thickness of the clouds is not known for the
object in hand, but it has been estimated to be §R. < 1073 pcina
low-redshift LRD (I. JuodZbalis et al. 2024a). With these numbers
and setting Q. = 4, the turbulent energy of the absorbing clouds
is E. ~ 10°2-10% erg. Under the assumption of a long-lived cloud,
we can estimate the power required to maintain the turbulence
as P. ~ Ec/(8R¢/0aps), OF

Q n
Po=22x10" (=2 (7’*)
4 103¢cm—3

R\’ ( Oabs )3 ergs! )
1pc 100km s™! ’

which are comparable to the bolometric luminosity of the AGN,
Lyl ~ 10%ergs~1.

The outcome of the previous estimates depends on two very
uncertain assumptions. The large-scale covering factor of the
dense absorbers, and the turbulence decay time, §R./oaps. Based
on the fraction of LRDs with confirmed line absorption, it is
reasonable to estimate Q./(47) > 0.1, which would imply that
the absorbing clouds are an important component of the energy
budget in LRD AGN. For the turbulence decay time, we have
assumed the smallest physical size of the clouds. However, since
the resulting crossing time is only of order 10 yr, it is difficult
to imagine these clouds being long lived, which is required to
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explain the relatively high fraction of LRDs with absorption. It
is thus possible that the absorbing gas constitutes the limiting
edge of the Stromgren sphere, and that it is therefore contiguous
to higher ionization gas, perhaps the BLR itself. In this case, the
decay time would be significantly longer, depending on the ac-
tual scale of the turbulence. Alternatively, the observed o,ps may
represent a velocity dispersion between different clouds, but in
this case we would expect significant cloud-cloud collisions. Still,
a dynamical environment, where absorbing clouds are continu-
ously formed and destroyed on short time-scales is also possible,
and it is supported by observations of gas absorption in local
AGN (R. Maiolino et al. 2010, although, in the latter case, the
absorption is much weaker).

4.3 Black hole mass and Eddington accretion rate

Using the total line width of FWHM, = 68017 kms~!, the es-
timated M, would be roughly one order of magnitude lower
than previous values based on H 8 . However, this result would
be in strong contradiction with I. Juodzbalis et al. (2026a), who
measure M, by combining dynamical modelling of the resolved
narrow Hea and spectroastrometry, finding log(M,/Mg) = 7.7.
This result is in much better agreement with the estimate from
the width of the broadest H component, which - applying the
RV15 calibration —is 7.2 £ 0.1.

All alternative choices of model or line width yield much lower
M, values. Specifically, the non-parametric line width calibration
of E. Dalla Bonta et al. (2025) yields log(Me /M) = 6.5 — despite
this calibration having the lowest scatter. A possible explanation
is that the intermediate-width component (which is spatially re-
solved; I. JuodZbalis et al. 2026a) may not be associated with the
BLR, and should be subtracted before measuring o p.

Using a Lorentzian/Voigt profile yields similar results as using
the total line width from the sum of the two Gaussians (Ap-
pendix A). Similarly, the electron scattering scenario also yields
much lower M,.

Our high M, results in a low Eddington ratio. With the bolo-
metric luminosity estimated from H « (or, equivalently, from the
optical continuum, J25), we infer a sub-Eddington accretion rate,
Apda = 0.09.

Our higher SNR and spectral resolution reduce the dynamical
mass of the whole system to the range log(Mgyn/Mp) = 7.1-8.0
(depending on the calibration adopted). With these values, we
obtain a range of M,/Mgy, between 0.15 and 1.2, indicating an
overmassive black hole, and reaching the regime where the black-
hole dominates the entire system (in agreement with X. Ji et
al. 2025 and I. Juodzbalis et al. 2026a). These values indicate
a strong deviation not only from the M,-M, relation, but even
from the Me,—o relation (R. Maiolino et al. 2024), suggesting a
departure from the co-evolution path (J25), possibly associated
with a black hole-first scenario. Analysis of black-hole evolu-
tionary tracks in scenarios where z ~ 4 overmassive black holes
grow through short phases of super-Eddington accretion suggests
that they tend to grow independently of their final host galaxy
(in independent progenitor halos) down to z ~ 8, and start ‘co-
evolving’ only thereafter (A. Trinca et al. 2024). Before that, their
BH to stellar mass ratio may be even more extreme than observed
at g ~ 5, possibly matching a system as extreme as Abell2744-
QSO1.

The largest uncertainty on these ratios derives from the galaxy
virial calibrations, which span one dex in Mgy,. In Fig. 4(a), we
show the Me—M, relation, where we use our most conservative
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Figure 4. Using our fiducial determination of M, from the width of the broadest Gaussian, Abell2744-QSO1 (filled orange hexagon) is overmassive
relative to both M, (panel a) and Mgy, (panel b), when compared to local scaling relations, similar to other JWST-discovered AGN (red symbols). Our
estimates based on Ha revise both M, and Mgy, down relative to the H 8 and [O 111] 25007 estimates, though M, is up to 0.5-dex lower than the H
and direct estimates (empty hexagons; J25, I. Juodzbalis et al. 2026a). The main conclusion that Abell2744-QSO1 is overmassive remains unchanged.
The local scaling relations are from J. Kormendy & L. C. Ho (2013), RV15, and J. E. Greene, J. Strader & L. C. Ho (2020). High-redshift quasars are from
T. Izumi et al. (2021), M. A. Stone et al. (2023), M. Yue et al. (2024), and M. A. Marshall et al. (2025). High-redshift, low-luminosity AGN are from Y.
Harikane et al. (2023), H. Ubler et al. (2023), A. D. Goulding et al. (2023), R. Maiolino et al. (2024), R. Tripodi et al. (2025), and L. JuodZbalis et al. (2026b).

upper limit on Mgy, as an upper limit on M, too; despite revising
M, down, we confirm that the SMBH in Abell2744-QSO1 makes
up at least 15 per cent of the stellar mass.

In Fig. 4(b) we compare our new measurements to local scaling
relations between M, and Mgy,, and confirm the overmassive
nature of the SMBH in Abell2744-QSO1. In any case, regardless
of the M, and Mgy, adopted, the SMBH is a dominant component
of the dynamics of this system, with a sphere of influence of 18-
45 pc, which is comparable to or even larger than the upper limit
on R, (I. Juodzbalis et al. 2026a).

The observation of turbulent gas absorbers consistent with
rest-frame velocities, together with their low dust (and metal-
licity; J25) content and with low Agqq ratios, suggests a scenario
where accreted gas is piled up in a dense reservoir near the black
hole, giving rise to long-lived absorption (A. C. Fabian et al. 2008).

Since dense n = 2 absorbers are rare in normal AGN (R.
Maiolino et al. 2025b), accretion or black-hole feedback should
normally be able to clear this gas. However, several conditions in
the early Universe may favour gas accumulation. Accreting gas at
early times would naturally have low angular momentum (since
low-angular momentum gas would collapse earlier and more ef-
ficiently; e.g. A. Renzini 2025), leading to a high accretion rate
towards the innermost regions of proto-galaxies, where massive
black holes dominate the gravitational potential. The compact
nature of LRDs naturally agrees with a low-angular-momentum
budget (A. Loeb 2024; F. Pacucci & A. Loeb 2025), and the high
black-hole to total mass fraction supports scenarios of black-hole
dominated galaxies (J25).

While radiation pressure would push the gas outwards, high
gas density, metals, and dust just outside the sublimation zone
would favour gas cooling. At the same time, the very low metallic-

ity and dust content of newly accreted gas mean that its coupling
to the accretion-disc radiation is essentially driven by the Thom-
son cross-section, not by dust absorption. This is different from
later epochs and from more evolved galaxies, where dust in the
ISM increases the coupling with radiation up to 10- or 100-fold
relative to the Thomson cross-section (A. C. Fabian et al. 2008).
If this gas is stalling due to weak radiation pressure, it would
naturally have a high degree of turbulence, but negligible radial
velocity, consistent with observations. Its accumulation would
lead to high covering factors, also consistent with observations.

In this scenario, the SMBH would be unable to regulate gas
accretion onto the galaxy (F. Pacucci & R. Narayan 2024), ex-
plaining why the M,—M, relation does not hold for proto-galaxies
at z = 5 (Y. Harikane et al. 2023; R. Maiolino et al. 2024), but
why it is in place at lower redshifts and for more massive, more
evolved galaxies (Y. Sun et al. 2025). Indeed, at later epochs,
metal dissemination from the first galaxies and higher angular
momentum would lead to larger galaxies, where the impact of
the central SMBH on the gravitational potential of the host galaxy
becomes negligible (except for the innermost regions), but where
its ability to regulate the galaxy ISM increases dramatically. This
evolution would naturally explain the disappearance of LRDs at
later epochs, which currently seems to largely occur by z ~ 2 (L.
Juodzbalis et al. 2024a; Y. Ma et al. 2025a), although a few rare
cases have been discovered at z = 0.1-0.2 (X. Lin et al. 2026; X. Ji
et al. 2026).

5 CONCLUSIONS

In this work, we present R = 3, 700 JWST NIRSpec/IFS aperture
spectroscopy of the Hu line in the broad-line AGN Abell2744-
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QSO1 at z = 7.04. Leveraging the higher SNR of these data, we
find

(i) The H @ emission line consists of a narrow-line component
(60 detection) and a broad-line component. The latter has distinc-
tively non-Gaussian line profile with observed FWHM = 680" %
kms!.

(ii) From the Balmer decrement of the narrow lines, we infer
Ay = —0.2 £ 0.5 mag, consistent with no dust. Interpreting the
narrow Ho line as solely due to star formation, we infer a de-
lensed SFR of 0.7703 Mgyr ™.

(iii) Our revised SMBH mass is log(Me/My) = 7.2, derived
from the width of the broadest Gaussian and from the RV15
calibration.

(iv) Assuming local calibrations for the bolometric AGN lumi-
nosity, we infer Eddington ratios Agqq = 0.09.

(v) The narrow line has an intrinsic o, = 22*; kms™!. The
resulting Mgy, is log(Mgyn/Mg) = 7.1-8.0, implying very high
My /Mgy = 0.15-1.2.

(vi) Broad H« is subject to foreground hydrogen Balmer-line
absorption with high EW and large broadening ogps = 110129
km ™!, which rules out a stellar origin. This detection confirms
the predictions of K. Inayoshi & R. Maiolino (2025) and J25 of a
link between AGNs with Balmer breaks and Balmer-line absorp-
tion. Our o,y is consistent with the micro-turbulence inferred
from independent modelling of the Balmer break by J25.

(vii) The H « absorber has low line-of-sight velocity, consistent
with the velocity of the broad H « emission line and is very close
to the velocity of the narrow lines, implying that the absorbing
gas cannot be interpreted as an inflow or outflow.

(viii) Comparing the column density and ISM attenuation of
the galaxy, we infer that the n = 2 absorber is dust poor.

Our findings confirm the overmassive nature of the SMBHs
in low-luminosity, ‘LRD’ AGNs. The overmassive nature of
Abell2744-QSO01 suggests intriguing possibilities regarding the
formation of early SMBHs, such as SMBHs dominating the grav-
itational potential, and large supply of cosmic gas that can be
efficiently fuelled onto SMBHs leading to rapid growth.
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APPENDIX A: ALTERNATIVE MODELS OF
BROAD HBSAND Ha

The double-Gaussian assumption represents a convenient and
effective way to capture the observed shape of the H o emission.
However, in principle, other line shapes are possible, such as a
broken power law or a Lorentzian profile. Here, we test three
alternative approaches; a single Gaussian, a Voigt profile (I. Labbe
et al. 2024), and a Gaussian with exponential wings (V. Rusakov
et al. 2026).

The maximum-likelihood single-Gaussian model is shown in
Fig. Al. This model yields a worse fit than the fiducial model,
and is actually one of few BLR profiles that is ruled out by the
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Figure Al. Best-fitting model of H « using a single-Gaussian profile for
the broad emission. A single Gaussian does not reproduce the line shape,
with the model using the narrow-line component to accommodate the
intermediate-width broad Gaussian (green dashed line), and ignoring the
narrow lines. This fit yields A BIC > 35 relative to the fiducial double-
Gaussian model. The panels and line colours are the same as in Fig. 1.
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data (in agreement with V. Rusakov et al. 2026), with A BIC > 35.
The model presents clear excess blueward and redward of the
narrow-line Hoa , which in the fiducial fit is attributed to the
narrowest of the two broad Gaussians (cf. Fig 1c). To capture
some of this flux, the model uses a broader and redshifted narrow-
line, coupled with very strong and very narrow absorption. This is
an unfavourable combination, because the redshift of the narrow
H o does not agree with the redshift of H 8 and [O 111] 25007. As
a result, the latter two lines, which have lower SNR than narrow
Ha , are both clipped as outliers. Furthermore, the extremely
narrow absorber (having o,,s < 20kms™!, 30 upper limit; Fig.
Alc) is completely inconsistent with the shape of the Balmer
break, which is remarkably smooth (L. J. Furtak et al. 2024; Y. Ma
et al. 2025b; J25). More subtle, but still noticeable, is the excess
flux around 5.27 and 5.29 um, also evident as several consecutive
pixels with y < —2 around these wavelengths in Fig. A1(b). In
any case, we reject a single broad-line Gaussian with an absorber
as a viable model for the BLR in Abell2744-QSO1.

Next we consider a Voigt profile, a more general model than a
Lorentzian profile, since the latter reduces to a Voigt profile in the
presence of kinematic broadening in the line core. For the case
in hand, we have a minimum core broadening of ¢ = 34kms™!
due to the spectral resolution of NIRSpec. We obtain FWHM;, =
77073 kms™! and log(M./Mg) = 6.5; all other quantities are
statistically consistent with the fiducial fit. The Voigt model (Fig.
A2) provides an adequate characterization of the broad lines,
with a marginally worse BIC than the fiducial double-Gaussian
model, although the difference is not sufficient for model selec-
tion (A BIC = 2). Around H« only, the model performs even
worse (A BIC = 7). While fit quality alone cannot select Voigt
over a double-Gaussian model, we adopt the latter as fiducial
model based on other considerations, as explained below for the
electron-scattering model.

Finally, we consider a broad-line model given by a single broad
Gaussian transmitted through a high column density of ionized
gas. This is given by a broad Gaussian (transmitted component),
plus a fraction of the same Gaussian convolved with an exponen-
tial kernel, motivated by Doppler broadening due to electron scat-
tering (A. Laor 2006; V. Rusakov et al. 2026; see F. D’Eugenio et al.
2025 for our specificformalism). This model yields a satisfactory
fit to the data (Fig. A3); specifically, when compared to the fidu-
cial double Gaussian model, we find A BIC = 2 in favour of the
electron-scattering model. The results concerning the absorbing
gas are unchanged, because observing noise overcomes system-
atic uncertainties. This model yields a narrow Gaussian width
with, FWHM,, = 67015 km s1; applying the calibration of RV15
yieldslog(Me/Mg) = 5.9. Such alow value would reduce the ten-
sion with local scaling relations (albeit Abell2744-QSO1 would
remain an overmassive outlier in Fig. 4). As noted by V. Rusakov
et al. (2026), this model naturally results in a high Eddington
ratio, Apaa = 2.1708. However, this M, measurement is 1.8-dex
lower than the direct measurement of 1. JuodZbalis et al. (2026a).
Such a strong discrepancy argues against the electron-scattering
model or - at the very least — its combination with virial scaling
relations. More decisive is the finding that the intermediate-width
component is spatially extended, unlike the broadest component
(1. Juodzbalis et al. 2026a). This argues against a common origin
of the two broad components, justifying the adoption of a double
Gaussian.
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Figure A2. Best-fitting model of H « using a Voigt profile for the broad
emission. The Voigt (and Lorentzian) profiles provide an adequate fit to
the data (particularly H 8 ), but we disfavour this model based on the fact
that the intermediate broad component is spatially resolved (R. Maiolino
etal. 2025a; I. Juodzbalis et al. 2026a), while this model uses a single broad
component. The panels and line colours are the same as in Fig. 1, except
for the broad-line model, which here consists of a single Voigt function

(cyan).
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Figure A3. Best-fitting model of H « using the ‘exponential’ model,
where the broad lines are the sum of a single Gaussian (transmitted
component) plus a Gaussian convolved with an exponential kernel (scat-
tered component). The exponential model fits the data as well (if not
better) than the fiducial double-Gaussian model (Fig. 1), but we exclude
this model based on the fact that the intermediate broad component is
spatially resolved (R. Maiolino et al. 2025a; I. JuodZbalis et al. 2026a). The
panels and line colours are the same as in Fig. 1, except for the blue and
cyan model lines, which here represent respectively the transmitted and
scattered broad Gaussian.
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