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ABSTRACT

The depth and coverage of the first years of James Webb Space Telescope observations have revealed low-luminosity active
galactic nuclei (AGN) across a wide redshift range, shedding light on black hole (BH) assembly and feedback. We present
our spectroscopic sample of 34 Type 1 AGN obtained from JADES survey data and spanning 1.5 < g < 9. Our sample
of AGN probes a BH mass range of 10°~° My at bolometric luminosities down to 10* erg s~!. Most of these AGN are
hosted in low-mass (M, ~ 108 M) galaxies and are overmassive relative to the local Mpy—M, relation, while remaining
consistent with the local Mgy -0, relation. The wide redshift range provided by our sample allows us to trace the emergence
of local Mpy—M, scaling relation across cosmic time. Additionally, we explore the capability of narrow-line diagnostics in
identifying Type 2 AGN and find that a significant fraction of our AGN would be missed by them due to low metallicity
or lack of high-energy ionizing photons. We explore the UV luminosity function of AGN and their hosts and find that it is
subject to significant cosmic variance and is also dependent on the AGN bolometric luminosity. Finally, we show that the
electron scattering scenario recently proposed to explain broad Balmer lines is untenable on multiple grounds showing
that there is no evidence of significant BH mass overestimation.

Key words: galaxies: active - quasars: supermassive black holes - galaxies: Seyfert.

relations connecting the black hole (BH) mass to host galaxy
properties found in local active galactic nuclei (AGN) (J. Kor-
The origin and growth of the first supermassive black holes mendy & L. C. Ho 2013; A. E. Reines & M. Volonteri 2015; J. E.
(SMBHsS) and their influence on the galaxies hosting them have Greene, J. Strader & L. C. Ho 2020) suggest a strong coupling be-
long remained an open problem in astrophysics. Tight scaling tween BH and galaxy evolution. However, while various surveys
have greatly expanded the redshift frontier through the years (A.
Merloni et al. 2010; A. Bongiorno et al. 2014; J. Lyu et al. 2022),
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until recently rest-frame optical studies in the z > 4 regime have
remained limited to only the brightest and most massive quasars
(QSOs) (X. Fan, E. Bafiados & R. A. Simcoe 2023; C. Mazzuc-
chelli et al. 2023), missing the low-mass low-luminosity AGN
and complicating investigation into BH seeding and emergence
of local scaling relations. Nevertheless, the presence of ~ 10° My,
BHs at redshifts as high as 7 (E. Bafiados et al. 2018; F. Wang
et al. 2020) had already reinvigorated interest in SMBH seeding
models. These models invoke direct collapse BHs (V. Bromm &
A. Loeb 2003; Y. Luo et al. 2018), seeds produced by runaway
collisions in dense clusters (M. B. Davies, M. C. Miller & J. M.
Bellovary 2011; P. Kroupa et al. 2020), or Population III stellar
remnants growing at super-Eddington rates (A. Trinca et al. 2022;
R. Schneider et al. 2023), among other scenarios, in an attempt
to explain these discoveries. The need to test these models has
presented an even stronger impetus to search for smaller and less
luminous BHs at high redshifts.

Feedback from AGN has also been invoked as a potential
quenching mechanism that prevents high-mass galaxies from
forming stars, bridging the discrepancy between galaxy lumi-
nosity and dark matter halo mass functions (A. Man & S. Belli
2018). However, the exact shape this feedback takes and its role
in early galaxy formation is still an open problem, necessitating
population studies probing AGN and their hosts at high redshifts
(C. M. Harrison & C. Ramos Almeida 2024).

The launch of James Webb Space Telescope (JWST) has greatly
expanded the scope of AGN research possible in the high-redshift
regimes with results from first spectroscopic surveys revealing
abundant populations of faint Type 1 AGN out to well before
the epoch of reionization (Y. Harikane et al. 2023; J. E. Greene
et al. 2024; R. Maiolino et al. 2024; J. Matthee et al. 2024; A.
J. Taylor et al. 2024), exhibiting broad features in their Balmer
emission lines. However, these discoveries soon posed more ques-
tions than answers, with the newfound objects displaying con-
siderable X-ray weakness (T. T. Ananna et al. 2024; R. Maiolino
et al. 2025; M. Yue et al. 2024a), radio weakness (G. Mazzolari
et al. 2025, 2024a), signatures of metal poor broad-line region
(BLR; B. Trefoloni et al. 2024), and being significantly overmas-
sive with respect to the local BH mass-stellar mass relations (Y.
Harikane et al. 2023; H. Ubler et al. 2023; 1. JuodZbalis et al.
2024b; R. Maiolino et al. 2024). These overmassive, yet in some
cases dormant (Aggq < 0.05), BHs have presented compelling ev-
idence for having experienced phases of super-Eddington growth
(I. Juodzbalis et al. 2024b). However, the number statistics of
AGN with well-constrained host properties remain small. There-
fore, further exploration is needed to fully characterize the high-
redshift AGN population, constrain BH seeding models, and trace
the emergence of local scaling relations.

In addition to the large population of Type 1 AGN, first re-
sults from JWST spectroscopy have revealed populations of ‘mini’
or rapidly quenched low- to intermediate-mass (M < 10*° M)
galaxies (V. Strait et al. 2023; T. J. Looser et al. 2024; W. M. Baker
et al. 2025e), alongside significant populations of the more mas-
sive (M > 10'° M,,) traditionally quiescent systems (A. C. Carnall
et al. 2024; F. D’Eugenio et al. 2024b; T. Nanayakkara et al. 2024;
M. Park et al. 2024; W. M. Baker et al. 2025b, d). The high-z mas-
sive quiescent galaxies are often found to host AGN (A. C. Carnall
et al. 2023; F. D’Eugenio et al. 2024b; W. M. Baker et al. 2025d; L.
Bugiani et al. 2025) with an AGN fraction of 2> 45 per cent (W.
M. Baker et al. 2025d) and frequently hosting outflows likely re-
quiring AGN feedback to explain (S. Belli et al. 2024; F. Valentino
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et al. 2025). It remains an open question as to the potential for
AGN feedback to quench the lower mass, M ~ 10° M, systems
atz > 4 with none to date showing signs of current AGN activity
(however, any AGN quenching episode could have occurred prior
to observation, with typical quenching lookback times of 10-30
Myr in rapidly quenched galaxies, T. J. Looser et al. 2024; W. M.
Baker et al. 2025e). These results suggest that AGN feedback is
likely to be a crucial component for understanding high-z galaxy
quenching, at least at the most massive end (C. d. P. Lagos et al.
2025; W. M. Baker et al. 2025a). Additionally, further investigation
into the frequency, scope, and properties of AGN in lower mass
galaxies is urgently needed.

An additional problem complicating the studies of AGN at the
current redshift frontier is the difficulty of selecting Type 2 AGN,
which are thought to comprise the majority of AGN population
(E. Lusso et al. 2013). Standard narrow emission-line diagnostics,
such as the BPT diagram (J. A. Baldwin, M. M. Phillips & R.
Terlevich 1981), tend to struggle at higher redshifts due to the sen-
sitivity of their lines to metallicity (see H. Ubler et al. 2023), which
is considerably lower in the young Universe (D. Masters et al.
2014; A. L. Coil et al. 2015). While several alternative narrow-line
diagnostic diagrams have been proposed (M. Shirazi & J. Brinch-
mann 2012; A. Feltre, S. Charlot & J. Gutkin 2016; K. Nakajima
et al. 2023; J. Scholtz et al. 2023; G. Mazzolari et al. 2024b), larger
samples of robustly confirmed AGN are instrumental to testing
their validity and capabilities in providing a pure and complete
sample of Type 2 AGN. As Type 1 AGN are selected through a
direct detection of the BLR, a large sample of such objects would
provide a robust benchmark in validating high-redshift Type 2
diagnostics.

In this paper, we present a solid sample of 34 broad-line AGN
at 1.5 < z < 9, from which 20 are newly discovered, obtained
from the data collected across the entirety of the JWST Advanced
Deep Extragalactic Survey (JADES) spectroscopic survey data (A.
J. Bunker, NIRSPEC Instrument Science Team & JAESs Collab-
oration 2020; M. Rieke 2020; D. J. Eisenstein et al. 2023). These
observations offer considerable depth and a range in spectral
resolution allowing for robust constraints of BLR and narrow-
line region (NLR) properties for Type 1 AGN down to Ly, ~ 10%
erg s~!. Deep imaging, accompanying the JADES spectroscopy
(F. D’Eugenio et al. 2024a), allows for detailed investigations into
the properties of galaxies hosting faint AGN in the early Universe.
Additionally, the redshift range probed by our sample enables us
to probe the redshift evolution of AGN and their host properties,
tracing the emergence of local scaling relations. We will also show
how the narrow-line emission properties displayed by our sample
AGN imply the likely presence of a Type 2 population indistin-
guishable from star-forming galaxies by current diagnostics.

The paper is organized as follows - in Section 2 we introduce
the JADES survey, its photometric and spectroscopic data used in
our analysis. Section 3 describes our methods for selecting broad-
line AGN and Section 4 lays out our methods of estimating their
BH masses and accretion rates. Section 5 describes our methods
of constraining the host properties of our sample BHs. The BH-
host scaling relations of our sample, together with host mor-
phologies, are discussed in Section 6. Section 7 describes spec-
tral stacking of our sample sources and assesses the viability of
searching for Type 2 AGN via narrow-line diagnostics. In Section
8 we present an initial exploration into the shapes of the broad
lines of our sources and rule out scattering scenarios that would
imply ~ 2 dex overestimation of BH masses. The contribution of



Type 1 AGN hosts to the high-redshift UV Luminosity Function is
discussed in Section 9. Lastly, Section 10 provides summary and
conclusions.

Throughout this work we assume a flat Lambda cold dark
matter cosmology with Q,, = 0.315and Hy = 67.4km s~! Mpc™!
(Planck Collaboration VI 2020). All reported magnitudes are in
the AB system.

2 DATA DESCRIPTION

The data used in this study have been obtained as part of the
first 3 yr of the JADES survey. This survey consists of deep JWST
imaging and spectroscopy in GOODS-N and GOODS-S fields.
The full description of the survey can be found in D. J. Eisenstein
et al. (2023); however, a summary will be provided here to add
necessary context.

The JADES photometry largely consists of near-infrared (NIR-
Cam) imaging utilizing the seven of the wide (FO90W, F115W,
F150W, F200W, F277W, F356W, and F444W) together with two
medium (F335M and F410M) filters. The imaging consists of
three tiers — Medium, covering 175 arcmin?, Deep - covering 36
arcmin?, and Deepest - produced by overlapping Deep pointings
and covering a 9 arcmin? area. The total area covered by JADES
imaging, excluding overlap, is thus of order 220 arcmin?. In terms
of depth, the limiting AB magnitude of the Medium pointings is
28.6 to 29.0, depending on the filter. Deep pointings range from
29.75 to 30.14, while Deepest from 30.02 to 30.52.

The photometric data were reduced according to procedure
presented in B. E. Robertson et al. (2023), S. Tacchella et al. (2023),
and W. M. Baker et al. (2025c). In summary, v1.9.2 of the JWST
calibration pipeline (H. Bushouse et al. 2022) was used together
with the CRDS pipeline mapping context 1039. Stages 1 and 2
of the pipeline, meant for applying the detector corrections and
flat-fielding, respectively, were run with JADES’ own sky-flat pro-
vided for the flat-fielding, otherwise keeping to the default pa-
rameters. After Stage 2, custom procedures were performed to ac-
count for 1/ f noise and subtract scattered light artefacts, ‘wisps’,
along with the large-scale background. Astrometric alignment
was performed using a custom version of JWST TweakReg,!
with corrections derived from Hubble Space Telescope (HST)
F814W and F160W mosaics along with Gaia Early Data Release 3
astrometry. The images of individual exposures were then stacked
in Stage 3 of the pipeline with the final pixel scale being 0.03
arcsec per pixel.

The spectroscopic part of the survey consists of several tiers,
characterized by their depth, ‘Medium’ or ‘Deep’ along with pho-
tometry from which targets were selected, HST for targets se-
lected with the HST or JWST for Webb-selected objects (PIDs
1210, 1287, 1286, 1181, and 1180, PIs Eisenstain and Luetzgen-
dorf). The first two data releases were presented in A. J. Bunker
et al. (2024) and F. D’Eugenio et al. (2024a) with the entire data
set to be presented in the upcoming Data Release 4. The NIR-
Spec dispersers used in the survey were prism, the R1000, and
G395H/F290LP (R2700) gratings. However, the high-resolution,
R2700, grating had less coverage than prism and R1000; we thus
used them for sample selection, while employing R2700 data for
more accurate kinematics measurements for sources where it was
available.

Lhttps://drizzlepac.readthedocs.io/en/deployment/tweakreg.html
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Table 1. A summary of grating/filter configurations for the R1000 and
R2700 dispersers of NIRSpec.

Disperser + Filter Nominal wavelength range (pum)

G140M/F070LP 0.70-1.27%
G235M/F170LP 1.66-3.07
G395M/F290LP 2.87-5.10
G395H/F290LP 2.87-5.14

%The data processing pipeline employed by JADES recovers
G140M/FO70LP spectra beyond the nominal wavelength range, see
text for details.

The medium-resolution grating (R1000) consists of three in-
dividual gratings — G140M, G235M, and G395M that can be used
with four separate filters - FO70LP, F100LP, F170LP, and F290LP.
The available combinations of these used by JADES are presented
in Table 1.

Despite not using the G140M/100LP configuration, the survey
data do access the 1.27-1.66 um range as FO70LP retains data
beyond the nominal cut-off at the cost of it overlapping with
lower orders of dispersion. The data reduction pipeline employed
by JADES is able to disentangle the different orders and give
access to the full range of wavelengths covered by FO70LP. The
precise exposure time for each disperser is tier dependent with
the HST/Medium tiers receiving a nominal 1.7 h of exposure per
source in the prism and 0.8 h per source in each of the medium
gratings; JWST/Medium tiers had 2.6 h of exposure in each con-
figuration. The deep tiers had 7 h exposures in R1000 gratings and
28 h in prism. It should be noted that not all objects within a tier
received the same exposure hours. In some cases the exposure
time was one-third to two-thirds of the nominal as the source
ended up in fewer dithers, while in others the exposure times
were longer due to sources ending up in multiple pointings. The
exposure times for each individual source are listed in JADES
Data Release 3 (DR3) catalogue (F. D’Eugenio et al. 2024a). In
addition to the main Medium/Deep tiers an additional ‘Ultra
Deep’ set of observations was carried out in GOODS-S as part of a
GO ‘Large Programme’ (PID:3215, PIs Eisenstein and Maiolino)
consisting of 7 to 47 h exposures for prism and G395M/F290LP,
G140M/F070LP configurations of R1000, the G235M/F170LP be-
ing unused. Complementing the R1000 and prism, some tiers also
made use of the high-resolution grating G395H, with resolution
R = 2700. However, the R2700’s high resolution can reduce the
S/N of broad wings and the spectra may end up truncated on the
red side, thus this grating has relatively little coverage in the sur-
vey. In total, the survey contains spectra of ~5000 objects across
the GOODS-N and GOODS-S fields spanning redshifts from 0.6 to
14. However, not all observed spectra were of high enough quality
for emission-line analysis. The quality of the spectra, determined
through visual inspection, is quantified via a flagging system, see
table 6 in F. D’Eugenio et al. (2024a) for a summary. We thus
exclude spectra that do not contain flags 6 or 7, implying no de-
tected emission lines, or contain flags 2 or 10, signifying tentative
redshifts or corrupted grating data, from further analysis. This
produces an effective parent sample of ~2500 sources.

The NIRSpec data were processed according to procedures laid
out in A. J. Bunker et al. (2023) and other similar JADES pa-
pers, such as S. Carniani et al. (2023). A full description of the
data reduction procedure will be presented in Carniani et al. (in
preparation); in summary the spectral data were reduced using
the pipeline developed by the NIRSpec GTO team and the ESA
NIRSpec Science Operations Team. The first stage of this pipeline

MNRAS 546, 1-38 (2026)


https://drizzlepac.readthedocs.io/en/deployment/tweakreg.html

4 I JuodZbalis et al.

involved removing cosmic rays and snowball artefacts and the
second stage was where background subtraction was performed.
Afterwards 2D cut-outs of each spectrum were generated and op-
tics corrections performed. Path-loss corrections were calculated
for each observation, taking into account the intra-shutter posi-
tion, assuming a point-source geometry and a 5-pixels extraction
box (i.e. the full shutter height). Due the compact nature of the
objects, to maximize the S/N, complementary 3-pixel extractions
were used for broad-line detection. Even though a 3-pixel box is
not the extraction box the path-loss corrections were optimized
for, when compared, the two extractions do not appear to have
significant differences in the measured line fluxes. The 5 pixel
extractions were utilized in constraining the host properties from
the spectra. As a final step, the extracted individual exposures
are stacked using a weighted sum and sigma-clipped to remove
outlier regions resulting from residual bad pixels or cosmic rays.
It should be noted that the sigma clipping procedure employed by
the pipeline can erroneously remove bright spectral features, thus
the final product contains two stacks — one with sigma clipping,
the other without. Generally, we use the sigma clipped data in our
analysis as the unclipped data contain more detector artefacts.
However, in some cases sigma clipping may erroneously remove
the tops of bright and narrow emission lines. This does not affect
the broad-line selection; however, it can cause issues constraining
fluxes and shapes of emission lines. Fortunately, only one source
in our final AGN sample, GN-28074, is affected by sigma clipping
in this manner. For this source, we substitute the sigma clipped
lines with those from the unclipped data, see I. Juodzbalis et al.
(2024a) for details.

3 SPECTRAL FITTING AND SAMPLE
SELECTION

The core method used to search for AGN in this study is emission-
line decomposition into multiple Gaussian components, follow-
ing the methodology of R. Maiolino et al. (2024). This is done
to separate the narrow-line emission, coming from low-density
gas ionized by either star formation or AGN activity, from the
broad components indicating the presence of high-velocity gas
characteristic of the BLRs surrounding an accreting BH. The
main emission line chosen for the analysis was the Ha line as
this emission feature tends to be bright, only weakly absorbed
by neutral hydrogen and, owing to its rest-frame wavelength of
A = 6563 A, detectable by JWST between z = 0.5 and z = 7.0
allowing for self-consistent probing of the AGN population in the
low- and high-redshift regimes. Additionally, results by R. Abuter
et al. (2024) have shown that, while single epoch virial estimators
can significantly overestimate BH masses, this bias is smallest for
He , for which it is consistent with the scatter on the relation. This
is similar to the methodology adopted in R. Maiolino et al. (2024),
who have conducted a search for Type 1 AGN across the first set
of JADES tiers. Our work expands these methods across the full
breadth of the JADES survey and benefits from an improved data
reduction pipeline.

The procedure used to identify broad He line emission con-
sisted of initially fitting two distinct models (with outflow fitting
in the [O 1] carried out at a later stage) to each R1000 spectrum.
The first model contained just the narrow-line emission from
the He line and the [N 11]A16550,6585 doublet. The narrow lines
were constrained to have the same widths and the same systemic
velocity. The ratio between the peaks of the [N 11] lines was con-
strained to 3 as it is set by the atomic physics and insensitive to
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density and temperature (I. Doj¢inovi¢, J. Kovacevi¢-Dojéinovi¢
& L. C. Popovié 2023). The second model then simply contained
an additional broad-line component of He added on top of the
narrow lines. The kinematics of broad Ha was allowed to vary
with respect to the narrow lines. Fitting the two models was car-
ried out using Bayesian methods with mostly uniform priors on
the line peak height and full width at half-maximum (FWHM),
with the latter allowed to vary between 100 and 800 km s~* for the
narrow and 800 to 10 000 km s~! for the broad lines. The prior on
line centroid velocities was Gaussian, centred on the measured
redshift of the source, with a standard deviation of about 400 km
s~1. The posterior distributions were then estimated from the
priors and the data using a Markov Chain Monte Carlo integrator
(D. Foreman-Mackey et al. 2013). The relative performance of
the two models was quantified using the Bayesian information
criterion (BIC):

BIC = x* +klnn, 1)

where x? is the chi-square of the fit, k the number of model
parameters, and n the number of data points. The difference in
BIC between the narrow-line-only model and the model contain-
ing the broad line was then computed as ABIC = BICnarrow —
BICnarrow+Broad- The lower floor for accepting the BLR model
was ABIC > 5. In addition, the broad component was required
to have a signal-to-noise ratio® of at least 5 (Fig. C1 shows the
distribution of the entire parent sample in terms of these selec-
tion values). We have also inspected and removed sources for
which the significance was driven by 1-2 pixels as those were
likely artefacts of correlated NIRSpec uncertainties (B. Dorner
2012). This makes our selection conservative and ensures that
only solid detections are included in the main sample. The ABIC
criterion adopted here is a bit looser than ABIC > 10 required by
R. Maiolino et al. (2024); however, only three out of 30 sources
in the main sample have ABIC < 10, hence our conclusions are
robust against variations in selection criteria.

An additional complication in measuring intrinsic line kine-
matics from a given fit is the instrumental broadening effect
encapsulated in a line spread function (LSF). Any spectrum ob-
served in a detector is a convolution between the object’s in-
trinsic spectrum and the LSF. However, this LSF can be readily
approximated as a Gaussian profile of some FWHM. Therefore,
the deconvolution of measured quantities can be performed alge-
braically, via FWHMy = v/ FWHMpeas> — FWHMgr? relation,
where FWHMe.s and FWHM; sr are the measured and instru-
mental FWHM respectively. The full description of the JWST LSF
for NIRSpec-MSA observations is presented in A. Graaff et al.
(2024); however, the LSF corrections were negligible for the broad
lines of our AGN as they were > 10 times wider than FWHM] gf.

In addition to the Ha line we also fit the [O 111]AA4959,5007
doublet together with HB in order to constrain the presence of
ionized outflows, to disentangle BLR components from outflows,
and also to derive dust attenuation utilizing the Balmer decre-
ment. The outflow component fitted to the [O 111] doublet used
a flat FWHM prior constrained to between 600 and 2500 km
s7L. In cases where the outflow contribution was found to be
significant, utilizing the same significance tests as with broad
Ha detection, we refit the Hoe with an added outflow component,
utilizing an informative Gaussian prior constrained by the fits to

2We define S/N as the ratio of the total line flux integrated over the FWHM
to the quadrature-combined error in the same range.



the [O111] lines, in order to reassess the significance of the BLR.
The rationale of this step is that a BLR component does not have a
counterpart in [O 111], hence broad wings in He that are not seen
in [O 111] cannot be ascribed to outflows but to a BLR component.
In the case of GN-200679, the spectrum lacked R1000 coverage
of [O 1], thus we consider this source a tentative Type 1 AGN
as the possibility that the broad He profile is an outflow could
not be discounted. In addition, we find that, after accounting
for outflows, the fitted BLR component for GN-23924 is heavily
subdominant, despite remaining formally significant and pass-
ing visual inspection. We thus conservatively mark this object
as tentative. Overall, four sources in our sample have significant
outflow detections. The fits to [O 111] lines of the targets that were
not published before are shown in Fig. D1.

We also note that after a careful inspection of the single-
Gaussian BLR fit residuals two of our sample sources (GS-49729
and GS-159717) presented significant broad wings of the broad-
line profile, not reproduced by a single Gaussian fit. We refit these
sources with a 2-Gaussian BLR model, constraining one Gaussian
to be narrower than the other and find that such a fit reproduces
the BLR shape considerably better (Figs A2 and A3), while such
a double-Gaussian structure may be indicative of merging BHs
with separate BLRs, as discussed in R. Maiolino et al. (2024),
the two components being located at the same systematic veloc-
ity suggests that both profiles originate from the same BLR and
the double-Gaussian nature is due to intrinsic non-Gaussianity
found in the BLR of some AGN (W. Kollatschny & M. Zetzl 2013).
We thus treat both Gaussian components as modelling the same
line profile and re-estimate the broad He luminosity and FWHM
from the combined profile. The presence of merging BHs in our
sample is still a possibility, as confirmed BH mergers do some-
times exhibit matching systemic velocities of the broad lines (P. R.
Capelo et al. 2017). However, access to high-resolution IFU data
is required for a robust survey of BH mergers in our sample AGN.

In addition to non-Gaussian features, two of our sample
sources (GN-28074 and GS-159717) presented clear evidence of
absorption features in their broad lines. The implications of these
features are explored in depth in I. Juodzbalis et al. (2024a) and
F. D’Eugenio et al. (2025b). In this work, we simply account for
their presence by modelling them with a Gaussian optical depth
distribution:

A — A Av/c 2
T, = To€xp |:—0.5 (7()6) , @)
o

where 1, is the optical depth at the core of the line, Av the velocity
shift of the absorber, and o its velocity dispersion, coupled with
a standard attenuation model:

f)L:l—Cf—f—Cfeif}‘, ?3)

where C; is the covering fraction of the absorbing medium.

3.1 Comparison with previous AGN samples in JADES

The previous procedure has yielded 28 robust and two tentative
broad-line AGN sources spanning redshifts from 1.7 to 7 (Table 2),
out of which 11 overlap with the R. Maiolino et al. (2024) sample
as it originates from earlier JADES data. We do not recover all
12 BLR presented in R. Maiolino et al. (2024) as one of their
tentative sources (ID-3608) does not pass our BIC criterion. In
addition, one of our objects (GS-204851) has been identified as a
tentative AGN candidate in J. Matthee et al. (2024), as GOODS-S-
13971. Our higher signal-to-noise data allow to robustly confirm
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the aforementioned object as an AGN. Recent work by V. Koko-
rev et al. (2024) has identified a candidate broad-line AGN in a
quenched galaxy from JADES DR3 spectroscopy (F. D’Eugenio
et al. 2024a). While this source is in our parent catalogue, our
fits fail to detect a significant broad component with ABIC < 5;
we thus do not include this source in our sample. This galaxy is
included as ID 72 127 within the quiescent galaxy sample of W. M.
Baker et al. (2025d). The BHs apparently following the local scal-
ing relations recently reported by J. Li, Y. Shen & M.-Y. Zhuang
(2025b) likewise do not pass our BIC and S/N selection criteria.
Finally, we note that two additional objects (GN-38509 and GN-
28074) have been identified as particularly interesting and pub-
lished separately from the main sample (I. Juodzbalis et al. 2024a,
b). Therefore, our full sample of 30 Type 1 AGN contains 16
new sources. Recent work by K. N. Hainline et al. (2025), which
searched for Little Red Dots (LRDs) among our sample of broad-
line selected sources, has shown that up to 30 per cent of our sam-
ple sources could be classified as LRDs, a sub population of red
AGN identified in previous JWST surveys (J. Matthee et al. 2024);
however, the majority of our AGN do not fall into this category.

3.2 Tentative broad Hf emitters

In addition to the main sample above, visual inspection of the
prism spectra revealed four additional objects at 7 < z < 9 that
appeared to have a broad component in the Hf line. Individually,
these proved to be statistically insignificant; however, a stack of
them, weighted by inverse root mean square (rms) error, revealed
a significant broad HB component as shown in Appendix B. The
full description of our stacking procedure is provided in Sec-
tion 7, while here we summarize that the significance of the
broad Hp feature remains even when weighting by [O 111]A5007
luminosity. Additionally, we check through jackknife resampling
that the significance is not driven by one particular object. We
thus place these four objects in our sample, bringing the total to
34 AGN, with 20 of them being new discoveries.

The prism spectra of all objects together with fits to the Ho line
are presented in Fig. 1 and Figs A1, A2 and A3 in Appendix A.
We have also carried out a search for broad Hf emitters across
both R1000 and prism in order to push our upper redshift limit to
Z = 9; however, no significant sources were detected. The lower
resolution and higher depth of prism means that it is significantly
more sensitive to faint broad lines than R1000. Hence, we fitted
all prism spectra available in order to look for more massive dor-
mant BHs like GN-38509 (I. Juodzbalis et al. 2024b); however, no
additional BLR candidates were uncovered that were not already
selected by our fits to R1000.

4 CONSTRAINING BH PROPERTIES

We utilize our fits to the BLR emission to constrain the BH mass
using single-epoch virial relations. Recent results by R. Abuter et
al. (2024) measured the BLR size via interferometric data, and
have put into question the usage of BH virial relations using
transitions such as C v, Mg 11, or HB (H. Netzer et al. 2007; C. A.
Negrete et al. 2012); however, their finding that the discrepancy is
reduced to only a factor 2.5 when using the He line is reassuring,
as this is within the 0.3 dex calibration uncertainties; this is ver-
ified further by C. Bertemes et al. (2025) testing of different BH
mass constraints for a bright QSO. Furthermore, the deviations
are associated with super-Eddington accretion influencing the
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Table 2. Summary of the key derived AGN properties for all objects in our catalogue. The first column provides the catalogue ID, the second and third
their coordinates. Column four gives the best-fitting redshift estimates, with uncertainties of order 0.001. The following columns list the main properties
of the BLR - the BH mass in Solar masses (with the uncertainties including the 0.3 dex scatter on equation 4), bolometric luminosity in erg s~!, and
the Eddington ratio. Columns eight and nine give the observed ratio of narrow Ha and Hp lines and the derived Ay, respectively. An Ay of 0 is listed
for sources with negative Ay values that were consistent with 0. A dash in a column indicates that the value could not be measured due to the relevant
lines falling in a detector gap or outside the NIRSpec coverage. The final column contains the literature reference for previously published sources [1.
R. Maiolino et al. (2024), 2. J. Matthee et al. (2024), 3. I. Juodzbalis et al. (2024b), 4. I. Juodzbalis et al. (2024a)]. The observed Balmer decrement for
the narrow lines of GS-209777 (marked with ‘x”) was steeper than that of the broad lines; we thus use the uncorrected estimates for this source. Objects
marked with the dagger symbol had line profiles more complex than a simple Gaussian. Further analysis of these is given in Section 8 with different BH
mass estimates presented in Table 7.

Object ID RA Dec. z logMpr /Mg log Lyg/(ergs™) AEdd Fra: nr/Frp; nr Ay Ref.
Robust
GS-30148179 53.14208 2777985 5922 712103 4425109 0.11759 2.527018 0 -
GS-10013704 53.12654 —27.81809 5919  7.44753 44.2910:92 0.05515:907 2.557929 0 1.
GS-210600 53.16611 -27.77985  6.306  7.41753 44.2910:99 0.05715:018 2.9979-22 0.12732 -
GS-209777 53.15847 —27.77405 3709  8.9017030 45.421090 0.027+5:500 7.261322% 2.597 0834 -
GS-2048517 53.13859 —27.79025 5480  7.687032 44.97+0-17 0.1675:% 2.9575%% 0.087938 2.
GS-179198 53.08898 —27.86069  3.830  7.23734 43.92134¢ 0.047 544 3.6172%850 0.6275%, -
GS-172975 53.08773 —27.87124 4741 7.2570% 44.0755¢ 0.057391 2.507965 0 -
GS-159717" 53.09753 —27.90126 5077  7.447539 45.1375-008 0.3875:0¢ 277755 0. -
GS-159438 53.05447 —27.90246  3.239 647753 44.1175:98 0.3575:9° 3.1810%8 0.2879:97 -
GN-77652 189.29323 6219900 5229  6.62703 44117002 0.2410:02 2.62008 0 1
GN-73488" 189.19740 62.17723 4133 7.837039 45.2210:07 0.20739 5.341033 1.681015 1
GN-62309 189.24898 6221835 5172 6.29753¢ 43.5610-13 0.1575:9 2.957933 0.0875-28 1.
GN-61888 189.16802 62.21701 5874  7.04703 44381000 0.1875:9° 3.60704 0.627330 1
GN-53757 189.26978 62.19421 4447 7331034 44.2910:92 0.075:9% 2.637542 0 1.
GS-49729° 53.17850 2778411 3189  7.677530 44831002 0.11575-50 - - -
GS-38562° 53.13586 —27.87165  4.822  7.51703 44,7000 0.12759 3.231022 0.327318 -
GN-38509 189.09144 6222811  6.678  8.57753 44.8470-14 0.01515:908 5.511086 1741038 3.
GN-29648 189.20920 6226427 2960  6.817032 43.9010:08 0.117542 4.51792¢ 1.22%010
GN-28074 189.06457 62.27382  2.259  8.557039 45.7610:92 0.12915:902 4.14103¢ 1781007 4.
GN-20621 189.12252 62.29285  4.682  7.05793 44.17H01¢ 0.1175:9 3.441072 0.5079-%9 1.
GS-17341 53.08727 —27.72962  3.598  6.76703% 44.01%078 0.1510:02 4.0079%3 0.9010:3¢ -
GS-13329 53.13904 —27.78443 3936  6.86703 44.11+09% 0.1475:9 3.3710% 0.44753 -
GN-11836 189.22059 62.26368  4.409  6.06753 44.1110:99 0.1175% 3.621012 0.6379:99 1.
GS-9598 53.16181 —27.77072 3324 6.4870% 43.851009 0.181003 3.371042 1017518 -
GS-8083 53.13284 —27.80186  4.753  7.10753 44.0375:5¢ 0.0750% 3.12%02 0.23731 1.
GN-2916 189.10774 62.26952  3.664  7.0570% 43.917513 0.0615:97 2.897933 0.0379% -
GN-1093 189.17974 62.22463 5594  7.14703 44.3210.13 0.1275:9¢ 4.8610:8 1.431041 1.
GN-954 189.15197 62.25964  6.759  7.70703 45.17H013 0.2375:9 3.447044 0.497332 1.
Tentative
GS-200679 53.11392 —27.80620  4.547 619755 43.6370:9 0.237992 - - -
GN-23924 189.03205 6225089  1.676  7.227032 43.611019 0.02015:9%9 41772 0.257313 -
Tentative HB
GS-20057765 53.04080 —27.85901 8913  7.33752 44.1610-23 0.05175:9% - - -
GS-20030333 53.05373 —27.87789  7.891 7.42108 44.447010 0.0810078 - - -
GS-164055 53.08168 —27.88857  7.397  7.6370% 44.211078 0.0375:°8 - - -
GN-4685 189.09629 62.23914 7415  7.36754 44.1310-19 0.04515:920 - - -
size of the BLR, while most of our sample is likely in a sub- where Ly, is the luminosity of the broad Ho line and FWHMpq,
Eddington regime. We thus obtain our BH masses via the virial its width. We estimate the bolometric luminosities of our AGN
relation (A. E. Reines & M. Volonteri 2015): following the calibrations of J. Stern & A. Laor (2012), which give
Lpor = 130L .
My - Estimating the extinction correction to the BLR is not trivial
log M, o 6.60 + 0.47 log (W) even when a broad component in both Hp and He lines is seen,
FWHM as the intrinsic Balmer decrement can be significantly steeper
+2.06log ( %) , @ than the case B scenario, due to collisional excitation enhancing
1000 km s~ Ho relative to HB, and can potentially reach values up to 10 (D.
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Figure 1. Fits of objects representative of our sample sources across the redshift range. Each figure showcases the RGB NIRCam stamps at the top
together with the plotted MSA slit position. The stamps are made with FO90W, F200W, and F400W as blue, green, and red channels, respectively. The
prism spectrum is shown in the bottom left and the fits to the He line region in R1000 together with the corresponding residuals are located in the bottom
right; the solid magenta curve shows the best fit to the Ha line profile. Quantities derived from R1000 fitting are shown in the blue box. Top: the lowest
redshift (z = 1.676) source of our sample, located in a massive elliptical host with a clear stellar continuum and a Balmer break. This object has been
marked as tentative due to the presence of [O 111] outflows. Middle: a massive z = 3.709 QSO with a red optical continuum and He emission dominated
by BLR and outflows with very weak narrow lines. Bottom: one of the highest redshift sources in our sample (z = 6.306), a low-luminosity AGN.
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1li¢ et al. 2012). In our analysis, we measure the Ay utilizing
fluxes of the narrow HB and Ha lines and assume a standard case
B decrement of 2.86 for the narrow lines along with the SMC
extinction curve (K. D. Gordon et al. 2003). We use the same Ay
values to correct the BLR emission, assuming that the host’s ISM
is the dominant contributor to the extinction there (R. Gilli et al.
2022).

The BH properties for the four sources with tentative broad
Hp detections were estimated using the Hp based mass scaling
relation from M. Vestergaard & B. M. Peterson (2006):

M
log 2 — 6.67
Mo

Lug FWHM, 5
0.63 1 T e— 21 —_— ).
+ °8 (1042 ergs! ) +2log (1000 kms-1

(%)

Due to a lack of Hu coverage constraining the Ay, we assume
Ay = 0 for these sources. While dust attenuation on average can
be expected to decrease with increasing redshift (R. J. Zhao &
S. R. Furlanetto 2024), this is not necessarily true for individual
sources, thus the BH masses and luminosities may be somewhat
underestimated for these objects.

For the bolometric luminosity estimates, we use the same Ha-
based calibrations as for the main sample sources (J. Stern &
A. Laor 2012), assuming a case B decrement. As the Balmer
decrement in BLR is generally steeper than the case B value, our
luminosity estimates, and consequently Eddington ratios, may be
lower limits.

4.1 Properties of the final BH sample

Our final sample of accreting BHs and their hosts contains 34
sources with BH masses ranging from 10° to 10° My, with a mean
Mgy ~ 1072 M, corresponding to the knee of the BH mass func-
tion at z = 4 (B. C. Kelly & A. Merloni 2012) and aligning with
other BHs discovered with JWST from other studies (Fig. 2). Most
of our sample sources (70 per cent) are located at z > 4 with a
median redshift of 4.8. The Ly, of our sample sources ranges from
10% to 10%- erg s~1, with the majority concentrated at ~ 10*
erg s~!. Fig. 2 showcases the comparison of our sample to other
JWST surveys (Y. Harikane et al. 2023; J. Matthee et al. 2024) as
well as high-redshift QSOs (C. Mazzucchelli et al. 2023) in terms
of Ly and Mgy . As can be seen, our sample goes ~ 1 dex fainter
in luminosity than other JWST surveys. We thus provide a deep
view into the low-mass low-luminosity regime of AGN activity
that was completely inaccessible in the pre-JWST era as previous
all-sky QSO surveys could only explore sources at Ly, > 107 erg
s~! and Mgy > 10%° M, - close to the upper BH mass range of
our sample. As the upper BH mass bound (Mpy ~ 10° M) of
our sample sources approaches the masses of typical 5 <z < 6
QSOs, our observations have the potential to probe the ‘post-
QSO’ regime of SMBH activity (i.e. faded QSO or ‘dormant’ BHs),
as indeed illustrated by GN-38509 (I. Juodzbalis et al. 2024b).
While detailed completeness simulations are beyond the scope
of this work, we do explore our completeness in selecting Type 1
AGN from the parent sample using the approach presented in I.
Juodzbalis et al. (2024b) consisting of injecting simulated broad
profiles into NIRSpec data. The spectra simulated in I. JuodZbalis
et al. (2024b) were redshifted to z=6-7; here, we extend the sim-
ulation down to z = 4. The median 50 per cent completeness
limit for our sample selection is shown as a violet line in Fig. 2
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Figure 2. L;,—Mpy diagram of our sample sources (orange points) com-
pared to previous samples by Y. Harikane et al. (2023) and J. Matthee et
al. (2024) (blue points and diamonds) as well as high-redshift QSOs from
XQR30 and Hyperion, C. Mazzucchelli et al. (2023) and L. Zappacosta
et al. (2023) (light red pentagons and yellow ‘+’ respectively). Constant
Eddington ratios are shown by black lines. The 50 per cent completeness
boundary for our sample is shown as a solid violet line. The average error
on each of our sample points is indicated by the black bars in the upper
left. Sample sources previously published in R. Maiolino et al. (2024) are
indicated by a black outline, while the source discovered by J. Matthee
et al. (2024) is outlined in green. The apparent correlation between Ly,
and Mgy is likely overstated in the plot as both axes depend on the
Ha luminosity through the scaling relations.

and indicates that the sample is luminosity complete down to
Lpy = 10* ergs™!.

5 CONSTRAINING HOST PROPERTIES

As a core goal of this paper is investigating the scaling relations
between BHs and their host galaxies, we conduct an analysis of
the properties of the galaxies hosting our sample AGN. We focus
on inferring their stellar velocity dispersions (o,) and measuring
stellar masses (M, ). In addition, many BHs found by JWST were
discovered to be overmassive relative to the stellar masses of
their hosts (Y. Harikane et al. 2023; H. Ubler et al. 2023; L. J.
Furtak et al. 2024; D. D. Kocevski et al. 2024; R. Maiolino et al.
2024), while remaining consistent with the local My -0, relation
(R. Maiolino et al. 2024). The enhanced statistics and redshift
coverage afforded by our sample allows us to look for signs of
redshift evolution of these scaling relations. We thus endeavour to
robustly establish the host galaxy properties of our sample AGN.

5.1 Velocity dispersion

We measure the host galaxies’ ionized gas velocity dispersions of
our sources by fitting the nebular emission lines in the highest
resolution data available (either R1000 or R2700) and using the
FWHM of the narrow Ha or, if unavailable, narrow [O 111] lines
and applying the LSF correction. While the JADES survey has
prism + R1000 coverage for all objects, only some tiers were
observed in R2700 G395H/F290LP configuration. Additionally,
since about two-thirds of the R2700 spectra are truncated to some
degree (because the red part of the long R2700 possibly falling
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Figure 3. Comparison of inferred o, values, corrected for LSF, obtained
by fitting the medium- and high-resolution emission-line spectra of ion-
ized gas. The y-axis shows the inferred o, ratio, while the x-axis shows
the o, inferred from R1000. The grey shaded region indicates the 0.3 dex
scatter on the R. Bezanson et al. (2018) calibration relation. The mean
ratio is indicated by the blue line and shows that R1000 data on average
overestimates o, by about 80 per cent.

outside the detector, depending on the location on the MSA),
many of the R2700 spectra do not have strong nebular lines in
the available range. As a result, only 18 of our sources have
R2700 coverage with strong nebular lines available for measur-
ing the velocity dispersion. The stellar velocity dispersions were
inferred from the measured ionized gas integrated line widths
using the average gas-to-stellar measurements from R. Bezanson
et al. (2018), assuming a scaling factor of 1.3. For the sources
lacking R2700 coverage, we were forced to rely on the R1000
data. In order to assess and correct overestimation coming from
using the R1000 data we perform a comparison of the inferred
o, values given by both gratings. The comparison is shown in
Fig. 3 and illustrates that, while R1000 measurements on average
overestimate the o, value by around 0.26 dex with a standard
deviation (STD) of 0.16 dex, around half of measurements are
consistent within the ~0.15 dex scatter on the R. Bezanson et al.
(2018) calibration. While Fig. 3 does appear to display a linear
trend, the apparent correlation is largely driven by the outlying
point at logo, = 2.4. Based on these considerations, we adopt a
constant correction factor of 0.26 dex and add the STD of this
factor to the fit uncertainties in quadrature.

‘We note that o, could not be reliably measured for the tenta-
tive Hp sources due to low S/N of the [O 111] doublet and narrow
Hp in R1000, while the prism resolution of ~ 1000 km s~! is
inadequate for accurate narrow-line width measurements.

5.2 Stellar masses from spectroscopic decomposition

We use two different methods to derive stellar masses for our
sources: fits to the NIRSpec prism spectra using BEAGLE, and
fits to the NIRCam photometry using CIGALE. The comparison
of the two methods indicates a scatter of 0.4 dex but no strong
systematic disagreements. The two methods are described here.
‘We use a version of BEAGLE (J. Chevallard & S. Charlot 2016) to
constrain host stellar masses from NIRSpec prism spectroscopy.
The method used is similar to the one laid out in R. Maiolino
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et al. (2024) and we summarize the key features here. We fit the
prism spectroscopy extracted from a 5 pixel aperture corrected
assuming a point source spatial distribution. In cases where the
source is clearly extended we instead use CIGALE to fit to the
NIRCam photometry as described further in the text. The con-
tinuum from the AGN is modelled as a simple power law. We
perform two fits to each source modelling the AGN component
with a frequency power-law slope of —2.33 (N. I. Shakura & R.
A. Sunyaev 1973) and —1.54 (D. E. Vanden Berk et al. 2001),
with the level of dust attenuation of the power-law component
allowed to vary freely and modelled by the SMC extinction law
(Y. C. Pei 1992). The stellar component was modelled using the
delayed exponential star formation history (SFH) with a 10 Myr
starburst and a 300 Mg IMF cut-off. This SFH allows the re-
cent star formation rate to vary freely and independently from
the past star formation, reducing the biases inherent in stricter
parametric forms that tie together the current star formation to
the integrated stellar mass. The dust attenuation of the stellar
component was modelled with the S. Charlot & S. M. Fall (2000)
attenuation curve. Before fitting, regions of the spectra containing
strong emission lines were masked as BEAGLE does not contain
models for BLR emission. Additionally to the fitting performed
in R. Maiolino et al. (2024), the measured narrow Ha flux was
used as an upper limit to the model He line flux from the star-
forming component. The variable parameters and priors are given
in Table 3.

We note that the above procedure takes into account only spec-
troscopy. In principle, this could cause the stellar masses to be
significantly underestimated for extended hosts due to some of
their light ending up outside the shutter. To mitigate this issue
and provide an additional check on BEAGLE stellar mass esti-
mates, we carry out photometric fitting of our sample sources
using CIGALE(M. Boquien et al. 2019). The photometry used came
from the JADES DR3 catalogue (F. D’Eugenio et al. 2024a) and
was available for 28 of our sources. The SFH was modelled using
a delayed SFH model with an exponential burst and BC03 stellar
population models from G. Bruzual & S. Charlot (2003) were used
to model stellar emission. Stellar dust attenuation was modelled
using the D. Calzetti et al. (2000) dust attenuation law, while D.
A. Dale et al. (2014) models were used to compute dust emission.
The AGN accretion disc emission was modelled using an atten-
uated power law from M. Stalevski et al. (2016). The parameters
used for each model are summarized in Table 4.

After fitting each source according to the procedures above, we
compare the M, values given by BEAGLE to those of CIGALE and
find that they are generally consistent within ~ 0.4 dex. We ob-
tain our final M, estimates for sources for which either BEAGLE or
CIGALE give reduced-chi-square x3 < 3, preferring the BEAGLE
result if both fits are equally good and the source does not contain
significant extended components. For hosts with extended mor-
phology (a total of five), we use the CIGALE estimates. Following
these procedures we were able to estimate stellar masses for most
of our sources, except GS-209777 for which the stellar component
is likely completely subsumed by AGN emission (Fig. 1) and thus
both BEAGLE and CIGALE fail to give satisfactory fits. In addition,
the photometric stellar mass estimates for GN-28074 and GS-
159717 are higher than the upper limit on Mgy, (I. Juodzbalis
et al. 2024a; D’Eugenio (in preparation)), while BEAGLE fitting
fails to reproduce the spectral shape well, thus we are unable to
reliably estimate their host’s stellar mass. The stellar mass and o,
estimates for our sample sources are given in Table 5.
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Table 3. Parameters and priors used in BEAGLE fitting.

Component Parameter Description Prior
SFH log(M;o: /Mg) Integrated SFH mass Uniform € [5, 12]
log(tspr/yr) Exponential decline in delayed SFH Uniform € [6, 12]
(SFR o t exp[—t/tspr] for t > 10Myr)
log(t/yr) Maximum age of stars Uniform € [7, 10.8]
log(SFR/Mg yr—1) Constant SFR for t < 10Myr Uniform € [—4, 4]
log(Z./Zg) Metallicity of the stars Uniform € [—2.2, 0.24]
myup/Mg IMF upper mass cut-off Fixed to 300
Nebular log(Zgus/Zo) Nebular gas metallicity Fixed to Z,
logU Ionization parameter Uniform € [—4, —1]
&g Dust-to-metal mass ratio Fixed to 0.3
Attenuation 2% Effective V-band optical depth to stars Exponential € [0, 6]
n Fraction of 7y from dust in the diffuse inter-stellar medium Fixed to 0.4
Ty AGN Effective V-band optical depth of the AGN power-law component Exponential € [0, 6]
AGN emission log(facn) fractional contribution of AGN to 1500 A Uniform € [-3, 3]
slopepy, AGN continuum power law slope Fixed —1.54 or —2.33

Table 4. Asummary of CIGALE fitting parameters used. The first column
indicates the emission component, second column lists the exact model,
and the third column lists parameters used to compute model grid. Pa-
rameters not listed were kept to CIGALE defaults.

Component Model Parameters
SFH Delayed SFH  Tjqin = 100, 1000, 5000, 10000 Myr
Tpurst = 5,20 Myr
fburst =0,0.2

SSp BCO03 Z, = 0.02,0.0001
Nebular logU = —1.0, —2.0, —3.8

Zgas = 0.02, 0.0004

ne = 100, 1000 cm~3

FWHM = 300, 600, 2000 km s!

Attenuation Calzetti0OO E(B-V)=0,0.3,1.0,1.5,3.0
Dust emission Dale2014 a = 1.3125,2.0,4.0
AGN emission Skirtor i = 30,70

fagn =0,0.1,0.5,0.6,0.8,0.9
E(B-V)=0.03,0.5,1.5,3.0

5.3 AGN-host galaxy imaging decomposition and stellar
masses from resolved SEDs

The stellar mass estimation methods described in the previous
section are prone to degeneracies stemming from the difficulty in
disentangling AGN and host galaxy emission. In order to investi-
gate their impact on the stellar mass estimates and obtain more
unbiased measurements, we use the tool ForcePho (Johnson
B., in preparation) to decompose each of our sample sources into
galaxy and AGN components and perform fractional SED fitting
to re-examine their stellar masses.

The decomposition procedure followed the methodology of S.
Tacchella et al. (2023), W. M. Baker et al. (2025¢), and I. JuodZbalis
et al. (2024b) in which the AGN emission was modelled as a point
source, while the underlying galaxy was assumed to follow a Sér-
sic light profile. Within ForcePho, the point source component
hasits half-light radius limited tor, < 0.01 arcsec (making it com-
pletely unresolved by NIRCam), while the Sérsic index is fixed to
one to avoid any significant extended flux resulting from higher
order profiles. The host galaxy component has a freely varying
Sérsic index from 0.8 to 6 and varying effective radius. For-
cePho works by fitting the individual exposures simultaneously
enabling it to extract sub-pixel information due to dithering (W.
M. Baker et al. 2025c). It enables the flux to vary freely between
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the bands, while the structural information (e.g. position, Sérsic
index, half-light radius, and ellipticity) of the profile are based
on the combined information of all the bands. This enables it
to fit varying colour gradients as multiple distinct components
(e.g. central cores and discs, W. M. Baker et al. 2025c). The PSF is
modelled as a combination of Gaussians using a Gaussian Mix-
ture Model (GMM) enabling straightforward convolutions with
the Sérsic profiles used to model the light distribution. Recovery
tests of the PSF approximations in the case of multiple compo-
nent fits have been performed previously in W. M. Baker et al.
(2025c¢).

Each fit was visually inspected and those with significant
residuals were discarded. This mostly included bright point-
source-dominated objects such as GN-28074, GS-209777, and
GS-49729 as the GMM approximation used by ForcePho
breaks down for bright point sources that illuminate the non-
Gaussian wings of the PSF. The decomposition also failed for
GS-159717 due to significant foreground contamination by a
z~1 galaxy D’Eugenio (in preparation). In addition, For-
cePho struggled with objects exhibiting complex morphology,
such as GS-204851, which consists of several distinct clumps
(Fig. A4). It should be noted, however, that such clumpy hosts
are likely interacting merging systems and present a general
problem of which clumps should be attributed to the AGN
host.

We also discard fits that appear to be well modelled by a single
Sérsic profile. In these cases, the point source component absorbs
all the flux, while the radius of the host galaxy expands to unfea-
sible sizes and records near zero fluxes by fitting any remaining
background.

The fitting of the decomposed point source photometry was
carried out using CIGALE with the same model components as in
Table 4, except with fscy being fixed to 0. In addition, we mask all
filter bands that include the [O 111]AA14959,5007 doublet and He in
their transmission window to avoid residual contamination by
AGN photoionization. We utilized the same acceptance criteria as
in the previous section, requiring 0.5 < x2 < 3 for a robust result.
This fitting produced stellar masses and sizes for 14 objects out
of the whole sample, mostly located at 4 < z < 7, with a median
redshift of 5. As ForcePho performs better on brighter extended
sources, we expect this subset to be slightly biased towards higher
M, hosts. We use the stellar masses obtained from ForcePho
photometry to assess the potential biases introduced to previous
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Table 5. Summary of host properties derived for our sample AGN. The first column lists the IDs of each object in the same order as Table 2. The
second and third columns contain M, estimates and x2 values given by BEAGLE fitting. Columns 4 and 5 contain the same values, but obtained from
CIGALE fits. Column 6 gives the estimates of stellar velocity dispersions for each host. The remaining three columns show the half-light radii obtained
from ForcePho decompositions, the M, values obtained from decomposed photometry, and Sérsic indices. Sources marked with ‘i’ are significantly
extended, thus CIGALE fitting results were used as best estimates for their M,. Values of log o, marked with “«’ were inferred from fitting R1000 rather
than R2700 data. The uncertainties on them also reflect the ~0.15 dex intrinsic scatter on the calibrations, which ends up dominating the combined

errors in most cases.

Object ID log M, /M@BEAGLE xZBEAGLE logM,/MgCIGALE xZCIGALE log o, Myy R [pc] logM,/Mg FPHO ng
Robust

GS-30148179 8.9570-38 1.46 8.7879:04 0.36 2107912 2036 - - -
+0.90 +0.08 +0.14 +23 +0.02 +0.14

GS-10013704 8.9010:30 0.85 8.2810.08 0.62 1.86700% —18.95 137133 9.04102 0.89701%

GS-210600 8.407081 1.49 8.26150 1.59 1.76791%  —18.61 28313 7.511008 0.817513

GS-209777 - - - - 2147302 —1817 - - -
+0.09 +0.04 +0.13

GS-204851 10.7475:99 0.93 8.9410.04 1.75 1917013 —1885 - - -

T +0.05 +0.06 +0.13 +61 +0.17 +0.94
GS-179198 8.4470:00 0.79 9.4310:06 0.53 1927013 —19.10 3807¢ 8.417917 5.8870%4
GS-172975 8.98%014 0.81 8.301070 121 1700018 —17.74 - - -
GS-159717 - - - - 1627004 —19.09 - - -

—0.14
GS-159438" 8.357013 2.64 9.147318 1.97 2157013 2098 - - -
+1.64 +0.04 +0.31 +44 +0.13 +0.14
GN-77652 8.3611% 1.82 8.20%0:08 1.42 1797031 —18.27 26974, 7.791013 0.85%01%
GN-73488 9.711933 1.83 8.5079-33 2.26 2067913 —1887 - - -
+0.34 +0.18 +0.13 +48 +0.26 +0.50
GN-62309 7.787534 0.94 8.521018 0.94 1.807073 —18.58 293143 8.4470-28 3.117539
GN-61888 8.531173 0.84 8.257910 0.56 1.78%01% -18.78 - - -
+0.19 +0.31 +0.15 +99 +0.26 —+0.13
GN-53757 10.3815-19 0.63 9.44103 1.19 1797013 —18.86 618759 8.8110:28 0.80173
GS-49729 - - 10.14%02 3.14 2087031« —21.38 - - -
+0.09 +0.08 +0.14 +30 +0.17 +0.16
GS-38562 9.7610:0 1.09 9.57+0-08 119 1.831004  —18.98 17413 9.31%017 1.021518
+0.40 +0.31 +0.23 +23 +0.30 +0.15
GN-38509 9.191040 1.05 9.43+03 0.87 2.08%02% —19.15 137133 8.9210:30 0.941013
GN-29648" 9.71730 1.38 10314098 1.40 193102« —19.00 - - -
GN-28074 - - - - 1651028« —2015 - - -
—0.24
GN-20621 8.417138 1.38 8.087910 1.11 1867013 -18.61 - - -
GS-17341° 8.547032 1.09 8.8470:032 1.14 195702 —19.54 - - -
+0.14 +0.41 +0.14 +66 —+0.15 +0.94
GS-13329 9.52+014 0.75 8.261041 116 1781004 —18.59 409§ 8.601013 5.867004
GN-11836 8.171913 1.94 8.5279-30 2.98 1961013  -18.89 451774 8.351019 0.867514
+0.38 +0.02 +0.21
GS-9598" 9.08793% 0.96 9.4810:02 3.11 193702« —18.70 - - -
+0.14 +0.15 +0.13 +11 +0.38 +0.94
GS-8083 8.27101% 1.08 8.30%013 2.11 1.897013  —18.67 721 8731038 5.901004
+0.97 +0.05 +0.14
GN-2916 8.98107 0.95 9.57+0:0° 1.30 1787004 —1942 - - -
+0.63 +0.39 +0.14
GN-1093 8.4310:63 1.55 8.77103% 1.29 1917014 —18.03 - - -
GN-954 1093707 1.60 9.681030 0.67 1797031% —19.94 33173 8467011 0.801013
Tentative
GS-200679" 8.1679-20 1.67 8.537013 0.98 1.821022%  —20.26 4085 8.071921 1.911031
GN-239247 - - 11011003 1.81 2077013 2005 - -
Tentative HB
GS-20057765 7.407378 0.53 8.087930 145 - -1921 - - -
GS-20030333 - - 8.617030 1.76 - -19.29 9473 8.241008 5.491088
GS-164055" 7.2710:58 0.55 7.997923 1.60 - 1875 - - -
GN-4685 9.917322 0.80 9.9271 0.55 - -18.15 - - -

CIGALE and BEAGLE fitting by including the light produced by
the central AGN. The comparisons are shown in Fig. 4, where
we plot both the absolute mass differences (AM, = log Mrgr —
log Mrpuo) and the same values normalized by the errors on both
estimates combined in quadrature as functions of stellar mass
estimated by ForcePho. The comparisons indicate that both
photometric and spectral fitting, which do not spatially decom-
pose AGN and host galaxy light, tend to systematically overes-
timate stellar masses by about 2-3¢ (1-2 dex); however, spectro-
scopic fitting by BEAGLE appears to be slightly more accurate than

CIGALE. This bias appears uniform and not strongly affected by
the host mass. However, ForcePho struggles with fitting bright,
morphologically complex sources, thus fits could not be obtained
for the brighter, more massive hosts of our sample AGN, which
complicates the assessment of stellar mass overestimation in the
high-mass regime. In principle, M, estimates for more massive
hosts should be less affected by the presence of AGN as most of
our sample AGN are relatively faint (Fig. 2) and stellar light would
be expected to dominate over the AGN continuum in cases of
massive hosts.

MNRAS 546, 1-38 (2026)



12 I Juodzbalis et al.

Table 6. Table summarizing the measurements obtained from the
stacked spectra and their variation across the redshift bins. The first col-
umn lists the values being measured, second column measurements for
the stack of all sample sources. The subsequent columns give the mea-
surements for z > 5, 3.5 < z < 5, and z < 3.5 bins, respectively. The line
fluxes are all given in 10720 erg s~! cm 2. In case of a non-detection, a 3o
upper limit is given. The line flux uncertainties on the values in column
two reflect the 20 per cent systematic error arising from flux calibration
differences between different R1000 grating/filter combinations.

Value All redshifts z <35 35<z<5 z>5
Fitenr 6761133 3130112, 83213 29513
Fitabr 41378 2236145, 3074 51813
Fiip.nr 160132 81517 25312 95.9112
Fity nr 85.11171 28878 99.3719 455122
Forps727 97.87158 117218 93.272% 40139
Formmpases 30~9t2:§ 116"3 3674:% 1671“?2
Formps007 695113 333318, 10224 48572
FHEH)L4686 <32 < 10.8 < 4.2 <24
Bsirae16 143159 16875, 11.1%99 <3.0
Risin 09050 096558  0.88%0y -
F[NH])L6583 570t132 4921%27 SItig <1.5
Forss00 60.17152 322413 281722 323439

5.4 Dynamical masses

We also utilize morphological information gained from the For -
cePho fits to constrain the dynamical masses of our AGN hosts.
We utilize the calibrations from A. der Wel et al. (2022) and
calculate the My, via the following formula:

o2R,
G

where o, is the stellar velocity dispersion and R, is the half light

radius. K(n) and K(q) are morphological correction factors based

on the Sérsic index (n) and axis ratio (q) and defined in A. der Wel
et al. (2022) with K(n) = 8.87 — 0.831n + 0.0241n? and K(q) =

[0.87 4 0.38e3710-2]*,

Mdyn = K(")K(CI)

(6)

6 HOST SCALING RELATIONS AND
MORPHOLOGIES

In addition to studying the scaling relations of the full sample, in
order to assess the potential redshift evolution, we also split it into
three redshift bins. The first bin consists of 15 sources at z > 5
(including the tentative HB objects, Appendix B). The second bin
contains 13 objects at 3.5 < z < 5 and the final one six objects
atz < 3.5. We focus on exploring the BH-stellar mass (Mpy—M,.)
and BH-velocity dispersion (Mpy-o0.) scaling relations as those
involve the quantities most readily constrained by our data for
the majority of our sample. Our ForcePho morphological fits
also allow us to constrain dynamical masses for a smaller sub-
sample of objects and investigate their positions with respect to
the Mpy—Mgy, scaling relations.

6.1 The Mgy-M, relation

BH mass-stellar mass relations for our entire sample and each
redshift bin are presented in Fig. 5. We use the local Mpy—-M, rela-
tion from A. E. Reines & M. Volonteri (2015) for our comparisons
as their BH mass estimation methods are consistent with ours
(carried out using He measurements together with equation 4)
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and their sample focuses on late-type galaxies (i.e. consistent with
the prevalent morphologies in our sample and most high-z galax-
ies), whereas studies like J. Kormendy & L. C. Ho (2013) focus on
early type. For completeness, we also compare our measurements
with scaling relations derived by J. E. Greene et al. (2020); how-
ever, we caution that they utilized different BH mass estimators,
hence comparison with our results incurs additional uncertain-
ties. From the figure, it is apparent that, overall, our sample BHs
are overmassive with respect to the local relations, with the mean
stellar to BH mass ratio of ~ 0.01 placing them 1-2 dex above the
local relations from A. E. Reines & M. Volonteri (2015) and JI. E.
Greene et al. (2020), while the tentative HfS sources have Mgy /M,
approaching unity. When split across the separate redshift bins,
the sample exhibits some redshift evolution in the Mpy—M, plane,
with sources in the 3.5 < z < 5 bin being about 0.5 dex closer to
the local relation than those in the z > 5 bin. All objects in the
Z < 3.5 bin appear consistent with the local relation, suggesting
that the local relation is being established below this redshift.
However, the small number of sources in this bin, due to JADES
spectroscopic target selection being biased against low-redshift
objects, makes it hard to assess significance. It should be noted
that the data from Y. Harikane et al. (2023) also follow a similar
trend between z > 5and 3.5 < z < 5redshift bins; however, their
sample alone lacks the statistics to establish a robust trend. The
higher source count of our sample establishes this evolution more
robustly.

The offset from the local relation observed in the higher red-
shift bins does not appear to depend strongly on the Mgy /M,
ratio itself, albeit some extra deviation can be seen at the lower
end of Mgy and M,. This is indicative of some observational bias
being present, as pointed out by J. Li et al. (2025a). However,
as explored in I. Juodzbalis et al. (2024b), it is unlikely that all
of the observed deviation from the local scaling relations can be
attributed to selection effects, especially given that the bias should
primarily apply for the most luminous AGN, while our sample
includes dormant BHs. Another argument against biases playing
a dominant role in the observed offset is that the same orders-of-
magnitude offset is not seen in the Mgy —o, relation, which will
be explored in the following section.

We note that the overmassive nature of high-z BHs remains
regardless of how the stellar mass is inferred, i.e. regardless of
whether it is obtained via spectrosopic or imaging decomposi-
tion, and regardless of the stellar fitting code adopted. Within
this context, it should also be pointed out that the stellar mass
estimates plotted in Fig. 5 may actually be overestimated since,
as illustrated by Fig. 4, a fitting that decomposes AGN from host
galaxy emission lowers the M, estimates by about 3o, potentially
making our BHs even more overmassive. Finally, recent results
indicating that part, or most, of the Balmer break observed in
these AGN is likely non-stellar (K. Inayoshi & R. Maiolino 2024; F.
D’Eugenio et al. 2025a; X. Ji et al. 2025) indicates that the stellar
masses are likely overestimated, making the overmassive nature
of BHs even more prominent.

6.2 The Mpy-0, and Mpy—-My,, relations

We present the Mpy— o, for our sources in the left pannel of Fig. 6.
In this case all of our sources are much closer to the local scaling
relation. The slight offset present is consistent with the scatter,
particularly when taking into account the uncertainties on o,
values. The only significant outlier (GN-28074) has o, inferred
from R1000 data, which is less reliable due to the lower resolution



6
This work
— 4
ol~
Lo
ol
| e i
gyl 2
o
W |
2 04— =Ry
S|
J
_2_
6
—_ 4-
ol~
Tlo
o (T
| v .
ylr 2
w
S5 0fm=mmmmmm e oo
ST
3
_2_
7 8 9 10

logM+« (FPHO)

JADES Type 1 AGN 13

3
o
352
w
I
4
o
wj
Q
PR R e N T
by
<
-145 . :
3
2
a 27
Ty
I
W
3
O
S
* 0_ ________________________
S
g
_1 T T T

7 8 9 10
logM+« (FPHO)

Figure 4. Left column: comparison between stellar mass estimates obtained from ForcePho and those obtained from fitting prism spectra (top) and
integrated photometry (bottom). The value on the y-axis is the logarithmic difference in masses obtained by a given estimate (either CIGALE or BEAGLE)
and ForcePho photometry, normalized to the total error on both estimates. Left column: same as the right column, except the absolute values of

logarithmic difference are shown.

(Fig. 3). This lack of offset in the Mg -0, relation across the whole
redshift range, which is not reflected in the Mpy—-M, relation,
seems to imply that the gas required for these sources to reach
the local stellar mass scaling relations is already present, but it
has not yet been efficiently converted to stars. In this scenario,
BH feedback is an attractive solution to explain this inhibiting
of star formation either through turbulence or heating. Ejective
AGN feedback is instead unlikely as this would remove gas and
make the two scaling relations more consistent; lack of significant
ejective feedback in these AGN was already pointed out by R.
Maiolino et al. (2025), who found a general lack of outflows.
Alternatively, or in addition, contribution from dark matter (and
with high DM/stellar ratio) may contribute to the Mpy-o, rela-
tion, while leaving an offset on the Mpy—M, relation; this aspect
will be explored in a separate paper (W. McClymont et al. 2026 ).

Additionally, this consistency of our sources with the local
Mpy-o, relation implies that the offset seen in the Mpy—M, re-
lation cannot be entirely attributed to selection effects wherein
lower mass BHs in more massive (higher M, and o,) hosts
are missed by observations. Indeed, selection effects on the BH
masses should be seen as similar, orders of magnitude, offsets on

the My —o, relation. In fact, as the Mpy—o, relation is tighter than
Mpy-M, relation, the offset in Fig. 6 should be even more appar-
ent than in Fig. 5, which is not seen. Selection effect produces
a characteristic ‘banana’ shape (J. Li et al. 2025a) as BHs in less
massive hosts appear to be more overmassive. While both Figs 5
and 6 exhibit hints of excess deviation in the lower M, /o, regime,
indicative of this selection effect being present, the overall major
shift towards local scaling relation when going from M, to o,
cannot be explained this way.

The right panel of Fig. 6 shows the Mpy—-My,, relation for a
subsample of 14 sources for which robust morphological con-
straints based on ForcePho fitting were possible. We focus on
comparing with the Mpy-M, relation from J. Kormendy & L. C.
Ho (2013) as it is derived for gas-poor early type galaxies for which
the stellar mass closely tracks the dynamical mass. As we show
in Fig. 6, our sample AGN are largely consistent with the local
relation by J. Kormendy & L. C. Ho (2013) and lie in the same
region as most of their data points albeit generally occupying
the lower mass range. This consistency with local Mpy—-Mgy, and
Mgy -0, relations together with the offset in the Mpy-M, one
implies either high gas fractions (fgs > 0.5) or significant DM
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Figure 5. Mgy —Mjyq, relations of our sample sources for the entire sample and the three redshift bins. Main sample sources are shown as orange dots,
the tentative Hp detections - as purple crosses. Previous JWST observations by A. D. Goulding et al. (2023), Y. Harikane et al. (2023), H. Ubler et al.
(2023), and V. Kokorev et al. (2023) are shown in blue coloured markers. QSO observations by X. Ding et al. (2023), M. A. Stone et al. (2023), and M. Yue
et al. (2024b) are shown as brown stars, triangles, and yellow crosses, respectively. The solid dark green line shows the local relation from A. E. Reines
& M. Volonteri (2015) with the scatter indicated by green shading. Likewise, the blue line and shading show the relation and scatter from J. E. Greene et
al. (2020). The constant Mpg /Mo, ratios are shown by lighter green lines. The average errors on each data point are indicated by the black cross in the

upper left panel.

contribution present in our sample of AGN hosts. If high gas
fraction is primarily responsible for the effect, rather than high
DM fraction, this would further indicate that the gas required
to bring our sources on to the local Mgy-M, scaling relation is
already present. This implies that the feedback inhibiting star
formation in our sample sources is likely of preventative rather
than ejective nature.

As the consistency of our sources with the local Mgy -0, and
Mpr—Magy, scaling relations might imply the presence of AGN
(non-ejective) feedback inhibiting star formation, we endeavor
to explore the form this feedback takes by comparing our ob-
jects to HII regions and emission line galaxies on the Lyg-o
relation found by J. Melnick et al. (2017). If AGN feedback oper-
ates through excess turbulence induced in the NLR, our sources
would be expected to deviate from the relation by drifting towards
higher o values for the same HB luminosity. We conduct the com-
parison using the L-o relation derived by J. Melnick et al. (2017)
and individual galaxy measurements by R. Chévez et al. (2014).
Only sources with available R2700 data are used for this compari-
son, with the ooy} values measured from the [O 111]AA14959,5007
doublet and corrected for the LSF. We show the comparison in
Fig. 7. Asit can be seen in the figure, our sample of AGN does not
exhibit significant deviations from the scaling relation and falls
in line with emission line galaxies from R. Chavez et al. (2014).
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This indicates that the AGN feedback present in our sources is
not dominated by turbulence, which would cause them to move
towards higher ojory) values for a fixed luminosity. Therefore,
star formation in our sources is likely inhibited through heating,
which is corroborated by the presence of a strong [O I11]A4363
auroral line emission in a fraction of our sources and its clear
detection in the spectral stacks as discussed in Section 7.

6.3 Morphologies of Type 1 AGN hosts

Morphologies of galaxies hosting AGN are thought to trace the
connections between growing BHs and their hosts and have been
asubject of extensive research (G. Kauffmann et al. 2003; M. Povi¢
et al. 2012; T. Getachew-Woreta et al. 2022). Until the launch
of JWST, this has been largely limited to galaxies at z < 2 and
while a comprehensive study of AGN and star-forming galaxy
morphology is beyond the scope of this paper, the depth and
resolution provided by JWST allows us to make headway. Our
ForcePho fits have produced a subsample of 14 AGN hosts
with good constraints on their half-light radii (R,), Sérsic indices
(ns) and stellar masses, and enables comparison with size-mass
relations derived for star-forming galaxies. The comparison of
our objects with the R,—M, relations derived by N. Allen et al.
(2024) and T. B. Miller et al. (2024), around the same redshifts,
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Figure 7. The Hp luminosity-[O 111] velocity dispersion relationship.
The purple line shows the empirical relationship of J. Melnick et al. (2017)
and emission-line galaxy measurements by R. Chéavez et al. (2014) are
shown by black dots. Our Type 1 AGN with R2700 data available are
shown with yellow points. The Type 1 AGN are all consistent with the
standard relation.

is shown in Fig. 8. The bulk of our objects are consistent with
the relations; however, there is a significant population of AGN
that are considerably more compact than star-forming galaxies at
similar masses.

The apparent population of compact AGN hosts (Fig. 8) may
indicate that these BHs may be fed by the same gas compaction
mechanisms that are thought to drive bursty star formation in
the early Universe (S. Tacchella et al. 2016; N. Emami et al. 2021;
W. McClymont et al. 2025, and McClymont, in preparation). This
compaction is thought to occur due to intense gas inflow events
triggered by minor mergers, disc instabilities (A. Dekel & A. Burk-
ert 2014; S. Tacchella et al. 2016) or accreting gas with low angular
momentum from the halo (L. V. Sales et al. 2012; A. Renzini 2025).
If such compaction mechanisms also end up feeding the central
BH, it would explain the population of compact AGN hosts found
in our sample and indicate that high-z AGN grew through dif-
ferent feeding modes than their local counterparts (as already
suggested by D. D. Kocevski et al. 2017), which are primarily fed
through major mergers and interactions within galaxy clusters (T.
Storchi-Bergmann & A. Schnorr-Miiller 2019) as well as galactic
bars (F. Combes 2023; L. A. Silva-Lima et al. 2023).

The Sérsic index distribution for our sources is shown in Fig. 9
and clearly indicates that about 60 per cent of our sources are
well fit by ng ~ 1, indicating that most of the fitted AGN reside
in late type, discy systems. On the other hand, the distribution
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Figure 9. Histogram showcasing the distribution of Sérsic indices of our
sample sources. It can be seen that the majority of our sources have n;
between 1 and 2, with a subset approaching steeper profiles at n; = 5.

is clearly bimodal, with about 30 per cent of AGN hosts fit by
more concentrated profiles. While the latter result may indicate
that a fraction of AGN are hosted in more early type, spheroidal
concentrated systems, we caution that a steeper profile may be
the result of residual nuclear AGN emission.

Finally, we caution that the number statistics provided by our
sample are small and suffer from biases inherent to the For-
cePho fitting procedure (as discussed in Section 5.3), therefore
it is too early to draw sweeping conclusions about the behaviour
of AGN hosts at high redshift. Nevertheless, our results indicate
the need for dedicated studies exploring AGN host morphologies
at high redshifts.
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7 STACKED SPECTRA OF TYPE 1 AGN

In order to further our investigation into the emission line prop-
erties of our sample sources, in particular to enhance the weak
spectral features, we stack the R1000 spectra in our sample. The
stacking was carried out as follows - first, each spectrum was de-
redshifted to its rest frame utilizing the narrow-line redshifts de-
rived by our pipeline fitting procedure. Afterwards we resample
each spectrum onto a common wavelength grid, derived such that
its bin widths would be half the size of the narrowest bin of the
original spectra. This resampling is carried out using spectres
(A. C. Carnall 2017). After resampling, we perform the stacking
via a weighted sum with weights derived from the inverse rms
errors on each bin. This method maximizes the S/N ratio of the
stacked spectra, complimenting the median stacking done with-
out weighting, normalized by Fyon) carried out by Y. Isobe et al.
(2025). We also experiment with normalizing the resampled spec-
tra to Fiorr) and Fy, prg values, in order to investigate how robust
the measured line ratios, on which we base our conclusions, are to
different weighting schemes and find no significant differences.
The errors on the stacks were estimated as the inverse square root
of the sum of weights for each bin.

The above procedure was used to obtain stacks for all sample
sources as well as those in each of the previously defined red-
shift bins. We focus our stacking on the regions surrounding the
Ho and Hp lines as stacks covering the full wavelength range are
prone to producing continuum artefacts due to flux calibration
issues between different R1000 gratings.

The stacked spectra in the region around Ho are shown
in Fig. 10 and clearly show a decrease in the strength of
[N11]AA6548,6583 and [S1I]AA6716,6731 doublets relative to
Ho as well as an increase in the prominence of the broad compo-
nent relative to the narrow Ho, when going from lower to higher
redshifts.

The stacked spectra in the region around Hpare shown
in Fig. 11 and illustrate the notable presence of the auroral
[O111]A4363 line across all redshifts. However, the He 11 14686
emission is entirely absent from the stacked spectra; the impli-
cations of this will be discussed in Section 7.2. In addition, the
[O 111]A5007 emission profiles are narrow — suggesting a system-
atic lack of prominent large scale outflows in our sample of AGN,
a feature also found in other Type 1 AGN JWST-selected samples
(R. Maiolino et al. 2025).

We perform Gaussian fits to the lines found in our stacked
spectra in order to obtain line fluxes from our stacked spectra.
The fitting procedure followed that of Section 3, with the ex-
ception of the redshift of the narrow lines being set to zero and
the [0 11]A13726,3728 doublet being fitted with a single Gaussian
profile centred on 3727 A as our spectral resolution is insufficient
to disentangle its components. The results from this fitting are
summarized in Table 6. It should be noted that the fluxes for the
[O11]A13726,3728 doublet were obtained from additional stacks
centred on the line as, due to [O11]AA3726,3728 ending up on
different R1000 gratings to Hp, stacks centred on Hp contained
too few sources in the [O 11]A13726,3728 region to be representa-
tive of the whole sample. We also list the measured [S 11] doublet
ratios which change little across the different redshift bins,
corresponding to n, values between ~ 500 and ~ 800 cm™3
when estimated using the calibrations from M. Kaasinen et al.
(2017).
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shows the number of sources that were stacked in each wavelength range. The positions of the [0 1]16300, Ha, [N 11], and [S11] lines are indicated by

dashed vertical lines.

7.1 Balmer decrement and dust extinction

The (narrow) Hee to HP ratios measured from our stacked spectra
show clear redshift evolution and range from 3.85%058 t0 3.2910.53
and 3.08700: for the z < 3.5, 3.5 <z <5, and z > 5 bins, re-
spectively (Fig. 12). This is consistent with redshift evolution of
dust obscuration, corresponding to Ay decreasing from ~ 1 to
~ 0.2, if the SMC extinction curve is assumed. These values are
broadly consistent with those of individual sources in Table 2,
for which the measured Balmer decrements generaly indicate mi-
nor to moderate dust obscuration. Although red outliers appear
present across the redshift range. Either way, our sample sources
do not exhibit Balmer decrements below the Case B value of 2.86
as found in a Type 1 AGN sample from M. Brooks et al. (2024) and
emission line galaxies by C. Scarlata et al. (2024). The interpreta-
tion of M. Brooks et al. (2024) for obtaining Fyo /Fup < 2.86 was
increased temperature in the ISM. Following this interpretation,
our ratios of > 3 may be explained by lower ISM temperatures
or higher dust obscuration in the NLR masking the lower ratio.
However, our stacks display clear [O 111]A4363 emission, which
indicates T, ~ 2 x 10* K across all bins, when using pyNeb (V.
Luridiana, C. Morisset & R. A. Shaw 2015) and assuming n, =
600 cm~3. This indicates that the ISM in our sources is warm and

may suggest that the Ay values in Table 2 may be underestimated
as they were calculated assuming a standard Case B ratio of 2.86.
However, as pointed out by D. E. Osterbrock & G. J. Ferland
(2006), A. Smith et al. (2022), and L. Sandles et al. (2024), the in-
trinsic Ho and Hp flux ratio varies by less than 10 per cent in the
range 5000K < T, < 20000K and 500cm~ < n, < 10000 cm3.
Thus, a significant underestimation of Ay is unlikely.

It should be noted that the He and Hp ratio for the stack of
all sample sources is Fyo /Frp ~ 4.2, this is considerably higher
than the stacks in the individual redshift bins and is inconsistent
with the Fy, /Fyg ~ 0.53, above the Case B value, for the same
stack. Since this inconsistency is not present in the stacks of
individual redshift bins, a likely reason for this discrepancy is flux
calibration issues between the different grating/filter combina-
tions of R1000. In order to check for any issues with our stacking
procedure itself, we generate mock spectra with a fixed Case B
Fyy, /Fup of 0.47 and find that the stacked spectra recover the
set value. Thus the deviations in the stack of the entire sample
are likely due to systematic errors in the flux calibrations (A. J.
Bunker et al. (2024) points our ~ 10 per cent flux differences
between prism and gratings). These systematics do not affect the
individual redshift bins as much since the stacked lines are more
likely to end up in the same grating/filter. Comparing the Fy, /Fug
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Figure 11. Medium-resolution stacks of the Hf region of our sample spectra. The lines hold the same meaning as in Fig. 10. The dashed vertical lines

indicate the locations of the Hy, HB, [O111], and He I1 emission lines.

and Fy,, /Fyp values of the entire sample stack to a weighted mean
of the results in the individual redshift bins we find that the
magnitude of this systematic uncertainty is in the 10-20 per cent
range. We thus add 20 per cent to the fit uncertainties presented in
the ‘All redshifts’ column of Table 6 and caution that any stacking
of involving the full range of grating/filter combinations of R1000
must carefully account for the flux calibration differences.

7.2 Narrow-line ratio diagnostics

Both recent and pre-JWST era observations have shown that tra-
ditional narrow line diagnostic diagrams, such as the BPT (J.
A. Baldwin et al. 1981) and VO87 (S. Veilleux & D. E. Oster-
brock 1987) diagrams, struggle to robustly identify Type 2 AGN at
higher redshifts due to the sensitivity of their lines to metallicity
and more intense starburst activity (D. Masters et al. 2014; A.
L. Coil et al. 2015; J. Scholtz et al. 2023; H. Ubler et al. 2023).
As a significant fraction of AGN are expected to be in the Type
2 regime (B. Vijarnwannaluk et al. 2022; J. Scholtz et al. 2023),
exploring alternative narrow line diagnostics is crucial in working
towards a complete census of high-redshift AGN in both obscured
and unobscured regimes. The statistics and redshift coverage of
our sample allow for thorough testing of classical and newly
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established Type 2 AGN diagnostics and assessing their redshift
evolution.

We therefore utilize our broad-line AGN sample to check
their location on the new and old narrow line ratio diagnostic
diagrams. We first focus on the traditional N2 = log [N 11]/H e,
R3 = log[O11]/H B BPT diagram (J. A. Baldwin et al. 1981) as
well as similar diagrams incorporating [O 1]16300, [S 11] and He 11
14686 lines (S. Veilleux & D. E. Osterbrock 1987; L. J. Kewley et
al. 2001; M. Shirazi & J. Brinchmann 2012). Panel a of Fig. 13
shows the distribution of our sources in the traditional N2-R3
BPT diagram (J. A. Baldwin et al. 1981). Most of them lie firmly
in the star-forming regions of the plot as found in other studies
of high-redshift Type 1 and Type 2 AGN (Y. Harikane et al. 2023;
J. Scholtz et al. 2023; H. Ubler et al. 2023; R. Maiolino et al. 2024;
G. Mazzolari et al. 2025, 2024b; B. E. Backhaus et al. 2025). We
also utilize the stacked R1000 spectra to investigate the presence
of faint UV/optical lines. The N2 and R3 ratios from the stacks
are also shown in Fig. 13 and showcase that, even if detected,
the [N 11] emission is too weak to classify our sources as AGN.
In addition, the stacks in Fig. 13 also show strong evolution of
the N2 ratio with redshift as the z < 3.5 stack is considerably
closer to the boundary than the higher redshift ones, albeit still
not in the AGN region of the diagram. This evolution is likely
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caused by higher redshift sources generally being more metal
poor and the [N11] doublet’s sensitivity to metallicity, although
the magnitude of the decrease shown by the stacks may be
overestimated due to blending of weak [N11]with broad He.
More generally, photoionization models of the NLR of AGN
have shown that the decreasing metallicity of the high-z AGN
host is indeed expected to result into the steady decrease of both
[Nu]/He and [O1]/8 (K. Nakajima & R. Maiolino 2022; H.
Ubler et al. 2023; R. Maiolino et al. 2024).

A similar, although lesser, effect is seen in the S2=
log[SII]/Ha versus R3 diagram (S. Veilleux & D. E.
Osterbrock 1987) shown in panel b of Fig. 13, where the
[S11] doublet gets progressively weaker with redshift (see also J.
Scholtz et al. 2023; H. Ubler et al. 2023). This offset, while still
present, is considerably less extreme in O1 = log [OI]/Hw vs. R3
(S. Veilleux & D. E. Osterbrock 1987), shown in panel c of Fig. 13,
and does not show the same consistent evolution with redshift
across the stacks. This would indicate that lowering metallicity
is a strong contributor to the decrease in effectiveness of the
standard emission line diagnostic diagrams, as both nitrogen and
sulphur have delayed enrichment with respect to that of oxygen
(C. Kobayashi, A. I. Karakas & M. Lugaro 2020).

We also investigate the positions of our sample sources on the
He2-N2 diagram from M. Shirazi & J. Brinchmann (2012) and G.
Tozzi et al. (2023), which replaces the [O 111] in the BPT with He 11
24686, as used in recent JWST studies. However, the HeII line
is robustly detected in only two sources across the entire sample
and is otherwise absent even when the spectra are stacked across
the full redshift range and individual bins. These stacks yield an
upper limit on the He 11 24686 to Hp ratio of ~ 0.02 and place
our sources in the star-forming regions of the He2-N2 diagram
(panel d of Fig. 13). While the offset on the N2, S2, and O1
BPT diagrams may be attributed to low metallicity (K. Nakajima
& R. Maiolino 2022), the absence of metallicity-insensitive high
ionization lines (such as He Il A4686) may be indicative of our
sample AGN being inefficient at producing high-energy ionizing
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photons. Whether this inefficiency is intrinsic to the structures
of the accretion discs of these AGN and/or is caused by dense
gas blanketing the BLR and NLR remains to be investigated (see
e.g. K. Inayoshi, S. Kimura & H. Noda 2024; E. Lambrides et al.
2024; P. Madau & F. Haardt 2024; R. Maiolino et al. 2025). It is
important to notice that there are also noticeable exceptions; for
instance the prominent type 1.8 AGN at z=>5.5 studied by H. Ubler
et al. (2023) and X. Ji et al. (2024) does show clear He 11 emission,
both broad and narrow, despited being totally undetected in deep
X-ray data. Additionally, as seen in panel d of Fig. 13, some SDSS
AGN are similarly weak in He 11 14686 therefore local analogues
of this higher redshift population likely exist. It is also important
to note that, the scenario of nuclear blanketing of the ionizing
radiation would provide an alternative or additional explanation
for the offset of our AGN on the BPT diagrams, whereby the AGN
ionizing source does not reach the circumnuclear region to form
a NLR, hence the observed narrow lines would be dominated by
star formation in the host galaxy.

In addition to the traditional strong emission line diagnostics,
we also utilize our sample to test some newly proposed AGN
diagnostics diagrams, mainly those based on the [O111]A4363
(G. Mazzolari et al. 2024b) line. Specifically, these authors
propose a log[OI11]4363/Hy (O3Hg) vs log[OIII1]5007/[O11]3727
(0302) diagram, where they identify a region of high O3Hg
populated only by AGN, while other parts of the diagram is
populated by both AGN and SF galaxies hence inconclusive. The
032-03Hg diagram from G. Mazzolari et al. (2024b) with our
sample is shown in Fig. 14. As can be seen there, most of our
individual sources do not have strong enough detections of the
[O11]a4363 or [O11]A3727 lines to be reliably classified using
this diagnostic. However, all required lines are clearly detected
in the stacked spectra. The lowest (z < 3.5) stack is largely
coincident with the position of the SDSS AGN, while the two
Z > 3.5 stacks showcase strong evolution in [O11]/[O11] ratio
going from z ~ 2 to g ~ 4, which moves both of them slightly
beyond the decision boundary and into the region populated by
both SFGs and AGN. This weakening of the [O 11] relative to the
[O111] is likely indicative of more extreme ionization conditions
in higher redshift galaxies or lower metallicities (A. J. Cameron
et al. 2024). These results indicate that, while the 032-O3Hg
diagnostic appears to be more efficient in selecting AGN than
the BPT, it still struggles at higher redshifts. It should however
be noted that G. Mazzolari et al. (2024b) are quite conservative
in defining the boundary identifying the AGN-only region of the
diagram, and that the high-z stack would be inconsistent with
the envelope of their star-forming photoionization models.

Overall, our investigation of the narrow emission-line diagnos-
tics shows that there is a considerable population of AGN that are
unidentifiable by narrow emission lines only. This results in the
AGN fraction in galaxy evolution estimated in previous studies
(e.g. J. Scholtz et al. 2023; G. Mazzolari et al. 2025) being a lower
limit on the overall number of AGN, as there is a considerable
number of AGN that can only be identified through broad com-
ponent in their permitted lines.

8 SHAPES OF THE BROAD EMISSION LINES

Recent works (R. Maiolino et al. 2024; F. D’Eugenio et al. 2025a;
V. Rusakov et al. 2025) have found that many AGN found by JWST
exhibit extended wings in their broad-line profiles that cannot
be accommodated by a single Gaussian. V. Rusakov et al. (2025)
and D. J. D. Santos et al. (2025a) suggested that these profiles are
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the green dashed line is the one used in J. Scholtz et al. (2023) for high-z galaxies. The grey contours are SDSS galaxies. It can be seen that most of our
sources lie in the star-forming region due to weak [N 11] emission, while the stacked spectra show a strong redshift evolution of the N2 ratio. b. Position of
our sample sources and stacks on the S2 diagram. The dashed black line is the demarcation from L. J. Kewley et al. (2001), while other symbols have the
same meanings as in panel a. As in the previous panel, most of our sources lie in the star-forming region of the plot and a significant redshift evolution in
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does not exhibit consistent redshift evolution; however, most of our sources straddle the boundary. d. Location of the stacked and individual sample
spectra on the He 11 diagram. SDSS AGN and star-forming galaxies selected through BPT are shown in red and blue contours, respectively. The dashed

demarcation line is from M. Shirazi & J. Brinchmann (2012).

exponential in shape and result from Compton scattering in a
dense medium. These results would indicate significant overes-
timation of BH masses and underestimation of accretion rates.
However, ‘wingy’ profiles, not well reproduced by a single Gaus-
sian, have been seen in more generally in most luminous QSOs,
where they are well reproduced by either broken power laws,
double Gaussians (T. Nagao, A. Marconi & R. Maiolino 2006;
W. Kollatschny & M. Zetzl 2013; D. J. D. Santos et al. 2025a)
and are largely attributed to the complex internal dynamics of
the BLR. If this latter scenario is true, then detecting the more
extended wings even in less luminous AGN may be a matter of
signal-to-noise. We thus attempt to test these scenarios by ex-
ploring the shapes of our Type 1 candidates by investigating the
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performance of single Gaussian, double Gaussian, and exponen-
tial profiles.

We construct the double Gaussian model as a simple super-
position of two Gaussians centred on the same wavelength. The
widths of the two components were constrained to the same pri-
ors as in Section 3. It should be noted that we do not interpret
the second Gaussian profile as tracing the presence of a second
BH (although this could be the case in some objects, see H. Ubler
et al. 2024) - this component is introduced to empirically model
the extended wings not fit by a single Gaussian. As for the expo-
nential profile, this was constructed following the prescriptions of
V. Rusakov et al. (2025) and consisted of an intrinsically Gaussian
component, modelling the unscattered BLR emission, convolved
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with a broken symmetric exponential of the form
N(ho, B, W) = Bexp(—[A — Aol /W), @)

where A, is the central wavelength, B the amplitude, and W the
e-folding length. The full BLR profile of V. Rusakov et al. (2025)
would then have the form

SN # GO + (1 = f)G(), ®)

where f; is the fraction of light scattered, N(1) the scattering
exponential from equation (7), and G(A) the intrinsic Gaussian.
The prior on the FWHM of the exponential profile (FWHM =
2W In2) is the same as that set on the broad Gaussians in the
Section 3 fits.

We then refit all of our main sample sources (excluding the
six tentative objects) for a total of 28 fitted, with the two models
described above and quantify the relative performance using the
BIC (equation 1). We find that for most of our sample sources
(22) asingle-Gaussian fit is preferred. However, six of our sample
sources (GS-49729, GN-73488, GN-28074, GS-204851, GS-38562,
and GS-159717) exhibit broad wings that cannot be accommo-
dated by a single Gaussian fit (see Fig. 15 for an illustration). For
these sources, the double Gaussian and exponential profiles gen-
erally fit equally well, with the double Gaussian outperforming
the exponential in terms of BIC for 5 of them and performing
equally well for the remaining sixth (see Table 7 for a summary).
Treating the entire profile of the sources with extended BLR
wings as a result of virial broadening does change the BH mass
estimates, however, the resulting 0.3-0.4 dex differences are well
within the scatter on the virial estimators. In addition, the second
Gaussian component in GN-28074 was found by I. Juodzbalis
et al. (2024a) to kinematically match an outflow in [O111], thus
interpreting it as originating in the BLR is likely inappropriate.

We note that the 6 AGN in Table 7 are among the most lumi-
nous in our sample, suggesting that the reason for the apparent
simplicity of the remaining broad profiles may be low signal-to-
noise. To test this, we stack the objects best-fitted by a single Gaus-
sian profile. The stacking was performed with the same methods
as in Section 7. We also stack the objects in Table 7 to obtain
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Figure15. Anexample comparison of the single Gaussian, double Gaus-
sian, and exponential fits to one of our objects exhibiting extended BLR
wings. It can be seen that the single Gaussian model leaves symmetric
systematic residuals that are considerably reduced when fitting a double
Gaussian or Exponential profiles.

further constraints on the shapes of their profiles. The results
for each stack are shown in Fig. 16. As shown in the figure, the
double Gaussian is strongly preferred over the simple Gaussian
or the exponential models for both stacks. Given the diversity
in luminosities, BH masses, and line widths of the AGN that
ended up in the Gaussian profile stack, there is a possibility of
the extended wings being spuriously introduced by stacking faint
broad components and brighter, narrower ones. To mitigate this,
we experiment with weighting the stacks by the inverse FWHM
of the Ha line as well as removing BHs with M > 10® M, from
the stack and find that the feature persists. This result suggests
that non-Gaussianity may be intrinsic to the vast majority of
AGN BLR and only apparently identified in the brightest QSOs
due to S/N constraints. In Fig. 16 (bottom) we also stack those
objects for which the single Gaussian fit was not satisfactory, not
surprislingly showing broad wings. Interestingly, as shown in the
same figure, a fit with a double-Gaussian is preferred relative to
the exponential fit in both stacks.

The origin of the broader component is currently unclear—
it may be due to the inner part of the BLR (J. W. Sulentic et al.
2002), turbulence in the BLR (W. Kollatschny & M. Zetzl 2013), a
combination of rotation and turbulence and/or probing different
regions of the BLR (D. J. D. Santos et al. 2025a), or an outflowing
component (e.g. J. H. Matthews et al. 2020). Another possibility
is that such wings are due to electron scattering, as suggested by
A. Laor (2006) and V. Rusakov et al. (2025). The latter actually
propose that most of the broad-line profile of JWST-selected AGN
is produced by electron scattering. However, we discuss in the
following section that this scenario is highly unlikely for our
sample.

8.1 A scattering origin of the broad lines?

Most models assume that the clouds of the BLR are in virial
equilibrium around the BH, with possible contributions from an
outflow or inflow component. This assumption is at the basis
of the virial relations between BH mass, width (or velocity dis-
persion) of the permitted broad line and continuum luminosity,
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Table 7. Comparison of the BIC values between the three tested models for the sources exhibiting a wingy BLR as well as the BH masses obtained
from single and double Gaussian fits. The first column gives the source ID, columns one to three the BIC values for the Gaussian, Double-Gaussian, and
Exponential models, respectively. The final two columns list the BH masses obtained from single Gaussian and double Gaussian profiles respectively.

Object ID BICGauss BIC)Gauss BICExp log MgH(Gauss) log MBaH(2Gauss)

GS-159717 3766 3559 3857 7.857930 7.447930
GN-73488 901 744 882 7.9579:30 7.557930
GN-28074 6819 4321 6368 8.557939 8.0910:30
GS-204851 932 872 880 7.68753 7.237931
GS-38562 839 804 799 7.537931 7.237931
GS-49729 2682 1305 1659 8.071030 7.67703%0

Gaussian stack derived from reverberation mappipg (e.g. P.Duet ?1. 2015, 20.18;

Gaussian Double gaussian Exponential E. Dalla Bonta et al. 2020; S.-S. Li et al. 2021). This assumption

has been verified by comparing these AGN with the BH masses
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10-2 | measurements (e.g. D. Park et al. 2012; J.-H. Woo et al. 2015).
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Figure 16. Showcase of the performance of the three models on the
stacks of the objects with simple Gaussian profiles (top) and those with
extended BLR wings (bottom). The stacks are all redshifted to z = 2 and
the narrow lines not part of the He —[N 11] complex are excluded from
fitting and BIC calculation. It can be seen that the double Gaussian model
is preferred for both stacks.
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els, the intrinsic width of the broad line would be 5-10 times
narrower compared to the observed width, and claim that the
observed width is mostly the result of scattering by the outer
medium. Given that in the virial relations the mass of the BH
scales quadraticaly with the line width, this would imply that
the BH masses might be overestimated by about two orders of
magnitude. While a more extensive discussion will be presented
in a separate paper, in this section, we briefly illustrate that these
scenarios are unlikely to apply to the majority of our sample
sources.

V. Rusakov et al. (2025) fit the Ha profiles in the high S/N
spectra of 13 JWST-discovered AGN at z~3-7. They find that,
with the exception of one object, an exponential profile of the
broad line is preferred to a single Gaussian (although a double
Gaussian fit is not attempted by them). They suggest that this is
evidence for an intrinsically very narrow ‘broad’ He associated
with the nuclear BLR, which is embedded in an outer ionized
medium whose free electrons scatter the line into a much broader
exponential profile. In this scenario, the outer ionizing medium
embedding the BLR must have a column density of ionized gas on
the order of 10** cm~2 to explain the observed broad Ho wings
in their sample. This scenario has difficulties in explaining our
sample, as discussed in the following paragraphs.

The previous section has shown that an exponential profile is
not necessarily the best fit - we have seen in our sample that a
double-Gaussian profile often fits better the individual profiles
and stacks. In addition, as discussed in the previous section, pro-
files with extended wings that can be approximated with power
laws or exponential profiles are commonly seen in many AGN (S.
Collin et al. 2006; T. Nagao et al. 2006; W. Kollatschny & M. Zetzl
2013; D. J. D. Santos et al. 2025a), especially those approaching
QSO-like luminosities, which include nearby AGN with rever-
beration studies, which were used to calibrate the virial relations.
Therefore, the proposed electron scattering scenario should apply
to the a significant fraction of AGN/QSOs, including those used
for calibrating the reverberation mapping (S. Collin et al. 2006;
E. Dalla Bonta et al. 2020). This would seem to imply that the
BH masses are overestimated by orders of magnitude for most



BHs in AGN/QSOs. However, the consistency with the Mpy—o,
relation (D. Park et al. 2012; J.-H. Woo et al. 2015), defined by
cases for which the BH mass is measured directly, together with
the consistency with direct BH mass measurements in AGN (N.
Winkel et al. 2025), excludes that BHs are generally overestimated
by orders of magnitude via the virial relations. Moreover, low-
z QSOs with ‘wingy’ profiles are generally not Compton thick
to X-ray radiation (which is another prediction of the scattering
scenario proposed by V. Rusakov et al. 2025) and exhibit the same
X-ray properties as other Type 1 AGN (E. Lusso et al. 2020; R.
Maiolino et al. 2025).

Another physical problem that remains to be addressed for
the electron scattering scenario is the recombination within the
scattering medium. The hypothetical ionized scattering medium
located outside the BLR proposed by V. Rusakov et al. (2025)
should have a large amount of H* (~ 10** cm™2 based on the
large N, from tgcager ~ 1), therefore producing its own Ho emis-
sion, independent of the Ho emission from the BLR that has been
scattered. The highly ionized medium located outside the BLR
must be photoionized by the same central accretion disc and, in
order to explain the ubiquity of the scattering scenario proposed
by V. Rusakov et al. (2025), must be nearly entirely covering the
BLR (and therefore the accretion disc). However, to allow a signif-
icant fraction of ionizing photons to reach such an outer ionized
(electron scattering) medium, the covering factor of the inner
BLR should be much smaller, or otherwise it would prevent ion-
izing photons from reaching the outer ionized medium. Both the
BLR and the hypothesized outer ionized medium emit Ho via re-
combination. The width of the Ho emitted by the outer medium
is presumably narrower than the He intrinsically coming from
the BLR, hence it can only be part of the narrow component of
Ha (given that in the best-fit models of V. Rusakov et al. 2025 the
widths of the BLR lines are typically as narrow as FWHMingrinsic S
600 km s~!). Meanwhile, in the scenario proposed by V. Rusakov
etal. (2025), the He coming from BLR is usually not seen directly
(only a small fraction of this is transmitted and unscattered),
while the bulk of the BLR emission is scattered in the putative
exponential wings (i.e. what we see as very broad lines in the
JWST spectra). To the first order, the ratio of the Ha fluxes of the
outer scattering medium (produced by recombination) and the
inner BLR is roughly proportional to their covering factor relative
to the accretion disc that is responsible for the photoionzation.
The covering fraction ratio should be reflected by the occurrence
rate of exponential-profile BLR among all BLRs, barring selection
effects. In the high S/N sample of V. Rusakov et al. (2025) only
one source out of 13 has a broad-line profile dominated by a
single Gaussian, while all others are dominated by the exponen-
tial wings, hence seen through the putative scattering medium.
Therefore, according to the scenario proposed by V. Rusakov et al.
(2025), the ratio between the narrow component of He (coming
from recombination in the proposed scattering medium) and the
broad component of He (coming from the electron scattering
of the BLR) should be at least 12:1. This is completely incon-
sistent with our observations. Fig. 17 shows the distribution of
the narrow-to-broad He flux ratio in our sample. All of our AGN
have this ratio smaller than eight, and smaller than four for 80
per cent of the sampole. The high S/N sample in V. Rusakov et al.
(2025) has a distribution even more skewed towards low values.
The vertical dashed line shows the expected value in the scenario
proposed by V. Rusakov et al. (2025). This ratio of 12:1 is a lower
limit, since the narrow component must also include the standard
narrow component from the NLR, Ho emission by star formation
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Figure 17. Distribution of the ratio between narrow and broad compo-
nent of He in our sample. The vertical dashed line indicates the lower
limit of the ratio expected in the scenario proposed by V. Rusakov et al.
(2025) whereby the broad component results from electron scattering of
a proposed much narrower BLR component from a hypothetical ionized
medium surrounding the BLR.

in the host, and, in some cases, by the residual emission from the
BLR that is transmitted and not scattered.

In addition to the caveats discussed above, the electron scatter-
ing scenario appears to require very high ionization to produce
N, ~ 10** cm~2. For reference, A. Laor (2006) inferred an ion-
ization parameter of log(U) ~ —0.5 for the scattering medium of
NGC 4395, which has only optically thin scattering with Tatter ~
0.34, lower than the typical tgager ~ 1 inferred for V. Rusakov
et al.’s (2025) sample. Thus, the proposed electron scatter dom-
inated scenario would appear to require log(U) ~ 0, larger than
typically inferred for the BLR, despite being at larger distances.
Additionally, such a large ionization parameter has implications
for the radiation pressure and implications for the stability of
such ionized medium, which according to V. Rusakov et al. (2025)
should be common to all newly discovered AGN (which are a
significant fraction of the whole galaxy population, as discused in
the next section). Detailed exploration of this aspect is, however,
beyond the scope of this work and will be presented in a separate
paper.

R. P. Naidu et al. (2025) proposed a different scattering sce-
nario. In contrast to V. Rusakov et al. (2025), in the R. P. Naidu
et al. (2025) scenario the scattering medium is largely neutral,
but warm, with Ny ~ 10%® cm~2 and nyg ~ 10'! cm™3. Such a
neutral, warm medium would be responsible for producing a
strong Balmer absorption, similarly to the scenario proposed by
K. Inayoshi & R. Maiolino (2024) and X. Ji et al. (2025) for LRDs.
However, R. P. Naidu et al. (2025) further suggest that the same
medium introduces Balmer scattering of H and He, analogous
to the Ly« scattering in observations, but from hydrogen atoms
whose n = 2 state is populated by collisional excitation and Ly «
trapping. According to the scenario proposed by R. P. Naidu et al.
(2025), the intrinsic width of the Balmer lines in the BLR could
be much narrower than observed and that the double peaked
Balmer line profiles produced by this scattering would resemble
Balmer absorption, and give apparent widths much broader than
the intrinsic BLR. They propose that this mechanism applies to all
LRDs, hence resulting into an overestimation of the BH masses
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Figure 18. Comparison of the Ho and Pag line profiles of GN-28074 (1.
Juodzbalis et al. 2024a), to evaluate the resonant-scattering scenario. The
two lines are shown in velocity space, and have been normalized to the
same flux in the wings. In the resonant-scattering scenario of R. P. Naidu
et al. (2025), Pap should have a considerably narrower-line profile than
Ha, contrary to observations.

by orders of magnitude. The scenario proposed by R. P. Naidu et
al. (2025) can be tested via lower redshift LRDs in our sample, as
discussed in the following.

Here we focus specifically on the case of GN-28074 at z=2.3.
This object was already presented in I. Juodzbalis et al. (2024a)
as a more luminous ‘Rosetta Stone’ for understanding higher-
z LRDs. This object presents broad permitted lines, a Balmer
break, and absorption of He and HB (and Helr10830), which
1. Juodzbalis et al. (2024a) demonstrate requires absorption by
gas with densities n > 10° ¢m 3. The same mechanism likely
occurs in most LRDs (K. Inayoshi & R. Maiolino 2024; X. Ji et al.
2025), including the source presented in R. P. Naidu et al. (2025).
However, the detection of bright Paschen lines in GN-28074 offers
the possibility of testing the Balmer scattering scenario proposed
by R. P. Naidu et al. (2025). If the broad wings observed in Ho
and Hp were due to Balmer scattering of a much narrower BLR
line, then the same wings should not be seen in Pag, which
would mostly be tracing the intrinsic BLR emission. In the R. P.
Naidu et al. (2025) scenario the population of n=3 of hydrogen
is much lower than n=2, even in the case of high temperatures
and densities (making the population of levels thermalized in a
Maxwellian distribution), hence making the column density of
hydrogen atoms in the n=3 state much smaller than n=2. This
should make the wings seen in the Balmer lines not observable
in Pag and make it much narrower than Ho or HB, due to the
much smaller cross-section of Paschen scattering. However, the
Pag line of GN-28074 shows prominent broad wings and an over-
all similar shape to H«. This is illustrated in Fig. 18 where the
Hea and Pag profiles of GN-28074 are overlaid, after normalizing
them to the same flux of the wings. Pag does not show evidence
of absorption - this is expected in the simpler scenario proposed
by L. Juodzbalis et al. (2024a), X. Ji et al. (2025), and K. Inayoshi
& R. Maiolino (2024), in which the high density in the absorbing
medium populates n=2, but not n=3 levels. However, the most
important feature is the presence of broad wings of Pag - as
shown by the figure, Pag has proportionally more flux in the
wings than He, in contradiction to what is expected by the Balmer
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scattering scenario. A more extensive analysis of this source ar-
riving at the same conclusion is presented in M. Brazzini et al.
(2025).

Finally, if the BH masses were overestimated by two orders of
magnitude, this would certainly help to bring them down to the
local Mgy —My,, relation. However, since they are located close to
the local Mpy—o relation (Section6.2), reducing their BH mass by
two orders of magnitude would make them severely undermas-
sive on the latter relation, which is considered more fundamental
and universal (J. Kormendy & L. C. Ho 2013; A. B. Newman et al.
2025).

In summary, both the electron scattering and Balmer scattering
scenarios for explaining the broad wings of the Balmer lines ap-
pear untenable for the vast majority of our objects, although they
may apply to a few rare cases. Therefore, there is no evidence that
the BH masses have been systematically overestimated by orders
of magnitude as proposed by V. Rusakov et al. (2025) and R. P.
Naidu et al. (2025).

9 UVLUMINOSITY FUNCTION OF AGN AND
THEIR HOSTS

We utilize the increased statistical power afforded by the ex-
panded sample to estimate the contribution of Type 1 AGN and
their hosts to the UV luminosity function (LF) at4 < z < 7 (note
that this redshift bin is slightly wider and extended to higher
redshift than the 4 < 7 < 6 one used in the previous work by R.
Maiolino et al. 2024). The total number densities of AGN hosts
were estimated by rescaling the galaxy UVLF at z = 6 from R. J.
Bouwens et al. (2021) by the ratios of number of AGN hosts to that
of star-forming galaxies spectroscopically targeted by JADES in
each magnitude bin. As JADES primarily targeted star-forming
UV-bright galaxies, our background galaxy sample is strongly
biased against quiescent hosts. However, this bias is unlikely to
be significant as high redshift galaxies are generally star-forming
(P. Popesso et al. 2023).

The UV magnitude bins were chosen to include roughly the
same amount of AGN hosts and were centred on My, = —18.375,
Myy = —18.975, and Myy = —19.8 with the brightest bin intro-
duced to include a small subset of UV bright AGN. We find that
AGN make up 5 per cent, 9 per cent, and 2 per cent of all galaxies
in corresponding magnitude bins although these values are likely
lower limits due to our conservative sample selection. The source
counts are 7, 9, and 4 for the faintest, medium, and brightest
bins, respectively. The overall UVLF estimate is plotted as green
points in Fig. 19. While our sample statistics are not constraining
enough to obtain a reasonable fit to a functional form, rescaling
the R. J. Bouwens et al. (2021) results down to 6 per cent can rea-
sonably reproduce the densities observed in the two fainter bins.
The brightest bin, however, sits significantly below this rescaled
curve and may indicate a steepening of the UVLF of faint AGN
hosts relative to the bright population, however, statistics there
are small.

Overall, our sample contains 20 AGN at 4 < z < 7, almost
double the amount published in R. Maiolino et al. (2024). This
allows us to explore variations in number density estimates due to
cosmic variance. We investigate cosmic variance first, by splitting
our sample across GOODS-S and GOODS-N fields. Both fields
end up containing 10 AGN at the redshift range considered thus
any variation in bin densities is due to variance in galaxy counts
per field and the AGN UV luminosity. As shown in the left panel
of Fig. 19, GOODS-N field contains an excess of faint AGN when
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Figure 19. UVLF of our Type 1 AGN hosts between z = 4 and z = 7. Density estimates for the whole sample are shown with green points. The left panel
shows the variance in the LF when the sample is split across the two fields - GN and GS with red and blue points, respectively. The right panel shows
results from a split in Ly, with high- and low-luminosity bins shown in purple and magenta diamonds, respectively. The highest MUV bin contains the
same amount of sources across both L, ranges thus the points overlap. The solid blue line shows the galaxy LF at z ~ 5 from R. J. Bouwens et al. (2021),
while the dashed orange line shows the same LF scaled down to 6 per cent. The orange shaded region shows the range of extrapolated QSO LFs from M.
Niida et al. (2020). Results from X-ray AGN studies by E. Giallongo et al. (2019) are shown in orange triangles. The remaining points showcase results

from other JWST surveys as indicated in the legend.

compared to GOODS-S. On the contrary, GOODS-S has more
sources at higher Myy relative to GOODS-N. Clearly, these dif-
ferences highlight that cosmic variance plays an important role
in the number density and luminosity distribution of AGN in
small fields and can affect the statistics by at least a factor of a
few. This also highlights that the evolutionary patterns of AGN
(as imprinted in the luminosity function) are likely different in
different environments and different primeval conditions.

Fig. 19 also showcases a comparison between our results (the
numerical values for which are given in Table 8; Y. Harikane
et al. 2023; D. D. Kocevski et al. 2023; J. Matthee et al. 2024)
and those from QSOs (M. Niida et al. 2020) and X-ray AGN (E.
Giallongo et al. 2019) surveys together with results from the first
years of JWST observations (Y. Harikane et al. 2023; D. D. Ko-
cevski et al. 2024; J. Matthee et al. 2024). We find that density
estimates lie significantly above the extrapolated QSO luminosity
functions as well as those from X-ray based AGN surveys (Fig. 19)
as found by R. Maiolino et al. (2024) for a subsample of our
sources. Our estimated AGN fractions, however, are somewhat
lower than theirs, with AGN hosts contributing about 6 per cent
of galaxy density, as opposed to ~10 per cent found by R. Maiolino
et al. (2024). This could likely be attributed to an increase in the
number of galaxy spectra taken by the JADES survey along with
an expanded (and higher) redshift range considered here. How-
ever, confirming that the UV luminosity function of the newly

discovered AGN is one or two orders of magnitude higher than
the extrapolation of QSOs, indicated that JWST is likely uncover-
ing a new population of AGN possibly formed through a different
route. Additionally, confirming that the new population of AGN
is much more numerous than X-ray-selected AGN is in line with
the finding that they are X-ray weak (R. Maiolino et al. 2025) and
that X-ray surveys have likely found only the tip of the iceberg of
the population, either less (X-ray) absorbed or intrinsically more
X-ray loud.

In order to investigate the variance of the UVLF with varying
AGN bolometric luminosity, we split our sample into high
(Lpor > 10%2 erg s71) and low (Lpy < 10%2 erg s™!) luminosity
halves, containing 10 sources each. The resulting density
estimates are shown in the right panel of Fig. 19. As it is shown
there, the differences in the luminous end (Myy < —19.5) are
not drastic with the brightest MUV bins completely overlapping,
while the high luminosity (log Ly, > 44.2) sample contains far
fewer sources in the faintest My bin. This may indicate some
level of contribution of AGN emission to the UV magnitude
for more luminous AGN or a correlation between Lbol and SFR
of the host, which brightens the UV luminosity of the hosts of
luminous AGN and ‘depletes’ the lowest UV luminosity bin.
However the discrepancy between the luminosity bins is not
large. This indicates that the AGN component is either sub-
dominant due to low accretion rates, as is clearly exemplified by
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Table 8. Summary of the UVLF measurements shown in Fig. 19. The first two columns list the central MUV of each magnitude bin and the bin
width respectively. Column three shows the number densities of the entire AGN sample, fourth and fifth column shown the number densities split
across GOODS-N and GOODS-S fields while the final two columns show the number densities across the high (log Ly, > 44.2) and low (log Ly, < 44.2)

luminosity bins. All number densities are given in units of Mpc~3 mag~!.

Muyy AMuyy log an log g log ¢as log ¢HivLum log ¢roLum
—18.375 0.375 —-3.721014 —3.547108 —3.8770:% < —4.5670-% -3.787033

+0.12 +0.16 +0.18 +0.14 +0.23
—18.975 0.225 -3.7370-12 —3.647006 -3.8310.18 —3.841004 -4.3970-3
-19.8 0.6 —4.70738 < —4.97%0:30 —4.427018 -5.007923 -5.0079-2

GN-38509 (I. Juodzbalis et al. 2024b) or due to their UV emission
being weak. Dust obscuration provides a tempting explanation
for this weakness; however, most of our sources, with the
exception of GN-209777, show low to moderate attenuation
(0 < Ay < 2.0) of the NLR and host galaxy. Thus either the dust
is concentrated towards the BLR or the AGN have intrinsically
red SEDs if the lack of AGN contribution to the UV emission is
to be explained by a physical deficiency in UV photons.

We conclude by mentioning that our updated UV luminosity
function confirms that AGN and their hosts can potentially con-
tribute to the reionization of the Universe, although a more quan-
titative assessment requires a proper disentangling between AGN
and host galaxy contribution to the observed UV radiation, and
should also take into account of the cosmic variance revealed by
our study (S. Asthana et al. 2024; P. Dayal et al. 2024; A. Grazian
et al. 2024; P. Madau et al. 2024); such an analysis is beyond the
scope of this paper.

10 CONCLUSIONS

In this paper we have presented a robust sample of Type 1 AGN
spanning redshifts from z = 1.7 to z = 7 with the tentative broad
Hp emitters reaching z = 9, enabling us to probe AGN from Cos-
mic Noon to the Epoch of Reionization. The luminosity regime
investigated is > 2 dex fainter than that of all-sky QSO surveys
and about ~ 0.5 dex below that of other JIWST AGN surveys. Thus
our sample presents a deep view into the low-luminosity regime
of AGN activity. It should be noted that only ~30 per cent of our
sample sources exhibit LRD like spectra (K. N. Hainline et al.
2025) thus, while LRDs make up a significant fraction of the Type
1 AGN population, most Type 1 AGN are not LRDs.

The low luminosities of most of our AGN sample allow for rea-
sonable estimates of the stellar masses of their hosts. Most BHs
in our sample are significantly overmassive with respect to the
local Mgy —-Mstar relations, with the highest excess occurring at
z > 5,while all AGN at z < 3.5 are consistent with the local Mgy —
M, scaling relation (although our statistics in the lower redshift
regime are less constraining). This is nevertheless indicative of
the local Mpy—M, relation being established at z < 4, consistent
with the findings of some BH growth models (A. Trinca et al.
2024) and observational work by Y. Sun et al. (2025).

When comparing our BH masses to the inferred stellar velocity
dispersions of each of our sources, we find that all our objects,
irrespective of redshift, are consistent with local scaling relations.
For a subsample we could also infer the dynamical mass of the
host galaxy, and finding also in this case that our sources are con-
sistent with the local Mpy—M_y, relation. This suggests that most
of the gas required to bring our sources to agreement with the
local scaling relations is likely already present, but star formation
is being inhibited by AGN feedback. Alternatively, the dynamical
mass of these early systems could be dark matter dominated.
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However, both of these scenarios require additional testing in
simulations. In addition, the lack of a significant, offset relative
to local Mgy -0, and Mgy —Magy, relations (Fig. 6) suggests that the
overmassive nature of BHs at high redshifts can not be ascribed
entirely to selection effects although these are certainly present
(L. Juodzbalis et al. 2024b; J. Li et al. 2025a).

Comparison of the NLR of our AGN to the Ly 4-o relation from
J. Melnick et al. (2017) shows no significant deviation between
them and star-forming galaxies. This is suggestive of a lack of
turbulent or ejective feedback present in our sample AGN and im-
plies that star formation in our sources is likely inhibited through
heating of the gas.

Our evaluation of different narrow-line diagnostics reveals that
no single narrow-line diagnostic method is capable of selecting
a complete and pure sample of Type II AGN at high redshifts.
The [0 111]14363 diagnostics from G. Mazzolari et al. (2024b) are
promising in terms of purity; however, their completeness suf-
fers at higher redshift due to weakening of the [O 11]13727 with
respect to [O 11| A5007.

The lack of Hell A4686 or any other high ionization line
emission in our sources, even in the stacked spectra, is curi-
ous and indicates a deficiency in high-energy photons reaching
the NLR. This may be connected to the relative prevalence of
Balmer absorption features of JWST-discovered broad-line AGN
(I. Juodzbalis et al. 2024a; J. Matthee et al. 2024; B. Wang et al.
2024), which traces high-density gas surrounding their nuclei.
This gas, in addition to producing Balmer absorption lines, could
likely attenuate UV emission by bound-free absorption from n=1
and n=2 states of hydrogen, reducing the ionizing photon budget
and potentially leading to non-stellar Balmer breaks as theoret-
ically shown by K. Inayoshi & R. Maiolino (2024) and demon-
strated observationally by X. Ji et al. (2025) and R. P. Naidu et al.
(2025). However, more in-depth studies investigating the preva-
lence of Balmer absorption lines in low-luminosity Type 1 AGN as
well as follow-up observations exploring their nature are needed
to robustly establish this scenario.

We also investigated the recent claims that the broad lines
observed in the JWST-discovered AGN are driven by electron
scattering by an ionized medium (V. Rusakov et al. 2025), or
Balmer scattering by a neutral medium (R. P. Naidu et al. 2025)
around the BLR. In these scenarios the intrinsic width of Ho
produced by the BLR would be much narrower than observed. As
a consequence, the BH masses estimated via the virial relations
applied to the observed width would have been systematically
overestimated by orders of magnitude. We have shown that both
of these scattering effects do not contribute significantly to the
BLR line widths for the majority of our sample sources. A more
complete analysis of the physical implications of these scenarios
is deferred to a future paper.

Lastly, we have assessed the UV luminosity function of the
AGN in our sample and their host galaxies. We confirm that these



AGN are at least one to two orders of magnitude more abun-
dant than the extrapolation of luminous QSOs and X-ray-selected
AGN. This suggests that JWST is uncovering a different popula-
tion, possibly formed through different processes and is in line
with the finding that they are X-ray weak (R. Maiolino et al. 2025).
Moreover, our abundance estimates are likely lower limits due
to conservative sample selection. We found substantial cosmic
variance, by a factor of a few, between GOODS-S and GOODS-N,
which should be taken into account when assessing the fraction
of AGN in the early Universe. We also find a dependence of
the UV luminosity function on the AGN bolometric luminosity,
which should also be taken into account when assessing their
space density.
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Figure Al. Same structure as Fig. 1 in the main text.
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Figure A3. Same structure as Fig. 1 in the main text.



JADES Type 1 AGN 33

ora § JADES-GS-204851, z = 5.480 Matthee24 1000 === [NI]

JADES-GS-10013704, z = 5.919 Maiolino23 —R1000 == [NI]

—- BR — Residuals - - BLR — Residuals
RA = 3732733.26° Loor = 9.21#}§3x10% erg/s --- NIR RA = 31327M30.37° Lot = 1.96*819x10% erg/s - NLR
Dec = -27°47'24.91" Aeas = 0.158+3924 25 . Dec = -27°49'5.13" Aeda = 0.05673887
g2 FWHMyg,ne = 256213 km/s ABIC = 396 233 FWHMyq, or = 196+14 km/s DBIC = 276
S 9
FWHMq b = 2107+13] km/s SIN = 40 20 FWHMyyq, b = 23407148 km/s SIN =25
E} log Mgu/Mo = 7.67+331 Myy=-18.85 g log Mgy/Mo = 7.448:31 Myy= -18.95
ol +
T 15
. [ ! — Prism i ~ 20 — Prism
T IR 3 T
IR >
g [ i 10 £
B I | i W1
S 6 i i : §
T |
5 5 1l H 5 i .
w g 2 12y ! i W 1.0
o [T | i o
3 I ! o A H
72 il i 5 7 0s
S 1 | 1 =]
= M [ o L fu, =)
& - M L &
o Lin _5 0.0
1 2 3 4 5 4.20 425 430 1 2 3 4 5 4.50 455 4.60
Aobs. [um] Aobs. [um] Aobs. [um] Aobs. [um]

JADES-GS-30148179, z = 5.922

R1000 === [NI]
== BLR —— Residuals
RA = 3"32"34.10° Loor = 1.795833x10% erg/s --- NIR
. Dec = -27°4647.47" Aeas = 0.10749387
g FWHMq, o = 249113 km/s ABIC =21 15.0
FWHMyq, o = 16723313 km/s SIN=9
log Mgu/Mo = 7.12*8:3% Myy= -20.36 12.5
g
S
£
> L
W i3
¢ s
H] o
5
z A 1 ey a2
< A I k]
-5
! 2 2 4 5 4.500 4.525 4.550 4.575
A o) Aots [um]

Figure A4. Same structure as Fig. 1 in the main text.

APPENDIX B: TENTATIVE BROAD vidual spectra are shown in Fig. B1 and display visually broad,
HBEMITTERS but not formally significant Hp profiles. A stack of these spec-

tra (Fig. B2), however, does show a prominent broad Hg profile.
In this section we present the individual and stacked spectra Lastly, the NIRCam cut-outs for these sources are shown in Fig.
of the four sources with tentative broad Hp emission. The indi- B3 and reveal their compact nature.
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Figure B1. Showcase of the individual spectra of the tentative broad Hp emitters. The narrow-line-only fit is shown in blue, while the solid magenta
line shows the fit including a broad HS component. The BLR and NLR components of the broad-line fit are shown in green and dark red, respectively.
The lower panel beneath each spectrum shows the residuals of the two fits. It can be seen that, while the narrow-line-only fit does leave larger residuals,

they are not significant enough to include these objects in our main sample.
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Figure B2. Stacked continuum-subtracted spectrum of the four objects
visually identified to have broad Hp in prism. The plot is organized the
same as the individual ones in Fig. B1. It can be seen that not including
a broad line in the fit leaves significant symmetric wings in the residual.
In addition, the narrow-line fit would result in a [O 111]/Hp ratio of 3,
uncharacteristically low for these high-redshift objects.
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Figure B3. RGB NIRCam cut-outs of the tentative broad Hf emitters.
The shutter position is indicated in white rectangles. The images clearly
showcase the compact LRD-like nature of these sources. However, GS-
164055 does appear to be an interacting system.



APPENDIX C: ABICAND S/N DISTRIBUTION
OF THE PARENT SAMPLE

Here we present the distribution of ABIC and S/N values across
the fitted parent sample, illustrating the number of sources re-
moved by our selection criteria (Fig. C1).<?pgbrk fill 7>

103 4

=
o
©
L

# of sources

=
o
.

100 4

0 5 10 15 =20 0 20 40
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Figure C1. Distribution of the parent sample sources across the range
of best-fitting S/N values of the BLR (left) and ABIC (right). The vertical
dashed line indicates the selection cuts used in this work.
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APPENDIX D: OUTFLOWS IN OUR SAMPLE
AGN

We note that most of our sample sources display narrow
[O111]A, 14959,5007 lines, uncontaminated by the presence of
outflows. While a detailed exploration into the energetics of the
detected outflows is beyond the scope of this work, we show the
Hp+[O0 ] fits for the sources with significant outflows, which
are GS-49729, GS-209777, and GN-23924 (Fig. D1). While GN-
28074 also has outflow detections, a detailed exploration of the
line shapes of this object is already published in I. JuodzZbalis et al.
(2024a) and M. Brazzini et al. (2025).

MNRAS 546, 1-38 (2026)



36 I JuodZbalis et al.
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Figure D1. Fits to the continuum-subtracted HB+[O 111] complex for the sources with significant outflow detections. The narrow lines are shown in
red, broad lines (if present) — green and outflow components - violet. The magenta line shows the combined best fit. For GS-49729 (bottom), most of the

Hp line is in the detector gap and could not be recovered.

APPENDIX E: EXAMPLE BEST-FITTING SEDS
AND DUST ATTENUATION COMPARISON

In this section we present some examples of successful and un-
successful SED fitting results (Fig. E1). Fig. E2 shows the com-
parison between Ay derived from line fitting and BEAGLE SED
fits. While BEAGLE Ay is quite uncertain for the majority of

MNRAS 546, 1-38 (2026)

the sources, reflecting the uncertainties in fitting stellar con-
tinua to AGN, a subset of sources shows continuum Ay consid-
erably larger than the values given by the Balmer decrement.
However, all sources in that region are LRDs for which the
mismatch between continuum attenuation inferred from stan-
dard SED fitting and line Ay signifies the non-setallar nature
of their optical continuum (X. Ji et al. 2025; R. P. Naidu et al.
2025).
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Figure E1. Examples of SED fits to our sample sources. Panels a and b show BEAGLE fits to GN-53757 and GS-209777, respectively. The prism spectrum
is shown in red, the best fit in blue, and the lighter colours denote masked regions. It is apparent that BEAGLE fails to reproduce the GS-209777 spectrum

while performing well for GN-53757. Panels ¢ and d show CIGALE fits to GN-209777 and GS-179198, respectively. cigale fitting leaves significant
residuals for GN-209777, hence we do not use the resultant stellar mass estimates. Panel e shows cigale fit to ForcePho photometry of GS-179198.
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Figure E2. A comparison between the Ay values measured from the
Balmer decrement of hydrogen lines (x-axis) and Ay derived from BEA-
GLE fits (y-axis). The uncertainties on BEAGLEAy reflect both fitting and
systematic errors incorporated in the same way as those on BEAGLEM,,
. As shown in the plot, most sources are consistent with a 1-1 relation,
except for a subset consisting almost entirely of LRDs.
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