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A B S T R A C T 

The James Webb Space Telescope ( JWST ) has revealed a large population of massive black holes (BHs) in the early Universe 
with unusual properties which mark them as distinct from low-redshift active galactic nuclei. Such findings have prompted 
the development of new models of BH formation and growth, and of their co-evolution with host galaxies. Linking the gas- 
phase metallicity of BH environments to seed masses is key to understanding which evolutionary pathways could explain 

the population of JWST -discovered BHs. We present new high-resolution JWST NIRSpec/IFU observations covering the 
rest-frame optical emission lines of a Little Red Dot (LRD) at z = 3 . 55 , known as The Cliff, from the ‘Red Unknowns: 
Bright Infrared Extragalactic Survey’ (RUBIES). We find evidence for low metallicity ( Z = 0 . 016 ± 0 . 003 Z�) based on 

the low narrow-line [O iii ] λ5007/ H β ratio, supported by the non-detection of low-ionization emission lines such as 
[O ii ] λλ3727,3729 and [N ii ] λλ6548,6583. We find that the observed properties of The Cliff, including its overmassive BH, 
can be reproduced by some simulations of BH growth and evolution down to z ∼ 3 . 5 . However, such outcomes require 
high seed masses ( 104 - 105 M�) and appear rarely within a simulation volume comparable to the 3 < z < 4 RUBIES volume, 
highlighting the unusual nature of The Cliff. Future simulations and numerical models will help to uncover how such a 
metal-poor system managed to develop a massive BH and persist to such low redshift. 

Key words: galaxies: abundances – galaxies: active – galaxies: evolution – galaxies: high-redshift – galaxies: nuclei. 
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 INTRODUCTION  

he James Webb Space Telescope ( JWST ) has opened a new obser-
ational frontier for studying the formation and evolution of early 
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lack holes (BHs). The sensitivity and wavelength coverage of 
WST have enabled the detection of active galactic nuclei (AGN) 
t high redshift ( z > 4 ) with luminosities Lbol ∼ 1042 - 1046 erg s−1 ,
endering it possible to study low-luminosity AGN at higher red- 
hifts than ever before (e.g. Y. Harikane et al. 2023 ; D. D. Kocevski
t al. 2023 ; V. Kokorev et al. 2023 ; H. Übler et al. 2023 ; J. Chisholm
t al. 2024 ; J. E. Greene et al. 2024 ; J. Matthee et al. 2024 ; R.
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aiolino et al. 2024a , b ; I. Juodžbalis et al. 2024b , 2026a ; A.
damo et al. 2025 ; G. Mazzolari et al. 2025 ; J. Scholtz et al. 2025 ;
. J. Taylor et al. 2025a , b ). The AGN most readily detected by
WST are broad line AGN (BLAGN; i.e. Type 1 AGN), identified
hrough the broad component of their permitted lines (usually
 α or H β). The absence of a corresponding broad component
n the forbidden lines (e.g. [O iii ] λ5007) confirms an AGN Broad
ine Region (BLR) as the origin for the broad emission, dis-
inguishing it from potential outflows. The low luminosities of 
WST -discovered AGN are likely due in part to lower BH masses
nd/or lower accretion rates compared to the luminous high-
edshift quasars previously identified by ground-based surveys (I.
uodžbalis et al. 2024b , 2026a ; R. Maiolino et al. 2024b ). 
However, the JWST -discovered low-luminosity AGN popula-

ion has been found to exhibit a number of peculiarities. Cru-
ially, these AGN are not simply the ‘high-redshift version’ of 
ocal ( z < 1 ) AGN, nor are they ‘scaled-down versions’ of high-
edshift ( z > 4 ) quasars, meaning JWST AGN are likely a distinct
opulation. First, they show characteristic X-ray weakness (T. T.
nanna et al. 2024 ; M. Yue et al. 2024b ; R. Maiolino et al. 2025 )
nd radio weakness (G. Mazzolari et al. 2025 , 2026 ), while both
eak optical variability (e.g. L. J. Furtak et al. 2025 ; X. Ji et al.
025 ; R. P. Naidu et al. 2025 ; Z. Zhang et al. 2025a ) and non-
ariability (e.g. M. Kokubo & Y. Harikane 2025 ; Z. Zhang et al.
025b ) have been observed. The chemical enrichment associated
ith JWST AGN is also poorly understood. Many JWST AGN ex-
ibit a lack of strong high-ionization lines (e.g. E. Lambrides et al.
026 ; G. Zucchi et al. 2026 ) or classical broad-line iron emission
umps (e.g. B. Trefoloni et al. 2025 ). However, many JWST AGN
lso exhibit significant nitrogen enhancement (X. Ji et al. 2024 ;
. Isobe et al. 2025 ), suggesting unexpectedly rapid chemical en-
ichment, potentially driven by extreme star formation or exotic
tellar populations. 
Many JWST AGN also appear overmassive compared to the lo-
al BH to stellar mass relation ( MBH –M∗; e.g. H. Übler et al. 2023 ;
. J. Furtak et al. 2024 ; I. Juodžbalis et al. 2024b ; R. Maiolino et al.
024b ; C.-H. Chen et al. 2025 ; B. L. Jones et al. 2025 ; I. Juodžbalis
t al. 2026a ). The presence of relatively massive BHs in early low-
ass galaxies is remarkable (M. Mezcua et al. 2024 ), and raises
undamental questions about the co-evolution of BHs and their
ost galaxies (e.g. A. Smith & V. Bromm 2019 ; K. Inayoshi, E.
isbal & Z. Haiman 2020 ). To a certain extent, the overmassive
ature of JWST AGN may be ascribed to selection effects (M.
abouzit 2025 ; J. Li et al. 2025 ; S. Geris et al. 2026a ; I. Juodžbalis
t al. 2026a ) or could point to MBH - Mdyn as a more fundamental
elation between BHs and their host galaxies (R. Maiolino et al.
024b ; W. McClymont et al. 2026 ; A. L. Danhaive et al. 2026a ).
hile selection effects alone cannot fully explain the observed
hift in MBH /M∗ (F. Pacucci & A. Loeb 2024 ; B. L. Jones et al.
025 ), recent work by F. Ziparo et al. ( 2026 ) suggests that this
volution might not be a systematic shift in the mean MBH - M∗
elation (which remains consistent with local values at z > 4 ),
ut rather a significant increase in its intrinsic scatter at higher
edshifts. 
Assuming certain colour selection criteria, approximately 10–
0 per cent (K. N. Hainline et al. 2025 ) of JWST -discovered
LAGN at z ∼ 5 have been categorized as ‘Little Red Dots’ (LRDs;
. Matthee et al. 2024 ; R. E. Hviding et al. 2025 ). LRDs exhibit
 number of characteristic features, including rest-frame opti-
al compactness, extreme redness and a V-shaped continuum
omprised of blue rest-UV and red rest-optical slopes (e.g. J.
atthee et al. 2024 ; D. D. Kocevski et al. 2025 ; D. J. Setton
NRAS 550, 1–29 (2026)
t al. 2025 ). Other features commonly observed in LRDs (though
ot exclusive to the LRD population, see e.g. M. Brazzini et al.
026 ) include exponential broad-line wings (e.g. V. Rusakov et al.
026 ), deep Balmer line absorption (I. Juodžbalis et al. 2024a ; F.
’Eugenio et al. 2026a , b ; X. Lin et al. 2026a ), prominent Balmer
reaks (e.g. J. F. W. Baggen et al. 2024 ; I. Labbe et al. 2024 ; D. J.
etton et al. 2025 ; A. Graaff et al. 2025b ), and X-ray weakness (e.g.
. Yue et al. 2024b ; R. Maiolino et al. 2025 , but see R. E. Hviding
t al. 2026 for an exception). 
The Balmer absorption commonly seen in LRDs indicates high
as column densities along the line of sight (I. Juodžbalis et al.
024a ; K. Inayoshi & R. Maiolino 2025 ; S.-J. Chang et al. 2026 ), a
eature which may also be related to their observed X-ray weak-
ess (R. Maiolino et al. 2025 ). The number density of LRDs has
een found to decline sharply at z < 4 (K. Inayoshi 2025 ; D. D.
ocevski et al. 2025 ), though there are some luminous instances
t lower redshifts (e.g. z ∼ 2- 3 ; I. Juodžbalis et al. 2024a ; Euclid
ollaboration 2025 ; F. Loiacono et al. 2025 ; P. Rinaldi et al. 2025 ;
. Wang et al. 2025 ; Y. Ma et al. 2026 ) and a few local ana-
ogues (e.g. z ∼ 0 . 1 ; X. Ji et al. 2026b ; X. Lin et al. 2026b ). This
apid evolution in LRD number density suggests that the obscu-
ation and extreme gas column densities characteristic of LRDs
ay represent a transient phase of rapid BH growth prevalent
rimarily in the early Universe. 
A wide range of models have now been proposed for inter-
reting the peculiar observed properties of JWST AGN, with
undamental differences in their initial seeding mechanisms.
hese can be broadly divided into two categories: (i) light seeds
 102 - 103 M�), possibly originating from Pop III stellar remnants
e.g. V. Cammelli et al. 2025 ; D. Nandal et al. 2025 ; M. Sanati et al.
025 ; L. R. Prole et al. 2026 ), and (ii) intermediate/heavy seeds
 104 - 106 M�) originating from the runaway merging of nuclear
tar clusters (e.g. C. Partmann et al. 2025 ; A. Rantala et al. 2025 ,
ossibly resulting from the ‘feedback-free starbursts’ proposed by
. Dekel et al. 2025a , b ), or from the direct collapse of massive
as clouds (e.g. P. Natarajan et al. 2024 ; J. Jeon et al. 2025 ; F.
acucci, A. Ferrara & D. D. Kocevski 2026 ), or even primordial
Hs (e.g. S. Zhang et al. 2025 ; P. Dayal & R. Maiolino 2026 ). Cru-
ially, BH seeding mechanisms are influenced by the gas-phase
etallicity of the host galaxy. Pristine, low-metallicity environ-
ents are often cited as a prerequisite for heavy seed formation
e.g. M. C. Begelman, M. Volonteri & M. J. Rees 2006 ; A. Ferrara
t al. 2014 ; M. A. Latif & A. Ferrara 2016 ; R. Maiolino et al.
026 ), as such environments suppress gas fragmentation which
ould otherwise lead to normal star formation (K. Inayoshi et al.
020 ). By initiating growth from an already massive seed, a BH
ould outpace stellar assembly in its host galaxy even at early
osmic times ( z � 4 ; e.g. F. Pacucci et al. 2023 ; P. Natarajan et al.
024 ). Conversely, higher metallicities could hinder heavy seed
ormation (M. A. Latif & A. Ferrara 2016 ) but may facilitate
apid growth via stellar mergers or super-Eddington accretion (K.
nayoshi et al. 2020 ). 
If LRD BH masses are verified as overmassive relative to their
ost galaxies (see I. Juodžbalis et al. 2026b , for example), they
ould be explained by invoking heavy seed models or even Pri-
ordial Black Holes (PBHs; see e.g. P. Dayal 2024 ; S. Zhang
t al. 2025 ; F. Ziparo, S. Gallerani & A. Ferrara 2025 ; P. Dayal &
. Maiolino 2026 ). Alternatively, LRDs could represent an en-
irely new class of rapidly accreting, low-mass BHs termed ‘black
ole stars’ (R. P. Naidu et al. 2025 ; M. C. Begelman & J. Dexter
026 ) with cool gas envelopes (D. Kido et al. 2025 ; H. Liu et al.
025 ). It has even been proposed that LRDs could simply be
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Figure 1. False-colour RGB image of The Cliff, illustrating the NIR- 
Spec/IFS FoV. We label a foreground galaxy (ID 24647, at zspec = 3 . 05 ) 
to the east and a star to the north west. We use publicly available imaging 
from PRIMER (PID 1837) and MINERVA (PID 7814; A. Muzzin et al. 
2025 ). 
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uper-Eddington accreting BHs, which otherwise have the same 
tructure as normal AGN (P. Madau & R. Maiolino 2026 ; P. Madau
t al. 2026 ). Distinguishing between these pathways is essential 
o understanding the formation and early growth of BHs (e.g. J.
eon et al. 2026 ); in this regard, environmental metallicity may 
rove to be a valuable diagnostic for evaluating the plausibility of 
ifferent seeding models. 
A luminous, unlensed LRD at zspec = 3 . 548 , also known
s The Cliff, was recently identified by the Red Unknowns: 
right Infrared Extragalactic Survey (RUBIES; A. Graaff et al. 
025a , b ). The survey obtained JWST Near Infrared Spectro- 
raph (NIRSpec) microshutter assembly (MSA; P. Ferruit et al. 
022 ; P. Jakobsen et al. 2022 ) observations of The Cliff with
oth the low-resolution PRISM/Clear ( 0 . 6- 5 . 3µm) and medium-
esolution G395M/F290LP ( 2 . 9- 5 . 2µm) disperser/filter combina- 
ions. These observations revealed broad H β and H α emission, 
ypical of Type 1 AGN, along with the V-shaped continuum char-
cteristic of LRDs. The Cliff also shows an exceptionally strong 
almer break, for which A. Graaff et al. ( 2025b ) exclude a stel-
ar origin. A. Graaff et al. ( 2025b ) also found The Cliff hosts an
GN with mass of log (MBH / M�) = 7 . 18+0 . 07 

−0 . 06 . Even with these
edium-resolution observations they identify a significant ab- 
orption component in H α, indicative of absorption by dense gas. 
Another key and interesting feature of the original PRISM 

nd G395M observations is the non-detection of the [O iii ] λ5007
mission line. This could indicate a weak Narrow Line Region 
NLR), which has previously been found for powerful high- 
edshift quasars (H. Netzer et al. 2004 ). In this paper, we re-
isit The Cliff, now with recent high-resolution JWST /NIRSpec 
ntegral Field Unit (IFU) observations (G235H/F170LP; PID 

433), which finally reveal constraints on the narrow line 
inematics and metallicity from [O iii ] λ5007. The high reso-
ution spectrum shows a clear narrow component for both 
 β and [O iii ] λ5007, revealing the presence of either a NLR
r inter-stellar medium (ISM) ionized by star-formation. In 
his work, we analyse the high-resolution spectral data to as- 
ess the [O iii ] λ5007 weakness more comprehensively and ar-
ue it is tracing low-metallicity gas within which the BH is
mbedded. We additionally discuss the implications of such 
 low-metallicity, high- MBH system existing at z ∼ 3 . 5 in the
ontext of chemical enrichment and BH seeding. 
The paper is organized as follows. In Section 2 , we describe

he spectroscopic data and data reduction used in this work. 
e present our analysis of the data in Section 3 , the results of 
hich are then described in Section 4 . In Section 5 , we discuss
nd interpret our findings in the wider context of other obser-
ations and simulations. Finally, our key observations and find- 
ngs are summarized in Section 6 . Throughout this work, unless
tated otherwise, we assume a flat �CDM cosmology with H0 = 

7 . 4 km s−1 Mpc −1 and �m 

= 0 . 315 (Planck Collaboration VI 
020 ). At z = 3 . 548 , this means an on-sky separation of 1 arcsec
orresponds to 7.453 kpc. We additionally take solar metallicity 
o be defined by [12 + log (O / H )]� = 8 . 69 (M. Asplund et al.
009 ). 

 DATA  

n this work, we utilize NIRSpec-IFS observations from the 
ycle 4 JWST DDT programme 9433 (PIs R. Maiolino and 
. D’Eugenio). The observations were taken with the high- 
esolution disperser/filter combination G235H/F170LP. We 
dopted a medium-cycling pattern with 10 dithers, 18 groups 
er integration and one integration per exposure, along with the 
RSIRS2 readout mode (B. J. Rauscher et al. 2017 ). This yields a
otal on-source time of 3.7 h. 
The data reduction uses the JWST Science calibration pipeline 
1.20.2 with CRDS jwst_1464.pmap. In addition to the default 
ipeline, we implement a number of further data processing steps 
o improve the quality of the datacube. These custom procedures 
nclude the subtraction of pink noise (‘1/f noise’; B. J. Rauscher
024 ), the masking of residual cosmic rays (including ‘snow- 
alls’), and the removal of signal from failed-open MSA shutters.
 detailed description of these steps may be found in M. Perna
t al. ( 2023 , 2025 ). We adopt the standard algorithm for outlier re-
ection, and resample the data to a scale of 0 . 05 arcsec per spaxel.
he final datacube is constructed using the drizzle combination 
ethod. 
We note that the NIRSpec field of view (FoV) of The Cliff

ncludes both a foreground galaxy at zspec = 3 . 05086 ± 0 . 00002
CANDELS ID 24647; N. A. Grogin et al. 2011 ; A. M. Koekemoer
t al. 2011 ), and a star (see A. Graaff et al. 2025b and Fig. 1 ). To per-
orm background subtraction, we created a mask of source-free 
egions in the FoV, carefully excluding The Cliff, the foreground 
alaxy and star. The background level is estimated independently 
or each spectral channel, performing σ -clipping with a threshold 
f σ = 5 from the median, with the local sky level then defined
s the median of the resulting distribution. The final estimated 
ackground cube is smoothed with a median filter to avoid intro-
ucing additional noise, and is then subtracted from the flux data
ube. 
As noted by earlier studies (e.g. H. Übler et al. 2023 ; B. Ro-
ríguez Del Pino et al. 2024 ), the err extension of the NIRSpec-
FS cubes is underestimated. Hence, to obtain realistic uncertain- 
ies on our aperture-integrated spectra while retaining crucial in- 
ormation about outliers and the correlated noise between chan- 
MNRAS 550, 1–29 (2026)
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Figure 2. Radial surface brightness profiles (normalized to the peak) of 
the narrow H β and [O iii ] λ5007 (the solid orange and pink lines, respec- 
tively) and broad H β (dot-dashed green line) emission lines. The PSF 
model of The Cliff (see Section 3.1 and Appendix A ) is shown by the black 
dashed line. The shaded areas correspond to 1 σ uncertainties on the mean 
for each profile. The emission lines have compact Gaussian cores, and do 
not show any significant extension beyond the scope of the PSF. While 
there are hints of extension out to a radius of 0 . 2 arcsec in [O iii ] λ5007, 
beyond the scale of the PSF, it should be noted that the wings of the 
PSF are not well-constrained and therefore this cannot be interpreted 
as conclusive evidence for spatial extension of The Cliff. Overall, these 
profiles suggest The Cliff is spatially unresolved in NIRSpec/IFS. 
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els, we adopt the same procedure as previous works: rescaling
rr to match the σ -clipped rms noise of the integrated spectrum
n regions free of line emission. 
In addition to the NIRSpec G235H/F170LP observations, we
lso make use of the low-resolution NIRSpec PRISM/Clear spec-
rum obtained as part of RUBIES (GO 4233; PIs A. de Graaff &
. Brammer). Details of the data reduction may be found in A.
raaff et al. ( 2025b ). 

 DATA  ANALYSIS  

.1 PSF and aperture determination 

he optimal aperture from which an integrated spectrum of The
liff is extracted is not perfectly circular, as it is necessary to ac-
ount for the shape of the IFU observations’ point spread function
PSF). The PSF of IFU observations is non-trivial to determine,
or two key reasons: (i) the observational PSF does not exactly
ollow the theoretical JWST PSF, and (ii) the PSF tends to be
lightly elongated in the direction along the IFU slices. In the
ase of The Cliff, we leverage the star present in the IFU FoV as a
eference point-source to obtain a direct measurement of the PSF
or our observations (see Appendix A ). 
To measure the PSF shape and full-width at half maximum

FWHM), we utilize the morphology modelling tool pysersic (I.
asha & T. B. Miller 2023 ). We generate a set of square narrow-
and image cutouts centred on the star by median-stacking all
avelength slices within spectral windows spaced by 0 . 1µm in
he NRS1 detector (where the star is brightest), and by 0 . 2µm
n the NRS2 detector (which samples longer wavelengths). We
odel these synthetic images using a 2D Gaussian, implemented
s a Sérsic profile with fixed index n = 0 . 5 , along with a linear
ky background. We adopt generous flat priors on all parameters,
xcept for position angle (P.A.), which has a narrow flat prior
ithin ±5 ◦ from the NIRSpec position angle. We find that in
RS1 no constraints on the position angle are necessary, and we
nd a position angle that is fully consistent with the NIRSpec
osition angle, i.e. P . A . = 198◦. However, in NRS2 the position
ngle is loosely constrained, likely due to the combination of 
 mildly rounder shape and lower SNR. For consistency, there-
ore, we adopt the same P.A. for all wavelengths. As pysersic
lso requires an input PSF for the fit, we use a Gaussian with
WHM = 0.1 spaxels, a very small width representing a delta
istribution; using a much smaller FWHM would incur artefacts
n the fitting procedure. The PSF parameters are estimated with
 simple maximum-likelihood estimator. We find that for our
ain spectral region of interest, the H β−[O iii ] λ5007 complex,
he corresponding PSF is well-described by an ellipse with major
xis FWHM 0 . 167 arcsec , axis ratio q = 0 . 86 , and position angle
 . A . = 198◦. The direction of elongation of the PSF is along the
FU slices. 
To determine the size of the optimal integrated spectrum ex-

raction aperture, it is important to first investigate whether The
liff shows any evidence for spatially extended emission. In
ig. 2 , we present the radial surface brightness profiles of the
 β and [O iii ] λ5007 emission lines, compared to the profile of 
ur best-fitting PSF model (dashed black line; also refer to Ap-
endix A ). The profile of narrow H β (henceforth denoted H βN ,
olid orange line) is obtained by simply collapsing the three spec-
ral channels around the peak of H βN (a range of ±75 km s −1 );
imilarly, the profile of [O iii ] λ5007 (solid pink line) is also ob-
ained by collapsing the narrow line over the three spectral
NRAS 550, 1–29 (2026)
hannels around its peak. The profile of broad H β (henceforth
enoted H βB ; dot-dashed teal line) is extracted from the spec-
ral regions 2 . 204- 2 . 210µm and 2 . 214- 2 . 221µm (i.e. including
mission from both the blue and red wings). The comparison of 
he profiles demonstrates that the bulk of H β and [O iii ] λ5007
mission comes from a very compact, unresolved region. Unlike
n Abell2744-QSO1 (hereafter QSO1; R. Maiolino et al. 2026 ),
here is no conclusive evidence for an extended component of 
 β or [O iii ] λ5007 emission in The Cliff, indicating that The Cliff
s ultimately compact and spatially unresolved at our resolution.
urther evidence for this conclusion arises from morphological
tting of the star in the IFU FoV: The Cliff appears to show the
ame spatial profile as the star, i.e. any apparent extension arises
ue to the PSF. 
We determine the optimal spectral extraction aperture for
he Cliff, using a curve of growth analysis, which allows us to
aximize the signal-to-noise ratio (SNR) of the resulting inte-
rated spectrum while accurately accounting for aperture losses.
s H α is detected with the greatest SNR, we utilize the curve
f growth of the broad H α emission to derive overall aper-
ure corrections. To account for wavelength-dependent aperture
osses, the H α correction is then scaled to determine the rele-
ant aperture loss correction (ALC) factors for shorter wavelength
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Figure 3. Map of narrow H β emission, obtained by collapsing the three 
central channels of the continuum- and background-subtracted line (see 
Section 3.2.1 for the line shapes), normalized to the peak flux density. This 
is overlaid with a white dashed ellipse illustrating the central aperture 
used for extracting the spectra shown in Figs 4 , 5 , and 6 . While this map 
may include some contribution from the broad H β component, this has 
no impact on our results as it is not used for any quantitative measure- 
ments. 
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ines such as H β and [O iii ] λ5007 (see Appendix B ). The final
xtraction aperture is an ellipse defined by the same axis ratio
nd P.A. as the PSF, with major radius of 0 . 1 arcsec , and cen-
red on the continuum centroid of The Cliff. The final integrated 
pectrum extraction aperture used for The Cliff in this work 
s shown by the white dashed ellipse in Fig. 3 , overlaid on to
 map of H βN emission. The full integrated spectrum of The 
liff extracted from this rmaj = 0 . 1 arcsec aperture is presented in 
ig. 4 . For this aperture, the ALC factor for H α is found to be
 . 88 ± 0 . 05 . 

.2 Spectral analysis 

o analyse the emission lines, we adopt a Bayesian approach, 
sing different models for different regions of the spectrum as 
iscussed across the following subsections. To integrate the pos- 
erior distribution of each fit, we use the Markov Chain Monte
arlo (MCMC) method with the software emcee (D. Foreman- 
ackey et al. 2013 ). We run 15 000 steps for each chain, with 50
er cent burn-in steps. To initialize the chains, we first identify
he minimum- χ2 solution using the relevant model and ordi- 
ary least-squares minimization. For the MCMC fit, we adopt 
aussian priors informed by the minimum- χ2 fit, with strong 
oundaries only set when physically motivated (e.g. to ensure 
on-negative emission line fluxes). All chains are visually in- 
pected for convergence. The final best-fitting parameters and 
heir uncertainties are calculated as the median value and 68 
er cent confidence interval of the posterior distribution. To ac- 
ount for any uncorrelated uncertainties, all quantities derived 
rom the spectral fitting are calculated from the posterior distri- 
ution. The key spectral properties determined from the model 
ts described in this section, together with their uncertainties, are 
ummarized later in Table 1 . Corner plots illustrating the poste-
ior distributions of our best-fitting spectral models are presented 
n Appendix E . 
.2.1 The H β−[O iii ] λ5007 complex 

ig. 5 shows the integrated spectrum of The Cliff, now high-
ighting the H β and [O iii ] λλ4959,5007 emission lines. This inte-
rated spectrum reveals the narrow and broad components of H β

mission, together with a broad and slightly redshifted absorption
omponent; the absorption in H β was not visible in the earlier
RISM observations presented by A. Graaff et al. ( 2025b ). We also
ote the detection of the weak and narrow [O iii ] λλ4959,5007
ines in our observations, which were not significantly detected 
y A. Graaff et al. ( 2025b ) in the low-resolution spectrum. In this
ork, the narrow [O iii ] λ5007 emission provides valuable con-
traints for the kinematics of the narrow H β line in our spectral
ts of the G235H spectrum, meaning it is possible to spectrally
isentangle the H βB and absorption components from the H βN 
omponent. 
To fit the H β−[O iii ] λ5007 complex, we adopt an approach
imilar to that outlined by X. Ji et al. ( 2025 ) or R. Maiolino
t al. ( 2026 ). We fit a single Gaussian profile to describe the
arrow components of each emission line, tying their redshift 
entroids and intrinsic FWHMs ( zN and FWHM N , respectively) 
o common values to reduce the number of free parameters. 
e allow the amplitude of each Gaussian profile to vary freely,
ut the [O iii ] λ5007/[O iii ] λ4959 flux ratio is fixed to 2.99 (M.
. Dimitrijević et al. 2007 ). The broad line component is mod-
lled as a Gaussian profile with its own independent redshift 
nd intrinsic FWHM ( zB and FWHM B , respectively). In order to 
etrieve intrinsic line FWHMs from the spectral data, we must 
ccount for the wavelength-dependent line spread function (LSF) 
f JWST /NIRSpec. The nominal, pre-launch resolution LSF (P. 
akobsen et al. 2022 ) from the JDOCS 1 is too conservative because
WST provides a lower than expected wavefront error. Hence, for 
ur deconvolution, we assume the nominal LSF improved by a 
actor of 0.7 (roughly in agreement with e.g. A. J. Shajib et al.
025 ). The intrinsic FWHM of any individual emission line is
herefore given by: 

WHMint =
√ 

FWHM2 
obs − (0 . 7 × FWHMpre −launch LSF )2 . (1) 

he continuum is modelled with a power-law, with the amplitude 
nd exponent of the power law as additional free parameters. 
Finally, we add a H β absorption component, associated with 

he broad-line region. The absorption component is described 
y four parameters: velocity offset vabs relative to the narrow 

ine, central optical depth τ0 , covering fraction Cf and velocity 
ispersion σabs . The residual intensity at wavelength λ is given 
y 

I(λ) /I0 (λ) = 1 −Cf + Cf exp (−τ (k; λ)) ,with 
τ (k; λ) = τ0 (k) f [ v (λ)] , 

(2) 

here I0 (λ) is the spectral flux density before absorption (con- 
isting of both the continuum and H βB emission), τ0 (k) is the
ptical depth at the centre of the line ( k = H β here), and f [ v (λ)]
s the velocity distribution of the absorbing atoms, assumed to be
 Gaussian probability distribution (see e.g. F. D’Eugenio et al. 
026b ) and parametrized by vabs and σabs . 
The middle panel of Fig. 5 shows the integrated spec- 

rum, now with the broad H β, continuum and absorption 
omponents subtracted. The BLR-subtracted spectrum high- 
ights the prominence of H βN and the relative weakness 
MNRAS 550, 1–29 (2026)

https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-instrumentation/nirspec-dispersers-and-filters
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Figure 4. Full, background-subtracted NIRSpec-IFU G235H/F170LP integrated spectrum of The Cliff, extracted from the aperture shown in Fig. 3 . The 
locations of key emission lines are labelled with coloured vertical lines (except [N ii ] λλ6548,6583, to avoid overcrowding near H α). This spectrum has 
not been corrected for aperture losses. 

Table 1. Summary of best-fitting H β−[O iii ] λ5007 and H α model pa- 
rameters of The Cliff, reporting the median and 16th −84th percentile 
range of the posterior probability distributions. The ‘N’ and ‘B’ sub- 
scripts denote values associated with narrow and broad components, 
respectively. The free parameters for the emission line amplitudes and 
power-law continuum are not listed here. Top segment: Results from the 
H β−[O iii ] λ5007 fit described in Section 3.2.1 . Bottom segment: Results 
from the Fiducial H α fit described in Section 3.2.2 . Parameters that were 
fixed to values from the H β−[O iii ] λ5007 model as part of the H α fit are 
not repeated in this segment. 

Parameter Value 

H β−[O iii ] λ5007 

zN 3 . 54903 ± 0 . 00004 
FWHMN 90 ± 9 km s−1 

zB 3 . 546 ± 0 . 001 
FWHMB 2770 ± 210 km s−1 
vabs 46+15 

−14 km s−1 
τ0 (H β ) 3 . 22+2 . 26 

−1 . 36 
Cf 0 . 67+0 . 17 

−0 . 13 
σabs 47 ± 21 km s−1 

H α

zB , H α 3 . 5486 ± 0 . 0001 
FWHMB , H α 480 ± 50 km s−1 

T 0 . 35+0 . 07 
−0 . 06 104 K 

τthom 

2 . 22+0 . 19 
−0 . 15 

vabs , H α 61 ± 4 km s−1 
τ0 (H α) 2 . 83+0 . 26 

−0 . 24 
σabs , H α 52 ± 6 km s−1 
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f [O iii ] λ5007. The inferred ratio between [O iii ] λ5007 and
 βN is low, F ([O iii ] λ5007) /F (H βN ) = 1 . 59+0 . 26 

−0 . 24 , as reported in
able 3 . While this ratio is not as low as in the case of QSO1
 F ([O iii ] λ5007) /F (H βN ) ∼ 0 . 55 ; R. Maiolino et al. 2026 ) for ex-
mple, we will discuss the [O iii ] λ5007 weakness and its implica-
ions for metallicity in Section 4.3.1 . 
Due to the relatively low signal to noise of the
 β−[O iii ] λ5007 complex, we note as a caveat that we cannot
eaningfully perform statistical tests of different models for the
NRAS 550, 1–29 (2026)

[  
road H β line profile (e.g. exponential wings, double Gaussian
LR, Lorentzian). 

.2.2 The H α profile 

ig. 6 shows the integrated spectrum of The Cliff around the
 α emission line. The high-resolution IFU spectrum reveals
he complexity of The Cliff’s H α profile: deep absorption, no
isibly distinct narrow component, and potentially asymmetric
road wings. While a single- or double-Gaussian BLR model
s often used to approximate the H α line breadth (as was the
ase for our H β fit), such models result in a poor fit to the
ings of the profile. In contrast, a ‘scattering model’ (see e.g. V.
usakov et al. 2026 ) can account for exponential wings in the
ine profile, which are often attributed to Doppler broadening
ue to electron or resonant scattering (e.g. A. Laor 2006 ). Even
ith the higher resolution of the G235H spectrum (compared
o earlier PRISM or G235M observations), we still lack the spec-
ral resolution required to decisively disentangle the individual
 α spectral components. As a result, we deem the exponential
odel to be a more appropriate parametrization of the H α pro-
le for this work (compared to a double Gaussian model, for
xample). For simplicity, and for comparison with some previ-
us studies, we model the exponential profile in the context of 
he scattering scenario. However, we note that while the expo-
ential profile is often ascribed to electron scattering by a ion-
zed medium, J. Scholtz et al. ( 2026 ) and P. Madau et al. ( 2026 )
ave recently shown that the same profile can be ascribed to
ormal BLR stratification, or to the overlap of multiple non-
xponential components. A full exploration of the H α emis-
ion line profile, and the nature of its absorber, is beyond the
cope of this work but has been presented in J. Scholtz et al.
 2026 ). 
To model the H α profile, we first define the narrow com-
onent of H α (henceforth H αN ) and the doublet as Gaus-
ians with their kinematic parameters (i.e. zN and FWHMN )
onstrained to those from the H β−[O iii ] λ5007 fit, with the
N ii ] λ6548/[N ii ] λ6583 flux ratio fixed to 0.327 (see I. Dojčinović,



The Cliff: a metal-poor LRD 7

Figure 5. The integrated spectrum of The Cliff presented in Fig. 4 , highlighting the H β−[O iii ] λ5007 spectral region. Top panel : The integrated 
spectrum (blue solid line), with the fitted broad component of H β (orange dashed line), and the continuum and H β absorption (green dashed line). 
The pink dashed line shows the total fit to the BLR and continuum emission. Middle panel : The same spectrum, where the broad H β, continuum and 
absorption components have now been subtracted to highlight the narrow components of H β and [O iii ] λλ4959,5007. Note that the feature observed 
between H β and [O iii ] λ4959 was not found to correspond to any known emission line (e.g. He i or [Fe ii ]) and is therefore deemed to be a noise feature. 
Bottom panel : Residuals from the fit, in units of σ . 
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. Kovačević-Dojčinović & L. Č. Popović 2023 ). In line with the
scattering scenario’ parametrization, we adopt a BLR profile 
omprised of an intrinsic Gaussian profile GBLR (λ) described 
y its own independent redshift ( zB ) and FWHM (FWHM B ), 
onvolved with an exponential kernel defined by 

(λ0 , W ; λ) ∝ exp 
(

−| λ − λ0 | 
W 

)
, (3) 

here λ0 is the central wavelength (assumed to be the same as
hat of the Gaussian BLR) and W is the exponential width (A.
aor 2006 ). The overall BLR emission is therefore given by: 

LR = fscatt E(λ) ∗ GBLR (λ) + (1 − fscatt ) GBLR (λ) , (4) 

b  
here fscatt is the fraction of scattered light. fscatt can be related to
he optical depth of the scattering medium ( τthom 

) by 1 − e−τthom .
he exponential width is related to both τthom 

and the tempera- 
ure of the scattering gas ( T ) by 

 = (428 × τthom 

+ 370) × (T / 104 K)0 . 5 ; (5) 

ee A. Laor ( 2006 ) and V. Rusakov et al. ( 2026 ). Note that within
ur analysis T is treated as a nuisance parameter, and is not in-
erpreted as a physical measurement of the system’s temperature. 
nce again, we model the continuum with a power law. Finally,
e include an absorption component with the same Cf as that 
tted to H β, but its other parameters ( vabs , H α, τ0 (H α) and σabs , H α)
llowed to vary independently. 
Supplying constraints and Gaussian priors for this model 
ased on results from the H β−[O iii ] λ5007 fit ensures the
MNRAS 550, 1–29 (2026)
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Figure 6. Integrated spectrum of The Cliff around H α, fitted with two variations on the scattering model as described in Section 3.2.2 . Top panel : Our 
fiducial H αmodel , with the H αN / H βN flux ratio restricted to Case B as part of the fit, i.e. F (H αN ) /F (H βN ) = 2 . 86 . Components shown are the integrated 
spectrum (blue solid line), the overall H α model (solid black line), the total fit to the BLR and continuum emission (dot-dashed orange line), the narrow 

component of H α (dashed red line) and the [N ii] doublet (solid green line). Middle panel : The same overall model, but now with the H αN / H βN flux 
ratio allowed to deviate from Case B (our secondary H α model ). Individual components are shown with the same line styles as in the top panel. Bottom 

panel : A comparison of the fit residuals for the fiducial H α model (black solid line) and secondary H α model (dotted pink line) in units of σ . 
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esulting H α model is physically motivated. This is particu-
arly important as the absorption component is only redshifted
y approximately 2 spectral pixels, and there hence exists sig-
ificant degeneracy between the narrow line and absorption
omponents. 
We investigate this degeneracy and its impact further by fit-

ing two variations on our overall H α model. First, in our fidu-
ial H α model (top panel of Fig. 6 ), the H αN / H βN flux ratio
s fixed to the typical Case B value of 2.86, appropriate for
 = 10 000 K and ne ∼ 102 - 103 cm 

−3 , and assuming no redden-
ng (D. E. Osterbrock & G. J. Ferland 2006 , here accounting
or relative ALCs between H α and H β) 2 . The second varia-
NRAS 550, 1–29 (2026)

 We note that the Balmer decrement is insensitive to density variation of 
02 - 106 cm 

−3 ; see e.g. P. J. Storey & D. G. Hummer ( 1995 ). 

H  

s  

B  

b  
ion is our secondary H α model (middle panel of Fig. 6 ), in
hich the flux of H αN is allowed to freely vary. We make a
tatistical comparison of the two models through the Bayesian
nformation Criterion (BIC; see e.g. G. Schwarz 1978 ), defined
s 

IC = χ2 + k ln n, (6) 

here χ2 is the chi-squared fit statistic, k is the number of free
arameters, and n is the number of data points. One model is
enerally considered to be statistically preferred over another if 
he relative change in BIC ( �BIC ) is < −10 . With the secondary
 αmodel , we obtain a slightly better fit in terms of BIC , and mea-
ure F (H αN ) /F (H βN ) = 1 . 70 ± 0 . 38 , much lower than the Case
 ratio (though marginally consistent within 3 σ ). However, �BIC
etween the fiducial and secondary H α models is only ∼−5 ,
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Table 2. Integrated fluxes and SNRs for the emission lines studied in this 
work. All fluxes have been corrected for aperture losses. H α fluxes refer 
to those determined from our fiducial Case B model (see Section 3.2.2 ); 
the low uncertainty arises because this flux is fixed based on the H β flux. 
H γ is marked with an asterisk as this represents a tentative detection; see 
Section 4.1 for further discussion. The lower portion of the table refers to 
undetected lines and therefore corresponds to upper limits on their fluxes, 
which are quoted at the 3 σ upper limit. 

Emission line Integrated flux SNR [ 10−18 erg s−1 cm 

−2 ] 

H βN 0 . 65+0 . 09 
−0 . 08 12.9 

H βB 4 . 81+0 . 56 
−0 . 45 18.8 

[O iii ] λ5007 1 . 02 ± 0 . 10 16.3 
H αN 1 . 85 ± 0 . 04 17.8 
H αB 60 . 4+10 . 6 

−9 . 3 133 

H γ ∗ 0 . 21 ± 0 . 06 2.9 

[O ii ] λλ3727,3729 < 0 . 45 < 0 . 7 
[O iii ] λ4363 < 0 . 15 < 1 . 5 

[N ii ] λλ6548,6583 < 0 . 18 < 0 . 3 
[S ii ] λλ6716,6731 < 0 . 36 < 0 . 3 

w
m
b

(  

t
1
l

fi  

fl
t  

d  

a
d
s
t
a

3

S
f  

(
[  

e  

d  

t
o  

d
 

N  

u
s  

[  

a  

r
l

Figure 7. Portions of the integrated spectrum of The Cliff, illustrating, 
from top to bottom, the non-detections of the following emission lines: 
[O ii] λλ3727,3729, [O iii ] λ4363, and [S ii ] λλ6716,6731, respectively. The 
spectra presented here are continuum-subtracted to further emphasize 
the non-detection of these lines. We do however note a marginal detection 
of H γ in the second panel (SNR = 2 . 9 ). 
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hich is not statistically significant enough to argue the fiducial 
odel should be ruled out. Hence, the observed H α profile could 
e regarded as consistent with a Case B Balmer decrement. 
According to our best fit, [N ii ] λλ6548,6583 is undetected 

SNR < 0 . 3 ), and we therefore determine the 3 σ upper limit on
he [N ii ] λλ6548,6583 flux to be F ([N ii ] λλ6548 , 6583) < 0 . 18 ×
0−18 erg s−1 cm 

−2 (see Table 2 ). We will utilize this constraint 
ater in Section 4.3.1 . 
In principle, H α could have been included in a simultaneous 
tting with the H β−[O iii ] λ5007 complex. However, the high
ux and severe blending of H α would drive increased uncer- 
ainty in the H β−[O iii ] λ5007 fit parameters and effectively re-
uce the SNR of these lines, introducing major caveats for our
nalysis. Instead, with our approach we prioritize securing an un- 
erstanding of the narrow-line kinematics, applying these mea- 
urements as a prior on H αN to better inform the deblending of 
he H α profile while ensuring confidence in our analysis of H βN 
nd [O iii ] λ5007. 

.2.3 Constraints on other emission lines 

ome additional key lines for our study are the low-ionization 
orbidden line doublets [O ii ] λλ3727,3729 and [S ii ] λλ6716,6731
see Section 4.3.1 ), along with the temperature-sensitive auroral 
O iii ] λ4363 line. Fig. 7 shows integrated spectrum zoom-ins for
ach of these emission lines, illustrating a lack of any significant
etection (all have SNR � 1 . 5 ; see Table 2 ). The upper limits on
he fluxes of these emission lines provides valuable constraints 
n the ISM properties of The Cliff (see Section 4.3.1 for further
iscussion). 
Hence, we fit each of these emission lines with lmfit (M.
ewville et al. 2016 ) and simple single-Gaussian models to obtain
pper limits on their integrated fluxes, again fixing the intrin- 
ic FWHMN of each line to the value from the H β fit. For the
O ii ] λλ3727,3729 and [S ii ] λλ6716,6731 doublets, the flux ratios
re dependent on ISM conditions (e.g. the [O ii] λλ3727,3729 flux
atio depends on density), and their flux ratios are therefore al- 
owed to vary over the permitted range identified with PyNeb (V. 
uridiana, C. Morisset & R. A. Shaw 2015 ). As we note a tentative
etection of H γ (see middle panel of Fig. 7 ), we fit H γ and
O iii ] λ4363 together, obtaining an upper limit on [O iii ] λ4363
nd a tentative detection of H γ (SNR ∼ 2 . 9 ; see Section 4.1 for
urther discussion of H γ ). 
The integrated fluxes of all emission lines measured in this 
ork, including their SNRs, are presented in Table 2 . A summary
f all flux ratios used in this work, together with their abbrevia-
ions and measured values or limits, is presented in Table 3 . 

 RESULTS  

.1 Dust attenuation 

he Cliff exhibits a complex H α profile, with strong degener- 
cy between the narrow component and absorber. Consequently, 
t was not possible to determine a well-constrained H αN / H βN 
almer decrement; indeed, detailed exploration of the H α and 
MNRAS 550, 1–29 (2026)
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Table 3. Flux ratios and their abbreviations for the narrow emission 
lines. Flux ratios are calculated based on aperture loss-corrected flux 
values (see Table 2 ). Uncertainties are bootstrapped from uncertainties 
on the fluxes and are quoted at the 68 per cent confidence level. Upper 
or lower limits on flux ratios are quoted at the 3 σ level. For further 
discussion of these calibrations, see e.g. M. Curti et al. ( 2020 ). 

Flux ratio Abbreviation Value [for log (Ratio ) ] 

[O iii ] λ5007 
H βN 

R3 1 . 59+0 . 26 
−0 . 24 

H αN 
H βN 

– 2 . 86+0 . 48 
−0 . 36 

H γN 
H βN 

– 0 . 32+0 . 11 
−0 . 10 

[O iii ] λ5007 
[Oii ] λλ3727 , 3729 O32 > 2 . 3 
[O iii ] λ4363 
[O iii ] λ5007 – < 0 . 15 

[N ii ] λλ6548 , 6583 
H αN 

N2 < 0 . 09 
[O iii ] λ5007 / H βN 

[N ii ] λλ6548 , 6583 / H αN 
O3N2 > 18 

[S ii ] λλ6716 , 6731 
H αN 

S2 < 0 . 19 
[O iii ] λ5007 / H βN 

[ S ii ] λλ6716 , 6731 / H αN 
O3S2 > 8 . 3 
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 β profiles is beyond the scope of this paper. Consequently,
ithin this work we adopt the Case B ratio of F (H αN ) /F (H βN ) =
 . 86+0 . 48 

−0 . 21 derived from our fiducial H α model, which assumes no
ust. 
Furthermore, we investigate the H γN / H βN Balmer decrement
s a second check on the validity of Case B. In the middle panel
f Fig. 7 , we show a tentative detection (SNR ≈ 2 . 9 ) of H γ emis-
ion. Like the other Balmer lines, H γ emission should have its
wn broad component, which would show absorption compara-
le in depth to that seen in H β and deeper than that of H α (e.g.
. P. Naidu et al. 2025 ; F. D’Eugenio et al. 2026a ). However, due
o the low SNR in this region of the spectrum, it is only possible to
eaningfully fit the narrow component of H γ (henceforth H γN ).
s a consequence of the degeneracy between absorption and nar-
ow components seen in the other Balmer lines, this suggests that
ur measurement of H γN flux is likely an underestimate (unlike
he other emission lines discussed in Section 3.2.3 ). However,
ur measurement yields F (H γN ) /F (H βN ) = 0 . 32+0 . 11 

−0 . 10 , consistent
ith the intrinsic Case B value of 0.466 (for a typical electron
emperature of Te ∼ 104 K ; D. E. Osterbrock & G. J. Ferland 2006 )
ithin 1.3 σ . 
Consequently, we cannot make a compelling claim for Case B
iolation, and henceforth adopt the assumption of no significant
ust attenuation in The Cliff. This conclusion is supported by the
revious studies which find no dust attenuation in the narrow
ines of other LRDs (e.g. G. P. Nikopoulos et al. 2026 ; F. D’Eugenio
t al. 2025 ; X. Ji et al. 2026b ; X. Lin et al. 2026b ). 
We additionally note the H αB / H βB Balmer decrement is ∼13

n this source. This high value may be associated with strong
ust attenuation in the BLR ( AV = 4 mag assuming Case B re-
ombination and the SMC attenuation curve; K. D. Gordon et
l. 2003 ), which can be achieved with relatively low amounts of 
ust concentrated on small spatial scales (P. Madau & R. Maiolino
026 ; F. Pacucci et al. 2026 ). Alternatively, the high H αB / H βB 
ux ratio could arise from collisional excitation in high-density
egions (see e.g. Z. Yan et al. 2026 ). Regardless, the peculiar con-
itions of the BLR cannot apply to the narrow-line emitting gas,
n account of its narrow spectral profile (FWHM N < 100 km s −1 )
NRAS 550, 1–29 (2026)
nd significantly lower Balmer decrement, implying the narrow-
ine emitting gas is physically distinct from the BLR. 

.2 Observed and bolometric luminosity 

e adopt two approaches to estimate the bolometric luminosity.
he first approach assumes that the observed luminosity traces
he bolometric luminosity. We estimate the observed luminos-
ty of The Cliff ( Lobs ) by integrating the JWST PRISM spectrum
rom RUBIES (covering 0 . 6- 5 . 3 µm ) and extrapolating the con-
inuum into the mid-infrared. To anchor the long-wavelength
ust continuum, we include constraints from MIRI photometry:
ν[7 . 7µm] = 1 . 54µJy and Fν[18 . 0µm] = 1 . 96µJy (see appendix
 of A. Graaff et al. 2025b ). A second-degree polynomial is fitted
n log–log space to the combined PRISM & MIRI data, extrapolat-
ng the continuum profile out to 20µm . The total flux F inferred
herefore accounts for the rest-frame UV, optical, and infrared
ight of The Cliff, and we convert this flux to an isotropic luminos-
ty, thereby inferring Lobs ≈ 2 . 1 × 1044 erg s−1 . This estimate of 
uminosity is calculated in line with the argument of J. E. Greene
t al. ( 2026 ), who argue that if LRDs have covering factors close
o unity and their emission is isotropic, then standard local AGN
emplates overestimate the bolometric luminosities of LRDs by
p to a factor of ∼10 . 
However, some other recent works (e.g. M. Tang et al. 2026 ;
. Ji et al. 2026a , Geris S. et al. 2026b ) argue that LRDs are
ot uniformly covered and indeed have channels through which
hotons can escape, and that their emission is not isotropic (e.g.
. Pacucci & R. Narayan 2024 ; P. Madau 2026 ; P. Madau & R.
aiolino 2026 ). This implies that the luminosity observed along
he line of sight is unlikely to be representative of the bolometric
uminosity. Assuming standard bolometric corrections do apply
o The Cliff, its bolometric luminosity ( Lbol ) can be estimated
ollowing the calibration of J. Stern & A. Laor ( 2012 ): 

bol = 130 × LH αB , (7) 

here LH αB is the luminosity associated with the H αB com-
onent. Consequently, from our measurement of F (H αB ) (see
able 2 ), we infer Lbol ≈ 9 . 5 × 1044 erg s−1 , i.e. ∼5 times greater
han Lobs . 
Overall, Lobs represents a lower bound on the total luminosity
f The Cliff, as the true luminosity is likely higher. As Lobs is the
ore conservative of the two estimates, we adopt this value for
ll further discussion within this work. 

.3 Metallicity 

.3.1 Evidence for low metallicity in The Cliff

ollowing the standard approach for high-redshift sources within
he literature, we infer the metallicity of The Cliff using strong-
ine metallicity diagnostics calibrated based on high- z star-
orming galaxies (SFGs). In this work, we adopt the calibrations
f Y. Isobe et al. ( 2026 ), which are based on stacks of SFGs
ver 1 < z < 10 ( zmedian ∼ 3- 5 ), with linear extrapolations for
etallicities 12 + log (O / H ) < 7 . 
The [O iii ] λ5007 / H βN flux ratio, denoted by R3, is often used

o infer metallicity at high- z where other emission lines are not
vailable (e.g. M. Curti et al. 2020 ; R. L. Sanders et al. 2026 ).
rucially, the R3 metallicity diagnostic has two branches, and a
iven R3 value could therefore correspond to both low-metallicity
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Figure 8. Metallicity constraints on The Cliff inferred from upper limits 
on the non-detected emission lines ([O ii ] λλ3727,3729, [S ii ] λλ6716,6731, 
and [N ii ] λλ6548,6583). The solid blue line in each panel illustrates the 
relevant diagnostic calibration from Y. Isobe et al. ( 2026 ). The magenta 
symbols indicate the upper or lower limits obtained for flux ratios in The 
Cliff (see Table 3 ), which altogether exclude super-solar metallicity as an 
explanation for the measured [O iii ] λ5007/ H βN flux ratio (see Fig. 9 ). 
The dashed vertical grey lines correspond to metallicities of 0 . 1 Z� and 
Z�, further emphasizing that a super-solar metallicity for The Cliff is 
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nd high-metallicity solutions. Hence, to constrain the metal- 
icity inferred from our measured R3 value, we must utilize 
he upper limits on the low-ionization line fluxes determined 
arlier (see Section 3.2.3 ). The O32, N2, S2, O3N2, and O3S2
ux ratios (defined in Table 3 ) all have monotonic dependences 
n metallicity, and our observational limits on these flux ratios 
herefore provide upper limits on the metallicity of The Cliff. 
urthermore, Y. Isobe et al. ( 2026 ) provide revised calibrations
or these diagnostics, updating them for higher redshifts. We 
resent these constraints from the low-ionization line flux ratios 
n Fig. 8 . Altogether, these diagnostics correspond to a metal-
icity upper limit of Z � 0 . 25 Z�. While this upper limit is not
articularly constraining by itself, it is important for removing 
he potential degeneracy associated with the double-branched R3 
iagnostic. 
Fig. 9 shows the location of The Cliff on the R3 versus metal-

icity diagram (the filled magenta point), with the R3 calibration 
f Y. Isobe et al. ( 2026 ) shown by the solid blue line. The Y. Isobe
t al. ( 2026 ) R3 calibration provides a metallicity measurement
f 0 . 016 ± 0 . 003 Z� for The Cliff (see Table 4 ). The upper branch
olution would imply a super-solar metallicity, which would be 
mplausible at such high redshift and for such a low-mass sys-
em, but which is anyway ruled out by the weakness of the low-
onization lines (see Fig. 8 ), as discussed above. The metallicity 
ange excluded by the non-detection of the low-ionization lines 
s marked with a grey shaded region in Fig. 9 . 
We also note that the calibrations of Y. Isobe et al. ( 2026 )
ield a higher metallicity for a given low-metal branch R3 value 
han other high-redshift strong-line metallicity calibrations (e.g. 
. L. Sanders et al. 2024 ; E. Cataldi et al. 2025 ) by ∼0 . 2- 0 . 3
ex, so our choice of calibration provides the most conservative 
ow-metallicity measurement. 
The metallicity inferred from the R3 diagnostic is presented in 
able 4 , along with other properties of The Cliff measured later
n this section. We note as a caveat that in making this metallicity
easurement we are adopting an extrapolation of the calibra- 
ion to metallicities 12 + log (O / H ) < 7 , similar to other studies
f high-redshift, low-luminosity systems (e.g. R. Maiolino et al. 
026 ). As an additional caveat, global measurements of metal- 
icity at high redshift may be subject to systematic uncertainties 
riven by inhomogeneous ISM conditions (F. Belfiore et al. 2017 ; 
. Katz et al. 2022 ; B. Moreschini et al. 2026 ). The measured
mission line ratios can be skewed by localized high-excitation 
egions or dense clumps, potentially complicating the interpreta- 
ion of galaxy-integrated scaling relations, and we cannot exclude 
he possibility this scenario applies to The Cliff. 

.3.2 Accounting for potential AGN excitation 

he extremely narrow line widths of H βN and [O iii ] λ5007 mea-
ured in The Cliff (FWHMN ∼ 90 km s −1 ) hint that these narrow 

omponents are powered by weak star formation in the host 
alaxy (see e.g. F. D’Eugenio et al. 2026b ). For the metallicity
nalysis above, we have therefore assumed that the narrow emis- 
ion lines are entirely excited by star formation. In this section,
e will now discuss the possible scenario in which the narrow
ines are actually excited by the AGN and are therefore part of the
LR. 
The calibrations obtained by Y. Isobe et al. ( 2026 ) for high-

 SFGs are not expected to change significantly in the case of 
onization by AGN rather than star formation. On average, high- 
MNRAS 550, 1–29 (2026)

inconsistent with our observations. 
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M

Figure 9. Metallicity of The Cliff as inferred from the measured 
[O iii ] λ5007 / H βN flux ratio. The blue line illustrates the R3 calibration 
of Y. Isobe et al. ( 2026 ), with the dashed segment of the line indicating 
the region for which the calibration is linearly extrapolated. The filled 
magenta point shows our favoured low-metallicity solution for The Cliff
as derived from this calibration. The grey shaded area illustrates the high- 
metallicity branch ruled out by the low-ionization lines (Fig. 8 ). The 
turquoise point shows central region values for QSO1 from R. Maiolino 
et al. ( 2026 ). The orange and green lines show the high-redshift strong- 
line metallicity calibrations of E. Cataldi et al. ( 2025 ) and R. L. Sanders 
et al. ( 2026 ) respectively, with dashed segments indicating where these 
calibrations are extrapolated. All error bars show uncertainties at the 1 σ
level. 
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Table 4. Summary of the properties of The Cliff as derived in this work. 
The observed and bolometric luminosities were estimated as described 
in Section 4.2 . The metallicity was calculated using the strong-line R3 
calibration of Y. Isobe et al. ( 2026 ; see Section 4.3.1 ). The fiducial BH mass 
is determined from the average of three different single-epoch H β-based 
virial calibration BH mass estimates. Mdyn is taken as a conservative upper 
limit on M∗. Uncertainties are quoted at the 68 per cent confidence level. 

Galaxy property Value 

Luminosity (erg s−1 ) Lobs 2 . 1 × 1044 
Lbol 9 . 5 × 1044 

Metallicity 12 + log (O / H ) 6 . 89+0 . 08 
−0 . 10 

log (Z/ Z�) −1 . 80+0 . 08 
−0 . 10 

log (Mdyn / M�) 8 . 41 ± 0 . 12 

log (M∗/ M�) < 8 . 41 

log (MBH / M�) 
Fiducial (from H β) 7 . 35 ± 0 . 24 
Scattering scenario 6 . 32 ± 0 . 22 

log (MBH / M∗) 
Fiducial (from H β) > −1 . 06 
Scattering scenario > −2 . 07 
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 SFGs are characterized by high-ionization parameters (log U >

2 . 5 ; see Section 4.3.4 for further discussion of ionization pa-
ameter), and tend to have harder ionizing spectra than local
alaxies (A. J. Cameron et al. 2023 ; R. L. Sanders et al. 2026 ),
rimarily because of their reduced metal content (A. L. Strom
t al. 2017 ; A. J. Cameron et al. 2024 ). High- z AGN are charac-
erized by softer ionizing spectra than local AGN, as indicated
y the weakness of the high-ionization lines (E. Lambrides et
l. 2026 ; G. Zucchi et al. 2026 ). Overall, we expect the ionization
roperties of the ISM in high- z SFGs and AGN NLRs to be similar
D. D. Kocevski et al. 2023 ; H. Übler et al. 2023 ; I. Juodžbalis
t al. 2026a ), which is further evidenced by the significant overlap
etween high- z AGN and SFG populations in traditional diag-
ostic diagrams (e.g. the BPT diagrams; H. Übler et al. 2023 ; R.
aiolino et al. 2024b ; I. Juodžbalis et al. 2026a ). Hence, the low
etallicity inferred from the Y. Isobe et al. ( 2026 ) calibrations
ay hold even in the case of AGN photoionization of the narrow
ines. 
If anything, the harder ionization spectrum from an AGN
ould amplify the [O iii ] λ5007 / H βN flux ratio for a given metal-
icity and ionization parameter relative to SFGs (an illustration of 
his effect may be found in appendix B of R. Maiolino et al. ( 2026 ),
or example). For the low-metallicity R3 branch, in the case of 
GN photoionization, a given [O iii ] λ5007 / H βN flux ratio would
NRAS 550, 1–29 (2026)
ield an even lower metallicity than that inferred by assuming
F photoionization (by ∼0 . 2- 0 . 3 dex). Once again, the assump-
ions we have adopted in our analysis yield the most conservative
etallicity estimate. 

.3.3 Accounting for density 

 potential alternative interpretation for the weakness of 
O iii ] λ5007 relative to H βN is that the gas density is so high
hat collisional de-excitation starts to affect the population of the
O iii ] λ5007 levels. 
The critical density of the [O iii ] λ5007 line is approxi-
ately 7 × 105 cm 

−3 at typical temperatures of T ∼ 104 K . As
iscussed in Z. Martinez et al. ( 2025 ) and R. Maiolino et al. ( 2026 ),
he emissivity of the [O iii ] λ5007 line is only marginally affected
t densities of 106 cm 

−3 (a decrease by a factor of only ∼1.5),
hile it becomes prominent at densities of 107 cm 

−3 (suppressed
y a factor of ∼10 ). Although the densities of the ionized ISM are
ound to increase on average in high- z galaxies, they are still typ-
cally found to be < 105 cm 

−3 (Y. Isobe et al. 2023 ; M. W. Topping
t al. 2025 ). 
The non-detection of the [O iii ] λ4363 line (middle panel of 
ig. 7 ), which has a significantly higher critical density than
O iii ] λ5007 ( ncrit ([O iii ] λ4363) ∼ 2 × 107 cm 

−3 ), provides a key
onstraint on the density. Fig. 10 illustrates the variation of the
O iii ] λ4363/[O iii ] λ5007 flux ratio as a function of temperature
nd density, as estimated with PyNeb (V. Luridiana et al. 2015 ).
or reasonable temperatures typical of photoionized gas emitting
 β ( T > 104 K ; e.g. D. E. Osterbrock & G. J. Ferland 2006 ), the
nferred upper limit of F ([O iii ] λ4363) /F ([O iii ] λ5007) < 0 . 15
ields a density upper limit of n < 6 × 106 cm 

−3 . This is actually
 stricter upper limit on the density than that found for QSO1
 n < 107 cm 

−3 ; R. Maiolino et al. 2026 ), and excludes extreme
uppression of [O iii ] λ5007 as a consequence of collisional exci-
ation. The 104 K limit is also quite conservative, as most high- z
alaxies are characterized by higher temperatures (E. Cataldi et
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Figure 10. The [O iii ] λ4363/[O iii ] λ5007 flux ratio as a function of 
temperature ( T ) and density ( n ). The 3 σ upper limit on the flux 
ratio, F ([O iii ] λ4363) /F ([O iii ] λ5007) < 0 . 15 (orange dot-dashed line), 
rules out densities n > 6 × 106 cm 

−3 for reasonable temperatures T > 

104 K , as indicated by the grey shaded region. Note the values 
of F ([O iii ] λ4363) /F ([O iii ] λ5007) quoted on each curve are logarithmic. 
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Figure 11. Joint constraints on the metallicity ( Z) and ionization param- 
eter ( U ) of The Cliff from the measured R3 ratio and lower limit on O32. 
The solid and dotted lines correspond to the results of AGN photoioniza- 
tion models from Y. Isobe et al. 2025 , calculated for an assumed density of 
n = 104 cm 

−3 . The solid blue lines illustrate curves of constant Z, decreas- 
ing from log (Z/Z�) = 0 (at the top of the plot) to log (Z/Z�) = −2 (at the 
bottom). Similarly, the dotted grey lines illustrate curves of constant U , 
increasing from log (U ) = −3 . 5 to log (U ) = −0 . 5 from left to right across 
the plot. The position of The Cliff is illustrated by the magenta circle, 
with the lower limit on O32 (see Table 3 ) providing a constraint on the 
minimum ionization parameter. 
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l. 2025 ; R. L. Sanders et al. 2026 ), hence the upper limit on the
ensity is likely close to 106 cm 

−3 . 
While our argument against a high-density scenario is com- 
elling, we quantify the impact on our derived gas-phase metal- 
icity should such a scenario be realized. Assuming an electron 
ensity of 106 cm 

−3 , thereby exceeding the critical density of 
he [O iii ] λ5007 transition, would result in collisional suppres-
ion of the observed [O iii ] λ5007 flux by an estimated factor
f 1.5 (R. Maiolino et al. 2026 ). Accounting for this degree of 
ollisional suppression implies that the unsuppressed R3 ratio 
ould be ∼0 . 18 dex higher than that observed. On the low-
etallicity branch of the strong-line calibrations, this increase 
n R3 would shift the inferred oxygen abundance up to 12 +
og (O / H) ≈ 7 . 08 . This exercise demonstrates that even under
xtreme collisional suppression conditions ( n � 106 cm 

−3 ) dis- 
avoured by our analysis, the gas of The Cliff remains robustly 
etal-poor. Indeed, this conclusion holds for R3 corrections of 
p to ∼0 . 5 dex, 3 i.e. a suppression factor of ∼3 . 
An extension of this argument against a high density scenario, 

ollowing the methodology presented in R. Maiolino et al. ( 2026 ),
s presented in Appendix C . 
 At densities significantly above our fiducial density upper limit of 
06 cm 

−3 , strong-line calibrations would become inapplicable to The Cliff. 
or example, adopting a density of 107 cm 

−3 suppresses [O iii ] λ5007 by a 
actor of 10 (R. Maiolino et al. 2026 ). This correction of 1 dex would push 
3 entirely above the peak turnover value of the R3 metallicity calibration 
urve. 
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.3.4 Excluding peculiar ionization scenarios 

nother potential scenario to explain the weakness of 
O iii ] λ5007 relative to H β, without invoking low density
nd metallicity, is to ascribe the effect to a gas ionization
tate so low that O++ emission is suppressed. Quantitatively, 
hotoionization models indicate that to suppress the [O iii ]/ H β

ux ratio to ∼1 , the corresponding ionization parameter would 
eed to be log (U ) � −2 . 5 (e.g. T. Nagao, R. Maiolino & A.
arconi 2006 ; D. Baron & H. Netzer 2019 ; A. J. Cameron et al.
023 ). This is in significant tension with established findings that
igh- z galaxies are typically characterized by high-ionization 
arameters (log (U ) � −2 . 0 ; e.g. A. J. Cameron et al. 2023 ; N. A.
eddy et al. 2023 ; M. Tang et al. 2023 ). Of course, a single source
ould have lower than average log (U ) , but in this case the rarity
f The Cliff would suggest a link between the spectral properties 
f the AGN and host galaxy. Assuming densities below the critical
ensity of [O ii ] λλ3727,3729 (i.e. n = 104 cm 

−3 ), we utilize our
easurements of R3 and O32 and the AGN photoionization 
odels of Y. Isobe et al. ( 2025 ) to lay a joint constraint on U and
, as illustrated in Fig. 11 . The lower limit we have obtained for
32 provides a lower limit on the ionization parameter U as
og (U ) � −3 . Furthermore, The Cliff sits just below the model
f log (Z / Z�) = −1 (i.e. 12 + log (O / H ) � 7 . 69 ), providing a
urther conservative upper limit on the metallicity of The Cliff, 
hich notably still sits on the low-metallicity branch of the R3
iagnostic regardless of high- z strong line calibration adopted 
see Fig. 9 ). 
MNRAS 550, 1–29 (2026)
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4 Tests of this relation at high-redshift (e.g. A. C. Carnall et al. 2023 ; F. 
D’Eugenio et al. 2024 ; R. G. Pascalau et al. 2026 ) indicate that it does 
appear to hold at high redshift, though this result refers to systems much 
more massive than The Cliff. 
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A similar scenario, without invoking low metallicity or low-
onization parameter, is a lack of photons energetic enough to
ven ionize O+ (∼35 eV; see e.g. I. Wenaker 1990 ; W. C. Martin, V.
aufman & A. Musgrove 1993 ; B. T. Draine 2011 ). However, this
cenario would also not explain the absence of [O ii ] λλ3727,3729
rom the spectrum, as oxygen and hydrogen have similar ioniza-
ion potentials (D. E. Osterbrock & G. J. Ferland 2006 ). Similarly,
N ii ] λλ6548,6583 and [S ii ] λλ6716,6731 are typically expected to
e strongly detected in such low-ionization environments (C. L.
hea et al. 2025 ). A potential caveat of this interpretation is that
he abundance of nitrogen, and thus the strength of its associ-
ted emission lines, drops significantly faster than oxygen in low-
etallicity regimes due to their different enrichment channels (D.
. Nicholls et al. 2017 ). Nevertheless, as previously established
Sections 3.2.2 and 3.2.3 ), neither of these doublets are signifi-
antly detected in the spectrum of The Cliff, let alone compa-
able to H β or [O iii ] λ5007, further disfavouring a simple low-
onization interpretation. 
Finally, we consider a scenario in which the ionization parame-

er is so high that oxygen primarily exists as O+++ . Such a scenario
as never been observed, not even in the most extreme AGN (O. L.
ors et al. 2020 ). Such a high level of ionization would also result
n other high-ionization lines, such as C iv and He ii (B. Wang
t al. 2026 ), appearing very strong; however, there is no evidence
or these lines in the The Cliff (A. Graaff et al. 2025b ). 
By ruling out both extreme high- and low-ionization parameter
cenarios, we conclude that the low [O iii ] λ5007 / H βN flux ratio
n The Cliff most likely originates from a metal-poor ISM. 

.4 Potential low-metallicity satellite 

nalysis of the H α emission in the vicinity of The Cliff reveals
 candidate H α-emitting satellite located to the South, as illus-
rated in the left panel of Fig. 12 . Its H α emission is redshifted by
bout + 380 km s −1 relative to the narrow H α and [O iii ] λ5007
omponents of The Cliff (Fig. 12 ; right panel). Notably, this satel-
ite lacks detectable [O iii ] or other emission features within the
pectral coverage, indicative of low-metallicity gas. The elongated
orphology and redshifted velocity of the satellite may trace a
idally stretched, accreting system, potentially associated with the
edshifted absorber of The Cliff identified in Section 3.2.2 . 
The detection of this potential satellite suggests that The Cliff

esides in an environment characterized by the accretion of 
etal-poor gas (e.g. preceding a ‘compaction’ event; see F. Man-
ucci et al. 2010 ; A. Dekel et al. 2023 ), and this may explain the
ow metallicity of the galaxy. 
However, while the H α identification is the most plausible
xplanation of the observed feature, we cannot exclude the possi-
ility that it originates from a system at a different redshift which
s not physically associated with The Cliff. Furthermore, the nar-
ow emission lines of The Cliff exhibit a remarkably low velocity
ispersion ( σN ∼ 38 km s −1 ), providing no clear evidence for the
urbulence typically associated with an ongoing inflow. Higher
ensitivity, deeper follow-up observations are required to robustly
onfirm the physical association of the satellite with The Cliff and
urther constrain its nature. 

.5 Dynamical mass 

n this work, we do not attempt to directly measure the stellar
ass of The Cliff. M∗ has proven difficult to measure across the
ider LRD population, for reasons including but not limited to:
NRAS 550, 1–29 (2026)
egeneracies between AGN and stellar light (e.g. J. E. Greene et al.
024 ; I. Labbe et al. 2024 ), non-stellar Balmer breaks (e.g. X. Ji
t al. 2025 ), and systematic uncertainties in SED fitting (e.g. E.
urodola, F. Pacucci & R. C. Hickox 2025 ; A. Graaff et al. 2025b ).
dditionally, stellar masses inferred from the optical continuum
f LRDs may be unreliable, as some LRDs have been found to
xhibit a time-variable rest-frame optical continuum (X. Ji et al.
025 ; R. P. Naidu et al. 2025 ), suggesting the optical continuum
ay be AGN- rather than SF-dominated. In fact, in the case of The
liff, A. Graaff et al. ( 2025b ) have already demonstrated the diffi-
ulties in measuring M∗ by fitting the spectral energy distribution
SED) of this object, as SED models favour an implausibly high
tellar mass, and stellar emission is insufficient to explain the
trength of the observed Balmer break. Furthermore, attempts
o measure M∗ of The Cliff from its spectral continuum may be
ffected by contamination from the nearby foreground galaxy
see Fig. 1 ). Consequently, in this work we adopt the dynamical
ass of The Cliff as a strong upper constraint on its stellar mass. 
As discussed earlier, the small velocity dispersion inferred from

O iii ] λ5007 and the narrow component of H β (see Section 3.2.1
nd Table 1 ) indicates that the dynamical mass of The Cliff’s host
alaxy is likely fairly low. To constrain the dynamical mass, we
dopt the same approach outlined in other high-redshift studies
e.g. H. Übler et al. 2023 ; R. Maiolino et al. 2024b ; X. Ji et al. 2025 ;
. R. Ivey et al. 2026 ) of estimating the dynamical mass through
he calibration of A. der Wel et al. ( 2022 ): 

dyn = β(n ) K(q )
σ 2 

∗Re 
G 

, (8) 

here β(n ) = 8 . 87 − 0 . 831 n + 0 . 0241 n2 with Sérsic index n
ollowing M. Cappellari et al. ( 2006 ), and K(q ) = [0 . 87 +
 . 38 e−3 . 71(1 −q ) ]2 with axis ratio q following A. der Wel et al. ( 2022 ).
iven we lack information about q beyond the fit to the PSF, we
dopt q = 1 as this yields a conservative estimate of the upper
imit on the dynamical mass (taking q = 0 would reduce Mdyn 
y a factor of ∼2 ). For the Sérsic index we assume n = 1 as
s the case for the majority of high- z SFGs (K. Ormerod et al.
024 ; A. L. Danhaive et al. 2026b ), including AGN-host galaxies
R. Maiolino et al. 2024b ; I. Juodžbalis et al. 2026a ). Re is the
ffective radius, already estimated by A. Graaff et al. ( 2025b )
rom morphological fitting of JWST /NIRCam F200W imaging
o be 38 . 6+7 . 4 

−6 . 9 pc , which we adopt here as we have determined
he Cliff to be spatially unresolved. Finally, in equation ( 8 ), σ∗
s the stellar velocity dispersion. To estimate σ∗, we use our
onstraint on the narrow line width to measure the gas veloc-
ty dispersion, σgas ≈ 38 km s−1 , and then apply a correction of 
log (σgas / [km s−1 ]) = +0 . 1 following H. Übler et al. ( 2023 ),
ince galaxies with low integrated ionized gas velocity dispersion
end to have a higher integrated stellar velocity dispersion (R.
ezanson et al. 2018 ) 4 . By adopting these assumptions, we obtain
 . 6 × 108 M� as a conservative upper limit on the dynamical mass
f The Cliff. Hence, we obtain an upper limit on the stellar mass
f M∗ < 2 . 6 × 108 M� (Table 4 ). We note that dark matter and gas
ractions are likely to be high (see e.g. W. McClymont et al. 2026 ;
. L. Danhaive et al. 2026b ), so this is a very conservative upper
imit. 
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Figure 12. Image and integrated spectrum of the potential southern satellite of The Cliff. Left panel: The continuum-subtracted data cube collapsed 
over the 2 . 9888- 2 . 9907µm spectral channels ( �v � 190 km s −1 ), highlighting both The Cliff and the potential southern H α satellite (both labelled). 
We have adopted a logarithmically scaled colour bar, illustrating that the satellite has a flux density ∼10 times lower than that of The Cliff over this 
spectral range. Right panel : Comparison of continuum-subtracted integrated spectra of The Cliff and the satellite. The dashed vertical line indicates 
the wavelength of the H αN component in The Cliff, demonstrating the H α emission associated with the satellite has a redshifted offset. Hence, this 
satellite could correspond to an inflow of pristine gas towards The Cliff, and may therefore be associated with the observed low metallicity of this system. 
However, we currently cannot exclude the possibility that this emission originates from a system at a different redshift, and hence deeper follow-up 
observations are required to confirm its physical association with The Cliff. 
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K. Inayoshi & R. Maiolino ( 2025 ) have recently proposed that
ense gas clouds in the vicinity of an AGN accretion disc can give
ise to strong Balmer series absorption, including both line and 
ound-free absorption, i.e. the same phenomena happening in 
he atmosphere of hot stars ( Teff ∼ 104 K ). X. Ji et al. ( 2025 ) have
erified that such a model can indeed produce the strong Balmer
reak and Balmer absorption lines such as those we observe in
he Cliff and in the case of QSO1, without the need to invoke mas-
ive, evolved stellar populations. Although QSO1 has a weaker 
almer break than The Cliff, a similar argument certainly applies 
ere, meaning a small M∗ is entirely reasonable. 

.6 Black hole mass 

he inferred metallicity provides important constraints for mod- 
ls and simulations, but becomes more powerful when accompa- 
ied by measurements of BH mass. 
In this work, we estimate the BH mass of The Cliff by assuming

he local virial relations between BH mass, and the broad line 
uminosity (e.g. J. E. Greene & L. C. Ho 2005 ; M. Vestergaard & B.
. Peterson 2006 ; A. E. Reines & M. Volonteri 2015 ), which are
alibrated either through reverberation mapping or direct mea- 
urements. It is not obvious that these locally calibrated relations 
pply at high redshift. In fact, we note that BH mass measure-
ent at high- z remains a contentious topic, with arguments that
WST -measured BH masses are inaccurately estimated by these 
alibrations, for example due to super-Eddington accretion (e.g. 
. Marconi et al. 2008 , 2009 ; A. Lupi et al. 2024 ; E. Lambrides
t al. 2026 ) or electron scattering (e.g. R. P. Naidu et al. 2025 ; S.-J.
hang et al. 2026 ; V. Rusakov et al. 2026 ). 
The BH mass of The Cliff was previously estimated by A. Graaff
t al. ( 2025b ) as log (MBH / M�) = 7 . 18+0 . 07 

−0 . 06 , based on the profile
f broad H α. However, the medium-resolution spectra result in 
 lack of strong constraints on the narrow line kinematics or
he Balmer line absorption component, which have now been 
evealed by the G235H observations. 
In this work, as we have the best available constraints on the
arrow and broad components of H β (compared to H α), we
rimarily utilize the results of our H β fit to determine an estimate
f MBH . We adopt FWHM B as measured from our spectral fit 
o the H β−[O iii ] λ5007 complex, and calculate the luminosity
f broad H β. We utilize three different H β-based single epoch
alibrations to determine the BH mass: J. E. Greene & L. C. Ho
 2005 ), M. Vestergaard & B. M. Peterson ( 2006 ), and E. Parlanti et
l. ( 2025 ). For the M. Vestergaard & B. M. Peterson ( 2006 ) and E.
arlanti et al. ( 2025 ) calibrations, when calculating uncertainties 
e incorporate the quoted intrinsic scatters of 0.43 and 0.40 dex,
espectively. 
There is a spread of ∼0 . 2 dex across the MBH values obtained 

rom the various H β calibrations, but all of the measurements 
re consistent within 1 σ , and this spread is lower than the
0 . 3- 0 . 4 dex scatter on the BH mass calibrations overall. Hence,
o obtain a single H β-determined value for MBH , we combine
hese three measurements with an uncertainty-weighted average 
nd propagate their uncertainties, to obtain the mean, fiducial BH 

ass measurement of log (MBH / M�) = 7 . 35 ± 0 . 24 . This fiducial
H mass measurement will be used in discussions and analysis 
hroughout the rest of this work. 
Noting that the H α line profile was parametrized by a model
ompatible with the proposed electron scattering scenario (V. 
usakov et al. 2026 ), we obtain an alternative, more conservative
stimate of BH mass, by using FWHM B , H α = 480 ± 50 km s −1 as 
ssociated with the intrinsic Gaussian. For this calculation, we 
tilize the single-epoch H α calibrations of A. E. Reines & M.
MNRAS 550, 1–29 (2026)
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Figure 13. Constraints on the BH mass of The Cliff from several different 
calibrations, based on both H α and H β (J. E. Greene & L. C. Ho 2005 ; M. 
Vestergaard & B. M. Peterson 2006 ; A. E. Reines & M. Volonteri 2015 ; E. 
Parlanti et al. 2025 ). Our H β BH mass measurements and associated 1 σ
uncertainties are shown by the topmost three points; these measurements 
are combined to derive our fiducial BH mass (the magenta point), which is 
quoted in Table 4 . We also show the ‘electron scattering’ scenario BH mass 
as determined from our H α fit, following the argument of V. Rusakov 
et al. ( 2026 ); this represents a more conservative estimate of the BH mass, 
and is also quoted in Table 4 . The dashed grey line and shaded region 
show the BH mass estimate from A. Graaff et al. ( 2025b ) along with its 1 σ
uncertainty. 
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olonteri ( 2015 ). This yields a BH mass an order of magnitude
maller than our fiducial estimate, log (MBH / M�) = 6 . 32 ± 0 . 22 .
owever, we emphasize that exponential profiles are not neces-
arily tracing electron scattering and that simple models of the
virialized) BLR can also naturally result in exponential profiles
P. Madau et al. 2026 ; J. Scholtz et al. 2026 ). In particular, P.
adau et al. ( 2026 ) have recently shown that the BH masses de-
ived by modelling LRD exponential profiles through BLR strati-
cation, without invoking electron scattering, are fully consistent
ith standard single epoch estimates. 
Finally, one could measure BH mass from H α using the cal-

bration of A. E. Reines & M. Volonteri ( 2015 ), now by using
he overall FWHM of the broad component as estimated from
ts overall profile, 920 ± 110 km s −1 (which is still significantly
ower than the FWHM of H βB , 2770 ± 210 km s −1 ). This ap-
roach yields a measurement of log (MBH / M�) = 6 . 91 ± 0 . 23 ,
hich is consistent with both our fiducial, mean H β BH mass
easurement and the earlier estimate of A. Graaff et al. ( 2025b )
within 2 σ ). For clarity, in this work we will limit further discus-
ion to the fiducial H β-measured and ‘scattering scenario’ H α-
easured BH masses as these correspond to the extreme scenar-
os and therefore enable a better exploration of the parameter
pace. 
In Fig. 13 , we present an overview of the BH masses of The
liff determined in this work (the various coloured points); we
lso compare to the earlier measurement from A. Graaff et al.
 2025b ) (the dotted grey line, with a shaded region illustrating
he 1 σ uncertainty). Our fiducial, mean H β-estimated BH mass
the magenta circle) is consistent with the value from A. Graaff
NRAS 550, 1–29 (2026)
t al. ( 2025b ) within 1 σ . We will discuss the implications of our
H mass estimates in Section 5.1 . 

 DISCUSSION  

.1 An overmassive black hole 

eyond the challenges for stellar mass measurements discussed
n the previous section (Section 4.5 ), as, discussed, BH mass
easurements for LRDs are also subject to critical systematic
ncertainties. While virial, locally calibrated single-epoch SMBH
ass estimators are widely adopted to measure BH masses
or JWST -discovered AGN, their reliability is limited by extensive
ystematic uncertainties in BLR geometry, ionization, and kine-
atics. Furthermore, single-epoch BH mass estimates can vary
y up to ∼0 . 5 dex depending on the line used (e.g. H α, H β) and
he adopted calibration (e.g. E. Dalla Bontà et al. 2025 ). These
ystematics are particularly important when considering LRDs,
hich are effectively a new class of AGN. Direct measurements
f BH mass are essential for independently validating the single
poch estimators for high redshift AGN and LRDs. However,
hile a few direct BH mass measurements exist outside of the
ocal Universe (e.g. R. Abuter et al. 2024 ; Y. Shen et al. 2024 ;
. Liao et al. 2025 ; Gravity Collaboration 2026 ), the only direct
BH measurement in an LRD to date is that of QSO1 at z ≈ 7 . 04
y I. Juodžbalis et al. ( 2026b ). MBH of QSO1 was shown to be
onsistent with that from the single-epoch mass estimates, but
his single measurement is insufficient for making any broad con-
lusions about whether the single epoch estimators are applicable
o the wider early AGN population. 
With these caveats on virial BH masses in mind, we compare

he upper limit on M∗ of The Cliff (Section 4.5 ) to MBH inferred
rom the virial relations (Section 4.6 ). We interpret this compari-
on in the context of both local BH–galaxy scaling relations and
f other high-redshift JWST -observed AGN. Fig. 14 illustrates the
elationship between BH mass and host galaxy stellar mass. We
nclude The Cliff in this figure (the magenta circle), together with
ther high- z JWST AGN sources from the literature whose masses
ere also estimated with single-epoch virial calibrations (or di-
ect dynamical measurement in the case of QSO1; I. Juodžbalis
t al. 2026b ). We find that even when adopting the lower of 
ur two BH mass estimates (the BH mass derived assuming the
cattering scenario, shown by the black circle), The Cliff remains
vermassive relative to local scaling relations. If we instead adopt
he fiducial BH mass inferred from H β, The Cliff appears even
ore overmassive ( MBH / M∗ � 0 . 1 ), though we note that both
easured BH masses render The Cliff consistent with the wider
opulation of high- z JWST AGN shown in this figure. It is crucial
o note that as we have adopted an upper limit on M∗, the BH of 
he Cliff is likely even more overmassive than our measurements
uggest, as indicated by the arrows on the plot. This argument
s further strengthened by recent findings that H α profiles with
xponential wings are not direct evidence of electron scattering
M. Brazzini et al. 2025 , 2026 ), because they can alternatively be
xplained by stratification of the BLR (P. Madau et al. 2026 ; J.
choltz et al. 2026 ). 

.2 Metal-poor LRDs and deviation from the MZR 

s we have noted across the previous sections, The Cliff exhibits a
umber of observational similarities to QSO1. This raises a num-
er of questions: do the formation pathways producing objects
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Figure 14. The location of The Cliff on the MBH −M∗ plane, for both the fiducial H β-measured BH mass (magenta circle) and the scattering scenario 
BH mass (black circle). The grey points correspond to measurements from other JWST observations of low-mass AGN (A. C. Carnall et al. 2023 ; Y. 
Harikane et al. 2023 ; V. Kokorev et al. 2023 ; L. J. Furtak et al. 2024 ; R. Maiolino et al. 2024a ; I. Juodžbalis et al. 2026a , b ) and quasars (X. Ding et al. 
2023 ; M. A. Stone et al. 2024 ; M. Yue et al. 2024a ), along with the sample of 3 < z < 7 broad-line AGN from B. L. Jones et al. ( 2025 ) and the mean 
stacks of low-mass AGN from S. Geris et al. ( 2026a ). The solid purple line shows the local scaling relation from A. E. Reines & M. Volonteri ( 2015 ), 
with its scatter indicated by the shaded region. The other purple lines indicate constant MBH /M∗ ratios. Regardless of the BH mass adopted, The Cliff
is overmassive relative to the local relation, a conclusion made stronger by noting that M∗ presented here is a conservative upper limit estimated from 

Mdyn (see Section 4.5 ). 
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uch as The Cliff operate across cosmic time? Is low metallicity 
haracteristic of unusual LRDs and therefore an indicator of rare 
athways for BH seeding and evolution? 
To further investigate the connection between The Cliff and 
ther extreme LRDs, Fig. 15 illustrates comparison of the mass–
etallicity relation (MZR) to ‘unusual’ LRDs across three dif- 
erent redshift regimes: z ∼ 0 , 3 < z < 4 , and 6 . 5 < z < 7 . 5 . We
ote as a caveat for this discussion that this comparison requires
xtrapolation of MZRs to lower stellar masses. The center panel of 
ig. 15 , presents a comparison of The Cliff to the 3 < z < 4 MZR
etermined from the calibrations of Y. Isobe et al. ( 2026 ). Adopt-
ng the same calibrations for both the MZR and the strong-line
etallicity measurement ensures a self-consistent comparison. 
isually, The Cliff is clearly offset from the MZR at this redshift;
ts deviation of ∼6 σ from the best-fitting MZR statistically con- 
rms its status as an outlier. Indeed, marginal consistency with 
he MZR (i.e. a 3 σ deviation) would require a stellar mass low
nough to attain MBH /M∗ ∼ 2 , comparable to the lower limit de- 
ermined for QSO1 ( MBH /M∗ > 2 ), which has been identified be a
nearly naked’ BH in an early stage of its evolution (I. Juodžbalis
t al. 2026b ). Even in the case of the electron scattering BH mass,
uch a scenario results in MBH /M∗ ∼ 0 . 2 , which is still signifi-
antly offset from the local MBH - M∗ scaling relation. This hints at 
 fundamental tension between the MZR and MBH - M∗ relations 
n the case of The Cliff. 
In the left panel of Fig. 15 , we present a comparison of the
o-called ‘local LRDs’ ( z ∼ 0 . 1- 0 . 22 ; X. Lin et al. 2026b ) to the
ocal MZR from M. Curti et al. ( 2020 ); these are three of a mere
andful of local LRDs found to date (R. Lin et al. 2025 ; X. Lin
t al. 2026b ) and therefore, like The Cliff, represent a rare pop-
lation. We adopt the direct metallicity measurements of X. Lin 
t al. ( 2026b ) for this comparison. We additionally estimate the
ynamical masses of the local LRDs of X. Lin et al. ( 2026b ) as an
pper limit on their stellar masses using equation ( 8 ), adopting
he narrow-line FWHMs measured by X. Lin et al. ( 2026b ) and
he tightest available constraint on Re for each LRD (i.e. from X.
i et al. 2026b ; X. Lin et al. 2026b ). With these upper limits on
tellar mass, even the highest metallicity of the three local LRDs
eviates from the median z ∼ 0 MZR by more than 5 σ . The devi-
tion from the MZR is yet more significant for the other two local
RDs. 
Finally, in the rightmost panel of Fig. 15 , we present a
omparison of QSO1 ( z ∼ 7 ) to the 6 . 5 < z < 7 . 5 MZR (also
rom Y. Isobe et al. 2026 ). We re-estimated the metallicity of 
SO1 based on the R. Maiolino et al. ( 2026 ) measurement of 
 ([O iii ] λ5007) /F (H βN ) = 0 . 55 ± 0 . 16 , now using the Y. Isobe
t al. ( 2026 ) R3 calibration to obtain a self-consistent comparison
o the MZR. At the upper M∗ limit afforded by Mdyn , we find QSO1
s also a clear outlier from the 6 . 5 < z < 7 . 5 MZR by � 6 σ . 
Taken together, these comparisons reveal a fundamental ten- 
ion between extreme LRDs and the established galaxy–BH scal- 
ng relations. The statistical significance with which The Cliff, 
SO1, and local LRDs deviate from the MZR suggests that stan-
ard frameworks for galaxy assembly do not apply to these sys-
ems. Indeed, these LRDs may follow unique evolutionary tra- 
ectories, within which the processes governing BH growth are 
ecoupled from the metal enrichment and stellar assembly of the 
ost galaxy. 
MNRAS 550, 1–29 (2026)
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Figure 15. The best-fitting MZR for three different redshift ranges. For each plotted MZR, the dashed segments show the regions for which the MZR is 
extrapolated, and the shaded areas illustrate the 1 σ uncertainties on each relation. For the centre and right panels, the square points with error bars show 

the running median with 16th–84th percentile ranges for the Y. Isobe et al. ( 2026 ) sample in the relevant redshift bin. The lighter shaded regions show 

where the uncertainties on the relation were extrapolated beyond the mass range of the sample. Mdyn is taken as an upper limit on M∗ for the LRDs in 
all three panels. Left panel : The median MZR for the local Universe (teal line), derived by M. Curti et al. ( 2020 ) based on galaxies from the Sloan Digital 
Sky Survey (SDSS). The unfilled orange circles illustrates the position of the local LRDs (X. Lin et al. 2026b ) on the mass–metallicity plane. Here, we plot 
the direct- Te method metallicities derived by X. Lin et al. ( 2026b ); the corresponding uncertainties are 0 . 01- 0 . 03 dex, smaller than is visible on the scale 
of this plot. Centre panel : The MZR for galaxies at 3 < z < 4 (blue line), as derived from the galaxy sample of Y. Isobe et al. ( 2026 ). The position of The 
Cliff ( z ∼ 3 . 5 ) is shown by the filled magenta point, with 1 σ uncertainties on its metallicity. Right panel: The MZR for galaxies at 6 . 5 < z < 7 . 5 (green 
line), as derived from the galaxy sample of Y. Isobe et al. ( 2026 ). QSO1 ( z ∼ 7 ) is shown by the unfilled purple point, using the stellar mass upper limit 
from I. Juodžbalis et al. ( 2026b ), and a metallicity derived from the [O iii ] λ5007 / H βN flux ratio measured by R. Maiolino et al. ( 2026 ) via the Y. Isobe 
et al. ( 2026 ) R3 calibration. 
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.3 The MBH 

–M∗–Z tension 

ig. 16 illustrates the key tensions highlighted by the previous
ections. The dynamical mass of The Cliff represents an up-
er limit on its stellar mass and a lower M∗ would therefore
lign The Cliff more closely with the 3 < z < 4 MZR (Fig. 16 ;
eft panel). However, reducing M∗ simultaneously pushes The
liff further into the ‘overmassive’ regime on the MBH - M∗
lane. This holds true even when adopting a more conserva-
ive BH mass estimate calculated based on an electron scat-
ering scenario, increasing the tension with the local MBH - M∗
elation (Fig. 16 ; centre panel). Consequently, under standard
ssumptions, objects like The Cliff cannot simultaneously follow
oth scaling relations. Possible resolutions to this predicament
nvolve invoking extreme density conditions (Section 4.3.3 ), or
ssuming BH masses are not measured accurately by the virial
elations. 
If the virial BH masses are indeed overestimated, the tension
ith the local MBH - M∗ relation is reduced – however, this would
equire the BH mass of The Cliff to be overestimated by four or-
ers of magnitude, much higher than then even the most extreme
lectron scattering scenarios. In the context of the observed lumi-
osity of The Cliff (Section 4.2 ), this would require an extremely
igh Eddington ratio ( λEdd � 100 ; right panel of Fig. 16 ). Such
xtreme Eddington ratios are virtually absent even from large-
cale quasar surveys, which show that even the most rapidly
ccreting BHs rarely exceed λEdd ∼ 1- 3 , and ratios significantly
bove 10 remain extreme outliers (e.g. J. A. Kollmeier et al. 2006 ;
. Jin, M. Ward & C. Done 2012 ). 
NRAS 550, 1–29 (2026)
In any case, if one accepts the possibility of such high λEdd ,
here is no compelling reason to expect such objects would obey
ocal scaling relations, invalidating the assumptions that led us
o this extreme picture. Consequently, our findings suggest that
hese extreme LRDs, and potentially other high- z JWST AGN, in-
erently deviate from the local MBH - M∗ relation. This deviation is
ikely driven by selection biases which systematically miss lower
BH sources (e.g. S. Geris et al. 2026a ; F. Ziparo et al. 2026 ), while
imulations indicate that these early overmassive BHs eventually
volve on to the local relation over time (H. Hu et al. 2026 ). 
As highlighted by Fig. 15 , The Cliff is not the only object for
hich this set of tensions exists, pointing to formation channels
hich can produce massive BHs in metal-poor environments
cross cosmic time. While low metallicity does appear to be
haracteristic of certain LRDs such as The Cliff or QSO1, the
volutionary pathways that produce (or indeed maintain) such
etal-poor states remain effectively unconstrained. These sys-
ems could have transitioned from an earlier metal-rich phase
o their observed metal-poor state due to the efficient ejection
f metals by galactic outflows; alternatively, the ISM could have
een diluted by significant pristine gas inflows (e.g. in the case of 
he Cliff, by accretion from a metal-poor satellite; see Section 4.4 ).
valuating the feasibility of such pathways is limited by uncer-
ainties associated with factors including metal transport and
utflow efficiencies, for example. Consequently, numerical simu-
ations of BH formation and evolution provide a vital framework
or interpreting the chemical histories and BH seeding pathways
f LRDs such as The Cliff. 
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Figure 16. A sketch illustrating the key tensions discussed in this work (see Section 5.3 for a full discussion). The black stars illustrate ‘real measure- 
ments’ of observational properties for an LRD such as The Cliff, with the hollow stars corresponding to hypothetical scenarios. In brief, from left to right: 
for an object such as The Cliff, using Mdyn as an upper limit on M∗ means that if the true M∗ is substantially lower, the system will be in closer agreement 
with the corresponding MZR. However, this lower M∗ would also increase MBH /M∗, so matching the MZR would render the BH even more overmassive 
relative to the host galaxy. Matching both the MZR and the local MBH - M∗ relations requires the virial MBH to be overestimated by∼4 dex, a factor much 
larger than can be attributed to even the most extreme cases of electron scattering. A BH mass this much smaller would increases the inferred Eddington 
ratio to λEdd � 100 , resulting in a system too exotic to obey the typical BH scaling relations, and indicating that systems such as The Cliff fundamentally 
deviate from the local scaling relations. 
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.4 Comparison to hydrodynamical simulations 

n many scenarios of BH-galaxy co-evolution, it is unlikely for 
 BH to grow to a mass > 107 M� in a metal-free environment. 
his follows from the fact that the conditions conducive to rapid
H growth (i.e abundant cold gas accretion) would also catalyse 
tar formation, resulting in rapid metal enrichment. Hence, the 
ndings of this work (and those of R. Maiolino et al. 2026 and G.
. Jones et al. 2026 , in the case of QSO1) are indicative of evolu-
ionary pathways which allow BHs to form and grow significantly 
ithin chemically unevolved stellar systems, seemingly at odds 
ith any simple picture of galaxy–BH co-evolution. 
Due to the complexity and stochasticity of the processes in- 
olved in co-evolution, any quantitative approach to the question 
f whether BHs can grow significantly in pristine environments 
equires a simulation-based approach. In this Section, we com- 
are our findings for The Cliff to predictions from the Aesopica 
imulations (Koudmani et al., in preparation; see Appendix D for 
 full description). We stress that these simulations incorporate 
tellar and BH feedback capable of gas and metal removal, as
ell as merger and gas accretion capable of ISM dilution. For
he purposes of this work, we utilize two different simulation 
odes: (i) fiducial Eddington-limited accretion following Fable 
‘ Fiducial ’; N. A. Henden et al. 2018 ) and (ii) boosted accretion,
llowing periods of super-Eddington accretion up to ten times the 
ddington limit ( ‘SuperEdd + BoostAcc’ ). 
Fig. 17 shows the location of The Cliff on the MBH - Z plane 

first column of panels) and MBH /M∗- Z plane (second column). 
he large symbols show the location of The Cliff as inferred from
ur analysis: both the single-epoch virial BH mass (magenta cir- 
le) and the BH mass inferred in the electron-scattering scenario 
black circle), plotted against our measurement of the metallicity. 
ach panel shows the results of four different simulation runs, 
ach associated with a different BH seed mass; the range of seed
asses explored in these simulations is 102 - 105 M�. 
In the MBH - Z plane, even when adopting the lower electron- 
cattering MBH estimate, only simulations utilizing the highest 
s
eed masses ( 105 M�) successfully approach the observed pa- 
ameter space of The Cliff; this discrepancy is exacerbated when 
dopting the fiducial MBH estimate. In particular, the mismatch 
elative to lower mass seeds is so large that it is unlikely to be
alvaged by earlier seeding. While a small subset of the highest
eed mass simulations recover metallicities and BH masses com- 
arable to The Cliff, the simulation runs incorporating boosted 
ccretion exhibit greater metallicity scatter in this plane, suggest- 
ng that super-Eddington growth phases may be a key evolution- 
ry component for extreme objects like The Cliff. Tracking the 
pecific inflow and outflow histories of the simulated outliers 
ould provide key insights into the mechanisms governing the 
volution of The Cliff. 
The MBH /M∗- Z plane proves to be less constraining as The Cliff
verlaps more broadly with the parameter space of the simula- 
ion results, although heavy seeds ( 104 - 105 M�) remain favoured. 
rucially, as the stellar mass presented here corresponds to a 
trict upper limit, the true position of The Cliff in this plane likely
hifts toward the highest seed mass simulation runs or indeed the
xtreme outliers of the simulated population, depending on the 
H mass estimate adopted. Collectively, these constraints point 
oward a rare evolutionary pathway for The Cliff, defined by heavy 
H seeding and periods of super-Eddington growth. 
To evaluate whether gas inflows are predominantly responsible 

or the low- Z outliers in the simulations, tracking the evolution-
ry history of individual outliers is required. Regardless of the 
nderlying driver of these outliers, the left-hand panels of Fig. 17
emonstrate that The Cliff remains∼1 dex below the simulation 
BH - Z relation, even for heavy seed simulations runs. Adopting 
n earlier seeding prescription would not resolve this tension, as 
he MBH - Z relation appears to evolve towards higher metallicities 
s MBH increases. 
To gain context for the rareness of objects such as The Cliff in

he simulations compared to the rareness of The Cliff itself, it is
ey to account for the survey and simulation volumes. The Ae-
opica simulation boxes have side length 60 cMpc , giving a total 
imulation volume of 2 . 16 × 105 cMpc 3 for the snapshot at z ∼
MNRAS 550, 1–29 (2026)
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M

Figure 17. Comparison of The Cliff to results from aesopica hydrodynamical simulations run down to z ∼ 3 . 5 on the MBH - Z (left) and MBH /M∗- Z 
(right) diagrams. Further descriptions of the simulations are provided in Section 5.4 and Appendix D . Contours enclose 68 per cent, 95 per cent, and 99 
per cent of the simulations; simulations outside of the 99 per cent contours are plotted as individual points. The large magenta and black circles illustrate 
the properties of The Cliff for our fiducial and scattering scenario BH masses, respectively. 
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 . 5 . Adopting the same same cosmology used by Aesopica (see
. A. Henden et al. 2018 ) and the survey area of∼150 arcmin 2 (A.
raaff et al. 2025a ), the RUBIES volume over the redshift range
 < z < 4 is 5 . 06 × 105 cMpc 3 , i.e. about 2.3 times larger than the
imulation volume. The Cliff is an extremely unique object within
UBIES, and simulation runs resulting in comparable MBH and Z 
ppear with similar infrequency within the Aesopica simulation
olume. Hence, we conclude it is fair to evaluate the underlying
eeding and evolutionary mechanisms as similarly rare. 
One alternative scenario involving primordial BH seeds (BHs

heorized to form shortly after the big bang) may naturally pro-
uce such rare systems with overmassive BHs in chemically un-
volved environments (for a review, see B. Carr & F. Kühnel
020 ). Recent hydrodynamical simulations by S. Zhang et al.
 2025 , 2026 ) have explored galaxy formation around massive PBH
eeds with masses of ∼106 − 5 × 107 M� (a mass scale motivated
y B. Carr et al. 2021a , for example), which act as deep gravita-
ional potential wells for halo formation and subsequent bary-
nic inflow. In these models, strong accretion-driven feedback
eats the surrounding gas and suppresses or delays stellar assem-
ly. Once star formation begins, feedback-driven outflows expel
etal-enriched gas, while continued baryonic inflow replenishes
he system with pristine material. Such simulations reproduce
everal qualitative properties inferred for objects like The Cliff
r QSO1, including extremely low metallicities ( Z � 0 . 01 Z�),
ompact morphologies ( Re � 50 pc ), and BH-dominated mass
udgets ( MBH /M∗ � 0 . 1 ). Although these simulations currently
top at higher redshift, z ∼ 7- 9 , and are carried out in a small vol-
me of ∼1 cMpc 3 (targeting a single halo around the PBH), they
NRAS 550, 1–29 (2026)

t

onetheless illustrate that PBH seeds could provide a viable evo-
utionary pathway for near-pristine LRDs. 5 In fact, sources like
he Cliff could present an opportunity to empirically constrain
BH abundance as a fraction of dark matter density, a key cos-
ological parameter (see e.g. B. Carr et al. 2021b ) which to date
emains poorly understood. For simplicity, if one assumes that
he comoving number density of such sources is approximately
he inverse survey volume, i.e. ∼2 × 10−6 cMpc −3 , then the cor-
esponding PBH seed density fraction is roughly fPBH , seed ∼ 3 . 2 ×
0−11 (MPBH / 106 M�

)
. This estimate is well below current obser-

ational upper limits over the mass range ∼ 106 − 5 × 107 M�. If 
nly a fraction of such objects are seeded by PBHs, the implied
onstraint would become correspondingly tighter. 
Due to the high computational costs and variety of relevant
hysical processes involved in running simulations down to low
edshift, very few simulations targeted at BH formation and evo-
ution in the early Universe reach z ∼ 3 . 5 , so we caution that the
odels presented here represent a limited comparison and are
ertainly not intended to be exhaustive. As an additional caveat
or Aesopica , we must stress that the simulations are not nec-
ssarily developed with assumptions aimed at reproducing BHs
imilar to The Cliff, nor do they directly model the multiphase
SM structure which would be crucial to fully unravelling the
rigin of these pristine galaxies with overmassive BHs. Finally,
o S. Zhang et al. ( 2025 , 2026 ). 
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nfer metallicities in the same way, which can result in signifi-
ant systematic differences between observational measurements 
nd measurements derived from simulations. For example, with 
orward modelling of metallicity, A. Payyoor Vijayan et al. ( 2026 )
ote a discrepancy between simulation-inferred and strong-line 
etallicities of up to 0.3 dex, which they find is driven by dust
ttenuation and properties of the underlying stellar population. 
ltimately, future models and simulations will cover a wider pa- 
ameter space, pushing to higher resolution and lower redshifts, 
ffering a more comprehensive comparison with rare objects 
uch as The Cliff and offering better insight into the underlying 
hysics. 

 CONCLUSIONS  

e have presented new, high-resolution JWST /NIRSpec-IFU ob- 
ervations of The Cliff, a remarkable LRD at z ∼ 3 . 55 . These
bservations have offered valuable new insights into the ISM 

roperties and chemical enrichment of The Cliff. In this work, 
e have focused on the narrow components of the emission 
ines, H β and [O iii ] λλ4959,5007 in particular, with the goal of 
btaining constraints on BH mass and metallicity which could 
e combined with simulations to investigate potential BH growth 
nd seeding pathways. The main findings of our analysis are as
ollows: 

(i) The H β and [O iii ] λ5007 emission are spatially compact 
nd unresolved beyond the scale of the PSF. 
(ii) The high-resolution spectral observations reveal deep, red- 

hifted absorption components in both H α and H β, indicative of 
nflowing gas. 
(iii) We additionally identify a potential satellite south of The 
liff detected only in H α, possibly tidally stretched, which could 
race pristine gas inflows on to The Cliff. However, we note that
onfirming this satellite and performing a detailed characteriza- 
ion will require deeper follow-up observations. 
(iv) In the galaxy-integrated spectrum of The Cliff, the 

O iii ] λ5007 line is weak relative to the narrow component of 
 β emission compared to the bulk of the galaxy population at 
he same redshift, with a flux ratio F ([O iii ] λ5007) /F (H βN ) =
 . 59+0 . 26 

−0 . 24 . 
(v) Adopting the new high-redshift strong-line metallicity cal- 

brations of Y. Isobe et al. ( 2026 ), we estimate the metallicity of 
he Cliff as Z ≈ 0 . 016 ± 0 . 003 Z�. 
(vi) This finding is reinforced by the non-detection of key 

ow-ionization lines ([O ii ] λλ3727,3729, [N ii] λλ 6548,6583 
nd [S ii ] λλ6716,6731). Alternative explanations for the low 

O iii ] λ5007 / H βN flux ratio, such as collisional saturation or ex-
reme ionization parameters, are disfavoured. 
(vii) We identify The Cliff as a significant outlier from the 3 < 

 < 4 MZR (also derived from Y. Isobe et al. 2026 ), appearing
xceptionally metal-poor for its stellar mass limit (log (M∗/ M�) < 

 . 41 ). 
(viii) By fitting the Balmer lines, we derive two separate BH 

ass measurements: a fiducial virial mass of log (MBH / M�) = 

 . 35 ± 0 . 24 (from H β), and a scattering scenario mass of 
og (MBH / M�) = 6 . 32 ± 0 . 22 (from H α). 
(ix) In both scenarios, the BH of The Cliff is overmassive rel- 
tive to the local MBH - M∗ scaling relation of A. E. Reines & 

. Volonteri ( 2015 ). Reconciling The Cliff with the MZR would 
equire an even lower stellar mass, further exacerbating its 
eviation from the MBH - M∗ relation. 
(x) The observed tension between the MZR and the MBH - M∗
elation could be resolved by a BH mass overestimated by four
rders of magnitude and an extreme super-Eddington growth 
hase, but the typical galaxy–BH scaling relations would not 
e expected to hold for such a scenario. It is more likely
hat MZR deviation and overmassive BHs are in some way 
haracteristic of the evolutionary pathway underpinning The 
liff, meaning The Cliff inherently deviates from typical scaling 
elations. 
(xi) This tension is not limited to The Cliff, but is also shown to
pply to the local LRDs (X. Lin et al. 2026b ) and Abell2744-QSO1
R. Maiolino et al. 2026 ; I. Juodžbalis et al. 2026b ), suggesting
hat these unusual LRDs may be explained by rare evolutionary 
athways operating across cosmic time. 
(xii) While some simulations of BH growth from heavy seeds 

 104 - 105 M�) with periods of super-Eddington accretion can cap- 
ure the high MBH and MBH /M∗, or low metallicity, of The Cliff,
hese outcomes are rare. The existence of such a metal-poor, 
vermassive-BH system at z ∼ 3 . 55 remains difficult to capture
ithin existing evolutionary frameworks. While a Primordial BH 

rigin for The Cliff may be a possibility, this scenario requires 
urther, more quantitative exploration. 

The constraints on the metallicity and BH mass of The Cliff,
hen combined with simulations of BH growth and evolution, 
uggest a rare BH seeding and growth pathway underpins this 
ystem. Without the context of a larger sample of similar systems,
t remains unclear whether the MZR deviation and overmassive 
H of The Cliff are typical of other LRDs. Future simulations in-
orporating a resolved, multiphase ISM will be essential to disen- 
angle the mechanisms fuelling the growth of massive BHs within
uch metal-poor environments. Until then, The Cliff represents 
 critical benchmark for understanding the formation and early 
volution of LRDs. 
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Figure B1. ALC factors as function of observed wavelength for the 
aperture shown in Fig. 3 . This was derived using the full PSF model from 

stpsf , rather than a Gaussian approximation. Values have been rescaled 
to match our empirically measured ALC factor for H α found through a 
curve of growth analysis. The wavelengths of some key emission lines 
have been indicated with vertical dashed lines and labelled. 
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6 https://stpsf.readthedocs.io/en/latest/ ; the successor to webbpsf (M. D. 
Perrin et al. 2015 ). stpsf accounts for many properties of the NIRSpec 
instrument (e.g. geometric distortion, detector charge transfer effects), 
and therefore may be used to derive physical models of PSF wavelength 
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PPENDIX  A:  MODELLING  THE  NIRSPEC/IFS  

OINT  SPREAD  FUNCTION  

ur investigation of The Cliff exploits the presence of a star
ithin the instrument FoV (see Fig. 1 ). To provide independent
alidation of the radial surface brightness profiles presented in
ig. 2 , we create a synthetic median image of the star in a 0.1 µm
pectral window centred on The Cliff’s [O iii ] λ5007 emission (Fig.
1 a). We then model this image with the Bayesian modelling tool
ysersic (I. Pasha & T. B. Miller 2023 ), with the set-up outlined
n F. D’Eugenio et al. ( 2026 ), and using a Sérsic profile with fixed
ndex n = 0 . 5 (i.e. representing a Gaussian). We tested a range of 
 values and convolution methods to assess the stability of this
odel. 
Our results are presented in Fig. A1 , where we show the PSF
odel (panel A1 b), the relative residuals (panel A1 c), and the
ircularized radial profile (panel A1 d). 

igure A1. Modelling the star near The Cliff with pysersic . From left
o right, from top to bottom, the panels show the data, best-fitting model,
elative residuals, and the circularized radial profile, using asinh scaling,
o highlight the PSF wings. See Fig. 2 for a comparison of the radial profile
f this best-fitting model to the radial profile of various emission lines of 
he Cliff. 
NRAS 550, 1–29 (2026)

d

PPENDIX  B:  APERTURE  LOSS  CORRECTION  

ACTORS  

n Fig. B1 , we present the curve used to calculate ALC factors
or each emission line in this study, based on a H α curve of 
rowth analysis as discussed in Section 3.1 . We derive this from
he empirical ALC curve calculated from the PSF derived from
tpsf 6 for our aperture (Fig. 3 ), which is rescaled to match the
mpirically measured H α ALC factor of 1 . 88 ± 0 . 05 . For further
etail regarding ALCs derived from the PSF, see G. C. Jones et al.
 2026 ). 

PPENDIX  C:  A  FURTHER  ARGUMENT  

GAINST  HIGH  DENSITY  

n this appendix, we provide a further argument against high
ensity as an explanation for [O iii ] λ5007 weakness, which sup-
lements the evidence presented in Section 4.3.3 . A similar argu-
ent was outlined for QSO1 in R. Maiolino et al. ( 2026 ). 
First, we assume the density follows a radial distribution
escribed by a power law, 

 (r) = n0 
(
r 
r0 

)−α

, (C1) 

here n0 is the density at some reference radius r0 . Here, we
ake r0 = 40 pc, i.e. approximately the effective radius of The
liff as inferred by A. Graaff et al. ( 2025b ); this is smaller than
he aperture described in Section 3.1 , but a smaller r0 is a more
ependence. 
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Figure C1. Constraints on gas density for narrow-line emitting gas. The 
orange lines indicate the gas mass Mg enclosed within the aperture (Fig. 3 ) 
as a function of gas density n0 at R = 40 pc, for a power-law radial dis- 
tribution (equation C1 ) with indices α = 2 (solid) and α = 0 (dashed). 
Each line is labelled by its corresponding filling factor and implied upper 
limit on single-cloud size. The blue lines indicate the mass of ionized 
gas constrained by the H βN luminosity for the two power indices. The 
vertical dotted line indicates the density where collisional de-excitation 
of [O iii ] λ5007 begins to affect its flux; the vertical dot-dashed line in- 
dicates the density required to suppress [O iii ] λ5007 flux by a factor of 
10. Explaining the weakness of [O iii ] λ5007 via collisional de-excitation 
would require extremely low filling factors and small cloud sizes. The hor- 
izontal pink line indicates the upper limit on dynamical mass derived in 
Section 4.5 . 
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onservative assumption for obtaining a bound on the gas den- 
ity. Furthermore, we assume that the clouds within this density 
rofile have a filling factor f defined by 

f = Vclouds 
Vtotal 

= Nclouds R3 c 
R3 max 

, (C2) 

here Vtotal is the total volume enclosed by the aperture, assumed 
pherical with radius Rmax . Vclouds is the volume occupied by ion- 
zed gas clouds of radius Rc , and Nclouds is the number of clouds.
ssuming a medium comprising only hydrogen for simplicity, 
he mass of ionized gas ( Mg ) contained within the aperture is
herefore given by 

g =
∫ Rmax 
Rmin 

4 π f mp n (r ) r2 d r, (C3) 

here mp is the proton mass, and n is the density profile described
y equation ( C1 ). We adopt Rmin = 5 pc , as smaller radii would be
ntirely within the BH sphere of influence and would therefore 
esult in broader line emission. 7 Hence, we plot the inferred gas
ass as a function of density for different filling factors (Fig. C1 ),
nd determine the implied maximum cloud size (determined by 
 As in R. Maiolino et al. ( 2026 ), we note that adopting a smaller inner 
adius would simply strengthen the results. 

s
m
e  

i

ssuming the extreme, very conservative case of Ncloud = 1 ) asso-
iated with each filling factor. In reality, not all of the gas would
e contained within a single cloud, so the clouds would be much
maller. 
We can compare the above estimate with the ionized gas mass,
btained from the luminosity of H βN 

 (H βN ) =
∫ Rmax 
Rmin 

4 π f ε(T ) n2 (r ) r2 d r, (C4) 

here ε(T ) is the temperature-dependent emissivity of H βN . 
n this argument we assume a typical temperature T = 104 K ,
nd therefore infer ε ≈ 1 . 24 × 10−25 erg cm 

3 s−1 using PyNeb . By
liminating f between equations ( C3 ) and ( C4 ), and adopting a
eference luminosity and density of 1043 erg s−1 and 100 cm 

−3 , 
espectively, the total mass of ionized gas is given by 

Mg 

M�
≈ 109 

L (H βN ) 
1043 erg s−1 

100 cm 

−3 

n0 
3 − 2 α
3 − α

R3 −α
max − R3 −α

min 

R3 −2 αmax − R3 −2 αmin 
r−α
0 . (C5) 

Assuming α = 2 , in order for the gas to have a density greater
han 106 cm 

−3 , at which [O iii ] λ5007 starts to be collisionally
uppressed by a factor of 1.5, the ionized clouds would have ex-
remely small filling factors ( f � 10−8 N−1 

clouds ), and sizes< 0 . 09 pc.
uch extreme filling factors are unrealistic, as no gas phase is
nown to have such extreme values, especially the ionized phase 
not even for the BLR of AGN). Even an extreme scenario with
= 0 , i.e. uniform filling, would still yield f � 10−7 N−1 

clouds .
dopting the same Cloudy models as R. Maiolino et al. ( 2026 ),
e infer that to suppress [O iii ] λ5007 by a factor of ten, the ISM
ould need to reach densities> 107 cm 

−3 . This would necessitate 
ven lower filling factors and yet smaller clouds. We also note
hat such high density would imply an extremely low mass of 
onized gas, less than 10 M�. Hence, we conclude that densities as
igh as 106 - 107 cm 

−3 are physically unfeasible for The Cliff, and 
hat collisional suppression is therefore unlikely to be the primary
river of its low observed [O iii ] λ5007 / H βN flux ratio. 

PPENDIX  D:  THE  AESOPICA  

YDRODYNAMICAL  SIMULATIONS  

esopica is a new suite of large-volume cosmological simula- 
ions (Koudmani et al., in preparation), built upon the Fable 
alaxy formation model (N. A. Henden et al. 2018 ); the Fable
ub-grid models are themselves largely based on the Illustris 
alaxy formation model (M. Vogelsberger et al. 2014 ). In Fable ,
ome aspects are unchanged from Illustris, namely the models for 
tar formation (V. Springel & L. Hernquist 2003 ), radiative cooling
N. Katz, D. H. Weinberg & L. Hernquist 1996 ; R. P. C. Wiersma,
. Schaye & B. D. Smith 2009a ) and chemical enrichment (R. P. C.
iersma et al. 2009b ). However, the models of stellar feedback
M. Vogelsberger et al. 2013 ) and AGN feedback (D. Sijacki et al.
015 ) have been updated, incorporating thermal stellar feedback 
nd AGN duty cycles as part of the simulations. 
Aesopica introduces targeted updates for modelling the 
rowth of infant SMBHs in the early Universe. In particular, Ae-
opica explores three key modifications to fiducial galaxy forma- 
ion models: enabling efficient accretion in the low-mass regime 
S. Koudmani, D. Sijacki & M. C. Smith 2022 ), incorporating
uper-Eddington accretion, and examining a broad range of seed 
asses ( 102 –105 M�) following seed evolution from early cosmic 
pochs ( z ∼ 20 ); while this is earlier than the standard threshold
n Fable , we note that seeding could occur even earlier. 
MNRAS 550, 1–29 (2026)
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PPENDIX  E:  SPECTRAL  FITTING  

OSTERIORS  

n this section, we present the posteriors from the best-fitting
pectral models described in Section 3.2.1 and 3.2.2 . Fig. E1 shows
he posteriors from fitting the H β−[O iii ] λ5007 complex (Section
.2.1 ), while Figs E2 and E3 show the posteriors from the Fidu-
NRAS 550, 1–29 (2026)
ial and Secondary H α model fits, respectively. We only include
osteriors for the key fitted parameters to provide clarity about
otential correlations, so for the sake of brevity fixed parameters
e.g. FWHM N for H α) or parameters not key to our analysis (e.g.
ontinuum slopes) have been omitted from these figures. 
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MNRAS 550, 1–29 (2026)

Figure E1. Posterior distributions of the fitted parameters in the H β−[O iii ] λ5007 model, including the best-fitting values and their associated errors. 
Contours enclose 68 per cent, 95 per cent, and 99 per cent of the distributions. 
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MNRAS 550, 1–29 (2026)

Figure E2. Posterior distributions of the fitted parameters in the Fiducial H α model, including the best-fitting values and their associated errors. 
Contours enclose 68 per cent, 95 per cent, and 99 per cent of the distributions. 
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MNRAS 550, 1–29 (2026)

Figure E3. Posterior distributions of the fitted parameters in the Secondary H α model, including the best-fitting values and their associated errors. 
Contours enclose 68 per cent, 95 per cent, and 99 per cent of the distributions. 
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