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A B S T R A C T 

Recent phot ometric surv eys with James Webb Spac e Telesc ope (JWS T) ha v e rev ealed a significant population of mysterious 
objects with red colours, compact morphologies, frequent signs of active galactic nucleus (AGN) activity, and negligible X- 
ray emission. These ‘little red dots’ (LRDs) have been explored through spectral and photometric studies, but their nature 
is still under debate. As part of the BlackTHUNDER survey, we have observed UNCOVER_20466, one of the most distant 
LRDs known ( z = 8 . 5 ), with the JWST /NIRSpec Integral Field Unit (IFU). Previous JWST /NIRCam and JWST /NIRSpec 
MSA observations of this source revealed its LRD nature, as well as the presence of an AGN. Using our NIRSpec IFU data, 
we confirm that UNCOVER_20466 is an LRD (based on spectral slopes and compactness) that contains an ov ermassiv e 
black hole. How ev er, our observ ed Balmer decr ements do not suggest str ong dust attenuation, r esulting in a lower H β- 
based bolometric luminosity and λEdd ( ∼ 10 per cent ) than previously found. This source lies on local relations between 

M BH 

− σ∗ and M BH 

− M dyn , suggesting that this could be a progenitor of the core of a lower-redshift galaxy. We explore 
the possible evolution of this source, finding evidence for substantial black hole accretion in the past and a likely origin as 
a heavy seed at high redshift ( ∼ 10 

3 M �). Ly α emission is strongly det ect ed, implying f Ly α
esc ∼ 30 per cent . The extremely 

high [O iii ] λ4363 / H γ ratio is indicative of not only AGN photoionization and heating, but also e xtr emely high densities 
( n e ∼ 10 

7 cm 

−3 ), suggesting that this black hole at such high redshift may be forming in an ultra-dense protogalaxy. 

Key wor ds: g alaxies: active – g alaxies: high-r edshift – quasars: supermassive black holes. 
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 INTRODUCTION  

he advent of James Webb Space Telescope ( JWST ) has revolu-
ionized the field of high-redshift galaxy evolution, including the 
pectroscopic confirmation of galaxies at z > 10 (within the first
 E-mail: gj283@cam.ac.uk 
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500 Myr of the Universe; e.g. E. Curtis-Lake et al. 2023 ; S.
arniani et al. 2024 ; R. P. Naidu et al. 2025b ), the construction
f ultraviolet (UV) luminosity functions out to high r edshift fr om
hot ometric candidat es (e.g. C. T. Donnan et al. 2024 ; B. Robert-
on et al. 2024 ; L. Whitler et al. 2025b ), and new constraints on
he pr ogr ession and topology of ionization of the Universe by
alaxies in the epoch of reionization (e.g. R. Endsley et al. 2024 ;
. Simmonds et al. 2024 ; L. Whitler et al. 2025a ). One of the more
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1 UNCOVER _ 20466 was given the ID 13 556 in I. Labbe et al. ( 2025 ). 
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urprising findings was the discovery of numerous compact, red
bjects in JWST /NIRCam data, which w ere giv en the name ‘little
ed dots’ (LRDs; J. Matthee et al. 2024 ). While a few red, compact
our ces wer e found to be local br own dwarfs (D. Langer oodi & J.
jorth 2023 ; K. N. Hainline et al. 2024 ), LRDs are primarily high-

 edshift g alaxies (i.e. peaking in number between 4 . 5 < z < 8 . 0 ;
.g. D. D. Kocevski et al. 2025 ). 

The r ed natur e of these g alaxies is usually caused by a dis-
inctive ‘v’-shaped continuum from rest-optical to rest-UV, which
s caused by red UV slopes ( βUV ∼ −1 . 5 ; compared to the bluer
UV ∼ −2 . 4 found for star-forming g alaxies; e.g . A. Sax ena et al.
024a ; M. W. Topping et al. 2024b ; D. Dottorini et al. 2025 )
nd positive optical slopes ( αopt > 0 where slopes are defined as
 λ ∝ λβUV || αopt ; e.g. J. E. Greene et al. 2024 ). Their compactness is
sually defined as a ratio of JWST /NIRCam photometric fluxes
ithin differ ent apertur es (e.g . C 444 W 

≡ f 444 (0 . 4 ′′ ) / f 444 (0 . 2 ′′ ) �
 . 7 ; V. Kokorev et al. 2024 ; H. B. Akins et al. 2025b ; I. Labbe et al.
025 ). In addition, many phot ometrically select ed LRDs show
r oad hydr ogen Balmer emission lines without similar broad
mission in forbidden o xy gen lines, which is robust evidence
or an AGN nature (e.g. L. J. Furtak et al. 2023b ; J. E. Greene
t al. 2024 ; J. Matthee et al. 2024 ; R. E. Hviding et al. 2025 ; D.
. Kocevski et al. 2025 ). But unlike other AGN candidates, most
RDs are undet ect ed in X-ray (e.g. T . T . Ananna et al. 2024 ; G.
azzolari et al. 2024 ; M. Yue et al. 2024 ; R. Maiolino et al. 2025b ;
. Sacchi & Á. Bogdán 2025 ) or submm/r adio observ ations (e.g.
. M. Casey et al. 2025 ; G. Mazzolari et al. 2025 ; E. A. Orozco
t al. 2025 ; D. J. Setton et al. 2025a ; M. Xiao et al. 2025 ; but cf. S.
u et al. 2025 ; M. Golubchik et al. 2025 ; L. F. Rodriguez & I. F.
irabel 2025 ). 
The nature of these sources is still under debate, as their prop-

rties are not trivially explained by common galactic models.
his ambiguity is partially due to the fact that their natures can
e described either by active galactic nucleus (AGN)-dominated
alaxies or compact, dusty, star-forming galaxies (e.g. J. F. W.
aggen et al. 2024 ). Some in vestigations ha ve look ed into this by
sing different spectral energy distribution (SED) models: galaxy-
nly, AGN- only, and a combination of an AGN and host galaxy
h ybrid; e.g. V. K okorev et al. 2023 ; R. Tripodi et al. 2024 ; G. C.
. Leung et al. 2025 ; K. Ronayne et al. 2025 ). While these models

an all fit the observed photometry of LRDs, it is difficult to ro-
ustly constrain the contribution of the AGN to the photometry of 
hese sour ces. Ther efor e, the hybrid models r eturn significantly
ow er st ellar mass and dust att enuation ( A V ; e.g. M. Carranza-
scudero et al. 2025 ), but with high uncertainty on both physical
uantities. 

Previous works have suggested that LRDs r epr esent black holes
either single or binary systems) embedded in massive gaseous
nvelopes (e.g. K. Inayoshi et al. 2025 ; X. Ji et al. 2025b ; D. Kido
t al. 2025 ; X. Lin et al. 2025 ; R. P. Naidu et al. 2025b ; M. C. Begel-
an & J. Dexter 2026 ), possibly in the earliest phase of accretion

K. Inayoshi 2025 ; R. Maiolino et al. 2025a ), while others e xplor e
hether their properties could be explained by self-interacting
ark matter haloes (e.g. W.-X. Feng, H.-B. Yu & Y.-M. Zhong 2025 ;
. G. Roberts et al. 2025 ), super-Eddington accretion (e.g. H. Liu

t al. 2025 ), or population III supermassive stars (e.g. D. Nandal &
. Loeb 2025 ; C. Jockel et al. 2026 ). 
Among the most e xtr eme LRDs is the source

NCOVER _ 20466 ( α = 3 . 640409 , δ = −30 . 386437 , z = 8 . 50 ),
hich was observed with JWST /NIRCam as part the JWST
ycle 1 Treasury programme UNCOVER (‘Ultra-deep NIRCam
nd NIRSpec Observations Before the Epoch of Reionization’;
NRAS 546, 1–24 (2026) 
ID 2561; PIs: I. Labbe, R. Bezanson; R. Bezanson et al. 2024 ). I.
abbe et al. ( 2025 ) searched these data for objects with red colours

based on F115W to F444W colours) and compact morphology
 f F444W 

(r < 0 . 2 arcsec ) / f F444W 

(r < 0 . 1 arcsec ) < 1 . 7 ) that were
 ell-det ect ed in F444W ( S / N > 14 ). This resulted in a sample
f 26 reddened AGN candidates out of a parent sample of 
 × 10 4 sour ces. UNC OVER _ 20466 was included as an AGN
andidate 1 with a very compact morphology ( r e = 0 . 026 arcsec )
ndistinguishable from the point spread function (PSF).
lthough UNCOVER _ 20466 is gravitationally lensed by the
bell 2744 galaxy cluster, L. J. Furtak et al. ( 2023a ) find

hat UNCOVER _ 20466 is only gravitationally magnified by
 factor μ = 1 . 33 +0 . 01 

−0 . 02 . The best-fitting photometric redshift
as quite low ( z phot = 5 . 17 ), resulting in skewed best-fitting
arametr es (e.g . M UV , M ∗). The pr operties of UNC OVER _ 20466
ppeared to qualify it for the classification of an LRD, and D.
angeroodi & J. Hjorth ( 2023 ) confirmed that the LRD nature of 
NCOVER _ 20466 r epr esents an e xtrag alactic object rather than
 brown dwarf. 

UNCOVER _ 20466 was then observed with the JWST /NIRSpec
SA, using the PRISM/CLEAR disperser/filter combination

spectral resolving power R ∼ 100 ) and an e xposur e time of 2.7 h.
y analysing the resulting spectrum, V. Kokorev et al. ( 2023 )

ound a higher spectroscopic redshift ( z spec = 8 . 50 , resulting in
 UV = −18 . 11 ; S. Fujimoto et al. 2024 ) and strong evidence for

he presence of a broad-line AGN (see also analysis of J. E. Greene
t al. 2024 ). A fit of the H β line r evealed a narr ow and br oad
omponent, where FWHM broad = 3439 ± 413 km s −1 . This broad
omponent is not present in the w ell-det ect ed [O iii ] λλ4959 , 5007
ines, implying that it originates from a high-density broad-
ine region (BLR) of an AGN (e.g. A. Baskin & A. Laor 2005 ).
NCOVER _ 20466 is also classified as an AGN based on the
arrow emission-line ratio diagnostics proposed by G. Mazzolari
t al. ( 2024 ). 

After correcting for lensing magnification, V. Kokorev et al.
 2023 ) used the relations of J. E. Greene & L. C. Ho ( 2005 ) to
erive log 10 (M BH 

/ M �) = 8 . 17 ± 0 . 42 (fr om br oad H β luminosity
nd width) and log 10 (M BH 

/ M �) = 8 . 01 ± 0 . 40 (from a calibra-
ion based on L 5100 ). Assuming the conservative case of a stellar-
nly continuum (i.e. no AGN), V. Kokorev et al. ( 2023 ) deter-
ine log 10 (M ∗/ M �) < 8 . 7 (corrected for gravitational lensing).

he bolometric luminosity is estimated as L bol = (6 . 6 ± 3 . 1) ×
0 45 erg s −1 , using the H β-based relation of J. Stern & A. Laor
 2012 ). 

Tog ether, this sugg ests that UNCOVER _ 20466 features an
 xtr emely ov ermassiv e black hole, undergoing rapid accretion
 λEdd ∼ 40 per cent ). This was further e xplor ed by H. Zhang et al.
 2025 ), who used the empirical model trinity (H. Zhang et al.
023 ) to show that the black hole of UNCOVER _ 20466 is over-
assive for its redshift, similar to other high-redshift galaxies

et ect ed with JWST (e.g. UHZ1; P. Natarajan et al. 2024 ). While
any other ov ermassiv e black holes have been discovered at

 > 5 (e.g. A. D. Goulding et al. 2023 ; H. Übler et al. 2023 ; L.
. Furtak et al. 2024 ; R. Maiolino et al. 2024 ; H. B. Akins et al.
025a ; F. D’Eugenio et al. 2025a ; I. Juodžbalis et al. 2025a ; R.
aiolino et al. 2025a ; R. P. Naidu et al. 2025a ; L. Napolitano

t al. 2025 ; P. Rinaldi et al. 2025b ), UNCOVER _ 20466 remains
mong the earliest ( z = 8 . 5 , or ∼ 600 Myr after the Big Bang) and
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Table 1. BlackTHUNDER NIRSpec-IFU observation properties. 

Disperser/filter Readout Groups/Int On-source 
Pattern Time (ks) 

G395H/F290LP NRSIRS2 26 26.8 
PRISM/CLEAR NRSIRS2RAPID 34 7.2 
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ost ov ermassiv e ( M BH 

/M ∗ � 0 . 06 ) black holes in the observable
niverse. 
In this w ork, w e present new JWST /NIRSpec IFU observations

f UNCOVER _ 20466 , taken as part of the BlackTHUNDER sur- 
 ey. In Section 2 , w e detail the JWST /NIRSpec IFU data used
or this w ork, as w ell as archival JWST /NIRCam data. Section 3
s an overview of our spectral extraction and fitting routine. 

e use the best-fitting values to estimate several properties of 
NCOVER _ 20466 in Section 4 , and discuss the nature and evo- 

ution of this source in Section 5 . We conclude in Section 6 . 
We assume a concordance cosmology throughout, with H o = 

0 km s −1 Mpc −1 , 	m 

= 0 . 3 , and 	
 = 0 . 7 . At the redshift of 
NCOVER _ 20466 ( z = 8 . 50 ), 1 arcsec corresponds to 4.63 proper
pc (pkpc). Combining this with the gravitational magnifica- 
ion of UNCOVER _ 20466 ( μ = 1 . 33 ; L. J. Furtak et al. 2023a ),
 arcsec in the image plane ther efor e corr esponds to appr o xi-
ately 4.02 pkpc in the source plane. Emission lines are named 

ased on their air wavelength, while we use their vacuum wave- 
engths for analysis (e.g. λrest , [O iii ] λ5007 = 5008 . 24 Å). 

 O B S E RVAT I O N S  AND  DATA  REDUCTION  

.1 JWST /NIRSpec IFU 

he JWST /NIRSpec IFU data studied in this work originate 
rom the BlackTHUNDER Large Programme (Black holes in 

He early Universe aNd their DensE surRoundings; PID 5015; 
Is: H. Übler, R. Maiolino). UNCOVER _ 20466 was observed 

n 2024 December 4–5 in PRISM/CLEAR (hereafter R100, R ∼
0 −300 , 0 . 60 μm < λobs < 5 . 30 μm ) and G395H/F290LP (here-
fter R2700, R ∼ 2000 −3700 , 2 . 87 μm < λobs < 5 . 14 μm ) using
 14-point medium cycling dither pattern (see Table 1 for more
bservation details). 

The raw data from these observations were downloaded from 

he the Barbara A. Mikulski Archive for Space Telescopes 
MAST 

2 ). Calibr ation w as performed using a cust omized v er-
ion of the official pipeline (v1.15.0; H. Bushouse et al. 2025 ;
ee M. Perna et al. 2023 for more details of customization) with
RDS context 1293. These customizations account for 1/f noise 
orrection, the subtraction of median values from count rate 
aps, manually masked cosmic rays and snowballs, open MSA 

lits, and rejection of artifacts identified by high flux-normalized 

erivatives along the dispersion direction of the count rate maps 
F. D’Eugenio et al. 2024 , using a rejection threshold of higher
han 99.5 per cent of the resulting distribution for R100, and 98
er cent for R2700). By also utilizing our multiple dithers and 

he drizzle algorithm (A. S. Fruchter & R. N. Hook 2002 ), we
reat e tw o calibrat ed data cubes with spax els of 0 . 05 ar csec . We
lso removed pixels associated with artifacts by calculating the 
tandard deviation of each spectral channel of the ERR extension 

sigma_clipped_stats from astropy.stats). 
 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html 

m  

2  

e  
N e xt, we performed back gr ound subtraction on each cube us-
ng the Back gr ound2D task of photutils (L. Bradley et al. 2021 ).
irst, the spatial region of UNCOVER _ 20466 was masked in 

ach cube, in order to exclude the signal from the background
stimation. We then use Back gr ound2D to divide the field of 
iew into bo x es of width 10 p x (0.5 ar csec), calculate the sigma-
lipped noise level in each box ( 3 σ ), spatially smooth the resulting
ack gr ound cube using a square filter of 5 px (0.25 arcsec), and
pply a median filter of width 25 spectral pixels to find a final
ack gr ound cube. We inspected both back gr ound cubes to ensure
hat no narrow features were present, and used them to create
ack gr ound-subtracted cubes. 

.2 JWST /NIRCam 

NCOVER _ 20466 was observed with NIRCam as part of two 
r ogrammes: UNC OVER and ‘Medium Bands, Mega Science’ 
PID 4111; PI: K. Suess; K. A. Suess et al. 2024 ). Combined,
hese surveys imaged UNCOVER _ 20466 in 20 different filters 
see Appendix B for details of each filter used in this work).

e downloaded all available JWST /NIRCam images with stage 
 calibration from the MAST archive. 

 SPECTRAL  ANALYSIS  

ue to the very compact nature of UNCOVER _ 20466 with re- 
pect to the JWST /NIRSpec IFU PSF, we do not spatially resolve
he emission. Ther efor e, our primary analysis is focused on in-
 egrat ed spectra from the R100 and R2700 data cubes. While
he field also contains a serendipitous source at lower redshift 
‘BlackBolt-1’, see Appendix C ), we defer detailed analysis of this
ther object to a future work. 

.1 Spectr al extr action 

he extraction aperture for UNCOVER _ 20466 should be care- 
ully considered, as it must be small enough to maximize the S/N
f each line, but large enough to contain all significant emission.
ecause UNCOVER _ 20466 is very compact, it may be considered 

 point source for our observations, so the observed morphol- 
gy will be dictated by the PSF. After a thorough exploration
f the PSF of our data (see Appendix D1 ), we proceed with an
pertur e that captur es 60 per cent of the flux of the PSF at the
bserv ed wav elength of [O iii ] λ5007 , or a cir cular apertur e of 
adius 0 . 125 arcsec centred on the observed emission. 

To visualize this aperture, we first create a flux map of 
O iii ] λ5007 by summing the spectral channels of this line
 4 . 738 < λobs / μm < 4 . 793 ) in our R100 data cube, creating a
imilar continuum map by summing adjacent, line-free spectral 
hannels, and subtracting the tw o t o creat e a line-only map (Fig.
 ; e.g. J. Scholtz et al. 2024 ). We compare the spatial distribution to
oth our aperture (red circle) and the range of PSF FWHM values

n our data as found with stpsf (white circles, see Appendix D1 ).
ote that since the PSF at the wavelengths of other lines (e.g.
y α, H β) are more compact, we will capture a higher percentage
f these fluxes (see Appendix D for details of this aperture loss
orrection). 

We extr act spectr a from both the R100 and R2700 data cubes
sing this aperture. Each spectrum is corrected for gravitational 
agnification (i.e. μ = 1 . 33 , as assumed by V. Kokorev et al.

023 ) and aperture loss. As noted by other works (e.g. H. Übler
t al. 2023 , 2024 ), the ERR extension of each data cube contains
MNRAS 546, 1–24 (2026) 

https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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M

Figure 1. Flux map of [O iii ] λ5007 in UNCOVER _ 20466 , compared to 
adopted apertur e (r ed cir cle) and PSF FWHM range of our data (white 
circles). 
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3 Ideally, this continuum value below the Ly α break should be zero. How- 
ev er, w e allow it t o vary t o account for calibration or imaging artifacts. 
4 We determine the LSF using the fiducial resolving power curves 
r ecor ded at https://jwst -docs.stsci.edu/jwst -near -infrar ed-spectr ograph/ 
nirspec- instrumentation/nirspec- dispersers- and- filters . 
5 Similarly to above, we e x clude λobs > 5 . 20 μm data due to artifacts cre- 
ated during back gr ound subtraction. 
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he wavelength-dependent noise variation, but underestimates
he true uncertainty. To correct for this, we follow the standard
pproach of determining the RMS scatter in a spectral range with
o significant emission lines and scaling the error spectrum from
RR to feature the same scatter. 

.2 Spectr al fit ting 

ue to the availability of both R100 and R2700 data, we perform
pectr al fit ting in two stages. First, we consider the data blue-
ards of the Balmer limit ( λrest < 0 . 3645 μm; Section 3.2.1 ), or

he location where many LRDs have been observed to feature a
hange in the spectral slope continuum, resulting in a ‘v’-shape
e.g. R. E. Hviding et al. 2025 ; R. P. Naidu et al. 2025a ; D. J. Setton
t al. 2025b ). This w avelength r ange is only covered by the R100
ata. N e xt, we consider the data r edwar ds of the Balmer limit,
nd fit the R100 and R2700 data simultaneously (Section 3.2.2 ). 

.2.1 Blue fit 

irst, we consider R100 data between 1050 Å � λrest � 3645 Å
 1 . 00 μm < λobs < 3 . 46 μm ). We note that while this data cube
ontains data at λobs < 1 . 00 μm , it is e x cluded due to high noise
evels (as seen in the ERR extension of the data). 

While the majority of the continuum emission may be de-
cribed by a power -la w model with spectral slope βUV , the spectral
lope here may deviate from the previously measured βUV due
o contributions from two-photon continuum or damped Ly α
louds (e.g. A. J. Cameron et al. 2024 ; S. Tacchella et al. 2025 ).
n addition, this spectral region contains the Ly α break which,
hen observed with the low spectral resolution of the PRISM
isperser, may result in an artificial Ly α damping wing (e.g. K. E.
eintz et al. 2024 ). Thus, we follow the approach of other works

e.g. G. C. Jones et al. 2025a ) to model the continuum here, as
iscussed below. 
An initial high-resolution model spectrum is created (chan-

els of width 0 . 005 μm), and all spectral channels below the ob-
erv ed Ly α wav elength ( λobs < (1 + z Ly α ) × 0 . 1216 μm) are set to
NRAS 546, 1–24 (2026) 
 constant value. 3 The continuum between the Ly α break and
rest = 1500 Å is modelled as a power law ( F λ ∝ λ

βLyα

obs ), and Ly α
ux is added to the first channel r edwar ds of the Ly α br eak.
he continuum between λrest = 1500 Å and the Balmer break is
odelled as a separat e pow er law ( F λ ∝ λ

βUV 
obs ), where we enforce

ontinuity at λrest = 1500 Å. 
The resulting continuum and Ly α model is conv olv ed with

he wavelength-dependent line spread function (LSF 

4 ) and re-
inned to match the wavelength bins of the observed data. We
hen add model Gaussians r epr esenting C iii ] λλ1907 , 1910 and

g ii λλ2796 , 2803 , where the intrinsic widths and redshifts of 
ach line are set to be equal. Due to the spectral resolution of 
he R100 data, we model each line pair as a single Gaussian.

e account for the effect of the LSF by adding the intrinsic
inewidth and LSF in quadrature. The free parameters of this
ppr oach ar e the continuum par ameters (constant v alue blue-
 ards of L y α break, v alue at λrest = 1500 Å, βLyα , βUV ), line fluxes

 Ly α, C iii ] λλ1907 , 1910 and Mg ii λλ2796 , 2803 ), and intrinsic
inewidths ( FWHM N 

). 
Pr evious studies of high-r edshift g alaxies with JWST /NIRSpec

av e det ect ed str ong emission fr om several r est-UV lines, includ-
ng C iv λλ1548 , 1551 , NIV] λ1486 , and N iii ] λ1747 -/- 1754 (e.g. A.
. Bunker et al. 2023 ; J. Scholtz et al. 2025a ; R. P. Naidu et al.
025b ). While we do not detect these lines in our data, it is possi-
le that they are spread over multiple spectral channels by the
ide R100 LSF. To avoid this effect biasing our measurement

f the UV spectral slope, we e x clude spectral channels within
0 4 km s −1 (corresponding to approximately the FWHM of the
SF at these wavelengths) of each of these lines while fitting the
ata (see shaded regions in Fig. 2 ). 
We use LMFIT (M. Newville et al. 2014 ) in ‘least_squares’ mode

o fit the extracted R100 spectrum, using the inverse variance as
 weight. Due to the low -spectr al resolution of the R100 data, we
xed the redshift of each line and the Ly α break to be z = 8 . 50 .
dditionally, we fix the intrinsic linewidths to be 250 km s −1 . Our
ts suggest that Mg ii λλ2796 , 2803 is undet ect ed, so w e set the
ux of this line doublet to 0 in the model and use the error
pectrum t o deriv e an upper limit on its flux. The best-fitting
arametr es ar e listed in Table 2 . 

.2.2 Red fit 

 e xt, we consider data between 3645 Å � λrest � 5475 Å
 3 . 46 μm < λobs < 5 . 2 μm ). 5 This range is covered by both
he R100 and R2700 data, so we fit a model to both spectra
imultaneously. 

The continuum is modelled as a single power -la w component
 F λ ∝ λ

αopt 
obs ), and we include emission from [O ii ] λλ3727 , 3729 ,

Ne iii ] λλ3869 , 3968 , H δ, H γ , [O iii ] λ4363 , H β, and
O iii ] λλ4959 , 5007 . The ratios of [Ne iii ] λ3869 / [Ne iii ] λ3968
 3 . 320 and [O iii ] λ5007 /[O iii ] λ4959 = 2 . 983 (which are

ndependent of ISM conditions) are derived using pyneb (V.
uridiana, C. Morisset & R. A. Shaw 2015 ). For each Balmer

https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-instrumentation/nirspec-dispersers-and-filters
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Figure 2. Spectrum extracted from NIRSpec IFU R100 data cube (brown line) using a circular aperture of radius 0 . 125 arcsec . A concatenation of the 
best-fitting red model (using R100 data only) and blue model (using R100 and R2700 data) is shown by the blue line, where the dividing wavelength 
(i.e. the Balmer break) is shown by a dot ted cy an line. Model r esiduals ar e shown in the lower portion of the panel (green line). The best-fitting centroid 
wavelengths of the narrow components of each line are shown by dashed vertical black lines, whereas red dashed lines indicate undetected emission 
lines. The best-fitting continuum underlying Ly α is shown by a pink star. Uncertainties ( 1 σ ) for the extracted spectrum and r esiduals ar e shown by 
shaded regions. The wavelength ranges that wer e e x cluded fr om the fit to r educe contamination by faint rest-UV lines are shown by grey-shaded regions. 
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ine ( H δ, H γ , and H β), we include both narrow and broad
omponents. All lines are modelled as Gaussians with the same 
edshift, while the intrinsic linewidth ( FWHM N 

) of all narrow 

ines are set to be identical. The intrinsic FWHM of the broad
omponent of the Balmer lines are separately set to be identical 
 FWHM B , Ba ). 

It is important to note that due to flux and wavelength cal-
bration differences, the spectra e xtracted fr om JWS T/NIRSpec 
rism and grating data cubes spectra may not yet be compared 

n a 1:1 basis. Works in vestigating JWS T /NIRSpec MSA spec-
ra have found that the medium-resolution ( R ∼ 1000 ) grating
ux is ∼ 10 −15 per cent higher than the prism flux (but with
onsider able scat ter; e.g. A. J. Bunker et al. 2024 ; F. D’Eugenio
t al. 2025b ). The same works also find a redshift difference
f z R100 − z R1000 � 0 . 004 , which corresponds to a velocity offset
f ∼ 125 km s −1 at z = 8 . 5 . Works using both prism and high-
esolution ( R ∼ 2700 ) data hav e found an ev en higher redshift dif-
erence ( z R100 − z R2700 � 0 . 006 −0 . 009 ; P. G. Pérez-González et al.
025 ; G. C. Jones et al. 2025b ; ∼ 190 −285 km s −1 at z = 8 . 5 ). The
atio of line fluxes measured in R100 data to those measured in
2700 data has been found to vary widely between NIRSpec IFU
bservations ( F R100 /F R2700 ∼ 0 . 35 −1 . 70 ; S. Arribas et al. 2024 ; X.
i et al. 2024 , 2025b ; J. Scholtz et al. 2025b ). With these results
n mind, we allow the systemic redshift to vary between the R100
nd R2700 data, and include a wavelength-independent flux ratio 
etween the two observed spectra. 

Similarly to Section 3.2.1 , we use LMFIT in ‘least_squares’ 
ode to fit our model to the data. But in this case, we fit
he model to both the R100 and R2700 data at the same time.
he free parameters are: the continuum slope ( αopt ) and nor-
alization at λrest = 4959 Å ( C opt ), the systemic redshift in each

ataset ( z R100 , z R2700 ), the flux ratio of the R100 and R2700
ata ( F R100 /F R2700 ), the intrinsic linewidths of the narrow and
road components ( FWHM N 

, FWHM B , Ba ), and the fluxes of 
ach line ( [O ii ] λλ3727 , 3729 , [Ne iii ] λλ3869 , 3968 , [O iii ] λ4363 ,
O iii] λλ4959 , 5007 , and the narrow and broad components of 
 δ, H γ , and H β). These pr operties ar e used to cr eate model
100 and R2700 spectra that account for the LSF, spectral grid-
ing, flux offset, and velocity offset of each dataset. To perform
he simultaneous fit, we calculate and concatenate the residual 
pectrum (i.e. difference between data and model, weighted by 
he inverse error of each dataset) for each observed spectrum and
se LMFIT to find the parameters that minimize this residual. 
The flux ratio of [O ii ] λ3727 / [O ii ] λ3729 is a strong tracer

f electr on density (e.g . Y. Isobe et al. 2023 ), varying fr om
.67–2.88 for log 10 (n e / cm 

−3 ) = 0 − 8 (as derived with pyneb ,
ssuming T e = 10 4 K). While higher temperatures result in a
igher ratio, most of the variation is due to density (e.g.
O ii ] λ3727 / [O ii ] λ3729 = 0.69–2.96 for the same density range, 
ut assuming T e = 10 7 K). The R100 data do not resolve the
oublet, and the R2700 data do not include a strong detec-
ion of both lines. Because of this, it is not possible to place a
trong constraint on the [O ii ] λ3727 / [O ii ] λ3729 ratio as a free
aramet er. Inst ead, w e t est ed fits using a range of physically
otiv ated [O ii ] λ3727 / [O ii ] λ3729 r atios ( 0 . 7 , 0 . 8 , . . . , 3 . 0 ) and

 ecor ded the goodness of fit values for each run (i.e. χ2 , re-
MNRAS 546, 1–24 (2026) 
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M

Table 2. Best-fitting emission-line properties, as derived from fits to R100 and R2700 data. The two datasets feature 
a significant velocity offset ( �v R100 −R2700 ) and flux ratio ( F R100 /F R2700 ), which are listed here. Redshift and fluxes 
ar e r eported as measur ed in the R100 frame. We mark which pr operties wer e derived with the R100 data (second 
column) and the R2700 data (third column). All values have been corrected for gravitational magnification and 
aperture losses. For undet ect ed lines, w e present 3 σ upper limits on their flux. For Ly α, we present both the best- 
fitting flux ( F Lyα) and rest-frame equivalent width ( EW 0 , Lyα). 

Quantity R100 R2700 Units This work V. Kokorev et al. ( 2023 ) 

z sys X X - 8 . 5095 ± 0 . 0003 8 . 502 ± 0 . 003 
�v R100 −R2700 X X [km s −1 ] 182 ± 10 −
FWHM N X X [km s −1 ] 270 ± 5 203 ± 154 
FWHM B , Ba X X [km s −1 ] 2503 ± 176 3439 ± 413 
βLyα X - −5 . 7 ± 0 . 9 −
βUV X - −0 . 6 ± 0 . 1 −
C 1500 X [ 10 −20 erg s −1 cm 

−2 Å−1 ] 0 . 10 ± 0 . 01 −
αopt X X - 1 . 8 ± 0 . 2 −
C 4959 X X [ 10 −20 erg s −1 cm 

−2 Å−1 ] 0 . 12 ± 0 . 01 −
F Lyα X [ 10 −20 erg s −1 cm 

−2 ] 256 . 0 ± 23 . 2 414 . 1 ± 85 . 2 
REW Ly α X [ Å] 85 ± 19 240 ± 30 
F [C iii ] λλ1907 , 1910 X [ 10 −20 erg s −1 cm 

−2 ] 52 . 1 ± 12 . 1 −
F Mg ii λλ2796 , 2803 X [ 10 −20 erg s −1 cm 

−2 ] < 34 . 8 62 . 5 ± 15 . 1 
F [O ii ] λλ3727 , 3729 X X [ 10 −20 erg s −1 cm 

−2 ] 10 . 4 ± 2 . 0 15 . 0 ± 8 . 0 
F [Ne iii ] λ3869 X X [ 10 −20 erg s −1 cm 

−2 ] 29 . 3 ± 2 . 5 62 . 2 ± 15 . 4 
F H δ, N X X [ 10 −20 erg s −1 cm 

−2 ] < 23 . 3 12 . 2 ± 6 . 5 
F H δ, B X X [ 10 −20 erg s −1 cm 

−2 ] 34 . 9 ± 5 . 0 −
F H γ , N X X [ 10 −20 erg s −1 cm 

−2 ] < 27 . 2 −
F H γ , B X X [ 10 −20 erg s −1 cm 

−2 ] 59 . 2 ± 7 . 9 −
F [O iii ] λ4363 X X [ 10 −20 erg s −1 cm 

−2 ] 45 . 9 ± 3 . 6 83 . 0 ± 7 . 2 
F H β, N X X [ 10 −20 erg s −1 cm 

−2 ] 25 . 0 ± 5 . 0 78 . 6 ± 5 . 9 
F H β, B X X [ 10 −20 erg s −1 cm 

−2 ] 164 . 8 ± 9 . 4 232 . 6 ± 17 . 3 
F [O iii ] λ5007 X X [ 10 −20 erg s −1 cm 

−2 ] 359 . 6 ± 5 . 1 412 . 6 ± 11 . 3 
F R100 /F R2700 X X - 0 . 85 ± 0 . 01 −
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uced χ2 , and Bayesian Information Criterion [BIC]). The best fit
as found to be [O ii ] λ3727 / [O ii ] λ3729 = 0 . 7 , with increasingly
oor fits for higher ratios. Thus, we fix [O ii ] λ3727 / [O ii ] λ3729
 0 . 7 in our model. This corresponds to an estimated density of 

og 10 (n e / cm 

−3 ) ∼ 1 . 7 for T e ∼ 10 4 K, or log 10 (n e / cm 

−3 ) ∼ 2 . 4 for
or e e xtr eme temperatur es ( T e ∼ 10 7 K). 
We note that while an initial fit was performed with broad and

arrow components for each Balmer line ( H β, H γ , and H δ), this
esulted in a poor fit. Because H γ falls into the det ect or gap for
he R2700 data, we cannot measure the narrow component of 
his line. The fit was improved by including broad components
or all three lines, and a narrow component for H β. The narrow
omponent of H β is found to have a flux ∼ 1 / 6 th that of the
road component, so our current data do not allow us to detect
he narrow components of the weaker H δ or H γ . 

.2.3 Fitting results 

ollowing the fitting pr ocedur e of Sections 3.2.1 and 3.2.2 ,
 e deriv e best-fit ting continuum and line par ameters for
NCOVER _ 20466 from both the R100 and R2700 data. The re-

ulting R100 and R2700 fits are shown in Figs 2 and 3 , respec-
ively. The best-fitting blue and red models for the R100 data are
oncat enat ed t o creat e a complet e model. The best-fit ting v alues
re listed in Table 2 . 

Both spectra are well fit by the same intrinsic model, but we
nd a significant velocity offset ( 182 ± 10 km s −1 ) and flux ra-

io ( 0 . 85 ± 0 . 01 ) betw een the R100 and R2700 data. As not ed
NRAS 546, 1–24 (2026) 
n Section 3.2.2 , these values are expected from calibration dif-
erences. The flux ratio is identical to the value assumed by F.
’Eugenio et al. ( 2026 ), and falls within the scatter of F R100 /F R2700 

atios found by J. Scholtz et al. ( 2025b ). Other works find flux
atios of > 1 (e.g. S. Arribas et al. 2024 ; X. Ji et al. 2024 ), which

ay be due to calibration differences (e.g. updates to calibra-
ion files) or an intrinsic scatter in this ratio. The velocity off-
et corresponds to z R100 − z R2700 � 0 . 006 (i.e. larger than the un-
ertainty of the R100-based fit of V. Kokorev et al. 2023 ; δz =
 . 003 ), while the flux ratio implies that the grating flux is ∼
7 per cent higher than the prism flux. Each value is comparable
o pr evious r esults (e.g . A. J. Bunker et al. 2024 ; P. G. Pérez-

González et al. 2025 ; F. D’Eugenio et al. 2025b ; G. C. Jones et al.
025b ). For our analysis, we adopt the redshift and fluxes in the
100 frame. 
The residuals in each fit are generally low (i.e. < 2 σ ). One ex-

eption is the fit of [O iii ] λ5007 in the R2700 data (Fig. 3 ), which
eatures a central flux excess with neighbouring negative troughs.
his residual pattern has been interpreted to indicate the need for
 second Gaussian component, possibly r epr esenting an outflow
e.g. M. Ginolfi et al. 2020 ). This hypothesis is weakened by the
act that the addition of an outflow component to the model did
ot result in a better fit. Alternatively, it may be an example of 

he wavelength-dependent continuum oscillations (or ‘wiggles’)
een in NIRSpec IFU data around bright emission lines (e.g. M.
erna et al. 2023 ). How ev er, these wiggles are artifacts caused by
ingle-spax el e xtraction, and e xt end ov er wide swathes of each
pectrum. Since we use a circular aperture, and the features are
solat ed t o the pr o ximity of [O iii ] λ5007 , these ar e likely not wig -
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Figur e 3. Spectrum e xtracted fr om NIRSpec IFU R2700 data cube (br own line) using a cir cular apertur e of radius 0 . 125 ar csec . The best-fitting model 
(which was fit to the R100 and R2700 data simultaneously) is shown as blue lines. When two components or lines are overlapping, they are shown by 
pink lines. Model residuals are shown in the lower portion of each panel (green lines). The best-fitting centroid wavelengths of the narrow components 
of each line are shown by dashed vertical lines. We only show the wavelength range around emission lines of interest. Uncertainties ( 1 σ ) for the extracted 
spectrum and residuals are shown by shaded regions. 
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les. An additional possibility is that these artifacts are caused 

y a non-Gaussian LSF. In any case, the low amplitude of the
esiduals allows us to neglect them in our analysis. 

In Table 2 , we include a comparison to the values of V.
okorev et al. ( 2023 ), who observed UNCOVER _ 20466 using 

he JWST /NIRSpec MSA in R100. We find that the best-fitting
inewidths, redshift, and most emission-line fluxes are in agree- 

ent (i.e. within 3 σ ). Some lines show different flux (as ex-
lored in Appendix A ), but we find a similar placement of 
NCOVER _ 20466 on the line ratio diagnostic plots of G. Maz- 
olari et al. ( 2024 ), adding credence to the classification of this
ource as an AGN (Section 4.5 ). 

If we fit the R100 data only, then we measure a FWHM B , Ba 
alue within 1 σ of V. Kokorev et al. ( 2023 ) and other works
hat analysed the R100 data ( ∼ 3500 km s −1 ; J. E. Greene et al.
024 ; B . Tr efoloni et al. 2025 ). If we fit the R2700 data alone
r fit both datasets simultaneously, then a smaller FWHM B , Ba ∼
500 km s −1 is pr eferr ed (i.e. lower χ2 , reduced χ2 , and Bayesian
nference Crit erion). If w e inst ead fix FWHM B , Ba t o the larger
alue, then the R100 fit is not significantly affected, while the
MNRAS 546, 1–24 (2026) 
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Table 3. Properties of UNCOVER _ 20466 , as derived from spectral fits 
to R100 and R2700 data. All values have been corrected for gravitational 
magnification and aperture losses. 

Quantity This work V. Kokorev et al. ( 2023 ) 

E(B − V ) H δ/ H β, B 0 . 3 ± 0 . 2 - 
E(B − V ) H γ / H β, B 0 . 5 ± 0 . 3 - 
E(B − V ) H δ/ H γ , B −0 . 1 ± 0 . 7 - 
log 10 (M BH , GH05 , H β/ M �) 7 . 45 ± 0 . 40 8 . 17 ± 0 . 42 
log 10 (M BH , VP06 , H β/ M �) 7 . 57 ± 0 . 40 - 
log 10 (M BH , VP06 , 5100 / M �) 7 . 58 ± 0 . 40 8 . 01 ± 0 . 40 
log 10 (L bol / ergs −1 ) 44 . 71 ± 0 . 02 45 . 82 +0 . 17 

−0 . 28 

log 10 (L Edd , GH05 , H β/ ergs −1 ) 45 . 6 ± 0 . 4 - 
log 10 (L Edd , VP06 , H β/ ergs −1 ) 45 . 7 ± 0 . 4 - 
log 10 (L Edd , VP06 , 5100 / ergs −1 ) 45 . 7 ± 0 . 4 - 
λEdd , GH05 , H β 0 . 15 +0 . 23 

−0 . 09 ∼ 0 . 40 
λEdd , VP06 , H β 0 . 11 +0 . 17 

−0 . 07 - 
λEdd , VP06 , 5100 0 . 11 +0 . 17 

−0 . 07 - 
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 esiduals ar ound the H β line in the R2700 fit ar e incr eased. This
ifference may be affected by the much finer fiducial spectral
esolution of the R2700 data at the redshifted wavelength of H β

 FWHM v ∼ 100 km s −1 ) versus that of the R100 data ( FWHM v ∼
250 km s −1 ; where the actual resolution of each dataset could be
ner by a factor of � 1 . 7 ; e.g. V. Kokorev et al. 2023 ; A. de Graaff
t al. 2024 ). Alt ernativ ely, the LSF could deviat e from a perfect
aussian (which will be inv estigat ed in future works). But since

he FWHM B , Ba values agree to within 3 σ , the R100 data is well
t by either value, and the R2700 data (which features higher
pectral resolution) is better fit by the narrower value, we will use
his value in our analysis. 

 P RO P E RT I E S  OF  UNCOVER _  20466 

he spectral fits of the previous Section result in a number of con-
traints on line and continuum pr operties of UNC OVER _ 20466 .
ere, we utilize these best-fitting values to characterize the black
ole and host galaxy of this system. 

.1 Dust attenuation 

r eviously, V. Kokor ev et al. ( 2023 ) measured a best-fit ting r atio of 
almer line fluxes ( (F H γ /F H β ) obs = 0 . 31 ± 0 . 06 ) and derived A V 
sing: 

 V = R V 
2 . 5 

k(λH β ) − k(λH γ ) 
log 10 

[
(F H γ /F H β ) obs 

(F H γ /F H β ) int 

]
(1) 

ssuming case B recombination and the reddening law found for
he bar of the Small Magellanic Cloud (SMC; K. D. Gordon et al.
003 ). This reddening law is commonly adopted for high-redshift
uasars (e.g. J. E. Greene et al. 2024 ; G. Mazzolari et al. 2025 ; B.
refoloni et al. 2025 ; F. D’Eugenio et al. 2025a ; X. Ji et al. 2025b ).
sing this line flux ratio and an intrinsic ratio of (F H γ /F H β ) int =
 / 2 . 14 results in A V = 2 . 1 +1 . 1 

−1 . 0 , or a colour e x cess of E(B − V ) ≡
 V /R V = 0 . 8 ± 0 . 4 . How ev er, the H γ flux used in this calculation

ncluded a contribution from the broad component, while the H β

ux was from the narrow component only. 
We derive further constraints on E(B − V ) using all observed

almer decrements. We only consider pairs of lines from the
ame emission origin (narrow or broad). The intrinsic ratios are
erived using pyneb , assuming the ISM conditions found for a
tack of 4 < z < 7 Type I AGN from JADES (Y. Isobe et al. 2025 ,
 e ∼ 2 × 10 4 K, n e ∼ 10 4 cm 

−3 ). As seen in Table 3 , we are able
 o estimat e the colour e x cess of the br oad component using thr ee
atios ( H δ/ H β, H γ / H β, and H δ/ H γ ). All three of these ratios
o not show strong evidence for significant dust attenuation, with
(B − V ) values within 2 σ of 0. While the small wavelength dif-

erence between these lines makes measurement of attenuation
ore difficult, other JWST/NIRSpec IFU studies of galaxies at

 > 7 (where H α is not covered by the nominal wavelength range
f JWST/NIRSpec) have found similar results based on Balmer
ecr ements (e.g . A. J. Bunker et al. 2023 ; G. C. Jones et al. 2024a ;
. Zamora et al. 2025a ). While we find no significant evidence
or reddening in the broad or narrow Balmer lines, we note that
WST/MIRI observations of H α would enable more precise con-
traints. 

Of course, this result is dependent on a few assumptions.
irst, we adopt the SMC bar extinction curve of K. D. Gordon
t al. ( 2003 ). Because each dust att enuation curv e is normal-
zed by the value at the appr o ximat e wav elength of the H β-
OIII] λλ4959 , 5007 complex (i.e. V band), the choice of extinction
NRAS 546, 1–24 (2026) 
aw does not introduce strong changes in the observed values of 
hese lines. As a t est, w e adopt the starburst reddening law of D.
alzetti et al. ( 2000 ), resulting in nearly identical values (i.e. < 1 σ
iscrepant). How ev er, w e not e that the choice of extinction curve
ill affect the observed r est-UV line flux es and the continuum

lope. 
N e xt, we consider the fact that the intrinsic Balmer ratios

re derived using pyneb and our fiducial ISM conditions. For
ost densities ( log 10 (n e / cm 

−3 ) � 6 ), these ratios feature a slight
ependence on density (e.g. H γ / H β changes by � 5 per cent
etween log 10 (n e / cm 

−3 ) = 0 −7 and T e = (0 . 5 −3 . 0) × 10 4 K). At
 xtr eme densities ( log 10 (n e / cm 

−3 ) � 7 ), the r atio tr ansitions to
e density dependent. Changing the temperature and density in
hese ranges does not result in a significant (i.e. > 1 σ ) change in
he E(B − V ) value. 

An additional possibility is that we are observing a system
her e case B r ecombination is not applicable (e.g. N. Pirzkal et al.

024 ; C. Scarlata et al. 2024 ; W. McClymont et al. 2025 ; B. Sun &
. Yan 2025 ). Our observed Balmer decrements suggest minimal

ust attenuation (assuming case B), but the fact that our derived
(B − V ) values are not significantly negative does not provide

trong evidence against case B. 
We note that V. Kokorev et al. ( 2023 ) reported a large dust

ttenuation ( A V ∼ 1 . 9 ) from fitting an AGN-only model to the
ontinuum of UNCOVER _ 20466 . At face value, this appears to
isagree with the lack of strong attenuation found through anal-
sis of Balmer ratios. How ev er, as not ed by other w orks, AGN-
nly models return higher dust attenuation than star + AGN
odels (e.g. G. C. K. Leung et al. 2025 ). In addition, the Balmer

nd continuum emission may emerge from different regions, or
eatur e a differ ent geometry. Thus, this differ ence in A V could
e used as evidence for a stellar component that contributes to
he continuum emission, and/or a dusty AGN surrounded by less
bscured line-emitting gas. 

The non-detection of warm dust emission in a sample of 60
RDs at 5 ≤ z ≤ 8 (C. M. Casey et al. 2025 ) suggests that this class
f objects may not feature significant warm dust reservoirs (i.e.
 dust < 10 6 M �). UNCOVER _ 20466 only features a single ALMA

on-detection, from the Deep UNCOVER-ALMA Legacy High-
 (DUALZ) survey (S. Fujimoto et al. 2025 ). They do not detect
ignificant λobs = 1 . 2 mm emission from UNCOVER _ 20466 , im-
lying a 3 σ upper limit of S 1 . 2 mm 

< 99 μJy. From this single limit,
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6 Assuming a higher density ( log 10 (n e / cm 

−3 ) = 7 ), as suggested by the 
analysis Section 4.5 , results in a fiducial (F H α/F H β ) = 2 . 71 , or a decrease 
of ∼ 1 per cent . 
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t is not possible to solve the degeneracy inherent in FIR SED
odelling (i.e. between dust temperature T dust , dust mass M dust , 

ust emissivity index βIR ). 
Assuming a modified blackbody model that accounts for the 

ffect of the CMB at high redshift (e.g. S. Carniani et al. 2019 )
nd adopting a standard value of βIR = 1 . 8 suitable for most high-
 edshift g alaxies (e.g . J. Witstok et al. 2023 ), we find that this
bserved flux density upper limit does not constrain the dust 
ass (i.e. even models with M dust = 10 10 M � are in agreement)

n the case of cold gas ( T dust = 30 K, or the lower limit for LRDs
ound by Z. Li et al. 2025 ). By adopting the conservative limit of 
 dust ≤ M ∗ < 10 9 . 7 M �, we find that the upper limit is only met

or T dust � 40 K. Thus, while we may rule out a large reservoir
f hot ( T dust > 40 K) dust, additional ALMA observations (i.e.
eeper and at different wavelengths) are required to say more. 

.2 Black hole mass estimation 

he black hole mass may be estimated using the properties of 
he broad H β line, which originates from the BLR nearby the
lack hole, and so - called single- epoch virial relations. The most
ommon method is that of J. E. Greene & L. C. Ho ( 2005 ): 

log 10 (M BH , GH05 , H β/ M �) = (6 . 56 ± 0 . 02) 

+ (0 . 56 ± 0 . 02) log 10 

(
L H β

10 42 erg s −1 

)
+ 2 log 10 

(
FWHM H β

10 3 km s −1 

)
(2) 

We also consider the relations of M. Vesterg aar d & B. M. Peter-
on ( 2006 ), who derived a similar method based on H β: 

log 10 (M BH , VP06 , H β/ M �) = (6 . 67 ± 0 . 03) 

+ 0 . 63 log 10 

(
L H β

10 42 erg s −1 

)
+ 2 log 10 

(
FWHM H β

10 3 km s −1 

)
(3) 

nd a relation from the same work that replaces the H β luminos-
ty with the continuum emission underlying [O iii ] λ5007 ( λrest =
100 Å): 

log 10 (M BH , VP06 , 5100 / M �) = (6 . 91 ± 0 . 02) 

+ 0 . 50 log 10 

( 

λL λ(5100 Å) 
10 44 erg s −1 

) 

+ 2 log 10 

(
FWHM H β

10 3 km s −1 

)
, (4) 

here each relation has an intrinsic scatter of ∼ 0 . 4 dex. 
We implement these relations with the best-fitting properties of 

he R100 and R2700 data, resulting in values of log 10 (M BH 

/ M �) =
 . 4 −7 . 6 , with uncertainties of ∼ 0 . 4 dex (i.e. with uncertainties
ominated by the scatter of each relation; Table 3 ). This value is

ower than the value of log 10 (M BH 

/ M �) = 8 . 0 −8 . 2 (with uncer-
ainties of ∼ 0 . 4 dex) derived by V. Kokorev et al. ( 2023 ), but not
ignificantly ( < 2 σ discrepant). This different value is partially 
ue to the fact that we do not detect significant evidence for dust
ttenuation from the Balmer decrement, while V. Kokorev et al. 
 2023 ) corrected H β using A V ∼ 2 . In addition, the other work
ound a larger FWHM and line flux of the broad component of 
 β. 
It is worthwhile noting that the single-epoch methods have 

een calibrated on galaxies in the local Universe, and their ap- 
lication to high-redshift sources is not str aightforw ard. Indeed, 
ecent w orks hav e suggest ed that, for LRDs, the broad emission
s due to electron scattering rather than bulk motion around a 
lack hole (V. Rusakov et al. 2025 ), resulting in a much lower
 ≥ 2 dex) M BH 

estimate. As a test, we fit our spectra using the
lectron scattering assumption, resulting in a slightly better fit 
i.e. �BIC ∼ 3 ). While this would move many high-redshift AGN
nto the local M BH 

−M ∗ relation (see Section 5 ), this interpreta-
ion is the subject of debate (e.g. S. E. I. Bosman et al. 2025 ; M.
razzini et al. 2025 ; I. Juodžbalis et al. 2025a ). Thus, we adopt

he currently common bulk motion assumption for our analyses. 
or e r ecently, I. Juodžbalis et al. ( 2025b ) dir ectly measur ed the

lack hole mass in a lensed LRD at z = 7 by resolving its sphere of 
nfluence, finding a mass fully consistent with the virial relations. 

e consider further these results for our discussion of the black
ole versus galaxy properties in Section 5 . 

.3 Luminosities and Eddington ratio 

he bolometric luminosity can be found from the H β broad lu-
inosity using the relation from J. Stern & A. Laor ( 2012 ): 

 bol = 130 × L H β, B × (F H α/F H β ) , (5) 

here (F H α/F H β ) = 2 . 74 is the intrinsic ratio of these lines, as-
uming case B recombination and the fiducial ISM conditions of 
ection 4.1 . 6 

We find a value of log 10 (L bol ) = 44 . 72 ± 0 . 02 , which is consid-
rably lower than the value of log 10 (L bol ) = 45 . 82 +0 . 17 

−0 . 28 found by V.
okorev et al. ( 2023 ). This difference is partially ascribable to our
iffer ent tr eatments of dust attenuation (see Section 4.1 ). If a high
ttenuation of A V = 2 is taken into account, then the intrinsic H β

ux increases by a factor of ∼ 20 ×, resulting in higher estimates
f L bol . Similarly, the higher uncertainty in the previous work is
ue to the uncertain dust correction, while our value contains 
o dust correction. As a t est, w e applied this dust correction to
ur values, resulting in L bol values within 1 σ of V. Kokorev et al.
 2023 ). 

Similarly, the Eddington luminosity (e.g. A. C. Fabian 2012 ) is
 xpr essed as 

 Edd = 

4 πGM BH 

m p c 
σT 

= 1 . 26 × 10 38 
(

M BH 

M �

)
[erg s −1 ] . (6) 

his is commonly used t o calculat e the Eddington ratios ( λEdd ≡
 bol /L Edd ). Using the J. E. Greene & L. C. Ho ( 2005 ) method
 o deriv e black hole mass, w e find λEdd = 0 . 15 +0 . 23 

−0 . 09 (which is in
greement with the ratios derived using other black hole mass 
stimation methods). Our ratio is lower than the value of ∼ 0 . 40
easured by V. Kokorev et al. ( 2023 ), but due to the large un-

ertainty on L Edd , they ar e < 2 σ discr epant. We note that both
 bol and L Edd are functions of L H β (using the calibration of J.
. Greene & L. C. Ho 2005 ), and a higher H β flux (or a lower
WHM of the broad component of H β) will result in a higher
Edd . Since we adopt the same equations, this lower ratio is due

o a combination of different dust attenuation assumptions and 

iffer ent apertur e loss corr ections, as well as the differ ent br oad
 β flux and smaller H β broad linewidth. 

.4 ISM conditions 

hile the broad emission opens a window into the nature of the
lack hole of UNCOVER _ 20466 , the narrow lines instead allow 
MNRAS 546, 1–24 (2026) 
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Table 4. Definitions of line ratios used in this work. 

Line ratio Definition 

O3 F [O ii ] λλ3727 , 3729 /F H β

O2 F [O iii ] λ5007 /F H β

R23 (F [O ii ] λλ3727 , 3729 + F [O iii ] λλ4959 , 5007 ) /F H β

O32 F [O iii ] λ5007 /F [O ii ] λλ3727 , 3729 
Ne3O2 F [Ne iii ] λ3869 /F [O ii ] λλ3727 , 3729 
O3Hg F [O iii ] λ4363 /F H γ

O33 F [O iii ] λ5007 /F [O iii ] λ4363 
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s t o charact erize the host g alaxy (or nearby g as; e.g . K. Inayoshi
t al. 2025 ; X. Lin et al. 2025 ). 

To begin, we use our observed line ratios and the code pyneb to
 xplor e the electr on density ( n e ) thr ough the [O ii ] λλ3727 , 3729
ine pair. As noted in Section 3.2.2 , we are not able to directly
t for the ratio of [O ii ] λ3727 / [O ii ] λ3729 using our data. An
xploration of line ratios finds that a low ratio ( ∼ 0 . 7 , implying
og 10 (n e / cm 

−3 ) ∼ 2 ) yields a better fit. While this ratio has a weak
ependence on T e , a low ratio may only be caused by a low-
ensity environment (i.e. at any temperature). 
N e xt, we consider the [O iii ] λ4363 /[O iii ] λ5007 ratio, which

s a strong indicator of T e . This ratio is lower in our data
 0 . 13 ± 0 . 01 ) than that of V. Kokorev et al. ( 2023 , 0 . 20 ± 0 . 02 ).
s noted in V. Kokorev et al. ( 2023 ), this ratio is much higher

han expected for most galaxies. For an electron density of n e ∼
0 1 −4 cm 

−3 , pyneb predicts a maximum ratio of � 0 . 05 for T e <

 . 5 × 10 4 K. While this line ratio is strongly dependent on T e for
 e < 10 5 cm 

−3 , it transitions to a strong dependence on n e for
 e > 10 5 cm 

−3 . While a ratio of 0 . 1 −0 . 2 could be theoretically
xplained by a high density ( n e ∼ 10 6 cm 

−3 ) and temperature ( ∼
 × 10 4 K), this density is ∼ 2 dex higher than the average value
ound for 4 < z < 7 Type I AGN (Y. Isobe et al. 2025 ) and ∼ 3 dex
igher than the average value for star-forming galaxies (SFGs) at

he redshift of UNCOVER _ 20466 (e.g. Y. Isobe et al. 2023 ; S. Li
t al. 2025 ). While high n e is expected from some interpretations
f LRD pr operties (e.g . V. Rusakov et al. 2025 ; M. C. Begelman &
. Dexter 2026 ), these conditions are extreme. 

Together, these tracers appear to present contrasting ISM
onditions: the low [O ii ] λ3727 / [O ii ] λ3729 ratio r equir es low
 e , while the high [O iii ] λ4363 /[O iii ] λ5007 ratio r equir es high
 e . One possible explanation is a two-phase ISM, with both

ow- and high-density emission regions (e.g. X. Ji et al. 2024 ;
. Harikane et al. 2025 ; M. Usui et al. 2025 ). Alt ernativ ely,

he [O iii ] λ4363 /[O iii ] λ5007 ratio could suggest an extraor-
inarily high temperature (i.e. > 2 × 10 4 K). Similarly high
O iii ] λ4363 /[O iii ] λ5007 ratios have been observed in other z >
 g alaxies (e.g . D. Schaer er et al. 2022 ; H. Katz et al. 2023 ; F.
ullen et al. 2025 ), where they have been explained by a high
egree of cosmic ray heating, the presence of high-mass X-ray
inaries, or Wolf-Rayet stars. The e xtr eme conditions implied by
hese ratios independently support the presence of an AGN in
his galaxy (see G. Mazzolari et al. 2024 ; H. Übler et al. 2024 , Sec-
ion 4.5 ). These aspects will be discussed more thoroughly in the
ext Section, within the context of AGN and SF photoionization 

odels. 
Our observed line fluxes can also be used to estimate the gas-

hase metallicity of UNCOVER _ 20466 using strong line ratio
iagnostics (e.g. M. Curti et al. 2020 ; E. Cataldi et al. 2025 ). First,
e use the calibrations of R. L. Sanders et al. ( 2024 ) for SFGs, as

hey wer e cr eated using JWS T observations of g alaxies in a r ed-
hift range that contains UNCOVER _ 20466 (i.e. 2 . 1 < z < 8 . 7 ).
sing the narrow-line flux ratios (O3, O2, R23, O32, Ne3O2, see
able 4 for ratio definitions), we find a best-fitting value of 12 +

og 10 (O/H ) = 7 . 78 ± 0 . 06 , or 0 . 12 ± 0 . 02 solar. As an alt ernativ e,
e consider the rest-UV emission-line metallicity diagnostics for
GN galaxies. If we adopt the calibration of O. L. Dors ( 2021 ),
hich was derived using observations of local Seyfert galaxies,
e find a higher metallicity ( 12 + log 10 (O / H) = 8 . 53 ± 0 . 12 , or
 . 69 ± 0 . 19 solar). The AGN models of P. Zhu, L. J. Kewley & R.
. Sutherland ( 2024 ) instead suggest a 12 + log 10 (O/H ) = 8 . 37 ±
 . 10 , or 0 . 48 ± 0 . 11 solar. 
NRAS 546, 1–24 (2026) 
Ther e ar e caveats with these metallicity derivations, includ-
ng the possibility that [O ii ] λλ3727 , 3729 and [O iii ] λλ4959 , 5007
which are in every calibration) originate from different com-
onents of a multiphase ISM, the possibility that the electron
emperature in this object is e x ceptionally high, or the unproven
pplicability of metallicity calibration created using SFGs, pure
GN, or local Seyferts to LRDs (e.g. G. Mazzolari et al. 2024 ). 
Most w orks inv estigating LRDs assume a low metallicity ( �

0 per cent solar; e.g. C. T. Donnan et al. 2025 ; D. D. Kocevski
t al. 2025 ), in agreement with the finding of � 10 per cent solar
etallicity from individual studies of LRDs (e.g. F. D’Eugenio

t al. 2025a ; A. de Graaff et al. 2025b ; R. Maiolino et al. 2025a ).
ur SFG-based metallicity estimate is ther efor e in line with pre-

ious findings for high- z LRDs, while the AGN-based calibrations
eturn much higher metallicities. This difference may be caused
y a combination of emission from a central AGN and host galaxy
e.g. A. de Graaff et al. 2025a ), although this is still under investi-
ation. 

If [O iii ] λ5007 and [O ii ] λλ3727 , 3729 originate from the same
egion, we may use our best-fitting line fluxes to estimate a line
atio of O32 = 34 ± 9 . This O32 value is larger than the average
alue found for a sample of z > 7 galaxies by M. Tang et al. ( 2023 ,

12 ), and is comparable to the most e xtr eme O32 observed in
he z ∼ 4 − 8 sample of S. Mascia et al. ( 2023 , ∼ 35 ) and the
 ∼ 5 . 5 −9 . 5 sample of A. J. Cameron et al. ( 2023 , ∼ 30 ). Our O32
alue may then be conv ert ed t o an appr o ximate ionization pa-
ameter U using the photoionization models of C. Morisset et al.
 2016 ), resulting in an approximate value of log 10 (U ) = −1 . 3 ±
 . 3 . This is higher than the standard assumption of log 10 (U ) =
2 . 0 (e.g. N. Choustikov et al. 2025 ), and approaches the theoret-

cal limit of log 10 (U ) < −1 . 0 for H ii regions (e.g. S. C. C. Yeh &
. D. Matzner 2012 ). We emphasize that there are ambiguities
oncerning these values (O32 and U ) due to poor detection of 
O ii ] λ3727 and [O ii ] λ3729 , a possible multiphase ISM, and the
se of a photoionization model that may not be appropriate for a
igh-redshift LRD. Despite this, the fact that [O iii ] λ5007 is well
et ect ed while [O ii ] λλ3727 , 3729 is not suggests a very high O32

n at least one component of the ISM, and thus a high-level of 
onization. 

.5 AGN diagnostics and e xtr eme densities 

ince our NIRSpec data do not cover the wavelength range
f H α, [N ii ] λλ6548 , 6584 , or [S ii ] λλ6716 , 6731 , we are unable
 o inv estigat e the position of UNCOVER _ 20466 on the com-

only used [N ii ]-BPT (J. A. Baldwin, M. M. Phillips & R.
erlevich 1981 ) or [SII]-VO87 (S. Veilleux & D. E. Osterbrock
987 ) line ratio diagrams. How ev er, a pow erful set of alt erna-
ive diagnostics are those of G. Mazzolari et al. ( 2024 ). In ad-
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Figure 4. Line ratio diagnostic diagrams of G. Mazzolari et al. ( 2024 ), with the value for UNCOVER _ 20466 from V. Kokorev et al. ( 2023 , magenta circle) 
and the limit from this work (magenta triangle). Points above each line suggest an AGN-only nature, while those below could be int erpret ed as AGN or 
star-forming galaxies (SFGs). For comparison, we include a collection of z > 6 measurements (M. Curti et al. 2023 ; R. L. Larson et al. 2023 ; K. Nakajima 
et al. 2023 ; I. Juodžbalis et al. 2024 ; I. H. Laseter et al. 2024 ; R. Tripodi et al. 2024 ; H. Übler et al. 2024 ; M. W. Topping et al. 2024a ; F. Cullen et al. 2025 ; 
M. Curti et al. 2025 ; Y. Harikane et al. 2025 ; X. Ji et al. 2025a ; L. Napolitano et al. 2025 ; C. L. Pollock et al. 2025 ; A. J. Taylor et al. 2025 ). Values from 

the HOMERUN models (A. Marconi et al. 2024 ) are coloured by hydrogen density, with star-forming models in the left column and AGN models in the 
right column. Models where the density , metallicity , or ionization parameter are comparable to our derived values are shown by darker points, while the 
fainter points show the full model grid. 
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ition to O32 and Ne3O2, these diagnostics make use of the
OIII] λ4363 auroral line through O3Hg = [O iii ] λ4363 / H γ and
3 = [O iii ] λ4363 / [O iii ] λ5007 (Fig . 4 ). These ar e used to cr eate

ine r atio diagr ams, with r egions in which only AGN ar e found,
hile other parts of the diagrams are populated by both AGN and

tar-forming galaxies. 
Previously, G. Mazzolari et al. ( 2024 ) used the measured values

f V. Kokorev et al. ( 2023 ) to show that UNCOVER _ 20466 was
ndeed an AGN. Our newly measured line fluxes confirm this 
Fig. 4 ). While the H γ flux reported by V. Kokorev et al. ( 2023 )
nclude contributions from both the narrow and broad compo- 
ents, we only use the 3 σ upper limit on the narrow component
f H γ (Table 2 7 ) to find a similar result. Our limit lies below the
emarcation line for the O3Hg − O33 plot (lower panels of Fig.
 ), but does not disagree with an AGN int erpretation, giv en that
his lower region is populated both by AGN and SF galaxies. 

To place this in a br oader conte xt, we compar e the location of 
NCOVER _ 20466 in these line ratio diagrams to those of high- 

edshift ( z > 6 ) sources from literature (M. Curti et al. 2023 ; R.
. Larson et al. 2023 ; K. Nakajima et al. 2023 ; I. Juodžbalis et al.
MNRAS 546, 1–24 (2026) 
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024 ; I. H. Laseter et al. 2024 ; H. Übler et al. 2024 ; M. W. Topping
t al. 2024a ; F. Cullen et al. 2025 ; M. Curti et al. 2025 ; Y. Harikane
t al. 2025 ; X. Ji et al. 2025a ; C. L. Pollock et al. 2025 ; A. J.
aylor et al. 2025 ). We also collect all sources from UNCOVER
R4 (R. Bezanson et al. 2024 ; S. H. Price et al. 2025 ) 8 with sig-
ificant line detections, resulting in one additional source (UN-
 OVER_10646, z = 8 . 5 ). Fr om this comparison, it is clear that
NCOVER _ 20466 features one of the highest O3Hg ratios among

he observed g alaxies. A rar e e x ception in this sample is the upper
imit of CAPERS-LRD-z9 (A. J. Taylor et al. 2025 ), which is com-
arable to ours. This source also features a very low O33, implying
 high [O iii ] λ4363 /[O iii ] λ5007 ratio of ∼ 0 . 6 . As discussed in
ection 4.4 , even our estimated [O iii ] λ4363 /[O iii ] λ5007 ratio of 

0 . 1 is difficult to explain without requiring extreme conditions
i.e. unphysically high temperature or density). While CAPERS-
RD-z9 is a BL LRD with a similar M BH 

(see Section 5.2 ), it lies
ar from the AGN demarcation line in the O3Hg − O33 diagnostic
lot. Thus, UNCOVER _ 20466 remains one of the most clear AGN

n these diagnostics. 
The faint coloured points in each panel r epr esent line ra-

ios from a large library of single-cloud cloudy (G. J. Ferland
993 ; G. J. Ferland et al. 2017 ) models used by A. Marconi
t al. ( 2024 ) and M. Ceci et al. ( 2025 ) for the ‘Highly Opti-
ized Multicloud Emission-line Ratios Using photo-ionizatioN’

HOMERUN) model. The star-forming galaxy cloudy mod-
ls (left column) were computed with the following parame-
ers. The ionizing continua ar e fr om stellar population models
rom BPASS v2.3 (E. R. Stanway & J. J. Eldridge 2018 ; C. M.
yrne et al. 2022 ) including binary stellar evolution and use
 P. Kroupa ( 2001 ) initial mass function with an upper mass
ut-off of 300 M �. The modelled stellar populations featured
etallicities log 10 (Z � ) = −1 . 7(solar) , −2 . 7 , −4 . 0 , −5 . 0 and ages

n log 10 ( age / Myr ) = 6 . 0 , 6 . 4 , 6 . 6 , 7 . 1 , 8 . 0 . The ionized gas has
onization parameter log 10 (U ) ranging from –4.0 to –0.5 in steps
f 0.5, constant gas density log 10 (N H 

/ cm 

−3 ) ranging from 0 to 7
n steps of 1, and metallicities log 10 (Z gas /Z �) ranging from −4 . 3
o 0.4 in steps of 0.2 (with the constraint that the gas metallicity
s within a factor 0.1 and 100 of the stellar metallicity). Models
er e consider ed both with and without dust. 
The ionizing continuum for the AGN models (right column)

s described by a power law with UV slope αUV = −0 . 5 , an ex-
onential cut-off exp (−hν/kT max ) and an X-ray power -la w with
lope of αUV = −1 . 0 linked to the UV through the αox parameter.

odels w ere comput ed with combinations of log 10 (T max / K) =
 . 0 , 4 . 5 , 5 . 0 , 5 . 5 , 6 . 0 , 6 . 5 , 7 . 0 and αox = −1 . 2 , −1 . 5 , −1 . 8 . The
ther parameters are the same with the exception that the ion-
zation parameter upper limit is 0.5 and that the gas metallicity
lways cover the range of −2 ≤ Z/Z � ≤ 1 . 0 with steps of 0.2. 

The full grid of cloudy models spans a wide range of 
h ysical parameters, man y of which unlikely to be applica-
le t o UNCOVER _ 20466 . For clarity, w e isolat e a subset of 
he models ( 2 < log 10 (N H 

) < 7 , −1 . 5 < log 10 (U ) < −1 . 0 , −1 . 0 <
og 10 (Z) < 0 . 0 ) that appr o ximate the properties of our source as
ound in Section 4.4 ( log 10 (n H 

) ∼ 2 −7 from our analyses of the
O ii ] λλ3727 , 3729 doublet and [OIII] λ4363 /[O iii ] λ5007 ratio,
og 10 (U ) = −1 . 3 ± 0 . 3 from O32, and log 10 (Z) ∼ −0 . 2 to −0 . 9
epending on calibration). This subset is shown in Fig. 4 as darker
oints. 
NRAS 546, 1–24 (2026) 

 https://jwst-uncover.github.io/DR4.html 
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The comparison of these SF (left panels) and AGN models
right) clearly indicate that these diagrams (and especially O3Hg
s O32) ar e e xtr emely effective in identifying AGN, and that the
ividing line between AGN-only and AGN + SF regions is likely
 ery conservativ e. It is noticeable that even e xtr emely high den-
ities are not enough to reach high [O iii ] λ4363 / H γ values (at a
iven O32 value) when considering SF galaxies. In order to reach
ery high [O iii ] λ4363 / H γ the presence of an AGN is needed,
ikely because the hard AGN radiation field is very effective in
eating the ISM, hence boosting the flux of the corona line. 
The specific case of UNCOVER _ 20466 is particularly intrigu-

ng, as it r equir es not only AGN photoionization but also ex-
remely high densities, of about 10 7 cm 

−3 . Together with the fact
hat this is the one of the most distant sources in the sample
hown, this may indicate that UNCOVER _ 20466 is forming em-
edded in the very dense gas of an early protogalaxy. 

Recently, E. Lambrides et al. ( 2025 ) analysed JWST/NIRSpec
SA data of the z = 6 . 68476 LRD THRILS_46403 (also known as
EERS-10444; D . D . Kocevski et al. 2025 ), revealing evidence for
 very high log 10 (O3Hg) = 1 . 16 ± 0 . 06 . This ratio is higher than
bserved in UNCOVER _ 20466 , and is also ∼ 0 . 5 dex higher than
he most e xtr eme HOMERUN AGN models, suggesting uncom-

on conditions. How ev er, w e not e the strong Balmer absorption
bserved in this source is not included in the H γ line fit, resulting
n an overestimation of the O3Hg ratio; additionally prominent
eII emission lines are observed in the spectrum, implying that
he [OIII] λ4363 is also likely contaminated by FeII. Even taking
hese aspects into account, THRILS_46403 r epr esents an e xtr eme
alaxy similar to UNCOVER _ 20466 . 

.6 Dynamical mass 

o constrain the dynamical mass of the UNCOVER _ 20466 host
alaxy, we use the same relation as H. Übler et al. ( 2023 ): 

 dyn = K (n ) K (q ) σ 2 
∗ r e /G, (7) 

here n is the Sérsic index, q is the axis ratio, and K(n ) = 8 . 87 −
 . 831 n + 0 . 0241 n 

2 and K(q ) = 

[
0 . 87 + 0 . 38 e −3 . 71(1 −q ) ]2 are taken

rom M. Cappellari et al. ( 2006 ) and A. van der Wel et al.
 2022 ), respectiv ely. To conv ert our int egrat ed narr ow g as emis-
ion linewidth (see FWHM N 

in Table 2 ) to an int egrat ed st ellar
 elocity dispersion ( σ∗), w e adopt the empirical relations for z ∼ 1
alaxies of R. Bezanson et al. ( 2018 ) (as done by other works, e.g.
. Übler et al. 2023 ). This results in σ∗ � 1 . 26 × FWHM N 

/ 2 . 355 ,
r σ∗ = 144 . 3 ± 2 . 7 km s −1 . 

This mass is dependent on three morphological properties ( n ,
 , r e ), which we determine from the JWST/NIRCam images using
ysersic (I. Pasha & T. B. Miller 2023 ) and the empirical PSFs.
f the 20 available NIRCam images, we e x clude those with a
 eak det ection of UNCOVER _ 20466 , as quantified by a best-
t flux that is less than 3 × the associated uncertainty (F182M,
090W, F140M, F150W2-F162M, F210M, F250M, F070W). Us-

ng the results of the remaining images, we measure the inverse
 ariance- w eight ed mean aspect ratio ( q = 0 . 32 ± 0 . 13 ), Sérsic in-
ex ( n s = 4 . 9 + / − 0 . 9 ), and magnification-correct ed effectiv e
adius ( r e = 0 . 18 ± 0 . 06 kpc). This radius is in agreement with
he value derived through a similar analysis by V. Kokorev et al.
 2023 , r e = 0 . 165 ± 0 . 020 kpc) and the mean radius of a sample
f more than 200 LRDs by Y. Zhang et al. ( 2025 , 0 . 21 ± 0 . 03 kpc
n F444W). Adopting our best-fit mean NIRCam morphological
aramet ers, w e estimat e log 10 (M dyn / M �) = 9 . 6 +0 . 1 

−0 . 2 . 

https://jwst-uncover.github.io/DR4.html
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.7 Ly α properties 

s noted in previous works (e.g. V. Kokorev et al. 2023 ; S. Fuji-
oto et al. 2024 ), UNCOVER _ 20466 is a powerful Ly α emitting 

alaxy (LAE). The presence of another nearby LAE (within a 
rojected distance of < 500 kpc and redshift difference �z ∼ 0 . 01
r �v ∼ 300 km s −1 ) suggests that both LAEs reside in the same
onized bubble (S. Fujimoto et al. 2024 ). We recover a lower
y α flux ( 2 . 60 ± 0 . 23 × 10 −18 erg s −1 cm 

−2 ) and equivalent width
 91 ± 20 Å) than previous results (e.g. V. Kokorev et al. 2023 ), but
he resulting emission still meets the most conservative criterion 

or strong Ly α emission used by many studies (i.e. EW 0 , Lyα > 

5 Å; e.g. D. P. Stark et al. 2010 ; L. Pentericci et al. 2018 ; G. C.
ones et al. 2025a ). 

From the R100 spectrum, we are able t o estimat e the Ly α
scape fraction. The intrinsic ratio of Ly α/ H β = 31 . 87 is esti-
ated using our fiducial ISM conditions (see Section 4.1 ) and 

yneb . Based on the best-fitting fluxes of the narrow H β and Ly α
mission (with no dust correction, see Section 4.1 ), this results in

f Ly α
esc = 33 ± 7 per cent . We note that this commonly applied def-
nition of f Ly α

esc (e.g. G. C. Jones et al. 2025a ; S. Shimizu et al. 2025 ;
 includes the effect of Ly α scattering at multiple scales (e.g. ISM,
GM). If we instead assume a high density of log 10 (n e / cm 

−3 ) = 7 ,
hen pyneb outputs a higher intrinsic ratio of Ly α/ H β = 35 . 49 ,
esulting in a < 1 σ lower value of f Ly α

esc = 29 ± 6 per cent . We
nd that UNCOVER _ 20466 falls on the str ong corr elations be- 

ween EW 0 , Lyα- f Ly α
esc (e.g. R. Begley et al. 2024 ; I. Goovaerts et al.

024 ) and EW 0 , Lyα–M UV measured by other works (e.g. G. C. Jones
t al. 2025a ), as shown in Appendix E . 

We also note that previous works found a link between O32 
tr acing ionization par ameter) and f Lyα

esc (e.g . K. N akajima & M.
uchi 2014 ; H. Yang et al. 2017 ; N. Roy et al. 2023 , but see also

.g. Y. I. Izotov et al. 2020 ; A. Saxena et al. 2024b ). Our high
alues (see Section 4.4 for O32 details) would appear to support
his correlation, lying just beyond the scat ter of v alues from other
igh-redshift works (e.g. N. Roy et al. 2023 ). 
Some of the properties of UNCOVER _ 20466 (e.g. compact 
orphology, high Ly α escape fraction, nearby LAEs, high ioniza- 

ion par ameter tr aced by O32) are also seen in the z ∼ 8 . 3 metal-
oor LAE CANUCS-A370-z8-LAE (C. J. Willott et al. 2025 ). But
his other source is not an LRD, as it lacks broad Balmer emission
r a v-shaped continuum. In addition, it is more metal poor. This
ighlights the diversity of strong LAEs in the early Universe. 

.8 Continuum properties 

ased on JWST/NIRCam photometry, this source was classified 

s an LRD (I. Labbe et al. 2025 ). One of the defining charac-
eristics of these objects is a v-shaped continuum, with a neg- 
tiv e (positiv e) F λ slope in the r est-UV (r est-optical). This was
onfirmed by the JWST/NIRSpec observations of J. E. Greene 
t al. ( 2024 ), who found αopt = 0 . 5 ± 0 . 3 and βUV = −0 . 7 ± 0 . 2
i.e. the ‘red’ nature is not due solely to emission lines). Our
ts of the R100 spectrum return a redder optical slope ( αopt =
 . 8 ± 0 . 2 ) and a similar UV slope ( βUV = −0 . 6 ± 0 . 1 ). We note
hat these slopes meet the LRD criteria of αopt > 0 and −2 . 8 <
UV < −0 . 37 used by classification studies (e.g. K. N. Hainline
t al. 2025 ; D. D. Kocevski et al. 2025 ), confirming the LRD nature
f UNCOVER _ 20466 . 

Because we fit the R100 spectrum in two parts (i.e. before 
nd after the Balmer limit), there is a discontinuity at λrest = 

 . 3645 μm with a red/blue flux ratio of 1 . 3 ± 0 . 2 (using the
est-fit ting v alues and uncertainties of each continuum model). 
almer br eaks ar e commonly observed in LRDs (e.g. A. de Graaff
t al. 2025b ; L. J. Furtak et al. 2025 ; X. Ji et al. 2025b ; H. Liu et al.
025 ; B. Wang et al. 2025 ), and this ratio falls within the lower end
f the scatter for observed Balmer breaks at high r edshift (e.g . A.
uruvanthodi et al. 2024 ; A. Vikaeus et al. 2024 ; B. Wang et al.
024 ; M. Tang et al. 2025 ). How ev er, the current data are not able
o confirm a Balmer break in UNCOVER _ 20466 . 

 DISCUSSION  

.1 Black hole–host galaxy scaling relations 

ur derived properties allow us to consider the placement of 
NCOVER _ 20466 on planes of M BH 

as a function of M ∗, σ∗,
nd M dyn (Fig. 5 ), which will inform us on the evolutionary
tate of the object. In each panel, we compare the placement of 
NCOVER _ 20466 relative to other JWST -AGN at z > 5 (A. D.
oulding et al. 2023 ; Y. Harikane et al. 2023 ; D. D. Kocevski et al.
023 ; R. L. Larson et al. 2023 ; H. Übler et al. 2023 ; J. Chisholm
t al. 2024 ; L. J. Furtak et al. 2024 ; R. Maiolino et al. 2024 ; H. B.
kins et al. 2025a ; F. D’Eugenio et al. 2025a ; T. Kiyota et al. 2025 ;
. P. Naidu et al. 2025a ; L. Napolitano et al. 2025 ; I. Juodžbalis
t al. 2025a ; R. Maiolino et al. 2025a ; P. Rinaldi et al. 2025b ;
. J. Taylor et al. 2025 ; R. Tripodi et al. 2025 ; J. Zhang et al.
025 ), as well as correlations found for low-redshift galaxies (J.
ormendy & L. C. Ho 2013 ; A. E. Reines & M. Volonteri 2015 ; J.
. Greene, J. Strader & L. C. Ho 2020 ; V. N. Bennert et al. 2021 ). 
First, we consider the distribution of black hole mass as a

unction of stellar mass (Fig. 5 a). Most JWST -detected black holes
ie above the local r elation, r eflecting overmassive black holes.
ur new M BH 

value is lower than that of V. Kokorev et al. ( 2023 ),
ut it is clear that the black hole of UNCOVER _ 20466 is over-
assiv e, similar t o many JWST -det ect ed AGN ( M BH 

� 0 . 1 × M ∗).
his is especially evident when comparing to the A. E. Reines &
. Volonteri ( 2015 ) local relation, which is calibrated primarily

n AGNs. Even if our single-epoch black hole mass would be
v erestimat ed by ∼ 0 . 7 dex, as possibly indicated by the recent
esults for a highly super-Eddington black hole at z ∼ 2 . 3 (R.
buter et al. 2024 ), UNCOVER_20466 would remain overmas- 

ive in the black hole mass–stellar mass plane. Furthermore, the 
ow Eddington ratio we find in this work suggests that a possi-
le correction towards lower black hole masses may not be as

arge (see discussion by R. Abuter et al. 2024 ). Additionally, the
nding by I. Juodžbalis et al. ( 2025b ) that the direct BH mass
easurement in a LRD at z = 7 being consistent with local virial

elations, supports the idea that the BH mass inferred by us in
NCOVER_20466 is reasonably accurate. 
The relation between black hole mass and galaxy velocity dis- 

ersion (also known as the ‘ M –σ ’ r elation, Fig . 5 b) has been found
o be constant over a range of redshifts ( z < 1 ; e.g. Y. Shen et al.
015 ). This connection r epr esents a coeval evolution of the black
ole and the material surrounding it. As already pointed out by
. Maiolino et al. ( 2024 ) and I. Juodžbalis et al. ( 2025a ), most of 

he JWST-det ect ed AGN fall ont o the local correlation, including
NCOVER _ 20466 . One minor note is that the σ∗ measured from 

WS T data r epr esents the narr ow linewidth fr om the full sour ce
corrected for instrumental broadening and conv ert ed t o st ellar
ispersion), while the same value from local galaxies is extracted 

nly from the bulge. How ev er, most galaxies entering the local
 elation ar e ellipticals or bulge-dominated g alaxies, i.e. wher e the
ulge contains most of the stellar mass. 
MNRAS 546, 1–24 (2026) 
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M

(a)

(b) (c)

Figur e 5. Placement of UNC OVER _ 20466 on planes of M BH 

–M ∗ (panel a), M BH 

–σ∗ (panel b), and M BH 

–M dyn (panel c, red point). For comparison, we 
include a sample of z > 5 AGN studied with JWST (A. D. Goulding et al. 2023 ; Y. Harikane et al. 2023 ; D . D . Kocevski et al. 2023 ; R. L. Larson et al. 
2023 ; H. Übler et al. 2023 ; J. Chisholm et al. 2024 ; L. J. Furtak et al. 2024 ; R. Maiolino et al. 2024 ; H. B. Akins et al. 2025a ; F. D’Eugenio et al. 2025a ; I. 
Juodžbalis et al. 2025a ; T. Kiyota et al. 2025 ; D . D . Kocevski et al. 2025 ; R. Maiolino et al. 2025a ; R. P. Naidu et al. 2025a ; L. Napolitano et al. 2025 ; P. 
Rinaldi et al. 2025b; A. J. Taylor et al. 2025 ; R. Tripodi et al. 2025 ; J. Zhang et al. 2025 ). These values are compared to best-fitting relations from local 
galaxies (J. Kormendy & L. C. Ho 2013 ; A. E. Reines & M. Volonteri 2015 ; J. E. Greene et al. 2020 ). The previous estimate of M BH 

from V. Kokorev et al. 
( 2023 ) is included in the M BH 

–M ∗ plot. 
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The last correlation is between black hole mass and dynamical
ass (Fig. 5 c). The JWST-det ect ed AGN are scattered on both

ides of the local relation, and UNCOVER _ 20466 agrees with the
. N. Bennert et al. ( 2021 ) relation. 
We note that each of the low-r edshift corr elations originates

r om differ ent samples. The M BH 

–σ∗ and M BH 

–M dyn correlations
f J. Kormendy & L. C. Ho ( 2013 ) are found using a sample of 
ocal elliptical and bulge g alaxies, wher e M dyn = M bulge . Similarly,
. E. Greene et al. ( 2020 ) fit M BH 

- σ∗ and M BH 

- M ∗ using a sample of 
ocal spiral and elliptical galaxies. The sample used to derive the
 BH 

–M ∗ relation of A. E. Reines & M. Volonteri ( 2015 ) consisted
f local broad line AGN. V. N. Bennert et al. ( 2021 ) combined
ocal broad line AGN and quiescent galaxies to examine all three
orrelations. Since their data allow for the spatial decomposition
f the bulge and disc of each source, M dyn is derived using the
adius and velocity dispersion of the central bulge. On the other
and, the observed values for high-redshift galaxies are derived

n similar ways. 
NRAS 546, 1–24 (2026) 
Fig. 5 (a) shows that UNCOVER _ 20466 has an ov ermassiv e
lack hole (with respect to the stellar mass), especially compared
o AGN in the local Universe. Despite this, it already lies on cor-
elations between M BH 

and bulge properties (velocity dispersion
nd dynamical mass, Figs 5 b,c). The fact that UNCOVER _ 20466
alls on the same correlations suggests that it may ev olv e along
hose relations into a present-day massive early-type galaxy. 

.2 Black hole growth through cosmic time 

t is clear that UNCOVER _ 20466 features a significant black hole
ass at an early cosmic epoch ( t H 

∼ 580 Myr). To e xplor e this
urther, we compare the black hole mass to those of other z > 6
GN (Fig. 6 ). 
First, we consider a simple model for how a black hole will

r ow thr ough cosmic time. Their gr owth rate may be derived
sing their Eddington luminosity and Eddington ratio (e.g. L.-X.
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Figure 6. Distribution of black hole masses as a function of cosmic time. Our derived mass for UNCOVER _ 20466 is shown by a large r ed cir cle, while a 
faint circle shows the previously determined value of V. Kokorev et al. ( 2023 ). We include a collection of z > 6 QSOs (X. Fan, E. Bañados & R. A. Simcoe 
2023 ; M. A. Marshall et al. 2023 ; M. Onoue et al. 2025 ; M. A. Marshall et al. 2025a ) and AGN observed by JWST (A. D. Goulding et al. 2023 ; Y. Harikane 
et al. 2023 ; R. L. Larson et al. 2023 ; L. J. Furtak et al. 2024 ; R. Maiolino et al. 2024 ; H. Übler et al. 2024 ; H. B. Akins et al. 2025a ; I. Juodžbalis et al. 2025a ; 
T. Kiyota et al. 2025 ; D. D. Kocevski et al. 2025 ; R. Maiolino et al. 2025a ; R. P. Naidu et al. 2025a ; L. Napolitano et al. 2025 ; P. Rinaldi et al. 2025b ; A. J. 
Taylor et al. 2025 ; R. Tripodi et al. 2025 ) for comparison. Galaxies where M BH 

was found through Balmer line (i.e. H α or H β) scaling r elations ar e shown 
by circles, while diamonds show where Mg ii λλ2796 , 2803 scaling relations were used, and studies that used bolometric luminosity scaling r elations ar e 
shown as squar es. Thr ee simple gr owth models with differ ent seed masses assuming a seeding redshift of 25 and constant Eddingt on-limit ed accretion 
are plotted as black lines. 
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i 2012 ): 

˙ 
 BH 

= 

λEdd L Edd 

εo c 2 
(8) 

here εo is the efficiency at which mass is conv ert ed t o luminosity
here assumed to be 0.1; e.g. S. E. I. Bosman et al. 2025 ). If each
lack hole has mass M seed at cosmic time t seed and we assume
ddingt on-limit ed accretion ( λEdd = 1 ), then we may solve the
bove equation to determine the mass evolution: 

 BH 

(t ) = M seed e (t−t seed ) / 0 . 045 Gyr (9) 

e use this equation to calculate three growth curves for seeds
t z = 25 : a direct collapse black hole with M seed = 10 4 M �, a su-
ermassive star with M seed = 10 2 M �, and a seed tuned to match
he observed properties of UNCOVER _ 20466 ( M seed = 1 . 45 ×
0 3 M �). 

When compared to the literatur e, UNC OVER _ 20466 is one 
f the highest-redshift massive black holes, lying close to other 
ources at t H 

∼ 0 . 5 − 0 . 6 Gyr (i.e. R. L. Larson et al. 2023 ; R.
ripodi et al. 2024 ; A. J. Taylor et al. 2025 ; I. Juodžbalis et al.
025a ). The black hole masses of these sources (which were 
lso derived using Balmer line scaling relations) lie between the 
rowth curves for the 10 2 M � and 10 4 M � seeds. 

The application of M BH 

scaling relations based on broad 

almer emission is limited by the maximum λobs of the data. 
sing the standard R100 wavelength limit of λobs = 5 . 30 μm, H α

ay only be observed up to z < 7 . 07 , while H β may be observed
p to z < 9 . 90 . Recent works have successfully extended the
 avelength r ange of JWST /NIRSpec data to λobs � 5 . 5 μm (e.g.
. T. Donnan et al. 2025 ; F. D’Eugenio et al. 2025a ; see also Dawn

WST Archive 9 v4 NIRSpec data release), which allows for H α

nd H β detection to higher redshifts. Balmer lines at even higher
edshifts can be explored using the broad wavelength coverage 
f JWST /MIRI (e.g. C. Prieto-Jiménez et al. 2025 ). While lower-
rder Balmer lines (e.g. H γ , H δ) are theoretically observable at
igher redshift, their intrinsic faintness relative to H α and H β

ake their detection difficult. 
Instead, the black holes of higher-redshift galaxies may be 
easured in other ways. Three z > 10 AGN have been charac-

 erized, where tw o of them feature similar black hole masses to
NCOVER _ 20466 (A. D. Goulding et al. 2023 ; L. Napolitano et al.

025 ). Due to the lack of observed Balmer lines, these masses
 ere estimat ed using L bol relations. In addition, both are X -ray

uminous, suggesting a different nature than LRDs. Finally, the 
urr ently highest-r edshift black hole (GN-z11; R. Maiolino et al.
024 ) was estimated using a MgII scaling relation, but falls on the
ame growth curve as UNCOVER _ 20466 . 
MNRAS 546, 1–24 (2026) 
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.3 Evolution of UNCOVER _ 20466 

ere, we synthesize the previous subsections to consider the past
nd future evolution of UNCOVER _ 20466 . The correlation plots
f Section 5.1 show that UNCOVER _ 20466 features a black hole
hat is ov ermassiv e compared t o its st ellar mass, while it lies on
he M BH 

−σ∗ and M BH 

−M dyn relations. Combined with the signif-
cant broad component of H β ( FWHM B , Ba ∼ 2500 km s −1 ) and
ow Eddington ratio ( ∼ 10 per cent ), this can be int erpret ed as
vidence for rapid black hole accretion in the past (accompanied
y low SFR, or small change in M ∗) which has declined. 

Through a comparison of the UNCOVER _ 20466 black hole
ass to model and literature values, we find that while our M BH 

or UNCOVER _ 20466 is lower than previously found (V. Kokorev
t al. 2023 ), it still r equir es a heavy seed (i.e. M seed > 10 3 M �)
t high redshift, assuming constant Eddingt on-limit ed accretion.
f course, a constant Eddingt on-limit ed accretion over nearly

00 Myr is not physical. The actual mass accretion rate will likely
ary over time, with both sub- and super-Eddington periods (e.g.
.-X. Li 2012 ; R. Schneider et al. 2023 ; A. Trinca et al. 2024 ; H.
u et al. 2025 ). Simulations present a range of such accretion

ates, with some showing that super-Eddington accretion could
e sustained for up to tens of Myr (e.g. A. Lupi et al. 2024 ; L. R.
role et al. 2025 ). But our constraint on the current Eddington
atio of UNCOVER _ 20466 does not allow us to comment on the
ast accretion. 
Reg ar dless, the high black hole mass of UNCOVER _ 20466

nd similar high-redshift AGN are more easily explained if they
v olv ed from a heavy seed. The high mass could also be explained
y a primordial black holes (PBHs), which models predict to
eature high masses ( � 10 3 M � at z ∼ 25 ; e.g. P. Dayal 2024 ; B.
hang, W.-X. Feng & H. An 2025 ; S. Zhang et al. 2025 ; F. Ziparo,
. Gallerani & A. Ferrara 2025 ). 

The future evolutionary track of UNCOVER _ 20466 is non-
rivial to determine, as we only have a constraint on the mass
f the black hole and limits on the stellar and warm dust com-
onents. If there is a reservoir of molecular gas, then one possi-
ility is that the black hole accretion remains low (as evidenced
y the low λEdd ), while the gas is turned into stars. This would
llow UNCOVER _ 20466 to stay on the M BH 

−M dyn and M BH 

−σ∗
 elations of Fig . 5 c and 5 b, while moving closer to the M BH 

−M ∗
 elation of Fig . 5 (a). How ev er, the g as r eservoir of this g alaxy is
ot yet e xplor ed, and futur e ALMA observations ar e r equir ed.
e note that the non-detection of [CII] or FIR emission in some

RDs (M. Xiao et al. 2025 ) suggests a small molecular gas reser-
 oir. Alt ernativ ely, this syst em may hav e a substantial dark matt er
ontribution, and lat er bary onic accretion may bring it closer t o
he local M BH 

−M ∗ relation (W. McClymont et al. 2026 ). 
How ev er, the current black hole accretion rate is non-zero (i.e.

Edd ∼ 0 . 1 ), so the black hole mass will increase with cosmic
ime. One e xtr eme possibility is shown by the dotted line of Fig .
 , which shows how M BH 

would change with Eddingt on-limit ed
ccretion. This curve extends into the high-mass region of z > 7
SOs (X. Fan et al. 2023 ), but a more physical sub-Eddington (or

ariable) growth would result in a lower mass, more similar to
ther observed LRDs at z ∼ 6 −8 . 

Together, we find that UNCOVER _ 20466 likely evolved from
 heavy seed at high r edshift, featur ed str ong AGN activity in
he past, and at will either ev olv e by z ∼ 6 into a source simi-
ar to LRDs (assuming low or negligible black hole growth) or
SOs (assuming a high growth r ate). R ecent studies have found
 sample of z < 4 galaxies with red inner regions and blue star-
NRAS 546, 1–24 (2026) 

s

orming outskirts, either r epr esenting descendants of LRDs that
ave gained a blue envelope over time (J.-B. Billand et al. 2025 ) or
howing that LRDs may already have faint star-forming regions
hat are simply not detectable at high redshift (P. Rinaldi et al.
025a ). This r epr esents a possible pictur e of UNC OVER _ 20466 ,
ut ther e ar e several questions that ar e not y et answ ered. First,
e cannot yet constrain the formation mechanism for the ionized
ubble (see discussion of S. Fujimoto et al. 2024 ) that results in
 high Ly α escape fraction and equivalent width. This could be
aused by significant UV emission from young stars in the past,
r by AGN activity (e.g. J. Witstok et al. 2024 ; D. Jiang et al. 2025 ).
n addition, the dust geometry in the host galaxy and around the
entral black hole is not constrained. We also note the e xtr emely
arg e [O iii ] λ4363 /[O iii ] λ5007 ratio sugg ests either abnormally
igh density or temperatur e. UNC OVER _ 20466 r epr esents one of 

he most e xtr eme sour ces at high r edshift, and r equir es additional
bservations to further constrain its pr operties (e.g . with ALMA
o constrain gas properties or JWST /NIRSpec G140M/F070LP to
pectrally resolve the Ly α emission). 

 CONCLUSIONS  

n this w ork, w e present ed new JWST /NIRSpec IFU data of the
 = 8 . 50 source UNCOVER _ 20466 , taken as part of the Black-
HUNDER survey. While this source is spatially compact ( R e �
00 pc), our data enable accurate spectral extraction using a PSF-
efined aperture loss correction verified by comparison with
WS T/NIRCam photometry. B y e xtr acting integr ated spectr a of 
oth the PRISM/CLEAR and G395H/F290LP data cubes and fit-
ing each, we are able to measure continuum and line properties,
ielding constraints on the properties of this source. 

(i) We confirm the LRD status of UNCOVER _ 20466 , with a
-shaped continuum ( βUV = −0 . 7 ± 0 . 1 , αopt = 1 . 8 ± 0 . 2 ) and
ompact morphology ( r e = 0 . 18 ± 0 . 06 kpc, based on fits to NIR-
am images). Similarly to many other LRDs, this source fea-

ur es br oad Balmer emission ( FWHM = 2503 ± 176 km s −1 ) and
s FIR-faint (e.g. C. M. Casey et al. 2025 ; S. Fujimoto et al. 2025 ). 

(ii) The best-fit Balmer decrements are in agreement with the
ntrinsic values, which suggests a lack significant dust attenua-
ion. The previous detection of higher attenuation ( A V ∼ 2 ; V.
okorev et al. 2023 ) is discussed, including possible reasons for

he disagreement with our fiducial values of A V ∼ 0 . 
(iii) The broad H β emission and underlying continuum was

sed to constrain the black hole properties ( M BH 

∼ 10 7 . 5 −7 . 6 M �,
Edd ∼ 10 per cent ), which are slightly lower than previous esti-
ates ( < 2 σ discrepant). Using an upper limit on M ∗ from litera-

ure, we confirm that UNCOVER _ 20466 features an ov ermassiv e
lack hole. 

(iv) Our observed line ratios are combined with empirical re-
ations and pyneb to e xplor e the pr operties of the host g alaxy or
aseous envelope. We find a low [O ii ] λ3727 / [O ii ] λ3729 ratio and
 high [O iii ] λ4363 /[O iii ] λ5007 ratio, which could be explained
y a multiphase ISM (i.e. diffuse gas and dense gas) or an e x cep-
ionally high temperature ( T e � 10 5 K). Other line ratios reveal a
ow gas-phase metallicity of 0 . 12 ± 0 . 02 solar (from high-redshift
ine r atio calibr ations of SF Gs, with a higher v alue from AGN di-
gnostics) and a high ionization parameter of log 10 (U ) = −1 . 3 ±
 . 3 . While the applicability of these relations to high-redshift
RDs is not proven, this high temperatur e, high-ionization, e x-

r eme envir onment aligns with the compact AGN natur e of this
ource. 
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(v) By leveraging an ext ensiv e grid of phot oionization models,
 e hav e found that the e xtr emely high [O iii ] λ4363 / H γ ratio in-
icates that the gas in the host galaxy is not only ionized and over-
eated by the AGN, but it also r equir es e xtr emely high densities,
f about 10 7 cm 

−3 . Together with the very high redshift at which
his object is found (being one of the most distant LRDs), this
nding is suggestive of a black hole that is forming in an ultra-
ense pr otog alaxy in the early Universe. 
(vi) Ly α emission is significantly det ect ed, and is used to 

stimate an escape fraction of f Lyα
esc ∼ 30 per cent . This places 

NCOVER _ 20466 on existing correlations of EW 0 , Lyα- f Lyα
esc and 

W 0 , Lyα- M UV . 
(vii) While UNCOVER _ 20466 features an ov ermassiv e black 

ole, we find that it lies on local correlations of M BH 

− σ∗ and
 BH 

− M dyn . Since these correlations were primarily determined 

sing the properties of local bulges, the observable emission of 
NCOVER _ 20466 may r epr esent the pr ogenitor of the central 
ulge of a lower-redshift galaxy. 

(viii) We compare the black hole mass of UNCOVER _ 20466 
o other z > 6 AGN. While our new M BH 

is lower than previous
stimat es, w e find that it is still one of the highest-redshift and
ost massive black holes. Using a set of growth tracks assum-

ng Eddingt on-limit ed accretion, w e show that this source w ould
ikely r equir e a heavy seed ( M seed � 10 3 assuming z seed ∼ 25 ). 

(ix) The combination of properties is synthesized to predict 
he history and future evolution of this source. One possibility 
s that UNCOVER _ 20466 underwent a period of rapid black hole 
ccretion in the recent past (which increased M BH 

and σ∗ of the
ost galaxy) which has now ended (as evidenced by the low λEdd ).
epending on future accretion, it may ev olv e int o a black hole

imilar to those of QSOs (high accretion) or LRDs (negligible 
ccretion) at z ∼ 6 . 

Our data show that UNCOVER _ 20466 is an e x ceptional sour ce
n the early Universe, with typical LRD properties, an overmas- 
ive black hole, evidence for a large ionized bubble, and e xtr eme
SM conditions. Additional observations at different wavelengths 
e.g. JWST /MIRI, ALMA [CII] 158 μm) will help to reveal the
omple x natur e of this sour ce. 
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P P E N D I X  A:  IFU-MSA  SPECTRAL  

OMPARISON  

s part of our analysis of the JWST /NIRSpec IFU observations of 
NCOVER _ 20466 , we compare the best-fitting properties to the 

WST/NIRSpec MSA observations of this source as presented by 
. Kokorev et al. ( 2023 ). While many properties are the same (e.g.
 edshift, pr esence of br oad H β and an ov ermassiv e black hole),
ome line fluxes are significantly different (up to a factor of ∼ 2 ;
ee Table 2 ). Here, we investigate the origin of this discrepancy. 

First, we consider differences in the studied spectra, through 

xtraction method or aperture/slit loss correction. The calibrated 

NCOVER MSA spectrum (S. H. Price et al. 2025 ; available from
he surv ey w ebsit e 10 ) is compared t o our extract ed IFU spectrum
with aperture loss correction) in Fig. A1 . While the two spectra
eatur e small differ ences, ther e ar e no large-scale or wavelength-
ependent differences between them. 
Inst ead, w e consider our treatment of the NIRSpec LSF. While

e use the fiducial LSF directly, V. Kokorev et al. ( 2023 ) assume
SF/LSF fiducial = 0 . 59 (A. de Graaff et al. 2024 ). If we instead
dopt this narrower LSF, then we find slightly smaller intrinsic 
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Figur e A1. UNC OVER _ 20466 spectra fr om this work (pink) compar ed to NIRSpec MSA observations (S. H. Price et al. 2025 , blue). All data have been 
corrected for gravitational magnification and slit or aperture loss. 
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Table B1. Details of JWST/NIRCam filters used in this work. 

Filter PID λpivot FWHM PSF , emp 
( μm) (arcsec) 

F335M 4111 3.362 0.111 
F356W 

a 2561 3.565 0.116 
F360M 4111 3.623 0.120 
F410M 

a 2561 4.083 0.137 
F430M 4111 4.281 0.144 
F444W 

a 2561 4.402 0.145 
F460M 

a 4111 4.630 0.157 
F480M 

a 4111 4.817 0.164 
a Fit with pysersic to find morphological properties (Section 4.6). 

A

D  

(  

a  

‘  

T  

t  

3  

o  

2  

o
 

w  

n
t  

b  

e  

a  

c  

0
 

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/3/stag115/8429621 by Scuola N
orm

ale Superiore Biblioteca user on 31 M
arch 2026
inewidths and larger fluxes for some lines (but still not in agree-
ent with the values of V. Kokorev et al. 2023 ). If we allow the

eviation from the LSF t o vary, then w e find a best-fit value of 
SF/LSF fiducial = 0 . 89 and similar line fluxes as the fiducial case.
her efor e, we do not consider the LSF treatment to be responsible

or the discrepancy with previous results, and adopt the fiducial
alue in our analysis. 

As a final t est, w e consider the possibility that our use of a
aussian profile is to blame for the discrepancy in fluxes. We

stimate a non-parametric total flux of [OIII] λ5007 by isolat-
ng the spectral range around this line ( 4 . 73 < λobs / μm < 4 . 78 ),
ubtracting the best-fit continuum flux, and integrating the IFU
pectra—resulting in a slightly lower value than the best-fit in-
 egrat ed flux ( 324 × 10 −20 erg s −1 cm 

−2 versus ∼ 360 × 10 −20 erg
 

−1 cm 

−2 in Table 2 ). 
These tests show that the UNCOVER NIRSpec MSA spectrum

grees with the NIRSpec IFU spectrum studied here, and that
he higher fluxes in a previous work are not due to the assumed
SF or assumed line shape. Both spectra were corrected by the
ame gravitational magnification, and comparisons to NIRCam
ata have confirmed that their slit or aperture loss corrections
re valid. While the discrepancy may be caused by a combi-
ation of multiple effects, w e not e that due to the conserva-

iv e uncertainties present ed by V. Kokorev et al. ( 2023 ), the red-
hift, FWHMs and most line fluxes agree to within 3 σ (e.g. Ly α,
O ii ] λλ3727 , 3729 , [NeIII] λ3869 ). 

P P E N D I X  B :  J W ST / N I RC A M  F I LT E R S  

NCOVER _ 20466 benefits from a wealth of JWST/NIRCam
maging from two programmes (see Section 2.2 ). We use a
ubset of these images to test the flux calibration of our
ata (Section D4 ), and to extract morphological properties of 
NCOVER _ 20466 (Section 4.6 ). The filters of use are listed in Ta-
le B1 , along with their programme of origin, pivot wavelength 

11 ,
nd empirical PSF FWHM 

12 in Table B1 . 
NRAS 546, 1–24 (2026) 

1 Piv ot wav elength taken from JDOX: https://jw st-docs.stsci.edu/jw st-n 
ar- infrared- camera/nircam- instrumentation/nircam- filters 
2 NIRSpec PSFs taken from JDOX: https://jw st-docs.stsci.edu/jw st-near- 
nfrared- camera/nircam- performance/nircam- point- spread- functions 
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P P E N D I X  C :  S E R E N D I P I TO U S  S O U RC E  

espite the small field of view of our NIRSpec IFU data
 ∼ 3 . 6 arcsec × 3 . 8 arcsec due to dithering and drizzling), we
lso find a serendipitous line-emitting source which we name

BlackBolt-1’ (inspired by the theme of ‘BlackTHUNDER’).
his source lies on the edge of the field of view, ∼ 2 . 2 arcsec

o the north-west of UNCOVER _ 20466 (i.e. at 00:14:33.614 -
0:23:09.4467). This location places it within 0 . 2 arcsec of an
bject in the ‘Medium Bands, Mega Science’ data release 13 (ID
1646; K. A. Suess et al. 2024 ) which has z phot = 6 . 68 +0 . 03 

−0 . 04 based
n the JWST/NIRCam photometry. 

Because of its location, we are not currently able to present a
 ell-calibrat ed spectrum (i.e. some data are excluded due to high
oise levels, and the PSF is not well determined at the edge of 

he field of view). How ev er, w e are able to define an aperture
y performing a 2-D Gaussian fit to the emission of the bright-
st spectral channel and taking the resulting best-fitting major
xis FWHM ( 0 . 2 arcsec ). By extracting a spectrum from the R100
ube centred on this location using a circular aperture of radius
 . 2 arcsec , we may determine its spectroscopic redshift. 

As seen in Fig. C1 , BlackBolt-1 features at least four strong line
etections, all at different observed wavelengths than the lines
et ect ed fr om UNC OVER _ 20466 (i.e. this is not a lensed image).
e use these lines to identify the redshift to be z spec = 5 . 511 ,

ased on the identification of the [O iii ]-H β complex and H α,
s well as the Ly α break. 
3 https://jwst-uncover.github.io/DR3.html 

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions
https://jwst-uncover.github.io/DR3.html
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Figure C1. Int egrat ed spectrum for a serendipit ous sour ce identified within the field of view (BlackBolt-1), e xtracted fr om 00:14:33.614 -30:23:09.4467 
using a circular aperture of radius 0 . 2 arcsec from the R100 cube. No corrections have been applied, and the line fluxes are affected by noise artifacts 
due to its location on the edge of the data cube. Despite this, we identify the spectr oscopic r edshift of z spec = 5 . 511 based on several line detections (red 
lines). 
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Since this source is at a much lower redshift than our target, it
s observed at a very different epoch (i.e. ∼ 1 . 0 Gyr after the Big
ang, rather than ∼ 0 . 58 Gyr for UNCOVER _ 20466 ). With this

n mind, we do not include BlackBolt-1 in our analysis, but note
hat further analysis may be performed in a future work. 

P P E N D I X  D:  D ETAI L S  OF  A P E RT U R E  LOSS  

ORRECTION  

hen analysing the int egrat ed spectra of UNCOVER _ 20466 , w e
hoose an extraction aperture of radius 0 . 125 ′′ in order to maxi-
ize the S/N of [OIII] λ5007 . This apertur e captur es most of the

mission from this compact object, but some emission from the 
ings of the PSF is missed. This fraction of missed flux is not

onstant, as the NIRSpec IFU PSF size changes with wavelength. 
n order t o recov er the total flux, an aperture loss correction is
 equir ed (see similar analyses for NIRSpec IFU data in S. Arribas
t al. 2024 ; S. Zamora et al. 2025b ). In this Appendix, we detail
ow we calculate wavelength-dependent aperture loss correc- 

ions for our extracted spectra. 

1 NIRSpec IFU PSF derivation 

e begin by analysing the shape of the NIRSpec IFU PSF. An in-
epth characterization of the NIRSpec PSF was performed by F. 
’Eugenio et al. ( 2024 ). This work found a strong evolution of the
SF FWHM with wavelength, as well as a significant difference 

n the PSF width across and along the NIRSpec slice directions
up to ∼ 40 per cent ). Although thr ee appr oaches wer e utilized,
o concrete PSF shape was found. The results of this w ork w ere
dopted by many other NIRSpec/IFU studies (e.g. C. Marconcini 
t al. 2024 ; G. Venturi et al. 2024 ). To verify these results, we
nalyse archival observations of calibration stars, and compare 
he results to empirical models. 

Observations of stars were included in programmes in order to 
alibrate the PSF of NIRSpec (PSFSTARUHSJ0439 in PID 1222, 
I C. J. Willott; PSFSTARULASJ1342 in PID 1219, PI N. Luetz-
endorf). Additionally, we consider the calibration data of PID 

537 (PI: K. D. Gordon), who observed the white dwarf G191- 
2B with the JWST/NIRSpec IFU with all three R1000 gratings 
nd all three R2700 gratings. For all of these observations, we
ownloaded the calibrated (stage 3) data cubes from the MAST 

rchive and fit the stellar emission in each spectral channel of 
ach cube with a 2D Gaussian model. The geometric mean of the
est-fit semi-major axes were recorded, resulting in curves of PSF 

WHM as a function of wavelength. 
The resulting curves are shown in Fig. D1 . Because the data of 

191-B2B features significant oscillations in FWHM (‘wiggles’, 
ee M. Perna et al. 2023 ; A. Dumont et al. 2025 ), we fit a third-
rder polynomial to each of the curves for this source. PSFS-
ARULASJ1342 and PSFSTARUHSJ0439 show elevated flux be- 
ween λobs ∼ 1 . 0 −1 . 5 μm. This may be due to saturation of the
IRSpec det ect or, which w ould r esult in a non-Gaussian sour ce

nd thus an inflated FWHM. For comparison, we also display re-
ults from F. D’Eugenio et al. ( 2024 ) (methods II and III), and the
WHM values derived from QSO observations (M. A. Marshall 
t al. 2023 , 2025b ) using the code QDeblend3D (B. Husemann
t al. 2013 , 2014 ). 

It is clear that the curves of F. D’Eugenio et al. ( 2024 ) fall be-
eath those of the calibration star observations. This could be due

o the fact that the serendipitous source studied by F. D’Eugenio
t al. ( 2024 ) fell on the edge of the field of view rather than the
ointing centre. Indeed, their analysis of a separat e st ellar obser-
ation (Method I) resulted in a larger PSF, in better agreement
ith the stars studied here. 
Finally, we compare all of our approaches to the empirical 

urv e outputt ed by stpsf 14 , the successor t o webbpsf (M. D.
errin et al. 2015 ). This code takes many properties of the NIR-
pec instrument into account (e.g. geometric distortion, detector 
harge transfer effects), resulting in physical models of the wave- 
ength dependence of the PSF. The resulting PSF FWHM curve is
n agreement with the results of calibration star observations, so 
e will use this model (her eafter r eferr ed to as the fiducial PSF)

or our analyses. 
MNRAS 546, 1–24 (2026) 
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Figure D1. Best-fit FWHMs of the NIRSpec IFU PSF, derived using a variety of methods. Two methods of F. D’Eugenio et al. ( 2024 ) are shown by 
dashed lines, while the results of QDeblend3D fits to QSO observations are shown by dot–dashed lines (M. A. Marshall et al. 2023 , 2025b ). The FWHM 

curv es deriv ed fr om observations of thr ee stars ar e shown by thin lines, while the empirical curve fr om s tpsf is depicted with a thick line. 
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Figur e D2. Curves of gr owth for our observations and models of the 
fiducial PSF. In red, we show the CoG for [O iii ] λ5007 , as extracted from 

both observed cubes. The blue lines show the CoG of 2D Gaussian models, 
assuming different axis ratios ( q ). The purple line shows the CoG of the 
fiducial model. 
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2 Comparison with observed curve of growth 

hile this fiducial PSF is in good agreement with the shapes
f observ ed point sources, w e not e that Appendix D1 and other
orks (e.g. F. D’Eugenio et al. 2024 ) used a two - dimensional
aussian to model the PSF. In reality, the JWST/NIRSpec PSF

s more complex, with a bright core and a fainter six-pointed
 snowflake’ pat tern of maxima and minima. While a 2D Gaussian

odel can describe the dominant central emission, the lower-
evel emission deviates from this axisymmetric model. We explore
his by creating curves of growth (CoGs), which show the amount
f flux contained within circular apertures of increasing radius.
he slope of these CoGs are directly related to the density of 
ux: a bright core will result in a rapid rise, while diffuse emis-
ion will create a more shallow increase. We compare the CoGs
or the observed [O iii ] λ5007 emission in the R100 and R2700
ubes, our best-fit 2D Gaussian model to the PSF, and the fiducial
SF. 
To create the [O iii ] λ5007 CoG, we extracted spectra using

ir cular apertur es centr ed on UNC OVER _ 20466 with a range
f radii ( 0 . 025 ′′ − 0 . 500 ′′ ), isolated the wavelength range around
O iii ] λ5007 , fit the continuum and line emission in the resulting
pectrum, and r ecor ded the best-fit line flux for each aperture.
he resulting CoGs are shown as red lines in Fig. D2 . In order to
reate a similar CoG for the fiducial PSF of Section D1 , we inte-
rate the PSF within a range of apertures and normalize each flux
o the value in the largest aperture ( r = 0 . 5 arcsec ; see magenta
ine with circular markers in Fig. D2 ). Finally, w e creat e CoGs
or 2D Gaussian models with the same FWHM as the fiducial
NRAS 546, 1–24 (2026) 

r  
odel, assuming a circular model ( q = 1 . 0 ) and an elongated
odel ( q = 0 . 5 ). 
From this analysis, we see that all of the CoGs agree at small

adii ( r � 0 . 125 arcsec ) and large radii ( r � 0 . 4 arcsec ), but the
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Figur e D3. Apertur e loss corr ection as function of observ ed wav elength 
for a cir cular apertur e with radius 0 . 125 ′′ . This was derived using the full 
PSF model from stpsf , rather than a Gaussian approximation. 
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D Gaussian model of the PSF deviates at intermediate radii 
 0 . 125 arcsec � r � 0 . 400 arcsec ). This behaviour indicates dif-
use emission in the PSF that is not present in the 2D Gaus-
ian model. Because the full PSF follows the observed CoG more
losely, we will use this fiducial PSF rather than a Gaussian ap-
r o ximation. 

3 Aperture loss correction 

e have now characterized the wavelength-dependent FWHM 

f the NIRSpec IFU PSF, and t est ed this model on our observa-
ions. The remaining step is to derive the aperture loss correction
urve for our adopted aperture ( r = 0 . 125 arcsec ). This is done by
umerically integrating the full corresponding PSF and dividing 
y the value within the aperture. The resulting correction as a 
unction of wavelength is shown in Fig. D3 . 
igure D4. Comparison of the JWST /NIRSpec R100 spectrum and pseudo-
hot ometry was creat ed using the throughput curv es for each NIRCam fscho
f NIRSpec to NIRCam photometric fluxes that are in broad agreement with th
4 Comparison to NIRCam data 

hile this empirical model is a good match to observations of 
tars, it is not yet thoroughly tested on observational data of 
igh-r edshift g alaxies, and thus may not be accur ate. To v al-

date this correction, we conduct a comparison of our R100 
IRSpec spectrum and archival JWST /NIRCam photometry of 
NCOVER _ 20466 . 
First, we extract fluxes from each NIRCam image by fitting 

ach with a 2D circular Gaussian model with a constant offset
to account for back gr ound emission), wher e the FWHM of the

odel is set to be the fiducial FWHM from JDOX (see Table B1 ).
n order to compare these photometric points to the NIRSpec 
ata directly, we first convolve the R100 cube with the throughput
urve of each NIRCam filter to create a set of pseudo-photometric
mages, and measure the flux using a circular aperture of r =
 . 125 arcsec . We apply the aperture loss correction derived in
ppendix D3 to the NIRSpec fluxes, and compare the resulting 

alues in Fig. D4 . We limit the comparison to NIRCam filters at
obs > 3 μm due to elevated noise on the blue side of the NIRSpec
ata. The resulting fluxes are comparable. 

5 Note on variability 

y comparing JWST /NIRSpec MSA and IFU data taken at differ-
nt times, X. Ji et al. ( 2025b ) found that Abell2744-QSO1 featured
ignificant variability. This analysis benefitted from the gravita- 
ionally lensed nature of the source: each of the three lensed
mages r epr esented a differ ent light trav el time. Thus, they w ere
ble to show that H β rest-frame equivalent width decreased by 

50 per cent over an observer-frame time of ∼ 20 yr. 
While UNCOVER _ 20466 is not multiply lensed, it is possi- 

le that we could use the different data to explore the variabil-
ty of this source. This is because of the different observation
imes: the NIRCam data were taken in two epochs (2 Novem-
er 2022 for PID 2561, 11 November 2023 for PID 4111), while
he JWST /NIRSpec MSA data were taken on 2023 July 31 and
he JWST/NIRSpec IFU were taken on 5 December 2024. But as
MNRAS 546, 1–24 (2026) 

photometry with JWST /NIRCam photometry (top panel). The pseudo- 
ilt er, shown in the low er portion of the t op panel. This results in ratio 
e expected value from the empirical NIRSpec PSF (lower panel). 

orm
ale Superiore Biblioteca user on 31 M

arch 2026
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emonstrated in Appendix D4 , we find good agreement between
he NIRCam data taken on each date and the IFU data, and thus
o significant evidence for continuum variability on the observer-

rame timescale of ∼ 2 yr. In addition, the agreement between the
SA and IFU spectra (see Appendix A ) suggests no significant

hange in emission line strength on an observer-frame timescale
f ∼ 1 yr. 

P P E N D I X  E :  LY MAN  A L P H A  COR R E L AT I O N S  

y α emission in galaxies appears to follow a few well-determined
r ends, wher e the Ly α equivalent width correlates with the Ly α
scape fraction (e.g. R. Begley et al. 2024 ; I. Goovaerts et al. 2024 ),
NRAS 546, 1–24 (2026) 

igure E1. Placement of UNCOVER _ 20466 on distributions of EW 0 , Ly α as a
 UV (right panel), as shown by a red marker. For comparison, we plot the valu

012 ; M. A. Schenker et al. 2012 ; M. Song et al. 2016 ; L. Pentericci et al. 2018 ; A.
022 ; I. Jung et al. 2022 ; M. Tang et al. 2023 ; L. Napolitano et al. 2024 ; M. Tang e
025a . The value of M UV = −18 . 11 for UNCOVER _ 20466 is taken from S. Fujim
 r s ) and p -value ( p) for the detections. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, dis
nd with M UV (e.g. G. C. Jones et al. 2024b , 2025a ). How ev er,
uch of this work has been done at lower redshift ( z < 8 ). While

AEs have been discovered well into the epoch of reionization
 z > 10 ; e.g. J. Witstok et al. 2025 ), the high redshift and LRD
atur e of UNC OVER _ 20466 make it an inter esting sour ce to e x-
mine in light of these correlations. 

In Fig. E1 , we show the placement of UNCOVER _ 20466 on two
y α corr elations, and compar e it to a set of z > 7 LAEs fr om lit-
rature. This shows that it falls within the scatter of other similar
AEs, which may be int erpret ed as evidence as similar avenues
f Ly α visibility. The Spearman correlation of both distributions
re positive with very low P -values, indicating strong positive
orrelations. 
 function of f Ly α
esc (derived with fiducial ISM conditions; left panel) and 

es of z > 7 g alaxies fr om literatur e (E. Vanzella et al. 2011 ; Y. Ono et al. 
 Hoag et al. 2019 ; S. Fuller et al. 2020 ; V. Tilvi et al. 2020 ; R. Endsley et al. 
t al. 2024 ; Y. Kageura et al. 2025 ; C. J. Willott et al. 2025 ; G. C. Jones et al. 
oto et al. ( 2024 ). For each corr elation, we pr esent a Spearman coefficient 
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