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A B S T R A C T 

We report the chemical abundance pattern of GS 3073, a galaxy hosting an o v ermassiv e activ e black hole at z = 5 . 55, by 

le veraging observ ations from JWST/NIRSpec and Very Large Telescope/VIsible Multi-Object Spectrograph. Based on the rest- 
frame ultraviolet (UV) emission lines, which trace high-density ( ∼ 10 

5 cm 

−3 ) and highly ionized gas, we derive log (N / O) = 

0 . 42 

+ 0 . 13 
−0 . 10 . At an estimated metallicity of 0 . 2 Z �, this is the most extreme nitrogen-rich object found by JWST thus far. In 

comparison, the relative carbon abundance derived is log (C / O) = −0 . 38 

+ 0 . 13 
−0 . 11 , which is not significantly higher than those in 

local galaxies and stars with similar metallicities. We also found potential detection of [Fe VII ] λ6087 and [Fe XIV ] λ5303, both 

blended with [Ca V ]. We inferred a range of Fe abundances compatible with those in local stars and galaxies. Overall, the 
chemical abundance pattern of GS 3073 is compatible with enrichment by supermassive stars with M ∗ � 1000 M �, asymptotic 
giant branch stars, or Wolf–Rayet stars. Interestingly, when using optical emission lines that trace lower density ( ∼ 10 

3 cm 

−3 ) 
and lower ionization gas, we found a sub-solar N/O ratio, consistent with local galaxies at the same metallicity. We interpret the 
dif ference in N/O deri ved from UV lines and optical lines as evidence for a stratified system, where the inner and denser region 

is both more chemically enriched and more ionized. Our results suggest that nitrogen loudness in high- z galaxies might be 
confined to the central, dense, and highly ionized regions of the galaxies, while the bulk of the galaxies evolves more normally. 

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

he chemical abundances of galaxies are imprints of their past 
v olution (Da v ́e, Finlator & Oppenheimer 2011 ; Lilly et al. 2013 ).
bservational studies of the chemical abundances of galaxies in the 

ocal Univ erse hav e found tight correlations between the relative 
bundances of different elements. The scaling relations between el- 
mental abundances strongly indicate a common chemical evolution 
athway in typical galaxies (cf., Maiolino & Mannucci 2019 , and 
eferences therein). Among the established scaling relations between 
ifferent elemental abundances, one of the most widely studied is 
he relation between the oxygen-to-hydrogen abundance, O/H, and 
he nitrogen-to-oxygen abundance, N/O. Previous observations have 
 E-mail: xj274@cam.ac.uk 

t
s
i  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
hown a correlation between O/H and N/O in local H II regions
nd in the interstellar medium (ISM) of star-forming (SF) galaxies 
e.g. Vila-Costas & Edmunds 1993 ; van Zee et al. 1998 ; Pilyugin,
rebel & Mattsson 2012 ; Andrews & Martini 2013 ; Berg et al.
016 , 2019 , 2020 ; Belfiore et al. 2017 ; Nicholls et al. 2017 ; Hayden-
 a wson et al. 2022 ). At low oxygen abundances, or ‘metallicities’,

he abundance ratio of N/O asymptotically approaches a constant 
alue. In contrast, in the intermediate to high-metallicity regime, 
/O roughly scales quadratically with O/H (Nicholls et al. 2017 ). In

heory, this behaviour is a reflection of the different enrichment mech- 
nisms of oxygen and nitrogen. The oxygen in the ISM is promptly
nriched by core-collapse supernov ae (CCSNe, from massi ve stars 
ith stellar masses of M ∗ � 8 M � and short lifetimes). In contrast,

he enrichment of nitrogen has another path available through 
tellar winds during the asymptotic giant branch (AGB) phase of 
ntermediate-mass stars with stellar masses of 2 M � < M ∗ < 8 M �.
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ue to the CNO cycle at work in the intermediate-mass stars, the
itrogen production is boosted in the metal-rich stars, leading to
he scaling relation between O/H and N/O. Since the enrichment by
GB stars lags behind the enrichment by CCSNe, there is expected

o be an intrinsic scatter around the scaling relation (e.g. Andrews &
artini 2013 ). In addition, the inflow of low-metallicity gas, as well

s variations in the star formation efficiency, can also lead to scatter
n the N/O versus O/H relation (Vincenzo et al. 2016 ; Kumari et al.
018 ; Schaefer et al. 2020 ; Luo et al. 2021 ). 
Despite the intrinsic scatter of the N/O versus O/H relation,

t is rare to observe galaxies with an N/O deviating from the
ocally established relation by more than 0.5 dex. One interest-
ng outlier, for example, is a local compact dwarf galaxy Mrk
96, which has a rather high nitrogen abundance of log(N / O) =
0 . 76 (or [N / O] ≡ log(N / O) − log(N / O) � = 0 . 10) considering its

xtremely low metallicity of 12 + log(O / H) = 7 . 15 (or [O / H] =
1 . 54; Thuan, Izoto v & Lipo v etsk y 1996 ; Berg et al. 2016 ). More

ecently, by reanalysing the UV emission lines of Mrk 996 with
hotoionization models, Senchyna et al. ( 2024 ) and Isobe et al.
 2023 ) inferred an even higher abundance ratio of [N / O] ∼ 0 . 86.
ccording to James et al. ( 2009 ), ho we ver, the emission-line spec-

rum of Mrk 996 has two kinematic components, indicative of two
istinct regions with different gas densities and abundance patterns.
he low-density region has a density of n e = 170 ± 40 cm 

−3 and a
ower nitrogen abundance of log (N / O) = −1 . 43 ± 0 . 14. In contrast,
he high-density region has a density of log ( n e / cm 

−3 ) = 7 . 25 + 1 . 25 
−0 . 75 

nd a higher nitrogen abundance of log (N / O) = −0 . 13 ± 0 . 28. The
nitrogen-loudness’ of this target potentially comes from the peculiar
nrichment from Wolf–Rayet (WR; e.g. Crowther 2007 ) stars, where
he powerful stellar winds enriched with light elements, including
itrogen, boost N/O even though the metallicity is low. Due to the
elatively short time-scale of the WR phase, the enhanced N/O would
e quickly lowered again by enrichment from CCSNe of massive
tars a few Myr after the initial burst of star formation (Limongi
 Chieffi 2018 ; Watanabe et al. 2024 ). Thus, it is expected that

uch a peculiar abundance pattern should be rarely encountered in
bservations. As another example of nitrogen enhanced star-forming
ystem, a young super star cluster with Lyman continuum leakage
LyC) in the gravitationally lensed Sunburst Arc at z = 2 . 37 was
ecently found to show both a pressure (and density) stratification and
 nitrogen abundance stratification (Pascale et al. 2023 ). According
o Pascale et al. ( 2023 ), the high-pressure and high-density region in
he LyC cluster has an enhanced nitrogen abundance of log (N / O) =

0 . 21 + 0 . 10 
−0 . 11 at a low metallicity of 12 + log(O / H) = 8 . 03 ± 0 . 06. 

Interestingly, pre vious observ ations have re vealed a population
f active galactic nuclei (AGNs) potentially having enhanced nitro-
en abundances, which are called ‘nitrogen-loud’ AGNs (Baldwin
t al. 2003 ). Nitrogen-loud A GNs are a rare subclass of A GNs
 ∼ 1 per cent in SDSS quasars with 1 . 6 � z � 4; Bentz & Osmer
004 ; Bentz, Hall & Osmer 2004 ; Jiang, Fan & Vestergaard 2008 ).
he nitrogen loudness refers to the strong rest-frame UV nitrogen

ines observed in these AGNs. These AGNs typically show clear
road components in the strong UV nitrogen lines, and the abundance
stimations based on the nitrogen lines have suggested significantly
upersolar metallicities (e.g. Hamann & Ferland 1992 ; Baldwin et al.
003 ; Dietrich et al. 2003 ; Nagao, Marconi & Maiolino 2006a ).
here are a number of long-standing questions about nitrogen-loud
GNs, including whether elements other than nitrogen are also
nriched, whether the nitrogen-loudness is only limited to the broad-
ine regions (BLRs), and so forth (Collin & Zahn 1999 ; Baldwin et al.
003 ; Jiang et al. 2008 ; Matsuoka et al. 2011 , 2017 ; Wang et al. 2011 ;
raki et al. 2012 ; Batra & Baldwin 2014 ; Villar Mart ́ın et al. 2020 ).
NRAS 535, 881–908 (2024) 
here are also discussions on the potential systematic uncertainties
f abundance estimations based on broad emission lines (Batra &
aldwin 2014 ; Temple et al. 2021 ). For the enrichment mechanisms
f these nitrogen-loud AGNs, depending on the actual abundance
attern and the site of the enrichment, it is possible to have fast
nrichment within the small nuclear region (Collin & Zahn 1999 ;
ang et al. 2011 ; Cantiello, Jermyn & Lin 2021 ; Ali-Dib & Lin

023 ; Huang, Lin & Shields 2023 ; Chen & Lin 2024 ) or wide-spread
nrichment during a specific stage of galaxy evolution (Hamann &
erland 1993 ; Baldwin et al. 2003 ). To provide more constraints on

he true nature of nitrogen-loud AGNs, it is thus important to probe
he chemical abundances of different elements as well as within
ifferent ionization zones in AGNs. It is also vital to find evidence
f nitrogen enrichment in the nitrogen-loud AGNs at early times. 
Based on the local N/O versus O/H relation, one might expect

igh redshift galaxies to populate the low-metallicity end of the
elation. Intriguingly, with the advent of the JWST (Gardner et al.
023 ; Rigby et al. 2023 ), an abundance pattern with enhanced N/O
as recently been confirmed in a galaxy, GN-z11, at z = 10 . 603
Bunker et al. 2023 ; Cameron et al. 2023 ). It is noteworthy that the
ux ratios between the semiforbidden transitions of N III ] as well
s the flux ratio between [N IV ] and N IV ] in the JWST spectrum
f GN-z11 indicate a high density (Maiolino et al. 2024b ), typical
f the BLRs of AGNs (Netzer 1990 ). Based on flux measurements
f UV emission lines in GN-z11, Cameron et al. ( 2023 ) inferred a
ducial abundance ratio of [N / O] > 0 . 61. This puts GN-z11 in the
ategory of nitrogen-loud AGNs previously found at lower redshifts
nd raises the question about the enrichment site of nitrogen in
his galaxy (Cameron et al. 2023 ; Maiolino et al. 2024b ). Thus
ar, several nitrogen-loud galaxies at redshifts of z > 6 have been
onfirmed spectroscopically by JWST (Bunker et al. 2023 ; Cameron
t al. 2023 ; Isobe et al. 2023 ; Senchyna et al. 2024 ; Castellano et al.
024 ; Schaerer et al. 2024 ; Topping et al. 2024 ). These nitrogen-
oud galaxies are characterized by strong rest-frame UV emission
rom high ionization species of nitrogen, including N III ] λ1746-1754
nd N IV ] λλ1483 , 1486, with fluxes considerably higher than that
f the UV oxygen emission from O III ] λλ1661 , 1666. The disco v ery
f these sources seems to suggest a higher fraction of nitrogen-loud
alaxies in the early Universe. Still, most of the high redshift galaxies
urrently observed are not bright enough for reliable constraints on
he nitrogen abundance (Isobe et al. 2023 ). To explain the peculiar
bundance pattern of these systems, especially given their age,
arious enrichment mechanisms have been proposed including WR
tellar winds with direct-collapse WR stars, winds from very massive
tars (VMSs, with M ∗ > 100 M �) and supermassive stars (SMSs,
ith M ∗ > 1000 M �), and tidal disruption events (TDEs; Cameron

t al. 2023 ; Charbonnel et al. 2023 ; Nagele & Umeda 2023 ; Senchyna
t al. 2024 ; Vink 2023 ; Kobayashi & Ferrara 2024 ; Nandal et al. 2024 ;
atanabe et al. 2024 ). It remains unclear whether these enrichment
echanisms have any connections with AGN activity. 
With JWST observations, we can now explore more details

n the abundance pattern of nitrogen-loud galaxies/AGNs in the
arly Universe. One particular target of interest for exploring the
ature of nitrogen loudness in high- z galaxies is GS 3073 (RA:
 

h 32 m 18 . 93 s , Dec.: −27 ◦53 ′ 2 . 96 ′′ ) found in the Cosmic Assembly
ear-infrared Deep Extragalactic Le gac y Surv e y/Great Observato-

ies Origins Deep Surv e y field centered on the Chandra Deep Field
outh (CANDELS/GOODS-S; Koekemoer et al. 2011 ). The target
as previously observed by ground-based spectroscopy and was

onfirmed to have a redshift of z ∼ 5 . 55 (Vanzella et al. 2010 ;
cLure et al. 2018 ; Grazian et al. 2020 ). Based on emission line

atio diagnostics, Grazian et al. ( 2020 ) and Barchiesi et al. ( 2023 )
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peculated that there is AGN activity in GS 3073. Recent obser-
ations taken with JWST/Near InfraRed Spectrograph (NIRSpec) 
ntegral field unit (IFU) confirmed it is a Type-1 AGN (specifically 
ype 1.8) showing prominent broad emission lines in the rest-frame 
ptical ( ̈Ubler et al. 2023 ). The supermassive black hole (SMBH)
n GS 3073 appears ‘o v ermassiv e’, with its mass lying abo v e the
ocal black hole mass versus stellar mass relation ( ̈Ubler et al.
023 ). Interestingly, the JWST/NIRSpec PRISM observation of 
S 3073 reveals strong nitrogen lines in the rest-frame UV spectrum, 
hich potentially put GS 3073 among the nitrogen-loud Type-1 
GNs observed at the highest redshifts ( ̈Ubler et al. 2023 ). At the

ame time, with the NIRSpec co v erage of the rest-frame optical
egime of GS 3073, forbidden transitions of [N II ] are also detected.
hus, it is possible to explore the nitrogen abundance in different 
ensity regimes. In this work, we investigate the chemical abundance 
attern of GS 3073, combining ground-based spectroscopic data 
rom the Very Large Telescope/VIsible Multi-Object Spectrograph 
VLT/VIMOS) and space-based spectroscopic data primarily from 

he JWST/NIRSpec PRISM. 
The layout of the manuscript is as follows. In Section 2 , we

escribe the observational data and data reduction. In Section 3 , we
escribe the method we used to fit the observed spectra of GS 3073.
n Section 4 , we derive the chemical abundances of GS 3073 based
n our emission-line measurements. We discuss the enrichment 
echanism as well as the enrichment site in this galaxy in Section 5

nd draw our conclusions in Section 6 . 
Throughout the manuscript, we assume a flat � CDM cos- 
ology with H 0 = 70 km s −1 Mpc −1 , �� 

= 0 . 7, and �m 

= 0 . 3.
e assume solar abundances provided in Grevesse et al. ( 2010 )

with 12 + log(O / H) � = 8 . 69, 12 + log(N / H) � = 7 . 83, and 12 +
og(C / H) � = 8 . 43) unless otherwise specified. 

 OBSERVA  T I O NA L  DA  TA  

n this work, we used both space- and ground-based spectra for
S 3073. The space-based spectra were obtained with the IFU of

WST/NIRSpec (B ̈oker et al. 2022 , 2023 ; Jakobsen et al. 2022 )
nd the ground-based spectrum was obtained with VIMOS (Le 
 ̀evre et al. 2003 ), formerly at VLT. Below we summarize these
bservations. 

.1 JWST/NIRSpec obser v ation and data processing 

he JWST/NIRSpec observations of GS 3073 discussed here are 
rom the GTO Program, Galaxy Assembly with NIRSpec IFS (GA- 
IFS; Program ID 1216; PI: Nora L ̈utzgendorf). The configuration 
f the observation is detailed in Übler et al. ( 2023 ). In brief, two
ispersers were used, resulting in IFU cubes with different spectral 
esolutions. The high-resolution IFU cube was obtained using the 
395H grating, and has a total integration time of 5 h. The final
395H spectra have a spectral resolution of R ∼ 1900 –3600, and 

o v ers the spectral range 2 . 85 –4 . 85 μm , which corresponds to
400 –7400 Å in the rest frame of GS 3073. The low-resolution 
FU cube was obtained using the PRISM disperser, and has a total
ntegration time of 1.1 h. The final PRISM spectra have a spectral
esolution of R ∼ 30 –300, co v ering a spectral range of 0 . 6 –5 . 3 μm
n the observed frame and 900 –8100 Å in the rest frame of GS 3073.

In this work, we utilize the NIRSpec PRISM observations of 
S 3073. Raw data files were downloaded from the Barbara A. 
ikulski Archive for Space Telescopes (MAST) and processed with 
he JWST Science Calibration pipeline 1 version 1.11.1 under the Cali- 
ration Reference Data System (CRDS) context jwst 1143.pmap. We 
ade some modifications to the default reduction steps to produce 

he data cube (see Perna et al. 2023 , for details). The final cube
as combined using the ‘drizzle’ method. The analysis in this paper

s based on the combined cube with a pixel scale of 0 . 05 arcsec .
o subtract the background (which is assumed to be uniform 

cross the IFU field of view), we constructed an inverse-variance 
eighted average spectrum from the spaxels outside the central 
 arcsec × 1 arcsec region, where no apparent emission line feature 
an be found. We then subtracted this average background spectrum 

rom the central spaxels. We tested different background extractions 
ith excluded central areas ranging from 0 . 6 arcsec × 0 . 6 arcsec to
 . 4 arcsec × 1 . 4 arcsec and the results are essentially the same. 
The low spectrum resolution of the PRISM spectrum leads to 

lending of several important rest-frame UV emission lines, such 
s Ly α and N V , and [N IV ] λ1483 and N IV ] λ1486. To deblend
hese lines, we used the publicly available VLT/VIMOS spectrum of 
S 3073 that o v erlaps with the PRISM spectrum in the observational
avelength range of 0 . 6 μm < λ < 1 . 03 μm. The VLT/VIMOS

pectrum can also provide a consistency check for emission-line 
uxes measured from the PRISM spectrum. 

.2 VLT/VIMOS obser v ation 

he VLT/VIMOS spectrum, we used was extracted from the obser- 
ations by the multi-object spectroscopy surv e y VANDELS, with an
ntegration time of 20 h (ESO program ID 194-A-2003; McLure et al.
018 ). This source was assigned to a slit with a width of 1 arcsec
McLure et al. 2018 ), which gives a nominal spectral resolution
f R ∼ 580. The slit width is larger than the size of GS 3073,
hich is around 0 . 15 arcsec –0 . 30 arcsec from the GALFIT results
f previous observations (Vanzella et al. 2010 ; van der Wel et al.
012 ) as well as from the inspection of the rest-frame UV fluxes
rom the JWST/NIRSpec PRISM IFU cube ( ̈Ubler et al. 2023 ).
espite the compact size of GS 3073, the typical full width at
alf maximum (FWHM) of the point spread function (PSF) of 
ANDELS observations is ∼ 0 . 6 arcsec –1 . 0 arcsec (McLure et al.
018 ), meaning the actual spectral resolution of the data could vary
n a range of 580 � R � 970. We used the 1D spectrum reduced by
razian et al. ( 2020 ) with the reduction pipeline described in Grazian

t al. ( 2018 ). 
The VIMOS spectrum co v ers a spectral range of 4800 –10300 Å

n the observed frame and 700 –1600 Å in the rest frame of GS 3073.
ithin this spectral regime, detection of emission lines including 
 VI λλ1032 , 1038, Ly α, N V λλ1238 , 1242, C II λλ1334 , 1335, and
 IV ] λλ1483 , 1486 was previously reported (Grazian et al. 2020 ;
archiesi et al. 2023 ). We note that previous spectroscopic obser-
ations of GS 3073 with the FOcal Reducer and low dispersion
pectrograph (FORS2) at VLT (Vanzella et al. 2010 ) and X-Shooter
t VLT (Program IDs: 384.A-0886 and 089.A-0679) co v er a similar
pectral regime. While Ly α and N IV ] λλ1483 , 1486 are also detected
n the FORS2 spectrum and X-Shooter spectrum (Raiter, Fosbury & 

eimoorinia 2010 ; Grazian et al. 2020 ), the VIMOS spectrum has
he highest signal-to-noise ratio (S/N) and is the only one showing
he clear detection of all the aforementioned emission lines. 

In the next section, we describe the method we adopted to fit
he JWST/NIRSpec and VLT/VIMOS spectra and show the fitting 
esults. 
MNRAS 535, 881–908 (2024) 
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2 We caution, ho we v er, that the spectral re gime in the rest-frame UV might 
be contaminated by Fe II emission. 
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 SPEC TRAL  FITTING  

e used the Penalized PiXel-Fitting code ( PPXF ; Cappellari &
msellem 2004 ; Cappellari 2017 ) to perform spectral fitting. 

.1 JWST/NIRSpec PRISM spectrum 

ur main focus is on emission line flux es. F or the JWST/NIRSpec
RISM IFU observations, we extract the central 0 . 3 arcsec ×
 . 3 arcsec (or equi v alently 1 . 8 kpc × 1 . 8 kpc) to match the fluxes
easured from the JWST/NIRSpec high-resolution spectrum in

¨ bler et al. ( 2023 ). We used a combination of power-law functions
nd an analytical function for an optically thin Balmer continuum
Grandi 1982 ) to fit the rest-frame UV-to-optical continuum simulta-
eously with emission lines. Specifically, we used three power laws,
ne has a slope of −2 . 33 following the Shakura & Sunyaev ( 1973 ;
S73) accretion disc, the other two have slopes of −2 . 66 and 0.5,
espectively. The fitting results are relativ ely insensitiv e to the values
f the latter two slopes and their role is to account for deviation
rom the SS73 disc. The Balmer continuum component, on the other
and, is moti v ated by the clear Balmer jump feature in the rest-frame
ear UV spectrum of GS 3073. To account for variations in the
ontinuum shape and the effect of dust attenuation, we included 8 th -
rder multiplicative polynomials when fitting the continuum. We
lso tried 4 th -order multiplicative polynomials and our results are
naffected. Since our main focus is on emission-line fluxes, we did
ot attempt to interpret the physical origin of the continuum based
n spectral fitting. 
As shown by Übler et al. ( 2023 ), the G395H spectrum of GS 3073

e veals se veral kinematic components in optical emission lines. In
he G395H spectrum, there is detection of a broad component in
he Balmer lines and optical He I and He II lines with an FWHM
f 3370 . 4 ± 41 . 4 km s −1 as well as an outflow component with an
WHM of 1306 . 7 ± 23 . 7 km s −1 . In contrast, for forbidden lines in

he optical, Übler et al. ( 2023 ) only found a narrow component and
n outflow component. 

We assumed Gaussian profiles for emission lines. During the fit
f emission lines, we included two different kinematic components
or Balmer lines as well as optical He I and He II lines to represent
he narrow components and the broad components. We tied the
inematics of all narrow lines and broad lines, respectively. Since
he spectral resolution of the PRISM spectrum (R ∼ 30 –300) is
enerally not high enough to separate the two sets of components,
e fixed the velocity dispersion of the narrow component to the
alues measured from the G395H spectrum in Übler et al. ( 2023 )
onvolved with the nominal resolution of the PRISM spectrum. For
he broad component, ho we ver, we did not fix its velocity dispersion
o the value derived by Übler et al. ( 2023 ) in order to account
or potential mismatch between the nominal spectral resolution
nd the actual spectral resolution (Jakobsen et al. 2022 ; de Graaff
t al. 2024 ). Following the results of Übler et al. ( 2023 ), for each
ine, if there are both narrow and broad components, we set the
elocities of the two components the same. For optical forbidden
ines, only the narrow components were considered. Finally, we tied
he kinematics of all narrow optical lines and those of all broad
ptical lines, respectively. While Übler et al. ( 2023 ) identified an
utflow component for optical lines in the G395H spectrum, to a v oid
 v erfitting of the low-resolution spectrum, we did not include a third
inematic component. The outflow contribution to the flux as fitted by

¨ bler et al. ( 2023 ) is in general small for strong lines and we discuss
ts potential impact when analysing specific lines. For UV lines,
e simply considered a single kinematic component due to the much
NRAS 535, 881–908 (2024) 
ower spectral resolution. This means the UV line fluxes we measured
hould be the total fluxes including both broad line fluxes and narrow
ine fluxes. During our analyses later in the manuscript, we discuss
he effects of such blending on our results. We tied the kinematics of
ll UV lines except Ly α due to the complex nature of its intrinsic
ine profile. While N V , C II , and C IV are also resonant or have a
esonant component, the spectral resolution of the PRISM spectrum
t their locations are relatively low and insufficient to discern their
otentially different kinematics. As a sanity check, we performed a fit
here the kinematics of the abo v e lines are set free. The final fluxes
e obtained are consistent with our current fitting results within 1 σ
f the measurement uncertainties. 
To account for the spatial covariance of the flux errors, we first

alculated the integrated errors assuming all spaxels are independent.
e then performed an initial spectral fit assuming the true errors

qual to the inte grated errors. Ne xt, we rescaled the inte grated errors
sing the standard deviation obtained from the residuals of the initial
t. To do this, we calculated standard deviations within several
pectral windows without apparent emission features. We inspected
ve spectral regions in the spectrum centred around 2400, 3300,
600, 6300, and 7700 Å in the rest frame, and we tested different
idths for the spectral regions. 2 The standard deviations obtained

rom these regions are in general 2 –3 times larger than the integrated
rrors and thus we scaled up all integrated errors by a factor of 3 as a
onserv ati ve estimation. The final flux uncertainty for each emission
ine was calculated by adding the noise to the original spectrum and
efitting. We repeated the abo v e procedure 500 times and took the
tandard deviation of the flux distribution divided by 

√ 

2 as the final
ncertainty (since the ef fecti ve flux uncertainties have been enlarged
y a factor of 

√ 

2 after adding the noise). The uncertainty calculated
his way is broadly consistent with the formal error reported by PPXF .

Fig. 1 shows the fitting result of our extracted PRISM spectrum.
he continuum model suggests the existence of a Balmer continuum.
eanwhile, the UV continuum appears to feature a few bumps

panning from 2200 Å to 3600 Å. We speculate the existence of
e II emission in this regime and will present the analyses in a future
aper. In the optical, one can see a clear broad component in H α

ven at the low resolution of the PRISM spectrum. Our fit gives
WHM H α ∼ 4 . 3 × 10 3 km s −1 for the broad component. This is

arger than the value measured by Übler et al. ( 2023 ) from the high
esolution G395H spectrum, which is FWHM H α = 3370 . 4 ± 41 . 4
m s −1 . The difference is likely due to our adoption of a canonical
pectral resolution for the PRISM spectrum, which could be different
rom the actual spectral resolution in observations. Judging from
he residuals, the emission lines are o v erall well-fitteds The bottom
anels of Figs 1 and 2 show the zoom-in views around several UV
ines and weak optical lines. Specifically, we plotted the zoom-in
iew around H α on a logarithmic scale to highlight the potential
etection of weak coronal lines of Fe. 
We summarize the fluxes of emission lines in Table 1 . We also list

he emission line fluxes measured from the high resolution spectrum
y Übler et al. ( 2023 ). These fluxes are measured within the central
 . 3 arcsec × 0 . 3 arcsec region of the G395H IFU cube. For each
ine, we simply summed all its kinematic components. While the
O III ] λ5007 flux from the PRISM matches that from the G395H
rating, other strong lines such as H α, H β, and He I λ7065 have
heir PRISM fluxes higher than the G395H fluxes by ∼ 20 per cent .

e note that the flux differences might come from a mix of effects
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Figure 1. Best-fitting spectral model for the JWST/NIRSpec PRISM spectrum integrated from the central 0 . 3 arcsec × 0 . 3 arcsec region of GS 3073. The solid 
black curve is the observed spectrum rebinned by PPXF and the surrounding shaded region indicates the rescaled 1 σ uncertainty of the flux density. The solid 
red curve without emission lines is the continuum model. The solid orange curve on top of the continuum model is the emission line model. The solid blue 
curve below the observed spectrum is the emission-line only model. The green diamonds below the observed spectrum represent the residual of the fit. The 
grey shaded region below the observed spectrum indicates the rescaled 1 σ uncertainty of the residual. Top: Fitting result for the PRISM spectrum across the 
full spectral range of 1100 –8000 Å in the rest frame. Bottom left: Zoom-in view of the fit around the rest-frame UV lines. Bottom right: Zoom-in view of the fit 
around some relatively weak rest-frame optical lines. Fitted models for individual lines are plotted as magenta curves below the observed spectrum. The vertical 
dashed grey lines mark the locations of emission lines included in the model. We caution that the dashed grey lines do not mean the marked lines are detected. 
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rom the flux calibration of the PRISM spectrum (Arribas et al. 
024 ; D’Eugenio et al. 2024 ) and different data reductions adopted
or the PRISM cube we used and the G395H cube analysed by Übler
t al. ( 2023 ). Also, the new reduction we adopted generated a spaxel
ize of 0 . 05 arcsec × 0 . 05 arcsec for the PRISM cube, different from
he previous reduction that produced a spaxel size of 0 . 1 arcsec ×
 . 1 arcsec for the G395H cube. This potentially causes an offset
etween our extracted area and that in Übler et al. ( 2023 ). In addition,
ven if the center of the two extracted areas match exactly, the spaxels
e selected near the boundary of the area would be partially outside
he extracted area of Übler et al. ( 2023 ). We performed a check by
hrinking the size of the extracted aperture in the PRISM cube by
ne pixel and added one-pixel displacement into different directions; 
he resulting fluxes of H α and H β are more consistent with those

easured from the G395H spectrum but the [O III ] λ5007 flux is
owered by ∼ 15 –20 per cent . Regardless, most of our analyses 
ely on relative fluxes within the PRISM spectrum or the G395H
pectrum, respectively. The only major impact of the flux difference is 
n the flux ratio of [N II ] λ6583/[O II ] λλ3726 , 3729, where the narrow
N II ] λ6583 is only measured in G395H and the [O II ] λλ3726 , 3729 is
MNRAS 535, 881–908 (2024) 
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Figure 2. Zoom-in view of the best-fitting spectral model for 
the JWST/NIRSpec PRISM spectrum integrated from the central 
0 . 3 arcsec × 0 . 3 arcsec region of GS 3073. The flux density is displayed 
in log to highlight the weak lines. The solid black curve is the observed 
spectrum and the green shaded region indicates the rescaled 1 σ uncertainty 
of the flux density. The solid red curve without emission lines is the 
continuum model. The solid orange curve on top of the continuum model is 
the emission line model. The vertical dashed grey lines mark the locations 
of emission lines included in the model. 
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nly measured in PRISM. To account for the systematics associated
ith the flux mismatch, we included an extra 20 per cent systematic
ncertainty for the flux ratio. As we show later, this uncertainty is
maller than the potential systematics associated with the outflowing
omponent in these lines. 

A number of lines are blended in the PRISM spectrum. In
he UV, He II λ1640 is blended with O III ] λλ1661 , 1666. How-
ver, the blend of these lines clearly peaks close to the central
avelength of He II λ1640 as shown in Fig. 1 , suggesting its flux
ominates the blend. 3 The same situation applies to He II λ4686,
Ar IV ] λλ4711 , 4740, and He I λ4713, where He II λ4686 likely dom-
nates the blend. While it appears that N V λλ1238 , 1242 is present
n the PRISM spectrum, it might be blended with the red wing of Ly
. In the next section, we used the VIMOS spectrum to check the
xistence of this line. 

Finally, besides the 0 . 3 arcsec × 0 . 3 arcsec extraction, we also fit
he PRISM spectrum extracted from a larger aperture of 1 arcsec ×
 arcsec in order to match the slit width of the VIMOS observation.
he integrated line fluxes in general reach the maximum value with

his extraction but have larger uncertainties due to the inclusion of
he noisy background. 

.2 VLT/VIMOS spectrum 

he VIMOS spectrum has a much higher spectral resolution com-
ared to the PRISM spectrum. Meanwhile, the noise level of the
IMOS spectrum is higher than that of the PRISM spectrum and

hus the broad component of emission lines could potentially be lost
n the noise. 
NRAS 535, 881–908 (2024) 

 We note that the wavelength sampling adopted by the data reduction pipeline 
e used is 50 Å in the observed frame and 7.6 Å in the rest frame at z = 

 . 55. We also tried resampling the spectrum to another wavelength grid as 
dopted in the reduction of MSA data. Despite the latter having a range of 
avelength intervals from 26 to 122 Å in the observed frame, our emission line 
easurements including the decomposition of blended lines remain largely 

nchanged. 
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We used PPXF to fit the VIMOS spectrum. Again, we assumed
he continuum is a combination of power laws. Due to the high noise
evel of the VIMOS spectrum, we used the best-fitting continuum
odel from the fitting of the PRISM spectrum to construct the

nput continuum template. Specifically, we fixed the relative shape
f the continuum redwards of Ly α to that of the best-fitting PRISM
ontinuum model, while setting the continuum bluewards of Ly α a
at line. This choice is moti v ated by the fact that the shape of the
amped Lyman continuum is uncertain but it has an intrinsically low
ux level. Furthermore, we did not include any polynomials during

he fit in order to a v oid o v erfitting the noise. Thus, our final continuum
odel is the weighted sum of a best-fitting PRISM continuum and a
at continuum in the blue. 
We note that the choice of the continuum is vital for the subse-

uent flux measurements. For example, by assuming the underlying
ontinuum has a stellar origin, Barchiesi et al. ( 2023 ) obtained flux
easurements different from ours especially for weak lines (e.g. their
ux for N V is only ∼ 1 / 3 of ours). Fig. 3 shows the VIMOS spectrum
nd the emission lines we identified. Among the lines, Ly α clearly
hows an asymmetric line profile. Meanwhile, N V exhibits a P-Cygni
rofile, which is attributed to an ∼ 3 Myr-old stellar population by
archiesi et al. ( 2023 ). Barchiesi et al. ( 2023 ) argue the feature cannot
e due to absorption in the AGN continuum since GS 3073 was not
onfirmed to be a type-1 AGN before JWST observations and no
lear absorptions in other lines were found. It is now clear from
he high resolution optical spectrum that GS 3073 is a type-1 AGN
 ̈Ubler et al. 2023 ). Still, we note that the rest-frame UV continua
f many JWST-identified type-1 AGNs could have significant stellar
ight contributions (e.g. Harikane et al. 2023 ; Kocevski et al. 2023 ;
reene et al. 2024 ; Juod ̌zbalis et al. 2024 ; Matthee et al. 2024 ). For
oung stellar populations at low metallicities, the UV continua are
lso well approximated by featureless power laws (e.g. Stanway &
ldridge 2018 ). The only rele v ant dif ference is whether the emission
t the location of N V has a stellar continuum origin or a purely
ebular origin (ionized either by stellar radiation or AGN radiation).
ccording to the fit done by Barchiesi et al. ( 2023 ), a full stellar UV

ontinuum model would still leave part of the N V emission nebular,
ndicative of the presence of highly ionized gas. We emphasize that
ur main conclusions are largely unchanged no matter whether we
dopt a pure nebular origin for the N V emission or a partially nebular
rigin for the N V emission based on the results of Barchiesi et al.
 2023 ). Even without including N V in our nebular diagnostics, we
btained similar abundance patterns, as shown in Section 4.4 . 
In the VIMOS spectrum, there is also detection of
 II λλ1334 , 1335, although it is unclear whether both lines within

he doublet are present. Interestingly, while C II λ1334 is also a
esonant line similar to N V , no blueshifted absorption is visible in
he spectrum. In addition, there is N IV ] λλ1483 , 1486, and potentially
 VI λλ1032 , 1038 and Si IV λλ1393 , 1402 in the spectrum. While the

pectrum reaches the location of C IV λλ1548 , 1551, the noise level
ecomes very high in this regime and there is no clear detection of
his doublet. 

Due to the complex nature of different UV lines, we adopted the
ollowing fitting strategy. First, we used three Gaussian components
o approximate the asymmetric profile of Ly α, where one narrower
omponent is used to fit the peak of the line profile, and the other
wo broader components are used to capture the red wing of the
ine profile and thus their centroids are allowed to be redshifted with
espect to that of the narrower component. We note that this multi-
aussian fitting approach is only for estimating the total flux of Ly α,
hose profile indicates impacts from radiative transfer, and adding
ore Gaussian do not significantly impro v e the fit. Secondly, we
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Table 1. Total fluxes of emission lines (in unit of 10 −18 erg s −1 cm 

−2 ) measured from different spectra for GS 3073. 

Emission line 
PRISM (0 . 3 arcsec ×

0 . 3 arcsec ) 
PRISM 

(1 arcsec × 1 arcsec ) 
G395H 

(0 . 3 arcsec × 0 . 3 arcsec ) VIMOS 

O VI λλ1032 , 1038 – – – 3 . 6 ± 0 . 3 d 

Ly α (total) a 103 . 3 ± 2 . 8 166 . 1 ± 4 . 0 – 159 . 6 ± 1 . 3 
N V λλ1238 , 1242 a – – – 9 . 2 ± 1 . 8 
C II λ1335 a 1 . 0 ± 1 . 6 11 . 9 ± 1 . 9 – 4 . 8 ± 0 . 6 
O IV ] λ1400 + Si IV λ1402 2 . 8 ± 0 . 9 5 . 4 ± 1 . 8 – 1 . 8 ± 0 . 4 
N IV ] λλ1483 , 1486 54 . 1 ± 0 . 9 65 . 1 ± 1 . 7 – 4 . 7 ± 0 . 8 ( λ1483) 

22 . 0 ± 0 . 9 ( λ1486) 
C IV λλ1548 , 1550 9 . 4 ± 1 . 1 13 . 3 ± 1 . 4 – < 37 c 

He II λ1640 b 13 . 9 ± 0 . 9 16 . 4 ± 1 . 2 – –
O III ] λλ1661 , 1666 b 3 . 8 ± 0 . 9 < 4 . 4 c – –
N III ] λ1746-1754 20 . 7 ± 0 . 8 22 . 0 ± 1 . 0 – –
C III ] λλ1906 , 1908 21 . 0 ± 0 . 4 27 . 6 ± 0 . 9 – –
N II ] λ2142 3 . 9 ± 0 . 4 5 . 9 ± 0 . 8 – –
Mg II ] λλ2795 , 2802 1 . 9 ± 0 . 3 2 . 9 ± 0 . 9 – –
[ Fe IV ] λλ2829 , 2835 3 . 6 ± 0 . 4 3 . 9 ± 2 . 7 – –
[ Ne V ] λ3426 < 0 . 62 c < 2 . 0 c – –
[ O II ] λλ3726 , 3729 7 . 0 ± 0 . 2 11 . 4 ± 0 . 3 – –
[ Ne III ] λ3869 + He I λ3889 + H ζ 20 . 4 ± 0 . 2 28 . 5 ± 0 . 5 – –
[ Ne III ] λ3968 + H ε 9 . 8 ± 0 . 2 15 . 8 ± 0 . 4 – –
H δ 9 . 32 ± 0 . 14 13 . 9 ± 0 . 5 – –
H γ a 13 . 1 ± 0 . 2 19 . 1 ± 0 . 4 – –
[ O III ] λ4363 a 5 . 3 ± 0 . 2 7 . 9 ± 0 . 4 4 . 4 ± 0 . 6 –
He I λ4472 2 . 67 ± 0 . 13 4 . 0 ± 0 . 3 1 . 4 ± 0 . 4 –
He II λ4686 a 7 . 6 ± 0 . 3 12 . 7 ± 0 . 5 4 . 92 ± 0 . 58 –
[ Ar IV ] λλ4711 , 4740 + He I λ4713 a 2 . 0 ± 0 . 2 0 . 9 ± 0 . 3 1 . 9 ± 0 . 4 –

– – 0 . 39 ± 0 . 12 [Ar IV ]( λ4711) –
– – 0 . 39 ± 0 . 08 [Ar IV ]( λ4740) –

H β 37 . 9 ± 0 . 2 52 . 5 ± 0 . 5 30 . 86 ± 0 . 65 –
[ O III ] λ5007 146 . 0 ± 0 . 2 222 . 6 ± 0 . 3 143 . 63 ± 0 . 43 –
[ Fe XIV ] λ5303 + [ Ca V ] λ5309 1 . 1 ± 0 . 1 2 . 0 ± 0 . 2 – –
[ Fe VI ] λ5677 0 . 30 ± 0 . 09 < 1 . 7 c – –
[ N II ] λ5755 0 . 7 ± 0 . 1 1 . 3 ± 0 . 2 – –
He I λ5876 16 . 4 ± 0 . 2 21 . 2 ± 0 . 4 13 . 7 ± 0 . 5 –
[ Fe VII ] λ6087 + [Ca V ] λ6087 0 . 39 ± 0 . 09 0 . 31 ± 0 . 17 – –
H αa 123 . 7 ± 0 . 3 182 . 1 ± 0 . 7 99 . 5 ± 1 . 3 –
[ N II ] λ6583 a < 1 . 4 c < 2 . 6 c 2 . 95 ± 0 . 27 –
[ S II ] λλ6716 , 6731 1 . 26 ± 0 . 14 2 . 3 ± 0 . 3 0 . 42 ± 0 . 08 –

– – 0 . 17 ± 0 . 07 ( λ6716) –
– – 0 . 25 ± 0 . 07 ( λ6731) –

He I λ6678 7 . 6 ± 0 . 3 12 . 4 ± 0 . 7 7 . 3 ± 0 . 5 –
He I λ7065 21 . 0 ± 0 . 4 31 . 9 ± 0 . 6 17 . 0 ± 0 . 7 –
He I λ7281 3 . 6 ± 0 . 3 8 . 7 ± 0 . 5 1 . 8 ± 0 . 5 –

Notes . 
a Blended with the adjacent line in the PRISM spectrum. 
b While these two lines are blended in the PRISM spectrum, the blended line profile peaks near the central wavelength of He II . 
c The value listed is the 3 σ upper limit. 
d Potentially large systematic uncertainties in the continuum not taken into account. 
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ied the kinematics of most UV lines to that of N IV ] λλ1483 , 1486,
hich is the strongest line besides Ly α. The kinematics of Ly α,
 V λλ1238 , 1242, and C II λλ1334 , 1335 are allowed to vary with

espect to those of N IV ] λλ1483 , 1486 as these lines can be resonantly
cattered and absorbed. Indeed, from the VIMOS spectrum, we found 
he peak of Ly α is redshifted with respect to that of the narrow
 IV ] λλ1483 , 1486 by roughly 250 km s −1 . Also, N V and C II show
elocity shifts of roughly 1200 and 750 km s −1 , respectively. We did
ot include broad components for emission lines due to the noise. 
e plotted the fitting result in Fig. 3 and summarized the emission

ine fluxes in Table 1 . 
Comparing the VIMOS fluxes with the 1 arcsec -PRISM fluxes 

isted in Table 1 , the total fluxes of Ly α measured from these spectra
re roughly consistent. Ho we ver, the rest of the lines, especially
he strong N IV ] λλ1483 , 1486 exhibits a clear mismatch, where the
RISM flux is significantly higher. We suggest that the difference 
riginates from a broad (BLR) component of these lines (i.e. asso-
iated with the BLR component seen in the hydrogen Balmer lines
nd helium lines), but undetected in the VIMOS spectrum because 
f the higher spectral resolution and larger noise. To check this, we
onvolved the VIMOS spectrum to the nominal spectrum resolution 
f the PRISM spectrum and resampled the VIMOS spectrum at 
he wavelength grid of the PRISM spectrum. We then refitted the
onvolved and resampled VIMOS spectrum, obtaining the total flux 
f the N IV ] doublet to be 56 . 3 ± 3 . 5 × 10 −18 erg / s / cm 

−2 , which is
igher than the flux obtained from the original VIMOS spectrum but
MNRAS 535, 881–908 (2024) 
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Figure 3. Best-fitting spectral model for the VLT/VIMOS spectrum measured from a 1 arcsec -wide slit. The solid black curve is the observed spectrum rebinned 
by PPXF and the surrounding shaded region indicates the 1 σ uncertainty of the flux density. The solid red curve without emission lines is the continuum model. 
The solid orange curve on top of the continuum model is the emission line model. The solid blue curve below the observed spectrum is the emission-line only 
model. The small diamonds represent the residual of the fit. The grey shaded region below the observed spectrum indicates the 1 σ uncertainty of the residual. 
The vertical dashed grey lines mark the locations of emission lines included in the model. Top: Fitting result for the VIMOS spectrum across the full spectral 
range of 700 –1600 Å in the rest frame. Bottom left: Zoom-in view of the fit around Ly α, N V , and C II . Bottom right: Zoom-in view of the fit around N IV ]. 
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lose to the flux obtained from the PRISM spectrum (c.f., Table 1 ).
till, we caution that the flux measurement can suffer from the
ollowing uncertainties. First, in the rebinned VIMOS spectrum, the
road wing of N IV ] merges with the blue wing of C IV and is truncated
t the red end of the spectrum, leading to a potential systematic
ssociated with deblending and continuum determination. Secondly,
he imperfect aperture matching and the relative flux calibrations
ould lead to further systematic uncertainties. By directly taking the
otal flux ratio of Ly α+ N V and N IV ], the VIMOS result is roughly
5 per cent lower than that of 1 arcsec -PRISM. However, as we show
ater, this systematic would only bias the abundance patterns lower,
eaving our main conclusions unchanged. 

Finally, as noted by Übler et al. ( 2023 ), there is a companion
r an outflow component to the north-west and another one to the
ast of GS 3073, which would be included if the extracted size of
he aperture exceeds ∼ 0 . 3 arcsec . Based on the publicly available
IRCam images from JADES shown in Appendix A , the north-west
NRAS 535, 881–908 (2024) 

P  
nd east targets are separated from the central source. The separation
s clear in photometric bands including F 200 W , which essentially
easures the UV continuum flux in the rest frame of GS 3073.
iven the presence of continuum emission, these targets are likely

atellites of the central source rather than outflows. Both the VIMOS
pectrum and the 1 arcsec -PRISM spectrum can potentially have
ontamination from the light of these satellites. 

In the following analyses, we use all the emission-line measure-
ents listed in Table 1 . Below we summarize the limitations of

ifferent measurements. 

(i) The PRISM spectrum has a spectral co v erage from the rest-
rame UV to the rest-frame optical. But several emission lines are
lended. The G395H spectrum and the VIMOS spectrum only co v er
he rest-frame optical and the rest-frame UV, respectively. 

(ii) There is potentially a systematic difference between the
RISM flux and the grating flux, which varies as a function of
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he wavelength. The difference can be caused by imperfect flux 
alibrations and different IFU cube constructions. 

(iii) The VIMOS spectral measurements can suffer from an 
ncertain continuum model and the loss of the broad component 
ue to the noise. 
(iv) Spectra extracted from an aperture with a size larger than 

 . 3 arcsec × 0 . 3 arcsec can have contamination from the nearby
ompanions. 

Despite these limitations, our conclusions are not significantly 
ffected as most of our analyses do not involve flux ratios between
he PRISM measurements and the G395H measurements and thus 
re insensitive to flux calibration issues. In addition, in the following 
nalyses we discuss results from different extracted apertures of the 
RISM cube when appropriate, and consider the potential loss of the 
road component in the VIMOS spectrum. 

 N E BU L A R  DIAG NOSTICS  

n this section, we summarize the emission-line diagnostics we 
erformed to derive the physical conditions of the ionized gas in 
S 3073. Our analyses are largely based on PYNEB (Luridiana, 
orisset & Shaw 2015 ) and CLOUDY (Ferland et al. 2017 ). For

alculations with PYNEB , we used atomic data from the CHIANTI
ata base 4 (Dere et al. 1997 ; Del Zanna et al. 2021 ) for all
ele v ant atoms and ions except for O 

2 + , N 

2 + , and C 

2 + . For O 

2 + ,
e took its transition probabilities from Tayal & Zatsarinny ( 2017 )

nd collisonal strengths from CHIANTI. For N 

2 + , we took its
ransition probabilities from Galavis, Mendoza & Zeippen ( 1998 ) and 
ollisonal strengths from CHIANTI. For C 

2 + , we took its transition
robabilities from Nussbaumer & Storey ( 1978 ) and Tachiev & 

roese Fischer ( 1999 ), and its collisional strengths from Berrington
t al. ( 1985 ) and Keenan, Feibelman & Berrington ( 1992 ). 

.1 Dust attenuation 

ur analyses are broadly separated between the rest-frame UV 

egime and the rest-frame optical regime. Within each spectral 
egime, we mostly used emission lines with similar wavelengths 
o perform nebular diagnostics. Ho we ver, to e v aluate the consistency
etween UV and optical diagnostics, we need to combine lines with 
ery different wavelengths, which are therefore subject to the effect 
f potential dust attenuation. 
In Übler et al. ( 2023 ), dust attenuation is not taken into account

ue to the small deviation of the Balmer decrement from the typical
alues found in dust-free AGNs and the analyses are limited to the
ptical regime. To e v aluate the impact of dust on UV-to-optical
ine ratios, we used He II λ1640 and He II λ4686. These two lines
re recombination lines of He and their intrinsic ratio is insensitive 
o variations in temperature and density. The typical intrinsic ratio of
e II λ1640/He II λ4686 is 7–8, no matter whether the lines originate

n H II regions, narrow-line regions (NLRs), BLRs, or stellar winds 
Maschmann et al. 2024 ). Even with a considerable contribution from 

ollisional excitation, as can happen in shocks, the expected intrinsic 
atio of He II λ1640/He II λ4686 would still be around 6–7 (Alarie &

orisset 2019 ). Intriguingly, the measured He II λ1640/He II λ4686 
rom the 0 . 3 arcsec -PRISM spectrum is 1 . 87 ± 0 . 05, significantly
maller than the intrinsic value. The ratio is even smaller in the
 While the version of CLOUDY , we used has an older version of CHIANTI (v7) 
ompared to the latest version (v10) we used during the PYNEB calculations, 
e performed consistency checks to confirm the two data versions do not 

ead to noticeable difference in the predicted line ratios. 

A  

[  

5

α

1 arcsec PRISM spectrum. Even if we consider the uncertainty 
ue to blending with O III ] λλ1661 , 1666, the measured flux ratio
f (He II λ1640 + O III ] λλ1661 , 1666)/He II λ4686 is 2 . 49 ± 0 . 06. Fi-
ally, the ratio becomes 2 . 8 ± 0 . 4 if we take the He II λ1640 flux
rom PRISM and the He II λ4686 flux from G395H while ignoring the
otential systematic uncertainty, still incompatible with the intrinsic 
atio. The observed He II ratio reveals the dusty nature of this AGN,
hich is, ho we ver, not apparent from the Balmer decrement. 
To estimate the magnitude of dust attenuation, we adopted an 

ntrinsic value of He II λ1640/He II λ4686 ≈ 7, typical for ionized gas
ith an electron temperature of T e ≈ 1 . 5 × 10 4 K and an electron
ensity of n e < 10 6 cm 

−3 . We assumed the shape of the attenuation
urve to follow the shape of the average SMC extinction curve derived
y Gordon et al. ( 2003 ) with R V = 3 . 1, which can approximately
escribe the nebular attenuation in some galaxies at z ∼ 1 –3 (Reddy
t al. 2023 ). While we cannot separate the broad and narrow
omponents in He II λ1640, the intrinsic He II ratios are similar in
oth the NLR and the BLR. Therefore, we further assumed the same
olumn of dust is in the foreground of both the BLR and the NLR,
nd used the integrated flux for each He II line. According to Übler
t al. ( 2023 ), in the R2700 spectrum, the flux of the broad He II λ4686
s ∼ 2 . 6 times that of the narrow He II λ4686. If the actual attenuation
s different for the NLR and the BLR, our last assumption likely
akes the resulting attenuation a lower limit for the BLR. With these

ssumptions, we obtained A V = 0 . 49 ± 0 . 01, or A V = 0 . 39 ± 0 . 01
f we used a more conserv ati ve estimate by treating the whole
e II λ1640 + O III ] λλ1661 , 1666 blend as He II λ1640. The corre-

ponding attenuated flux ratio of H α/H β would be ∼ 3 . 4 assuming
n intrinsic Case B ratio of 2.86. This value is slightly lower than the
atio found in the broad Balmer lines, which is 3 . 87 ± 0 . 22 according
o Übler et al. ( 2023 ). Given the potential collisional excitation of
he Balmer lines in the BLR, which would enhance the Balmer
ecrement, we considered the observed Balmer ratio consistent with 
oth attenuation values derived from the helium lines. 5 

One might wonder whether the SMC extinction curve we adopted 
s appropriate for dereddening the emission lines of GS 3073. In
ppendix B , we compare the measured ratio of line fluxes to the
redictions by different extinction curves. In summary, if we took the
otal emission line fluxes measured from PRISM, which in principle 
orrespond to the attenuation averaged between the BLR and the 
LR, the He II ratio and the Balmer decrement combined fa v our

he SMC extinction. Ho we ver, if one only uses Balmer line ratios,
 combination of H α/H β and H δ/H β w ould f a v our an average
W e xtinction curv e giv en by Fitzpatrick ( 1999 ) with R V = 3 . 1.

n comparison, H γ appears more attenuated, possibly affected by 
lending with [O III ] λ4363. Separating the attenuation of the BLR
nd the NLR is uncertain and leads to more possibilities. Regardless,
n all cases, the resulting corrections for [N II ]/[O II ] hav e relativ ely
mall impacts on the derived N/O, which is the abundance ratio
ffected most by the attenuation correction. We adopted an average 
alue of A V = 0 . 44 ± 0 . 05 and the SMC e xtinction curv e in the
ollowing calculations unless otherwise specified. We also discuss 
he case where narrow lines are actually not attenuated. 

.2 Electr on temperatur e and density 

s shown by Übler et al. ( 2023 ), the density sensitive lines
S II ] λλ6716 , 6731 and [Ar IV ] λλ4711 , 4740 are resolved in the
MNRAS 535, 881–908 (2024) 

 The Balmer decrement would be ∼ 3 . 6 if we assume instead an intrinsic H 

/H β of 3.0 possible for AGNs (Netzer 1982 ). 
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O III ] λλ1661 , 1666 and the uncertainty from the potential range of A V . 
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395H spectrum of JWST/NIRSpec. Meanwhile, [O III ] λ4363 is
artially co v ered in the G395H spectrum (as it lies on the edge of
he spectral range), whose flux is constrained by tying its kinematics
ith other narrow emission lines. Using [O III ] λ4363, [O III ] λ5007,

nd [S II ] λλ6716 , 6731, Übler et al. ( 2023 ) derived an electron
emperature of T e = 1 . 42 + 0 . 13 

−0 . 15 × 10 4 K and an electron density of
 e ∼ 2 × 10 3 cm 

−3 . In comparison, the electron density inferred
rom the [Ar IV ] doublet (with He I λ4713 fitted and subtracted
n G395H) is n e ∼ 3 × 10 3 cm 

−3 . We rederived the temperature
sing PYNEB and obtained T e = 1 . 45 ± 0 . 13 × 10 4 K at the low-
ensity limit for the O 

2 + zone, which translates to a temperature
f T e = 9 . 4 ± 0 . 1 × 10 3 K for the low ionization zone following the
alibrations of Dors et al. ( 2020 ) based on photoionization modelling
f AGN NLRs. The slight difference in the temperature is due to
ifferent choices of the atomic data base as Übler et al. ( 2023 ) used
he collisional strengths from Palay et al. ( 2012 ). F or consistenc y, we
lso rederived the densities. For [S II ], the probability distribution of
he density has a median of 2 . 9 × 10 3 cm 

−3 , a 16 th -percentile value
f 7 × 10 2 cm 

−3 , and an 84 th -percentile limit of > 10 4 cm 

−3 . For
Ar IV ], the probability distribution of the density has a median of
 . 6 × 10 3 cm 

−3 , a 16 th -percentile limit of < 10 2 cm 

−3 , and an 84 th -
ercentile value of 1 . 3 × 10 4 cm 

−3 . Besides the slightly higher S/N
f [Ar IV ], its higher density sensitivity at high densities compared to
S II ] might have allowed it to better constrain the high-density end.
he temperature uncertainty induced by the 1 σ uncertainty in the
ensity traced by [Ar IV ] is negligible compared to the uncertainty
aused by the measurement uncertainty of [O III ] λ4363. 

With the JWST/NIRSpec PRISM spectra, one can estimate
he electron temperature and density probed by the rest-frame
V lines. Specifically, O III ] λλ1661 , 1666 can be combined with

O III ] λ5007 to estimate the temperature and N IV ] λλ1483 , 1486
an be used to estimate the density. Ho we v er, the cav eat on this
pproach is that O III ] λλ1661 , 1666 is blended with He II λ1640
n the PRISM spectra and is the weaker line in the blend. In
ddition, the ratio between O III ] λλ1661 , 1666 and [O III ] λ5007 is
ensitive to dust attenuation. Aware of these caveats, we estimated
he electron temperature from the 0 . 3 arcsec -PRISM spectrum. With-
ut correcting for dust attenuation, O III ] λλ1661 , 1666/[O III ] λ5007
ives a temperature T e = 1 . 33 + 0 . 05 

−0 . 11 × 10 4 K at the low-density
imit. In contrast, applying the dust attenuation drives the UV-
nferred temperature to T e ∼ 1 . 76 –1 . 93 × 10 4 K depending on the
dopted A V . The discrepancy between the temperatures inferred
rom O III ] λλ1661 , 1666/[O III ] λ5007 and [O III ] λ4363/[O III ] λ5007
an be resolved by either having an NLR less dusty than the
LR, an o v erestimation of the O III ] λλ1661 , 1666 flux due to
lending, or a considerable contribution from a broad component
n O III ] λλ1661 , 1666. It is also possible that O III ] λλ1661 , 1666
robes a different temperature/density zone in the NLR compared
o [O III ] λλ4959 , 5007 due to its higher critical density and energy
evel (Peimbert 1967 ). Finally, we note another possibility is the
nderestimation of the [O III ] λ4363 flux as part of the line profile is
ot co v ered by the G395H spectrum ( ̈Ubler et al. 2023 ). 
With the UV co v erage, we can also estimate the electron density

sing the N IV ] λλ1483 , 1486 doublet, whose narrow component is
esolved in the VLT/VIMOS spectrum. Assuming T e ≈ 1 . 5 × 10 4 

, the density derived from [N IV ] λ1483/N IV ] λ1486 is n e = 5 . 0 ±
 . 0 × 10 5 cm 

−3 , consistent with the limit obtained by Raiter et al.
 2010 ). Increasing T e would increase the estimate for n e as well. For
xample, the electron density becomes n e = 6 . 1 ± 1 . 3 × 10 5 cm 

−3 

t T e ≈ 2 × 10 4 K. The density probed by N IV ] lines is two orders
f magnitudes higher than that probed by [Ar IV ] and [S II ] lines,
mplying the narrow components of the high ionization UV lines
NRAS 535, 881–908 (2024) 
ikely originate from a more central and denser region in the
LR. We note that there is an uncertainty associated with the

ontinuum model for the VIMOS spectrum. By adopting a stellar
ontinuum model, Barchiesi et al. ( 2023 ) obtained a higher ratio
or [N IV ] λ1483/N IV ] λ1486, which corresponds to a density of
 e = 2 . 5 + 1 . 0 

−0 . 7 × 10 5 cm 

−3 at T e ≈ 1 . 5 × 10 4 K. Still, in our case the
nderlying continuum is likely better constrained as it is constructed
rom the high S/N PRISM spectrum. 

One might wonder whether assuming the higher density de-
ived from N IV ] can be an alternative explanation for the differ-
nt temperatures derived from O III ] λλ1661 , 1666/[O III ] λ5007 and
O III ] λ4363/[O III ] λ5007. Assuming a uniform density of n e = 5 ×
0 5 cm 

−3 , the attenuation corrected O III ] λλ1661 , 1666/[O III ] λ5007
ould correspond to a temperature of T e ∼ 1 . 53 –1 . 65 × 10 4 K, with

n additional uncertainty of roughly 1000 K due the attenuation
orrection. Ho we ver, since the critical density of [O III ] λ5007 ( ∼
0 6 cm 

−3 ) is lower than that of [O III ] λ4363 ( ∼ 3 × 10 7 cm 

−3 ), at
 e = 5 × 10 5 cm 

−3 , the derived temperature based on these two
ines would be T e = 1 . 05 + 0 . 06 

−0 . 08 × 10 4 K, leading to an even larger
iscrepancy. Thus, the more natural explanation would still be
 III ] λλ1661 , 1666 partly originating in a denser and/or hotter region,
ossibly the BLR or the inner region of the NLR. 

.3 Oxygen abundance 

ith the inferred temperature from O 

2 + , one can estimate the
xygen abundance using narrow optical lines including [O III ] λ5007,
O II ] λλ3726 , 3729, and H β, assuming the temperature for O 

+ scales
ith that of O 

2 + following the scaling relation in Dors et al. ( 2020 ),
hich is calibrated from photoionization models. According to Übler

t al. ( 2023 ), the narrow components of He II and He I lines in the
ptical indicate the ionization correction factor (ICF) for O 

2 + is
1 . 017, meaning the part of the NLR that optimally emits the optical

ines barely has any higher ionization species of oxygen. As we show
n the next section, this assumption no longer holds as one dives into
he inner part of the NLR where high ionization lines with ionization
otentials � 50 eV arise. 
Using only the optical lines, our calculation gives 12 +

og (O / H) ≈ 12 + log [(O 

2 + + O 

+ ) / H 

+ ] = 8 . 0 ± 0 . 1, which is con-
istent with the value derived by Übler et al. ( 2023 ). Despite the
ncertainty in the flux of O III ] λλ1661 , 1666, we also derived an
bundance based on the attenuation-corrected flux of the doublet.
ssuming T e ≈ 1 . 5 × 10 4 K and n e ∼ 10 3 –10 5 cm 

−3 , we obtained
2 + log (O / H) = 8 . 19 ± 0 . 13 6 , which is marginally larger than the
esult based on [O III ] λλ4959 , 5007 by 1 . 2 σ . Even taking into
ccount these small deviations, the results are consistent with a
etal-poor NLR in GS 3073. We caution that part of the observed
 III ] λλ1661 , 1666 could come from a different zone in the NLR or

ven the BLR, where the ICF can significantly deviate from unity.
e further discuss the potential range of ICF(O 

2 + ) for the inner NLR
n the next section. 

.4 Nitrogen abundance 

n the previous sections, we have shown that the NLR in GS 3073
s likely stratified so that the optical lines originate in a less dense
one while the UV lines occupy a denser zone. In this section, we
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Figure 4. Relation between N/O and O/H measured from different systems. For clarity, we used open symbols to represent all z ∼ 0 sources except Mrk 996. 
The open circles, diamonds, and squares are local H II regions and galaxies with abundances determined by Pilyugin et al. ( 2012 ) and Berg et al. ( 2016, 2019 , 
2020 ). The open plus and cross symbols represent the abundances of a sample of local blue compact dwarf galaxies (BCDs) and green pea galaxies compiled by 
Kumari et al. ( 2018 ). The compilation includes abundances derived by Cair ́os et al. ( 2009 ), James, Tsamis & Barlow ( 2010 ), James et al. ( 2013 ), P ́erez-Montero 
et al. ( 2011 ), Westmoquette et al. ( 2013 ), Lagos et al. ( 2014 , 2016 ), Kehrig et al. ( 2016 ), and Kumari et al. ( 2018 ). The abundances of the WR galaxy, Mrk 996, 
derived by Berg et al. ( 2016 ) are indicated by the large light-green diamond. We also show the results from James et al. ( 2009 ) for two kinematically different 
gas components in Mrk 996 as two left-pointing triangles connected by the dashed green line. Another source within the Sunburst Arc at z = 2 . 37 also showing 
two different densities and chemical abundance patterns as derived by Pascale et al. ( 2023 ) is shown as two right-pointing cyan triangles connected by the 
dashed cyan line. The inverted green triangle, yellow triangle, and large yellow diamond with a lower limit are nitrogen-loud galaxies at z = 6 . 106, z = 6 . 229, 
and z = 8 . 679, respectively, with their ab undances measured by Isobe et al. ( 2023 ; also by Marques-Cha ves et al. 2024 ) and Topping et al. ( 2024 ). The large 
grey diamond with a lower limit below the pentagon is the estimation by Isobe et al. ( 2023 ) assuming an SF-dominated scenario rather than an AGN-dominated 
scenario. The brown circle with a lower limit is an AGN candidate, GN-z11, at z = 10 . 603 with abundances estimated by Cameron et al. ( 2023 ). The red square 
is our estimation for GS 3073 using only the optical lines. The inv erted gre y triangle is also estimated based solely on optical lines, but with the assumption 
that a fraction of the [O II ] λλ3726 , 3729 is actually in the outflow. The red pentagon represents the fiducial abundances we estimated for GS 3073, where N/O 

is estimated from UV lines originating in a dense region. The large grey triangle corresponds to the lower limit of N/O based on UV lines, where the flux of the 
whole He II λ1640 + O III ] λλ1661 , 1666 is assigned to O III ] λλ1661 , 1666. The dotted lines mark the solar abundances from Grevesse et al. ( 2010 ). 
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7 Again, we note the attenuation correction could lead to an underestimation 
of N 

+ / O 

+ as the attenuation derived from He II could be biased towards the 
BLR. 
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nvestigate this point in more detail using the nitrogen abundance 
nferred from different sets of emission lines. 

.4.1 N/O derived from low-critical density optical lines 

e start with the optical emission lines. Again, we use the mea-
urements from Übler et al. ( 2023 ) as [N II ] λλ6548 , 6583 is blended
ith H α in the PRISM spectrum. The [N II ] λ6583 flux reported in
able 1 is the sum of the narrow and outflow components, and the
arrow component is better constrained as the peak of the narrow 

ine is visible in the G395H spectrum. In what follows we used the
arrow component of [N II ] λ6583 to perform the calculation, which
as a flux of 1 . 07 ± 0 . 11 × 10 −18 erg s −1 cm 

−2 . In order to calculate
/O, we used the following relation: 

 / O = 

ICF(N 

+ ) 

ICF(O 

+ ) 

N 

+ 

O 

+ 

. (1) 

e used both attenuation-corrected and uncorrected 
N II ] λλ6548 , 6583/[O II ] λλ3726 , 3729 to estimate the plausible
ange of N 

+ / O 

+ assuming an electron temperature of 
 . 4 ± 0 . 1 × 10 3 K. 7 The temperature is derived by scaling
he O 

2 + temperature using the relation for NLRs in Dors et al.
 2020 ). Then, we assumed ICF(N + ) 

ICF(O + ) ≈ 0 . 8, which is the lower limit
uoted in Garnett ( 1990 ) and Izotov, Thuan & Lipo v etsk y ( 1994 )
ut is more appropriate for NLRs (see e.g. models present in Dors
t al. 2024 ). Adopting ICF(N + ) 

ICF(O + ) ≈ 1 typically assumed for H II regions
ould only increase the resulting N/O by 0.1 dex, which does not

hange our o v erall conclusion. With these assumptions, we deriv ed
og (N / O) = −1 . 1 ± 0 . 1, where the uncertainty mainly comes from
hether the attenuation correction is applied or not. As shown in
ig. 4 , the N/O ratio we obtained from optical (forbidden) lines

s o v erall consistent with the N/O v ersus O/H relation found in
he nearby H II regions and SF galaxies (especially GPs that are
onsidered to be local analogues of high- z galaxies; Kumari et al.
018 ). If [O II ] λλ3726 , 3729 has a significant outflow component
ontributing a fractional flux similar to that in the [N II ] λ6583, the
MNRAS 535, 881–908 (2024) 
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esulting N/O would lie abo v e the local relation as indicated by the
nv erted gre y triangle symbol. 

We note that there is also a tentative detection of the auroral
ine [N II ] λ5755 in the PRISM. This line is marginally detected
n the G395H spectrum. If we ignore the potential systematic
ifference between the PRISM flux and G395H flux and calculate the
emperature for N 

+ using [N II ] λ5755/[N II ] λ6583, the result would
e T e � 3 . 0 × 10 4 K at the low density limit, which is inconsistent
ith the temperature for the low-ionization zone derived above. If
ne assumes instead the regions traced by N IV ], [N II ], and all the
ther species have a common density of n e ≈ 5 × 10 5 cm 

−3 , the N 

+ 

emperature is lowered to T e = 1 . 02 + 0 . 07 
−0 . 08 × 10 4 K, as [N II ] λ6583

ould have been collisionally deexcited significantly. Ho we ver, this
niform density model would also lower the O 

2 + temperature signif-
cantly and lead to a corresponding N 

+ temperature of 8 . 6 × 10 3 K
ollowing the scaling relation of Dors et al. ( 2020 ), making the whole
cenario self-inconsistent. A potential contaminant for [N II ] λ5755
s [Fe II ] λ5747. Based on photoionization calculations with CLOUDY

c17.03, Ferland et al. 2017 ), we found the flux of [Fe II ] λ5747 would
e � 10 per cent of that of [N II ] λ5755 for Fe/O values up to solar.
hereas the flux of [Fe II ] λ5747 needs to be roughly 10 times that

f [N II ] λ5755 to make the temperatures agree. Again, we caution
hat the abo v e deri v ation would be affected by the flux difference
etween PRISM and G395H, the flux measurement of [N II ] λ5755
an be affected by the broad component of the adjacent He I line
hich is not easy to model (see Fig. 2 ), the continuum model (which
as been assumed to be a smooth power law), and [N II ] λ5755 might
till have an unresolved component coming from the high-density
egion where [N II ] λ6583 has significant collisional de-excitation.
iven these sources of systematic uncertainties, we did not use the

N II ] λ5755-based temperature derived above. 
There is another low-ionization line, N II ] λ2142, detected in the

V as listed in Table 1 . Ho we ver, since N II ] λ2142 has a critical
ensity of 9 . 4 × 10 9 cm 

−3 that is significantly higher than that of
O II ], it can ha ve contrib utions from the BLR and the dense part the
LR. In addition, a large UV attenuation correction would be needed

f one uses N II ]/[O II ]. 

.4.2 N/O derived from high-critical density UV lines 

ext, we calculated the N/O ratio using UV emission lines. The
resence of strong N III ], N IV ], and N V lines in the UV indicate
 significant fraction of nitrogen is in high ionization states. The
omplicating factor of the calculation is the potential contribution
rom the broad component in the PRISM spectrum and that the N V

ine is only resolved in the VIMOS spectrum. 
To start with, we diagnosed the ionization state of the ionized gas

n GS 3073 using photoionization models. We used a set of fiducial
odels for SF regions, NLRs of AGNs, and BLRs of AGNs. All mod-

ls are generated by CLOUDY (c17.03, Ferland et al. 2017 ) and have
he same range of metallicity and ionization parameter. The range
f the metallicity is set to Z / Z � ∼ 5 × 10 −4 − 2. The ionization
arameter is defined as U ≡ 
 0 /n H c, where 
 0 is the number flux
f photons capable of ionizing hydrogen, n H is the hydrogen density,
nd c is the speed of light. The range of the ionization parameter
s set to U ∼ 10 −3 . 5 –10 −1 . For the chemical abundance patterns, we
tarted by scaling N/O with O/H following the empirical relation
tted by Gro v es, Dopita & Sutherland ( 2004 ) using a sample of

ocal SF galaxies and H II regions, which can roughly reproduce the
elativ e flux es of [N II ] λ6583 measured in the Se yfert 2 population
rom the Sloan Digital Sky Survey IV/Mapping Nearby Galaxies at
pache Point Observatory Surv e y (SDSS IV/MaNGA; Bundy et al.
NRAS 535, 881–908 (2024) 
015 ; Yan et al. 2016 ; Ji & Yan 2020 ). This relation is given by 

 / O = 10 −1 . 6 + 10 2 . 33 + log(O / H) . (2) 

e then scaled the carbon abundance by the same factor such that
C / O] = [N / O]. The helium abundance was scaled using the relation
dopted by Dopita et al. ( 2000 ). We emphasize that the abo v e choices
f the scaling relations have little impact on our following diagnostics
n the ionization properties. 
For SF models, we set n H = 200 cm 

−3 while adopting an isobaric
quation of state (EoS). We used an spectral energy distribution
SED) from a simple stellar population (SSP) generated by the
inary Population and Spectral Synthesis code (BPASS; Stanway &
ldridge 2018 ; Byrne et al. 2022 ), assuming the default parameters
nd a starburst 1 Myr ago. We included dust and dust depletion with
he default depletion factors given by CLOUDY . For completeness, we
lso ran SF models with a density of n H = 5 × 10 5 cm 

−3 , which do
ot change our conclusions. 8 

For NLR models, we set n H = 5 × 10 5 cm 

−3 . We note that the
iagnostics we show in the following is relatively insensitive to the
ensity. We also tried n H = 10 3 cm 

−3 and our conclusion remains
nchanged. We set the SED as a canonical AGN SED that has an
f fecti ve big blue bump temperature of T BB = 10 6 K, a UV-to-X-
ay slope of −1 . 4, a UV slope of −0 . 5, and an X-ray slope of
1 . 0. The UV spectral shape of GS 3073 is in rough agreement
ith the corresponding part of the AGN SED we adopted, although
e note that any dust attenuation for the continuum would mean an

ntrinsically steeper UV slope or a greater stellar light contribution in
he UV. We also checked analytical AGN SED models from Pezzulli
t al. ( 2017 ) with the black hole mass and the range of Eddington
atios similar to those derived by Übler et al. ( 2023 ). We show in
ppendix C that our conclusions remain largely unchanged. The rest
f the parameters are the same as the SF models. 
Finally, we generated the BLR models by setting n H = 10 11 cm 

−3 

nd assuming an isopycnic EoS. We also checked BLR models
ith n H = 10 9 cm 

−3 and n H = 10 10 cm 

−3 and the diagnostic results
emain largely the same. The density range we considered co v er
he plausible range for BLR clouds showing strong semiforbidden
ransitions (10 8 cm 

−3 < n H < 10 12 cm 

−3 , Netzer 1990 ). We did
ot include dust and dust depletion for the BLR models, and we
omputed two sets of BLR models with hydrogen column densities of
(H) = 10 23 cm 

−2 and N(H) = 10 25 cm 

−2 , respectively. The former
alue of N(H) is typically adopted in photoionization modelling of the
LR emission (e.g. Netzer 1990 ; Baldwin et al. 2004 ; Temple et al.
021 ), the latter is a plausible value for BLRs with Compton-thick
louds, which is a potential explanation for the X-ray weakness of
any JWST-identified type-1 AGN including GS 3073 (Juod ̌zbalis

t al. 2024 ; Maiolino et al. 2024a ). The rest of the parameters are the
ame as the NLR models. 

In the left panel of Fig. 5 , we plot a hardness diagram composed
f line ratios from N III ], N IV ], and N V . The location of any given
ata point in this diagram is insensitive to the chemical abundances
f the gas and it is sensitive primarily to the shape of the ionizing
ED and the ionization parameter. The location in the diagram would
lso depend, to a lesser extent, on the density of the gas. One can
ee AGN models occupy a region very different from the SF models
n this diagram due to their o v erall harder ionizing SED. We also
lot the observed line ratios of GS 3073. The fiducial line ratios we
dopted (the green star) is a combination of PRISM measurements
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Figure 5. Left: Line ratios predicted by different photoionization models together with the observed line ratios of GS 3073 in the N V /N III ] versus N IV ]/N III ] 
diagram. The dashed cyan grid, solid red grid, and the dotted–dashed magenta and pink grids represent photoionization models for SF regions, NLRs of AGNs, 
and BLRs of AGNs. All model grids span the same range of metallicity and ionization parameter, with Z/Z � ∼ 5 × 10 −4 − 2 and U ∼ 10 −3 . 5 –10 −1 . The arrow 

indicates the increasing direction of U for the models. The solid green star is the fiducial measurements we adopted for GS 3073. The transparent yellow and 
light green stars replace the narrow N IV ] measured from VIMOS with the N IV ] measured from the PRISM with different extracted apertures. The grey triangle 
replaces N V and N IV ] with the measurements by Barchiesi et al. ( 2023 ), which assume a stellar origin for the UV continuum. Right: Line ratios predicted 
by different photoionization models together with the observed line ratios of GS 3073 in the N V /N III ] versus N III ]/O III ] diagram. The arrows indicate the 
increasing directions of U and N/O for the models. The solid black line in the rightmost of the NLR grid represents models with a gas-phase nitrogen abundance 
of log(N / O) gas = −0 . 41. The right-pointing triangle represents a lower limit for N/O set by replacing the flux of O III ] with the summed flux of He II λ1640 and 
O III ]. The rest of the symbols are the same as the left panel. 
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nd VIMOS measurements, where N V and N IV ] are taken from
he narrow-line measurements from VIMOS and N III ] is taken from
he PRISM. 9 Overall the observed line ratios are consistent with 
he fiducial NLR models. While the N III ] might have an unresolved
road component, reducing the N III ] flux would only push the data
oint towards the upper right location, consistent with a more highly 
onized NLR. We also tried plotting the data point by adopting the
 IV ] fluxes measured from the 0 . 3 arcsec -PRISM spectrum and

he 1 arcsec -PRISM spectrum, the resulting locations (yellow and 
ight green stars) in the diagram are still consistent with the NLR

odels. Finally, we tried replacing the N V and N IV ] fluxes with
he measurements by Barchiesi et al. ( 2023 ), who used a continuum
odel of a stellar origin to fit the VIMOS spectrum. It is clear that

he resulting location (grey triangle) in the diagram is still more 
onsistent with an AGN origin rather than a stellar origin. 

We revisited here several measurement systematics that might 
mpact the abo v e ionization analyses. The first one is matching the
ntrinsic apertures of VIMOS and PRISM observations. Since the 
WST observation has an intrinsically smaller PSF compared to that 
f the VLT, the aperture matched line ratios should lie between those
sing the 0 . 3 arcsec - and 1 arcsec -PRISM extractions. The second
ne is the contamination from the broad component of N III ]. From
he left panel of Fig. 5 , it is clear that any of such contamination
ould only bias the data point closer to the SF models. Finally,

or the relative flux calibration, since both the Ly α fluxes and the
 The N III ] fluxes measured from the 0 . 3 arcsec aperture and the 1 arcsec 
perture are very similar as shown by Table 1 . 

 

o  

O  
 IV ] fluxes are similar between the (resolution degraded) VIMOS
easurements and PRISM measurements (see Section 3.2 ), the 

orresponding systematic bias is unlikely to be significant. Although 
he broad N V , similar to the broad N IV ], might be lost in the VIMOS
pectrum, this does not impact our analyses here. 

In the right panel of Fig. 5 , we diagnosed the N/O of GS 3073 by
omparing its UV line ratios with those predicted by photoionization 
odels. In this N V /N IV ] versus N III ]/O III ] diagram, the y-axis

races primarily the hardness of the ionizing SED as well as the
onization parameter, while the x-axis traces the abundance ratio 
f N/O. The fiducial line ratios we adopted are composed of N V

easured from VIMOS, and N III ] and O III ] measured from PRISM.
ne uncertainty therefore comes from the broad-line contribution to 
 III ] and O III ]. By comparing the BLR and NLR models, one can

ee at the same N/O, the BLR has a lower N III ]/O III ]. Therefore,
he broad component would only bias the observed N III ]/O III ] to a
o wer v alue, meaning our measured N III ]/O III ] is potentially a lower
imit. Another uncertainty is the flux of O III ] as it is blended with
e II λ1640 in PRISM and it is the weaker line of the blend. Still, we
ave shown that the fitted flux of O III ] gives a reasonable estimate of
he electron temperature. If we considered a very extreme case where
he blend is actually dominated by O III ], which would require O III ]
o be blueshifted by ∼ 4000 km s −1 and significant dust attenuation,
he data would still suggest a super solar N/O as shown by the orange
riangle in Fig. 5 . 

Ho we ver, we note that the comparison made on the right panel
f Fig. 5 uses models where N/O is varied accordingly with
/H following Gro v es et al. ( 2004 ). Since oxygen is a major
MNRAS 535, 881–908 (2024) 
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Figure 6. Left: Diagnostic diagram composed of N V /N III ] and N III ]/O III ]. The photoionization models shown have a fixed metallicity of 12 + log (O / H) = 8 . 0 
and log(N/O) ranging from 0.03 to 0.53 dex. The rest of the model parameters are the same as the corresponding models in Fig. 5 . The green star represents 
the fiducial line ratios we measured for GS 3073. The grey triangle replaces the N V flux with that measured by Barchiesi et al. ( 2023 ) assuming the UV 

continuum is stellar dominated. The right-pointing orange triangle set the lower x-axis limit by assigning the whole He II λ1640 + O III ] λλ1661 , 1666 flux to 
O III ] λλ1661 , 1666. Right: Diagnostic diagram composed of N IV ]/N III ] and N III ]/O III ]. The models shown are the same as the ones on the left panel. The green 
star and the right-ponting orange triangle represent measurements from the 0 . 3 arcsec -PRISM spectrum only. 
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oolant of the ionized gas and we have constrained the oxygen
bundance, we make a more appropriate comparison by fixing the
etallicity 10 to be 12 + log(O / H) = 8 . 0 while varying N/O in Fig.
 . We used a range of N/O from roughly 0.89 dex above solar
o 1.29 dex above solar. By interpolating the model grid linearly
n log(N/O) and log ( U ) using the GRIDDATA function from the
CIPY package, we found the best-fitting NLR model points have
og ( U ) = −1 . 7 + 0 . 2 

−0 . 1 and log(N / O) gas = 0 . 45 + 0 . 08 
−0 . 13 . The best-fitting

alues become log ( U ) = −2 . 2 ± 0 . 1 and log(N / O) gas = 0 . 27 + 0 . 09 
−0 . 13 

f we adopt Barchiesi et al. ( 2023 )’s measurements instead. If
o attenuation corrections are applied, the abo v e values become
og ( U ) = −2 . 1 ± 0 . 1 and log(N / O) gas = 0 . 34 + 0 . 10 

−0 . 15 for the higher
ebular N V flux, and log ( U ) ≈ −2 . 5 and log(N / O) gas = 0 . 26 + 0 . 10 

−0 . 11 

or the lower nebular N V flux. 
From this figure, we can also estimate the potential impact from

ontamination by SF regions. Based on our models, low-density SF
egions tend to produce significantly lower N V /N III ] � −3 . 7 and
lightly higher N III ]/O III ] at the same N/O. Thus, there are two
ffects. On one hand, the intrinsic N/O would be slightly lower due
he contamination in N III ]/O III ]. On the other hand, the intrinsic
 V /N III ] would be higher for the NLR, leading to a higher N/O at
 fix N III ]/O III ]. The abo v e effects work in opposite directions and
heir relative importance depends on the details of the contamination.
s a first-order approximation, we added an extra 0.1 dex systematic
ncertainty for the model-based N/O in quadrature accounting for
hese effects. If we assumed instead the SF contamination is strong in
he UV and thus N IV ] has an origin from high-density SF regions with
 H = 5 × 10 5 cm 

−3 , we obtained even lower N V /N III ] � −4 and
igher N/O at fixed N III ]/O III ], such that our measured N III ]/O III ]
ould correspond to log(N / O) SF;gas ∼ 0 . 43 at log ( U ) ∼ −1. Thus,

he abo v e analyses remain largely unchanged. 
NRAS 535, 881–908 (2024) 

0 Besides oxygen, the rest of the elements are scaled by the same factor 
xcept for nitrogen and carbon. The carbon abundance is set using the value 
erived later. 

r  

T

 

u  

a  
One might also wonder whether the diagnostics involving N V

bo v e might be biased by resonant scattering. While it is difficult
o quantify the effect of resonant scattering, its contribution to the
bserved N V in broad absorption line quasars (BALQSOs) has been
xamined previously (e.g. Hamann & Korista 1996 ; Wang et al.
010 ). As shown by Hamann & Korista ( 1996 ), the theoretical scat-
ered profiles of N V in BALQSOs are relatively broad even compared
o the BLR component and the resonant scattering contributes up to

31 per cent of the flux. Although narrower profiles are plausible
Wang et al. 2010 ), they are still considerably broader compared to
he BLR component of GS 3073, while what we measured from the
IMOS spectrum is a narrow component. Thus, in our case, if the
ebular N V originates in gas close to AGN, it is not unreasonable to
ssume little contribution from the resonant scattering to the observed
 V . We also emphasize that N V is not essential for the abundance
etermination. In the right panel of Fig. 6 , we replace N V /N III ] with
 IV ]/N III ] in the y-axis. While SF and AGN model grids become

loser along the y-axis in this diagram, by matching the data point
o the AGN model grid, we obtained a similar N/O and U as found
n the N V /N III ] versus N III ]/O III ] diagram. 

To crosscheck the N/O inferred from CLOUDY models, we used
YNEB to calculate the relative abundances of different ioniza-
ion species of nitrogen. We calculated N 

2 + / O 

2 + , N 

3 + / O 

2 + , and
 

4 + / O 

2 + from our fiducial flux ratios of N III ]/O III ], N IV ]/O III ],
nd N V /O III ] measured in the rest-frame UV, respectively. We set
he density to n e = 5 × 10 5 cm 

−3 as inferred from N IV ], and set the
emperature to T e = 1 . 45 × 10 4 K. We obtained log ( N 

4 + + N 3 + + N 2 + 
O 2 + ) =

 . 67 + 0 . 12 
−0 . 10 with dust attenuation corrections and log ( N 

4 + + N 3 + + N 2 + 
O 2 + ) =

 . 58 + 0 . 12 
−0 . 09 without dust attenuation corrections. We note that varying

he density in the range of n e ∼ 10 3 –10 5 cm 

−3 would vary the
esult by ∼ 0 . 01 dex and varying the temperature in the range of
 e ∼ 10 4 –2 × 10 4 K would vary the result by ∼ 0 . 1 dex. 
Now the remaining step is to calculate ICFs to account for the

nobserved ions, which depend both on the shape of the ionizing SED
s well as the ionization parameter of the ionized gas. We estimated
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Table 2. Gas-phase chemical abundances derived from the JWST/NIRSpec and VLT/VIMOS spectra of GS 3073 ∗. 

Abundance Value n e (cm 

−3 ) T e (K) log ( U ) 

12 + log(O/H) 8 . 00 + 0 . 12 
−0 . 09 < 10 4 1 . 45 ± 0 . 13 × 10 4 –

log(N/O) a Optical −1 . 10 + 0 . 18 
−0 . 20 (w/o outflow) < 10 4 9 . 4 ± 0 . 1 × 10 3 –

−0 . 58 + 0 . 18 
−0 . 20 (w/ outflow) < 10 4 9 . 4 ± 0 . 1 × 10 3 –

log(N/O) b UV; Low > −0 . 21 c 5 . 0 ± 1 . 0 × 10 5 1.8–2 . 1 × 10 4 −1 . 7 + 0 . 2 −0 . 1 

log(N/O) b UV; Fiducial 0 . 42 + 0 . 13 
−0 . 10 5 . 0 ± 1 . 0 × 10 5 1.8–2 . 1 × 10 4 −1 . 7 + 0 . 2 −0 . 1 

log(N 

2 + / O 

2 + ) 0 . 28 ± 0 . 10 5 . 0 ± 1 . 0 × 10 5 1 . 8 × 10 4 –
log(N 

3 + / O 

2 + ) 0 . 02 ± 0 . 10 5 . 0 ± 1 . 0 × 10 5 2 . 0 × 10 4 –
log(N 

4 + / O 

2 + ) −0 . 46 ± 0 . 14 5 . 0 ± 1 . 0 × 10 5 2 . 1 × 10 4 –
log(C/O) UV; Low > −1 . 01 c 5 . 0 ± 1 . 0 × 10 5 1.7–2 . 0 × 10 4 −1 . 7 + 0 . 2 −0 . 1 

log(C/O) UV; Fiducial −0 . 38 + 0 . 13 
−0 . 11 5 . 0 ± 1 . 0 × 10 5 1.7–2 . 0 × 10 4 −1 . 7 + 0 . 2 −0 . 1 

log(C 

2 + / O 

2 + ) −0 . 30 ± 0 . 10 5 . 0 ± 1 . 0 × 10 5 1 . 7 × 10 4 –
log(C 

3 + / O 

2 + ) −1 . 13 ± 0 . 11 5 . 0 ± 1 . 0 × 10 5 2 . 0 × 10 4 –
log(Fe 6 + / Ne 4 + ) > −1 . 08 - −0 . 48 5 . 0 ± 1 . 0 × 10 5 2 . 0 × 10 4 −1 . 7 + 0 . 2 −0 . 1 

log(Fe/O) > −1 . 84 - −1 . 24 ([Fe VII ]) 5 . 0 ± 1 . 0 × 10 5 – –
−1 . 74 ± 0 . 05 ([Fe IV ]) 5 . 0 ± 1 . 0 × 10 5 – –

Notes . 
∗Assuming the physical conditions from AGN NLR models. See Section 4 for discussions on the impact of different ionized regions. 
a Calculated based on [N II ]/[O II ] in the optical. 
b Calculated based on N V , N IV ], N III ], and O III ] in the UV. 
c Assuming O III ] has the flux of the whole He II + O III ] blend (see Section 4 ). 
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he ICFs using the photoionization models that match the observed 
ine ratios of GS 3073 best as shown in Fig. 6 . As we have discussed,
he measured UV line ratios are consistent with a highly ionized NLR,
hose ionization parameter is log ( U ) = −2 . 1 ∼ −1 . 7. The ICF for
xygen inferred from the NLR models that match the fiducial line 
atios of GS 3073 is ICF(O 

2 + ) ∼ 2. Meanwhile, the ICF for nitrogen
s ICF(N 

2 + , N 

3 + , N 

4 + ) ∼ 2, which is similar to ICF(O 

2 + ). Applying
he ICFs leads to log (N / O) ∼ 0 . 57 with dust attenuation corrections
nd log (N / O) ∼ 0 . 63 without dust attenuation corrections. 

Last but not least, a major concern with the abo v e PYNEB calcula-
ion is the assumption of a single-temperature zone, which is not valid
ven for a single isobaric cloud. Ideally, the higher ionization species 
ould arise in a zone with a higher electron temperature in the NLR,

esulting in a higher emissivity at a fixed abundance. To correct 
or the temperature stratification, we again used photoionization 
odels and applied the temperature relations for different ionic 

pecies at log ( U ) = −2 . 1 ∼ −1 . 7. The temperatures for different
ons predicted by the models lie in a range of 1.8–2.1 ×10 4 K.
he temperature-corrected abundance ratio is log (N / O) = 0 . 42 + 0 . 13 

−0 . 10 

hen the lines are attenuation corrected, about 0.15 dex lower than 
he estimate based on a uniform temperature. This result is consistent 
ith the direct comparison with photoionization models in Fig. 6 . 
hen no attenuation corrections are applied, the result becomes 

og (N / O) = 0 . 53 + 0 . 11 
−0 . 10 . In Table 2 , we list N/O measured through

ifferent methods as well as the ionic nitrogen abundances. It is clear
hat the dominant ion of nitrogen is N 

2 + . 
We note that we did not consider N II ] λ2142 due to the complexity

ssociated with the unknown temperature and density of the low 

onization zone as well as the dust attenuation correction. In general, 
he inclusion of N II ] λ2142 would make the final N/O even higher if
ne assumes a lower temperature as appropriate for the low ionization 
one. Similar to other semiforbidden transitions, N II ] λ2142 can have
ontributions from the BLR due to its high critical density. 

In Fig. 4 , we show the N/O measurements from both the UV lines
nd optical lines, respectively. The high N/O derived from UV lines
with attenuation corrections) clearly place GS 3073 in the category 
f the nitrogen-loud AGN. For comparison, we also plotted several 
itrogen-loud targets at high redshifts identified with JWST data 
Cameron et al. 2023 ; Isobe et al. 2023 ; Topping et al. 2024 ). 

An extremely interesting result for GS 3073 is the different N/O ra-
ios from optical (forbidden) lines with low critical densities and UV
permitted or semi-forbidden) lines. One might wonder whether this 
iscrepanc y implies an y systematic bias in the ionization corrections
or optical lines, where only N 

+ is probed. Ho we ver, if the optical
N II ] and [O II ] lines all originate from the same high-density cloud
s the UV lines, the ionization correction ratio based on the photoion-
zation models at log ( U ) ∼ −2 becomes ICF(N 

+ ) / ICF(O 

+ ) ≈ 0 . 26
or the dense NLR model and ICF(N 

+ ) / ICF(O 

+ ) ≈ 0 . 35 for the
ense SF model. Furthermore, since [O II ] has a lower critical density
ompared to [N II ], their emissivity ratio decreases at the high density,
eading to a lo wer N 

+ / O 

+ gi v en the observ ed flux ratio of [N II ]/[O II ].
s a result, the N/O based on the measured flux ratio of [N II ]/[O II ]

s even lower compared to the currently adopted value and the
iscrepancy remains. 
An alternative explanation is that the UV line emitting region 

omehow does not contribute to the low critical density and low
onization lines such as [N II ] and [O II ]. This can either be due to
he UV line emitting regions are more dust obscured, being density
ounded thereby missing the partially ionized zone, or having a 
urther density stratification such that even N IV ] does not reflect the
rue average density. Meanwhile, the UV line emitting region is more
itrogen enhanced compared to the low-density and low-ionization 
egion. While this chemical stratification is not unexpected for AGNs, 
here has been little direct observational evidence, especially at such 
igh redshifts. We further discuss the implications of these results in
ection 5 . 

.5 Carbon abundance 

he rich spectral information of GS 3073 allows the determination 
f the chemical abundances for elements other than nitrogen and 
xygen. The joint determinations of multiple elemental abundances 
an better constrain the enrichment mechanisms of the observed 
MNRAS 535, 881–908 (2024) 
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Figure 7. Upper left: Diagnostic diagram composed of N V /N III ] and C III ]/O III ]. The photoionization models are the same as those in Fig. 5 . The green star 
represents the fiducial line ratios we measured for GS 3073. The grey triangle replaces the N V flux with that measured by Barchiesi et al. ( 2023 ) assuming 
the UV continuum is stellar dominated. The right-pointing orange triangle set the lower limit for C/O by assigning the whole He II λ1640 + O III ] λλ1661 , 1666 
flux to O III ] λλ1661 , 1666. The rightmost two vertical model lines of the NLR grid correspond to log(C / O) gas = −0 . 32 and log(C / O) gas = −0 . 21, respectively. 
Upper right: The models shown have a fixed metallicity of 12 + log(O / H) = 8 . 0, a fixed nitrogen abundance of log(N / O) = 0 . 43, and a range of carbon 
abundances of −0 . 5 ≤ log(C / O) ≤ 0. Bottom: Diagnostic diagram composed of N IV ]/N III ] and C III ]/O III ]. The models shown are the same as those in the 
upper right panel. The green star and the right-pointing orange triangle represent measurements from the 0 . 3 arcsec -PRISM spectrum only. 
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egion and thus can provide additional clues for the origin of the
itrogen loudness. 
In the rest-frame UV spectrum of PRISM, there is detection

f C IV and C III ] lines. Combining these lines with O III ], we
an roughly estimate the carbon abundance. We found no detec-
ion of C II ] λλ2324 , 2325 in the UV. While there is detection of
 II λλ1334 , 1335 in the VIMOS spectrum, due to the complex
ature of the doublet 11 and the fact that it is unresolved in the
pectrum, we did not estimate the carbon abundance using this line.
NRAS 535, 881–908 (2024) 

1 Within the doublet, C II λ1334 is a resonant line and C II λ1335 is a 
uorescent line. 

d  

d  

w  

a  
e note that the observed peak of C II is redshifted with respect to
he peak of N IV ] λλ1483 , 1486 in the VIMOS spectrum, potentially
ndicating the presence of an outflow. Another complicating factor for
stimating the total carbon abundance is that the region occupied by
 

+ e xtends be yond the H 

+ region and goes into the photodissociation
egion (PDR). Thus, the fractional contribution from C 

+ has a
ensitive dependence on the boundary condition of the ionized cloud.

Fig. 7 shows a comparison between photoionization models and
he observed line ratios of GS 3073 in the N V /N III ] versus C III ]/O III ]
iagram. The fiducial line ratios of GS 3073 match a range of abun-
ance ratios from log(C / O) gas ∼ −0 . 32 to log(C / O) gas ∼ −0 . 21
hen C/O is scaled with O/H as described in Section 4.4 . When O/H

nd N/O is fixed and C/O is varied, as shown on the upper right panel
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Figure 8. Relation between C/O and O/H measured from different systems. For clarity, we used open symbols to represent all z ∼ 0 sources except Mrk 996. 
The open stars are Milky Way (WM) stars with abundances determined by Gustafsson et al. ( 1999 ) and Akerman et al. ( 2004 ). The small open diamonds, squares, 
triangles, and circles are local H II regions and galaxies with abundances determined by Berg et al. ( 2016 , 2019 ), Pe ̃ na-Guerrero et al. ( 2017 ), and Senchyna et al. 
( 2017 ). The large light-green diamond is Mrk 996, a metal-poor blue compact dwarf galaxy showing WR features. The right-pointing cyan triangle represents the 
abundances of gas surrounding a super-star cluster in the Sunbusrt Arc at z = 2 . 37 measured by Pascale et al. ( 2023 ). The large inverted green triangle, large yellow 

triangle, and large yellow diamond are nitrogen-loud galaxies at z = 6 . 106, z = 6 . 229, and z = 8 . 679, respectively, with their abundances measured by Isobe et al. 
( 2023 ; also by Marques-Chaves et al. 2024 ) and Topping et al. ( 2024 ). The grey diamond beside the large triangle is the estimation by Isobe et al. ( 2023 ) assuming 
an SF-dominated scenario rather than an AGN-dominated scenario. The brown circle with a lower limit is a nitrogen-loud AGN candidate, GN-z11, at z = 10 . 603 
with abundances estimated by Cameron et al. ( 2024 ). The large green and grey circles in the leftmost of the sequence correspond to a carbon rich galaxy, 
GS-z12, at z = 12 . 5, with abundances constrained by D’Eugenio et al. ( 2023 ) with different assumptions. The red pentagon represents the fiducial abundances 
we estimated for GS 3073, where C/O is estimated from UV lines. The large grey triangle corresponds to the lower limit of C/O based on UV lines, where the 
flux of the whole He II λ1640 + O III ] λλ1661 , 1666 is assigned to O III ] λλ1661 , 1666. The dotted lines mark the solar abundances from Grevesse et al. ( 2010 ). 
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f Fig. 7 , with attenuation corrections, the best-fitting NLR param- 
ters are log ( U ) = −1 . 7 + 0 . 2 

−0 . 1 and log(C / O) gas = −0 . 15 + 0 . 13 
−0 . 16 for the

ducial measurements, and log ( U ) = −2 . 2 ± 0 . 1 and log(C / O) gas =
0 . 30 + 0 . 14 

−0 . 15 for the measurements based on those of Barchiesi et al.
 2023 ). The abundances abo v e became log(C / O) gas = −0 . 18 + 0 . 13 

−0 . 16 

high log ( U )) and log(C / O) gas = −0 . 26 + 0 . 15 
−0 . 14 (low log ( U )) if no

ttenuation corrections were applied. While the stellar nebular 
mission contamination as inferred from the SF model predictions 
ould lead to less than 0.1 dex bias in C/O at similar U , we included a

ystematic uncertainty of 0.1 dex in the values above as a conserv ati ve
stimation. We note that dielectronic recombination is important for 
 III ] when T e > 10 4 K, which is another source of uncertainty. 12 

inally, any BLR contribution would lead to underestimation of C/O 

s C III ] is suppressed relative to O III ]. Similar to the analyses on
/O, we replaced N V /N III ] in the upper right panel of Fig. 7 with
 IV ]/N III ] in the bottom panel of Fig. 7 . Again, we obtained a similar
alue of C/O by matching the AGN model grid with the data point. 

We also estimated C/O based on PYNEB . To circumvent the C 

+ 

roblem, if we assumed in the ionization zone occupied by O 

2 + that
arbon is mainly in C 

2 + and higher ionization species, we obtained 
(C 

2 + + C 

3 + + C 

4 + + ... ) / (C 

2 + + C 

3 + )]/[(O 

2 + + O 

3 + + ... ) / O 

2 + ] ≈
2 In CLOUDY simulations, the dielectronic recombination is calculated with 
ate coefficients from http:// amdpp.phys.strath.ac.uk/ tamoc/ DR/ . 

s  

s
a  

w

.70–0.72 from the best-fitting NLR models, where the range of 
he value corresponds to log ( U ) = −2 . 2 - −1 . 7. The equation abo v e
nly corrects for missing ionization species that are more than doubly
onized. We note that by computing the full ICF into the C 

+ zone, we
btained a similar value of ICF(C 

2 + , C 

3 + )/ICF(O 

2 + ) ≈ 0 . 7, although
n this case a significant fraction of C and O comes from singly
onized and neutral species. This leads to log(C / O) = −0 . 38 + 0 . 13 

−0 . 11 

high log ( U )) and log(C / O) = −0 . 42 + 0 . 13 
−0 . 11 (low log ( U )). The PYNEB

alue based on our fiducial measurements with a high log ( U ) is
ower than the CLOUDY value by 1 . 1 σ . The difference might come
rom the assumption of multiple uniform-temperature zones made 
n the PYNEB calculation as well as the adopted ICF. The derived
bundances are listed in Table 2 . We note that C 

2 + traced by C III ]
s significantly more abundant than C 

3 + traced by C IV . If we only
sed C III ]/O III ] to get the abundance, we obtained log(C 

2 + / O 

2 + ) =
0 . 30 ± 0 . 10 and ICF(C 

2 + )/ICF(O 

2 + ) ≈ 1 . 2 at log ( U ) = −1 . 7. This
ives log(C / O) = −0 . 24 ± 0 . 10, which is more consistent with the
odel result. This comparison indicates the observed C IV is weaker

ompared to the model prediction, potentially due to the resonant 
cattering and self-absorption of C IV . 

Fig. 8 shows the C/O versus O/H relation found in galaxies and
tars. One can see the fiducial carbon abundance of GS 3073 is only
lightly higher compared to other systems with similar metallicities, 
nd the lower limit on the carbon abundance is also compatible
ith the local relation. Compared to nitrogen, carbon appears less 
MNRAS 535, 881–908 (2024) 
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M

Figure 9. Diagnostic diagram composed of N V /N IV ] and [Ne V ]/[Fe VII ]. 
The dashed coloured lines are photoionization models with parameters similar 
to the NLR models shown in Fig. 5 b ut ha ving different abundance ratios of 
F/Ne, where [Fe/Ne] ranges from −0 . 6 to 0 dex from top to bottom. All 
models shown have no dust or dust depletion. The pentagons represent the 
line ratios measured from the 0 . 3 arcsec -PRISM and VIMOS spectra, with the 
[Ne V ]/[Fe VII ] being the 3 σ upper limit. The higher upper limit was obtained 
assuming the blended line around 5303 Å is dominated by [Ca V ], and the 
lower upper limit was obtained assuming the blended line around 5303 Å
is dominated by [Fe XIV ]. The plausible range for the actual upper limit is 
indicated by the vertical dash-dotted line. 

e  

n  

t  

l  

(  

z  

e  

i  

n

4

I  

m  

a  

t  

l  

M  

F  

R  

r  

l
 

d  

i  

W  

d  

(  

w  

O  

e  

f  

b  

o  

f  

t  

t  

s
 

5  

S  

o  

i  

a  

w  

k  

o  

R  

s  

a
 

i  

a  

o  

p  

e  

(  

S  

d  

(  

a  

[  

r  

a  

n  

[  

l  

[  

C  

F  

(  

b  

b  

[
f  

d  

l

F

w  

u  

f
 

a  

t  

c  

o  

c  

13 The non-detection of [Ne V ] seems common in the current JWST-identified 
low-luminosity AGN sample, no matter being type-1 or type-2 (e.g. Maiolino 
et al. 2024c ; Scholtz et al. 2023 ). While such a lack of [Ne V ] might not be 
unexpected based on the analyses of Cleri et al. ( 2023 ), the implication of 
this result requires more quantitative analyses and is beyond the scope of this 
work. 
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nriched. Indeed, normal carbon abundances have been observed in a
umber of nitrogen-loud AGNs and galaxies. The AGN candidate at
he highest redshift observed by JWST, GN-z11, also shows a lower
imit in C/O compatible with the local C/O versus O/H relation
Cameron et al. 2023 ). In addition, two nitrogen-loud galaxies at
 ∼ 6 with abundances determined by Isobe et al. ( 2023 ) and Topping
t al. ( 2024 ) also exhibit C/O compatible with local systems, as shown
n Fig. 8 . We further discuss the implication of a normal C/O in a
itrogen-loud system in Section 5 . 

.6 Iron abundance 

ron is another useful element for constraining the enrichment
echanism due to the specific production channels. Despite being

n abundant element, Fe lines are usually difficult to observe due to
he significant depletion in dust of Fe in the ISM, which typically
eaves only ∼ 1 per cent of Fe in the gas phase (Jenkins 2009 ).

eanwhile, due to the complicated ICFs for Fe species, the gas-phase
e abundance is difficult to constrain accurately in observations (e.g.
odr ́ıguez & Rubin 2005 ). In this section, we tried estimating the

elative abundance of Fe by using abundance indicators including Fe
ines. 

From Fig. 1 and Table 1 , one can see several Fe lines are potentially
etected in the PRISM spectrum. The most significant detection
s in [Fe XIV ] λ5303, which, ho we ver, is blended with [Ca V ] λ5309.

e note that this blend has already been reported as marginally
etected in the JWST/NIRSpec G395H spectrum by Übler et al.
 2023 ). The detection of the high ionization line [Fe XIV ] λ5303
as previously reported in a number of AGN at lower redshift (e.g.
sterbrock 1981 ; Penston et al. 1984 ; Ward & Morris 1984 ; Alloin

t al. 1992 ; Rose, Elvis & Tadhunter 2015 ). Osterbrock ( 1981 ),
or example, reported detection of the [Fe XIV ] λ5303 + [Ca V ] λ5309
lend in the Seyfert 1 galaxy III ZW 77. By measuring the centroid
f the blended line profile, which is at 5307 . 4 ± 0 . 4 Å in the rest
rame of III ZW 77, Baldwin, Phillips & Terlevich ( 1981 ) concluded
NRAS 535, 881–908 (2024) 
hat [Fe XIV ] λ5303 should be present in the spectrum, otherwise
he blend should have a centroid around 5309 . 2 Å. We performed a
imilar check by measuring the line centroi 

d of the blend with PPXF assuming it is a single Gaussian. With
00 times of bootstrap similar to the flux measuring procedure (see
ection 3 ), we obtained a line center at 5306 . 3 + 3 . 7 

−3 . 6 Å in the rest frame
f other narrow emission lines of GS 3073. While the line profile
s not centering at [Ca V ] λ5309, the difference is not significant. We
lso note that the inclusion of a potential nearby line, [Fe VI ] λ5335,
ould change the line center. If we include [Fe VI ] λ5335 and tie its
inematics to those of other narrow lines, the resulting line centroid
f the [Fe XIV ] λ5303 + [Ca V ] λ5309 blend would be at 5300 . 0 + 3 . 6 

−4 . 3 Å.
egardless, although [Fe XIV ] λ5303 is potentially present in the

pectrum, the S/N and the spectral resolution prevent us from drawing
 definite conclusion. 

Due to the high ionization potential of Fe 12 + , [Fe XIV ] λ5303
s classified as a coronal line that arises from a highly ionized
nd dense region of the AGN. Another coronal line frequently
bserved in AGNs is [Fe VII ] λ6087. Due to the similar ionization
otentials of Fe 5 + (98 . 985 ± 0 . 015 eV) and Ne 3 + (97 . 1900 ± 0 . 0025
V), Fe 6 + (124 . 9671 ± 0 . 0025 eV) and Ne 4 + (126 . 247 ± 0 . 012 eV)
from the National Institute of Standards and Technology Atomic
pectra Database, Kramida et al. 2023 ), and the similar critical
ensities of [Fe VII ] λ6087 (4 . 46 × 10 7 cm 

−3 ) and [Ne V ] λ3426
1 . 90 × 10 7 cm 

−3 ), their ratio is a useful diagnostic of the Fe
bundance in AGNs. In GS 3073, ho we ver, we did not detect
Ne V ] λ3426. 13 Thus, we calculated a 3 σ upper limit on the flux
atio of [Ne V ] λ3426/[Fe VII ] λ6087 and used this to estimate the
bundance ratio of Ne/Fe. A complicating factor here is the contami-
ation from [Ca V ] λ6087, whose strength is roughly fixed to be 1/5 of
Ca V ] λ5303 as they have the same upper level. In AGNs with coronal
ine detections, [Ca V ] λ6087 is usually much weaker compared to
Fe VII ] λ6087 (e.g. Rose et al. 2015 ). This can be understood as
a is more significantly depleted on to dust grains compared to
e, as inferred from the observations of the ISM in the Galaxy
e.g. Crinklaw, Federman & Joseph 1994 ). Regardless, we consider
elow two extreme cases where the 5303 Å blend is dominated
y [Fe XIV ] λ5303 and [Ca V ] λ5309, respectively. In the latter case,
Fe VII ] λ6087 would have a flux of 1 . 6 ± 0 . 9 × 10 −19 erg s −1 cm 

−2 

or the 0 . 3 arcsec -PRISM extraction, thus no longer significantly
etected. We use the following equation to estimate the 3 σ upper
imit of the flux ratio [Ne V ] λ3426/[Fe VII ] λ6087 

 [NeV] /F [FeVII] < 3 

√ (
σ[NeV] 

F [FeVII] 

)2 

+ ( 
σ[FeVII] σ[NeV] 

F 

2 
[FeVII] 

) 2 , (3) 

here we have replaced the mean of F [NeV] using the 1 σ formal
ncertainty as a conserv ati ve estimation, and the fluxes are corrected
or dust attenuation as described in Section 4.1 . 

As shown in Fig. 9 , by comparing NLR models with different
bundance ratios of Ne/Fe (with O/H, N/O, and C/O fixed to
he values derived in Section 4 ) to the observed line ratios, we
an roughly estimate the Ne/Fe of GS 3073. Specifically, based
n the less noisy 0 . 3 arcsec × 0 . 3 arcsec extraction of the PRISM
ube, the two upper limits on the attenuation-corrected flux ratio of
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Figure 10. Relation between Fe/O and O/H measured from different systems. The open stars are MW stars with abundances determined by Gratton et al. ( 2003 ), 
Cayrel et al. ( 2004 ), Bensby et al. ( 2013 ), and Nissen et al. ( 2014 ). The small cyan circles are local metal-poor galaxies with abundances determined by Izotov 
et al. ( 2006 ). The red pentagon represents the abundances we estimated for GS 3073. The dotted lines mark the solar abundances from Grevesse et al. ( 2010 ). 
Based on the derived upper limits, the abundance ratio of Fe/O of GS 3073 can be either similar to or higher than those of the local systems with similar O/H. 
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Ne V ] λ3426/[Fe VII ] λ6087 implies [Ne / Fe] � 0 . 65 and [Ne / Fe] �
 . 05, respectively, assuming no dust depletion. Unlike Fe, Ne is in
eneral not depleted on to dust grains in the ISM. Thus, if there
s dust depletion, the intrinsic abundance ratio of Ne/Fe is even 
ower. While there is clear evidence for the presence of dust based
n the observed He II λ1640/He II λ4686, it is possible that the region
osting coronal lines, such as [Fe VII ] λ6087, has the dust destroyed
ue to the high temperature and intense ionizing radiation. We note 
hat the reason we chose NLR models rather than BLR models 
s in part due to the fact that the critical densities of [Ne V ] and
Fe VII ] ( ∼ 10 7 cm 

−3 ) are lower than the typical densities of broad-
ine emitting clouds ( � 10 8 cm 

−3 ; Netzer 1990 ). It is suggested that
he coronal-line emitting regions are likely more extended than the 
LR but more compact compared to the bulk of the NLR (e.g. Nagao
t al. 2003 ), although there is also observational evidence that they
an be more extended (Negus et al. 2021 ). To check the density, we
urther computed BLR models with a density of n H = 10 8 cm 

−3 and
 column density of N H = 10 23 cm 

−2 , and dense NLR models with
 density of n H = 10 7 cm 

−3 . We found our estimations are largely
nchanged even with these high density models. 
We can convert the constraint on Ne/Fe to Fe/O by estimating Ne/O

rom emission lines of [Ne III ] and [O III ]. The ionization potential
f Ne + is close to that of O 

+ . In the optical, the narrow emission
ines suggest oxygen is mostly in O 

2 + ( ̈Ubler et al. 2023 ). Therefore,
o a first-order approximation, we have Ne / O ≈ Ne 2 + / O 

2 + . This
stimation would then only apply to the ionization zone occupied by 
ptical narrow lines. In the optical, although [Ne III ] λ3968 is blended
ith H ε in PRISM, we can estimate the flux of H ε using the Case B

atio of H ε/H β modulated by dust attenuation. From [Ne III ] λ3968
nd [O III ] λ5007, we obtained [Ne / O] ≡ log(Ne / O) − log(Ne / O) �
o range from 0.22 to 0 for a range of n H from 10 3 cm 

−3 to 5 ×
 c
0 5 cm 

−3 . Given that oxygen can be depleted on to dust grains by
0 . 22 dex in the ISM (Jenkins 2009 ), the result is compatible with an

ntrinsic stellar Ne/O being near -solar or super -solar. In either case,
he resulting lower limit on Fe/O would be near-solar or super-solar.
n Fig. 10 , we compare the Fe/O of GS 3073 with those in local metal-
oor galaxies and MW stars (Gratton et al. 2003 ; Cayrel et al. 2004 ;
zotov et al. 2006 ; Bensby et al. 2013 ; Nissen et al. 2014 ). From this
omparison, one can see GS 3073 has an Fe/O ratio either similar to
r higher than those of local stars and galaxies with similar O/H ratios.
Additional evidence for the plausible value of Fe/O can be found

hrough another significantly detected Fe line, [Fe IV ] λλ2829 , 2835
which are fitted together as a single Gaussian, see Table 1 ).
he ionization potentials of Fe 2 + and Fe 3 + are 30 . 651 ±
 . 012 eV and 54 . 91 ± 0 . 04 eV, which are close to those of
 

+ (35 . 12112 ± 0 . 00006 eV ) and O 

2 + (54 . 93554 ± 0 . 00012 eV )
Kramida et al. 2023 ). Using the attenuation corrected flux ra-
io of [Fe IV ] λλ2829 , 2835/[O III ] λ5007, we obtained [O / Fe] ≈
 . 5 (see Appendix D ), consistent with the range derived
rom [Ne V ] λ3426/[Fe VII ] λ6087. Ho we v er, one cav eat of using
Fe IV ] λλ2829 , 2835/[O III ] λ5007 is that [Fe IV ] λλ2829 , 2835 has
 much higher critical density ( ∼ 10 8 cm 

−3 ) compared to that of
O III ] λ5007 (9 . 39 × 10 5 cm 

−3 ), and thus their emitting regions are
ot necessarily tightly co-spatial. 
Another caveat of the abo v e analysis is the coronal-line region
ight have a different abundance pattern compared to the optical 
LR, which we further discuss in the next section. 

 DI SCUSSI ON  

n this section, we discuss the implications of the derived physical
onditions for GS 3073. 
MNRAS 535, 881–908 (2024) 
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.1 Enrichment mechanism 

.1.1 Enrichment of nitro g en and carbon 

n Table 2 , we summarize the chemical abundances that we have
erived for GS 3073. The chemical abundance pattern of GS 3073
hows a exceptionally enriched nitrogen abundance with respect to
he oxygen abundance. While AGB stars can preferentially raise
he abundance ratio of N/O in the ISM (e.g. Nomoto, Kobayashi
 Tominaga 2013 , and references therein), their enrichment usually

ags behind that of CCSNe, which preferentially boost the relative
bundance of oxygen in the ISM. As a result, the abundance pattern
n typical galaxies would follow the trend shown by local H II regions
nd SF galaxies in Fig. 4 . 

As noted by Isobe et al. ( 2023 ), the relative abundances of carbon
nd nitrogen in the nitrogen-loud high-redshift systems confirmed
y JWST are similar to those of nitrogen-enhanced metal-poor
tars and metal-poor globular cluster (GC) stars. Thus, Isobe et al.
 2023 ) suggest these JWST systems are potential progenitors of
Cs. Still, the actual enrichment mechanism is uncertain and people
ave suggested enrichment by WR stars (Senchyna et al. 2024 ;
obayashi & Ferrara 2024 ; Watanabe et al. 2024 ), ejecta from AGB

tars combined with inflows of pristine gas (D’Antona et al. 2023 ),
MSs with stellar masses of 100 M � < M < 1000 M � (Vink 2023 ),
MSs with stellar masses of M � 10 3 M � (Charbonnel et al. 2023 ;
agele & Umeda 2023 ), and TDEs (Cameron et al. 2023 ). In all the

bo v e cases, the nitrogen-enriched (and potentially carbon-enriched)
utermost layers of stars are stripped via stellar winds or interactions
ith black holes to enrich the surrounding ISM. 
While the abo v e-enrichment mechanisms can all produce a high

/O in the early Universe in a metal-poor environment, the pre-
ictions on the abundance ratio of N/C differ among them. As
hown by the chemical enrichment models of Isobe et al. ( 2023 )
nd Watanabe et al. ( 2024 ), while SMSs preferentially lead to an
bundance pattern with log(N / O) � −0 . 2 and log(C / O) � −0 . 8,
R stars and TDEs produce a wide range of abundance patterns
ith log(N / O) � 0 . 6 and log(C / O) � −0 . 3. Purely judging from

he abundance ratios of N/O and C/O of GS 3073, the enrich-
ent by SMSs or WR stars is plausible (Limongi & Chieffi

018 ; Nagele & Umeda 2023 ; Watanabe et al. 2024 ). For the
nrichment purely by AGB ejecta, the equilibrium abundance ra-
ios of N/O and C/O from the CNO cycle are generally higher
han the JWST-confirmed nitrogen-loud sources including GS 3073
log(N / O) CNO equil . ∼ 1, log(C / O) CNO equil . ∼ −0 . 5–−0 . 3; Maeder,

eynet & Chiappini 2015 ). Ho we ver, if the gas is initially slightly
nriched in oxygen and is later mixed with pristine gas, the observed
ange of N/O and C/O of the JWST-confirmed nitrogen-loud sources
an be reproduced by AGB enrichment models (D’Antona et al.
023 ). Finally, for VMSs, calculations by Vink ( 2023 ) show they are
apable of reproducing the range of N/O inferred for GN-z11 but full
hemical evolution models including VMSs remain to be developed.

An important question is the physical scale as well as the time-
cale of the enrichment required to explain the observations. Take
he highest redshift AGN candidate, GN-z11, as an example. It is
ossible that the nitrogen-loudness is limited to the BLR of the
GN, which would then only require a few stars to enrich a physical

egion of ∼ 10 −2 pc (Maiolino et al. 2024b ). Ho we ver, confirmations
f broad-line AGNs become increasing difficult at early times due
o the decreasing masses of SMBHs (Maiolino et al. 2024b , c ).
nother nitrogen-loud galaxy, CEERS 01019 at z = 8 . 679, is also

lassified as an AGN based on the presence of high ionization lines
Isobe et al. 2023 ). In the case of the nitrogen-loud galaxy, RXC
NRAS 535, 881–908 (2024) 

a  
2248-ID, at z = 6 . 106, Topping et al. ( 2024 ) argue the ionization
s SF-dominated and thus the enrichment is likely galactic-wide.

hile there is a clear broad component underlying H α in the
pectrum of RXC J2248-ID, Topping et al. ( 2024 ) argue for an
utflow origin as a broad component is also found in [O III ] λ5007,
lthough weaker and with a different profile. In addition, the strength
f He II λ1640 is weaker than the predictions of AGN photoionization
odels. Finally, for the last high-redshift nitrogen-loud target shown

n Fig. 5 , GLASS 150008 at z = 6 . 229, Isobe et al. ( 2023 ) argue
t is not an AGN due to the absence of high ionization lines. It is
ot clear whether the enriched regions in these sources are limited
o small physical regions illuminated by AGNs or spread out across
he entire systems. In the case of GS 3073, the physical scale of
itrogen enhancement likely reaches the high-ionization part of the
LR but not the entire NLR according to our analyses in Section 4 .
his points towards an enrichment site no larger than a few hundred
arsecs or even a few tens of parsecs (possible for the size of a dense
LR; Peterson et al. 2013 ) but not confined within the sub-parsec

cale of the BLR. 
The time-scale of the enrichment, on the other hand, is closely

elated to the rate of the occurrence of the nitrogen loudness. The
esulting N/O from WR star enrichment, for example, would rapidly
rop ∼ 10 6 . 5 yr after an initial burst of star formation, which can
e extended to ∼ 10 6 . 9 yr if direct collapse of massive WR stars
s considered to suppress the enrichment from CCSNe (Limongi
 Chieffi 2018 ; Watanabe et al. 2024 ). Still, we note that binary

volution can further extend the WR phase (Eldridge & Stanway
009 ) and its impact on the chemical enrichment remains to be
nvestigated in chemical evolution models. The AGB enrichment, on
he other hand, tends to build-up gradually ∼ 10 8 –10 9 yr after an
nitial burst of star formation, although the first AGB develops as
arly as 40 Myr after the onset of star formation. Due to the potential
resence of the AGN continuum, the star formation history (SFH) of
S 3073 cannot be well-constrained. The only time constraint is the

ge of the Universe at z = 5 . 55, which is ∼ 10 9 yr after the big bang,
ompatible with all aforementioned scenarios. Still, without binary
volution, the plausible timing for the enrichment scenario with WR
tars might be strict in order have the WR wind enrichment while
till being ahead of the subsequent CCSNe enrichment that lowers
he o v erall N/O. 

Since GS 3073 is a confirmed Type-1 AGN at a high redshift,
ts chemical abundance pattern might provide new clues also for
he puzzling class of nitrogen-loud AGNs. It remains a matter of
ebate whether the nitrogen-loud quasars are o v erall chemically
nriched with high oxygen abundances as well, or whether they are
articularly enriched only in nitrogen (Jiang et al. 2008 ; Matsuoka
t al. 2011 ; Araki et al. 2012 ; Batra & Baldwin 2014 ; Matsuoka
t al. 2017 ). Similarly, whether the enrichment is limited to a small
egion surrounding the AGN, or rather occurs galaxy-wide, remains
n open question (Collin & Zahn 1999 ; Baldwin et al. 2003 ; Wang
t al. 2011 ; Araki et al. 2012 ; Cantiello et al. 2021 ; Huang et al.
023 ). It is noteworthy that AGN activity is not necessary directly
elated to the nitrogen enrichment in nitrogen-loud galaxies, but it
ould be the key to revealing nitrogen-loud regions due to the high
uminosities of AGNs (Baldwin et al. 2003 ). 

According to the enrichment track for nitrogen-loud quasars
ainly through AGB stars as adopted by Hamann & Ferland ( 1993 ),

or example, a low-abundance ratio of log(N / C) � −1 is generally
xpected at subsolar metallicities. This does not match our mea-
urements, where log(N / C) ∼ 0.7–0.8. Another AGB-enrichment
cenario proposed by D’Antona et al. ( 2023 ) to explain the nitrogen
nd carbon abundances of GN-z11 is able to reach a high N/O and
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 low C/O at a metallicity of 12 + log (O / H) = 8 . 04. In the scenario
f D’Antona et al. ( 2023 ), ejecta from intermediate-mass AGB stars
with yields computed by Ventura et al. 2013 ) from a massive GC or
 nuclear star cluster (NSC, which is defined as a massive, bright, and
ompact stellar system usually within the central 50 pc of the host
alaxy; Neumayer, Seth & B ̈oker 2020 ) enrich the central region of
N-z11. Meanwhile, certain dilution of the chemical abundances 
f the ISM through the inflow of chemically pristine gas might 
e needed to maintain a low metallicity. In the case of GS 3073,
he abundance pattern could result from enrichment by AGB stars 
n an NSC with an age of ∼ 200 –300 Myr (Ventura et al. 2013 ;
’Antona et al. 2023 ). It is noteworthy that the physical sizes of
SCs are comparable with that of the enrichment site we speculated 

or CS 3073 and the dense environments of NSCs can potentially 
ead to formations of early SMBHs (Neumayer et al. 2020 , and
eferences therein). 

As another possibility, the enrichment by VMSs or SMSs is also 
ompatible with the enrichment sites of nitrogen-loud AGNs, if they 
re indeed spatially confined in NSCs. In the case of GS 3073, our
nalyses point towards a scenario where nitrogen is clearly enriched 
t a low oxygen abundance and the enrichment seems limited to a
ense and highly ionized zone traced by rest-frame UV lines. This
ndicates chemical enrichment in a dense environment where stellar 
ncounters might occur and lead to production of SMSs (Ebisuzaki 
t al. 2001 ; Portegies Zwart et al. 2004 ; Gieles et al. 2018 ). We
ote that the dense star-forming regions are not necessarily limited 
o NSCs but can arise from the self-gravitating part of the accretion
iscs of AGNs (e.g. Wang et al. 2011 ; Cantiello et al. 2021 ). 
As speculated by the early studies of nitrogen-loud quasars, the 

itrogen-loud feature might be a result of the co-evolution of AGNs 
nd nuclear star formation (e.g. Hamann & Ferland 1993 ; Baldwin 
t al. 2003 ). According to this scenario, the AGN is initially highly
bscured by the nuclear star formation, and the BLR only starts to be
isible after the gas supply is nearly exhausted and the star formation
eclines. With this setup, the AGN has a higher chance to shine upon
he gas recently enriched with nitrogen by NSCs and exhibit the 
itrogen-loud feature. Interestingly, based on the previous observa- 
ion of [C II ] λ158 μm of GS 3073 in the ALMA Large Program to
Nvestigate C + at Early Times survey (ALPINE; Le F ̀evre et al.
020 ), Dessauges-Zavadsky et al. ( 2020 ) inferred a potentially low
olecular gas mass fraction of f molgas ≡ M molgas / ( M molgas + M ∗) =
 . 10 + 0 . 13 

−0 . 06 . This indicates a significant reduction of the cold gas
hrough rapid star formation or AGN feedback. In the early Universe, 
ith the star formation becomes more bursty and compact, the 

esulting ionization might play an important role in the nuclear 
egion as well. This might explain the seemingly more frequent 
isco v eries of nitrogen-loud galaxies at early times by JWST, if in
hese galaxies, the AGN activities and intense star formation are 
referentially observed in a later phase of rapidly evolving NSCs 
r dense star formation environments. Still, we caution that the 
onversion from the luminosity of [C II ] λ158 μm to the mass of the
olecular gas has various uncertainties including the dependence on 

he metallicity (Zanella et al. 2018 ). Finally, it is worth noting that
ccording to Schaerer et al. ( 2024 ), most of the nitrogen enhanced
alaxies confirmed by JWST thus far are relatively compact and 
ikely have dense SF environments. 

.1.2 Enrichment of iron 

n additional constraint on the enrichment mechanism comes from 

he abundance of iron. The typical enrichment channel for Fe is by the
jecta of Type-Ia supernovae, which has a delay time of ∼ 10 8 . 5 –10 9 

r, compatible with the age of the Universe at z = 5 . 55, although
rompt production channels as short as a few 10 Myr have been
uggested (Matteucci et al. 2006 ). The iron abundance of GS 3073
s relatively uncertain, as discussed in Section 4.6 , especially given
he potential presence of regions with different densities and chemical 
nrichment. While the most plausible range of the gas-phase Fe/O 

s constrained by high ionization lines including [Fe VII ] and [Fe IV ]
s consistent with those of local stars and metal-poor galaxies, if Fe
nd O has been depleted on to dust grains, the intrinsic Fe/O can be
ignificantly higher. 

If GS 3073 has an intrinsically low Fe/O, it would be consistent
ith the scenario where the Type-Ia supernova enrichment has not 
ade a significant contribution to the o v erall enrichment, similar to

he local metal-poor galaxies. Compared to, for example, the CCSNe 
nrichment models computed by Watanabe et al. ( 2024 ) with yields
ased on Nomoto et al. ( 2013 ), [Fe / O] ≈ −0 . 5 can be achieved with
nrichment purely from CCSNe. As a result, there would be not
nough time for significant nitrogen and carbon enrichment through 
he normal AGB enrichment unless the time is exactly between 
he plausible delay times of the AGB enrichment and the Type-Ia
upernova enrichment. On the other hand, if GS 3073 has an intrinsic
e/O value of near-solar or even super-solar at a metallicity as low
s 12 + log(O / H) ∼ 8 . 0, one would need an enrichment history that
oes not o v er-enrich oxygen. This again requires the suppression
f CCSNe enrichment from previous star formation. Alternatively, 
he o v erabundance of Fe can be produced by the enrichment of

etal-poor hypernovae (HNe). As shown by Watanabe et al. ( 2024 ),
nrichment by HNe from massive stars alone at ∼ 20 per cent solar 
bundances (corresponding to 12 + log(O / H) ∼ 8 . 0) are able to
roduced near-solar Fe/O and Ne/O, and a slightly super-solar Fe/Ne. 
In the local Universe, super-solar iron abundances up to Fe / Fe � ∼

 were often found in the accretion discs of AGNs based on X-ray
bservations (e.g. Jiang et al. 2019 ). Super-solar abundance ratios 
f Fe/O have also been found in some local extremely metal-poor
alaxies (EMPGs), which, ho we v er, hav e low-abundance ratios of
/O at the same time (Kojima et al. 2021 ). According to Kojima et al.

 2021 ) and Isobe et al. ( 2022 ), the preferred enrichment mechanism
or the high Fe/O in EMPGs is by NHe and/or CCSNe from VMSs
ith stellar masses of M ∗ � 30 –300 M �, which can potentially form
y the infall of pristine gas or mergers of stars in dense star clusters.
f the enrichment of Fe occurred before the enrichment of N, it could
lso enhance the strength of stellar winds that carry N (Vink 2023 ). 

Combining the constraints from abundance ratios of N/O, C/O, 
nd Fe/O, the enrichment can be driven by intermediate-mass AGB 

tars, VMSs/SMSs, or classical WR stars in the NSC of GS 3073
ombined with CCSNe (Fe-poor), or Type-Ia supernovae or HNe 
Fe-rich). 

.2 A stratified galaxy 

n interesting characteristic of GS 3073 is the different gas-phase 
roperties inferred from different sets of emission lines. 
First of all, the electron densities inferred from the narrow lines

f [S II ] λλ6716 , 6731, [Ar IV ] λλ4711 , 4740, and N IV ] λλ1483 , 1486
ncrease from ∼ 10 3 cm 

−3 to ∼ 10 5 cm 

−3 . For Ar and S, Ar 2 + 

as a much higher ionization potential compared to S 

0 and 
Ar IV ] λλ4711 , 4740 is more sensitive to the density at the high-
ensity regime. Meanwhile, there is evidence in local H II regions that
S II ] λλ6716 , 6731 is biased to wards lo w density regions (M ́endez-
elgado et al. 2023 ). For N, while the ionization potential of N 

2 + 
MNRAS 535, 881–908 (2024) 
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s only slightly higher than Ar 2 + , the higher critical density of
 IV ] λλ1483 , 1486 makes it more likely to arise from a denser

egion when there is density stratification. A similar high density
rom N IV ] λλ1483 , 1486 has also been reported for the nitrogen-
ich galaxy at z = 6 . 106 by Topping et al. ( 2024 ). In the local
itrogen enhanced galaxy Mrk 996, James et al. ( 2009 ) found a
ensity stratification where the high density gas reaches a density of
og ( n e ) = 7 . 25 + 1 . 25 

−0 . 75 cm 

−3 and is nitrogen enhanced. The low density
as has n e ≈ 10–170 cm 

−3 is nitrogen-normal compared to local
alaxies. In another higher redshift and lensed galaxy, the Sunburst
rc at z = 2 . 37, Pascale et al. ( 2023 ) found evidence for high-
ressure, high-density, and nitrogen enhanced clouds surrounding
 young super star cluster. The high-density clouds have densities
f n e ∼ 10 5 cm 

−3 and are likely surrounded by more extended
ow-density and nitrogen-normal clouds with densities of n e ∼ 10 3 –
0 4 cm 

−3 . Finally, it is noteworthy that we only used the narrow
omponent of N IV ] λλ1483 , 1486, meaning the density stratification
s within the NLR. The density stratification of NLRs has already
een noted in previous observations of AGNs (e.g. Binette &
odr ́ıguez-Ardila 1999 ). 
An even more interesting type of stratification in the NLR of

S 3073 is the ionization stratification. The ICF for oxygen as
nferred from the optical He II and He I lines implies an ionization
tate where most oxygen is in O 

2 + . Ho we ver, the ionization condition
or UV lines is clearly different. The presence of strong N IV ] and N V

ines as well as the evidence of O VI in the Lyman continuum regime
equires a non-negligible amount of high ionization species. Based
n the ionic species of UV lines, we inferred there is likely more
han 1/4 of oxygen in ionization stages higher than O 

2 + within the
V-line dominated zone. This result suggests the UV-line dominated

one is not only denser but also more highly ionized. Besides these
V lines, there is also potential detection of optical coronal lines that
ave ionization potentials � 100 eV, which likely arise from an even
ore central and highly ionized zone (Ferguson, Korista & Ferland

997 ; Murayama & Taniguchi 1998 ; Rose et al. 2015 ). 
The potential presence of [Fe VII ] λ6087 and [Fe XIV ] λ5303, if

onfirmed, might suggest little Fe depletion in the coronal-line region
Nagao et al. 2003 ; McKaig et al. 2024 ). Meanwhile, dust attenuation
s clearly present given the observed He II UV-to-optical ratio. While
t remains unclear how much dust depletion would be sufficient
o produce the moderate amount of attenuation we observed, these
esults point to a possibility that the dust distribution is also stratified.
n such a scenario, dust grains are destroyed in the coronal-line region
y the intense radiation field, but survive in less ionized and outer
ones. While the stratification of dust distribution has long been
onsidered as part of the standard AGN models, the exact location
t which dust starts to emerge is debatable (e.g. Shields, Ludwig
 Salviander 2010 ). For GS 3073, our measurements indicate the

estruction of dust beyond the BLR into the NLR, where forbidden
ines with high critical densities can still arise. This is consistent
ith the result of Nagao, Maiolino & Marconi ( 2006b ), where the

ine ratios from the high-ionization part of the NLRs in a sample
f X-ray selected intermediate-redshift AGNs are more aligned with
redictions from dust-free photoionization models. 
Finally, perhaps the most intriguing type of stratification we found

n GS 3073 is the chemical abundance stratification, as also found
y James et al. ( 2009 ) and Pascale et al. ( 2023 ) in Mrk 996 and the
unb urst Arc, respectively. The ab undance ratio of N/O inferred from

he low-critical density and low-ionization lines including [O II ] and
N II ] in the PRISM and G395H spectra appears only slightly higher
han the N/O of local galaxies with similar metallicities. In contrast,
he N/O inferred from the high-critical density and high-ionization
NRAS 535, 881–908 (2024) 
V lines is significantly higher than local galaxies, and also the
ighest among the nitrogen-loud galaxies confirmed by JWST, as
hown in Fig. 4 . While the potential outflow component in the optical
ines and the blending of He II and O III ] could bring the N/O ratios
stimated from the two sets of lines closer, the lower limit on the UV
/O is still significantly higher than the highest N/O we estimated

rom [N II ]/[O II ]. This result suggests the nitrogen is more enriched
n the UV-line dominated zone, which is a denser and more highly
onized zone compared to the low-density and low-ionization zone
here lines such as [O II ] and [N II ] originate in. Presumably, the UV-

ine dominated zone lies closer to the accretion disc of the central
MBH and thus is more directly affected by the abundance pattern
otentially resulting from dense nuclear star formation. This would
hen suggest the nitrogen-loudness is confined to the BLR and the
nner NLR and would reduce the total mass of stars required to
uild the observed abundances. Still, with the current observations,
e cannot constrain precisely the physical scale of the enriched

egion. 
Also, it is possible that the optical narrow lines are contaminated by

F regions in GS 3073. The narrow optical line ratios of GS 3073, as
hown by Übler et al. ( 2023 ), lies close to the boundary of SF regions
nd AGN regions in the BPT diagram. While this behaviour can be
imply explained by a metal-poor NLR (Scholtz et al. 2023 ), we
annot fully rule out the contribution from metal-poor SF regions.
f the peculiar enrichment of nitrogen in GS 3073 is confined to
he nuclear region as we speculated, then the non-nuclear region in
S 3073 can simply show ‘normal’ abundances. As a result, the

ontamination from non-nuclear region for optical lines would lead
o an estimation of a less extreme N/O. 

In summary, we found evidence for stratification in the abundance
attern of nitrogen in GS 3073, which appears to correlate with the
tratification in the electron density and the ionization state of the
as. We thereby speculate that the enrichment is confined to the dense
nd highly ionized central region of GS 3073. Our results suggest
hat the nitrogen abundance is enriched locally but at a scale larger
han the BLR as traced by the highly ionized part of the NLR. This
s consistent with the enrichment by NSCs we discussed in the last
ection. 

 C O N C L U S I O N S  

n this work, we investigated the chemical abundance pattern of
S 3073, a galaxy at z = 5 . 55, hosting a Type-1.8 AGN, by
sing JWST/NIRSpec IFS observations and VLT/VIMOS data. The
resence of an AGN illuminating the gas in the nuclear region and the
est of the galaxy, combined with the sensitivity of JWST-NIRSpec
nd VL T -VIMOS, allows the detection of about 40 emission lines
n the rest-frame UV and optical wavelength range, hence enabling
n unprecedented investigation in terms of chemical enrichment and
hysical properties of the gas. 
We summarize our findings in the following. 

(i) The flux ratios between the (semiforbidden) rest-frame UV
mission lines of GS 3073 imply an ionization condition consistent
ith the inner region of the galaxy (inner part of the narrow line

egion, or a combination of an NLR and a BLR), characterized by
igh densities of n e ∼ 10 5 cm 

−3 and with an ionization parameter of
og U ∼ −1 . 5 – −2. This is consistent with the interpretations based
n the rest-frame optical permitted lines, where hydrogen Balmer
ines and helium lines show both narrow and broad components. 

(ii) The rest-frame UV emission-line flux ratios of GS 3073
ndicate that, in such dense gas, nitrogen is highly enriched with
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espect to oxygen (N/O about 20 times higher than solar), carbon is
ot as enriched as nitrogen (C/O about solar or slightly subsolar), and
e/O is subsolar. In particular, the relative abundance of nitrogen is
learly abo v e the N/O v ersus O/H relation observ ed in low-redshift
alaxies. The N/O and C/O abundance patterns of GS 3073 are 
imilar to those of nitrogen-loud quasars at low redshifts as well 
s several nitrogen-loud galaxies recently revealed by JWST, and 
S 3073 is actually among the most nitrogen-rich of them all. 
herefore, with its ∼ 40 lines detected, this system provides an 
xcellent test bench for investigating nitrogen-enriched systems in 
he early Universe. In particular, the constraints on the iron abundance 
rovide new insights to be compared with chemical evolution models. 
(iii) The abundance ratio of N/O inferred from the rest-frame 

ptical forbidden emission lines, including [N II ] and [O II ] (tracing
uch lower gas densities), is significantly lower than that inferred 

rom the rest-frame UV (semi-forbidden) emission lines. We interpret 
his difference as an indication of a stratification in the chemical 
bundances, where the inner , denser , and more highly ionized region
f the galaxy is more chemically enriched. The chemical stratification 
s associated with an ionization stratification and a density stratifi- 
ation, where the UV lines generally show higher ionization states 
nd a higher electron density compared to the low-ionization and 
ow-critical density optical emission lines. Importantly, the extreme 
itrogen enrichment is confined to the central, high-density region, 
ot to the bulk of the host galaxy. 
(iv) While the flux ratio between the UV and optical He II lines

s consistent with a moderate amount of dust attenuation with A V ∼
 . 39 –0 . 49, the potential detection of the coronal line [Fe VII ] λ6087
ndicates destruction of dust grains in the inner part of the galaxy,
ikely due to the strong AGN radiation field. 

(v) The chemical abundance pattern of GS 3073 can be explained 
y a variety of enrichment mechanisms. It is possible to reproduce 
he observed N/O and C/O with enrichment by AGB ejecta,winds 
rom very massive stars (VMSs), supermassive stars (SMSs), or 
lassical WR stars in a dense nuclear star cluster (NSC). To reproduce
he observed Fe/Ne and Ne/O abundance ratios, enrichment by 
 combination of core collapse SNe and Type-Ia supernovae, or 
ypernovae is plausible. 

(vi) Given the observed stratification in the density, ionization 
tate, and chemical abundances, we speculate the extreme enrichment 
attern seen in GS 3073 preferentially occurred in a dense NSC,
eaning the enrichment is spatially confined within the central few 

arsecs. Such an environment would also allow production of VMSs 
nd SMSs through frequent stellar encounters. 

(vii) The potential lack of molecular gas in GS 3073 suggests 
t might have reached a later stage of star formation due to
he consumption of gas and feedback. Therefore, the reason that 
S 3073 shows nitrogen-loudness might be similar to the AGN-SF 

o-evolution scenario proposed for nitrogen-loud quasars, where the 
GN becomes less obscured but still active close to the end of a rapid

tar formation in a dense nuclear environment. 

As star formation becomes more bursty and intense in the metal- 
oor and dense environments in the early Universe, the chance 
f observing galaxies in the nitrogen-loud phase of their chemical 
volution might increase. This potentially explains the disco v eries of
everal nitrogen-loud galaxies by JWST, as well as the fact that not all
f them exhibit clear evidence for A GN activity, although A GN illu-
ination of the central, dense region facilitates their discovery. With 

he currently observed number of early galaxies increasing thanks to 
WST, we might start to be able to study the statistical behavior of
itrogen enrichment at high redshifts. The statistical analyses on the 
hemical abundance patterns would be vital for understanding the 
eneral enrichment channel at early times. In addition, as already 
oted by many current studies, new methods for distinguishing 
GN ionization from SF ionization at high redshifts are urgently 
eeded. This would help us understand how the (peculiar) abundance 
atterns might be associated with AGN or SF activities and further
est previous theories for chemical enrichment of quasars and dense 
tar clusters. Finally, how the metals are distributed differently in 
he early galaxies remain poorly constrained in observations. The 
hemical stratification in GS 3073 implies that the early enrichment 
n galaxies may be highly inhomogeneous. Future explorations of 
eep IFS data of high- z galaxies will be useful for understanding
he differential enrichment of metals in young galaxies in the early
niverse. 
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PPENDI X  A :  JWST/ NI RCAM  I MAG I NG  O F  

S  3 0 7 3  

n this Appendix, we present JWST/NIRCam images of GS 3073, 
btained as part the JWST Advanced Deep Extragalactic Surv e y
JADES; Eisenstein et al. 2023 ), and publicly available as part
f the JADES data release 1 (Rieke et al. 2023 ). In addition to
he continuum, the different filters capture nebular line emission 
rom N V ( F 090 W ), He II –C III ] ( F 115 W ) and [O III ] ( F 356 W ); Ly

and C IV fall under the lo w-sensiti vity region of F 090 W and
 115 W , respectively. F 150 W and F 200 W probe mostly the rest-
V continuum, without high equi v alent-width line emission. Fig. 
1 show the colour-composite images constructed from the abo v e
ands. 
The images show two distinct sources in addition to GS 3073,

s reported by Übler et al. ( 2023 ) based on NIRSpec PRISM data.
everaging the superior spatial resolution of NIRCam at 0.9–1.5 
m, we can clearly resolve the east and north-west sources as being

patially separated from GS 3073. From the middle panel of Fig.
1 , one can see a 0 . 3 arcsec -extraction aperture as we adopted for
ur fiducial measurements would a v oid light contamination from 

he two additional sources. In comparison, a 1 arcsec -extraction 
perture as adopted for generating an alternative PRISM spectrum 

s well as a 1 arcsec -slit used for extracting the VIMOS spectrum
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Figure A1. Wide-band colour-composite images constructed from JWST/NIRCam observations of GS 3073 (Rieke et al. 2023 ). In the middle panel, we show 

also the 0 . 3 arcsec -aperture and the 1 arcsec -aperture we used for extracting NIRSpec/PRISM IFU data. 
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Figure B1. Diagnostic diagram constraining the shape of the UV-to-optical 
attenuation curve. The lines displayed correspond to the predicted He II flux 
ratio versus the Balmer decrement for extinction curves from Cardelli et al. 
( 1989 ), Fitzpatrick ( 1999 ), Calzetti et al. ( 2000 ), and Gordon et al. ( 2003 ). 
The magenta shaded region close to the SMC extinction curve corresponds 
to the plausible range of line ratios measured from the 0 . 3 arcsec -PRISM 

spectrum. For the cyan shaded region close to the MW extinction curves, we 
replace the Balmer decrement with that of the broad component measured in 
the R2700 spectrum by Übler et al. ( 2023 ). 
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ould include the two additional sources. We note that neither
ource displays an excess in F 356 W –F 277 W or F 410 M –F 444 W ,
mplying weak line emission in these bands. Both sources are
ndetected in HST/ACS F 435 W and F 606 W , consistent with z > 5.
oth sources appear significantly bluer in colour than GS 3073,
hich could indicate either bright nebular emission in F 090 W and
 115 W , or a steep continuum. To further understand the potential
ontamination from these sources in the 1 arcsec -spectra, we extract
 0 . 1 arcsec × 0 . 1 arcsec box centering at each source in the PRISM
FU data. We found that the integrated light centering at the source
o the east of GS 3073 contributes an [O III ] λ5007 flux roughly
0 per cent of that from the central 0 . 3 arcsec -extraction, and
n N IV ] λ1483 , 1486 flux less than 5 per cent of that from the
entral 0 . 3 arcsec -extraction. In comparison, the integrated light
entering at the source to the northwest of GS 3073 contributes
n [O III ] λ5007 flux roughly 1 per cent of that from the central
 . 3 arcsec -extraction, and an N IV ] λ1483 , 1486 flux up to 1 per cent
f that from the central 0 . 3 arcsec -extraction. In conclusion, these
dditional sources unlikely contaminate the nebular emission of
he central source significantly and we emphasize that our main
onclusions are based on the central 0 . 3 arcsec -extraction with little 
ontamination. 

Assuming both sources to be at the same redshift as GS 3073,
hey could be interpreted as low-mass satellites dominated by blue
tellar populations. Intriguingly, similar sources are found near other
road-line AGN at redshifts z ∼ 5 (Maiolino et al. 2024c ; Matthee
t al. 2024 ), suggesting a possible connection between strong AGN
ctivity and minor mergers. 

PPENDIX  B:  N E BU L A R  A  TTENUA  T I O N  

U RV E  

n Section 4.1 , we have discussed the dust attenuation probed by He II
ine ratios and the hydrogen Balmer lines, where the attenuation curve
s assumed to follow the shape of an average SMC extinction curve
Gordon et al. 2003 ). In this Appendix, we investigate the shape of
he attenuation curve in greater detail. 

Figs B1 and B2 show comparisons between the predicted line
atios from some of the extinction curves in the literature and those
easured from the NIRSpec spectra of GS 3073. All line ratios

re normalized by the Case B values from Draine ( 2011 ). The
NRAS 535, 881–908 (2024) 
otal line flux ratios measured from the PRISM spectrum prefers
teep attenuation in the UV closer to the predictions by the SMC
urve. If we replace the Balmer decrement with the value measured
rom the broad lines in the R2700 NIRSpec/grating spectrum, the
bserved line ratios move closer to the predictions by the curve
rom either Cardelli, Clayton & Mathis ( 1989 ) or Calzetti et al.
 2000 ). The caveat, ho we ver, is that we cannot compare it with the
ux ratio from the broad He II lines since they are not resolved in
RISM. Also, it is likely that the BLR is more obscured and thus

he shape of the attenuation curve for the broad lines is also close
o that of the SMC e xtinction curv e. F or the optical part, the left
anel of Fig. B2 suggests it is close to the MW e xtinction curv e
rom Fitzpatrick ( 1999 ), although being slightly steeper redwards



An extremely nitro g en-loud galaxy at z ∼ 5 . 55 907 

Figure B2. Diagnostic diagrams constraining the shape of optical attenuation curv e. The e xtinction curv es are the same as the ones shown in Fig. B1 . The 
pentagons represent the values we measured from the 0 . 3 arcsec -PRISM spectrum. 

t  

c  

t  

t
H
F

c  

e  

I  

a  

c
i
t  

t
s
a
b  

o
w

1

P

A
A

I  

w  

c
 

o  

g  

(  

r  

1  

o  

t  

m

T
i
i  

p  

N

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/881/7824437 by guest on 21 D
ecem

ber 2024
o H β. Ho we ver, from Fig. B2 , it appears H γ is more attenuated
ompared to H δ. We caution that the attenuation from H γ is po-
entially affected by blending with [O III ] λ4363 in the PRISM spec-
rum 

14 (e.g. an ∼ 20 per cent underestimation for H γ would make 
 β/H γ roughly consistent with the attenuation curves shown in 
ig. B2 ). 
Although in the main text we have assumed the SMC extinction 

urve when dereddening for example [N II ]/[O II ], assuming other
 xtinction curv es only change the correction by 0.02 dex at most.
n most cases, the SMC correction in the optical regime serves
s an upper limit. When using [N II ]/[O II ], we also considered the
ase where there is no extinction for these narrow lines, thereby 
ncluding various possibilities. Again, we would like to point out 
he spatial distribution of dust in GS 3073 is likely complex, with
he nuclear region being more obscured. This is supported by the 
ignificantly different Balmer decrements from broad emission lines 
nd narrow emission lines in the R2700 NIRSpec/grating spectrum 

y Übler et al. ( 2023 ). We will explore more systematically shapes
f the attenuation curves in JWST identified type-1 AGN in future 
ork. 
4 We note that in the main text, we did not use [O III ] λ4363 measured in 
RISM during our analyses but took the value measured in G395H. 
PPENDI X  C :  C O M PA R I S O N S  WI TH  

D D I T I O NA L  P H OTO I O N I Z AT I O N  M O D E L S  

n Section 4 , we have compared the measured line ratios of GS 3073
ith a fiducial set of photoionization models. Here, we show further

omparisons with models under different assumptions. 
In Fig. C1 , we show two additional NLR models. Different from

ur fiducial NLR model, these new models have their incident SEDs
enerated by the analytical AGN SED described in Pezzulli et al.
 2017 ), which is a function of the black hole mass and the Eddington
atio. We considered two SEDs with a black hole mass of M BH =
0 8 M � and Eddington ratios of λEdd = 0 . 1 and 1, matching the range
f parameters estimated by Übler et al. ( 2023 ) for GS 3073. We set
he rest of the model parameters the same as those in the fiducial

odel. 
Overall these additional models do not change our conclusions. 

he measured nebular line ratios are still more consistent with 
onization by the AGN continuum emission, although the best-fitting 
onization parameter becomes log U ≈ −1 . 5 ∼ −1. From the right
anel of Fig. C1 , one can see the gas-phase N/O indicated by the
LR models is still roughly 0.43 dex. 
MNRAS 535, 881–908 (2024) 
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Figure C1. Comparisons between observed line ratios of GS 3073 and those predicted by two additional AGN NLR models. These new models assuming a 
functional form of the SED parametrized by the black hole mass and the Eddington ratio as adopted by Pezzulli et al. ( 2017 ). 
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PPENDIX  D :  GAS-PHASE  FE/O  BA SED  O N  [O  

I I ] / [FE  I V ]  

n the main text, we used the upper limit on the flux ratio
f [Ne V ]/[Fe VII ] to constrain the gas-phase abundance of Fe.
n this Appendix, we investigate the Fe abundance constrained
y the flux ratio of [O III ] λ5007/[Fe IV ] λλ2829 , 2835. In Fig.
1 , we compare the measured [O III ] λ5007/[Fe IV ] λλ2829 , 2835
ersus N V λλ1238 , 1242/N IV ] λλ1483 , 1486 from the 0 . 3 arcsec -
RISM spectrum of GS 3073 to those predicted by photoioniza-

ion models for NLRs of AGN. We have corrected the flux ratio
f [O III ] λ5007/[Fe IV ] λλ2829 , 2835 for dust attenuation assuming
 V = 0 . 44 and using the SMC e xtinction curv e (see Section 4.1 ).
he photoionization models have the same parameters as those

n Fig. 9 . Specifically, the hydrogen density is assumed to be
 H = 5 × 10 5 cm 

−3 , the oxygen abundance is set to 20 per cent
olar (although the nitrogen and carbon abundances are not rele v ant
ere, they are set to follow the constraints in Figs 5 and 7 ), neither
ust nor dust depletion is included, the ionization parameter is varied
n a range of −3 . 5 ≤ log ( U ) ≤ −1, and the Fe abundance is varied
n a range of −0 . 6 ≤ [Fe / H] ≤ 0. 

From Fig. D1 , the best matched Fe abundance is roughly 0.5–
.6 dex below solar, consistent with the lower limits constrained by
Ne V ]/[Fe VII ], which ranges from 0.6 dex below solar to solar. If
e is depleted onto dust grains in the [Fe IV ] emitting region, the

ntrinsic Fe abundance should be higher. Regardless, as mentioned
NRAS 535, 881–908 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
igure D1. Diagnostic diagram composed of N V /N IV ] and [O III ]/[Fe IV ].
he dashed coloured lines are photoionization models with parameters
imilar to the NLR models shown in Fig. 9 , having different Fe abun-
ances in a range of −0 . 6 ≤ [Fe / H] ≤ 0 from top to bottom, where
Fe / H] ≡ log(Fe / H) − log(Fe / H) �. 

n the main text, one needs to be cautious about this simple model-
ased deri v ation gi v en the v ery different critical densities of [Fe IV ]
nd [O III ]. 
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