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ABSTRACT

We analysed ultra-deep JWST observations of the galaxy JADES-GS-z9-0 at z = 9.4327, and derived detailed stellar and interstellar medium (ISM)
properties of this luminous (MUV = −20.43) high-redshift system. Complementary information from NIRCam imaging and NIRSpec spectroscopy
(both low and medium resolution) reveal a compact system (Re ∼ 110 pc) characterised by a steeply rising star formation history, which is
reflected in the inferred young stellar age (t ∼ 3 Myr, light-weighted), high star formation rate surface density (ΣSFR ∼ 72 M� yr−1 kpc−2), high
ionisation parameter (log(U) ∼ −1.5), low metallicity (12 + log(O/H) ∼ 7.5), and low carbon-to-oxygen abundance ([C/O] = −0.64). Leveraging
the detection of N iii] l1750 we derived a nitrogen-to-oxygen abundance ([N/O] ∼ 0) higher than the plateau followed by low-redshift galaxies of
similar metallicity, possibly revealing the imprint from (very) massive stars on the ISM enrichment and favouring a top-heavy initial mass function
(IMF) scenario. Massive stars powering a hard radiation field are also required to explain the rest-frame UV line ratios, though the presence of
the high-excitation [Nev] l3426 emission line possibly hints at additional ionisation from an active galactic nucleus (AGN). We also report the
tentative detection of Lya emission in the G140M spectrum, shifted by ∼450 km/s redwards of the systemic redshift. Combined with a modelling
of the Lya spectral break, we rule out the presence of very high column densities of neutral gas pertaining to local absorbers, as well as any
extended surrounding ionised bubbles, suggesting that JADES-GS-z9-0 has not yet significantly contributed to cosmic reionisation.
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1. Introduction

The identification and characterisation of the earliest galaxies
ever formed in the history of the Universe is one of the topics at
the forefront of current astrophysical research, and one of the
main motivations behind the concept and development of the
James Webb Space Telescope (JWST). Already within the first
two cycles of operations, early results from extensive imaging
and spectroscopic campaigns have not only extended the lim-
its of the known redshift frontier (e.g. Robertson et al. 2023;
Curtis-Lake et al. 2023; Arrabal Haro et al. 2023; Hainline et al.
2024a; Castellano et al. 2024; Carniani et al. 2024), but have
also marked unprecedented progress in the study of the phys-
ical properties of the early galaxy population in terms of
their number density (Harikane et al. 2024; Chemerynska et al.
2024; Robertson et al. 2024; McLeod et al. 2024), star forma-
tion histories (SFHs; Dressler et al. 2023; Endsley et al. 2024;
Looser et al. 2025; Tacchella et al. 2023a; Clarke et al. 2024),
interstellar medium (ISM) conditions (Sanders et al. 2023;
Cameron et al. 2023a; Reddy et al. 2023; Calabrò et al. 2024),
incidence, growth, and impact of supermassive black holes
(Harikane et al. 2023; Greene et al. 2024; Kokorev et al. 2024;
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Maiolino et al. 2024a; Scholtz et al. 2025; Übler et al. 2023;
Matthee et al. 2024).

One of the key advances provided by JWST/NIRSpec resides
in the possibility to simultaneously cover rest-frame UV and
rest-optical spectra of galaxies at z > 6. Even prior to the
advent of the JWST, observations of rest-frame UV spec-
tra in z > 6 galaxies had exhibited large equivalent widths
(EWs), and high-ionisation emission lines, as seen in none but
the most extreme galaxies in the local Universe (Berg et al.
2019a; Izotov et al. 2024), suggesting that extreme radiation
fields characterise galaxies in the epoch of reionisation (EoR;
Stark et al. 2015a,b; Mainali et al. 2017; Senchyna et al. 2017;
Hutchison et al. 2019). Leveraging the wide spectral coverage
of JWST/NIRSpec, it finally became feasible to combine diag-
nostic features pertaining to both spectral regions in order to
enable a more in-depth characterisation of the underlying ion-
ising spectrum (aiding in deciphering whether this originates
from metal-poor stellar populations or instead requires the hard-
ness typical of active galaxies) and of the conditions of the
ionised gas that produces the bright emission lines seen in high-z
galaxy spectra, in terms of its density, ionisation structure, and
chemical enrichment. Despite the intrinsic weakness of rest-UV
features still hampering the analysis of large galaxy samples,
observations of some of the brightest sources have already
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revealed peculiar (and sometimes unexpected) ionisation
and chemical enrichment patterns (e.g. Bunker et al. 2023;
Maiolino et al. 2024b; Cameron et al. 2023b; Isobe et al. 2023a;
Topping et al. 2024; D’Eugenio et al. 2024; Schaerer et al.
2024). Chemical abundances provide some of the most rele-
vant observational constraints for galaxy formation and evolu-
tion models (Maiolino & Mannucci 2019). The different path-
ways in which heavy elements are produced by stars of different
masses are reflected in the differential timescales regulating the
enrichment of the interstellar medium (ISM). Therefore, relative
abundance ratios among different chemical species are powerful
probes of the past history of mass assembly and star formation
in galaxies.

In a simple framework of galactic chemical evolution, α-
elements such as oxygen or neon are primarily produced by
massive stars (M? > 8 M�) and returned to the ISM relatively
quickly through core-collapse supernovae (SNe) on timescales
of approximately 10 Myr. Although carbon is also generated in
massive stars, the main production channel is associated with
intermediate-mass asymptotic giant branch (AGB) stars (M ≈

1−4 M�) with lifetimes spanning from about 100 Myr–10 Gyr
(Kobayashi et al. 2011, 2020). Consequently, young metal-poor
galaxies with formation timescales of less than ∼100 Myr are
expected to showcase a C/O abundance consistent with the
predicted yields of core-collapse SNe, whereas C/O levels are
expected to rise as galaxies evolve and become more metal rich.
The C/O abundance ratio is, therefore, a very valuable tracer of
early galaxy formation due to its variations within relatively short
timescales, and it is generally inferred from the ratios of rest-frame
UV emission lines of carbon (C iii] ll1907,1909, C iv l1550)
and oxygen (O iii] l1666). Complementary information is pro-
vided by the ratio of nitrogen to oxygen abundance (N/O), which,
in the average population of local galaxies, is observed to fol-
low a plateau at low N/O and low O/H representative of ‘pri-
mary’ nitrogen production mechanisms (i.e. with a yield indepen-
dent of metallicity; e.g. Matteucci 1986; Chiappini et al. 2006),
while increasing at higher metallicity due to the onset of the CNO
cycle in low- and intermediate-mass stars and also the ‘secondary’
nitrogen production (i.e. where the nitrogen yield depends on the
amount of carbon and oxygen already present within the star; e.g.
Vincenzo & Kobayashi 2018a).

While limited for decades almost exclusively up to interme-
diate redshifts (z . 3), detailed studies of chemical abundances
in early galaxies have seen an unprecedented development fol-
lowing the advent of the JWST. This has allowed us not only
to characterise the metallicity scaling relations for the high-
redshift galaxy population (e.g. Nakajima et al. 2023; Curti et al.
2024; Langeroodi & Hjorth 2023), but also to investigate the
history of chemical enrichment in some of the earliest sys-
tems ever observed. Although some of the analysed galax-
ies appear in agreement with the expected behaviour pre-
dicted by standard galactic chemical evolution models for young
galaxies (e.g. Jones et al. 2023; Arellano-Córdova et al. 2022),
others have shown peculiar patterns in their C/O and N/O
abundances, possibly revealing the signatures of enrichment pro-
cesses occurring on short timescales in the earliest phases of
galaxy formation, and which are not commonly observed in the
typical galaxy population at lower redshift. This includes evi-
dence of super-solar nitrogen enrichment in z > 5 galaxies (e.g.
Isobe et al. 2023a; Ji et al. 2024a), and has been observed in the
extremely luminous GN-z11 at z = 10.6 (Bunker et al. 2023;
Cameron et al. 2023b), and even at higher redshift in the galaxy
GHz2 Zavala et al. (2025), Castellano et al. (2024). Such obser-
vations have been interpreted as the possible seeds of forming

globular clusters (Senchyna et al. 2024; Marques-Chaves et al.
2024; Watanabe et al. 2024), or as the effect of enrichment con-
fined within the small volume of the broad-line region (BLR)
of active galactic nuclei (AGN) (Maiolino et al. 2024b). Fur-
thermore, possible evidence of super-solar C/O has been instead
reported in a galaxy at z ∼ 12.5 (D’Eugenio et al. 2024, GS-z12),
and interpreted as the footprint of chemical enrichment from SN
explosions of the first populations of overly massive, extremely
metal-poor (or even metal-free Population III) stars.

One remarkable example of a high-redshift system
whose rich emission line spectrum has been revealed by
JWST/NIRSpec is JADES-GS-z9-0 (hereafter GS-z9-0), a lumi-
nous galaxy spectroscopically confirmed at z ∼ 9.43 in the
HUDF (Bunker et al. 2024), and one of the most distant objects
for which it is possible to simultaneously probe rest-frame UV
and optical spectra from Lya to [O iii] l5007, as the latter leaves
the NIRSpec coverage at z & 9.55. This source was originally
identified as a robust high-redshift galaxy candidate within the
CANDELS GOODS-S field on the basis on its red J125–H160
colour by Oesch et al. (2014, the source was known as GS-
z10-1 in that work), who reported a photometric redshift of
zphot = 9.9 ± 0.5. Initial modelling of the SED and morphology
delivered log(M?/M�) ≈ 9 and a size of re ≈ 0.5 kpc, with an
inferred star formation rate (SFR) surface density of ≈1−20 M�
yr−1 kpc−2 (Oesch et al. 2014; Holwerda et al. 2015), contribut-
ing to the pre-JWST characterisation of the UV luminosity func-
tion at z ∼ 9−10 (e.g. Bouwens et al. 2019). Based on its robust
photometric redshift and luminosity, it was included as a bona
fide z ∼ 10 candidate in the HST-selected sample to be followed-
up with JWST/NIRSpec in one of the first observational pro-
grammes of the JWST Advanced Deep Extragalactic Survey
(JADES; PID 1210, Eisenstein et al. 2023a; Bunker et al. 2024),
and some of its properties have already been discussed in early
sample-based papers of the collaboration (e.g. Cameron et al.
2023a; Curti et al. 2024; Laseter et al. 2024; Boyett et al. 2024;
Scholtz et al. 2025). It was then re-observed with NIRSpec in
November 2023, in the framework of the JADES Origins Field
(JOF) programme (PID 3215, Eisenstein et al. 2023b).

For this paper we leveraged the unprecedented depth
provided by the combined programmes 3215 and 1210 in
both NIRSpec-MSA PRISM and medium-resolution gratings,
together with complementary NIRCam imaging, to analyse in
more detail its physical properties and chemical enrichment pat-
terns. We outline the data processing and spectral fitting in
Sect. 2 and discuss the ionisation mechanisms powering GS-z9-0
in Sect. 3. In Sect. 4 we present the derivation of chemical abun-
dances, and in Sect. 5 we discuss possible scenarios of chemical
enrichment. Finally, in Sect. 6 we discuss the possible contribu-
tion of GS-z9-0 to reionisation based on the tentative detection
of Lya in emission and the modelling of the Lya damping wing.
Our conclusions are summarised in Sect. 7. Throughout this
work we assume a Planck Collaboration VI (2020) cosmology,
with H0 = 67.4 km s−1 Mpc−1, ΩM = 0.315, and ΩΛ = 0.685.
We also assume the solar abundances of Asplund et al. (2009).

2. Data processing and analysis

2.1. Observations and data reduction

We analyse JWST/NIRSpec observations carried out in two
different programmes, namely PID 1210 (PI N. Lützgendorf,
Bunker et al. 2024) and PID 3215 (PI D. Eisenstein and
R. Maiolino, Eisenstein et al. 2023b), as the target of the present
study was included in both NIRSpec/MSA mask configurations,
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Fig. 1. False-colour RGB image of the galaxy GS-z9-0. The location of
the NIRSpec slitlets (first nod) from the 1210 and the 3215 MSA mask
designs are overplotted. Only one of the three (for 1210) and five (for
3215) ∼0.1′′ dithered pointings are shown.

with an almost identical relative slitlet position. NIRCam imag-
ing covering GS-z9-0 in both wide-band and medium-band fil-
ters are also available. In particular, F090W, F115W, F150W,
F200W, F277W, F335M, F356W, F410M, and F444W images
were taken as part of the medium-depth JADES programme
ID 1286, whereas F182M and F210M as part of the FRESCO
programme (PID 1895, PI Oesch, Oesch et al. 2023). Figure 1
shows a composite RGB image of GS-z9-0, with the position of
the NIRSpec slitlet from the first visit and first nod of PID 3215
and PID 1210 overplotted.

In virtue of its allocation over multiple programmes,
GS-z9-0 has collected a total exposure time with NIRSpec/MSA
of 72.3 hours in PRISM/CLEAR, 44.3 hours in G395M/F290LP,
and 16.3 hours in G140M/F070LP, as a result of combining
72 + 114, 18 + 96, and 18 + 24 individual integrations from both
1210 and 3215 programmes (19 groups/int, 2 integrations of
1400 s each per exposure, with a three-nodding pattern repeated
over three-dithered and five-dithered pointings in 1210 and 3215,
respectively). We note that the last visit (visit 5) of PID 3215
was affected by short circuits, reducing the exposure time com-
pared to the original allocated time by 8400 s for PRISM and
G140M observations (i.e. 6 integrations lost out of the requested
120), and by 33 600 s for G395M (24 integrations lost, equiva-
lent to the full visit). The total exposure time in G235M/F170LP
is instead 7 hours, resulting from solely the 1210 programme
as such grating–filter combination was not repeated in 3215.
In this paper, we leverage primarily the ultra-deep combined
1210 + 3215 data for PRISM, G140M, and G395M configura-
tions, noting also that the C iii] l1909 emission line covered by
G235M falls unfortunately in the gap between the two NIRSpec
detectors. A summary of the observing modes and total exposure
times is provided in Table 1.

The data reduction of the 3215 data follows the same recipe
of 1210, as described in other papers of the JADES collabora-
tion (e.g. Bunker et al. 2024; D’Eugenio et al. 2025). In brief,
we adopt a three-nodding scheme for background subtraction,

Table 1. NIRSpec observations of JADES-GS-z9-0.

Configuration PRISM/ G140M/ G235M/ G395M/
CLEAR F070LP F170LP F290LP

Exp. time 1210 [h] 28 7 7 7
Exp. time 3215 (†) [h] 44.3 9.3 – 37.3
Exp. time Total [h] 72.3 16.3 7 44.3

Notes. (†)Exposure time reduced from nominal allocated time due to
short circuits affecting visit 5 of PID 3215.

apply path-loss corrections appropriate for point sources (tak-
ing into account the intra-shutter position of the source in each
nod and dither configuration), and reconstruct 2D spectra for
each individual integration adopting a uniform wavelength sam-
pling for the gratings (with a wavelength bin equal to the
average native pixel sampling of the detector), while a highly
non-uniform wavelength grid in the case of the PRISM, with the
bin width set to account for the largely varying spectral resolu-
tion and to avoid oversampling of the line spread function.

From each 2D spectrum we then extract a 1D spectrum using
a full-shutter window as driven by the light profile inferred from
the brightest emission lines (to ensure minimal flux losses and
avoid possible biases in the measured line ratios). We note that
we also repeated the analysis adopting a narrower three-pixel
boxcar extraction aimed at possibly maximising the signal-to-
noise ratio, noting however a clear flux loss in the rest-optical
lines as well as in the UV continuum shortwards of 2 µm in the
PRISM spectrum, as well as no considerable improvement in the
significance of the detection of the faintest lines, with the only
notable exception of the N iv] l1483 emission line in the G140M
spectrum (see Sect. 2.2.1).

In order to obtain the final, combined 1D spectrum, in this
work we have co-added the individual reduced 1D sub-spectra
from both 1210 and 3215 for PRISM, G140M, and G395M by
inverse-variance-weighted averaging over the surviving entries
in each wavelength bin following five passes of iterative three-
sigma-clipping aimed at flagging anomalous noise spikes repre-
senting outliers to the statistical noise in the data. This approach
also allows us to obtain a more robust characterisation of the
sources of noise present in the data by leveraging the large
number of individual (while nominally identical) exposures in
each grating/filter configuration (as discussed in the following
section; see also Hainline et al. 2024b; Witstok et al. 2025a).
Two-dimensional spectra are also reconstructed by the NIR-
Spec/GTO pipeline, but are generally not considered for extract-
ing the 1D spectrum to avoid spurious effects and uncertainties
possibly introduced by the heavy resampling of the data required
to combine the 2D spectra of sources observed in different intra-
shutter positions across different visits (and, in this case, also
within multiple programmes).

The final, combined 1D and 2D PRISM spectra for GS-z9-0
are displayed in Fig. 2.

2.2. Emission line fitting

We performed emission line fitting separately for low-resolution
PRISM and medium-resolution gratings spectra. Formally, the
error on each parameter of the fit was evaluated exploiting the
output pipeline error spectrum. However, we also performed
additional tests to assess the robustness of low-significance
detections in both gratings and PRISM spectra by leveraging
the large number of individual integrations in G140M (42)
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Fig. 2. PRISM spectrum of GS-z9-0 at z = 9.4327. The 2D (top) and 1D (bottom) spectra were obtained combining observations from the JADES
1210 and 3215 programmes. The pipeline error spectrum is reported in magenta. The main emission line features detected in the spectrum are
marked in different colours, depending on whether they are also covered by G140M/F070LP (blue), G395M/F290LP (red), or observable only
in the PRISM data (green). The forecepho photometry extracted from available NIRCam wide- and medium-band imaging is also reported,
showing good consistency in the flux calibration with the pathlosses corrected spectrum.

G395M (114), and PRISM (186) provided by the combined 1210
and 3215 datasets. More specifically, we generated 300 boot-
strapped spectra by randomly sampling (with replacement) over
the set of individual sub-spectra, after five passes of iterative 3σ-
clipping have removed strong outliers at each wavelength bin.
We then repeated the fitting process on each individual boot-
strapped combined (averaged) spectrum, and took the square
root of the variance of the resulting distribution as the error
on the parameter. Such empirical bootstrapped uncertainties are
expected to be more conservative than those estimated by assum-
ing the output error spectrum from the pipeline, in that they
implicitly take into account all possible sources of noise, includ-
ing the correlated error among wavelength bins present in resam-
pled NIRSpec spectra, which might not be fully accounted for by
the pipeline (see also Maseda et al. 2023, Hainline et al. 2024b).
We report the extracted emission line fluxes and equivalent
widths for both our PRISM and gratings fitting in Table 2, where
the signal-to-noise-ratio (S/N) quoted on the emission line fluxes
is derived on the basis of both uncertainty estimates. Overall, we
find bootstrapped-based S/N to be generally lower than those
based on the pipeline error spectrum, and this is particularly
true for medium-resolution grating spectra, whereas the pipeline
error for the PRISM spectrum appears intrinsically more con-
servative in virtue of its attempt to rescale the noise to account
for the correlation induced by the spectral resampling. A more
detailed discussion about the noise model in NIRSpec spec-
tra will be presented in a forthcoming paper (Jakobsen et al.,
in prep.). We also compared our results with those obtained
via the joint continuum and emission lines modeling with ppxf
(Cappellari 2017) as described in D’Eugenio et al. (2025), find-

ing consistent results. Further details on the results of our fitting
procedure are given below.

2.2.1. Rest-frame UV spectrum

To begin with, we focus on the rest-frame UV region in the
PRISM spectrum. We first performed a fit to the Calzetti et al.
(2000) region down to 2600 Å (rest-frame), excluding the region
bluewards of 1450 Å (rest-frame) to minimise the impact of the
Lyα damping wing (we further discuss the modelling of the Lyα
spectral break in Sect. 6). We modeled the underlying contin-
uum with a power law, and included the following emission lines
in the fitting procedure: N iv] l1485 C iv l1550, He ii l1640,
O iii] l1666, N iii] l1750, C iii] l1909.

Each individual line was assumed as spectrally unresolved
and modeled with a single Gaussian whose width was allowed to
vary within ten per cent of the line spread function modeled from
1210 data by de Graaff et al. (2024), which takes into account
the galaxy size and the relative NIRSpec intra-shutter position.
Emission line doublets (e.g C iii] l1907,1909, N iv] l1483,1486
O iii] l1661,1666) or multiplets (e.g. N iii] ll1747–1754) were
assumed unresolved in the PRISM spectra, whereas multiple
components were included when fitting the gratings spectra. To
model the N iii] ll1747–1754 multiplet in the PRISM, we set the
line centroid to the average between the two brightest transitions
in the multiplet (i.e. at 1751.83 Å). To aid the modeling of the
line complex involving O iii] l1666 and He ii l1640 (which are
partially blended at the PRISM resolution), their ratio was fixed
to that measured from the G140M spectrum (see below). Fur-
thermore, considering the proximity of the Si iii] ll1883,1892
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Fig. 3. Rest-frame UV emission lines in the PRISM spectrum of GS-z9-0. The best fit to the continuum and lines is shown in red. Detections at
≥4σ are marked in yellow, while marginal detections (∼3σ) are highlighted in green. The vertical purple lines mark the expected location of the
emission lines based on the systemic redshift of the source. The bottom panels report the residuals of the fit and the 1σ uncertainty from the pipeline
error spectrum. Left panel: Zoomed-in image of the region of the PRISM spectrum between 1.5 µm and 2.1 µm. In addition to clear detections of
C iv, He ii, O iii], and C iii], a marginal detection of N iii] l1750 is also highlighted. Right panel: Tentative detection of the very high-ionisation
[Nev] l3426 emission line (ionisation potential 97.11 eV). The line is formally detected at ∼3σ from both the pipeline error spectrum and the
bootstrapping approach described in Sect. 2.2.

doublet to C iii] l1909, and that such emission line has been
observed in z ∼ 2.5 galaxies (with relative intensity of ∼20−30%
that of C iii], e.g. Steidel et al. 2016), we included an additional
Gaussian component1 to account for the Si iii] doublet in our fit-
ting procedure.

The results of fitting the rest-frame UV region of the PRISM
spectrum are shown in the left-hand panel of Fig. 3: C iv l1550,
He ii l1640, O iii] l1666, and C iii] l1909 are detected above the
continuum level at &5σ significance. From the same fit, we con-
strain the UV slope to βUV = −2.54 ± 0.02. Although formally
undetected (∼1.8σ significance), and despite its small contribu-
tion to the total flux of the complex, we note that including the
Si iii] ll1883,1892 component (hatched green) provides a better
match to the blue wing of the C iii] line profile. Higher resolu-
tion observations of the C iii] complex are needed to assess the
real significance of the Si iii] emission2, and we here note that
none of the main results of the analysis depends on the inclusion
(or not) of such component in the fitting procedure.

In addition, we report marginal detection (marked in green
in Fig. 3) of the N iii] ll1747–1754 multiplet. The line is for-
mally detected at 2.7σ assuming the error spectrum from the
pipeline, whereas at 3σ adopting the bootstrapping approach.
The N iii] ll1747–1754 emission arises in a region not contam-
inated by other emission lines, while the underlying continuum
level is well constrained and anchored by the presence of adja-
cent high-EW emission lines (C iii] and O iii]); in other words,
the best fit to the continuum is not affected by the inclusion (or
not) of this specific line emission component. We discuss the
implications of the possible detection of N iii] ll1747–1754 for
the scenarios of chemical enrichment in GS-z9-0 (and, in partic-
ular, for the determination of the N/O abundance) in Sect. 5.

Conversely, N iv] emission is difficult to constrain in the
PRISM fit. The fit improves if the N iv] component is not

1 Centred at 1885 Å, noting that Si iii] l1883 is expected to be stronger
than Si iii] l1892.
2 We recall that the region around C iii] is lost in the detector gap in
currently available G235M observations from PID 1210.

included, whereas forcing an additional Gaussian component at
∼1485 Å impacts the overall level of the continuum as well as
the fit of the other emission lines in that region (especially of the
adjacent C iv), decreasing the goodness-of-fit and highlighting
the challenges in disentangling faint, low equivalent width line
emission from the continuum at such low spectral resolution.
When forcing the inclusion of the N iv] l1483,86 component,
we note that the line is formally detected at only ∼2σ, though the
inferred flux is consistent with the low-significance N iv] l1483
detection in the G140M spectrum (discussed below). We report
the N iv] flux measured in the latter scenario in Table 2; nonethe-
less, we ultimately decided to exclude N iv] from our fiducial
modeling of the PRISM spectrum (as shown in Fig. 3); this
means that all the other line fluxes and the spectral slope were
measured by fitting a model without such an additional Gaussian
component.

Extending our fitting analysis to longer wavelengths, we also
report the marginal detection of [Nev] l3426 (at ∼3.3σ with
the pipeline error, 2.9σ with bootstrapping, right-hand panel of
Fig. 3). To produce such very high-ionisation (97.11 eV) emis-
sion line requires an extremely hard photoionisation source.
The presence of [Nev] in galaxy spectra has been attributed to
actively accreting black holes in AGN hosts, stellar continuum
from an extremely hot ionising spectrum including Wolf–Rayet
stars, or energetic radiative shocks from supernovae (Gilli et al.
2010; Izotov et al. 2012; Mignoli et al. 2013; Zeimann et al.
2015; Backhaus et al. 2022; Cleri et al. 2023) We discuss the
implications of possible [Nev] l3426 detection in the determi-
nation of the dominant ionising source of GS-z9-0 in Sect. 3.
However, we note that we do not detect any significant emission
above the continuum level at the location of the [Ne iv] l2424
emission line in the PRISM spectrum. One possible explanation
for the absence of [Ne iv] l2424 (in the presence of both [Ne iii]
and [Nev]) is that, despite the lower ionisation energy of Ne3+

compared to Ne4+, the strength of the line is hampered on the one
hand by its lower emissivity, while on the other by the relatively
higher energy required to collisionally excite the ion.
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Table 2. Emission line fluxes and rest-frame equivalent widths measured in PRISM and gratings (G140M and G395M) spectra.

Line gratings (R1000) prism (R100)

Flux S/N S/N EW0 Flux S/N S/N EW0

[10−19 erg s−1 cm−2] pipeline bootstrapping [Å] [10−19 erg s−1 cm−2] pipeline bootstrapping [Å]

Lya 1.89 2.7 2.3 31± 16 – – – –
N iv] l1483 (†) 1.49 (?) 3.4 2.8 3± 1 1.34 (??) 2.1 1.8 2± 1
N iv] l1486 <1.34 (?) – – – – – – –
C iv l1549 <1.85 – – – – – – –
C iv l1551 (†) 2.43 4.4 3.2 6± 2 4.20 6.0 6.4 7± 1
He ii l1640 3.07 4.9 3.5 8± 3 1.72 4.3 7.3 7± 1
O iii] l1661 <1.71 – – – – – – –
O iii] l1666 (†) 4.40 7.0 3.5 10± 4 3.33 6.5 7.3 9± 1
N iii] ll1747–1754 <1.73 – – – 1.16 2.7 3.0 3± 1
C iii] ll1907,1909 – – – – 4.33 9.9 10.5 14± 2
[Nev] l3426 – – – – 0.46 3.3 2.9 4± 2
[O ii] l3727 0.59 3.2 5.6 19± 5 – – – –
[O ii] l3729 (†) 0.55 3.2 2.1 16± 6 0.89 6.0 5.2 15± 4
H10 0.43 3.0 2.6 6± 3 <0.49 – – –
H9 0.55 3.7 3.1 9± 4 <0.38 – – –
[Ne iii] l3869 3.04 16.7 8.6 50± 13 2.52 16.4 10.7 66± 8
H8 + He I 1.03 5.8 5.3 15± 5 0.87 6.9 6.3 34± 4
[Ne iii] l3968 + Hε 1.73 8.8 7.2 29± 6 1.79 12.3 10.1 37± 5
Hδ 1.97 11.9 8.1 31± 7 1.88 13.3 11.7 39± 4
Hγ 4.03 16.3 12.3 66± 16 3.18 20.3 18.8 79± 7
[O iii] l4363 1.35 6.4 5.7 22± 7 1.09 7.0 7.0 49± 8
Hβ 7.54 24.3 16.4 92± 29 6.76 36.5 35.9 182± 19
[O iii] l4959 13.24 40.7 32.5 161± 42 11.07 58.0 48.0 249± 18
[O iii] l5007 37.36 102.5 74.3 452± 113 29.22 149.2 114.7 600± 43

Notes. The signal-to-noise ratio on the lines is estimated either from the pipeline error spectrum, or by repeating the fit on 300 realisations
of the spectra generated via randomly bootstrapping (with replacement) over the 186, 42, and 114 individual integrations available for the
PRISM, G140M, and G395M configurations, respectively. 3σ upper limits are reported for non-detections. (†)N iv] l1483,1486, C iv ll1549,1551,
O iii] ll1661,1666, [O ii] ll3726,3729 are modelled as unresolved doublets in the PRISM spectrum. (?)From 3 pixel boxcar extracted G140M
spectrum. (??)When including the N iv] l1486 Gaussian component in the PRISM fitting (see Sect. 2.2.1 for details).

Moving to the fit of the G140M spectrum, we report the
detection of both O iii] l1666 and He ii l1640 at ∼7σ and ∼5σ
significance based on the pipeline errors, respectively; based on
the more conservative bootstrapping approach described above,
both lines are instead detected at 3.5σ (right-hand panel of
Fig. 4). During the fit, we fixed the velocity and width of
He ii l1640 line to that of O iii] l1666, in order to restrict the
fit only to the He ii nebular component. However, we do not find
any clear evidence for a residual broad component that could
be associated with stellar winds features. The O iii] l1661 is not
detected, however the ratio of O iii] l1666/O iii] l1661 is fixed
by atomic physics to 2.93. The N iii] l1750 multiplet (whose
components are almost fully resolved) is also undetected, and
its 3σ upper limit is consistent with the expectations given the
lower sensitivity of the G140M observations.

When fitting C iv ll1549,1551, we left the velocity and
width of the two components of the doublet (spectrally resolved
in G140M) free to vary, to account for possible resonant scatter-
ing through highly ionised gas that could impact the line profile
(see e.g. Leitherer et al. 2011; Berg et al. 2019b; Senchyna et al.
2022; Topping et al. 2024). In general, the C iv ll1549,1551
spectral feature is challenging to interpret due to its complex
composite profiles, with possible contributions from narrow
nebular emission, broad stellar emission, stellar photospheric
absorption, and interstellar medium absorption and scatter. We
detect (at 4.4σ assuming the pipeline error, at 3.2σ with boot-
strapping) only one of the two C iv lines in the doublet, which
we interpret as the ‘red’ C iv λ1551 component (middle panel
of Fig. 3). If such interpretation is correct, the line appears
shifted by ∼120 km s−1 with respect to the systemic redshift of

the galaxy inferred from strong rest-frame optical lines, possibly
indicative of resonant scattering through outflowing gas atten-
uating the blue component of the doublet, which has a relative
oscillator strength ∼2× higher than C iv λ1551. On the contrary,
interpreting such emission line as C iv λ1548 would require a
redshift >400 km s−1. Moreover, this would worsen the tension
with the total flux and equivalent width of the total C iv doublet
as inferred from the PRISM spectrum.

Finally, we report a tentative detection of N iv] l1483, whose
formal significance is however found to be >3 only in the nar-
rower, 3 pixel boxcar extracted spectrum (left-hand panel of
Fig. 4), whereas it is ∼2.8σ in the full-shutter extracted spec-
trum. Interestingly, no clear evidence of the redder line of the
doublet (i.e. N iv] l1486) is observed, which seems to exclude
extremely high gas density in the system (see Sect. 4.1).

2.2.2. Rest-frame optical spectrum

We fit the rest-frame optical lines in both PRISM and G395M
spectra modelling the underlying local continuum with a power
law. Emission lines were assumed as unresolved and mod-
eled with individual Gaussians, the only exception being the
[O ii] ll3726,3729 doublet which is marginally resolved and
modeled with two components when fitting the G395M spec-
trum. As shown in Fig. 5, rest-frame optical lines are well
detected, with high signal-to-noise ratio, as already reported in
Bunker et al. (2024), among others, based on observations from
programme PID 1210. This includes not only a robust detection
of the [O iii] l4363 auroral line, of specific interest for deriving
chemical abundances (Sect. 4; see also Laseter et al. 2024), but
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Fig. 4. Rest-frame UV emission lines in the G140M spectrum of GS-z9-0. In particular, we show a zoomed-in image of the region of the G140M
spectrum around the N iv] doublet (left), C iv doublet (middle), He ii, and O iii] emission (right). The C iv λ1548, 51 doublet is resolved, but only
the redder line is detected at >4σ significance. The C iv complex is blueshifted by ∼117 km s−1 compared to the systemic redshift, whereas no
velocity offset is seen for O iii] l1666 and He ii l1640. The N iv] l1483 line is tentatively detected at ∼3.4σ only in the 3 pixel extracted spectrum,
whereas no significant N iv] l1486 emission is found.

Fig. 5. Rest-frame optical emission lines in the G395M medium-resolution spectrum of GS-z9-0. The best fit to continuum and emission lines is
overlaid in red; detected lines are highlighted (in green marginal ∼3σ detections). The left-hand panel shows a zoomed-in image of the region
between [O ii] ll3726,3729 and Hd, highlighting the detection of both strong lines and fainter Balmer lines such as H9 and H10. The mid-
dle panel shows the region around Hg and the [O iii] l4363 auroral line, while the right-hand panel highlights the high S/N detections of the
[O iii] l4959,5007 and Hb complex.

Table 3. forcepho photometry from available NIRCam images in wide-band and medium-band filters.

F090W F115W F150W F182M F200W F210M F277W F335M F356W F410M F444W

<0.42 (†) <0.88 (†) 53.67± 0.30 45.59± 0.66 49.99± 0.34 39.31± 0.64 43.21± 0.42 36.66± 0.25 40.31± 0.39 42.90± 0.30 40.25± 0.43

Notes. Units are in nJy, and quoted errors only report formal statistical uncertainties. (†)3σ upper limit.

also (more marginal) detections of high-order Balmer lines such
as H9λ3835 and H10λ3797, which, in addition to well detected
Hb, Hg, and Hd, provide information to constrain the amount of
nebular attenuation over a wide wavelength range (Sect. 2.3).

We derive a fiducial redshift for GS-z9-0 from the combined
1210 + 3215 spectrum by averaging over the brightest, isolated

rest-frame optical lines, finding zG395M = 9.432681 ± 0.000069
and zprism = 9.43774 ± 0.00020 (mean and error on the mean),
respectively. These values are consistent with those determined
individually from 1210 and 3215 spectra, while revealing a
significant discrepancy between G395M and PRISM, possibly
caused by offsets in the wavelength calibration introduced by
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a non proper correction of the relative intra-shutter position in
the determination of the wavelength solution (D’Eugenio et al.
2025).

We also note that existing flux calibration offsets between
PRISM and grating spectra, as well as offsets as a function of
wavelength and of the location on the MSA detectors, have been
reported from the analysis of large galaxy samples observed with
NIRSpec (e.g. Bunker et al. 2024; D’Eugenio et al. 2025). We
tested this for GS-z9-0 by comparing the inferred flux for rest-
optical lines redwards of [Ne iii] l3869 (to avoid further uncer-
tainties on the continuum modeling in the PRISM spectrum
introduced by the presence of a ‘Balmer jump’), and find that
the gratings’ fluxes are higher by ∼10–12% compared to those
measured from the PRISM, a value slightly larger than the aver-
age reported in JADES data release papers (Bunker et al. 2024;
D’Eugenio et al. 2025). Therefore, to avoid introducing system-
atics associated with uncertain scaling factors, throughout this
paper we consider only line ratios computed within the same
spectral configuration (i.e. we do not use gratings-to-prism line
ratios), and avoid adopting UV-to-optical line ratios to infer the
physical properties of interest, where possible. As a general cri-
terion, we primarily adopted line ratios from medium-resolution
grating spectra where available, especially in the rest-frame opti-
cal (while testing the consistency of our results by comparing
them with those inferred from PRISM-based fitting), whereas we
resorted to line ratios measured from the PRISM when no detec-
tions were available from the gratings (as in the case of some
rest-UV emission lines). In general, we note that, despite the
offset in the absolute flux calibration between PRISM and grat-
ings, we find that line ratios among the same set of lines derived
from either configuration generally agree within their respective
uncertainties.

2.3. Photometry and full spectral fitting

We performed forcepho (Johnson et al. in prep.) fitting of
the GS-z9-0 system to forward-model the light distribution and
extract the photometry and morphological parameters from all
the available NIRCam images in individual medium- and wide-
band filters, namely F090W, F115W, F150W, F182M, F200W,
F210M, F277W, F335M, F356W, F410M, F444W. The for-
cepho setup follows that adopted in Tacchella et al. (2023b) and
Baker et al. (2025), and we modeled the galaxy with a single Sér-
sic component. The extracted forcepho photometry is reported
in Table 3. Based on the morphological parameters derived from
the forcepho fitting, we infer a high compactness for this
source, with an effective radius as small as Re = 110 ± 9 pc.

We then modeled the full SED of the galaxy by simulta-
neously fitting PRISM spectrum and photometry with different
codes, namely beagle (Chevallard & Charlot 2016) and bag-
pipes (Carnall et al. 2018). We note that, given the excellent
agreement between the pathlosses corrected PRISM spectrum
and the extracted forcepho photometry (see Fig. 2), no sig-
nificant re-scaling of the spectrum is required in the procedure.
We summarise the results of SED fitting from both codes in
Table 4 and Fig. 6. The resulting best-fit spectra (correspond-
ing to the minimum chi-square model) are shown in the top
panels of Fig. 6, whereas in the bottom panels we report the
posterior PDFs for stellar mass, stellar age, ionisation parameter,
and metallicity (median, 16th, and 84th per centiles are marked
with dashed black lines).

The beagle setup mimics that employed in previous studies
(e.g. D’Eugenio et al. 2024; Hainline et al. 2024b): in brief, we
set an upper-mass cut-off for a Chabrier (2003) IMF to 300 M�,

and modeled the SFH as a delayed-exponential with a burst
occurring in the last 10 Myr. The metallicity of stars was tied
to that of the nebular gas, and we implemented dust attenuation
following the prescriptions of Charlot & Fall (2000). Overall, the
best-fit spectrum provides a good match to the observed contin-
uum and spectral shape, while struggling to match the intensity
of some of the rest-frame UV emission lines such as He ii and
C iv. We discuss further on the possible mechanisms powering
nebular emission lines in Sect. 3. The beagle fit favours a recent
history of star formation for GS-z9-0, (log(sSFR/yr−1) = −7.52,
with an inferred light-weighted age of ∼3 Myr and an age of the
oldest stars ∼12 Myr), a scenario consistent with the chemical
abundance patterns discussed in Sect. 5. We infer a low metallic-
ity (0.046±0.002 Z�), in good agreement with that derived from
the Te-method (Sect. 4), and a relatively high ionisation param-
eter, log(U) = −1.46+0.06

−0.04. For comparison, adopting for instance
the photoionisation models presented in Berg et al. (2019b) we
would derive a relatively lower log(U) = −1.78 ± 0.10 based
on the [O iii] l5007/[O ii] ll3726,3729 ratio and given the mea-
sured Te-metallicity.

We explored the impact of systematics associated with the
adoption of different stellar population synthesis models and star
formation histories on our inferred physical properties by fit-
ting the data also with bagpipes. In this setup, we employed
the Binary Population and Stellar Synthesis (BPASS) v2.2.1
(Stanway & Eldridge 2018) templates including the evolution of
binary systems, an upper mass cut-off of 300 M� for a Kroupa
IMF, dust extinction modeled by a Calzetti et al. (2000) law, and
IGM attenuation models from Inoue et al. (2014). Nebular emis-
sion (in form of lines and continuum) was included by process-
ing the BPASS stellar templates through the CLOUDY photoion-
isation code (Ferland et al. 2017). We left the gas metallicity and
ionisation parameter as free parameters in the fit, but informed
our priors (especially for metallicity) by exploiting the informa-
tion empirically derived from emission lines (see Sect. 4); in
particular, we adopt uniform priors on log(Z/Z�) ∈ [0.01, 0.25]
and log(U) ∈ [−3,−1]. Finally, we assumed a so-called non-
parametric SFH following the recipe of Leja et al. (2019), defin-
ing six age bins counted backwards from the epoch of observa-
tions (the first two spanning 0–3 and 3–10 Myr, respectively). The
priors on ∆log(SFR) values among adjacent bins were modelled
as a Student’s-t distribution with scaling factor σ = 0.3 (‘con-
tinuity’ model). The top right inset panel of Fig. 6 shows the
inferred SFH, reporting the SFR in each of the temporal bins con-
sidered, as a function of lookback time. The bagpipes fit con-
firms the very recent history of mass assembly for GS-z9-0, pre-
dicting the majority of star formation to have occurred within
the last two bins3, with a total stellar mass of log(M?) =
8.18+0.06

−0.06 M�, and a mass-weighted age of 32+20
−9 Myr, while the

star formation rate averaged over the past 10 Myr is SFR =
5.5+0.2
−0.2 M� yr−1, in agreement with the values inferred both by

beagle (=4.34+0.10
−0.08 M� yr−1), and by applying the calibration for

low-metallicity systems from Reddy et al. (2022), Shapley et al.
(2023a) to the measured Hb flux (=5.46±1.04 M� yr−1). Assum-
ing the latter as fiducial value, and given the compactness of the
system (Re ∼ 110 pc), this translates into a high star formation rate
surface density of ΣSFR = 72± 14 M� yr−1 kpc−2, and into a stel-
lar mass surface density of ΣM?

= 1.85 ± 0.3 × 103 M� pc−2. We
notebagpipes prefers an even more extreme ionisation parameter
log(U) = −1.06 compared to beagle (log(U) = −1.46), whereas
the derived metallicity is fully consistent. A possible source of

3 We note however that younger stars generally outshine older popula-
tions, whose contribution might be difficult to infer from SED fitting.
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Fig. 6. SED fitting to the PRISM spectrum of GS-z9-0. The left-hand panel shows the fit performed with beagle, while the right-hand panel
shows the fit adopting bagpipes with a non-parametric star formation history. In both cases the upper panel shows the best-fit (minimum chi-
square) model spectrum superimposed on the observed spectrum (in grey) and the forcepho photometry (red points). The shaded areas mark the
wavelength intervals masked during the fit (in particular the region around the Lya break). The inferred non-parametric star formation history is
depicted in the inset for the bagpipes fit. The lower panels report (from left to right) the marginalised posterior PDFs from the two fits for stellar
mass, stellar age, ionisation parameter, and metallicity (relative to solar).

the discrepancy between the two inferred estimates of log(U)
stems from its definition: in beagle, the ionisation parameter is
defined at the Strömgren radius (Eq. (7) in Gutkin et al. 2016),
whereas bagpipes follows the prescription of Byler et al. (2017)
and defines log(U) at the inner radius of the illuminated cloud,
hence its value is expected to be systematically higher. Both SED
fitting codes infer very low dust attenuation (AV = 0.050+0.008

−0.006
and AV = 0.004+0.005

−0.002 from beagle and bagpipes, respectively),
in agreement with the measured ‘decrement’among Balmer lines
ratios discussed below.

Having access to spectrally resolved Hb, Hg, and Hd in both
G395M and PRISM observations (with additional detections of
higher order H9 and H10 lines in G395M), we can obtain an
independent constraint on the amount of nebular attenuation. In
Fig. 7 we compare the observed Hg/Hb, Hd/Hb, H9/Hb, and
H10/Hb ratios with the theoretical values expected for case B
recombination, assuming a temperature of 20 000 K and density
ne = 600 cm−3, consistent with the values measured directly
from emission lines as detailed in Sect. 4. The ratios measured
independently from G395M and PRISM spectra are in excel-
lent agreement, and are consistent within their uncertainties with
negligible-to-no dust attenuation. The best-fit AV derived from
simultaneously fitting all the available Balmer line ratios with a
Gordon et al. (2003) SMC attenuation curve and RV = 2.505 are
AV G395M = −0.07±0.07 and AV PRISM = 0.01±0.07, respectively.

Finally, by converting the UV luminosity density at
1500 Å rest-frame as measured in the PRISM spectrum, we
derive a UV magnitude of MUV = −20.43, consistent
with previous determinations based on the 1210 spectrum
(Boyett et al. 2024). The inferred SFH, UV brightness, UV
β slope, and negligible dust attenuation in GS-z9-0 aligns
with observations of several other z > 10 galaxies (e.g.
Bunker et al. 2023; Arrabal Haro et al. 2023; Curtis-Lake et al.
2023; Castellano et al. 2024; Carniani et al. 2024), in agreement
with theoretical scenarios invoking rapid star formation and
dust-free environments (with dust possibly expelled by fast out-

H10 ¸3797 H9 ¸3835 H± ¸4102 H° ¸4340

Balmer lines
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Fig. 7. Nebular attenuation inferred from Balmer decrements. The ratios
of the different Balmer lines to Hb, as measured from both G395M and
PRISM spectra, are compared with the theoretical values set by Case B
recombination (solid black bars) for Te = 20 000 K and ne = 600 cm−3

(consistent with electron temperature and density derived in Sect. 4).
The ratios measured from both PRISM and gratings suggest negligible
dust attenuation; the best-fit AV values are consistent with zero within
1σ uncertainty.

flows, e.g. Ferrara 2024; Ferrara et al. 2025) as the responsible
for the overabundance of luminous systems at high-z observed
by the JWST (e.g. Ferrara et al. 2023; Mason et al. 2023).

3. Ionisation source

The ratios among different emission lines (either collisionally
excited or produced by recombination) can be modeled to con-
strain the nature of the dominant source of photoionisation in
galaxies. In the case of GS-z9-0, we leveraged the high S/N
detections of several emission lines in both rest-frame optical
and rest-frame UV regimes to explore a variety of different
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diagnostic diagrams. Rest-frame optical diagrams for this source
(e.g. [O iii]/[O ii] vs. ([O iii] + [O ii])/Hb) have been explored
already in Cameron et al. (2023a) as based on the data from
the 1210 programme. In those diagrams, GS-z9-0 is observed
to occupy the region belonging to local analogues of high-z
galaxies characterised by low metallicity and a high ionisation
parameter.

More recently, Scholtz et al. (2025) explored some rest-
frame UV diagnostics with the aim of selecting robust type-2
AGN candidates within JADES. According to the criteria out-
lined in Scholtz et al. (2025), and following, in particular, a pos-
sible (∼4σ) detection of [Ne iv] l2424 in the G235M spectrum
(a high-ionisation emission line which requires very hard ionis-
ing continua to be powered, e.g. Brinchmann 2023), GS-z9-0 is
classified as a type-2 AGN. As mentioned already in Sect. 2.2,
this emission line, however, is formally undetected in our PRISM
spectrum (we quote a 2.4σ significance based on the pipeline
error spectrum, and only 1.6σ based on bootstrapping).

Here, we compare several UV-based diagnostics with pre-
dictions from suites of photoionisation models assuming differ-
ent input ionising continua. These are presented in Fig. 8. More
specifically, we focus our model predictions by exploring range
of values in the physical properties matching (or in broad agree-
ment with) those independently inferred for GS-z9-0 from the
emission lines (e.g. for O/H, C/O). This is done in an attempt to
limit the degeneracies induced by comparing model grids from
different ionising sources under very different physical condi-
tions, even when they do not match those (empirically and inde-
pendently) estimated for an individual galaxy.

More specifically, to model emission line ratios as pre-
dicted by ionisation from star formation, we adopted an updated
version of the model grids described in Gutkin et al. (2016),
Plat et al. (2019) for the two cases of constant star formation his-
tory (upper panels of Fig. 8) and single burst of different ages
(lower panels of Fig. 8), respectively. We assumed an upper-
mass cut-off of the IMF = 300 M�, a dust-to-metal mass ratio
ξd = 0.1, and the gas density ne = 102 cm−3 as fiducial val-
ues. In the first scenario (constant star formation) we assumed a
maximum stellar age of 100 Myr, whereas for the single stellar
population scenario, we explored two bursts of 1 and 3 Myr age,
respectively (more reflective of the SFH inferred in Sect. 2.3).
We then explored a range of values in ionisation parameter
(spanning between −3 < log(U) < −1) and gas-phase metal-
licity (0.015 < Z/Z� < 0.7). In the upper panels, we explore
also the variation in C/O abundance relative to solar ([C/O] ∈
[−1, 0], where different [C/O] values are marked by different
symbols), whereas in the middle panels [C/O] is fixed to −1 (in
better agreement with that inferred from direct measurements
as described in Sect. 4). To model line ratios produced by the
narrow-line-region (NLR) of AGN instead, we adopted the mod-
els from Feltre et al. (2016), fixing ξd = 0.3 and ne = 103 cm−3

(more consistent with the typical densities of the NLR of AGN),
while varying ionisation parameter, metallicity, and slope of the
ionising continuum (α ∈ [−2,−1.2]). For AGN grids, the C/O
abundance was fixed to the solar value.

In Fig. 8 we show the location of GS-z9-0
on two different diagrams based on rest-frame UV
lines, namely C iii] ll1907,1909/He ii l1640 versus
O iii] l1666/He ii l1640 (left-hand panel, hereafter
C3He2-O3He2) and C iii] ll1907,1909/He ii l1640 versus
C iv l1550/C iii] ll1907,1909 (right-hand panel, hereafter
C3He2-C43). These diagrams have been recently suggested
as some of the most reliable in discriminating the dominant
ionising source in galaxy spectra (Mingozzi et al. 2024), on the

basis of observations of a sample of local, high-z analogues with
full coverage of rest-UV spectrum from the CLASSY survey
(Berg et al. 2022): these objects are included in our plots for
comparison. In the C3He2-O3He2 diagram, GS-z9-0 occupies
the region probed by low-C/O grids at low to intermediate
metallicity from the star formation (SF) models, and appears
inconsistent with the model tracks produced by AGN-NLR
ionisation (while lying at the boundary of the SF-shocks
demarcation line from Mingozzi et al. 2024). In the C3He2-C43
diagram instead, GS-z9-0 falls at the intersection between the
SF and AGN model grids. Notably, 1 Myr SSP model grids
(dot-dashed lines in the bottom panels) span a region of the dia-
gram that overlaps with the AGN/NLR grids, making it harder
to disentangle the dominant contribution to ionisation. However,
we note that, because AGN grids are computed assuming a
solar C/O abundance ratio, one could expect line-ratio grids
for AGN-like ionisation of lower C/O (e.g. 0.1× (C/O)�) to be
shifted from those shown in the panel by a similar amount as
observed between [C/O] = −1 and [C/O] = 0 SF-grids (at fixed
other parameters): this in general would apply to all diagrams
that intrinsically involve a dependence on the C/O abundance,
and in the case of the C3He2-C43 diagram would make the
agreement between GS-z9-0 and AGN-like grids worse.

However, the spectrum of GS-z9-0 reveals also the possi-
ble presence of a very high-ionisation emission line, which is
challenging to explain by standard stellar population models,
namely [Nev] l3426 (Fig. 3). Therefore, leveraging the detec-
tion of such emission line in the PRISM spectrum we explored
different diagnostic diagrams: these are shown in the left and
middle panels of Fig. 9 for C iii] l1909/He ii l1640 versus
[Nev] l3426/C iii] l1909 (C3He2-Ne5C3) and [O iii] l5007/Hb
versus [Nev] l3426/[Ne iii] l3869 (O3HB-Ne53), respectively.
GS-z9-0 is located in-between SF and AGN grids in the C3He2-
Ne5C3 diagram, but appears in slightly better agreement with
AGN-ionisation (though still broadly consistent with SF mod-
els of very high ionisation parameter log(U) = −1), regardless
of the dependence on C/O of the different grids (we recall that
AGN/NLR models from Feltre et al. 2016 are computed assum-
ing solar C/O). However, based on the O3HB-Ne53 diagram,
GS-z9-0 appears totally consistent with AGN ionisation grids,
with pure stellar population models struggling to produce signif-
icant [Nev]. The advantage of the O3HB-Ne53 diagram is that
it exploits the large difference in minimum energy required to
produce [Nev] and [Ne iii] emission lines (which trace different
ionisation zones Berg et al. 2021); moreover, it is based on lines
closely spaced in wavelength (hence avoiding potential issues
associated with wavelength-dependent slit loss correction and
potential dust reddening), and it is also not affected by degenera-
cies in chemical abundances introduced by the use of emission
lines of different elements. Such diagram has also been recently
proposed as a possible way to discriminate between the ionisa-
tion produced by AGN with accreting supermassive black holes
(MBH ≥ 106 M�), AGN with intermediate-mass black holes
(IMBH, MBH . 105 M�), and extreme stellar populations or even
Population III stars (Cleri et al. 2023). In the middle panel of
Fig. 9, we report the empirical demarcation lines for SF, AGN,
and IMBH/Pop III stars based on the set of photoionisation mod-
els presented in Cleri et al. (2023, dashed black lines). Interest-
ingly, we note that although GS-z9-0 resides in the ‘composite’
region, its [O iii] l5007/Hb ratio (which is not as high as in local
AGN given the low metallicity of the system) places it not far
from the region dominated by IMBH/Pop III models. We note
that in Cleri et al. (2023), the latter models assume zero metallic-
ity for the stellar population but a slightly pre-enriched gas-phase
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Fig. 8. Rest-frame UV diagnostic diagrams. The location of GS-z9-0 is reported and compared to a sample of local, high-z analogues from
the CLASSY survey (Berg et al. 2022; Mingozzi et al. 2024). Top panels: C iii] ll1907,1909/He ii l1640 vs. O iii] l1666/He ii l1640 (C3He2-
O3He2, left) and C iii] ll1907,1909/He ii l1640 vs. C iv l1550/C iii] ll1907,1909 (C3He2-C43, right) line ratios are compared with photoionisa-
tion models by Gutkin et al. (2016) and Feltre et al. (2016) for constant star formation (solid lines) and NLR of AGNs (dashed lines), respectively.
We fix the dust-to-metal ratio to ξd = 0.1, while varying metallicity and the ionisation parameter (colour-coded), C/O abundance, and slope α of the
AGN continuum (different symbols). GS-z9-0 occupies a region fully consistent with star formation driven ionisation in the C3He2-O3He2 dia-
gram, whereas it sits in a region of overlapping star formation and AGN grids in the C3He2-C43 diagram. In the C3He2-O3He2 diagram the solid
and dot-dashed black lines represent the empirical demarcation between SF-, AGN-, and shock-driven ionisation as proposed by Mingozzi et al.
(2024), whereas in the C3He2-C43 diagram we report the demarcation lines between SF, AGN, and composite proposed by Hirschmann et al.
(2019). Bottom panels: Same as upper panels, but for single stellar population models from Plat et al. (2019, 3 Myr and 1 Myr old for solid and
dashed lines, respectively, with fixed ξd = 0.3, and C/O = 0.1C/O�). The grids from 1 Myr stellar populations at low metallicity fully overlap those
of AGN-like ionisation of higher metallicity and solar C/O (ξd = 0.1) in the C3He2-C43 diagram.

metallicity of Z = 0.05 Z� (similar to what inferred for GS-z9-0
based on Te measurements; Sect. 4) from primordial supernovae
or stellar mass-loss events.

Finally, in the right-hand panel of Fig. 9, we plot a differ-
ent diagnostic diagram, now leveraging the tentative detection
of N iii] l1750 in the PRISM spectrum. In particular, we explore
C iii] l1909/He ii l1640 versus N iii] l1750/O iii] l1666, which
introduces explicitly the dependence on the N/O abundance. For
this purpose, we employed a set of grids generated with cloudy,
with 1 Myr old SSP templates from BPASS as the input spec-
tra to model star formation, and a canonical SED with an effec-
tive big blue bump temperature of TBB = 106 K, a UV-to-X-ray
slope of −1.4, a UV slope of −0.5, and an X-ray slope of −1.0 to
model AGN continuum. We varied the metallicity Z/Z� between
5 × 10−4 and 2, and the ionisation parameter log(U) between

−3.5 and −1. We adopted the prescriptions from Groves et al.
(2004) to compute the initial N/O (before dust depletion) at every
given O/H, while C/O was scaled accordingly assuming solar
abundance patterns. More details are given in Ji et al. (2024a).
In this diagram, GS-z9-0 occupies a region consistent with stel-
lar ionisation.

Summarising, on the basis of rest-UV diagnostics explored
here, the line ratios observed in GS-z9-0 are consistent with
ionisation from a population of massive and metal-poor stars,
although the marginal [Nev] l3426 detection reported in the
present work bring some evidence in support of the AGN sce-
nario (see e.g. the recent observations of such transition in the
galaxy GN42437 at z ∼ 6, Chisholm et al. 2024). Nonethe-
less, radiative shocks driven by stellar winds and SN explosions
have been also proposed as physical mechanisms capable of
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Fig. 9. Alternative diagnostic diagrams for GS-z9-0. The left and middle panels leverage the very high-ionisation (∼97 eV) [Ne V]λ3426 emission
line, and the same set of models from Gutkin et al. (2016) and Feltre et al. (2016) as in Fig. 8. The diagram in the left panel (C3He2-Ne5C3)
is sensitive to the C/O abundance, while the diagnostic considered in the middle panel (O3HB-Ne53) is not. Here, the location of GS-z9-0 is
more in line with AGN-powered line ratios, especially in the [O iii] l5007/Hb vs. [Nev]/[Ne iii] diagram, where we show also the empirical
demarcation lines between SF, AGN, and IMBH/PopIII models from Cleri et al. (2023). The right panel shows the C iii] l1909/He ii l1640 vs.
N iii] l1750/O iii] l1666 diagram. The location of GS-z9-0 is compared with the set of photoionisation models for star formation (solid lines) and
AGN/NLR (dashed lines) ionisation from Ji et al. (2024a).

boosting the [Nev] l3426 emission in metal-poor star-forming
galaxies (Izotov et al. 2012; Lecroq et al. 2024). In general, one
should be probably careful about interpreting these diagnos-
tic diagrams too rigidly. It is not unlikely that the nebular
spectrum of GS-z9-0 is the result of mixing between differ-
ent sources of ionisation, as recently suggested by the analy-
sis of similar spectra of high-redshift galaxies (e.g. GS-9422 at
z ∼ 6, Tacchella et al. 2024, GN-z11 at z ∼ 10.6, Bunker et al.
2023; Maiolino et al. 2024b, GHz2 at z ∼ 12.3, Castellano et al.
2024), and decoupling their relative contribution would require
more detailed modelling and a better understanding of the
shape of the ionising continua of young, massive stellar
populations.

4. Chemical abundances

The simultaneous detection of both nebular and auroral lines in
the spectrum of GS-z9-0 enabled us to perform a detailed study
of chemical abundance patterns in this galaxy, employing the
‘direct’, Te-method. Throughout this section we assume that ion-
isation comes primarily from star formation (see Sect. 3). How-
ever, we note that even in the case of possible AGN contribution
to ionisation as discussed in Sect. 3, this does not prevent a direct
measurement of the abundances via the auroral lines, provided
that the proper ionisation correction factors (ICF) are included,
which in the case of GS-z9-0 we expect to be similar between
AGN and stellar spectrum with hard ionising continuum and/or
high ionisation parameter.

Throughout this section, unless stated otherwise, we adopted
pyneb for chemical abundances derivation, with atomic data
and collision strengths tabulated from the chianti database.
The errors on all the derived quantities were estimated by ran-
domly perturbing the input emission line fluxes by their uncer-
tainties (assumed Gaussian) and repeating the full procedure
100 times, taking the standard deviation of the distribution of
values for each inferred parameter at each step of the procedure
as our estimate of the (statistical) uncertainty associated with the
fiducial value. Additional systematic uncertainties in the deriva-
tion of chemical abundances are discussed throughout individ-
ual sub-sections for each given element, and more broadly in
Sect. 4.6.

4.1. Gas temperature and density

As a first step, we derive the temperature associated with the
emitting region of O++ (hereafter t3) exploiting the high S/N
detection of both [O iii] l4363 and [O iii] l5007 in the G395M
grating spectrum. The gas density is simultaneously derived
exploiting the [O ii] doublet ratio, which is marginally resolved
in G395M observations, while the temperature of the O+ emit-
ting region (hereafter t2) was assumed in the process to fol-
low the temperature-temperature relation from Izotov (2006)
(i.e. t2 = 0.693t3 + 2810). We infer electron temperatures of
t3 = 20137 ± 1940 K and t2 = 16765 ± 1345 K, respectively.
The gas density is not well constrained (ne = 650 ± 430 cm−3),
given the [O ii] ll3726,3729 doublet is only marginally resolved
in the G395M spectrum, however its best-fit value is consistent
with typical densities measured in high-redshift galaxies (e.g.
Isobe et al. 2023b). We assumed, therefore, ne = 650 cm−3 in
our abundance calculations, noting that varying density between
100 and 1000 cm−3 would produce a difference in the inferred
oxygen abundance of only ≈0.01 dex. Nonetheless, the tentative
detection of N iv] l1483 in the absence of N iv] l1486 (Fig. 4)
provides complementary information on the density of the emit-
ting gas. This UV transition is another density-sensitive dou-
blet which, in contrast to low-ionisation optical lines such as
[O ii] ll3726,3729, traces much higher density regimes. The 3σ
lower limit that can be placed on the N iv] l1483/1486 ratio rules
out extremely high gas densities (ne > 104 cm−3), being in broad
agreement with the density regime probed by the [O ii] dou-
blet. We can therefore reasonably exclude any significant con-
tribution from high-density regions to the global emission line
spectrum (whereas densities of the order of ne ≈ 105−106 cm−3

have been measured in other bright UV galaxies at high-z,
e.g. Topping et al. 2025), which might hamper the simultaneous
interpretation of rest-UV and rest-optical features and possibly
bias also the metallicity determined with the Te-method due to
their unknown impact on emission lines of very different critical
densities (Méndez-Delgado et al. 2023a; Marconi et al. 2024).

4.2. Derivation of oxygen abundance

We can then derive the relative ionic abundance of two ele-
ments comparing the intensity I(λ) in the emission lines of each
species, while taking into account the different temperature- and

A89, page 12 of 24



Curti, M., et al.: A&A, 697, A89 (2025)

Table 4. Derived physical properties for GS-z9-0.

Property Value

JADES ID JADES-GS-z9-0
NIRSpec ID [3215] 265801
NIRSpec ID [1210] 10058975
RA 53.1124351
Dec −27.7746258
zG395M 9.432681± 0.000069
zPRISM 9.43774± 0.00020
MUV −20.43
βUV −2.54± 0.02
log(ξion/erg−1 Hz) 25.64

Morphology (forcepho fitting)
Re [arcsec] 0.025± 0.002
Re [kpc] 0.110± 0.009
PA [degree] −64± 3
axis ratio q 0.44± 0.04

SED modelling
beagle

log(M?/M�) 8.17+0.02
−0.04

SFR [M� yr−1] 4.34 +0.1
−0.08

log(sSFR/yr−1) −7.52+0.02
−0.04

AV 0.050+0.008
−0.006

Age(light-weighted) [Myr] 2.80+0.06
−0.03

Age(oldest stars) [Myr] 12+2
−1

log(U) −1.46+0.06
−0.04

Z/Z� 0.046+0.002
−0.002

bagpipes

log(M?/M�) 8.18+0.06
−0.06

SFR [M� yr−1] 5.5+0.2
−0.2

log(sSFR/yr−1) −7.44+0.07
−0.07

AV 0.004+0.005
−0.002

Age(mass-weighted) [Myr] 32+20
−9

log(U) −1.06+0.03
−0.06

Z/Z� 0.06+0.06
−0.06

ISM properties (emission lines)
AV 0.00± 0.07
SFR (Hb) [M� yr−1] 5.46± 1.04
ΣSFR [M� yr−1 kpc−2] 72± 14
ne [cm−3] 650± 430
t3 ([O iii]4363) [K] 20137± 1940
t3 (O iii]1666) [K] 24405± 1700
12 + log(O+/H) 6.00± 0.14
12 + log(O++/H) 7.38± 0.09
12 + log(O/H) (no ICF) 7.40± 0.09
ICF(O) 1.23± 0.20
12 + log(O/H) (fiducial) 7.49± 0.11 (+0.11

−0.15 syst.)
log(C++/O++) −0.95± 0.12
log(C3+/C++) −0.36± 0.10
log(C/O) (fiducial) −0.90± 0.12 (+0.27

−0.19 syst.)
[C/O] −0.64
log(N/O) (fiducial) −0.93± 0.24 (+0.28

−0.28 syst.)
[N/O] −0.07
log(N/O) (†) −0.77± 0.18
[N/O] (†) 0.09
log(C/N) (fiducial) 0.03± 0.19 (+0.24

−0.24 syst.)
log(Ne/O) −0.68± 0.06
[Ne/O] −0.05

Notes. Fiducial values on chemical abundances are quoted with both
their statistical uncertainties and including (co-added in quadrature)
systematic uncertainties, as discussed in Sect. 4.6. (†)Based on marginal
N iv] l1483 detection in the 3 pixel extracted G140M spectrum.
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Fig. 10. Electron density diagnostics. The [O ii] l3729/3727 ratio and
the lower limit on the N iv] l1483/1486 ratio, as well as the inferred
electron densities, are reported as measured for GS-z9-0. The expected
behaviour of the two line ratios as a function of density are depicted by
the solid lines for Te = 2·104 K (with shaded regions spanning Te = 1−3·
104 K). The lower limit on N iv] l1483/1486 suggests no significant
contribution from very high-density regions (ne & 104 cm−3), in broad
agreement with the value inferred from the optical [O ii] l3729/3727
diagnostics.

We computed the abundance of O++/H and O+/H from the
[O iii] l5007/Hb (assuming t = t3) and [O ii] ll3726,3729/Hb
(assuming t = t2) ratios, respectively, and derive log(O++/H) =
−4.62 ± 0.09 and log(O+/H) = −6.00 ± 0.14.

One question is whether a significant fraction of oxygen
could be in the triple-ionised state as possibly suggested by
the detection of He ii l1640, since He2+ shares the same ion-
isation potential as O3+ (54.9 eV). We do not detect any sig-
nificant O iv ll1402,1404 emission in the G140M spectrum,
and photoionisation modelling from Berg et al. (2019b) sug-
gests a fractional contribution of O3+/O < 0.01 given the mea-
sured ionisation parameter and the relative C3+/C++ ratio (see
below). The measured 3-σ upper limit on the O iv ll1402,1404
flux <1.82 × 10−19 erg s−1 cm−2 only provides an upper limit
on O3+/O++ . 0.4. We note that a small peak, possibly asso-
ciated with O iv ll1402,1404, is seen in the PRISM spectrum
at ≈1400 Å, but the low spectral resolution makes it impossible
to properly disentangle the O iv contribution from other nearby
features such as Si iv λ1394, considering also the uncertainty on
the intrinsic shape of the underlying continuum and the presence
of the damping wing of the nearby Lyα break.

Alternatively, we can exploit an ICF for oxygen based on
the relative abundance of single- and double-ionised Helium,
following Torres-Peimbert & Peimbert (1977) and leveraging
the similar ionisation potential of He++ and O3+ (see also
Izotov et al. 2006; Valerdi et al. 2021; Dors et al. 2020, 2022).
First, we estimated the intensity of He Iλ3889 emission by cor-
recting the flux measured in the G395M spectrum by the con-
tribution of the blended H8 Balmer line, which we infer from
the expected theoretical ratio to the nearby Hd (i.e. H8/Hd =
0.406) assuming t2 and density as measured above, and under
the assumption of no dust attenuation as suggested by the analy-
sis in Sect. 2.3 (see also Fig. 7). Then, we computed the relative
He+/H+ and He++/H+ abundances from the He Iλ3889/Hb and
He ii l1640/Hb flux ratios, assuming t2 and t3 respectively. The
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ICF(O) is finally given by the (He+ + He++)/He+ ratio, which
we measure as ICF(O) = 1.23, corresponding to a fractional
contribution of O3+/O ∼ 19%. We note here that such an ICF
is prone to large uncertainties due to the significant impact of
radiative transfer effects on the He Iλ3889 line; while adopting
the simplest optically thin case as fiducial, we explore variations
in the assumed optical depth between τ ∈ [0, 5] implementing
the correction coefficients from Benjamin et al. (1999), and esti-
mate an uncertainty on the ICF(O) of ∼10%. To account for
additional sources of uncertainties (e.g. He Iλ3889-H8 deblend-
ing, underlying line absorption) we conservatively include an
additional 10% error budget on the ICF(O). The total oxy-
gen abundance is hence O/H = ICF(O)× (O++/H + O+/H), and
for GS-z9-0 this corresponds to 12 + log(O/H) = 7.49± 0.11,
which we assume as our fiducial value in the following anal-
ysis. The fraction of doubly ionised oxygen over the total
is O++/O = 0.84± 0.01. Neglecting instead any O3+ contri-
bution (i.e. assuming O/H = O++/H + O+/H) would turn into
12 + log(O/H) = 7.40± 0.09. Finally, we note that repeat-
ing the procedure assuming emission line fluxes measured
from the PRISM spectrum delivers a total (ICF-corrected)
12 + log(O/H) = 7.41± 0.13, lower but consistent with our fidu-
cial value based on G395M within statistical uncertainties.

4.3. C/O abundance

We derived the C++/O++ abundance from the
C iii] l1909/O iii] l1666 ratio, assuming the same electron
temperature t3 when calculating the emissivity of the two ions.
Because C iii] l1909 is observed only in the PRISM spectrum
(while falling in the detector gap in G235M observations), here
we adopt the C iii] l1909/O iii] l1666 ratio as derived from the
PRISM, to avoid introducing uncertainties associated with flux
calibration differences between PRISM and grating spectra. We
also note that the relative temperature associated with C iii] and
O iii] emission might be different, as C iii] is possibly associated
with an ‘intermediate-ionisation zone’, which could translate
into a higher (lower) C++/O++ abundance by 0.15 dex (Garnett
1992; Croxall et al. 2016; Rogers et al. 2021; Jones et al. 2023)
in case of lower (higher) C++ temperature, respectively. In
principle, it would be possible to derive C++/O++ also from
the C iii] l1909/[O iii] l5007 ratio, however, we prefer to
adopt C iii] l1909/O iii] l1666 to minimise uncertainties on the
reddening correction and the choice of the attenuation curve
given the short involved wavelength separation, as well as for
consistency with the vast majority of literature studies.

Since the ionisation potential of O2+ is higher than that
of C++ (54.9 eV vs. 47.9 eV, respectively), systems subject to
hard ionising spectra such as GS-z9-0 may have a significant
amount of carbon in the C3+ state. Therefore, we corrected the
inferred C++/O++ abundance applying an ICF. The C iv l1550
emission is detected in both the PRISM spectrum (though pos-
sibly blended with other spectral features) and in the G140M
grating spectrum (though at lower significance), therefore we
can exploit the C iv/C iii] ratio to estimate the C3+/C++ rela-
tive abundance and derive the ICF for C/O or, alternatively,
we can compare its strength to that of O iii] to directly mea-
sure a C3+/O++ abundance; the two approaches give consistent
results. We note that we have assumed that the C iv emission is
purely nebular in origin (as suggested by its narrow line profile
in G140M), although the full spectral profile of the C iv l1550
doublet could be further complicated by resonant scattering
through highly ionised gas, as well as interstellar absorption
or contribution from stellar emission, that can either under-

or overestimate the total C iv flux (Berg et al. 2018, 2019b;
Senchyna et al. 2022). Given the likely non-negligible contribu-
tion of O3+ to the total oxygen abundance, we cannot simply
assume that C/O = C3+/O++ + C++/O++. Therefore, we first com-
puted C++/H+ and C3+/H+ by multiplying C++/O++ and C3+/O++

by O++/H+ as derived in Sect. 4.2, and then we assumed that the
contribution from single-ionised carbon is negligible, so that the
total C/H abundance is =C++/H+ + C3+/H+. Finally, we divided
C/H by O/H to infer a total log(C/O) = −0.90± 0.12 dex. We
note that if we assign the flux of the emission line detected
in G140M to the red component of the C iv doublet (i.e. C iv
λ1551), we can compare its strength to that of O iii] l1666 to
obtain a grating-based measurement of the C3+/O++ abundance.
This ultimately translates into a total log(C/O) abundance of
−0.91 ± 0.13, fully consistent with the previous estimate.

These values are also consistent, within their uncertain-
ties, with the C/O inferred by assuming an ICF based on
the photoionisation models presented by Berg et al. (2019b),
assuming photoionisation from star formation and the ionisa-
tion parameter self-consistently inferred for GS-z9-0 from the
same models (log(U) = −1.78), in which case ICF(C++/O++) =
1.20 ± 0.054 and C/O = ICF×C++/O++, providing log(C/O) =
−0.86 ± 0.11. Finally, we estimated the C/O abundance via the
equations outlined in Pérez-Montero & Amorín (2017), which
deliver log(C/O) = −0.80 ± 0.12.

Throughout the rest of the paper we assume the C/O derived
including both C iii] ll1907,1909 and C iv l1550 line fluxes as
our fiducial estimate (i.e. log(C/O) = −0.90 ± 0.11; statisti-
cal uncertainty), corresponding to ∼23% the solar C/O abun-
dance, or [C/O] = −0.64. However, we note that C/O estimates
based on the C iii] ll1907,1909/O iii] l1666 ratio and ICFs from
photoionisation models generally provide C/O abundances up
to ∼0.1 dex higher; therefore, we include an additional 0.1 dex
uncertainty (co-added in quadrature) on the upper value to take
into account these systematics.

4.4. N/O abundance

We estimated the N/O ratio by exploiting the detection of
N iii] l1750 in emission. Leveraging the fact that the ionisation
potentials of N++ and C++ are basically identical (47.448 eV and
47.887 eV, respectively), we assumed the C++/N++ abundance
calculated from the C iii] l1909/N iii] l1750 ratio (accounting
for the emissivity of all five lines of the N iii] l1750 multiplet)
as a proxy of the relative C/N enrichment, finding log(C/N) =
0.03 ± 0.19. Then, we combined this ratio with our fiducial C/O
ratio, measured as described in the Sect. 4.3, to derive a total
N/O of log(N/O) = −0.93 ± 0.24.

Alternatively, we can exploit the tentative detection of
N iv] l1483 in the 3 pixel extracted G140M spectrum for an
alternative derivation of N/O. From the N iv] l1483/O iii] l1666
ratio5 we derived the N3+/O++ abundance (assuming t = t3),
which we then multiply by O++/H to infer N3+/H; the same pro-

4 This ICF is larger than that inferred from the relations presented in
Amayo et al. (2021) (i.e. ICF = 1.05). Instead, feeding the ICF equa-
tions from Berg et al. (2019b) with the higher log(U) values derived
from SED fitting from both beagle (log(U) = −1.46) and bagpipes
(log(U) = −1.05), although not based on self-consistently generated
cloudy grids, would translate into ICF = 1.45 and ICF = 2, and hence
into higher log(C/O) = −0.80 ± 0.11 and log(C/O) = −0.65 ± 0.11,
respectively.
5 In this case we adopt both fluxes as measured from the
3 pixel extracted spectrum to avoid relative flux calibration issues;
F(O iii] l1666) [3-pix] = (3.29 ± 0.52) · 10−19 erg/s/cm2.
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cedure is applied to N++/O++ (as measured from the N iii] l1750
in the prism spectrum) to infer N++/H, which we then co-added
with N3+/H to derive the total N/H abundance (assuming neg-
ligible contribution from the singly ionised N+ state). Finally,
we divided N/H by O/H to obtain a total N/O of log(N/O) =
−0.77 ± 0.18, higher than though consistent with our fiducial
estimate.

Finally, based on the 3σ upper limit on the total flux of
the N iii] ll1747–1754 multiplet from the G140M spectrum, we
obtain a lower limit on log(C/N) > −0.24, and an upper limit on
log(N/O) < −0.66.

4.5. Ne/O abundance

In the spectrum of GS-z9-0 we observe intense emission from
Ne in its Ne++ form and the [Ne iii] l3869 emission line. We
derived the Ne++/O++ abundance ratio assuming the t3 temper-
ature for both ions, and corrected to the total Ne/O abundance
exploiting the ICF presented in Amayo et al. (2021). We note
that, given the different ionisation potentials of Ne+ and O+, cou-
pled with the charge-transfer recombination rate of the two ions,
the ICF is quite uncertain in low-ionisation, high-metallicity sys-
tems. However, in the case of GS-z9-0, the fractional contribu-
tion of unseen ionisation states to the total Ne/O is expected to
be small, with ICF(Ne++/O++) = 1.02, nonetheless we conserva-
tively assume a 10% uncertainty on the ICF. We therefore infer a
total log(Ne/O) = −0.68± 0.06. We note that this value already
includes the possible contribution from Ne4+: accounting sepa-
rately for the marginal detection of [Nev] l3426 (but without
applying any ICF) would deliver log(Ne/O) = −0.73± 0.07.

4.6. Systematics in the abundance measurements

Despite the high S/N of most of the emission lines detected
in the GS-z9-0 spectrum, a number of additional systemat-
ics uncertainties affect our chemical abundance measurements
beyond those already mentioned in the previous sections. Some
of the most relevant are associated with electron temperatures,
as briefly discussed here.

In Sect. 4 we have adopted the temperature inferred from
the [O iii] 4363/[O iii] l5007 ratio as our fiducial estimate for
t3. However, the O iii] l1666/[O iii] l5007 is another tempera-
ture diagnostics that can be adopted in studies of high-z galax-
ies where the [O iii] 4363 emission line is not detected (e.g.
Revalski et al. 2024). Exploiting the O iii] l1666 flux measured
from G140M (where it is spectrally resolved from He ii l1640),
we infer t3 = 24 405± 1490 K, higher (significant at 1.6σ)
than that inferred from [O iii] l4363. This propagates into a
lower inferred O/H by 0.15 dex, whereas only in a difference
of 0.05 dex in C/O, as the C iii] l1909/O iii] l1666 ratio is only
mildly sensitive to temperature. We include further 0.1 dex sys-
tematic uncertainty on the lower value of log(O/H) to reflect this
difference.

The origin of this discrepancy is uncertain. Although sim-
ilar differences in t3 as inferred from either O iii] l1666 or
[O iii] 4363 have been reported before (e.g. Berg et al. 2016),
these were generally attributed to offsets in the flux calibra-
tion between O iii] l1666 and [O iii] l5007 (which, before the
advent of JWST, were usually observed by instruments on dif-
ferent facilities), or to the large uncertainty on the relative red-
dening correction between UV and optical wavelength regimes.
In our case, assuming no attenuation correction as suggested by
the measured Balmer decrements (see Sect. 3), this would imply
an unrealistic (and never observed in NIRSpec to our knowl-

edge) factor ×1.9 offset in the flux calibration between G140M
and G395M (in the sense that O iii] l1666 is almost a factor of
two brighter than it should be) in order to match the t3 estimates
from optical and UV lines.

A more physically motivated explanation involves the fact
that O iii] l1666 and [O iii] l4363 come from different energy
levels, with different critical densities and different collisional
excitation rates; hence, their ratio also depends on the gas den-
sity, and can therefore be impacted by the presence of den-
sity inhomogeneities within galaxies (e.g. Marconi et al. 2024).
Moreover, when different temperature estimators rely on colli-
sionally excited lines originating from well-spaced energy lev-
els, the inferred temperatures can also differ by an amount that
depends on the variance of the temperature distribution within
the nebula, even if the diagnostics pertain to the same ionic
species (O++ in this case). This possibly suggests that rest-
frame UV and rest-optical emission lines (even of the same
ionic species) could originate from different regions in the
galaxy, and that this effect could be particularly relevant in
high-redshift systems similar to GS-z9-0 characterised by highly
ionised gas, where temperature inhomogeneities are expected to
be enhanced. This effect has been historically described with the
t2 parameter (see Peimbert & Costero 1969, and more recently
Méndez-Delgado et al. 2023b), which represents the root mean
square deviation from the average temperature. In the case of
GS-z9-0, the difference measured between O iii] l1666-based
and [O iii] l4363-based temperatures would translate into t2 ∼

0.24, a value higher than measured in local HII regions. How-
ever, given such a large t2 one would expect a much lower tem-
perature inferred from the nebular continuum (∼11 000 K) than
observed. Fitting a broken power-law continuum to the Balmer
jump region of GS-z9-0 one infers T = 2.0±0.5×104 K, consis-
tent with the Te-based measurements presented above (see also
Ji et al. 2024b).

In a similar manner, another source of systematic uncertainty
is associated with the adoption of the same temperature for the
emitting region of [O iii] l5007 and C iii] l1909. As C++ has
a lower ionisation energy than O++, it might be better associ-
ated with an ‘intermediate ionisation region’, probed by ions
such as S++ (Berg et al. 2021). Since we do not have access
to transitions suitable for directly inferring the temperature of
such intermediate zone, we can employ Eq. (3) from Berg et al.
(2020), which provides Tintermediate = 23 150 K and consequently
a C++/O++ ratio lower by 0.20 dex (which propagates into a total
C/O lower by 0.13 dex, if still assuming the same t3 for O++ and
C3+). We note, however, that such temperature-temperature rela-
tion can be quite scattered and uncertain, especially at high tem-
peratures and ionisation (Hägele et al. 2006; Binette et al. 2012;
Berg et al. 2015; Jones et al. 2023); moreover it is mostly cali-
brated on samples of local HII regions. Therefore, we chose to
not adopt it in our fiducial analysis, nonetheless we note that the
amount of systematic uncertainty it carries can be significant.

A similar argument can also be made for the temperature-
temperature relation employed to infer the abundance of singly
ionised oxygen. In Sect. 4 we have adopted the t2–t3 relation
from Izotov et al. (2006) ; adopting instead the relation cali-
brated by Pilyugin et al. (2009), among others, or the theoret-
ical relation by Campbell et al. (1986), provides higher t2 by
∼2500 K and ∼322 K, respectively. However, this translates to
a total ∆log(O/H) of .0.005 dex, since O+ is contributing only
∼2.5% to the total oxygen abundance.

Finally, to take into account the abundance of highly ionised
ionic species such as C3+ and N3+, Berg et al. (2021) pro-
posed a four-zone ionisation model to provide a more accurate

A89, page 15 of 24



Curti, M., et al.: A&A, 697, A89 (2025)

description of the regions of line emission in galaxies charac-
terised by ‘extreme’ conditions. In such framework, the temper-
ature of the very high ionisation zone is better probed by the
[Ne iii] λ3342/λ3868 ratio than the classical t3 (as the ionisation
potential of Ne2+ is higher than that of O2+). However, we do
not detect [Ne iii] λ3342 in our prism spectra, and therefore we
had to assume t3 when computing the emissivity of C3+ and N3+

in our carbon and nitrogen abundance calculations. The extent
of the associated systematic uncertainty is difficult to assess.
Berg et al. (2021) find only a mild (mostly within 1-σ uncer-
tainty) impact on the total inferred O/H, C/O, and N/O when
adopting either the three- or four-zone ionisation model for the
galaxies J104457 and J141851, though we note that the fraction
of highly ionised species of oxygen, carbon, and nitrogen are
minimal in those systems. On the other hand, we note that our
derivation of the N/O abundance in GS-z9-0 follows from the
measurement of C/N, which is based on emission line ratios with
relative weak temperature dependence, whereas for what con-
cerns the C/O derivation, conservatively assuming a temperature
much higher than t3 (e.g. 25 000 K) as representative of the C iv
emitting region (as it would be in case C3+ preferentially occu-
pies a region closer to the ionising source) would translate into a
lower total inferred C/O by ∼0.24 dex compared to our fiducial
value. This effect might be even larger for higher states of neon
such as Ne4+ that could originate from extremely high-ionisation
regions (especially in the case of the NLR of AGN); however,
given the small relative Ne4+/Ne++ abundance, we verified that
even assuming a temperature as high as 25 000 K it would not
significantly impact the final inferred Ne/O abundance (which
would be lower by 0.02 dex compared to our fiducial estimate).

To account for the hereby discussed effects, we include an
additional 0.15 dex of systematic uncertainty also on the C/O
and N/O6 abundances beyond the formal statistical uncertain-
ties propagated from the error on the measured line fluxes.
This, together with the uncertainties on C/O from photionisation-
based ICFs discussed already in Sect. 4.3, translates into the final
uncertainties quoted in parenthesis in Table 4.

5. Possible scenarios for chemical enrichment

In Fig. 11 we report GS-z9-0 (green hexagon marker) on dif-
ferent diagrams which explore trends between various chemical
abundance patterns (i.e. C/O, N/O, and Ne/O) and metallicity
(probed by oxygen abundance). The solid errorbars report the
formal statistical uncertainties on our fiducial estimates of chem-
ical abundances, whereas dashed errorbars account for the sys-
tematics discussed in Sect. 4.6.

The top left panel shows the C/O versus O/H diagram, with
GS-z9-0 compared with previous abundance determinations in
both local and high-redshift systems, as well as those mea-
sured in Milky Way (MW) disk and halo stars (see caption of
Fig. 11 for details and references). The low C/O abundance
in GS-z9-0 is comparable to that observed in metal-poor sys-
tems at lower redshift, being in line with some of the most
recent determinations in z & 6 galaxies observed with JWST
from Arellano-Córdova et al. (2022, z ∼ 8.5), Jones et al. (2023,
z ∼ 6.23), Isobe et al. (2023a, z ∼ 6.2), Topping et al. (2024,
z ∼ 6.3), Castellano et al. (2024, z ∼ 12.3; whereas in contrast,
the upper limits on GS-z12 from D’Eugenio et al. 2024 suggest
significantly super-solar C/O in that system at z ∼ 12.5).

Given the very young age of the system (mass-weighted age
∼30 Myr as inferred from the SED fitting), we expect chemi-

6 Which is derived by combining C/N and C/O; Sect. 4.4.

cal yields dominated by core-collapse SNe (CCSNe), whereas
low- and intermediate-mass stars in their AGB phase (with life-
times ≈100 Myr) would not have had enough time to signifi-
cantly contribute to the overall enrichment of the galaxy. The
datapoint for GS-z9-0 on the C/O versus O/H plane is consis-
tent with the range in C/O predicted by integrating the yields
of type II SNe from very metal-poor stars over a Salpeter IMF
(Tominaga et al. 2007, golden shaded region). In the same panel,
we also compare our observations with the C/O enrichment pat-
tern predicted by galactic chemical evolution (GCE) model of
the solar neighbourhood presented in Kobayashi et al. (2020,
shaded green curve), which follows the time evolution of ele-
mental abundances in a one-zone model with ISM instanta-
neously mixing but no instantaneous recycling approximation
(i.e, the delay of chemical enrichment from different sources is
taken into account), assuming a Kroupa (2008) IMF and solar
abundances from Asplund et al. (2009). Our observations agree
well with the sequence in C/O of Kobayashi et al. (2020) at the
measured oxygen abundance for GS-z9-0, as this system resem-
bles the C/O enrichment pattern of metal-poor stars in the MW.

The position of galaxies on the C/O versus O/H diagram
is also sensitive to the amount of metals lost due to outflows.
Possible indications of outflowing gas in GS-z9-0 comes from
the observed blueshifted C iv ll1549,1551 doublet in G140M
(Fig. 3). The spread observed in C/O at fixed O/H in samples
of metal-poor local dwarfs and z ∼ 2 galaxies can be repro-
duced not only in terms of different SFH and IMF slopes, but
even accounting for selective oxygen removal in outflows driven
by CCSNe (Yin et al. 2011; Berg et al. 2019b) According to the
formalism from Berg et al. (2019b), developed to model the C/O
versus O/H pattern observed in local, metal-poor dwarf galaxies,
the low O/H and low C/O measured in GS-z9-0 would indicate
negligible oxygen-enhancement in SN-driven outflows. How-
ever, we note that in such a framework low C/O abundances
are associated with single, long bursts of star formation char-
acterised by relatively small star formation efficiency, whose
timescales (∼300−400 Myr) can be hardly reconciled with the
inferred age and star formation history of GS-z9-0.

In the bottom left panel of Fig. 11, we report instead the loca-
tion of GS-z9-0 on the N/O versus O/H diagram. Based on the
N/O derived from the N iii] l1750 detection in the PRISM spec-
trum as detailed in Sect. 4.4, GS-z9-0 appears nitrogen-enriched
compared to the typical range of values observed in local, low-
metallicity dwarf galaxies (e.g. Pérez-Montero & Contini 2009;
Berg et al. 2012; Vale Asari et al. 2016; Vincenzo & Kobayashi
2018b) as predicted by primary nitrogen enrichment, showcasing
instead N/O consistent with the solar value. An even (slightly)
higher N/O is inferred when including the tentative N iv] l1483
detection in the G140M spectrum (hatched green symbol in the
panel).

A similar pattern characterised by high N/O abundance
at low O/H and low C/O has been already observed in sev-
eral high-redshift (z > 6) galaxies observed with JWST
(e.g. Cameron et al. 2023b; Isobe et al. 2023a; Topping et al.
2024, 2025; Napolitano et al. 2024; Castellano et al. 2024;
Schaerer et al. 2024), although we note that GS-z9-0 does not
reach the same level of N/O enhancement as the aforemen-
tioned systems, which are observed to be significantly super-
solar in N/O. Low C/N ratios are also often observed in the
so-called ‘nitrogen-loud quasars’ (Batra & Baldwin 2014), as
possibly produced by the enrichment from AGB stars or SNe
occurring within the small, local volume of the narrow-line or
even broad-line region of AGN (Maiolino et al. 2024b). Such a
scenario can produce a chemical stratification between central,
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Fig. 11. Chemical abundance patterns in GS-z9-0. The location of GS-z9-0 is marked by the green hexagon; the solid errorbars report the formal
statistical uncertainties on our fiducial values and the dashed errorbars account for additional systematic uncertainties, as discussed in Sect. 4.6. The
dashed black lines in the diagrams mark the solar abundance values. We compare GS-z9-0 with a compilation of recent abundance measurements in
high-z galaxies from JWST, i.e. from Ji et al. (2024a) (plain marker for optical-based abundances and hatched marker for UV-based abundances),
Topping et al. (2024), Isobe et al. (2023a) and Jones et al. (2023) at z ∼ 6, Topping et al. (2025) at z ∼ 7, Arellano-Córdova et al. (2022) at
z ∼ 8.5, Napolitano et al. (2024) at z ∼ 10, Castellano et al. (2024) at z ∼ 12, as well as upper limits on GN-z11 and GS-z12 from Cameron et al.
(2023b) and D’Eugenio et al. (2024), respectively. We also include measurements in Milky Way disk and halo stars, local HII regions, local
dwarf galaxies, z ∼ 2 galaxies, and damped Lyman-alpha systems (DLA). Upper left panel: C/O vs. O/H diagram. The C/O abundance range
predicted from type II SN yields from Tominaga et al. (2007) is marked by the golden hatched region, whereas the C/O vs. O/H pattern from
Kobayashi et al. (2020) galactic chemical evolution (GCE) models is shown by the green sequence. The C/O level observed in GS-z9-0 is consistent
with the enrichment expected from core-collapse SNe for a recently assembled, low-metallicity system. Bottom left panel: N/O vs. O/H diagram,
reporting for GS-z9-0 both the N/O as inferred from the detection of N iii] l1750 in the PRISM spectrum and the C/N ratio (fiducial value,
plain green hexagon), as well as that based on the marginal detection of N iv] l1483 in the G140M spectrum (hatched symbol; see Sect. 4.4).
The N/O measured in GS-z9-0 is higher than the plateau occupied by local galaxies and HII regions at low metallicity, although the nitrogen
enhancement observed in this galaxy appears less extreme compared to other high-z systems recently observed by JWST. Bottom right panel:
Ne/O abundance for GS-z9-0, which we observe to be consistent with the abundance pattern expected at low metallicity for α-elements. Additional
references for literature points: compilation of MW stars (Gustafsson et al. 1999; Akerman et al. 2004; Fabbian et al. 2009; Nissen et al. 2014);
compilation of z ∼ 0 galaxies and HII regions (Tsamis et al. 2003; Esteban et al. 2004, 2009, 2014, 2017; García-Rojas et al. 2004, 2005, 2007;
Peimbert et al. 2005; García-Rojas & Esteban 2007; López-Sánchez et al. 2007; Toribio San Cipriano et al. 2016, 2017; Senchyna et al. 2017); HII
regions from CHAOS (Berg et al. 2016, 2019b); blue compact dwarfs (BCD) and giant HII regions (GHR) from BOND (Vale Asari et al. 2016);
z ∼ 2 galaxies (Fosbury et al. 2003; Erb et al. 2010; Christensen et al. 2012; Bayliss et al. 2014; James et al. 2014; Stark et al. 2014; Steidel et al.
2016; Vanzella et al. 2016; Amorín et al. 2017; Berg et al. 2018; Mainali et al. 2020; Matthee et al. 2021; Rigby et al. 2021; Iani et al. 2023); DLAs
at z ∼ 3−4 (Cooke et al. 2017; Saccardi et al. 2023).

denser regions and the rest of the galaxy, which is imprinted on
the largely different N/O derived from UV lines (tracing dense,
highly ionised regions) and optical lines (tracing the bulk of the
galaxy) as observed for example in the z ∼ 5.5 active system

GS-3073 (Ji et al. 2024a, for which UV-based and optical-based
measurements are marked by hatched and plain brown octagons
in Fig. 11). However, in the case of GS-z9-0 the contribution
from AGB stars is strongly disfavoured given the inferred age
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and SFH of the system, and moreover it would be difficult to
reconcile with the simultaneous low O/H and C/O.

The N/O pattern seen in GS-z9-0 also resembles that
of nitrogen-enhanced metal-poor (NEMP) stars observed in
the Galactic halo (Belokurov & Kravtsov 2023), while even
higher levels of N-enhancement (log(N/O) & 0) are seen
in some dwarf stars within globular clusters (Carretta et al.
2005; D’Orazi et al. 2010) as well produced by old stellar
populations in metal-poor ultra-faint dwarf galaxies (UFDs),
systems formed at high redshift which are now completely
gas depleted (Alexander et al. 2023). It has been suggested
that these objects share a similar chemical composition as
some of the most extremely nitrogen-rich galaxies observed
by JWST (e.g. Charbonnel et al. 2023; Senchyna et al. 2024;
Marques-Chaves et al. 2024; Topping et al. 2024), which in turn
could represent their high-z progenitors.

Despite GS-z9-0 showing a relatively lower N/O compared
to such systems, its N-enrichment level compared to the N/O
versus O/H plateau, coupled with the concentrated star forma-
tion, could still be consistent with proto-globular cluster for-
mation contributing, to some extent, to the observed integrated
galaxy spectra. Although the (mild) constraints on the density of
the highly ionised gas in GS-z9-0 provided by UV-diagnostics
(based on the low-significance detection of N iv] l1483 in the
absence of N iv] l1486) seems to exclude the presence of
extremely dense regions, the low S/N of the G140M spectrum,
the C iii] l1909 doublet (an additional potential density diagnos-
tics) unresolved in the PRISM spectrum, and the putative AGN
contribution suggested by the presence of very high-ionisation
emission lines prevents us from drawing more definitive conclu-
sions in this sense.

Overall, in GS-z9-0 we therefore possibly observe signa-
tures of chemical enrichment mechanisms beyond that of pure
CCSNe, as depicted by the relatively high N/O and low C/N.
Several scenarios have been explored to reproduce similar abun-
dance patterns in high-z galaxies, including ejection of CNO-
cycle processed material in stellar winds from Wolf-Rayet (WR),
large mass-loss rates during the evolution of very massive stars
(VMS) or even supermassive stars (SMS), and contribution
from fast-rotating Population III stars (e.g. Nagele & Umeda
2023; Watanabe et al. 2024; Vink 2024; Marques-Chaves et al.
2024; Nandal et al. 2024). Here, we compare the observed C/O,
N/O, and C/N abundances in GS-z9-0 with a set of GCE mod-
els from Kobayashi et al. (2020), Kobayashi & Taylor (2023),
with updated carbon yields for WR stars. In particular, we
assumed a single-burst model following similar prescriptions as
in Kobayashi & Ferrara (2024), and explored the impact of dif-
ferent IMF shapes on the nucleosynthetic patterns of the most
massive stars, and hence on the observed chemical abundances.
In Fig. 12 we overplot the tracks from three different realisations
of the model onto the C/O versus O/H, N/O versus O/H, and C/N
versus O/H diagrams, respectively. In particular, the blue track
represents the predictions assuming a standard Kroupa (2008)
IMF (with high-mass end slope x = 1.3), whereas the magenta
and red tracks assume a top-heavy IMF (x = 0) of Population III
stars with upper mass limits of 120 M� and 280 M�, respectively.
Each model track reaches the observed value of O/H for GS-z9-0
after 4.05 Myr.

Evolutionary tracks with underlying top-heavy IMF pro-
vide the best match to the position of GS-z9-0 in all three dia-
grams simultaneously, with WR stars producing the required
enrichment in N/O (magenta track). We note that the red track,
which includes a contribution from pair-instability supernovae
(PISNe) of massive PopIII progenitors (>150 M�), also provides

a good match to the observed abundances, maintaining the C/O
to a level more consistent with that observed in GS-z9-0, while
slightly underpredicting (overpredicting) N/O (C/N). Additional
abundance measurements of elements such as sulphur, argon, or
iron would be required to better constrain the possible signatures
of PISNe and discriminate their relative contribution.

In addition, we also explored a ‘dual burst model’ (dashed
orange track in Fig. 12) that reproduces the abundances in
GS-z9-0 without the need to invoke top-heavy IMFs, similarly
to what has been developed by Kobayashi & Ferrara (2024) to
match the abundance patterns observed in GN-z11. Contrary to
single burst models, this model assumes a more tailored star for-
mation history, which is halted for a period of ∼100 Myr between
two strong bursts. Such a model produces a quick enhancement
of both C/O and N/O via WR stars just after the second burst,
which occur within a pre-enriched ISM from the first star for-
mation episode. While N/O can be regulated (and lowered) by
increasing the timescale of star formation for the second burst
(making it less extreme), this model slightly overpredicts the
C/N level compared to what observed in GS-z9-0.

Finally, we display the measured Ne/O versus the O/H
abundances for GS-z9-0 in the bottom right panel of Fig. 11,
where we compare our measurement at z ∼ 9.4 with the
values inferred for high-z galaxies ERO-4590 at z ∼ 8.5
by Arellano-Córdova et al. (2022), GN-z9p4 at z ∼ 9.4
(Schaerer et al. 2024), as well as with measurements in blue
compact dwarfs and extragalactic giant HII regions from
Vale Asari et al. (2016), and in HII regions of local galaxies
from the CHAOS sample as studied in Berg et al. (2020). As
neon is an α-element, its production mechanisms and timescales
are expected to closely follow that of oxygen, with no sig-
nificant trend in Ne/O as a function of metallicity. The Ne/O
abundance measured in GS-z9-0 is fully in agreement with the
low-metallicity tail in the diagram as probed by local blue com-
pact dwarf galaxies. Although a possible evolution in the Ne/O
abundance pattern at z > 3 has been suggested on the basis
of the observed scaling relation between stellar mass and the
[Ne iii]/[O ii] line ratio (Shapley et al. 2023b), and Isobe et al.
(2023a) find that significantly lower Ne/O ratios in some z > 6
galaxies can be explained by models of CCSN ejecta includ-
ing massive (>30 M�) progenitors, here we find no evidence
for a deviation in the Ne/O abundance in GS-z9-0 compared to
the chemical abundance patterns of local, metal-poor compact
galaxies.

6. Lyα emission and implications for reionisation

Despite the MSA detector gap cutting the G140M spectrum just
bluewards of the systemic Lya wavelength, it still covers the
onset of the Gunn & Peterson (1965) absorption trough. Notably,
an emission feature stands above the continuum just redwards
of the systemic redshift Lya at z = 9.4327. If we interpret
this feature as Lya emission, we can put more stringent con-
straints on the shape of the transmission curve, the escape frac-
tion of Lya photons, and the possible existence of an ionised
bubble around the system. We fit this emission line with a sin-
gle Gaussian component and modeled the underlying continuum
with a broken linear component as shown in Fig. 13, measur-
ing a flux of 2.18 × 10−19 erg s−1 cm2, significant at 2.7σ (2.3σ
based on bootstrapping7). The emission line centroid is red-
shifted by 450 ± 145 km/s with respect to the systemic redshift,

7 The same feature is detected at 2.9σ in the 3 pixel boxcar extracted
spectrum (2.2σ with bootstrapping).
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Fig. 12. Evolution of CNO abundance ratios as a function of oxygen
abundance for single starburst models with different IMFs, based on the
framework of galactic chemical evolution models from Kobayashi et al.
(2020). The symbols are as in Fig. 11, with GS-z9-0 in green and
other high-z objects observed by JWST from the literature highlighted
in yellow. Shaded regions in the C/O vs. O/H and C/N vs. O/H pan-
els mark the range allowed by pure CCSNe based on the yields from
Tominaga et al. (2007) and Watanabe et al. (2024), respectively. The
blue model assumes a standard IMF (with high-mass end slope x = 1.3),
whereas the magenta and red curves assume a top-heavy IMF (with
flat slope) for massive stars in the range 30–120 M� and 100–280 M�,
respectively, with the latter including PISNe. For each model, the curve
reaches the observed O/H in GS-z9-0 after 4.05 Myr. The combined
CNO pattern of GS-z9-0 is better matched by models with underly-
ing top-heavy IMF. In order to reproduce the abundance patterns of
GS-z9-0 with a standard IMF, a more tailored double-burst model (with
two bursts separated by 100 Myr, dashed orange line) is needed, similar
to that proposed by Kobayashi & Ferrara (2024) to explain the nitrogen
enhancement in GN-z11.

the FWHM of the line is 380 ± 130 km/s, and the estimated
rest-frame EW of the line above the G140M continuum level
is 31 ± 16 Å.

Based on the theoretical ratio between (unattenuated) Lya
and Hb fluxes (Lya/Hb = 25.1 for case B recombination, T =
20 000 K, ne = 650 cm−3), and assuming the Hb flux mea-

Fig. 13. Zoomed-in image of the tentative (∼2.7σ) detection of the Lya
emission line in the G140M spectrum of GS-z9-0. The emission fea-
ture is observed shifted by ∼450 km s−1 redwards of the systemic Lya at
redshift z = 9.4327.

sured from the G395M spectrum, we derive an intrinsic Lya flux
of 1.89 × 10−17 erg s−1 cm2, from which we infer that the Lya
emission has been attenuated down to ∼1% of its intrinsic flux.
Such a low Lya escape fraction, coupled with the presence of
emission observed only significantly redwards of the systemic
wavelength, and the negligible dust attenuation, provides evi-
dence against the presence of a large ionised region surround-
ing GS-z9-0. Such an ionised bubble would likely allow a higher
fraction of Lya photons to escape (given the intrinsic predicted
flux) and, under the assumption of a broad, symmetric intrinsic
Lya profile, would have also caused the line profile to spill across
to the blue of the systemic redshift.

In addition to the detection of Lya emission, we leverage
the robust redshift determination enabled by the bright emis-
sion lines detected in GS-z9-0 to remove the redshift-degeneracy
in modeling the Lyα break as observed (at high signal-to-noise
ratio) in the PRISM spectrum, and get more insights into the
properties of the surrounding medium, the possible extent of
any ionised region, and the presence (or absence) of large
column densities of neutral gas along the line of sight. We
modeled the attenuation due to neutral IGM along the line of
sight following the prescriptions from Inoue et al. (2014), and
included treatment of the full optical depth (including damping-
wing absorption) of Lyα photons following Dijkstra (2014) and
Mason & Gronke (2020, for further details, see Witstok et al.
2024), under the assumptions of the gas in the IGM having mean
cosmic density and T = 1 K, while gas in the ionised bub-
ble is fully ionised (residual neutral fraction xHI = 10−8) with
T = 104 K. We applyed such transmission curve to a power-law
spectrum modelling the continuum bluewards of 1500 Å rest-
frame8, to avoid the region contaminated by emission lines, and
we included the contribution from the Lya emission matching
flux, velocity and width as observed in the G140M spectrum a
posteriori into the model (i.e. after attenuating the intrinsic spec-
trum), as it could possibly affect the observed profile9. We then
convolved the attenuated model by the PRISM line spread func-
tion provided by de Graaff et al. (2024) and resampled it to the

8 This introduces the slope and normalisation of the UV continuum as
additional (nuisance) parameters.
9 We note that while such a weak Lya line is not expected to be seen
directly at the PRISM resolution, where it becomes fully blended with
the break, it does affect its spectral shape, e.g. Jones et al. (2024).

A89, page 19 of 24



Curti, M., et al.: A&A, 697, A89 (2025)

PRISM wavelength grid before comparing to the data. In order
to properly account for the inter-correlation between adjacent
wavelength bins in the fitting procedure, the χ2 goodness-of-
fit statistics involves the covariance matrix empirically derived
from 2000 bootstrapped realisations of the PRISM spectrum
leveraging the 186 available individual exposures, as detailed in
Jakobsen et al. (in prep.). In particular,

χ2 = RT [CovFλ]−1R, (2)

where [CovFλ]−1 is the inverted covariance matrix and R = Fλ

− Fmodel is the vector of residuals.
Here in particular we explored which constraints can be set

on the size of the ionised bubble and the amount of neutral gas
along the line of sight in a simple scenario where the intrinsic
stellar spectrum (modelled by a power law) is attenuated by a
fully neutral IGM. In this model, the fraction of neutral hydro-
gen is set to unity (i.e. xHI = 1), while the size of the surrounding
ionised region Rion (expressed in physical Mpc) and the column
density of neutral gas are free to vary. We assumed the neu-
tral gas to pertain to the local galaxy ISM or the surrounding
circumgalactic medium (CGM), similar to what is observed in
DLA systems, hence we fixed the redshift of such DLA compo-
nent to the systemic redshift of GS-z9-0. The Lyα optical depth
due to the DLA component was modelled as a Voigt profile
(following the approximation of Tasitsiomi 2006), being solely
parametrised by the column density of neutral atomic hydrogen
NHI (we assumed an ISM temperature T = 104 K, and no addi-
tional contribution due to a turbulent medium).

The best-fit model (red curve in Fig. 14, χ2 = 54.57 for
34 degrees of freedom) predicts log(NHI/cm−2) = 19.92 and
Rion = 0 as formal best-fit values, delivering a good match to
the observed spectral profile. We explored the confidence region
for the two main parameters by mapping the χ2 over the Rion = 0
versus NHI parameter space, taking the ∆χ2 = (χ2 − χ2

best) =
1, 4, 9 contour levels as the 1σ, 2σ and 3σ confidence intervals,
respectively. As shown in the bottom left panel of Fig. 14, any
local (i.e. at systemic redshift) column density of neutral gas is
strongly constrained to be lower than log(NHI/cm−2) . 20.75
at 99.7% confidence. Very similar constraints are obtained by
employing the multinest algorithm (Feroz et al. 2009) to sam-
ple the posterior probability density function of each parame-
ter10. The bottom right panel of Fig. 14 shows the corner plot for
Rion and log(NHI/cm−2)), from which we quote an upper limit on
log(NHI/cm−2) < 20.5 as estimated from the 95th per centile of
the marginalised posterior distribution.

Interestingly, our inferred upper limits are much lower than
what other recent observations of z & 10 galaxies have sug-
gested, reporting detection of local column densities of neu-
tral gas as high as log(NHI/cm−2) = 22.5 which have been
interpreted as evidence for the presence of large reservoirs of
cold gas available to sustain early star formation and galaxy
growth (e.g. D’Eugenio et al. 2024; Heintz et al. 2024, 2025;
Hainline et al. 2024b; Carniani et al. 2024). Such large column
densities would push the onset of the Lya absorption trough
redwards with respect to the systemic redshift and significantly
soften the observed spectral break: this is illustrated for instance
by the light and dark green curves in Fig. 14, which show how
the transmitted spectrum would look in the presence of local
DLAs of log(NHI/cm−2) = 21.5 and 22.5, respectively, result-
ing in very different spectral shapes than observed in the PRISM
spectrum of GS-z9-0.
10 Our likelihood model includes the covariance matrix as in Eq. (2),
and we assume flat linear prior on log(NHI/cm−2), while log-uniform
prior on Rion between linear values of 10−2 and 100.5.

To test the amount of degeneracy between the column den-
sity of neutral gas in the CGM/ISM and the hydrogen neutral
fraction in the IGM and its impact on the results of our fit,
we have also performed a run by leaving also xHI free to vary
between 0 and 1, finding that the fit still favours a solution with
high xHI (0.97+0.02

−0.05), little Rion (0.16+0.34
−0.11 pMpc), and low NHI

(log(NHI/cm−2) = 19.37+0.95
−1.61), which means that the transmis-

sion curve from the IGM absorption cannot be exactly mimicked
by local ISM/CGM absorption in the form of a DLA compo-
nent at any column density. We note that in such a scenario
the inferred value for xHI is slightly higher than (though consis-
tent with) that measured by Umeda et al. (2024) on an average,
stacked JWST/PRISM spectrum of z > 9 galaxies. Furthermore,
we have tested that only a fine-tuned model with the DLA com-
ponent placed at a redshift z[DLA] ∼ 9.3 and large column den-
sity (log(NHI/cm−2) & 22.3) can mimic the transmission curve of
a fully neutral IGM (delivering a comparable goodness of fit),
but this would likely imply the presence of a foreground system
which is not seen in NIRCAM imaging (see also Jakobsen et al.,
in prep.).

For what concerns the constraints inferred from our sim-
ple model on the size of a possible ionised region around
GS-z9-0, the bottom left panel of Fig. 14 shows that for
any value of log(NHI/cm−2) . 20 Rion is constrained to be
.0.1 pMpc at 1σ confidence (.0.4 pMpc at 3σ confidence),
whereas only within a rather fine-tuned interval of log(NHI/cm−2)
values (20.3 . log(NHI/cm−2) . 20.8) the 1σ confidence region
extends up to 0.6 pMpc ( with 2σ and 3σ intervals extending
beyond 1 pMpc). Again, similar constraints are obtained from
the marginalised posterior PDF for Rion, from which we quote
Rion < 0.447 pMpc as the 95th per centile of the distribution.

We can compare the constraints on Rion derived from our
modelling of the Lya spectral break with what we could
expect for a galaxy such as GS-z9-0 on the basis of sim-
ple arguments involving the age of the system and its ionis-
ing efficiency. First, we estimated the ionising photons pro-
duction efficiency of GS-z9-0 leveraging the measured flux of
Hb. We followed Saxena et al. (2023), Simmonds et al. (2023),
Witstok et al. (2025b), among others, to infer

ξion = 3 × 1012 erg−1 LHb/Lν,1500, (3)

measuring the UV luminosity density at 1500 Å rest-frame and
under the assumption of case B recombination and zero escape
fraction of Lyman continuum photons ( fesc,LyC = 0, hence yield-
ing a lower limit), finding log(ξion/erg−1 Hz) = 25.64, in agree-
ment with typical values for bright (MUV < −20) galaxies in
the EoR (e.g. Endsley et al. 2024). Following Mason & Gronke
(2020), Witstok et al. (2024), among others, we then estimated
the size of the surrounding ionised region that would be pro-
duced by a galaxy similar to GS-z9-0 from

Rion(t) ≈
(3 fesc,LyCṄiont

4πn̄H(z)

)
, (4)

where n̄H(z) is the mean hydrogen number density at redshift z
and Ṅion the production rate of ionising photons. Assuming that
the ionising photon production is powered by a very recent burst
of star formation occurred over the past 5 Myr, as suggested by
both the steeply rising SFH derived in Sect. 2.3 and the chemi-
cal abundance patterns discussed in Sect. 5, and a fesc,LyC = 5%
(Finkelstein et al. 2019) would produce an ionised bubble with
size Rion ≈ 0.1 pMpc (0.05–0.12 pMpc if assuming fesc,LyC rang-
ing between 1% and 10%), in good agreement with the 1σ con-
fidence limits inferred from our modelling of the Lya break for
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the majority of allowed NHI values. These values are also in line
with what predicted for Lya emitters (LAEs) with similar phys-
ical properties to GS-z9-0 discovered at slightly lower redshift
(see e.g. ∼7−8 objects in Witstok et al. 2024, 2025b), whose
(sometimes significantly) larger inferred sizes of ionised bubbles
(constrained by large observed Lya/Hb ratios and small veloc-
ity offsets) require including the contribution from either faint
neighbour companions or older galaxies, to assume bursty SFHs,
or to invoke particularly favourable geometrical configurations.

Summarising, we find indications for GS-z9-0 to be sur-
rounded by a small ionised bubble, as suggested by the low
escape fraction of Lya photons (∼1%), the relatively large veloc-
ity offset (∼450 km/s), and the constraints set by modelling the
damping wing of the Lya break. Despite the high production
efficiency of ionising photons powered by its recent SFH, this
galaxy is therefore unlikely to have contributed significantly to
reionisation at the epoch of observations. Nonetheless, it is pos-
sible that the presence of outflowing gas (as also suggested by
the velocity shift observed in the C iv emission) is helping to
create channels through which Lya photons can escape from a
fully neutral IGM; the presence of such outflows has been sug-
gested as almost ubiquitous in early galaxies with high sSFR
(Ferrara 2024; Ferrara et al. 2025).

Finally, we note that, despite providing a reasonably good
match to the data, our simplified baseline model assuming xHI =
1 is not capable of perfectly reproducing the observed spec-
tral shape of GS-z9-0 in the PRISM spectrum, as clear residu-
als are observed for instance between ∼1.3–1.35 µm, where the
profile softens before turning-over (see Fig. 14). We note that
in order to place more stringent constraints on the neutral frac-
tion of the IGM it is critical to have a better understanding of
the systematics involved in modelling the intrinsic UV contin-
uum and the exact shape of the Lya emission that emerges from
the galaxy, as well as the impact of possible fluctuations in the
hydrogen density associated with large-scale structures at these
redshifts (e.g. Smith et al. 2022). Moreover, a proper modelling
of the contribution to attenuation due to local absorbers would
require the precise knowledge of the geometry and density pro-
files of the intervening gas clouds (Gronke 2017; Hutter et al.
2023). A more detailed discussion on the damping wing of the
Lya absorption profile in GS-z9-0, the inferred constraints on
xHI , and the implications on the history of cosmic reionisation,
is presented in Jakobsen et al., (in prep.).

7. Summary

We have presented ultra-deep JWST/NIRSpec observations of
GS-z9-0, a luminous (MUV = −20.43) galaxy at redshift z ∼
9.4327. Combining datasets from JADES programmes PID 1210
and PID 3215 provided a total of 72 hours of observations in
PRISM/CLEAR mode, 44 hours in G395M/F290LP mode, and
16 hours in G140M/F070LP mode. Leveraging the high signal-
to-noise ratio of the spectrum (Fig. 2) and the detection of mul-
tiple emission lines in the rest-frame optical and UV regimes
(Figs. 3 and 5), we characterised the ISM properties and the star
formation history of this source, observed only ∼500 Myr after
the Big Bang.

The main results discussed in the paper are summarised as
follows:

– The system is young (light-weighted age ∼3 Myr, mass-
weighted age of ∼30 Myr) and compact (Re ∼ 110 pc),
and exhibits a steeply rising star formation history over the
past 3–10 Myr with high star formation rate surface density
(ΣSFR ∼ 72 M� yr−1 kpc−2), suggesting that the majority of
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Fig. 14. Model of the Lyα break in the PRISM spectrum. Upper
panel: Best fit (red line) from a model in which we attenuate a power-
law spectrum by applying the transmission curve from a fully neutral
IGM (xHI fixed to 1) while fitting for the size of any ionised bubble
(Rion) surrounding GS-z9-0 and for the column density of a local DLA
system along the line of sight (NHI). The residuals from the fit are
compared with both the pipeline error spectrum and the square root
of the diagonal terms of the covariance matrix described in Sect. 6
(Jakobsen et al., in prep.). The formal best-fit values provide Rion ∼ 0
and log(NHI/cm−2) = 19.9. We note that including attenuation from the
column density of neutral gas placed at the galaxy systemic redshift
does not provide significant improvements to the model compared to
only applying attenuation from purely neutral IGM (blue dotted line).
For comparison, the light and dark green curves show the spectral
shape obtained by including DLAs with log(NHI/cm−2) = 21.5 and 22.5,
respectively. Bottom left panel: Contour levels of the χ2-map on the
log(NHI) vs. Rion parameter space, highlighting 1σ, 2σ, and 3σ confi-
dence regions. The column density of any DLA at the systemic redshift
is constrained to log(NHI/cm−2) < 20.75 at 99.7% confidence. Bottom
right panel: Joint contours and marginalised posterior probability den-
sity function for the same parameters. The quoted upper limits report
the 95th per centiles of the posterior distributions.

mass assembly occurred during a recent and concentrated
burst of star formation (Fig. 6). Negligible dust attenuation
is inferred from both SED fitting and Balmer lines (Fig. 7).

– Emission line ratios from the rest-frame UV are indicative of
a hard radiation field powered by young, massive, and metal-
poor stars (Fig. 8), in particular when the abundance patterns
of the model grids (e.g. in C/O) are matched to those inferred
independently from the emission lines. However, the tenta-
tive detection of the extremely high-ionisation [Nev] l3426
line (Fig. 3) suggests that a contribution to ionisation from
the NLR of an AGN or from shocks driven by SN explosions
cannot be excluded (Fig. 9).
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– The measured C/O abundance (log(C/O) = −0.90, [C/O] =
−0.64) lies at the lowest envelope of the distribution
of local and high-redshift galaxies at similar metallicity
(12 + log(O/H) ∼ 7.5), in agreement with a rapid recent his-
tory of chemical enrichment dominated by yields of core-
collapse supernovae from massive stars progenitors (Fig. 11).

– However, the detection of N iii] l1750 emission in the
PRISM spectrum suggests low C/N and hence overabundant
N/O (log(N/O) = −0.93, [N/O] = −0.07) compared to the
average plateau occupied by local low-metallicity galaxies,
similar to (though not as extreme as) the nitrogen-enriched
galaxies at z > 6 recently observed by JWST (Fig. 11). This
is also corroborated by the marginal detection of N iv] l1483
in the 3 pixel extracted G140M spectrum.

– The observed CNO abundance patterns are well reproduced
by single-burst chemical evolution models including a con-
tribution from very massive stars (M? & 100 M�), possibly
revealing the short timescale signatures of enrichment from
Wolf-Rayet stars or pair-instability supernovae progenitors,
in line with a top-heavy IMF scenario regulating the process
of star formation in the earliest galaxies (Fig. 12). More fine-
tuned SFHs (e.g. characterised by two bursts separated by
a ∼100 Myr period of quiescence) are required to match the
CNO abundance patterns assuming a standard IMF.

– By modelling the Lya spectral break under the assumption
of a fully neutral IGM, we rule out the presence of very
high column density local absorbers (log(NHI/cm−2) . 20.75
at 99.7% confidence; Fig. 14). We also report the tentative
detection of Lya emission in the G140M spectrum (Fig. 13),
redshifted by ∼450 km/s from systemic, from which we infer
an escape fraction of Lya photons from IGM attenuation of
∼1%. Together with the constraints from the Lya break, and
in line with the young age of the system, this suggests the
size of any ionised region surrounding GS-z9-0 to be .0.1–
0.2 pMpc and that, despite the high production efficiency of
ionising photons, this system had not yet significantly con-
tributed to cosmic reionisation at the time of observations.

Sources such as GS-z9-0 currently represent the best opportu-
nities to directly investigate the physics underlying the early
phases of galaxy assembly, their evolution, and the environ-
ment they live in. The richness of spectral features and the
peculiar chemical abundances observed in this and other high-
redshift systems challenge our understanding of the nature of
massive stars powering the extreme emission lines seen in the
spectra, and possibly hint at the role of early accretion onto
(super-)massive black holes. In this sense, the present analy-
sis also highlights the wealth of information delivered by deep
observations that simultaneously probe rest-frame UV and opti-
cal spectra of z ∼ 6–10 galaxies. However, despite the enormous
advancements already brought by JWST, the intrinsic faintness
of most rest-frame UV stellar and nebular features currently hin-
ders their detailed characterisation within the context of the more
general high-redshift galaxy population. Alongside the identi-
fication and follow-up of new bright high-redshift candidates,
deeper spectroscopy at medium to high resolution probing the
UV continuum and emission line features over large samples
will therefore be the key to gradually move from the study of
the most luminous systems towards a broader understanding of
the physical properties of galaxies in the early Universe.
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