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A B S T R A C T 

We investigate the unusual emission-line luminosity ratios observed in the JWST Deep Extragalactic Survey (JADES) NIRSpec 
spectroscopy of GN-z11, which reveal exceptionally strong emission lines and a significant detection of the rarely observed N III ] 
λ1748 − 1753, multiplet. These features suggest an elevated N/O abundance, challenging existing models of stellar populations 
and nebular emission. To assess whether Wolf–Rayet (WR) stars can account for the observed line ratios, we construct a suite 
of stellar and nebular models incorporating high-resolution stellar spectral libraries, enabling a more accurate treatment of WR 

evolution and its influence on the ionizing radiation field. We find that the inclusion of WR stars is essential for reproducing the 
observed position of GN-z11 in the C III ]/He II versus C III ]/C IV diagnostic plane, resolving discrepancies from previous studies. 
The model-derived metallicity (0.07 � Z /Z� � 0.15), ionization parameter (log U ≈−2), and stellar ages are consistent with the 
literature estimates. However, our models underpredict the N III /O III ] ratio, suggesting that WR stars alone cannot fully explain 

the nitrogen enrichment. This suggests that additional mechanisms, such as rapid chemical enrichment in a young, metal-poor 
environment, may be necessary to explain the nitrogen excess. While our models successfully reproduce most observed line 
ratios, further refinements to the models are needed to fully characterize the stellar populations and the enrichment processes of 
high-redshift galaxies like GN-z11. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: high-redshift – galaxies: starburst – galaxies: stellar content. 
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ince its first light, the James Webb Space Telescope ( JWST ) has
evolutionized our understanding of the early Universe, probing
eeper than ever before and challenging existing models of galaxy
ormation and evolution at cosmic dawn. One of the remarkable
iscoveries facilitated by JWST is GN-z11, the most luminous
alaxy candidate at z > 10 in the Great Observatories Origins Deep
urvey (GOODS) North field (R. J. Bouwens et al. 2010 ; P. A.
esch et al. 2016 ). At just ∼ 430 Myr after the big bang, GN-

11 offers a unique, yet puzzling, glimpse into the astrophysical
rocesses driving the emergence of the first generations of galaxies.
ntriguingly, its spectrum from JWST -NIRSpec (A. J. Bunker et al.
023 ) reveals extreme ultraviolet (UV) and optical emission lines,
ncluding the rarely observed N III ] λλ1748-1753, along with [C III ],
 III ] λλ1907 , 1909, C IV λλ1548 , 1550, and He II λ1640emission

eatures. 
 E-mail: madusha.gunawardhana@sydney.edu.au 

c  

s  

n  

s  

t  

Published by Oxford University Press on behalf of Royal Astronomical Societ
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
The analysis of A. J. Bunker et al. ( 2023 ) highlights that GN-z11
ccupies unique regions of emission-line diagnostic diagrams, driven
n part by its unusually high nitrogen-to-oxygen (N/O) abundance
atio, pose a challenge to the existing photoionization models for both
ctive galactic nuclei (AGNs) and starburst galaxies (e.g. A. Feltre,
. Charlot & J. Gutkin 2016 ; J. Gutkin, S. Charlot & G. Bruzual
016 ). This raises critical questions about the chemical enrichment
rocesses occurring in galaxies at such an early epoch. 
The origin of GN-z11’s extreme line luminosities and high N/O

bundance remains a topic of active debate. While various physical
echanisms have been proposed to explain the unusual properties of
N-z11, its true nature remains elusive. 
For instance, A. J. Cameron et al. ( 2023 ) explore several scenarios

o explain the unusually high nitrogen enrichment observed in GN-
11. Their study concludes that while conventional stellar evolution
odels struggle to account for the elevated N/O ratio, alternative
echanisms – such as Wolf–Rayet (WR) stars, runaway stellar

ollisions in dense clusters facilitating the formation of very massive
tars, and tidal disruption events – may provide more viable expla-
ations. Further evidence supporting the presence of very massive
tars in GN-z11 is presented by J. S. Vink ( 2024 ), who propose
hat stars with initial masses between 100 and 1000 M� are key
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,
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ontributors to nitrogen enrichment in star-forming (SF) galaxies. 
ue to their proximity to the Eddington limit, these massive stars
ndergo substantial mass loss via powerful stellar winds, enriching 
he surrounding interstellar medium (ISM) with nitrogen. While J. 
. Vink ( 2024 ) assigns less weight to the WR scenario in GN-z11,
 recent study by K. Watanabe et al. ( 2024 ) incorporating chemical
volution models with yields from various supernova types, like 
ore-collapse supernovae, Type Ia supernovae, hypernovae, and pair- 
nstability supernovae, suggests that these mechanisms alone do not 
ully account for the high N/O ratio. Instead, nitrogen enrichment 
ay be attributed to winds from rotating WR stars that undergo 

irect collapse. 
On the other hand, R. Maiolino et al. ( 2024 ) highlight the detection

f [Ne IV ] λ2453, and C II∗λ1335 transitions, both of which are
ommonly associated with AGN activity, along with the detection 
f semiforbidden nebular emission lines, suggestive of high-density 
as, to argue for the presence of an AGN in GN-z11. In contrast,
. Senchyna et al. ( 2024 ) compare GN-z11’s spectrum to local
V data sets and note similarities with Mrk 996, where a high

oncentration of WR stars and their CNO-processed ejecta produce 
 UV spectrum that closely resembles that of GN-z11. Based on 
etailed nebular modelling, P. Senchyna et al. ( 2024 ) suggest the
eculiar nitrogenic features prominent in GN-z11 may be a unique 
ignature of intense and densely clustered star formation, potentially 
inked to the evolutionary precursors of present-day globular clusters. 

Further support for the AGN hypothesis comes from J. Scholtz 
t al. ( 2024 ). They report extended Ly α emission located SW of GN-
11’s continuum centre, and an extended C III ] λ1909 emission in the
ame direction (R. Maiolino et al. 2024 ), which they interpreted as
vidence of an AGN-driven ionization cone. 

Conversely, several studies provide evidence supporting the star- 
urst nature of GN-z11. For instance, J. Álvarez-Márquez et al. 
 2025 ) utilize deep medium-resolution spectroscopy from JWST’s 

id-Infrared Instrument (MIRI) covering the rest-frame optical 
pectrum of GN-z11 to model its H α and O III λ5008 emission
eatures. They find the line profiles to be well represented by a
arrow Gaussian component, with no indication of a dominant broad 
 α emission line typically associated with the broad-line region of an 
GN, though they do not entirely rule out the possibility of a weak-

ine AGN contribution. Taking into account the high star formation 
ate and stellar mass surface densities of GN-z11, J. Álvarez-Márquez 
t al. ( 2025 ) propose that the galaxy is undergoing a highly efficient
tarburst phase. 

Similar conclusions are drawn in the model-based studies of C. 
obayashi & A. Ferrara ( 2024 ), C. Nagele & H. Umeda ( 2023 ), and F.
izzuti et al. ( 2025 ). For instance, C. Kobayashi & A. Ferrara ( 2024 )
ropose an intermittent star formation scenario, where a quiescent 
hase lasting 100 Myr separates two starbursts. They find that the 
mergence of WR stars immediately following the second starburst 
an account for the elevated N/O abundance observed in GN-z11. 
imilarly, C. Nagele & H. Umeda ( 2023 ) use simulations to suggest

hat metal-enriched supermassive stars, evolving shortly after the 
ero-age main sequence, could produce supersolar nitrogen levels 
onsistent with the observations of GN-z11. Finally, F. Rizzuti et al. 
 2025 ) employ chemical evolutionary models incorporating various 
tar formation histories (SFHs) to demonstrate that galaxies with 
xtreme star formation rates and differential galactic winds – where 
he products of core-collapse supernovae are preferentially expelled 
can achieve supersolar N/O abundances. 
Building on the work of A. J. Bunker et al. ( 2023 ), our study

n the current paper leverages JWST observations of GN-z11 to 
nvestigate the physical properties of its stellar populations, ion- 
zing sources, and chemical enrichment. Using the updated stellar 
opulation synthesis (SPS) code, STARBURST99 , which incorporates 
he latest WR classifications, accurate massive stellar evolution, 
pdated isochrones, and high-resolution stellar and WR libraries that 
ore uniformly sample the effective temperature, surface gravity, 

nd stellar rotation parameter space of high-mass stars, alongside 
hotoionization modelling ( CLOUDY ), we investigate the potential 
ontributions of massive WR stars to the extreme ionizing radiation in 
N-z11. We also explore mechanisms that could explain the elevated 
/O abundance, aiming to bridge the gaps in our understanding 
f GN-z11’s unique emission properties, as well as building upon 
revious efforts in modelling starburst regions using self-consistent 
pproaches to accurately reproduce both stellar and nebular proper- 
ies (e.g. J. M. Gomes & P. Papaderos 2017 ; M. L. P. Gunawardhana
t al. 2020 ). 

The paper is structured in two main parts. In the first part, we
ntroduce GN-z11 in Section 2 , followed by a detailed description of
he construction of a comprehensive stellar and nebular model library 
Sections 3 and 4 ). This includes modelling starbursts across stellar
etallicities that permit WR star formation, utilizing an updated 

TARBURST99 code (Section 3 ) coupled with the photoionization 
ode CLOUDY (Section 4 ) to characterize both stellar populations and
ebular properties in highly SF regions. The second part of the paper
pplies these models to investigate the stellar and nebular properties 
f GN-z11 within the framework of various UV diagnostic diagrams 
Section 5 ). 

The assumed cosmological parameters are H0 = 70 km s−1 Mpc−1 , 
M 

= 0.3, and �� 

= 0.7. We assume a P. Kroupa ( 2001 ) stellar initial
ass function (IMF) with high-mass cut-off of 120 M� throughout. 

 JA D E S  NIRSPEC  SPECTROSCOPY  O F  G N - Z 1 1  

he NIRSpec observations of GN-z11, the most luminous candidate 
 > 10 Lyman break galaxy in the GOODS-North field, were taken as
 part of the JWST Deep Extragalactic Survey (JADES) collaboration 
etween the NIRSpec and NIRCam instrument science teams. This 
tudy uses the GN-z11 data set described in detail in A. J. Bunker
t al. ( 2023 ). 

Briefly, the GN-z11 was observed with high priority using 
IRSpec in its microshutter array mode (P. Ferruit et al. 2022 ),

omprising of four arrays of 365 ×171 independently opera- 
le shutters, with 98 arcsec × 91 arcsec sky coverage. Our study
ses the co-added data, with a total integration time of 3.45 h
n each medium-resolution ( R ≈ 1000) G 140 M / F 070 LP (0.70–
.27μm), G 235 M / F 170 LP (1.66–3.07μm), and G 395 M / F 290 LP
2.87–5.10μm) grating, and 6.9 h in the low-resolution ( R ≈ 100)
RISM/CLEAR mode (0.7–5.3μm). The observations were pro- 
essed with the reduction pipelines developed by the NIRSpec 
nstrument science and GTO teams (A. J. Cameron et al. 2023 ).
ased on the processed data, A. J. Bunker et al. ( 2023 ) report a

edshift of 10 . 6034 ± 0 . 0013 for GN-z11. 
For the analysis presented in this paper, we use the medium-

esolution GN-z11 spectra presented in fig. B.1 of A. J. Bunker et al.
 2023 ). 

In the subsequent sections, we present and discuss the development 
f the suite of high-resolution and self-consistent stellar and nebular 
odels, and their application to interpret the NIRSpec observations 

f GN-z11. 

 STELLAR  P O P U L AT I O N  SYNTHESI S  

O D E L L I N G  

he JWST has significantly expanded our ability to probe much 
igher redshifts, allowing the observations of young, massive stellar 
MNRAS 543, 3172–3195 (2025)
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1 The PARSEC v1.2S library is downloaded from the CMD3.1 web interphase 
( http://stev.oapd.inaf.it/cgi-bin/cmd ) 
opulations that emit a substantial portion of their flux in the
ar-UV. The increasing number of distant galaxy observations has
ntensified the need to improve SPS models, facilitating more
eliable interpretations of these galaxies’ physical properties (C. M.
yrne & E. R. Stanway 2023 ; C. Pacifici et al. 2023 ). However, a
ajor challenge in studying high-redshift stellar populations using

volutionary population synthesis is the limited availability of com-
rehensive, high-resolution models with extended UV wavelength
overage. In this section, we detail our approach to incorporating
heoretical stellar spectral libraries, aiming to model both the stellar
nd nebular features of young, massive stellar populations in a self-
onsistent manner. This approach leverages the spectral resolution
nd wavelength range provided by JWST -NIRSpec spectroscopy. 

To generate high-resolution stellar population templates, we use
he STARBURST99 code of C. Leitherer et al. ( 1999 ), which has been

odified to model more accurately the key evolutionary phases of
assive stars. The subsequent sections detail the modifications to

he three core components of SPS models. In Section 3.1 , we discuss
he implementation of the stellar isochrones used in this study,
hich map a star’s position in the bolometric luminosity–effective

emperature plane (or equivalently, in the surface gravity–effective
emperature plane) based on its mass, initial chemical composition,
nd age. The incorporation of the high-resolution stellar libraries,
ncluding WR stars, tracing different evolutionary stages of stars (A.
azdekis et al. 2012 ), is detailed in Sections 3.2 and 3.3 . Finally,

n Section 4 , we describe the self-consistent construction of nebular
odels using the CLOUDY photoionization code of G. J. Ferland et al.

 2013 ), integrating the updated STARBURST 99 SPS models as input. 

.1 The stellar evolutionary models 

or the analysis presented in this paper, we utilize two widely
sed single-stellar evolutionary models; the GENEVA high mass-
oss models (G. Schaller et al. 1992 ; C. Charbonnel et al. 1993 ; G.

eynet et al. 1994 ) and the PARSEC models (A. Bressan et al. 2012 ;
. Chen et al. 2014 , 2015 ). Recent models that have incorporated
oth rotational effects in massive stars (e.g. GENEVA and MESA
sochrones and Stellar Tracks; G. Meynet et al. 1994 ; B. Paxton
t al. 2013 ) and binary evolution (e.g. BPASS ; J. J. Eldridge & E. R.
tanway 2009 ; J. J. Eldridge et al. 2017 ; Y. Götberg et al. 2019 ) have
lso been published. Compared with single-evolutionary models, the
odels including stellar rotation and multiple stellar evolution tend

o extend the effects of different evolutionary phases of massive stars.
While binary evolution effects offer a more complete picture

f massive stellar evolution, the use of single-stellar evolutionary
odels in this study is both appropriate and advantageous. These
odels provide a well-controlled framework for isolating the impact

f different evolutionary phases on spectral features. Their efficiency
n exploring parameter space and fine-tuning model parameters
akes them particularly well suited for this investigation. 
Furthermore, although we have not explicitly accounted for stellar

otation in this study, we note that, within STARBURST99 , the
inimum stellar masses required for the onset of the WR phase

re broadly comparable between the GENEVA high-mass-loss (HML)
nd rotational tracks. While rotational tracks are known to produce
arder ionizing spectra and increased ionizing luminosities, much of
hese effects tend to be effectively captured by the GENEVA tracks
hrough their HML prescriptions (J. Brinchmann, D. Kunth & F.
urret 2008b ). As shown by C. Leitherer et al. ( 2014 ), rotation can

nhance the ionizing photon output (e.g. a factor of 2–5 enhancement
n the Lyman continuum for very young populations), however, these
ifferences generally fall within the broader uncertainties associated
NRAS 543, 3172–3195 (2025)
ith mass-loss calibrations. Likewise, S. Ekström et al. ( 2012 )
nd J. Choi et al. ( 2016 ) highlight that, although rotation affects
urface abundances and stellar lifetimes, its influence on the ionizing
ontinuum, particularly during the WR phase, remains moderate
nd is often comparable to the effects of mass-loss prescriptions or
inarity. Therefore, we expect the predicted observables not to differ
ubstantially between rotating and non-rotating tracks. 

.1.1 GENEVA stellar evolutionary tracks 

he ‘ GENEVA HML’ isochrones (G. Meynet et al. 1994 ) are gen-
rally preferred over any isochrones with standard mass-loss rates
e.g. GENEVA and PADOVA standard tracks) for modelling starburst
alaxies, as they more accurately reproduce observations of the WR
hase, particularly for low-luminosity WR stars (e.g. J. Brinchmann,
. Pettini & S. Charlot 2008a ; E. M. Levesque, L. J. Kewley & K.

. Larson 2010 ; N. Byler et al. 2017 ). These models adopt mass-
oss rates approximately twice those of the ‘standard’ grid (C. Jager,
. Nieuwenhuijzen & K. A. van der Hucht 1988 ), providing a more

easonable approximation of mass loss for massive stars evolving into
he WR phase. Mass-loss rates for WR stars of the nitrogen subclass
ith hydrogen-free (hereafter WNE or early-type WN), WR stars
f the carbon subclass (hereafter WC), and WR stars of the oxygen
ubclass (hereafter WO) remain unchanged, except for the WR stars
f the nitrogen subclass with a specified hydrogen mass fraction,
ereafter late-type WN or WNL stars (G. Meynet et al. 1994 ). 
In this analysis, we utilize the existing implementa-

ion of GENEVA HML isochrones within STARBURST99 ,
overing the full range in available stellar metallicities
i.e. Z= 0 . 001 , 0 . 004 , 0 . 008 , 0 . 02 , and 0 . 04), assuming the solar
etallicity to be Z�= 0.02. The upper initial stellar mass limit is

et at 120 M�, with lower mass cut-offs at 25, 20, 15, 15, and
2 M�, respectively, from low-to-high stellar metallicity. The HML
odels as implemented in STARBURST99 are, therefore, combined
ith the ‘standard’ models to extend the stellar mass range down to
.1 M�, sampling around 22 different stellar mass values over 51
ime intervals. 

In the next section, we detail the implementation of the PARSEC

sochrones in STARBURST99 . A key difference between the GENEVA

nd PARSEC models lies in their treatment of mass-loss rates, which
ignificantly influence the evolution of massive stars. We also
xamine how these variations in mass-loss rates affect the transition
f massive stars into the WR phase across different metallicities in
ection 3.3.1 . 

.1.2 PARSEC stellar evolutionary tracks 

n addition to the GENEVA models, we also utilize the PARSEC v1.S
sochrones 1 (A. Bressan et al. 2012 ; Y. Chen et al. 2014 , 2015 )
or this analysis to investigate how the model assumptions change
etween the two sets of isochrones. The PARSEC tracks are calculated
or a scaled-solar composition, with the initial helium content linked
o the initial metallicities by the relation Yi = 1 . 78 × Zi + 0 . 2485,
ssuming a solar metallicity of Z�= 0.0152. 

The PARSEC release spans a broad range of metallicities, from
.0001 to 0.04, with initial masses up to 350 M�, and sample finely
n stellar mass. It includes improvements in the treatment of boundary
onditions for low-mass stars (Y. Chen et al. 2014 , ∼ 0 . 6 M�), as

http://stev.oapd.inaf.it/cgi-bin/cmd
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2 The Potsdam grids ( http://www.astro.physik.uni-potsdam.de/∼wrh/PoWR/ 
powrgrid1.php ) cover wavelengths > 950 Å. 
ell as updates to envelope overshooting and up-to-date mass-loss 
ates for massive stars (J. Tang et al. 2014 ; Y. Chen et al. 2015 ,
.e. 14 � M/M� � 350). 

We generate isochrones using evolutionary tracks from the PAR- 
EC v1.S library for integration into STARBURST99 . These tracks take 
dvantage of fine sampling across time, metallicity, and stellar mass, 
ncompassing 52 distinct stellar masses in the range 0 . 1 � M /M� �
50. Each evolutionary track is sampled non-uniformly at 1000 
ime-steps to capture all stellar evolutionary phases, and cover the 
volutionary stage from very near the zero-age main sequence (Y. 
hen et al. 2015 ) to the end stages for massive stars, or up to 10 Gyr

or low-mass stars. 
To accurately model the critical WR phase of massive stars, we 

pply corrections to the effective temperatures of all PARSEC v1.S 

volutionary models of massive stars. The derivation and justification 
f these temperature adjustments are discussed in Section 3.3 . 

.2 The stellar spectral library 

here are several approaches to producing stellar libraries for SPS 

odes, each with its own strengths and limitations. For generating 
PS models in SF regions, one critical requirement is comprehensive 
overage of the effective temperature ( Teff ), surface gravity (log g), 
nd metallicity ([Fe/H]) parameter space. Additionally, extended 
avelength coverage is essential, as different stellar phases peak 

t different wavelengths. 
Empirical stellar libraries, though valuable for being based on 

bserved stellar spectra, are still constrained by the availability 
f stars within the Galaxy. Ongoing and completed observational 
ampaigns (e.g. J. S. Vink et al. 2023 ; J. M. Bestenlehner et al.
025 ) have continued to expand the coverage of massive stars,
owever, empirical libraries remain limited in their ability to fully 
ample the parameter space, particularly for rare, high-mass stars. 
onsequently, for this analysis, we choose theoretical stellar libraries 
s they provide a more comprehensive framework for modelling 
oung, massive stellar populations. These theoretical spectra are 
enerated using radiative transfer processes to simulate flux from 

odel stellar atmospheres (R. L. Kurucz 1992 ; U. Munari et al.
005 ), enabling coverage across the entire Hertzsprung–Russell (HR) 
iagram, exploring all possible atmospheric parameters. 
One of the main drawbacks of theoretical libraries is their de- 

endence on tabulated opacities and atomic/molecular absorption 
trengths, which can have significant uncertainties. Despite these 
hallenges, accurately modelling young, massive stellar populations 
equires a stellar spectral library that covers the full parameter 
pace of Teff , log g, and [Fe/H], along with extended wavelength 
overage. In this context, theoretical libraries remain the best option 
or capturing the evolution of high-mass stars across the desired 
arameter space. 
We integrate the synthetic ultraviolet-blue ( UVBLUE ) library of 

. H. Rodrı́guez-Merino et al. ( 2005 ) into STARBURST99 to meet
he high spectral resolution requirements in the UV regime. The 
VBLUE library, calculated at a resolution of 50 000 using the ATLAS9
nd SYNTHE codes of R. Kurucz ( 1993 ), consists of 1770 spectra
overing a wavelength range of 850–4700 Å. The grid spans 3000–
0 000 K in effective temperature, 0 . 0 − 5 . 0 in log surface gravity
t steps of + 0 . 5 dex, and includes seven metallicities ([M/H] =
2 . 0 , −1 . 5 , −1 . 0 , −0 . 5 , + 0 . 0 , + 0 . 3, and + 0 . 5 dex). The synthetic

pectra assume solar-scaled abundances from N. Grevesse & A. J. 
auval ( 1998 ) and employ the atomic and diatomic molecular line

ists of R. L. Kurucz ( 1992 ). 
The diatomic molecular lines included in the computation are C2 , 
N, CO, H2 , SiO, CH, NH, OH, MgH, and SiH, excluding TiO

ines for cooler stars and atomic lines with theoretical transitions 
i.e. ‘predicted’ lines). While uncertainties in the wavelengths and 
ntensities of these predicted lines can introduce spurious absorption 
eatures and contaminate high-resolution spectra (U. Munari et al. 
005 ; P. Coelho et al. 2007 ), flux calibration remains essential for any
igh-resolution spectral library used to derive broad-band colours, 
s the absence of predicted lines can otherwise lead to inaccuracies
n colour predictions. As the present study focuses on exploring the
volutionary phases of massive stars, and as we do not intend to
se the current library for broad-band colour determinations, the 
ncertainties arising from the lack of predicted lines are expected to
e relatively low. 

.3 The Wolf–Rayet spectral library 

e combine STARBURST99 ’s low-resolution CMFGEN library (D. J. 
illier & D. L. Miller 1998 ) with the higher-resolution Potsdam
rids 2 of model atmospheres for WR stars (Galactic; Large Magel- 
anic Cloud, LMC; Small Magellanic Cloud, SMC; and sub-SMC), 
eveloped by W.-R. Hamann & G. Gräfener ( 2004 ); A. Sander,
.-R. Hamann & H. Todt ( 2012 ); and H. Todt et al. ( 2015 ). The

otsdam Wolf–Rayet (PoWR) library provides extensive grids of 
xpanding, non-local thermodynamic equilibrium, iron-group line- 
lanketed atmospheres for WR subtypes: WN stars, characterized by 
trong helium and nitrogen lines, and WC stars, defined by strong
elium and carbon lines. The inclusion of iron-group line blanketing 
s crucial for accurately reproducing the observed spectra of WR 

tars, particularly WC subtypes, where numerous iron line transitions 
Fe IV , Fe V , and Fe VI ) form a pseudo-continuum in the UV that
ominates the spectral energy distribution (SED; G. Gräfener, L. 
oesterke & W.-R. Hamann 2002 ). 
The PoWR grids are parametrized by luminosity ( L∗), effective 

emperature ( Teff ), and wind density. The WR stars exhibit wind
ensities that are typically an order of magnitude higher than those
f O-type stars, which are thought to be the result of multiple-
hoton scattering events due to their high luminosity-to-mass ratios 
P. A. Crowther 2007 ; C. Leitherer et al. 2014 ). The strong, broad
mission features characteristic of WR stellar spectra originate in 
heir powerful stellar winds, forming far from the stellar surface. This
ncrease in the optical thickness in mass-loss (Ṁ ) winds significantly 
mpacts WR star modelling. For instance, at a given metallicity, 
he minimum stellar mass required for a massive star to enter the

R phase decreases with higher Ṁ , while the WR phase duration 
ncreases. Additionally, both the time spent in each WR subtype and
he surface composition are highly sensitive to mass-loss rates (G. 

eynet et al. 1994 ). 
Moreover, the optical thickness and strength of WR winds influ- 

nce the hardness of their ionizing radiation, redistributing extreme 
V photons toward redder wavelengths. As a result, WR stars appear

ooler and larger in size than they would in the absence of mass loss.
herefore, the shape of the ionizing flux distribution, particularly the 

ransparency below 228 Å contributing to He0 ionizing photons, of 
R stars is a strong function of both the wind density and Teff (N.

anger 1989 ; P. A. Crowther 2007 ). 
Given the non-negligible role of wind density in determining the 

eatures of WR stars, the PoWR library of WN and WC grids are
MNRAS 543, 3172–3195 (2025)
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3 For this study, we select the PoWR grid for the WR stars of the nitrogen 
subclass with 20 per cent hydrogen mass fraction, i.e. WNL-H20. 
efined as a function of wind density, parametrized in terms of a
transformed radius’ (W. Schmutz, W. R. Hamann & U. Wessolowski
989 , RT ), and Teff . To integrate the PoWR library into STARBURST99 ,
e adopt the approach of C. Leitherer et al. ( 2014 ), employing the
arametrization established by W. Schmutz et al. ( 1989 ) as, 

T = R∗
( v∞ 

2500 

/ 

√ 

D Ṁ 

1 × 10−4 

)2 / 3 
, (1) 

here R∗ is the effective stellar radius in the unit of m, v∞ 

is the
erminal wind velocity in the unit of km s−1 , and Ṁ is the mass-loss
ate in M� yr−1 . Based on the observational evidence of line profile
ariabilities (A. F. J. Moffat et al. 1988 ) and the overprediction of
he amplitude of the scattering wings in theoretical line profiles (D.
. Hillier 1991 ), the winds of WR stars are thought to be clumped
G. Gräfener et al. 2017 ; L. Grassitelli et al. 2018 ). Therefore, the
ind clumping factor, D, acts to downward revise Ṁ , although the

xact amount is unclear (L. J. Smith, R. P. F. Norris & P. A. Crowther
002 ), for the present study, we adopt the typical values of D in the
iterature (e.g. L. Dessart et al. 2000 ; P. A. Crowther et al. 2002 ; L.
. Smith et al. 2002 ; P. A. Crowther 2007 ; E. I. Doran et al. 2013 ; R.
ainich et al. 2014 ; C. Leitherer et al. 2014 ) in the range 4 − 10 for
C stars to ∼ 4 for WN subtypes (P. A. Crowther 2007 ). 
Under the W. Schmutz et al. ( 1989 ) definition of RT , for a given

eff and metallicity, the model spectra with the same RT have
pproximately the same emission-line equivalent widths regardless
ther specific wind parameters (H. Todt et al. 2015 ), meaning that
or a fixed luminosity, the model depends only on RT and Teff . 

.3.1 Linking WR atmospheres with stellar evolutionary tracks 

he challenge of integrating WR atmospheres with stellar evolution-
ry models is a complex and long-standing problem in SPS. This
roblem exists because the optical thickness of WR stellar winds
auses the observed radiation to emerge at larger radii. Consequently,
he observed temperatures of WR stars cannot be directly linked to
he hydrostatic core temperatures ( Thyd ) provided by evolutionary

odels without an inward extrapolation (W. Schmutz et al. 1989 ; L.
. Smith et al. 2002 ). 

To this end, A. Maeder ( 1990 ); G. Meynet et al. ( 1994 ); and G.
. Vázquez et al. ( 2007 ) propose a potential solution, suggesting the
se of a velocity law to estimate an effective radius corresponding to
n optical depth ( τ ) of 2 

3 . This approach allows the hydrostatic core
emperature to be scaled to the temperature at this optical depth ( T2 / 3 ).
owever, as noted by W. Schmutz, C. Leitherer & R. Gruenwald

 1992 ) and L. J. Smith et al. ( 2002 ), the T2 / 3 derived from WR
tmospheres typically remain around 30 000 K across different WR
ubtypes, and still lower than Thyd predicted by evolutionary models.

To address this discrepancy, we adopt a hybrid approach, as
etailed below. 
Following A. Maeder ( 1990 ); G. Meynet et al. ( 1994 ); G. Meynet
 A. Maeder ( 2005 ); and G. A. Vázquez et al. ( 2007 ), we assume the

ffective radius at a τ ≈ 2 / 3 is related to the classical photospheric
adius (Rhyd ) via, 

2/3 = Rhyd + 3 κ|Ṁ | 
8 πv∞ 

, (2) 

here κ is the opacity, and |Ṁ | is the mass-loss rate in M� yr−1 .
hen using the Stefan–Bolzmann law, and assuming L ≈ L2 / 3 , T2 / 3 

s calculated. 
The challenge, then, is how to determine an accurate temperature

or WR stars, given that Thyd is generally too-high, while T2 / 3 is
NRAS 543, 3172–3195 (2025)
ypically too low. To address this, we adopt the weighted mean
emperature approach proposed by L. J. Smith et al. ( 2002 ), which is
ased on analysing the distribution of WR temperatures from STAR-
URST99 at solar metallicity. In this formalism, the WR temperature
 TWR ) is defined as, 

WR = 0 . 6 × Thyd + 0 . 4 × T2 / 3 . (3) 

The formalism in equation ( 3 ) is used in correcting the temper-
tures during the WR phase only (G. A. Vázquez et al. 2007 ; C.
eitherer et al. 2014 ). 

.3.2 The Wolf–Rayet stellar classification 

o become a classical WR star, a massive star must meet specific
riteria for initial mass, Teff , and surface abundances of hydrogen
H), carbon (C), nitrogen (N), and oxygen (O). The minimum mass
hreshold, Mmin , is metallicity-dependent, increasing as metallicity
ecreases, while Teff and surface abundances are dictated by the
sochrones. According to single-star evolutionary theories, a star with
n initial mass of Mmin of 20 M� at solar metallicity can become a
ate-type WN star if its surface hydrogen fraction drops below 0.4
nd Teff exceeds 25 000 K. At the same metallicity, a higher Mmin is
equired for the star to evolve into an early-type WN or a WC star
C. Georgy et al. 2012 , 2015 ). 

While the observational criteria for identifying WR stars are well
stablished (P. A. Crowther 2007 ), classifying WR subtypes along a
tellar evolutionary track of a given star is more challenging. There
re several WR classification schemes exist in the literature, (e.g. C.
eitherer et al. 1999 ; C. Georgy et al. 2012 ; Y. Chen et al. 2015 ). In

his study, we adopt a scheme similar to C. Georgy et al. ( 2012 ) and
. Leitherer et al. ( 1999 ) – a star is considered capable of entering the

ate-type WN phase if its zero-age main-sequence mass exceeds Mmin 

or the given metallicity, its Teff exceeds 25 000 K, and its surface
-abundance falls below 0.4. A star with negligible surface H-mass

raction and a C-to-N abundance ratio less than 1 while maintaining
he Teff requirement is classified as an early-type WN star. If the
-abundance ≥ N-abundance, the star is classified as a WC or WO

ubtype. We further differentiate between WC and WO subtypes
ased on the surface abundance ratio of C + O to helium. 
In Fig. 1 , we illustrate the evolution of WR spectra for a 120 M�

tar as it enters the WR phase, sampled in steps of 0.1 Myr. Each
anel, from left-to-right, and top-to-bottom, shows the complete
oWR library grids for WNE, WNL-H20, 3 and WC subtypes at
olar, LMC, SMC, and sub-SMC metallicities, respectively. The
olour coding and the contours represent the stellar photospheric
emperatures at specified TWR and RT . 

As discussed earlier, we apply a correction to the stellar effective
emperatures of massive stars in the PARSEC stellar isochrones during
heir WR phases. In Fig. 1 , the dashed lines illustrate how WR
pectral selection varies depending on whether Thyd (black-dashed),
2 / 3 (red-dashed), or TWR (blue-dashed) is used. The need for this

emperature correction is especially evident in the selection of WNL
tars, where Thyd is overestimated for WNL WR-subtype at solar,
MC, and SMC metallicities (i.e. Thyd extends to beyond the PoWR
rids towards higher TWR ), while T2 / 3 tends to be underestimated.
he weighted mean temperature correction generally aligns WR

emperatures to be within the respective PoWR grids. The correction,
owever, remains inadequate for the SMC grid, where all selections
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Figure 1. On the selection of WR spectra as a function of TWR [103 K] and RT [R�] for PARSEC and GENEVA stellar isochrones from PoWR library. The panels 
(left-to-right, top-to-bottom) show PoWR grids for WNE, WNL-H20, and WC spectra at solar, LMC-like, SMC-like, and sub-SMC-like ( ∼0.7 Z�) metallicities. 
The contours and colour gradients represent photospheric temperatures as a function of TWR and RT . Overlaid on each grid are evolutionary tracks for a 120 M�
star from PARSEC (dashed) and GENEVA (dotted) isochrones as it enters its WR phase. For the PARSEC models, we show the selection of WR spectra with respect 
to Thyd (black-dashed), T2 / 3 (red-dashed), and TWR (blue-dashed), and their respective RT s discussion in Section 3.3 . For the GENEVA models, we only show 

the selection for TWR . Note that the panels displaying only the PoWR model grids indicate metallicities where PARSEC or GENEVA models do not predict the 
formation of WR stars. The green dotted lines indicate the WO evolutionary phase, which appears only in the GENEVA models for 120 M� stars. For this phase 
to occur in PARSEC models require higher stellar masses. The selection of WR spectra as a function of TWR [103 K] and RT [R�] for PARSEC and GENEVA stellar 
isochrones from PoWR library for the sub-SMC-like ( ∼0.7 Z�) stellar metallicity. 

e
N
l
t

W
i
g  
xtend beyond the PoWR grids at the lower temperature end. 
ote that the temperature corrections would be tapering off at the 

ower temperatures, as the primary goal is to address overly high 
emperatures. 
Fig. 1 also shows the WNE (left column of panels), WC and 
O (right column of panels) selections guided by the respective 

sochrones. Since the PoWR library lacks a separate WR spectral 
rid for WO subtypes, we substitute WC spectra in the population
MNRAS 543, 3172–3195 (2025)
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Figure 1. Continued. 
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4 Nitrogen is synthesized as a primary element in CNO cycles during the 
Hydrogen-burning of stars in the 4 � M /M� � 8. 
5 Nitrogen is also synthesized as secondary nucleosynthesis element from CO 

products of previous generations of stellar populations (M. A. Dopita et al. 
2000 ; J. Gutkin et al. 2016 ) 
ynthesis analysis. Notably, no WR evolution is observed at sub-
MC metallicities with PARSEC isochrones, as they do not allow a
20 M� star to meet the conditions necessary to evolve into the WR
hase. 
In the same figure, we also present WR spectral selections based

n GENEVA HML isochrones (dotted lines). The GENEVA isochrones
lready incorporate a temperature correction for WR stars, so we
ely on their provided corrections to estimate the weighted mean
emperatures shown in Fig. 1 . One key difference between PARSEC

nd GENEVA isochrones is that GENEVA allows massive stars to
chieve WR conditions at metallicities lower than that permitted
y the PARSEC isochrones (see the bottom panels of Fig. 1 ). This
iscrepancy is mainly due to the higher mass-loss rates in the GENEVA

odels. These higher mass-loss rates at given metallicity enable
assive stars to enter the WR phase at earlier stages of evolution

ompared to PARSEC . Consequently, at a given age, the higher mass
osses allow more low-mass stars (with M > Mmin ) to enter the WR
hase with GENEVA than with PARSEC . Overall, achieving WR star
ormation at sub-SMC and lower metallicities typically requires high
ass-loss rates or binary interactions. 
Finally, since the PoWR grids begin at a wavelength of 950 Å, we

upplement the spectra at shorter wavelengths by integrating them
ith the low-resolution CMFGEN library available in STARBURST99

D. J. Hillier & D. L. Miller 1998 ), selecting models based on the
losest matching Teff . Some of the enhancements to the modelling
f WR features in the optical, achieved through the incorporation
f high-resolution spectral libraries, are discussed in M. L. P.
unawardhana et al. ( 2020 ). 

 P H OTO I O N I Z AT I O N  M O D E L L I N G  

redicting the ionizing spectrum is crucial for modelling young,
assive stellar populations in SF regions. These spectra are typically

ominated by a combination of nebular continuum, strong emission
ines, and broad emission features characteristic of WR stars dur-
ng intense starbursts. Accurate modelling of these strong nebular
missions is essential when comparing SPS models to observations
f young stellar populations. In contrast, nebular emissions can
enerally be disregarded when modelling older stellar populations. 
In this analysis, we generate photoionization models using version

3.00 of the CLOUDY code (M. Chatzikos et al. 2023 ) in a self-
onsistent manner, using the latest STARBURST99 templates as input.
NRAS 543, 3172–3195 (2025)
ersion 23.00 of CLOUDY introduces substantial updates to atomic
nd molecular data, significantly enhancing the accuracy of its
redictions. Notable improvements include the integration of the
hianti atomic database (version 10), updated collisional rates for
- and He-like ions, incorporation of the latest molecular data from

he Leiden Atomic and Molecular Database (LAMDA; F. van der Tak
t al. 2020 ), and revised chemical reaction rates for selected species.

For the gas-phase chemical composition, we adopt the 30-element
bundance prescription from J. Gutkin et al. ( 2016 ), which primarily
ssumes solar-scaled abundances compiled by A. Bressan et al.
 2012 ), except for a few elements. 

In this framework, the solar (photospheric) metallicity is Z� =
 . 01524, consistent with the PARSECV1.S isochrones. J. Gutkin et al.
 2016 ) also fine-tuned the solar oxygen and nitrogen abundances
rom A. Bressan et al. ( 2012 ) to better match the observed properties
f Sloan Digital Sky Survey (SDSS) galaxies in several optical
iagnostic diagrams. For non-solar metallicities, the abundances of
rimary nucleosynthesis elements are assumed to scale linearly with
he ISM metallicity. 

Nitrogen, being both a primary 4 and secondary 5 nucleosynthesis
lement, requires special treatment. As a secondary nucleosynthesis
lement, its abundance is expected to scale with stellar metallicity (J.
utkin et al. 2016 ). To relate the primary + secondary N-abundance

o O, we use the relationship proposed by B. A. Groves, M. A. Dopita
 R. S. Sutherland ( 2004 ) and adopted by J. Gutkin et al. ( 2016 ).
dditionally, we assume a solar C/O ratio of (C/O)� = 0 . 44. 
To account for the depletion of refractory metals onto dust grains,

e also adopt the ISM depletion factors from J. Gutkin et al. ( 2016 ).
he metals depleted from the gas phase contribute to grain formation,
hich significantly affects the scattering and absorption of incident

adiation, radiation pressure, collisional cooling, and photoelectric
eating of the gas. Depleting key cooling agents from the gas
hase reduces gas cooling efficiency, thus increasing the electron
emperature and, thereby, enhancing cooling through more energetic
ptical transitions (M. A. Dopita et al. 2002 ; B. A. Groves et al. 2004 ;
. Gutkin et al. 2016 ). The extent of metal depletion is characterized



WR contribution to GN-z11 3179

Table 1. Grid sampling of the main parameters of the photoionization model 
library. 

Parameter Sampled range 

Ages (Myr) 0.2–500 Myra (94 different values) 
Stellar metallicity 0.001 − Z�b (5 different values) 
IMF upper mass cut (M�) 120 
Gas metallicity 0.001 − Z�c (5 different values) 
nH (cm−3 ) 100, 500, 1000c 

Burst strengths (log M�) 2 − 5d 

Notes. a The ages are variably sampled. In the models, the young ages (i.e. < 

10 Myr) are sampled at 0.1 Myr steps in order to fully capture the evolutionary 
effects of massive stars, particularly the effects of the crucial short-lived WR 

phase. The ages in the range ∼ 10 − 100 Myr sampled at steps of 10 Myr, 
and the 100 − 500 Myr in steps of 100 Myr. 
b The present day (photospheric) solar metallicity ( Zs ) is assumed to 
be Z� = 0 . 0152, matching with PARSEC isochrones and J. Gutkin et al. 
( 2016 ) abundances. Note that the solar metallicity assumed for the GENEVA 

isochrones is 0.02. 
c We assume ZISM 

= Zs (i.e. gas-phase metallicities are assumed to be equal 
to stellar metallicity). 
d Any range of burst strengths can be assumed provided the corresponding 
evolution of log U is in the −0 . 5 � log U � 4 range. We assume a fixed 
radius for our model H II regions. For an H II region of a different radius, 
these strengths need to be scaled following equation ( 4 ). 
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y the gas-to-metal mass fraction, ξd . Following J. Gutkin et al. 
 2016 ), we adopt ξd = 0 . 36, indicating that 36 per cent of heavy
lements by mass are locked in dust grains. 

While ξd is inherently metallicity-dependent, in this study, we 
ssume a constant ξd across all metallicities. Since we focus only 
n metallicities capable of producing WR stars, the uncertainties 
ntroduced by this assumption are relatively minor, and we discuss its
mplications for model predictions and comparisons in Section 5.3 . 

For constructing the CLOUDY models of SF regions, we assume a 
imple spherical geometry. While not entirely realistic, the studies of 
F regions dominated by young, massive stars and their birth clouds 
nd a spherical approximation to be sufficient (e.g. A. Efstathiou, 
. Rowan-Robinson & R. Siebenmorgen 2000 ; R. Siebenmorgen 
 E. Krügel 2007 ). Additionally, we use emission-line luminosity 

atios throughout this study to minimize the impact of the underlying 
ssumption of a spherical geometry. 

.1 Grid of CLOUDY photoionization models 

his section outlines the development of a comprehensive suite of 
hotoionization models designed to investigate the UV emission-line 
roperties of SF galaxies. 
In CLOUDY modelling, the ionization parameter, U , determines 

he intensity of the ionizing continuum, and depends on the number 
f ionizing photons ( QH ), which characterizes the strength of a 
tarburst, and hydrogen density ( nH ). U is defined as, 

 = QH 

4 πR2 × nH × c 
, (4) 

here c is the speed of light and R is the radius of the ionized region,
ssumed to be fixed at 3 pc. While we fix the radius for our model
 II regions, the radius can be varied posteriori, permitting starbursts
f any magnitude to be generated provided the U range probed is
ithin the range of input to CLOUDY . 
Table 1 summarizes the sampling of key model parameters con- 

idered in this study. For a single stellar generation, most ionizing 
hotons are emitted within the first 10 Myr, during which the effects
f WR stars are also most pronounced. Therefore, we sample younger 
ges ( < 10 Myr) at a finer time resolution of 0.1 Myr, while the gas
ensity nH is sampled at a coarser resolution to establish lower and
pper bounds for the model grid. Throughout this analysis, we as-
ume that gas-phase metallicity ( ZISM 

) matches the stellar metallicity. 
The most common diagnostics for characterizing the nature of 

ebular excitation are the BPT diagnostics (J. A. Baldwin, M. 
. Phillips & R. Terlevich 1981 ). As a preliminary check, before

xamining the UV emission-line properties, we assess the predicted 
ehaviour of [O III ] λ5007/H β and [N II ] λ6584/H α from our new
odel suite in Fig. 2 . 
Fig. 2 (a) illustrates the evolution of the [O III ] λ5007/H β ratio for

tarbursts of 1000 and 10 000 M�, with nH = 100 and 1000 [cm−3 ],
ssuming ZISM 

= Z = Z�. The grey shading indicates the period
uring which massive stars evolve into WR stars in a single stellar
eneration. As stars enter the WR phase, the ionizing continuum 

ntensifies, leading to a sharp increase in the [O III ] λ5007/H β ratio.
onversely, this ratio rapidly drops as massive stars exit the WR
hase. The impact of nH and starburst strength is minimal at earlier
ges ( < 6 Myr), while significant variations in the [O III ] λ5007/H β

atio are observed at later ages ( > 6 Myr), although these ratios are
oo low to be detectable in H II regions. 

Figs 2 (b) and (c) illustrate the evolution of [O III ] λ5007/H β and
N II ] λ6584/H α for SMC, LMC, and solar metallicities, assuming
 starburst of strength 10 000 M� and nH = 100 and 1000 [cm−3 ].
he shaded region, the same as in Fig. 2 (a), represents the ages
here WR star effects become significant at for a ZISM 

= Z = Z�.
s discussed in Section 3.3 , both the onset and duration of the WR
hase depend on mass-loss rates and metallicity. The Mmin threshold 
or WR formation is lower at higher metallicities, allowing more low-
ass stars to enter the WR phase than at low metallicities, thereby

xtending the duration of the influence of WR stars on the stellar
opulation’s evolution. 
The impact of the metallicity dependence of ionizing photon 

rom WR stars on BPT diagnostics is evident in panels (b) and
c), where the peak in [O III ] λ5007/H β (and the decline in [N II ]
6584/H α) occur at younger ages for higher metallicity models 
ompared to subsolar models, reflecting the longer WR durations 
t higher metallicities. In contrast, the WR effects in subsolar 
odels are less pronounced and taper off more gradually due 

o the higher Mmin threshold, resulting in fewer massive stars 
ntering the WR phase. Finally, increasing nH enhances both [O III ]
5007/H β and [N II ] λ6584/H α due to a higher rate of collisional
xcitation. 

Figs 2 (d) and (e) present the BPT diagnostic plots. Like Fig. 2 (a),
ig. 2 (d) focuses exclusively on solar metallicity models, allowing us

o distinguish the effects of varying burst strengths and nH values at a
xed radius. The blue and brown solid lines represent the evolution of
PT diagnostics for starbursts of 1000 and 10 000 M�, respectively,
ith the darker and lighter shades of each colour denoting nH = 100

nd 1000 [cm−3 ], respectively. The black solid and dashed lines 
enote the demarcations from L. J. Kewley et al. ( 2001 ) and G.
auffmann et al. ( 2003 ), separating AGNs from SF galaxies and

omposites, and pure SF systems, respectively. The dashed grey 
ine represents the best fit to the low-redshift SDSS data from J.
rinchmann et al. ( 2008a ). 
As the starburst strength is defined by QH (equation 4 ), an increase

n QH will, in turn, increase U , extending the evolutionary tracks 
owards higher [O III ] λ5007/H β and lower [N II ] λ6584/H α regime
n the BPT plane. Conversely, for a given QH , an increase in nH will
ower U , thus shifting the evolutionary tracks towards higher [N II ]
6584/H α. 
MNRAS 543, 3172–3195 (2025)
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Figure 2. The behaviour of the predicted nebular lines used in BPT diagnostics (J. A. Baldwin et al. 1981 ). (a) The evolution of [O III ] λ5007/H β line luminosity 
ratio as a function of nH (solid and dotted lines) at solar metallicity ( Zs = Zg ) for bursts of star formation of strengths 1000 and 10 000 M� for a model H II region 
of a fixed radius. (b) and (c) show the evolution of [O III ] λ5007/H β and [N II ] λ6584/H α as a function of nH for SMC, LMC, and solar metallicities for a fixed 
starburst of 10 000 M�. The shaded regions in (a) and (b) show the timespan over which the WR phase is significant. The beginning and the duration of the 
WR phase of massive stars are largely functions of stellar metallicity. (d) demonstrates the predicted behaviour in the BPT diagram for starbursts of strengths 
1000 and 10 000 M� for a solar stellar and gas metallicity. For each burst, we plot two nH values (100 and 1000 cm−3 ), shown as darker and lighter shades, 
respectively. The black dashed and solid lines show the L. J. Kewley et al. ( 2001 ) and G. Kauffmann et al. ( 2003 ) demarcations, respectively, and the dashed 
grey line denotes the fit to the SDSS data from J. Brinchmann et al. ( 2008a ). In the inset, we illustrate the general evolutionary behaviour of the tracks for solar 
metallicity. The two red stars denote the first age point (0.1 Myr) of the track and the age at which the WR stars first appear (2.5 Myr), with the arrows tracing 
the evolution of the line luminosities in the BPT plane. Finally, (e) shows the evolution in the BPT plane for SMC-, LMC-, and solar-like metallicities for a 
fixed burst strength of 10 000 M� and for two different nH values. For comparison, we overplot the J. Gutkin et al. ( 2016 ) models for the same metallicities as 
stars. Also, overplotted in lime green is the JWST -MIRI spectroscopy-based optical line ratios for GN-z11 from J. Álvarez-Márquez et al. ( 2025 ), with arrows 
denoting the upper limits. 
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To illustrate the effects of WR stars on the evolution of BPT
iagnostics, a zoomed-in view of the solar model is shown in the
nset of Fig. 2 (d). The red stars mark the start of the track and the
ge at which massive stars begin entering the WR phase, while the
mbedded arrows indicate the direction of evolution. Up to ∼ 2 . 5
yr, the solar model evolves as expected, with the [O III ] λ5007/H β

radually declining due to the aging of young, ionizing stars. At
2 . 5 Myr, however, the most massive stars start transitioning into

he WR phase, and within � 0 . 5 Myr, the hot, exposed cores of WR
tars significantly boost the influx of ionizing photons, increasing U 

nd inducing a rapid jump in [O III ] λ5007/H β. 
As the WR phase progresses, massive stars, from the most massive

i.e. 120 M�) down to Mmin , gradually enter the WR phase. After the
nitial sharp increase in [O III ] λ5007/H β, the ratio continues to rise,
lbeit at a slower pace, as additional stars evolve into WR stars.
imilarly, [N II ] λ6584/H α ratio also shows an increase. The decline

n [O III ] λ5007/H β begins as massive stars start exiting the WR
hase. As stars from 120 M� to Mmin transition out of the WR phase,
he [O III ] λ5007/H β ratio shows an initial gradual decline, followed
y a sharp drop, coinciding with the exit of all > Mmin stars from the
R phase. 
NRAS 543, 3172–3195 (2025)
Fig. 2 (e) presents the BPT diagrams for SMC (green), LMC
blue), and solar (red) models, assuming a burst strength of 10 000

�, and nH = 100 and 1000 [cm−3 ]. Notably, the enhanced influx
f ionizing photons can propel the predicted line ratios into the
omposite (SF + AGN) regime. In higher metallicity models, the line
atios may even extend into the AGN region. We also overplot the J.
utkin et al. ( 2016 ) models, spanning a similar metallicity range, in
ig. 2 (e) to illustrate that our models are consistent with the literature.
Also overplotted in Fig. 2 (e) is the GN-z11 BPT measurement

ased on JWST /MIRI medium-resolution spectroscopy (J. Álvarez-
árquez et al. 2025 ), with arrows indicating the upper limits of the
easurements. The optical line ratios place GN-z11 within the com-

osite region, suggesting contributions from both starburst activity
nd an AGN. According to J. Álvarez-Márquez et al. ( 2025 ), this
s consistent with the properties of local low-metallicity starbursts
nd high- z luminous galaxies detected at similar redshifts to GN-
11. Notably, our starburst models exhibit a systematic shift towards
he composite region as the electron density increases, particularly
ver the evolutionary phases where WR stars dominate. This trend
uggests that our models will naturally encompass the observed
osition of GN-z11 on the BPT diagram at higher densities. 
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Figure 3. The sound-crossing time as a function of nH for starbursts of 
different strengths. 
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Figure 4. The model predictions for a starburst of 1000 M� at solar 
metallicity, with n H values of 100 and 1000 cm−3 (solid lines, same as 
shown in Fig. 2 ), are compared with the same models convolved with a 1 Myr 
top-hat function (filled-in circles of the same colour). The convolution with 
the 1 Myr top-hat function demonstrates that the features in the models persist 
over longer time-scales. 

o
e
t

c  

S  

s
F

b
o  
These excursions of the models shown in Figs 2 (d) and (e) into the
GN/composite regime is primarily driven by the presence of the 
R stars. In fact, a significant portion of the WR stellar phase of a

tellar population is spent trekking towards and residing within this 
egime. This is particularly evident in solar models, where the WR 

ffects are more pronounced. 
Although we have not explicitly investigated this effect in our 

tudy, stochastic sampling of the stellar IMF can substantially 
roaden the dispersion of emission-line flux ratios in the BPT plane, 
articularly for starbursts with the strengths illustrated in Fig. 2 . 
or instance, R. Orozco-Duarte et al. ( 2022 ) analyse a library of
ynthetic NUV , U , B, V , and I photometry for star clusters with
tochastically sampled IMFs and ionized gas, covering cluster masses 
etween 1000 and 10 000 M�. They find that the largest photometric
ispersion arises when WR stars are present, with nebular emission 
ines contributing over 50 per cent and 30 per cent of the total
ux in the V and I bands, respectively. Similarly, R. Arora, M.
. Krumholz & C. Federrath ( 2021 ), using SLUG and CLOUDY

imulations, quantify the uncertainties in H II region emission due 
o stochastic sampling. They demonstrate that stochasticity can 
ntroduce significant dispersion in emission-line ratios, especially 
t solar-like metallicities. 

In the context of our results, the principal impact of stochastic 
ampling is to broaden the range of emission-line ratios sampled 
y a given model track. The magnitude of this broadening depends 
n metallicity, consistent with the metallicity sensitivity of massive 
tar evolution to the WR phase. Based on the stochastic models of
. Arora et al. ( 2021 ), at solar metallicity, the broadening of tracks
t fixed [O III ] λ6584/H α can exceed one magnitude, with the effect
iminishing at lower metallicities. 

.1.1 On the excursions in the BPT plane – starburst strengths and 
urations based on sound-crossing time 

o better understand the temporal nature of these excursions in the 
PT plane, we analysis the likely sound-crossing times for different 

tarbursts. 
Star formation within a gaseous cloud can be triggered and prop-

gated through various mechanisms. In this analysis, we consider 
 simplified model in which an external or internal perturbation 
ropagates through the cloud, triggering star formation. The char- 
cteristic velocity at which information travels through the cloud is 
pproximately set by the sound speed in the medium. 

Assuming a cloud of roughly constant density, we can estimate 
ts characteristic size based on its total mass. Dividing this size by
he sound speed provides an approximate time-scale over which 
erturbations can traverse the cloud, triggering star formation. 
Fig. 3 illustrates the sound crossing time as a function of nH for

ifferent burst strengths, assuming a temperature of T = 104 K and 
 pure hydrogen composition. This simple analysis suggests that 
or starbursts with an average density of nH = 103 cm−3 , a typical 
uration of ∼1 Myr is a reasonable expectation. Several studies (e.g. 
. Maiolino et al. 2024 ; P. Senchyna et al. 2024 ), however, highlight

hat the densities in GN-z11 can be higher than 103 cm−3 . As shown
n Fig. 3 , starburst durations of � 1 Myr can be expected in such
ases. 

Assuming a starburst duration of ∼ 1 Myr, Fig. 4 presents the con-
olution of the two nH models for a starburst of 1000 M� (indicated 
s solid lines and also shown in Fig. 2 d) with a tophat function of
 Myr duration. Given that GN-z11 is likely experiencing an extreme 
tarburst, a 1 Myr smoothing time-scale is a realistic approximation 
f its starburst activity. The convolved models highlight that these 
xcursions are not brief fluctuations but persist over sufficiently long 
ime-scales to be observable in extreme starbursting environments. 

Notably, starburst durations of � 1 Myr, corresponding to nH > 103 

m−3 in GN-z11, as suggested by R. Maiolino et al. ( 2024 ) and P.
enchyna et al. ( 2024 ), would have even less minimal impact on the
moothing out fluctuations driven by WR populations observed in 
ig. 2 (d). 
Furthermore, Figs 2 (b) and (c) demonstrate that the interval 

etween the emergence of the first WR stars and the disappearance 
f the last WR stars spans several million years across the metallicity
MNRAS 543, 3172–3195 (2025)
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Figure 5. The evolution in ionizing luminosity and hardness of ionizing 
spectra. (a) The evolution of the number of ionizing photons ( Q ) for ages 
� 10 Myr in the ionizing continua of H0 ( � 912 Å), He0 ( � 504 Å), and 
He+ ( � 228 Å) at Z� (solid), 0 . 5 Z� (dotted), and 0 . 25 Z� (dashed) for a 
starburst of 1000 M� at time-steps of 0.1 Myr. In (b) and (c), the evolution 
of the hardness of ionizing spectra parametrized as log QHe0 /QH0 and 
log QHe+ /QH0 , respectively. 

i  

b  

W  

F  

s  
ange studied, meaning that starbursting regions hosting WR stars
an have emission-line ratio representative of AGN and composites.

In the following sections, we focus on model predictions in the
V regime for Z � Z�, which is the primary focus of our study. 

.2 Ultraviolet emission-line properties 

he diagnostics diagrams involving combinations of colli-
ionally excited metal lines or line multiplets, such as
 V λ1240 (multiplet), O I λ1304 (triplet), S IV λ1397 + O IV ] λ1402,

N IV ] λ1483 + N IV ] λ1487 C IV λλ1548,1550, He II λ1640 (Balmer
ecombination line), O III ] λλ1661,1666, N III λ1750 (multiplet),
C III ] λ1907 + C III ] λ1909, Si II λ1814 (multiplet), [Si III ] λ1883 +
i III ] λ1892, [O III ] λ2321, [Ne IV ] λ2424, [O II ] λλ2470 , 2471,
Ne III ] λ3343, [Ne V ] λ3426, [O II ] λλ3726 , 3729, and [Ne III ] λ3868,
re useful for identifying the nature of ionizing sources and con-
training interstellar gas parameters and the shape of the ionizing
adiation (B. A. Groves et al. 2004 ; A. Feltre et al. 2016 ). Most the
ines listed above are detected in GN-z11. In addition, several higher
rder hydrogen Balmer lines, such as H5–H8, are also detected with
igh signal-to-noise ratio. 
Among these, the collisionally excited C IV ] λ1550 and
 III ] λ1909 are some of the most commonly detected UV emission

ines in spectra (D. P. Stark et al. 2014 , 2015 ). Together with the
e II λ1640 Balmer recombination line, the diagnostics based on

he C IV ] λ1550 and C III ] λ1909 offer better discrimination between
GN and shock-ionized gas than optical diagnostics, as these lines
re predicted to be significantly stronger in shocks than in AGNs (M.
illar-Martin, C. Tadhunter & N. Clark 1997 ; M. G. Allen, M. A.
opita & Z. I. Tsvetanov 1998 ; B. A. Groves et al. 2004 ). 
In highly SF systems, however, the effects of massive stellar

volution must be considered when interpreting diagnostics involving
 IV ] λ1550 and C III ] λ1909, and He II λ1640. At metallicities of
ISM 

> 0 . 006, for instance, the nebular He II λ1640 can be affected
y the broad stellar emission originating from WR stars, which are
otter, have denser winds, and are Helium enriched. Additionally, as
etallicity increases, the number of energetic photons capable of pro-

ucing nebular He II λ1640 drop, while stellar He II λ1640 emission
ises due to an increase in the number of stars entering the WR
hase, as the minimum mass required for WR formation decreases
G. Meynet 1995 ; R. Chandar, C. Leitherer & C. A. Tremonti
004 ). The interpretation of C IV ] λ1550 also presents challenges,
s at ZISM 

> 0 . 006, it can display P-Cygni absorption profiles due
o the high mass-loss rates of O-type stars, which also depend on
etallicity (N. R. Walborn & R. J. Panek 1984 ). 
The ionizing photons in the Lyman continuum ( QH0 ) are primarily

roduced by hot main-sequence stars, while WR stars contribute
ignificantly to the He0 and He+ ionizing flux. In Fig. 5 (a), we present
he evolution of ionizing photon production [s−1 ] over the 0 . 2 − 8
Myr] period, focusing on the ionizing continua for H0 ( � 912 Å),
e0 ( � 504 Å), and He+ ( � 228 Å) at solar metallicity ( Z� solid

ines), half-solar metallicity (0 . 5 Z� dotted lines), and quarter-solar
etallicity (0 . 25 Z� dashed lines). Subpanels (b) and (c) of Fig.
 depict the hardness of the ionizing spectrum, expressed as the
atios of He0 to H0 ionizing luminosity and He+ to H0 ionizing
uminosity, respectively, for the same metallicities shown in the main
anel. 
The most notable differences appear during the WR phase, from
2 . 5 − 6 [Myr], particularly in the He+ continuum ( � 228 [Å],

he upper edge of the He+ ionizing region). These differences
re primarily driven by the changing WR-to-O star ratio, with a
igher proportion of stars entering the WR phase as metallicity
NRAS 543, 3172–3195 (2025)
ncreases. Furthermore, as metallicity rises, the He+ continuum
ecomes increasingly sensitive to contributions from the various
R subtypes. This sensitivity manifests as the zig-zag pattern in

ig. 5 (c), reflecting variations in the relative abundances of WR
ubtypes and O stars. Our models show broad agreement with those
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Figure 6. The evolution of the number of ionizing photons ( Q ) for ages 
� 10 Myr in the ionizing continua of C++ (i.e. 258 . 9 � λ [Å] � 508 . 5), He+ 
(i.e. 504 � λ [Å] � 228), and O++ (i.e. 225 . 7 � λ [Å] � 353) species at Z = 

Z� (red), 0 . 5 Z� (blue), and 0 . 5 Z� (green) for a starburst of 1000 M� at time 
steps of 0.1 Myr. The inset presents the evolution of the ratio of C++ to He+ 
(solid line) and O++ to He+ (dotted lines), emphasizing, in particular, the 
differences in evolution between C++ and He+ , which appears as overlapping 
in the main plot. 
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f Charlot & Bruzual, 6 see Appendix A for a quantitative comparison 
nd discussion of differences between the two model libraries. 

Moreover, it is also important to note that the predicted ionizing 
uxes and the hardness of the ionizing spectrum during the WR 

hase are highly sensitive to the adopted mass-loss prescriptions. 
tudies such as A. A. C. Sander, J. S. Vink & W. R. Hamann ( 2020 )
nd F. Tramper, H. Sana & A. de Koter ( 2016 ) have shown that
ass-loss rates scale strongly with parameters like the Eddington 

actor and metallicity, and likely also a function of WR subtypes. 
nhanced mass loss increases wind opacity, which in turn suppresses 

he emission of He II ionizing photons and directly affects both the
onizing continuum and the spectral hardness. As a result, denser 
inds, particularly at high metallicity, tend to produce softer ionizing 

pectra. 
In Fig. 6 , we track the evolution of ionizing continuum for three

igher ionization lines commonly observed in the UV spectra of SF
alaxies: C++ (258 . 9 � λ [Å] � 508 . 5), He+ (504 � λ [Å] � 228)
nd O++ (225 . 7 � λ [Å] � 353) at Z�, 0 . 5 Z�, and 0 . 25 Z�. The
nset highlights the evolution of the ratios of C++ /He+ and O++ /He+ , 
ffering a closer examination of the evolutionary trends seen in the 
ain panel. While the C++ and He+ ionizing luminosities exhibit 

roadly similar patterns, the inset underscores the variations between 
he two, though they appear to be relatively subtle compared to O++ .

Model predictions for several commonly used UV diagnostics, 
hich are also observed in the GN-z11 spectrum, are presented in 
ig. 7 . 7 The ratios C IV λλ1548 , 1550, O IV ] λ1666, and [C III ], C III ]
λ1907 , 1909 with respect to He II λ1640 are shown in panels (a)–(c)
f Fig. 7 . 
The ionization potentials of the species involved increase from 

 III (24.38 eV) to He II (24.59 eV), O III (35.12 eV), and C IV
 The models can be downloaded from https://www.bruzual.org . 
 For the remainder of this paper, we focus on models with solar and subsolar 
etallicities, excluding supersolar models. 

H  

0
 

z  

i  
47.89 eV) (C. Leitherer et al. 2011 ; C. C. Steidel et al. 2014 ; A.
eltre et al. 2016 ). Consequently, the number of photons energetic
nough to produce higher ionization species decreases as the stellar 
opulation ages. This trend is particularly evident in panel (c), where
he C III /He II ratio shows an increase at ages � 2 . 5 [Myr] and � 6
Myr], reflecting the relatively faster decline of He II ionizing photons 
ompared to C III . 

During the WR phase ( ∼2.5–6 Myr), the reverse occurs, with the
 III /He II ratio showing a depression as He II ionizing photons are
oosted by the hot, exposed cores of WR stars. The zig-zag pattern
bserved in the solar metallicity models is due to the sensitivity of the
e+ ionizing flux to the WR subtype-to-O-star ratio, which becomes 
ore pronounced at higher metallicities. 
Both N IV ] λλ1483 , 1487 and N III ] λ1747 − 1753 (multiplet

747 ≤ λ ≤ 1753 Å) are clearly detected in the GN-z11 NIR- 
pec/prism spectrum, implying extremely elevated nitrogen abun- 
ance in this system (A. J. Cameron et al. 2023 ). In Fig. 7 (f), we show
he evolutionary behaviours of nitrogen line luminosities with respect 
o oxygen. Finally, in Fig. 7 (i), the ratio of the [O II ] λλ3727 , 3729,
 well-known gas density diagnostic, is shown. 

 O N  T H E  ANALYSI S  O F  JA D E S  NIRSPEC  

PECTROSCOPY  O F  G N - Z 1 1  

n this section, we focus on the disagreement between the 
easured GN-z11 flux ratios and the model predictions re- 

orted in A. J. Bunker et al. ( 2023 ). In their fig. 4, the
bserved flux ratio of GN-z11 is compared to the predicted 
C III ], C III ] λλ1907 , 1909/C IV λλ1548 , 1550 versus [C III ], C III ]
λ1907 , 1909/He II λ1640 diagnostics for SF galaxies (using the
odels of J. Gutkin et al. 2016 ) and AGNs (using the models

f A. Feltre et al. 2016 ). These models consider metallicities in
he range 0 . 066 � Z/Z� � 0 . 131 and hydrogen number densities
 � log nH /cm 

−3 � 4, and A. J. Bunker et al. ( 2023 ) report that
N-z11 lies outside the parameter space sampled by either model 

et. 
To explore this discrepancy, we replicate the diagnostic dia- 

ram from fig. 4 of A. J. Bunker et al. ( 2023 ), overlaying a
ubset of our models based on PARSEC stellar evolutionary tracks 
longside the measured fluxes for GN-z11 (as reported in ta- 
le 1 of A. J. Bunker et al. 2023 ). Fig. 8 shows the predicted
C III ], C III ] λλ1907 , 1909 to C IV λλ1548 , 1550 versus [C III ], C III ]
λ1907 , 1909 to He II λ1640 nebular diagnostics for Z/Z� � 0 . 25,
 � log nH � 4, and a starburst of 10 000 M�. The colour coding
ollows that of Fig. 7 , and the shaded regions correspond approxi-
ately to the epochs dominated by WR star contributions for each

espective metallicity. 
The open blue rectangle highlights the parameter space sampled 

y starbursts with strengths of 1000 − 100 000 M� at 0.5Z�, while
he orange data point represents the observed GN-z11 flux ratios 
A. J. Bunker et al. 2023 ). For clarity, we only display models
orresponding to solar metallicity as red circles. Additionally, in 
gures derived from PARSEC models, we restrict our focus to subsolar
etallicities ( � 0.25Z�) that still permit WR star formation. As

oted earlier, of the subsolar metallicities explored in this study, 
.25Z� is the lowest metallicity that allows WR star formation 
nder PARSEC stellar evolutionary tracks. In contrast, GENEVA 

ML tracks enable WR star formation down to a metallicity of
.07Z�. 
The H II region models shown in Fig. 8 extend to overlap the GN-

11 data, in contrast to the J. Gutkin et al. ( 2016 ) models presented
n fig. 4 of A. J. Bunker et al. ( 2023 ). This difference primarily arises
MNRAS 543, 3172–3195 (2025)

https://www.bruzual.org
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Figure 7. The evolution of different nebular emission-line luminosity ratios as a function of nH and metallicity for a burst of star formation of strength 10 000 M�
for a model H II region of a fixed radius. The evolutionary behaviour for nH = 100 (solid lines) and 1000 (dotted lines) [cm−3 ], and Z = Z� to 0 . 25 Z� (different 
colours) are considered. The gas and stellar metallicities are assumed to be approximately similar. The observed line fluxes for GN-z11 reported by A. J. Bunker 
et al. ( 2023 ) are shown as a solid horizontal line with uncertainties represented by the shaded region for cases where the measurements exist and fall within the 
parameter space of the models. 
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rom the distinct underlying assumptions between the two sets of
odels. The SF models of J. Gutkin et al. ( 2016 ) assume a continuous

tar formation rate of 1 M� yr−1 over 100 Myr, establishing a steady-
tate population of H II regions within a model galaxy before deriving
redictions for nebular emission. 
In contrast, our models track the evolution of a single stellar

opulation, in which the majority of ionizing photons are produced
uring a period of < 10 Myr. This approach effectively captures the
emporal evolution of an individual H II region following a burst of
tar formation. By comparison, the models of J. Gutkin et al. ( 2016 )
imulate ensembles of H II regions representative of an entire galaxy,
hereby averaging over the distinctive features that may arise from a
ingle, actively SF H II region. 

Each approach has its advantages and limitations. Our single-
urst approach allows for a detailed exploration of how different
NRAS 543, 3172–3195 (2025)
volutionary stages of massive stars influence the behaviour of
redicted emission-line luminosities, explicitly characterizing the
volution of massive stars within an H II region. On the other
and, the steady-state approach of J. Gutkin et al. ( 2016 ), which
ssumes ongoing star formation until 100 Myr, models a galaxy-scale
opulation of H II regions. While GN-z11 is classified as a galaxy,
ur focus is on understanding the physical mechanisms – particularly
he evolution of massive stars – that could produce the unusual
ine luminosities detected in its NIRSpec spectrum. To achieve this,
racing the impact of individual evolutionary phases of massive stars
n the observed line luminosities requires studying a single starburst
vent. 

As shown in Fig. 8 , it is indeed possible to populate the re-
ion of the [C III ], C III ] λλ1907 , 1909 to C IV λλ1548 , 1550 versus
C III ], C III ] λλ1907 , 1909 to He II λ1640 diagnostic plane at
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Figure 8. Predicted [C III ], C III ] λλ1907 , 1909 to C IV λλ1548 , 1550 versus 
[C III ], C III ] λλ1907 , 1909 to He II λ1640 nebular emission-line ratios from 

our STARBURST99 / PARSEC + CLOUDY models (equivalent to fig. 4 of A. J. 
Bunker et al. 2023 ) for a 104 M� starburst within a fixed-radius H II region. 
Panels (top-to-bottom) show subsolar to solar metallicities, respectively, with 
the observed GN-z11 line ratios from A. J. Bunker et al. ( 2023 ) indicated 
by orange diamonds. Top panel: the 0.25Z� (SMC-like) models, with nH = 

100 cm−3 (dark lines) and 1000 cm−3 (light lines). The shaded region indicate 
the parameter space sampled during the WR phase. Middle panel: the 0.5Z�
(LMC-like) models, with shaded region again marking the WR phase. The 
dashed rectangular region illustrates the additional parameter space covered 
when the starburst mass is varied between 103 and 105 M�. The starting 
point of the evolutionary tracks ( ∼0.2 Myr) is marked by a red star, while the 
first appearance of WR stars is denoted by a black star. The terminal points 
of the tracks correspond to low log U values and generally fall outside the 
observable parameter space. Bottom panel: the Z� (MW-like) models, and 
the respective WR region. 

t
s

 

B  

(  

t
p  

p  

2  

e  

a  

2
 

t  

L  

o
i
r
t
m

[  

λ  

a  

1  

o  

e
e
i

 

a  

−

b
U

e  

o
t
t  

t  

t
0  

λ

w  

r
 

p  

b
m
e

o  

l
v
z  

o  

fi

8

f

he location of GN-z11 through contributions from WR 

tars. 
In Fig. 9 , we present our models’ equivalent of fig. 8 from A. J.

unker et al. ( 2023 ): the [Ne III ] λ3869/[O II ] λλ3726,3729 versus
[Ne III ] λ3869 + [O II ] λλ3726,3729)/H δ diagnostic diagram, with
he GN-z11 measurements overplotted as orange and cyan data 
oints. Like oxygen, neon is a dominant ionizing species and a
rincipal coolant in SF regions (K. Cunha, I. Hubeny & T. Lanz
006 ). It is produced during the later stages of massive stellar
volution via carbon burning and is expected to closely track oxygen
bundance in H II regions (E. M. Levesque & M. L. A. Richardson
014 ). 
The [Ne III ] λ3869/[O II ] λλ3726,3729 ratio effectively probes the

he ionizing continuum shape (E. Pérez-Montero et al. 2007 ; E. M.
evesque & M. L. A. Richardson 2014 ) as the ionization thresholds
f N++ (303 Å, ionization potential of 40.96 eV) and O+ (911 Å, 
onization potential of 13.62 eV) spans a wide UV wavelength 
ange. This extended wavelength range provides greater sensitivity 
o shorter wavelengths, dominated by ionizing photons from young 

assive stars. 
Similar to earlier figures, the evolutionary behaviour of 

Ne III ] λ3869/[O II ] λλ3726,3729 versus ([Ne III ] λ3869 + [O II ]
λ3726,3729)/H δ is shown in the left panel of Fig. 9 for nH = 100
nd 1000 [cm−3 ], with starburst strengths of 10 000 (solid lines) and
00 000 M� (dotted lines). The inset in Fig. 9 (b) provides a close-up
f the evolution for the solar metallicity nH = 1000 [cm−3 ] model,
mphasizing the behaviour of the predicted line ratios during the 
pochs dominated by WR stars when their ionizing flux contribution 
s most significant. 

The right panel of Fig. 9 replots the same evolutionary tracks
s the left panel but maps them to the ionization parameter range
2 . 0 � log U � −1 . 0. 
Our motivation for highlighting the parameter space sampled 

y models over −2 . 0 � log U � −1 . 0 is to emphasize the Z–
 dependence in our models, particularly since A. J. Bunker 

t al. ( 2023 ) report a log U of ∼ −2 . 0 for GN-z11. Overall,
ur models within this ionization parameter range overlap with 
he GN-z11 measurements. While the 100 000 M� models show 

he best agreement with GN-z11, it is important to note that
he ratio ([Ne III ] λ3869 + [O II ] λλ3726,3729)/H δ can exhibit
wo solutions depending on metallicity. Specifically, for Z/Z� � 

 . 3, the model tracks progressively shift toward higher ([Ne III ]
3869 + [O II ] λλ3726,3729)/H δ ratios with increasing metallicity, 
hile for Z/Z� � 0 . 3, the trend reverses, shifting toward lower

atios. 
The two solutions of ([Ne III ] λ3869 + [O II ] λλ3726,3729)/H δ is

artially evident in Fig. 9 , where the 0.25 Z� models are sandwiched
etween the solar and 0.5 Z� models, though closer to the 0.5 Z�
odels, with some overlap likely resulting from differences in WR 

ffects at varying metallicities. 
Given the dependence of ([Ne III ] λ3869 + [O II ] λλ3726,3729)/H δ

n metallicity, it is possible that Z/Z� � 0 . 25 models within −2 . 0 �
og U � −1 . 0, incorporating WR effects, 8 with moderate to high nH 

alues ( ∼1000 [cm−3 ]), may provide better alignment with GN- 
11. Finally, A. J. Bunker et al. ( 2023 ) report a metallicity range
f 0 . 07 � Z/Z� � 0 . 15 for GN-z11, which is consistent with our
ndings. 
MNRAS 543, 3172–3195 (2025)

 Recall that the PARSEC stellar evolutionary models do not allow WR star 
ormation at Z/Z� � 0 . 25, whereas GENEVA evolutionary models do. 
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Figure 9. Our STARBURST99 / PARSEC + CLOUDY models’ equivalent of A. J. Bunker et al. ( 2023 , figs 8; see also their comparison of GN-z11 with the J. Gutkin 
et al. 2016 models over the range −4 . 0 � log U � −1 . 0). Left panel: the predicted evolution of [Ne III ] λ3869/[O II ] λλ3726,3729 versus ([Ne III ] λ3869 + [O II ] 
λλ3726,3729)/H δ for bursts of star formation of strengths 10 000 and 100 000 M� (solid and dotted lines, respectively). The colour coding corresponds to 
different metallicities and is the same as in Fig. 8 . The data points denote the line luminosity ratios reported in A. J. Bunker et al. ( 2023 ) based on G 395 M and 
PRISM/CLEAR observations. In the inset, we show the behaviour of the solar metallicity model, with the red and black stars indicating the start of the track 
and the point of the first appearance of WR stars. As in Fig. 8 , the shaded region in the inset represents the parameter space the model points primarily occupy 
as massive stars starts to evolve in to WR stars. Right panel: same as in the left panel, except illustrating only the predictions in the −2 . 0 � log U � −1 . 0. 
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.1 The stellar populations in the GN-z11 

or modelling the spectrum of an SF region rich in both stellar and
mission features, a spectral fitting methodology that leverages the
ull range of nebular and stellar information to extract the SFH and
hysical properties is typically preferred (M. L. P. Gunawardhana
t al. 2020 ). However, our study focuses on understanding the impact
f the WR phase on nebular emission and stellar features. Accord-
ngly, the STARBURST99 + CLOUDY model library we constructed is
estricted to metallicities that permit WR star formation as dictated
y the input stellar isochrones. Furthermore, throughout our analysis,
e assume Z = ZISM 

= Zs . 
We fit the STARBURST99 + CLOUDY models to the GN-z11 spec-

rum using model-fitting routines built on PLATEFIT , a code originally
esigned to perform non-negative least-squares fitting with dust
ttenuation treated as a free parameter, aiming to find the best-fitting
tellar continuum model for a given spectrum (J. Brinchmann et al.
004 ; C. A. Tremonti et al. 2004 ; M. L. P. Gunawardhana et al. 2020 ).
o model the continuum, we combine stellar and nebular continua
or a given stellar metallicity and treat dust attenuation as a free
arameter using a simple attenuation curve, τ ( λ) ∝ λ−1 . 3 , assuming
imilar extinction between young and old stellar populations. This
xponent is suitable for describing the mid-range optical properties
f dust grains between those of the Milky Way (MW), LMC, and
MC (S. Charlot & S. M. Fall 2000 ). Additionally, we find that the
hoice of alternative common attenuation laws in the literature (e.g.
. L. Prevot et al. 1984 ; D. Calzetti et al. 2000 ) has a minimal impact

n the fitting results. 
By design, PLATEFIT identifies the best-fitting stellar continuum
odel for a given spectrum. However, to address our aim of

nvestigating the impact of WR stars, we extract the best-fitting
inear combination of light-weighted models for each metallicity
isted in Table 1 . Since the input templates to PLATEFIT represent
he evolution of a single stellar generation following a burst, our
pproach assumes that the SFH of GN-z11 can be approximated as
 sum of discrete bursts for a given metallicity. The relative weights
NRAS 543, 3172–3195 (2025)

w  
f individual models contributing to the SFH are defined relative to
heir luminosity at 2000 Å. 

We combine the GN-z11 NIRSpec medium-resolution grating
ata from G 140 M (blue), G 235 M (green), and G 395 M (red) to
erform PLATEFIT stellar and nebular continuum fitting as a func-
ion of Zs . This process extracts the individual light-weighted
tellar populations likely contributing to the SFH of GN-z11.
e determine an approximate velocity dispersion during the con-

inuum fitting, using trial velocity dispersions to converge on
he value that minimizes the chi-squared statistic. The resulting
est-fitting Z = Z� model is presented in Fig. 10 , with grating
ata colour-coded as G 140 M (blue), G 235 M (green), and G 395 M
red). 

The figure also compares the best-fitting model with (red) and
ithout (blue) a correction for residuals to account for any subtle
ariations in the continuum, noting that the correction primarily
ffects the bluest and reddest regions of the spectrum. Overall,
e find that the best-fitting model without additional residual

orrections adequately represents the GN-z11 spectrum. The best-
tting continuum model is then subtracted to extract the nebular
mission luminosities presented in Section 5.3 . 

Fig. 11 shows the individual light-weighted stellar and nebular
ontinua templates contributing to the best-fitting Zs = Z� model
n Fig. 10 . The youngest stellar templates, aged 3 . 1 − 3 . 5 Myr,
re shown in blue and contribute approximately over 50 per cent
by lightweight) to the total stellar population of GN-z11 at solar
etallicity. The remaining contribution comes from a 10 Myr stellar

opulation. 
Prominent features in the youngest templates include broad emis-

ion peaks associated with WR stars and the Balmer Jump at 3645 Å,
haracteristic of young stellar populations. 

Moreover, as previously discussed, we determine the best-fitting
inear combination of stellar and nebular continuum models for all
tellar metallicities that allow for WR star formation. The best-fitting
odels for Zs = 0.5 and 0.25Z� assign similar weights to populations
ith ages of � 3.5 Myr, with the remaining contribution distributed at
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Figure 10. The best-fitting continuum model at Zs = Z� with (blue solid line) and without (red solid line) a residual correction to GN-z11 medium resolution 
G 140 M (blue), G 235 M (green), and G 395 M (red) grating data shown in black. The prominent emission lines observed in the spectrum are labelled, with the 
grey-shaded region denoting the detection of continuum excess in the rest-frame UV between 3000 and 3550 Å reported by X. Ji et al. ( 2025 ). 
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Figure 11. The lightweighted and dust-obscured individual stellar population templates contributing to the best-fitting model shown in Fig. 10 . At solar 
metallicity, a ∼ 3 . 1 − 3 . 5 Myr old stellar population appear to contribute > 50 per cent by weight to the best-fitting model of GN-z11 (blue), and the rest by 
a ∼ 10 Myr population (red). Also shown are the prominent carbon, helium and nitrogen broad emission peaks unique to WR stars. The inset shows the age 
distribution and the respective lightweights. The templates are normalized at ∼ 3000 Å. 
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0 Myr for Zs = 0.5Z� and 10 Myr for Zs = 0.25Z�. These model-
erived ages are broadly consistent with the stellar population age of
19 Myr estimated by A. J. Bunker et al. ( 2023 ) using BEAGLE -SED
tting. 
Finally, to further investigate the role of WR stars in GN-z11, we

ubtract the best-matching stellar and nebular continuum models for 
ach metallicity considered and fit Gaussian profiles to the prominent 
mission lines (see Fig. 10 ) to measure their fluxes. 

In the following subsections, we compare and analyse GN- 
11 within the framework of various UV emission-line diagnostic 
chemes constructed based on the STARBURST99 / PARSEC + CLOUDY 

ibrary of models. 
MNRAS 543, 3172–3195 (2025)
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Figure 12. The new AGN diagnostics based on the [O III ] λ4363 auroral 
line introduced by G. Mazzolari et al. ( 2024 ). the STARBURST99 / PARSEC + 

CLOUDY predictions of the [Ne III ] λ3869/[O II ] λλ3726,3729 versus [O III ] 
λ4363/H γ line ratios used by G. Mazzolari et al. ( 2024 ) for discriminating 
AGNs. Similarly to previous figures, the models correspond to starbursts of 
strengths 10 000 and 100 000 M� (filled in circles with decreasing symbol 
sizes) with different colours representing SMC-like, LMC-like and Solar 
metallicities. The lighter and darker shadings of the same colour denote nH 

of 100 and 1000 [cm−3 ], respectively. The shaded regions in each panel 
approximately denote the parameter space sampled by SMC- and LMC-like 
metallicity models during the stellar population ages dominated by WR stars. 
Also shown are the GN-z11 measurements from A. J. Bunker et al. ( 2023 , 
orange diamond) and the measurements based on this study (red, blue, and 
green stars) for different metallicities. The contours are reproduced from fig. 
2 of G. Mazzolari et al. ( 2024 ), and denote the distributions of the SDSS AGN 

(red) and SF (blue) galaxies for 90 per cent, 70 per cent, 30 per cent, and 10 
per cent of the populations, with the dashed black line indicating their AGN 

demarkation. 
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9 This is because the minimum initial mass required to form a WR star 
decreases with increasing metallicity, allowing more stars to enter the WR 

phase. 
.2 AGN diagnostics of GN-z11 in the ultraviolet 

n Fig. 12 , we present the STARBURST99 / PARSEC + CLOUDY model
redictions within a newly introduced UV AGN diagnostic frame-
ork of G. Mazzolari et al. ( 2024 ). They propose a novel diagnostic
ethod based on the [O III ] λ4363 auroral line in combination with

Ne III ] λ3869, [O II ] λλ3726,3729, and H γ to distinguish AGN
ctivity from star formation. 

Within this framework, our models are shown for stellar pop-
lations with SMC- (green), LMC- (blue), and solar-like (red)
tellar metallicities, considering starbursts of strengths 10 000 and
00 000 M� (filled in circles with decreasing symbol sizes) and
as densities of nH = 100 and 1000 cm−3 . As in previous figures,
haded regions corresponding to SMC- and LMC-like metallicities
the same colour scheme) indicate the parameter space occupied
uring stellar evolutionary phases dominated by WR stars. The
ashed line represents the AGN demarcation threshold introduced by
. Mazzolari et al. ( 2024 ), while the contours, reproduced from fig.
 of G. Mazzolari et al. ( 2024 ), illustrate the 90 per cent, 70 per cent,
0 per cent, and 10 per cent distributions of SDSS AGN and SF
alaxy populations. 

The data points correspond to the measurements from A. J. Bunker
t al. ( 2023 , diamond symbol) and emission-line fluxes derived by
ubtracting the best-fitting stellar continuum model for each stellar
etallicity considered in the present analysis (star symbols). 
Notably, our starburst models exhibit a systematic offset from

he SDSS distribution of SF galaxies, likely due to their design to
epresent the starburst-driven properties of H II regions, as well as
NRAS 543, 3172–3195 (2025)
he fact that most of the model points shown correspond to stellar
volutionary phases dominated by WR populations. Importantly, the
odel predictions overlap with the GN-z11 measurements derived

oth in this study and in A. J. Bunker et al. ( 2023 ), further supporting
he potential role of WR-driven enrichment in shaping the UV
mission properties of GN-z11. 

.3 Exploring stellar populations in GN-z11 through other 
etrics in the ultraviolet 

n Fig. 13 , we present several UV emission-line ratio combinations
cross the wavelength coverage of the GN-z11 spectrum to investi-
ate the stellar populations and ionization conditions of GN-z11. 

While certain emission lines, such as O III ] λλ1661,1666, [C III ],
 III ] λλ1907 , 1909, and [Ne III ] λ3869 can be readily analysed by
tting Gaussian profiles to measure their fluxes, the nebular He II
1640 and C IV λλ1548 , 1550 lines present a greater challenge due to

heir complex line profiles and potential contributions from multiple
onization sources. 

The He II λ1640 line often comprises two components: a narrow
ebular emission component and a broad stellar emission component
ssociated with WR stars (D. Schaerer & W. D. Vacca 1998 ). At
igher metallicities, the broad WR component becomes increasingly
ignificant, 9 while the number of photons capable of producing
ebular He II λ1640 decreases. Therefore, without accounting for
R star effects, it is difficult to disentangle the nebular and stellar

ontributions. 
The C IV λλ1548 , 1550 line doublet, on the other hand, can have

trong P-Cygni profiles arising from O-star winds, significantly
ffecting the line profile (N. R. Walborn & R. J. Panek 1984 ). To
ccount for this, we simultaneously fit the emission and absorption
omponents of the P-Cygni profile. The WR contamination in
e II λ1640 by contrast, is at least partly mitigated in our models

ince they incorporate WR star effects. 
The resulting line flux ratios are shown as stars in each panel

f Fig. 13 , while the ratios reported by A. J. Bunker et al. ( 2023 )
re plotted as diamonds. The light blue and green shaded regions
epresent the parameter space for line ratio combinations during
tellar ages dominated by WR contributions for 0.5 and 0.25Z�
etallicities, respectively. Note also that all of these diagnostic

iagrams use emission lines that are relatively close in wavelength
pace to minimize the effects of reddening. 

In Figs 13 (a)–(c), we present diagnostics involving [C III ],
 III ] λλ1907 , 1909 to C IV λλ1548 , 1550 collisionally excited line
oublets and the He II λ1640 Balmer recombination line, which
re commonly observed in UV galaxy spectra. The ratios
C III ], C III ] λλ1907 , 1909 to He II λ1640 and C IV λλ1548 , 1550 to
e II λ1640 exhibit sensitivity to metallicity, while the combina-

ion of species from different ionization states, e.g. [C III ], C III ]
λ1907 , 1909 to He II λ1640 and C IV λλ1548 , 1550 to He II λ1640,
rimarily trace the ionization state (T. Nagao, R. Maiolino & A.
arconi 2006 ; A. Feltre et al. 2016 ). 
Due to increasing ionization potentials from C III , to He II ,

o O III , to C IV (see Section 4.2 ), at fixed other physical
arameters, the [C III ], C III ] λλ1907 , 1909/C IV λλ1548 , 1550 and
C III ], C III ] λλ1907 , 1909/He II λ1640 ratios are expected
o decrease, while the C IV λλ1548 , 1550/He II λ1640, and
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Figure 13. The UV diagnostics of prominent emission-line luminosities observed in GN-z11. (a) [C III ], C III ] λλ1907 , 1909/C IV λλ1548 , 1550 against 
[C III ], C III ] λλ1907 , 1909 to He II λ1640, (b) [Ne III ] λ3869/[O II ] λλ3726,3729 against ([Ne III ] λ3869 + [O II ] λλ3726,3729)/H δ, (c) C IV λλ1548 , 1550/[C III ], 
C III ] λλ1907 , 1909 against O III ] λλ1661,1666/He II λ1640, (d) C IV λλ1548 , 1550/He II λ1640 against O III ] λλ1661,1666/He II λ1640, (e) [Ne III ] λ3869/[O II ] 
λλ3726,3729 against O III ] λλ1661,1666/[C III ], C III ] λλ1907 , 1909, and (f) N III λ1747 − 1753/[C III ], C III ] λλ1907 , 1909 against [Ne III ] λ3869/[O II ] 
λλ3726,3729. As also described in Fig. 12 , the models correspond to starbursts of strengths 10 000 and 100 000 M� (filled in circles with decreasing 
symbol sizes) with different colours representing SMC-like, LMC-like, and Solar metallicities. The lighter and darker shadings of the same colour denote nH 

of 100 and 1000 cm−3 , respectively. The shaded regions in each panel approximately denote the parameter space sampled by SMC- and LMC-like metallicity 
models during the stellar population ages dominated by WR stars. Also shown are the GN-z11 measurements from A. J. Bunker et al. ( 2023 , orange diamond) 
and the measurements based on this study (red, blue, and green stars) for different metallicities. 
MNRAS 543, 3172–3195 (2025)
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a  
 III ] λλ1661,1666/He II λ1640 ratios rise. This behaviour is clearly
vident in panels (a)–(c) for stellar ages not dominated by WR stars.

During the WR phase, however, the sudden influx of ionizing
hotons from WR stars temporarily reverses these trends due to
he increased ionization parameter. After this initial phase, the
volutionary behaviours of the line ratios generally return to the ex-
ected patterns, although fluctuations can occur due to the sequential
ppearance of different WR subtypes. 

As noted in Section 4 , we adopt a solar C/O ratio of 0.44 and ξd of
.36 across all metallicities considered. Since our metallicity range
s limited to values that permit WR star formation, the overall impact
f these assumptions on the results shown in Fig. 13 is expected to
e minimal. However, the potential effects of varying C/O and ξd our
esults are discussed below. 

Variations in the C/O ratio can have a significant and direct
mpact on emission-line ratios involving [C III ], C III ] λλ1907 , 1909,
 IV λλ1548 , 1550, and O III ] λλ1661,1666. In fact, the prominence
f these UV emission lines makes the line ratios based on them
ffective tracers of the C/O ratio in SF regions (J. Gutkin et al.
016 ). For instance, J. Gutkin et al. ( 2016 ) demonstrate that in-
reasing the C/O ratio from 0.1(C/O)� to 1.4(C/O)� leads to a
ubstantial enhancement – by approximately an order of magnitude

in [C III ], C III ] λλ1907 , 1909 and C IV λλ1548 , 1550 relative to
e II λ1640. In Fig. 13 (a), a 40 per cent increase in the C/O ratio,

or example, would result in a more pronounced enhancement
f [C III ], C III ] λλ1907 , 1909/He II λ1640 compared to [C III ], C III ]
λ1907 , 1909/C IV λλ1548 , 1550, as while both C III ] and C IV lines
trengthen with increasing C/O, the enhancement is greater for C III ]
han for C IV . On the other hand, a 40 per cent decrease in the C/O
atio would produce the opposite trend, which is likely the case
iven that A. J. Cameron et al. ( 2023 ) report a C/O ratio of > 0 . 17
or GN-z11. 

Consequently, the primary shifts would be observed
n the [C III ], C III ] λλ1907 , 1909/C IV λλ1548 , 1550 and
 IV λλ1548 , 1550/He II λ1640 ratios, shown in panels (b) and

c), respectively. 
For ξd , the adopted value of 0.36 provides a typical balance for

he metallicities considered in this analysis. However, an increase
n ξd has a complex effect on the line ratios involving [C III ],
 III ] λλ1907 , 1909, C IV λλ1548 , 1550. The depletion of coolants

rom the gas phase reduces cooling efficiency through infrared fine-
tructure transitions, leading to higher electron temperatures and
nhanced cooling via optical and UV transitions (A. Feltre et al.
016 ; J. Gutkin et al. 2016 ). 
At low ZISM 

, a rise in ξd decreases the [C III ], C III ]
λ1907 , 1909/He II λ1640, and C IV λλ1548 , 1550/He II λ1640 ra-

ios due to the depletion of carbon from the gas phase. Conversely, at
igh ZISM 

, increasing ξd enhances these ratios as the depletion of the
oolants from the gas phase leads to higher electron temperatures,
hus a higher excitation rate. This effect is, however, tempered to an
xtent by the increase in dust optical depth associated with higher ξd ,
hich can lower electron temperatures through enhanced absorption
f energetic photons. This interplay between coolant depletion,
lectron temperature, and dust absorption highlights the complex
mpact of ξd on C-species, in particular. 

On the other hand, non-refractory elements, such as nitrogen and
ulfur, generally show a mild increase in emission-line strengths
ith rising electron temperatures, as they are less affected by dust
epletion and primarily respond to thermal conditions in the gas
hase. 
The diagnostic combinations involving neon are presented

n Figs 13 (d) and (e). As discussed in detail in Sec-
NRAS 543, 3172–3195 (2025)
ion 5 , the [Ne III ] λ3869/[O II ] λλ3726,3729 versus ([Ne III ]
3869 + [O II ] λλ3726,3729)/H δ and O III ] λλ1661,1666/[C III ], C III ]
λ1907 , 1909 act to diagnose the ionization conditions, which for
N-z11, are within −2 . 0 � log U � −1 . 0. 
Overall, the various UV line luminosity predictions accounting

or the effects of the WR phase in massive stars, shown in Figs
3 (a)–(e), exhibit strong agreement with the observed line luminosity
atios reported in this study (largely consistent with the line flux
easurements reported in A. J. Bunker et al. 2023 ). Additionally,
. J. Bunker et al. ( 2023 ) present GN-z11 observations of C III ]
λ1907 , 1909 to C IV λλ1548 , 1550 against C III ] λλ1907 , 1909

o He II λ1640, alongside the models of J. Gutkin et al. ( 2016 ),
ighlighting a lack of models that adequately sample the parameter
pace hosting GN-z11 (see figs 4 and 8 of A. J. Bunker et al. 2023 ).
e find that this discrepancy can be resolved by incorporating the

volutionary effects of WR stars. 
While panels (a)–(e) of Fig. 13 show good agreement between

he model predictions and the measured flux ratios of GN-z11, the
 III λ1747 − 1753/O III ] λλ1661,1666 ratio shown in the panel (f)

xhibits a significant offset. Specifically, the models underpredict
he N III /O III ] ratio by more than an order of magnitude, where, our
urrent models, incorporating WR evolution, appear insufficient to
eproduce the high N III /O III ] ratio observed in GN-z11. 

It is, in fact, the clear presence of N IV ] λλ1483 , 1487 and
 III ] λ1747 − 1753 (A. J. Bunker et al. 2023 ), which are very rarely
bserved in the local Universe (M. Mingozzi et al. 2022 , 2024 ),
hat has opened an intense debate on the physical conditions leading
ignificantly elevated nitrogen enrichment in GN-z11 at only 440

yr after the big bang. 
Although N III ] λ1747 −1753 is significantly detected, the O III ]

λ1661,1666 line is only marginally detected. Moreover, converting
he observed N III ]/O III ] ratio into a total N/O abundance carries
ignificant uncertainties due to its dependence on electron density
nd temperature. 

Therefore, to assess the robustness of the inferred high N/O
atio in light of these uncertainties, we use PYNEB (V. Luridiana,
. Morisset & R. A. Shaw 2013 ) to compute emissivity over
ll combination of atomic parameters to explore the spread in
 III ] λ1747 − 1753 to O III ] λλ1661,1666 ratio as a function of the

lectron temperature in the 5000–40 000 K range and densities in the
–105 cm−3 range, using the nitrogen to oxygen abundance from B.
roves et al. ( 2008 ). The resulting parameter space is illustrated in
ig. 14 . 
As can be seen, for a given nitrogen to oxygen scaling, the spread

n line flux ratios is minimal with respect to changes in electron
emperature and density, and lies far below the observed flux ratio of
N-z11. A significant scaling on N/O is in fact required to bring the

YNEB models in agreement with the observations. 
However, the unusual line ratios shown in the final panel of Fig. 13

uggest an elevated N/O abundance. While the inclusion of WR stars
elps to narrow the gap between the observed line luminosity ratios
nd model predictions, the observed level of N/O enhancement can-
ot be fully explained by WR stars alone. The presence of dust may
ontribute to an increase in the modelled N III λ1747 − 1753/[C III ],
 III ] λλ1907 , 1909 ratios, and the associated uncertainties may help
arrow the gap between the models and observations. However, given
he magnitude of the discrepancy, it is unlikely that dust effects alone
an explain the enhanced N/O ratios either. To this end, several
xplanations have been proposed in the literature. For example,
. Rizzuti et al. ( 2025 ) use chemical evolutionary models with
aried SFHs to show that galaxies with extreme star formation rates
nd differential galactic winds, where the products of core-collapse
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Figure 14. PYNEB analysis on the variation of N III ] λ1750 multiplet to 
O III ] λλ1661,66 doublet ratio covering all combinations of atomic parameters 
(i.e. energy levels, statistical weights, transition probabilities, and effective 
collision strengths) in a grid of density and temperature for log (N/O) values 
of −0.9, −0.49 (reported for GN-z11 by A. J. Cameron et al. 2023 ), and 0.0. 
The colour coding denote different densities, with each colour indicating the 
variation in the median N III ] λ1750 multiplet to O III ] λλ1661,66 ratio with 
increasing electron temperature. The shading of the same colour denote the 
16th and 84th percentiles. 
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upernovae are preferentially expelled, can reproduce supersolar N/O 

bundances. 

 DISCUSSION  

n this paper, we investigate the unusual emission-line luminosity 
atios observed in the JADES NIRSpec spectroscopy of GN-z11. The 
ADES data reveal high line luminosities and a significant detection 
f the rarely observed N III ] λ1748 − 1753 multiplet, suggesting an
nusually high N/O abundance. 
Our study is motivated by the analysis of the JADES spectrum 

f GN-z11 presented in A. J. Bunker et al. ( 2023 ). Their find-
ngs indicate that, based on the observed emission-line ratios and 
hotoionization models for AGN (A. Feltre et al. 2016 ) and star
ormation (J. Gutkin et al. 2016 ), neither AGN activity nor star for-
ation alone can explain GN-z11’s position in the C III ]/He II versus
 III ]/C IV diagnostic plane (see fig. 4 of A. J. Bunker et al. 2023 ).
urthermore, using the ([Ne III ] + [O II ])/H δ versus [Ne III ]/[O II ]
iagnostic ratios, A. J. Bunker et al. ( 2023 ) report a metallicity range
f 0 . 07 � Z/Z� � 0 . 15 and an ionization parameter, log , U ∼ −2,
or GN-z11. 

Building on the findings of A. J. Bunker et al. ( 2023 ), we develop
 suite of stellar and nebular models to further investigate the nature
f the stellar populations in GN-z11, utilizing the STARBURST99 
PS and CLOUDY photoionization codes. The intense emission-line 

uminosities observed in the spectrum of GN-z11 suggest that the 
alaxy is undergoing an extreme starburst event. Therefore, our 
bjective, in particular, is to explore whether incorporating the WR 

volutionary phase of massive stars can resolve the discrepancies 
eported in A. J. Bunker et al. ( 2023 ). 

To achieve this, we modify and update STARBURST99 to incorpo- 
ate high-resolution stellar spectral libraries, with a particular focus 
n accurately modelling the WR evolutionary phases of massive 
tars, as detailed in Section 3 . The resulting stellar population models
re then used as inputs for CLOUDY , enabling the self-consistent
eneration of nebular models across metallicities that support WR 

tar formation (Section 4 ). 
The equivalent of figs 4 and 8 from A. J. Bunker et al. ( 2023 ),

econstructed using the models developed in this study, are presented 
n Figs 8 and 9 , respectively. As shown in Fig. 8 , our starburst

odels, incorporating improvements to the WR evolutionary phase 
f massive stars, successfully sample the parameter space occupied 
y GN-z11. Importantly, we find that the emergence of WR stars
s essential to produce a sufficient fraction of ionizing photons to
opulate the region of the C III ]/He II versus C III ]/C IV nebular line
iagnostic plane where GN-z11 resides – a region notably lacking in 
odels in fig. 4 of A. J. Bunker et al. ( 2023 ). 
Using the metallicity-sensitive ([Ne III ] + [O II ])/H δ versus

Ne III ]/[O II ] diagnostic, A. J. Bunker et al. ( 2023 ) estimate a
etallicity range of 0 . 07 � Z/Z� � 0 . 15 for GN-z11 (see their fig.

). This metallicity estimate and their assessment of log U ≈ −2 are 
n agreement with our model-based derivations. 

In the remainder of this paper, we build on the analysis of
. J. Bunker et al. ( 2023 ) to further investigate the properties
f the underlying stellar populations of GN-z11. Fig. 13 presents 
ifferent UV emission-line diagnostics considered in this study. 
he observed line flux ratios shown represent the emission-line 

uminosities derived as a part of this study from subtracting the
est-fitting continuum model of each stellar metallicity capable of 
upporting WR star formation (e.g. see Fig. 10 for the best-fitting
ontinuum model for Zs = Z�) alongside the A. J. Bunker et al.
 2023 ) measurements. 

Overall, the model diagnostics presented in Figs 13 (a)–(e) align 
ell with the observed line luminosities measured in this study, which

re consistent with those reported by A. J. Bunker et al. ( 2023 ) when
ccounting for the effects of the WR phase in massive stars. 

In addition to the PARSEC models, we employed the GENEVA 

tellar evolutionary tracks for comparison with the PARSEC models. 
verall, massive stars tend to enter the WR phase earlier in the
ENEVA models, yielding slightly younger best-fitting ages than 

hose derived using PARSEC . This discrepancy is likely driven by
he higher mass-loss rates assumed for massive stars in the GENEVA 

ramework, which accelerates their evolutionary progression. Minor 
ifferences are also apparent in the predicted emission-line ratios, 
ith adjustments in nH , stellar metallicity, and burst strengths 

equired to achieve similar sampling. These variations likely arise 
rimarily from differences in the treatment of mass loss, along with
ther model-dependent assumptions. Despite these discrepancies, 
he GENEVA predictions are broadly consistent with those of PARSEC .
ote that, while we have not explicitly modelled stochastic effects 

n this study, previous work by R. Arora et al. ( 2021 ) and R. Orozco-
uarte et al. ( 2022 ) demonstrates that stochastic sampling introduces

ignificant dispersion around individual points along model tracks. 
ithin the context of our analysis, such stochastic effects effectively 

roaden the parameter space spanned by the tracks, thereby further 
nhancing their ability to reproduce the observed properties of 
N-z11. 
Part of the puzzle of stellar populations in GN-z11, however, 

emains unsolved as the PARSEC or GENEVA models cannot reproduce 
he notable underestimate of N III /O III ] shown in Fig. 13 (f). The
nusual line ratios suggest an elevated N/O abundance. While the 
resence of WR stars partially bridges the gap between the observed
ine luminosity ratios and the model predictions, the observed 
agnitude of the N/O enhancement cannot be fully explained by 
R stars alone. 
MNRAS 543, 3172–3195 (2025)
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To investigate this further, taking into account the dependence of
 and O on temperature and density, we examined the emissivities
f N III ] and O III ] over all combinations of atomic parameters to
xplore the spread in N III ] λ1747 − 1753/O III ] λλ1661,1666 ratio
n electron temperature and density space (Fig. 14 ). For reference, the
og (N/O) ratio of −0 . 49 reported by A. J. Cameron et al. ( 2023 ) for
N-z11, which is approximately twice the solar value of log (N/O)
 −0 . 86 (M. Asplund et al. 2009 ), is also indicated in Fig. 14 . These

esults suggest that a significant scaling of N/O is required to bring
he observed line ratios into agreement with the model predictions. 

As discussed earlier, several explanations have been proposed in
he literature to account for elevated N/O abundances. For example,
. Rizzuti et al. ( 2025 ) use chemical evolution models incorporating
 range of SFHs to show that galaxies with intense star formation
nd differential galactic winds, where core-collapse supernova ejecta
re preferentially removed, can achieve supersolar N/O ratios. A.
. Cameron et al. ( 2023 ) explore multiple scenarios, including
nrichment from WR stars, runaway stellar collisions in dense
lusters forming very massive stars, and tidal disruption events, as
ossible mechanisms for nitrogen enhancement. A similar pathway
nvolving massive stars is proposed by J. S. Vink ( 2024 ), while K.

atanabe et al. ( 2024 ) suggest that nitrogen-rich winds from rotating
R stars that undergo direct collapse could also play a role (see

ntroduction for further discussion). 
Interestingly, T. Tapia, K. Bekki & B. Groves ( 2024 ) argue for the

omplete absence of WR stars in the stellar populations of GN-z11.
heir conclusion is based on chemical evolution modelling aimed
t reproducing the elemental abundance patterns observed in the
unburst Arc cluster. Similar to GN-z11, the Sunburst Arc exhibits
levated N/O and suppressed C/O abundance ratios (e.g. log C/O
−0 . 78 for GN-z11; A. J. Cameron et al. 2023 ), making it a suitable

ower redshift ( z ∼ 2 . 24) analogue for studying chemically enriched
ystems at high redshift. 

Using the chemical evolution models of M. Limongi & A. Chieffi
 2018 ), T. Tapia et al. ( 2024 ) find that the observed abundance
atterns are best reproduced when WR stars are excluded, as their
resence would enhance the C/O ratio. Instead, their models invoke
nrichment from OB stars via stellar winds and core-collapse super-
ovae, under the assumption that the most massive stars ( M > 25
�) collapse directly into black holes at the end of their lifetimes,

hus bypassing the WR phase. The recent JWST observations by
. E. Rivera-Thorsen et al. ( 2024 ), however, reveal a population of
R stars in the Sunburst Arc cluster, suggesting that these stars
ay contribute to rapid local nitrogen enrichment, contrary to the

ssumptions of T. Tapia et al. ( 2024 ). 
While T. Tapia et al. ( 2024 ) offer one plausible explanation for

he elevated N/O abundance observed in GN-z11, several alternative
cenarios, also merit consideration. An important consideration is
hat not all WR subtypes contribute equally to the enrichment of
itrogen and carbon, the resulting abundance ratios depend on the
elative fractions of WN and WC subtypes. WN stars, in particular,
an significantly enhance N/O without substantially affecting C/O
e.g. J. Brinchmann et al. 2008b ; Y. Zhang, T. Morishita & M.
tiavelli 2025 ). For example, to explain the unusually high N/O
bundances observed in a z ∼ 4 . 69 SF galaxy, Y. Zhang et al.
 2025 ) propose a scenario in which massive WR stars ( M > 25 M�)
ollapse directly into black holes, enriching the surrounding medium
n nitrogen. This scenario appears to be conceptually similar to that
f T. Tapia et al. ( 2024 ), with the key distinction being that the stars
re allowed to evolve through a WR phase prior to collapse. 

Moreover, observations of WR galaxies reveal considerable vari-
tion in WN-to-WC ratios. For instance, the low-metallicity dwarf
NRAS 543, 3172–3195 (2025)
R galaxy I ZW 18 exhibits an unexpectedly high WC-to-WN ratio
V. Lebouteiller et al. 2013 ), a trend atypical for its metallicity. In
act, the work of M. A. Pe˜ na-Guerrero et al. ( 2017 ) demonstrates
hat the C/N versus metallicity relation in WR galaxies shows wide
catter, although, the overall tendency is toward higher WC-to-WN
atios with increasing metallicity. 

The predicted abundance patterns are also sensitive to the specific
mplementation of WR stars in stellar population models. For
xample, the models used by T. Tapia et al. ( 2024 ), based on M.
imongi & A. Chieffi ( 2018 ), predict a relatively high fraction of
NE and WC stars compared to WNL stars at solar metallicity, in

ontrasts with observations in the MW, where WNL stars are more
revalent than WNE (G. Meynet & A. Maeder 2005 ). Similarly, in
ur models at solar metallicity, WNL stars dominate over WNE and
C subtypes, and at certain stellar population ages, WC stars are

bsent altogether. These differences in WR subtype distributions can
ave a significant impact on the predicted abundance of N/O versus
/O abundance ratios. 
Taken together, both the wide variation observed in WR galaxies

nd the uncertainties in model implementations methodologies
uggest that the presence of WR stars, such as those observed in
he Sunburst Arc, can be interpreted in different ways. In particular,

odels that do not produce large WC populations can still be con-
istent with the observed high N/O abundances without necessarily
redicting a strong increase in C/O. A discussion of how different
iagnostics respond to variations in the C/O ratio within our models
s provided in Section 5.3 . 

Therefore, it is plausible that the enrichment observed in GN-
11 arises from a combination of these processes. For instance,
ncorporating higher wind velocities for stars entering the WR phase
n our models could help reconcile the predicted and observed line
atios associated with nitrogen. 

 SUMMARY  

n this study, we analyse the JADES NIRSpec spectrum of GN-z11,
hich reveals high emission-line luminosities and a significant detec-

ion of the rarely observed N III ] λ1748 − 1753 multiplet, suggesting
n unusually high N/O abundance. 

Our stellar and nebular models, developed using STARBURST99
nd CLOUDY , demonstrate that the WR evolutionary phase of massive
tars plays a crucial role in explaining the strong ionizing radiation
nd emission-line ratios. The inclusion of WR stars allows our mod-
ls to reproduce GN-z11’s position in the C III ]/He II versus C III ]/C IV

iagnostic plane, which was not fully explained by previous models.
Moreover, our model-based metallicity and ionization parameter

stimates (0 . 07 � Z/Z� � 0 . 15, log , U ≈ −2) are in agreement
ith those derived in A. J. Bunker et al. ( 2023 ). Likewise, the stellar

ges inferred from our model fitting are in good agreement with the
ED-based age of ∼ 19 Myr presented in their study. 
We find that while WR stars contribute significantly to the observed

ine ratios and are able to explain the position of GN-z11 in various
iagnostic diagrams, they alone cannot fully explain the unusually
igh N III /O III ] ratio. This suggests that an additional mechanism is
equired to enhance the N/O abundance in GN-z11. 
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PPENDI X  A :  C O M PA R I S O N  O F  S TA R BU R S T99 

O D E L S  WI TH  C H A R L OT  &  BRUZUA L  ( 2 0 1 9 )  

o investigate the role of WR stars in explaining the observed
roperties of GN-z11, we have developed our own set of stellar
opulation models. This approach provides the necessary flexibility
o systematically explore various prescriptions for WR evolution,
ssess the influence of WR stars on the overall population, and
race the time-dependent behaviour of the stellar population at
igh spectral and temporal resolution, particularly during the brief
volutionary phases when WR features are most prominent. 

While this tailored modelling framework is needed for addressing
ur specific scientific goals, it is important to compare our models
gainst established frameworks in the literature, such as those of
harlot & Bruzual (G. Bruzual & S. Charlot 2003 , see also footnote6 

or the link to the latest models), which serve as a valuable reference
aseline. 
In Fig. A1 , we compare our models (black lines), previously shown

nd described in Fig. 5 and Section 4.2 , with the 2019 release of the
harlot & Bruzual models. 
Qualitatively, both model sets exhibit similar time-dependent

ehaviour. There are, however, quantitative differences. Like our
mplementation, the 2019 release of the Charlot & Bruzual models
ncorporate the PARSEC stellar evolutionary tracks from A. Bressan
t al. ( 2012 ) and Y. Chen et al. ( 2015 ), and UV spectral libraries from
. Lanz & I. Hubeny ( 2003 ), W.-R. Hamann & G. Gräfener ( 2004 ),
. H. Rodrı́guez-Merino et al. ( 2005 ), and C. Leitherer et al. ( 2010 ).
espite these common ingredients, discrepancies are likely arising

rom differing metallicity assumptions for the solar, LMC, and SMC,
s well as variations in the methodologies used to link WR stellar
tmospheres with the underlying stellar evolutionary models. 

The behaviour of the He0 /H0 ionizing luminosity in Fig. A1 (a)
s broadly similar between the two model sets at young ages, with
ifferences emerging primarily during periods when the ionizing
ux drops, which are largely outside the observable range. Relatively
ore substantial differences are seen in the evolution of He+ /H0 (Fig.
1 b). Nevertheless, these discrepancies generally occur over com-
arable age ranges and with similar magnitudes, and are therefore
nlikely to introduce significant variations in the predicted emission-
ine results. 

Furthermore, as our analysis involves fitting stellar population
emplates to GN-z11 in order to recover the likely underlying stellar
ontinuum, we require templates at a resolution matched to the
WST spectra. This higher resolution is provided by our template
et, enabling better continuum fitting. 
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Figure A1. Comparing our models with the 2019 release of the Charlot & Bruzual models (G. Bruzual & S. Charlot 2003 ). The black solid, dashed, and dotted 
lines correspond to our models, as shown in Fig. 5 , while the blue lines represent the Charlot & Bruzual (2019) models. 
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