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A B S T R A C T 

Recent observations of GN-z11 with JWST /NIRSpec revealed numerous oxygen, carbon, nitrogen, and helium emission lines at 
z = 10.6. Using the measured line fluxes, we derive abundance ratios of individual elements within the interstellar medium (ISM) 
of this superluminous galaxy. Driven by the unusually-bright N III ] λ1750 and N IV ] λ1486 emission lines (and by comparison, 
faint O III ] λλ1660, 1666 lines), our fiducial model prefers log (N/O) > −0.25, greater than four times solar and in stark contrast 
to lower -redshift star -forming galaxies. The derived log (C/O) > −0.78, ( ≈30 per cent solar) is also ele v ated with respect to 

galaxies of similar metallicity (12 + log (O/H) ≈ 7.82), although less at odds with lower-redshift measurements. We explore the 
feasibility of achieving these abundance ratios via several enrichment mechanisms using metal yields available in the literature. 
Given the long time-scale typically expected to enrich nitrogen with stellar winds, traditional scenarios require a very fine-tuned 

formation history to reproduce such an ele v ated N/O. We find no compelling evidence that nitrogen enhancement in GN-z11 can 

be explained by enrichment from metal-free Population III stars. Interestingly, yields from runaway stellar collisions in a dense 
stellar cluster or a tidal disruption ev ent pro vide promising solutions to give rise to these unusual emission lines at z = 10.6, 
and explain the resemblance between GN-z11 and a nitrogen-loud quasar. These recent observations showcase the new frontier 
opened by JWST to constrain galactic enrichment and stellar evolution within 440 Myr of the big bang. 
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 I N T RO D U C T I O N  

hemical abundance measurements provide powerful constraints on
he physical mechanisms underlying galaxy formation and evolution.
lements heavier than hydrogen and helium (metals) are formed via
rocesses associated with the stellar life cycle, and the assembly of
ach galaxy is hence inherently linked with chemical enrichment (see
aiolino & Mannucci 2019 for a re vie w). One way this connection
anifests is through the mass–metallicity relation. The correlation

etween metal enrichment (metallicity) and galaxy stellar mass has
een well established across the history of the Universe, both for
etals in the gas-phase (Lequeux et al. 1979 ; Tremonti et al. 2004 ;
annucci et al. 2010 ; Andrews & Martini 2013 ; Steidel et al. 2016 ;

ates et al. 2020 ; Sanders et al. 2021 ) and for metals locked in stars
Gallazzi et al. 2005 ; Kirby et al. 2013 ; Zahid et al. 2017 ; Cullen et al.
019 ; Kashino et al. 2022 ). These studies demonstrate a general trend
hereby metal enrichment tracks star formation across the Universe,
ith more evolved galaxies being more enriched with metals, and
igher -redshift galaxies ha ving lower metallicities (e.g. Maiolino &
annucci 2019 for a summary). 
Studies of individual heavy elements and their relative abundance

atios with respect to each other can provide further constraints on
alaxy evolution. Certain elements are formed by distinct astrophysi-
 E-mail: alex.cameron@physics.ox.ac.uk 

w  

t  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
al channels that occur on different time-scales (see e.g. Kobayashi &
aylor 2023 for a re vie w). The relati ve abundances of metals formed

hrough these different channels will thus vary as a galaxy evolves.
ence, the relative abundances of heavy elements can reveal the
nderlying physical process that dominated the growth of a galaxy. 
Of particular interest are oxygen, carbon, and nitrogen. These three

lements are amongst the most abundant metals in the Universe.
hey can be readily observed in the ISM of galaxies via prominent
mission lines, and they are formed preferentially by specific as-
rophysical processes with distinct enrichment time-scales. Oxygen
s predominantly formed in core-collapse supernovae (CCSN) that
ccur on short time-scales following the onset of star-formation (see
.g. Nomoto, Kobayashi & Tominaga 2013 for a re vie w). Moderate
evels of carbon and nitrogen are formed in CCSN, but these two
etals are also enriched via stellar winds during the asymptotic giant

ranch (AGB) phase of intermediate mass stars (see e.g. Karakas &
attanzio 2014 for a re vie w). Since such intermediate-mass stars have

onger main-sequence lifetimes before their giant phase, enrichment
n carbon and nitrogen is expected to occur on longer time-scales,
ith nitrogen potentially lagging behind carbon. Thus, the canonical
icture of chemical evolution (see e.g. discussion in Kobayashi,
arakas & Lugaro 2020 ) is that galaxies are rapidly enriched with
xygen (and other α-elements) following a burst of star formation,
hile the nitrogen and carbon content of a galaxy slowly grows as

he stellar populations age. Emission-line galaxies represent an ideal
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Table 1. Summary of the abundance limits derived in Section 2 . The 
‘fiducial’ column takes its values from the T e = 1.46 × 10 4 K column of 
Table A1 . The N/O and C/O ratios in the ‘conserv ati ve’ column are the 
lo west v alues obtained from any combination of assumptions in Table A1 , 
excluding the strongly disfa v oured T e = 3 × 10 4 K. The ‘conserv ati ve’ O/H 

value adopts the highest O/H value from Table A1 as an upper limit. Note 
that O/H abundance ratios are much more sensitive to modelling assumptions 
than metal abundance ratios. For reference, solar values are: log (N/O) � = 

−0.86, log (C/O) � = −0.26, 12 + log (O/H) � = 8.69 (Asplund et al. 2009 ). 

Abundance ratio Fiducial Conserv ati ve 

log (N/O) > −0.25 > −0.49 
log (C/O) > −0.78 > −0.95 
12 + log (O/H) 7.82 < 8.6 
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aboratory to quantitatively test these galactic chemical evolution 
odels. 
Collisionally-excited emission lines, particularly [O III ] λ5007 and 

O II ] λλ3726, 3729 arising from ionized oxygen, have been exten-
ively used to derive gas-phase oxygen abundances (O/H) in the ISM
f galaxies (e.g. Andrews & Martini 2013 ; Curti et al. 2020 ; Sanders
t al. 2021 ) and now extend to z � 7, thanks to the JWST (Curti
t al. 2023 ; Nakajima et al. 2023 ; Tang et al. 2023 ). The gas-phase
itrogen abundance, and its ratio to oxygen (N/O) is typically probed 
ith the [N II ] λ6583 emission line. Such studies have revealed that
/O is well-correlated with O/H both in the local Universe and at
igher redshift (Pilyugin et al. 2012 ; P ́erez-Montero et al. 2013 ;
asters et al. 2014 ; Amor ́ın et al. 2017 ; Berg et al. 2020 ; Hayden-
 a wson et al. 2022 ), with a characteristic shape showing a plateau
elow 12 + log (O/H) ≈ 8.1 and a steady increase towards higher
etallicities. High N/O ratios are typically only found in galaxies 
ith supersolar metallicities, consistent with the expectation of slow 

itrogen enrichment o v er the course of the Universe, while low-
etallicity galaxies tend to stay well below log (N/O) � −0.5. 
A similar method can be used to derive gas-phase carbon 

bundances using rest-frame ultraviolet (UV) emission to estimate 
he evolution of C/O o v er time (e.g. Garnett et al. 1995 , 1999 ;
erg et al. 2016 ; Steidel et al. 2016 ; Berg et al. 2019a ; Llerena
t al. 2022 and references therein). Such studies find a comparable 
icture to that of nitrogen: galaxies with higher O/H also exhibit 
igher C/O. Measurements of C/O have been extended to z ≥ 6 
alaxies with JWST , providing evidence that carbon enrichment has 
lready proceeded beyond that expected from CCSN alone (Arellano- 
 ́ordova et al. 2022 ; Jones et al. 2023 ). 
Recently, Bunker et al. ( 2023 ) ( B23 hereafter) reported a

WST /NIRSpec spectrum for GN-z11. This galaxy was identified 
s a high-redshift candidate in Oesch et al. ( 2015 ), was tenta-
ively confirmed to have a redshift of z = 11.1 based on HST
rism spectroscopy of the Lyman- α break (Oesch et al. 2016 ), 
nd is now confirmed unambiguously at z = 10.60 (Bunker et al.
023 ). GN-z11 is remarkably luminous compared to the z ∼ 10–
1 luminosity function (see Robertson 2022 for a re vie w and,
.g. Bouwens et al. 2023 ; Finkelstein et al. 2022 ; Harikane et al.
022 ; P ́erez-Gonz ́alez et al. 2023 for recent determinations with
he JWST ). Of further intrigue, the NIRSpec spectrum published in 
23 also shows numerous emission lines, arising from both oxygen 

[O III ] λ4363, [O II ] λλ3726, 3729 and tentative O III ] λλ1660, 1666)
nd carbon ([C III ] λ1907 + C III ] λ1909 1 , and tentative C IV ]). Even
ore surprisingly, unusually-bright nitrogen emission is detected 

N III ] λ1750, N IV ] λ1486) with the measured line fluxes being
igher than that measured for oxygen in the rest-frame UV. 
N III ] λ1750 2 is rarely observed in galaxy spectra, and when

etected it is typically much fainter than other nearby rest-frame 
V lines (particularly O III ] λλ1660,1666). This is verified both in

ocal analogues to high-redshift galaxies (e.g. Mingozzi et al. 2022 ), 
ndividual galaxies at z ∼ 2 (Berg et al. 2018 ; Mestric et al. 2023 ),
tacked spectra of z ∼ 2–4 galaxies (Le F ̀evre et al. 2019 ; Saxena
t al. 2022 ), and in a tentative detection at z > 7 with JWST /NIRISS
Roberts-Borsani et al. 2022 ). A small subset of SDSS quasars exhibit
rominent N III ] λ1750 emission (so called ‘nitrogen-loud’ quasars; 
 For brevity, we will hereafter refer to [C III ] λ1907 + C III ] λ1909 as C III ] 
λ1909. 
 We note that this N III ] emission feature consists of a quintet of emission 
ines between rest-frame 1746 and 1755 Å. Throughout this paper, we refer 
o the sum of this complex as N III ] λ1750. 

2

B  

N  

w  

I  
iang, Fan & Vestergaard 2008 ; Batra & Baldwin 2014 ), but B23
o not find any unambiguous signature of AGN activity in GN-z11
which we revisit in the discussion of Section 3.1 ). 

A possible interpretation to explain such bright nitrogen emission 
ines is an unusually high nitrogen content, and an ele v ated N/O
atio. Indeed, this is suggested by B23 . In this paper, we use the
mission line flux ratios published by B23 to quantify the N/O and
/O abundance ratios in GN-z11 (Section 2 ). Our fiducial model

mplies supersolar N/O and ele v ated C/O at z = 10.6, where the age
f the Universe is less than 500 Myr. We discuss in Section 3 that
hese abundance ratios are challenging to explain with traditional 
nrichment arguments where nitrogen and carbon are enriched by 
tellar evolution channels on long time-scales, and re vie w other more
xotic scenarios that could explain such ele v ated v alues at z = 10.6.
e present a summary in Section 4 . 

 A BU N DA N C E  MEASUREMENTS  

n this section, we outline our methods for deriving limits on a series
f ion abundance ratios in GN-z11. We use these calculations to
lace constraints on the N/O, C/O, and O/H abundance ratios in GN-
11, which we summarize in Tables 1 and A1 . Discussion of the
mplications of these derived values can be found in Section 3 . 

Emissivity calculations in this section are performed with PYNEB 

Luridiana, Morisset & Shaw 2015 ), using the atomic data from the
HIANTI data base (version 10.0.2; Dere et al. 1997 ; Del Zanna et al.
021 ). Emission lines fluxes used in these calculations are taken
rom Table 1 in B23 , adopting measurements from their medium-
esolution grating spectra. Ho we ver, the [O III ] λ4363 line is only
etected in the prism spectrum, for which we note all reported fluxes
re systematically lower. Thus, we scale the reported [O III ] λ4363
rism flux to match those of the grating using the nearby H γ line,
hich is reported in both the prism and the grating. Abundance 

atios are calculated from reported flux ratios and estimated ratios of
mission line emissivities. For example, for N 

++ /O 

++ , we have 

N 

++ 

O 

++ 

= 

f N III ]1750 

f O III ]1660 , 1666 
× εO III ]1660 , 1666 

εN III ]1750 
, (1) 

here εx is the emissivity of each emission line that depends on the
lectron temperature, T e , and density, n e . 

.1 Electr on temperatur e constraints 

ecause [O III ] λ5007 is beyond the wav elength co v erage of
IRSpec at z = 10.6, we first use O III ] λλ1660, 1666 along
ith [O III ] λ4363 to derive an electron temperature constraint.

f we assume that there is no dust reddening in the system
MNRAS 523, 3516–3525 (2023) 
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consistent with the H δ/H γ ratio reported), the 2 σ upper limit on
he O III ] λλ1660,1666/[O III ] λ4363 ratio ( < 1.57) gives us an upper
imit on the temperature of < 1.25 × 10 4 K. This value is lower
han previous electron temperature measurements at this epoch (e.g.
urti et al. 2023 ; Katz et al. 2023 ), and also that expected from the

eported presence of N IV ] emission. This low electron temperature
s ho we ver consistent with the galaxy being at higher metallicity
ompared to other high-redshift objects. 

We consider an alternative approach for estimating the electron
emperature, making use of the [O III ] λ4363/[Ne III ] λ3869 ratio.
eon and oxygen are both α-elements and the Ne/O abundance

atio has been observed to be quite consistent across a large
ange of abundances and redshifts (e.g. Berg et al. 2019b , 2020 ;
rellano-C ́ordova et al. 2022 ). Furthermore, Ne ++ traces a similar

onization zone to O 

++ , meaning that [Ne III ] λ3869/[O III ] λ5007
ux ratios typically do not show large variations (e.g. Witstok
t al. 2021 ). Thus, we solve for the temperature at which the
easured [O III ] λ4363/[Ne III ] λ3869 flux ratio reproduces the solar
e/O abundance ratio. This results in a temperature of T e =
.46 ± 0.26 × 10 4 K, which is in reasonable agreement with the
emperature limit inferred from the O III ] λλ1660, 1666/[O III ] λ4363
atio. We adopt this temperature for our fiducial calculation. As-
uming half-solar and twice-solar Ne/O abundance ratios yield T e =
.05 × 10 4 and 2.36 × 10 4 K, respectively. To bracket the range of
emperatures implied by this spectrum, we perform our abundance
nalysis also at these temperatures and finally at 3.0 × 10 4 K as a
nal bounding case 3 , although this scenario is not fa v oured. 
Throughout this calculation, we assume these quoted temperatures

pply to the ‘high-ionization’ zone, which we adopt for the O 

++ ,
 

++ , and C 

++ ions (i.e. we assume T e (O III ) = T e (N III ) = T e (C III )).
e assume that O 

+ traces a different ionization zone with different
 e . We consider two conversions from T e (O III ) to T e (O II ): (i) the
alibration provided in Pilyugin et al. ( 2009 ) and a more exaggerated
ase where T e (O II ) = 0.7 × T e (O III ). We initially adopt n e =
00 cm 

−3 , although the effect of density variations is also discussed
elo w. Abundance ratios deri ved for these dif ferent temperatures are
rovided in full in Table A1 . 

.2 Constraints on N/O in GN-z11 

e now turn to exploring the possible N/O ratios implied by the
mission line measurements reported by B23 for GN-z11. With
easurements reported for the N III ] λ1750 and N IV ] λ1486 emission

ines, we can sample the N 

++ and N 

3 + ions. Fluxes (or limits) are
eported for three oxygen lines: O III ] λλ1660, 1666, [O II ] λλ3726,
729, and [O III ] λ4363. The [N II ] λ6583 emission line is not within
he spectral co v erage, which has historically been the most com-

on way of determining nitrogen abundances (e.g. P ́erez-Montero
017 ). Although it is not a widely used tracer, nitrogen abundance
onstraints have been reported from N III ] λ1750 at z ∼ 0 (Garnett
t al. 1999 ) and z ∼ 2 (Berg et al. 2018 ). 

We first consider N 

++ /O 

++ from the N III ] λ1750/O III ] λλ1660,
660 ratio. Since the O III ] λλ1660, 1660 emission is reported as an
pper limit, for a given adopted temperature, this ratio provides a
ower limit on the N 

++ /O 

++ ratio. With our fiducial temperature, we
erive a value of log (N 

++ /O 

++ ) > −0.07. Considering the effect
f different assumed temperatures (Section 2.1 ), we obtain a lower
imit on the ion abundance ratio of log(N 

++ /O 

++ ) ≥0.00 (highest
NRAS 523, 3516–3525 (2023) 

 Temperatures of ∼3 × 10 4 K have been reported in z > 8 galaxies (e.g. Katz 
t al. 2023 ). 

e  

l  

O  

t

ssumed temperature) and log(N 

++ /O 

++ ) ≥−0.12 (lowest assumed
emperature). The derived log(N 

++ /O 

++ ) limit from N III ]O III ] thus
nly exhibits a mild T e dependence. 
We can also derive an estimate of N 

++ /O 

++ from the N III ] λ1750
 [O III ] λ4363 ratio. This has the disadvantage of a much larger
avelength difference, making the ratio sensitive to any wavelength-
ependent dust corrections. Assuming there is no dust, we find
og(N 

++ /O 

++ ) = −0.19 for our fiducial temperature. We note
hat invoking the presence of dust preferentially increases the
 III ] λ1750/[O III ] λ4363 flux ratio, which serves to increase the

nferred N 

++ /O 

++ . Considering our range of temperature, we find
hat, derived from N III ] λ1750/[O III ] λ4363, the N 

++ /O 

++ ratio has a
omewhat larger T e -dependence, and that the dependence is opposite,
arying between −0.48 ≤ log(N 

++ /O 

++ ) ≤ 0.04 (Table A1 ). 
The emissivity ratio of εO III ]1660 , 1666 /εN III ]1750 is essentially con-

tant with density up to ∼10 5 cm 

−3 , suggesting that the impact of
ensity variations is minor. A small density dependence appears
t n e � 10 6 cm 

−3 , although not significant enough to appreciably
educe the derived N 

++ /O 

++ . Furthermore, the n e -dependence of
[O III ]4363 /εN III ]1750 implies higher N 

++ /O 

++ at high density, further
isfa v ouring this solution. 
Although N 

++ and O 

++ are both high-ionization ions and will
race similar regions of the nebula, we cannot necessarily assume
/O = N 

++ /O 

++ . Since the N III ] λ1750 line has not been widely
tudied in the literature, ionization correction factors (ICF) for the
 

++ /O 

++ ratio are typically not considered (e.g. P ́erez-Montero
017 ; Amayo, Delgado-Inglada & Stasi ́nska 2021 ). The second and
hird ionization energies of nitrogen (29.6 and 47.4 eV) and oxygen
35.1 and 54.9 eV) imply that the nebular zone probed by emission
rom N 

++ ions should contain both O 

+ and O 

++ ions (Kramida
t al. 2022 ). We therefore assume that N 

++ /(O 

+ + O 

++ ) provides a
ower limit on the total N/O abundance ratio, and thus we derive the
 

++ /O 

+ ratio from the detected [O II ] λλ3726, 3729 lines. 
Unlike the N 

++ /O 

++ calculation, where we assumed T e (O III )
 T e (N III ), we do not assume that T e (O II ) = T e (N III ). This two-

one model is a simplification of the ISM structure of GN-z11;
o we ver, gi ven the above ionization energies, it is likely reasonable
o assume that T e (N III ) is closer in value to T e (O III ) than T e (O II ).

e do not hav e an y direct constraints on the temperature of the
ow-ionization zone, so we instead derive T e (O II ) for each assumed
emperature using the relation from Pilyugin et al. ( 2009 ), yielding
 e (O II ) = [1.14, 1.48, 2.24, 2.77] × 10 4 K. 
Assuming this two-zone model, we find 0.38 ≤ log(N 

++ /O 

+ ) ≤
.69, consistent with the finding from B23 that GN-z11 has a very
ighly ionized ISM. We note that such T e (O II )–T e (O III ) calibrations
re highly uncertain (Yates et al. 2020 ; Cameron et al. 2021 ). Given
hat lower T e (O II ) leads to lower [O II ] emissivity, and thus lower
 

++ /O 

+ , we repeat this calculation with an exaggerated case, where
 e (O II ) = 0.7 × T e (O III ). This yields slightly lo wer v alues between
.23 ≤ log(N 

++ /O 

+ ) ≤ 0.96, which we include as part of our
onserv ati ve model. 

As for N 

++ and O 

++ , dust corrections might need to be ap-
lied for GN-z11, but we note that they would only increase the
erived N 

++ /O 

+ , and thus N/O. The derived N 

++ /O 

+ shows limited
ensity dependence up to � 10 5 cm 

−3 , abo v e which the emissivity
f [O II ] λλ3726, 3729 drops precipitously, dramatically decreasing
he inferred N 

++ /O 

+ . Ho we ver, such densities would make the
mergence of the resonant Lyman- α and Mg II difficult to explain,
xcept in the complete absence of dust or if we are conveniently
ooking down an optically thin channel, and would imply supersolar
/H. Similarly, as discussed abo v e, high densities would not explain

he high N 

++ /O 

++ . 
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Figure 1. Pink shaded regions show the range of abundance ratios for GN-z11 implied by our fiducial model (dashed) and our more conserv ati ve assumptions 
(dotted). Left : Nitrogen-to-oxygen abundance ratio compared to total oxygen abundance. We show comparison samples of z ∼ 0 H II regions (green circles from 

Pilyugin et al. 2012 ; blue squares from Garnett et al. 1999 ; yellow diamonds from Esteban et al. 2014 ; orange triangles from Berg et al. 2020 ), z ∼ 2 galaxies 
from Berg et al. ( 2018 ) (orange star) and Hayden-P a wson et al. ( 2022 ) (brown pentagons), and the z = 2.4 composite spectrum from Steidel et al. ( 2016 ) (red 
hexagon). Our inferred N/O for GN-z11 is highly supersolar and unlike lower-redshift galaxies. Right: Carbon-to-oxygen abundance ratio compared to total 
oxygen abundance. We show comparison samples of z ∼ 0 H II regions (turquoize squares from Garnett et al. 1995 ; blue squares from Garnett et al. 1999 ; 
green triangles from Garc ́ıa-Rojas et al. 2007 ; yellow diamonds from Esteban et al. 2014 ). The z = 2.4 composite from Steidel et al. ( 2016 ) is shown by the red 
hexagon. We show two measurements of C/O in individual galaxies with JWST /NIRSpec: a galaxy at z = 6.229 from Jones et al. ( 2023 ) (pink star) and a galaxy 
at z = 8.495 from Arellano-C ́ordova et al. ( 2022 ) (light blue star). 
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To remain conserv ati ve, for each T e v alue, we take the N 

++ /O 

++ 

nd N 

++ /O 

+ values that yield the lowest nitrogen abundance, and 
ombine these to obtain log N 

++ /(O 

+ + O 

++ ), treating this as our
ower limit on the total N/O. Our fiducial case thus implies log (N/O)
 −0.25, more than four times higher than solar (log (N/O) � =
0.86; Table 1 and Fig. 1 ). We obtain log (N/O) > −0.13 and log

N/O) > −0.49 in our conserv ati ve lo w and high temperature cases,
hile our ultra-high-temperature bounding case still yields log (N/O) 
 −0.55, twice that of the solar ratio. 
The calculations presented here have not included the N IV ] 

mission line. Considering this higher ionization state only makes 
his picture more puzzling, since some N IV ] emission can originate
rom the O 

++ zone. The weak He II λ1486 emission and low derived
 

3 + /N 

++ ratio (Table A1 ) would seem to imply the O 

3 + abundance
s relatively low. Thus, considering the N 

3 + ion would likely only 
ncrease the inferred N/O ratio. 

In summary, from measurements and limits on the 
 III ] λ1750 / O III ] λλ1660,1666, N III ] λ1750/[O III ] λ4363, and
 III ] λ1750/[O II ] λλ3726, 3729 emission line ratios, we infer lower

imits on the total N/O abundance ratio that most conserv ati vely sug-
est log(N/O) > −0.55, which is twice the solar value, or, with more
ealistic assumptions, log(N/O) > −0.25, which is four times the solar
alue. We will return to the surprising implications of this in Section 3
nd now repeat these arguments to derive carbon abundances. 
.3 Constraints on C/O 

iven the detection of C III ] λλ1909 reported by B23 , we can derive
onstraints on the C/O abundance ratio following the same set of
ssumptions and procedure outlined in Section 2.2 for N/O. We 
eiterate that, for each temperature, the reported abundance ratios are 
ower limits (see Section 2.2 ). 

As with nitrogen, ionization potentials of carbon are such that the
 

++ ionization zone should o v erlap with the O 

+ and O 

++ zones.
herefore, we again assume that C 

++ /(O 

+ + O 

++ ) provides a lower
imit on the total C/O ratio yielding log (C/O) > −0.78 in our fiducial
ase, and log (C/O) > −0.95 under more conserv ati ve assumptions
see Tables 1 and A1 ). These values are somewhat higher than
reviously reported in high-redshift galaxies (Arellano-C ́ordova et al. 
022 ; Jones et al. 2023 ), but are reasonably consistent with lower-
edshift objects (Fig. 1 ). 

.4 Constraints on O/H 

o remain consistent with the approaches used in Sections 2.2 
nd 2.3 , we derive T e -based O/H values, adopting the range of
emperatures assumed in Section 2.1 for T e (O III ), and converting
hese into T e (O II ) using the calibration from Pilyugin et al. ( 2009 ).

e derive O 

++ /H 

+ from the ratio of [O III ] λ4363/H γ , and O 

+ /H 

+ 
MNRAS 523, 3516–3525 (2023) 
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rom the ratio of [O II ] λλ3726, 3729/H γ , and assume that the total
xygen abundance of GN-z11 is well approximated as O/H ≈ (O 

++ 

 O 

+ )/H 

+ . Although the weak He II emission reported by B23 could
uggest some fraction of oxygen is present as O 

3 + , the uncertainty
n our measurement is more likely dominated by our inability to
recisely constrain temperature. 
Table A1 demonstrates the large temperature dependence of the

otal O/H ratio, which changes by almost two orders of magnitude
cross our adopted range. None the less, our fiducial temperature
ields 12 + log (O / H) = 7 . 82, broadly consistent with the value
nferred by B23 from both strong-line and SED fitting methods. 

 DISCUSSION  

he abundance ratios inferred from the bright nitrogen emission lines
n the spectrum of GN-z11 imply a highly nitrogen-enriched ISM. In
his section, we argue that such supersolar N/O ratios are particularly
eculiar at z = 10.6, and propose several scenarios that may explain
his behaviour. 

.1 Could GN-z11 be powered by a massive black hole? 

lthough N III ] λ1750 has rarely been observed in star-forming
alaxies, a ‘nitrogen-loud’ population of quasars has been identified
n SDSS exhibiting strong N III ] λ1750 and N IV ] λ1486 emission
Jiang et al. 2008 ). Furthermore, a recent spectrum of a z = 5.5 AGN
 ̈Ubler et al. 2023 ) also shows these nitrogen lines. B23 found that
est-frame UV emission line ratios in GN-z11 are generally more
onsistent with star-formation models (e.g. Feltre, Charlot & Gutkin
016 ; Hirschmann et al. 2019 ), but there is o v erlap with the parameter
pace inhabited by some AGN models (Nakajima & Maiolino 2022 ),
nd the possibility that GN-z11 hosts an AGN cannot be conclusively
uled out (see also Jiang et al. 2021 ). It is unclear whether applying
he T e method as outlined in Section 2 to derive metal abundance
atios is valid in the case of an AGN or how to interpret the emission
ine fluxes at hand if they arise from a high-density broad-line region,
nd we thus discuss here the possibility that GN-z11 is powered by
 massive black hole. 

Similar to GN-z11, nitrogen loud quasars have been suggested to
rise due to enhanced nitrogen abundance and are rare, comprising
nly ∼1 per cent of the SDSS quasar sample (Jiang et al. 2008 ).
o we v er, the y are observed at much lower redshift with longer
ossible metal enrichment time-scales, and whether the ele v ated
/O is simply tracing an increase in O/H via secondary enrichment

Batra & Baldwin 2014 ) or whether nitrogen is specifically enriched
Araki et al. 2012 ; Kochanek 2016 ; Matsuoka et al. 2017 ) remains
ebated. 
The equi v alent width (EW) ratio of EW(N III ])/EW(C III ]) in GN-

11 would place it in the top ∼2 per cent of the Jiang et al. ( 2008 )
ample (already sampling only ∼1 per cent of SDSS quasars).
onsidering that AGN are expected to be rare at z > 10 given

he drop in the AGN luminosity function (Kulkarni, Worseck &
ennawi 2019 ), it would be interesting if GN-z11 is part of such
 rare subpopulation of AGN and would imply that nitrogen-loud
uasars dominate the AGN population in the early Univ erse. Ev en if
N-z11 is an AGN, explaining the nitrogen-loud behaviour would

ikely require supersolar N/O and N/C ratios. 
As we discuss below, explaining supersolar N/O and N/C is dif-

cult with standard stellar nucleosynthesis models. One alternative
o explain the rarity and the nitrogen-enrichment in such quasars is
nrichment by tidal disruption events (TDEs; Kochanek 2016 ). As a
tar nears a supermassive black hole, it can be tidally disrupted. Since
NRAS 523, 3516–3525 (2023) 
he cores of intermediate-mass stars are rich in light elements, such
DEs can result in abundance anomalies with N/C ratios of at least

og ( N / C ) > 0.9 (Yang et al. 2017 ; see also Cenko et al. 2016 ; Brown
t al. 2018 ; Sheng et al. 2021 ), even higher than that observed here in
N-z11 (0.44 � log ( N 

++ / C 

++ ) � 0.61). These have been suggested
s a mechanism to explain the emission patterns of nitrogen-rich
uasars (Kochanek 2016 ). 
To summarize, we cannot conclusively determine whether GN-

11 is a nitrogen-loud quasar and/or powered by a TDE, although
ts emission properties would put it amongst the rarest objects
nown in this category. Furthermore, the likelihood of such scenarios
ould have to be confronted quantitatively against the expected
emographics of supermassive black holes, which are expected to
lummet at high redshift (e.g. Volonteri 2010 ). Even in this case, GN-
11 may still require supersolar N/O ratios, which are challenging
o explain with typical galactic enrichment models (Section 3.2 ). We
ote that deep high-resolution NIRSpec spectroscopy of this object
ould help reveal the presence or absence of broadened lines and
hed light on its nature. 

.2 Is the o v erabundance of nitrogen in GN-z11 from 

raditional ev olv ed stars? 

nder the traditional paradigm for galactic chemical evolution,
xygen (and other α-elements) are enriched first via CCSN, while
arbon appears on a slightly longer time-scale through both CCSN
nd winds from AGB stars, and nitrogen lags behind mainly as a
roduct of AGB stars (see e.g. Nomoto et al. 2013 ; Kobayashi &
aylor 2023 for re vie ws). A massi ve progenitor for an AGB star
 ≈6 M �) requires ≈50 Myr to mo v e off the main-sequence and enter
he giant phase, where its winds will deposit (primarily) carbon
nd nitrogen in the surrounding gas. Given that the age of the
niverse is only 440 Myr at z = 10.6, this would put the birth of

uch AGB progenitors in a star formation burst at z ≥ 12. Requiring
 significant contribution from intermediate-mass progenitors ( ≈3–
 M �) would push these requirements to even earlier times ( z ≥ 14).
his is possible given that observed high-redshift Balmer Breaks
ay indicate star formation as early at 250 Myr after the big bang

Hashimoto et al. 2018 ); ho we ver, if the time-scale gets moved too
ar back, we may enter a regime dominated by Population III (Pop.
II) star formation (e.g. Bromm 2013 ), where the IMF and yields
ay be different (see below). 
While the time-scales for AGB stars are reasonable, a crucial

spect of GN-z11 is the o v er-enrichment of nitrogen compared to
xygen. This implies efficient light element production, but also
ery inefficient oxygen enrichment by CCSNe given the fiducial
etallicity of the object. This must apply both in the hypothetical
rst burst of star formation at z � 14 giving rise to AGB progenitors,
nd in the current event at z = 10.6 powering the observed emission
ines with a star formation rate ∼20 M � yr −1 ( B23 , Tacchella et al.
023 ). A coincidental sequence of events could provide a mechanism
o maintain the observed N/O and C/O. For example, the older star
ormation event could have either expelled most of the early oxygen
n a powerful outflow or failed to produce it by collapsing most SNe
rogenitors directly into black holes. Next, AGBs enriched the gas in
itrogen o v er tens of Myrs, and we are catching GN-z11 just before
he most recent CCSNe at z = 10.6 enrich its ISM significantly in
xygen. 
Such a fine-tuned scenario to explain the observed N/O and C/O

t z = 10.6 through AGB enrichment is thus possible but rather con-
rived, and would need careful quantitative validation against models
f galactic enrichment. Stellar evolution models of AGB stars at low
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4 If we switch our constraints to the most lenient region of our allowed 
parameter space, only one additional star, a 40 M � star at 0.1 Z � rotating at 
150 km s −1 fits our criteria. Likewise, adopting more conservative thresholds 
does not change our results for the Heger & Woosley ( 2010 ) or Takahashi 
et al. ( 2018 ) data sets. 
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nd very low metallicities exhibit shorter main-sequence lifetimes to 
each the giant phase and increased nitrogen and carbon production 
e.g. Cristallo et al. 2015 ; Ventura et al. 2021 ; Gil-Pons et al. 2022 ).
his could help quicken nitrogen and carbon enrichment time-scales 
nd relieve potential tensions, as would including more massive AGB 

nd super-AGB progenitors that evolve quicker but whose yields 
emain uncertain (e.g. Siess 2010 ; Ventura & Marigo 2010 ; Doherty
t al. 2014 ; Gil-Pons et al. 2022 ; see Karakas & Lattanzio 2014 for a
e vie w). Alternati vely, stellar rotation and magnetic fields could also
odify metal yields during the AGB phase (e.g. Meynet & Maeder 

002 ; Piersanti, Cristallo & Straniero 2013 ; den Hartogh et al. 2019 ),
ut a consensus on the respective importance of these mechanisms 
or galactic-scale enrichment remains lacking. 

The spectrum of GN-z11 also presents a tentative detection of the 
e II λ1486 line that could be associated with young, massive stars

n the Wolf–Rayet phase. Such stars evolve quickly off the main- 
equence (2–3 Myr at solar metallicity; Meynet 1995 ) bypassing the 
onger time-scales associated to AGB stars, and power winds that 
ould contribute significant carbon and nitrogen to the chemical 
nrichment of the galaxy (see e.g. Crowther 2007 ; Vink 2022 for re-
iews). Galaxies dominated by Wolf–Rayet features have been linked 
o ele v ated N/O ratios at lower redshifts (e.g. Brinchmann, Kunth &
urret 2008 ; Berg, Skillman & Marble 2011 ; Masters et al. 2014 ),

lthough their reported N/O ratios (log (N/O) � −0.5) remain much 
ower than reported here in GN-z11 (log (N/O) � −0.3). Ho we ver,
he weak He II line would imply limited contribution of Wolf–Rayet 
tarlight to the integrated spectrum, and such helium-line ratios can 
lso be explained by harder ionizing stellar populations at higher 
edshift (see e.g. discussion in Steidel et al. 2016 ), disfa v ouring this
nterpretation. It also remains unclear whether enough Wolf–Rayet 
tars could be present without CCSNe, which would rapidly enrich 
he ISM with oxygen and lower N/O and C/O. None the less, if
alaxies at z ≥ 10 commonly undergo a Wolf–Rayet-dominated 
hase, we would expect to see more systems with ele v ated N/O
bundance ratios at high-redshift, that are yet to be detected but 
ould be probed by further JWST observations (e.g. Roberts-Borsani 
t al. 2022 ; Cameron et al. 2023 ). 

To summarize, explaining the supersolar N/O and C/O abundance 
atios in GN-z11 using traditional stellar evolutionary tracks is 
ossible, but likely requires a very specific formation scenario. 

.3 Are we witnessing the chemical signatures of primordial or 
xotic stellar evolution channels? 

nother possibility to explain the observed high N/O ratios in the 
SM of GN-z11 is that the stars powering the bright emission lines
t z = 10.6 are rapidly enriching the ISM with nitrogen. Such a
roduction mechanism would necessitate unusual stellar evolution 
hannels likely to be rare or cease to operate at later times (or both),
s no metal-poor galaxies exhibit this level of nitrogen enhancement 
t lower redshifts (Fig. 1 ). 

Furthermore, if this channel were to be common, its chemical 
ignatures would likely be imprinted on the abundances of low- 
etallicity halo stars around our Milky Way. Carbon enhancements 

re commonly detected in halo stars (e.g. Frebel & Norris 2015 for
 re vie w). In contrast, nitrogen enhancements are rare (e.g. Johnson
t al. 2007 ; Pols et al. 2012 ; Simpson & Martell 2019 ), and are
ften attributed to binary mass-transfer at later times (e.g. Suda et al.
004 ; Pols et al. 2012 ; Fern ́andez-Trincado et al. 2019 ; Roriz et al.
023 ) rather than being set by the birth environment of the star.
o we ver, there are important examples where binary evolution is
ot the preferred explanation. In particular, HE 1327-2326 (Frebel 
t al. 2008 ) and J0815 + 4729 (Gonz ́alez Hern ́andez et al. 2020 )
xhibit no signatures of mass transfer and binary companions, despite 
heir drastic enhancements of carbon and nitrogen (Aoki et al. 2006 ).

an y hav e thus proposed that the abundances of HE 1327-2326 were
et at high redshift, possibly by Population III (Pop. III) primordial
tars (Frebel et al. 2005 ; Iwamoto et al. 2005 ; Hirschi 2007 ; Heger &
oosley 2010 ; Ezzeddine et al. 2019 ). 
Given the parallels with such nitrogen-enhanced metal-poor stars, 

e now assess the likelihood that in-situ Pop. III star formation
ould be responsible for the observed abundance ratios of GN-z11. 
o this end, we explore a compilation of Pop. III and low-metallicity
N yields, scanning across the available parameter space to identify 
odels that produce abundance ratios close to our derived fiducial 

alues. Namely, we look for (i) a carbon to oxygen ratio such that
og (C/O) > −0.78, (ii) a high ratio of nitrogen to oxygen (log (N/O)
 −0.25), (iii) more nitrogen than carbon (log (N/C) > 0.53), and (iv)
 significant amount of nitrogen mass per event (at least 0.01 M �).
hese thresholds correspond to our fiducial model (see Table A1 ). 
We consider Pop. III SN yields from Heger & Woosley ( 2010 ) that

nclude metal production for various stellar mass progenitors, SNe 
nergies, piston location, and mixing amounts. We include yields 
rom Takahashi, Yoshida & Umeda ( 2018 ) that further account for
tellar rotation and magnetic fields, in addition to progenitor mass. 
inally, we search the yields of more metal-enriched rotating stars 
rom Limongi & Chieffi ( 2018 ), where the rotation is known to
nhance the nitrogen abundance. While this compilation of yields is 
y no definition complete, they span the range of rele v ant physical
echanisms that could help explain the observed abundances of GN- 

11. 
Within the Heger & Woosley ( 2010 ) data set, we find stars with

 mass of 25 or 39 M �, with explosion energies of 0.3 × 10 51 and
.6 × 10 51 erg, respectiv ely, e xhibit the required abundance patterns.
o models amongst those presented in Takahashi et al. ( 2018 ) that

atisfy our criteria. For the yields from Limongi & Chieffi ( 2018 ), we
nd two stars 4 : an 80 M � non-rotating star at 0.1 Z � and an 80 M �
tar rotating at 300 km s −1 at 0.001 Z �. We emphasize here that by
o means is this search a reflection of the accuracy of these stellar
volution calculations, rather it is an e x ercise to determine whether
op. III SN, rotating stars, or faint SN have the potential to explain
N-z11 or whether other physics is required. 
Our search demonstrates that in certain cases, the abundance 

atterns observed in GN-z11 can be reproduced both by certain 
op. III SN as well as more metal-enriched models. Ho we ver, we
ote that within the parameter space of possible SN explosions, only
 few selected models are able to reproduce the abundances, which
esults in a fine-tuning problem. It is highly unlikely that every star
resent in the metal enriched environment of GN-z11 is exactly 
0 M �. Furthermore, why should the Pop. III stars that potentially
nriched GN-z11 only appear at 25 or 39 M �? GN-z11 is bright, and
 significant amount of nitrogen is required to produce the observed
uminosity. Each of these explosions produces < 0.1 M � of nitrogen,
o a significant number are needed in order to enrich the galaxy to
evels where emission lines are detectable. It is unclear how so many
tars could form at a particular mass or how to maintain Pop. III star
ormation for such an extended period of time. Similarly, if Pop. III
MNRAS 523, 3516–3525 (2023) 
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tars really formed at particular masses, nitrogen enrichment in the
tellar halo might not be so uncommon. We disfa v our solutions of
imilar ilk, e.g. Pop. III stellar winds that can similarly produce the
orrect abundances but require fine-tuning (Hirschi 2007 ). 

In summary, similar to the AGB wind scenario presented abo v e,
aint Pop. III SN or low-metallicity rotating stars have the capability
f producing the yields reported for GN-z11; ho we ver, the scenario
s fine-tuned, and significant deviations from the local stellar IMF
ould be required for such abundance ratios as observed in GN-z11

o manifest. 

.4 Are we observing stellar encounters in dense star clusters? 

ollowing the apparent fine-tuning required to explain the abundance
atios of GN-z11 through specific stellar evolution mechanisms,
e explore an alternative scenario where the metal content results

rom dynamical processes within the particular environment of GN-
11. More specifically, runaway stellar collisions in dense early star
lusters could provide a high-redshift-only, rare mechanism to ele v ate
itrogen production that fits the compact morphology and high star-
ormation rate observed in GN-z11 (Tacchella et al. 2023 ). 

Within dense stellar clusters, high-mass stars can rapidly sink to
he centre due to mass se gre gation (e.g. Porte gies Zwart & McMillan
002 ; G ̈urkan, Freitag & Rasio 2004 ) and collide. If the cluster is
ense enough, multiple collisions can occur on time-scales shorter
han the main-sequence lifetimes of massive stars, thus before the first
Ne explodes, and form very massive stars in its centre (Portegies
wart et al. 1999 ). This scenario is much more likely to occur in high-

edshift galaxies due to the higher gas densities and increased merger
ates and can provide a mechanism for the production of massive
lack hole seeds to explain the origins of high-redshift supermassive
lack holes (e.g. Katz, Sijacki & Haehnelt 2015 ). 
In the case of GN-z11, the presence of such v ery massiv e stars

mbedded in a star cluster could help explain its abundance ratios.
assive stars produced by runaway collisions may be well-mixed

e.g. Gaburov, Lombardi & Portegies Zwart 2008 ), bringing light
lements towards their surface. While at low metallicities, the very
assive star is either expected to collapse into a black hole with
inimal mass loss or explode as a pair-instability SN (the outcome

epends on mass), metal enriched very massive stars are expected to
ost powerful stellar winds (Vink 2022 ). This can lead to the fast and
fficient enrichment of light elements such as carbon and nitrogen
t the expense of oxygen (Glebbeek et al. 2009 ). In certain models
Glebbeek et al. 2009 ), the total N ejecta can be more than 10 × that
f O by mass. Furthermore, the number of SNe is reduced in such
 formation scenario as most SN progenitors merge quickly into a
ingle object, reducing the production of carbon and oxygen and
elping to increase N/O. 
It remains unclear whether a single cluster undergoing collisional

unaway produces enough metal and nitrogen mass to power the
mission lines of GN-z11. Ho we ver, multiple massi ve stellar clusters
re expected to form simultaneously if the galaxy is undergoing an
xternal trigger inducing strong compressive tides (e.g. a merger;
enaud, Bournaud & Duc 2015 ; Li et al. 2017 ), a process best
bserved in the Antennae galaxies (Bastian et al. 2009 ). Furthermore,
ot all stellar clusters need to undergo runaway collisions to create
he observed spectrum of GN-z11 – star clusters where collisional
unaway is efficient could be responsible for the nitrogen emission
ines, whereas the oxygen and carbon emission lines can be spread
hroughout the other, more classical star clusters of the galaxy. Subtly
ifferent conditions in each cluster could thus participate in driving
nhanced N/O integration over the galaxy. 
NRAS 523, 3516–3525 (2023) 
While the winds of a collisionally-produced very massive star may
roduce the nitrogen observed in GN-z11, one of the limitations of
his scenario is the fact that the very massive star must form quickly
efore the stars can explode via SN. Ho we v er, re gardless of whether
his process ensues, some massive stars in the cluster may collapse
nto stellar-mass black holes (i.e. < 100 M �). The dense environment
f the stellar cluster could fa v our close encounters between stars
nd black holes resulting in TDEs, which could help explain the
itrogen and helium emission (e.g. Kochanek 2016 and discussion
n Section 3.1 ). This parallels the TDE scenario for AGN but uses
ower mass black holes. 

To summarize, this collisional runaway scenario evokes exotic
ynamical processes much less likely to occur at the lower densities
f the lower-redshift universe, and thus fits the rarity and peculiarity
f GN-z11 without modifying our base understanding of stellar
 volution. There are, ho we ver, large remaining uncertainties asso-
iated with modelling stellar evolution during runaway collisions
e.g. mixing during stellar collisions, the nucleosynthesis and stellar
inds associated with the central massive star), as well as how
uch nitrogen, carbon, and oxygen are released during a TDE. None

he less, these findings strongly advocate future theoretical studies
xploring and testing these scenarios quantitatively. 

 SUMMARY  

ased on its luminosity alone, GN-z11 is a remarkable object at z
 10 (Oesch et al. 2015 , 2016 ). Its recent spectroscopic follow-up

n B23 further revealed the extent of this peculiarity, highlighting
mission lines from carbon, oxygen, and nitrogen amongst others,
nd showcasing the power of JWST /NIRSpec spectroscopy to char-
cterize the physical properties of galaxies less than 500 Myr after
he big bang. 

In particular, the presence of strong N III ] λ1750 and C III ] λλ1909
mission lines allows for unprecedented constraints on chemical
bundance ratios, and the high N III ] λ1750/O III ] λλ1660, 1666
atio could imply unusually high N/O ( B23 ). In this paper, we
uantitati vely deri ve the abundance ratios implied by these emission
ine fluxes and find log (N/O) > −0.25, log (C/O) > −0.78, and
og (O/H) ≈ 7.82 for our fiducial model. This indicates supersolar
itrogen enrichment in GN-z11 within the first ∼440 Myr of cosmic
istory. More conserv ati ve assumptions in our modelling suggest
og (N/O) > −0.49, log (C/O) > −0.95, and log (O/H) � 8.60, still
ielding a supersolar N/O. 
We explore how our derived values vary with different as-

umptions of temperature, density, dust, and ionization correc-
ions, finding that none of these can reasonably explain the high
 III ] λ1750/O III ] λλ1660, 1666 ratio without invoking a high N/O

atio. Given the longer enrichment time-scales typically associated
ith nitrogen compared to oxygen, this o v er-enrichment is highly
nexpected and seemingly at odds with the young age of the Universe
t z = 10.6. 

We re vie w whether the emission pattern observed in GN-z11
ould be powered by an AGN, disfa v oured in B23 , but which could
ias the inferred N/O. We find qualitative parallels between this
bject and the population of rare ‘nitrogen-loud’ quasars, although
mission line ratios observed in GN-z11 would put it as an outlier
f this already-rare population. We cannot conclusiv ely e xclude this
cenario, but note that the mechanisms invoked to explain these
itrogen-loud objects either involve significant nitrogen enrichment
r tidal disruption events, both of which have interesting implications
t z = 10.6. 
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Assuming instead that GN-z11 is indeed a star-forming galaxy, as 
referred by B23 , we then re vie w stellar processes that could produce
igh N/O at such early cosmic times. Traditional models of nitrogen- 
nrichment from AGB winds would likely require a highly contrived 
ormation scenario, which cannot be ruled out but requires e xtensiv e
alidation against quantitative galactic enrichment models. Similarly, 
etal yields from exotic stellar evolution channels, including rotating 

nd Pop. III massive stars, generally disfa v our high nitrogen-to- 
xygen production. Individual progenitor models can lead to high 
/O, but generalizing across the galaxy would require an extremely 
nely-tuned progenitor mass function and initial conditions. 
Lastly, we explore whether exotic dynamical mechanisms operat- 

ng at high redshift could explain the apparent nitrogen enhancement 
n GN-z11. Runaway stellar collisions in the cores of dense, high- 
edshift stellar clusters can lead to the formation of very massive 
tars, leading to rapid and abundant nitrogen production and an 
nderproduction of oxygen. There are large quantitative uncertainties 
ith this scenario, but it provides an avenue to simultaneously explain 

he high N/O in GN-z11 and the lack of low-redshift counterparts, 
here gas densities become lower. These same star clusters would 

lso be ideal sites to host TDEs, which could also lead to nitrogen
nhancements as discussed for the AGN scenario. 

Ultimately, we cannot conclusively distinguish between these 
cenarios and acknowledge that our proposed list is unlikely to be 
 xhaustiv e. Rather, the prominent and unusual N III ] λ1750 emission
bserved in GN-z11 should stimulate further studies that both 
uantitatively establish the likelihood of our proposed options and 
xplore additional models that could explain such high N/O at z =
0.6. 
None the less, the fact that one of the first emission spectra

bserved at z > 10 reveals such prominent nitrogen emission, 
ncommon at lower redshifts, suggests that we are only just opening 
 new frontier. JWST /NIRSpec spectroscopic programs targeting 
arger samples of high-redshift galaxies will allow us to quantify 
he frequency of such bright N III ] λ1750 emission amongst the z >
0 population and refine our understanding of how the first metals 
ppeared in the Universe. 
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Table A1. Abundance ratios calculated for n e = 100 cm 

−3 under a range of temperature assumptions. The temperature given in the header row is the adopted 
T e (N III ), T e (C III ), and T e (O III ) for that column. T e (O II ) inferred in two different ways, either adopting the calibration from Pilyugin et al. ( 2009 ), which yields 
T e (O II ) = [1.14, 1.48, 2.24, 2.77] × 10 4 K for each column, or taking the more exaggerated assumption that T e (O II ) = 0.7 × T e (O III ), which gives T e (O II ) = 

[0.74, 1.02, 1.65, 2.10] × 10 4 K. 

Row Abundance ratio T e = 1.05 × 10 4 K T e = 1.46 × 10 4 K T e = 2.36 × 10 4 K T e = 3.0 × 10 4 K Notes 
n e = 100 cm 

−3 n e = 100 cm 

−3 n e = 100 cm 

−3 n e = 100 cm 

−3 

Fiducial case 

1 log N ++ 
O ++ − 0 .12 − 0 .07 − 0 .02 0 .00 From N III ] / O III ] λλ1660, 1666 † 

2 log N ++ 
O ++ 0 .04 − 0 .19 − 0 .42 − 0 .48 From N III ] / [O III ] λ4363 ‡ 

3 log N ++ 
O + 1 .69 1 .08 0 .55 0 .38 T e (O II ) from Pilyugin et al. ( 2009 ) ‡ 

4 log N ++ 
O + 0 .96 0 .64 0 .33 0 .23 T e (O II ) = 0.7 × T e (O III ) ‡ 

5 log N ++ 
(O + + O ++ ) − 0 .13 − 0 .25 − 0 .49 − 0 .55 ∗

6 log C ++ 
O ++ − 0 .73 − 0 .6 − 0 .48 − 0 .44 From C III ] / O III ] λλ1660, 1666 † 

7 log C ++ 
O ++ − 0 .57 − 0 .72 − 0 .88 − 0 .92 From C III ] / [O III ] λ4363 ‡ 

8 log C ++ 
O + 1 .08 0 .55 0 .08 − 0 .06 T e (O II ) from Pilyugin et al. ( 2009 ) ‡ 

9 log C ++ 
O + 0 .35 0 .11 − 0 .13 − 0 .21 T e (O II ) = 0.7 × T e (O III ) ‡ 

10 log C ++ 
(O + + O ++ ) − 0 .74 − 0 .78 − 0 .95 − 0 .99 ∗

11 log N ++ 
C ++ 0 .61 0 .53 0 .46 0 .44 –

12 log N 3 + 
N ++ − 0 .07 − 0 .17 − 0 .25 − 0 .26 T e (N IV ) = T e (N III ) 

13 log O ++ 
O + 1 .68 1 .28 0 .94 0 .82 T e (O II ) from Pilyugin et al. ( 2009 ) 

14 log O ++ 
H + − 3 .41 − 4 .2 − 5 .02 − 5 .33 –

15 log O + 
H + − 5 .09 − 5 .48 − 5 .96 − 6 .15 T e (O II ) from Pilyugin et al. ( 2009 ) 

16 log O 
H − 3 .4 − 4 .18 − 4 .97 − 5 .27 –

17 12 + log O 
H 8 .6 7 .82 7 .03 6 .73 –

18 log N ++ 
H + − 3 .43 − 4 .45 − 5 .49 − 5 .86 –

19 log N 3 + 
H + − 3 .51 − 4 .62 − 5 .74 − 6 .12 –

20 log (N ++ + N 3 + ) 
H + − 3 .17 − 4 .22 − 5 .3 − 5 .67 –

21 log C ++ 
H + − 4 .04 − 4 .98 − 5 .95 − 6 .31 –

Notes. † Values in this row are a lower limit on the abundance ratio, since the O III ] λλ1660, 1666 value used is the 2 σ upper limit reported in B23 . 
‡ Values in this row can be thought of as a lower limit on the abundance ratio, since it was computed assuming no dust reddening, and invoking the presence 
of dust would preferentially boost the shorter wavelength line in our calculation. ∗ This ro w gi ves the minimum possible X 

++ /(O 

+ + O 

++ ) ratio that can be 
obtained from summing the possible X 

++ /O 

+ and X 

++ /O 

++ values from each column (where X is nitrogen or carbon, as per the ‘abundance ratio’ column). 
For reference, solar values are: log (N/O) � = −0.86, log (C/O) � = −0.26, 12 + log (O/H) � = 8.69 (Asplund et al. 2009 ). 
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