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A B S T R A C T 

We pr esent g as-phase abundances of carbon (C), α-elements (O, Ne, Si, and Ar), and ir on (Fe) obtained fr om stacked 

spectra of high- z star-forming galaxies with the deep Near Infrared Spectrograph medium-resolution data from the James 
Webb Space Telescope Advanced Deep Extragalactic Survey. Our 564 sources at z = 4 –7 have a median stellar mass 
of log (M ∗/ M �) = 8 . 46 and a median star-formation rate of log ( SFR / M � yr −1 ) = 0 . 30 , placing them close to the star- 
formation main sequence. We find that the stacked spectrum of all our 564 sour ces has r elatively low [ C / O ] = −0 . 70 , 
moderate [ Ne / O ] = −0 . 09 , and low [ Ar / O ] = −0 . 28 values at a low gas-phase metallicity of 12 + log ( O / H ) = 7 . 71 ( Z ∼
0 . 1 Z �), suggesting dominant yields of core-collapse supernovae ev olv ed from massiv e stars. The det ection of a weak [Si iii ] 
emission line in our stacked spectrum provides a silicon-to - o xy gen abundance ratio of [ Si / O ] = −0 . 63 , which is lower than 

that of stars in the Milk y Wa y disc and lower than expected by chemical evolution models, suggesting silicon depletion 

on to dust grains. Likewise, this Si/O value is lower than that we newly derive for two individual z > 6 galaxies (GN-z11 

and RXCJ2248) with negligible dust attenuation. By performing spectral stacking in bins of M ∗, star-formation rate (SFR), 
specific SFR (sSFR), and ultraviolet continuum slope βUV 

, we identify [Fe iii ] line detections in the high-sSFR bin and the 
blue- βUV 

bin, both of which exhibit supersolar Fe/O ratios, while their C/O, Ar/O, and Si/O ratios are comparable to those 
of the all-sources stack. Our findings support a chemically young gas composition with rapid dust depletion in the general 
population of high- z star-forming galaxies, while raising the possibility of anomalous, selective Fe/O enhancement at the 
very early epoch of star formation. 

Key words: ISM: abundances – galaxies: active – galaxies: high-redshift – galaxies: star formation. 

1

C
f
f
t  

s
c  

m
s
M  

c  

N

�

4
C  

a  

a  

o  

(
c  

l  

A  

2  

a
o  

&  

©
P
C
r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/3/stag123/8429617 by guest on 16 April 2026
 INTRODUCTION  

hemical abundances of galaxies provide key insights into star 
ormation and galaxy evolution. The first generation of stars 
ormed from hydrogen (H) and helium (He) synthesized during 
he big bang (e.g. R. H. Cyburt et al. 2016 ), and subsequently
tars of various masses assembled to form galaxies. These stars 
ontribut e t o enrich elements more massiv e than He (so - called
etals), with the stellar mass governing which metals are synthe- 

ized and ultimately released into the interstellar medium (ISM). 
assive stars with ∼ 8 –100 solar masses ( M �) evolve into core-

ollapse supernovae (C CSN e; e.g . K. N omoto , C. K oba yashi &
. Tominaga 2013 ) at the end of stellar lifetimes (typically ∼ 3 –
 E-mail: yi264@cam.ac.uk 

e  

S  

o  

The Author(s) 2026. 
ublished by Oxford University Press on behalf of R oy al Astronomical Society.
reative Commons A t tribution License ( https://creativecommons.org/licenses
 epr oduction in any medium, provided the original work is properly cited. 
0 Myr, which slightly depends on metallicity; L. Portinari, C. 
hiosi & A. Bressan 1998 ), ejecting a large amount of carbon (C)
nd α-elements such as o xy gen (O) and neon (Ne). Conversely,
fter ∼40 Myr, dying low-mass stars with ∼1 –8 M � eject their
ut er lay ers via st ellar winds during the asympt otic giant branch
AGB) phase (e.g. F. Herwig 2005 ). AGB stars with ∼4 –7 M �
ontribut e t o nitrogen (N) enrichment via the CNO cycle, while
ow-mass AGB stars with ∼1 –4 M � release C (e.g. C. K oba yashi,
. I. Karakas & H. Umeda 2011 ; A. I. Karakas & J. C. Lattanzio
014 ). White dwarf (WD) remnants emerge after the outer layers
re ejected, and sufficient mass accretion from companion stars 
n to the WDs lead to Type-Ia SNe (e.g. D. Maoz, F. Mannucci
 G. Nelemans 2014 ), which produce iron (Fe) and heavy α-

lements such as silicon (Si) and argon (Ar) (e.g. C. K oba yashi,
.-C. Leung & K. Nomoto 2020a ). Due to the longer delay time
f AGB stars and Type-Ia SNe, C/O, N/O, Si/O, Ar/O, and Fe/O
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atios ar e e xpect ed t o increase with incr easing g alaxy age and
etallicity (see also R. Maiolino & F. Mannucci 2019 ), as pre-

icted by many chemical evolution models (e.g. F. Vincenzo et al.
016 ; A. Suzuki & K. Maeda 2018 ; C. K oba yashi, A. I. Karakas &
. Lug ar o 2020b ). In fact, many observations for absorption lines

f individual stars in the Milky Way (MW) have shown that C/O,
/O, and Fe/O ratios generally increase with metallicity (e.g.
. C. Nicholls et al. 2017 ), while the observations of individual

tars are only limited to the Local Gr oup (e.g . A. McWilliam, G.
allerstein & M. Mottini 2013 ). 
Abundance ratios based on emission lines from ionized gas

ithin galaxies at low redshifts ( z ∼ 0 ) have been actively investi-
 ated (e.g . J. Lequeux et al. 1979 ; Y . I. Izotov & T. X. Thuan 1999 ; Y .
. Izotov et al. 2006 ). Such gas-phase abundances can be affected
y dust depletion, in particular, a significantly large fraction of Fe

s depleted on to dust grains compared to C, N, and O (e.g. D. C. B.
hittet 2003 ; E. B. Jenkins 2009 ; J. R oman-Duv al et al. 2022 ). This

xplains the general observational trends that show that although
he gas-phase C/O and N/O ratios increase with metallicity in
he high-metallicity regime (e.g. L. S. Pilyugin, E. K. Grebel & L.

attsson 2012 ; D. A. Berg et al. 2019 ), the gas-phase Fe/O ratio
ctually decreases with metallicity (e.g. Y. I. Izotov et al. 2006 ;
. E. Méndez-Delgado et al. 2024 ). Whereas there are a number
f inter esting e x ceptions that suggest other contributions (e.g. E.
elles et al. 2014 ; N. Kumari et al. 2018 ), a general understanding
f gas-phase abundances at z ∼ 0 would be as follows: α-elements
r om C CSN e dominate at the early epoch, followed by C and
 from AGB stars together with Fe and heavy α-elements from
ype-Ia SN e (e.g . C. K oba yashi et al. 2020b ), while Fe is depleted
n to dust grains. Indeed, z ∼ 0 dwarf galaxies show α-element
atios of Ne/O and Ar/O relatively constant within a wide range
f gas-phase metallicity (i.e. 12 + log ( O / H ) ∼ 7 . 2 –8.5; Y. I. Izotov
t al. 2006 ), while delayed enrichment of Ar, a heavy α-element
ompared to O, has been observed in planetary nebulae (S. R.
ottasch & J. Bernard-Salas 2006 ; G. J. S. Pagomenos, J. Bernard-
alas & S. R. Pottasch 2018 ; M. Arnaboldi et al. 2022 ). 

It is worth mentioning that C/O and N/O studies based on
mission line observations wer e e xt ended t o z ∼ 2 –3 (e.g. C. C.
teidel et al. 2016 ; T. Kojima et al. 2017 ; C. Hayden-P a wson et al.
022 ; M. Llerena et al. 2023 ) prior to the James Webb Space Tele-
cope ( JWST ; J. P. Gardner et al. 2023 ; J. Rigby et al. 2023 ). How-
ver, the launch of this telescope has enabled studies of chemical
bundances even at z > 4 (see Appendix A ). Using spectroscopic
ata of the JWST /N ear Infrar ed Spectr ograph (NIRSpec; P. Fer-
uit et al. 2022 ; P. Jakobsen et al. 2022 ), various studies have
hown that several z > 4 galaxies have C/O and Ne/O ratios
omparable to those at z ∼ 0 (e.g. K. Z. Ar ellano-Cór dova et al.
022 ; Y. Isobe et al. 2023b ; M. Tang et al. 2025 ). Some studies
av e report ed that some z � 4 galaxies have low C/O ratios (e.g.
. Jones et al. 2023 ; M. Stiavelli et al. 2023 ) and low Ar/O ratios (S.
hat tachary a et al. 2025 ; T. M. Stanton et al. 2025 ) close to those of 
 CSN e. These r esults ar e interpr eted to imply a gas composition
ominated by CCSN yields with little contribution from low-mass
tars. Additionally, it is not ew orthy that st ellar absorption lines of 
assive quiescent galaxies at z = 1 –3 show deficits in C and Fe

elativ e t o α-elements such as Mg, indicating that their gas was
ikely enriched predominantly by C CSN e during earlier epochs
A. G. Beverage et al. 2025 ). These findings are in line with the
eneral understanding at z ∼ 0 . 

Interestingly, this understanding has been challenged by an
ncreasing number of JWST results. Some metal-poor galaxies at
 � 4 ar e r eport ed t o hav e high C/O ratios (F. D’Eugenio et al.
NRAS 547, 1–21 (2026) 
024 ; K. Nakajima et al. 2025 ; X. Ji et al. 2026 ; J. Scholtz et al.
026 ), low Ne/O ratios (Y. Isobe et al. 2023b ), or high Ar/O ratios
S. Bhat tachary a et al. 2025 ), at tribut ed t o the possible contribu-
ions of Population III (PopIII) SN e (e.g . I. Vanni et al. 2024 ),

assive ( � 30 M �) C CSN e (K. Watanabe et al. 2024 ), and even
heor etical pair-instability SN e (PISN e) whose pr ogenit ors hav e
200 –300 M � (K. T akahashi, T . Yoshida & H. Umeda 2018 ), re-

pectively. Although M. Curti et al. ( 2025a ) have r ecently r eported
hat a Wolf–Rayet (WR) galaxy at z ∼ 2 has a detection of the
Fe iii ] λ4658 line, which has been commonly used at z ∼ 0 (e.g.
. I. Izotov et al. 2006 ), the [Fe iii ] line is usually very faint and
ence e xtr emely difficult t o observ e at higher z. In a comple-
entary manner, higher ionization Fe lines (X. Ji et al. 2024 ;

. Tacchella et al. 2025 ), the Fe ii complex (X. Ji et al. 2025 ; M.
akane et al. 2025 ), and the ultraviolet (UV) stellar continuum

hape (M. Nakane et al. 2024 , 2025 ) have been utilized to estimate
e/O ratios, some of which e x ceed the solar abundance ratio.
uch high Fe/O ratios in young galaxies may imply inclusions of 
v ery) massiv e stars r esulting in such as PISN e (e.g . S. Goswami
t al. 2022 ; Y. Isobe et al. 2022 ; K. Fukushima et al. 2025 ) or even
 300 M � stars (T. Kojima et al. 2021 ), while the possibility of 
ype-Ia SNe with short delay times has also been discussed (M.
akane et al. 2025 ). This line of argument is similar to that for the

WST discovered population of N/O enhanced galaxies (NOEGs;
. Ji et al. 2026 ) at z > 4 (e.g. A. J. Bunker et al. 2023 ; A. J.
ameron et al. 2023 ; Y. Isobe et al. 2023b ; M. W. Topping et al.
024 ), in that many papers hav e activ ely discussed the possibility
f N-rich winds from WR stars (e.g. H. Fukushima & H. Yajima
024 ; C. K oba y ashi & A. Ferr ar a 2024 ; K. Watanabe et al. 2024 ),
 ery massiv e stars (J. S. Vink 2023 ), and ev en supermassiv e stars
ith 10 3 M � (e.g. C. Charbonnel et al. 2023 ; C. Nagele & H.
meda 2023 ; D. Nandal et al. 2024 ), which are not necessarily
 equir ed in some scenarios with AGB stars (e.g. F. D’Antona et al.
023 ; F. Rizzuti et al. 2025 ; W. McClymont et al. 2025a ). 

One of the key issues to be addr essed her e is whether these
bundance ratios are common in z > 4 galaxies, as abundance
atios based on fainter emission lines tend to be biased more
tr ongly towar ds the r eadily observable population. For e xam-
le, the possibility of active galactic nuclei (AGNs) has been
iscussed for about half of the NOEGs reported so far (e.g. H.
bler et al. 2023 ; X. Ji et al. 2024 ; R. Maiolino et al. 2024a ; L.
apolitano 2025 ). Complementary to individual galaxy studies,

he stacking technique is commonly employed to characterize the
ypical properties of galaxy populations in which the target sig-
als are not individually detectable (e.g. N . K umari et al. 2024 ; G.
oberts-Borsani et al. 2024 ; K. S. Glazer et al. 2025 ). In a previous
 ork, w e focused on N/O ratios (Y. Isobe et al. 2025 ), illustrating

hat the stacked spectrum of galaxies without reported AGNs (I.
uodžbalis et al. 2025 ; J. Scholtz et al. 2025b ) has a lower N/O ratio
han most of the NOEGs, implying their r arity. R eg ar ding other
bundance r atios, sever al studies report low C/O r atios in stacked
pectra of z > 4 galaxies (W. Hu et al. 2024 ; M. J. Hayes et al.
025 ), suggesting a gas composition dominated by CCSNe. No
ther abundance ratios have been measured with stacked spectra
t z > 4 . In particular, compared to C/O and Ne/O ratios, the
urrent small sample sizes of z > 4 galaxies with Ar/O and Fe/O
easur ements pr event a r eliable assessment of their gener al v al-

es. 
Another important topic is the nature of surprisingly large dust

eserv oirs that hav e formed at high z (e.g. D. Watson et al. 2015 ;
. Dayal et al. 2022 ; J. Witstok et al. 2022 ; H. S. B. Algera et al.
023 , 2024 ; J. Witstok et al. 2023a ; F. Sun et al. 2025 ). Dust grains



α-element, C, and Fe abundances 3 

a
c  

a  

g  

c
s  

4  

d  

a
M  

t  

H  

e  

J  

o
g  

2  

c  

B  

b  

M
r  

e  

d  

α

a  

w  

s
o

A  

z  

p
r  

s  

c  

1  

t  

[  

fi
T
M  

s
H

2

W  

(  

v  

N  

r  

s
P  

D  

o
m
t
h
e
f  

o
c

 

N  

D  

a
t  

c  

e  

G  

s  

(  

t
t  

n
t  

T
p
f

 

w
l

 

b
 

w  

b
c

 

(  

s

c
e
s  

2
h  

i  

p
i

g  

s
w
a  

s  

i  

e  

W  

s  

d  

b  

d  

c  

U
a  

v
e  

w  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/3/stag123/8429617 by guest on 16 April 2026
re thought to consist mainly of carbonaceous and silicate grains 
ontaining C and Si, respectively (e.g. A. Li & B. T. Draine 2001 ),
nd most int erst ellar Fe is thought to be incorporated into silicate
rains (e.g. S. Zhukovska, T. Henning & C. Dobbs 2018 ). Unlike
arbonaceous grains, which arise mainly from low-mass AGB 

tars with 2–3 M �, silicates ar e pr oduced by massive AGB stars ( >
 –5 M �) and C CSN e, indicating their much shorter enrichment
elay time of � 30 –40 Myr (e.g. R. Schneider & R. Maiolino 2024 ),
nd thus, their dominance within � 100 Myr (e.g. H. Hirashita & 

. S. Murga 2020 ). Simulations hav e predict ed that silicate grains
 end t o be larger at earlier epochs of star formation (e.g. K.-C.
ou et al. 2017 ), resulting in the flattening of the observed av-

r age dust at t enuation curv e at z > 4 . 5 (V. Markov et al. 2025 ;
. McKinney et al. 2025 ; I. Shivaei et al. 2025 ). Although direct
bservational evidence such as the UV bump for carbonaceous 
rains has been observed out to high redshifts (e.g. J. Witstok et al.
023b ; V. Markov et al. 2025 ; K. Ormerod et al. 2025 ), strong sili-
ate features at rest frame ∼10 –20 μm (e.g. J. S. Mathis 1990 ; J. M.
reemen et al. 2011 ) are difficult t o observ e at high- z ( z ∼ 2 –10),
ecause they fall beyond the wav elength cov erage of the JWST
id-Infrared Instrument (MIRI). Alt ernativ ely, as for the Fe/O 

atios at z ∼ 0 (e.g. Y. I. Izotov et al. 2006 ; J. E. Méndez-Delgado
t al. 2024 ), low Si/O ratios have been discussed to suggest dust
epletion (e.g. D. R. Garnett et al. 1995 ). In addition, Si is a heavy
-element produced by both CCSNe and Type-Ia SNe, suggesting 
 similar evolution to Ar enrichment. Given that Ar is a noble gas
ith negligible dust depletion (U. J. Sofia & E. B. Jenkins 1998 ), a

ignificant deficit of Si compared to Ar might indicate Si depletion 

n to dust grains. 
This paper aims at obtaining typical values of C/O, Ne/O, 

r/O , Si/O , and Fe/O ratios by stacking spectra of galaxies at
 > 4 . We carry out the stacking with different bins of galaxy
r operties to e xplor e potential dependences of the abundance 
atios. We present our data and sample in Section 2 , analy-
is in Section 3 , results and discussions in Section 4 , and con-
lusions in Section 5 . Hereaft er, w e abbreviat e O iii ] λλ1661,
666 to O iii ], C iii ] λλ1907, 1909 to C iii ], [O ii ] λλ3727, 3729
o [O ii ], [Ne iii ] λ3869 to [Ne iii ], [Fe iii ] λ4658 to [Fe iii ], and
Ar iii ] λ7135 to [Ar iii ], for simplicity. Unless otherwise speci-
ed, abundance ratios hereafter simply refer to gas-phase ones. 
hroughout this paper, we use the solar abundance ratios of 
. Asplund, A. M. Amarsi & N. Grevesse ( 2021 ). We assume a

tandard �CDM cosmology with parameters of �0 = 0 . 315 and 

 0 = 67 . 4 km s −1 Mpc −1 (Planck Collaboration 2020 ). 

 DA  T  A  AND  SAM P L E  

e analyse the same spectroscopic data set as Y. Isobe et al.
 2025 ), which use the JWST Advanced Deep Extragalactic Sur-
ey (JADES; D. J. Eisenstein et al. 2023 ) data obtained with the
IRSpec micro - shut ter arr a y (MS A; P . Jakobsen et al. 2022 ; P . Fer-

uit et al. 2022 ) in the GOODS -S and GOODS -N fields. The data
et contains the complete observations of the four programmes: 
IDs 1180, 1181, 1210, and 3215 (A. J. Bunker et al. 2024 ; F.
’Eugenio et al. 2025 ; D. J. Eisenstein et al. 2025 ) and part
f the two programmes: PIDs 1286 and 1287. JADES provides 
edium-resolution grating and low-resolution prism observa- 

ions with resolution R ∼ 1000 and R ∼ 100 (R1000 and R100, 
ereafter). This paper uses the R1000 data to resolve important 
mission line pairs separated by a small wavelength (Section 3.2 
or more details). The R1000 data were obtained with three bands
f F070LP -G140M, F170LP -G235M, and F290LP -G395M, which 

over a wide wavelength range of 1–5.3 μm. 
A description of the JADES data reduction is available in the

IRSpec Data Release 3 (DR3; F. D’Eugenio et al. 2025 ) and the
R4 papers (J. Scholtz et al. 2025a ), so only the main points

r e summarized her e. The NIRSpec Guaranteed Time Observa- 
ions (GT O) Team r educed the observed data using the pipeline
onstructed by the E ur opean Space Agency (ESA) NIRSpec Sci-
nce Operations Team (P. Ferruit et al. 2022 ) and the NIRSpec
TO Team (C. Alves de Oliveira et al. 2018 ). Instead of the

tandar d 5-pix el (0.5 ar csec) full-micr oshutter e xtraction apertur e
F. D’Eugenio et al. 2025 ), we choose a 3-pixel box-car aperture
o increase the signal-to-noise ratio (S/N) of the spectrum, par- 
icularly for compact sources, at short er wav elengths with the
arrower JWST point spread functions. The 3-pixel box-car aper- 

ur e e xtractions ar e available in the DR4 (J. Scholtz et al. 2025a ).
he standard pipeline incorporates error propagation and em- 
loys variance-conserving resampling t o conservativ ely account 
or correlated noise (B. Dorner et al. 2016 ). 

We construct our parent sample with the following criteria: 

(i) Spectra with flags of ‘6’ , ‘7’ , or ‘8’ (F. D’Eugenio et al. 2025 ),
hose z values are reliably determined with multiple emission 

ines. 
(ii) Spectra with [O iii ] λ5007 whose S/N ratio is higher than 3

ased on the R1000 observations (Section 3.1 ). 
(iii) Spectra with z = 4 –7 to widely cover from O iii ] to [Ar iii ],

her e the e xt ensiv e cov erage provided by all three NIRSpec
ands means that most of the rest-frame wavelength range is 
overed for each galaxy (see Section 3.2 ). 

(iv) Ex cluding br oad-line AGNs based on H α line br oadening
I. Juodžbalis et al. 2025 ) and AGN candidates selected with emis-
ion line diagnostics (J. Scholtz et al. 2025b ). 

These selection criteria provide 564 spectra. Note that the last 
riterion is set to mitigate the possibility of anomalous chemical 
volution originating from AGN activity. In fact, the stack of 
imilarly selected spectra (i.e. ‘Non-AGN’ stack in Y. Isobe et al.
025 ) does not exhibit N/O and N/C ratios as high as those of 
igh- z NOEGs, but the broad-line AGN stack does. How ev er, it

s worth noting that our sample does not fully e x clude a hidden
opulation of low-luminosity AGNs whose signatures are not 

dentified individually (S. Geris et al. 2026 ). 
The majority of our sample has measurements of the following 

 alaxy pr operties: st ellar mass ( M ∗), star-formation rat e (SFR),
pecific SFR ( sSFR ≡ SFR /M ∗), and UV continuum slope βUV , 
hich allow us to investigate possible dependences of chemical 

bundances on these properties (see Section 3.1 ). Most of our
pectra have the corr esponding N ear Infrar ed Camera (NIRCam)
maging from the JADES (M. J. Rieke et al. 2023 ; D. J. Eisenstein
t al. 2025 ), the JWST Extragalactic Medium-band Survey (C. C.

illiams et al. 2023 ), and the First Reionization Epoch Spectro-
copic Complet e Surv ey (P. A. Oesch et al. 2023 ), whose source
et ection and phot ometric measurements hav e been conduct ed
y Robertson et al. (in preparation). We follow the spectral energy
istribution (SED) fitting routine of C. Simmonds et al. ( 2025 ), ex-
ept that the redshift is fixed to the value from the NIRSpec data.
sing Kron photometry convolved to a common resolution with 

n error floor of 5 per cent on each band, we derive M ∗ and SFR
alues using the SED fitting code Prospector (B. D. Johnson 

t al. 2019 , 2021 ), following the setup of S. Tacchella et al. 2022
ith a continuity star-formation history (SFH) from J. Leja et al.

 2019 ), which comprises eight SFR bins. The shortest time bin is
MNRAS 547, 1–21 (2026) 
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M

Figure 1. R1000 composite spectra of the all-sources stack (black solid line) with the errors (light blue shade), where the y -axis is in the unit of flux 
density per wavelength ( f λ) normalized by the peak of [O iii ] λ5007 ([O iii ] peak ). The grey dotted lines with the black texts show the wavelengths of 
emission lines that are used to measure nebular properties in Section 3.3 . 
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 Myr, while the rest of the bins are equally spaced in log space
epending on the redshift. The ratios between adjacent SFR bins
re allow ed t o vary following a Student’s t-distribution (Student
908 ) with a width of 0.3. Although the stellar population used
or the SED fitting is not identical to that adopted for the ion-
zation corrections (Section 3.3 ), we confirm that the SED fitting
esults vary only within the quoted uncertainties under standard
nitial mass function (IMF) assumptions and when binaries are
ncluded, based on tests using a subset of similar photometric
ata. 
In this w ork, w e use the SFR values averaged over the recent

0 Myr (so - called SFR 10 ). We have 546 spectra with measure-
ents of M ∗ and SFR 10 , which comprise the bulk of our 564

pectra. The remaining 18 sources without M ∗ or SFR 10 do not
ave enough NIRCam photometric points to constrain the best-
tting SED model. We derive sSFR values from these M ∗ and
FR 10 v alues. We use βUV v alues derived by A. Saxena et al. ( 2024 )
rom the rest-frame 1340–2700 Å continuum of the JADES R100
pectra, which r equir es S/N > 3 in the rest-frame UV contin-
um. We have 350 of our 564 spectra that satisfy the criterion
nd have the βUV values. Note that A. Saxena et al. ( 2024 ) have
 eported sour ces at z > 5 . 5 , while their βUV measur ements e xist
t z > 4 , which we use in this paper. It should also be mentioned
hat the S/N cut bias the sample towards higher M ∗ galaxies. 

 A NALYSIS  

.1 Spectral stacking in different galaxy property bins 

e produce stacked spectra of the R1000 data in the same manner
s Y. Isobe et al. ( 2025 ) and S. Geris et al. ( 2026 ), as summarized
elow. We combine spectra of different NIRSpec bands for a given
ource. When the wavelengths of two NIRSpec bands overlap, we
dopt the band with the longer wavelength, as it is generally more
ensitive (P. Ferruit et al. 2022 ). Conducting emission line fitting
or individual spectra, we obtain redshifts and [O iii ] λ5007 fluxes.
his line fitting provides redshifts, [O iii ] λ5007 fluxes, and S/N

atios, which are used for the sample selection (Section 2 ). We
hift the individual spectra to the rest frame based on the z values,
ith resampling on to a common wavelength grid. We set a spec-

ral pixel size to half the full-width half maximum of the NIRSpec
ine-spread function (LSF) based on point -lik e sources derived by
NRAS 547, 1–21 (2026) 
. Graaff et al. ( 2024 ). This LSF has a spectral resolution typically
wice as high as the nominal resolution assumed for uniformly
lluminat ed shutt ers. We resample the spectra using spectres
A. C. Carnall 2017 ), which pr opag ates the errors associated with
he individual spectra. 

Finally, we renormalize the resampled spectra by their
O iii ] λ5007 fluxes and construct the stacked spectrum by taking
he median of the normalized spectra at each wavelength of the
ommon wavelength grid, without applying any weighting. This
orms the basis of all results presented in this paper. This stacking
ppr oach r educes the impact of a few bright outliers, allowing the
esulting spectrum to more faithfully reflect the typical properties
f the individual galaxies. The statistical meaning of our stacking
r ocedur e is discussed in Appendix B . 
As the uncertainty of the median cannot generally be derived

nalytically, w e perform Mont e Carlo simulations t o estimat e
rrors of the median stacked spectra. We generate 1000 stacked
pectr a by r andomly perturbing the individual spectr a according
o their errors, assuming a normal distribution, and then compute
he standard deviation at each wavelength. In the case of ‘mean’
tacking, w e hav e v erified that this method r epr oduces analytic
rr or pr opag ation of the individual spectra (also Y. Isobe et al.
025 ). We do not use bootstrap errors for emission lines, as they
 end t o ov erestimat e the flux variance by incorporating signif-
cant variations in the underlying continuum emission across
iffer ent sour ces. 
Following the method presented above, we conduct spectral

tacking for all of our 564 spectra, which is r eferr ed to as the ‘all-
ources stack’ hereafter, shown in Fig. 1 . In addition, we divide
ur parent sample into thirds based on M ∗, SFR, sSFR, and βUV 
alues (Section 2 ). We define the low -v alue stack as comprising
ources with the given property below the 33rd percentile, the
id-value stack as those between the 33rd and 67th percentiles,

nd the high-value stack as those above the 67th percentile. This
s made for statistical purposes only to ensure enough sources
n each bin. When referring to individual properties M ∗, SFR,
nd sSFR, we replace ‘value’ with the corresponding property
e.g. low- M ∗ stack). How ev er, w e specially call the low-, mid-,
nd high-value stacks of βUV as blue-, mid-, red- βUV stacks, re-
pectiv ely, because this t erminology is widely used and intuitively
nderstood. The different stacks are shown in Fig. C1 , while the
umber of stacked spectra and median properties of each stack
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re listed in Table 1 . We stress that more than 100 spectra are used
or every stack. 

.2 Emission line measurements 

e model our stacked spectra in the wide wavelength range 
f � 1500 –7300 Å, which is set to be covered by more than 70
er cent of the spectra in each stack. We assume that each emis-
ion line profile has a velocity width σ = 

√ 

σ 2 
int + σ 2 

LSF , where σint 

s an intrinsic velocity width common to all emission lines, and 

LSF is the velocity width of A. Graaff et al. ( 2024 )’s LSF. Given
 potential Balmer break or jump, continua with λ < 3640 and 

 3820 Å are modelled with independent power -la w functions, 
hich are connected with a linear function within 3640 ≤ λ ≤

820 Å. We perform χ2 fitting to our stacked spectra. We define a
ine with S/N > 3 as a detection, and adopt 3 σ upper limits for
ndet ect ed lines. The best-fitting model of the all-sources stack is
hown in Fig. 2 as an example. 

Table 2 summarizes the emission line fluxes used to measure 
ebular properties in Section 3.3 . Every stack has a detection of 
O iii ] λ4363, which provides a constraint on the electron temper-
ture T e , ensuring that chemical abundances can be measured 

ith the direct- T e method (e.g. M. Peimbert 1967 ; Section 3.3 ).
e find [Ne iii ] and C iii ] detections in all our stacks, many of 
hich have [Ar iii ] detections. 
Int erestingly, fiv e of our stacks (the all-sources and all mid-

alue stacks) have Si iii ] λ1892 detections, which are difficult to
bserv e ev en at z ∼ 0 (e.g. D. A. Berg et al. 2019 ). This allows us
o obtain Si/O ratios based on the direct- T e method at z > 4 . We
ote that we do not use Si iii ] λ1883 fluxes to measure Si/O ratios
ue to the nearby absorption feature at ∼1881 Å seen in most of 
ur stacks. Additionally, we detect the [Fe iii ] line in two of our
tacks (the high-sSFR and blue- βUV stacks) as shown in Fig. 3 ,
hich is widely used to determine Fe/O ratios at z ∼ 0 (e.g. Y. I.

zotov et al. 2006 ; J. E. Méndez-Delgado et al. 2024 ). 

.3 N ebular pr operties 

e obtain the nebular colour e x cess E(B − V ) , electron temper-
ture of [O iii ] ( T e [O iii ]), and electron density of [S ii ] ( n e [S ii ])
alues of our stacks. We use PyNeb (V. Luridiana, C. Morisset &
. A. Shaw 2015 ) to obtain the E(B − V ) value from the com-
ination of observed H β/H α, H γ /H α, and H γ /H β ratios by
ssuming Case B recombination, the T e [O iii ] value from the
O iii ] λ4363/[O iii ] λ5007 ratio, and the n e [S ii ] value from the
S ii ] λ6716/[S ii ] λ6731 ratio. Appendix D reports the atomic data
hat we use in this paper . W e calculate E(B − V ) , T e [O iii ], and
 e [S ii ] values it erativ ely so that their values are consistent with
ach other (Y. Isobe et al. 2022 ). Note that, when we adopt the
tt enuation curv e of D. Calzetti et al. ( 2000 ), our stacks hav e
(B − V ) = 0 . 15 –0.25, which corresponds to the V -band atten-
ation A V = 0 . 35 –0.58. I. Shivaei et al. ( 2025 ) have recently re-
orted that the attenuation curve of galaxies with attenuation in 

he range of 0 . 1 < A V < 0 . 6 at z = 3 –7 lies betw een the att enua-
ion curve of D. Calzetti et al. ( 2000 ) and the extinction curve of 
he SMC (K. D. Gordon et al. 2003 ), which suggests that either of 
he curves is applicable for our stacks. We adopt the D. Calzetti
t al. ( 2000 )’s curve in this paper, as it provides abundance ratios
hat ar e mor e conservative for our conclusions than those of the
MC, as mentioned later in this section. We derive n e [S ii ] in
he range log (n e [ S ii ] / cm 

−3 ) = 0 . 6 –4.7. We estimate the errors of 
hese properties using the 1 σ errors of the emission line ratios.
MNRAS 547, 1–21 (2026) 
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M

Figure 2. Best-fitting model (red) of the all-sources stack (black solid line) with its err ors (gr ey shade). The y -axis in each panel is rescaled for 
visualization purpose, while the scale for the panel of [Fe iii ] is the same as that of H γ + [O iii ] λ4363. The blue texts indicate detected emission lines, 
while the yellow text corresponds to the undetected line. All of the emission lines shown here are det ect ed, except for [Fe iii ]. 
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ith the obtained E(B − V ) value and D. Calzetti et al. ( 2000 )’s
tt enuation curv e, w e correct the emission line ratios for dust
ttenuation. 

We derive the following ion abundance ratios: O 

+ /H 

+ from
O ii ]/H β, O 

2+ /H 

+ from [O iii ] λ5007/H β, C 

2+ /O 

2+ from
 iii ]/O iii ], N e 2+ /O 

2+ fr om [N e iii ]/[O iii ] λ5007, Ar 2+ /O 

2+ 

rom [Ar iii ]/[O iii ] λ5007, Si 2+ /O 

2+ from Si iii ] λ1892 /O iii ],
nd Fe 2+ /O 

+ from [Fe iii ]/[O ii ]. These ion pairs are selected to
inimize differences in their ionization fractions, thereby

educing the need for significant ionization corrections.
ollowing the models that assume different physical properties

or each ionization zone (e.g. Y. I. Izotov et al. 2006 ; D. A.
erg et al. 2021 ), we adopt T e [O iii ] for O 

2+ , C 

2+ , and Ne 2+ ,
 e [S iii ] for Ar 2+ and Si 2+ , and T e [O ii ] for Fe 2+ . We estimate
 e [O ii ] and T e [S iii ] from T e [O iii ] using the relations based on
hotoionization models (D. R. Garnett 1992 ), which agree with
he observed T e [O ii ]–T e [O iii ] and T e [S iii ]–T e [O iii ] relations
f z ∼ 0 star-forming galaxies (M. Mingozzi et al. 2022 ), whose
SFRs (D. A. Berg et al. 2022 ) are comparable to our sample.
onv ersely, giv en that the n e value likely depends on the critical
ensities of the used lines rather than the ionization potential
Y. Harikane et al. 2025 ), we revert to a simple assumption
nd adopt n e [S ii ] for all ionization zones. How ev er, the doubly
onized abundance ratios change only negligibly even when we
dopt an n e value 30 times higher than n e [S ii ], motivated by the
 iii ]-based n e reported by M. W. Topping et al. ( 2025b ). 
Since we do not r esolve differ ent ionization zones within the
 ii region, the elemental abundance is obtained by summing the

bundances of all ionic species. Given that the abundances of O 

3+ 

nd higher or der o xy gen ions are negligible across a wide range
f ionization parameter (e.g. D. A. Berg et al. 2019 ) due to their
igh-ionization potentials ( > 55 eV), we r eg ar d 12 + log ( O / H ) as
2 + log ( ( O 

+ + O 

2+ ) / H 

+ ) as done by many previous works (e.g.
. I. Izotov et al. 2006 ). 
We estimate element abundance ratios by calculating

onization correction factors (ICFs). For example, we
efine ICF(C 

2+ / O 

2+ ) as C / O = C 

2+ / O 

2+ × ICF(C 

2+ / O 

2+ ) ,
nd the same applies to the other ICFs. To obtain the ICFs, we
onstruct st ellar phot oionization models based on Y. Isobe et al.
 2023b ). We use Cloudy (G. J . F erland et al. 2013 ) t o simulat e the
hotoionization of a nebula illuminated by the stellar population
pectra of Binary Population and Spectral Synthesis (BPASS; E.
. Stanway & J . J . Eldridge 2018 ) with a stellar age of 10 Myr and
n upper star mass cut of 100 M � under the assumption of the E.
. Salpeter ( 1955 ) IMF. We adopt BPASS models for binary-star
opulations because most of O and B type stars in the MW (e.g.
. Duchêne & A. Kraus 2013 ) and the Magellanic Clouds (e.g. H.
NRAS 547, 1–21 (2026) 
ana et al. 2014 ) are likely part of binary systems, which suggest
 high-binary fraction for the young stellar population (E. R.
tanway & J. J. Eldridge 2018 ). We assume the stellar metallicity
o be the same as that of nebular component, since massive,
hort-lived stars are expected to have metallicities comparable to
hat of the surrounding nebula. We grid our models using O/H
ithin 6 . 69 ≤ 12 + log ( O / H ) ≤ 9 . 69 in 0.25-de x incr ements

nd ionization parameter U within −3 . 5 ≤ log (U ) ≤ −0 . 5 in
.25-de x incr ements. We assume a hydrogen density of n H 

= 300
m 

−3 inferr ed fr om n e [O ii ] or n e [S ii ] at similar z (e.g. N. A.
eddy et al. 2023 ; Y. Isobe et al. 2023a ; Y. Harikane et al. 2025 ; S.
i et al. 2025 ; M. W. Topping et al. 2025a ), and that the He/H and
etal-to-O ratios are the same as for solar abundances. 
We choose the model with metallicity and [O iii ] λ5007/[O ii ]

alues closest to the observed values. The obtained ICFs are close
o unity (Table 3 ), indicating small corrections. It is worth men-
ioning that our ICF(Fe 2+ / O 

+ ) values are comparable to those
f M. Rodríguez & R. H. Rubin ( 2005 ), and that J. E. Méndez-
elgado et al. ( 2024 ) report that Y. I. Izotov et al. ( 2006 )’s ICFs

 end t o ov erestimat e the t otal Fe abundance compared t o M. Ro-
ríguez & R. H. Rubin ( 2005 )’s ICFs. 
We obtain element abundance ratios of C/O , Ne/O , Ar/O , Si/O ,

nd Fe/O from the corresponding ion abundance ratios and the
CFs. We estimate errors of these abundance ratios as well as 12 +
og ( O / H ) and the ICFs by calculating them 1000 times based
n the flux v alues r andomly perturbed by their errors. We verify
hat the estimated errors appropriately account for the flux errors
f the stacked spectra. How ev er, w e not e that these flux errors
eflect only the measurement errors of the individual spectra and
o not characterize the underlying distribution of the sample.
he nebular properties are listed in Table 3 . 
Here, w e v erify the insensitivity of our results t o different as-

umptions and methodologies. First, we assess the potential bi-
ses introduced by altering the order of continuum subtraction,
hich may be non-negligible, particularly when a large fraction

f the sample exhibits substantial continuum emission. We cre-
te stacked spectra of galaxies whose continuum is modelled
ith the same function as for our stacks (see Section 3.2 ) and

ubtr acted in adv ance. We confirm that this analysis changes
2 + log ( O / H ) and the chemical abundance ratios by only � 0 . 1
ex, which does not impact our conclusions. Secondly, we test
he extinction curve of the SMC (K. D. Gordon et al. 2003 ). We
nd that the assumption of the SMC extinction curve changes
2 + log ( O / H ) , Ne/O , Ar/O , and Fe/O ratios by only � 0 . 01 dex.
he SMC extinction curve can decrease C/O and Si/O ratios
y ∼0 . 1 dex, which does not change our conclusions. Thirdly,
 e t est the empirical T e [S iii ]–T e [O iii ] relation based on z ∼ 0
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Figure 3. Same as Fig. 2 but it highlights spectra of the high-sSFR and 
blue- βUV stacks around [Fe iii ]. These stacks are the only spectra whose 
S/N ratio of [Fe iii ] e x ceeds 3. 
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bservations (G. F. Hägele et al. 2006 ), which provides T e [S iii
 � T e [O iii ] for the T e [O iii ] values of our stacks. We find that
his r elation decr eases Ar/O and Si/O by � 0 . 07 dex and � 0 . 2
e x, r espectiv ely, y et our conclusions still hold. Fourth, we test
GN photoionization models (Y. Isobe et al. 2025 ), considering 

he possibility of a hidden AGN population (S. Geris et al. 2026 ).
he AGN models can impact 12 + log ( O / H ) , C/O , Ar/O , and Si/O

atios by only � 0 . 05 dex. Although the AGN models can decrease
 e/O ratios and incr ease Fe/O ratios by ∼0 . 1 de x, they do not

ffect our conclusions. Finally, we compute Cloudy photoioniza- 
ion models with silicate dust depletion. We adopt a dust-to - gas

ass ratio (D/G) of 10 −3 , which is around 10 per cent of the MW
e.g . B . T. Draine 2004 ). The adopted D/G ratio is also the maxi-

um of the simulated values of G. Popping, R. S. Somerville & M.
alametz ( 2017 ) within the metallicity range of 12 + log ( O / H ) <
 . We find that the inclusion of dust with D / G = 10 −3 impacts the
hemical abundance ratios by only � ±0 . 01 dex, which does not
nfluence our conclusions. 

.4 Si/O ratios of individual galaxies at z > 4 

s mentioned in Section 1 , no Si/O measurements have been
eported for emission-line galaxies at z > 4 so far. Currently, only
XCJ2248, a strongly lensed galaxy at z = 6 . 11 (e.g. R. Mainali
t al. 2017 ; K. B. Schmidt et al. 2017 ), has published values
f Si iii ] λλ1883, 1892 fluxes observed with the NIRSpec R1000
rating (M. W. Topping et al. 2024 ). Additionally, we identify
Si iii ] λλ1883, 1892 detections in GN-z11, a UV-bright galaxy
t z = 10 . 6 (e.g. P. A. Oesch et al. 2016 ; A. J. Bunker et al. 2023 ; A.
. Cameron et al. 2023 ), which has a very long exposure time of 
p to ∼30 h in total across two sets of MSA observations with the
170LP-G235M band (R. Maiolino et al. 2024a ) and two sets of 

ntegral field spectroscopy observations with F170LP-G235M (R. 
aiolino et al. 2024b ). More details on the combination of these

ata sets will be provided in a separate paper (Maiolino et al. in
reparation). We use these observational results t o deriv e Si/O
atios of GN-z11 and RXCJ2248, reanalysing other abundance 
atios in the same way as we do for our stacks. 

We measure fluxes of O iii ], Si iii ], and C iii ] from the deep
170LP-G235M spectrum of GN-z11, following the pr ocedur e 
resented in Section 3.2 . We take [O iii ] λ5007 and H α fluxes ob-
erved with the Medium Resolution Spectrograph of JWST /MIRI 
eported by J. Álvarez-Márquez et al. ( 2025 ). The other emission
MNRAS 547, 1–21 (2026) 
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Table 4. Nebular properties of GN-z11 and RXCJ2248 derived and re- 
analysed by this work. 

Property GN-z11 RXCJ2248 

Assumed log (n e / cm 

−3 ) 3 a 5 5 b 
E(B − V ) 0 . 00 +0 . 37 

−0 . 00 0 . 00 +0 . 37 
−0 . 00 0 . 00 +0 . 02 

−0 . 00 
T e [O iii ] ( 10 4 K) 1 . 41 +0 . 19 

−0 . 20 1 . 24 +0 . 15 
−0 . 16 2 . 65 +0 . 04 

−0 . 04 
12 + log ( O / H ) 7 . 87 +0 . 19 

−0 . 16 8 . 37 +0 . 19 
−0 . 15 7 . 41 +0 . 02 

−0 . 02 
ICF( C 

2+ / O 

2+ ) 1 . 07 +0 . 01 
−0 . 03 1 . 07 +0 . 01 

−0 . 03 1 . 97 +0 . 34 
−0 . 19 

log ( C / O ) −0 . 61 +0 . 07 
−0 . 09 −0 . 64 +0 . 07 

−0 . 08 −0 . 69 +0 . 07 
−0 . 05 

ICF( Ne 2+ / O 

2+ ) 0 . 95 +0 . 01 
−0 . 01 0 . 96 +0 . 01 

−0 . 00 0 . 99 +0 . 00 
−0 . 00 

log ( Ne / O ) −0 . 70 +0 . 07 
−0 . 06 −0 . 72 +0 . 07 

−0 . 06 −0 . 65 +0 . 01 
−0 . 01 

ICF( Si 2+ / O 

2+ ) 1 . 60 +0 . 11 
−0 . 15 2 . 19 +0 . 20 

−0 . 48 7 . 23 +3 . 33 
−1 . 77 

log ( Si / O ) −1 . 45 +0 . 09 
−0 . 12 −1 . 37 +0 . 15 

−0 . 06 −1 . 21 +0 . 17 
−0 . 13 

a Adopted by J. Álvarez-Márquez et al. ( 2025 ). 
b Adopted by M. W. Topping et al. ( 2024 ). 
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ine fluxes based on the NIRSpec R1000 observations are drawn
rom A. J. Bunker et al. ( 2023 ) and R. Maiolino et al. ( 2024a ) for
N-z11, and M. W. Topping et al. ( 2024 ) for RXCJ2248. Since
o measurement values of [S ii ] λλ6716, 6731 fluxes are available

or GN-z11 or RXCJ2248, we first assume n e = 10 3 cm 

−3 for GN-
11 and n e = 10 5 cm 

−3 for RXCJ2248, which are the same values
s those adopted in J. Álvar ez-Már quez et al. ( 2025 ) and M. W.
opping et al. ( 2024 ), respectively, for the sake of consistency. In
ddition, we assume n e = 10 5 cm 

−3 for GN-z11, given the high
 e values derived from UV line ratios (P. Senchyna et al. 2024 ; R.
aiolino et al. 2024a ). Using the fixed n e values, we derive E(B −
 ) and T e [O iii ] values it erativ ely. We obtain 12 + log ( O / H ) , C/O,
e/O, and Si/O values in the same manner as Section 3.3 . Note

hat neither GN-z11 nor RXCJ2248 has measurements of [Ar iii ]
nd [Fe iii ] fluxes, which prevents us from constraining Ar/O
nd Fe/O ratios self-consist ently. Inst ead, w e cit e the Fe/O value
f GN-z11 reported by M. Nakane et al. ( 2024 ), who obtain the
tellar Fe/H value based on the rest-frame UV continuum divided
y the nebular O/H value (see also e.g. C. C. Steidel et al. 2016 ).
he Fe/O value is comparable to that based on the Fe ii emission

ine complex (X. Ji et al. 2025 ; M. Nakane et al. 2025 ). 
The derived nebular pr operties ar e listed in Table 4 . We confirm

hat the 12 + log ( O / H ) value of GN-z11 with n e = 10 5 cm 

−3 is
igher than that with n e = 10 3 cm 

−3 because the high- n e assump-
ion is approaching to the critical density of [O iii ] λ5007 ( 6 × 10 5 
m 

−3 ), which decreases the T e [O iii ] value (see also M. J. Hayes
t al. 2025 ). How ev er, w e find that the abundance ratios based
n n e = 10 3 cm 

−3 and 10 5 cm 

−3 are consistent with each other
ithin the 1 σ errors. In the following, we consider the results
ased on n e = 10 3 cm 

−3 for consistency with J. Álvar ez-Már quez
t al. ( 2025 ). We confirm that both GN-z11 and RXCJ2248 have
(B − V ) = 0 , indicating negligible dust att enuation, consist ent
ith previous findings from the literature (e.g. A. J. Bunker et al.

023 ; S. Tacchella et al. 2023 ; M. W. Topping et al. 2024 ; H. Yanag-
sawa et al. 2024 ; J. Álvar ez-Már quez et al. 2025 ). Our T e values
lso agree with those of J. Álvarez-Márquez et al. ( 2025 ) and M.
. Topping et al. ( 2024 ) within 1 σ . It is not ew orthy that our T e ,

2 + log ( O / H ) , and C/O values of GN-z11 are consistent with the
ducial values of A. J. Cameron et al. ( 2023 ) and X. Ji et al. ( 2025 ),
ho use [Ne iii ] to infer [O iii ] λ5007. Our Ne/O ratio of GN-z11

s comparable to the solar Ne/O ratio of log ( Ne / O ) = −0 . 76 (M.
splund et al. 2009 ), which A. J. Cameron et al. ( 2023 ) adopt

 o deriv e the fiducial values. It is w orth mentioning that our
CF( C 

2+ / O 

2+ ) value of RXCJ2248 is in good agreement with that
f M. W. Topping et al. ( 2024 ) based on D. A. Berg et al. ( 2019 )’s



α-element, C, and Fe abundances 9 

Figure 4. SFR as a function of M ∗. The distribution of all sources at z = 4 –7 in our sample is represented by the red contour, whose levels are 50 and 
84 percentiles of the kernel density estimated with the scipy package gaussian_kde . The left panel shows the all-sources stack (red circle), and the 
others show the low- (orange square), mid- (orang e pentag on), and high-v alue (or ang e hexag on) stacks with respect to the property indicated at the top 
of the panel. We plot the measurements of GN-z11 (magenta star) and RXCJ2248 (magenta cross; Section 3.4 ). The small magenta diamonds are the 
r efer ences of z > 4 individual galaxies (see Appendix A for details). The grey solid line and the cyan dashed line with the shades denote the SFMS based 
on the M ∗-complete observations (C. Simmonds et al. 2025 ) and the zoom-in radiation hydrodynamics simulations of thesan-zoom (W. McClymont 
et al. 2025b ), respectively (Section 4.1 for more details). The median M ∗ and SFR values of our stack are generally closer to the SFMS than most of the 
individual galaxies. 
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odel, validating our method of obtaining the ICFs. We note 
hat, although the difference remains consistent within the 1 σ
rr ors, the measur ement v alue of our C/O r atio is 0.14 dex higher
han that of M. W. Topping et al. ( 2024 ). The difference mainly
riginates from the difference in C 

2+ / O 

2+ values, suggesting dif- 
er ent pr ocedur es t o deriv e ion abundances. We confirm that our

ethod accurately r epr oduces the C 

2+ / O 

2+ values of D. A. Berg
t al. ( 2019 ). 

Although we confirm our methodology as above, the large 
CF( Si 2+ / O 

2+ ) value of RXCJ2248 indicates the need for a 
arge correction to the derived Si/O compared to our stacks 
nd GN-z11. This is because RXCJ2248 has an e xtr emely high
O iii ] λ5007/[O ii ] ratio of 184 (M. W. Topping et al. 2024 ), which
uggests a dominant population of highly ionized Si ions. It 
hould be noted that both GN-z11 and RXCJ2248 are NOEGs (A. 
. Cameron et al. 2023 ; M. W. Topping et al. 2024 ), suggesting
nomalous chemical enrichment. The possibility of massive or 
GB stars discussed for N/O enhancement (see Section 1 ) may 

eave room for enhancement of heavy α-elements via PISNe or 
ype-Ia SNe, respectively. 

.5 Si/O ratios of local galaxies 

e reanalyse Si/O ratios of z ∼ 0 galaxies, which have been re-
orted by only a few r efer ences (e.g . D. R. Garnett et al. 1995 ; Y. I.
zotov & T. X. Thuan 1999 ). We collect the necessary emission line
uxes of 38 galaxies (D. A. Berg et al. 2016 , 2019 , 2021 ; and the ref-
r ences ther ein), which include eight g alaxies with > 3 σ detec-
ions of both [O iii ] and [Si iii ]. Note that we use the fluxes already
orrected for dust attenuation. When deriving nebular properties, 
e follow the same pr ocedur e as we do for our stacks for consis-

ency, e x cept for the galaxies without [O ii ] λλ3726, 3729. For such
alaxies, we use [O ii ] λλ7320, 7330 to derive O 

+ abundances. It
s worth mentioning that we can r epr oduce D. R. Garnett et al.
 1995 )’s result if we adopt T e (O iii ) for Si 2+ as done by D. R.
arnett et al. ( 1995 ). How ev er, adopting T e (S iii ) as we do in
ection 3.3 increases the Si/O ratio by ∼ 0 . 2 dex, which highlights
he importance of adopting the corresponding T e value for each 
onization zone (D. A. Berg et al. 2021 ). We derive a median value
f log ( Si / O ) = −1 . 56 , which lies between those reported by D. R.
arnett et al. ( 1995 ) and Y. I. Izotov & T. X. Thuan ( 1999 ), while
 direct comparison with these references is not str aightforw ard
ue to differences in methodology and sample. 
A dditionally, we r eanalyse the C/O, Ne/O, Ar/O, and Fe/O

atios of the z ∼ 0 galaxies in the same way as described above.
e also take Ne/O and Ar/O ratios of z ∼ 0 metal-poor emission-

ine g alaxies fr om Y. I. Izotov et al. ( 2006 ) and Fe/O ratios of 
 ∼ 0 star-forming regions (both Galactic and e xtrag alactic) fr om
. E. Méndez-Delgado et al. ( 2024 ), all of which are based on the
ir ect- T e method. N ote that the majority of the z ∼ 0 galaxies with
i/O and C/O measurements are biased towards starburst galax- 
es with log ( sSFR/ Gyr −1 ) ∼ 0 . 9 (D. A. Berg et al. 2016 , 2019 ),
hich is higher than that of the star-formation main sequence 

SFMS) at z ∼ 0 (e.g. Y .-Y . Chang et al. 2015 ). Cross-matching
he Y. I. Izotov et al. ( 2006 ) catalogue with the galaxy property
atalogue of the Max Planck Institute for Astrophysics – Johns 
opkins University (MPA – JHU) gr oup, which pr ovides M ∗ (G.
auffmann et al. 2003 ) and SFR values (J. Brinchmann et al.
004 ), we confirm that the Y. I. Izotov et al. ( 2006 ) galaxies have
 median value of log ( sSFR/ Gyr −1 ) = 0 . 56 , e x ceeding that of the
 ∼ 0 SFMS. 

 R E S U LT S  AND  DISCUSSIONS  

.1 Fundamental properties 

irst, we report fundamental properties of our sample. Fig. 4 
hows the median SFR and M ∗ values of our sample of galaxies
ith the error bars representing the 16th–84th percentile range 

f the distributions. We plot GN-z11 and RXCJ2248 from this 
ork (Section 3.4 ) and other z > 4 individual galaxies from the

iterature with abundance ratios based on the direct- T e method 

or accuracy (see Appendix A for more details). Although mea- 
urement methods reported in the literature are heterogeneous, 
 e giv e priority t o citing SFR 10 or SFR estimat es that trace similar

ime-scales (i.e. from H α or H β). If such SFRs are not available,
MNRAS 547, 1–21 (2026) 
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e use SFRs tracing longer time-scales with the implication that
hey serve as lower limits of SFR 10 at high z on average (e.g. C.
immonds et al. 2025 ; see Appendix A for more details). Fig. 4
llustrates that the median SFRs of our stacks are lower than those
f the z > 4 individual galaxies at a given M ∗. It is probably a
atural consequence of requiring auroral line detections for the

ndividual galaxies, which should be biased towards galaxies with
righter emission lines, and thus, with higher SFRs and sSFRs. In
ontrast, w e not e that our JADES spectroscopic sample includes
IRCam-selected sources (F. D’Eugenio et al. 2025 ), which probe
 fainter galaxy population. 

Fig. 4 shows the SFMS of the M ∗-complete sample derived at
 . 0 ≤ log (M ∗/ M �) ≤ 10 . 3 based on the JADES NIRCam photom-
try (C. Simmonds et al. 2025 ) and the thesan-zoom simula-
ions (W. McClymont et al. 2025b ), where the thesan-zoom sim-
lations (R. Kannan et al. 2025 ) are zoom-in simulations of the

arge-volume (95.5 cMpc) radiation hydrodynamics simulations
f thesan (E. Garaldi et al. 2022 ; R. Kannan et al. 2022 ; A. Smith
t al. 2022 ). C. Simmonds et al. ( 2025 ) and W. McClymont et al.
 2025b ) adopt S. Tacchella et al. ( 2016 )’s parametrization of the
FMS. We refer to the values of the SFMS parameters based on
FR 10 for consistency, and plot the grey solid line (C. Simmonds
t al. 2025 ) and the cyan dashed line (W. McClymont et al. 2025b )
ith the median z of all our 564 spectra (i.e. z of the all-sources

tack). The shades r epr esent the uncertainty of the SFMSs esti-
at ed by Mont e Carlo simulations based on the uncertainties of 

he SFMS parameters and the z distribution of the all-sources
tack. We find that the median SFR of the all-sources stack is
uch closer to the SFMS than most of the individual galaxies.

n this sense, the all-sources stack is expect ed t o represent more
eneral abundance ratios at this z. 

.2 C/O , Ne/O , and Ar/O ratios 

ig. 5 shows C/O ratios as a function of M ∗, SFR, sSFR, and
UV . Except for the high- M ∗ and red- βUV stacks with only the

ower limits on C/O, we find that our stacks have low C/O ratios
omparable to those of other z > 4 stacks, which is slightly lower
han the majority of the z > 4 individual galaxies. In the z > 4
ndividual galaxies, we identify a tentative positive correlation
etween C/O and SFR (Kendall τ of 0.33 with a p-value of 0.06).
n contrast, our stacks have Ne/O ratios comparable to those
f the z > 4 individual galaxies. Although the number of the
 > 4 individual galaxies for which Ar abundance is measured
s very limited, making definitive conclusions difficult, our Ar/O
alues appear to be comparable to or marginally lower than the
istribution of individual galaxies. The top three rows of Fig. 6
onfirm these trends. 

Fig. 6 shows the chemical abundance ratios versus metallic-
ty, showing compilations of individual measurements of z ∼ 0
alaxies and star-forming regions based on the direct- T e method
see Section 4.3 ). Our Ne/O ratios are comparable to those of the
 ∼ 0 galaxies, while we highlight that our C/O and Ar/O ratios
re generally lower. 

These individual, well studied galaxies show a scatter at
og ( C / O ) ∼ (−1) –( −0 . 4 ). Chemical enrichment models of D. A.
erg et al. ( 2019 ) explain such a scatter toward high C/O by as-
uming multiple starbursts with C/O enhancement by AGB stars
also J. Yin, F. Matteucci & G. Vladilo 2011 ) and SN-driven chem-
cally differential winds that selectively blow away o xy gen (see
lso F. Vincenzo et al. 2016 ; F. Rizzuti et al. 2025 ). Compared to
he z ∼ 0 galaxies biased towards starburst galaxies (Section 4.3 )
NRAS 547, 1–21 (2026) 
nd the individual galaxies at z > 4 with higher SFRs, the gen-
ral population of z = 4 –7 galaxies might have less chances to
xperience past starbursts and/or strong outflows. This might ex-
lain why our stacks show somewhat lower C/O than individual
easurements both at z > 4 and z ∼ 0 . This interpretation could

lso explain slightly low Ar/O ratios of our stacks compared to the
ndividual measurements at z > 4 and z ∼ 0 . 

Fig. 6 compares our measurements with the distribution of the
W stars taken from X. Ji et al. ( 2026 ), which is based on the

ata release 17 of the Apache Point Observatory Galaxy Evolu-
ion Experiment (APOGEE; Abdurr o ’uf et al. 2022 ). X. Ji et al.
 2026 ) specifically select red giant branch stars to compare to
sing the following criteria: surface gravity 1 . 5 < log (g) < 3 and
ffectiv e t emperatur e T eff < 5300 K. As stars in the thin disc ar e
eport ed t o exhibit a specific chemical enrichment pattern com-
ared to the thick disc (e.g. X. Ji et al. 2026 ), we omit stars with
zimuthal velocities higher than 150 km s −1 , which is adopted by
. Ji et al. ( 2026 ) to trace the thin disc. Because globular clusters

GCs) e xhibit e xtr eme light element abundance variations (for
 review on the subject see: A. P. Milone & A. F. Marino 2022 ),
e e xplicitly r emove these stars from our catalogue. This is done
y cross-matching GC membership catalogues from E. Vasiliev
 H. Baumg ar dt ( 2021 ) with our APOGEE selection, stars with
embership probability greater than 50 per cent are removed (X.

i et al. 2026 ). We calculate 16th, median, and 84th percentiles
f abundance ratios of the stars within each 0.2 bin of 12 +
og ( O / H ) , and connect them along 12 + log ( O / H ) as in Fig. 6 .

e find that all our stacks lie on the distribution of the MW stars
n the C/O–O/H diagrams. 

Fig. 7 shows C. K oba yashi et al. ( 2020b )’s chemical evolution
odel (K20 model, hereafter) based on the code of C. K oba yashi,

. Tsujimoto & K. Nomoto ( 2000 ). In the K20 model, low-mass
tars ( ∼0 . 9 –8 M �) ev olv e int o AGB stars and leav e WDs, some
f which explode as Type-Ia SNe according to the lifetime dis-
ribution function of C. K oba yashi & K. Nomoto ( 2009 ). On the
ther hand, massive stars ( ∼ 8 –50 M �) end their lives as C CSN e.
he K20 model adopts the IMF of P. Kroupa ( 2008 ) and the
FH whose SFR values are positive for 13 Gyr with a peak at
3 Gyr, which is determined to match the observed metallicity

istribution function and agrees with the observations of WDs in
he solar neighbourhood (P. E. Tremblay et al. 2014 ). The dotted,
ot–dashed, and dashed lines show the K20 model post-processed
y applying the observed dust depletion patterns typical of the
SM in the MW, LMC, and SMC, respectively (J. R oman-Duv al et
l. 2022 ). Fig. 7 illustrates that the K20 model predicts plateaus
f low C/O , Ar/O , Si/O , and Fe/O ratios in the low-metallicity
egime, mainly due to dominant CCSNe, which increase in the
igh-metallicity regime due to the contribution from AGB stars 1 
nd Type-Ia SNe. The Ne/O ratio of the K20 model is relatively
onstant mainly due to a small contribution from low-mass stars.
e find that most of our stacks have C/O , Ne/O , and Ar/O ratios

n e x cellent agr eement with those of the low-metallicity plateaus
f the K20 model at a given 12 + log ( O / H ) , which suggests dom-
nant CCSN yields without a significant contribution from low-

ass stars as discussed for low C/O (e.g . T. J ones et al. 2023 ; M.
tiavelli et al. 2023 ) and low Ar/O (S. Bhat tachary a et al. 2025 ;
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Figure 5. Chemical abundance ratios (C/O: top, Ne/O: second top, Ar/O: third top, Si/O: second bottom, Fe/O: bottom) as a function of M ∗ (left), SFR 

(second left), sSFR (second right), and βUV (right). The small white pentagons are the r efer ences of z > 4 stacks (W. Hu et al. 2024 ; M. J. Hayes et al. 
2025 ). The horizontal dotted line shows the solar abundance (M. Asplund et al. 2021 ). The other symbols are the same as in Fig. 4 . Our stacks generally 
show low C/O, moderate Ne/O, marginally low Ar/O, low Si/O, and low Fe/O ratios compared to individual galaxies at z > 4 , with the exception that 
the high-sSFR stack and the blue- βUV stack exhibit enhanced Fe/O ratios comparable to those of the z > 4 galaxies. 
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MNRAS 547, 1–21 (2026) 

Figure 6. Same as Fig. 5 but chemical abundance ratios as a function of 12 + log ( O / H ) . We add the measurements of z ∼ 0 star-forming regions (grey 
dots; Y. I. Izotov et al. 2006 ; J. E. Méndez-Delgado et al. 2024 ; Section 3.5 ). The cyan solid curve with the shade shows the median with the 16th–84th 
percentile range of the distribution of the MW stars (Abdurro’uf et al. 2022 , see also Section 4.2 ). The circled dot denotes the solar abundance (M. Asplund 
et al. 2021 ). Compar ed to the z ∼ 0 star-forming r egions and the MW stars, our stacks gener ally exhibit lower Si/O r atios, while the high-sSFR stack and 
the blue- βUV stack have higher Fe/O ratios. 
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Figure 7. Same as Fig. 6 but we replace the MW star distribution with the MW chemical evolution model without dust depletion (K20 model; blue 
solid curve; C. K oba yashi et al. 2020b , see Section 4.2 ). The K20 model changes with the assumption of dust depletion in the MW (blue dashed), the 
Larg e Mag ellanic Cloud (LMC; blue dashdot), and the Small Mag ellanic Cloud (SMC; blue dotted) with the H column density of N H 

= 10 21 cm 

−2 (J. 
R oman-Duv al et al. 2022 ). The low Si/O ratio of the all-sources stack is comparable to that of the K20 model with the LMC depletion pattern. 
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. M. Stanton et al. 2025 ). Note that we discuss dust depletion
n Section 4.3 rather than here because Fig. 7 shows that dust
epletion can change these ratios only slightly ( � 0 . 2 dex). 
In summary, our findings suggest that, on a verage, star -

orming galaxies at z = 4 –7 have a chemically young gas compo-
ition with dominant CCSN yields. Our results further imply the
arity of high- z metal-poor galaxies with excessively high C/O,
ow Ne/O, or high Ar/O ratios, supporting scenarios that r equir e
are events or short time scales (see Section 1 ). 

.3 Si/O ratio 

n the second bottom rows of Figs 5 , 6 , and 7 , we find that our
tacks generally hav e low er Si/O ratios than those of the two
ndividual high- z galaxies of GN-z11 and RXCJ2248 (Section 3.4 ),
he z ∼ 0 galaxies, and the MW stars. Although it is true that
ominant CCSN yields can decrease the Si/O ratio to make the
lateau in the low-metallicity regime of the K20 model, Si/O
atios of all our bins are ev en low er than the plateau, suggesting
hat a chemically young gas composition alone cannot explain
ur low Si/O ratios. Instead, Fig. 7 illustrates that dust depletion
an significantly decrease the gas-phase Si/O ratio. For example,
he dash–dot curve shows dust depletion of the LMC with the H
olumn density of N H 

= 10 21 cm 

−2 (J. R oman-Duv al et al. 2022 ),
hich is comparable to that based on our A V values of 0.35–

.58 (Section 3.3 ) under the assumption of the empirical N H 

/A V 
atio for the MW (e.g. H. Zhu et al. 2017 ). We find that the K20

odel with the depletion pattern between SMC and LMC can
xplain the low Si/O ratios of all our stacks. Interestingly, all our
tacks have E(B − V ) = 0 . 1 –0.2 (Table 3 ), while the Si/O ratios
f GN-z11 and RXCJ2248 with E(B − V ) = 0 are close to those
f the K20 model without dust depletion, suggesting that dust
epletion causes the low Si/O ratios of our stacks. Our findings
losely resemble those reported at intermediate z, in that a z ∼ 2
tacked spectrum with E(B − V ) = 0 . 2 has log ( Si / O ) = −1 . 8 (C.
. Steidel et al. 2016 ), which is lower than that of a z ∼ 2 lensed
alaxy with negligible dust attenuation ( log ( Si / O ) = −1 . 6 ; D. A.
erg et al. 2018 ). 
The low Si/O ratios of our stacks suggest Si depletion on to

ust grains in general star-forming galaxies at z = 4 –7. Given a
 CSN-dominated g as composition suggested in Section 4.2 , z =
 –7 star-forming galaxies may generally undergo a rapid creation
f silicate dust by C CSN e and subsequent rapid growth in the
SM (R. Schneider & R. Maiolino 2024 ). This scenario is con-
istent with the flattening of the average dust attenuation curve
bserved at z > 4 . 5 (V. Markov et al. 2025 ). Our stacks have at
ost log ( sSFR/ Gyr −1 ) = 1 . 35 , which corresponds to a mass dou-

ling time of t dbl ≡ 1 / sSFR = 45 Myr. Given that galaxies within
 similar z range have rising SFHs on average (C. Simmonds et al.
025 ), a maximum stellar age ( t max ) of our sample is generally
onger than t dbl of 45 Myr. This t max value is longer than the delay
ime of dust enrichment by C CSN e ( � 30 –40 Myr; R. Schneider &
. Maiolino 2024 ), which is in line with our dust depletion sce-
ario. On the other hand, RXCJ2248 has t dbl = 1 . 8 Myr (M. W.
opping et al. 2024 ), which might cause negligible attenuation
nd depletion of dust. 

It is not ew orthy that the dust-t o-metal mass ratios (D/M) of 
 ∼ 0 galaxies decline steeply from Z ∼ 0 . 5 Z � to ∼0 . 1 Z � (e.g.
. Rém y -R uyer et al. 2014 ). In contr ast, the low Si/O r atio of the

ll-sources stack with Z ∼ 0 . 1 Z � is consistent with the depletion
attern of the LMC with Z ∼ 0 . 5 Z � (e.g. S. C. Russell & M. A. Do-
ita 1992 ). This suggests that typical high- z star-forming galaxies
NRAS 547, 1–21 (2026) 
aintain higher D/M ratios than local galaxies at the same metal-
icity. Supporting this, observations of z ∼ 2 –4 damped Lyman- α
bsorbers (A. De Cia et al. 2013 , 2016 ; P. Wiseman et al. 2017 )
how nearly constant D/M ratios across Z ∼ 0 . 1 –0.5 Z �. At high
edshift, certain mechanisms may help maintain high D/M ratios
ven at low metallicities, such as high-dust condensation effi-
iencies or accretion time-scales that are insensitiv e t o metallicity
e.g. K. Bekki 2013 ; R. McKinnon, P. Torrey & M. Vog elsberg er
016 ), as modelled by G. Popping et al. ( 2017 ). 

.4 Fe/O ratio 

he bottom rows of Figs 5 , 6 , and 7 show Fe/O ratios of our
tacks. We find that the Fe/O upper limit of the all-sources stack,
−0 . 4 dex of the solar abundance, is lower than that of GN-

11 and other z > 4 individual galaxies. The Fe/O upper limit
s in agreement with the z ∼ 0 galaxies, the MW stars, and the
20 model under both dust-depleted and non-depleted condi-

ions. This result is not in contrast with our previous finding that
eneral star-forming galaxies at z = 4 –7 have a CCSN-dominated
as composition and dust depletion. How ev er, the high-sSFR and
lue- βUV stacks exhibit supersolar Fe/O ratios, which are signifi-
antly higher than the z ∼ 0 galaxies, the MW stars, and the K20
odel at a given metallicity, and comparable to those of the z > 4

ndividual g alaxies. Inter estingly, these individual g alaxies have
igh sSFR and blue βUV values comparable to the high-sSFR and
lue- βUV stacks. These findings suggest that galaxies with higher
SFR and bluer βUV values generally show Fe/O enhancement. 

.5 Conundrum of selective Fe/O enhancement 

hat is the origin of the F e/O enhancement? The F e/O enhance-
ent is observed in our high-sSFR stack with log ( sSFR/ Gyr −1 ) =
 . 35 and blue βUV stack with βUV = −2 . 49 . The high-sSFR value
s equivalent to t dbl = 45 Myr, which implies the onset of the
tarburst (e.g. J. C. Mihos & L. Hernquist 1994 ; G. Feulner et al.
005 ; J. H. Knapen & P. A. James 2009 ). In particular, the blue βUV 
alue is accompanied by E(B − V ) = 0 . 16 , suggesting a very blue
ntrinsic βUV of ∼ −2 . 7 . This blue βUV can be explained by models
ith � 10 –20 Myr r eg ar dless of whether the nebular continuum

s taken into account (F. Cullen et al. 2024 ; A. Saxena et al. 2024 ).
uch a young starburst is likely related to the Fe/O enhancement.

One possible scenario is to include e x otic massive SN e such as
ISN e intr oduced to e xplain Fe/O enhancements (see Section 1 ).
. Vanni et al. ( 2024 ) have reported that supersolar Fe/O gas
an be ejected not only fr om PISN e but also from other PopIII
Ne. The PopIII scenario obviously requires a v ery y oung, metal-
oor starburst because normal P opulation II (P opII) stars form

mmediat ely aft er the metallicity e x ceeds ∼10 −4 . 5 –10 −3 Z � (e.g .
. Bromm & A. Loeb 2003 ; M. Bennassuti et al. 2017 ), which

s simulat ed t o take ∼10 Myr aft er the first PopIII stars form
E. Rusta et al. 2025 ). Note that the high-sSFR stack and blue-
UV stack have higher log([O iii ] λ5007/H β ) = 0 . 74 and lower

og(He ii λ1640/H β ) = (−0 . 61) –( −0 . 67 ) (att enuation correct ed)
han those simulated for galaxies dominated by PopIII stars (e.g.
 50 per cent in M ∗; E. Rusta et al. 2025 ). 
Fig. 8 shows the models of Fe/O and Si/O abundances pre-

ented by I. Vanni et al. ( 2024 ) and Ar/O by Salvadori et al. (in
r eparation), which ar e pr edicted for g alaxies solely imprinted
y PopIII SNe with different progenitor masses (10–100 M �) and
xploding with a variety of energies: PopIII hypernova (HN),
CSN, and faint SN are assumed t o hav e explosion energies of 
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Figure 8. Fe/O ratio as a function of Si/O and Ar/O. The blue numbers denote the age of C. K oba yashi et al. ( 2020b )’s model in Gyr . W e add the models 
for Fe/O and Si/O from I. Vanni et al. ( 2024 ) and Ar/O from Salvadori et al. (in preparation), which are uniquely enriched by PopIII SNe with different 
masses exploding as PISNe (yellow dashed curve), hypernovae (HNe; purple dashed contour), C CSN e (light blue dash–dot contour), and faint SNe (green 
dott ed cont our). The cont our lev els are 50 and 84 percentiles of the kernel density estimated with the scipy package gaussian_kde . In the right panel, 
we plot K. Watanabe et al. ( 2024 )’s chemical evolution model of C CSN e, which takes the mixing-and-fallback (MF) process into account (CCSN-MF; 
brown solid curve). We show K. Watanabe et al. ( 2024 )’s model that mixes ejecta of C CSN e -MF and Type -Ia SNe (K. Iwamoto et al. 1999 ; brown dotted 
curve). The gr ey arr ow r epr esents the amount of dust depletion in the case of the LMC with N H 

= 10 21 cm 

−2 from the total abundances to the gas phase. 
It is difficult to satisfactorily explain the high Fe/O and low Si/O ratios of the high-sSFR stack and blue- βUV stack. 
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5–10) × 10 51 , (0.9–1.5) × 10 51 , and (0.3–0.6) × 10 51 erg, respec-
ively (see I. Vanni et al. 2023 for details). These models are
omputed by assuming PopIII yields of A. Heger & S. E. Woosley
 2010 ). We find that, although the Fe/O–Ar/O relations of the
opIII models overlap with those of the high-sSFR stack within 

ts 1 σ error, the models predict significantly higher Si/O ratios 
han those of our stacks at a given F e/O . 

Another possible scenario would be Type-Ia SNe. Although the 
20 model predicts an increase in Fe/O at a higher metallicity of 
2 + log ( O / H ) � 8 . 4 , we can increase Fe/O at a lower metallicity
or a shorter time-scale) in young starbursts by assuming inter- 

ittent bursts associated with ‘rejuvenation’ that recycles gas of 
ast star formation (e.g. W. McClymont et al. 2025a ) or efficient
oolants to suppress massive star formation, which results in a 
op-light IMF (e.g. M. Nakane et al. 2025 ). How ev er, Fig. 8 il-
ustrates that the K20 model including the ejecta of Type-Ia SNe 
annot r epr oduce the high Fe/O, low Si/O, and low Ar/O ratios
bserved in the high-sSFR stack and blue- βUV stack simultane- 
usly, which is because Type-Ia SNe enhance not only Fe/O but
lso Ar/O and Si/O ratios (e.g. K. Iwamoto et al. 1999 ). 

It is worth mentioning that, to explain similar abundance pat- 
 erns report ed in z ∼ 0 e xtr emely metal-poor g alaxies (e.g . T.
ojima et al. 2021 ), K. Watanabe et al. ( 2024 ) have constructed

hemical evolution models of C CSN e whose inner materials are 
ixed, some of which accret e t o the remnant (so - called mixing-

nd-fallback pr ocess; e.g . H. Umeda & K. Nomoto 2002 , 2003 ).
 CSN e that undergo the mixing -and-fallback pr ocess (C CSN e-
F, hereafter) can decrease heavy α-elements, which are simply 

jected by the normal CCSN model. K. Watanabe et al. ( 2024 ) as-
ume stars with 9–40 M � to follow P. Kroupa ( 2001 )’s IMF and to
v olv e int o C CSN e. The C CSN-MF yields ar e calculated based on
he explosive nucleosynthesis code of N. Tominaga, H. Umeda & 

. Nomoto ( 2007 ). K. Watanabe et al. ( 2024 ) adopt M. N. Ishigaki
t al. ( 2018 )’s parametrization to e xpr ess an outer boundary of 
ixing mass ( M mix ) as M mix = M cut + x(M CO − M cut ) , where M cut 
s the inner boundary of mixing mass, M CO is the mass of the CO
ore, and x is the mixing region factor. K. Watanabe et al. ( 2024 )
ix ejecta of the C CSN e -MF and Type -Ia SNe (K. Iwamoto et al.

999 ), which we refer to as the CCSN-MF + Type-Ia SN model
ereafter. 
Fig. 8 shows the CCSN-MF + Type-Ia SN model with x = 0 . 2

nd metallicity Z = 0 . 004 , which predicts the highest Fe/O ratio
f the models shown in K. Watanabe et al. ( 2024 ) at a given Ar/O
atio. In addition, we plot Si/O ratios calculated with the same

odel. We find that the CCSN-MF + Type-Ia SN model is closer
o the observed ratios than the K20 model, which reaches the edge
f the lower error bar of the observed Fe/O ratio of the high-sSFR
tack. How ev er, the CCSN-MF + Type-Ia SN model predicts a
ignificantly higher Si/O ratio than that of our stacks at a given
 e/O . 
Here, we discuss the possibility of dust depletion and destruc- 

ion. As shown by the grey arrows in Fig. 8 , the assumption of 
he LMC dust depletion would decrease the Fe/O ratios of the

odels more than the Si/O ratios, rendering these models even 

ess consistent with the abundance ratios of these stacks. It is
orth noting that M. Curti et al. ( 2025a ) report that a WR galaxy

t z ∼ 2 has a higher gas-phase Fe/O ratio than z ∼ 0 galaxies at
 given metallicity, which may point to dust displacement and 

ublimation in the presence of intense, localized star formation. 
lthough neither the high-sSFR stack nor the blue- βUV stack 

hows prominent WR features (Fig. C1 ), the time-scale for metal
ccretion on to dust grains in metal-poor environments (of order 
everal 100 Myr; e.g. R. S. Asano et al. 2013 ) may exceed the time-
cale over which WR features fade. In addition, a recent computa-
ional study (K. Hansson et al. 2025 ) report that the median bind-
ng energy of Si (14.8 eV) on the surface of silicates e x ceeds that
f Fe (6.0 eV), which may imply that Si is more readily adsorbed
nd relatively more resistant to sublimation. However, it remains 
MNRAS 547, 1–21 (2026) 
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nclear whether conditions within H ii regions could achieve
 temperature range in which Fe sublimates while Si remains
argely unaffected. The temperature may reach a few thousand K,
s inferred from the sublimation temperature of silicates, with the
xact value depending on the assumed grain size and lifetime (K.
ansson et al. 2025 ). This question would benefit from dedicated

uantitative simulations for the H ii region with various solid
hases of iron. 
It is difficult to conclude that the currently accessible models

atisfactorily explain the high Fe/O and low Si/O ratios observed
n the high-sSFR stack and blue- βUV stack. How ev er, the dis-
ussions above highlight the importance of further investigating
upernova yields under varying progenitor characteristics and ex-
losion scenarios, as well as considering alternative mechanisms
f dust depletion and destruction. 

 CONCLUSIONS  

e present C/O, Ne/O , Ar/O , Si/O , and Fe/O ratios of stacked
pectra using 564 sources at z = 4 –7 with the JWST /NIRSpec
1000 data from the JADES. We perform spectral stacking with
 alaxy pr operty bins of M ∗, SFR, sSFR, and βUV . The large num-
er of high-quality spectra enables us t o det ect the w eak emission

ines of Si iii ] λ1892 and [Fe iii ] in some of our stacks. To the best
f our knowledge, this is the first study to measure Si/O and Fe/O
atios in the general galaxy population at z > 4 . In summary, the
ll-sources stack: 

(i) exhibits low C/O, moderate Ne/O, and low Ar/O ratios
ompared to the individual galaxies at low z ( ∼ 0 ) and high z
 > 4 ) for a similarly low 12 + log ( O / H ) . These ratios are in very
ood agreement with those of the K20 chemical evolution model,
hich is dominated by CCSN yields in the low-metallicity regime.
hese findings suggest that general star-forming galaxies at z =
 –7 have a chemically young gas composition with dominant
CSN yields. 
(ii) has a non-zero E(B − V ) = 0 . 18 and a Si/O ratio of 

og ( Si / O ) = −1 . 81 , which is lower than that of the z ∼ 0 galaxies,
he MW stars, and the K20 model without dust depletion, while
i/O ratios of GN-z11 and RXCJ2248 with E(B − V ) = 0 at high
 are comparable to the K20 model. These findings suggest Si
epletion on dust grains, which may be rapidly created by C CSN e.
(iii) has a lower Fe/O ratio than the solar abundance by ∼0 . 4

ex. How ev er, the high-sSFR stack and blue- βUV stack exhibit
upersolar Fe/O ratios but low C/O, Ar/O, and Si/O ratios. The
igh Fe/O ratios are comparable to those of z > 4 individual
alaxies with similarly high sSFR and low βUV values. These re-
ults suggest selective Fe/O enhancement at the very early epoch
f star formation. It is currently difficult to explain the observed
bundance patt erns satisfact orily, which may hint at physical pro-
esses not fully captured. 
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P P E N D I X  A:  R E F E R E N C E S  OF  T H E  

B S E R  VAT I O NAL  RESUL  T S  

n Figs 4 –7 , we plot the following r efer ences of the z > 4 indi-
idual galaxies without overlaps: M. Stiavelli et al. ( 2023 , 2025 ),
. Isobe et al. ( 2023b ), A. J. Cameron et al. ( 2024 ), X. Ji et al.
 2024 , 2026 ), R. Marques-Chaves et al. ( 2024 ), D. Schaerer et al.
 2024 ), T . Y.- Y. Hsiao et al. ( 2024b , 2025 ), K. Z. Ar ellano-Cór dova
t al. ( 2025 ), S. Bhat tachary a et al. ( 2025 ), F. Cullen et al. ( 2025 ),
. Napolitano et al. ( 2025 ), R. Nav arro-Carrer a et al. ( 2025 ), T.
. Stanton et al. ( 2025 ), Y. Zhang, T. Morishita & M. Stiavelli

 2025 ), M. Curti et al. ( 2025b ), and M. W. Topping et al. ( 2025b ).
hese r efer ences have measur ement values of 12 + log ( O / H ) and
ne of the following abundance ratios (C/O, Ne/O, and Ar/O) 
ased on the direct- T e method. Some of these galaxies have mea-
urement values of Fe/O based on the high-ionization Fe line (S.
acchella et al. 2025 ) and the UV stellar continuum (M. Nakane
t al. 2025 ), which we cite in this paper . W e plot 12 + log ( O / H ) ,
/O , Ne/O , and Si/O values of GN-z11 and RXCJ2248 from this
ork, checking the consistency with the literature (A. J. Cameron 

t al. 2023 ; M. W. Topping et al. 2024 ; J. Álvar ez-Már quez et al.
025 , see Section 3.4 ). The Fe/O ratio of GN-z11 is drawn from
. Nakane et al. ( 2024 ), which is based on the UV stellar

ontinuum. 
We plot M ∗, SFR, and βUV values of the z > 4 individual galax-

es taken from the following literature: L. Barchiesi et al. ( 2023 ),
. J. Bunker et al. ( 2023 ), K. Nakajima et al. ( 2023 ), M. Stiavelli

t al. ( 2023 , 2025 ), S. Tacchella et al. ( 2023 , 2025 ), H. Übler et
l. ( 2023 ), R. Marques-Chaves et al. ( 2024 ), D. Schaerer et al.
 2024 ), M. W. Topping et al. ( 2024 , 2025b ), T. Y .-Y . Hsiao et al.
 2024a , b ), K. Z. Ar ellano-Cór dova et al. ( 2025 ), S. Bhat tachary a
t al. ( 2025 ), F. Cullen et al. ( 2025 ), L. Napolitano et al. ( 2025 ), R.
 avarr o-Carr era et al. ( 2025 ), T. M. Stanton et al. ( 2025 ), Y. Zhang

t al. ( 2025 ), and M. Curti et al. ( 2025b ). For consistency with our
FRs, we use SFR 10 values if they are available. If SFR 10 is not
vailable, w e inst ead adopt the SFR measur ed fr om the Balmer
ines (SFR Bal ), as SFR Bal has been reported to trace star formation
n a timescale of ∼10 Myr (e.g. W. McClymont et al. 2025b ), and
s ther efor e e xpect ed t o show only minor deviations from SFR 10 .
he remaining available estimates are SFR 100 or SFR measured 

rom the UV continuum (SFR UV ), which is reported to trace a
0–30 Myr time-scale of star formation (e.g. W. McClymont et 
l. 2025b ). On average, the ratio SFR 10 /SFR 100 has been reported
o e x ceed unity at high z (e.g. C. Simmonds et al. 2025 ), which
as been int erpret ed as evidence that high- z galaxies exhibit more
ursty star formation and rising SFHs. Following this interpreta- 
ion, a very appr o ximate infer ence suggests that the actual SFR 10 
alues of individual galaxies would be comparable to or greater 
han the values that we plot in Fig. 4 . 

P P E N D I X  B :  ST  A  T I ST I C A L  MEANING  OF  OUR  

TAC KING  P RO C E D U R E  

n principle, because the individual spectra exhibit different line 
r ofiles and ar e r esampled accor dingly, ther e is no simple formal-

sm that directly relates the line ratios of the stacked spectrum to
hose of the individual spectra. How ev er, when the line profiles
r e br oadly similar, particularly near the median of the sample
istribution, and given that spectres preserves integrated flux 
uring the resampling by design (A. C. Carnall 2017 ), the line flux

n the stacked spectrum can be appr o ximated as the median of the
ndividual line fluxes divided by the individual [O iii ] fluxes. 

Under this appr o ximation, the [O iii ] and H β fluxes of the
tack approach ∼1 and the median of the individual H β/[O iii ]
atios, respectively . Consequently , the [O iii ]/H β ratio of the
tacked spectrum approaches the median of the individual 
O iii ]/H β ratios. Indeed, the median [O iii ]/H β value of our
ample is 5.79, which is only a 2 per cent deviation from the value
f 5.70 measured in the all-sources stack. 

P P E N D I X  C :  STAC KE D  S P ECT R A  I N  GAL AXY  

RO P E RT Y  B I N S  

ig. C1 shows our stacked spectra in differ ent g alaxy pr operty
ins (see Section 3.1 ). One clear trend is that the stacks with

ow er M ∗, low er SFR, higher sSFR, and bluer βUV exhibit weaker
O ii ]/[O iii ] peak , indicating higher [O iii ] λ5007/[O ii ] values and
ar der ionizations. Another tr end is that the stacks with lower
 ∗ and higher sSFR show lower levels of continuum/[O iii ] peak ,
hich reflect their higher sSFR values. 
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M

Figure C1. Same as Fig. 1 but for the low -v alue stacks (blue), mid-value stacks (green), and high-value stacks (red) in different galaxy property bins 
indicated at the left of each row (Section 3.1 ). 
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P P E N D I X  D:  R E F E R E N C E S  OF  T H E  ATOMI C  

A  T  A  

able D1 shows the atomic data used in this paper. The data of 
 

0 , C 

2+ , O 

+ , and O 

2+ are the same as those adopted in Y. Isobe
NRAS 547, 1–21 (2026) 
t al. ( 2025 ), and the data of Ne 2+ , S + , Ar 2+ , and Fe 2+ are the same
s in Y. Isobe et al. ( 2022 , 2023b ). 



α-element, C, and Fe abundances 21 

Table D1. References of transition probabilities and collision strengths used in this paper. The abbreviations of ‘Re’ and ‘CE’ correspond to 
recombination and collisional excitation, respectively. 

Ion Emission process Transition probability Collision strength 

H 

0 Re P. J. Storey & D. G. Hummer ( 1995 ) · · ·
C 

2+ CE W. L. Wiese, J. R. Fuhr & T. M. Deters ( 1996 ) K. A. Berrington et al. ( 1985 ) 
O 

+ CE C. Froese Fischer & G. Tachiev ( 2004 ) R. Kisielius et al. ( 2009 ) 
O 

2+ CE C. Froese Fischer & G. Tachiev ( 2004 ) D . J . Lennon & V. M. Burke ( 1994 ) 
Ne 2+ CE C. Froese Fischer & G. Tachiev ( 2004 ) B. M. McLaughlin & K. L. Bell ( 2000 ) 
Si 2+ CE P. C. Ojha, F. P. Keenan & A. Hibbert ( 1988 ) P. L. Dufton & A. E. Kingston ( 1989 ) 
S + CE P. Rynkun, G. Gaigalas & P. Jönsson ( 2019 ) S. S. Tayal & O. Zatsarinny ( 2010 ) 
Ar 2+ CE J. M. Munoz Burgos et al. ( 2009 ) J. M. Munoz Burgos et al. ( 2009 ) 
Fe 2+ CE P. Quinet ( 1996 ); S. Johansson et al. ( 2000 ) H. Zhang ( 1996 ) 
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