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A B S T R A C T 

Metallicity is a crucial tracer of galaxy evolution, providing insights into gas accretion, star formation, and feedback. At high 

redshift, these processes reveal how early galaxies assembled and enriched their interstellar medium. In this work, we present 
rest-frame optical spectroscopy of 12 massive (log ( M∗/M�) > 9) galaxies at z ∼ 6–8 from the Reionization Era Bright Emission 

Line Survey (REBELS) Atacama Large Millimetre/submillimetre Array (ALMA) large program, observed with the James Webb 

Space Telescope ( JWST ) NIRSpec integral field unit spectroscopy in the prism mode. These observations span emission lines 
from [O II ] λλ3727,9 to [S II ] λλ6716,31, providing key information on nebular dust attenuation, ionization states, and chemical 
abundances. We find lower O32 ratios (average ∼ 3 . 7) and [O III ] λ5007 equivalent widths (median EW[O III ] ∼ 480 Å) than 

are generally found in existing large spectroscopic surveys at z > 6, indicating less extreme ionizing conditions. Strong-line 
diagnostics suggest that these systems are some of the most metal-rich galaxies observed at z > 6 (average Zgas ∼ 0 . 4 Z�), 
including sources with near-solar oxygen abundances, in line with their high stellar masses (average log M∗/M� ∼ 9 . 5). 
Supplementing with literature sources at lower masses, we investigate the mass–metallicity and fundamental metallicity relations 
(MZR and FMR, respectively) over a 4 dex stellar mass range at 6 < z < 8. In contrast to recent studies of lower mass galaxies, 
we find no evidence for negative offsets to the z = 0 FMR for the REBELS galaxies. This work demonstrates the existence of 
chemically enriched galaxies just ∼ 1 Gyr after the big bang, and indicates that the MZR is already in place at these early times, 
in agreement with other recent z > 3 studies. 
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 I N T RO D U C T I O N  

nderstanding the formation and evolution of galaxies in the early 
niverse is a central goal of modern astrophysics. Over the past 
ecade, remarkable progress has been made in extending the redshift 
rontier, with the highest redshift galaxy observations advancing 
rom z = 8 . 68, achieved by an Ly α detection with Keck/MOSFIRE
Multi-Object Spectrometer for Infra-Red Exploration) in 2015 (A. 
itrin et al. 2015 ; G. W. Roberts-Borsani et al. 2016 ), to z = 14 . 18 in
024 with the James Webb Space Telescope ( JWST) and the Atacama
arge Millimetre/submillimetre Array (ALMA; S. Carniani et al. 
024 ; S. Schouws et al. 2025 ) – just ∼300 Myr after the big bang.
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ith JWST significantly increasing the number of observed galaxies 
t z � 10 (e.g. A. J. Bunker et al. 2023 ; B. E. Robertson et al. 2023 ; M.
urti et al. 2024 ; S. Carniani et al. 2024 ), studies have uncovered an
nexpected population of luminous ( MUV < −20) galaxies already 
n place at these early cosmic times (e.g. M. Castellano et al. 2022 ;
. P. Naidu et al. 2022 ; J. A. Zavala et al. 2025 ; C. M. Casey et al.
024 ). Even before JWST , there were notable discoveries of massive
alaxies (M. L. Strandet et al. 2017 ; M∗ ∼ 109 –1011 M�, e.g. E.
a˜ nados et al. 2018 ; D. P. Marrone et al. 2018 ; R. J. Bouwens et al.
022 ) and substantial dust reservoirs (D. Watson et al. 2015 ; Y.
amura et al. 2019 ; H. Inami et al. 2022 ; S. Schouws et al. 2022 ) at
lightly later cosmic times ( z ∼ 6–8). These observations provide 
aluable insights into the early assembly of galaxies, but many 
f these studies lack robust constraints on the metallicity of the
ystems. 
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Metallicity is a key diagnostic for understanding how galaxies
ave formed and evolved. Metals provide insights into a galaxy’s
tar formation history (SFH), gas inflows and outflows, and the
eedback processes that regulate its growth (e.g. R. Maiolino & F.

annucci 2019 ). Inflows bring in pristine gas from the surrounding
ntergalactic medium (IGM) that, while diluting metallicity in the
hort term, fuels future star formation. This gas eventually forms
tars, where nuclear fusion transforms hydrogen and helium into
eavier elements. Massive, newly formed stars return energy and
etals to the interstellar medium (ISM), and can drive powerful

utflows that carry gas and metals out of the galaxy. These expelled
etals can escape the galaxy’s gravitational pull to enrich the IGM

r re-accrete to enrich the infalling gas. This dynamic cycling of
aryons in and out of galaxies shapes their stellar mass, metallicity,
nd star formation rate (SFR, e.g. M. S. Peeples & F. Shankar 2011 ;
. J. Lilly et al. 2013 ; P. Torrey et al. 2019 ). Galaxy metallicities
re therefore one of the fundamental observational quantities that
rovide information about galaxy evolution, but they were largely
nconstrained at z > 3 prior to the launch of JWST (but note e.g. T.
ones et al. 2020 ). 

The measurement of the gas-phase metallicities of star-forming
SF) galaxies, traced by their oxygen abundance (12 + log (O / H )),
ypically requires the detection of rest-frame optical emission lines
hat are absorbed by the Earth’s atmosphere at z � 3. JWST , with
ts unprecedented high-angular resolution and sensitivity in the near-
nd mid-infrared, has now begun to address this gap, offering routine
etections of rest-frame optical emission lines at higher redshifts (e.g.
. Z. Arellano-Córdova et al. 2022 ; M. Curti et al. 2022 ; D. Schaerer

t al. 2022 ; A. J. Taylor, A. J. Barger & L. L. Cowie 2022 ; J. R. Trump
t al. 2023 ; J. Brinchmann 2023 ; A. C. Carnall et al. 2023 ; H. Katz
t al. 2023b ). This has enabled key metallicity scaling relations, such
s the mass–metallicity relation (MZR) and fundamental metallicity
elation (FMR), to be constrained out to z ∼ 10 (e.g. K. E. Heintz
t al. 2023a ; K. Nakajima et al. 2023 ; M. Curti et al. 2024 ; I.
hemerynska et al. 2024 ; A. Sarkar et al. 2025 ; G. Venturi et al.
024 ). However, the observational surveys used in these latest studies
ypically poorly sample the high-mass ( M∗ > 109 M�) end of these
elations, mainly due to limitations of survey volumes and due to the
arity of such massive systems at z > 6. Extending these metallicity
tudies to massive high- z galaxies is particularly important, as these
alaxies likely represent both the descendants of the surprisingly
right galaxies discovered at z > 10 and the building blocks of the
ost massive structures observed at later times (e.g. T. Hashimoto

t al. 2018 ; A. P. S. Hygate et al. 2023 ; D. Narayanan et al. 2025 ).
tudying the metal content of massive z > 6 galaxies therefore
rovides a valuable foundation for exploring how early galaxies could
ave built up such high stellar and dust masses so soon after the big
ang. 
To address these challenges, a sample of spectroscopically con-

rmed massive galaxies in the Epoch of Reionization (EoR) is
ecessary. Amongst the largest contributions to this effort is the
EBELS (Reionization Era Bright Emission Line Survey, R. J.
ouwens et al. 2022 ) ALMA large program, which has significantly
xpanded the sample of EoR galaxies with robust dust continuum
nd [C II ] 158 μm detections. This survey targets 40 ultraviolet
UV)-bright ( MUV < −21 . 5) galaxies at z ∼ 6 . 5–9, resulting in a
ample of 16 galaxies with confirmed dust continuum detections and
5 galaxies with [C II ] detections (Schouws et al., in preparation;
. Inami et al. 2022 ). From this survey, 12 of the [C II ]-brightest
alaxies were targeted in JWST Cycle 1 programs (GO 1626: PI: M.
tefanon and GO 2659: PI: J. Weaver) with the JWST Near-Infrared
pectrograph integral field unit (NIRSpec/IFU). In this work, we
NRAS 546, 1–22 (2026)
resent the emission-line fitting of these NIRSpec data, which we use
o derive the oxygen abundances and other key ionized gas properties
f these 12 galaxies. 
This paper is structured as follows: in Section 2 , we describe the

ata products from the REBELS program and the JWST NIRSpec
bservations. Section 3 details the methodology for extracting
ntegrated spectra and fitting emission lines. In Section 4 , we detail
he derivation of the ionized gas properties of the sample, and
n Section 5 , we summarize the SED fitting used to derive the
tellar population properties (with more details given in a subsequent
aper, Stefanon et al., in preparation). We discuss the implications
f our findings for the ionized gas properties of the REBELS
alaxies, and put them into context by studying the MZR and
MR at z ∼ 6–8 in Section 6 . Finally, we summarize our work
nd conclusions in Section 7 . Throughout this work, we assume
 standard Lambda-cold dark matter cosmology ( � CDM), with
0 = 70 km s−1 Mpc−1 , �m 

= 0 . 30 and �� 

= 0 . 70. We further
dopt a P. Kroupa ( 2001 ) initial mass function (IMF), and take solar
bundance to be 12 + log (O / H ) = 8 . 69 (following M. Asplund et al.
009 ). 

 DATA  

he 12 galaxies analysed in this work were selected from the
EBELS ALMA large program (R. J. Bouwens et al. 2022 ; Schouws
t al., in preparation) and were observed with JWST NIRSpec/IFU
n Cycle 1 (GO 1626, PI: M. Stefanon), with one source (REBELS-
8) observed in GO 2659, PI: J. Weaver. All 12 of these galaxies
ave [C II ] detections at > 7 σ from the REBELS large program,
nd all but two have continuum detections at rest-frame ∼ 160μm
H. Inami et al. 2022 ). We summarize key properties from the
EBELS ALMA large program and pre-existing photometry in
able 1 . The JWST observations of these sources were performed
sing the prism mode, covering an observed wavelength range
f 0.6–5.3 μm with a spectral resolution of R ∼ 100, for 1700
 of exposure per source (for REBELS-18, the exposure time is

1 . 7 h). A full description of the reduction of the JWST data
ill be provided in Stefanon et al. (in preparation). Briefly, we

mployed a customized version of the JWST pipeline, incorporating
he GRIZLI (G. Brammer 2023 ) implementation of Stage 1 with
dditional steps for cosmic ray masking using ASTROSCRAPPY (P.
. Dokkum 2001 ) and manual masking of hot edge pixels. For
tages 2 and 3, we used the default pipelines and parameters (albeit
dopting 0.08 arcsec for the pixel scale). The final data cubes were
ackground-subtracted by masking each main source and applying
 2D linear interpolation to reconstruct the background for each
ource. 

.1 Mask selection 

n this work, we focus on the integrated spectrum and global
roperties of each galaxy. For the extraction of 1D spectra, we
reate source-specific apertures by combining masks that capture
ux emission at > 3 σ in various wavelength ranges, including the
est-frame UV, rest-frame optical, and key emission lines such as
O II ] λ3727, H β, [O III ] λλ4959,5007, and H α. These masks were
erged to define the final aperture for each galaxy, covering all

egions with significant flux detection. A full description of the
asking procedure will appear in a forthcoming paper (Stefanon

t al., in preparation). In Fig. 1 , we show three colour-composite
mages of the 12 galaxies with the masks used to extract each
pectrum in white, and in Fig. 2 , we plot the integrated spectra
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Figure 1. Three-colour composite images of each of the 12 REBELS galaxies targeted in the Cycle 1 JWST program analysed in this work. Red corresponds 
to rest-frame optical (0 . 37 < λrest < 0 . 855μm, excluding emission lines), green to [O III ] λ5007, and blue to rest-frame UV emission (0 . 12 < λrest < 0 . 37μm, 
excluding emission lines). The white contours are used to extract the integrated spectrum of each galaxy, as described in the text. 

e
a
b
t
s
i  

s

3

I
s
t  

(
e
(  

A
e
o
m
w  

a
a  

d  

s

d  

s
t
e  

T
s
g

 

t  

t  

c
e  

[  

[  

c  

c  

I  

i  

b  

p  

t  

t  

a
n  

fi  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/staf2023/8415574 by guest on 11 June 2026
xtracted from these masks. In many cases, the emission is clumpy 
nd irregular. For the purpose of this work, we derive properties 
ased on the integrated spectrum of all the pixels contained within 
hese masks, with further spatially resolved analyses to follow in 
ubsequent works. We therefore caution that some sources, assumed 
n this work to be single objects, may in fact be merging or interacting
ystems. 

 EMISSION-LINE  MEASUREMENTS  

n order to model the observed emission lines, we first continuum- 
ubtract the integrated spectra extracted from the masks. To do 
his, we fit a third-order polynomial to a portion of each spectrum
from λ > 0 . 3μm in the rest-frame), excluding wavelengths where 
mission lines are detected, using the PYSPECKIT PYTHON package 
A. Ginsburg et al. 2022 ). The continuum-line fits are show in
ppendix A . We then fit all key nebular emission lines with > 1 σ

mission at the expected wavelength centroid based on the redshift 
f each galaxy in the NIRSpec wavelength range using the Gaussian 
odel within PYSPECKIT . To reduce the number of free parameters, 
e fix the centroid and width of each of the key emission lines

ccording to the redshift and line spread function (LSF), since 
t the resolution of the prism grating the widths of the lines are
ominated by the spectral resolution (see Appendix A ). We also test
ubtracting the stellar continuum from the best-fitting spectral energy 
istribution (SED, discussed in Section 5 ), in order to account for
tellar absorption at the hydrogen recombination lines, but note that 
his makes a negligible change to the derived emission-line fluxes, 
ven for the Balmer lines, since we see very little stellar absorption.
his suggests that the emission is dominated by bright, young 
tellar populations, which is perhaps not surprising considering these 
alaxies are UV-selected and amongst the most UV-bright in the EoR. 

Due to the coarse resolution of the prism ( R ∼ 100), many of
he key emission lines are blended. In addition, it is not possible
o identify and fit broad components to the emission lines at the
urrent spectral resolution. We therefore fit the following blended 
mission lines as single Gaussians: [O II ] λ3727 + [O II ] λ3729,
Ne III ] λ3869 + He I + H ζ , H γ + [O III ] λ4363 + [Fe II ] λ4360, and
S II ] λ6716 + [S II ] λ6731. Note that we assume that the relative
ontribution of the fainter He I and H ζ lines is negligible, in
omparison to the uncertainties, to the total flux around the [Ne
II ] emission line, and hereafter we assume that this blended feature
s equivalent to only the [Ne III ] flux. The H α emission line is also
lended with the [N II ] λλ6548,84 doublet at the resolution of the
rism. However, for the 8 sources at z � 7 where H α is detected,
he line is visibly asymmetric. We therefore fit a triple Gaussian
o the blended lines in order to determine the Balmer decrement
nd obtain attenuation-corrected emission-line fluxes. To reduce the 
umber of free parameters in this triple-Gaussian fit, as well as
xing the line widths and the line centres, we also tie the flux ratio
MNRAS 546, 1–22 (2026)
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Table 1. Summary of the properties derived from pre-existing ground-based 
observations of our sample. 

Galaxy RA Dec. z[CII ] L[CII ] LIR 

108 L� 1011 L�

REBELS-05 02:18:11.51 −05:00:59.3 6.496 6 . 9+ 0 . 8 
−0 . 9 3 . 2+ 1 . 9 

−1 . 2 

REBELS-08 02:19:35.13 −05:23:19.2 6.749 7 . 4+ 1 . 0 
−1 . 1 5 . 2+ 3 . 0 

−2 . 0 

REBELS-12 02:25:07.94 −05:06:40.7 7.349 10 ± 4 2 . 8+ 29 
−1 . 4 

b 

REBELS-14 02:26:46.19 −04:59:53.5 7.084 3 . 7+ 1 . 1 
−1 . 0 3 . 3+ 2 . 0 

−1 . 4 

REBELS-15 02:27:13.11 −04:17:59.2 6.875 1 . 9+ 0 . 5 
−0 . 4 < 3 . 6 

REBELS-18 09:57:47.90 02:20:43.7 7.675 11+ 1 . 0 
−0 . 9 3 . 5+ 2 . 0 

−1 . 3 

REBELS-25 10:00:32.32 01:44:31.3 7.306 17 ± 2a 5 . 0+ 2 . 9 
−1 . 0 

c 

REBELS-29 10:01:36.85 02:37:49.1 6.685 5 . 5+ 1 . 0 
−0 . 9 2 . 9+ 1 . 7 

−1 . 1 

REBELS-32 10:01:59.07 01:53:27.5 6.729 7 . 9+ 0 . 8 
−0 . 9 3 . 1+ 1 . 9 

−1 . 3 

REBELS-34 10:02:06.47 02:13:24.2 6.633 6 . 9+ 2 . 6 
−1 . 9 < 3 . 8 

REBELS-38 10:02:54.05 02:42:12.0 6.577 17+ 1 . 6 
−1 . 5 3 . 0+ 1 . 7 

−0 . 6 
b 

REBELS-39 10:03:05.25 02:18:42.7 6.847 7 . 9+ 2 . 5 
−2 . 4 4 . 2+ 2 . 4 

−1 . 6 

Notes : Right ascension (RA), declination (Dec.), and spectroscopic redshifts 
( z[CII ] ) in columns 1, 2, and 3, respectively, are taken from R. J. Bouwens et al. 
( 2022 ). Column 5 lists the [C II ]158μm luminosities from S. Schouws et al. 
(in preparation), and column 6 lists the IR luminosities taken from H. Inami 
et al. ( 2022 ) for detections in ALMA’s band 6 assuming an emissivity index 
β = 2 . 0 .a The [C II ] luminosity for REBELS-25 is taken from A. P. S. Hygate 
et al. ( 2023 ). b The IR luminosities for REBELS-12 and REBELS-38, which 
have continuum detections/limits in two bands with ALMA, are taken from 

the fiducial case in H. S. B. Algera et al. ( 2024 ; β = 2 . 0, optically thin). c 

The IR luminosity of REBELS-25 is taken from from H. Algera et al. ( 2024 ). 
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f the [N II ] doublet to 3.049 (P. J. Storey & C. J. Zeippen 2000 ),
o that the only free parameters are the amplitudes of H α and [N
I ] λ6584. For the sources where [N II ] λ6584 is detected at � 3 σ ,
e find that this triple-Gaussian model produces a better fit than
 single Gaussian by comparing the resulting Akaike Information
riterion and/or reduced chi-squared values, justifying our use of

his method. Since this blended emission means that the [N II ] and
 α fluxes are correlated, we propagate these correlated uncertainties
hen determining the ratio of [N II ] to H α in subsequent sections. An

xample of this triple-Gaussian fit is plotted in Fig. 3 . We also fix the
ux ratio of the [O III ] λλ4959,5007 doublet to the theoretical value
f 2.98, but note the detected lines are consistent with this theoretical
alue within the uncertainties if not fixed, reinforcing the robustness
f our data reduction. 
We add that the fits are performed twice with PYSPECKIT , so that

he residuals in each spectrum are used to estimate the uncertainties
n the final fitted parameters (see A. Ginsburg et al. 2022 ). If the
rror spectrum from the ‘ ERR ’ extension of the data cube is instead
sed, the uncertainties typically decrease by a factor of three. We use
he larger uncertainties in the integrated fluxes to be conservative. A
imilar discrepancy with the reported flux uncertainties in the ‘ ERR ’
xtension is also noted in H. Übler et al. ( 2023 ). 

.1 Reddening correction 

he NIRSpec prism observations for eight of our targets provide us
ith coverage of both the H α and H β lines, allowing us to estimate

eddening corrections on the basis of the Balmer decrement. For
ach source, the nebular colour excess, E( B − V )neb , is calculated
rom the Balmer decrement of each galaxy assuming Case B
ecombination at T ∼ 104 K and electron density ne ∼ 100 cm 

−3 

ith an intrinsic ratio of 2.86 for H α/H β (typical for H II regions, D.
NRAS 546, 1–22 (2026)
. Hummer & P. J. Storey 1987 ; D. E. Osterbrock & G. J. Ferland
006 ). This ratio is weakly sensitive to density and temperature
e.g. varying from 2.86 to 2.81 for ne = 102 − 106 cm−3 at T = 104 

, with detailed values in, for example, M. A. Dopita & R. S.
utherland 2003 ; D. E. Osterbrock & G. J. Ferland 2006 ). These
mall variations are negligible compared to dust effects, making the
almer decrement a reliable diagnostic of reddening. We then make
se of the measured Balmer decrements and the D. Calzetti et al.
 2000 ) attenuation curve to correct the observed fluxes of various
mission lines. 

The continuum-subtracted, attenuation-corrected fluxes for these
ight sources, which are listed in Table 2 , are then used for all
ollowing calculations with the uncertainties returned by PYSPECKIT

ropagated through. We also determine the nebular visual attenua-
ion, AV , neb , for each galaxy from the product of the colour excess
nd the total-to-selective attenuation, for which we adopt the value
f 4.1 ±0.8 derived by D. Calzetti et al. ( 2000 ). We note that the
esults presented in this paper do not significantly change if we had
nstead adopted a Milky Way attenuation curve (J. A. Cardelli, G. C.
layton & J. S. Mathis 1989 ) or Large Magellanic Cloud attenuation
urve (E. L. Fitzpatrick 1999 ), and a more detailed analysis of the dust
ttenuation within these galaxies will be the focus of a subsequent
aper (R. Fisher et al. in preparation). The main findings of this paper
re also consistent when the attenuation curve empirically derived
rom the NIRSpec data for each source (R. Fisher et al. 2025 ) is used.

For the four galaxies where H α is beyond the wavelength coverage
f NIRSpec, we do not attempt a reddening correction of the
mission-line fluxes based on the H γ /H β ratio, since these lines are
etected at lower signal-to-noise ratios (SNRs) than H α, increasing
he uncertainty in the derived AV , neb , and because the observed
 γ /H β ratios are consistent with unphysical values (assuming
ase B recombination) for the majority of the sample, likely as a
onsequence of the low SNR detections. More details are given in
ppendix B . We therefore give the non-attenuation-corrected values

or these four z � 7 galaxies in Table 3 , and for all subsequently
erived quantities that depend strongly on dust (e.g. O32, log U , and
FR) we report limits instead. In addition, we have tested the impact
f applying dust corrections based on the stellar dust attenuation
 AV , ∗) derived from the SED fitting (presented in Stefanon et al.
n preparation; R. Fisher et al. 2025 ). We explore two scenarios:
ssuming equal stellar and nebular attenuation, and adopting a
caling between the two ( AV , ∗ = 0 . 44 AV , neb , following D. Calzetti,
. L. Kinney & T. Storchi-Bergmann 1994 ). We find that the

esulting change in the derived properties is always within the quoted
ncertainties. 

 I ONI ZED  G A S  PROPERTIES  

ith the detected emission lines, we derive the oxygen abundance
12 + log (O / H )), ionization parameter (log U ), and SFR of each
alaxy. For these calculations, we adopt the following standard
efinitions for line ratios: 

3 = [OIII ] λ5007 / H β (1) 

2 = [NII ] λ6584 / H α (2) 

2 = [SII ] λλ6716 , 31 / H α (3) 

23 = [OIII ] λλ4959 , 5007 + [OII ] λλ3727 , 29 

H β
(4) 

32 = [OIII ] λ5007 / [OII ] λλ3727 , 29 (5) 
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Figure 2. Integrated NIRSpec spectrum of all 12 REBELS targeted with our IFU program, extracted from a target-specific aperture mask shown in Fig. 1 . Each 
spectrum is only shown over the range λrest = 0 . 35μm to λobs = 5 . 3μm to highlight the key detected rest-frame optical emission lines, labelled with the grey 
dashed lines and text. The fluxes are normalized to the H β flux of each galaxy, and offset along the vertical axis for clarity. The redshift of each REBELS galaxy 
is indicated by labels on the left-hand side, ordered from top to bottom in increasing redshift. 

Figure 3. An example of the triple-Gaussian fit to the [N II ] λ6548, H α, 
and [N II ] λ6584 blended spectral feature for REBELS-05 is shown in red, 
with each component plotted in blue, in the top panel. We also show a 
single-Gaussian fit to H α only in green. In the bottom panel, we plot 
the residuals of the triple-Gaussian fit (red) and the single-Gaussian fit 
(green). 
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e3O2 = [NeIII ] λ3869 / [OII ] λλ3727 , 29 (6) 

2 = [OII ] λλ3727 , 29 / H β (7) 

For these line ratios, [OII ] λλ3727 , 29 , [OIII ] λλ4959 , 5007 , and 
SII ] λλ6716 , 31 denotes the sum of the corresponding doublets. 

.1 Ionization state 

efore deriving the ISM properties of these galaxies, we first inves- 
igate their source of ionization, in particular to examine potential 
ontamination from active galactic nuclei (AGNs). Emission-line 
iagnostic diagrams, such as BPT (J. A. Baldwin, M. M. Phillips &
. Terlevich 1981 ), VO87 (S. Veilleux & D. E. Osterbrock 1987 ),
nd ‘OHNO’ or ionization-metallicity (B. E. Backhaus et al. 2022 )
iagrams are often used to investigate the ionization state of galaxies
nd regions of ionized gas. For example, in the local Universe,
as predominantly ionized by star formation typically follows well- 
efined sequences in these diagrams (e.g. L. J. Kewley et al. 2001 ;
. Kauffmann et al. 2003 ), whereas gas ionized by harder ionizing

ources, like AGNs, typically shows enhanced N2 and S2 ratios. 
e plot the BPT and VO87 diagnostic diagrams in Fig. 4 for the

2 REBELS galaxies, as well as galaxies in the literature at z ∼ 0
rom the SDSS (Sloan Digital Sky Survey) data release 8 catalogue, 
 ∼ 2 − 3 from MOSFIRE Deep Evolution Field (MOSDEF; A. E.
hapley et al. 2015 ), and sources from JWST Advanced Deep Ex-

ragalactic Survey (JADES) data release 3 catalogues (F. D’Eugenio 
t al. 2025 ). 

For nearby galaxies, the empirical demarcation lines from L. J. 
ewley et al. ( 2001 ) and G. Kauffmann et al. ( 2003 ) are typically used

o distinguish between AGN, SF, and composite galaxies in the BPT
nd VO87 diagrams. However, at high redshifts, these demarcations 
ay no longer be applicable since studies have shown that galaxies

t high redshift do not lie on the same loci of nebular line ratios as
ocal galaxies (e.g. A. E. Shapley et al. 2005 ; X. Liu et al. 2008 ; C.
. Steidel et al. 2014 ; A. L. Strom et al. 2017 ). This offset from the

ocal sequence at high- z is likely driven by a difference in ionization
roperties, such as lower metallicities and harder ionizing fields. 
or this reason, a recent study (J. Scholtz et al. 2025 ) has defined
ew, conservative demarcation lines for the BPT and VO87 diagrams 
ased on SF models from J. Gutkin, S. Charlot & G. Bruzual ( 2016 ).
owever, [N II ] and [S II ] are largely undetected at z > 4, even

n large-scale surveys like JADES and CEERS (Cosmic Evolution 
arly Release Science), meaning statistics are limited in testing these 
emarcations. In a sample of 38 galaxies at 5 ≤ z < 6 . 5 from the
EERS survey studied in R. L. Sanders et al. ( 2023 ), there is only
ne detection of [S II ], and six detections of [N II ]. From the JADES
urvey, as analysed in A. J. Cameron et al. ( 2023 ), there are only three
etections (in a sample of 20 galaxies at 5 . 5 < z < 6 . 9) of [S II ] and
MNRAS 546, 1–22 (2026)
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Table 2. Attenuation-corrected emission-line fluxes for the eight galaxies where H α lies within the NIRSpec wavelength coverage. Fluxes are quoted in units of 
10−18 erg s−1 cm−2 with their uncertainties. Where the SNR < 3, we report the 3 σ upper limits on the flux. Dashes represent emission lines that are redshifted 
out of the NIRSpec wavelength range. 

Galaxy [O II ]a [Ne III ]3869b H ε H δ H γ c H β [O III ]5007 [O I ]6302 H αd [N II ]6584d [S II ]e 

REBELS-05 38 ± 4 < 8.8 < 6.7 < 14 9.2 ± 2.5 19 ± 2 93 ± 2 < 4.4 53 ± 2 6.8 ± 1.6 < 5.4 
REBELS-08 44 ± 5 < 13 < 11 < 8.2 13 ± 3 18 ± 3 100 ± 2 < 4.8 51 ± 2 8.3 ± 1.6 5.3 ± 1.6 
REBELS-15 19 ± 4 16 ± 3 < 6.2 < 7.5 16 ± 3 24 ± 2 180 ± 2 < 2 69 ± 2 < 9.4 - 
REBELS-29 11 ± 1 < 3.2 < 3.2 3.8 ± 1.0 5.4 ± 1.5 8.1 ± 0.9 35 ± 1 < 1.9 23 ± 1 3.3 ± 0.7 < 2.5 
REBELS-32 23 ± 2 < 5.9 < 4.4 < 5.4 6.5 ± 1.5 13 ± 1 71 ± 1 < 1.9 37 ± 1 3 ± 1 3.2 ± 0.9 
REBELS-34 29 ± 4 < 9.3 < 8.2 < 5.5 < 4.6 8.8 ± 1.8 64 ± 2 < 5.6 25 ± 1 < 5.6 < 17 
REBELS-38 59 ± 5 23 ± 4 < 8.8 < 8.2 14 ± 5 21 ± 3 110 ± 31 < 6.4 60 ± 2 6.2 ± 1.9 < 15 
REBELS-39 29 ± 4 13 ± 3 < 7 < 6.1 < 9.6 20 ± 2 150 ± 2 < 3 57 ± 2 < 6.6 < 4.2 

Notes. a Blended [O II ] λλ3727,9 doublet, b blended with He I and H ζ , however for the purpose of this work we assume that the contribution from these fainter 
lines is negligible in comparison to the uncertainties. c Blended with the auroral [O III ] λ4363 line and the [Fe II ] λ4360 line, however for the purpose of this work 
we assume that the contribution from these fainter lines is negligible in comparison to the uncertainties. d The H α and [N II ] λλ6548,84 doublet are blended in 
the prism mode. However, owing to the larger SNR and the increased resolution at the red end of the spectrum, we are able to fit a triple Gaussian to this spectral 
feature, as described in the text and shown in Fig. 3 . The ratio of [N II ] λ6584/[N II ] λ6548 is fixed to the theoretical value of 3.049. e Blended [S II ] λλ6716,31 
doublet. 

Table 3. We present the emission-line fluxes without attenuation-correction for the four REBELS galaxies where H α is beyond the wavelength range of 
NIRSpec, with the same format as in Table 2 . 

Galaxy [O II ] [Ne III ]3869 H ε H δ H γ H β [O III ]5007 [O I ]6302 

REBELS-12 7.1 ± 0.6 2.9 ± 0.9 < 1.9 < 1.4 < 2.9 6.1 ± 0.6 38 ± 1 –
REBELS-14 11 ± 1 5.8 ± 0.7 2.6 ± 0.7 2.3 ± 0.7 4.6 ± 0.7 11 ± 1 78 ± 1 –
REBELS-18 7.9 ± 0.4 1.9 ± 0.5 < 1.2 < 1.9 2.2 ± 0.5 4.3 ± 0.4 21 ± 0.4 –
REBELS-25 6.2 ± 0.7 2.5 ± 0.6 < 14 < 0.19 3.1 ± 0.6 5.2 ± 0.7 21 ± 1 < 1.3 

Figure 4. We plot the BPT diagram of R3 against N2 (left panel) and the VO87 diagram of R3 against S2 (right panel) for the the REBELS galaxies where H α

is within the NIRSpec wavelength coverage (red markers) and other high- z galaxies from the literature (coloured by redshift, as indicted in the legend in the 
left panel, taken from JADES data release 3; F. D’Eugenio et al. 2025 , and MOSFIRE; A. E. Shapley et al. 2015 ). In comparison to empirical and theoretical 
demarcation lines used to distinguish between SF galaxies and those with AGNs (L. J. Kewley et al. 2001 ; G. Kauffmann et al. 2003 ; J. Scholtz et al. 2025 ), we 
find that the REBELS sources are mostly consistent with ionization predominantly by star formation. 
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o detections of [N II ] (in a sample of 18 galaxies at 5 . 5 < z < 6 . 9),
ith [N II ] also undetected in a stack of all 18 spectra. In contrast,
ith just 30 min of exposure per source of the REBELS galaxies, [N
NRAS 546, 1–22 (2026)
I ] λ6584 is detected at > 3 σ for five out of eight galaxies with the
orrect wavelength coverage in the REBELS-IFU sample (tentatively
etected at � 2 σ for the remaining three), and [S II ] is detected
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1 In table D1 of P. Schady et al. ( 2024 ), the low-branch solutions using the R3 
and R23 (R. L. Sanders et al. 2024 ) calibrations are listed. However, based 
on the emission-line fluxes reported therein, we re-derive the metallicities, 
using the O32 ratio to choose between the low-branch and extrapolated high- 
branch solutions, and find better agreement with the absorption line-based 
metallicities, increasing our confidence in extrapolating the R. L. Sanders 
et al. ( 2024 ) calibrations to higher oxygen abundances. 
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t > 3 σ in two out of seven (tentatively detected at � 2 σ for an
dditional three sources). However, we again emphasize the caveat 
hat the [N II ] line is blended with H α, increasing the uncertainty of
he N2 ratio derived from the prism spectra. 

From these BPT and VO87 diagnostic plots, we see no strong
vidence of AGN activity within the REBELS sources, since all 
etections lie below the conservative J. Scholtz et al. ( 2025 ) demar-
ation line. For REBELS-34 and REBELS-38, whilst their 3 σ upper 
imits on S2 lie above this demarcation in the VO87 diagram, they
ie below it on the BPT diagram. There are, however, some potential
GN candidates (REBELS-15, REBELS-34, and REBELS-39) that 

how slightly elevated R3 ratios in comparison to the L. J. Kewley
t al. ( 2001 ) and G. Kauffmann et al. ( 2003 ) demarcations within the
ample. However, these sources, and the use of these diagnostics to 
dentify AGN at high- z, would require further study to confirm or
eny the presence of AGN. Follow-up JWST Cycle 3 observations 
GO-6480, PI: S. Schouws) of galaxies from the REBELS sample 
ay shed further light on the nature of these sources by obtaining

igh spatial resolution imaging with grism spectroscopy, which will 
nable, for example, a search for broad emission-line features which 
re also characteristic of AGN activity. 

In Fig. 5 , we plot two different ionization-metallicity diagnostic 
iagrams – R3 versus Ne3O2, and R23 versus O32 – for the REBELS
alaxies and the aforementioned literature samples spanning z = 0 
o � 8, with the addition of z > 4 sources from the PRImordial gas

ass AssembLy survey (PRIMAL; K. E. Heintz et al. 2025 ), which
ncludes sources from CEERS (ERS-1345; S. L. Finkelstein et al. 
023 ), GLASS-DDT (DDT-2756 T. Treu et al. 2022 ), JADES (GTO-
180, 1210, GO-3215; A. J. Bunker et al. 2023 ; D. J. Eisenstein
t al. 2023 ), and UNCOVER (GO-2561; R. Bezanson et al. 2024 ).

hilst we find similar R3 and R23 ratios to other z � 6 galaxies,
he REBELS sources show lower O32 and Ne3O2 ratios (and also 
2 ratios). Recent JWST observations find O32 ratios typically 
etween 7 to 31, Ne3O2 ∼ 1–2 and O2 � 5 from reionization-
ra galaxies (S. Mascia et al. 2023 ; J. E. Rhoads et al. 2023 ; R.
. Sanders et al. 2023 ; M. Tang et al. 2023 ; G. Roberts-Borsani
t al. 2024 ). In low-redshift galaxies, such high O32, Ne3O2, and
2 ratios are mostly associated with extreme [O III ] emitters (M.
ang et al. 2019 ) and/or those with high ionization parameter and

ow metallicity (A. L. Strom et al. 2018 ; C. Papovich et al. 2022 ).
n contrast, all but two of the REBELS galaxies have O32 ratios
 5, with Ne3O2 and O2 ratios � 0 . 8 across the entire sample. This

uggests that the REBELS galaxies probe different ISM conditions 
ompared to other existing spectroscopic surveys at z > 6, likely 
epresenting more evolved, metal-rich galaxies with less extreme 
onizing conditions. In addition, existing large JWST surveys may be 

ore biased toward galaxies with high O32 values and high [O III ]
Ws. In contrast, the [O III ] EWs of our sample (listed in Table 4 ) are
ore consistent with the median [O III ] EW at z ∼ 7 of ∼ 450 Å (I.
abbé et al. 2013 ), suggesting that the REBELS galaxies may provide 
 more representative view of the general galaxy population at these 
edshifts, rather than being skewed toward extreme-line emitters. 

Assuming these sources are predominantly ionized by star for- 
ation, we compare with photoionization models from HII-CHI- 
istry (E. Pérez-Montero 2014 ). These models used the synthesis 
pectral code CLOUDY v13.03 (G. J. Ferland et al. 2013 ) using
OPSTAR (M. Mollá, M. L. Garcı́a-Vargas & A. Bressan 2009 ) 
tellar evolutionary models assuming an instantaneous burst with an 
ge of 1 Myr with an IMF from G. Chabrier ( 2003 ). They varied the
onization parameter between −4 . 00 ≤ log ( U ) ≤ −1 . 50 in steps of
.25 dex, the oxygen abundance between 7 . 1 ≤ 12 + log (O / H ) ≤
 . 1 in steps of 0.1 dex, and considered variations in the N/O ratio
etween 0 . 0 ≤ log (N / O ) ≤ −2 . 0 in steps of 0.125 dex, thus totalling
927 models. We plot grids of these models for N/O values of −1.0
nd 0.0 in the bottom panels of Figs 4 and 5 . Here, we see that the
EBELS galaxies lie in a parameter space with ionization parameters 

og U � −2, but with multiple solutions for the oxygen abundance. 
To assess the ISM properties of these sources, we first further

nvestigate their ionization parameters. The ionization parameter, 
og U , is commonly defined as the ratio of ionizing photon density to
ydrogen density and can be used to indicate the ionization state (e.g.
. B. Tarter, W. H. Tucker & E. E. Salpeter 1969 ). It is often derived

rom the O32 ratio, as this ratio represents the relative abundance 
etween doubly ionized oxygen to singly ionized oxygen (A. L. 
trom et al. 2018 ; L. J. Kewley et al. 2019 ; C. Papovich et al. 2022 ).
o estimate log U from O32, we use the calibrations empirically 
erived in C. Papovich et al. ( 2022 ) from a sample of galaxies at z ∼
 . 1 − 2 . 3. We list these derived values in Table 4 . We find a range of
og U from −2.5 to −1.9, and we find that these values are consistent
ithin the uncertainties when derived using the calibrations from A. 

. Dı́az et al. ( 2000 ) and L. J. Kewley et al. ( 2019 ), and when using
he aforementioned HII-CHI-Mistry code. However, we note 
hat these calibrations are based on lower redshift sources, and may
herefore need some adjustment at z > 6. 

Having found that these galaxies exhibit lower O32 ratios, and 
herefore lower ionization parameters, than many other high- z 
ources in the literature, we may therefore expect to find higher
etallicities in comparison to the literature samples (e.g. R. L. 
anders et al. 2021 ). We describe the methods used to derive the
etallicities of these galaxies below. 

.2 Gas-phase metallicity 

 variety of both empirical and theoretical strong-line metallicity 
alibrations exist within the literature. Prior to the launch of JWST ,
mpirical calibrations were based on high- z analogues in the local
niverse (e.g. R. Maiolino et al. 2008 ; M. Curti et al. 2020 ; F. Bian, L.

. Kewley & M. A. Dopita 2018 ; K. Nakajima et al. 2022 ). However,
he use of calibrations based on local analogs may be unreliable
or high- z galaxies due to evolving ISM conditions, which can alter
he relationship between strong-line ratios and gas-phase metallicity, 
otentially skewing the derived oxygen abundances. More recently, 
hanks to the growing number of auroral line detections at z > 2, new
igh- z calibrations have now been derived and tested (R. L. Sanders
t al. 2024 ). The strong-line calibrations derived in R. L. Sanders
t al. ( 2024 ), based on 46 auroral line detections at 1 . 4 ≤ z ≤ 8 . 7, are
alibrated for 7 . 0 ≤ 12 + log (O / H ) ≤ 8 . 4. However recent auroral
ine detections at z ∼ 2 − 3 up to 12 + log (O / H ) ∼ 8 . 5 from the

ARTA (Measuring Abundances at high Redshift with the Te 

pproach) survey find good agreement with these calibrations (E. 
ataldi et al. 2025 ) as do absorption-line-based gas-phase metal- 

icities at z ∼ 2 − 4 up to 12 + log (O / H ) ∼ 8 . 7 (P. Schady et al.
024 ). 1 We therefore adopt these calibrations to derive the fiducial
etallicities for our sample. We also provide a comparison with 

ther calibrations (F. Bian et al. 2018 ; K. Nakajima et al. 2022 ; I.
MNRAS 546, 1–22 (2026)
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Figure 5. We present two emission-line ratio diagrams that can be used to trace the ionization and metallicity of galaxies. In the left panels, we show R3 versus 
Ne3O2 using emission-line ratios without attenuation correction for all 12 of the REBELS galaxies analysed in this work, as these lines are close in wavelength. 
For five of the REBELS galaxies, the [Ne III ] line is detected at < 3 σ , and we therefore show these Ne3O2 ratios as 3 σ upper limits. In the right panels, we 
plot R23 versus O32 for only the eight REBELS galaxies where attenuation-corrected fluxes have been derived (see the text). In the top panels, we compare the 
REBELS galaxies to literature samples across various redshifts, including SDSS galaxies at z ∼ 0, MOSDEF (A. E. Shapley et al. 2015 ) galaxies at z ∼ 2 − 4, 
and sources from the PRIMAL survey (K. E. Heintz et al. 2025 , full references given therein) for z > 4. In the bottom panels, we compare the position of the 
REBELS galaxies on these diagrams with CLOUDY photoionization model grids at different values of 12 + log (O / H ), log U , and log (N / O ). We find that most 
of the REBELS galaxies have O32 and Ne3O2 ratios towards the lower end of those z > 6 galaxies in existing surveys, indicating lower ionization parameters 
and higher metallicities. 

H  

c  

d
 

l  

i  

C  

h  

r  

n  

u  

a  

a  

t  

e  

K  

O  

a  

i  

o  

b  

l  

a  

(
 

R  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/staf2023/8415574 by guest on 11 June 2026
. Laseter et al. 2024 ) and with the genesis-metallicity
alibrator (D. Langeroodi & J. Hjorth 2024 ) in Appendix C , and we
etail the caveats in Section 4.2.1 , below. 
Of the different strong-line ratios found to correlate with metal-

icity, the R23 index is generally found to show the least scatter, and
s used often in the literature in both the nearby Universe (e.g. see
. A. Tremonti et al. 2004 , and references therein) and now out to
igh redshifts (e.g. K. Nakajima et al. 2023 ). We therefore use this
atio where possible. However, for the four galaxies where H α is
ot detected and a reddening-correction is not applied, we instead
se the R3 ratio, which is less impacted by interstellar reddening
nd flux calibration uncertainties. A limitation of using the R23
nd R3 ratios as metallicity callibrators is that they typically yield
NRAS 546, 1–22 (2026)
wo different metallicity estimates for the same ratio. Following, for
xample, M. Curti et al. ( 2024 ); L. J. Kewley & S. L. Ellison ( 2008 );
. Nakajima et al. ( 2023 ); and A. Sarkar et al. ( 2025 ), we use the
32 and Ne3O2 ratio or upper limit to select the branch of the R23

nd R3 relations. As indicated from the lower O32 ratios discussed
n Section 4.1 , the high branch solution is preferred for all but one
f the REBELS galaxies. For the remaining galaxy, REBELS-14,
oth solutions are consistent with the peak of the R3 relation at 12 +
og (O / H ) ∼ 7 . 92, and we therefore take the two solutions as upper
nd lower bounds for its oxygen abundance, as in K. Nakajima et al.
 2023 ). 

We note that for three galaxies (REBELS-15, REBELS-34, and
EBELS-39), there is no solution for the R3 or R23 calibration due



REBELS-IFU: metal-rich EoR galaxies 9

Table 4. Summary of the properties derived from the NIRSpec/IFU data analysed in this work. Columns show the nebular attenuation ( AV ), [O III ] λ5007 EW, 
O32 ratio, ionization parameter (log U ), oxygen abundance (12 + log (O / H )), stellar mass (log ( M∗/M�), Stefanon et al., in preparation) and star formation rates 
from the observed H β luminosity (SFRH β ). For the four sources at z � 7, the O32 ratios given are upper limits since no attenuation-correction is applied. 

Galaxy AV , neb (mag) EW[OIII ] 5007 (Å) O32 log U 12 + log (O / H ) log M∗/M� SFRHβ (M� yr−1 ) 

REBELS-05 0.95 ± 0.42 459 ± 27 2.43 ± 0.31 −2.37 ± 0.04 8.51 ± 0.16 9 . 42+ 0 . 10 
−0 . 10 137 ± 16 

REBELS-08 1.21 ± 0.51 510 ± 40 2.35 ± 0.30 −2.39 ± 0.04 8.22 ± 0.20 9 . 33+ 0 . 07 
−0 . 06 143 ± 21 

REBELS-12 – 435 ± 20 < 5 . 31 < −2 . 08 8.23 ± 0.20 9 . 54+ 0 . 03 
−0 . 04 > 26 

REBELS-14 – 1046 ± 58 < 7 . 16 < −1 . 97 7.90 ± 0.12 a 9 . 24+ 0 . 07 
−0 . 06 > 45 

REBELS-15 0.67 ± 0.32 1259 ± 87 9.38 ± 1.20 −1.87 ± 0.07 7.78 ± 0.30 9 . 31+ 0 . 02 
−0 . 01 204 ± 18 

REBELS-18 – 234 ± 8 < 2 . 67 < −2 . 34 8.50 ± 0.13 9 . 71+ 0 . 06 
−0 . 04 > 21 

REBELS-25 – 511 ± 56 < 3 . 42 < −2 . 25 8.62 ± 0.17 9 . 30+ 0 . 12 
−0 . 14 > 22 

REBELS-29 0.34 ± 0.40 296 ± 14 3.26 ± 0.42 −2.27 ± 0.04 8.73 ± 0.15 9 . 69+ 0 . 07 
−0 . 05 64 ± 7 

REBELS-32 0.68 ± 0.35 559 ± 33 3.10 ± 0.40 −2.28 ± 0.03 8.48 ± 0.13 9 . 57+ 0 . 10 
−0 . 08 104 ± 10 

REBELS-34 1.06 ± 0.74 283 ± 13 2.18 ± 0.28 −2.41 ± 0.05 8.33 ± 0.29 9 . 45+ 0 . 03 
−0 . 02 68 ± 14 

REBELS-38 1.14 ± 0.47 347 ± 17 1.88 ± 0.24 −2.47 ± 0.03 8.28 ± 0.18 9 . 75+ 0 . 09 
−0 . 06 159 ± 21 

REBELS-39 0.62 ± 0.40 1030 ± 58 5.05 ± 0.64 −2.10 ± 0.05 8.02 ± 0.29 9 . 35+ 0 . 09 
−0 . 08 167 ± 19 

Notes. a For REBELS-14, the upper and lower branch solutions to the R3 calibration are consistent within the uncertainties with the calibration peak. Therefore, 
we adopt the average of these solutions as the oxygen abundance and the range between them as the uncertainty. 
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o their high R3 and R23 ratios. For these galaxies, we use the O32
atio to estimate the oxygen abundance. 

Although this study focuses on the integrated properties of each 
alaxy, the NIRSpec/IFU data also reveal spatial structure in several 
ources, with some appearing to host multiple clumps or components. 
o test whether these components exhibit significantly different 
etallicities compared to the integrated values, we performed a 

asic clump-by-clump analysis using the [O III ] λ5007 emission 
aps. We used the ASTRODENDRO 

2 PYTHON package to identify 
patially distinct clumps and extracted 1D spectra for those with 
ufficient SNR. For the galaxies REBELS-05, -08, -34, -38, and 
39, we successfully measured the metallicity of multiple clumps 
sing the same strong-line methodology as for the integrated spectra. 
omparing the clump-based metallicities with the integrated values, 
e find that for the O32 calibration, the differences range from –0.19

o + 0.25 dex, with an average offset of just –0.003 dex. For the R3
alibration, the differences span from –0.10 to + 0.34 dex, with an
verage offset of + 0.07 dex. These modest variations indicate 
hat, while localized abundance variations exist, the integrated 

etallicities remain broadly representative of the systems as a whole. 
 more detailed analysis of the spatially resolved metallicities will 
e presented in a forthcoming paper. 
The oxygen abundances for the sample are listed in Table 4 .

otably, all galaxies are found to have Zg > 0 . 1 Z�, and we find
ome near-solar and potentially even super-solar oxygen abundances 
ithin the sample. However, it is important to treat these absolute 
alues with caution due to the significant systematic uncertainties 
ssociated with strong-line calibrations. For consistency, we focus 
n comparing our results with other high- z galaxies in the literature
here we have applied the same calibration methodology. We discuss 

he various caveats in our derived oxygen abundances in more detail 
elow. 
 http://www.dendrograms.org/

d  

s
b  

l
m
s  
.2.1 Caveats 

ven in the local Universe, where metallicity calibrations are widely 
tudied, metallicities estimated through different strong-line ratios 
nd calibrations can vary by as much as ∼ 0 . 6 dex (L. J. Kewley & S.
. Ellison 2008 ; J. Moustakas et al. 2010 ; L. E. Rowland et al. 2024b ).
t high- z, where the number of auroral line detections is lower and

onizing conditions are less well understood, discrepancies are likely 
o be even greater. The R. L. Sanders et al. ( 2024 ) calibrations adopted
n this paper are based on a sample size of only 46 galaxies, over
alf of which are at z < 5. It is clear that a more significant sample
f auroral line detections at high- z is essential for improving these
alibrations, although we note that auroral line detections reported 
ince the publication of R. L. Sanders et al. ( 2024 ) have found good
greement with these calibrations (e.g. I. H. Laseter et al. 2024 ), even
ut to z = 10 . 17 (T. Y.-Y. Hsiao et al. 2025 ). 
The main source of uncertainty with our use of these calibrations

s that they are only calibrated up to 12 + log (O / H ) ∼ 8 . 4, meaning
hat for five galaxies in our sample, we are extrapolating. The same
ssue is present in, for example, the F. Bian et al. ( 2018 ) and K.
akajima et al. ( 2022 ) calibrations. The general expectation has
een that high- z galaxies would be metal-poor, meaning that most
alibrations based on local analogs have focused on extremely meal- 
oor galaxies. Recent findings of a mature, metal-rich galaxy at 
 = 6 . 7 (A. E. Shapley et al. 2025 ), as well as the REBELS galaxies
tudied here, highlight that it is now necessary to extend these
alibrations to higher metallicities. 

Additionally, there are also caveats to consider in the choice of
ine ratio used to derive the oxygen abundance. Whilst the R23 and
3 ratios are found to be the most accurate metallicity indicators
t high- z (K. Nakajima et al. 2023 ; I. H. Laseter et al. 2024 ),
hey span only a narrow dynamic range at these redshifts ( ∼ 0 . 4
ex in Figs 4 and 5 ; see also R. L. Sanders et al. 2021 ), mostly
cattered around the turnover regime between the ‘upper’ and ‘lower’ 
ranches of these indices. It could therefore be argued that more
inear calibrations, such as O2, O32, and Ne3O2, may provide 

ore reliable extrapolations. However, they have a greater intrinsic 
catter in R. L. Sanders et al. ( 2024 ) and recent studies have found
MNRAS 546, 1–22 (2026)
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hat these ratios may not be good indicators of metallicity at these
edshifts (e.g. I. H. Laseter et al. 2024 ). They are also generally
ot recommended at lower redshifts due to their strong, primary
ependence on the ionization parameter (e.g. L. J. Kewley & M. A.
opita 2002 ; V. Patrı́cio et al. 2018 ). Furthermore, the ionization–
etallicity relation is not constant across all redshifts, such that
2, O32, and Ne3O2 indices calibrated at a lower redshift tend to
nderestimate the metallicity for higher redshift sources (P. Garg
t al. 2024 ; I. H. Laseter et al. 2024 ; R. L. Sanders et al. 2021 ,
024 ). Indeed, M. Tang et al. ( 2019 ) and N. A. Reddy et al. ( 2023 )
nd that the specific SFR (sSFR) and gas density may play more
entral roles than metallicity in modulating log U (and hence indices
ike O2, O32, and Ne3O2) at these redshifts. These indices tend to
redict lower oxygen abundances for the 12 REBELS galaxies, with
 maximum 12 + log (O / H ) of 8.4 (see Appendix C ). We note that the
2 ratio also shows a monotonic relation with metallicity, and whilst

t is has not yet been calibrated with high- z auroral line detections,
he calibrations based on local analogues (K. Nakajima et al. 2022 )
re more consistent with the fiducial metallicities of the REBELS
ample adopted in this work (see Table C3 ). 

We have elected to use the R23 and R3 ratios for our fiducial
etallicity estimates where possible (but use O32 for the three

ources where the R3 and R23 calibrations have no real solution). We
ist the oxygen abundances derived using O32, Ne3O2, ˆ R (defined
n I. H. Laseter et al. 2024 ), N2, and other indices for all the galaxies
n our sample in Appendix C , and we also re-analyse the MZR and
MR based on these values therein. Due to the scatter in our sample,
nd in the literature, using these ratios does not significantly change
he derived MZR and FMR, and we find that the REBELS galaxies
till have oxygen abundances as much as ∼ 0 . 4 dex higher than other
alaxies at 6 < z < 8. Therefore, whilst it is important to treat the
bsolute values with caution, it is clear that the REBELS galaxies
re more metal-rich compared to most EoR galaxies in other existing
pectroscopic surveys. 

.3 Star formation rate 

ollowing, for example, K. E. Heintz et al. ( 2023a ) and K. Nakajima
t al. ( 2023 ), we use H β as an SFR tracer in lieu of the commonly
sed H α luminosity, as an indicator for ongoing ( ∼10 Myr) star for-
ation activity. This choice is necessitated by the spectral coverage

imitation of NIRSpec, which does not extend to H α at redshifts
 � 7. This use of H β therefore allows us to maintain consistency
n SFR measurements across our sample, and with measurements at
igh- z in the literature. The SFR is derived from the H β luminosity,
H β , assuming a P. Kroupa ( 2001 ) IMF following R. C. Kennicutt
 1998 ): 

FRH β(M�yr−1 ) = 5 . 37 × 10−42 × LH β(ergs−1 ) × 2 . 86 . (8) 

For the galaxies where we do not have attenuation-corrected H β

uminosities, we determine lower limits to the SFR from the observed
 β emission. We add that a comparison of the SFR of this sample

rom different tracers will be the focus of a subsequent paper (Fisher
t al. 2025 ). When comparing with other galaxies in the literature,
e apply a correction factor to their reported SFRs if other IMFs are
sed, so that the resulting SFRs are consistent with using a P. Kroupa
 2001 ) IMF. 

 SED  FITTING  

e derive stellar masses for the REBELS galaxies using the BAGPIPES

ED-fitting code (2016 version). We briefly outline our method
NRAS 546, 1–22 (2026)
ere, with full details given in Stefanon et al. (in preparation).
e use the G. Bruzual & S. Charlot ( 2003 ) stellar population
odels, which assume a P. Kroupa ( 2001 ) IMF. Nebular emission

s modelled using CLOUDY (G. J. Ferland et al. 2017 ), assuming a
pherical constant-density gas distribution with n ( H ) = 100 cm−3 ,
atching the metallicity of the stellar component. The metallicity

riors for the SED fitting were Gaussian, centred on the metallicity
stimates derived in this work, with the standard deviation reflecting
he associated uncertainties. The redshifts were fixed to the value

easured from the [C II ]158μm emission, accounting for small
ystematic shifts in the NIRSpec wavelengths (see Stefanon et al.,
n preparation). We adopted a D. Calzetti et al. ( 2000 ) attenuation
urve, allowing the stellar dust attenuation ( AV , ∗, i.e. different to
he nebular attenuation determined using the Balmer decrement in
ection 3.1 ) to vary freely in the range 0 −3 mag under a flat prior.
or the SFH, we employed a non-parametric model with a continuity
rior, designed to capture both recent bursts and early assembly
hases. Other SFH parametrizations, including a constant + burst
odel, were also explored in Stefanon et al. (in preparation). 
With this SED fitting, we find a range in stellar masses of

og ( M∗/M�) ∼ 9 . 2 − 9 . 8 (presented in Table 4 ). These stellar
asses are slightly lower than those found for the same galaxies

rom non-parametric SED fitting in M. W. Topping et al. ( 2022 ).
 full comparison of these different results will be presented in
tefanon et al. (in preparation). The continuum attenuation values
erived from the SED fitting are lower than the nebular attenuation
erived from the Balmer decrement, as expected for SF galaxies (e.g.
. Calzetti et al. 1994 ). 
While the non-parametric approach provides flexibility in re-

onstructing the assembly history, the stellar mass measurements
f these sources can still be impacted by the ‘outshining’ effect,
here young, luminous stellar populations dominate the observed

ight, potentially causing a systematic underestimation of the stellar
asses (e.g. C. Giménez-Arteaga et al. 2023 ). However, the impact

f outshining is expected to diminish at higher stellar masses, as
iscussed in N. E. P. Lines et al. ( 2025 ). Dust obscuration can also
resent challenges when deriving stellar masses and other stellar
opulation parameters. For the REBELS sources analysed here, it
s likely that the observed light in the rest-frame UV/optical (as
raced by these JWST observations) is primarily emitted by less-
bscured regions. However, there may be fully obscured SF regions
hat do not emit at all in these wavelengths and are only detectable
n the infrared. This results in an incomplete picture of the total
tellar mass if only unobscured regions are traced. Such obscured
egions are evident in some REBELS sources, where spatial offsets
etween UV/optical and infrared emission suggest the presence of
ighly obscured star formation (e.g. A. P. S. Hygate et al. 2023 ; L.
. Rowland et al. 2024a ). Future spatially resolved SED analyses,

ncluding comparisons with high-resolution ALMA FIR data, will be
ritical for mitigating such uncertainties and providing more accurate
stimates of the stellar mass distribution within these galaxies. 

 DI SCUSSI ONS  

.1 The mass–metallicity relation 

ith these observations of the REBELS galaxies, we are able to
ncrease the sampling at the high-mass end of the MZR in SF galaxies
uring the EoR, since typical large-scale JWST surveys mainly
ontain galaxies with log ( M∗/M�) < 9. We make comparisons with
bservations at lower stellar mass, including a sample of galaxies
rom CEERS (S. L. Finkelstein et al. 2023 ), GLASS (G. Roberts-
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Figure 6. We show the MZR at z = 6–8 for the REBELS galaxies and sources from the literature (I. Chemerynska et al. 2024 ; K. Nakajima et al. 2023 ). In the 
top panel, the best-fitting MZR is indicated by the solid black line, with the 1 σ uncertainty shown with the grey shaded area. We also plot the MZR at z ∼ 0, 
∼ 2 . 3, and ∼ 3 . 3 from R. L. Sanders et al. ( 2021 ) to investigate the redshift evolution of this scaling relation. The black dash–dotted lines show the best-fitting 
MZR in four mass bins, each with 15 galaxies, across this 4 dex range in stellar mass. In the bottom panel, we compare the MZR to theoretical predictions from 

NEWHORIZON (Y. Dubois et al. 2021 ), TNG100 (P. Torrey et al. 2019 ), FIRST LIGHT (Y. Nakazato, N. Yoshida & D. Ceverino 2023 ), FIRE -2 (A. Marszewski et al. 
2024 ), DELPHI (Mauerhofer et al., in preparation), and SPHINX (H. Katz et al. 2023a ). For FIRE -2, we plot the best-fitting MZR from the ‘Slope and Normalization 
Evolution’ model at z = 7. For FIRST LIGHT , TNG100 , DELPHI , and SPHINX , we show the 16th–84th percentile distribution of these predictions by the coloured 
regions. 

B  

c  

t
b  

(  

t  

p

l
u  

[  

C  

c
F  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/staf2023/8415574 by guest on 11 June 2026
orsani et al. 2024 ), some early release observation (ERO) programs
ollected and analysed in K. Nakajima et al. ( 2023 ), and from
he UNCOVER (Ultradeep NIRSpec and NIRCam ObserVations 
efore the Epoch of Reionization; R. Bezanson et al. 2024 ) program
analysed in I. Chemerynska et al. 2024 ). Selecting galaxies only in
he redshift range of 6 < z < 8, we have a sample of 49 galaxies with
ublicly available stellar masses, SFRs, and the relevant emission- 
ine ratios to derive 12 + log (O / H ) with a consistent methodology 
sing the R. L. Sanders et al. ( 2024 ) calibrations (i.e. [O III ], H β,
O II ], and/or an additional Balmer line). For the sources in I.
hemerynska et al. ( 2024 ), the R3 in R. L. Sanders et al. ( 2024 )
alibrations were already used to determine the oxygen abundance. 
or the K. Nakajima et al. ( 2023 ) sources, the K. Nakajima et al.
 2022 ) calibrations were used. To be consistent, we recalibrate the
MNRAS 546, 1–22 (2026)
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. Nakajima et al. ( 2023 ) sources using the R. L. Sanders et al. ( 2024 )
alibrations, following the methodology outlined in Section 4.2 .
owever, we note that the main findings of this analysis are consistent

ven if we use the K. Nakajima et al. ( 2022 ) R3 or R23 calibrations
or all the sources. 

We plot the MZR for the 12 REBELS galaxies, and the literature
ources at z ∼ 6 − 8, in Fig. 6 . Here, we see that JWST observations
n this redshift range span around 4 dex of stellar mass, and the
ddition of the REBELS galaxies more than doubles the number of
alaxies at z > 6 with M∗ > 109 M� in comparison to other recent
ZR studies (K. E. Heintz et al. 2023a ; K. Nakajima et al. 2023 ; M.
urti et al. 2024 ; A. Sarkar et al. 2025 ). 
Following R. L. Sanders et al. ( 2021 ), we fit the MZR using: 

2 + log (O / H ) = γ log (
M∗

1010 M�
) + Z10 (9) 

nd find a best-fitting slope with γ = 0 . 37 ± 0 . 03 and Z10 = 8 . 30 ±
 . 04, with a 1 σ scatter of 0.26 dex. We plot the best-fitting linear
elation for the MZR as a solid black line in the top panel of Fig. 6 ,
ith the grey shaded region representing the uncertainty in the best
t. In this top panel, we also plot the MZR relation at lower redshifts
rom R. L. Sanders et al. ( 2021 ) at z ∼ 0, ∼ 2 . 3, and ∼ 3 . 3, although
e note that these metallicities are calculated with a χ2 -minimization
sing O32, Ne3O2, and R3 ratios. We find that the fitted MZR at
 = 6–8 is consistent with the MZR reported in K. E. Heintz et al.
 2023a ) based on a different sample selection ( γ = 0 . 33 at z = 7–
0) and from I. Chemerynska et al. ( 2024 ; γ = 0 . 39 at z = 6–8).
he latter study was based on a similar sample to the one analysed
ere (excluding the REBELS sources) but did not apply a consistent
etallicity calibration methodology across the full sample, as done

n this work. However, these MZR slopes are steeper than those
ound in M. Curti et al. ( 2024 ); K. Nakajima et al. ( 2023 ); and A.
arkar et al. ( 2025 ) at z > 4. We also find that this best-fitting MZR
t z = 6–8 is steeper than the lower redshift MZRs reported in R. L.
anders et al. ( 2021 ). As aforementioned, there is some caution to be

aken in comparing these different fitted MZRs, since different works
se different SED fitting parameters and metallicity calibrations. We
how in Appendix C that using the O32 ratio for this sample results
n slightly lower γ = 0 . 27 ± 0 . 07 and Z10 = 8 . 17 ± 0 . 08, but this
est fit is still consistent within the uncertainties. 
Whilst most MZR studies at z > 2 find that oxygen abundances at

 given M∗ are significantly lower at high- z, the REBELS galaxies lie
n a similar parameter space as the lower- z (and even z ∼ 0) relations,
lthough we note that there is significant scatter within the sample.
his alignment could be attributed to the observed flattening of the
ZR at high masses at z ∼ 0, with a characteristic turnover mass

round log ( M0 /M�) ∼ 10 (M. Curti et al. 2020 ). This flattening is
ften attributed either to the advanced stage of chemical evolution in
assive galaxies, a phenomenon known as ‘chemical downsizing’

R. S. Somerville & R. Davé 2015 ), or to the enhanced ability of
assive galaxies to retain metals due to their deep gravitational
ells. In contrast, lower mass galaxies more readily lose enriched
as via outflows and winds (e.g. J. Chisholm et al. 2015 ). The MZR
urnover occurs when gas-phase oxygen levels become high enough
hat a significant fraction of oxygen is locked in low-mass stars.
his turnover mass, M0 , is roughly where the stellar-to-gas mass

atio is unity, or equivalently, where the gas fraction fgas ∼ 0 . 5 (H.
. Zahid et al. 2014 ). The turnover mass has been found to increase
ith increasing redshift out to z ∼ 1 . 5 (H. J. Zahid et al. 2014 ), with

ndications that this is also true out to z ∼ 2 . 3 (R. L. Sanders et al.
021 ). To tentatively assess whether there is any flattening of the
ZR in this sample of z = 6–8 galaxies, we create four bins of 15
NRAS 546, 1–22 (2026)
alaxies according to their stellar mass, and recalculate the MZR in
ach bin according to equation ( 9 ). The slopes for each mass bin
re indicated by the black dash–dotted lines in the top panel of Fig.
 . With this sample of 6 � log (M∗/M�) � 10 galaxies at z = 6–8,
e see no evidence of the MZR flattening at the high-mass end,

lthough we note there is significant scatter. Indeed, from the [C II ]-
ased gas masses and derived gas fractions (M. Aravena et al. 2024 ;
. Algera et al. 2025 ) of the REBELS sample, all the gas fractions

re > 0 . 61, indicating that, if the flattening of the MZR does persist
ut to these redshifts, we may not have yet reached the turnover
ass ( M0 ( z ∼ 7) > 1010 M�). However, as discussed in Section 5 ,

ntegrated SED fitting can underestimate the derived stellar masses
y as much as ∼ 0 . 5 dex (e.g. C. Giménez-Arteaga et al. 2023 ) due
o the ‘outshining’ effect, which may particularly be a problem for
he REBELS galaxies, based on the finding that they may be more
volved systems with potentially older stellar populations that are
utshone by the emission from brighter, younger stellar populations.
patially resolved SED fitting of the REBELS galaxies in subsequent
orks will be able to assess this effect on the derived slope of the
ZR in more detail. 
In I. Chemerynska et al. ( 2024 ), the scatter in the MZR at z ∼ 6–8

s found to increase at lower stellar masses, interpreted as due to more
tochastic star formation and ISM enrichment at these low masses.

ith the recalibrated sample presented here, we find a relatively
onsistent scatter of ∼ 0 . 25 dex across the four mass bins from
og ( M∗/M�) = 6 to 10. This scatter is significantly higher than the ∼
 . 1 dex scatter typically found at low redshifts (e.g. B. H. Andrews &
. Martini 2013 ), and is consistent with the MZR scatter from the
ERRA simulations at z ∼ 7 (A. Pallottini et al. 2025 ). This scatter
s also consistent with the analytic models described in A. Pallottini
t al. ( 2025 ) with a weak supernova feedback efficiency ( εSN = 1 / 4)
nd a low-amplitude SFR flickering ( σSFR ≈ 0 . 2), resulting in an
ntrinsic scatter of ∼ 0 . 25 dex at z = 3 − 10. However, we note that
he scatter in the REBELS sample, as well as other literature samples
t high- z, may be affected by other intrinsic or systematic effects,
uch as systematics in the metallicity calibrations used, systematics
n the stellar mass estimates, contamination from AGN, and effects
rom galaxy interactions/mergers. 

In the bottom panel of Fig. 6 , we also compare the observed
ZR with predictions from cosmological simulations at z ∼ 7,

ncluding from NEWHORIZON (Y. Dubois et al. 2021 ), TNG100 (P.
orrey et al. 2019 ), FIRST LIGHT (Y. Nakazato et al. 2023 ), FIRE -2
A. Marszewski et al. 2024 ), SPHINX (H. Katz et al. 2023a ), and
ERRA (A. Pallottini et al. 2025 ). We also plot for comparison the
redictions from the semi-analytical model, DELPHI (Mauerhofer
t al. in preparation, see also V. Mauerhofer & P. Dayal 2023 ),
hich incorporates cold gas fractions and star-formation efficiencies
erived from the SPHINX simulation. Where necessary, we have
caled these relations to a P. Kroupa ( 2001 ) IMF and a solar
etallicity of 12 + log (O / H ) = 8 . 69 (M. Asplund et al. 2009 ).
cross these different simulations, the slopes at log ( M∗/M�) ∼ 7 . 5–
.5 are broadly consistent. Comparisons with these predictions at the
ow-mass end (log ( M∗/M�) � 8) are detailed in I. Chemerynska
t al. ( 2024 ), and here we focus on the high-mass end populated by
he REBELS sources (log ( M∗/M�) ∼ 9–10), where there are some
ariations in the predicted slope and normalization of the MZR. 

In particular, FIRST LIGHT and FIRE -2 predict similarly metal-rich,
assive galaxies at these redshifts, consistent with the observations

f the REBELS sample, although we note that both of these
redictions show the redshift evolution of selected massive galaxies
rom zoom-in simulations, whilst for the other simulations the
edian and/or 1 σ distribution of the MZR for the full sample within
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he large volume of the simulations are reported at each analysed 
edshift in the corresponding papers, which typically contain few 

assive (log ( M∗/M�) � 9) galaxies at z > 6. In A. Marszewski et al.
 2024 ), from which we plot the best-fitting MZR from the ‘Slope and
ormalization Evolution’ model at z = 7, 34 massive galaxies from

IRE -2 (X. Ma et al. 2018 , 2019 ) are selected for zoom-in simulations
un down to either z = 5 , 7 , or 9, with halo masses ∼ 109 -1012 M� at
hese final redshifts. In Y. Nakazato et al. ( 2023 ), from which we plot
he 5–95 per cent dispersion in the sample at z = 7, 62 galaxies are
elected from the FIRST LIGHT simulation suite (D. Ceverino, S. C.
. Glover & R. S. Klessen 2017 ) with maximum circular velocities
 178 km s−1 at z = 5. Differences in feedback prescriptions and

tellar yields may also contribute to variations, and we add there 
ay be other systematic differences in the way each simulation 

erives the stellar masses and metallicities. For example, the mass- 
eighted metallicity is given for FIRE -2 and NEWHORIZON . However, 

n FIRST LIGHT , SPHINX , and TNG100 , the gas-phase metallicities
re weighted by either [O III ] line luminosity or SFR. This likely
akes their predictions more comparable to observations, which are 

nly sensitive to the bright, line-emitting star-forming regions. 
A full assessment of the systematic differences between different 

imulations is beyond the scope of this work, but overall the 
onsistency with simulations like FIRST LIGHT and FIRE -2 supports 
he idea that massive galaxies in the reionization era could reach 
elatively high metallicities in a short time-scale. These findings 
lign with a scenario where substantial chemical evolution occurs 
arly and rapidly in massive galaxies, within just a few hundred 
illion years. 

.2 The fundamental metallicity relation 

o address the scatter in the z = 0 MZR, the SFR was introduced
s an additional variable in what is known as the FMR (e.g. S. L.
llison et al. 2008 ; M. A. Lara-López et al. 2010 ; F. Mannucci et al.
010 ), where 12 + log (O / H ) decreases with increasing SFR at fixed 
∗. As with, for example, K. Nakajima et al. ( 2023 ), we use the

ollowing to define the FMR: 

α = log ( M∗/M�) − α log (SFR / M�yr−1 ) , (10) 

here α = 0 . 66 is found to minimize the scatter in the FMR at z ∼ 0
n B. H. Andrews & P. Martini ( 2013 , solid blue line in Fig. 7 ). 

The FMR has been found to be largely redshift invariant out to
 ∼ 4 (e.g. M. Curti et al. 2020 , 2023 ; K. E. Heintz et al. 2023a ;
. Henry et al. 2013 , 2021 ; D. Langeroodi et al. 2023 ; K. Nakajima

t al. 2023 ; R. L. Sanders et al. 2021 ). At z > 4, however, recent
tudies have found a deviation in the observed FMR, although the 
xact redshift at which the observations deviate from the z ∼ 0 FMR
iffers across the literature (e.g. z ∼ 7 in K. E. Heintz et al. 2023a ,
 ∼ 8 in K. Nakajima et al. 2023 , z ∼ 6 in M. Curti et al. 2024 , z ∼ 4
n D. Langeroodi et al. 2023 ). These studies find that high- z galaxies
re more metal-poor than the z ∼ 0 FMR predicts, however with a
oor sampling of high-mass galaxies out to higher redshifts. With 
he REBELS galaxies observed here, we extend this study to more 

assive EoR galaxies. 
In Fig. 7 , we find that the REBELS galaxies studied in this work

ypically exhibit higher values of μ0 . 66 , which corresponds to lower 
SFR compared to other 6 < z < 8 galaxies in the literature. These
EBELS sources are also scattered above and below the z ∼ 0 FMR,
hereas most of the literature sample lies below it. This could suggest

hat the predominantly negative FMR offsets reported for high- z 
alaxies may partially reflect a selection bias in current studies, 
hich often target low-mass, metal-poor galaxies with high sSFRs 
nd [O III ] EWs that may be more likely to show negative residuals
elative to the local FMR. 

Extreme line emitters, characterized by large [O III ] EWs and high
SFRs, may be more likely to show negative residuals relative to the
MR because their ISM conditions deviate significantly from the 

ypical balance of star formation, metallicity, and gas content seen 
n the local Universe. These systems likely experience recent bursts 
f star formation that dominate the observed spectra, amplifying the 
ppearance of low metallicity and high ionization regions. 

Another plausible explanation for a negative offset to the FMR 

t high- z is significant accretion of pristine gas from the IGM at
hese redshifts, which dilutes the chemical abundances in the ISM 

nd causes galaxies to be more metal-poor than the FMR predicts
K. E. Heintz et al. 2023a ). In this scenario, the REBELS galaxies
ould represent a more evolved population that, despite their high- 
as masses and fractions (log Mgas /M� = 9 . 7–10.7, fgas = 0 . 73–
.96, H. Algera et al. 2025 ) indicative of ongoing accretion, earlier
ursts of star formation may have already efficiently built up their
tellar mass and enriched their ISM. Currently, only galaxies in the
EBELS sample and a handful of other massive z > 6 galaxies
ave independent measurements of both gas mass ([C II ]-based) and
etallicity (e.g. RXCJ0600-z6.3 at z = 6 . 072 from S. Fujimoto et al.

025 ; F. Valentino et al. 2024 ; S04950 at z = 8 . 50 from K. E. Heintz
t al. 2023b ; S. Fujimoto et al. 2024 ; and MACS1149-JD1 at z = 9 . 11
rom N. Laporte et al. 2019 ; T. Morishita et al. 2025 ), significantly
imiting investigations into the role of gas accretion in shaping the
MR at these redshifts. To distinguish between these possibilities, 
 larger sample of high- z galaxies with robust measurements of gas
ass, metallicity, stellar mass, and SFR – particularly more gas mass 

stimates for low-mass systems – would be essential. 
We also caution that there are various systematics in determining 

hese properties, and we note that the B. H. Andrews & P. Martini
 2013 ) z ∼ 0 FMR is derived from direct method metallicities,
lthough the conclusions are consistent when using the FMR from 

etallicities derived using strong-line methods in R. L. Sanders 
t al. ( 2021 ), as well as alternative formulations such as that of
. Curti et al. ( 2020 ). In addition to the caveats already discussed

or deriving the oxygen abundance (Section 4.2.1 ), we were also
nable to determine a nebular attenuation for four of the REBELS
alaxies (white markers), which means that current estimates of the 
FR from the uncorrected H β luminosity can only be taken as lower

imits, whilst it is also possible that their stellar masses could be
nderestimated due to degeneracies between stellar mass, age, and 
nterstellar reddening. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we have investigated the emission-line diagnostics and 
onized gas properties of a sample of 12 massive EoR galaxies
t z = 6 . 496 to 7.675 selected from the REBELS ALMA large
rogram, observed with the JWST NIRSpec/IFU in the prism mode. 
ur findings reveal that the REBELS galaxies exhibit low O2, O32,

nd Ne3O2 ratios compared to other high- z galaxies from pre-
xisting large surveys, suggesting distinct ISM conditions and less 
ntense ionizing fields. Recent JWST observations frequently identify 
alaxies with high O32 ratios (indicative of low metallicities), as 
hese samples are often biased toward sources with extreme [O III ]
Ws. By contrast, the REBELS sources have [O III ] EWs more
omparable to the median of 450 Å at z ∼ 7 (I. Labbé et al. 2013 ),
nabling a more representative sampling of the ISM conditions of 
he general galaxy population at high redshift. 
MNRAS 546, 1–22 (2026)
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M

Figure 7. We plot the FMR for the REBELS galaxies and the literature sample at z = 6–8 (K. Nakajima et al. 2023 ; I. Chemerynska et al. 2024 ). We compare 
to the z ∼ 0 FMR from B. H. Andrews & P. Martini ( 2013 ; solid blue line, extrapolated to μ0 . 66 < 7 . 3 with the dashed line). White-filled markers indicate the 
REBELS galaxies where SFRH β is not attenuation-corrected, and is therefore a lower limit. 
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To derive the metallicities of our sample, we investigated a variety
f strong-line indices and calibrations, and adopt the R. L. Sanders
t al. ( 2024 ) calibrations based on 46 auroral line detections at z > 2
or our fiducial estimates. We predominantly used the R23 index, but
sed R3 where the fluxes could not be attenuation-corrected (for four
alaxies where H α is redshifted out of the NIRSpec coverage), and
sed O32 where the R23 index provides no real solution (for three
alaxies that show elevated R3 and R23 ratios). These calibrations
eveal a median metallicity of ∼ 0 . 4Z�, with five REBELS galaxies
aving Zgas � 0 . 5Z�. Using O2, O32, and Ne3O2 ratios to derive the
xygen abundance tends to result in lower oxygen abundances for this
ample, which may be due to the primary dependence of these ratios
n other properties such as the ionization parameter, electron density,
nd sSFR. However, abundances derived using these indices still
esult in the REBELS galaxies being more metal-rich than the bulk
f the z > 6 population in the literature (but see e.g. A. E. Shapley
t al. 2025 ). The discrepancies found across different calibrations
all for a further study of metallicity calibrations at high- z, and in
articular calls for an increase in auroral line detections at higher
etallicities. 
The existence of metal-rich galaxies in the early Universe provides

ey insights into the rapid evolution of galaxies during the EoR. The
EBELS sample suggests that some high-mass galaxies at z � 6
xhibit relatively high metallicities, indicating that metal enrichment
an rapidly occur within a few hundred million years of the big
ang. Supporting this notion, a handful other galaxies from the
eionization era have also been found to display similarly low O32
atios (M. Killi et al. 2023 ; A. E. Shapley et al. 2025 ; C. Witten
t al. 2025 ), and several recent studies have identified evolved stellar
opulations at z � 6 (e.g. A. Kuruvanthodi et al. 2024 ). In addition,
esults from the FIRST LIGHT (Y. Nakazato et al. 2023 ) and FIRE -2
A. Marszewski et al. 2024 ) simulations indicate that some massive
alaxies can be enriched to near-solar abundances at these early
osmic times. These findings hint at a potentially non-negligible
NRAS 546, 1–22 (2026)
opulation of evolved galaxies within the EoR, suggesting that some
alaxies may have experienced significant metal enrichment and
dvanced stages of stellar evolution much earlier than previously
xpected. 

By compiling literature results from lower mass samples at the
ame redshift ( z = 6–8), we analysed the MZR and FMR over
 ∼ 4 dex range in stellar mass. Notably, the REBELS galaxies
ignificantly improve the sampling of the high-mass end of the

ZR, more than doubling the number of massive (log ( M∗/M�) > 9)
F galaxies with metallicity estimates at z > 6. The best-fitting
ZR derived, with a slope of γ = 0 . 37 ± 0 . 03, is consistent with

ome previous studies at z > 6 (e.g. K. E. Heintz et al. 2023a ;
. Chemerynska et al. 2024 ) and is steeper than some studies
t lower redshifts (e.g. R. L. Sanders et al. 2021 ). However, we
ote that systematic differences in the derivation of stellar masses,
xygen abundances, and SFRs across the literature may impact these
omparisons. 

For the FMR, the REBELS galaxies show a mix of positive and
egative offsets relative to the z = 0 relation, in contrast to the
redominantly negative offsets reported for lower mass, metal-poor
alaxies in other high- z studies. This distinction may arise from a
election bias in current z > 6 samples, which often target extreme
ine emitters. These negative offsets may reflect significant accretion
f pristine gas from the IGM, diluting ISM metallicities, and driving
alaxies below the z = 0 FMR. In this context, the REBELS galaxies
ould represent a more evolved population that has already undergone
ubstantial enrichment through early efficient star formation while
aintaining high gas fractions indicative of ongoing accretion. These
ndings highlight the need for a larger, more diverse sample of z = 6–
 galaxies with robust measurements of stellar mass, gas mass, SFR,
nd metallicity to disentangle the effects of sample selection, ISM
onditions, and galaxy evolution on the observed MZR and FMR at
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Figure A1. For each subfigure, we show a portion (rest-frame wavelength > 0 . 3μm) of the observed spectrum of each galaxy (labelled in the top-left corner) 
which covers the key rest-frame optical nebular emission lines studied in this paper. For each galaxy, we plot the observed spectrum in grey and the PYSPECKIT 

continuum fit in orange in the top panel. In the middle panel, the Gaussian fits to each emission line in the continuum-subtracted spectrum are plotted in red, 
and in the bottom panel, we plot the residuals of our emission-line fitting. 
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PPENDIX  B:  BA LMER  DECREMENTS  

or 8/12 of the REBELS galaxies, we have the wavelength coverage
o detect H α emission. For six of these, we detect H γ+ [O III ] λ4363
NRAS 546, 1–22 (2026)

r  
mission at > 3 σ . Assuming that the contribution of the auroral [O
II ] λ4363 line to this emission is negligible in comparison to the
ncertainties, we compare the AV , neb determined from the H α/H β

atio to that from the H γ /H β ratio, using an intrinsic ratio of 0.47 for
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Figure B1. For 8/12 targets, we have the wavelength coverage for H α, H β, 
and H γ . We plot a comparison of the H γ /H β and H α/H β Balmer decrements 
for these eight sources, and compare to the expected trend assuming D. 
Calzetti et al. ( 2000 ) dust attenuation with theoretical values of H γ /H β = 

0 . 47 and H α/H β = 2 . 86. The H γ /H β ratios of these REBELS galaxies are 
consistent with unphysical values (assuming Case B recombination) of the 
nebular attenuation (shown with the grey shading), likely due to the low SNR 

of H γ . We therefore do not use the H γ /H β to attenuation-correct the line 
fluxes of the four sources where H α falls outside of our wavelength coverage, 
and we instead report their attenuation-uncorrected fluxes in Table 3 . 
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Figure C1. A comparison between the fiducial metallicity estimates us- 
ing the empirically derived calibrations in R. L. Sanders et al. ( 2024 ) 
with metallicity estimates using the non-parametric genesis method (D. 
Langeroodi & J. Hjorth 2024 ). 
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 γ /H β (also following Case B recombination, D. E. Osterbrock & 

. J. Ferland 2006 ). The derived AV , neb are consistent within the 
ncertainties for four of these six galaxies, however we find that the
 γ /H β ratios are consistent with unphysical values (assuming Case 
 recombination) within the 1 σ uncertainties for all six (Fig. B1 ).
his could be due to a non-negligible contribution from [O III ] λ4363
mission (and/or [Fe II ] λ4360, which dominates over the auroral line
n metal-rich galaxies, M. Curti et al. 2017 ; A. E. Shapley et al.
025 ), causing the H γ /H β to be greater than 0.47, or due to the low
NR of these detections. Similarly, other studies have also found 
ources which appear to deviate from Case B recombination (e.g. N. 
irzkal et al. 2024 ; C. Scarlata et al. 2024 ). Due to these uncertainties
ith using the H γ /H β ratio to determine the attenuation, we do not

ttempt a reddening correction of the emission-line fluxes based on 
he Balmer decrement for the four galaxies at z � 7, where H α is
eyond the wavelength coverage of NIRSpec. We therefore give their 
on-attenuation-corrected values in Table 3 . 

PPEN D IX  C :  META LLICITY  ESTIMATES  

ITH  D IFFER ENT  C A L I B R AT I O N S  

ue to the considerable discrepancies found between different 
trong-line indices and calibrations used to derive oxygen abun- 
ances in the literature, we rederive the oxygen abundances of the 
EBELS sample using a variety of different calibrations, which we 

ist in Tables C1 –C4 . For the K. Nakajima et al. ( 2022 ) calibrations,
e show results from both the high equivalent width (EW > 200Å)

alibrations (calibrated for 12 + log (O / H ) ∼ 7 . 1–8.1), and the cal- 
brations based on the sample including stacked SDSS galaxies 
t higher metallicities (calibrated for 12 + log (O / H ) ∼ 7 . 0–8.9) 
ollected therein. Although some of our H β EWs are < 100 Å, our
bserved R23, R3, and O32 ratios are above the cut-off of the small-
W calibration range, and the medium EW calibrations are not well
ehaved due to the small sample size. Similarly, in I. H. Laseter et al.
 2024 ), the sample show higher ionization and excitation ratios at a
iven metallicity than local galaxies with rest-frame H β EW = 200–
00 Å, but have ∼ 2 × lower EWs, implying that H β EW may not be
 good probe of excitation conditions at this redshift, when making
omparisons to lower redshifts. 

We also used the calibration derived in I. H. Laseter et al. ( 2024 ),
hich uses ˆ R = 0 . 47 log 10 R2 + 0 . 88 log 10 R3. However, we obtain

eal solutions for only two galaxies with attenuation-corrected fluxes 
n the REBELS sample, which are for REBELS-15 and REBELS-29.
or REBELS-15, the two solutions with the ˆ R calibration are 7.95 
nd 8.27, and for REBELS-29 they are 7.79 and 8.39. 

In Fig. 5 , we compared some observed emission-line ratios 
ith those in the HII-CHI-Mistry models. As discussed in 
ection 4.1 , these models can also be used to constrain the ionization
arameter and, in addition, the oxygen abundance. For these fits, we
nput all the observed reddening-corrected emission lines (excluding 
he Balmer lines) relative to H β from Table 2 . The resulting oxygen
bundances range from 12 + log (O / H ) = 8 . 0 to 8.3, and are all
onsistent within the uncertainties with the oxygen abundances 
erived using Ne3O2, O32, and O2 ratios from Tables C1 and C3 . 
In addition, we use the non-parametric gas-phase metallicity 

stimator, genesis (D. Langeroodi & J. Hjorth 2024 ) for the 8/12
alaxies where H α is detected. genesis uses inputted R3, R2, and
W(H β) values to estimate the oxygen abundance, and is calibrated
n a sample of 1551 [OIII] λ4363 detections at 0 < z < 10, although
 75 per cent are at z � 1. This sample includes the galaxies in

ach of the calibration samples of the aforementioned metallicity 
alibration papers. We plot the comparison between the fiducial 
xygen abundances derived from the R. L. Sanders et al. ( 2024 )
alibrations with those estimated with genesis in Fig. C1 . We
nd that these metallicity estimates very closely align with the R. L.
anders et al. ( 2024 ) O32 and O2 estimates in Table C1 . 
From this sample of galaxies, it is clear that there are significant

ffsets, by as much as ∼ 0 . 6 dex, between different commonly used
MNRAS 546, 1–22 (2026)
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Figure C2. We plot the MZR (top panel) and FMR (lower panel) for the sources where the attenuation-corrected O32 ratio can be used to determine the 
metallicity. Markers, lines, and shading are the same as in Figs 6 and 7 . 

Table C1. Oxygen abundances derived from various strong-line indices using the R. L. Sanders et al. ( 2024 ) calibrations. 
Missing values indicate either undetected emission lines, or no real solutions to the calibration. 

Galaxy O3 R23 Ne3O2 O32 O2 

REBELS-05 8 . 44 ± 0 . 14 8 . 51 ± 0 . 16 – 8 . 29 ± 0 . 29 8 . 23 ± 0 . 23 
REBELS-08 8 . 29 ± 0 . 17 8 . 22 ± 0 . 22 – 8 . 31 ± 0 . 29 8 . 30 ± 0 . 23 
REBELS-12 8 . 23 ± 0 . 13 – 8 ± 0 . 28 – –
REBELS-14 7 . 90 ± 0 . 12 – 7 . 89 ± 0 . 25 – –
REBELS-15 – – 7 . 67 ± 0 . 27 7 . 78 ± 0 . 30 7 . 84 ± 0 . 24 
REBELS-18 8 . 50 ± 0 . 13 – 8 . 24 ± 0 . 27 – –
REBELS-25 8 . 62 ± 0 . 17 – 8 . 02 ± 0 . 27 – –
REBELS-29 8 . 57 ± 0 . 14 8 . 73 ± 0 . 15 – 8 . 18 ± 0 . 29 8 . 06 ± 0 . 23 
REBELS-32 8 . 38 ± 0 . 13 8 . 48 ± 0 . 13 – 8 . 20 ± 0 . 29 8 . 16 ± 0 . 23 
REBELS-34 – – – 8 . 33 ± 0 . 29 8 . 43 ± 0 . 24 
REBELS-38 8 . 38 ± 0 . 16 8 . 28 ± 0 . 18 8 . 01 ± 0 . 26 8 . 39 ± 0 . 29 8 . 36 ± 0 . 23 
REBELS-39 – – 7 . 95 ± 0 . 26 8 . 02 ± 0 . 29 8 . 09 ± 0 . 23 
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Table C2. Oxygen abundances derived from various strong-line indices using the K. Nakajima et al. ( 2022 ) calibrations 
for the high EW, local analogue sample, calibrated for 12 + log (O / H ) ∼ 7 . 1 − 8 . 1. Missing values indicate either 
undetected emission lines, or no real solutions to the calibration. 

Galaxy O3 R23 Ne3O2 O32 O2 N2 O3N2 

REBELS-05 8 . 54 ± 0 . 19 8 . 51 ± 0 . 15 – 8 . 43 ± 0 . 39 8 . 38 ± 0 . 37 9 . 19 ± 0 . 26 9 . 07 ± 0 . 49 
REBELS-08 8 . 40 ± 0 . 2 8 . 21 ± 0 . 17 – 8 . 44 ± 0 . 40 8 . 45 ± 0 . 40 9 . 32 ± 0 . 26 9 . 1 ± 0 . 48 
REBELS-12 8 . 35 ± 0 . 18 – 8 . 18 ± 0 . 42 – – – –
REBELS-14 8 . 15 ± 0 . 17 – 8 . 08 ± 0 . 40 – – – –
REBELS-15 – – 7 . 84 ± 0 . 41 7 . 94 ± 0 . 40 7 . 99 ± 0 . 43 – –
REBELS-18 8 . 60 ± 0 . 18 – 8 . 35 ± 0 . 42 – – – –
REBELS-25 8 . 71 ± 0 . 20 – 8 . 20 ± 0 . 42 – – – –
REBELS-29 8 . 66 ± 0 . 19 8 . 71 ± 0 . 15 – 8 . 35 ± 0 . 39 8 . 22 ± 0 . 36 9 . 26 ± 0 . 26 9 . 14 ± 0 . 48 
REBELS-32 8 . 48 ± 0 . 18 8 . 48 ± 0 . 14 – 8 . 36 ± 0 . 39 8 . 32 ± 0 . 34 8 . 95 ± 0 . 28 8 . 91 ± 0 . 53 
REBELS-34 – – – 8 . 46 ± 0 . 40 8 . 55 ± 0 . 48 – –
REBELS-38 8 . 48 ± 0 . 19 8 . 28 ± 0 . 16 8 . 19 ± 0 . 4 8 . 5 ± 0 . 39 8 . 5 ± 0 . 37 9 . 08 ± 0 . 28 8 . 99 ± 0 . 52 
REBELS-39 – – 8 . 14 ± 0 . 41 8 . 21 ± 0 . 40 8 . 25 ± 0 . 38 – –

Table C3. Oxygen abundances derived from various strong-line indices using the K. Nakajima et al. ( 2022 ) calibrations 
for the full sample, including stacked SDSS spectra at higher metalliities (range of 6 . 9 < 12 + log (O / H ) < 8 . 9 for all 
but Ne3O2, which has range 7 < 12 + log (O / H ) < 8 . 1). Missing values indicate either undetected emission lines, or no 
real solutions to the calibration. 

Galaxy R3 R23 Ne3O2 O32 O2 N2 O3N2 

REBELS-05 8 . 15 ± 0 . 17 8 . 17 ± 0 . 18 – 8 . 18 ± 0 . 39 8 . 26 ± 0 . 27 8 . 45 ± 0 . 24 9 . 03 ± 0 . 42 
REBELS-08 8 . 02 ± 0 . 22 – – 8 . 19 ± 0 . 39 8 . 34 ± 0 . 28 8 . 50 ± 0 . 24 9 . 02 ± 0 . 42 
REBELS-12 – – – – – – –
REBELS-14 – – 8 . 93 ± 0 . 58 – – – –
REBELS-15 – – 9 . 78 ± 0 . 61 – 7 . 78 ± 0 . 27 – –
REBELS-18 8 . 19 ± 0 . 17 – – – – – –
REBELS-25 8 . 26 ± 0 . 17 – – – – – –
REBELS-29 8 . 23 ± 0 . 17 8 . 36 ± 0 . 13 – 8 . 09 ± 0 . 39 8 . 07 ± 0 . 27 8 . 48 ± 0 . 24 9 . 01 ± 0 . 42 
REBELS-32 8 . 10 ± 0 . 17 8 . 12 ± 0 . 19 – 8 . 10 ± 0 . 39 8 . 18 ± 0 . 27 8 . 36 ± 0 . 24 9 . 06 ± 0 . 42 
REBELS-34 – – – 8 . 21 ± 0 . 39 – – –
REBELS-38 8 . 11 ± 0 . 18 – – 8 . 25 ± 0 . 39 8 . 42 ± 0 . 28 8 . 41 ± 0 . 24 9 . 04 ± 0 . 42 
REBELS-39 – – – 7 . 91 ± 0 . 40 8 . 11 ± 0 . 27 – –

Table C4. Oxygen abundances derived from various strong-line indices using the F. Bian et al. ( 2018 ) calibrations. 
Missing values indicate either undetected emission lines, or no real solutions to the calibration. We note that the reported 
uncertainties are only based on the propoagated uncertainties in the fluxes, since the uncertainty in the calibrations is 
not given in F. Bian et al. ( 2018 ). 

Galaxy R3 R23 Ne3O2 O32 N2 O3N2 

REBELS-05 – – – 8 . 31 ± 0 . 027 8 . 42 ± 0 . 049 8 . 3 ± 0 . 049 
REBELS-08 – – – 8 . 32 ± 0 . 03 8 . 49 ± 0 . 043 8 . 32 ± 0 . 043 
REBELS-12 – – 8 . 04 ± 0 . 085 – – –
REBELS-14 – – 7 . 97 ± 0 . 041 – – –
REBELS-15 – – 7 . 84 ± 0 . 071 7 . 97 ± 0 . 05 – –
REBELS-18 – – 8 . 19 ± 0 . 082 – – –
REBELS-25 – – 8 . 06 ± 0 . 078 – – –
REBELS-29 – – – 8 . 24 ± 0 . 027 8 . 45 ± 0 . 048 8 . 34 ± 0 . 048 
REBELS-32 – – – 8 . 25 ± 0 . 02 8 . 29 ± 0 . 069 8 . 21 ± 0 . 069 
REBELS-34 – – – 8 . 34 ± 0 . 034 – –
REBELS-38 – – 8 . 05 ± 0 . 054 8 . 38 ± 0 . 024 8 . 36 ± 0 . 064 8 . 25 ± 0 . 064 
REBELS-39 – – 8 . 01 ± 0 . 069 8 . 13 ± 0 . 033 – –
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trong-line metallicity calibrations. However, when re-analysing the 
ZR and FMR with R3, R23, and O32 indices across the various

alibrations, we find that the choice of calibration has little effect on
he slope, intercept, or scatter of these relations. For example, we 
how in Fig. C2 , the MZR using only the galaxies with attenuation-
orrected O32 ratios and using the O32 metallicity calibration from 

. L. Sanders et al. ( 2024 ). By fitting the MZR according to equation
 9 ), we find a slope γ = 0 . 27 ± 0 . 07 and an intercept Z10 = 8 . 17 ±
 . 08, which is consistent within the uncertainties with the values
eported in Section 6.1 . 
MNRAS 546, 1–22 (2026)
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