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A B S T R A C T 

We present integral field spectroscopic observations of two local extremely metal-poor galaxies (XMPs), HSCJ1631 + 4426 
and SDSSJ0811 + 4730, obtained with the Keck Cosmic Web Imager (KCWI) over 3545−5529 Å at a spectral resolu- 
tion of R ∼ 3600 , capturing bright nebular emission lines essential for determining gas-phase metallicity and chemical 
enrichment measurements. Using integrated spectra, we derive oxygen abundances of 12 + log (O / H) = 7 . 079 ± 0 . 010 
and 6 . 926 ± 0 . 004 , and elevated Fe/O ratios of log (Fe / O) = −1 . 57 ± 0 . 17 and −1 . 28 ± 0 . 07 , for HSCJ1631 + 4426 and 
SDSSJ0811 + 4730, respectively. Each galaxy is fully contained within the 8.2 arcsec × 8.0 arcsec field of view, with 

0.146 arcsec spaxels providing spatially resolved information. These measurements indicate unusually efficient iron 

enhancement at extremely low metallicity; Fe/O ratios approach or exceed solar despite oxygen abundances of only ∼2 
per cent solar, inconsistent with enrichment from core-collapse supernovae alone or delayed Type Ia supernovae given the 
young ages of the systems. Comparison with chemical evolution models suggests rare, highly energetic explosions such 

as bright hypernovae and/or pair-instability supernovae are likely responsible. Our results reinforce the growing evidence 
that XMPs can reflect the nucleosynthetic processes of early energetic stellar explosions, serving as local laboratories for 
chemical enrichment pathways prevalent in the early Universe. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: fundamental parameters. 
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 INTRODUCTION  

he study of galaxies in the early stages of chemical enrich-
ent reveals insight into the processes governing star formation, 
eedback mechanisms, and the impacts of supernovae on the 
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urrounding gas across cosmic time. High α-element abundances 
e.g. O, Mg, Si, S, Ar, Ca) indicate enrichment dominated by
ore-collapse supernovae (CCSNe; K. Nomoto, C. Kobayashi & 

. Tominaga 2013 ), while elevated iron points to Type Ia su-
ernovae (SNe Ia) from lower-mass binary systems (D. Maoz, F. 
annucci & G. Nelemans 2014 ); the Fe/O ratio can be used to
valuate dominant enrichment mechanisms (C. Kobayashi, A. I. 
arakas & H. Umeda 2011 ; C. C. Steidel et al. 2016 ; Q.-F. Xing
t al. 2019 ). 
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Recent James Webb Space Telescope ( JWST )observations have
etected elevated nebular Fe/O ratios in high-redshift galaxies (X.
i et al. 2024 ; M. Nakane et al. 2024 , 2025 ; S. Tacchella et al. 2025 ;
. Isobe et al. 2026 ), in contrast to iron-deficient, α-enhanced
tellar patterns at lower redshift (F. Cullen et al. 2019 ; D. Kashino
t al. 2022 ; T. M. Stanton et al. 2024 ), highlighting the need to
nderstand iron enrichment mechanisms across cosmic time.
xtremely metal-poor galaxies (XMPs; < 10 per cent solar metal-
icity) in the local Universe serve as accessible analogues to these
igh-redshift systems (Y. I. Izotov, T. X. Thuan & N. G. Guseva
012 ), with strong nebular emission lines and low dust content
nabling ideal abundance investigations (Y. I. Izotov et al. 2006 ;
. Cresci et al. 2010 ), the latter also reducing the depletion of 
ron on to dust grains that suppresses gas-phase Fe/O at higher
etallicities (J. E. Méndez-Delgado et al. 2024 ). 
Recent studies of XMPs in the local Universe have revealed
nexpected chemical abundance patterns that challenge current
volution models and theory. The discovery and analysis of galaxy
0811 + 4730 by Y. I. Izotov et al. ( 2018 ) as well as further works
y T. Kojima et al. ( 2020 , 2021 ) and Y. Isobe et al. ( 2022 ) reveal
n anomalous large Fe/O ratio for its measure of metallicity.
nother such case is found within galaxy J1631 + 4426, discovered
y T. Kojima et al. ( 2020 ) and further explored by T. Kojima et al.
 2021 ) and Y. Isobe et al. ( 2022 ). 
Exhibiting approximately 2 per cent solar metallicity with iron
bundance levels comparable to solar, these systems show that
igh iron-to-oxygen ratios are not supported by any current
hemical evolution models. Standard models involving CCSNe
nd SNe Ia fail to simultaneously produce the enhancement lev-
ls of both alpha-elements and iron across the short time-scales
xperienced by these XMP galaxies (Y. Isobe et al. 2022 ). This may
ndicate an influence of additional external enrichment path-
ays, such as feedback-driven metal redistribution or the accre-
ion of iron-enriched circumgalactic material, though such mech-
nisms would require fine-tuned conditions to enhance Fe/O
ithout correspondingly elevating the oxygen abundance, and
re not supported by current observational evidence (T. Kojima
t al. 2021 ). 
Both galaxies are extremely young systems, leaving insufficient

ime for the delayed iron enrichment from SNe Ia that would
ypically drive elevated Fe/O at higher metallicities. In young,
-enhanced systems one would instead expect low Fe/O, yet
oth HSCJ1631 + 4426 and SDSSJ0811 + 4730 exhibit the oppo-
ite: Fe/O ratios approaching or exceeding solar despite oxygen
bundances of only ∼2 per cent solar. This inversion requires
 non-standard iron source capable of operating on time-scales
omparable to massive star evolution. 
Other potential sources of these increased iron abundances on
hort time-scales include theoretical pair-instability supernovae
PISNe) and bright hypernovae (BrHNe). PISNe occur from the
xplosions of very massive stars ( > 140–300 M�; A. Heger & S.
. Woosley 2002 ), releasing energies of ∼1053 erg, where high-
nergy photons produce electron-positron pairs, reducing the
upportive radiation pressure and triggering an extreme gravi-
ational collapse (G. Rakavy & G. Shaviv 1967 ; A. Heger & S.
. Woosley 2002 ). BrHNe are CCSNe from progenitor stars of 
30−100 M� with unusually high explosion energies exceeding
052 erg (M. Modjaz et al. 2020 ). Each of these events produces
arge amounts of 56 Ni, which rapidly radioactively decays into
6 Co and then into 56 Fe, a stable isotope which increases the
bundance of iron in these systems (H. Umeda & K. Nomoto
008 ). Furthermore, both PISNe and BrHNe events occur
NRAS 552, 1–8 (2026)
redominantly in low metallicities (M. Modjaz et al. 2020 ) as the
assive stars required can only be formed in such environments,
nd neither channel is captured by standard chemical evolution
odels. 
In this letter, we present Keck Cosmic Web Imager (KCWI)
bservations of galaxies HSCJ1631 + 4426 and SDSSJ0811 + 4730,
wo local XMPs that are among the most metal-poor galaxies
nown in the local Universe, exhibiting extremely low O/H and
nomalously high Fe/O abundances. Previously, analyses involv-
ng these objects have relied primarily on single-slit spectroscopy
Y. I. Izotov et al. 2018 ; T. Kojima et al. 2021 ; Y. Isobe et al.
022 ; T. X. Thuan, N. G. Guseva & Y. I. Izotov 2022 ), with
he exception of Y. Kashiwagi et al. ( 2021 ) who presented inte-
ral field unit (IFU) observations using the Faint Object Cam-
ra and Spectrograph (FOCAS) unit on the Subaru Telescope of 
SCJ1631 + 4426 focused on its oxygen metallicity gradient. Here,
e present KCWI IFU spectroscopy of both systems, enabling
recise spatial boundary definition and higher signal-to-noise
irect-method measurements of both oxygen abundance and iron
nrichment. These observations provide crucial constraints on
hemical evolution pathways in these objects and, by extension,
he low-metallicity early Universe counterparts, indicating a need
o revise existing models of stellar feedback and metal enrich-
ent in these primordial galaxies. We adopt the solar metallic-
ty of 12 + log (O / H) = 8 . 69 and log (Fe / O) abundance ratio of 
1 . 23 (M. Asplund et al. 2009 ; M. Asplund, A. M. Amarsi & N.
revesse 2021 ). 

 OBSERVATIONS  AND  DATA  PROCESSING  

he observations of the two XMPs HSCJ1631 + 4426 ( z = 0 . 031 )
nd SDSSJ0811 + 4730 ( z = 0 . 044 ) were obtained with the KCWI
n the Keck II telescope on the 2022 March 25. All exposures were
aken using the small slicer IFU with the BL grating, covering the
avelength range 3545−5529 Å at a spectral resolution of R ∼
600 , under seeing conditions of approximately 0.9 arcsec for
DSSJ0811 + 4730 and 0.85 arcsec for HSCJ1631 + 4426. Between
ets of exposures, 90◦ rotations were applied to improve spatial
ampling, allowing the rectangular IFU spaxels to be effectively
econstructed as square spatial elements in the final data cubes. A
otal of six 1800-s exposures were taken for SDSSJ0811 + 4730 and
ight 1800-s exposures for HSCJ1631 + 4426, corresponding to to-
al integration times of 3 and 4 h, respectively. The two galaxies
n their observed field of view (FOV) are shown in Fig. 1 (a). 
The data were reduced and exposures combined following the
ethods outlined in N. M. Nielsen et al. ( 2022 ). We used the
dl version of the KCWI Data Reduction Pipeline ( drp ; v1.2.2) 1 
ith standard settings where we skipped the sky subtraction step

 kcwi_stage5sky ), with flux calibrations done with standard
tar feige56 from the KCWI drp starlist. We further reduced
he data using in-house software (N. M. Nielsen et al. 2022 ) to
emove a residual 10 per cent illumination gradient across the
OV, producing final data cubes that are flux-calibrated, sky-
ubtracted using in-frame skies, and flat to within 1 per cent. We
sed Montage 2 to optimally combine all exposures for a given
alaxy, reproject the data on to square spaxels, and crop the data
o the region over which all exposures overlap, resulting in final
ata cubes of 8.2 arcsec × 8.0 arcsec with 0.146 arcsec spaxels. The

https://github.com/Keck-DataReductionPipelines/KcwiDRP
http://montage.ipac.caltech.edu/
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(a)

(b)

Figure 1. Composite RGB images of (a) HSCJ1631 + 4426 and (b) 
SDSSJ0811 + 4730. Each image is constructed from the fitted line fluxes of 
[O iii ] λ5007 (red), H β (green), and the combined [O ii ] λ3726 + λ3729 
doublet (blue). Galaxy boundaries identified using astrodendro are 
overlaid in white, with the individual boundaries numbered for reference. 
A PSF circle and 3-arcsec scale bar are shown bottom right. An inset 
is included towards the lower left of panel a to display the map of the 
summed fitted continuum of this galaxy; such extended features are not 
present for SDSSJ0811 + 4730. 
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atacubes were then continuum-subtracted using the fit_spec 
unction of the pyplatefit package by R. Bacon et al. ( 2023 ). 
Once the nebular emission was isolated, emission lines of each 
pectrum in each spaxel was fitted using the routine outlined 
ithin A. Myszka et al. ( 2025 ), based on the lmfit package by
. Newville et al. ( 2014 ). Due to continuing difficulties with re-
orted uncertainties within lmfit (covered in A. Myszka et al. 
025 ), we again determined line flux uncertainties through a per-
pectra RMS-based approach. We note that this approach does 
ot account for Poisson noise in bright emission lines such as H β

nd [O iii ] λ5007, and as such their uncertainties are likely under-
stimated. However, as the faint iron lines driving our abundance 
easurements are dominated by continuum noise, we do not 
xpect this to impact our derived log(Fe/O) values or Monte Carlo 
ncertainties. 
Through the initial inspection of the datacubes, it became ap- 
arent that the data for HSCJ1631 + 4426 included an interesting
eature. Along with the primary body of the galaxy, there are also
iffuse features extending out from the body in two directions, 
ne towards the north and the other more south-east. These fea- 
ures are comparably quite subtle, so they can only be faintly seen
n Fig. 1 . 
To distinguish between these features and construct integra- 

ion boundaries, the astrodendro python package by T. Ro- 
itaille et al. ( 2019 ) was used on the summed H β and [O iii ] λ5007
ux maps. Boundaries were determined by a global noise-map 
MS threshold, feature contrast, and point spread function (PSF) 
ize criteria. The resulting boundaries, including one around the 
righter northern prominence of HSCJ1631 + 4426, are indicated 
n Fig. 1 . The northern prominence is blueshifted by�v ≈ 22 km 

−1 relative to the primary body, as measured from the fitted [O
ii ] λ5007 centroids of the two integrated spectra. 
In conjunction with the spatially resolved data set, results using

he fully integrated spectra of the two galaxies were also pro-
uced. To integrate the three bounded sections independently, 
pectra were combined by weighting each spaxel by its fitted [O
ii ] λ5007 flux before summation. This gives greater weight to
paxels of higher line flux, maximizing the signal-to-noise of the 
esulting integrated spectrum relative to a uniform sum over the 
oundary. The integrated spectra were then taken through an 
dentical continuum fitting and subtraction process as outlined 
bove, and then the same emission line fitting process. The final
rocessed spectra can be seen in Fig. 2 . 
Prior to abundance analysis, integrated line fluxes were cor- 

ected for dust attenuation by fitting E(B – V) via least-squares
inimization over the 21 available Balmer lines from H γ to H ω 

easured relative to H β against theoretical Case B values (D. E.
sterbrock 1989 ), applying the J. A. Cardelli, G. C. Clayton & J. S.
athis ( 1989 ) extinction law. H ζ λ3889 was excluded here due
o blending with He i λ3888.6. We obtain E(B – V) = 0 . 014 ±
 . 003 for HSCJ1631 + 4426 and E(B – V) = −0 . 084 ± 0 . 001 for
DSSJ0811 + 4730; the negative value for SDSSJ0811 + 4730 is
lipped to zero, consistent with the negligible dust content ex- 
ected at such low metallicity. The resulting corrections are small 
 � 7 per cent) as expected for XMP galaxies. The fitted and de-
eddened flux values of these emission lines are shown in Table 1 .

 RESULTS  

e measure elemental abundances through the use of the pyneb 
ython package by V. Luridiana, C. Morisset & R. A. Shaw ( 2015 ,
1.1.22), adopting a two-zone temperature scheme with sepa- 
ate electron temperatures for the O+ and O2+ ionization zones. 
e first evaluate density and [O iii ] electron temperature itera-
ively through the use of the getTemDen procedure, using [O ii ]
(λ3726) / F(λ3729) as the density line ratio and [O iii ] F(λ4959 +
5007) / F(λ4363) as the temperature ratio. The initial tempera- 
ure is set to 104 K, and the initial density is set to 100 cm−3 ; these
uickly converge to the reported values within a small number 
f iterations (< 5 ). The [O ii ] temperature is then evaluated using
he empirical Te ( [O ii ]) = 0 . 7 Te ( [O iii ]) + 3000 K , as verified by
. Campbell, R. Terlevich & J. Melnick ( 1986 ) and D. R. Garnett

 1992 ). 
The ionic abundances of O+ and O2+ are then calculated us- 

ng the getIonAbundance procedure within pyneb . The O+ 

bundance was determined using the combined [O ii ] λλ3726, 9
ux relative to the H β flux, while the O2+ abundance used the
elative [O iii ] λ4959 + λ5007 flux. These abundance values are
hen combined under the assumption O / H = O+ / H+ + O2+ / H+ 

o calculate the final oxygen abundance. 
Measurements within the second boundary of 
SCJ1631 + 4426 could not be reliably determined because 
MNRAS 552, 1–8 (2026)
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M

(a)

(b)

(c)

Figure 2. The rest-frame integrated spectra of (a) the primary boundary of HSCJ1631 + 4426, (b) the secondary boundary of HSCJ1631 + 4426, and (c) 
SDSSJ0811 + 4730. Spectra are extracted within boundaries shown in Fig. 1 , continuum-subtracted. Within each panel, insets are provided to show a 
more detailed view of the spectra around the positions of (i) [O iii ] λ4363, (ii) [Fe iii ] λ4658, and (iii) [O iii ] λ5007. 1 σ intervals are shown shaded in 
grey. 
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he required emission lines were unable to be detected in its
ntegrated spectrum. Therefore, this region is excluded from
he study. Results from the primary boundary of this galaxy are
ereafter referred to simply as HSCJ1631 + 4426. 
We determine the metallicity within HSCJ1631 + 4426 to be
2 + log (O / H) = 7 . 079 ± 0 . 010 and that of SDSSJ0811 + 4730
o be 12 + log (O / H) = 6 . 926 ± 0 . 004 , broadly consistent with,
hough not within 1 σ of, previous literature values of 6 . 90 ± 0 . 03
T. Kojima et al. 2020 ) and 6 . 98 ± 0 . 02 (Y. I. Izotov et al. 2018 ),
espectively. 
The ionic abundance of Fe2+ is similarly determined using

he getIonAbundance procedure, using the measured [Fe iii ]
4658 flux relative to H β. A value for the total iron abundance is
hen obtained through the getElemAbundance step, taking the
+ and O2+ abundances in conjunction with the low-metallicity
onization correction factor (ICF) of Y. I. Izotov et al. ( 2006 ). 
Through this method, we obtain a value of log (Fe / O) =
1 . 57 ± 0 . 17 for HSCJ1631 + 4426 and a value of log (Fe / O) =
1 . 28 ± 0 . 07 for SDSSJ0811 + 4730, consistent with but
ignificantly more precise than previous measurements of 
1 . 25+0 . 17 

−(0 . 31+0 . 22) and −1 . 06+0 . 09 
−(0 . 09+0 . 22) (T. Kojima et al. 2021 ),

eflecting our more secure [Fe iii ] λ4658 detections. 
The uncertainties on the metallicity and iron enrichment val-
es are determined by performing 1000 Monte Carlo iterations,
ltering line flux measurements by sampling a normal distribu-
ion of standard deviation equal to the respective line flux uncer-
ainties each time. 
We also determine elemental abundances adopting a second

onization correction model, that of M. Rodríguez & R. H. Ru-
in ( 2005 ). This model applies a different ionization correc-
ion scheme, and has been shown to produce values approxi-
NRAS 552, 1–8 (2026)

w

ately 0.2 dex lower (T. Kojima et al. 2021 ; Y. Isobe et al. 2022 ).
hrough this process, we find iron enrichments of −1 . 80 ± 0 . 16
or HSCJ1631 + 4426 and −1 . 55 ± 0 . 08 for SDSSJ0811 + 4730, cor-
esponding to decreases in log (Fe / O) of 0.23 and 0.27, respec-
ively, in agreement with previous literature. These differences
re treated as additional systematic uncertainties and discussed
urther in Section 4 . 
We also test the sensitivity of the derived log (Fe / O) to the
hoice of [Fe iii ] atomic data by repeating the abundance
alculation across all six data sets available in pyneb, 3 find-
ng that the derived values range from −1 . 62 to −1 . 52 (0.10
ex) for HSCJ1631 + 4426 and −1 . 35 to −1 . 22 (0.13 dex) for
DSSJ0811 + 4730, with the adopted default data set sitting near
he centre of each distribution. 
Integrated 12 + log (O / H) metallicity and log (Fe / O) iron en-

ichment values are shown, together with the derived intermedi-
te quantities and additional sources of uncertainty, in Table 2 . 
If we neglect to separate the extended features from the pri-
ary structure of HSCJ1631 + 4426, combining the light from
cross the whole FOV, we approach near identical metallicity
nd iron enrichment values of 12 + log (O / H) = 7 . 08 ± 0 . 02 and
og (Fe / O) = −1 . 57 ± 0 . 19 . This indicates that any differences to
he line ratios and abundances within the extended features of 
his galaxy are completely dominated by the bright emissions
ith S. Johansson et al. ( 2000 ), all revised by C. Mendoza et al. ( 2023 ). 
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Table 1. Fitted and de-reddened flux values for key and supplementary emission lines measured in the 
integrated spectra of the two XMP galaxies. Wavelengths are given as measured in air. Fluxes are shown 
normalized to F(H β) = 100. Lines of signal-to-noise ratio less than the threshold of 3 (undetected) are 
given as upper limits. Measured line fluxes from the same spectrum (boundary) hold the same uncertainty 
values due to the RMS-based approach mentioned in Section 2 . The [Fe ii ] line marked with a star ( � ) 
is likely blended with permitted Fe ii emission; non-detection of [Fe ii ] λ4244 suggests the forbidden 
contribution is negligible. 

HSCJ1631 + 4426 SDSSJ0811 + 4730 
Line λ (Å ) Boundary 1 Boundary 2 Boundary 1 

[O ii ] 3726.032 15.35 ± 0.11 51.06 ± 2.58 5.91 ± 0.04 
[O ii ] 3728.815 22.42 ± 0.11 68.86 ± 2.58 7.90 ± 0.04 
He i 3819.6074 0.88 ± 0.11 < 7.74 0.96 ± 0.04 
[Ne iii ] 3868.760 14.00 ± 0.11 11.55 ± 2.58 12.87 ± 0.04 
He i 3888.648 13.88 ± 0.11 18.44 ± 2.58 14.53 ± 0.04 
He i 3964.7291 0.77 ± 0.11 < 7.74 0.80 ± 0.04 
[Ne iii ] 3967.470 5.09 ± 0.11 < 7.74 4.55 ± 0.04 
H ε 3970.079 16.19 ± 0.11 14.28 ± 2.58 17.04 ± 0.04 
He i 4026.190 1.65 ± 0.11 < 7.74 1.88 ± 0.04 
H δ 4101.742 26.00 ± 0.11 24.98 ± 2.58 27.29 ± 0.04 
He i 4143.761 < 0.33 < 7.74 0.31 ± 0.04 
H γ 4340.471 46.83 ± 0.11 50.47 ± 2.58 49.65 ± 0.04 
[Fe ii ] � 4358.162 < 0.33 < 7.74 0.15 ± 0.04 
[O iii ] 4363.210 5.63 ± 0.11 < 7.74 6.10 ± 0.04 
He i 4387.929 0.37 ± 0.11 < 7.74 0.47 ± 0.04 
He i 4471.479 3.45 ± 0.11 < 7.74 3.96 ± 0.04 
[Fe iii ] 4658.050 0.34 ± 0.11 < 7.74 0.27 ± 0.04 
He ii 4685.710 0.72 ± 0.11 < 7.74 1.83 ± 0.04 
[Ar iv ] 4711.260 0.35 ± 0.11 < 7.74 0.38 ± 0.04 
He i 4713.1457 0.46 ± 0.11 < 7.74 0.64 ± 0.04 
[Ar iv ] 4740.120 < 0.33 < 7.74 0.31 ± 0.04 
H β 4861.333 100.00 ± 0.11 100.00 ± 2.58 100.00 ± 0.04 
He i 4921.9313 0.87 ± 0.11 < 7.74 0.91 ± 0.04 
[O iii ] 4958.911 56.96 ± 0.11 27.76 ± 2.58 54.21 ± 0.04 
[Fe i ] 4985.9838 0.66 ± 0.11 < 7.74 0.31 ± 0.04 
[O iii ] 5006.843 171.98 ± 0.11 87.27 ± 2.58 162.23 ± 0.04 
He i 5015.6783 1.76 ± 0.11 < 7.74 1.81 ± 0.04 
F(H β), 
10−16 erg 
s–1 cm–2 

9.941 ± 0.010 0.285 ± 0.007 22.849 ± 0.010 
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Table 2. Integrated properties of the primary boundary of 
HSCJ1631 + 4426 and SDSSJ0811 + 4730. The properties of the secondary 
boundary of HSCJ1631 + 4426 are not given as none were measurable. 
Reported uncertainties on log(Fe / O) reflect Monte Carlo propagation 
of line flux uncertainties only. �log(Fe / O)ICF and �log(Fe / O)atom 

give the additional systematic offsets from the choice of ionization 
correction factor and [Fe iii ] atomic data, respectively, as discussed in 
Section 4 . 

Property HSCJ1631 + 4426 SDSSJ0811 + 4730 

EW0 (H β) 121.9 ± 0.6 271.3 ± 1.3 
Te ([O iii ]), K 19 729 ± 221 21 522 ± 107 
Te ([O ii ]), K 16 810 ± 155 18 066 ± 75 
ne , cm−3 17.63 ± 9.08 129.64 ± 13.00 
O+ /H+ (×10−6 ) 2.19 ± 0.06 0.674 ± 0.008 
O2+ /H+ (×10−6 ) 9.80 ± 0.23 7.75 ± 0.08 
O/H (×10−5 ) 1.20 ± 0.03 0.843 ± 0.008 
12 + log(O/H) 7.079 ± 0.010 6.926 ± 0.004 
Fe2+ /H+ (×10−8 ) 4.29 ± 1.36 2.56 ± 0.42 
Fe/H (×10−7 ) 3.19 ± 1.01 4.40 ± 0.73 
log(Fe / O) −1 . 57 ± 0 . 17 −1 . 28 ± 0 . 07 
�log(Fe / O)ICF −0 . 23 −0 . 27 
�log(Fe / O)atom 

±0 . 10 ±0 . 13 
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ontained within its primary boundary and are therefore unmea- 
urable in the data. 
We measure the equivalent width of H β, EW0 (H β), from

he continuum fit in spectral windows either side of the H β

ine (4825–4845 Å and 4880–4900 Å ), obtaining 121 . 9 ± 0 . 6 Å 

nd 271 . 3 ± 1 . 3 Å for HSCJ1631 + 4426 and SDSSJ0811 + 4730,
espectively. 

 DISCUSSION  

he derived oxygen abundances confirm that both 
SCJ1631 + 4426 and SDSSJ0811 + 4730 are among the most
hemically pristine star-forming galaxies in the known local 
niverse; both fall significantly below 10 per cent Z� to be classed
s XMPs. Coupled with the elevated Fe/O ratios measured in 
oth systems, this strongly suggests a non-standard enrichment 
athway not captured by conventional chemical evolution 
odels. 
The contributions of SNe Ia drive an increase in log (Fe / O) at
etallicities of 12 + log (O / H) > 8 (T. Bensby & S. Feltzing 2006 ),
ith the accumulation of iron below this threshold owing primar- 
ly to CCSNe (T. Kojima et al. 2021 ). When compared to Galactic
tellar abundances, the two galaxies exhibit a clear divergence 
MNRAS 552, 1–8 (2026)
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M

Figure 3. A comparison of Fe/O and 12 + log (O / H) data, adapted from 

T. Kojima et al. ( 2021 ), with our results for the primary boundary of 
HSCJ1631 + 4426 and SDSSJ0811 + 4730 shown as coloured stars. Error 
bars on the star symbols indicate Monte Carlo uncertainties; systematic 
uncertainties from the ICF and [Fe iii ] atomic data choices are discussed 
in Section 3 . Galaxies from the T. Kojima et al. ( 2021 ) sample are shown 
as square points, with HSCJ1631 + 4426 and SDSSJ0811 + 4730 in their 
respective colours; stellar data from T. Bensby, S. Feltzing & M. S. Oey 
( 2014 ), R. Cayrel et al. ( 2004 ), R. G. Gratton et al. ( 2003 ), B. Edvardsson 
et al. ( 1993 ), and B. E. Reddy et al. ( 2003 ) are shown as circles. Dashed 
lines show the Milky Way chemical evolution models of A. Suzuki & 

K. Maeda ( 2018 ) ( 9−100 M� gas enrichment) and a new model com- 
puted for this work (K26), extending C. Kobayashi, A. I. Karakas & M. 
Lugaro ( 2020 ) with a flattened Population III IMF ( 10−280 M�, x = 

0 versus standard Salpeter x = 1 . 35 ) to enable PISNe. Uncertainties in 
12 + log (O / H) are too small to be seen under point markers; see Table 2 . 
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Figure 4. Fe/O-age evolutionary tracks, adapted from Y. Isobe et al. 
( 2022 ), with our results for HSCJ1631 + 4426 and SDSSJ0811 + 4730 over- 
laid. Solid lines indicate theoretical chemical evolution model pathways 
(Y. Isobe et al. 2022 ) for a 20 per cent proportion of bright hypernovae 
(BrHN 20 per cent), pair-instability supernovae (PISN), entirely hyper- 
novae (HN), or no hypernovae/PISNe (No HN/PISN). Dashed lines show 

the Milky Way Fe/O models of A. Suzuki & K. Maeda ( 2018 ) ( 9−100 M�
gas enrichment) and a new model computed for this work (K26), extend- 
ing C. Kobayashi et al. ( 2020 ) with a flattened Population III IMF ( 10−280 
M�, x = 0 versus standard Salpeter x = 1 . 35 ) to enable PISNe. Error 
bars indicate Monte Carlo uncertainties; ICF and [Fe iii ] atomic data 
systematics are discussed in Section 3 . The solar log(Fe/O) is shown as the 
horizontal dotted line. Progenitor mass and explosion-energy ranges from 

A. Heger & S. E. Woosley ( 2002 ) and Y. Isobe et al. ( 2022 ); HNe and BrHNe 
share similar progenitor mass ranges but differ in explosion energy, with 
BrHNe representing the higher-energy subset. 
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rom the Milky Way Fe/O evolutionary track, being well below
2 + log (O / H) = 8 with very high log (Fe / O) . 
Fig. 3 shows the positions of the two XMP galaxies in
etallicity-log (Fe / O) space, highlighting their anomalously high
ron enrichment. 
T. Kojima et al. ( 2021 ) investigate whether the elevated

og (Fe / O) ratios could be artificially inflated by hard extreme-
ltraviolet radiation, shock heating, or contamination from C iv
4659, and rule out each of these effects as a dominant con-
ributor. The authors also find that the preferential depletion
f iron into dust relative to oxygen dominates as metallicity in-
reases, producing the negative correlation between log (Fe / O)
nd 12 + log (O / H) visible in the T. Kojima et al. ( 2021 ) sample
n Fig. 3 (square points). However, such dust formation is negli-
ible at the extremely low metallicities of HSCJ1631 + 4426 and
DSSJ0811 + 4730; this effect cannot explain their elevated iron
nhancements. 
Y. Isobe et al. ( 2022 ) additionally exclude the contributions
f SNe Ia to the iron enrichment of SDSSJ0811 + 4730, due to
ts approximate age of only ∼10 Myr, as well as indicating
SCJ1631 + 4426 cannot be consistent with the MW model to 1 σ .
heir measurements of the N/O ratio for each galaxy also support
heir conclusions. Based on these constraints, the authors iden-
ify enrichment from BrHNe and/or PISNe as the most plausible
echanisms for producing the elevated iron enrichment. We note
hat the previous [Fe iii ] λ4658 detection in HSCJ1631 + 4426 was
arginal at 2 . 4 σ (T. Kojima et al. 2021 ); our KCWI data improve
his to 3 . 1 σ and 6 . 8 σ for HSCJ1631 + 4426 and SDSSJ0811 + 4730,
NRAS 552, 1–8 (2026)
espectively, lending greater confidence to the derived Fe/O
alues. 
Fig. 4 displays several Fe/O-age evolutionary tracks with the
ositions of the two XMP galaxies overlaid. Here, we combine
he iron enrichment values determined through this work with
he 50 Myr age of HSCJ1631 + 4426 reported by T. Kojima et al.
 2020 ) and the age of SDSSJ0811 + 4730 by Y. I. Izotov et al. ( 2018 )
f 3.3 Myr. This comparison indicates that for such elevated iron
nrichment to occur, current models predict that contributions
rom the highly energetic BrHNe and/or PISNe are required at
he young ages of these systems. Independent EW0 (H β) age esti-
ates from pystarburst99 (C. Hawcroft et al. 2025 ) yield ∼4.1
yr for HSCJ1631 + 4426 and ∼2.8 Myr for SDSSJ0811 + 4730,
ignificantly younger than the ∼50 Myr of T. Kojima et al. ( 2020 )
erived via SED fitting, likely reflecting the greater sensitiv-
ty of the EW method to the current starburst rather than the
ntegrated stellar population. Regardless of which estimate is
dopted, both ages are well below the ∼1 Gyr delay time for sig-
ificant SNe Ia iron enrichment (D. Maoz et al. 2014 ), reinforcing
hat the observed Fe/O excess cannot be attributed to delayed iron
roduction. 
We note that both galaxies have stellar masses of 

og (M� / M�) � 6 . 3 (Y. I. Izotov et al. 2018 ; T. Kojima et al.
020 ), raising the question of whether the high-mass stellar tail
f the IMF is sufficiently populated to produce PISNe or BrHNe
n a statistical sense. Scaling the pystarburst99 ionizing output
o the observed H β luminosities of 2 . 2 × 1039 and 1 . 0 × 1040 
rg s−1 for HSCJ1631 + 4426 and SDSSJ0811 + 4730, respectively,
mplies burst masses of ∼2 and ∼ 5 × 105 M�, sufficient for
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 G. Chabrier ( 2003 ) initial mass function (IMF) to populate
he very massive tail with tens of stars above 140 M� such that
nrichment need not rely on a single statistical fluctuation. 
The same luminosities, combined with our measured Te and 

e , imply ∼106 M� of ionized gas and hence only ∼25–30 M�
f iron in the emitting phase. This is a lower limit, as neither
eutral gas nor iron depleted on to dust is accounted for. Since
 single PISN can synthesize tens of M� of 56 Ni (A. Heger & S. E.
oosley 2002 ), and even a normal hypernova∼0 . 4 M� of iron (Y.
sobe et al. 2022 ), the observed enrichment requires only a small
umber of such events rather than a finely tuned population, 
ell within the population implied by the burst masses above. 
herefore, the proposed scenario is consistent with the absolute 
mission-line luminosities as well as the abundance ratios. 
While the results favour enrichment pathways involving PISNe 
nd/or BrHNe, we emphasize that iron abundance measure- 
ents in XMPs carry substantial systematic uncertainty that the 
iterature has yet to fully resolve. The dominant sources are the
hoice of ionization correction factor, which alone introduces a 
ystematic uncertainty of ∼ 0 . 2−0 . 3 dex seen in this study and
he previous by Y. Isobe et al. ( 2022 ), the choice of [Fe iii ] atomic
ata, which contributes a further ∼ 0 . 10−0 . 13 dex as quantified
n Section 3 , and the reliance on a single [Fe iii ] emission line.
e also note that the Y. I. Izotov et al. ( 2006 ) ICF was calibrated
nder standard star-forming conditions, and harder ionizing ra- 
iation in these systems could in principle affect the iron ICF 
ore than other abundance ratios; however, comparing the ion- 
zation parameter proxy [O iii ]/[O ii ] against log (Fe / O) across
ur sample and the broader XMP sample of T. Kojima et al. ( 2021 )
eveals no significant correlation (Spearman ρ = 0 . 17 , p = 0 . 61 ),
uggesting this is not the dominant driver. Despite these uncer- 
ainties, the persistence of elevated log (Fe / O) across multiple 
ndependent studies, ionization models, and observational data 
ets demonstrates that the conclusion of anomalously efficient 
ron production at extremely low metallicity is robust. Firmly 
stablishing the enrichment mechanism will ultimately require 
oth improved atomic data for Fe2+ and observations of addi- 
ional abundance diagnostics. 
In a sample of local XMPs, K. Watanabe et al. ( 2024 )
emonstrates that Ar/O and S/O ratios fall well below the 
redictions of PISN chemical evolution models, favouring 
nrichment by CCSNe/HNe with mixing and fallback over 
ISNe, despite those same galaxies exhibiting elevated Fe/O. 
uture red-optical observations extending to the [Ar iii ] λ7136 
nd [S ii ]/[S iii ] lines in HSCJ1631 + 4426 and SDSSJ0811 + 4730
ould therefore be valuable for determining whether PISNe 
re truly required to explain the observed iron enrichment, or 
hether BrHNe alone can suffice. 

 SUMMARY  AND  CONCLUSIONS  

e present spatially resolved KCWI spectroscopy of 
he extremely metal-poor galaxies HSCJ1631 + 4426 and 
DSSJ0811 + 4730 ( Z < 2 . 5 per cent Z�), which exhibit unusually
igh iron enrichment relative to oxygen despite their chemically 
rimitive nature. Integrating the KCWI spectra within well- 
efined spatial boundaries, we measure over 40 nebular 
mission lines to derive electron temperatures, densities, and gas- 
hase abundances, obtaining 12 + log (O / H) = 7 . 079 ± 0 . 010
nd log (Fe / O) = −1 . 57 ± 0 . 17 for HSCJ1631 + 4426, and
2 + log (O / H) = 6 . 926 ± 0 . 004 and log (Fe / O) = −1 . 28 ± 0 . 07
or SDSSJ0811 + 4730. 
Despite their extremely low oxygen abundances, both galaxies 
isplay Fe/O ratios comparable to Milky Way stars at much higher
etallicities, inconsistent with standard CCSNe yields or delayed 
Ne Ia enrichment given their young ages; comparison with 
hemical evolution models instead requires contributions from 

are, highly energetic explosions such as PISNe and/or BrHNe. 
While iron abundances are sensitive to the choice of ionization 
orrection and [Fe iii ] atomic data, the persistence of elevated
e/O across multiple studies and data sets confirms the con- 
lusion of unusually efficient iron production at extremely low 

etallicity is robust; the derived abundances are dominated by 
he brightest emission, with no measurable contribution from 

ower-surface-brightness extended features. 
These results strengthen the growing evidence that early chem- 

cal enrichment in extremely metal-poor galaxies may be driven 
y rare, highly energetic stellar explosions, with HSCJ1631 + 4426 
nd SDSSJ0811 + 4730 providing valuable local environments for 
onstraining nucleosynthetic pathways that likely operated in the 
arly Universe. The spatially resolved KCWI data further offer the 
pportunity for future full spectral fitting to characterize stellar 
opulations, kinematics, and interstellar medium (ISM) condi- 
ions across these systems. 
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