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ABSTRACT

The discovery of a star formed out of pair-instability supernova ejecta would have massive impli-
cations for the Population III star initial mass function and the existence of stars over 100 M⊙, but
none have yet been found. Recently, the star LAMOST J1010+2358 was claimed to be a star that
formed out of gas enriched by a pair-instability supernova. We present a non-LTE abundance analy-
sis of a new high-resolution Keck/HIRES spectrum of J1010+2358. We determined the carbon and
aluminum abundances needed to definitively distinguish between enrichment by a pair-instability and
core-collapse supernova. Our new analysis demonstrates that J1010 + 2358 does not have the unique
abundance pattern of a a pair-instability supernova, but was instead enriched by the ejecta of a low
mass core-collapse supernova. Thus, there are still no known stars displaying unambiguous signatures
of pair-instability supernovae.
Subject headings: stars: abundances – first stars, galaxies, reionization

1. INTRODUCTION

The first Population III stars in the universe are
thought to have been extremely massive (Bromm et al.
2001; Hirano et al. 2014). The top-heavy initial mass
function should easily populate the mass range of 140−
260M⊙, where stars are expected to explode as pair-
instability supernovae (PISNe, e.g., Heger et al. 2003;
Yoon et al. 2012; Nomoto et al. 2013). PISNe are ex-
pected to produce a unique abundance pattern with ex-
tremely strong odd-even ratios (Heger & Woosley 2002;
Takahashi et al. 2018). Detecting even one star with a
PISN signature would have important implications for
the Population III initial mass function (e.g., Koutsouri-
dou et al. 2024).
However, stars exhibiting a clear PISN signature have

remained elusive. The first claimed PISN detection
(Aoki et al. 2014) turned out to have an abundance
pattern more consistent with a core-collapse supernova
(e.g., Takahashi et al. 2018). One difficulty with finding
PISNe is that they likely enrich stars to relatively high
metallicities [Fe/H] ∼ −2.5 or −2.0, so they may be
missed in most surveys that primarily target stars with
[Fe/H] . −3 (Karlsson et al. 2008). The PISN signa-
tures are rapidly erased by any contamination (e.g., Ji
et al. 2015), so the signature should be searched for in
the presence of contamination by other supernovae (Sal-
vadori et al. 2019; Aguado et al. 2023).
Recently, Xing et al. (2023) discovered that the metal-

poor star LAMOST J1010+2358 (hereafter abbreviated
J1010 + 2358) is a likely candidate that has preserved a
PISN signature. They found the star has high metallicity
( [Fe/H] = −2.4), low [Mg/Fe], and an extreme odd-even
effect including non-detections of Na, Sc, Zn, Sr, and
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Ba. The derived abundance pattern is a clear match to
a massive (260M⊙) PISN. However, Jeena et al. (2024,
hereafter J24) and Koutsouridou et al. (2024) pointed out
that the abundance pattern could also be consistent with
a core-collapse supernova (CCSN). Key elements needed
to strengthen the PISN claim include low abundances
of carbon, aluminum, and potassium, which were not
measured in the original analysis.
Here we present a new abundance analysis of J1010 +

2358 using a high signal-to-noise ratio Keck/HIRES spec-
trum covering an expanded wavelength range. In Section
2, we discuss the data and then explain our method of
deriving elemental abundances for J1010+ 2358. In Sec-
tion 3, we present the best fitting SN models to our abun-
dances, and we compare our findings to Xing et al. (2023,
hereafter X23) in Section 4. Contrary to their result, and
consistent with the alternate interpretation proposed by
J24, we find that J1010 + 2358 is best explained by a
CCSN and not a PISN progenitor.

2. OBSERVATIONS AND ABUNDANCE ANALYSIS

2.1. Observations

We obtained a spectrum of J1010+ 2358 on 2024 Jan-
uary 18 using Keck/HIRES (Vogt et al. 1994) with its
red cross-disperser. The exposure time was 8100s over
5 exposures with a 1.′′1 slit and 2x1 binning, resulting
in a resolution of R ∼ 36000. Data were reduced using
MAKEE v6.41. We also observed a nearby telluric standard
(HR 3601) to verify that the lines used in this analysis
are unaffected by telluric absorption. The signal-to-noise
(S/N) is 30 per 0.02 Å pixel at 3950 Å where the blue Al
lines are located and 75 per 0.03 Å pixel at 7700 Å where

1 https://sites.astro.caltech.edu/~tb/ipac_staff/tab/
makee/
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of 0.3 dex to include our range of log g values. Our vt
uncertainty is also 0.2 km s−1, which is consistent with
the Frebel et al. (2013) value and includes the upper end
of the best-fit vt range from LOTUS.
We adopted [α/Fe] = 0.0 and a model metallicity

[M/H] = −2.5 with an uncertainty of 0.2 dex because the
ATLAS model atmosphere grid we used for [α/Fe] = 0.0
does not extend below −2.5. While this value departs
from our final [Fe/H] fit, the dependence of the model
atmospheres on the [M/H] is weak and does not con-
tribute strongly to our final abundance uncertainty.

2.3. LTE Abundances

We conducted an abundance analysis using a similar
setup as X23: Castelli & Kurucz (2004) model atmo-
spheres and MOOG radiative transfer that assumes local
thermodynamic equilibrium (LTE) but includes scatter-
ing (Sneden 1973; Sobeck et al. 2011). Linelists for the
analysis were adopted from Ji et al. (2020), with the
atomic data originating from linemake (Placco et al.
2021). We fit equivalent widths and best-fit syntheses
in smhr including formal 5σ upper limits for undetected
lines (see Ji et al. 2020 for details).
We also used TSFitPy (Gerber et al. 2023), which uses

Turbospectrum (Plez 2012) and the standard MARCS
model atmospheres (Gustafsson et al. 2008) to fit selected
lines with syntheses. The abundances derived via this
method were consistent with the MOOG abundances for
most lines, and we adopt line-by-line differences between
MOOG/ATLAS and Turbospectrum/MARCS as system-
atic uncertainties for each line.
We calculated an abundance and an associated error

for each detected line in our analysis. The total error
Ei,tot for each line i was calculated as the quadrature
sum of the statistical error of the MOOG fits, the abun-
dance difference of the MOOG and TSFitPy fits, the abun-
dance difference that comes from increasing one of Teff ,
log g, [M/H], and vt by the adopted uncertainties, and a
minimum systematic error of 0.1 dex for any unmodeled
effects. The final LTE abundances are weighted means
of the individual line abundances for each species, us-
ing inverse variance weights wi = 1/E2

i,tot. The error on
the abundance is the uncertainty of the weighted mean,
σǫ = (

∑
i wi)

−1/2. The uncertainty of the [X/Fe] ratios,
σXFe, differ from σǫ because they account for correlations
in X and Fe due to the stellar parameter uncertainties.

2.4. NLTE Corrections

The assumption of local thermodynamic equilibrium
(LTE) fixes the distribution of atoms across their energy
levels according to the Saha-Boltzmann equation. How-
ever, radiative and collisional interactions can cause the
level populations to deviate from LTE. These non-LTE
(NLTE) effects can be calculated by solving for statisti-
cal equilibrium, which influences the abundances inferred
from the spectrum.
We used TSFitPy to determine NLTE corrections for

individual lines (Gerber et al. 2023). TSFitPy uses pre-
computed NLTE departure coefficient grids calculated
from the following model atoms: Na (Larsen et al. 2022),
Mg (Bergemann et al. 2017), Ca (Mashonkina et al. 2017;
Semenova et al. 2020), Ti (Bergemann 2011), Mn (Berge-
mann et al. 2019), Fe (Bergemann et al. 2012a; Semenova

TABLE 2
Chemical Abundances

ID N log ǫ [X/H] [X/Fe] σǫ σXFe ∆NLTE

CH 2 6.10 −2.46 +0.16 0.26 0.21 . . .

O I 1 <8.59 <−0.18 <+2.44 limit limit . . .

Na I 2 2.25 −4.04 −1.42 0.13 0.08 −0.03
Mg I 4 4.30 −3.25 −0.63 0.11 0.08 +0.02
Al I 2 2.70 −3.73 −1.11 0.20 0.15 +0.61
K I 1 <2.93 <−2.21 <+0.41 limit limit . . .

Ca I 4 3.33 −3.04 −0.42 0.08 0.08 +0.04
Sc II 2 −0.18 −3.25 −0.63 0.19 0.21 . . .

Ti I 3 2.28 −2.66 −0.04 0.15 0.10 +0.20
Ti II 5 2.05 −2.89 −0.27 0.07 0.12 +0.15
V I 1 <1.52 <−2.37 <+0.25 limit limit . . .

V II 1 <2.08 <−1.81 <+0.81 limit limit . . .

Cr I 2 2.73 −3.01 −0.39 0.15 0.08 . . .

Mn I 2 2.52 −3.00 −0.37 0.13 0.11 +0.23
Fe I 73 4.88 −2.62 0.00 0.02 0.02 +0.09
Fe II 6 4.78 −2.72 −0.10 0.07 0.16 +0.01
Co I 2 2.18 −2.77 −0.14 0.15 0.09 +0.16
Ni I 1 3.57 −2.67 −0.05 0.20 0.12 +0.36
Zn I 1 <2.64 <−1.92 <+0.70 limit limit . . .

Sr II 2 −1.19 −4.06 −1.44 0.13 0.16 +0.07
Ba II 1 <−1.52 <−3.70 <−1.08 limit limit . . .

Eu II 1 <−0.85 <−1.37 <+1.25 limit limit . . .

NOTE: The Magg et al. (2022) solar abundances were used for
normalization. NLTE corrections are already applied to the log ǫ
and other abundance values. [X/Fe] has an additional NLTE
correction for [Fe/H] already applied. We use the species Fe I,

Ti II, and V II for SN model fitting.

et al. 2020), Co (Bergemann et al. 2010; Yakovleva et al.
2020), Ni (Bergemann et al. 2021; Voronov et al. 2022),
Sr (Bergemann et al. 2012b). The NLTE correction
for a single line is computed by taking the difference of
the NLTE abundance and the LTE abundance from fit-
ting the spectrum with TSFitPy. The NLTE corrections
for the Aluminum lines were calculated seperately from
Nordlander & Lind (2017). The total NLTE correction
uses the MOOG line weights.
Our final abundances for J1010+2358 are the weighted

average MOOG abundances with the weighted average
TSFitPy NLTE correction. These final abundances are
listed in Table 2 as log ǫ, [X/H], and [X/Fe] alongside
their error and the NLTE corrections (which are al-
ready incorporated into the abundances). We adopt solar
abundances from Magg et al. (2022), which are revised
from Asplund et al. (2009).
The final abundances are plotted in Figure 2 as [X/Fe]

in comparison to the original X23 abundances and the
distribution of abundances for stars with −3 < [Fe/H] <
−1.5 from the SAGA database (Suda et al. 2008). We
adjust the SAGA aluminum abundances by our adopted
NLTE correction since they were mainly computed in
LTE. Compared to the SAGA stars, J1010+2358 is low
in magnesium, calcium, and barium. Additionally, we
find that the star is low in sodium, scandium, titanium,
and strontium, though not as low as X23 reported.

3. SN YIELD FITS

We compare our abundances to a grid of 16800 CCSN
nucleosynthesis models (Heger & Woosley 2010) and 14
PISN models (Heger & Woosley 2002). We determine
the best-fit model by minimizing the mean absolute devi-
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Because it substantially affects the interpretation, we
investigated possible reasons for our abundance differ-
ences compared to X23. First, they adopted different
stellar parameters; most importantly, their log g of 3.6,
differs from our value of 4.68. Though our spectroscopic
and photometric parameters disagree with this result, we
analyzed our spectrum with their stellar parameters and
in LTE. The discrepancies between our values of scan-
dium and magnesium are attributable to the different
stellar parameters, but other elements remain inconsis-
tent.
Our uncorrected, LTE abundances have a slightly

stronger odd-even effect in the Fe peak elements; how-
ever, repeating our SN fitting procedure yielded the same
result, with the same exclusion of PISNe from the well-
fitting models. We could find no changes in the analysis
of our spectrum that would reproduce the low Na or Si
detection reported by X23.
In particular, our Na D detection is in direct conflict

with the clear non-detection shown in their extended
data figure 1. We thus downloaded the data used in
X23 from the SMOKA archive (Baba et al. 2002) and
reduced it in IRAF (Tody 1986, 1993; Fitzpatrick et al.
2024) with the HDS routines. The S/N of the HDS spec-
trum is lower than the HIRES spectrum, but we clearly
see the two stellar Na D lines, as well as the stronger
interstellar absorption components (Fig 1). The stellar
Na lines are also visible on the raw 2D science image,
where we identify some cosmic rays near the Na D lines.
We suspect cosmic ray removal could have impacted the
data reduction in X23. Furthermore, the 2D inspection
shows that the star is not centered on the slit, making
sky subtraction more difficult. As a final check, we mea-
sured equivalent widths of the lines we analyzed in our
reduction of the HDS spectrum, finding no significant dif-
ferences after accounting for spectrum noise. In any case,
our higher S/N Keck/HIRES spectrum should provide a
more reliable abundance analysis.
Recently, Skúladóttir et al. (2024) published an inde-

pendent analysis of a VLT/UVES spectrum of J1010 +
2358. Their abundance measurements agree with our

analysis, and they additionally consider combinations
of multiple supernova progenitors. Their work favors a
combination of Population II and III CCSNe to explain
the abundance pattern of J1010 + 2358.

5. CONCLUSION

We present a new abundance analysis of the PISN
candidate, J1010 + 2358. We collected a Keck/HIRES
spectrum and calculated abundances using both equiv-
alent width fitting and spectral synthesis fitting. Our
new abundances confirm that the abundance pattern of
J1010+2358 originated in a core-collapse supernova, and
not a pair-instability supernova, as previously reported.
Consistent with the suggestion of Jeena et al. (2024), our
new carbon and aluminum measurements strongly favor
a CCSN explanation over a PISN explanation. We find
other discrepancies in our abundances compared with
those determined by Xing et al. (2023). Our result means
that a true PISN candidate is yet to be found.
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Astrophysical Journal Letters, 962, L26,
doi: 10.3847/2041-8213/ad2466

Larsen, S. S., Eitner, P., Magg, E., et al. 2022, A&A, 660, A88,
doi: 10.1051/0004-6361/202142243

Li, Y., & Ezzeddine, R. 2023, The Astronomical Journal, 165,
145, doi: 10.3847/1538-3881/acb7f0

Limongi, M., & Chieffi, A. 2012, ApJS, 199, 38,
doi: 10.1088/0067-0049/199/2/38

—. 2018, ApJS, 237, 13, doi: 10.3847/1538-4365/aacb24
Magg, E., Bergemann, M., Serenelli, A., et al. 2022, A&A, 661,

A140, doi: 10.1051/0004-6361/202142971
Mashonkina, L., Sitnova, T., & Belyaev, A. K. 2017, A&A, 605,

A53, doi: 10.1051/0004-6361/201731236
Mucciarelli, A., Bellazzini, M., & Massari, D. 2021, A&A, 653,

A90, doi: 10.1051/0004-6361/202140979
Nomoto, K., Kobayashi, C., & Tominaga, N. 2013, ARA&A, 51,

457, doi: 10.1146/annurev-astro-082812-140956
Nordlander, T., & Lind, K. 2017, A&A, 607, A75,

doi: 10.1051/0004-6361/201730427
Placco, V. M., Sneden, C., Roederer, I. U., et al. 2021, linemake:

Line list generator, Astrophysics Source Code Library, record
ascl:2104.027. http://ascl.net/2104.027

Plez, B. 2012, Turbospectrum: Code for spectral synthesis,
Astrophysics Source Code Library, record ascl:1205.004.
http://ascl.net/1205.004

Ritter, C., Herwig, F., Jones, S., et al. 2018, MNRAS, 480, 538,
doi: 10.1093/mnras/sty1729

Salvadori, S., Bonifacio, P., Caffau, E., et al. 2019, MNRAS, 487,
4261, doi: 10.1093/mnras/stz1464

Semenova, E., Bergemann, M., Deal, M., et al. 2020, A&A, 643,
A164, doi: 10.1051/0004-6361/202038833

Sieverding, A., Kresse, D., & Janka, H.-T. 2023, arXiv e-prints,
arXiv:2308.09659, doi: 10.48550/arXiv.2308.09659

Sieverding, A., Müller, B., & Qian, Y.-Z. 2020, The Astrophysical
Journal, 904, 163, doi: 10.3847/1538-4357/abc61b
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