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Nucleosynthesis in the early universe:
What did we learn from the abundances of Extremely Metal-Poor (EMP) stars?

• The basic picture 

• EMP as a probe of the nature of the first stars and their supernovae

• Challenges in the abundance interpretation

• “mono-” vs. “multi-” enriched EMPs

• Abundances of odd-Z elements: the case of Potassium (K)

• Future Prospects - go beyond the solar neighborhood



Abundances of EMPs： A basic picture

Credit: NAOJ/ESO Audouze&Silk95, Freeman&Bland-Hawthorn00, Beers&Christlieb05, Frebel&Norris15

First stars

Supernova

Next generation stars

[Fe/H] = log (NFe/NH) − log (NFe/NH)⊙

Extremely Metal-poor Stars 
(EMP, [Fe/H] )< − 3

Credit: ESA/NASAJWST



EMP stars in our Galaxy

Sun

Mostly located within ∼ 3 kpc

SAGA database (Suda+08)

Sestito+19, 20; Carollo & Chiba21, Carollo+23, Zhang+24 

A wide range of orbital kinematics 

Very rare:  of stars near the Sun10−4 − 10−5

Shorck+09, Naidu+20, Youakim+20, Bonifacio+21, +25



Elemental abundance ratios from surveys
385 Very metal-poor stars from LAMOST + Subaru survey

A small scatter in Fe-peak 
elemental abundances

➡ the nucleosynthesis sources are 
independent of the birth environment

Cayrel+04, Cohen+13, Yong+13, Roederer+14 

A few outliers hinting at unusual 
metal source in the early Universe

Xing+19, 23, Skúladóttir+24

Subaruプレスリリース, credit: 中国国家天文台

About of the Main-Sequence 
Turn-Off stars are “CEMP”, half of 
them are “CEMP-no”  

30 %

MSTO
Li, Aoki+22

Aoki+18



First star’s supernovae as a possible origin of CEMP-no
Abundance distribution after a first star’s supernova 
Umeda & Nomoto02,03;  Tominaga+07

➡ Simultaneously reproduce the variation in Carbon 
enhancement and the small scatter in Fe-peak 
elements observed in the EMP stars  MI+14

56Ni(➡56Fe) Carbon

Iwamoto+05, Tominaga+06, Hansen+15; Aoki+18; MI+18

The variation in the CEMP abundances: 
first star’s masses or the properties of their supernovae

CEMP stars with enhanced 
Na or Mg



Properties of the first star’s supernovae infered by the abundances 
of EMP stars

Tominaga+14, Placco+14, MI+18

The ( -weighted) histogram of the progenitor masses 
of the best-fit first stsr’s SN yield models 

χ2

The observed abundances of EMPs are best 
explained by the first star’s supernovae with a 
few tens of , little contribution from more 
massive first stars  

M⊙

A certain fraction of the stars are better explained 
by a supernova of high-explosion energy 
(“hypernova”) 
⬅ High [Zn/Fe] aundance ratios  

Tominaga+09, Nomoto+13, Grimmett+21

MI, Tominaga, Kobayashi & Nomoto18



The abundances of EMP: realistic pictures

Credit: NAOJ/ESO

Stellar evolution and supernova physics
Tominaga09, Takahashi+14, Chan+17, Choplin+19, Chan+20

Formation and metallicity 
of the next generation 
stars 
Ritter+15, Sluder+16, Magg+20

Multiple SNe enrichment
Salvadori+19, Hartwig+19, 23

Sources of metals other than the first 
stars  Ishigaki+21, Yoshii+22

Stellar surface pollution
Komiya+15, Tanikawa+18, Kirihara+19 

Stellar abundance analysis, 3D/NLTE
Nordlander&Lind17, Amarsi+19, Lind & Amarsi24



Multi-enrichment of the first star’s supernovae

The first stars form in binaries/clusters
Clark+11, Greif+15, Hirano & Bromm+17, Susa+19, Sharda+20, 
Sugimura+20

Elements supplied by multiple first star’s 
supernovae

• The assumption about the ‘mono-
enrichment’ may bias the inference on the 
properties of the first stars based on the 
abundances of EMP stars

• Challenging to constrain individual 
contributions (too many free parameters 
in the yield models, e.g., mass, explosion 
energy, fallback, mixing) 

The formation of ‘multi-enriched’ EMP stars



The classification of EMP stars into mono- and multi-enriched scenarios
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1. Create mock observation as a training set 

Mono-enriched
(17000)

Multi-enriched 
(2 to 5-folds, 17000)

539 yield 
models 
Ishigaki+18

3. Validation

can increase the accuracy, but will not be able to solve this
underlying degeneracy completely.

3. Results

In this paper, we analyze whether EMP stars are likely to be
enriched by a single SN or by multiple SNe, in order to explain
the observed elemental abundances. For this purpose, we
calculated nucleosynthesis yields of over 13,000 SNe covering
all possible parameters for the first stars. Then, we trained an
ensemble of SVMs on mock observations to classify high-
resolution spectroscopic data of EMP stars ([Fe/H]�−3),
using detailed chemical compositions from carbon to zinc
assuming an equal contribution of mono- and multi-enrichment
in our training sample. The possibility of mono-enrichment,
which is determined by 10 SVMs and 49 bootstrap samplings,
is shown in Figure 5(a). From the original 462 EMP stars, we
exclude 35 stars because they have only three elements
observed, which is not enough for a reliable classification.
Moreover, three EMP stars have a predicted pmono= 0.5 and
can therefore not be assigned to any category. From the
remaining 424 EMP stars, we find the average fraction of
mono-enriched stars to be 31.8%± 2.3%, where the standard
deviation reflects observational uncertainties.

As the number of stars sharply decrease toward lower
metallicities, both numbers of mono- and multi-enriched stars
in our sample decrease at lower metallicities in panel (b). Panel
(c) indicates a clear metallicity dependence of the ratio between
them; stars at the lowest metallicities are likely to be mono-
enriched, which has been assumed in numerous previous
studies (Umeda & Nomoto 2003; Placco et al. 2015; Ishigaki
et al. 2018) but has never been tested. At higher metallicities,
stars tend to be multi-enriched. Our observation-based
confirmation of this trend is remarkable because we do not
use [Fe/H] values to train our SVMs but instead use solely
relative abundance ratios of various metals, excluding hydro-
gen. What is surprising is that the mono-enriched fraction is not
100% at [Fe/H] ∼−4.5, which means that some second-
generation stars were already enriched by multiple SN
explosions.

3.1. CEMP Stars

For EMP stars, the most notable feature is their carbon
enhancement; a large fraction of EMP stars show a large carbon
enhancement relative to iron (Beers & Christlieb 2005; Placco
et al. 2014; Zepeda et al. 2022), and multiple populations have
been identified in the diagram of [C/H]–[Fe/H] (Bonifacio
et al. 2015; Yoon et al. 2016). In Figure 6, we depict the carbon
versus iron abundance of EMP stars, color-coded by the
probability for mono-enrichment. We find a positive correlation

between pmono and [C/Fe]. EMP stars with high [C/Fe] are less
likely to be multi-enriched. Specifically, 75 of 125 carbon-
enhanced metal-poor stars (CEMP; [C/Fe]> 0.7; Aoki et al.
2007; Arentsen et al. 2022) are mono-enriched, and all 49 stars
with [C/Fe]> 1.5 are mono-enriched. In the terms used in
previous works (Rossi et al. 2005; Spite et al. 2013; Bonifacio
et al. 2015; Yoon et al. 2016), all Group III stars are mono-
enriched. The origin of this bi- or multimodality can be
explained as follows: Multi-enrichment tends to average yields
and makes them more centrally concentrated in the abundance
space. Faint SNe, which are known to be important in the early
Universe (Umeda & Nomoto 2003; Kobayashi et al. 2011b),
produce only small amounts of iron due to their larger black
hole than for normal SNe; mixing their yields with normal
CCSNe attenuates the initially high [C/Fe] from the faint SN to
a smaller value. Therefore, it becomes more difficult for CEMP
stars to form after multiple SNe have exploded in one minihalo
(Jeon et al. 2021). On the other hand, for C-normal stars, once
they are enriched by a normal SN, it becomes impossible to
eliminate the possibility of additional enrichment from faint
SNe in our analysis; hence our estimated number of SNe is a
lower limit.
One could speculate if mono-enrichment and carbon

enhancement are synonymous or one is a subset of the other.
To allow readers their own conclusion based on the preferred
threshold of carbon enhancement, we provide the quantitative
classification data in the carbon-enhanced regime in Table 1.
The fraction of mono-enriched stars increases with [C/Fe].

The last column shows the fraction of all EMP stars for which
carbon enhancement is a consequence of being mono-enriched
and mono-enrichment is a consequence of being carbon
enhanced. That is, the missing stars to 100% are those that
are either mono-enriched but not carbon enhanced, or that are
carbon enhanced but not mono-enriched. This fraction is
highest around [C/Fe] ∼1.1. It declines at higher [C/Fe]
because there are too many mono-enriched stars, which are not
classified as carbon enhanced anymore due to the higher
threshold. Phrased differently, if we want to define a physics-
informed threshold for CEMP stars based on the ability to
discriminate mono- from multi-enriched EMP stars, the best
threshold would be around [C/Fe] ∼1.1.
The classification of EMP stars and their distribution on the

[C/H]–[Fe/H] plane is affected by the carbon corrections.
Therefore, we also provide a version of this figure without the
carbon corrections in Appendix B.

3.2. Most Metal-poor Stars

In Table 2, we show the classification of the most iron-poor
stars in our sample. It will be interesting to model their exact
formation scenarios based on the number of enriching SNe in
future works. However, one has to be cautious with the direct
interpretation of the provided face values. About 70% of
samples in the blind test set have been classified correctly
(80% if we only take into account EMP stars for which the
predicted pmono is more than one standard deviation away
from the decision boundary). Therefore, while the average
fraction of mono-enriched stars is reliable, individual
values for the number of enriching SNe should not be
overinterpreted.

Figure 4. Confusion matrix of our ensemble classifier. The confusion matrix is
balanced and symmetric.
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Accuracy: 
(w/o errors: )

∼ 70 %
∼ 79 %

4. Applying to observational data: 
 unique EMP stars  SAGA database (Suda+08), Ishigaki+18 462

mono-enriched and most EMP stars around [Ca/Fe] ∼0.4 can
be multi-enriched. Moreover, we recover the trend found earlier
(Hartwig et al. 2018b) that EMP stars with [C/Mg] 1 are
mostly mono-enriched.

4.2. Comparison to Previous Works

Kobayashi et al. (2011b) used the elemental abundance
patterns of only a few DLAs to find that faint SNe seem to be
the main enrichment source rather than pair-instability SNe.
Welsh et al. (2019) have analyzed the chemical composition of
the 11 most metal-poor DLA systems known at redshift z< 5.
They use a stochastic model to infer the number of SNe that
have contributed to the chemical enrichment of these systems.
In contrast to EMP stars, DLAs provide a more direct way to
study the chemical composition of gas in the early Universe
(Zou et al. 2020). Welsh et al. (2019) find that these near-
pristine gas clouds are enriched by 72 SNe from massive
stars. While the redshift of these DLAs (2.6� z� 5.0) may be
too low and their metallicity (−3.5� [Fe/H]�−2.0) may be
too high to favor enrichment by only Population III SNe, their
analysis shows that metal-poor gas at high redshift is enriched
by multiple SNe. In a similar analysis, Welsh et al. (2021)

analyze the stochastic enrichment of metal-poor stars in the
MW halo with metallicities of [Fe/H]�−2.5. This metallicity
range might include enrichment from Pop II SNe (Ji et al. 2015;
Ishigaki et al. 2021), to which their model is also sensitive.
They find that these stars are enriched by -

+5 3
13 SNe, which

supports the notion that early star formation occurs in clusters.
However, because of the metallicity range, their results do not
allow a clear conclusion about the Population III multiplicity.
In our study, we therefore focus on EMP stars with metallicities
of [Fe/H]�−3.0, as we motivated above.
Compared to previous studies, our method and results are

new in several regards. Previous attempts at classifying mono-
and multi-enriched EMP stars used only few abundance ratios
(Hartwig et al. 2018b, 2019; Welsh et al. 2021). In contrast, our
new method is data-driven and maximizes the information gain
from all observed abundances. Previous studies used a small,
biased subset of metal-poor stars or included stars at [Fe/
H]>−3 (Placco et al. 2018; Hansen et al. 2020; Rasmussen
et al. 2020; Purandardas & Goswami 2021). Therefore, these
studies are not representative of enrichment by Population III
SNe. In summary, our method is the first data-driven analysis
of a representative sample of EMP stars for which the
enrichment was dominated by Population III SNe.

4.3. Prior Dependence

To develop our fiducial model, we have to assume an initial
distribution of mono- and multi-enriched stars. Supervised
classification algorithms are most robust when trained on
balanced data sets, and thus we assume an equal distribution,
i.e., 50% each, for our training set. This could affect pmulti, and
we estimate the dependence as follows. First, we use our
fiducial classification pipeline for stars that are at least one
standard deviation away from the decision boundary, and apply
it to validation data with different fractions of mono- and multi-
enriched mock observations. We then check which fraction of
validation samples was classified as multi-enriched as a
function of the multi-enriched fraction in the validation data.
The results can be seen in Figure 9.
Our fiducial model, which was trained under the assumption

of 50% multi-enrichment, can predict a wide range of multi-
enriched fractions from 20%–80%, once confronted with the

Figure 8. Illustration of the final classification in different 2D projections. The
top panel uses the four most informative elements, and the right panel uses
oxygen, which is more challenging to observe for EMP stars. These are 2D
projections of a higher-dimensional ensemble learning classification. There-
fore, the decision boundary does not appear as a smooth line in these
representations.

Figure 9. Predicted fraction of multi-enrichment as a function of multi-
enrichment in the validation data. All these results were obtained with our
fiducial model that was trained on a data set that contains equal amounts of
mono- and multi-enriched stars. The black dotted line shows the diagonal, to
guide the eye.
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pmono > 0.5

pmono < 0.5

Hartwig, MI, Kobayashi, Tominaga, & Nomoto23



The origin of observed abundance patterns in EMPs10 Hartwig et al.

Figure 6. Carbon vs. iron abundance of EMP stars. The colour bar shows the probability for mono-enrichment. The dashed
line at [C/Fe] = 0.7 should guide the eye to highlight the range of CEMP stars. There is a trend that most CEMP stars are
mono-enriched.

Table 1. Classification results in the carbon-
enhanced regime as a function of the [C/Fe] thresh-
old. The last column shows the fraction of all EMP
stars for which mono-enrichment and carbon en-
hancement (based on the variable threshold in the
first column) are synonym. At [C/Fe] > 1.5 all CEMP
stars are mono-enriched.

[C/Fe]corr Nmono Nmulti CEMP , mono-enriched

> 0.7 75 50 74.1%

> 0.8 73 35 77.6%

> 0.9 74 24 80.0%

> 1.0 70 16 80.9%

> 1.1 66 9 81.6%

> 1.2 61 6 81.1%

> 1.3 56 5 80.2%

> 1.4 52 2 80.0%

> 1.5 49 0 79.9%

The fraction of mono-enriched stars increases734

with [C/Fe]. The last column shows the fraction735

of all EMP stars for which carbon-enhancement736

is a consequence of being mono-enriched and737

mono-enrichment is a consequence of being car-738

bon enhanced. I.e., the missing stars to 100%739

are those that are either mono-enriched but not740

carbon enhanced, or that are carbon enhanced741

but not mono-enriched. This fraction is highest742

around [C/Fe] ⇠ 1.1. It declines at higher [C/Fe]743

because there are too many mono-enriched stars,744

which are not classified as carbon enhanced any745

more due to the higher threshold. Phrased dif-746

ferently, if we want to define a physics-informed747

threshold for CEMP stars based on the ability748

to discriminate mono- from multi-enriched EMP749

stars, the best threshold would be around [C/Fe]750

⇠ 1.1.751

The classification of EMP stars and their dis-752

tribution on the [C/H]-[Fe/H] is a↵ected by the753

carbon corrections. Therefore, we also provide a754

version of this figure without the carbon correc-755

tions in App. B.756

3.2. Most metal-poor stars757

In Tab. 2, we show the classification of the most iron-758

poor stars in our sample. It will be interesting to model759760

their exact formation scenarios based on the number of761

enriching SNe in future works. However, one has to be762

Hartwig+23 

[C/Fe] = 0.7

Carbon-enhanced ([C/Fe] ）
stars ：more likely classified as 
mono-enriched stars

> 0.7

CEMP stars formed under the most 
pristine environment, e.g., very low 
star formation and/or low metal-mixing 
efficiency

The fraction of mono-enriched stars（ ）：pmono > 0.5 31.8% ± 2.3 %



Abundances of odd-Z elements; Potassium

Explosive 
nucleosynthesis at core-
collapse supernovae

Wanajo et al. 2018

Credit: ESA/NASA/AASNova (created by Jennifer Johnson)

, Z=19 K (39K,40 K,41 K)
• An essential element for life, the Earth’s crust, 

etc.
• Astrophysical origins and the chemical 

evolution are highly uncertain. Similar for 
other odd-Z elements such as Sc (Z=21) or 
V (Z=23)

Oxygen burning 
during the evolution of 
massive stars

NASA/CXC/SAO/JPL-Caltech

Woosley & Weaver 95, Thielemann+96, Nomoto, Kobayashi & Tominaga 13, Wanajo+18

Nucleosynthesis sites



Open questions

Theories

• Rotatational mixing in  massive stars

• Interactive C-O shells in massive stars

• Jetted aspherical supernovae

• Neutrino process in supernovae

Limongi+18, Prantzos+18

Ritter+18

Tominaga+-09

Kobayashi+11, Wanajo+18

Potassium abundances in extremely metal-poor stars as a tracer of supernova mechanisms
(Ishigaki et al.)

Background
Chemical compositions of extremely metal-poor (EMP)

stars ([Fe/H]! −3.5) have important signature of nucleosyn-
thesis in supernova (SN) explosions (Tominaga et al. 2014,
ApJ, 785, 98). In comparison to objects with higher metal-
licities ([Fe/H]> −3.5), the EMP stars are more likely to
preserve SN yields of individual massive first generation of
stars. Thus, they are unique probe of physical conditions
(e.g. temperature, density) in the innermost region of SNe,
which is not directly observable. As described below, potas-
sium (K) abundances in EMP stars are of particular impor-
tance to get insights about the yet unknown mechanisms (e.g.
neutrino-driven and magnetic-driven mechanisms) of core-
collapse SNe. However, K abundances in the EMP stars have
been poorly constrained because of limited wavelength cov-
erage and/or signal-to-noise ratios (S/N) in high-resolution
spectroscopic data for the EMPs available to date. This pro-
posal aims at measuring K abundances for ∼20 EMP stars,
which correspond to a factor of 5 increase in the available
K measurements for the EMPs. This dataset enables us,
for the first time, to perform a systematic compari-
son between the results of latest SN simulations and
K abundances in the EMPs with improved statistics,
which provides unique insights into the SN mecha-
nism as well as the Galactic chemical evolution.

Why potassium?
Although the explosion mechanism of core-collapse SNe is

long lasting mystery, recent multi-dimensional SN simulations
demonstrate that the neutrino heating can drive successful ex-
plosions (Takiwaki, T., et al. 2014, ApJ, 786, 83; Wanajo, S.,
et al. 2011, ApJL, 726, L15; Kotake et al. 2012, PTEP, 2012,
01A301). These simulations show that explosions of heav-
ier progenitors require stronger neutrino heating i.e. higher
neutrino luminosity and/or longer time scale to shock revival
(Nakamura, K., et al. 2015, PASJ, 67, 107). Since the proton
mass is smaller than that of neutron, the stronger neutrino
heating produces more protons via the absorption of electron
neutrinos on neutrons (than that of electron anti-neutrinos on
protons). As a result, proton to nucleon ratio, Ye, in ejecta
reflects the strength of neutrino heating. As shown in Fig-
ure 1, an SN explosion of a heavier progenitor ejects more
proton-rich materials (i.e. Ye of ejecta is higher than 0.5).

The variation of Ye in the ejecta is predicted to signif-
icantly alter the nucleosynthesis in the SNe, especially for
elements with odd atomic numbers (Z), namely, potassium
(K: Z=19), scandium (Sc: Z=21), vanadium (V: Z=23), or
manganese (Mn: Z=25) (Figure 2). While production of the
other odd-Z elements (e.g. Sc) also depends on other factors,
e.g. entropy, K is almost purely dependent on Ye and thus
provides the best diagnostic to examine neutrino processes in
SNe.
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Figure 1: Mass of neutrino-processed innermost ejecta as a

function of the proton fraction Ye for 8.8M! (left) and for
27M! stars (right), from Wanajo et al. in prep.
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Figure 2: The abundance ratios ([X/Fe]) versus atomic num-
bers (Z), predicted in SN yields of a zero-metallicity star with
a mass 15M! and explosion energy E51 = 1.1 (in units of 1051

erg) calculated by Iwamoto et al. (2006). The predicted K
abundances (Z = 19) are very sensitive to the assumed value
of Ye.

What is known so far about K in EMP stars
While the number of known EMP stars have been signif-

icantly increased in the last decade (Yong et al. 2013, ApJ,
762, 26; Cohen et al. 2013, ApJ, 778, 56; Aoki et al. 2013,
AJ, 145, 13; Roederer et al. 2014, AJ, 147, 136, etc.), K
abundances have poorly been studied. For five stars with
[Fe/H]< −3.5, Takeda et al. (2009, PASJ, 61, 563) reported a
mean [K/Fe] abundance of ∼ 0.2 dex with a sign of a decreas-
ing trend with decreasing [Fe/H] starting from [Fe/H]∼ −3.

Based on these 5 stars in the range [Fe/H]< −3.5, An-
drievsky et al. (2010, A&A, 509, A88) reached a slightly
different conclusion; the [K/Fe] ratios at [Fe/H]< −3.5 show
a small scatter with no sign of the decreasing trend (top panel
of Fig 3).

It is clear that these results are based on a small sam-
ple, and thus are tentative ones. In fact, in a slightly higher
[Fe/H] range (−3.5 <[Fe/H]< −3.0), at least three K-rich
([K/Fe]> 0.5) stars have been reported so far (Andrievsky
et al. 2010, Cohen et al. 2013). Interestingly, two of them
also show enhancement of Sc, while the opposite is not true;
Sc-rich stars do not always show a K enhancement, which
highlights the importance of measureing both Sc and K.

Another important issue to be addressed is that, the exist-
ing data of [K/Fe] in EMP stars tend to be much higher than
those predicted by current SN models (Nomoto et al. 2013,
ARAA, 51, 457). On the other hand, presence or absence of
low-[K/Fe] stars have not been carefully examined so far for
the EMP ([Fe/H]< −3.5) stars because of shallow detection
limits in previous studies.

To summarize, the trend and scatter in [K/Fe]-[Fe/H] have
not been established for the EMP stars with the existing data;
homogeneously analyzed K abundances for only 5 stars with
[Fe/H]< −3.5 are available at this moment. The fractions of
(1) K-rich stars and (2) low-[K/Fe] stars among the EMPs
([Fe/H]< −3.5) should be investigated with much improved
statistics, which will also motivate further improvements of
the SN models as explained below.

Technical difficulty in measuring K abundance
The main reasons for the scarcity in the K data in EMP

stars are: (1) only useful K lines in optical wavelengths (K
I 7665/7699 Å) are often not covered in conventional high-
resolution spectroscopic surveys (e.g. Gaia-ESO survey), (2)

1

Iwamoto et al. 2006

: electron fractionYe

The [K/Fe] scatter, correlation with other elemental 
abundances in EMP need to be quantified.

neighborhood. The predicted [O/Mg] is never higher than 0.25 and
is lower than observed at −1.5 [O/H]−0.5.

Since the majority of O and Mg are formed during hydrostatic
burning of stellar evolution of massive stars, it is not possible to
greatly modify the [O/Mg] ratios during supernova explosions.
As mentioned in Section 2.1, a different 12C(α, γ)16O reaction rate
could change the [O/Mg] ratio during stellar evolution and may
explain the large [O/Mg] at the plateau ([O/H]− 0.5); the
core-collapse supernova yields used here were calculated with 1.3
times the value given in Caughlan & Fowler (1988), which is up
to a factor of two lower than that calculated by deBoer et al.
(2017). At high metallicities, however, it would be difficult to vary
[O/Mg] as much as observed. Some of the observational data
(open circles and filled triangles) indicate that [O/Mg] may
decrease for higher metallicities, which might require a different
new physical explanation (K06).

Similar to [Mg/Fe], the observed plateau values of [Si/Fe]
and [Ca/Fe] are ∼0.3. In our fiducial model, the [Si/Fe] ratios
are ∼0.58, 0.51, and 0.52 at [Fe/H]=−3,−2, and−1.1,
which is ∼0.2 dex higher, and the [Ca/Fe] ratios are 0.28, 0.21,
and 0.25 at [Fe/H] −3,−2, and−1.1, which is ∼0.1 dex lower
than observed. Si and Ca yields are affected by explosive

burning, and it is unclear if the 12C(α, γ)16O rate could solve
these mismatches as well as for O and Mg. Note that the
differential analysis of Reggiani et al. (2017) leads to system-
atically lower [Si/Fe] ratios, compared to other studies. Their
abundances are based on the Si I 390.5 nm line that is blended
with CH, and may suffer from NLTE effects in the metal-poor
regime (Amarsi & Asplund 2017; up to ∼+ 0.2 dex).
S abundances are difficult to measure in stellar spectra with a

significant NLTE effect depending on the lines. The predicted
[S/Fe] ratios are 0.52, 0.45, and 0.47 at [Fe/H]−3,−2,
and−1.1, which is ∼0.1 dex higher than in Spite et al. (2011)
and Nissen et al. (2007), but is in good agreement with Takada-
Hidai et al. (2005) at low metallicities. At high metallicities,
the K11 model gives a slightly better match with Chen et al.
(2002) and also more recent observations by Costa Silva et al.
(2020). Note that for S, the solar abundance adopted in the
K11 model was higher; Ae(S)=7.27 in AG89, and 7.12
in AGSS09. Ne and Ar also show a similar trend, and the
solar abundances are also decreased by 0.16 dex in AGSS09.

Figure 21. Same as Figure 7, but for the [K/Fe]–[Fe/H] relation.
Observational data sources are: blue open squares, Andrievsky et al. (2010);
and red filled circles with error bars, Zhao et al. (2016).

Figure 22. The [Sc/Fe]–[Fe/H] relation for the solar neighborhood models
from this paper (solid line), K11 (dashed line), and K15 including the HN jet
effects (dotted line). See Figure 14 for the observational data sources.

Figure 23. Same as Figure 22, but for the [Ti/Fe]–[Fe/H] relation. See
Figure 14 for the observational data sources.

Figure 24. Same as Figure 22, but for the [V/Fe]–[Fe/H] relation.
Observational data sources are: cyan filled pentagons, Honda et al. (2004);
yellow open squares, Cohen et al. (2013); green filled squares with error bars,
Reggiani et al. (2017); olive crosses, Fulbright (2000); and small red filled and
black open circles, Reddy et al. (2003, 2006), Reddy & Lambert (2008) for thin
and thick disk/halo stars, respectively.
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Observations

• Observed K abundances are one order of magnitude higher 
than the predictions of the chemical evolution model.

• The resonance doublet ( , ) are very weak (< a 
few percent of the continuum) in the EMP stars

• Contamination of telluric  lines

• Sensitive to NLTE effects

7664Å 7698Å

O2

Takeda+02, 09, Andrievsky+10, Sneden+16, Zhao+16, Reggiani+19; Kobayashi+20
EMPs



K abundances in EMP stars with Subaru/HDS

• All of the 18 stars show [K/Fe]NLTE  dex≲ 0.8

[K/Fe] < 0.8

• Among 7 stars with detected K lines:
• The mean  [K/Fe]NLTE :  dex
• The scatter:  dex (typical 

observational uncertainty  dex)

0.36
0.13

∼ 0.15

• High-resolution ( ) spectroscopy with 
the High Dispersion Spectrograph

R ∼ 60,000

• NLTE correction based on Reggiani+19

Limongi & Chieffi18 Heger & Woosley10 Wanajo+18



K abundances in EMP stars with Subaru/HDS

[K/Ca] scatter:  dex0.11

[Na/Mg] scatter:  dex1.49

The K yield in massive stars or 
supernovae is independent of the 
mechanism that causes the variation in 
Na/Mg



Prospects with wide-field spectroscopic surveys

What is missing from the 
current sample of metal-poor 
stars

Debris from merged dwarf 
galaxies, etc.  Sharpe+22

Chemical abundances in the 
outer halo

Lower mean metallicity 
Carollo+10, Ivezic+12

A larger fraction of CEMP 
Lee+17

Identification and chemical 
characterization of the local halo
➡ H3, 4MOST, WEAVE, DESI, Milky 
Way Mapper

MSTO: ∼ 50 kpc

Bright RGB: ≳ 300 kpc

Identification of EMPs in the Outer Milky Way
➡ MOONS (VLT), PFS (Subaru)



Prime Focus Spectrograph (PFS) at Subaru Telescope
Instrument summary
• Field of view: 1.3 deg diameter
• 2386 reconfigurable fibers
•  : 380-1260nm (3 channels: Blue, Red, IR)
• R: ~3000 (LR), ~5000 (MR)
• Scientific operation: March 2025 ~ 

λ

PFS-Galactic archaeology survey (  nights in 5-6 years) will observe classical dwarf satellites, M31 and the 
outer Milky Way disk and halo  

∼ 100

Credit: IPMU



Summary

• The basic picture 

• EMP as a probe of the nature of the first stars and their supernovae

• Challenges in the abundance interpretation

• “mono-” vs. “multi-” enriched EMPs

• For a give set of theoretical yield models, we can purify the EMP stars with mono-
enriched stars 

• Abundances of odd-Z elements: the case of Potassium (K)

• The scatter of K abundances and their correlations with other elements constrain 
the physical condition of K synthesis beyond the conventional models

• Future Prospects - go beyond the solar neighborhood

• The on-going wide-field spectroscopic surveys will chapture the abundance diversity in 
EMPs by exploring larger volumes and wider distance ranges  

Nucleosynthesis in the early universe: What did we learn from the abundances of EMP stars?


