Elemental Abundances of Extremely Metal-Poor Stars
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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

JWST Credit:'ES.A/N;sA"\ |
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1 pillion 4 billion 8 billion 13.8 billion

0.1 billion

Bt |
P - ‘r N -
/“r«‘ - . )
n Q P - .
;*'@g >
S a2 | T W
O :’C'/ >
D ’ Ao “\
- ~ » -~ ‘
'.‘0.\ .
Eé @,., | ‘\( ‘r % -
S pempe » e e )
; - # ’
&g J\L‘ R . »
) h )
sz » | - ,
g ® - N\ - .

Fully ionised

Redshift + 1

e o s o e e A e e A A A A R A A A A A AR A A A R R A A A e A AR A A e A A s A A s A A A A A R A A A A A A A A A A R A AR A A e A AR R A e A A s A R e A A s A R A A R A A A A A AR A R A A R A A A A A R A AR A A e A A e A AR A A A A R A A AR A A A A A A A R A A A A A AR A AR A A e R AR A A E R AR A A E AR EE R EEEEEEERREERREERREEEE

[Fe/H] = log (NFe/NH) — log (NFe/NH)G



EMP stars in our Galaxy

A wide range of orbital kinematics

Sestito+19, 20; Carollo & Chiba21, Carollo+23, Zhang+22
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Very rare: 10~ — 107 of stars near the Sun \gteua, i SAGA database (Suda+08)

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

sun
Europeaf Space Agency
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Elemental abundance ratios from survevs
385 Very metal-poor stars from LAMOST + Subaru survey
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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, Skuladoéttir+24

About 30 % of the Main-Sequence

Turn-Off stars are “CEMP”, half of
them are “CEMP-no”



First star’s supernovae as a possible origin of CEMP-no

Abundance distribution after a first star’s supernova
Umeda & Nomoto02,03; Tominaga+07

The variation in the CEMP abundances:
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Properties of the first star’s supernovae infered by the abundances
of EMP stars

MI, Tominaga, Kobayashi & Nomoto18

The ()(z-weighted) histogram of the progenitor masses
of the best-fit first stsr’s SN yield models
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The observed abundances of EMPs are best
explained by the first star’s supernovae with a
few tens of MQ, little contribution from more

maSSive ﬁrSt StarS Tominaga+14, Placco+14, MI+18

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



The abundances of EMP: realistic pictures

Credit: NAOJ/ESO
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Multi-enrichment of the first star’'s supernovae

The first stars form in binaries/clusters Elements supplied by multiple first star’s
Clark+11, Greif+15, Hirano & Bromm+17, Susa+19, Sharda+20, supernovae
Sugimura+20
t¢g + 110 years l

Fourth star forms The formation of ‘multi-enriched’ EMP stars

 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 classification of EMP stars into mono- and multi-enriched scenarios

Hartwig, MI, Kobayashi, Tominaga, & Nomoto23
1. Create mock observation as a training set

. o 4. Applying to observational data:
Mono-enriched____ Multi-enriched

f (17000) (2 to 5-folds, 17000) ) 462 unique EMP stars sacadatabase (suda+08), 1shigaki+18
539 yield .
models
Ishigaki+18 | 4 -
N _J \_ )
3 -
2. Training 10 Support Vector Machine (SVM) models based on
24 [X/Y] ratios (X, Y: C to Zn) 27
5}
s 17
u)
c o o e = - A AQA Prnono < 0.5
A A
Average of 10 SVM —1 - A A hed
redictions: MONO-ENMCNE
P Prmono Py L A multi-enriched
. ~05 00 05 1.0 15
3. Validation [Ca/Fe]
= Accuracy: ~ 70 %
S mono  0.20% 34.20%
= (w/o errors: ~ 79 %)
S multi  0.21% | 13.84% |EEKERZ
O
N/A mono Multi

Prediction



The origin of observed abundance patterns in EMPs

1.0
Hartwig+23

0.8

0.6 .
s

0.4

0.2

0.0

Carbon-enhanced ([C/Fe] > 0.7)
stars : more likely classified as

mono-enriched stars

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 (p,,,po > 0.5) 1 31.8% £2.3%



Abundances of odd-Z elements; Potassium

Credit: ESA/NASA/AASNova (created by Jennifer Johnson) N ucC I eOsyn i h es | SS |teS

big bang fusion cosmic ray fission

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

Oxygen burning
during the evolution of
massive stars

 An essential element for life, the Earth’s crust,

etc. Explosive
nucleosynthesis at core- [
collapse supernovae

* Astrophysical origins and the chemical
evolution are highly uncertain. Similar for
other odd-Z elements such as Sc (Z=21) or
V (Z=23)

-2.0
4.0-2.0-2,0-1.0 0.0 1.0 2.0 3.0
x (%1073 &km)




Open questions

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

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

« The resonance doublet (76641&, 76981&) are very weak (< a
few percent of the continuum) in the EMP stars

« Contamination of telluric O, lines

 Sensitive to NLTE effects

Theories

Limongi+18, Prantzos+18

* Rotatational mixing in massive stars
* Interactive C-O shells in massive stars riter+1s
» Jetted aspherical supernovae  Tominaga+09
* Neutrino process in supernovae Kobayashi+11, Wanajo+18

The [K/Fe] scatter, correlation with other elemental
abundances in EMP need to be quantified.
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lwamoto et al. 2006

Y,: electron fraction




K abundances in EMP stars with Subaru/HDS

P « High-resolution (R ~ 60,000) spectroscopy with
................................................ the High Dispersion Spectrograph

I-I_J e
o 0. O é i  NLTE correction based on Reggiani+19
L
Q L
= 0.0
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—0.4 - Takeda09 025 { 3 IK/Calur |
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[Fe/H] ~0.25 -
o All of the 18 stars show [K/Felnire S 0.8 dex =
—0.75 - ;- ¥
« Among 7 stars with detected K lines: o
« The mean [K/Fe]nite: 0.36 dex .
 The scatter: 0.13 dex (typical e G\% §§§} 5o e@ﬁ E
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[X/Fe]

K abundances in EMP stars with Subaru/HDS

[K/Ca] scatter: 0.11 dex
1.0 -
[Na/Mg] scatter: 1.49 dex
0.5 - el @
99
0.0 - -, @k
? | l
05 - » The K yield in massive stars or
supernovae is independent of the
mechanism that causes the variation in
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Prospects with wide-field spectroscopic surveys

|dentification and chemical

What is missing from th
characterization of the local halo J °

current sample of metal-poor
= H3, 4AMOST, WEAVE, DESI, Milky stars

Way Mapper Bulge

e Debris from merged dwarf
galaxies, etc. Sharpe+22

~—— Globular clusters

-»\ | Chemical abundances in the
Disc outer halo

e Lower mean metallicity
\ Carollo+10, lvezic+12
Stellar halo

e A larger fraction of CEMP

Lee+17

“\\gency

Identification of EMPs in the Outer Milky Way e (
= MOONS (VLT), PFS (Subaru) s

.......



Prime Focus Spectrograph (PFS) at Subaru Telescope

Instrument summary

* Field of view: 1.3 deg diameter

e 2386 reconfigurable fibers

« A :380-1260nm (3 channels: Blue, Red, IR)
 R:~3000 (LR), ~5000 (MR)

e Scientific operation: March 2025 ~

Spectrograph System (SpS) Prime Focus Instrument (PFI)

Fiber Optical Cable and
Connector System (FOCCoS)

Metrology Camera System (MCS)

Credit: IPMU

PFS-Galactic archaeology survey ( ~ 100 nights in 5-6 years) will observe classical dwarf satellites, M31 and the
outer Milky Way disk and halo



Summary

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

* 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)

e 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
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Spectrograph System (SpS) Prime Focus Instrument (PFI)

Metrology Camera System (MCS)




