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Neutron Star mergers are origin of r-process

Observation of gravitational waves from a neutron star inspiral (e.g., Abbott et al. 2017)
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r-process rich Z DA/ NI—2
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r-process rich Z DA/ NF—>

weak r-process ? Universality Pb? Actinide boost ?

* Abundance patterns of r-ll
stars are very similar with the
solar r-pattern.

Universality (56 <Z2<727?)

* Observed differences in the
patterns of actinides (Th, U)
In some r-|l stars.

1/3 of r-1l are actinide boost
stars ?

But having a low Pb in CS31082-
001.

e weak r-process in r-ll star ?

Relative log €

Alog €

Alog €

=11 = Average abundance offsets with respect to Arlandini et al. (1999) “stellar model” —

I | J 1 I 1 l 1 I 1 ] L l
30 40 50 60 70 80 90
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r-1l star CS 31082-001

([Fe/H]
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Cayrel et al. 2001

- Hill et al. 2002
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Atomic Number
* Compared to other stars C531082-001 has higher abundances of the actinides, but a very low Pb abundance.

* estimating the age from U/Th # Th/Eu
* actinide boost star



Actinide boost stars are common ?
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sensitive to the electron fraction of
the outflow (Holmbeck et al. 2018,
Eichler et al. 2019)

Mashonkina et al. 2014
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weak r-process ?

HD 122563 has a
significantly different
abundance pattern from
that of the solar system r-
process abundance pattern.

LEPP (lighter element

primary process) ?
e.g., Travaglio et al. 2004

limited r-process
Wanajo 2013
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Roederer et al. 2010
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The models of proto-neutron-star wind of
core-collapse supernovae (Wanajo 2013)
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r-process rich Z DA/ NF—>

weak r-process ? Universality Pb? Actinide boost ?

* Abundance patterns of r-ll
stars are very similar with the
solar r-pattern.

Universality (56 <Z2<727?)

* Observed differences in the
patterns of actinides (Th, U)
In some r-|l stars.

1/3 of r-1l are actinide boost
stars ?

But having a low Pb in CS31082-
001.

e weak r-process in r-ll star ?

Relative log €

Alog €

Alog €

=11 = Average abundance offsets with respect to Arlandini et al. (1999) “stellar model” —
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r-process models compared with the abundance pattern
of the r-process of solar system and metal-poor stars.
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Neutron star mergers (NSM)
Wanajo et al. 2014
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Core-collapse SNe (CCSN)

driven by the magneto-rotational instability
Nishimura et al. 2016



[Eu/Fe]

Models of galactic chemical evolution

: - . _ , 2 - CCSN -
2 SR E 2F 4 i : . 1

il —
of =

: o

: 3

r =
_1;7 oy , —
-2p 20 LTt 2025 M

= e T

[Fe/H]
Argast et al. 2004 [Fe/H]

NSM could not reproduce large dispersion of Eu in very low metal stars. Vangioni et al. 2017

Very short merger time of NSM are needed.
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Chemical evolution models of r-process by NSM
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Chemical composition of the star in the dwart galaxies
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* Chemical abundance trend of dwarf spheroidal galaxies
is different from MW halo.



Luminosity-Metallicity Relation
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Neutron-capture elements in EMP stars in faint dwarf galaxies
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Honda et al. 2011

No r-process enhanced EMP
star was found in dwarf
galaxies and ultra-faint dwarf

galaxies.

5% ~ r-II star in MW
Barklem et al. 2005

This trend supports the NSM.
c.f. Tsujimoto & Shigeyama 2014
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[Ba/H]

-1 i L B R B
i ultra-faint dSphs
2L
r s-process enrichment? ]
gL 1
dE H es +
. — omBer { """"""""
5[ Ursa Major II
: " I (S| (S S (S LS (S (S (S R[S (S (S (S [ G [
-4 -3.5 -3 -25 -2 -1
1 [Fe/H]
rrrrr g1 rrr+r 1 1111 1T ™)
5 faint & massive dSphs ) ]
05 F Sar ]
: N
C Py Al
°F N
05 E
L g ™ E
1F  Draco h‘ } 7
[~ @ "~ "~-I1-°- "% et 7
15 E §+ ]
. § Carina  Sculptor .
-2 : .
-25 I SN S TN NS SR TR TN NN T S R P N S R S T
-25 -2 -1 -05 0

& -1
[Fe/H]

5

PEFESWREFF?

« FRINMRA TCEUDBEIAR S
HLDIE, oD ERAITHE
FESRENEZBIOTLVELINS,

c BHEMNTOLREERLS.
gotEmiztti-TrntX
DEMELRESNBIET,

Tsujimoto & Shigeyama 2014



Neutron Star mergers are origin of r-process
a b
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Discovery of the r-process-rich dwarf galaxy Reticulum Il

-> enriched in r-process elements by a single, rare event, such as a neutron star.
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Chemical evolution models of r-process

CCSN

[Eu/Fe]

Vangioni et al. 2017

[Fe/H]

* r-process elements (e.g., Eu) show
large scatter in [Fe/H] < -2

* Some objects show extremely large
abundance.

* [Eu/Fe] > +1, [Ba/Eu]<1 : r-1l star

* NSM could not reproduce large

dispersion of Eu in very low metal
stars.

* Very short merger time of NSM are
needed.

Chemical evolution models prefer CCSN ?



Survey of ultra metal-poor stars ([Fe/H] < -4)

* Survey projects

* HK survey and Hamburg/ESO Survey
SDSS/SEGUE, APOGEE, RAVE
Photometric survey with SkyMapper (+Kiso?)
GAIA/ESO

LAMOST
* etc. Skymapper

l - refining the target by 2-4m telescope

* Follow-up with high-resolution spectroscopy
e 8-10m class telescopes
4-2m for bright stars

* Next generation large telescopes
2027~
* TMT, GMT, E-ELT

Subaru, Keck, GMT etc.

T™MT



Discovery of hyper metal-poor stars ([Fe/H] < -5)
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[o/Fe]

[Sr/Fe]

[Ba/Fe]

Neutron-ca th re elements

R :-: | | | 1+ Srand Ba are the most detectable
1F@® —— + .= 1 elements.
) S ."""'"iﬁﬁ# af -4 e no stars with high Ba in [Fe/H] < ~-4

F R AT H ] .
o, L% a4 e srwasdetected in HE 1327-2326
£ e 3 ([Fe/H]=-57)
1§;1T | . | + + 1 e weak r-process is primary process ?

[ + T+ i
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V magnitude (APASS)

2MASS J1808-5104 ([Fe/H]=-4.1)
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-IIZEDEEE (The R-process Alliance)

Y limited-r : [Sr/Ba] > +0.5, +0.3 > [Eu/Fe]
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Recent observatlons of Thin r- -process stars
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Th/Eu in r-process enhanced stars
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—15.4 The Th/Eu chronometer is used to
derive ages by comparing to a set
—6.1 of initial production ratios from r-
s process simulations
3.3 >
O
owever, in actinide-boost stars,
\C_D/ H i tinide-boost st
12.6 éﬂ using the Th/Eu ratio leads to
unphysical values, since the
21.9 measured Th/Eu ratio may be higher
] than the theoretical initial
31.3 production ratio.

Holmbeck et al. 2018



Subaru/HDS follow-up spectroscopy for a large sample of
candidate EMP stars found with LAMOST (Aoki, Zhao, et al.)

* More than 500 metal-poor

JI253+0753
[Fe/H]=-4.0 -
J1313-0552
]=-4.1_
0 [ 1 1 1 | 1 L | 1 L | 1 L 1 L
| 9160 5170 5180 5190 5200
Wavelength(A)

candidates have been
selected from LAMOST

medium resolution spectra

\ 4

high-resolution spectroscopy

[FCTH[—4.2 ]
1221742104 ]

4000

5000 6000 7000 8000
Wavelength (Angstrom)

* Follow-up for ~500 stars
with three Subaru/HDS runs.

Target selection random selection for a
given magnitude/temperature range.




LAMOST and Subaru survey found r-Il stars
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[Fe/H] =-3.41
[Eu/Fe]= +1.16
(Li et al. 2015)

J0040+2729
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[Eu/Fe]=+1.1



Th/Eu in r-process enhanced stars RARAODE
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