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Accretion of satellite galaxies evidenced in the Galactic halo
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(Sellwood & Binney 2002; Schoenrich & Binney 2009)
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Stellar age estimate from asteroseismology

Kepler satellite (2009~2013)
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Other techniques for age dating
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Other techniques for age dating

for B2

[C/N] can be a chemical clock
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APOGEE + asteroseismology

[X/Fel

0.30 0.4
o
0.25 0.2
ocno o3 0.0
0.20 o OOO :
© 0 40 T o2
0.15 o 8 =
K -0.4
O [e]
L o010 2 o
S o% -06
[eNefe) : -
0.05 o (o] LC.)W o * o ° o
. o.0 8 ~0.8 O High-o
o) .
® YaR o O
0.00 ®© % 04
O Lowa =03
-0.05 O High-a =
® YaR 502
-0.10 0.1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Age (Gyr) Age (Gyr)
. h thod fi lar twi
-0.3<[Fe/H]<-0.1
1.0 . osod + - Lo . 0.75 1 : : ¢
srl : Smil il Cell | 55l 4 A
v g ! 0.50 4 B R Y et
L o051 0.251; S 0.5+ : BRI R AACS
w ! O 0.25 14 0,001 %o oo
= S .. 0.001 ' = . TR e Eull
0.0 1 ot arhe VL et o251 + 0.0 ,"*"4’,’7 V1 st o | 0004 ¢ § et seibiadte t, |=0.25 1 .
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
N n T 021 7
_ T Ball Ndll | . 4 oxd N i
@ 051 " ‘ 4l - . it Q‘“’ #
w 0.25 4 ¢ e UL RN “ O RS ITIRTLEE X'
o kY s &y 8 } o5 LR Lt T YRS SR Y
x . .. \ . SRR TR SN o ' LU 7N i I R IR AT
0.0 ESMEY, u g, | 000 8 Vet el . : a A :
‘
0 5 10 0 5 10 10 0 5 10 0 5 10
i : 0.15
Mgl 1 'R Cal 1
— 0.2 bt 1 1 . o ' | I
& AN : Loptungegroy oL | 010 fo
Y ...':?3&7.2.“i'.."""‘ t S ey dte
X o0 g ¥ ! @t ¢ sl
! T T T T T T _0'4_ T ! T T T
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
021, 029 T . 021 Ll 0.051
1 4 et t
BT IR S P ATtAR] ' | R’ RD .
0.0 = IRF b 1Y 011 g e Havad o a4 | 0007
] = .',25&",; FECEES A E ‘4“"“,"‘
-0.2 Scl 0.0 ."“ WIS T ) \
1 4 t ~0.05
0 5 10 0 5 10 0 5 10 0
0.2 j 3 Age (Gyr)
Col b] oo Nil R N | e 014 znl bltey 9 y
i AT 0.00 4 I .:i; 0.0 1 il .'*‘.‘.‘3“ 4 ' phot
o i i [ : L oug ab @ap o e i .;‘,a“ 0":"-11‘ S 0.04 .. | UYL
<004 ‘l‘.“ 210 td ..; R\ TR ~ J 5 ."w:v, .o‘ + ¥ Set] gaasial . L .,‘,'.(..‘.. \h‘t“ LAY
N S AR 0031 %‘? ' # —o.2 {111 cul | o1 i AN
! -0.104 1 |
0 5 10 0 5 10 0 5 10 0 5 10 f C 1 20 1 9
Age (Gyr) Age (Gyr) Age (Gyr) Age (Gyr) rom Casali



KA TRAC AR "1

il
S,
il
=
4




Summary on FH{EFE1L
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GW170817 CRERIIC

Table 1: Key Properties of GW170817

Property Value Reference
Chirp mass, M (rest frame) 118875052 My, 1
First NS mass, M, 1.36 — 1.60M¢, (90%, low spin prior) 1
Second NS mass, My 1.17 — 1.36 M (90%, low spin prior) 1
Total binary mass, Mo, = M + Mo ~ 2.74%9% M, 1
Observer angle relative to binary axis, Oops 11 — 33° (68.3%) 2
Blue KN ejecta (Amax < 140) ~ 0.01 — 0.02M¢ e.g., 3,4,5
Red KN ejecta (Amax 2 140) ~ 0.04M ¢ e.g., 3,56
Light r-process yield (A < 140) ~ 0.05 — 0.06 M,
Heavy r-process yield (A 2 140) ~ 0.01Mg
Gold yield ~ 100 — 200 Mg, 8
Uranium yield ~ 30 — 60Mg 8
Kinetic energy of off-axis GRB jet 10%° — 10°0 erg e.g., 9,10, 11, 12
ISM densit 1074 —-10"2 cm 3 e.g., 9,10, 11, 12
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The rarity of »-process event 1s identified

faint (small-mass) dwarf galaxies

stellar mass: M ~a few10° — 10° Mg ) M+ <afew 10* Mg

: """"""""" : | LA DL L L A LA L L L '.' | I a
05 _: : ultra faint o
. ] AN w2
p raco E E
: + ulptor ] r Seque 2 0(%
= L e T e r S (2
Woas [ ] i e 1 8
Seque 1 -3 B -: 5
2r ] s| ! 13
: ] : I 1 | \-5

i S EN — . — 35 B R

é - '-2.5‘ -
([Fe/H]=log (Fe/H)s - [Fe/H] (Ret II is excluded)

log (Fe/H)g)

a broadly constant r-process abundance with increasing [Fe/H]

. —
r-process production events did not happen

while numerous CCSNe explode and increase Fe in the ISM.

~
Such a rarity supports NS mergers as the site of r-process elements



ultra faint dwarf galaxy Reticulum II
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a jump by more
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identify a rare event and a high r-process vield

= no counterparts in other UFDs = a big abundance jump
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r-process enrichment in the Galaxy

The prediction by NS mergers is NOT compatible with the observed feature

[Eu/Fe]

(¢}

[Eu/Fe]
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r-process enrichment in the Galactic Bulge

[Mg/Fe]

[Eu/Fe]
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(TT & Baba 2019)

Study of the Galactic bulge
confirms that r-process
enrichment with DTDo ¢!
1S not consistent with the
observations.

Faster enrichment such as
the form of DTDo 1 1s
required.



r-process enrichment@delay time distribution
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the event rate of NSMs deduced from the gravitational-wave
detection by Advanced LIGO/Virgo Observing Runs 1 and 2

gives 110-3840 Gpc2yr! (the 90% confidence intervals)
with the most probable value around ~1000 Gpc-yr-!
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r-process features

NS mergers, in general, do not

seem to produce light r-process ;.
elements. h
s I
Implication I B A 1
. r—L -1 i ——————t
“Galactic halo field star 4 5 Ce
the uniformity of elemefital ratios i--jm=mmmmsmmes H
exists only for heayy r-nuclides  :. RRRTRENSRELS L
A nonuniform abundance pattern - R Im
for light 7-nuclides may suggest that g4y /o d7.d M H
they are produced in the different g ot o] ] '
[Eu/Fe]

site from heavy r-nuclides R
But, see TT, Nishimura & Kyutoku (2020) (Montes+ 2007)



= Blackbody + Sr i
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Implication 11

“Globular cluster M 15

a large star-to-star variation in heavy r-nuclides
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Implication 111

Atomic Number ()
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£ - Carbonaceous
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Isotope anomalies are seen f 50 sdl§Mo " .
only for light r-nuclides *é i
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What made isotope anomalies? (Yokoyama+2020)

Likely, ejection from a nearby
Supemova C C SN

(r-process)

Late injection
of SN grains

Trinquier et al. (2007)
Qin et al. {2011)

v’ Other isotopes support

v’ depends on the location
from the sun

variations in
54Cr/%2Cr

,suggesting that regular CCSNe
produce light -nuclides




[Eu/Fe]

[Eu/Fe]
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supporting evidence?
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