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GW1/70817 2% _ FromLIGO Home Pa
Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017) i e

- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26

- GRB170817A (Fermi-GBM) : 1.7 s

- No v-Signal: 10-° weaker than SN1987A (1.6x10° ly)

- X-rays & Radio waves : Remnant NS or BH, not identified.

GW170817/ SSS17a

- Optical and Near-infrared : SSS17a (over 70 Telescopes
€ No r-element, identified. € Emission Energy, consistent with
2 Line of sight = Different Y radioactive decay of r-elements !

- Complicated hydrodyn.

? Ejecta -> Different velocities, blue shifts

- Hundreds of r-elements "EFGW170817 Cason ot al 2017
? Incomplete Opacity + too many r-elements ~gf 45 -w realionova moce E
+ o, B, v, fission dep. l: \"1' @ v-0ic 3
t\llw 5 ;_ I | Xlamhanme = 10.2%
. . § E o
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T 3k 1 ! E
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2tChornock et al. 2017 i
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Purpose

1. How to distinguish r—process in Neutron Star Mergers (NSMs)
vs. Core—Collapse Supernovae (CCSNe) ? Time scale ?

-> Fission + masses, B-decay, (N, y)
-2 GW170817 vs. SIiC-X Grains, Sediments
- Actinide Boost Stars ...

CC-SNe = Magneto-Hydrodyn. Jet + v-Heated Wind

2. How to find the roles of v—interactions and oscillations ?

- v-induced Nucleosynthesis & CEX
- v-Oscillations, Hierarchy

- Origin of Amino Acid Chirality
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Solar System r-Process Abundance

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2018);
Kajino & Mathews (2017), ROPP 80 , 084901.
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Observed event rates !

Ejected Mass [Msun] x Event Rate [/Galaxy/Century]

vSN (Weakr) = 7.4x10% x (1.9%£1.1)°2

MHD JetSNe = 0.6x102 x ((0.03%0.02)x(1.9*+1.1))"
» Binary NSMs = (2%*1)x102x (1-28)x103¢

Observations a 1.9%*1.1 Diehl, et al., Nature 439, 45 (2006).

b 0.03%£0.02 Winteler, etal., ApJ 750, L22 (2012).
Obs. Estimate ¢ (1-28) x 10* Kalogera, et al., ApJ 614, L137 (2004).
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Challenge of Nucear Physics — Fission & Mass
Formula

Mass Formula: FRDM (Moeller & Kratz) Shibagaki, Kajino,
I\/Iathews2 (2018)
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Solar System r-Process Abundance

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2018);
Kajino & Mathews (2017), ROPP 80 , 084901.
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Yield (%) of Fission Fragments
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= = - .- RIKEN pB-Decay Experiment:
ission Is sensitive t S. Nishimura et al., PRL 106, 052502 (2011).

Nuclear Models 100 JdassNumber

T 4 T ; T T 11 4

—1 KTUY del
KTUY Model One of the Best ModelsI massmoe

Mass: Fission Barrier, Ql3

Koura, Tachibana, Uno, Yamada,
PTP 113, 305 (2005).

Ratio

Reactions: af-decay, fission

H. Koura, AIP Conf. Proc. 704, 60, (2004). TKT”"'*GTE / TE”F'

. 1/2 J'E

M. Ohta et al., Proc. Int. Conf. on Nucl. b e 0.1
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Fission Path of
Mercury

Potential Depth of Fission Valley
(near Scission Point) of Fm

isotopes
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Symmetric fission makes sharp 2nd & 3rd peaks.

Asymmetric fission & recycling wash out the 2nd peak,

still keeping the REE hill and the 3rd peak.
Shibagaki, Kajino, Mathews
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“r—process” Elements, found in SiC X—Grains

@ Supernova Grains e.g. Murchison Meteorite

10° ———m

Courtesy of S. Amari

SiC X—grains

Mainstream
B

10*L

- Enhanced 12C (12C/13C > Solar), Enhanced 28Si
- Deficient 1*N (*N/1°N < Solar)
- Decay of 26Al (t,,,=7x10%yr), #4Ti (t,,,=60yr)

Pre—solar SiC X—grains condense & form from SN EJECTA.

B SiC X—grain including r—elements m—SM/SN event rates !
B Extended universality & actinide boost %oth NSM & SN '

T

. L HE 2252-4225 “
© Direct Spect. Obs.: Actinide-boost stars 1_0;\
SNiNsM. *\’/\"\M/v

Simultaneous direct detection
of C, Si & r-elements is highly
desirable!

S.8. r—process

O La Bu  Er H Ir  Pb Th '

Mashonkina et al. A&A 569, A43 (2014) L 'G'D' b '7'0' S = R '9'0' ]




Deep Sea Sediments & EMPS points DUALITY of SN & NSM

244Pu/%%Fe in Earth’'s Deep Sea Sediments NSM/MHDJ:SNe=1:
100! Over 25 My

NSM, MHDJ  2?%%Pu(80.8 My): Wallner et al., Nature Comm. 6 (2015), 1-9; NPAS8 (2017)

v-DW 60Fe(2.62 My): Wallner et al. Nature 532 (2016), 69.
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abundance
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- Extended . Ultra-Faint Dwarf Galaxy: Ret.
Universality 5 ]|
f : « 1 Astron. Observation
. 8 F3 g !E
3 L E{ 1 lan U. Roederer et al., ApJ. 151 (2016), 82;
: " P. Ji Alexander, Anna Frebel, Anirudh Chiti,
: Joshua D. Simon, Nature 531 (2016), 610.
- C Si NSM cannot
N M Sc vV MacoCa Y B produce
Element (2) A<80 enough'!

» solar r-abundance

Wanajo et al., ApJ. 789 (2014), L39.

Shibagaki et al., ApJ. 816 (

Goriely, et al., ApJ 738, L32
(2011); Korobkin, et al.,
MNRAS 426, 1940 (2012);
Bauswein, et al., ApJ 773, 78
(2013); Rosswog, et al.,
MNRAS 430, 2585 (2013);
Goriely, et al., PRL 111, 242502
(2013), (2015): Piran, et al.,
MNRAS 430, 2121 (2013).
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Solar System Abundance
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solar System r-Process Abundance m

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2017);
New process, required ? Kajino & Mathews (2017), ROPP 80, 084901.
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Proto
Neutron Star

Collective v Oscillation — Many-Body Effect

Duan, Fuller, Carlson & Qian, PRL 97 (2006), 241101.

| T Vi

\ | c Q! v Fogli, Lisi, Marrone & Mirizzi, JCAP 12, (2007) 010.

P Balantekin, Pehlivan & Kajino, PR D84, (2011), 065008
- Vg PR D90, (2014), 065011.

H,=Mixing and Int. with Background Electrons >
MSW (Matter) Effect P1 Ve P1 Vx

liml
Bz f &p (E"”"Eﬁ . ﬂcm.] (a}(pax(p) - a' (Plalp))

x_________-

| im? N, = electron density
+3 [ 3 inblalpatp) (o)

H,,.= Self-Interactions Vg o VB
Collective Effect for vv-scatt. P
Gr
o= ] d'pd'y Rpg [al(pac(plal(q)ac(a) + al(pac (Plal g)al) :> D
i f 1 f
+a}(p)ac(plal (g)a(q) +al( pa:(plal (g)a(g)] . ' V 5 Vo, o Ben

1049 v's with 3-flavors & multi-angles (3 x3r x3p /v)!
mmm) 3-Flavor & Multi-Angle Calculations in Mean Field Approx.



Swapped v Energy Spectra T NI ek Rk

Both Normal & Inverted hierarchy, Observed 0,; & Am?

Energy spectra

swap! ‘

n/p ratio (Y,<0.5) changes drastically!

Normal

Ve+nop+e
Vvo+p—n-+e'
System becomes even proton-rich
(0.5<Y,), and vp- process operates!

We find extended (n, y) flow!

O 5 10 15 20 25 30 35 40 45 50
E, MeV



Ordinary Vp-process c.Freohiich, et al., PRL 96 (2006), 142502.
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Ordinary Vp-process c. Freohiich, et al., PRL 96 (2006), 142502.
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P—Nuclei

Isotopic ratio (%)
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v-Mass, constrained from Cosmology & Nuclear Physics

@ CMB Anisotropies + LSS: WMAP-7yr + Planck + BAO + HST + SZ (2015-2017)

>m,<0.14-0.17 eV (95%C.L.) o
Yamazaki, Kajino et al. Phys. Rep. 517 (2012),141;
<0.2eV (20, B,<2nG) PR D81 (2010), 1035109.

@ Ovpp decay: COUORE, NEMO3, EXO, KamLAND Zen (2012-2017) + NvDEX
|2U%mg| <0.3 eV  (—2018)

Am®, =7.9%10%eV* |Am®,,| =2.4%10° = (0.05 eV)?

v—Oscillation Physics Normal: Zm, ~ 0.05eV!
Inverted: ¥m, ~ 0.1eV!
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v-Isotopes:180Ta, 138La, °°Nb, 98Tc ...

Hayakawa, Kajino, Mohr, Chiba & Mathews, PR C81 (2010), 052801®;
PR C82 (2010), 058801; ApJL 779 (2013), L1.

p process

ISOW

B- decay"~,

|71Hf

ITSHf

cosmic-ray process

I?QHf

[SEW

SN v-process in Einstein AB theory
- Only 40% survives!

D. Belic et al., PR C65 (2002), 035801.
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Mass Fraction

6.7Li-°Be—1911B : Outer Layer in Supernova

IAM® 5] = |[Am?,5 = 2.4% 107 eV?, g, ~ 10 MeV
muﬁmﬁ{"* cos 26;; .
Ips Lg = i 3 gcm
f 2V2Ge(he)s, [ ]

Am; \ (1 MeV
= 655 10‘*’(1 {;)( - )cnsza&.
eV Ey

MSW high-density resonance is
located at O/C - He/C shell
at p ~ 103 g/cms.

(a,y)

10

(B+

14N

e HelC HeN
10 |
107 |

108 |

Mass Fraction

10° L.




Li/1B-Ratio

New Method to constrain Mixing Angle 0,; & Mass Hierarchy

B normal
- Normal Mass
0.9 N Hierarchy
0.8 [ Allowed (2011-20
07 | e
i ——\\\% inverted ]
0.6 N
Inverted Mass sin220.. £
0.5 Hierarchy 9
0.4
0.3
0.2
o 2
0.1 |. S1n 2813 .|
10 10 104 10-3 10-2 101

17)

0.1

Yoshida, Kajino et al.
2005, PRL94, 231101;
2006, PRL 96, 091101;
2006, ApJ 649, 319;
2008, ApJ 686, 448.

Mathews, Kajino, Aoki
& Fujiya, PR D85,
105023 (2012).

Kajino, Mathews &
Hayakawa, J. Phys.G41
(2014), 044007.

Long Baseline Exp.
from 2011-2018:

-T2K (Kamioka)
-MINOS

Nuclear Reactor Exp.
from2012-2018:

RENO (KOREA)
-Double CHOOZ
-Daya Bay




Theoretical Calculation for v-A Cross Secti

New generation SM cal.: v-12C, 4He

Suzuki, Chiba, Yoshida, Kajino & Otsuka, PR C74 (2006), 034307;

Suzuki & Kajino, J. Phys. G40 (2013), 083101; ++

12C: New Hamiltonian = Spin-isospin flip int. with
tensor force to explain neutron-rich exotic nuclei.

- u-moments of p-shell nuclei

- GT strength for 12C>12N, 14C>14N, etc. (GT)

- DAR (v,V’), (v,e-) cross sections

1“""I""I""I""I""I""I T
120 [ - 'l 12C(ve,e')12N )
z J
100 [ . nl‘ ‘
o 1*
O Total A
6o | ¢ LSND dmtsfor N PR

12C(v,,€)12N(gs, 1)
40 i

o, (x10-4%) cm?

20

.....

70

80

1200
1200

1000

800

600

400

200 |

ORPA cal.: v-12C, *He,

40Ar’ 42Ca, 98TC, 92Nb, 138La, 180Ta .

Cheoun, et al., PRC81 (2010), 028501;
PRC82 (2010), 035504: J. Phys. G37 (2010), 055101;

PRC 83 (2011), 028801; PRC 85 (2013), 065807;

PLB 723 (2013), 464; J. Phys. G42 (2015), 045102;
++

o B®Ta(v,nv)¥Ta

/‘/

80




Counts

% v-beam experiment is not available !
% EM-PROBE (Hadronic CEX, yu-ind. reactions) !

Similarity of Electro-Magnetic & Weak

—> — —>
EM-current =V, Weak-current=V - A
%8Nj(3He, t)°8Cu r I r r r r,
E:(14OI\3IeV/u Vagl s —oxd+—L(p+ P
.
Y. Fujita et al., EPJ A 13 ("02) 411. A~ g.&
Y. Fujita et al., PRC 75 (’07) _ S
Weak operator in non-relativistic limit
%8Ni(p, n)*8Cu 1
E, = 160 MeV Gamow-Tellar operator = <& Z

: r
J. Rapaport etal., NPA (°83) Spin-Multipole operator = [ & >< yu)] T,

\ « v
N\

vV P vV N

o 2 4 6 8 10 12 | |
14 Excitation Energy (MeV) charged-current neutral-current



All Amino-Acids, Optically Left-Handed ! Why ?

Born in the Universe, | %
then brought into Earth ? et wm .
o ¥ "':?;' il  hoy Cytosine

6 5

Born on the Earth, then evolved ? o-n—n %/’
—-— S ) Adening
Mann and Primakoff (Origins of Life, 11 g-p-?: M 2

(1981), 255) suggested B-decay of 4C.
Itis too SLOW'

e a‘ Chimine
. £ i-"‘-{;' n‘-l_ln-n * ' :
"H ; l FiieHsEE kt—r" =5 M}é

-t i

- Guanme
v-Interaction under Strong B-Field ,_,,_n fn,. g 3
R W g
~ Connection is occupied by “N(1+) | B2

L Soamaad



Origin of L-Chirality of Amino
Acids

Boyd, Kajino, Onaka & Famiano, et al.
Astrobio. 10(2010),561; Int. J. Mol. Sci. 12 (2011), 3432;

Symmetry 6 (2014) 909 Astrophys. J (2018), | _
* Neditmme 0 S n a0 dyftrophys: J (2018),in press

% Parity, broken in strongly magnetized NS or BH.

% SN ejecta including N form simple amino-acids and
interact with neutrinos for ~ 1010y,

% Neutrino-14N coupling is asymmetric & chiral selective.
14N survives in north, but dies in south.

5.14 Table 1: Values of the molecular geometn
— Amino Acid | Ligand | Zwitterion | Optimized
2
0.06% 2m,c Alanine -3.87 31.79 39.39
3.95 ¢ 51.60
140 -
A Arginine 7.79 -44.11 -160.41
18.57, 47.18
B -+ 140 Histidine 11055 | -44.58 -31.20
23.26
Isovaline -0.63 -1.92 -16.67
119.94
== )
2; + 14N > et+ 14C Norvaline | 549 | 26.24 33.26
10.50
0.16 100% 0.00 Valine 1.01 | 4.44,3452 | 19.94
14 > = 8.47
C (5730y) > | -

14N (1+)



Quest for Nuclear Physics in Astrophysics

Developed HI & RIB Technique
+ Intense RI-Beam @ RIFBF
+ High Precision Spectroscopy + ...

. 4

Probe E* on wide N-Z

‘ Hadronic Charge-Exc. React.

Understanding of EW Response
- GT + Forbidden Tr.

- R-process, Th-U synthesis & cosmocnhronoiogy

- Neutral & Charged currents

- Fe-Mn synthesis in 1%t generations ui suar
- La, Ta, Nb ... synthesis & cosmic clock

- EC/beta-decays
- SN 11, SN la, X-ray bursts

- SN explosion mechanism Electro-Weak React.

- LiBeB synthesis & v-oscillation Reaction Theory Masses
’

Cosmic & Galactic Evolution

Chirality of Amino Acid

<€

Proton-rich Z=N

EOS of Neutron Stars
Neutron-rich

Structure Theory of Exotic Nuclei, Fission

Sasano @ Uesaka Spin-Isospin Labo., RIKEN



Summary

&€ Neutron Star Merger R—process, confronts Time Scale Problem:
in the early Galaxy :— CCSNe (both MHDJ- & v-Wind)

in the Solar—-System :— Neutron Star Mergers contrinute + CCSNe
—> Fission Recycling & Fragment Mass Distr. + masses, -decay, (n, y)

€ Supernova(v—-Wind)proves:

:— Origin of Abundant p—Nuclei (°294Mo, %6.98Ry --)
- Mechanism of v-Self Interacting Collective Oscillations

— v—Mass Hierarchy
- Nuclear Weak Structure of 180Ta, 138_a, 92Nb, %Tc, 7Li, 1B ...

@ Origin of Amino—Acid Chirality:
- Broken-Symmery of v, & v +1“N(1*) Interaction under Strong B-Fields

Neutron Star Meregrs, Supernovae = GWs, Lights, Elements & vs

— DAWN of multi-messenger astronomy & nuclear astrophysics
— SYNERGY among astronomy, astro-, particle- & nuclear physics



Purpose

1. How to distinguish r—process in Neutron Star Mergers (NSMs)
vs. Core—Collapse Supernovae (CCSNe) ? Time scale ?

-> Fission + masses, B-decay, (N, y)
-2 GW170817 vs. SIiC-X Grains, Sediments
- Actinide Boost Stars ...

CC-SNe = Magneto-Hydrodyn. Jet + v-Heated Wind

2. How to find the roles of v—interactions and oscillations ?

- v-induced Nucleosynthesis
- v-Oscillations, Hierarchy

- Origin of Amino Acid Chirality






- Binary merger process, too
Time Scale Probleniiststdinbaks
for GW radiation: 100My<T

Argast, et al., A&A 416 (2004), 997, iati .
Wehmeyer et al., MNRAS, 452 (2015), 1970. e RNE
’CC2983><10£J&1( )
Merger R-Process hr ) »
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Observed Galactic event rates !

Ejected Mass [Msun] x Event Rate [/Galaxy/Century]

vSN (Weakr) = 7.4x10*% x (1.9%1.1)°
MHD JetSNe = 0.6x102 x ((0.03%£0.02) x(1.9%+1.1))"
Binary NSMs = (2%*1)x102x (1-28)x103¢

Obs. Estimate

GW170817 confirmed short—GRB = NSM !

ature 439, 45 (2006).
,etal., ApJ 750, L22 (2012).

c (1- 28)x103 Kalogera, et al., ApJ 614, L137 (2004).

Event rates
including Binary Evolution

Kajino & Mathews, Rep. Prog.

Phys. 80 (2017) 08490;
Mathews & Kajino, (2018).

Time Scale Problem in

Neutron Star Mergers

101
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103

isses / Century

| | | |
Exponential t-dep. SFR

o
< T SNe
~~~~~~~~~ solar system
Const. SFR  TTe~o___
= -~

No contribution

In the earl laxy !
e early Gala y/ _ NSMs -
Const. SFR —+
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KTUY Model : Fission Fragment Mass

Distribution
M. Ohta et al., Proc. Int. Conf. on NDST, Nice, France, (2007)
S. Chiba et al., AIP Conf. Proc. 1016, 162 (2008).

Liquid Drop Model in Two Center Shell

Model W
distance z / b?h“ ) b,
Paramete mass asymmetry d a, | o e a
|:> deformation & W

Fission Fragment Distribution !otent —
Energy Surtace 2 h A1 0

f(A) = 1-w. )(e ™" 7 e\t 7 )+

(A) \/ﬂg( $)( )

20)5 e—((AH+AL)/2—A)2/202
Analysis of Potential Energy near the Scission Point

\N2mo

-Location of the depth of the asymmetric valley at 6=0.2, 0.3
— mass asymmetry of fission fragment distribution (An, AL)
‘Depth of the asymmetric valley & Depth at a=0 and 6 0
— ratio of the symmetric component and asymmetric

component (w s)
- 0=7.0



Pure Ve

Pz

Calculated v Flavor Oscillation

Energy spectra swap!
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v-Isotopes:180Ta, 138La, °°Nb, 98Tc ...

Hayakawa, Kajino, Mohr, Chiba & Mathews, PR C81 (2010), 052801®;

p process

ISOW

B- decay"~,

"THS

ITSHf

cosmic-ray process

[SEW

v-process

I?OHf

PR C82 (2010), 058801; ApJL 779 (2013), L1.

SN v-process in Einstein AB theory
- Only 40% survives!

D. Belic et al., PR C65 (2002), 035801.

. W K=9
| | | 4w / yrr B8 7
! Heary () (ms
[T ] / Jan T o (s
| II | T1J [
b | il
! ! {
45 ) JE
[ R P | . 1]
Ry F |'I'j':':|
[T M [ES -
[ *y B, AR I .'I { K_1
1 - Mg ]
\ r A TR
] * 1 t'_l_'l}"l ! i+ a4

# 4 |II|05 238 rawe
'

Wit 7

b, "
) sl p o Tr—
s [ wodt
(7] 4 §qyq el it 1
" +L‘d-1 i %9 =y ' 5
1 y
] " >l L 13
, B .-”' 20
I
|

Isomer 9+

gr sfate 1+
180Ta (1, = 8h) 180Tam (1,,, > 1015y)



The last nearby Supernova
When exploded & formed pre-solar grain?

Primordial Sun formed.

The Sun isolated
4.56 Gy ago !

How long ?

From predicted initial abundance of ?2Nb(t, ,=3.47x10’
GCE + Late Input({SN)model, we conclude;

AT =1~30 My !
Hayakawa, Nakamura, Kajino, Chiba,lwamoto, Cheoun, Mathews, ApJL 779 (2013), 1.
This is consistent with Standard Solar-System Formation

Scenario
which requires AT =1~ 10 My (H. Yurimoto, 2016).


https://www.google.com/imgres?imgurl=http://www.kysm.or.jp/plane/program/p-images/p_kana3.jpg&imgrefurl=http://www.kysm.or.jp/plane/program/p_kana.html&docid=VV6k7PyhjEqAWM&tbnid=YovhikiWGaXTMM:&w=200&h=121&ei=waLiUpKNOIqwkAWR_ICACg&ved=0CAIQxiAwAA&iact=c
https://www.google.com/imgres?imgurl=http://www.kysm.or.jp/plane/program/p-images/p_kana3.jpg&imgrefurl=http://www.kysm.or.jp/plane/program/p_kana.html&docid=VV6k7PyhjEqAWM&tbnid=YovhikiWGaXTMM:&w=200&h=121&ei=waLiUpKNOIqwkAWR_ICACg&ved=0CAIQxiAwAA&iact=c

Theoretical Calculation for v-Nucleus Cross Sect

New generation SM cal. with NEW Hamiltonian: v-12C, 4He

Suzuki, Chiba, Yoshida, Kajino & Otsuka, PR C74 (2006), 034307;

Suzuki & Kajino, J. Phys. G40 (2013), 083101; +
12C: New Hamiltonian = Spin-isospin flip int. with
tensor force to explain neutron-rich exotic nuclei.

ORPA cal.: v-*He, 12C, 40Ar, 42Ca, °8Tc, 92Nb, 138 g, 180Tq . .

- ui-moments of p-shell nuclei

- GT strength for 12C>12N, 1*C>14N, etc. (GT)
- DAR (v,V’), (v,e-) cross sections

Cheoun, et al., PRC81 (2010), 028501; PRC82 (2010), 035504: J. Phys. G37 (2010),

055101; PRC 83 (2011), 028801; PRC 85 (2013), 065807; PLB 723 (2013), 464;
J. Phys. G42 (2015), 045102; +
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Connection among

v Mass—Double 3 decay—Astronomy—Cosmology

K. Yako et al., PRL 103 (2009) 012503.
B(GT*") distribution Experiment

(RCNP, O\saka) SheII model (theory)
Shell model ... 3} g- / ‘“’cﬂ(p )%Sc
with quenched operator P, :
Spectra agree qualitatively T 2} s e S
up to ... = full fp, Q- = 0.6
(p,n) : E, =15 MeV 1t
(n,p) : 8 MeV = 5
Strengths beyond 2 0f
. = 04
.. underestimated. Hy |
% ;
E___ 0.3
(n,p) channel : 2 :
B(GT*exp) = 1.9+0.3... ey
(w subtraction of IVSM) 0.1
t 00!

D 5 i i i 1D " " i i Er:ﬂ i " i " ED
2B(GT*;ShellModel(Qg=0.6)) = 0.9 Excitation energy (MeV)



UNIVERSAL Origin of L-handed Chirality of
Amino Acids

Boyd, Kajino, Onaka & Famiano,

Astrotiy LQI7010)561; Ing. ) Mol ci. 12 (3011), 3432 Symmetey 6 (2013, 909,

o 10
Oz

% SNe with strongly magnetized NS or BH emit intensive

flux of neutrinos 108 times over 1010 yrs.
% SN ejecta including 4N form simple amino-acids and
@ interact with neutralized e-type neutrino bursts.

I |

% Neutrino-“N coupling is asymmetric & chiral selective.

14N survives in north, but dies in south.
5.14
2mc?

140

Mann and Primakoff
v, + 1IN > e* +14C (Origins of Life, 11 (1981),
255) suggested B-decay

0.16  100%
.0.00 . ,
14¢ (5730y) = ) of 14C, but it's too SLOW!
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Important Reaction Flows, affecting R-Process

Factor x2 change could lead to 10" difference in r-elements !
Kim et al., (2017), on-going project at RAON/RISP/IBS.

Utsunomiya et al. PR C92
(2015), 064323

30-50% (206), uncel

Das et al., PR C95 (2017), 055805.
100-300% (2c), uncertain

Kontos et al., PR C87 (2013), 065804.
20-30% (20), uncertain




7Li(n,y)8Li(a,n) 1B

100-300% (20), uncertain !

157

800

Discrepancy
Inclusive > Exclusive Sum ?

> Boyd et al. Phys. Rev. Lett. 68 (1992), 1283.

A LaCognata et al., Phys. Lett. B664 (2008), 157.

[0 Guetal., Phys. Lett. B343 (1995), 31.

* |shiyama et al., Phys. Lett. B640 (2006), 82.
Hashimoto et al., Phys. Lett. B674 (2009), 276.

e Das, et al., Phys. Rev. C95 (2017), 055805.
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Charge FF

Astro-S(E)

M CIGEEPUNE Mirror

50% (20)

‘He(°He,y)’Be
Adelberger, RMP 83 (2011),195.

5% (1c), uncertain !

Kajino et al., PRL 52 (1984), 739; NP A413 (1094), 323;
NP A460 (1986), 559; ApJ 319 (1987), 531

20% (20), uncertain !
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o . R
BE(TJ]} & Gibbons (1959)
ol v John (1967) *Be(y,n)20. [RIIEREEIE
= f & + Fujishiro (1982)
+ Goryachev (1992) _
o Burda (2010) Utsunomiya et al.,
L5 { Amold (2012
=y g ® Amod(Z012) PRC92 (2015), 064323.
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Solar System r-Process Abundance

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2018);
Kajino & Mathews (2017), ROPP 80 , 084901.
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RIKEN-RIBF : Decay Spectroscopy around A = 100-145

G. Lorusso et al., PRL 114 (2015), 192501.

Atomic number

A.Jungclaus, PRL99, (2007)

No clear evidence for
shell qguenching on N=82!
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for shell quenching on N=82 !
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Result from our T. Hayakawa, P. Mohr, T. Kajino, S. Chiba, and

G.J. Mathews, Phys. Rev. C81 (2010), 052801®;

AN SO RAARI I [EIST SN Phys. Rev. €82 (2010), 058801.

7 ———

6 | Y [ 138La Heger et al. PLB606, 258 (2005)

B 180Ta (Overproduction)

5 S
* [1180Ta (Our new result)

solar gamma nc
system only 6MeV

cC
6MeV

cC
8MeV

39% of 80Tam survives
In the dynamics of c.c.
supernova explosion.

Consistent with
r—process in v—-DW SN !



Dynamical Cal. or r-Frocess in Neutron Ytar

Korobkin et al., MNRAS 426 (2012), Mﬁ Egsﬁv!;g et al., MNRAS 430 (2013), 2585.
Shibagaki, Kajino, et al. (2016), ApJ 816, 79; Kajino & Mathews (2017), ROPP 80, 084901.

Hundreds of radioactive nuclei contribute!
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solar System r-Process Abundance m

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2018);
Kajino & Mathews (2017), ROPP 80, 084901.
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Asymmetric v-scattering
and absorption.

@ ve—ve

T=20 MeV

ANEUTHON STAR: SURFACE and INTERIOR

CORE
ogen:
Matter

1y

Relativistic Mean Field Theory
+ Numerical Simulation of SNe

T. Maruyama, T. Takiwaki, et al.;

Phys. Rev. ® D83 (2011), 081303
Phys. Rev. D86 (2012), 123003
Phys. Rev. C89 (2014), 035801
Phys. Rev. D90 (2014), 067302

S 2 YOOk

Neutrino scattering and absorption process

| Inside a Strongly Magnetized Neutron Star
with B = 102G is asymmetric.

—-=pn

with B
— — p,n,A without B

— p,n,A with B

100

6; (degree)

150

= 2.2 % asymmetric v-emission

= Asymmetry for Pulsar-Kick !
V(th) =300 — 600 km/s
c.f. V(obs) =400-1600 km/s
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ExHEAR, 21— J/ES, 73/BESUTF—DRE

O BMWENIE > EHHERFELAHFESERARTLE,

© BW=a—F) /35 > BETERIIRES,
-BNERREEEE  neutralized v -burst > v-sphere > thermalized v, v, v,

-FEFEEE RS No neutralized v, -burst = No neutrino sphere
— disk (heated) v, v, v,

O RBULVERIE > BHFE(EHHER) R BETRLS,

WS EIERER &Y EY (MHD Jet SN)
- —a—M)/MnEE (v-Wind SN)

> BinEaaik, —a— M JIREID#ZBA
B ERRUTESHE  r 7OEX, =2—MJ/-FAER
H=2—F)/IEE : B MSW), BE2HEEA (Collective)




Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26
- GRB170817A (Fermi-GBM) : 1.7 s

GW1/70817

- No v-Signal: 10 weaker than SN1987A (1.6x10° ly) 0.13 Gly
- X-rays & Radio waves : Remnant NS or BH, not identified. GW170817
SSS17a

- Optical and Near-infrared : SSS17a (over 70 Telescopes)

€ Energy, consistent with r-process! 4 No r-element, identified.

L, (10 ergs™ A7)

L, (10 erg s A7)

6.0

4.0

2.04

1.59

1.04

0.54

— Spectral data (+1.4 d)

— Model continuum ? Line of sight - different Y, & r-process.
— Model Cs + Te

? Ejecta velocities = Blue shifted spectrum.

? Incomplete Opacity + a, B, v, fission dep.

L1 _
Csi1 Tel V_OZC Ye:030

0.4 0.6 0.8 Post-merger ejecta high Ye
Rest wavelength (um) i
medium Ye

Y, =0.25
— Spectral data (+2.4 d)
— Model continuum

— Model Cs + Te

Y. =0.10-0.40

v=0.13c

Dynamical
ejecta

Csi1 Tel
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Kasen et al. 2017
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¢ Total energy, consistent with radioactive decays of lanth
* No r-process element, identified. Incomplete OPACITY |

-

‘tewizoslz

Kasen et al. 2017

g +45d N | red kilonova model
‘i & M = 0.04 M,
v =0.1c
5 Xlanihanide = 102

,
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Chornock et al. 2017
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Frequency (Hz)

Strain (x10-21)

Binary Black Holes

Binary Neutron Stars
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GW170817
Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26
- GRB170817A (Fermi-GBM) : 1.7 s

- No v-Signal: 10-° weaker than SN1987A (1.6x10° ly)

- X-rays & Radio waves :
Remnant NS or BH, not identified.

R EXA,

Gw170817
SSS17a

- Optical and Near-infrared : SSS17a (by more than 70 Telescopes)

Consistent with r-process!

1.7-2.2d [ ] ]

BIUe

R

111“6

1077

2.5~ 32d [ ]

:I:w-”;— M-*’”“*' L = p/(p+n)
‘T; 52.54d @ Ye =0.30
R Ye -0.25

-t ’“ « ® | Tanaka et al.

107" | Ye=0.30 PASJ OO, 1_7

f ve-o0.25
[ Ve = 0.10-0.40

_f (2017)

-h
S

[

'l
10000 15000
Wavelength (4A)

[ . . 1
1} 5000 20000 25000

But no element, identified.

€ ? Line of sight - different Y, & r-process ?

Line of sight @ 0.13 Gly

Post-merger ejecta high Ye
medium Ye

Dynamical
ejecta
Low Ye



Complicated Geometry & Hydro-Dynamics
- Difficult Element Identification !

& ? ? Ejecta velocities - Blue shifted spectrum ? 0.13 Gly
Why only Cs and Te ? GW170817
SSSi17a

€ Incomplete & Limited Opacity = Large o, B, v, fission dependence !

— Spectral data (+1.4 d)
6.0 — Model continuum
— Model Cs + Te

€ ? Line of sight - different Y, & r-process ?

Z
- 4.0
w - -
g v=02cC Line of sight @ 0.13 Gly
= 20 [T 11
- Csi1 Tei
o4+ 7-——"" .
0.4 0.6 0.8 Post-merger ejecta high Ye
Rest wavelength (um) .
medium Ye
— Spectral data (+2.4 d)
— Model continuum

= 297 — Model Cs + Te
=
w 1.5 v=0.13c
@
&, 1.09
= I Dynamical

0.5 Csi Tel ejecta

8 70 L N —_ Low Ye

0.5 10 15 20 Smartt et al. Nature, 551, 75 (2017).



|[Ba_r/Fe]

SUPERCOMPUTING of Galactic Chemo-Dynamical
Evolution

of Dwarf Galaxies > Milky Way (Large Galaxy) ?

SNe->Metals; NSM(t.=100My)->r-process elements. Highest resol. n,»100 cm3 — 10-
100pc

Argast, Samland, Thielemann, Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino,
Qian, A&A 416 (2004), 997. ApJ 814 (2015) 41; MNRAS 466 (2017) 2474,

Without Dynamics & GAS MIXING

-2




Summary & Outlook

GW170817
Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

¢ GW ! - EOS! (Cold NS vs. hot SN core)
¢ Neutron star merger - a Central Engine of Short-

|
cgli.?g'ht emissions, not by 56Ni or 4*Ti decays like SNe
—> consistent with radioactive decays of r-process elements !

* No specific element, identified :
- Needs another event (once in every 10%-105 yrs in Milky
Way) !
- Needs nuclear mass, a, j3, v, fission studies !
- Needs complete opaaty table for lanthano:ds and actinoids !
“ar

AN mE _ = =E_ = _ B _ m e . A® = -

. No neutrmo signal 9 Mlcro-phySIcs yet to be

Dawn of Nuclear-Particle Astrophysics and Multi-Messenger

Purpose - Difference between Merger and SN r-
process !




Purpose and Content

Origin of r-Process: NSMs vs. SNe ?

1. Neutron Star Mergers vs. Supernovae Nucleosynthesis

Roles of Nuclear Physics --- FISSION !
Universality !
How to distinguish NSM from SN r-process !

Neutrino Oscillations in SNe ?

2. v-Oscillations (MSW & Collective) on Nucleosynthesis

Collective (Quantum) Oscillation in vv Scattering ?
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v-Oscillation and

| >

P1 Ve Po Ve Aw(;) /" \1_ veVe veV
0.25 — S , -
ool Ve T(ve) <T(VS) < T(v,=¥y)
P2 Vx ST 32 40 60 1
v-Collective Oscillation 015 - MeV E
‘L‘ e
vm: e i -—
Fe | Sii |v-process: v-process: g
NS | Core | Layer| 92Nb, 98Tc, 180Tg, 138La ... | 67Li, °Be, 101B... [
A ] 1 ’ ’ 1 ’ -
;"h,‘ U U J W \x
oy ]
R-process: '*-T-h':’?g O£, . v R 3
Heavy Nuclei 0 10 20 O 40 50 60
g, (MeV)
Vieur Ve T N—p+e proton-rich!
Explg). Si-burn.: Fe-Co-M Vx=m v, +p—>n+et
Co, °>°Mn, >V ...




Theoretical Method

3 x 3 density matrices Pee  Pep  Per
p(t,p) for v, p(t,p) forVv. pt,p) = | Pue Pun Pur

pre Pru P
@ (P)aa@) = @nPsD (o - QftpptD)s
T 35(3) i Trp(t, p) = Trp(t, p) = 1
{by(P)bs(q)) = (2m)°6* (p — a)g(t, P)A(t, P)as
G. Sigl and G. Rafflet,Nucl. Phys. B 406, 423, 1993
Diagonal components p_, represents the probability of finding v,,.

Solving dynamical eqs.

d .
Pas(t,P) = —i[p(t,p), UP) +V(EP)ag Vacuum Hamiltonian

d
Eﬁaﬁ (ta p) = —1 [ﬁ(ta p)a —Q(p) + V(ta p)]cxﬁ v (t’ p) = VMSW + VS’EH

...... Potential in flavor space

Mean field v-v coherent scattering term
3

Viatas = VEGr [ s (1= <08 ) (6, Do (t,0) — gt )pas(t, )

p &p Bp
Oy, [ 10=n [ o0 =

q




Abundance Y;

EVOLUTION of the r-Process Abundance

Kajino & Mathews (2017), ROPP 80, 084901.
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Sneden, Cowan, Gallino, ARAA 46 (2008) 241. L e 1 A(FeH Fe/Hs,
10 =10 [Fe/M] Lo
HST-obs., Roederer et al., ApJ 747 (2012) LS. 10y
R 7 ' | ' | ' | ' | F"e/H@
"l Re = et e, /- ) [Fe/H]
8 - — = = : - 1 —3.1
% = o R
= —3.0
-]
®
=
% —2.9
Y
—2.2
—3.0
EMP
Stars

® CS522892-052: Sneden et al. (2003)
B HD 115444: Westin et al. (2000)
# BD+17°324817: Cowan et al. (2002)

HE 1523-0901: Frebel et al. (2007)



UNIVERSALITY ! | Eany

o WY
Shibagaki et al., ApJ. 816 (2016),79; Kajino & Mathews, ROPP 80 (2017) 08490.
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Element Genesis from Nuclear Processes in Cosmos

Burbidge?, Fowler & Hoyle, Rev. Mod. Phys. 29 (1957), 547-650. et
Alpher, Bethe & Gamow, Phys. Rev. 73 (1958), 803. .= o i
2 M e
S e o R | :
‘0°6$® (U) E
6 ((\0\(\\‘ [Pb) _&Qfl—ﬁ o il -1 ]’Lﬁﬂﬂ—
Z (Proton Number)  ~@N" ~ =l canwn HHEEAEE | mjl :
;ﬂw“%u (T, = 4.47 Gy)
232Th (T,,, = 14.05 Gy)

X(Big-Bang) PP-Chain & N

N (Neutron Number)
Early Universe  CNO-Cycle SuN



Element Genesis from Nuclear Processes in Cosmos

X(Big-Bang) PP-Chain & N
Early Universe  CNO-Cycle SUN

N (Neutron Number)
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Hierarchical Galaxy Formation Scenario
SUPERCOMPUTING of Galactic Chemo-Dynamical

Evolution
N-Body/SPH Simulation DM + GAS +

Komiya & Shigeyama, ApJ 830, 10 (2016). Star
Particles with GAS-MIXING in the star

Mixing of r-elements between neighboring forming region

Dwarf Hirai et al., ApJ 814 (2015), 41; MNRAS

Galaxies is small 0.001-0.1% for[Fe/H]<-3.5. 466 (2017) 2474.
Mathews et al., MPL A29 (2014), 1430012-118.

M, = 7xX108M,,, N; = 5x10° particles,
M* = 1OOMsun

Log (density)




Fluid-Dynamical Model for Neutron Star Merger

Binary Neutron Star Merger ~ more than 100 flows
Korobkin et al., MNRAS 426 (2012), 1940; Rosswog et al., MNRAS 430 (2013), 2585.

SPH Simulation: (Adiabatic Expansion)
Newtonian gravity, Neutrino Leakage scheme

Entropy, Ye, T, p Evolution: (Fission is a strong heat-source: S ~ §/T)
We solved thermodynamic evolution of each trajectory from the initial conditions.

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2017);
Kajino & Mathews (2017), ROPP 80, 084901.

t:5.07e-09s / T:10.96 GK / p»: 8.71e+12 g/cm® 0.35 . :
10
100}, Fission & 03 34 flows:
of Sk Region . c extremely
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5 = 10-10 S
S Sn (z=50) .r“rr’ el 2 & o1s
2 ._',F!“ 1F-"- 2 Summed abundances (¢0] '
2 40 i e,
= N >
| A o w‘ . 0.1
Ni (Z=28) s i ) 10-15
20 ' rr".’.l # :_ﬁ:::;'l 82 IJ{UJ) Id*
a5 5o | J 0.05
Mass number, A e =
% 50 100 150 200 10~ 0 .
sy Rumban W R Ncanserc: Wivaar. 0 0.02 0.04 0.06 0.08 0.1

arXiv:1206.2379



Abundance Evolution of Fission Recycling

Binary Neutron Star Merger Model : SPH simulation — Newtonian gravity, Neutrino Leakage scheme
Korobkin et al., MNRAS 426 (2012), 1940.

i Fission
Later time
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Abundance

CCSN: Magneto—Hydrodynamic Jets

S. Nishimura, et al., ApJ, 642, 410 (2006) ; T. Takiwaki, K.Kotake and K. Sato, ApJ 691,
1360 (2009); C. Winteler, et al., ApJ 750, L22 (2012).

10-55'""“'I""I""I""EI 10-55"__"'- """""""" E

'E' FRDM model (finite-range drop- '+;°.€’ * ETFESI model (Extended Thomas-
let model; Moeller et al. 1995) . - .f: 3 Fermi + Strutinsky; Goriely 2003)
6| -6 2% 4
10 10 - E
Overproduced !
- o) ) z
107 §2 107 ke ;
1 ® Y
10O ‘AR
] 3 ] e & 1% .
10° LN S B
10° 0% 5 \M\
10-10 - 10-10 T T R TR BRI BT
50 50 100 150 200 250

Mass A
Nucl. Phys. —M

Underproduction — Possible Solutions
PROBLEM !



Abundance

CCSN: Magneto—Hydrodynamic Jets

S. Nishimura, et al., ApJ, 642, 410 (2006) ; T. Takiwaki, K.Kotake and K. Sato, ApJ 691,
1360 (2009); C. Winteler, et al., ApJ 750, L22 (2012).

5 -5
0 10— 5
: 'E' FRDM model (finite-range drop- If:—_’-.c’ * ETFSI model (Extended Thomas- 1
- let model; Moeller et al. 1995) . 5 _fs T Ferm|+Strut|nsky Goriely 2003)
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Underproduction — Possible Solutions
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RIKEN-RIBF New Ring Cyclotron (since 2007)

. - Many nuclel on the r- process flow path !

2015 Apr|I (G. Lorusso et al. PRL 114, 192501)
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RIKEN-RIBF : Decay Spectroscopy around A = 100-145

G. Lorusso et al., PRL 114 (2015), 192501.

Atomic number

A.Jungclaus, PRL99, (2007)

No clear evidence for
shell qguenching on N=82!
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H. Watanabe et al., PRL111 (2013)
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Binary Black Hole Merger (simulati

Gravitational Wave

from Black Hole Merger GW 150914
was detected !

Abbott et al. (LIGO-Virgo Coll.)
PRL 116, 061102 (2016)

R R o e A. Einstein predicted in 1915:

- GW150914@ 1.3 Gly Distortion of space-time due to asymmetric,

catastrophic phenomena could propagate as a
gravitational wave.

212
256
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H
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Optical & Near-Infrared Emission

Total emission, consistent with decay of r-process elements.
No specific element, identified.

Complicated Config. & Geometry and Hydro-Dynamics
- Element identification, generically difficult !

@ Line of sight - different Y,, different r-process !

€ Ejecta velocity > Blue shifted spectrum ?
€ Incomplete & Limited Opacity = Large o, B, v, fission dependence !

Line of sight @ 0.13 Gly

Post-merger ejecta high Ye
medium Ye

Dynamical
ejecta
Low Ye



Impact of CEX Reaction on v-Process

Byelikov + Fujita et al., PRL (2007),

RCNP measurement of GT strength. A. Heger, Phys. Lett. B 606, 258 (2005)

E:'.'q' B I-'*_H - o 7
Experiment W
;| M 138La
02r 18 B 180Ta
mfrﬁf-‘_l—w;r 5
=
- M H ‘ h 1= , |- Normalized to
000 | . : : : : s.s. Oxygen
T 04y REA T 3
I i 2
e 115
02t : - 1
x “ | M0
K] — T - i . , . solar  gamma nc 6MeV cc 4MeV cc 6MeV cc 8MeV
0 Fi i ] B system only T
ve

E (MeV)

(1) Forbidden transitions + as well as GT contribute!
Ev =0~ 80 MeV

(2) Overproduction of 180Ta relative to 138Lal



(1) Neutrino-138La, 89Ta cross section calculations in

Quasi-particle Random Phase Approximation

Cheoun, et al., PRC81 (2010), 028501: PRC82 (2010), 035504 J. Phys. G37 (2010), 055101
PRC 83 (2011), 028801: Suzuki, et al., PR C74 (2006), 034307; PR C67, 044302 (2003).

GT and Forbidden Transitions, equally importa
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(2) OVEREPRODUCTION of Isomer state 189Ta

How robust is 189Ta™ (T,, > 10 y) in SN explosion
dynamics at very high temperature?

% 189Ta, and 18Ta™ can couple with each other through
Intermediate linking transitions in hot SN explosions.

J = Total Angular
Momentum

O
K Quantum
Number

Intermediate States

K=1 0

K=9

75.3 -|-1/2> 1015 y

Isomer

_ 180T qm
180T \\ T,=8.15h °Ta
g

B decay



4

Saitoh et al. (NBI group), NPA 1999 +

Measurement of Gamma-Decay Widths of Excited States

Dracoulis et al. (ANU group), PRC 1998 +

Linking transitions between K =1

| and 9 bands are extremely weak.

|III |
I\I-u:a \:UL H
|

[ [
! . a | .
Wy e e ,'f ,I{'wf ]
B [ R
1% \5-_[_ 135 lll | 5
+ . | [ !
P T
i r i i) ¥ bl
w Mg | B
{_1_4,:3 |18 g 267
Tty -
r.r (r)
L | ] 1t .
(partial)  (partial) (portial) ¥ Bl
______________ Ay 17
5
L ]
(1} _ [ 13
! ity ¢ 5gm
) e
145;.'_ iy it i W
b2!l]
¥ _i‘_;gg (o w ;
)l [4-1) Lri it
) il - i LR O L R .
a1 -l Ay
5 LA | b i
RN i it
B 6 e L 4L
Bty 0w © - LS gy 43

(5] tu '.5"@.' : 2&%2};_m| 73 B w
g b L
[ am \ a:g Br_Lzuan

Very small total decay width

D. Belic et al.,
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v-Isotopes:180Ta, 138La, °°Nb, 98Tc ...

Hayakawa, Kajino, Mohr, Chiba & Mathews, PR C81 (2010), 052801®;
PR C82 (2010), 058801; ApJL 779 (2013), L1.

p process

ISOW

B- decay"~,

|71Hf

ITSHf

cosmic-ray process

I?QHf

[SEW

SN v-process in Einstein AB theory
- Only 40% survives!

D. Belic et al., PR C65 (2002), 035801.
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The last nearby Supernova
When exploded & formed pre-solar grain?

Primordial Sun formed.

The Sun isolated
4.56 Gy ago !

How long ?

From predicted initial abundance of ?2Nb(t, ,=3.47x10’
GCE + Late Input({SN)model, we conclude;

AT =1~30 My !
Hayakawa, Nakamura, Kajino, Chiba,lwamoto, Cheoun, Mathews, ApJL 779 (2013), 1.
This is consistent with Standard Solar-System Formation

Scenario
which requires AT =1~ 10 My (H. Yurimoto, 2016).


https://www.google.com/imgres?imgurl=http://www.kysm.or.jp/plane/program/p-images/p_kana3.jpg&imgrefurl=http://www.kysm.or.jp/plane/program/p_kana.html&docid=VV6k7PyhjEqAWM&tbnid=YovhikiWGaXTMM:&w=200&h=121&ei=waLiUpKNOIqwkAWR_ICACg&ved=0CAIQxiAwAA&iact=c
https://www.google.com/imgres?imgurl=http://www.kysm.or.jp/plane/program/p-images/p_kana3.jpg&imgrefurl=http://www.kysm.or.jp/plane/program/p_kana.html&docid=VV6k7PyhjEqAWM&tbnid=YovhikiWGaXTMM:&w=200&h=121&ei=waLiUpKNOIqwkAWR_ICACg&ved=0CAIQxiAwAA&iact=c

Mass Fraction

6.7Li-°Be—1911B : Outer Layer in Supernova

IAM® 5] = |[Am?,5 = 2.4% 107 eV?, g, ~ 10 MeV
muﬁmﬁ{"* cos 26;; .
Ips Lg = i 3 gcm
f 2V2Ge(he)s, [ ]

Am; \ (1 MeV
= 655 10‘*’(1 {;)( - )cnsza&.
eV Ey

MSW high-density resonance is
located at O/C - He/C shell
at p ~ 103 g/cms.

(a,y)

10

(B+

14N

e HelC HeN
10 |
107 |

108 |

Mass Fraction
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New Method to constrain Mixing Angle 0,; & Mass Hierarchy

Li/1B-Ratio

l ———— e Yoshida, Kajino et all.
- Normal Mass normal ] 2005, PRL94, 231101;
09 [ . . 2006, PRL 96, 091101,
i Hierarchy _ 2006, ApJ 649, 319;
i . 2008, ApJ 686, 448.
0.8 N Allowed (201 1_2!])17) Mathews, Kajino, Aoki
I 1 & Fujiya, PR D85,
0.7 L e ) 105023 (2012).
B R inverted i Kajino, Mathews &
0.6 E : — Hayakawa, J. Phys.G41
i no mix (2014), 044007.
Inverted Mass sin?20,;= 0.1
0.5 Hierarchy Eorg Baselnrirxpf
] -h- . ¢ _ .
0.4 “Inverted Mass Hierarchy” PRUEDIESN-grain
is very weakly preferred. '
0.3 76% — Inverted
' 24% — Normal
Theoretical uncertainties offset in isotopig ratio,
0.2 - FuihR BENEHEKOREAYJ
however, large errors come from Cosmic Rays. ! ’ '
J y 730, Dods1el) CHOOZ
2 )
0.1 sin 26 Kajrioayatays &
o o > eI I Hayakawa, J. Phys. G41,
044007 (2014).
106 105 104 10%® 102 107 (2010



Theoretical Calculation for v-Nucleus Cross Sect

New generation SM cal. with NEW Hamiltonian: v-12C, 4He

Suzuki, Chiba, Yoshida, Kajino & Otsuka, PR C74 (2006), 034307;
Suzuki & Kajino, J. Phys. G40 (2013), 083101; +

12C: New Hamiltonian = Spin-isospin flip int. with

tensor force to explain neutron-rich exotic nuclei.

- ui-moments of p-shell nuclei [“’V (e-,ve)

- GT strength for 12C>12N, 1*C>14N, etc. (GT)

B 18

(a,y)

- DAR (v,V'), (v,e-) cross sections 3He|<—|4He| 7L

QRPA cal.: v-He, 12C, “°Ar, “?Ca, ®Tc, Nb, 1¥L.a,1%Ta ..."" |

Cheoun, et al., PRC81 (2010), 028501; PRC82 (2010), 035504 J. Phys. G37
(2010), 055101; PRC 83 (2011), 028801; PRC 85 (2013), 065807; PLB 723
(2013), 464; J. Phys. G42 (2015), 045102; +
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v—BEAM spectro. Exp., still difficult at E<100 MeV.
‘ Hadronic CEX, charg. lepton (e u), photon (y) !

Similarity between Electro-Magnetic & Weak Interactions

— — —>
EM-current =V, Weak-current=V - A
*8Ni(*He, t)**Cu v v L r g r r,
E = 140 MeV/u V =g, —ZmO'XCI+—2r\]’n(|O+ P9
Y. Fujita et al., EPJ A 13 (*02) 411. A~g.d
Y. Fujita et al., PRC 75 (’07)
\ Weak operator in non-relativistic limit
58Ni(p1 n)58CU |
E, =160 MeV Gamow-Teller operator = <& Z

J. Rapaport et al., NPA (“83)

\

r
Spin-Multipole operator = [o <xYL] 7 T,

Counts

Cosmology — v mass — OV[3f3
— v mass hierarchy
— Astro Connection

0 2 4 ] 6 8 10 12 14 c.f. Ymazaki, Kajino, Mathews & Ichiki, Phys. Rep. 517 (2012), 141,
Excitation Energy (MeV) PR D81 (2010), 103519



Missing Origin of 180Ta [l*magae¥

138 a = spherical 180\
180Ta = deformed

K.Yokoi, Nature (1983) proposal of s-process origin. B: decay
Belic et al., Phys. Rev. Lett. (1999) 1.82y 5179Ta
Wisshak, Phys. Rev. Lett. (2001) x

Charged current
reaction

e DrseesSS

RMP. 29 (1957), 547-650. Supe rova neutrlno-process:
$U8  “Element Genesis in Stars”

Nucleosynthesis Theory
Woosley, Hartmann, Hoffman, & Haxton,
ApJ 356 (1990), 272.

Heger et al., Phys. Lett. B 606, 258 (2005)

Nucleo-Cosmochronology:
Hayakawa, Shimizu, Kajino, Ogawa, & Nakada,
PRC 77 (2008), 065802; 79 (2009) 059802.




Tantalum 189Ta

Explosive SN nucleosynthesis coupled with quantum transitions can

reproduce both '8Ta and '38LLa simultaneously.
Hayakawa et al. (2010) PRC81, 052801®; (2010) PR C82, 058801.

Overproduction problem, solved!

(180T a /138 2). =1 mm) | Only when T .= 3.2MeV, T== 4-5MeV !

theory —

TBeQeess CIsmessaeI T Complicated Nuclear Structure
Intermediate States
lSGW
B- decay“g

Isomer

75.3

C deca¥, SN v-process

=1 G.S.

— Woosley et al (1991)
I?‘?Ht‘ I‘.-‘RHf I?GHf

T,=8.15h '%'Ta™

LpPosass

T,,>10"y




SN v—Process : Origin of °2Nb !

Hayakawa, Nakamura, Kajino, Chiba, lwamoto, Cheoun, Mathews,
Astrophys. J. Lett. 779 (2013), L1.

% 92Nb(t, ,,=3.47x107 y) existed
at the s.s. formation (4.56 Gy ago)!

% Isotopic anomaly in meteoritic, found;

927r/%Nb ~ 107

When did the last nearby SN
exploded before the solar sytem

formation ?
EC decay after rp process or neutrino-p process
\ \ \ flow of - process
“Mo Mo *“Mo “*Mo “Mo “Mo .

Neutral current reaction

*Zr

'” =
NN NN N N

( decay after r process

b

=Y

Mass fractions

T,.=3.2MeV, T==4.0 MeV,
T, =6.0MeV

3.0
Mass coordinate [Msun]




Origin of 180Ta Iproecss  CosniiTeeeImocess

138 a = spherical 180\
180Ta = deformed

K.Yokol, Nature (1983)
proposal of S-process origin. 1A%y PTa.

Belic et al., Phys. Rev. Lett. (1999)
Wisshak, Phys. Rev. Lett. (2001)

Neutral current

Charged current
reaction

soppeiQy process

Supernova neutrino—process:

Nuclear Experiment & Theory Nucleosynthesis Theory
Goko, Phys. Rev. Lett. (2007) Woosley, Hartmann, Hoffman, & Haxton,
Byelilov , Phys. Rev. Lett. (2007) ApJ 356 (1990), 272.

Cheoun et al., (2010), in preparation. Heger et al., Phys. Lett. B 606, 258 (2005)

Nucleo-Cosmochronology:
Hayakawa, Shimizu, Kajino, Ogawa, & Nakada,
PRC 77 (2008), 065802; 79 (2009) 059802.



Origin of HEAVY Atomic Nuclei (r—elements)?

CC—Supernovae? Binary Neutron—Star Mergers?
v-DW ? Woosley, et al., ApJ 433, 229 (1994). + Goriely, et al., ApJ 738, L32 (2011).
Nishimura, et al., ApJ 642, 410 (2006). Korobkin, et al., MNRAS 426, 1940 (2012).
MHD_Jet  FUiimoto, etal., ApJ 680, 1350 (2008). Rosswog, et al., MNRAS 430, 2585 (2013).
®t Winteler, et al., ApJ 750, L22 (2012). Goriely, et al., PRL 111, 242502 (2013), (2015).
Nishimura et al., ApJ, 810, 109 (2015) Piran, et al., MNRAS 430, 2121 (2013).
Long—GRB Nakamura, et al, A&Ap 582 A34 (2015) Wanajo, et al., ApJ 789, L39 (2014).
T =1My 100My £ T £ 10Ty
Explosion Condition(Q2, B) ! Merging time, too long !
MHD Jet SN

Takiwaki et al. (2016)




STONg VNIVErsality in vitra-railnt bwarr KCt.
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Which is likely r-process site,
MHD-Jet SN or Binary NSM?

Product. Yield ~ 102 Mg /event

1. Rare Event Rate ?
(2.6 +/- 0.2)x103Mg Ret. Il baryon mass

—> ~10 SNe IMF

—> ~(0.01-0.3)x10 NSM/SN (0.1%)
SN 12 NSM 1o MHDYSN (1-3%)

2. Very old ?

SN ! NSM |
3. Extended Universality ?
Dust forms ?

SN ! NSM ?
4. Ejecta escape from shallow pot. ?
SN! NSM?




511 keV narrow line flux [10~° phem™ s7']
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abundance
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|
e e solar r-abundance

°e, - oL b Almost No Production of
> mass-averaged (x-v)

Light Elements A < 50!

NSM R-Process cal.

S. Wanajo et al.,
ApJ. 789 (2014), L39.

It S. Shibagaki et al.,
o ApJ. 816 (2016), 79.
00 250 lan Roederer

My Score Sheet (cont’)
6. Metals: Extended Universality ?
SN! NSM?

0 50 100 150
Star 4 : Mass Number /
| | i
s ;e ]
I AL W E

EON NaAl

[ CO0 Mgsi CaTi Cr Ni Zn Sr Zr Ba

il

Sci V Mn Co Cu Y Eu A

Element (2)

lan U. Roederer et al., ApJ. 151 (2016), 82.

Extended Universality, found in
C Mg Si ---Fe Ni Zn --- R-elements




Evidence for r-Process in Neutron Star
Mergers?

- ; — % Macronova (Kilonoval)

My Score Sheet (cont ) Tanvir, Levan, Fruchter, et al., Nature 500, 547 (2013)

™)
4 4}
a

7. Kilonova ?

3

Dust is hard to form for deficient
SN ? NSM 172 , Carbon and other lighter elements.

AB-magnitude

” “ " Takami, Nozawa & loka, ApJ 786, L5 (2014).
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Dust formation becomes even more difficult when one
includes more complete opacity table for heavy
actinide elements.



SUPERCOMPUTING of Galactic Chemo-Dynamical
Evolution of Dwarf Galaxies

Argast, Samland, Thielemann,
Qian, A&A 416 (2004), 997.

Without Dynamics & GAS MIXING

|[Ba_r/Fe]

!TWTIIIIITIIII[!IIIIII!I IIIITITIII!TT\IIIIIIIIII

SNe = Metals ; NSM(z.=100My)= r-process

elements.

Star forming condition, n,; >100 cm3 — ~ 10-100pc)
Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino,
ApJ 814 (2015), 41; MNRAS 466 (2017), 2474.

With Dynamics & GAS

Mo

' I
-1, = 100My -

MIXING

SN-II + SN-Ia
for Fe

P

Sun
(obs.)

SMs have arrived

still too late ! |
| | |

\
o~

-3 —2

-3 —2 —1 0
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‘tar Mergers

Yield (%) of Fission Fragments

K
Bl
Fission fragment n.

Bimordial or Trimodal F

Ap = (1-0)(Ap— Nigss) /2
_ (4n + 4,)@ Neutron

Anr

236U & others
Theory vs. Exp.

\d operate!
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e, France, (2007)
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pro

40 F

tron Star Mergers

Iays impotant roles !
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Skymap of y-ray line Satellites (COMPTEL &

INTE L
. Diehletal., Nature 439 (2006), 45.

Galactic Rotation’

26Al (5+,0.72MeV; 7.4x10° y)
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Astrophysical Implication

The total “OBSERVED” Al gamma-ray flux in model 3D spatial
distribution turns out to be 3.3(%0.4) X 10“ ph cms™.

» Equilibrium 25Al mass = 2.8 0.8 Msun

“THEORETICAL” nucleosynthesis yields in core-collapse supernovae
and the preceding Wolf-Rayet phase stars:

Rauscher, T., Heger, A., Hoffman, R.D., Woosley S.E., ApJ, 576, 323 (2002)

Limongi, M., & Chieffi, A., Nucl.Phys.A, 758, 11c (2005)

Palacios, A., Meynet, G., Vuissoz, C., et al., A&A., 429, 613 (2005)

Woosley, S. E., Heger, A., Hoffman, R. D., ApJ. (2005)

» Average ejected 2°Al/massive star = 1.4 X 10 Msun

“SN Event Rate”: Stellar yields + IMF -> independent estimate
of the Galactic SFR. IMF; Scalo IMF ( € * m~27, m=10-120Msun )

Galactic CCSN Rate

1.9 + 1.1 /century/Milky
Way
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PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 O e Kil
Q@ ant
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral Mas
5 B.P. Abbott e al.”
10 8 Tlgnc (SCC;)I'IdS) (LIGO Scientific Collaboration and Virgo Collaboration)
o L - - -2 v 10
500
e
N
o
- -
2 10
<]
2 100
"
&
50
Post-merger e
medium Y
On August 17, 2()17 at 12:41:04 UTC the Advanced LIGO anc & ave

etectors made their first observation of a binary neutron star inspiral.

ith a combined signal-to-noise ratio of 32.4 and a false-ala r} #
0 x 10* years. We infer the component masses of the binary _u H

sreement with masses of known neutron stars. Restricting the con 1 ir

nary neutron stars, we find the component masses to be in the range 1.17-1.60 M o, With the total mass o/

e system 2.74709'M . The source was localized within a sky region of 28 deg® (90% probability) and

ad a luminosity distance of 40°%, Mpc, the closest and most precisely localized gravitational-wave signal
ot. The association with the y-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
ralescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
nk between these mergers and short y-ray bursts. Subsequent identification of transient counterparts
ross the electromagnetic spectrum in the same location further supports the interpretation of this event as
neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
sight into astrophysics, dense matter, gravitation, and cosmology.

10

10

10°



Hierarchical Galaxy Formation Scenario

H > Arrival of r-process material
in Milky Way halo requires
Chemo-Dynamical
Evolution

Log (density)

X. Zhao & G. Mathews
(2014)



Deep Sea Sediments & EMPS points DUALITY of SN & NSM

244Pu/6%Fe in Earth’'s Deep Sea Sedimenss NSM/MHDJ:SNe=1:

100 —
NSM, MiHDF—**Pu(80.8 My): Wallner et al., Nature Comm. 6(2015) 1-9; NPAS8 (2017)

| 60Fe‘ Mlhwa”ner et al I\ I Eltanln sedlrnents I I 4 T o
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o 1 2 3 4 5 6 7 & 8 10
Time period (Myr)

Actinide Boost EMP Stars needs “Fission-Recycling R-process in

NSM<c"”_ Roederer et al. ApJ 698, 1963 (2009)
Mashonkina et al. A&A 569, A43 (2014) H111 et al.. arXiv:1¢ 1608 0746%\/1
HE 2252 izzs I HE 2252 4225 |
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abundance

Extended

Carl_)lém Silicon

FCO0 MgSi CaTi Cr

Universality
1F
5 £
— i
g 0;§_MM=MHNEELHJHHNH £ ¥
S LY

;e

pe

_iJltra-Faint warf Galaxy: Ret. I

Astron. Observation

lan U. Roederer et al., ApJ. 151 (2016), 82;
P. Ji Alexander, Anna Frebel, Anirudh Chiti,
Joshua D. Simon, Nature 531 (2016), 610.

Wanajo et al., ApJ. 789 (2014), L39.
Shibagaki et al., ApJ. 816 (2016), 79; (2017)

Goriely, et al., ApJ 738, L32
(2011); Korobkin, et al.,
MNRAS 426, 1940 (2012);
Bauswein, et al., ApJ 773, 78
(2013); Rosswog, et al.,
MNRAS 430, 2585 (2013);
Goriely, et al., PRL 111, 242502
(2013), (2015): Piran, et al.,
MNRAS 430, 2121 (2013).

_2:_ N  NaAl S5c V Mn{fsu:?fn SIYZr B:;Zu e
Element (2)
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GW170817
Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26
- GRB170817A (Fermi-GBM) : 1.7 s
- Optical and Near-infrared : SSS17a
r-process elements! Non of the elements, identified.
- X-rays & Radio waves GW170817 — SSS17a
Remnant NS or BH, not identified. Smartt et al. Nature, 551, 75 (2017)
- No v-Signal: 10% weaker than SN1987A — Spectral data (+1.4 d)

1 ~P..ANK L.\ 6-01 — Model continuum

¢ GW ! Ring down - EOS to be T MI s

<

clarified! " 7 ] o ) _
s ¢+ Photon emissions, not by >°Ni or #4Ti, but consistent with m
—~ probably
= R LRSI § WY h AnFe alamanitc Il Csi Te
g ;. * Neutrino signals, wanted ! No micro-physics, o
% cm | B R Resat wavelenath (Il.m\
B

* No element, identified > Need spectroscopic observation of ,,
nearby neutron star merger (once in every 10%-10°y in Milky "

- Way)
s  #AMAEATIFY which heavv-bloBaontc are BraHifFad™! Rl |

Dawn of Nucl.-Particle Astrophys. with Multi-Messenger

Purpose - Difference between Merger and SN r-

] ’ y 0.5 1.0 1.5 2.0
Time (seconds) Rest wavelength (um)




|[Ba_r/Fe]

SUPERCOMPUTING of Galactic Chemo-Dynamical
Evolution of Dwarf Galaxies

SNe = Metals ; NSM(z.=100My)= r-process
elements.

Star forming condition, n,; >100 cm3 — ~ 10-100pc)

Argast, Samland, Thielemann, Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino

Qian, A&A 416 (2004), 997. ApJ 814 (2015), 41; MNRAS 466 (2017), 2474. |
With Dynamics & GAS
Niithout Dynafics & GAS MIXING MIXING
- I I . _ . . 1 - | i I E | T I T
Ean .= 100My |

_ SN-I1 + SN-la _
% N for Fe

p Sun
- SNe (obs.)
NSMs ave arrived
B strll oo late! a
| 1 | | |
—4 -3 —2 —1 0



" Colloquium at T. D. Lee Institute, SJTU, Dec. 12,2017

lmpact of Neutron Star Merger
vs. Supernova Nucleosynthes:s
.. and Neutrino Ph ysncs

‘ ngfpa 7: 1st. cosmic event
obs‘e;ve o if both GW 3nd llght

iifze e




My Spirits
Legacy Spirits from William A. Fowler (1983, Nobel Laureate)

Seek for truth, Work hard, play hard,
and help people ! WQ
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http://www.nobelprize.org/nobel_prizes/physics/laureates/2011/perlmutter.html
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Challenge of Nucear Physics — Fission & Mass
Farmula
Mass Formula: FRDM (Moeller & Kratz) Shibagaki, Kajino,

Mathews (2017)
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solar System r-Process Abundance m

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79; ApJ (2017);

5 Kajino & Mathews (2017), ROPP 80, 084901.
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GW170817

GW150914 Abbott et al. (LIGO-Virgo Coll.)
Abbott et al. (LIGO-Virgo Coll.) PRL 119, 16101 (2017)
PRL 116, 061102 (2016)

Time (seconds)
-10 -8 -6 -4 -2 0

&3 The Nobel Prize in Physics 2017
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With one half to: and with the other half jointly to:

-

Frequency (Hz)
Normalized amplitude

Phaio Calornls el of Callomia, Catlech
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A. Einstein predicted in 1915:
Distortion of space-time due to asymmetric,
catastrophic phenomena could propagate as a
gravitational wave.

Abbott et al. (LIGO-Virgo Collaboration)
Phys. Rev. Lett. 116 (2016), 061102.

Hanford, Washington (H1) Livingston, Louisiana (L1) BlaCk HOIe Merger

! ! | | | ! ! ! GW150914 @1.3 Gly
LoF L 1
The Nobel Prlze m Physms 201‘?_ :

‘%a‘ ) _*

— ———r———r—y

Nobelpriset i fysik 2017
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LIGONVIRGO Collaboration LIGO/VIRGO Collaboration LIGO/VIRGO Collaboration
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GW150914
Abbott et al. (LIGO-Virgo Coll.)
PRL 116, 061102 (2016)
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Analysis, based on Too Complicated Geometry,
Hydro-Dynamics & Configurations

- Results are quite Uncertain.

Line of sight

Post-merger ejecta high Ye
medium Ye

@ Line of sight > Y,, r-process ?
€ Ejecta velocity - Blue shifted spectrum ?
€ Incomplete & Limited Opacity 2 a, B, v, fission ?

Dynamical ejecta
low Ye

- Element Identification, extremely Difficult.

v=0.2c
— Spectral data (+1.4 d)
6.0 — Model continuum
— Model Cs + Te
- Smarttetal. 7
Nature, 551, 75 7, 401
(2017) §
S 20
107'® :: | | | I
~l Csi1 Tel
= 0% T ¥ ¥ T T N I N
;: 1077 0.4 0.6 0.8
..E SSSl?a V= O 13 Rest wavelength (um)
§ 1010 ' — Spectral data (+2.4 d)
2 — Model continuum
oy 1 = 2.01 — Model Cs + Te
10717 1 Tanaka et al. T s
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Last Photon Scatt

38010y Cosmic Evolution

Orlgm '& Evolution of
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y=mT+m2*M0

{ii I5—
m1 1.0725 | 0.047686
6.00 m2 | 0.54262| 0.010477
ha2®| 0.15858 NA
R| 0.99759 NA
5.00 F

4.00 |

137/135

2.00 |
1.00

0.00 L

3.00

Arlandinig

137/135=1.07 # 0.05
138/135=4.33 £ 0.52

136/135
Meteorite (Terada et al. 2017)

136Ba=s-only: In the limit of $3°Ba—0, pure r-component is extracted.

Wanajo et al

Isotopic ratios

138/135

et al. (2014)

NSM
0.218
0.294

y =ml +m2*M0
1 I3—
rril 4.3279( 0.51&7E8
20.00 1 m2 | 5.6261| 0.11354[ 7 T[S0 LA
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136/135

Giuseppe Shibagaki

et al. (2015) et al. (2016)
v—DW NSM MHD-jet
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3.46 1.1 0.18



v—Wind Supernova
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v-Mass, constrained from Nuclear Physics and Cosmology

® Ovpp in COUORE, NEMO3, EXO, KamLAND Zen

|2 U?smg| < 0.3 Vi COUORE, NEMO3, EXO, KamLAND Zen (2012)

=) ).05~0.1 eV in the future

@ CMB Anisotropies + LSS eutinoless 5| ©
> m,<0.14 -0.17 eV (95%C.L.): WMAP-7yr + Planck + BAO + HST + SZ (2015-16)

< 0.2 eV (20, B,<2nG): + Magnetic Field
Ymazaki, Kajino, Mathews & Ichiki, Phys. Rep. 517 (2012), 141; PR D81 (2010), 103519.

| d Planck 2013
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4m,,2 and 6, uniquely: SK (atmospheric v) determined
4m,52 and 6,5 uniquely.

The “KNOWN” in Neutrino Oscillations
KAMIOKANDE, SK, KamLand (reactor v), SNO determined

23—mixing
100 £ 0

sin%20,; = 1.0

|IAm®,;| = 2.4% 107 eV?

12—mixing Cabibbo angle
sin?20,, = 0.816 (0,,+0.=n/2)
/ Am?,, =7.9% 10" eV*
10—
< KamLAND) “3 UNKNOWN”
=l o 1 2 3 4
5107 - 13-mixing, hierarchy, =srresss
| ® sin220,,=0.1%+0.02
T2K, MINOS, RENO, Daya Bay, Double Chooz
07— on S i @ /m, 2= +£2.4x10% eV?
j‘:;;.;_m-. EJII: ‘.l:.'-"‘:‘l!:::L. ‘ I‘l i” ”i'll‘! 'Il '.l -
l 3 unless otherai :=n=.|nnl¢.|'.
10 0~ 10> 10°
tan“0

Ovpp, cosmology

E(v,)=E(v,): Yokomakura et al., PLB544, 286.




Reactor v—Oscillation Experiments
Daya Bay, RENO, Double Chooz(2012-2017)

Am,,’L : . o[ Am,,’L
P, ~1-sin°26,,sin’| —2L=|-cos* 0, ,sin’26,, sin’| —2.
4 \% 4 \%
. . Small-amplitude
Measuring 91_3 with _ oscillation due to 0,; Large-amplitude
Reactor Anti—neutrinos integrated over E oscillation due to 0,,
sin220,, = 0.103+-0.013(st) Ly ]
+-0.011(sys) 1} - e
— 0,, = 8.88 deg 0o : \EQQII/\\\ —
i I ]
08 | ! ! \\

Reactor neutrino energies are :
too low to produce muons. U .
Hence this is an antineutrino
disappearance experiment
(also no matter effects).

no_osc

0sC

i I
z. 06| |
|

|

0.5 |

daotactar 1 detector 2

Mass hierarchy is still unknown !

Baseline (km)




Important Nucl. Phys. in NS Mergers

Yield (%) of Fission Fragments

E_ L L L L
ST T 100 120 1411 1B
=== numbar of FF

Bimordial or Trimodal FFD:

=L e

A = (14+a)(A,—Nipss) /2
A = (1—a)(Ap—Nigss) /2

Av = (An + Ap)/2.

(A A

202

=T

)

proton number,Z

©(n, yreaction cross section !

© Fission fragment distribution !

M. Ohta et al., Proc. Int. Conf. on NDST, Nice, France, (2007)

S. Chiba et al., AIP Conf. Proc. 1016, 162 (2008).
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40}
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|[Ba_r/Fe]

SUPERCOMPUTING of Galactic Chemo-Dynamical
Evolution of Dwavkikglutigs/Large Galaxy) ?

SNe = Metals ; NSM(:.=100My)= r-process

elements.

Star forming condition, n,; >100 cm3 — ~ 10-100pc)
Argast, Samland, Thielemann, Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino,
Qian, A&A 416 (2004), 997. ApJ 814 (2015), 41; MNRAS 466 (2017), 2474.

- - With Dynamics & GAS
O Dy e S A e mixiNG

2t =100My oo 2 5= 100My il




|[Ba_r/Fe]

Argast, Samland, Thielemann,
Qian, A&A 416 (2004), 997.

Without Dynamics & GAS MIXING

7, = 100My |
- SNe r
A — PR

[Fe/H]



SUPERCOMPUTING of Galactic Chemo-Dynamical
Evolution of Dwavkikglutigs/Large Galaxy) ?

SNe->Metals; NSM(t.=100My)->r-process elements. Star form. Cond. n;>100 cm3 — 10-
100pc)

Argast, Samland, Thielemann, Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino,

Qian, A&A 416 (2004), 997. ApJ 814 (2015), 41; MNRAS 466 (2017), 2474.
- - With Dynamics & GAS
_Without Dynamics & GAS MIXING MIXING
S ' L : |
2T =100My e 2 -

SN-Il + SN
m
L ~
S U
O
iy
.. Merger
. o) “NISMs have arrived
—Z “i-o I still too late!




Why are all amino acids on the Earth left-nanded?

% Vv’s (anti-v's) are all left (right)-handed!

% Supernovae with strongly magnetized neutron star
or BH emit intensive flux of neutrinos over 1010 yrs!

H % SN ejectaincluding N interact with neutrino under
' strong magnetic field!

% Neutrino-4N coupling is asymmetric & chiral selective!

Boyd, Famiano, Kajino, & Onaka, et al.;
Astrobiology 10 (2010), 561-568; Int. J. Mol. Sci. 12 (2011), 3432-3444;
Symmetry 6 (2014), 909-925; Astrobiology (2017), Astrophys. J. (2018).

. 14N i I
Magnetized supernova N lives ! 5.14

10 1»
-

9o 2mcC
3.95 0.06%
140

99.3%
v + 1N > e + 190

2.31
0.61%
: 14N dies !Im V. + 1N > e* +14C
Mann and Primakoff (Origins of Life, 11 (1981), 255) 0.16 100% 449

suggested B-decay of 14C, but it's too SLOW! HC (5730y) 14N (1+)


http://upload.wikimedia.org/wikipedia/commons/8/87/Chirality_with_hands.jpg
http://upload.wikimedia.org/wikipedia/commons/8/87/Chirality_with_hands.jpg

Table 1: Values of the molecular geometry parameter .

Amino Acid | Ligand | Zwitterion | Optimized
Alanine -3.87 31.79 39.39
51.60
Arginine 7.79 -44.11 -160.41
18.57, 47.18
Histidine -10.55 -44.58 -31.20
23.26
Isovalineg -0.63 -1.92 -16.67
119.94
MNorvaline 5.48 26.24 33.26
10.50
Valine 1.01 4.44, 3452 19.94
8.47




Solar System Abundance

Big-Bang Nucleosynthesis: 3 min in early Universe

H
1[]“]'
He _
- Stellar fusion: from birth until now
10° i}
wof
Q . i Supernovae(r-process elements)
2 .Gl S '
g 10 Ui 'ﬂ Ar Iron peak AGB stars(s-process elements):
4 ! Ca Ni First stars until now |
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Abundance Y;

EVOLUTION of the r-Process Abundance

Kajino & Mathews (2017), ROPP 80, 084901.

v-Driven

Wind SN

-| Solar System-r

e
\ MHD-Jet SN

100 120 140 160 180
Mass Number A




Summary & Outlook: Gw170817

R EXA,

¢ GW ! - EOS! (Cold NS vs. hot SN core)
¢ Neutron star merger - a Central Engine of Short-

|
cgli.?g'ht emissions, not by 56Ni or 4*Ti decays like SNe
—> consistent with radioactive decays of r-process elements !

* No specific element, identified :

- Needs another event (once in every 10%-105 yrs in Milky
Way) !

- Needs nuclear mass, a, j3, v, fission studies !

- Needs complete opaaty table for lanthano:ds and actinoids !

“ar
. No neutrmo signal 9 Mlcro-phySIcs yet to be

Dawn of Nuclear-Particle Astrophysics and Multi-Messenger

Purpose - Difference between Merger and SN r-
process !




=109

SIGMA x ABUNDANCE (mb,Si

The sites of the s-process

weak s-process: core He/ shell C burning in massive stars

[

10°

empirical ONg values of

10 s-only isotopes;
corrections for
r-and p-processe

103

102

10

1

10" ‘

56 75 00 125 150 175 200

MASS NUMBER

AGB stars(s-process elements):
First stars until now

.-He shellflashesin low mass TP-AGB stars

approx. steady flow

Iz Yo, = const

l

can easily interpolate
s-contribution for s+r-nuclei
if neutron capture cross
sections are known



Higgs(standard model) produces 1% Standard Model breaks down !
of Quark Masses.

1012
Neutrino Masses 1

'Q
_ = Why 1010 ?
c’/ 8 Quark & Lepton Masses 10,000,000,000 y

10° |
—

oW
E = mc?
L g
. u ’,."
10 - Oa

This could be a signature of new physics at 1010 times
higher energy scale than the ordinary scale.

[—

1010

vitvi, = e"+e — 2y(T)

,_..
<,
Y

Mass (eV)

V-Masses require a theory
beypnd the standard model !

- Generation

1 2 3




v-Oscillation and

P A —

P1 Ve P> Ve
A\“V lh Ve Ve Ve
A

1
MSW Matter Effect: |
|

Through high-density resonance X
/ at p ~ 10° g/cm? electrons

v <|
®

ve Vacuum Oscillation

e "". i

Fe |\ Sii V-pProcess:

SLICRNIPWVNE 92\, 98Tc, 180Tq, 138 g 67 9Be l011p
A ’ ) ’ ’ )

R-process:
Heavy Nucleli

VP-Process:
92Mo, %°Ru ?

Explo. Si-burn.: Fe-Co-Ni,
50Co, °°Mn, 51V ...




Continuous Collective v-Oscillation Effect at 200 km <

Ay, = / dE deosf Y =t o (B)peo(E, Or)0s, (E)

10— s 2rR2(E;,)
a vp-process goes on! | Cha rged current reaction
(n ] R
= 1 (T~2-3%10° K) | Tetp @ ot
U d
-'é U(T)EYTL — >\176Yp —I_ )\yy’}f‘lHe —I_ Other
CC) 0.1 e sollred coupled evolution
+ | eqs. of
(© 1ve v-oscillation, Ye, and
é]c) synthesis.
0.01} | Y, ...neutron abundance
i Y, ...proton abundance
| Vige ... helium4 abundance
0.001 v(r)- ... gas velocity
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v-Isotopes:180Ta, 138La, °°Nb, 98Tc ...

Hayakawa, Kajino, Mohr, Chiba & Mathews, PR C81 (2010), 052801®;
PR C82 (2010), 058801; ApJL 779 (2013), L1.
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Formula to calculate time-dept linking transitions
Hayakawa, Kajino, Mohr, Chiba & Mathews, PR C81 (2010), 052801®; PR C82 (2010), 058801

% General formula (Einstein AB theory) for kT << AE;:

IN, T o | o
(d—f-o — —ZP@Q‘;‘ﬁlg‘p_No + ZP;TI/)Bpi(l - _\0) _ZJDJ"Q[)BQJ*\O + ijmfqu(l - _-ND)
P ip g .

= —Zpg_up (E; — Eo)/kT)A;, Ny +ZP='HL ap(—(E; — By) JKT) Ay (1 — No),

g1
Than_lall Lillking Them_lal_ 'i'?lg_/'???-j — {sz 1 l)/( J; T )t I]J( {E E /‘[ T)
Equilibrium Transitions Equilibrium
m;/mo
4 e Pi=m; /mypia = .
l A — _::EEBV_ l 1 i’ 'E-/ total Z(?]]E/??]D)
A, T
i~
l W . y 4
pBy; =%
¢ A | T % In the SPECIFIC case of 18Ta:
2 12
Y T
0 1 .
Gruund State [somer Transition prob_ ZpAip = ri / ﬁ<_ Exp
1* O
di\ro

i :‘Zpg_f” (i E) KT ot DU Perp(—(Fi— B KTt = No).



Calculated Result

Hayakawa, Mohr, Kajino, Chiba & Mathews, PR C81 (2010), 052801®; C82 (2010), 058801.

\ C

0.5

Dynami

180T (9-)/289Ta(all)

0.4

cal Calculation
39 %

0.3

0.2

Thermal

Critical
Temperature
Mohr, 2007

E

guilibrium

. Thermal
0.1 Freeze-Out Transitional Equilibrium
Region Region Region
0.0 | | | | |
0.2 0.3 0.4 0.5 0.6 0.7

Temperature (10° K)

oo\

We carried out time-
dependent dynamical
calculations:

190Ta(9°)/**%Ta(all)
~0.39
survives!

This result is almost
independent of SN
model parameters, i.e.

- total explosion E,
- progenitor mass,
- v-luminosity, and
- decay time scale.



- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26

Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

GW1/70817

- GRB170817A (Fermi-GBM) : 1.7 s
- No v-Signal: 10° weaker than SN1987A (1.6x10° ly) 0.13 Gly

- X-rays & Radio waves : Remnant NS or BH, not identified.

- Optical and Near-infrared : SSS17a (over 70 Telescopes)

f, (1007 ergecm™2s™"' A™)

Gw170817
SSS17a

€ No r-element, identified. 4 Energy, consistent with r-process!

B o O?
T TTTTTTT T TT

00

GW170817

T T T T

Kasen et al. 2017

- +4.5d i‘ re
W m W
Chornock et alt 2017

1 " " i 1 " i

d kilonova model

M= 0.04 Mg
v =0.1¢c

||h 0_102"

f
1‘1“

i 1 " i L

1.0 1.2 1.4
Rest Wavelength (microns)

1.6

1.8

? Line of sight - DifferentY,
- Complicated hydrodyn.

? Ejecta -> Different velocities, blue shifts
- Hundreds of r-elements

? Incomplete Opacity + too many r-elements
+ a, B, 7, fission dep.

Post-merger ejecta high Ye
medium Ye

Dynamical
ejecta



GW170817
Abbott et al. (LIGO-Virgo), PRL 119, 16101 (2017)

- GW170817 (LIGO-Virgo) : 0.86<M/Mg<2.26
- GRB170817A (Fermi-GBM) : 1.7 s

- No v-Signal: 10 weaker than SN1987A (1.6x10° ly) 0.13 Gly
- X-rays & Radio waves : GW170817
Remnant NS or BH, not identified. SSSi17a

- Optical and Near-infrared : SSS17a (by more than 70 Telescopes)
Consistent with r-process! But no element, identified.

BIUémd ° € ? Line of sight - different Y, & r-process ?
M”*"’* . _
- «Wﬁﬂ Line of sight @ 0.13 Gly
5 e 'r.,'_! f® " Y. =p/(p+n
w0 -M' : iili T, - = Pllp*n) Post-merger ejecta high Ye

Y. =0.30 medium Ye
Ye =0.25

{m ..«., i m Y, = 0.10-0.40

n?d e | Tanaka et al.

52-54d @
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g
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10-‘5 L Ye =0.30
S { PASJ 00, 1-7 Dynamical
10-1 | (2017) ejecta
] , ,'.V'. . . ] Low Ye
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Murchison Meteorite exhibits EXCESS of L-handed
Amino Acids! NASA (2009, March 16)

http://tokyo. secret. jp/80s/come/amino-acid. html
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Pz /EBEEcSESasido st En, GFEmEERTF
S/EERALEOD., FOBHEFEHICHES 2T 20N

GlavinESDEZ, SEOZSHIMRIVBFINS Connectlon |S Occupled by 14N(1+)
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