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- 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. P\
T, ~9.83 x 10° yr (hl])

t. = 100 I\/Iy Merger R-Process (Theory)

—2/3 -1
LR I B RS AU T my + My ' B o\ T/2
E ’ oo . S : E X( ﬂf{_._‘; ) (ﬂ.{.’_._‘;) (1 © }
2 C G BEA L ; ]
: Lorimer, Living Rev. Rel. 11(2008), 8.
—_ & 0.8 .
v ! ] | | >
W x
= & 0.6 +{-2
('UI O: m i e
Q
= 0.4 18
L 1 D
—1£ EMP Stars ] —
: 0.2 152 =
E 0.0 I |r IIIIH] i| T T II1III| I T rr|1r|[ T ro
7 :_ 1|+l° . .Jl:’ 2333 'Tll--. I--ll4
R e .'!.......ﬁ-!. el 4l
—4 1, 10, 100 , 1000
Tyse (10-30Mg) :Orbital:period (hom:urs)




Sneden, Cowan, Gallino, ARAA 46 (2008) 241. t =10 [Fe/H] Fe/Hy,
HST-obs., Roederer et al., ApJ 747 (2012) L8. 10%% - Log Fe/H
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: _ B HD 115444: Westin et al. (2000)
! I ! I ! I ! I ! | * BD+17°324817: Cowan et al. (2002)

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

Shibagaki et al., ApJ. 816 (2016),79; Kajino & Mathews, ROPP 80 (2017) 08490.
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Solar System r-Process Abundance M

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

2
10 f1 "v-DW : MHDJet : NSM = 79% : 18%: '
1~2n8evw  ~1%  ~0.1%
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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)°

Binary NSMs = (2=%*1)x102x (1-28)x103¢

MHD JetSNe = 0.6x102 x ((0.03%*0.02)x(1.9*+1.1))"

Observations a 1.9%1.1 Diehl, et al., Nature 439, 45 (2006).
b 0.03%+0.02 Winteler, et al., ApJ 750, L22 (2012).
Obs. Estimate ¢ (1-28) x 10* Kalogera, et al., ApJ 614, L137 (2004).

101 | | |

Event rates Exponential t-dep. SFR
including Binary Evolution - 102 T SNe a
Kajino & Mathews, Rep.Prog. € | "7t~ solar system
2 --"'"-.
Phys. 80 (2017) 08490; < Const. SFR — "Te~a_ =+
g 10° = —

Mathews & Kajino, (1987).

No contribution Exponential t-dep. SFR
in the early Galaxy ! _.--—-"""
y y: . NSMs

2~ Const. SFR

Time Scale Problem in
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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.
-I Solar System r-Process Abundance:-
1st (As, Se, Br) ‘s—_l_rv—’
107

2nd (Te, |, Cs) 31d (Ir, Pt, Au)
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v-Oscillation and

1 — —

P1 Ve Po Ve Aw(;) /" '1_ Ve Ve VeV
0.25 .

Ve TV <T@ < T(v,=7)

0.2}

P2 Vx Py Vi _ o : 32 40 6.0 E
v-Collective Oscillation 015 _ MeV E
b e
\
vu;c e l. 1 - -
Fe ' Sn V-process: V-process: N

Core | La'yer 92Np 98TC 180Tg, 1385 ... N 67Li. °Be, 10.11B

l. * £ % W \x
R-process: 4?’?@ -

Heavy Nuclel 20 30 40 50 60

g, (MeV)
92 96 ? .
Mo, “°Ru : Ve T h—p+e proton-rich!

Explo. Si-burn.: Fe-Co-N ;. v. +tp—>n+et
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Proto
Neutron Star

Collective v Oscillation — Many-Body Effect

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

| . "*-.__I::--.__H i

| 0 S, Fogli, Lisi, Marrone & Mirizzi, JCAP 12, (2007) 010.

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

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

liml
o2 f &p (Emza i} «Er:;ﬁ.) (a}{pac(p) — o' (Plap)

X

| im? N, = electron density
3 [ £ sinb(aletp)+ (o)

H,,.= Self-Interactions Vg o VB
Collective Effect for vv-scatt. P
Gr
o= f d'pd'y Rpg [al(pac(pla(q)ac(a) + al(pac (Plal g)al) :> D
L f 1 t
+a!(pac(plal (g)a(g) +al( pa:(pla(g)a(g)] . v, V 5 Vo, o Ben

1049 v's with 3-flavors & multi-angles (3 x 3r x 3p /v) !
mmm) \ean Field Approx.



Theoretical Method

3 x 3 density matrices Pee  Pep  Per
p(t,p) for v, p(t,p) forV. p(t,p) = Pue  Puu  Pur
p’re pT[.L pTT

(ab(P)as(@) = (21)°6® (p — ) (¢, P)p(t, P)a Trp(t, p) = Trp(t,p) = 1

(b (p)bs(@)) = (2m)*6®) (p — q)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 .
ZiPas(t;p) = —i|p(t, p), 2(p) + V(¢ P)lag Q(p) ......Vacuum Hamiltonian

d
2 Pap(t,p) = —i[0(t,p), ~QP) + V(t,P)lag  V(6P) = Varsw + Vier
...... Potential in flavor space

Mean field v-v coherent scattering term

SEIfCHJB JGF / d )3 ( — CO8 QPQ){f(t: Q)Paﬁ( aq) g(t: q)ﬁﬂfﬁ(ta q)}

L YR P




Flux (a.u.)

Swapped v Energy Spectra R EEENLI el Rk

Both Normal & Inverted hierarchy, Observed 6,; & Am?

r = 10km (v-sphere) = r=250km

Ve (T=3.2 MeV)

o
~

(T= 6.0 MeV)
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Continuous Collective v-Oscillation Effect at 200 km <

10

[HEY

Reaction rate A (s1)
o

0.01}

‘ Q=¢€, [, T

Ly
)\ﬂe=/dEdcosﬂ Y (B, )
n [ Vo

fﬁa (E)f_}ee(Ea GR)JE'E (E)

vp-process goes on!
(T~2-3%10° K)

Charged current reaction

ﬁe—l—p%@FeJr

’U(T)@Yn = Ap.Yp + AvuYape + Other

0.001
40

100 200 300 400 500 600 700 800 900
r (km)

| Y, ... neutron abundance
| Y, ..protonabundance

| Yig. ... helium4 abundance

v(r)- ... gas velocity



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.

Vet P @ e’ —=>=3> 2Mo  %Ru Isotopic ratio of
Vp-process (n,ry) p'nUCIGi ~ 0.1-1%
14.53% 5.54%
“Ge “Ge _ _
0@"-’ A\ T Neutrons are supplied continuously,
& gy (NP) wga followed by (n, ) to produce %29Mo,
o g (}Bi 96,98 Ry
o 1.062 m Collective vpn-process
. Sasaki et al. PR D96 (2017), 043013.
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Over production factor I"; of p-nuclei
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v-Oscillation and
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MSW Matter Effect;:

Through high-density resonance

at p~ 103 g/cm?3

]
I
I
I
X
electrons

R-process:
Heavy Nucleli

VP-Process:
92Mo, %Ru ?

50Co, °°Mn, °1V ...

Explo. Si-burn.: Fe-Co-Ni,

Vacuum Oscillation

V-process:
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v-Isotopes:180Ta, 138 a, 9?Nb, *8Tc ...

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

“Mo

p process

ISDW

B- decay\

§ Process

1?'?Hf

l?SHf

V-process

cosmic-ray process
IEEW
ISUTa IEITa
C decat% \, SN v-process
I?QHf IE{}Hf
I process

Einstein AB theory + SN Nucleosynthesis
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Mass Fraction

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

|IAM? 5| = |[AM®,4] = 2.4 X107 eV?,

f .

5
m, &m;_c“ cos 26

sdg = EﬁGF(h{:}EEy

Am?
= 6.55 % mﬁ( fi) (
1 eV~

g, ~ 10 MeV
1¢
-3
[gem™]
)
(ony ™
1 MeV
‘ )cns?.ﬂjj B
£y (e-,ve)

MSW high-density resonance is
located at O/C - He/C shell
at p ~ 103 g/cms.
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Li/1B-Ratio

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

1 L e B MMBARA me s Yoshida, Kajino et al.
- Normal Mass normal ] 2005, PRL94, 231101;
09 [ ) ] 2006, PRL 96, 091101;
o Hierarchy : 2006, ApJ 649, 319;
- ] 2008, ApJ 686, 448.
0.8 N Allowed (2011-2017) Mathews, Kajino, Aoki
I & Fujiya, PR D85,
0.7 [ _ 105023 (2012).
A R inverted ] Kajino, Mathews &
0.6 E 7 : — Hayakawa, J. Phys.G41
; / no mi (2014), 044007.
05 Inverted Mass sin“20;,= 0.1 Cong BeselineExps
Hierarchy fiom1203] SN-grain
0.4 -
0.3 “Inverted Mass Hierarchy®
' Is statistically more preferread!
0/ =
02 76% — Inverted FuNRENG EKOREA);
24% — Normal
5 0 730, Doslel) CHOOZ
0.1 sin 203 KajrioayatiZas &
T T T Hayakawa, J. Phys. G41,
106 105 104 103 102 101 OO0 OM)



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.

QRPA cal.; v-“He, 12C, “0Ar, %2Ca, %Tc, %Nb, 1%L a, 180Ta . ™"

- ui-moments of p-shell nuclei

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

(v,v'n)
1¢cle—l12¢
(es) B+
B 1B
[u’ V {E-,\'e} { ]
oy
SHel«—He  |7Li

(v,v'p) l (o)

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(3He, t)*8Cu — v o1 g ,
E = 140 MeV/u V =gy —ZmGXﬁ+—2r\;\(F§+ﬁ)
Y. Fujita et al., EPJ A 13 (°02) 411. A~g,&
Y. Fujita et al., PRC 75 (’07)
\ Weak operator in non-relativistic limit
%8Ni(p, n)%8Cu —
E, =160 MeV Gamow-Teller operator = <& Z

J. Rapaport et al., NPA (“83)

\

Spin-Multipole operator = [& <YL] 7 <,

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



Conclusion

R—-process elements in the early Galaxy are predicted to be dominated
by MHDJ- & v—SNe, and NSMs have arrived later in the solar—-system.

— Multi-messenger astrophysics has opened.: GW, light, elements & v.
NSM & MHDJ-SN are relatively free from v, while v-wind SN is not ?

— Nuclear masses and fission—fragment distribution take the keys to NSM r—process
as well as B-life,(n,y) measurements.

v—wind SNe are the probe of v physics and 15t r—process peak. Abundant p-—
nuclei (°294Mo, %.98Ru) could be produced in proton—-rich v—wind SNe with
collective oscillation, being sensitive to v—mass hierarchy.

— v—collective oscillation in 3 flavor multi—angle Hamiltonian should be solved
EXACTLT to verify this new vnp—process.

— (n,y) and (n,p)reactions on proton-rich side of nuclei take the keys.

CEX reactions are highly desirable to know weak transitions relevant to
SN v—process in order to determine v—mass hierarchy.

-V _4He, 12C’ 40Ar’ 42C3., 92Nb, 98TC, 138La, 180Ta
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UNIVERSALITY ! - Eany
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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. i
Alpher, Bethe & Gamow, Phys. Rev. 73 (1958), 803. o ol
Q(o '&\ (Ll =
6 (\\‘ (Pb) TE— I—F of saais | EW‘
Z (Proton Number) ,.6\ -~ :cfx;;;;;;,'.'{' s || | ,_[HJJL |

238U (T4, = 4.47 Gy)

2\ 232Th (T,,, = 14.05 Gy)
fz q

(’;e“:,e e ’
O " e

N
GCR N7 G‘?&‘“ Neurons - 3
X(Big-Bang) PP-Chain & oW\

N (Neutron Number)
Early Universe  CNO-Cycle SuN
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Challenge of Nucear Physics — Fission & Mass

Formula
Mass Formula: FRDM (Moeller & Kratz)
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SUPERCOMPUTING or Galactic Chemo-Dynamical

_ __ Evolution
Evolution of Single Dwarf Galaxy

Komiya & Shigeyama, ApJ 830, 10 (2016). N-Body/SPH Simulation DM + GAS +

Mixing of r-elements between neighboring Star ) _ ]
Dwarf Galaxies is limited to only 0.001-0.1% " 2rticles with GAS-MIXING in the star
for[Fe/H] < -3.5. forming region.
Hirai et al., ApJ 814 (2015), 41; MNRAS
466 (2017) 2474.

Mathews et al., MPL A29 (2014), 1430012-118.

Ly

M, = 7X108M,,, N; = 5x10° particles,
M* = 1OOMsun

Dwarf Galaxies are

F\’I‘\?v Puilding Blocks of Gas Particles

log column density

200

=200

—400
—400 —200 O 200 400



[Ba_r/Fe]

SUPERCOMPUTING of Galactic Chemo-Dynamical

Evolution of Dwarf Galaxies
N-Body/SPH Simulation of DM+GAS+Star Particles with GAS MIXING in star

forming region.

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

Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino,
ApJ 814 (2015), 41; MNRAS 466 (2017), 2474.

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

2 1, =100My
b
Oi | ".l
: "_0
E L 2
-1t SNe
o
LT, i
[Fe/H]

Without Dynamics & GAS MIXING

2

With Dynamics & GAS

-1, = 100My .

— MIXING |

Sun
(obs.)

=Y. NSMs have arrived

SR still too late ! |
T | |

—1 0



y=mT+m2*M0

4} 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

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

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

138/135

et al. (2014)

NSM
0.218
0.294

y=ml +m2*M0
1 I3—
rril 4.3279( 0.51&78
20.00 1 m2 | 5.6261| 011354 7 [ o0 1A
il hA2® 18.625 MA T
I R[ 0.99736 NA ]
giadiy Arlandini1999 '_
30.00 - i l i
Pure s-process
20.00 —-
a { »
10.00 Solar system -
D.DD -I RTINS T T N T S M B | PO R [N T M T N [N T M NN N [ N A A

136/135

Giuseppe Shibagaki

et al. (2015) et al. (2016)
v—DW NSM MHD-jet
2.23 1.0 0.2
3.46 1.1 0.18



abundance

Extended

Carl_)]ém Silicon

FCO0 MgSi Ca Ti Cr

Universality
1F
: . ;

- [ |

- LY

i

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 Se V Mnftiu'ic‘fn Sr'fzr Bi::u e
Element (2)
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L Theor. Calculation A
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107 [l . _i
enough! =
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ST0ONg VNIVErsality in vitra-railnt bwarr KCt.

lan U. Roederer g*
Alexander P. Ji, Anna Frebel, Anirudh

UFDG Ret Il

s

'

& o

B2 ?

'I'T 7 S, S
i e

%
:

]

r

<& Bootes | O LeolV
A Bootes Il @ Segue ]
- &« CWVnll #  Segue 2
o ComBer @ UMa ll
o Hercules @ Hetll
| | | | |
—4.0 —-35 —-30 =25 =20

[Fe/H]

—1.:

1 A 1 404  La0A 0N alal

Which is likely r-process site,
MHD-Jet SN or Binary NSM?

Product. Yield ~ 102 Mg /event

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

—> ~10 SNe IMF
—> ~(0.01-0.3)x10 NSM/SN (0.1%)
SN | NSM | MHDJ/SN (1-3%)
2. Very old ?
SN ! NSM |

3. Extended Universality ?
Dust forms ?

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




Evidence for r-Process in Neutron Star
Mergers?

" ! = = % Macronova (Kilonova)

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

5. Kilonova ? e

Dust is hard to form for deficient
SN ! NSM 72 , Carbon and other lighter elements.

AB-magnitude

Takami, Nozawa & loka, ApJ 786, L5 (2014).

! 4 10-11

21 - HL§ ) * F60BW |
22 | '\\ l. . F-ISUW ]
23 | 5 :
24 |- YT .

4 10-12

25 N

o6 | Macmnf:rva } I
before Dust \

27 + Formation

4 10-13

—

| 10-1 o8 |-
] 29 -
4

X-ray flux (ergs s™! cm™)

AB magnitude

1 1 11l 1 L
10* 108 108

Time since GRB 130603B (s)

10° 10°
Time since GRB 130603B (s)

10

Dust formation becomes even more difficult when one
includes more complete opacity table for heavy
actinide elements.



Deep Sea Sediments & EMPS points DUALITY of SN & NSM

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

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

o "°Fe(g-=__§ MthaIIner etal. N _ o 89

: ;:_ : EGME Cri_: 312 * :z
: i . R et
~ ﬁ %35 l_ 054 E&; 35%4
a Over25My fw ;&i 22 s
oy %

g /,,-L /// j//

o 1 2 3 4 5 & 7 8 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 “ " E 2252.4225 |
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SiC X—Grain including heavy “r—process” elements,
HARD to form from NSM Ejecta !

Courtesy of S. Amari

Mainstream | {

@ Supernova Grains e.g. Murchison Meteorite
SiC X-grains

- Enhanced 12C (12C/13C > Solar), Enhanced 28Si ; 'S

- Deficient 1*N (**N/**N < Solar) 10' o o i

- Decay of 26Al (t,,=7x105%yr), #Ti (t,,=60yr) 100: | | f
10° 10’ 12(1:/(,)1230 10° 10*

Pre—solar X—grains condense and form in SN ejecta.

m—ISM ? SN !
=5

B SiC X—grain including r—elements
B If extended Universality manifests in [r/C-Si-Fe]=0

© Spectr. Astron. Obs.

Direct detection of -
C, Si & r-elements
simultaneously !

indirect




RIKEN-RIBF : Decay Spectroscopy around A = 100-145

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

A.Jungclaus, PRL99, (2007) o H. Watanabe et al., PRL111 (2013)

No clear evidence for ? No clear evidence
shell quenchlng on N=82! for shell quenching on N=82 !

18 iy % £ 128pd is the progenitor parent of
= = R the 2nd r-peak element 1%8Te
2 | 8 2130
: L [zec]
S -l & 2002 128pg
S E —4— T ﬁ
.g “r 2" Sig 325 (7°) 2110 0.44(p) s’ | & ): i o
< bl == 5-},_.86.2 023 uﬁaaf ;ﬁs ( - 1-2076
421 542.4 _i_ et
jﬂ (4) 1481 9044
40 px 1325 1330.2 1311
- 7877
38 + +
J— 130 |-.”|' | | |-¥ |- ‘| || !
36 CdSZ 57 575 693.3
0" ' 0* 0
A 126pgl (N=80) 28pd 82




Skymap of y-ray line Satellites (COMPTEL &

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

Galactic Rotation’

26Al (5+,0.72MeV; 7.4x10° )
9 26Mg (2+)
> 26Mg(0*) + 1.809MeV
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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 cm=s™.

» 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




Flux (a.u.)

Swapped v Energy Spectra R EEENLI el Rk

Inverted hierarchy(m,>m;), Observed 0,; & Am?

o
~
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r —
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Vi, (T=3.2 MeV)
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Calculated v Flavor Oscillation

Energy spectra swap!

4

Pure Ve

0.5

Pz
o

-0.5

Pure Ve
or VIJT
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|i II'IllI
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n/p ratio (Y.<0.5) changes drastically!
Vo +n—pte
Vo+p—on-+et

System is even proton-rich (0.5<Y,),

and vp- process operates!

“Synchronized We find extended (n, y) flow!
oscillation l TRRULN N .
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B Vu’t Bipolar oscillation 15 MeV Vp,’l: |
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MHD-Jet Supernova &
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Abundance

10-2 -t I I I I I I |
' solar r-abundance —e—

FRDM+NSM ——— _

10° B

1074 |
107
10°
1077 ]
-8 . ]
10 v-Wind | :
SN _

-9
.1 D ] ] |
80 100 120 140 160 180 200 220 240

Mass Number




Abundance

" " solarr-abundance —e—
éﬂf FRDM+NSM —— |
e 4 i?. A ;
M bl |
80 100 120 140 160 180 200 220 240

Mass Number



Missing Origin of 180Ta [l*magae¥

138 a = spherical 180\
180Ta = deformed

K.Yokoi, Nature (1983) proposal of s-process origin. B: decav *

Belic et al., Phys. Rev. Lett. (1999) 1.82y 5179Ta

Wisshak, Phys. Rev. Lett. (2001) x :

Charged current
reaction

I'.-'?Hf‘ I'.-'RHf‘ I?*]Hf

e DrseesSS

| RMP. 20 (1057), 547-650. Supernova neutrino-process:

“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.




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 Fujimoto, et al., ApJ 680, 1350 (2008). Rosswog, et al., MNRAS 430, 2585 (2013).
© 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)







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 et 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‘.-‘RHI‘ I?GHf

T,=8.15h '5'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)! T,.=3.2MeV, T==4.0 MeV,

% Isotopic anomaly in meteoritic, found; T,=6.0MeV
%2Zr /%Nb ~ 1073

When did the last nearby SN
exploded before the solar sytem

formation ? 0

O

-—

EC decay after rp process or neutrino-p process &)
o

\ \ \ flow of y process —

)]

“Mo ~f— Mo Mo %Mo Mo Mo U]

> ©

=

Neutral current reaction

1arged current

- wmn..n

( decay after r process

EC decay T ,=34.7 Myr *,
1z

qizr '.'ﬂﬁzlr

3.0
Mass coordinate [Msun]
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Origin of 180Ta Ipreesss  CosniiT=sesIrocess

138 a = spherical
180Ta = deformed

K.Yokoi, Nature (1983) 5
proposal of s-process origin. LBy 7913

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

Neutral current

Charged current
reaction

soppeiCy 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.



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 [
;| M 138La
02r 18 B 180Ta
wff_l—w;r 5
[
- M H ‘ h 1= , |- Normalized to
@ 00 | . : : : : s.s. Oxygen
M 04 REA T 3
I i 2
e 115
02t : - 1
x “ | I
K] — T - E . , . 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 38Lal



Graph2
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				138La		180Ta		180Ta isomer

		solar		1.115		0.88		0.3432

		gamma only		0.241		0.6		0.234

		nc 6MeV		0.353		1.016		0.39624

		cc 4MeV		1.233		2.755		1.07445

		cc 6MeV		2.195		4.632		1.80648

		cc 8MeV		4.08		6.036		2.35404
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(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

180Hf + v — 180Ta + e (CC)

e X e
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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 Intermediate States
Momentum

K=9

75.3 T/2> 1015 y

K=1 0 Isomer

IO
K Quantum Ta deca
Number J B 4




4

Measurement of Gamma-Decay Widths of Excited States

Saitoh et al. (NBI group), NPA 1999 +
Dracoulis et al. (ANU group), PRC 1998 +

Linking transitions between K =1

| and 9 bands are extremely weak.
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Result from our

v-Nucleosynthesis

v [ 138La Heger et al. PLB606, 258 (2005)
B 180Ta (Overproduction)

* [1180Ta (Our new result)

*

m

solar
system

gamma cc cc cc
only 6MeV 4MeV | 6MeV  8MeV

T. Hayakawa, P. Mohr, T. Kajino, S. Chiba, and
G.J. Mathews, Phys. Rev. C81 (2010), 052801®;
Phys. Rev. C82 (2010), 058801.

About 40% of 180Tgm
survives in supernova
explosion.

T,.=32MeV,
T = 4 MeV.
Consistent with

r-process in v-DW SN !
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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@QA@;;A"O + ZP;TI;OBPE.(l - _\0) _ZJDJ"Q[)BQJ*\O + ijmfqu(l - _-NO)
P ip iq .

= —Zpgiup —(E; — Ey)/kT)A;,N, +ZPmL wp(—(E; — Ey)/KT) Ay(1 — Ny),

91
Thermal Linking Thermal -l . — ( ] - 2.7. Dern(—(E. — ] 2T,
Equilibrium Transitions Equilibrium nl"'/?nj {QJE + U/(H Jj + l)t I]J( {Er Ej)/‘l T)
m;/mo
+ | Pi=m,; /mypm = .
l A ) — ':_-:g]%ﬁ'}' l 1 T 'E-/ total Z(?]]E/?]]D)
Rs T
l 1 . y 4
PB,, _.f:.'-'::r
¢ = I T % In the SPECIFIC case of 18%Ta:
2 ik 32
0 ' ] ! .
Ground s Isomer Transition prob. ZpAip =T/ i «— EXp.
1+ o}
d N, ; B
dt“ - —Zpg—ei]) (E; — Eo)/kT) 0+ZP% ap(—(E;— Ey) /KT 11— Ny).
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