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Challenge of the Century

Universal expansion is most likely accelerating and flat !
Qg+ Qepyt Q=1

- What is CDM (Qqpy = 0.27) and DE (Q2, = 0.68) ?
CMB including v-mass

CMB - Planck 2013

- Is BARYON sector (Qg = 0.05) well understood ?

Big-Bang Nucleosynthesis

SN 1a magnitude redshift refation with Axions + SUSY to solve DM & Li Problems:

SUSY-DM = “beyond the Standard Model”

= m, # Ois the unique signal !

Key Particles

Neutrons (n’s) & Neutrinos (v’s).
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Big—-Bang Nucleosynthesis is now a Precise Science ~1%

Smith, Kawano & Malaney, ApJ S85(2003) 219;  Mathews, Kajino & Shima, PRD71 (2005) 21302 (R).

Neutron Life New UCN Experiment
Serevlov et al., PL B605 (2005), 72.
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Cosmological Implication for 4He-°Li-’Li PROBLEM

New measurements using
Inverse-Compton y-rays !

Shima et al. PR C72 (2005) 44004
Naito et al. PR C73 (2006) 34003
+ New Experiment (2008 —)

4He(yy,n)*He(*He,p)CLi
*He(y\r,p)°H(*He,n)°Li

Decaying DM (i.e. SUSY) BBN for
solving SLi problem:

Cross Section [mb]

Kusakabe Kajino, Shima et al.,
PR D79 (2009) 123513.

Supernova v-Process

[4He(v, V'), “He(v,, €°), *He(v,, e*)]




Kusakabe, Kajino, Yoshida, Shima, Nagai, and Kii (2007-2014).
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BBN Constraint on Magnetic Moment of Massive Neutrinos

M. Kusakabe, A. B. Balantekin, T. Kajino & Y. Pehlivan, PR D87 (2013), 085045.
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What happens as neutrinos
flow through the SN outer layers ?

Neutrino induced nucleosynthesis to
constrain v—mass hierarchy.

Astrophysical sites for r-process including
SNe, GRBs and neutron star mergers.. T ,

Pulsar kick from v=baryon int. in
magnetized neutron stars.

Origin of life = chirality of amino acids.

What happens to neutrinos
once they leave the supernova?

Supernova Relic Neutrinos (SRNs) to
probe EoS of proto—neutron stars.




What happens as nheutrinos
flow through the SN outer layers ?

Pulsar Kick from v=baryon int. in Magnetized
Neutron Star.

v=induced nucleosynthesis and Mass Hierarchy.

R-process nucleosynthesis in GRBs.




Mass Hierarchy?

normal hierarchy inverted hierarchy

N ——— {mj)2 (mz)2 ) : )
i ‘ (Am),;,  Am®,=7.9%x10" eV
(m,)

|IAm®,,| = 2.4%10° eV?
= (0.05 eV)°

Gty
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Normal:
Xm, ~ 0.05eV!

— )" Inverted:
(Am")_, i Xm,~ 0.1eV!
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Total v—Mass, constrained from Nuclear Physics
and Cosmology

@) OvBB in COUORE, NEMO3, EXO, KamLAND Zen
— 0.05~0.1 eV in the future

12 U?,smp| < 0.3 €V: CouoRE, NEMOS, EXO, KamLAND Zen (2012)

@ CMB Anisotropies + LSS EEEOMRAA R [CR{VIII{:

> m,<0.36 eV (95%C.L.): WMAP-7yr + HST + CMASS (Putter et al. arXiv:1201.1909)

Strongly constrains mass hierarchy!

CMRB Anisotropies & Polarization including Cosmic Magnetic Field

Z m, < 0.2 eV (20‘, Bx<2n G)Z with Magnetic Field; Ymazaki, Kajino, Mathews & Ichiki, Phys. Rep. 517
(2012), 141; Phys. Rev. D81 (2010), 103519.

www.esa.int/Our_Activities/Space_Science/
Planck/Planck_reveals_an_almost_perfect_
Universe
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The “KNOWN” in Neutrino Oscillations

KAMIOKANDE, SK, KamLand (reactor v), SNO determined
Am,,? and 6,, uniquely: SK (atmospheric v) determined
Am,;2 and 6,, uniquely.
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Various Neutrino-Sources in Nature/Culture

10 26 8.5 Visible energy [MeV]
I I I
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Neutrino Cosmology || Neutrino Astrophysics Neutrino Geophysics Neutrino Physics Neutrino Cosmology

. . verification of SSM verification of earth Precision measurement verification of
vinﬁcgtllon o v evolution model of oscillation parameters universe evolution
of particle mode Ve EVIREVE Ve

e Ve OF Ve V| VeV, Ve
Ve: VH’ Ve Direct signal of a0
V. V.V SN neutrinos in SN1987A = !
er Yu 't Kamiokande, IMB, Gdand Sasso =< 40

By courtesy of K. Inoue

Event of the Century!
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Electron—-capture SN
(Faint SnNe)

Normal CC-SNe

(Neutron Star fromation)

Failed Sne
(Black Hole formation)

Pair-v heated SNe
(BH + Acc. Disk)

detail ONeMg SN CC-SN fSN(SH EOS) fSN(LS EOS) GRB
mass( Mg ) (8 ~ 10) 8 ~ 25(10~25) 25 ~ 125 (99.96%) 25 ~ 125 (99.96%) 25 ~ 125 (0.04%)
Remnant Neutron Star Neutron Star Black Hole Black Hole Black Hole
Phenomenon Supernova Supernova Failed Supernova Failed Supernova Gamma-Ray Burst
T,. (MeV) 3.0 3.2 5.5 7.9 3.2
T (MeV) 3.6 4.0 5.6 8.0 .3
T, (MeV) 3.6 6.0 6.5 11.3 4.4
EE,T"’E (erg) 3.3x 1052 5.0x10°2 5.5x 1052 8.4x10%2 1.7 %1053
]Eﬁrf,-‘:":t'J'E (erg) 2.7x 1032 5.0x10°2 4.7%1052 7.5x 1052 3.2x10°3
Etetal (erg) 1.1x10%3 5.0x10°2 2.3 %1052 2.7x 1052 1.9x 1052
At few s few s ~ 0.5s ~ 0.5s ~ 10s
B CC-SNe: Yoshida, et al., ApJ 686 (2008), 448; Suzuki & Kajino, J. Phys. G40 (2013) 83101 +
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Solar System Abundance

o
10
10 He Big-Bang Nucleosynthesis 12H, 34He, 67Li, etc.
oél © Stellar Fusion 12C...56Fe-%8Ni, etc.
N ¢ Ne
o iy Mg . .
— | Qi (r-nuclei) (s-nuclei) :
I 6l 5 Fe  Core-Collapse SNe & AGB: 56Fe < A
a 1o .ﬂ Ar
o - Ca Ni
o [ ) Iron peak  Supernova v-process
G :
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Various roles of v’s in SN-nucleosynthesis
A\No) \

MSW Matter Effect:

\
\

Through high-density resonance

v-Collective Oscillation

NS | . ¥
Layer Layer
R-process: )
Heavy Nuclei
Vp-process:
9%2Mo, PRu ?
| ; V-process:
Explo. Si-burn. / S7Li, °Be, 1011B ...

V-pProcess 4

/

Fe-Co-Ni,

00Co SShn sty .. °Ta, 1¥La, %Nb, %Tc ...



92Nb also has SN-v Origin !

Hayakawa et al., ApJ 778 (2013) L1.

92Nb (T,,,=3.47x107y): Unique Chronometer of SN v-Process

Isotopic anomaly in meteoritic 22Zr/93Nb:

A = 1x108—3x107 y
Time duration after the last nearby Supernova to
the Solar-System (protosolar cloud) formation

N

“Ru e R “Ru 1Ry

EC decay after rp process or neutrino-p process

\ \ \ flow of y process

Mo e Mo am Mo fefm— cm‘\qo"'— Mo a Mo

Neutral current reaction

flow of s process

arged current
-eaction
Zr

NN N NN

p decay after r process

EC decay T ,=34.7 Myr ~,

N

Zr

Zr |
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10710
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Tantalum (180.181Tg)

181Ta, (stable), 189Ta (unstable, 1y, = 8h), 18Ta™ (isomer, 1,, > 101%)

The rarest isotope on the Earth & Universe !
Origin of 189Ta was unknown since 1957.

Solved by

_ i 180 138] 7 | _
S-process cannot explain both 18Ta & 1385 | T,.=3.2MeV,
SN v-process for overproduced 180Ta/138 q ? T==4MeV!
We solved dynamical “explosive SN-nucleosynthesis” coupled with
“quantum transitions” simultaneously. - o K=9
(Hayakawa, et al. 2010, PR C81, 052801®; Bur | | i .
PR C82, 058801) o~

T "I "‘ ]

| L’rﬂ' ’ __@3 ! [

J = Total Angular Intermediate States R L o R
Momentum

r— 8

! 2 s
» T ,"135 PALE
Py

C a0,
(partia)  (partic)  (pertia) (porticl)

A E (r) ()

ff K=9 753 L
)l (W) g
y "|

k=1 | @s. Isomer

0O
' T,=8.15h '*'Ta™
K Quantum ISOTa '
Number g Typ>10"y



Galactic Chemical Evolution of °Be & 10118

L L] r 11 a
—9 - | l y
= s
-11 =
-~ —12 -
X E B 1"
2z —13 Bei =
S~ s o
D 14 =
= Overproductjgf problem is resolved! %
-15 | 1‘__1
—16 OLD stars SUN

< :
—17 @llLllLlllllllllllJ*Jﬂn

-4 -3 -2 -1 0
[0/H] =log(N,/Ny)—log(Ny/Ny)e

Livermore Model
va — 8 MeV
Woosley -Weaver 1995, ApJS 101, 181.

N o=e

N Tv,.= 6 MeV
Consistent with SN1987A

Yoshida, Kajino & Hartmann 2005,
PRL 94 (2005), 231101.

Consistent with SN1987A

‘Be:
— Galactic Cosmic Rays
10+11g + 1RB-

— Galactic Cosmic Rays
— Supernova v—process

Yoshii, Kajino, Ryan, 1997, ApJ 486, 605.
Ryan, Kajino, Suzuki, 2001, ApJ549, 55.



SN1987A constraint

SN-Boron calculations and

on E, o & Grav. Energy constraints on SN-v

a 10-6 . \MN.S?L"I’,M'

L L] L] I ]

310°°

lllllllllllti‘[flr'l

e | 1 i

mM(\'B)/ M,

110°L 7

' L] I
< > T.=3 s 4 Woosley & Weaver

ApJS 101 (1995), 181.

o ——— YOSHida, Kajino & Hartman,
Phys. Rev. Lett. 94 (2005),
231101.

Consistent with SN
simulation (MPA

6 MeV

group) 2004-2013.

o GCE constraints on 1B
3 4 S & meteoritic 11B/10B




Mean v-temperatures are known!

-R-process Elements & 180Ta/138_.a mp Tv,= 3.2 MeV, T, = 4 MeV
*Astron. GCE of Light Elements & 'B map Tv,=Tv,= 6 MeV

We can now study the “EOS”

EI_L?ESCQ—:L—Z

No.204

and “Neutrino Oscillation” !
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Temperature Hierarchy of Supernova- v

Temperature

~ 10 km

Proto-Neutron Star

Neutrino diffusion process
AX,?=2D,1,
D, =A,c/3
A, = (nro,)?
Weak interactions
vo.+tn—p+e (CC)
Ve +p —n+e*(CC)

—radius v, +p,n—p,n +v; (NC)

(I=¢e, u,1)

A <k%<k

ve VU,VT

- 2 2 2
== Axve < Axv_e < AX

VU,VT



Supernova v-Process: 7Li.1 1B 92NDb, 138 3,180T3

“He(v,v p)3H
*He(ve,ep)°He, 4He(‘ ve,e'n)°H, 12C(ve ep)"C

-3 hadA N2

ryr’s =

2V 2Gp(he) ey, -

Mass Fraction
-k
[ ]
[ =]

1UW?“.““““;L.”,M,””,”

LI, €

12C(Ve,e'n)1'B

shell at p ~ 103—10% g/cm?.

_He/C_______ Hep
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Role of Nucl. Phys. for v—Nucleus X-Sections
New Shell Model cal. with NEW Hamiltonian: v-12C, “He

Suzuki, Chiba, Yoshida, Kajino & Otsuka, PR C74 (2006), 034307.
Suzuki, Fujimoto & Otsuka, PR C67, 044302 (2003)

12C: New Hamiltonian = Spin-isospin flip int. with
tensor force to explain neutron-rich exotic nuclei.
- ui-moments of p-shell nuclei
- GT strength for 12C>12N, 14C->14N, etc. (GT)
- DAR (v,v'), (v,e-) cross sections

ORPA cal.: v-180Ta, 138 g, 98Tc, 92Nb, 42Ca, 12C, “He...

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

J. Phys. G37 (2010), 055101; PRC 83 (2011), 028801
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Double p decay - v mass - Astro—Cosmology Connection
K. Yako et al., PRL 103 (2009) 012503.

B(GT*") distribution Experiment
(RCNP, (isaka)

Shell model (theory)

Shell model ... 3} g- . #catpm)®se
with quenched operator =X : '
Spectra agree qualitatively L. B} R ;‘;Br;nz?if
upto ... = | full fp, Q¢ = 0.6
(p,n) : E, = 15 MeV 1t .
Strengths beyond = 9 P —
... underestimated. gl U 4874 (1, p)*8Sc |
S 03 :
(n,p) channel : 2 :
>B(GT+exp) = 1.9+0.3... Der ]
(w subtraction of IVSM) : e
1 0.1E I-A,r_l_r_u — t_]L._:
ool STl FATTAESNE E I 1 s e o -t (Y0

0 10 20
2B(GT*;ShellModel(Qg=0.6)) = 0.9 Excitation energy (MeV)



| ffect | Yoshida, Kajino, Yokomakura, Kimura, Takamura & Hartmann,
arger eftect : PRL 96 (2006) 09110; ApJ 649 (2006), 349.

Tve < T%< va:, VUT Normal

J smaller effect !
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PHYSICAL REVIEW D 85, 105023 (2012)

Exploring the neutrino mass hierarchy probability with meteoritic supernova material,
v-process nucleosynthesis, and @3 mixing

G. 1. Mathews,l‘z T. Kzljin(),z‘3 W. Pm](i,2 W. Fujiya,d' and J. B. Pitts’

Bayesian Analysis, including astrophysical SN progenitor Mass 1
model dependence on SN progenitor masses, ' |
v-temps. (T,. ,T..,T ) and nuclear input data.

ve 1 "ve 1 ' vut, vut

0.5 - —

P(D‘AJE)P(AJQ) 01_0- S — =

P(M;|D) = >, P(D|M;)P (M)

P(D|M;) = / dEdZda,P(E, Z, D|M;, ax)P(ax|M;)

:/dEdZdakP(mMi,a.k,E, Z)P(Z, E|M;, ax) P(a|M;)

TABLE I: Parameter likelihood functions P(ar|M;). 00;- S S
Ry
Parameter a prior reference S
sin?20y3 e @029 40— 092 |0y =0.017]  [7] L 2C(a,y)180 -y
Raa  |e @™20)/272) 20210 |o0.=0.12| [35] T\ / ]
Risca |e~G=0/272| 20 —12 |0.=025] [36] 2
Mprog(Mg) | m ™25 Mmin = 10 | Mmaz = 25|  [37] )
T, (MeV) Top hat |T, = 3.2 —6.5] (see text) [15] o o |
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Murchison Meteorite
SiC X-grains

- 12C/13C > Solar

2
10
- 14N/*N < Solar
- Enhanced 28Si
- Decay of 26Al (t,,,=7x10%yr), #4Ti (t,,,=60yr) 10
SiC X-grains are made of cc-SN Dust !
10°
Fujiya, Hoppe and Ott (2011, ApJ 730, L7) 1
discovered B and ’Li isotopes in 13 SiC X-grains.
‘Iable 1
C-, Si-, Li-, and B-isotopic Compositions of SiC X Grains from the Murchison Meteorite
Grain Size lzcylic 529gja 530542 TLi/6Li B/l Li/Si B/Si
(um) (50) (%0) (107%) (1079
Single X grains
X1 0.6 114 £ 2 —178 £ 11  —265% 9 11.87 £ 063 4.51 £ 0.77 9.69 3.33
X2 1.2 128 + 2 —377 £ 11 =261 £ 10  12.06 + 0.62 5.06 + 0.58  23.8 18.8
X3 L5 244 %5 —205 £ 10 —297 %7 1148 = 0.86  4.54 L 0.63 1.76 1.92
X4 1.0 2416 —556 £ 10 —245%9 12.00 & 0.56  4.85 £ 1.19  24.8 3.31
X9 0.6 38+ 1 —361 £ 10 -394 £+ 8 11.20 + 1.01 419 £ 070 108 1.4
X11 08 326+ 14 —358+£12 —432+ 11 11.78 £ 2.03  4.99 + 1.88 3.66 3.00
X13 07 34546 —261 £ 10 —424 £ 7 11.59 £ 093 437 £2.04 107 1.14
Average 11.83 £ 029  4.68 + 0.31
X grains + other nearby /attached SiC grains
X5 M +1 —226 £ 11 —120 £ 10 1221 + 0.41 436 £ 040 402 18.8
X6 88 + 1 —236 £ 11 189 £ 9 13.06 + 1.36 3.83 £ 0.27 2.15 14.2
X7 78 £ 1 —281 £ 11  —208 £ 10 11.20 £ 240 1147 + 6.36 8.28 9.48
X8 76 £ 1 —223 £ 10 266 £ 8 1129 + 0.64  4.27 £ 0.29 4.80 124
X12 83 1 —271 £ 11 —242 10 11.54 £ 052 413 £ 046 243 14.2
Average 11.90 £ 0.28 4.16 £ 0.17
Solar 89 0 0 12.06 4.03 5.6 1.9

Note. 28'Si = [('Si/28Si)/('Si/28Si)s — 1] x 1000.

By courtesy of S. Amatri
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Li/11B-Ratio

MSW Effect & vMass Hierarchy
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What happens as neutrinos
flow through the SN outer layers ?

Neutrino induced nucleosynthesis to
constrain v—mass hierarchy.

Astrophysical sites for r-process including
SNe, GRBs and neutron star mergers.. T ,

Pulsar kick from v=baryon int. in
magnetized neutron stars.

Origin of life = chirality of amino acids.

What happens to neutrinos
once they leave the supernova?

Supernova Relic Neutrinos (SRNs) to
probe EoS of proto—neutron stars.




A New Method to constrain EOS & v-0scllation

G.J. Mathews, J. Hidaka, T. Kajino & J. Suzuki, ApJd (2014), submitted.

THE AsTROPHYSICAL JoURNAL, 738:154 (16pp). 2011 September 10

THE COSMIC CORE-COLLAPSE SUPERNOVA RATE DOES NOT MATCH THE
MASSIVE-STAR FORMATION RATE

SHUNSAKU HoriucHr'+2, JouN F. BEacom' 23, CHRISTOPHER S. KOCHANEK>", JOSE L. PRIETO

K.Z. STANEK>?, AND TODD A. THOMPSONZ++0

Supernova Rate Problem/Discrepancy

SER of Massive Stars at birth N

50% Massive Stars, missing !

Expected Reasons:

Half was evolved into too dark SNe
to detect!

1. Failed SNe (<25Me BH formation)
2. Faint ONeMg-SNe (8-10 Me)

or the mass function changed!

Mpc /]

SNR [10™ yr'!

0.1

4.5

& mean local SFR
(see Figure 2)

Lietal. (2011a)

Cappellaro et al. (1999)
Botticella et al. (2008) 7
Cappellaro et al. (2005)
Bazin et al. (2009) ]
Dahlen et al. (2004)
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Pair-v heated SNe
(BH + Acc. Disk)

Failed SNe
(Black Hole formation)

Electron-capture SNe  Normal CC-SNe
(Faint SnNe) (Neutron Star fromation)

detail ONeMg SN CC-SN fSN(SH EOS) fSN(LS EOS) GRB
mass( Mg ) (8 ~ 10) 8 ~ 25(10~25) 25 ~ 125 (99.96%) 25 ~ 125 (99.96%) 25 ~ 125 (0.04%)
Remnant Neutron Star Neutron Star Black Hole Black Hole Black Hole
Phenomenon Supernova Shl_.mmf-".'rg Failed Supernova Failed Supernova Gamma-Ray Burst
T, (MeV) 3.0 S 5.5 7.9 s
T (MeV) 3.6 5.0 5.6 8.0 5.3
T (MeV) 3.6 6.0 6.5 11.3 4.4
EEPC“"E (erg) 3.3x10%2 5.0x 1052 5.5x 1052 8.4x10°2 1.7%x 1053
EE,-T”'E (erg) 2.7%1052 5.0x 1052 4.7%1052 7.5x%10%2 3.2x10°3
Ef,fﬂi{erg) 1.1x10°3 5.0x 1052 2.3x 1052 2.7%10%2 1.9% 1052
At few s few s ~ 0.5s ~ 0.5s ~ 10s

B CC-Sne: Yoshida, et al., ApJ 686 (2008), 448;
Suzuki & Kajino, J. Phys. G40 (2013) 83101.
m fSN (failed SNe): Sumiyoshi, et al., ApJ 688 (2008) 1176.

* Shen-EOS: Shen et al. Nucl. Phys. A637 (1998) 435.
* LS-EOS: Lattimer & Swesty, Nucl. Phys. A535 (1991) 331.

m ONeMg SNe: Hudepohl, et al., PRL 104 (2010).

B GRBs: Nakamura, Kajino, Mathews, Sato & Harikae, Int. J. Mod. Phys. E 22 (2013)
1330022; Kajino, Mathews & Hayakawa, J. Phys. G41 (2014) 044007.



Star Formation Rate [Msunfyrfl\:‘lpca]

Spectrum of Relic Supernova Neutrinos (RSNs)

o
—

0.01 B

0.001

for Hyper-Kamiokande (Mega-ton): Water Cherenkov 7. +p — e +n

dN, ¢ [Tre AN, (E}) dz
= RSN (Z ; X
dE’f/ HO . O dEI/’ \/(Qﬂrl)(l —I_ 2)3 —I_ QJ/\

SN Rat Volume

LT — |
No v-oscillation Tgﬁa | |
e 1 failedSN— |
= GRB — |
- ONeMgSN
B 101
102 Atmospheric-v
1o f\
104 : . '
0 1 0 10 20 30 40 50 60

E, (MeV)



Spectrum of Relic Supernova Neutrinos (RSNs)

for Hyper-Kamiokande (Mega-ton): Water Cherenkov 7. +p — e +n

AN, ¢ [T AN, (E},) dz
— = RSN (Z ; X
dEf/ HO . O dEI/’ \/(Qﬂnl)(l —I_ 2)3 —I_ QJ/\

Number Flux [/MeV/cm 2/s]

0. 0018

Cosmologically Old SNe
Z=4~5

Energy of neutrino [MeV]



Event Rate [I\/IeV"Mt'1(1Oyr)'1]

Reactor-v BG

Relic Supernova Neutrinos

Hyper-Kamiokande (Mega-ton, 10y), Gd-loaded Water Cherenkov Detector

Ve +p — €T +n

20

SN rate problem is resolved by ——>

assuming 2 x failed SNe for BH
formation!

Same assumption as Horiuchi, Beacom (2011)

SN rate problem still remains.

No v-Oscillation

(C) Case

50 |

20 30 60

Eo+ [MeV]

0 10

Atmospheric-v BG

[ g
—
S—

Event Rate [MeV ™ "Mt '(10yr) ']

G. J. Mathews, J. Hidaka, T. Kajino, and J. Suzuki, ApJ (2014), in press.
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Assuming 2 x failed SNe for BH formation!
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What happens as neutrinos flow
through the SN outer layers ?

Pulsar Kick from v=baryon int. in Magnetized
Neutron Star.

v=induced nucleosynthesis and Mass Hierarchy.

R-process nucleosynthesis in GRBs.
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R-process Nucleosynthesis

Otsuki, Tagoshi, Kajino and Wanajo, Apd 533 (2000) ,424; Wanajo, Kajino, Mathews and Otsuki, ApJ 554 (2001) ,578.

Neutron-rich condition for successful r-process: 0.1 <Y,<0.5

Vo +n—opte
Vo.+p—on+e?

Theoretical Challenge:

1) Astrophysical Sites ? 100
*v-=wind SNe
*MHD jet SNe
*NS mergers (short GRB)
*long GRBs
2) Neutrino effects ?
Y.> 057
Roberts, Reddy and Shen
(PR C86, 065803, 2012)
pointed out
Y. <05!
for nucleon potential
and Pauli blocking
effects. 0.001

10

- P e Ve € I ZA -+ I‘QAQ/EIJ} \-l
Ye= n4+p Lk L, T €. [ 2A4+1.2M2/c,, /
€,=315T, |T,.=3.2MeV, Tz=4MeV
Sr-Y-Zr
I-Xe
Theoretical model Ir-Pt
: T Pb
o)\ Dy-Er
01t | W " ;_!g; ‘7 _- -
S TR
Observed / e &
Solar r-abundance * :
80 100 120 140 160 180 200 220 A



Lighter Mass End (10-13 M) of v-Driven SNe:
not enough neutrons for the heaviest I- process nuclides.

= Heavy Mass (15-25 Mg) CCSNe, wanted !?

Only weak {'meGSS? S. Wanajo, ApJL, L22 (2013)
2 \

10 [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [

M=1214 1.8 2224 MS

° SrY Zr o solar r—abundang?:

8 s
=10 .
O .
5107 N
s _F A G
107 E .
107 £ 2
10_9 - | | | | I | l‘ \ll I | | | | IHMI | | | -
50 100 150 200 250

mass number



Alternative Models for the r-Process

Nishimura, Nishimura, Kajino & Mathews (2012)
Ejection of neutronized

core material in MHD |jet:

Moderate entropy: S>15,
Neutron rich: Y, ~ 0.2.

Neutron star mergers:

Low Entropy S ~ 1, Freiburghaus et al (1999), Korobkin et al. (2012),
Extremely neutron rich: Y, ~ 0.02.  SNibagaki, Kajino (2014)

:- can contribute to the s.s. and
recent generations of stars.

.- cannot contribute to the
early generations of stars.




Is there another possibility?

Yes!

R-Process nucleosynthesis in collapsar jets:
Surman et al. 2008, Fujimoto et al. 2008, Ono et al. 2012, Nakamura et al. 2013.

- Model for long duration gamma-
ray bursts (GRB).
- Afailed supernova.

- Produces a black hole and a high
temperature accretion disk.

- MHD + neutrino heating produces
an energetic jet.

However, no fully successful numerical hydrodynamic model !
Woosley 1999, McFadyan & Woosley 2003 — Harikae et al. 2009 - 2014



Collapsar Model
for Long Gamma-Ray Bursts

Neutrino—-Pair Heating

Harikae et al., ApJ 704 (2009), 354; 713 (2010) 304.
Nakamura, Kajino, Mathews, Sato & Harikae, IJMP 22 (2013), 1330022.

Accretion Disk Stages of a Collapsar

1. Initial Collapse of 25-40 M, progenitors.
20,000 tracer particles 2. Accretion disk heats up and a funnel region

36409 | , above the black hole is heated by neutrino pair-

/ annihilation and magnetic fields.

3. Causes launch of a relativistic jet; I'~5.

Modeling R—-Process

1. Extend the jet beyond the MHD+neutrino pair-
annihilation heating using 2D hydo.

2. Attach tracer particles to evolve the flow of
material into the accretion disk and out into jet.

0 1e+09 2e+09 3e+09
x [em]

1208 trajectories with positive
energy to be ejected outside.



y [em]

Evolution of low-Y, neutron-rich material

Nakamura, Kajino, Mathews, Sato & Harikae, Int. J. Mod. Phys. 22

(2013), 1330022.
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Ejected Mass (10 Mg)

Ejected Mass (10*Msun)

Neutrino—-Pair Heating

10 100 1000 10000 100000
Entropy/Baryon
T T T T T T T
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100 [ |
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Collapsar Model
for Long Gamma-Ray Bursts

Harikae et al., ApJ 704 (2009), 354; 713 (2010) 304.
Nakamura, Kajino, Mathews, Sato & Harikae, IUMP 22 (2013), 1330022.
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Relative number abundance

R-Process Nucleosynthesis in Gamma-Ray Bursts
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What happens as neutrinos flow
through the SN outer layers ?

Pulsar Kick from v=baryon int. in Magnetized
Neutron Star.

v=induced nucleosynthesis and Mass Hierarchy.

R-process nucleosynthesis in GRBs.




Estimating Pulsar Kick Velocities CasA
of Proto—Neutron Star

A.G.Lyne, D.R.Lomier, Nature 369, 127 (94)

Kick Velocity:
Average ... 400km/s,
Highest ... 1500km/s

99% of Explosion Energy ~ 10 erg

2 taken by Neutrinos! http://chandra.harvard.edu/photo/
: 2004/casal/casa_xray.jpg

Even 1% Asymmetry is sufficient to explain the Pulsar Kick.
Lai & Qian, Astrophys.J. 495 (1998) L103.

Relativistic Mean Field Theory:
Maruyama, Kajino, Cheoun et al., PR D83, 081303(R), (2011); D86, 123003 (2012).

Estimating Kick Velocity of PNS with T =20 MeV and B=2X 10''G

Poloidal Magnetic Field 2 - 3% Asymmetry | v, = <|i)/|z> ~ 600 [km/s]




The Cross-Section of v-B (Mg. Field) in Rel. MFT
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EOS of Proto Neutron-Star-Matter in RMF N, A, o, o, p
PM1-L1

Symmetry Matter Neutron-Star-Matter

Ps/ Po

BE =16 MeV,
MM, =017,
K =200 MeV

at p,=0.17 fm"




Initial Angle-Dependence
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FI/BREFHTEEE =HENH

RAR BT -O737—/-B #C, Astrobiology 10 (2010), 561-568; Int. J. Mol. Sci. 12
(2011) 3432; Astrobiology (2014), submitted.
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= SUI\/II\/IARY
Relic Supernova V3

Z Future observatlan of Relic’ Supernova v’S |n megaton Hyper-Kamiokande
 (ke: Gd-loaded Water Cherenkov detector in 10y run) could solve the SN
~ rate Jproblem and also discriminate EoS and neutrino oscnlatlon pattern

', | v-Mass hlerarchy & Total I\/Iass » .

Supernova.v-process nucleosynthests could determine the mass

hierarc Am132 and sm.2913«_e 1 snnultaneousty Inverted hierarchy is

statistically more preférred: Tt Tv-méss |f mv< O 1eV or O 05eV,

strongly constraln the ma.ss hleramhy :

. Origin of »- prgcesf_f,‘;"‘*f-'j'j;._: o
“GRB could be a viable site for r process (+ CCSN MHD -jet, NSM3

Origin of Ehirality of Ammo Acids-on Earth:

Bfeakmg Chlrallty of neutrlnos may be the umversal orlgm .

Origin of Pulsar Kick:

Parity V|olat|on in magnetized neutron star trlgge[s asymmetrlc V- baryon
reactlons to likely explain. the observed pulsar kICk
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