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PURPOSE

* Eluciate important nuclear properties of the nuclei
‘NOT ONLY between neutron-rich waiting points
and'the.1st, 214, and 3'¢ abundance peaks.

: -BUT ALSO below and beyond the peak neclei:

Heavyﬂiluclel (Fe < A’ R
~ -—-Masses — Q,, = o(n y) E1 stre’hgth
- B-decay hall?I AT Q5>

- B- delayed‘nenu.".-' em|35|on e "o
- Asym.ﬂssmn both B delayed or n- captured

L|ghter -to- Intermedlate Nucle| (A < Fe) .
- p, n, azinduced react., o(n,y) vs. c(a,n)
- Roles of v's In SN- nucleosynthe5|s
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Candidate Astrophysical Sites for R-Process

Evaluation

O Solar~Metal pooryx
O Universality
X No explosion model

X Only recently (solar)
but NO metal poory¢

O Solar~Metal poorvyy

X Universality
A Explosion model,
but special condition

Supernova Physical Conditions Expected
Candidate S Ye M. /(SN)  EventRate
a. v-Driven Wind | ~100 0.45 10°M@  10%/yr/galaxy*
b. Binary Neutron i i
~1 0.1 10-2M <10~°
Star Merger ©
c. MHD Jet ~10 0.10.4 103Mg <104
Gamma-ray Burst
Candidate
d. Hypernova 1-1000 0.1 10Mg, <10°

O Only Metal poor v

Broken Universality
A Explosion model,
but special condition

Solar-System r-abundance = 10° Mg

* consistent with observed SN frequency

10 Mz X 102X 100 = 103M,

AN

Cosmic age



SUBARU Telescope HDS

Honda, Aoki, Kajino et al.
(SUBARU/HDS Collaboration),

2004, ApJS 152, 113; 2004, ApJ 607, 474
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% Large abundance scatter at [Fe/H]<-2

IS an evidence for INDIVIDUAL
supernova episode.

% Only Core-Collapse TYPE Il SUPER-
NOVAE are the likely astrophysical

sites of the R-Process !



Sneden, Cowan, Gallino, ARAA 46 (2008) 241. Fe/Hs t
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Metal-poor
stars

CS 22892-052: Sneden et al. (2003)
HD 115444: Westin et al. (2000)
BD+17°324817: Cowan et al. (2002)
CS 31082-001: Hill et al. (2002)

HD 221170: Ivans et al. (2006)

HE 1523-0901: Frebel et al. (2007)
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Magic Number and Slow/Rapid Neutron-Capture

Processes

Slow Nautron-Capture Process
on stable nuclei in AGB Stars

(T~108K, n,~108—10'% cm-3)
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R-Process

Nucleowsynthesis >

Where are neutrons? 25N, Pre-Supernova Evolution
’ from Primordial Zero-Metal Gas




Supernova
Nucleosynthesis
Simulation

Movie by S. Chiba & T. Kajino

v-Pair Heated Collapsar Model

Nakamura, Sato, Harikae, Kajino,

& Mathews, ApJ (2012).
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Neutrino-driven Wind
Model

explains UNIVERSALITY !

Otsuki, Tagoshi, Kajino & Wanajo
2000, ApJ 533, 424

Wanajo, Kajino, Mathews &
t=0

Neutrino-driven wind forms
right after SN core collapse.

n+a+p
t=18 ms
Seeds form.

Exotic neutron-rich; 78Ni

‘

t=568ms-1s
Heavy r-elements form.




ldentified Important Reaction Flow Paths
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7 N
Utsunomiya et al. /7.4// ﬂ*\
T

PRC63 (2001), 018801
3(5% (1)0') &"'& (o.7) ”B "("~7)'>128 —(n.r)—;BB —(n.'/)'?MB -(1'1.7)‘;58

/
v/ / /s /71 (3)

Hashimoto et al., PL B674 (2009) 276.

(1)

Factor 2 ~ 4 different ! (1o)

T A T LaCognata et al., PL B664 (2008), 157.
~
f
8

Brune et al., PRC (1995)
35% (1o)




71 31 ; 11 Discrepancy
Ll(n’ ) LI(OL,I’]) B Inclusive Data >> Exclusive Sum
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O Boyd et al. Phys. Rev. Lett. 68 (1992), 1283.
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NON-LINEAR Effect of “a-process—r-process”

(1) a(an, v)°Be o
(2) (3) a(t, y)’Li(n, y)eLi(a, n)llB} X 2 artificial change
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Nucleosynthesis proceeds: NSE — a-process — r-process

| |
8 W 1. Entropy/beryon :-- primary process |-

- 2. Low initial-Ye :-- neutron-richness

3. Short 7y, :-- high neutron-to-seed

Neutron/Seed .

—{ seed elements
like 78Ni

T,=T/10°

n + seeds — r-elements

2 - — -
a-process r-process freezeout
1 L -

107 107 107! 1 0°
t—Tgyn— 1 time (sec) s




New Waiting Points in Light-Mass Nuclel

130In HEAVY

N

Both (n,y) and (a,n) are
FAST enough so that
18C waits for B-decay.

NEW WAITING



R-PROCESS
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RIKEN-RIBF New Ring Cyclotron (since 2007)
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Magic Number and Neutron-Capture Processes

From Text Book (Kubono & Kajino)

Nishimura et al., PRL 106 (2011), 052502, -
measured B-decay half-lives for neutron-rich 2l o g
Krto Tc ISOtOpeS (100<A < 120) (U) = ‘_m 2 !'IFF:_:_ R|KEN-R|BF
o 2010
=& Known ol
AR el
(Sn) 58
N T N |
(Ca)20 A i Rapid Nautron-Capture Process
SR on neutron-rich nuclei in SNe
(0 s el
(He) 2 il 20 *° T, << Tg
£ " (T~10°K, n,~1020—10%* cm)



B-decays are FASTER than FRDM+QRPA theory !

Nishimura et al., PRL 106 (2011) 052502 FRDM = Finite Range Droplet Mass
model

YKr ASr ®7Zr "\ P. Moeller et al., ADNDT 66 (1997),
131

wRb CY [ONb ATe Newly measured region
100 105 110/ 115 Mass A

10 B e e T e e B T T T
Y .IIIIIIIIIIIIIIII;EIIIIIIIIIIIIZIIIII;IIIIIIIIIIZIIIZIZ;EZI(a)ZI
: ' 5 AN

2~5times
faster!

Ty (Theory) / T, (EXp.)

TFHDM+QRP.Q/T Xp

Pl 1/2
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DEFICIENCY problem at A =105-120
Is this caused by “NesteaFRAysFes or “Astrophysics”?

MHD-Jet SN Model New RIKEN data of B-lives (& Q-values)

Nishimura, Kajino, Mathews, : : : ..
Nishimura & Suzuki (2012), only slightly improve this deficiency,
but not enough !
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Nishimura et al. (RIKEN-RIBF), PRL (2011).

0.0001 e —3 ' , —
without fission
| include fission
1e-05 | fission fragment -« |
— .
o '
f; Asymmetric fission masks
© Te this deficiency ?
» !!
g 1e-07 | % Superheavy elemegnts
? % contribute?
. ¢ %
Te-08 : Deficiency for poor knowledge
e on B-life times or mass formula ?
1e-09 | " : . 1 J
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Candidate Astrophysical Sites for R-Process

Evaluation

O Solar~Metal pooryx
O Universality
X No explosion model

X Only recently (solar)
but NO metal poory¢

O Solar~Metal poorvyy

X Universality
A Explosion model,
but special condition

Supernova Physical Conditions Expected
Candidate S Ye M. /(SN)  EventRate
a. v-Driven Wind | ~100 0.45 10°M@  10%/yr/galaxy*
b. Binary Neutron i i
~1 0.1 10-2M <10~°
Star Merger ©
c. MHD Jet ~10 0.10.4 103Mg <104
Gamma-ray Burst
Candidate
d. Hypernova 1-1000 0.1 10Mg, <10°

O Only Metal poor v

Broken Universality
A Explosion model,
but special condition

Solar-System r-abundance = 10° Mg

* consistent with observed SN frequency

10 Mz X 102X 100 = 103M,

AN

Cosmic age



New Insights into the Astrophjysical r-=Process
W. Aoki, R.N. Boyd, M. Famiano, T. Suda, and T. Kajino

Supernovae (Black Hole)
Pseudo-Universality!

2.0 - - : - - -
High-resolution from the same paper:257 L
: Different sources for [Sr/Fe] and [BaFe]:4 e
15 ¢ E. ) Barklem et al.i 2005):200
Burris et al.{ 2004):29 X
Lai et al 2007):70 o
1.0 ¢
Supernovae (Neptron Star)
= 05¢ Uniwefsalaty!
E .
=
0.0
I -0.5
-ltﬂ "
-5.4 -45 4.0 -3.5 -30 -25 -20 -1.5 -10 -0.5 0.0 05
Frebel , Aoki et al., Nature 434 (2005), 871; [Fe/H]

Aoki et al., ApJ 639 (2006), 897.
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THE ASTROPHYSICAL JOURNAL, 729246 (18pp). 2011 March 1

UNCERTAINTIES IN THE vp-PROCESS: SUPERNOVA DYNAMICS VERSUS NUCLEAR PHYSICS

mass lracthion

SHINYA WaNaJo!-2, HANS-THOMAS JANKAZ, AND SHIGERU KUBONOD®
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ThE AstRopHYSICAL JournaL LerTeRs, T44:1L14 (4pp). 2012 January |

THE r-PROCESS IN METAL-POOR STARS AND BLACK HOLE FORMATION

R. N. Bovn!, M. A. Famiano®, B, 5. Mever®, Y. Monizukr*, T. Kanno® ", ann L U, RoEpERER®
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THE AsTRoPHYSICAL Joursar, T46: 180 (15pp), 2012 Febrary 2

The r-PROCESS IN THE NEUTRINO-DRIVEN WIND FROM A BLACK-HOLE TORUS
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New Insights into the Astrophjysical r-=Process
W. Aoki, R.N. Boyd, M. Famiano, T. Suda, and T. Kajino

Supernovae (Black Hole)
Pseudo-Universality!

High-resolution from the same paper:257
: Different sources for [Sr/Fe] and [BaFe]:4
15} Barklem et al.(2005):200
Burris et al.(2000):29 *

Lai et al2007:70 o

o e

Gamma-ray Blu?s 's (Black Fglole) * Complicated mixing?‘

Broken Universality ! - . . No r-process? .
5.4  -45 4.0 -35 -3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Frebel , Aoki et al., Nature 434 (2005), 871; [Fe/H]

Aoki et al., ApJ 639 (2006), 897.



Our SUBARU-HDS group discovered an oldest
Pop. Il Halo Star in the Milky Way !

[Fe/H] =-5.4! — 1/250,000 x Solar-Fe

SUBARU Telescope Frebel, Aoki, et al. Nature 434 (2005), 871,
Aoki et al. Astrophys. J. (2006) 88
...[ L L ] L L [ LU [ L ] LI ] IR ] L | l T Fdentie
sf CNO Na Al CaTi Fe Sr Ba -
N § Mg
- - oHE 0107-5240 [Fe/H]=-5.3
AL % ! Question 1 o HE 1327-2326 | ]=-5_4 5
: ~10000 Solar - ]
o 3: § Relativeto Fe Question 2 5
R f B ; Sr Ba
- ' =
Mauna Kea, Hawaii ﬁ detected! $ ]
1r . Fe ¢ -
E - - — - @ _________ §__l-é ________________ _L\E_:
Standard SN model =op 40T (§)
Prediction = Universality! [ 7 -$>2 e 3
ST T U W N U TN T N N T N N N N M N W T N S A A Y O | [T T O Tt B
) 10 15 20 25 30 35 30 56

Universality is BROKEN ! Atomic number



GRB Nucleowsynthesis

Black-Hole formation e Mt ;
changes nucleosynthesis L
and ejecta. ’~

25N}, Pre-Supernova Evolution

Nucleosynthesis from Pr!mordlal Zerol-Metal Gas

in Accretion Disk 5
O-Ne-Mg :

= MacFadyen & WGosley
/ -  ApJ 524 (1999) 262
Mout i AN il s P TN o W <l BV



GRB Nucleosynthesis Model Prediction

Pre-Collapsar .
P wind.

Outer Layer  _
i
X

Mixing Fallback
onto BH

6

0

a4l
Light nuclei are produc:

R-Process from
Disk-Wind Outflow

Heavy nuclei are produced in r-process in the disk-

Kajino, Shaku, Sasaqui, Yoshida, Aoki &
Mathews (2010): Kajino, Sato, Nakamura,
Nishmura & Mathews (2010)

but products near thé?gore fall back onto BH.

\
‘ ' ' " HE1327-2326 +—e—t
-Li CO NaAl Ca Fe Zn HEQ107-5240 =
N Mg Ti
l } . Se Kr
L ‘ -
1' | i Ir ]
. A
i {wiRN Pt \ \
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in outer|layers F\nd ejected 100%,
| | 1 ] | 1
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Various Neutrino-Sources in Nature

1.9K 04 10 26 8.5 Visible energy [MeV]

I I I I I
>
I | I I |

. - +
Vte —v+e inverse beta decay || Ye TP — € 1

supernova relic neutrino
etc.

Cosmic Background Be solar neutrino geo-neutrino reactor neutrino

Neutrino Cosmology || Neutrino Astrophysics Neutrino Geophysics Neutrino Physics Neutrino Cosmology

) . verification of SSM verification of earth Precision measurement verification of
verification evolution model of oscillation parameters universe evolution

of particle model

Ver Vs Vs Ve Vs Vs
PURPOSE

1. To study supernova nucleosynthesis and v-oscillation.

1st, SN-temperature, 2"d, v-oscillation physics.

2. To constrain the total v—mass from cosmology.
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107 F

1078}

o
cg g
d ~

.0 4 Quark &
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o, Ve

.." ' V'U
@ vMasses

L Generation

Neutrino Masses 1

~

Quark & Lepton Masses ~  10,000,000,000

—

[—1

Why 10-10 ?
Lepton
E = mc?

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

vitvi = e"+e = 2y(T)
Key Physics suggested by FINITE mass neutrinos:

Unification of elementary forces BEYOND
the standard model ?

CP violation and Lepto- & Baryo—-genesis ?
Why left-handed neutrinos, Majorana or Dirac ?

Explosion Mechanism of Supernovae ?

! ! !
1 2 3



Challenge of the Century

Universal expansion is most likely accelerating and flat !
Qp+ Qcpyt+ 2, =1

@® What is the CDM, Q.py = 0.23, and Dark Energy, Q, =0.73 ?

CMB including v-mass: Yamazaki, Kajino, Mathews & Ichiki, Phys. Rep. (2012), in press.

@® Is BARYON, Qg = 0.04, well understood ?

BBN with Axions + SUSY to solve Dark Matter Problem & Li Problem:
Kusakabe, Balantekin, Kajino & Pehlivan, (2012) arXiv:1202.560.

SUSY-DM = “beyond the Standard Model” = m, £ 0is the unique signal !

m Total v mass, Hierarchy, details of mixing nature ?

“Supernova v-Process Nucleosynthesis”
to determine the MASS HIERARCHY of Active Neurinos.




“KNOWN” of Neutrino Oscillations

KAMIOKANDE, SK, KamLand (reactor v), SNO determined Am,,2 and 6., uniquely,
and also SK (atmospheric v) determined 4m,;2 and 0, uniquely.

= 23—mixing

0[S U e Ly -
10 S ey / |Am®,,| = 2.4%10° eV?

= _ 12—mixing Cabibbo angle
4 e T e | sin?20,, = 0.816 (0,,+0.=m/2)
o Cl a5 / Am 212 =7.9% 10-5 eV2

e : :

9, i == """ _ | Gc 99
R UNKNOWN
2z 13—mixing

| ® sin220,,(<0.1)

107 o, - T2K, June 14, 2011

® Am 2= £2.4x103 eV?

12 . S—AbsoimteMass Cosmolo
m_m—4 102 10° 102 ¥

tan”0 E(vpn)=E(vt): Yokomakura et al., PL B544, 286.

All limits arc at 955%CL
wrnless otherwise noted

-




Tantalum (180.181T3)

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

The rarest isotope in the Universel

Origin of 18%Ta was unknown.
“SN v-process”, overproduces 18'Ta !

TOBFETESS  CrrmremiaweemrTTs Burbidge2-Fowler-Hoyle,
Rev. Mod. Phys. 29 =

180\ (1957), 547-650.
- “Element Genesis”
B- decay ™
— *Ta "'Ta| Neutral current
Y c degﬁy‘ Charged current
THE| |"HE| |"Hf| |'*Hf| v Process i Burnidg

In Supernovae 7 Burb &3 y 4 :
TPFECESS  (1990) | = A /~

-



180Ta-genesis needs Quantum Phys. + SN Hydro-dyn.

Solar-18Ta is all “ISOMER” with T, > 1015 y!

- Long lived 189Ta™ is excited in hot SN-photon bath.
- Intermediate states are depopulated to the ground state,

which decays in 8 hours.

Excitatoin Energy

Planckian
Distribution

= >
Photon Flux

A We solved dynamical “explosive SN-nucleosynthesis” coupled with
“quantum transitions” simultaneously. (Hayakawa, et al. 2010, PR C81,

052801®; PR C82, 058801)

Intermediate States

>

A
K=9
I§r _ /5.3 Ty > 1015 Yo
Isomer

Kfl Ground St.

T,=8.15h 180TaM . so1ar abundance
180Ta
g B decay



v-Process and Structure of 180Ta

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

JE S —

B
woF_g %

e

B
)

[ 414 (7)

| E
1 I| - )
U
1

|III '|I< 'Ill 'll
| ,'uhll' ﬂ|'
i ||?5.:||'

fl |'I || ||315

e

i i 184 7 & m i, ||'I |'I I|| K:1

[P N T
bl A . L
i | i
a I 23 s
Iy 4 ;'Ilug ‘
Ty

I 0
(partial)  (partial)

13

) |'I

i , #' ‘IS*'_EM
-} 257
1!15 B
r1-]

Ay -
(particl) ¥ Mo

B me 1y *lbﬂua:

T ¥ By
W gt
5 Blw el
LI gy
525%:.\’_Luu » Ea_lﬁ
Ak s lemi
s ':.-,?‘Ii‘i' Y raem o opll|
PR RN ER ST T

o s
, 9r. state 1*

K=9

(&) _ esy

4 un

7

iIsomer 9

J = Total Quantum
Number

K Quantum
Number

9i/9ol"To/T o

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

100 :
T}/
% 10 | /,ff
E '
- A
g | ¥
i 4
g 0.1 //F
2014 j,
8 4
E b
001 pa.
7
J./
00012 : ; . i
0 ne 1 18 ’ 18 3

Excitation Energy [MeV]



T. Hayakawa, T. Kajino, S. Chiba, and

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

v-Nucleosynthesis

About 409% 180Tgm

; survives in supernova
explosion.
Ly [ ] 138La
6 * Heger et al. PLB606, 258 (2005) Then, both 138|.a and
v []180Ta (Our new result) can be consistently
4 reproduced by the
CC-int. of v, and v, of
3
) L] T,.=32MeV,
k T—= 4 MeV.
1 || =
N ivorwe o il | f
solar gamma cc cc cc . .
system  only omev | amev | oMoy smev Consistent with
the r-process !




R—process Nucleosynthesis

K. Nakamura. S. Sato. S. Harikae. T. Kajino and G.J. Mathews (2012), submitted to ApJ.

Ve + D —pP+e

T,.=3.2MeV < Ty=4MeV

V. +p—n+ect

100 L I I T T T ]
Neutron-rich condition for successful r-process: |
¥ 0.2<Y,<0.48
n
o 10 L Sr-Y-Zr i
- |-Xe i
g 71 ~ Ir-Pt
-g 11 \% "\ Theoretical model i
c i b |
= L . ! A b
o Ve e w® L A
T e | \ Dy-Er |
C_5 N ' oy L i,, l
. s 19
o LR *‘ﬂ.
0.01 S Observed I': | .
o jSoIar r-abundance
0.001 T ] ] : ] ] ] ]
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Various roles of v’s in SN-nucleosynthesis

VP-Process. \

Mo, ®Ru ?

MSW high-density resonance
through 0,; at p ~ 103 g/cm?

R-process:
Heavy Nuclei

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

Layer

®0Co, >Mn, >V ...

V-pProcess

V-Process.

67Li, °Be, 10.11B ...

180Ta, 138 a, 9°Nb, %Tc ...




Galactic Chemical Evolution of °Be & 10.11B

IITF[I filrlll
=9 :
=16 E_ 10+llB
-11 &
— -
z 12 F .
> —13 °Be !
Z - Be;
D 14 :
= QOverproductigf problem is resolved! :
~-15 1‘
—16 OLD stars SUN
< :
—17 Buaasles o boaaa bl [ |
-4 -3 -2 -1 0

[O/H] Elog(No/NH)_log(No/NH)e

uluulnu]uulnu:lniyﬂiul T

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

l o o< E2

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

— Galactic Cosmic Rays
—Supernova v—process

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



SN1987A constraint

on E,,, & Grav. Energy

410 \MN.S?".“ Mo

3106

L llllllllr"l‘]"f‘l““t—t—

210

mM(''B)/ M,

110°

1 Ll Ll L l L

SN-Boron calculations and

constraints on SN- v

< -

Woosley & Weaver
ApJS 101 (1995), 181.

Yoshida, Kajino & Hartman,
Phys. Rev. Lett. 94 (2005),
231101.

Consistent with

recent numerical
simulation by

1. ...1 Thomas-Janka

0

p—h - \r\x.

GCE constraints on 1B
& meteoritic 11B/1°B

5 6 etal. (MPAgroup)

2004-2011.



Supernova v-Process to estimate Ty, and Tv,
R-process, 189Ta/138La =) Ty,=3.2 MeV, Ty, = 4 MeV
Astron. GCE of B & 'B/*B =) Tv, = Tv,= 6 MeV

v-temperatures are known!

0.25
02|
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Ve
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v-A reaction cross sections?

Haxton’s SM cal. (Woosley et al. ApJ. 356 (1990), 272)

Suzuki’s new SM cal. with NEW Hamiltonian
Suzuki, Chiba, Yoshida, Kajino & Otsuka, PR C74 (2006), 034307.

Suzuki, Fujimoto & Otsuka, PR C67, 044302 (2003) = SFO

1¢

118

(o)

(v,v'p)

1o . e P .
C:. SFO Hamllt‘onlan = Spln Isospin flip |ntl. with tensqﬁ_l | |’He| 7L
force to explain neutron-rich exotic nuclei. o o

- i-moments of p-shell nuclei vvply /oy
- GT strength for 12C>12N, 14C>14N, etc. (GT) 3H
- DAR fv V?i 2 Cross sections
Cheoun et a 81 (2010), 028501 :; J. Phys. G37 (2010) 055101: QRPA Cal.
100 -
- 80 -
§ |
¥ a0
= I
o 40
|

5 10 15 20 25 30 35 40
Ex(MeV)




v-180Tg 138_g 92Nb 42Ca,l2C *He... cross sections calculated

In Quasi-particle Random Phase Approximation
Cheoun, Ha, Hayakawa, Kajino & Chiba, PRC82 (2010), 035504,

Cheoun, Ha, Kim, & Kajino, J. Phys. G37 (2010) 055101; Cheoun, Ha & Kajino,
PRC 83 (2011), 028801

GT + Spin-Multipole transitions !
180Hf + v — 180Ta + e (CC)

18lTa+ v — 18%Ta + n + v’ (NC)

1 12000 .
0 —t— . O T __ _ /
I /, 10000 | 1 J
7 Kooooee //‘ 2 e ’
3 Total sum gooot 3
£ . § Total sum
+ ’ - O+ ,,,,,, P
0 6000 ' .
o o
2: """" = ~'Spin-Mutipple 4000 | §+ o s GT
3 ot X + e
| 4 KR :
2000 | tota] e Spln-Mu/tﬂlgp!ge'
O | P ,‘:;:i(—if—l lég_é_pii;r:m
0 10 20 30 40 50 60 70 80

E, (MeV)



® v-beam is not yet available for v-A X-section studies!
® We can use Electro-Magnetic PROBE !

Similarity between Electro-Magnetic & Weak Interactions

Counts

BNi(3He, 1)5°Cu EM-current = V, Weak-current=V - A
E = 140 MeV/u Vzg\'/\/#&xq’_l_ 9v (ﬁ+ﬁ')
2m 2m

Y. Fujita et al.,, EPJ A 13 (C02) 411. A _
.. , ~ Q.o
Y. Fujita et al., PRC 75 (°07)

Weak operator in non-relativistic limit

**Ni(p, n)>*Cu .
E, = 160 MeV Gamow-Tellar operator = <&z __

J. Rapaport et al., NPA (*83)  gpin-Multipole operator £& < vyl T

% Charge-Exchange Reaction

% Photo-induced Reaction

| O " - H | 6 8 10 12 14
Excitation Energy (MeV)



Astrophysical Applications of
Charge-Exchange Reactions at RIKEN

The developed technique

+ RIKEN RIBF (intense Rl beam)

+ SAMURAI spectrometer (efficient PID)
+ Neutron wall (WINDS)

A 4

Probe any Ex on any A/Z
(beam intensity 104> pps)

¥

Better understanding of weak
response in astro-processes =2
- EC/beta-decays
- Neutral weak currents

e.g., Synthesis of Mn
>6Ni(v,vp)>>Co = >>Fe =2>>Mn
T. Suzuki et al., PR C79, 061603(R) (2009).

- R-process (GT + first forbidden)
T. Suzuki et al., arXiv:1110.3886

Masaki Sasano
Uesaka Spin-Isospin Labo., RIKEN

A

X
L

Proton rich Neutron rich
Z N



Double B decay - v mass — Astro—Cosmology Connection

K. Yako et al., PRL 103 (2009) 012503.

Experiment
(RCNP, Osaka)
A\

Shell model (theory)

- B

B(GT*") distribution
Shell model ... af
with quenched operator = :
Spectra agree qualitatively "; 2
up to ... = .
(p,n) : E, = 15 MeV =k
(n,p) : 8 MeV Q) |
Strengths beyond & 0f
; =| 04}
... underestimated. +8
i :
o) 03
(n,p) channel : 3
>B(GT*exp) = 1.9+0.3... 9
(w subtraction of IVSM) 8:4
| dial

>B(GT*;ShellModel(Qy=0.6)) = 0.9

*ca(p,n)**Sc

t MD analysis |
— Horoi et al.

full fp, Q= 0.6 ;

-

4 - " >
- T i} + - n T

487i(n,p)*°sc

= [ S o

10 20
Excitation energy (MeV)



SN-Neutrino Oscillation (MSW) Effect on v-Process

Conversion Probability

Adiabatic Non-Adiabatic
Conversion Probabilities Conversion Probabilities
1 1
09 | Ve W \‘; -------- 1 0.9 |- Ve
0.8 V“ V’C . 08 f
07 - o7 L
=) =
E 0.6 | E os |
Dz 0.5 § 0.5
g 04 | g 04 F
° 0.3 V V c 03
o2p H T Ve 7 02t VH V.
1 M 7 Y
00.01 77777 s 0.1 1 00 p i - ! RS :1
adius {solar radi ] radius
Center Radius/R,, — Center Raditisz = —
Parameters:

25M_,,; SN model (Hashimoto & Nomoto 1999)
- 8in20,, = 0.04

- Am 32 = 2.4x1073 eV?

- L, =3x103 erg, 1, = 3 sec Fermi-Dirac distr. of v-spectrum,
— so that the observed B abundance
- E,e=12MeV, E =20MeV, E,, =24MeV  in Supernova Nucleosynthesis is reproduc



Oscillation (MSW) Effect on Supernova v-Process

SN II: Yoshida, Kajino & Hartman, Phys. Rev. Lett. 94 (2005), 231101.
SNic + II: Nakamura, Yoshida, Shigeyama, Kajino, ApJL 718 (2010), L137.

__Inner O/CHe/CHe/N H

10°E v i
S : '
%1 of ¥ 10}
a § °Be |\
<

M,./M@
MSW high-density resonance

10'12 ‘\/ h

14N
(v,v'n)
11
C an)
)
(ony &
B 11 (v,v'p)
(e-,ve) ~15%
(o)
(o,y)
SH H TLi ~85%
v,v'n)
(v,v'p) (e, y)
3H Suzuki, Chiba, Yoshida,

Kajino & Otsuka, PRC74
(2006), 034307

\4He(v,v’p)3H, *He(v,v’n)*He, 2C(v,v’p)!'B
Vy—V ‘He(ve.e’p)®He, *He(Ve,e*n)®H, 1°C(ve,ep)1'C, 1°C(¥e,e*n)'B



Our Theoretical Prediction

I 71 1/11Rp_ I Yoshida, Kajino et al . 2005, PRL94, 231101;
Pred | Cted LI/ B-Ratio 2006, PRL 96, 091101; 2006, ApJ 649, 319; 2008, ApJ 686, 448.

1

Astrophysics:

Mass Hierarchy

0.9 Am 52
13-Mixing Angle
013
0.3 " Lonqg BaselineExp.
in 2011:
*T2K (Kamioka)
0.7 -MINOS
Reactor Exp. in
2012:
0.6
Double CHOOZ
n Daya Bay
106 105 104 108 1072 %o-l E *RENO (KOREA)

Sin22913 sin22913 = 0.1



T2K & MINOS results (2011)

Super-KAMIOKANDE
Noguchi-Goro
2.

Sin%20,5=1

9 —+— Data
© - < Osc. v, CC
= 3r v,+v, CC
o ; g v, CC
Ty
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s [ |
© I 77
e | /' /
B

- z
0
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0 L 1 i
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7\ 5in22913

Sin22913 = 0.1




RENO, Daya Bay and Double Chooz results (2012)

: o[ Am,,’L : o[ Am,,’L
P, ~1-sin’26,,sin’| —1=|-cos* O, sin” 26, sin’| —2.
4E, 4E,
. . Small-amplitude
Measuring 9,13 Wlth. oscillation due to 0,5 Large-amplitude
Reactor Anti-neutrinos integrated over E ~ oscillation due to 0,
sin?20,3 = 0.103+-0.013 (st) M
+-0.011 (sys) ) S
— 0,5 = 8.88 deg 0o \EQQI-/§
Reactor neutrino energies are 5 081 —y
= i Am? ;= Am?,,
too low to produce muons. Z 0.7 e | .
Hence this is an antineutrino Z§ o6 | | :
disappearance experiment : ! :
(also no matter effects). 051 - !
o4 b detector 15 olletectorz

Mass hierarchy is still unknbwn !




Mass Hierarchy, Normal or Inverted ?
Mathews, Kajino, Aoki and Fujiya, Phys. Rev. D85,105023 (2012).

Predicted ’Li/1'B-Ratio First Detection of 7Li/1B
W. Fujiya, P. Hoppe, and
U. Ott, ApJ 730, L7 (2011).

1B and ‘Li were mea-
sured in SiC presolar

0.9

luded by X-grains which are made
0 3 X-gfains of Supernova dusts.
Inverted Mass
0.7 Hierarchy

0.6

r 4 ~ 5 “Inverted Mass Hierarchy”
10 10 10 is more preferred !

- 2
sin 20 13



Neutrino Hamiltonian: H,, = H, +H,,

H, = Mixing and Interaction with Background Electrons
MSW (Matter) Effect: Mikeheev-Smirnov-Wolfebstein (1978, 1985)

-

. |
H..=;f|:|3p(3ﬂ;l cos 26 — ¥ 2G N, ]{a (Pla:(p)—aliplaip)) P1 Ve P1 vy

| &
f oM™ s 20(al panlp) + o (Pl

2 1p X

N, = electron density
H,, = Self-Interaction  Self-Interaction

pl Ve p2 ve

_Gr 5 3 } ; ; 1'
o= [ €04 Ry ol patpr (gt +alpa P10

+a(placl p)al (g)a.(g) +al(pa:(plal (g)a.(q)] .
p2 Vx pl Vy

Quest for EXACT Many-Body SOLUTION !

“Invariants of collective neutrino oscillations”
Y. Pehlivan, A.B. Balantekin, T. Kajino & T. Yoshida
Phys. Rev. D84, 065008 (2011)



V self-interaction (Quantum Effect)

neutrino-phere H. Duan, G.M. Fuller, J. Carlson, Y.-Z. Qian,

PRL 97 (2006), 241101.
G. Fogli, E. Lisi, A. Marrone, & A. Mirizzi,

ﬂ"ﬂ-\.,h E Q Yk

. —_ JCAP 12, (2007) 010.
\&‘ A. B. Balantekin, Y. Pehlivan, J. Phys.G34, (2007) 47.
Ve r = 200km
Final fluxes in inverted hierarchy (single-angle)
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Neutrino Mass in Physics & Cosmology

O OVﬁﬁ COUORE, NEMO3, EXO, KamLAND Zen:

|YU2,mg| <0.3eV =) 0.01~0.05eV! (future)

@® CMB Anisotropies + LSS

2m,< 0.28 eV (95% C.L.): WMAP-7yr +SPT (Benson et al. arXiv:1112.5435)

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

Recent more complete analysis:

Cosamic Magnetic Field + Neutrino Mass
(+ SZ effect + integrated SW effect
+ Neutrino free streaming)

> m,<0.2eV (20, B<2nG)

Yamazaki, Kajino, Mathews & Ichiki,
Phys. Rep. (2012), in press;

PR D81 (2010), 103519; D77, (2009) 043005.

104
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By D.Page ANEUTRGALSTIAD. CLIDEACT oo d BITEDIND
Hadronic Stru gture of

V- Scatterlng and absorptlon

HE WEIidsI ™ &

compact ste rsmm:w gof Wil R
<C
Interactions between Ha g 4
(p,n, A, 2 ...) and Lepto ::G:g
at High-p and High-T in Q > 2
and Relativistic Field The = 0 | | o
O |
T I I
Maruyama, Kajino, Yasutake, Cheoun, € © | ®) e
Ryu, PRD83 (2011), 081303. <,
G -
RMF theory leads to appearance 3
. . O v —-.— p,n  withB
of A in magnetized neutron star. =2 — — pna viboss |
E— | | | _| Tl
0.8 . - 0 50 100 150
B _ Xi A T 6; (degree)
. 06 [ x T T e—
X 0.4 |- el — M Neutrino scattering and absorption
0.2 — ] ‘ process inside the magnetized
S __ @ neutron star (10°G) is asymmetric.
! L~
0.0 0 2 - 2 % asymmetric v-emission !

| = Enough Asymmetry for Pulsar-Kick !




Why are all amino acids on the Earth left-nanded?
Chitrality, earth/solar origin or universal in cosmos?

% Neutrinos are all left-handed!

% Supernovae with strongly magnetized neutron star
or BH emit intensive flux of neutrinos over 10%° yrs!

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

% Neutrino-N coupling is asymmetric & chiral selective!

Boyd, Kajino, & Onaka (Astrobiology 10 (2010), 561-568)
suggest L-handed chirality of amino acids is UNIVERSAL !

19N 5.14

1o Ii ! lex} )
VES 0.06% 2MeC
3.95

Magnetized supernova

140
99.3%
v, + 1N > e + 190

2.31
0.61%

© 1»
¥ Z

i@ ® v 4 14 +4 14
] V. + N = et +*C
14N dies ! —€

Mann and Primakoff (Origins of Life, 11 (1981), 255)142’-16 100% 0,00
suggested B-decay of 14C, but it's too SLOW! (5730y) 14N (1+)



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

SUMMARY-1

* Eluciate important nuclear properties of the nuclei
‘NOT ONLY between neutron-rich waiting points
and'the.1st, 214, and 3'¢ abundance peaks.

: -BUT ALSO below and beyond the peak neclei:

Heavyﬂiluclel (Fe < A’ '
--Masses — Q,, = o(n y) E1 strength

- B-decay hall?I @S: T 0% Q5>
- B- delayed‘nenu em|35|on R .
- Asym.ﬂssmn both’ B delayed or n- captured

L|ghter -to- Intermedlate Nucle| (A < Fe) .
- p, n, azinduced react., o(n,y) vs. c(a,n)
- Roles of v's In SN- nucleosynthe5|s

.



o SUMMARY-2

*  Unknown v-oscillation parameters, mass hierarchy

~ Amg? (and mixing angle 6;3), could be determined

. Simultaneously by supernova v-process for 180Ta
138 3, 92Nb, 98T, 7Li, 1B, etc.. 1

ReceMTesults on 0 (TZK‘-H\JO’S for Iong basellne v and RENO +

Daya+Bay+Double Chooz for: reactor v) ard 7Li/11B ratio in SN grains
pre i “mverted mass hlerﬁ.chy‘”'more prefer.red

i - s : .
Theoretlcal and expe'flmental studles of: nuclear weak
mteractlons using spin;i isOSpin response and‘photon-
induced reactions should play the critical roles in
neutrino astrophysics in the studles el element

% geneS|s In the unlverse , 3



