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FEHM/NTA—F_KDHHETE, 137 +/- 2 {84, --- Model dependent!
" We don’t know the true nature of DARK MATTER nor DARK ENERGY.

BFEHERZ (Nucleo-cosmochronololy)
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Solar System Abundance

P Constrains Cosmology !
4y BIG-BANG

Supernova, prompt or delayed ?
Neutron Star Merger ?
Gamma-Ray Burst ?

R-process elements,
UNKNOWN ORIGIN ?2

Actinide
o0

232Th (14.05Gy)
238 (4.47 Gy)

~

ATOMIC WEIGHT

A Supernova-yProcess ?




Very Rapid Neutron-Capture Process
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a primary process starting from prorons & neutrons !
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Subaru Telescope

OBSEVES Extremely Metal-
Deficient Stars

[Fe/H]<-3

Th Il HD6268
4019 A 4020 A




(SUBARU/HDS Collaboration),
2004, ApJS 152, 113; 2004, ApJ 607, 474
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R-process elements from Type Il SNe !
N ' ' ' ' ' Ay T3 T T2 T 2
,\%H 1 [Fe/H]
1 .+ .
- ¥ e E % Large abundance scatter at [Fe/H]<-2
< ' ,,u'-,.;’% is an evidence for INDIVIDUAL
=] i supernova episode.
: o SOLAR
i backdueto 1 % Only Core-Collapse TYPE Il SUPER-
S R ‘ NOVAE are the likely astrophysical
* 3 =z 1 _ sites of the R-Process !

Early Galaxy [Fe/H] = Iog(NFe/NH)*- Iog(NFe/NHb



UNIVERSAL SCALING

C. Sneden et al. (1996 — 2005)

OF R-PROCESS ABUNDANCES
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Collapse of the Core

Prompt core bounce

E(iron core) ~ GM?/r ~ 10° erg
E(neutron star) ~ GM?/r ~ 10°3 erg

E(neutron star) - E(iron core) ~ 103 erg
99% Is emitted as neutrinos! —
E(shock) ~ 10°! erg
1% Is kinetic energy!

Usually the shock is absorbed by

dissociating the iron core.

Neutrino-heated explosion
DELAYED SUPERNOVA-©




Steps to a Core Collapse Supernova

Stars with M ~ 10 - 40 Mg build up an Fe/Ni core.
Maximum core size M, =5 Y_.> Mg~ 1.3 Mg (Electron Capture).

Collapse Separates,
inner homologous (v «r) core = 1.1 Mg, .
outer slowly collapsing core = 0.2 Mg, .

The central density increases and reaches nuclear matter density,
Pruct ~ 2X10%* g cm® (Nuclear EOS).

An outward moving shock develops due to nuclear saturation.
The shock dissociates the outer iron core into free nucleons.

Neutrinos scatter off the heated material behind the shock and
deposit energy into p, n, and e*e-.

A high entropy heated region forms and begins to lift the outer layers
of the star (neutrino-driven wind). 10
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Neutrino Heated Bubble forms

Neutrino Neutrino Heating
Luminosity produces
~10%3 erg/s a high entropy bubble.

Woosley et al. 1994, ApJ 433, 229

t (sec)

0.1 Seconds After Bounce

N4
N

infalling

Neutrinosphere
T,~ 4.5 MeV

Shock front

Proto neutro
p~10"g cm® T, 1.5 MeV

/ p~10% cm® T e T . A T —
4
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General Relativistic Models of v-Driven Winds

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

spherically symmetric, steady state winds in Schwarzechild geometry.
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Nucleosynthesis + Diffusion Equation for Z < 100 (~3000 species)
GivenT &p:

Nuclear
Reactions

dt %ﬁ‘r 3;-1:2 74 7
- % (0“&%_’,‘? P My
+ (7HREE RooY s HIGHER TsﬁaHg_\,

B-decays

Diffusion

Boltzmann average
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SUPERNOVA R-PROCESS

Otsuki, Tagoshi, Kajino & Wanajo . :
2000, ApJ 533, 424 U
Wanajo, Kajino, Mathews & Otsuki o o off i2le sewsm
2001, ApJ 554, 578

Neutrino-driven wind forms
right after SN core collapse.

Seeds form.
Exotic neutron-rich

=568 ms — 1

ts Ty P3 Y, 1)
553.19 127 498 045 17.75

Heavy r-elements synthesize. .. G Y 3w e

~ M n/s
0.00 (X 031 13549 0.88



Neutrino Effects on Black Hole vs. Neutron Star Formation

Sasaqui, Kajino & Balantekin 2005, ApJ, in press. (astro-ph/0506100)

The important neutrino reactions during the nucleosynthesis are

| v.+4A—> %1 A+e, | important !
Pauli Blocking / Ve + NA— LA+ e, umimportant!

B—1
_ T A+Dp '
Ve () +5A — [ - } + v, (V),
/ Z (A+n (%

where x= p, and 7 are the neyftrino flavors, and %A is the nucleus with proton number Z
and neutron number N. In parficular the charged-current reactions that determine the initial
NCULEer=TtO-proton ratre~ale

Early v- cutoff
.- makes them impotent !
.- keeps neutron-rich !

e+ —p+e, I important!

Ve +p—n+ct.

The ntwtren-te-pretom tatio in the weak equilibrium satisfies (Qian & Woosley 1996),

Y,= 2 ~(14

L; €5 —20+12A%¢; 1
i~ J
n+p

X : 3
L. €. +2A+12A%c, "

<0.5




Very Rapid Neutron-Capture Process
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RIKEN-RIBF New Ring Cyclotron (2007)

200753826 H— 270 (%) o0 ARBERLY
RFORTE FIFHEHNK. PIDH) :FIT745 L —45 —£L

238U + Be(5mm) at 345 MeV/#%F, F1X'J whk: +-2mm, Brhoi&E: 7T§N|

2"d r-peak element !
E—117Rh ~.

AE@F7 [MeV]

/. th\. e\ 6Zn
*Ni e 8N, expected !
AlZ=25

seed element for

Son = o e r-process !
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Nucleosynthesis proceeds: NSE — a-process — r-process

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

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

3. Short 74y, :-- high neutron-to-seed

>

— n+p

I: 5 -+4He Neutron/Seed .
I

A -

—|seeds

n + seeds — r-elements

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

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




Nucleosynthesis in SN v- Driven Wind

No'hpavy nuclei !

_-"r. k‘ P T HE !
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Reaction SenS|t|V|ty Sasaqui, Kajino, Mathews, Otsuki & Nakamura

| S,
Hnd — YQnd(O) I I (.S (O)
S,

},31'd —_— }%rd(o) H <S (O)

Solar Neutrino Flux (J. Bahcall, Rev. Mod. Phys. 1982)

. S —2.5 Sas —0.37 +0.8
R = 1.358SNU x ( ) (
S11(0) S33(0) 834(0)

Sl “+1.0 —1.0
x |14+ 3.47 L
S$17(0) ( e7(0) }
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(47 > 109y1) (O 015
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Identified Important Reaction Flow Paths

126 40130 A0 wa’Pc ——
Rﬂ_
N
Woosley & Hoffman k‘*’& (a.7) 11B ~(n y)—)zB—(ny 3B n7H4B =,y 158
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d | g Li ApJ (2005), submitted.
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ApJ 562 (2001) 470.
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R-Process Sensitivity to Individual Reaction

Factor of 2 change of a(an,y)°Be reaction rate
— About factor 50 change in r-element yields !

1
[
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£
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(slowly expanding v-wind model)

< afan,y)Be>x 2 i

150 200

mMaas number




(2) (X(t, )7|_| 30%(10‘) Kajino et al. (2005)
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(3) Li(n,y)8Li(c,n)''B Factor 2 (1o)

H. Ishiyama et al. AIP Conf. Proc. 704 (2004) 453.
1B, + several *B* (EXCLUSIVE EXP.)

BB (—rm—a e e
t @® Present
© R. N. Boyd, et. al.
So0 ] O X. Gu, et. al.
) Prelimina'y A Y. Mizoi, et. al.
E i + imversion reaction
g 4 ' s -
§ 600 - Excited 11B* T %
5 : '-% -~ P ?
@ 3 ]
. + #- 17
. r , L
200 1 + y I 11
R-PROCESS} - + ) SoUNGES ot
& B i ey +++
I AT e T TR 4]y o
0 1 1 1 } P 1 i1 g 1 1 1 1 1 ) 1 1 1 1 1 1 1 O (R}
INHOMOGENEOQUS 0.5 1 1.5 2 2.5 3

BIG-BANG Energy [MeV]



SENSITIVITY of Relevant Reactions to R-Process

Sasaqui, Kajino, Mathews, Otsuki & Nakamura, ApJ (2005) submitted.
Otsuki, Tagoshi, Kajino & Wanajo, ApJ 533 (2000), 424.

Yo, +8Y, = Yy, {1+20}°

(1) a(an,y)°Be 1o = 35% - (Y +8Y)/Y,=0.35 ~ 11.2

(2) au(t,y)’Li lo = 30% » 0.27 ~ 13.2

(3)(4) Li (n,y)BLi(o,n)UB 1o =35%, x2 — 0.79 ~ 1.7

(Th/U)=0.56-0.79

No. reaction sensitivity(c;) current,
ond peak 3rd peak **Th  *%U i ) importance

[a—

alom,y)’Be  0.1823 -0.65646  -1.9423 -1.9819 -2.1006 0.3445 11.2222

alt,)Li 02874  -0.7474 -2.7125 -2.7857 -2.9583 0.2658 13.2353

TLi(n,7v)’Li  0.0465  -0.0917 -0.4296 -0.4436 -0.4729 0.7881 1.7163

o | ]
S | e | e | e

"Li(a,n)"'B 0.0017 -0.0032 -0.0164 -0.0170 -0.0181 0.9882 1.0120



SENSITIVITY of 232Th & 235:238J tg 18C(q,n )20

Sasaqui, Kajino, Mathews, Otsuki & Nakamura, ApJ (2005) submitted.

T T T T ! !

v : b3, |
ond/Y 2nd,0 2318
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2nd peak
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i

0.6 . 0.6 ' i
0.001 0.01 01 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

cross section ratio of 180(a,n)2107




(SUBARU/HDS Collaboration),
2004, ApJS 152, 113; 2004, ApJ 607, 474
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Simple Galactic Chemical Evolution (GCE) Model

http://www.kabegamilink.com/act/0704/03242.html HaIO_GaS (MG) and Stars (Mtot _MG)

- Z, = Mass Fraction of Nucleus-i
- y; = Stellar Production Yield

- W= Star Formation Rate

- @ = Galactic Cosmic Ray

- ¢ ¥ = Galactic Wind
- R = Returned Fraction R =} R, Z,

G ahikad @
”W@ =—(1-R+c) Y 2)

4 dﬁgﬂz{ézﬂ,—- Y — (1-R+c)VZ. — (3)

. L“*AWZZ(”“)@‘ p> — (1R QVZ— @

Stellar Production GCR production



http://wallpaper.pro/shashinlink.html
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