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GRBs are cosmological activities
at high redshifts (0< z <6.6) in the early Universe.
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What is the Central Engine of GRB ?

Gamma-Ray Bursts (GRBs) are the highest energy cosmological
phenomena at high redshifts (0< z <6.6) in the early Universe.

mP Time variability indicates SN-core size. “GRB980425/SN1998bw”
“GRB030329 / SN2003dh”

=P \\/e expect nucleosynthetic signature. -Ha,B,y,8 -Hea, He l
-N1l -0l 1l -Nell
-Sill
® Each spike has At =1~ 10 ms. Spectral evolution

® AR = 300 ~ 3000 km 1 _ GRBO030329 / SN2003dh

® Size of Supernova-Core ! [ [ Aenl 1008 ]
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Energy might be huge: E ~ 10°erg 1 e
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TIME VARIABILITY
At=1~10ms
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Our SUBARU-HDS

Pop. Il Halo
[Fe/H] =-5.4 !

SUBARU Telescope

group discovered an oldest
Star in the Milky Way !

—> 1/250,000 x Solar-Fe

Frebel, Aoki, et al. Nature 434 (2005), 871,
Aoki et al. Astrophys. J. (2006)

dl

prediction fails !
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Universality is BROKEN !
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OUTLINE

Astrophysical Sites for “R-PROCESS”

Supernova Model (remnant = Neutron Star)
(a) Neutrino-Driven Wind (v-heated SN)

(b) Binary Neutron-Star Merger
(c) MHD JET (Rotational Magneto-HydroDynamic Jet)

Gamma-Ray Burst Model (remnant = Black Hole)

(d) Collapsars




Universality
between the Sun and
old Metal-Poor Stars
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Neutrino-driven Wind Model
explains UNIVERSALITY !

Otsuki, Tagoshi, Kajino & Wanajo

T, Ps

2000, ApJ 533, 424 ‘

x, X, Xy N s
0.22 0.73 0.00 12.14  sssvnnes

Wanajo, Kajino, Mathews & Otsuki
2001, ApJ 554, 578

t=0
Neutrino-driven wind forms
right after SN core collapse.

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

Exotic neutron-rich; "8Ni

}

t=568ms—-1s ' CSRn
Heavy r-elements form. . s . & de . a8

0.31 13549 0.88




(a) Neutrino-Driven Wind

Shock wave

- Universality !
- 2nd, REH & 3rd peaks!

-2
- Right total solar-system 10 =

r-element abundance!

- No explosion model !!

Abundance

10

-3

Woosley, Wilson, Mathews, et al., ApJ 433 (1994), 229.

Meyer, Mathews, Hoffman, Woosley, ApJ 399 (1992), 656.
Otsuki, Tagoshi, Kajino, & Wanajo, ApJ 533 (2000), 424.

Wanajo, Kajino, Mathews, Otsuki, ApJ 554 (2001) 557.

Terasawa, Sumiyoshi, Kajino, et al., ApJ 562 (2001) 470.

e Solar-system r-abundance
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(b) Binary Neutron-Star Merger

Freiburghaus, Rossbog, a& Thielemasnn, ApJL 525 (1999), 121.

£ 8 8 5 o 208 8 2

- REH & 3rd peaks!

- Universality breaks down (No 1st peak) !
- Too rare event (takes cosmological time scale) !
Not Solar-system abundamce.

1™ 3 | | | L
e Solar-system r-abundance :
1._. Freiburghaus et al. (1999) :
g 1 s
3= 4
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(c) MHD JET

700km

Nishimura, Hashimoto, Fujimoto, Kotake, & Yamada,

Proc. Nuclei in Cosmos (2006), 151.1.

Nishjimimura, Kotake, et al. (2009), in preparation.

- EXPLOSION succeeds, when strong magnetic
field and fast rotation are fine tuned.

0.,=42.9 (s1), B,=5.2 X 1013 (G)

- Universality, not good ! No s.-s. abundance!

- R-process breaks down when turning on
n+v, > p+e

v-interactions.
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Candidate Astrophysical Sites for R-Process

Su pernova R-Process from Ishiyama & Miyatake (2009)

Physical Conditions Expected
Candidate Ever:“ Rate Evaluation

S Y. M./(SN)
(a) v-Driven Wind | ~100 0.45 @yr/galaxy*
(<107)

(b) Binary Neutron | ~1 0.1
Star Merger

(c) MHD Jet ~10 0.1~0.4 103Mg (<10

N '

Abundance anomaly found in a most metal-

deficient star HE 1327-2326 [Fe/H] = -5.4
cannot be explained!




Expected nucleosynthesis in GRB

Umeda & Nomoto, Nature 422 (2003), 871.
lwamoto et al., Science 309 (2005), 451.
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1. 2D Hydrodynamic Disk Formation

Harikae et al. 2009, submitted to ApJ.

Core collapse onto BH == Formation of BH disk

Density Temperature Density Temperature
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Neutrino Pair-Annihilation

rffj-ir () [ o \ .- \ 73 3
— L = fulpy, v) folpe,v)olv, — vs|(e, + e)d p,d°p,

dtdV

We ray-trace neutrino pair-annihilation
when the time scale of neutrino heating is Energy Momentum
shorter than dynamical (free-fall) time scale. Production Transfer
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Neutrino-Heating of Polar Wind

Density Entropy/Baryon Lorentz Factor
(in linear scale)
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Properties of Wind Outflow

Harikae et al. 2009, submitted to ApJ.

-le+08 -e+07 0 Se+07 le+08 -1e+08 -5e+07 0  Se+07 le+08 At the edge Of
L Iron-Core (~3000km)

p ~ 103 g/cm?
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2-1. Nucleosynthesis in the 2D-Wind Outflow

Single trajectory  Kajino, Sato, Nakamura, Nishimura & Mathews (2010)
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Outflow v =

Uesc

O e 7 5 A ccretion disk: (& EM

BH 3.0 M,

Fujimoto, S., et al. ApJ 585 (2003), 418; 614 (2004), 847.
Sasaqui, Kajino, Otsuki, Yoshida & Aoki, (2007) to be published.
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Basic Equations for
Semi-Analytic Static Accretion Disk and Winds

Kajino, Shaku, Sasaqui, Yoshida, Aoki & Mathews (2010)
‘ Mass Cons.

Ang. Momt. Cons.

Z- Pressure Equilib.

Energy Cons.

Equation of Motion
Y& e*

dY, , . , . , ,
Charge Cons. : [EX = ) = A Y (Zi, Ni) + > Aet iV (Zi, Ni) + AnYo — AipYsp




2-2. Semi-Analytic Model of _ -

)

Static Accretion Dlsk 1

oS0

25M, Pre-Supernova Evolution

Nucleosynthesis from Prllmordlal Zero-Metal Gas

In Accretion Disk
O-Ne-Mg

BH He-C

acc



GRB-Wind: Very Rapid Neutron-Capture Process
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GRB Nucleosynthesis Model Prediction

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

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

Pre-Collapsar
R-Process from

Disk-Wind Outflow Nishmura & Mathews (2010)
' ' ' HE1327-2326 +—e—i
6 rLi CO NaAl Ca HED107-5240 = -
N Mg
5 l !
. -
3 H Ir =
Outer Layer _ {
;\L—<- : I/’ {} Au )
1k A
. « AN Pt V}
Mixing Fallback | o7 | T -
onto BH || Hl\
M| il | i
Light nuclei are produged in outeljléyers nd ejected 100%,
but products near thezc?q_)re fall back onto| BH. i
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SUMMARTY

(1) | We constructed a 2D hydrodynamic (heated by neutrino pair-
nnihilation) and semi-analytic models of collapsar which is
tl’f central engine of gamma-ray bursts, which consists of

Black Hole and Accretion Disk.

(2) Explosive nucleosynthesis in COLLAPSAR models
(2D hydro and Semi-Analytic) for the GRB central engines
can explain newly discovered elemental abundances of the
most metal-deficient ([Fe/H] =-5.4) halo star HE 1327 2326.

- Enhanced CNO could be a signature for BH.

- Heavy elements (Sr, Ba ...) could be a signature for
the R-PROCESS in accretion-disk wind outflow.

‘ Neutrino interaction & oscillation effects



