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§ Introduction



Gamma-Ray Bursts (GRBs): the Most Powerful
Explosion in the Universe

Some GRBs are found to be associated with peculiar supernovae (hypernovae)
whose explosion energy is 10 times greater than normal core-collapse
supernovae. Only small fraction of supernovae can have GRBs.
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Movie of a Long GRB (Imagination)

From NASA’s HP.
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Short History of the Central
Engine of GRBs.

* First report on the association of a GRB with
a hypernova was done in 1998.

» Black Hole with Neutrino Heating?
E.g. MacFadyen and Woosley 1999; S.N. + 2007

Black Hole with Strong B-Fields?
E.g. S.N. 2009, 2011.

Neutron Star with Strong B-Fields (Magnetar)?
E.g. Takiwaki, Kotake, S.N., Sato 2004.

BH or NS?
Neutrino or B-Field?
Outline of Explosion Mechanism is still under debate.




Black Hole with Neutrino Heating

2x10°  4x10° 6x10° 8x10°
Equatorial Plane

MacFadyen and Woosley 99 S.N.+07 |
Newtonian, NeutrinoZz L. Newtonian, Neutrino#Y.

But, Harikae+12, also Sekiguchi+12,...



Black Hole with Strong B-Fields

S.N. 09
] 2D-GRMHD, a=0.9
Barkov and Komissarov 08 Without Microphysics.
2D-GRMHD, a=0.9 F< a few
With Some Microphysics ]

< a few. See also Harikae+09.




3D-GRMHD Simulation of GRBs

A S.N. 2012, in prep.
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. Contours of entropy per baryon

Full 2D-GRHD with Microphysics
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Magnetar Scenario

4000

2000

~2000 -

—4000

1 v ———— — v ' —
~4000 2000 0 2000 4000

- X : ; ' v K ‘—
1 1 1 . & 1 1 1

4 5 G

Komissarov and Barkov 07
2D-GRMHD with some Microphysics

V' /€. ~05. See also Takiwaki+09

Case C: density (log)
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Bucciantini+09

2D-SRMHD without Microphysics
Lorentz factor = 5-10



§ Numerical Simulation of a GRB engine by a General
Relativistic Magneto-Hydrodynamic (GRMHD) code.

2D/3D GRMHD Codes written by MPI.
2D/3DSRMHD with AMR written by MPI.

(%) YukAwa institute’s MAgneTO-hydro (YAMATO) code

S.N. ApJ (2009).
S.N. PASJ (2011).
S.N. 2012, in prep.

General Relativistic Numerical Code is necessary to see general
relativistic effects.

Energy extraction from a Black Hole (Blandford-Znajek Process) is one of
them.

This effect may be the key process of the GRB engine.



Basic Equations Additional Equations

1 __ 1 — (Constrained
——3,(y/=gpu*) =0 —9,(y/=gB') =0,
7= (V=g pu") —0(vV~9B)

Vv Transport)

0 (v=9T:) = —0:(v=9T}) + /=9T5T p=(y— Du

(v=9B) = -9 [y=g(t/u' - b's/)] Flux term  (HLL Method)

Solver
F— CminF R + CmaxF 1. — mecmin(UR - UL)

O,U(P) = —O,F'(P) + S(P), Cmax + Cmin

Cmax = m__ax((_), C+.R: C+,L)

U= /=g(pu'. T, T' B Conserved o
V=9l T;, T;, B) Variables Cmin = —min(0, ¢_g,c_ 1)

1 Newton-Raphson Method _ o
Slope (2" order in Space, 3 in time)

Primitive Mimmod or Monotonized Center

_ i pi
P = (p, u,v,B ) Variables TVD Runge-Kutta



What is Blandford-Znajek Process?

Blandford and Znajek 1977
Tanabe and S.N. PRD 2008

Energy extraction from a rotating BH: General Relativistic Effect

¢|;-

Event horizon

In principle,
Rotation Energy of a BH can be

Ergosphere

Solution!) is obtained only for a slowly
rotating BH. There is no constraint
For GRMHD simulations.

Extracted when particles with negative
’ Energy are absorbed into the BH.
\ Analytical solution (only mono-pole

This solution can be used to check the validity of numerical codes.




Higher Order Terms of BZ mono-pole Solution

Numerical results for the

conserved Poyinting Flux.

Tanabe and S.N. (2008) PRD.
T=200, c=G=M=1
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_ E = — + — (56 — 3712)
c.f. Blandford and Znajek (1977) 24 M 1080 M

Ruben (2004)




Initial Condition for GRB Simulations
S. N. 09

Rotating Massive Stellar Model by Woosley
and Heger 2000.

Fe core is extracted and a rotating black hole
IS put instead.

Msn=2Msolar, a=0.5 (Fixed Kerr Metric).

'=4/3

Ay x max(p/pmax — 0.2,0) sin 4
Minimum value of pga,s/pmag — 102



Simulation of a Collapsar

S.N. 2009
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R<200 R<5000

Density contour in logarithmic scale (g/cc)

Final time corresponds to 1.77sec. R=200 corresponds to 600km.




Dependence of Dynamics on Rotating Black Hole

4000 | 1 4000} - ) S.N. 2011
: 8

20007 1 2000F

ol 1 or
Density Structure
at T=1.6sec.
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2=0.95! Not the Time
Sequence, but

For Different Models
With different Kerr
parameters.
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Stagnation Region

S.N. (2010)

Kerr Parameter, a=0.95
T=160000 (=1.5760 sec).
Stagnation Region can be seen
At R=15 (=45km) in the Jet.

Density Contours in logarithmic scale (g/cc) with Velocity Fields




Blandford-Znajek Flux and Jet Energy

BZ (outgoing poynting)-Flux

In unit of 10250 erg/s/Sr at

T=160000 (1.5760sec).

Kerr Parameter, a=0.95.

Time variability is also triggered by the BH?

S.N. 2011

Faster is Better
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3D-GRMHD Simulation of GRBs

S.N. 2012, in prep.
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Combining SRHD Code with
Adaptive Mesh Refinement (AMR)

S.N. 2012, in prep.

DB: paramesh_chom
Cycle: 0 Time:0

Pseudocolor
Var: unk_0001
'0.5000

0.3904

—0.2807
3.0
.:0.1 710
0.06131
Max: 0.5000
Min: 0.06131

Mesh
Var: Mesh

Y-Axis
N
)

1.0

Paramesh:
http://lIwww.physics.drexel.edu/~olson/paramesh-doc/Users_manual/amr.htmi

Wed Nov 30 01:48:26 2011



§Other Topics (2011-)



Gamma-Ray Bursts as a Treasure Box of Physics & Mysteries

A

Progenitor
(massive star)

< ~7-8
R<edt=~10"cm

Nucleosynthesis
Central Engine

Figure from P. Meszaros

External

Internal shocks

shocks

Gamma-ray
burst

13 -
R ~10 -cm

Photospheric UHECRs?
Emission? Neutrinos?

GRB Cosmology?

Afterglow

GRB/SN
Remnants?
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Explosive Nucleosynthesis
In Jet-Like SNe/GRBs.
Ono, S.N.+ 2012, in prep.

Flash code with some
Micro-physics is used
Currently. We will Extend it.

Spectral-Polarization by
Subaru with Dr.Tanaka (NAOJ)

:ii ‘lll lIIIIIII

Dr. Ono at YITP (2011-)




GRB-Cosmology

Photospheric Emission Model and Numerical Amati relation

Mizuta, S.N., Aoi 2010
Mizuta, S.N.+ 2012, in prep.
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Monte-Carlo Simulations to
Explain GRB Spectrum

t, p=06.5s Log10(density g/cm )
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UV/X-rays from Failed GRBs

Xu, S.N., Huang, Lee 2011 ApJ, accepted.
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For sub-relativistic jet (F~1-10), photo-sphere can be larger than Internal Shock
Radius. -> Themal radiation (UV/X-rays) is followed by an afterglow.




First Results of Telescope Array are Open Now
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A Challenge for the GRB UHECR-Neutrino Scenario by IceCube,
But... is that true?
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Murase and S.N. 2006 the lceCube collaboration 2011

But recently, it is pointed out that the analysis of IceCube looks to contain
A serious mistake... (Hummer +arXiv:1112.1076, Li arXiv:1112.2240,
He, Liu, Wang, S.N.+ 2011, in prep.)
The upper limit by IC40+59 will be not so severe as claimed by IceCube team.

Haoning He’s Talk



Supernova Remnant Phase

] —— 7, decay
s Lee, Elllson, m, decay (escaped) |
. — ICS
- S.N. 2012, in prep. — frem .
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S»h-iu—Hang (Herman)
RXJ1713 in TeV-Gamma (color, HESS) Lee at YITP (2011-)
And X-rays (contour, ASCA) }

Age is about 1600yrs.



Supernovae and Gamma-Ray
Bursts in Kyoto, 2013

* Oct.-Nov. in 2013 (preliminary).
-1 month worthop at YITP.
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§Other Topics 2 (2011-)



BZ# 18 D im H2 KIKF 1

Maeda, S.N., Mineshige, Takahashi (2012), in prep.
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Prokhorov, Dubois, S.N. A&A (2010)
Prokhorov, Colafrancesco, Akahori, Millon, S.N., Yoshikawa MNRAS (2011)

Prokhorov Dubois, S.N., Akahori, Yoshikawa MNRAS (2011)

Fig. 5. Temperature (in keV) of the simulated cluster along the x
direction at z=0.74 derived from the ratio of the SZ intensities.

(My

Fig. 6. The normalized X-ray surface brightness map of the sim-
ulated cluster in the [2.0-10.0 keV] band in logarithmic scale.

The region corresponding to the highest temperature in Fig. 5 is

shown by a black circle.
SZ (Relativistic-Correction) Tk &7-

X§#&dDSurface Brightness = 7B



§ Summary



Summary

General Relativistic Magneto-Hydrodynamic (GRMHD) Code
has been developed from scratch.

Fast-rotating Black Hole is better to produce an energetic GRB
jet (Faster is Better) due to Blandford-Znajek process.

GRB simulations by 3D GRMHD code are being done.
Adaptive Mesh Refinement has been attached to SRHD code.

Explosive Nucleosynthesis (56Ni production) is being studied
by Flash code using nuclear reaction network.

Supernova remnants are being studied taking account of
particle acceleration and emission mechanisms including line
emissions from heavy nuclei in SNRs.

Photospheric Model is studied using Monte-Carlo simulations to
understand the Band Function.

One month Conference on SNe and GRBs will be held in
Kyoto, 2013.

So on.



