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Interdisciplinary Theoretical Science (iTHES)

Program of FY2013-FY2018.

1

BH+ RSt
. AN
&,",51’0

A. Tanaka Y. Yokokura M. Hongo
Group Director A Team Leader (Particle Phys.) (Particle Phys.)  (Nucl. Phys.)

T e—
o B ZE HE 1 i EER N =

T. Terasawa

S. Wanajo
—>Sopia U.




Our Group Members and Collaborators

Sma_II From 1st April 2013
Ra':" ~Toward Full-Understanding of Supernovae and GRBs~

* Central Engine: Nagataki (Pl), Takiwaki, Barkov, Baiotti (Osaka)
* Explosive Nucleosynthesis:Wongwathanarat, Ono, Mao

* Shock Breakout/Light Curve/Spectrum: Tolstov, Blinnikov
(ITEP/Kavli-IPMU), Maeda (Kyoto), Tanaka (NAOJ)

* Propagation of Relativistic Jet (GRBs): Matsumoto, Mizuta

« Gamma-Ray Emission (GRBs): Ito, Pe’er (UCC)

e Afterglow(X-ray,Opt,Radio): Warren, Ellison (NCSU),
MacFadyen(NYU).

 Remnants: Lee, Ferrand, Ono, Slane (CfA), Patnaude (CfA)

 UHECRs, VHE-neutrinos/gamma-rays: He, Inoue, Kusenko
(UCLA), Allard (APC)

VvV + GRB Cosmology: Dainotti

L ] ]
R:rdg:e * The Universe itself: Tanaka, Yokokura ... and More!




Evolution of SNe and observational signatures

Opt-IR Slide from K. Maeda
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§ Central Engine of CC-Supernovae



The Explosion Mechanism is Being Unveiled

pe ~ 3 x 10g/cm®

v trapping E2ERUSIENE core bounce

shock in envelope shock propagation in cora&

©-0




Simulations of CC-SNe Using
K-Computer of RIKEN

Takiwaki et al. 2012

Simulation by
T. Takiwaki
(RIKEN->NAOJ)

3R (KEI) = 10 Peta=10/16.



§ Supernova Ejecta Dynamics
&
Explosive Nucleosynthesis



Reference: SN1987A: Lots of Unexpected Phenomena!




Early Detection of Gamma-Ray Lines !

Matz et al. Nature 1988
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Velocity Profile of Iron (409days) !
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Lots of ¥*Ti was Found in SN1987A!

Grebenev et al. Nature 12
By INTEGRAL

PSR B0540-69

@5 ) SNR1987A

Photons em= s-1 keV™!

65-82 keV _ 1 1 I I 5. | ; |:3 |] |
30 50 80
Energy (keV)
Ao + —— Doppler Shift was also
T1 ~ (3-1 — 0-8) X 10 MG) detected (Red-Shifted).

Consistent with [Fe Il]

. _ (Boggs et al. 15) by NuSTAR
c.f. Theories: ~107> M 14r

(Hashimoto 95, Thielemann+96, Nagataki 97, Rausher+02, Fujimoto+11,...)



Where is the Neutron Star in SN1987A?

3



Asymmetric Explosion & Neutron Star Kick

Model W15-6
Time: 15.10 ms
NS displacement: 0.00 km

—

A. Wongwathanarat
(MPA = RIKEN)



Asymmetric Ejection of 56Ni & Neutron Star Kick

A. Wongwathanarat
(RIKEN) + 2013




Rayleigh-Taylor Instabilities

1 sec

Simulation by Kifonidis, MPA.



Successful Reproduction of 56Ni
with High-Velocities !

Ni: 7%
O+Ne+Mg: 3%
C: 3%

time: 9003 s

A. Wongwathanarat
1o | (RIKEN)

v, [1000 km/s]



Great Collaborations Started

e Radiation Transfer, including Gamma-Ray Line

Transfer. o . , |
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Left:

A. Wongwathanarat
(RIKEN)

Right:

K. Maeda (Kyoto)




Progenitor dependence is Huge (2015)

Woosley (2007)

Woosley et al.
(1988)

Shigeyama & Woosley et al.
Nomoto (1990) (1997)

N20-P
5.44 s

1.5e¢9 ecm

- T 2= s
v, [1000 km/s] v, [1000 km/s] v, [1000 km/s] v, [1000 km/s]
7.25 10.9 14.6 183 -2.00 1.98 5.95 9.93 -2.00 2.24 649 107 -1.17 3.22 7.62 12.0
~ 3700 km/s <2000 km/s

wls
55241 s

3el2 cm 3el2 cm 3el2 cm

v, [1000 km/s] v, [1000 km/s] v, [1000 km/s] v, [1000 km/s]
-0.0088 1.2 2.5 3.7 -0.20 0.46 1.1 1.8 -0.17 0.44 1.0 1.6 -0.28 0.37 1.0 1.7

Wongwathanarat et al.



Comparlson Wlth SN 1987A
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Bipolar Explosion is Seen in SN1987A

|

September 24, 1994 March 5, 1995 February 6, 1996 July 10, 1997 Februay 6, 1998

3 | L

January 8, 1999 April 21, 1999 February 2, 2000 June 16, 2000 November 14, 2000

i i

March 23, 2001 December 7, 2001 January 5, 2003 August 12, 2003 November 28, 2003

Supernova 1987A « 1994-2003
Hubble Space Telescope « WFPC2 « ACS

NASA and R. Kirshner (Harvard-Smithsonian Center for Astrophysics) STScl-PRC04-09b




A Great Collaboration Started (2016-)

Polarization in Supernova Phase?
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From Left to Right:
K. Nakamura (YITP)
A. Wongwathanarat
(RIKEN)

M. Ono (Kyushu U.)
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polar axis (x10%m)

polar axis (x108cm)

Lots of #*Ti Produced in Bipolar Explosions

a8 L o I_ Nagataki et al. 97,
Hodel A3 | e Nagataki 00
B DE“ - ]
56Ni . 4He
[ 1 | :_-;
equatorial axis (x108m) 8 equalorial axis {x10%m)
[ f [
8 — |
“T 1
| | Produced amount of 44Ti:
. - —4
an | (1-5) x 107* Mg
| | Consistent with Obs. of 44Ti by NuStar

equatorial axis (x108m)

In Jet (bipolar) region, entropy per baryon becomes high!



S B e e LS B e e
Asymmetry with Respect of Equatorial Plane —— M.C. = Sph
Is Suggested for SN1987A. —— M.C. = Asym
Mogel &l Calculation:
1, % e= 30 % Iron Velocity
é Distribution :
SN 2000
The Missing Neutron Star should be Blue shifted Red shifted
Moving toward Us (Blue-Shifted Side)! ' (Pulsar Side
S.N ApJS 2000.
0
-2 0 2
, | ' Velocity (108 cm s-1)
Fe II lines § Red Shlftad
Blue shifted 260 5

Pulsar
(Blue-Shifted)
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SNR Puppis A: A Globally Asymmetric Explosion

Diameter ~ 50’
Age ~ 3700 yrs
XMM-Newton’s view (Dubner et al. 2013)



Recoil between Ejecta and NS
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ving.ejecta knots

O-rich and S-rich FMKSs
Blue: [O IlI]

Green: [S Il]

Red: Ha

X-ray view (ROSAT)
Composition shows
That these are not
ISM but SN Ejecta
(Katsuda+ 2008).

Winkler & Kirshner 1985; Garber et al. 2010

0 One-sided O-rich fast-moving knots

iy . B \/ ~ 700 km/s
0 A recoiling (fast-moving) neutron star B occker ot al. 2012



§ Supernova Remnants



Lots of Physics in Supernova Remnants

Morphology?
Composition?
Cosmic-Ray Production?

R

X-ray Image of Puppis A by Chandra & XMM-Newton



Numerical simulations with Ramses

slice of log(density)

parameters: Tycho (SN Ia)

tsy = 440 years

FEsn = 10°1 erg
n=7, Msy=14Mg; . Gilles Ferrand

s =0, nysm =0.1em™ (U.Manitoba-=>RIKEN)

e ™, " ™y
SNR initialization: | SNR evolution:

self-similar profiles 3D hydro code

/

] |/ Ferrand et al 2010
I\%from Cheval .1.erJ / ramses = Tt

A Simplified ZAN

Initial Condition. shock back-reaction:
- This can be improved. diagnostics varying gamma

S

e ™
particle acceleration:
non-linear model

of Blasi

un-modified shock (back-reaction off)

modified shock (back-reaction on)




Thermal + non-thermal emission from a SNR

simulations observations

Gilles Ferrand
(U.Manitoba—>RIKEN)

test-particle case

modified shock
with magnetic field amplification

Energetic protons,
accelerated at the
shock front, don’t
radiate as efficiently
as electrons, however:

1/ they impact the
dynamics of the shock
wave, and therefore
the thermal
emission from the
shell (optical, X-rays)
Ferrand, Decourchelle,
Safi-Harb 2012

2/ they impact the
evolution of the
magnetic field,

and therefore the
non-thermal
emission from the
electrons (radio — X-
rays — y-rays)

Ferrand, Decourchelle,
Safi-Harb 2014



un-modified shock (back-reaction off)

modified shock (back-reaction on)

3D hydro+kinetic simulations of SNRs

hydro profiles

Ferrand et al 2010

— density, temperature
— jonization state (out of equilibrium)
— thermal emission from 15 elements

+ recipes for the magnetic field amplification
+ transport downstream of the shock
— non-thermal emission of electrons and protons
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Our Big Mission

From (Takiwaki, Wongwathanarat, Reopke) To (Lee, Ono, Ferrand)

=y,
S P
‘- -"" How do the

Wongwathanarat

i 4
-

g S.H. Lee

y 5 (JAXA->Kyoto)

Takiwaki (RIKEN) Evolve? 8 =

. Bealel°  Origin of |
il &l Asymmetry? 8

Can We find §§ M.Ono
Lsets cn Legacies of <3 (Kyushu—>RIKEN)
(RIKEN) SNe in SNRs? “%éé | e

g
g

G. Ferrand et al. (2014)

| ' G. Ferrand
Reopke (Wurzburg U.) (U. Manitoba—>RIKEN)



§ Engine of Gamma-Ray Bursts



Central Engine of Gamma-Ray
Bursts is Hardly Known.

© A. Roguette (ESO)



A Black Hole is Formed?

One Possibility:

A Rapidly-Rotating
Black Hole might be
Formed at the Center!

N S
S. Nagataki
(RIKEN)

(élKEN)

Rotation Energy of a BH can be Extracted
efficiently with a help of EM Field (BZ-Process).

SIXy UOI1e10Y

35

30 4

25

70

COLLAPSAR t= 858

Equatorial Plane



3D-GRMHD Slmulatlon of GRBs
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a=0.9
T~0.9sec.

Same Simulations.
Left: 3D Image.
Density+B-fields.

Bottom: 2D Slice
Density+Poloidal
B-Fields

<€ > ~150km




A Great Collaboration Started (2015-).

Crashing neutron stars can make gamma-ray burst jets

Magnetic fields
_-—-”"'-\.
N

Luca Baiotti (Osaka Univ.)
A developer of Whisky Code
Luciano Rezzolla,

Bruno Giacomazzo

(FHY  — B THY

L

Einstein-Eqs Solver will be attached
To our GRB Engine Simulations!

\ Q v \

Nagataki (RIKEN) Barkov (RIKEN)  Takiwaki(RIKEN)



NS-NS Mergers & NS-BH Mergers

Mgy = 3Mg, Ay = 0.8, M,,, = 0.3Mg, 0, = 0.02 10° ————————————————————————
' i —+—M =0.03M
600 o 10! . —i—MmmS:O.lM ?
8 i = ] toms Lo
400 -8 e Ea O 102 o § : =0.3M
z2 = ‘ e 0
. 4 @ 2 ]
200 2 2]
2 gy 3
s = 10
£ s %
= 0.6 d
. s = 10* 8
=200 ¢
: 04 g
100 5 03 % 107 |
02 % 1 1 I i PR S R T
_e00 B b 8 80 100 120 140 160 180 200 220 240
s : A
=500. 1] 500. le+3 1.5e+3
x [km]
E = dQZ(x. n,e.t) « energy density
/ _ Left:
F' = /(1521'(3;_ n, e t)n' « momentum density
Post Merger BH-Torus Remnant
PY = /dSZI(a:. n, e t)n'n! «— pressure
QUF = /(IQI(:E. n,e,f)n"n-’-u“ nght.

| R-process Nucleosynthesis by |
) evolution
g'”“} equations Prompt'l'POSt Merger. Oliver Just (M PA)

OE + V,;Fl + V(v E) + (V,u,) P* — (V,0,)0.(ePF)
OF' + "V P74 V(0 F) + FIV 0 — (Vo) 0 (eQ7F)

Py = PY(E.F') } approximate algebraic

Q" = QU(EF) ] closure relations (e.g. "M closure") Simulations for Short GRBs are going on!



The Gamma-Ray Bursts:
The Most Powerful explosion in the Universe

A Black Hole is formed at the center?

Collaboration between
Astrophysicists (Nagataki) &
Particle physicists (iTHES: Yokokura, Tanaka,

Image of Gamma-Ray Bursts Hongo) !

© A. Roquette (ESO)

Black hole Analogy between
Black Hole &
Creation of the
Universe?

<>

Lambda-Cold Dark

I Singularity

) BigEati:}n
Figure from Universe today



TA Hot Spot: UHECRSs from M827

an . Energy/Z(EeV)

- R

= S b g s
e usg,, BT, 75 83 —g7100

LS YON b

P oMrk180
+ +

The most likely Source Position
__ As a Result of Our Analysis.

: + guqu.y’c‘lbster
=== T staburst-gatoy T
< BL Lac

4 radio galaxy
& star=forming golmx'y'T

M82 is very Close
from the most likely
Source Position!

e e e s o DD T i o e e e R £ e e -

Purple Lmes are Source. Pos:tlons
With 1,2;3:8igma Errors...

Source Name Source Type Distance Ay Az P/Poes—st
(Mpc) (°) ) (%)
best-fit - - 174557 9.475%F 100
MS2 starburst galaxy 3.4 17.6 9.6 99.8
UGC 05101 star-forming galaxy  160.2 11.6 9.2 96.9
Mrk 180 blazar 185 19.9 9.3 91.3
UGC 03957 galaxy cluster 150.3 14.9 9.5 67.4
A 0576 galaxy cluster 169.0 17.0 9.4 63.4
Arp 55 star-forming Galaxy 162.7 1.9 9.7 55.3
Arp 148  star-forming Galaxy 143.3 10.5 10.0 41.8 H. He (ABBL from
Mrk 421 blazar 134 11.2 99 356  Tomorrow) & Alex




From Engine to Afterglows of GRBs

Hypernovae
Nucleosynthesis

/

L. N

Central Engine |

Mechanism?

Emission Afterglow

i'.-?\L_‘__,FT..'I._ 7 "'_"-'.h.‘@. y

AAA

UHECRs? GRB Remnant?
VHE-Neutrinos?
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