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Massive Stars Explode.
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A Supernova can Happen Even Tonight.
~ Betelgeuse~
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A record on SN1064
in Meigetsu-Ki by

T. Fujiwara.

Human beings Saw Supernova
Explosions in Naked Eyes!

Supernova Remnant (Crab Nebula)

(A.D.1064)






Massive Stars Explode. Why?




Legacy of Supernovae in Supernova Remnants?

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

NASAWUAS Sciance

c.f. Information on Early Universe

1076-10"8cm 10718-10*19cm Imprinted on CMB

0.1-1 sec. 100-1000yrs,



Evolution of SNe and observational signatures

Opt'IR Slide from K. Maeda
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§ Explosion Mechanism of
Massive Stars (Supernovae)



The Mystery Lasting Over 80 Years

5. The super-nova process

We have tentatively suggested that the super-nova
process represents the transition of an ordinary star into
a neutron star. If neutrons are produced on the surface of
an ordinary star they will ‘‘rain"’ down towards the center
if we assume that the light pressure on neutrons is prac-
tically zero. This view explains the speed of the star’s
transformation into a neutron star. We are fully aware
that our suggestion carries with it grave implications
regarding the ordinary views about the constitution of

stars and therefore will require further careful studies.
W. BAADE

F. ZwWIcKY
1934




Outline of Explosion Mechanism

From S. Yamada

pe ~ 3 x 10*

v trapping WESeRURCEE core bounce

g/cm?

shock in envelope shock propagation in core*

©-0




T Takiwaki Supernova Simulations by
K-Computer R (KEI) = 10 Peta=10"16.

(NAO]J/RIKEN)
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Almost Exploded.

Simulation by
T. Takiwaki
(RIKEN—NAOQJ)




Supernova as a Source of Neutrinos and GWs
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(Kamioka, Japan)
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KAGRA in Japan (under-construction)
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Prof. T. Kajita

Pl of KAGRA Mission

Nobel Prize in Physics in 2015 for
Finding Neutrino Oscillation.




§ Nucleosynthesis
&
Hydrodynamic Instabilities

IN Supernovae



Spontaneous Asymmetric Explosion

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

-l

A. Wongwathanarat
(RN



Asymmetric Ejection of 56NI & Neutron Star Kick

A. Wongwathanarat
(RIKEN)




Progenitor dependence is Huge

Woosley et al.
(1988)

Shigeyama &
Nomoto (1990)

1.5e9 cm

v, [1000 km/s] v, [1000 km/s]
7.25 10.9 14.6 18.3 -2.00 1.98 5.95 9.93 -2.00 2.24

~ 3700 km/s

6el2 cm 3el2 cm

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

Woosley
(2007)

v, [1000 km/s]

< 2000 km/s

v, [1000 km/s]

Wongwathanarat et
al. (2015)

Woosley et al.
(1997)

v, [1000 km/s]
— | —
-1.17 3.22 7.62 12.0

3el2 cm

v, [1000 km/s]
: o —
-0.28 0.37 1.0 1.7



Great Collaborations Started

« Radiation Transfer, including Gamma-Ray
Line Transfer o

— — cos'(d)

| 1
o """e 1
E o . -1

— f RGa, day 16.8
< | 5% |
= E
L 'i
E 5
oX 2%
0 l &
m

Wavelength [1]

Left: ;

A. Wongwathanarat e L
(RIKEN) %% o

Right: | Gy
K. Maeda (Kyoto) [O e



Flux (ph cm?’s™ ke‘ﬂ}

Comparlson W|th SN1987A

1E-3
(a) Day 163-179, B15
1E-4
1E-5
1E-6
Woosley+ 1998
1E-7 PRI | aaaad,
10 100 1000
E"ergv(kev)
1c-o v Ty
a) Day 168 179 W18
0 Woosley 07
>
e 1E4
Tm
: . 3N
2 1E5
(=3
= ——
=]
™
1E-6
1E-7 —toaaadaa
10 100 1000

( a) Day 168-179, N20

Shigeyama

1 ? Nomoto 90

1E-5

1E-7
10
1E-3 vy
a) Daylr 168-179, W20
T Woosley
% 1E-4 HH
= et al. 97
'w
; ®,
2 1ES
o
: ——
-
"
1E-6
7 RV
10 100 1000

Fnerav (kaVV)



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,...)



44Ti is produced through a-rich Freezeout.

Integrated nuclear flows Zr:l(goa' | Lals
during T9 = 4-2 Ni (28)
Co(27) Dk
R=Fij/Max(Fij) mggg +
R=1-0.5 Cr(24) s 35 36 37 38
R=0.5-0.1 -V (23) 33 34
R=0.1-0.05 Ti 22{ I 32
h - o SC 21 I 31
R=0.05-0.01 Ca(20)
X 15 (19)
. “g;”w% = Important reactions
2
AI% g}z} T o=y e 44Ti Production
Md12) | ] 1519 40(:3((}:?,.}[)441_'

44T destruction
*Ti(a, p)*'V

40Ca 44Ti 47V

Slide from S. Fujimoto



For a-rich, High Entropy per Baryon.

« S~T3/p.
* For High Entropy per baryon (S),

high temperature & (relatively) low density
are preferred.

* The balance between Fe < He, p, n
depends on entropy.

* T Is related with photo-dissociations, while
p Is related with nuclear reactions.



polar axis (x10%m)

polar axis (x108cm)

Lots of 44Ti in Bipolar Explosion?

i T T | T 7
gl ] Nagataki et al. 97,
Model A3 _ [ He 1 Nagatak| 00
1 EqL ]
o | ]
5 |
1 4 ]
o .
E 1
g, ]
56Ni 4He -
[ 1 | J_-.l
equatorial axis (x108m) ’ equalorial axis (x10%m)
| ' |
44Ti

Produced amount of 44Ti:

44Ti I (1-5) x 1074 M

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

equatorial axis (x108m)

c.f. Wongwathanarat et al. (2017).



The Missing Neutron Star in 87A

40

30

20 -

- Energy (MeV)

INwOI50O R
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 (second

The Neutrino Events
For SN1987A at
Kamiokande (1987).

However, currently,
NO counter part was
ldentified by photons
In any wavelength
(from radio to gamma-
rays).

Very Dim?
Did it Collapse to a
Black Hole?
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Z Model Al Calculation:
> : . Iron Velocity
E SN1987A €=30%  Distribution
a — 1.26 M SN 2000
E O 12 um Blue shifted Red shifted
- . ! . (Pulsar Side)
ENINING 1500 0N 1500 3000
Velocity (km/s)
O 1 I 1 1 1 I 1 1 1 l L
-2 0 2
Velacitv (108 em s-1)
Asymmetry with Respect of Equatorial Plane W15-1 "
Is Suggested for SN1987A. Pulsar SR

(Blue-Shifted)

!

The Missing Neutron Star should be
Moving toward Us (Blue-Shifted Side)!
S.N AplJS 2000.

Fe, Ti N ol P
(Red-shifted) B

Wonéwathanarat+ 2013



SNR Puppis A: A GIobaIIy Asymmetric Explosion

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



‘Recoil between Ejecta and NS
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O-rich and S-rich FMKs
Blue: [O IlI]

Green: [S Il]

Red: Ha

X-ray view (ROSAT)

Winkler & Kirshner 1985; Garber et al. 2010

0 One-sided O-rich fast-moving knots
0 A recoiling (fast-moving) neutron star

ving.ejecta knots

Composition shows
That these are not
ISM but SN Ejecta
(Katsuda+ 2008).

Fast-moving NS

V ~ 700 km/s

Becker et al. 2012




SN-SNR Project for SN1987A (2017-)
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§ Supernova Remnants



Lots of Physics in Supernova Remnants

Morphology?
Composition?
Cosmic-Ray Production?

X-ray Image of Cassiopeia A by Chandra (~350yrs old).



Numerical Modeling of Broadband

S.Nagataki
(RIKEN)

D.Patnaude

(CfA/Harvard)

Emission of SNRs

S.H.Lee
(JAXA/RIKEN)

D.Ellison
(NCSU)

P.Slane

*98 |(CfA/Harvard)

Also, John Raymond, Alex Heger, Carles Badenes, Masaomi Ono,..



W15-6 Ejecta model
Nucleosynthesis

Matter mixing Ite rative

Mass loss and CSM
Work Flow

CR—-hydro
SNR Model

Z— Currently, 1-D

number

Initial conditions e \j@_@r&;

Cosmic ray
feedback %
eedhack “acceleration jeedback
€-~"" (NL-DSA) = = =) Hydrodynamics
(VH-1 code)
— 303yr
— 401yr |

CR-hydro-NEI

Cosmic ray Code Time
spectrum - evolution of
primary and photon
secondary emission

0 5
(E [keV])

Spatial
variation pCrl; :as;:zz{‘
s phOton (Monte Carlo)
emission Self-
consistent
thermal X~

ray lines

Emission
brightness

profiles Broadband

photon
spectrum

Dynamics, NLDSA,
B—field, ionization, radiation

10

Energy (keV) ’ ) Dt COﬂStrai ntS!



Non-linear DSA model
Lee, Ellison & Nagataki (2012)

P-Distribution of Accelerated Particles
1 : | ' | 5
—— Protons
Thermal distribution —— Electrons

CR spectrum at forward

Spectra at
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Broadband Model of Young SNRs

e.g. Slane, Lee+ (2014) Tycho’s SNR (440 yr old)

RSNR (')

Onlip W Hihhh
MOWO AN ®

64:10:00

o

Declination (J2000)

06:00

do/dt
("/yr)
o

26:00 40 20 0:25:00 24:40

Right Ascension (J2000)

Chandra
space resolved
X-ray spectrum
AU
"
| ““1}”1
Jf

Red: model
*Data points: CXO
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Thermal X—-ray can HETEN,
constrain Gamma- Lee, Slane+ 2013 &.
ray origin.
P+P—P+P+ 71 0 or
eA— + Y — eA— +Y
In young SNRs,
thermal X-ray

emission coupled to

broadband emission!
Predicted thermal flux

must not exceed
observed X-ray flux L,

Mostly leptonic _3
Ecr=0.15 Esn

2
L

-
-
-
"
-
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Powerful constraint of non-thermal origin
-2 Thermal X-rays

e.g. CR-hydro-NEI model of SNR CTB109
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Synthesis of detailed X-ray spectra

L, Patnaude+ (2014)




Future X-ray spectroscopy by Astro-H

Our broadband models make robust predictions for Astro-H

—— Thermal
— — Synch(FS)
=4 © Suzaku

E [keV]

e.g. HL+ 2013




Our Big Mission

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

r’ . i Ono+17, in prep. .
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§ Summary of Our Missions



Massive Stars Explode. Why?

> -

Simulation by

T. Takiwaki
(NAOJ/RIKEN)




S. Nagataki
(RIKEN)
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Supernovae are Origin of Heavy Metals.
But what kind of metals are really produced?

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

time: 9003 s

Simulation by
A. Wongwathanarat
(MPA — RIKEN)

Origin of Uran?




NS-NS Mergers & NS-BH Mergers & SGRB

MBH=3M@’ARH=O'8‘ M!um:s=0'3M@$ a’\‘i.\=0'02 100 T T T LI B B B LI S A N B B B N S B BN B B B [ B
NN R 48 B annr e || ——M =0.03M
600 SRR NI A T S | |'° -1 forus 0
TR ¢ i/1/3 , i 10 ——M " =0.1M
L4

. 25 | torus
400 r’ 6 ;’ G 10-2 o ] :OSBI
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4 = [
200 = av]
5 2 '1_ 3
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= 107 &
0.5 10
-200
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1).2% P | PR S R T
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—500. 0 500. 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
OE + V,;Fl + V(v E) + (V,u,) P* — (V,0,)0.(ePF) c evolution .
BF + ¢V, P + V(0 F') + FIV 0 — (Vo) (e@7%) = oW } equations Prompt+Post Merger. Oliver Just
P"' = P’_J:(_E-F') } approximate algebraic (MPA%RIKEN)
@7 = @B ] closure relations (.. "M1 closure”) Simulations for Short GRBs are going on!



Why are SNe/GRBs so Bright?

LR :
A. Tolstov (RIKEN—IPMU) H. Ito (RIKEN) J. Matsumoto (RIKEN)




Are Gamma-Ray Bursts the

D. Warren
(RIKEN)

Extra-Galactic
UHECRS?
Figure (Imagination): Neutrinos?
© A. Roquette (ESO) TeV Gamma-rays”? (RIKEN)




Lots of Mysteries & Physics In
Supernova Remnants

DB: mytest_sn_hdf5_chk_0048

Cycle: 30 Time:4430.08 2 gw:ﬁ
j » e ;§ (’fd S.H. Lee
(- CURE ¥ g ' (Kyoto/RIKEN)
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x\w/\ 1: Hed 2: 016 3:5i28 4: Ni56 SNR

SN Simulation Simulation

by M. Ono by G. Ferrand 4

G. Ferand

. - - Lo
Cosmic-Ray Production? Morphology? Composition” (U. Manitoba—RIKEN)



Can Gamma-Ray Bursts be the Longest
Cosmic Rulers? From WMAP HP. Modified.

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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M. Dainotti
(RIKEN—Stanford)

£

S L N

Fluctuations W

1st Stars
about 400 million yrs.

s By Bang Expension - The Dainotti’s Relation
13.7 billion years

Maria Dainotti, Awarded an Order of Merit of the Italian Republic for the Discovery (2013).



Formation of a Black Hole:
Related with Creation/End of the Universe?

Lambda-Cold Dark Matter Expansion

e
3

_ Black hole Analogy?

I Singularity

S. Nagataki M. Barkov Y. Yokokura A. Tanaka
(RIKEN) (Purdue/RIKEN) (iTHES) (iTHES)

Engine of GRBs.
BH is formed?



Small
Radi

Large
Radi

Our Group Members and Collaborators

From 15t April 2013

~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 (NAQOJ)

Propagation of Relativistic Jet (GRBs): Matsumoto, Mizuta
Gamma-Ray Emission (GRBs): Ito, Levinson (Tel Aviv), Kumar (Texas)
Afterglow(X-ray,Opt,Radio): Warren, Ellison (NCSU), MacFadyen(NYU).

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

UHECRs, VHE-neutrinos/gamma-rays: He, Inoue, Kusenko (UCLA)
GRB Cosmology: Dainotti

The Universe itself: Tanaka, Yokokura, Hongo
... and More!



Thank You Very Much.




