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Supernovae: the death of the star

Supergiant
Type lI
Supernova
L E 1r. e '
Sequence .
a
- Prntnﬁtar. ‘Supernova

. g Remnant

i

Nebula

. € Recyciing "ZP&T\" :

® Q:How does the explosion occur?




Supernovae and Neutrino Signal

Type lI
Supernov:-

Heutrm

Star

-

v signals have the answer.
® GW are also important.



Heutr;h_

= Star
Prediction of v signals and giving clue to
. decode the v signals.




Story of my talk

1. Dynamics of Supernovae in 1D model
Information from v light curve(DC component)
Dynamics of Supernovae in 3D model

Information from v light curve(AC component)

a A~ .

If the star rotates rapidly, then.
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Neutrino Heating Mechanism
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If we assume hydrostatic profile pecr Tocr
with pressure of radiation dominant.

\_Above gain radius, the heating is dominant. .




Shock and Entropy

Entropy:T 3/ 0

It' s a good measure for the shock.

At the shock, kinetic energy is converted to heat and
temperature increases(i.e. entropy also increases.)

10800

T=-F1.00 ms

10
Radius [km]

180

1080

Entmpy{kp/barynn]

12

18

T=-71.00 ms

[} o] E N ]

10

Radius [krn]

1;

10a0




e

Radial Velocity / Shock

. . N
Key aspects of Neutrino Mechanism

The shock is stalling.
Pressure inside and ram

Post Shock
Postshocked Preshocked pressure out side balances.
n,p Fe >
Pressure Ram Pressure p = pAv
2 . .
P pAv RHS is determined by stellar

structure(density profile).

LHS is determined by two

Fe=>n, p Ingredients.
(1) Photodissociation

Fe — 30N 4+ 26p — AQ

(2) Neutrino Heating
vet+nN—¢e +p+ AQ

Ue+p—et+n+ AQ
/

Entropy~T"3/p

Proto
Neutron
Star

Heated by cooled by
neutrino  Photodissociation




Mass accretion vs neutrino heating
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Story of my talk

1. Dynamics of Supernovae in 1D model
Information from v light curve(DC component)
Dynamics of Supernovae in 3D model

Information from v light curve(AC component)

a A~ .

If the star rotates rapidly, then.
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Extract mass accretion history
O’ Connor and Ott 2012
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Neutrino Luminosity

\
Mass accretion vs neutrino heating
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Story of my talk

1. Dynamics of Supernovae in 1D model
Information from v light curve(DC component)
Dynamics of Supernovae in 3D model

Information from v light curve(AC component)

a A~ .

If the star rotates rapidly, then.




Typical 1D simulation



/Problem

Supernova shock in simulation
tends to stall and
does NOT explode.

Long-lasting Problem ~1980.

In 2000-2005, state-of-the-art Hot water
simulations with detailed
neutrino transport confirm that!

(Liebendoerfer+2001, Rampp+2002, Microwave oven
Thompson+2003 and Sumiyoshi+2005)

(in 1D)Neutrino heating < ram pressure
@ => falls to explode!




From 1D to 3D



4 . . R
Key aspects of Neutrino Mechanism

Negative entropy gradient
leads Rayleigh-Taylor
instability

Entropy~T”"3/p

convective
Energy transport
(Cold heavy matter is put over

Fe=> n, p Hot light matter)

Rayleigh-Taylor convection
cooled by transfer energy outward.
photodissociation

ated by
neutrino

Proto
Neutron

Star
Radius
Cooler than
the initial Hotter thar
state but v the initial
heat is active state

/




/Successful 3D simulation
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2 month times 16,000 cores are
used in K computer

Microwave oven

With convection hot water at the bottom is transported
near the cap. The pressure at the cap become higher.

@ Explosion occurs with the process.  taxiwaki+2012.2014 in prep /




" Shape of the explosion ?

Entropy t= 0198 ms M d ny hOt
bubble is
observed.

That is
evidence of
strong
convection.




'SAS | h
(Standing Accretion Shock Instability)

Scheck+ 2008
Pressure Wave
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Entropy 27.0M_s RO.0 t= 0156 ms
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Story of my talk

1. Dynamics of Supernovae in 1D model
Information from v light curve(DC component)
Dynamics of Supernovae in 3D model

Information from v light curve(AC component)

a A~ .

If the star rotates rapidly, then.
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Neutrino signals from no-rotating model
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Efficient technique for extracting
feature of the signal
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Story of my talk

1. Dynamics of Supernovae in 1D model
Information from v light curve(DC component)
Dynamics of Supernovae in 3D model

Information from v light curve(AC component)

a A~ .

If the star rotates rapidly, then.




3D model with rotation



27.0M_s R2.0
Entropy t= 0102 ms
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" Rotational Explosion

Entropy t= 0224 ms

1000 km

Strong
expansion Is
found at
equatorial
plane

Eexp~5x10/50erg

(see also Nakamura+14 and Iwakami+1y




Period of spiral mode is extracted by ¥ —signal

(-

Neutrino signals from rotating model
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“Summary & Future prospect A
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- Spiral Mode h

Rotatlonal energy(T)/graV|tat|onaI energy(W)
reach some criteria => Spiral mode arises

In the rigid ball: 14%
@ In SNe case: ~ 6% (Called low-T/W instability) y
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Energy Transport by splral mode
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4 .
Convective Effects ¢ ..o, ransport by

thermal convection

Entropy~T”"3/p

Fe=>n, p
cooled by
photo-
dissociation

Proto Energy transport b
Star .
Radlug

~20km ~100km
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Non rotating
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Averaged shock radius and Exp. Energy
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Shock radius [km|
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Quantitative estimation of
convective effect

12 | . .
with convection
without convection ===+
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Yamasaki+ 2006 Hanke+2012

Convection reduces critical luminosity by 50%.
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Toward making convincing model
Multi-D model is very delicate that depends on input
physics and methods strongly!

2D models for multiple progenitors eplecis

e Bruenn+12:all explode

e Mueller+13:almost all explode

e Dolence+14:not explode _ I

* Nakamura+14:all explode 72(

e Suwa +14:half of them explode 1

¢ Hanke in prep: almost all explode 2D 3D

3D models for multiple progenitors N

e Hanke in prep:not explode(3model) Range of error

) o / (method and input)
o Takiwaki in prep:half of them explode
(failed in heavier progenitor) 1D
Not explode

@t's urgent to brush up the numerical and physical methods. )




" Rotation rate before the collapse

Initial Q Profiles

—— E15A

= . Our model of rapid rotation
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" Rotation rate after the collapse
S27-R2.0 => 2000 rad/s@400ms after bounce

Initial period of pulsar~10ms => 100 rad/s
Fastest pulsar ~ 16ms
Club 19 ms

Ott+ 2006




e

Effeot of Magnetic field
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z [km]

z [km])

MRI+v-heating
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Strong convection arise by MRI

Angular momentum is transported
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Detailed comparison

200

Comparison between
1507 | Buras+06(Newtonian)
and IDSA
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Similar results is obtained by cancelation of positive and
negative effect.

+: NES is not included in IDSA
— : Flux factor is larger for IDSA, heating rate is small.

0

Plot is obtained by digital curve tracer
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Oscillation Method

Based on Dasgupta 2010

Features
1. Both collective and MSW effects

for collective effect single angle approximation is used

2. Three flavor
3. Parameters are tuned to recent experiments

sin?20,,=0.84
sin?26,,=1.0
sin?26,5,=0.29
Am,,? = 7.6d-05
|Am,,?| = 2.5d-03




4 . . R
Example of self-interaction

3 MeV
s wvey - | INverted Hierarchy m_3 <m_1
"é 40 MeV
;o Low energy anti-electron
T . | neutrino survives.
“©@ 02 '% Inverted Hierarchy 7
e High energy anti-electron

700 800 900 1600 . .
Radius ko] neutrino Is completely
Ioriginall_\_,-'e """ - SWapped by antI'V_X.

o, ongmal Vs
] self v, ——

Radius for the swap (r_s, r_e)
IS rather consistent with the
previous work.

Inverted Hierarchy
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Time Evolution

1200 . . 1200
shock
s11.2 analytic, rs
1000 ¢ 1D analytic, re . 1000 r
simulation, rs
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(r_s, r_e) are a little different for the progenitor.

In multi-D model, we found explosion and
oscillation should affect to the shock at later

@ phase. .




Prediction for the v observation in SK
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