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Standard scenario of core-collapse supernovae

Final phase of stellar

. Neutrinosphere formation Neutron star formation
evolution

(neutrino trapping) (core bounce)
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shock stall Supernova!
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Energetics

Cumulative energy
A

* Energy release by

/initia, Mass  gravitational collapse
* m '
10%erg ost of energy is

escaping as neutrinos

* part of energy is
transferred from
inside to outside

* How?
-10%erg
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Energetics

Cumulative energy
A

10°7erg

-10°7erg

Shife Mass

final

-10%erg

* Energy release by
gravitational collapse

* most of energy is
escaping as neutrinos

* part of energy is
transferred from
inside to outside

* How?
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Energetics

Cumulative energy
A

10%%ergl --acecmacannas
/\_, * Energy release by

Mass  gravitational collapse

nitial
* most of energy is

-10°Terg . .
escaping as neutrinos

* part of energy is
transferred from
inside to outside

* How?

-10%erg
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Energetics

Cumulative energy

A
4 )
10°ergpt-----nuann- o=
\ * Energy release by
ol Mass  gravitational collapse
1o * most of energy is
-10%"erg}- . .
escaping as neutrinos
* part of energy is
transferred from
inside to outside
* How?
-1053ergl/
\ _/
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Energetics

Cumulative energy

A
4 N\ )
10°ergpt-----nuann- R
| ., * Energy release by
el Mass  gravitational collapse
* most of energy is
-10°'erg|- . gy .
escaping as neutrinos
* part of energy is
transferred from
inside to outside
* How?
-1 053el‘gr Ejecta
\ VAN J
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Standard model: neutrino-driven explosion

shock front

cooling = 1/r" ?

heating o« 1/~ |

* Energy is transferred by neutrinos

* Most of them are just escaping from the system, but are
partially absorbed

* |n gain region, neutrino heating overwhelms neutrino cooling
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Standard model: neutrino-driven explosion

cooling = 1/r° 3

heating o« 1/~ |

* Energy is transferred by neutrinos

* Most of them are just escaping from the system, but are
partially absorbed

* |n gain region, neutrino heating overwhelms neutrino cooling
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I Alternatives: acoustic explosion

(Burrows+ 06,07)

* SAS|I B PNSZIN<=> PNSZEES T
* PNSOiREIDEREEH. BHERZINL
* BRICKDIRILF—HIGH Z 21—t U/ Z2ZEE(?)

* Shock revival by acoustic power

1000.0
100.0
T
L
- .
& b
J g 100f
°
~N
W
L)
1.0
b 20.0 : acoustic
F 13.0Mg WHWO2
L 11.2My WHWO2
-m PUEPEEPE EPURPUEPE PP PPN R UP RPN | P, PR 0.‘ AAAAAAAAAAAAAAA Lo s s a a3 laa s i a1 a4 | I
0.0 0.2 04 0.8 0.8 1.0 12 14 0.1 0.2 0.3 0.4 0.5 0.6
Time after bounce [s) Time ofter bounce [s]
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Alternatives: acoustic explosion

(Burrows+ 06,07)
* SAS| HPNSZIN< => PNSZES T
=Fh-hvTre (ERESAb A 0N /
*
PNSO . b o0
* FEC )
* Shock 80
1
#00F Shock Rodius olo] § oo 5
: ~ Fad S7R
: S o | s~———
: P 140 w
] P
120 /
-1000
.13.ou; WHWO2
- E l‘zl.lw’mz 1 _2 0
m%.o‘ ‘ ‘0.2‘ ‘ .OAA "n -2 5 0.6

r [1000 km)]
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Alternatives: magneto-rotational explosion
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I Summary of explosion mechanism

4 )

N

J— Gravitational Energy .

) g Magnetic
Neutrino heating - | | < Fg |
NS oscillation leld

ener
\_ &Y J

convection .
Acoustic

wave
Neutrino-driven Magneto-rotational
explosion explosion

Acoustic explosion

( Thermal energy Rotation energy]
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Summary of explosion mechanism

* Neutrino-driven explosion
Standard scenario
Community is trying to produce explosion on this line for >~ 50 years

In 2D and 3D, we obtained weak explosions (Germany, Japan, US)

* Acoustic explosion
Impedance mismatch is problem?
Long timescale to work (>~15s)

Only one group (in US) obtained explosion

Other exotic scenarios
. - QCD phase transition
Both strong magnetic field are necessary - axion heating
Inconsistent with standard stellar evolution calculation? - ,
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I Core-collapse supernovae

In these violent explosions, all known interactions are involving and playing
important roles;

f25: /? ™ 4 | p.ﬂﬂﬂﬂk ™
3 ] A udu Ve
20 - neutrino interaction
\Ef 15 _ ﬂv~10'44
& - ~99% of by v’s
= 10 - cooling of proto-neutron star
005;_ - heating of postshock material
20 Y, - Y,

Gravitational

\\>y\\ ;; ; ‘:E 5: ;<

x I /1 4M ~ ) ’ : = -
- . - >
ﬁ% - <

=, ¥, ~

.
~ .
-
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2015/3/24 BAYIBZESEZTAESQEFEBKRE



MeV Neutrinos

Cosmic Rays

Electromagnetlc iy Gravutatlpnal
Interaction , | Interaction

Infrared

Optical
Gamma ray ’

Ultraviolet TS

X-ray



MeV Neutrinos

Py

T HITRURE I ', N DeepCore
LS gl 6 strings optimized
i for low energies
Eiffel Tower
I g 324 meters

M Electromagnetic . @ Gravitational

e Large Qﬁowc Survey Telesco,.

A Interaction _, Interaction

»

Infrared
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X-ray
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SN and various emissions

V
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“Optical depth”

photosphere v

V-sphere \ V
/ ‘
JEBXZE




“Optical depth”

photosphere
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“Optical depth”

photosphere

<

adedsd 03 Ase]
12939p 03 Ase]

V-sphere \ V




I “Optical depth”

photosphere v

i Combining these signals leads to
i inside supernova like tomography

12919p O3 Ase]




Multi-messenger time domain astronomy of CCSN

P

V

2015/3/24 BERIEFEREZEREQ@BFAXRFE



Ideal scenario

1. vdiscovery (Si burning phase? neutronization burst?)
angular resolution ~ degree
circulate detection worldwide

2. y confirm (shock breakout, diffusion cooling, Co decay)
delay for ~ hours to days, depending on progenitor radius
follow up from radio to gamma-ray

3. GW analysis (burst, BH formation?)
time coincidence with v (and spacial coincidence?)

even non-detection can put constraint on explosion mechanism
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Remember SN 1987A

* From SN 1987A, ~20 neutrinos
: | s were detected within ~10 s

® IMB

a1l 4 Balsar * Dawn of “neutrino astronomy”

* |t was confirmed by optical obs.

30 4 |

* They were the justifications of

energy (MeV)
>

20 ¢ | 4 neutrino trapping scenario,
which predicts that the neutrino
o emission lasts for the diffusion
timescale (~ 10s)

0 | | | | | ] the total energy of neutrinos
0 2 4 6 8 10 12 .
time (s) being exactly the amount of

Hirata+ 87, Bionta+ 87, theoretical prediction (~10>3 erg)

Alekseev+87

* Neutrino must be detected
irrelevant to the detail of central
core for the nearby event
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Neutrino emission: neutrino-driven explosion

Marek & Janka 2009

100 v 1001 —y ey . —
i : Ve |

o\ __L&S-EoS | 80 ~ :
Z H&W-EoS = | — L&S-EoS ‘

g_ 40 wﬁ}:‘h{ﬂvvs\M\!\\uﬂ % 4oE~ \Mw .
i SN o * Basic features (average
e, w = v w m w = energy, luminosity, etc.) are
. . =l V similar between 1D and 2D
6of LS Eos I T HaW-Bos simulations

L110* erg/s)

201

P
=
£

40

20F+

* Turbulent motion around

|| —_—— / , - neutrinosphere is

0 100 1*2;);)1 ] 300 400 0 100 By 300 400 . . . . .
, e imprinted in the luminosity
il P —Lassss and spectral evolution for
% 2 2D simulation
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Neutrino emission: acoustic explosion

* N/A

* similar to neutrino-driven explosion?
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Neutrino emission: magneto-rotational explosion

Ott+ 2008
Sotv Ty TrTTeTTeTeTY rTTTTTTTTY T T L T 25
North Pole s20.nr S, = = = = = North Pole s20.nr MGFLD - : ? .
" : v,: solid RMS Neutrino Energies
. South Pole s20.nr S, - - - - = South Pole $20.nr MGFLD L e’ h 9 Pa
Equator s20.nr S, ~-~-~--~ Equator s20.nr MGFLD } Uy dashed \,

RMS Neutrino Energies [MeV]

|
E— North Pole s20.n S, messa= North Pole $20.m MGFLD - T
s South Pole $20.7 S, = === South Pole 20.m MGFLD [ 320.nr S, s20.w S,
w— Equator s20.nS, wewmweaw Equator s20.m MGFLD : s20.nr MGFLD s20.m MGFLD
1§ PP W et e R R T PR BN e s O L A A T e e R e N L s R TP i L S g g
200 300 400 S00 200 300 400 500
t=t, [ms] t—t, [ms]

* Rotation strongly deforms the neutrinosphere’s shape

* The direction dependence of neutrino emission is
generated

* Neutrinos favors the pole due to small optical depth
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GW emission: neutrino-driven explosion

Murphy+ 09
........................ 20 Mg
20 Pro]ote § 10'2'
____________________ #..RXPlOSION o
5x10-22@10kpc = n
10 Spherical “10
c E%P'OS'O”
-2.4 C - 10° -23
a) | (11
~ | ' Q 10'2' : 1 ¢!
-10 X u
| 4 : o ‘
— 20 Mg, L, = <-4 Oblcte : 6 10-22 ( I
! M 2°- 9 4 [ a8 4 4 1 g a- R g Pl 1
0.2 0.0 0.2 0.4 0.6 0.8 1.0 1072 | | I Wh ll
Time ofter bounce [s] 100 f [Hz) IOOO

* GW from convective motion and ejecta
* high frequency (~(100) Hz): convective motion
* low frequency (~O(10) Hz): anisotropic ejecta

* |n addition, anisotropic neutrinos generate GW (e.g., Burrows &
Hayes 96)
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GW emission: acoustic explosion

Ott+ 06
X R AR D AR RARE RS RARN RERE RS RERE LER
L 4 o | fk — sz::::
’ — ml5b6
— LIGO 1 ’
/1 —advancchIGO

g | L il IR W
Mh MM hm’ WM‘W i.Mlﬂk
Al | T

— s25WW

7111[1111111111111111111]111111111111111,
llllllllllllllllllllll

0 200 400 600 800 1000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
! = thounce (MS) Frequency (Hz)

4x10- % -

* Strong GW emission from PNS oscillation (Ecw~10°9 erg!)
* Late onset of GW emission

* Typical frequency of GW corresponds to characteristic frequency of
PNS, i.e. sharp peak
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GW emission: magneto-rotational explosion

Takiwaki+ 11

T T T T T 16-17. e Py P——
i i B12X180.1(10kpc)
30T first LIGO -
25 | 1e-18 | ¢ ‘-._ advanced LIGO - :
it g LCGT
< 20} .
£ 15} 1e-19 |
= 10} . |
© £ 1e-20 }
- S5t ¥ =
o
© 0 A |
e - 1e-21 ¢
= & B12X1B0.1 | .
10 | all 1e-22 |
15 | yd&grav |
-20 - ~ L L g 1e_23 PP | PRSP | PR RSP | PRSPy
0 20 40 60 80 100 1 10 100 1000 100C
t-t, [ms] Frequency [Hz]

* Due to strong rotation, the prompt GW (<10 ms) signal is the largest

* The amplitude strongly depends on the initial condition

* QOutflow would make offset of 4, which corresponds to low frequency
component
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Summary of GW emission

* Neutrino-driven explosion
GW emission from convective motion and anisotropic ejecta
The weakest among explosion models

* Acoustic explosion

characteristic frequency of NS oscillation

possibly very strong

GW emission at the bounce due to strong rotation

Strongest in general
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T T
6 8 10 12 14 0 5 10 15 20 25
Log Density [g cm ] Entropy [kB/baryon]

1000

multi-dimensional neutrino-radiatia
hydrodynamic simulations -

) 4

240 | 4
o E
by g
=1 E
: = W =t 13
= E
: E
E 20F 5 2
= E
z E
£ E
E 10F 4 11
z
0

gravitational
waves

mock data generation
Y4

R A

GW detector simulation || V detector simulation

J

Concurrent data analysis of GW and Vv to probe the
innermost profile of core-collapse supernovae
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Numerical simulation

See
* PrOgenitOr: 11.2 M@ (Woosley, Heger, & Weaver 02) Suwa et al., PASJ, 62, L49 (2010)
Suwa et al., ApJ, 738, 165 (2011)
Suwa et al., ApJ, 764, 99 (2013)
Suwa, PASJ, 66, L1 (2014)
Suwa et al., arXiv:1406:6414

* 2D (axial symmetry) (ZEUS-2D; Stone & Norman 92)

* MPI+OpenMP hybrid parallelized for more details
* Hydrodynamics+Neutrino transfer (neutrino-radiation hydrodynamics)
Isotropic diffusion source approximation (IDSA) for neutrino transfer i
(Liebendorfer+ 09) jT |
Ray-by-Ray plus approximation for multi-D transfer - | i(jﬂ()ft
_)
* Shellular rotation is imposed .
2
.
Q(’T’) — QO 0
7a2 + T2
0 Mezzacappa+ 2014
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Supernova explosion simulation

entropy [ks/baryon]

T= 178 ms
e 15
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500 400 300 200 100 O 100 200 300 400 500
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Neutrino signal

50 B L II [ T3 rnrur L | [ | L | L L 5
L 3 1.0 7t rad/s
T: E 3 0.0 strad/s
%0 40 E 1 4
N : .
S ¢ :
~ 30 ¢ 1 3
& : i
= ¥ 7
s 20 F : 2
= E :
Q - 3
= E .
= rs — 4
5 1
Z E 2
0 :l | L I I | I 1 1 1 l: I I I | I I | I I | I I | I I | O

-100 -50 O 50 100 150 200 250 300 350 400
Time after bounce [ms]

Although neutrino signals are slightly changed by the rotation, the main
features (amplitude, time scale, etc.) are independent on rotation.
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GW:signal
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GW signals strongly depend on the rotation. Faster rotation leads to
earlier GW emission due to asymmetric core bounce induced by the
rotation. This time difference can be used as probe of the rotation.
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I Probing the central rotation by vand GW

1. Assuming EGADS (v) and KAGRA (GW), we generate

p—
]
0~

- neutrino (EGADS) mock data of neutrinos and GWs taking into account
B i the realistic noise level. These detectors are located in
i — 0.5[kpc] Kamioka mine (the same place!). EGADS (~100t) is the prototype

of Super-Kamiokande (~22.5kt) loading Gd.
2. We perform data analysis for investigating whether

we can probe the central rotation using the onset
time difference of neutrinos and GWs.

p—
=)

Number of ovserved event[Event/Ims]
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ili. Il
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y . L‘.

100 150 200 250 300
time after bounce [ms]

P, [%]

90

80

a4

Z 140

— 0.0 ;wrad/s 70 = (0.0 7t rad/s
0.2 mwrad/s

— (0.5 wrad/s

— 1.0 ;wrad/s

120
= (.2 mrad/s

0.5 ;wrad/s
= 1.0 mwrad/s 7 | /\

60
100

%0 50

60 40

40 30

20

20

lllllllllllllllllllllllllllllll

10

_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
2-q 00 -50 0 50 100 150 200 250 300
time after bounce [ms]

— 1 1 | | 1 1 1 | 1 1 | | 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 1 1 1 |
0O 02 04 06 038 1 1.2 14 16 1.8 2

Distance[kpc]

Yokozawa+, YS+, arXiv:1410.2050
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I Probing the central rotation by vand GW

p—
]
0~
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1. Assuming EGADS (v) and KAGRA (GW), we generate
mock data of neutrinos and GWs taking into account

the realistic noise level. These detectors are located in
Kamioka mine (the same place) ™ 'S (~100t) is the prototype

of Super-Kamiokande (~”~ > \Gd.
2. We perform - = :ﬁ restigating whether
we car- =g |

using the onset

f— = 0.0 mrad/s
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Yokozawa+, YS+, arXiv:1410.2050
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Is it robust?

* Ambiguities
When prompt convection sets in?
depending on
> progenitor density structure (mass accretion rate history)

> strength of convection before core collapse
GR

> might change the typical frequency
maghnetic fields

> maybe minor

dimensionality (2D/3D)

> maybe minor
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Summary

gaividitimmessengergimeaomainasironomy erajiscoming.:

* As for CCSNe,

Neutrinos are promising

* high duty cycle is demanding

Photons are necessary to confirm as astronomical source

> blind search in error circle of neutrinos / large FOV facilities
Gravitational wave is smoking gun for explosion mechanism

» burst search analysis technic should be improved
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