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- BEREDOEF EEIE; SASIL M. etc.
- Time-domain Multi-Messenger Astronomy

- Broadband photons (radio to gamma)

- Multi-energy neutrinos (MeV to PeV)

- Multi-frequency GWs (Hz to kHz)
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- EFBER
VFe 4+ e =2 Mn + v,

—a— MU /HBERICRITNDEEDEE(10%/cm?)
— BAREIESHR ORI

- SRS R IR I
Fe 4+~ — 13*He + 4n — 124.4MeV
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Neutron star formation

Final phase of stellar Neutrinosphere formation
e (neutrino trapping) (core bounce)

A7)\ >R
AT7HLBENp > 10"g/ccZBZDE. SN EIEETE
BRLIED ATNINT VAT B, TORICEEZERENED %,
S EE TDIRREEAEI (Equation of State, EoS) Y [RIAF

=l
4+ £ (Proto Neutron Star) D#JHA[ol#x, FHEDHHASK A

ICK > T BWEITENAHETL %,

]

B /1R E RILEE DREZR{ED—HF
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A—np e +p—>n+r,

AEHIDODRERTHBIEFZREHE LTV,

r(shock wave) < r(neutrino sphere) :

ERISTERE NIV Z v TSRTW5,

r(shock wave) > r(neutrino sphere) :
AEREINEEHEINTY NI MNICHEEINS
SHEFLA—Z K
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Average Energy [Mev) Luminosity [10% erg/sec]
o

Luminosity and mean energy estimated by
Livermore group (Astrophys. J 295(1985)14)
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Final phase of stellar Neutrinosphere formation Neutron star formation
(neutrino trapping) (core bounce)

evolution

ETE AN
BERNMEEZEDICONTIXRILEF—%2KL, —EE
& 9 5 (delayed explosion model)

- PNSEI T, WEBRKRIGICEDET L —/I\—D 31—
NJ/DBERENS,

-Za—MYU/EBEERETILTIE. 2OZa2a—KJU /DI
IWF—D—ENMEERICEZ 5N, BERENMERT 5,

Key of shock revival : heating v.s. mass accretion Explosion condition : Theat > Tadv

Theat : time scale of neutrino heating

' SASI. convection can be
Tadv : time scale of matter flow ;

introduced by success of multi-

Meore L, L) ‘1( r >—1 dimensional numerical simulation
1.5Mg 10%3erg s—1 (15MeV)? 200km

GMCOI‘emU

qur

~ 80ms (

Theat ™

Both SASI and convection
T'shock — T'gain

r % -
v ~ ~ 50ms (= — ) 7“ |
Tad ” ms | To01 ( 5 1080 S_1> phelillon:erll%n makes longer -
> Next slide
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Convection

not only radial
direction moment

NELY

Standing Accretion Shock Instability (SASI)

y&Ld

Final phase of stellar Neutrinosphere formation Neutron star formation
N\ w— e (neutrino trapping) (core bounce)
\— f—
v : v
PNS: shm
—— ) \
/ng; \
spherical convection radius

- IEFRHAFR T, BR(=1,2) DEERDALELZRE
- PNS(Proto Neutron Star)ffhE CEEYE L heat upE =2 — KU/ HKE
- EFRE MR ARheat uplc KD Za—KJ /L /T« DEBEZE{(up to 10%?) D ERFFE NS

Time after Bounce [ms)
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by mass-accretion / PRL, 111,121104(2013)
10 200y ; . .
>
0~ 100200 300 Time pb[ms] Neutrino : ~100 [Hz] flux fluctuation
GW(1) : 100-1000 [Hz] increase frequency How to reconstruct signal??
by PNT eigenfrequency o I o
g _1 GM [(T —1)m, (1 _GM )3 * § - Extract ~100 [Hz] from both §
2 27 R? Ik, T Rc? : g

GW(2) : ~100 [Hz] frequency by

mass-accretion rate fluctuation

{ neutrino and GW signals

§ - Signal correlation??? !



R

EMEERRIEY Il —>3 Y

- ETHEHTI U, INMDHOEKREETIERWDTY < FE ISR
-—RITVIZIAL—YV a3 TIIRSKEBEITBRIENTELI -
- EEEMRITTY I AL —Y g3V EFETIDIEICEDBERICEIILTWS

- ETHREBHBEIARN(RIAY
- FEIE SR U TSR B 4 S

E2—5 DEZMFRD—)

FCH5ZATWBSbIT TR, HiITh>TY

Sal—a>ziT52

IcEDb T3

- BREREOHASRMYE. Al BRIXILF—REDHE

Mass ‘2+pV-v=0,
conservation dt
dv
Momen-t oD _ _vp - pve,
conservation dt
Energy (E [ I
conservation dt +V [(e + P)"] =—pv-VO+ Oy,
dY, _0
i
AD=4xGp,

Fig: From Suwa-san
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[ Hydrodynamic equations

Numerical Simulations

N

r

Neutrino Boltzmann
df  af

dp
— 4+pV.-v=0
dt V-V
dv
p— =—=VP - pVO
dt Solve

a -
% +V . [(e"+ P)V] = —pv-VO+ Q,,

AD=4xGp

simultaneously

equation
—_+ u—r -
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Strong GW from core bounce?
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Suwa et. al. 2013
progenitor mass:11.2M©

Rapid core rotation model
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—_a2—KkY_/:thermal motion
B /1) : matter motion

Characteristics of prompt convection phase?

Is there signals from shock stall phase?

Characteristics of SASI/convection phase?



AT 2 IFEFE

p

Lmlt

2RITBUEV S 2L —Y gy
Suwa et. al. 2013

rogenitor mass:11.2M©

Rapid core rotation model

5K - Za— kYU IEFRDER

E

ofs %E/UT‘ < 5, FNEFNDOT T —
A THENLBESIEND Z EH
HAIF ST\ 3,

—_a2—KkY_/:thermal motion

5 /1 - matter motion

de-21 —_ \r T N T (! T a
- ~
< LB )R [strain] -
2¢-21 }=
le-21 =
P ——— —
0
-le-21 -
-Zc-Zl -
-.‘L‘-:l -
de-21 1 ] 1 1 1
0.1 0.15 op 03 035 04 045
Se+53 T T T T T
4 S5e+53 |-
d4e+33 -
I = = —_ — Kk = S ) —
sessflEF 22— RY /LD T 1 [erg/s]
Je+53 -
25¢453 -
c+53 -
1.5¢+53 -
le+53 - J
Se+52 - -
\
0N 1 1 \: }
0.1 0.15 02 0.25 03 035 04 045
AN =
4 A
Strong GW from core bounce? Hoz

Characteristics of prompt convection phase?

0.5

SHOER
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Supernova Neutrino

- Observed neutrinos from 1987A Supernova
- Total 24 events
- Possible to obtain inner information
- help to understand the explosion mechanism

- Rough explosion model 1s probed to be correct
- Various detectors are ready for observing

- All flavor neutrinos are emitted
- order of tens MeV
- duration ~20s

f ."- (. -(...

Feb.23, 1987 at 7:35UT

® Kam-ll (11 evts.)

o |[MB-3 (8 evts.)

A Baksan (5 evts.)
24 events total

5
&5

wW
o

ENERGY (MeV)
S
L + L]
— —
_O_
—D>—
—_

o
o
.

0 2 4 6 8 10 12
Time (sec)

Observed neutrino information of 1987A
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Luminosity and mean energy estimated by
Livermore group (Astrophys. J 295(1985)14)
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World neutrino detectors

Sudbery

Baksan §
(Russia)

Kamioka
(Japan)
South Pole ‘
s GranSasso
- (Italy)
Water Cherenkov / Liquid scintillator / Others Slide

Y.Koshio
12




SuperKamiokande detector

50kton Water Cherenkov detector

Super-Kamiokande

32kton fiducial volume for SN
20' PMT photocathode

, (inner)  coverage
|ISK-1 11,146 40%
{1SK-2 5,182 19%

SK-3 11,129 40%

SK-4 same as SK-3

with new electronics

\

0" (|00
= sk

| Pi;"c‘;ed inside the Kamiokafnihe

1000m underground

charged >

Slide
Y.Koshio

v Underground in Kamioka
mine, (almost BG free)

v 3.5MeV energy
threshold for recoil electron
v Dominant process is
inverse beta decay

v Good directionality for ve

elastic scattering

"'7,30076+p events
~300 v+e events (direction info.)
for galactic center supernova

13




GADZOOKS! project

Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande Super!

- Dissolve Gadolinium into Super-K

(2.2Meﬂ‘\/)
- Identify Inverse Beta Decay and others — n,-® /)
. . X A Ve o) » ®) P\ ///
- First observation of Supernova Relic Neutrino \‘ T\ W
- Precise detection of supernova burst neutrino AN e ;@
- For testing facilities and demonstration the characteristics of o “
GADZOOKS! project, EGADS detector was constructed in S ~8MeV
Kamioka Mine g
- AT~30usec

- Evaluating Gadolinium’s Action on Detector Systems _ o
- Vertices within~50cm

- 100ton water Cherenkov detector
- 0.1% Gd loaded
- 90% neutron tagging
- Expected event rate (livermore model) @0.6s, 10kpc
- electron neutrino elastic scattering : ~500
- inverse beta decay : ~22000
- anti-electorn neutrino elastic scattering : ~150
- Ready for Supernova observation

15 ton buffer tanki 200 ton tank Filter

14




IceCube detector

- km long string Water Cherenkov detector at
the South Pole
- Sensitive to multi-GeV energy neutrino.
- Can see burst as increase in single PMT
count rate

- Can’t identify one by one event

- Time structure of neutrino luminosity

1000 v ' - . — .
Mllky Way (Centor) no OSClllatlon 05 S
normal hierarchy 0.5 s
inverted hierarchy 0.5 s
100 }
§ Milky Way (edge)
£ .
% Tyl LMC
2 ‘
77

0.1y " false trigger rate
internal trigger threshold

SMC
10

iﬁ——.—;.__
— — P U NS ——
' 5 -
* -

0 10 20 30 40 50 80 70
Distance [kpc]

Detection range for Livermore model

lceCube Lab
\- e 'ceTop
e P " 81 Stations, sach with
50 M = g g 2 ico Top Cherenkov detector tanks
N - A o S R T 2 opScal sensors per tank
N2z, 324 opacal sensors
lceCube Array

85 strings Including 8 DeepCore strings
60 optical sensors on each string
5180 cptcal sensors

December, 2010: Projgect completed, 56 stringsl

DeepCor
B sUINgs-SPacng optimized 1or lower energees
480 optcal vermony

i |
. L
1 Eiffel Tower
~< DR L 24 m
N U S 4
2450 m : ¥l
2020 m £y b i

-— [ — ._‘i‘ -
. 1
: o
o >
. bt

2

100,000 event may be observe Deep Core
15




Scintillation detectors

Scintillation detectors PMT
v Liquid scintillator ChH2n volume surrounded by ‘
PMTs.
v Low energy threshold (O(100keV)) *V
v Good neutron tagging using delayed d
coincidence technique — advantage for ve signal. scintillator
v’ Poor directionality, since light is almost isotropic > 2MeV
. Q)
KamLAND LVD B Bak ~
?Jrer\'pan) (Italy) 8{;;(;no ?R:sas?a) O\ P \ /
~200 usec.
+Double éhooz, baya Bay and RENO
Slide
Y.Koshio
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Neutrinos from Betelgeuse
54 Full Operation
| , < Shock ¢
Shtelr|t5| i breakout?
| starts oA
52 - . :fﬁl\\ -
Core Si Direct pre- 't e
burning -collapse stage 51 Saglh e
' Q
w 50} g \
U '
g.’ ’ 0 E Cold
— "~ E NS
<4 ST
o 48 s
f | Delayed bl_ack
46} | : mib;',' hole formation ?
/,' nzs..mmkknu) . af 2! .T‘
‘ oreeceaw | SN PSHETTBK, iceCubel- NS
44 . : KamE=AND | ; S'F.;ine time struct .
n\d
-8 days -1.7 hours 0.2s 23s

Neutrino form Si burning

Time before and after core-collapse [ NOT TO SCALE!]

ACTA PHYSICA POLONOCA B 40, 3063 (2009)
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What we want to know? KA©CRA

V

-
0 ~h )/ tob

- Time domain astronomy with multi-messanger
- Help to understand the mechanism from coincident observation
- Inner core information by GW and Neutrino i




