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Supernova explosion mechanism

Final phase of stellar Neutrinosphere formation Neutron star formation
evolution (neutrino trapping) (core bounce)
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- BERDEF & EE;, SASIL X7, 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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Supernova explosion mechanism
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Supernova explosion mechanism

fl>[ BT J

[ B8 JJRRiE ]$[:7/\"7sz fl>[ jPEj\ﬁ: J
A7\
NP EINHETE

DBED p > 10Mg/cc 2 BR D &

1K

BRLBEDAPHINT VRT3, ZDRICEZENEL B,
2\ (Equation of State, EoS) R

S E TDIRREAT

O

=+ 2 (Proto Neutron Star) D #]5H
CkhoT, BWEIITRIHTL %,

Il

. / o) @y — S8ur?)da
L =/ TiogwniTQdQ

Tr—00

/_LV

—

_2G
Ry o~ — 1

'y 7“04 "

Mass quadruple moment

ax1s asymmetry
—[O] FEHRNFEFOE NOHRE

]

> [ EERF J

Br. HREOYIEASRG

ADEEOREZ{LD—?

B J1IRKZ & F

h(t) at 10kpc

|
/|
f
f

i d —

| / v

k]

s
= M SN T

(DFMiRFZ)

-t p(t) of core

|

—

| -
'\W,/‘ W
¥

W,
.

|

BIEBENS DENREXNZXLBRRAICEIT AR BEEZE



Supernova explosion mechanism
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r(shock wave) < r(neutrino sphere) :
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r(shock wave) > r(neutrino sphere) :
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Supernova explosion mechanism
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& 9 B (delayed explosion model)
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Final phase of stellar Neutrinosphere formation Neutron star formation
(newtrino trapping) |core bounce)

evolation

- Za—hMU/EEBREFIILCIH. COZa—K U /DI

Theat : time scale of neutrino heating

Tadv : time scale of matter flow

ILE—D—ENEBRICEZ 5N, EEEINMEET %o

Key of shock revival : heating v.s. mass accretion

GMcoremu

Theat ™

Mcore LV - <€2> -1 r
~ 80ms (
q,r 1.5Mg 10%3erg s—1 (15MeV)? 200km

X

T'shock — T'gain ( r )
adv ™ ~ 50
Tad " "\ 100km (

Uy -
2 x 108¢cm s—1

B0 TEHRMNT T D KDIFAR

Explosion condition : Theat > Tadv

SASI, convection can be
introduced by success of multi-
dimensional numerical simulation

Both SASI and convection
phenomenon makes longer!
— Next slide
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Supernova explosion mechanism
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Convection ! % hock
not only radial S @ iy

direction moment
gain

spherical convection radius

Standing Accretion Shock Instability (SASI)

- FEBRIFRT, R (=1,2) DEEE DAL ERR
- PNS(Proto Neutron Star)fhETEEIEhheat upehr =2 — kU / HRHE
- FEBERk IR heat uplc KD Za—K U /LS /7 0 DFEEZE(up to T0%?) D EIRFFE S
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Supernova explosion mechanism

I

2RITBUE S 2L —Y gy
Suwa et. al. 2013

I

|
2¢-21 b=

|

oL e progenitor mass:11.2MO
te21 | | Rapid core rotation model
't BKR - Za— kU /IEFIDER
k‘.:lu.l ulls 0 » nls n%‘«.\‘ nlq n.:_* 0fS %E/U—C\ < %)o %n%\:nd) 7 i
o — — X TRHMIBIESHERND 2N
: B ENT N 3,

2
1 T T T T

—a—hKkY_/:thermal motion
=5 1138 - matter motion

Lmll

le+53 |-
Se+52 - J
e ———————————— —— o
0 1 4 L - - . -

0.1 0.15 02 0.25 03 035 04 045 05

Strong GW from core bounce?

Characteristics of prompt convection phase?

Is there signals from shock stall phase?

Characteristics of SASI/convection phase?
F—O FERIUTEFOR ROMRE MBHEBERENSODENREANZILRRBICET AT BEZE 9



Candidate GW sources

Known waveform

Unknown waveform

Compact Binary Coarseness
NS-NS, NS-BH, BH-BH....

Supernova, GRB, pulsar glitch
Soft Gamma Repeater,...

ShOrt Matched filtering Excess power, TF clustering,...
duration pocsinesiodlll
htto:// 0.1 -008 -006 -004 -002 J
mili-second pulsar, Stochastic GW,
radiometry LMXB search Cosmic string GW, ...
Long F-statistics, performance
: GPGPU ' _ = i
duration

Wikipedi
http://bicepkeck.org
F—O FERAUFEFOS NOMEE "TBHEERNSOENREANZXLBRBICHIT-HRE) BEEXE
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http://www.eso.org
http://www.eso.org
http://www.nasa.gov
http://www.nasa.gov
http://www.nasa.gov
http://www.nasa.gov
http://www.eso.org
http://www.eso.org
http://bicepkeck.org
http://bicepkeck.org

Candidate GW sources
Sobs(t) = (Fiphy(t) + Fxhx (t)) + n(t)

GW signal

Detector noise

2D Numerical simulation
Suwa et. al. 2013

L progenitor mass: 1 1.2ZMo

e21 10kpc

Rapid core rotation model

d0.21 L 1 1 - . ’ -1.56-20 | . . . -
0.1 02 03 0.4 0.5 06 0.7 08 09 1 0 0.1 0.2 03 04

Time form gravitational collapse[s]

Simulation :

Stationary,

0.6 0.7 08 09

KAGRA noise

- Gaussian noise

Flatten a frequency characteristic
Whitening

Linear prediction error filter
M - Uncagl beatid amooace spects
i) =S cmlaln—m] i Al
_ g /N
:]_ =10° v
m § /
glo' //
P/ -
§ =%

F—O FEHRANTFEFDOE O

10’
Freguency [Hz)]

TR EX D Z X LRBRICE T feiffze,

Expand to TF plane

Search transient signal
-

)OO0

mEES
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Excess power analysis

- Analysis flow :

- Data quality check, commissioning
- Transform to TF plane
- Search the local high power pixel

- Clustering

- Event reconstruction

- Obtain Signal to Noise ratio effectively

Frequency [Hz)

- Extract characteristics Time and Frequency 0
- Check with noise catalogue

Short Time

\
|
+

|
|
:
|

Frequency

|
.
.
|
—t-
|
+
|
.

| . T W, - -

......

+—fp—o—0—eo—e

oooooo

..........

.....

......

Simulated supernova waveform

0.01 0.02 0.03 0.04
Time [seconds)

Simulated supemova waveform

1024,
Wavelet i 5

£ =

g 256 o s L

g O]

x ]
128 L

-
%% 001 002 003 004
Time [seconds)
| = | K.Hayama

F—o FEANTEFUE ROFELS TBHEERHNSDEARE X H= X LRBICHE T HE, BEEE

12



Coherent network analysis

- Coherent network analysis
(O RS R R T (0, ol ) |

e IO

L K Fd_|_(9, ¢) Fdx ((97 ¢) i L nd(t) |
Data Detector response GW Detector noise
x=Ah+ N

- Solve the inverse problem h with maximum likelihood method
- Changing source direction(ﬁ,é)
- Find the likely GW waveform h

= max (|l — Z/Txi(t)Tﬂ?z’(t)dt
|data(z) — estimated signal(&)]|? i)

. T A\N—1 AT
- Various pipelines are proposed h = (A A) A'x
- coherent WaveBurst
- Xpipeline
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Probing core rotation

- Submitted to ApJ (ApJ 812:26(2015), arXiv : 1410.2050)

- Focus on GW observed time(t_obs gw) and ( )
- Supernova detection simulation with KAGRA and EGADS/SK+Gd detector

core rotation core rotation
GW signal from core bounce GW signal from core bounce
GW from prompt convection GW from core bounce
Neutronization burst Neutronization burst
No core rotation case (O[rad/s)) core rotation case(pi[rad/s])
2e-21 } +6t GW WaVGfOI’m 1T -61: l 5
R T . ee——— — / t l{ |1| w/V \ /’V v L\/J"»\,M,\,x e "
=211 No GW signal fron core bounce - Strong GW signal from cre bound;%
«21 | Core bounce time :}0.181[s] - Core bounce time : 0.196]s]
0.16 0.1 E.3 0.2 0.22 0.24 0.16 0.18 Tlmezfrom Qravﬁatzonal col%ose[s

Neutrino Ium|nos|ty 14 e ]/e Q\Neutromzatlon burst

lesS3 b \ ] // 3
b \ 4

e \\‘\ 4 /

GW from core bounce
before Neutronization burst |

GW from prompt convection 1] _—
after Neutronization burst i |

0.16 0.18 0.2 0.22 0.24 0.16 0.18 0.2 0.22 0.24
F£—E FHRATFEFOR NOMERE "BREERISODEAREANZXLBRRICEIT MK HEEE 14



Detectors and simulations

Robust analysis
Simple search, single detector

Study with KAGRA and EGADS/SK+Gd
neutron tagging with Gd(90%)
test tank for GADZOOKS! project

SNR

strong rotation

. : no rotation
GW analysis "

2 @10kpc
Excess power filter z
+ Short Time Fourier Transform
Generate signal s(t)=h(t)+n(t) ,
Search window which give SNR>8 o e R e oo

tume after bounce [ms]

Neutrino analysis —o1
generate signal with Poisson statistics : | ' S
search window which give max number ¢
of observation electron neutrino

o FHANTEED2 NOWES TEHERANSOEE  C ¢ 0 ¢ 0 T L 15



Epoch time of GW and

GW epoch :

1.0 p1rad/s

70

2
.1TTITT ‘I‘ITITI'P 11‘[ 1111"]'1

11 Y‘[ I .T1[I’TTn

A‘ALI‘

Baiaioloacaseco )

AILAIAAA

3
g 100210 :
S = 2 !
§ 90 | ().2[kpc] uniform
o SOF ] = 1.0{kpc) uniform

-5

0 -40
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-20

-10

| RN YV IR PR A
0 10 20 30 40 50

10[kpc) Galactic center

Galaxy dist

Time after bounce [ms)

GW - Nu epoch :

Count/bin

%_ =1 J MR/ J 7 J Vo oL
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GW earlier
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0.2[kpcJuniform, EGADS
1.0[kpc Juniform, EGADS
10(kpc)GC, GADZOOKS!
Galaxy dist, GADZOOKS!

Nu earlier

w‘AA;A!AAAIAA

20 30 40 50
Time after bounce [ms)

=

NEN | = M2R 70

L
~

neutronization burst

0.0 p1rad/s

§30000|L_ -
5 E w0 2(kpc | untfons
OZSOOOf— — 100kpc) undorm :
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20000— e Gulary dlt ‘
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B
15000[_—
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10000+—
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F L
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SOOOIL
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K- 10000 = ;
= = :
g 9000 — e (). 2{kpc pemiform, EGADS
< -
o 8000F e | Ofkpc Jemiform, EGADS :
- = 10{kpc}GC, GADZOOKS! !
7000 : :
- e Galaxy dist. GADZOOKS! |
6000
5000
4000~
3000
2000
1000
O:i_LA_ALAL IA_J—A—L LJJ.‘ A__L,LJ kgLA_'L A l -
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Result : Strong core rotation model

For "Strong” core rotation model:

Praiay KAGRA EGADS SK+Gd Eva!uate
det. eff.[%] | Nburst[%] | Nburst[%] | rotation[%]
0.2kpc uniform 88 100 -~ 98
1.0kpc uniform 74 40 -~ 80
Galactic Center 22 - 515 75
Galaxy distribution 27 -~ 82 /6

- For neutrino detector, identification probability of
neutronization burst is described

- First window which satisfied SNR>8

Galactic Center

- decl : -28°56'10.23", 10kpc

- Galaxy distribution :
F—O FEHRNTFEFDO= NOMRS

exponential disk model

dN x RdR dze 27
where, Ry ~ 3.5kpc, h ~ 320pc

BIEBENS DENREXNZXLBRRAICEIT AR BEEZE

R2

-In 0.2 or 1.0 kpc, current SK DAQ may not work correctly
- In GC, a few of electron neutrino will be observed
- KAGRA analysis

1

oeg 1

o
L0

7 [radian)

|

Fi#E[radian)
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Result : No core rotation model

For "No” core rotation model:

Proltaiar] KAGRA EGADS SK+Gd Eva!uate
det. eff.[%] | det. eff.[%] | det. eff[%] | rotation[%]
0.2kpc uniform 74.8 100.0 -~ 0.0
1.0kpc uniform 46.5 46.8 -~ 20.8 s — "\
Galactic Center 0.0 — 97.5 NaN . : __ e
Galaxy distribution| 1.5 2 84.6 0.2

- For neutrino detector, identification probability of

neutronization burst Is described
- In 0.2 or 1.0 kpc, current SK DAQ may not work correctly | it

- In GC, a few of electron neutrino will be observed

- KAGRA analysis
- First window which satisfied SNR>8

o

7 [radian)

Fi#E[radian)

- Galactic Center exponential disk model [ 2
o 1 ] = y 1zl
- decl : -28°56'10.23", 10kpc  dNxRdR dze *®ie &
% Galaxy distribution : where, Ry ~ 3.5kpc, h ~ 320pc

F£—E FHRATFEFOR NOMERE "BREERISODEAREANZXLBRRICEIT MK HEEE
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Summary
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