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Details of event simulation

Explosion

O Reaction channel
Inverse Beta Decay(IBD)

> Vo+p—oet+n

» Amount: more than 90%
» Direction sensitivity : No

A > A

o
L ®
LLl

Random ®

number ° ¢ °

J ° ¢
T () ®
Super-Kamiokande(SK) Energy: Tim;

Event distribution per time ”



Method of long time simulation

-Simulate supernovae In one-dimension
-Code

*GR1Dv2 (public code: http://stellarcollapse.org)
»(O’Connor, ApJS 219 24 2015

- Gravity: General relativity
*M1 scheme

- Modified for long-term simulation

» Resolved reference out of physics tables
» Optimized resolution of time and space

-EOS: DD?2
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Super—Kamiokande(SK)

» Water Cherenkov detector in the Gifu prefecture.
>Height: 41.4 m I
> Diameter: 39.3 m 2
» Inner detector: 32.5 kton
»Number of PMTs:11,129
»Energy threshold: 5MeV

* \Various neutrino studies
»atmosphere, solar , accelerator...

* Monitoring supernovae for 24 hours

» It galactic supernovae happen, it is predlcted to detect
from 2,000 to 7,000 events. o TR

, ]
http: //www sk.icIT.u- tokyo ac.jp




Total events and neutron star masses

4000
- —— linear
3500 - quadratic 5
3000 F 2
2 2500 o
g L r’s
® 2000 "
RN &
= 1500;—
1000 |
500 F
- L L L 1 L L . 1 L L L ] L L L 1 . L .
9.0 1.2 1.4 1.6 1.8 2.0
NS mass (grav)

 Vertical axis: the number of events at SK for 10 s.
* Horizontal axis: neutron star mass

* |t seems that heavier neutron stars lead to more neutrino events.

* It possible to estimate neutron star mass from neutrino events.
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Distance estimation (Preliminary)

[ |
| —— Without background
0.4 With background
0.3 1 q;d 8
S | c
5 s =
& 0.2 <& 2
R a
0.1 1
0.0 1

2 4 6 8 10 12 14
Distance [kpc]

 Developing the distance estimation.
 \WWant to know mass, radius, energy and distance
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Failed SN model e
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301 Calculation
251 crushes
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Time after bounce [ms]
Misner-Sharp metric

ds? = —e2Pdt? + X2dr? + dQ?

X=1/ |1 M
_/ R

» Calculation in case of black hole formation is more difficult
 Because metric diverges at an event horizon.
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« Assumed a supernova happen at 10 kpc (Distance to the galactic enter: 8kpc)

« About 2,000 events at 20 seconds
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5 10 15 2(}0
Time after bounce[s]

 In the later time, neutrino oscillation has little influence
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Recent simulations

Huedepohl Fischer Multi-dimension This study
(1D) (1D) Takiwaki(2016),
Suwa(2016)--- etc
@)

lron core O

Natural O X O @)
explosion

Max time 20 s 20 s <1s 20s

* To explode without artificial methods in one-dimension is difficult
» Enhancement of neutrino reaction rates
» Removal of material accreting

 Long time simulation in multi-dimension Is impossible

* We do long time simulation in one-dimension without artificial
methods
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Neutrino and neutron star mass

E\/e Nt rate at ]_O kpC Relation between the number of events and neutron star mass
35001 La7M 4000 [
T o (29.6) 1 + —— linear
- — 131M i _
3000 1.22Mz 3 103 3500 F quadratic
_2500F o :
T &, 3000f
— 2000 S
2 s
s i © 8 2500[
S 1500F 10250
> Lo I
m 1000 ¢ mE 2000 F )
i I A&
500+ I -
: ! 1500
i 110 i
0 L T P SR ST T TR TR N N N S S S PR S TR TN (N S TN T O N N T N N T A W ] : | | | |
0 100 200 300 5 10 15 20 100q---------

I IR N N R
.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Time after bounce[ms] Time after bounce]s] NS mass (grav)

 Three simulations which lead to different neutron star mass

 |f distance is determined, neutron star mass is maybe determined.
>More simulations are needed.

>In addition, I'm developing simulation in the case of BH formation.
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Device of grids

107
new grid width (300 grids)
T initial grid width (600 grids) 4 114
—— Density

1081
g Image of Grid
=
=
E
= 107
o I

104 \

105 106 107 Radius

Radius [cm]

- Red : Density structure of PNS
. Initial grids (600 grids)
* Blue * Optimized grids (300 grids)
- The region in which the density drastically changes is finely resolved.

> Initial grids make calculation stop at about 5 sec.

»Cost is also too high 33



Light progenitor

Successful (9.6M)

10° ¢
1.37Mg Failed (9.7M)
— 10°
B 108
5 i
%) I
= 2
- p—] ‘U
F‘% & 107
m n
107 :
j 1.36Mg
= 10%53 01 0.0 0.1 0.2 0.3
1 2 OM@ Time after bounce [s]
6 L L L . 1 L L s ! L . L L 1 L N L L | L L . L
10—0.2 -0.1 0.0 0.1 0:2 0.3

Time after bounce [s]

- Red : Radii at which densities are constant
- Black : Radius of a shockwave

- Succeed to explode with the suitable choice of progenitors and
without artificial methods
»9.6 solar mss, initial metallicity is 0

»>Called z9.6 34



Black hole formation

Successful (9.6M)

109 ;
1.37Mg Failed (9.7Mo)
— 108
- — 108}
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m F
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Gl o g & F s w5 R B S ST | M R
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Time after bounce [s] %/ § m Vv
o @ Nu
S 2

- | want to also calculate the case of failed supernovae and

black hole formation. 35



Hernandez—Misner metric

« Misner-Sharp metric
ds? = —e??dt? + X%2dr? + dQ?

* Introduce new time u
e¥du = e?dt — Xdr
» Hernandez-Misner metric
ds? = —e?¥du? — 2e¥Xdrdu + dQ>

* The “u” 1s called observer time.
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Difference between two metrics

v
v

Misner-Sharp Hernandez-Misner

» Evolute time so that it avoids a black hole surface.
> Time is slower, closer to the center.
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Gravitational eigenmodes

 Supernovae also emit gravitational waves.

» We estimated eigenmode frequencies with the asteroseismology approach.
» Used GREAT (https://www.uv.es/cerdupa/codes/GREAT/)
 Torres-Forné et al, MNRAS, 474, 5272 (2018)
 Torres-Forne et al, arxiv:1806.11366 (2018)

« Linear perturbation analysis both of fluid and metric.

» Calculated eigenmodes from the result of the 9.6 M, progenitor in
post-process

 Linear perturbation equations

2 19.P 3 vt . 16Q 1Y\ ¢
Ot + | =+ ——— + L |y + - L ===-(6+=)—,
o |:f' r, P WP }” a?ec? (o ) 2 Q : b

{
N? 1 o T 1 5Q oY
anL — (1 - ?) N + [r?,.luq -G (1 - E)} nL = pEp {(},.[lnph] (1 + EQ)} (a el B
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Kinds of eigenmode

* p;-mode
»“1” is the number of nodes
»Restoring force: pressure
»Frequencies increase as nodes increase
« f-mode £
»Fundamental mode of the p-mode
e gi-mode

»Restoring force: buoyancy
»Frequencies decrease as nodes increase

0.1F

0.01 |

0.001

10
Radius (km)
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> Frequency



Gravitational wave frequency

le | I lil I | | b T 1 IIIIIIIIIlIIII

s - p-mode -
= + f-mode 3
?, + g-mode - :
3 T E
5 + coseee]
O — .............0000000000000 ol
— T ......00 .
o 4 o°** _
o - L) ]
T TH T IIONE :

'!.l...l. I ] ] ] ] .:;.P.I L | L1l 1 1 | L1l 1 1 | L1 1 |:

0.5 | 5 10 15 20

Postbounce Time (s)

« Calculated eigenfrequencies up to 20 seconds.
« Differences of frequencies increase with time.

 Next, we make fitting functions.
40
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