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Neutrinos from SN 1987A (Feb. 23 1987)
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How many and long can we observe v now? *

How many?

11 events from SN1987A with Kamiokande S e g

Baksan —ll—

W
-

N
)

> M=2.14 kton (full volume of inner tank)
> D=51.2 kpc (LMC)

SK (M=32.5 kton), D=10 kpc => 4400 events
(with O(10)% of statistical error)
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How long?
12.4 s for SN1987A

How long can we observe neutrinos from a Galactic SN?
No conclusive estimation so far!

The latest SN found in our G‘xy, G1.9+0.3 (<150 years old) SMASA



What can we extract from neutrino observations?

Properties of neutron stars

Binding energy

> important for energetics, done with SN1987A

2
GM? M R
E, ~ e @(1053)erg = ( A )
Ry 1.4M 10km

Mass
> important for discriminating final object (NS or BH)
Radius

> important for discriminating nuclear equation of state

The latest SN found in our G‘xy, G1.9+0.3 (<150 years old) SMASA




<Pre-SN Main Signal Late Time y * Sj burning
10”3 :
= final phase of stellar evolution
C
1052 - @ * Accretion/Pre-explosion
e g
SR * neutrino trapping
L S
51 _ 5B . -
— 10 S & " * neutronization burst
| o U 5
) + 2 '3 o
50 1050 — Sé "g S * COOllng
2, < 3 2
o % S = early phase
- 5 X 5 _ - . .
10 - S E;D Z > hydrodynamical instabilities, explosion mechanism,
o 2 g ;8) —5 shock revival, PNS contraction...
e (q
1084 £ & = 5\ 3 = late phase
aa .Jé_‘ ad
5 T > neutrino diffusion
10% ] ' ' ' = volume cooling phase
~10> 010! 10° 100 102 10° 9p
fpost—bounce LS] > transparent for neutrinos

Li et al. (2021)
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“nuLC”

Me em =neutrino Light Curve

6/7/2024
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Late cooling phase is simple and understandable

Neutrino luminosity (erg/s)

(0]

'-I'ambo;ra+ 20.1 4

—— early phase = highly uncertain o6
N . . S
10> . (Expl. mechanism, accretion, Y
) 2 o =
. muti-D effects, v-osc., etc.) 3
.
1052 — late phase —less uncertain
% 100 200 300 400 500
i (NS mass, temperature) Time [ms]
Strategy: .
- Extracting NS parameters from late cooling phase with small uncertainties  _.._.
1051 giNop gp

(— O-th approx. of early phase neutrinos)

- Exploring explosion mechanism etc. from variation component of early
phase (diff. from 0-th approx.)

1050 : : : 1 T
Understanding late cooling phase is essential ! T
(kind of time-reversal of compact object coalescence strategy) e 2010

6/7/2024 Yudai Suwa (UT/YITP) @ UGRP2024, Osaka Universiy 10/16



I What we have done so far: 3 steps

NUMERICAL SIMULATIONS ANALYTIC SOLUTIONS DATA ANALYSIS

- Cooling curves of PNS - Analytic cooling curves - Mock sampling

- Detailed physics included - Calibrated w/ numerical sol. - Analysis pipeline for real

- Discrete grid of data set - Simplified but essential data

- Computationally expensive physics included - Error estimate for future
- Fast and continuous observations

6/7/2024 Yudai Suwa (UT/YITP) @ UGRP2024, Osaka Universiy
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Event rate evolution -

>[Suwa Sumiyoshi, Nakazato, Takahira, &hIO Mori, Wendell, ApJ, 881, 139 (2019);
’Nakazato,Nakanishi, Harada, Koshio, Suwa, Sumiyoshi, Harada, Mori, Wendell ApJ, 925, 98 (2022)]

: Y
6/7/2024

Event rate / 10 ms

with neutrino luminosity and energy spectrum

with full volume of SK’s inner tank (32.5 kton)
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¥ + Event rate evolution is calculated beyond 100 s

10
Time (S)

Yudal Suwa (UT/YITP) @ UGRP2024, Osaka Universiy
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o * Eventrate is not related to progenitor mass, but PNS mass

20

NUMERICAL SIMULATIONS



Analytic solutions

[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]

. . ANALYTIC SOLUTIONS
* Solve neutrino transport eq. analytically

| Neutrino Iuminosity 100 E I T T T T 11 I T T T T 11 I T T T T 11 I §
_ 51 1 Mpns 6 Rons \ " (8P\" (t+1\° 0 E E
L=53x10  ergs <1.4M@> (10km> (?) <lOOs> % - -
T -
% Neutrino average energy E E -
B Mpns - Rpns B gp I+ 1 e \i LT T - i
<Ey>_16MeV(L4M®> (s )7 (2) (o) B -
| = N
= two-component model " - -
» early cooling phase (f=3) 3 I ]
> late cooling phase (=0(10)) = 0.1 & ~
S f :

001 | BRI | NI EE \. | |1 A Y |

0.1 1 10 100
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[Suwa, Harada, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 934, 15 (2022);
Harada, Suwa, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 954, 52 (2023)]

DATA ANALYSIS
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See also Mori-san’s talk Analysis code SPECIAL BLEND is available from github
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https://github.com/akira-harada/SPECIAL_BLEND

Toward a comprehensive model

Pre-SN Main Signal Late Time
< 5 >
10>
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Li et al. (2021)
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