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Astronomy vs. Astrophysics

« Astronomy vs. Physics
» Observation vs. Theory

* Astrophysics as an interdisciplinary field of study like
biophysics

* Nuclear astrophysics, astro-particle-physics, and more
 Astrochemistry, astrobiology, and beyond



Multi-Messenger Astronomy

* Electromagnetic (EM) signal vs. Non-EM signal

* Multi-Messenger (MM)
* EM (photons)
* Gravitational wave (GW)
* Neutrino
« Cosmic-ray (protons and heavy nuclei)

 MMA has a long history even before the first detection of
GW in 2015!



Multi-Wavelength Astronomy

« Observing (seeing) the same region of sky (target) with
different telescopes (EM wave with different wavelength)

* The more, the better
 Makes the observer’s life more difficult

« Sometimes opens an entirely new subject in astronomy
« Gamma-ray burst (GRB)



A brief history of GRB

* First discovered serendipitously with gamma-ray in 1960s

« Confirmed as cosmological sources with optical detection
which provided distance measurement (redshift) in 1990s

* Drove a multi-wavelength satellite mission “Swift” in 2004

which is equipped with X-ray, UV, and optical telescopes.
Swift is still operating.

* Origin of GRB

 Collapse of massive stars (collapsars)
« Merging of binary neutron stars (related to GW sources)

= https://en.wikipedia.org/wiki/History of gamma-ray burst research
»  https://en.wikipedia.org/wiki/Gamma-ray burst
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* The first case in which humans detected
gravitational waves
GW] 50914
First detected
o 36 M+ 29 M, -> 62 M, +
. Relo’rivi'ry velocity increased from 0.3c to 0.6c
« About 1.3* 100y
 0.2sec
« GW's spectrogram is called “chirp”
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Typeset using IATEX twocolumn style in AASTeX631 1 1080Lines ( 13 12)
2 | 1400Ripples (928)
3 | Air_Comprossor (232)
Analysis of LIGO gravitational wave data using AI* 4 | Blip (7476)
WoouIN LEE! AND KYUJIN KWAK' 5 | Chirp (264)

I Department of Physics, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea 6 EXtremely—Loud (1816)

7 | Helix (1116)
Submitted to The Astrophysical Journal 8 | Kor_Fish (3320)
9 | Light_Modulation (2292)
ABSTRACT 10 | Low_Frequency Burst (2628)
After the first detection of gravitational waves by LIGO in 2015, a substantial amount of data have 11 | Low_Frequency_Lines (1812)
been collected. While LIGO detects gravitational waves using laser interferometers, the system is )
. . . o : 12 | No_Glitch (724)

affected by various types of noise, known as glitches. To analyze gravitational wave data and improve

data characterization performance, these glitches need to be classified. For labeled datasets, supervised 13 | None_of the_Above (352)

machine learning algorithms are typically used, whereas for unlabeled datasets, unsupervised machine 14 | Paired _Doves (108)

learning algorithms such as t-SNE and UMAP are applied. Our study demonstrated that applying 15 | Power_line (1812)

PCA pre-processing to t-SNE datasets improved classification performance. 16 | Repeating Blips (1140)
17 | Scattered_Light (1836)

Keywords: Gravitational Wave (251) — Multi-messenger astronomy(1736) — Unsupervised machine 18 | Scratchy (1416)

learning(1868) — t-SNE(804) 19 | Tomte (464)

20 | Violin_-Mode (1888)
21 | Wandering_Line (176)
22 | Whastle (1220)

Table 1. Names and number of data of each 22 types of
glitch classes. Vertical and Horizontal 12 types of glitch
classes are in bold, Center clustered glitch classes are in italic
text.
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Applying Unsupervised Algorithm

t-SNE

t-SNE

1. 1080Lines

2. 1400Ripples

3. Air_Compressor
4. Blip

5. Chirp

6. Extremely_Loud
7. Helix

8. Koi_Fish

111

9. Light_Modulation [ |
10. Low_Frequency_Burst s
11. Low_Frequency Lines
12. No_Glitch [ |
13. None_of_the_Above L
14. Paired_Doves L
15. Power_line

16. Repeating_Blips

17. Scattered_Light
18. Scratchy

19. Tomte

20. Violin_Mode

21. Wandering_Line
22. Whistle

t-SNE

PCA preprocessed

B 1. 1080Lines

B 18. Scratchy

B 2. 1400Ripples B 20. Violin_Mode
B 12. No_Gilitch B 21. Wandering_Line

B 22. Whistle

= t-SNE (t-distributed stochastic neighbor embedding)
= PCA (Principal Component Analysis)

11




Neutrino Astronomy and Astrophysics

* Neutrino astronomy

« Emerging as an important part of multi-messenger astronomy
together with gravitational wave (GW)

« Many neutrino detectors/observatories are operating, under
construction, and planned: ICECUBE, KM3NET, DUNE,
Hyper-Kamiokande, JUNO

* (Tentative) Korean Neutrino Observatory (KNO) is being pursued

* Neutrino astrophysics is not new at all!

« Various astrophysical sites and production mechanisms for neutrino
emission have been studied for a long time

 But predicting detectability on operating/planned detectors is NEW!!

12
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Astrophysical Sites for Neutrino Emission |
\ cosmic ray

« Cosmic-ray: high energy neutrinos (> GeV,
typically > TeV or even PeV)

« Anywhere high energy particles (protons) exist pions

 Strong acceleration processes such as shock waves, magnetic
fields, and jets are required -> correlation among high
energ%/ electromagnetic radiation like X-ray and gamma-ray,
ultra-high cosmic-ray, and neutrino emission W

« Atmospheric neutrino: detected

« Active galaxies (with active galactic nuclei: AGN/blazar):
detected

» Clusters of galaxies & nearby star-burst Ealaxies: predicted to
have negligible detectability (recent work by Prof. Ryu and his
students at UNST/CHEA)

e Other sites? Super—K@

Detector

R air nucleus

18



Astrophysical Sites for Neutrino Emission |l

« Anywhere in the universe where weak interaction occurs!

* Nuclear reactions: low energy neutrinos (< GeV, typically
a few tens of MeV)
* Inside stars -> Solar neutrinos (detected)
« Supernovae -> SN 1987A (detected)

« Compact binary mergers (NS-NS or NS-BH): only GW detected ->
many predictions (# of models >> # of observed events: very
common in astronomy/astrophysics)

« X-ray bursts: from rp-process. Did not get much attention thus/but
worth investigating their potential contribution to detectability

« Other sites? Carbon-burning massive stars (Red SuperGiants)

19



Solar Neutrino

Kyujin Kwak (UNIST)
International Forum on Korea Neutrino Observatory
December 21, 2023
Seoul National University



Contents

* Brief History of Solar Neutrino Detection

e Current Issues of Solar Neutrino

 Solar Abundance (Metallicity) Problem

« Detection of undetected solar neutrino (or Precise detection of solar

neutrino)

e Solar Neutrino in the KNO Era

« Summary and Prospect
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CNO Cycle
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PP vs. CNO Inside the Sun
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Solar Neutrino Flux in SSM
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Solar Neutrino Problem

 Discrepancy between prediction
from the standard solar model
and experimental measurement
for solar neutrinos

 Resolved by the neutrino
oscillation, e.g., MSW effect

 Neutrino oscillation in a nutshell

 Neutrino has mass.

» Mass eigenstate is different from
flavor (e.g., electron, muon, tau
neutrinos observed) eigenstate.

« Flavor eigenstate changes over time,
l.e., oscillates because it is a
combination of mass eigenstates.

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]
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Neutrino Experiments/Observatories

« Radiochemical: (ex) HOMESTAKE-CHLORINE: C,Cl, (615 tons) a.k.a. dry-
cleaning fluid
. Count the number of transformed 37Ar in e + °'Cl — *"Ar+ e~
 Sensitive to electron neutrinos only
» Reaction threshold: 814 keV . . i
« SAGE: reaction threshold of 233.2 keV in Ve+ Ga— Ge+e

« Cherenkov: (ex) Sudbury Neutrino Observatory (SNO): D,O (heavy water)

e Can detect all types of neutrinos with reaction threshold of 3.5 MeV
Vg + 2D — 2p + e » Charged Current: electrons detected

2 :
Vy+ D= Vvy+n+p - Neutral Current: neutrons captured, gamma-ray emitted, electrons accelerated and
- - detected via Cherenkov radiation
Vet€ V. +6€ « Electron Scattering: electrons detected via Cherenkov radiation

» Super-K: larger volume of H,0O with reaction threshold of about 4 MeV

28



Neutrino Experiments/Observatories

 Scintillation: (ex) Borexino, BOREX (BORon solar neutrino
EXperiment)
 Transparent (water-like) liquid as scintillators
« Photons are produced via Cherenkov radiation in the elastic scattering of

electron neutrinos
Reaction threshold: 250-665 keV. Optimal for ’Be neutrinos

Originally designed with trimethyl borate (containing Boron) but replaced
with PC (1,2,4-trimethylbenzene) + PPO (2,5-Diphenyloxazole)

DUNE: uses liquid argon for scintillating material
« Gamma-ray from electron-positron annihilation in v +p— e +n

« Wiki page for more information
 https:.//en.wikipedia.org/wiki/List of neutrino_experiments#endnote Sensitivity

29
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Solar Abundance Problem |

« Solar abundance (or solar mixture)

« The chemical composition of the solar photosphere measured spectroscopically
« Old High-Z (GS98) vs. New Low-Z (AGSS09)

a Volatile elements b Refractory elements

GS98 (high-2)

AGSS09 (low-2)

c11

A,

| | | |
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.000 0.001 0.002 0.003 0.004

Metal to hydrogen mass fraction Metal to hydrogen mass fraction
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Solar Abundance Problem |l

» Solar Models

« Seismic models: stellar structure -> helioseismic data (sound speed
inside the sun) -> variation of the surface brightness

« Standard Solar Models (SSMs): same as the stellar evolution models

e Solar Abundance Problem

 "Conflict between state-of-the-art spectroscopic methods and solar
structure models; arises because of a 30—40% reduction of the
inferred C, N, O, and Ne abundances from novel spectroscopic
analysis methods”

32
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(gray) 10 errors.
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Solar Neutrino as a Solution to
Problem (?)

Solar Abundance

Table 1 Solar neutrino fluxes
Solar (global) SSM-B16 Uncertainties

e No LC LC High-Z Low-Z Nuclear | Environmental CNO
®(@pp) (101 ecm =2 s71) | 6.21 £ 0.50 5.971%9037 5.98 (0.6%) 6.03 (0.5%) 0.4% 0.4% 0.1%
d(pep) (108 em™2s71) | 1.51+£0.12 | 1.448+0.013 | 1.44(1%) 1.46 (1%) 0.6% 0.8% 0.3%
®(bep) (103 cm~2 s71) 1913 191 7.98 (30%) 8.25 (30%) 30% 1.3% 0.4%
®('Be) (10° cm2s!) | 4.85+0.19 4.80+0-24 4.93 (6%) 4.50 (6%) 5.0% 4.1% 0.8%
®(®B) (10% cm~2 s71) 5.167013 5.1610:13 5.46 (12%) 4.50 (12%) 7.6% 9.2% 1.9%
®(BPN) (108 cm~2 s71) <13.7 <13.7 2.78 (15%) 2.04 (14%) 6.2% 6.9% 12%
®(’0) (108 cm~2 s71) <2.8 <2.8 2.05 (17%) 1.44 (16%) 8.7% 8.4% 12%
®('7F) (10° cm~2 s71) <85 <85 5.29 20%) 3.26 (18%) 9.3% 9.0% 16%

x2 6.0 7.0

The Solar columns show experimental results with and without the inclusion of the LC. The SSM-B16 columns show results and uncertainties based on
GS98 and AGSS09 solar mixtures. The Uncertainties columns show the contributions to model uncertainties from different types of sources. Solar data
from Bergstrom et al. (150). SSM fluxes and uncertainties from Vinyoles et al. (4). Abbreviations: LC, luminosity constraint; SSM, standard solar model.

34



Solar Neutrino Fluxes

» Concept of Luminosity Constraint (LC)

LIIUC
(1AU)?

— Z aiq)(Xvi)a

i=1,8

Lse = 1044097 L, ) Lue = 0.991709%% 1 0.009+9%% L,



Solar Neutrino In the KNO Era

Collaboration and Competition with Hyper-Kamiokande

] IT1.3. Neutrino Astrophysics and Geophysics 264

):,‘h'i A. Supernova 264

::;:;m B | 1. Supernova burst neutrinos 264
/‘% H K = k d 2. High-energy neutrinos from supernovae with interactions with circumstellar

WNas®  Vageed” ype r- a I l | Io a “ e material 276

3. Supernova relic neutrinos 277

B. Dark matter searches 282

1. Search for WIMPs at the Galactic Center 283

Design Report 2. Search for WIMPs from the Earth 285

(Dated: M ay 9, 2018 ) C. Other astrophysical neutrino sources 288

1. Solar flare 288

2. Gamma-Ray Burst Jets and Newborn Pulsar Winds 288

3. Neutrinos from gravitational-wave sources 291

arXiv:1805.04163v1 [physics.ins-det] 9 May 2018

D. Neutrino geophysics 293
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IITI Physics Potential

IT1.1. Neutrino Oscillation

A. Accelerator based neutrinos

1.

10.

© ®°® N S ok~ WL DD

J-PARC to Hyper-Kamiokande long baseline experiment
Oscillation probabilities and measurement channels
Analysis overview

Expected observables at the far detector

Analysis method

Measurement of CP asymmetry

Precise measurements of Am3, and sin? 3

Neutrino cross section measurements

Searches for new physics

Summary

B. Atmospheric neutrinos

1.
2.
3.

Neutrino oscillation studies (MH, 633 octant, C P phase)
Combination with Beam Neutrinos

Exotic Oscillations And Other Topics

C. Solar neutrinos

1.
2.
3.

Background estimation
Oscillation studies

Hep solar neutrino

4.

Summary

204

204
204
205
206
209
210
213
217
220
222
223
225
226
227
229
233
239
240
241
241
245
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Expected # of events / 1.9 Mton year

Measuring HEP Neutrino

“The separation between 8B and hep solar neutrinos highly depends on the
energy resolution of the detector”
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,,,,,,,,,,,,,,,,,,,, e Energy resolution Energy range B hep  bep/°E
: | : : [MeV] [/1.9 Mton/year| [/1.9 Mton/year]

SK-IIT/IV 19.5-25.0 0.77 3.03 3.9

_I_ ~ HyperK 18.0-25.0 0.56 6.04 10.6

(tan®0,A m?) = (0.38,83x10%) || Jﬁ
| | ’ | | | l | | I | | | | —I | | | I | | | |
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14 16 18 20 22 24
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Measuring CNO Neutrinos

« With KNO (Underground Water Cherenkov Detector) (?)

 Pro: Can confirm that it is “really” solar neutrino by
constraining its incoming direction

« Con: Have to lower the current energy threshold and to beat
the large noises of radioactive isotopes

 Suggestion: Hybrid detector
 Can lower the energy threshold

 Large CNO neutrino fluxes may beat the noises -> Need to estimate
the size of the hybrid detector
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A New Suggestion for KNO

* Build a small hybrid detector next to KNO

 Detecting all of 8B, HEP, CNO (and other solar neutrinos)

simultaneously

A prototype detector for next generation neutrino telescopes that

can detect low-energy (sub-MeV) astrophysical sources

« The construction cost is a small fraction of the primary KNO

detector
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Summary and Prospect

* Precision measurement of solar neutrino will provide an
answer to the solar abundance problem.

« KNO will collaborate and compete with Hyper-Kamiokande
(HK) for the solar neutrino science and may be able to
perform better for the precision measurements due to its
larger volution although it is later than HK.

A small hybrid detector, which can be constructed with a
small additional cost of the entire KNO project, will contribute
to the solar neutrino science as a prototype of next
generation low-energy neutrino telescopes.
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Neutrinos from Carbon-burning Red Supergiants and Their Detectability

CrossMark

Gwangeon Seong , Kyujin Kwak' , Dongsu Ryu , and Bok-Kyun Shin'~
Depanment of Physics, College of Natural Sciences, UNIST, Ulsan 44919, Republic of Korea; kkwak @unist.ac.kr, dsryu@unist.ac.kr
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Received 2024 December 10; revised 2025 February 6; accepted 2025 February 7; published 2025 February 28

Neutrinos from Carbon-burning Red Supergiants
Abstract and Their Detectability

Stars emit megaelectronvolt neutrinos during their evolution via nuclear syntheses and thermal processes, and .
detecting them could provide insights into stellar structure beyond what is accessible through electromagnetic wave Gwangeon Seong and Kyujin Kwak et al.
observations. So far, megaelectronvolt neutrinos have been observed from the Sun and SN 1987A. It has been ApJ, 981, 84,2025

suggested that pre-supernova stars in the oxygen- and silicon-burning stages would emit enough megaelectronvolt T oors

neutrinos to be detectable on Earth, provided they are in the local Universe. In this study, we investigate the
prospect of detecting neutrinos from red supergiants (RSGs) in the carbon-burning phase. In our Galaxy, around a
thousand RSGs have been cataloged, and several are expected to be in the carbon-burning phase. We first calculate
the luminosity and energy spectrum of the neutrinos emitted during the post-main-sequence evolution of massive
stars. For a nearby carbon-burmng RSG located ~200 pc away, we estimate the neutrino flux reaching Earth to
be as large as ~10° cm ?s™!, with a spectrum peaking at ~0.6 MeV. We then assess the feasibility of detecting
these neutrinos in underground facilities, particularly in hybrid detectors equipped with a water-based liquid
scintillator and ultrafast photodetectors. In detectors with a volume comparable to Super-Kamiokande, for the
above flux, we anticipate up to ~50 neutrino events per year with directional information. Although this is a fair
number, the number of events from radioactive backgrounds would be much larger. Our results indicate that
studying neutrinos from carbon-burning RSGs and predicting supernovae well in advance before their explosion

would be challenging with currently available detector technologies. n httDS . / /VO utu. be /G 7V 808 U d h H M

Unified Astronomy Thesaurus concepts: Carbon burning (195); Neutrino astronomy (1100); Neutrino telescopes
(1105); Stellar evolution (1599)
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https://youtu.be/G7y8OsUdhHM
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Motivation

Neutrino astronomy, as a part of multi-messenger astronomy, has a great
potential for future astronom

1018 1 1 1 1 1 1 | 1 1 1 1 1 T T 1 1 L] 1 1 1 1
_ . (Vitagliano et al 2020) -
o 107F : Newtinos interact WieaKIY vith beryonic maters
£ : -
% 108 Thermal neutrinos ] Cross sections of neutrinos with baryonic matter
L - from evolved stars ] 44 9)
x u . —
> - 1
% 106 - tmospheric E Cross sections of Photons with baryonic matter
) _ N
k= - ceCube data —24 2
S o (2017) 3 ~10 cm
p C i
- CosmogenicT = \E
1o 1(;-6 — 1ol-3 TS 10° c;12 — iéﬁ — iotTB_.
‘ ﬁlceCube
. . KM3NET
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MeV Neutrino sources Motivation

Alias SIMBAD ID Distance [pc] Te [K] Luminosity [Lg ] Mass [Mg ]
Betelgeuse alf Ori 168+37 3600 +£200 12600072990 16.5~19
Antares alf Sco 170 3660 +£200  98000*73000 11~14.3
5 Lacertae 5 Lac 505.05 3660 + 200 17473 £3344  5.11+0.18
119 Tauri 119 Tau 550 3820135 66000720000  14.37+2%9 ———
NO Aurigae ~ NO Aur 600 3700 67000 -
V424 Lacertac V424 Lac 623 3790 + 110.5 11176.69 -
KQ Puppis KQ Pup 659 3660 + 170 59,800 13~20
MZ Puppis MZ Pup 703 3745 + 170 19586.643 -
p Cephei mu Cep 94040 3551136 2690007, 500  15~20
V419 Cephei V419 Cep 941 3660 + 170 17693.234 -

Table 1. Red Supergiant Catalog in 1kpc



Motivation

From what other sources can MeV neutrinos
be detected? - Red supergiant?

How can MeV neutrinos be detected?

Number of targets (Detector size)

Eventrate = f X N X d(E) X ¢(E)

Cross-section

Trigger rate Neutrino flux  + energy

> 2) Detector simulation = 1) Stellar evolution + Neu.
WUNisST spectrum CHANGE



Single star models

Cf) Sun:L.o = 0.02398- L, o ~103'erg/s

‘ 263259 M, | 10% 1w, C-buming ~1 Q40~42 erg/S
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.‘Neutrino Detectors for ~ MeV neutrinos  Motivation
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Hybrid detector (Wate

B: Cherenkov, R: Scintillation

intillator) — Theia, Askin et al. (2020)

Emission Timing Histogram of Photons

—— Cherenkov

— Scintilation

70
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50

40

Events per bin [ events / 0.001ns ]
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=
6
h k 13
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N =P I I I A T T T || N i N
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Detector simulations (NuWro + Geant4)

Hit Timing Histogram of Photons

 50kT (r = 23 [m]), Sphere
* 100% LAPPD coverage

1. Water + LAB (Liquid Argon Benzene)
1-10%
— 2. Selection-cut 1 - 10%, 7%

Events per bin [counts / (0.01ns)]
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[l S
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Detector performance

200
LAB 1%, Selection 5% |

180 |] — LAB 1%, Selection 7%

N — LAB 1%, Selection 10% g
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20—
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RSG's neutrinos (C-oum)with D 25 G at 200 pc
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Outline

e Introduction to supernova simulations and neutrino emission
at each stage
« Stellar evolution
 Collapse and bounce
 Post-bounce and shock revival due to neutrino interaction

* Neutrinos from relic supernovae

« Gamma-ray bursts (GRBs)/active galactic nuclei (AGN) and
neutrino emission from them



Single Star Evolution

Evolutionary Tracks off the Main Sequence

Effective Temperature, K
30;(!'.0 101M 7.(100 &l:w
-8 He—C+0 10*
104
10"§
8
107
10 g
1 §
RGB - Red Giant Branch 10"
HB - Horizontal Branch
AGB - Asymptotic Giant Branch ok
10°
Colour Index (B- V) i
0.0 +03 +0.6 0
T | T Igo T |
05 BO A0 Ko

(]
Spectral Class
www.atnf.csiro.au

To surface

H, He envelope

Pre-supernova at the end
of the massive star
evolution
http://burro.astr.cwru.edu
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On the Way to Explosion

massive star

\ / collapse

of the

iron core
/ \ in /2 sec

proto
neutron
star

v" Inner core (about 0.5 Mg) contracts homologously.

v" Size of inner core weakly depends on the pre-SN
structure.

v" Quter core falls supersonically.

v" Central region exceeds nuclear saturation density,
which leads to bounce depending on equation of
state. Alternatively, it collapses into a black hole.

v Bouncing results in shock wave that forms near
the edge of inner core.

(From Introduction of Pejcha & Thomson 2015. See
the references therein.)

Figure from www.researchgate.net.



http://www.researchgate.net/

Neutrino-Driven Delayed Explosion

Slide from George Raffelt's presentation
(slideplayer.com)

Neutrino heating
increases pressure
behind shock front

shock gain R R R R
radius " PNS o ¢ 5

Picture adapted from Janka, astro-ph/0008432

v Shock wave is stalled by losing energy to dissociate iron and standing
accretion shock forms through the balance between neutrino emission
from proto-neutron star (PNS) and infalling matter from outer core.

(From Introduction of Pejcha & Thomson 2015. See the references therein.)



From the stalled shock to an explosion ??77?

» Classical delayed neutrino-driven mechanism :

eutrino heating below the shock} collapsing core /

N
[ drives the explosion \

+ Many physical ingredients :
— Nuclear physics
— Neutrino transport
— General relativity
— Multi-Dimensional hydrodynamics
- Magnetic field
-->Extremely challenging numerical task !

* No explosion in the most sophisticated 1D :
simulations... (Liebendorfereta/2001) shock

Asymmetries are essential for the (r~200km) gain radius
explosion mechanism !l neutrinosphere

(r~30-80km)

07/10/2010-SéminaireduLUTh - Jéréme Guilet

From http://slideplayer.com/slide/6963513/



v-Related Issues in Supernova Simulations

 Uncertain physics
* Neutrino self-interactions including oscillation at high luminosity

« Equation of state for dense (nuclear/quark) matter that affects the
emissivity and opacity of neutrino transport

 Technical (numerical) challenges
* Proper implementation of general relativity

3D simulations with neutrino radiative transfer
« Other effects (e.g., magnetic field)



Standing Accretion Shock Instability (SASI)

Neutrino Luminosity = 1.7 x 10°2 ergs/s

Entropy (k_B/baryon)

200 km Entropy (k_B/baryon)

I
t=100 ms post-bounce 43 75 1.4

25 48 70 92 12

17.

time of explosion, t=388 ms (2D), t=821 ms
Couch ApJ 2013 (3D)



Neutrino luminosity (1052 erg s™")

Neutrino mean energy (MeV)

Neutrinos Predicted from SN Simulations

Rapid variation due to
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Neutrinos Predicted from

Rapid variation due to
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15 Billion
e grom
¥rom Bigbang

Bigbang Fe

|
|

18 degrees

Gy

Slides from Takatomi YQQnge
Univ. (linked from

el:1dsle)2zMR elic Neutrino

« Supernova Relic Neutrino (SRN)
Is diffused neutrinos coming from
all past supernovae.

« Not discovered but promising
source of extra-galactic neutrino.

1 0 llllllllllllllll | T
~
> 10 6 Constant SN rate (Totani et al., 1996)

Hartmann, Woosley, 1997

Ando et al., 2005
Lunardini, 2006
Fukugita, Kawasaki, 2003(dashed)

SRN predictions
(v, fluxes)




« Star

Physics of SRN

formation rate

« Energy spectrum of supernova
burst neutrinos

« Extraordinary SN (black hole,
neutron star formation, dim
supernova)

Stellar birth rate(=collapse rate)
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Slides from Takatomi Yano @Kobe
Univ.
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Neutrinos from GRBs/AGNSs

« Neutrino and ultra high energy cosmic ray emission
from Jet in GRB and AGN via the following process

p+y— A >nt+n—et+v.+ 0+ v, +n.

Stellar-mass

/ black hole
o
’crction disk
S (100 km)

(1 billion km) s Helium

L

5
<
&
<

Host galaxy Hydrogen

Black hole

W— AGN : Collapsar

17 Microblazar V Blazar 17’ Gamma ray burst
https.//rodrigonemmen.com



Summary

« KNT/KNO has great potentials for astronomy research
because many celestial objects emit neutrinos which can be

detected by KNT/KNO.

« New measurements will be able to constrain the models that
predict astronomical neutrinos.

 As always In physics (and astronomy), unexpected discoveries
are expected.



Astrophysical Neutrino Sources:
Compact Binaries
iIn Highly Eccentric Orbits

Kyujin Kwak
UNIST
CHEA Workshop @Sono Belle Cheonan
December 2, 2022



Deformed Neutron Star at Close
Encounter in a Compact Binary



Energy Budget

* Gravitational self-energy

» Ellipsoid
° —_ _i 2 dx
U= 10 GM 0 /(A%2+x)(BZ+x)(C2+x)
* Volume = 4?ﬂABC
3 GM?
* Sphere: A=B=C=R then U = —-—

 Energy difference due to deformation
« A=B>C or A=B<(, but maintaining the same volume and uniform
density, 1.e., the same mass

* A fraction of %~1053 ergs depending on the degree of
deformation
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Conversion Efficiency

* Need to convert gravitational energy to neutrino emission

« May require numerical simulations which show how the
gravitational energy available during deformation is
converted to neutrino emission

* Neutrino emissivity is determined by conversion efficiency
and energy budget

 Detectabllity at terrestrial detectors such as SK, HK, and KNO
also depends on the energy spectra of emitted neutrinos

e So, there are MANY “ifs” at this moment
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Neutrino Emission/Production Process

* Weak interaction during particle or nuclear interaction

« URCA process: electron capture onto proton + neutron.
beta decay

« Core Collapse Supernovae
* Nuclei-involved URCA process
* In the crust of a neutron star
« X-ray bursts
 Deformed neutron star (?)
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Detectability: Observable Scenario

» Close encounter of compact objects in highly eccentric orbits
Is possible at densely populated star clusters like globular
clusters and/or at the Galactic bulge

» Direction toward a specific globular cluster (GC) and the
Galactic bulge is well constrained

* Neutrino emission would be periodic
« SK accumulates the past 30-year data

* Fourier analysis of SK data toward a specific GC could
detect the signal
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Challenges in (Low-Energy) Neutrino Astronomy
In comparison with GW astronomy

* GW astronomy * Neutrino Astronomy
 Gravity or general relativity  Baryonic process
 High efficiency in energy  Low efficiency in energy
conversion (simple) conversion (complicated)
« Cosmological observation is « Only local observation is

possible possible
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PHYSICAL REVIEW LETTERS 132, 261401 (2024)

Ringdown Gravitational Waves from Close Scattering of Two Black Holes
Yeong-Bok Bae R Young-Hwan Hyun 7o and Gungwon Kang Pl

'Particle Theory and Cosmology Group, Center for Theoretical Physics of the Universe,

Institute for Basic Science (IBS), Daejeon 34126, Republic of Korea
’Korea Astronomy and Space Science Institute (KASI), Daejeon 34055, Republic of Korea
3Department of Physics, Chung-Ang University, Seoul 06974, Republic of Korea

® (Received 28 October 2023; revised 31 January 2024; accepted 14 May 2024; published 26 June 2024)

We have numerically investigated close scattering processes of two black holes (BHs). Our careful
analysis shows for the first time a nonmerging ringdown gravitational wave induced by dynamical tidal
deformations of individual BHs during their close encounter. The ringdown wave frequencies turn out to
agree well with the quasinormal ones of a single BH in perturbation theory, despite its distinctive physical
context from the merging case. Our study shows a new type of gravitational waveform and opens up a new
exploration of strong gravitational interactions using BH encounters.
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