
Multi-Messenger Astronomy
(다중신호 천문학)

곽 규 진
Department of Physics, UNIST

2025 수치상대론 및 중력파 여름학교
한국천문연구원
July 29, 2025



Contents

• Multi-messenger astronomy (MMA) within my own 
perspective
• Neutrino astronomy in MMA
• Solar neutrinos
• Nearby massive evolved stars
• Supernovae
• (X-ray bursts)
• (High energy neutrinos)
• Binary neutron stars in highly eccentric closed (elliptical) orbits
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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 
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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!
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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) 
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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)
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Applying Unsupervised Algorithm
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§ t-SNE (t-distributed stochastic neighbor embedding)
§ PCA (Principal Component Analysis)



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!!
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중성미자란? (中性微子, neutrino 뉴트리노)
별칭: 유령 입자 혹은 수수께끼 입자

존재 예측: 1930년 볼프강 파울리 (1945년 노벨상 수상자)

최초 발견: 1956년 프레더릭 라이너스 (1995년 노벨상)

리언 레더먼, 멜빈 슈워츠, 잭 스타인버거

고시바 마사토시, 레이먼드 데이비스 2세

가지타 다카아키, 아서 맥도널드

ü 중성미자의 무게(질량)는 얼마일까?
ü 중성미자의 종류는 몇 가지일까?
ü 중성미자의 무게와 종류 사이에는 어떤 관계가 있을까?
ü 중성미자의 반입자는 자기 자신일까?

ü 우주에서 만들어진 중성미자를 지구에서 관측할 수 있을까?
ü 관측하려면 어떤 장비가 필요할까? 
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모두 1조원대 이상 거대 과학 장비
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도야마시
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KNO 중성미자 검출기 내부 예상도 

ü 세계 최대 지하 중성미자 망원경을 설치해 입자물리학과 천체물

리학 연구를 선도

ü 이산화탄소 처리 시설 구축을 위한 지하 탐사와 지하 저장 연구 

그리고 超深地 환경 방사능 측정

ü 의료 및 생명과학 연구와 재료과학 연구 

ü 약 3,000~5,000억원 규모(국비), 7년

ü 약 25~50만톤  超純粹 물을 채운 물 탱크 + 광센서

ü 광센서: 물 탱크를 지나는 중성미자가 방출하는 약한 빛을 측정 

초고감도 광센서
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간월산



Astrophysical Sites for Neutrino Emission I

• Cosmic-ray: high energy neutrinos (> GeV,                 
typically > TeV or even PeV)
• Anywhere high energy particles (protons) exist
• Strong acceleration processes such as shock waves, magnetic 

fields, and jets are required -> correlation among high        
energy electromagnetic radiation like X-ray and gamma-ray, 
ultra-high cosmic-ray, and neutrino emission

• Atmospheric neutrino: detected
• Active galaxies (with active galactic nuclei: AGN/blazar):        

detected
• Clusters of galaxies & nearby star-burst galaxies: predicted to 

have negligible detectability (recent work by Prof. Ryu and his 
students at UNST/CHEA)

• Other sites?
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Astrophysical Sites for Neutrino Emission II

• 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)
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Solar Neutrino

Kyujin Kwak (UNIST)
International Forum on Korea Neutrino Observatory

December 21, 2023
Seoul National University



Contents

• Brief History of Solar Neutrino Detection

• Current Issues of Solar Neutrino

• Solar Abundance (Metallicity) Problem

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

neutrino)

• Solar Neutrino in the KNO Era

• Summary and Prospect
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Reference 
Annu. Rev. Nucl. Part. Sci. 2021. 71:491–528
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Proton-Proton (PP) Chain
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CNO Cycle

CNO-I Cycle

CNO-II
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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, 
i.e., oscillates because it is a 
combination of mass eigenstates. 
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Neutrino Experiments/Observatories

• Radiochemical: (ex) HOMESTAKE–CHLORINE: C2Cl4 (615 tons) a.k.a. dry-
cleaning fluid
• Count the number of transformed 37Ar in 
• Sensitive to electron neutrinos only
• Reaction threshold: 814 keV
• SAGE: reaction threshold of 233.2 keV in 

• Cherenkov: (ex) Sudbury Neutrino Observatory (SNO): D2O (heavy water)
• Can detect all types of neutrinos with reaction threshold of 3.5 MeV

• Super-K: larger volume of H2O with reaction threshold of about 4 MeV 

• Charged Current: electrons detected

• Neutral Current: neutrons captured, gamma-ray emitted, electrons accelerated and 
detected via Cherenkov radiation

• Electron Scattering: electrons detected via Cherenkov radiation

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 7Be 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 

• Wiki page for more information
• https://en.wikipedia.org/wiki/List_of_neutrino_experiments#endnote_Sensitivity
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Solar Abundance Problem I 
• Solar abundance (or solar mixture)

• The chemical composition of the solar photosphere measured spectroscopically 
• Old High-Z (GS98) vs. New Low-Z (AGSS09)
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Solar Abundance Problem II

• 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

• 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”
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Solar Abundance Problem III
Fractional sound speed difference in 
the (Sun − model)/model for 
standard solar models based on 
high-Z and low-Z solar abundance 
mixtures. Error bars denote 
uncertainties due to measurement 
uncertainties in the solar acoustic 
oscillation frequencies (vertical 
direction) and size of kernels in the 
inversion (horizontal direction). 
Shaded areas represent model (light 
purple) and inversion technique 
(gray) 1σ errors. 
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Solar Neutrino as a Solution to Solar Abundance 
Problem (?)
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Solar Neutrino Fluxes

• Concept of Luminosity Constraint (LC)
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Solar Neutrino in the KNO Era
Collaboration and Competition with Hyper-Kamiokande

arXiv:1805.04163v1 [physics.ins-det] 9 May 2018
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Measuring HEP Neutrino
“The separation between 8B and hep solar neutrinos highly depends on the 
energy resolution of the detector.”
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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

40



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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§ https://youtu.be/G7y8OsUdhHM
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Motivation

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

~ MeV ~ GeV



Sun Red�supergiant Supernova

X-ray�burst

Neutron�
star�merger

MotivationMeV�Neutrino�sources



= 	𝑓	 ×	 𝑁	 ×	 𝜎 𝐸 	 ×	 𝜙(𝐸)

Motivation

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

        Detection MeV neutrinos: Only Sun, and SN1987A

How can MeV neutrinos be detected?

Event�rate��
Trigger�rate

Number�of�targets�(Detector�size)

Neutrino�flux

à1)�Stellar�evolution�+�Neu.
spectrum���

à 2)�Detector�simulation

Cross-section
+�energy



Single star models 

Performed�by�MESA(Modules�for�Experiments�in�Stellar�Astrophysics)
Z�=�0.01,�0.015,�and�0.02

Cf)�Sun�: ~1031erg/s

~1040~42 erg/s

main�
sequence

He-burning C-burning

C-burning

C-burning

main�
sequence

Nu.�reactions

Thermal�processes

He-burning

He-burning

main�
sequence



for�~�MeV�neutrinos Motivation

발표 내용에 관한 내용만. 머무르는 시간 좀 줄이기 

Super KamiokandeBorexino

Liquid scintillator Cherenkov detector
NO
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à Time resolution ~ 100psTheia,�Askins�et�al.�(2020)



Detector simulations (NuWro + Geant4)

Theia,�Askins�et�al.�2020

Scintillation
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• 50kT 𝒓 = 𝟐𝟑 𝒎 , Sphere
• 100% LAPPD coverage
1.   Water + LAB (Liquid Argon Benzene)

1 - 10%
2.   Selection-cut  1 - 10%, 7%



Detector performance

Optimal model



RSG’s neutrinos (C-burn) with HD
RSG�at�200�pc

Noise



Outline

• 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

Pre-supernova at the end 
of the massive star 

evolution
http://burro.astr.cwru.edu

www.atnf.csiro.au



From Wiki (Heger + 2005, ApJ)



From Wiki (Heger + 2005, ApJ)

1. Not all 
massive stars 
explode as 

SN

2. Effect of binarity on 
the stellar evolution 
and formation of 
NS/BH is actively 

investigated.  



On the Way to Explosion
ü Inner core (about 0.5 M¤) contracts homologously.
ü Size of inner core weakly depends on the pre-SN 

structure.
ü Outer core falls supersonically.
ü Central region exceeds nuclear saturation density, 

which leads to bounce depending on equation of  
state. Alternatively, it collapses into a black hole.

ü 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/


ü 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.)

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



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



𝞶-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)

Couch ApJ 2013

t=100 ms post-bounce

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

Neutrino Luminosity = 1.7 x 1052 ergs/s 



Neutrinos Predicted from SN Simulations

NS62CH17-Janka ARI 17 September 2012 11:7
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Figure 6
Neutrino-driven explosions of Fe-core progenitors (81, 146). (a–c) Time evolution of color-coded entropy profiles in the north and
south pole directions for two-dimensional simulations of (a) an 8.1-M ⊙ ultra-metal-poor (10−4 solar-metallicity) star (A. Heger,
private communication), (b) an 11.2-M ⊙ solar-metallicity star (22), and (c) a 15-M ⊙ solar-metallicity star (23), respectively. The shock
position is clearly visible as a sharp boundary between high-entropy ( yellow and red ) and low-entropy (blue and black) regions. Shock
oscillations are associated with violent convective activity in the neutrino-heating region and strong, bipolar sloshing motions of the
whole postshock layer due to the standing accretion shock instability. The explosions develop highly aspherically in all cases. (d ) An
extreme dipole asymmetry of the cross-sectional distribution of electron fraction (Y e ; left) and entropy at 775 ms after bounce for the
15-M ⊙ model, which explodes in a unipolar way. The neutron star is located at the position of the lowermost long tick mark on the
vertical axis, far away from the geometrical center of the roundish shock contour (white line).

group found neutrino-driven, although weak, explosions for 11.2- and 15-M ⊙ stars in 2D sim-
ulations (104, 106). Recently, these results, obtained with the Prometheus-VERTEX program
(80, 91), were confirmed by general relativistic 2D simulations (81) based on the newly developed
CoCoNut-VERTEX code (103), which also produced explosions for solar-metallicity 27-M ⊙ and
metal-poor (10−4 solar-metallicity) 8.1-M ⊙ progenitors with Fe cores (Figure 6) (160).

Neutrino-driven explosions for various stars were also observed in 2D and 3D simulations of
other groups with different MG treatments of neutrino transport (97–99, 116), whereas the AJP
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Janka 2010 ARNPS

ü 2D GR simulations from a progenitor of 15 
Msun and solar metallicity  

ü Neutrinos are emitted from proto-neutron 
star (PNS)
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Figure 6
Neutrino-driven explosions of Fe-core progenitors (81, 146). (a–c) Time evolution of color-coded entropy profiles in the north and
south pole directions for two-dimensional simulations of (a) an 8.1-M ⊙ ultra-metal-poor (10−4 solar-metallicity) star (A. Heger,
private communication), (b) an 11.2-M ⊙ solar-metallicity star (22), and (c) a 15-M ⊙ solar-metallicity star (23), respectively. The shock
position is clearly visible as a sharp boundary between high-entropy ( yellow and red ) and low-entropy (blue and black) regions. Shock
oscillations are associated with violent convective activity in the neutrino-heating region and strong, bipolar sloshing motions of the
whole postshock layer due to the standing accretion shock instability. The explosions develop highly aspherically in all cases. (d ) An
extreme dipole asymmetry of the cross-sectional distribution of electron fraction (Y e ; left) and entropy at 775 ms after bounce for the
15-M ⊙ model, which explodes in a unipolar way. The neutron star is located at the position of the lowermost long tick mark on the
vertical axis, far away from the geometrical center of the roundish shock contour (white line).

group found neutrino-driven, although weak, explosions for 11.2- and 15-M ⊙ stars in 2D sim-
ulations (104, 106). Recently, these results, obtained with the Prometheus-VERTEX program
(80, 91), were confirmed by general relativistic 2D simulations (81) based on the newly developed
CoCoNut-VERTEX code (103), which also produced explosions for solar-metallicity 27-M ⊙ and
metal-poor (10−4 solar-metallicity) 8.1-M ⊙ progenitors with Fe cores (Figure 6) (160).

Neutrino-driven explosions for various stars were also observed in 2D and 3D simulations of
other groups with different MG treatments of neutrino transport (97–99, 116), whereas the AJP
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Neutrinos Predicted from SN Simulations
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Figure 6
Neutrino-driven explosions of Fe-core progenitors (81, 146). (a–c) Time evolution of color-coded entropy profiles in the north and
south pole directions for two-dimensional simulations of (a) an 8.1-M ⊙ ultra-metal-poor (10−4 solar-metallicity) star (A. Heger,
private communication), (b) an 11.2-M ⊙ solar-metallicity star (22), and (c) a 15-M ⊙ solar-metallicity star (23), respectively. The shock
position is clearly visible as a sharp boundary between high-entropy ( yellow and red ) and low-entropy (blue and black) regions. Shock
oscillations are associated with violent convective activity in the neutrino-heating region and strong, bipolar sloshing motions of the
whole postshock layer due to the standing accretion shock instability. The explosions develop highly aspherically in all cases. (d ) An
extreme dipole asymmetry of the cross-sectional distribution of electron fraction (Y e ; left) and entropy at 775 ms after bounce for the
15-M ⊙ model, which explodes in a unipolar way. The neutron star is located at the position of the lowermost long tick mark on the
vertical axis, far away from the geometrical center of the roundish shock contour (white line).

group found neutrino-driven, although weak, explosions for 11.2- and 15-M ⊙ stars in 2D sim-
ulations (104, 106). Recently, these results, obtained with the Prometheus-VERTEX program
(80, 91), were confirmed by general relativistic 2D simulations (81) based on the newly developed
CoCoNut-VERTEX code (103), which also produced explosions for solar-metallicity 27-M ⊙ and
metal-poor (10−4 solar-metallicity) 8.1-M ⊙ progenitors with Fe cores (Figure 6) (160).

Neutrino-driven explosions for various stars were also observed in 2D and 3D simulations of
other groups with different MG treatments of neutrino transport (97–99, 116), whereas the AJP
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Neutrino-driven explosions of Fe-core progenitors (81, 146). (a–c) Time evolution of color-coded entropy profiles in the north and
south pole directions for two-dimensional simulations of (a) an 8.1-M ⊙ ultra-metal-poor (10−4 solar-metallicity) star (A. Heger,
private communication), (b) an 11.2-M ⊙ solar-metallicity star (22), and (c) a 15-M ⊙ solar-metallicity star (23), respectively. The shock
position is clearly visible as a sharp boundary between high-entropy ( yellow and red ) and low-entropy (blue and black) regions. Shock
oscillations are associated with violent convective activity in the neutrino-heating region and strong, bipolar sloshing motions of the
whole postshock layer due to the standing accretion shock instability. The explosions develop highly aspherically in all cases. (d ) An
extreme dipole asymmetry of the cross-sectional distribution of electron fraction (Y e ; left) and entropy at 775 ms after bounce for the
15-M ⊙ model, which explodes in a unipolar way. The neutron star is located at the position of the lowermost long tick mark on the
vertical axis, far away from the geometrical center of the roundish shock contour (white line).

group found neutrino-driven, although weak, explosions for 11.2- and 15-M ⊙ stars in 2D sim-
ulations (104, 106). Recently, these results, obtained with the Prometheus-VERTEX program
(80, 91), were confirmed by general relativistic 2D simulations (81) based on the newly developed
CoCoNut-VERTEX code (103), which also produced explosions for solar-metallicity 27-M ⊙ and
metal-poor (10−4 solar-metallicity) 8.1-M ⊙ progenitors with Fe cores (Figure 6) (160).

Neutrino-driven explosions for various stars were also observed in 2D and 3D simulations of
other groups with different MG treatments of neutrino transport (97–99, 116), whereas the AJP
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Supernova Relic Neutrino 
1 Billion 
years 
from 
Bigbang 

15 Billion 
years 
from 
Bigbang 

•  Supernova Relic Neutrino (SRN) 
is diffused neutrinos coming from 
all past supernovae. 
•  Not discovered but promising 
source of extra-galactic neutrino. 

	
��
Slides from Takatomi Yano @Kobe 
Univ. (linked from 
http://www.hyperk.org)



Physics"of"SRN"

	
��

Stellar"birth"rate(=collapse"rate)"
and"Bright"collapse"rate�

Horiuchi(et.al((2011)(with(data(from(Dahlen(et.al((2012)�

Lunardini((2009)�

Event!rates!

Hyper>K(Astrophysics,(May(18th(2015( Shunsaku(Horiuchi((Virginia(Tech)( 27(

Adapted!from!Horiuchi!et!al!(2009)!

Event(spectra(with(uncertain\es:(

Lunardini!PRL!(2009);!also!Lien!et!al,!PRD!(2010),!
!Keehn!&!Lunardini!PRD!(2010)�

Diffuse(neutrino(fluxes:(

Event(rate(at(0.5(kton(H2O(detector:(

Neutron(stars(!(

Black(holes(

Spectrum& 18&MeV&
threshold&[/yr]&

4(MeV( 9.2(+/>(2.5(

4(MeV+BH( 39.9((max)(

SN1987A( 10.3(+/>(3.1(

Event"spectra"with"uncertainBes�

Adopted(from(Horiuchi(et(al.((2009)�

Horiuchi"

 
•  Star formation rate 
•  Energy spectrum of supernova 
burst neutrinos 

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

Slides from Takatomi Yano @Kobe 
Univ. 
(linked from http://www.hyperk.org)



Neutrinos from GRBs/AGNs
• Neutrino and ultra high energy cosmic ray emission 

from Jet in GRB and AGN via the following process

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 

in Highly Eccentric Orbits

Kyujin Kwak
UNIST

CHEA Workshop @Sono Belle Cheonan
December 2, 2022



Deformed Neutron Star at Close 
Encounter in a Compact Binary
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Energy Budget

• Gravitational self-energy
• Ellipsoid

• 𝑈 = − "
#$
𝐺𝑀% ∫$

& '(
(*!+()(-!+()(.!+()

• Volume = 
/0
" 𝐴𝐵𝐶

• Sphere: A=B=C=R then 𝑈 = − "
1
23!

4
• Energy difference due to deformation
• A=B>C or A=B<C, but maintaining the same volume and uniform   

density, i.e., the same mass

• A fraction of 
23!

4 ~101" 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
• Detectability at terrestrial detectors such as SK, HK, and KNO 
also depends on the energy spectra of emitted neutrinos
• 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
• Gravity or general relativity
• High efficiency in energy       

conversion (simple)
• Cosmological observation is   

possible

• Neutrino Astronomy
• Baryonic process
• Low efficiency in energy        

conversion (complicated)
• Only local observation is       

possible
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Thank You!!
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