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Neutrinos
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Neutrinos interact only ly
 Escape from extremely dense area
* [ravel over the long distance
e Not deflected by cosmic magnetic field



Neutrino Telescopes (So Far)

IceCube (South Pole)

Different expertise in target and



Neutrino Telescopes (Soon)

P-ONE (East Pacific Ocean), Baikal-GVD (Lake Baikal), ...

IceCube-Gen2 (South Pole)

XLZD, ...
DUNE (US)



Astrophysical Neutrino Sources

Transient ~ temporal emission Diffuse ~ continuous emission
* Supernova (CCSN) * Diffuse supernova neutrino background (DSNB)
* Blazar Most familiar stars (Sun, Earth)
« Gamma-ray burst (GR Active galactic nuclei (AGN)
Galactic Plane
.. etc




Neutrinos from the Sun Borexino
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Neutrinos from the Earth

* Neutrinos are emitted from inside of the Earth through the decay of
naturally occurring radionuclides, such as Uranium and Thorium.

* First observed by KamLAND, and followed by other experiments.
 JUNO with 207 days already showed a very clear signal.

https://indico.global/event/15740/contributions/155563/attachments/72452/141000/JUNO-Neutrino2026-Vfinal. pdf
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https://www.awa.tohoku.ac.jp/KamLAND/geonu2022/data-release.html
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Neutrinos from Collapsing Stars

Efficient neutrino emission after carbon core
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Neutrino emission from proto-neutron star cooling
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S. W. Li, L. F. Roberts, and J. F. Beacom, PRD 103, 023016 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.023016

Only one case so far, the historic SN 1987A
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We are waiting for the next one!

5 6 7 8 9 10 11 12 13
TIME (sec)




Alerting Pre and Burst SN Neutrinos

by K. Saito (The 11th SN workshop)

Detection

Pointing

by G. Pronost (The 11th SN workshop)



Knowledge from Non-detection of “Failed” Explosion

core collapse

* Observation of a failed SN in Andromeda, M31 (~780 kpc) was reported.

neutron star
e Super-K data in the corresponding period didn’t find any cluster events.

. black hole (failed SN)

K. De et al., Science Vol 391, Issue 6786 (2026) Y. Suwa et al., The Open Journal of Astrophysics, Volume 8 (2025)
F. Nakanishi et al. (Super-Kamiokande Collaboration), ApJL 997, L9 (2026)



https://astro.theoj.org/article/147127-neutrino-constraints-on-black-hole-formation-in-m31
https://www.science.org/doi/10.1126/science.adt4853
https://iopscience.iop.org/article/10.3847/2041-8213/ae2c73

Y. Ashida, K. Nakazato, ApJ 937, 1 (2022) 44

Diﬁuse Flux Of SN NQUtrinos Y. Ashida, K. Nakazato, T. Tsujimoto

K. Nakazato, R. Akaho, Y. Ashida, T. Tsujimoto

The accumulated flux of neutrinos released from stellar core collapse over the cosmic history

Many predictions

O=] ® [Star formation] ®


https://iopscience.iop.org/article/10.3847/1538-4357/ac8a46
https://iopscience.iop.org/article/10.3847/1538-4357/ace3ba
https://iopscience.iop.org/article/10.3847/1538-4357/ad7826

Recent DSNB Search Result from Super-K

* A search based on 5003 days of Super-K data shows a 2.60 significance (99.5% C.L.).
* 1.40 (pure water phase only)
 2.20 (Gd water phase only)

* This is the first indication of the DSNB electron antineutrino signature!

paper in prep



High-Energy Astrophysical Neutrinos

* |ceCube had confirmed and is now precisely measuring the extragalactic astrophysical neutrino flux; also
confirmed significant high-energy neutrino emissions from the galactic plane.
* Followed by Baikal;, KM3NeT started its operation (reported a ~220 PeV neutrino).

* Remaining mysteries (but we may gradually approach the answer?)
* Major contributor to the observed astrophysical flux R. Abbasi et al. (IlceCube Collaboration), PRD 110, 022001 (2024)
 Reason for the observed broken power spectrum —— ESTES 10.3 year - All Sky (This work

. . | —e— ESTES 10.3 year - Southern Sky (This work)
* Flux of cosmogenic (GZK) neutrinos
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|. Bartos et al., Apd 921, 45 (2021)

R. Abbasi et al. (lceCube Collaboration), PRL 135, 031001 (2025)



https://iopscience.iop.org/article/10.3847/1538-4357/ac1c7b/meta
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.135.031001

Identified Sources Seyfert galaxy NGC 1068

Blazar 0506+056

THE ASTROPHYSICAL JOURNAL LETTERS, 1000:L26 (20pp), 2026 March 20 https: //doi.org/10.3847/2041-8213 /ae4aad
© 2026. The Author(s). Published by the American Astronomical Society.
CrossMark

Evidence for Neutrino Emission from X-Ray-bright Active Galactic Nuclei with IceCube

R. Abbasi' , M. Ackermann’ , J. Adams’ , S. K. Agarwa11a4’64 , J.A. Aguilar5 , M. Ahlers® , J. M. Alameddine’ ,

S. Ali®*®, N. M. Amin’, K. Andeen'®®, C. Argiielles'' @, Y. Ashida'?, S. Athanasiadou®, S. N. Axani’ ®, R. Babu'®, X. Bai'*®,
T Raines-Holmes? A Ralaconal V2@ S W Rarwick!?@® & Rash!® V. Raan'?@® R Rav!” T T Reattv!®1?

THE ASTROPHYSICAL JOURNAL LETTERS, 1000:L37 (11pp), 2026 April 1 https: //doi.org/10.3847/2041-8213 /ac4aac Seyfe rt g aIaXI eS
© 2026. The Author(s). Published by the American Astronomical Society.
CrossMark

Evidence for Neutrino Emission from X-Ray Bright Seyfert Galaxies in the Southern
Hemisphere Using Enhanced Starting Track Events with IceCube

R. Abbasi' , M. Ackermann? , J. Adams> , S. K. Agarwalla‘l’64 , J.A. Aguilar5 , M. Ahlers® , J.M. Alameddine’ ,
S. Ali®*®, N. M. Amin’, K. Andeen'’®, C. Argiielles'' @, Y. Ashida'?, S. Athanasiadou”, S. N. Axani’ @, R. Babu'>, X. Bai'*®,
J. Baines—Holmes4, A. Balagopal VA , S, W. Barwick "’ , S. Bash16, V. Basu'? , R. Bay”, J. J. Beattylg’19 ,
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Quasi- or Non-thermal SN Neutrinos

< |
Rapidly rotating and strongly magnetized PNS Yaron et al. 2017
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K. Murase, PRD 97, 081301(R) (2018)
K. Murase, PRD 109, 103020 (2024)

J. A. Carpio et al., PRD 110, 083012 (2024)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.083012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.081301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.103020

SN 2023uqf: Modeling of Optical-Neutrino Emissions

 CSM structure is modeled by RHD calculations with STELLA to reproduce
optical light curve of SN 2023udf.

* Neutrino emission is calculated for the optimized CSM structure.

R. Sawada, Y. Inoue, Y. Ashida, ApJL 1005, 2 (2026)



https://iopscience.iop.org/article/10.3847/2041-8213/ae80bd

Possibility of Multi-Energy Detection? 2
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https://iopscience.iop.org/article/10.3847/1538-4357/adb721

Summary

* A unigque probe, compensating other messengers (= multi-messenger astronomy).
* Potential study with neutrinos from different mechanisms (= multi-energy neutrino astronomy).
 Many telescopes in the world to make a dream work! (= multi-detector neutrino astronomy)

* First indication of the DSNB signal at Super-K; HE diffuse is now being precisely measured.
 HE diffuse sources are being resolved; AGN looks promising!
 CCSNe stays among the most interesting sources in both LE and HE regimes.

B Many neutrino telescopes will start operating soon.
* Hyper-K, JUNO, IceCube-Gen2, KM3NeT, TRIDENT/HUNT/NEON, DUNE, ...
* Next decade should be the most ever exciting era for neutrino astronomy!
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Detection of neutrinos from
SN 1987A (Kamiokande else)
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Detection Channel

Inverse beta decay
(IBD)

v-nucleon DIS cross section [cm?]
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Y. Ashida, K. Nakazato, ApJ 937, 1 (2022) 25
Core Collapse Fate and DSNB

Y. Ashida, K. Nakazato, T. Tsujimoto
K. Nakazato, R. Akaho, Y. Ashida, T. Tsujimoto

B Emitted v spectrum is expected to depend on the remnant after core collapse (“fate”).

(pulser, failed SN monitoring, GW etc).

B Consider three major cases as a fate and calculate DSNB flux for each.
 Canonical mass neutron stars (~1.4Msun)

* High mass neutron stars (~1.7Msun)
» Black holes (failed SNe)

Typical NS (~1.4Msun)
Heavier NS (~1.7Msun)
BH formation (failed SN)

Multiple lines for different choice
of EOS (Shen, LS220, Togashi)
from K. Nakazato


https://iopscience.iop.org/article/10.3847/1538-4357/ac8a46
https://iopscience.iop.org/article/10.3847/1538-4357/ace3ba
https://iopscience.iop.org/article/10.3847/1538-4357/ad7826

Fitting with Other DSNB Models

 Three models (which have different shapes) were tested.
* The fitting consistently shows a significance of ~2.60 against the null DSNB hypothesis.

* QOur analysis is not capable of model discrimination.

Preliminary
IBD event rate DSNB flux L _
[events/year] [cm?2 s°1] Significance Maximum
(SK-IV ~ Vi Likelihood
joint fit) Value
Best-fit Pred Best-fit Pred
Horiuchi+096 4.8 5.2 3.6 3.9 2.60 1226.1
MeV, max +2.2/-2.0 +1.6/-1.5
Kresse+21 5.1 4.3 4.1 3.5 2.70 1225.3
+2.2/2.0 +1.8/-1.6
Ashida+23 5.7 5.5 4.0 3.9 2.60 1225.9
+2.5/-2.3 +1.8/-1.6



First Observation of HE Astrophysical Neutrinos

* [wo highest energy neutrinos: 1.04+0.16 PeV, 1.14+0.17 PeV
* High Energy Starting Event (HESE) sample confirmed the flux.
 More improvements came up afterwards.

» Better reconstruction tools (ML-based)

* Lower energy threshold



Diffuse HE Neutrino Flux
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First independent observation from IceCube

Baikal is located in North hemisphere!!



Evidence for Spectral Break

R. Abbasi et al. (IceCube Collaboration), PRL 136, 121002 (2026)



https://journals.aps.org/prl/pdf/10.1103/2gh9-d4q7?casa_token=oi9yOBUkV8UAAAAA%3AGkSDZW52iD5uOpPMfVRBcqT4CQLIUYaCoBW7hrg0RSC_oeO9N6Jphn96Zy3c10gjPhmjGLn110e8OA

Galactic Plane in Neutrinos







Dense Circumstellar Material . SN2013fs (‘typical” Il-P)
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Pre-SN Neutrino Release for CSM Formation

Gravitational bind gets weaker due to

pre-SN neutrino release, leading to stellar mass loss? ; e
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Neutrino Light Curve
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https://iopscience.iop.org/article/10.3847/1538-4357/adb721

Applicable Parameter Space

R. Sawada, Y. Ashida, Apd 982, 2 (2025)

Estimation performed along distance and mass-loss efficiency.

Applicable up to ~500 pc, which could be extended
to O(1) kpc.

> Wider analysis window at JUNO

> Background reduction at JUNO (e.qg., reactor)

> Combined data from multiple experiments

A few candidate \Walf-Rayet stars in ~1 kpc
(closest is WR 11 at ~340 pc).

Hyper-K Is probably able to detect both
pre-SN and CSM neutrinos alone.
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