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Cosmic Rays (CRs) from Astrophysical Objects

Energies and rates of the cosmic-ray particles
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(1) Galactic Cosmic ray

From supernova remnants...

(2) Extragalactic Cosmic ray

From clusters of galaxies,

starburst galaxies, active galactic

nuclei, gamma-ray bursts...

— Neutrino emissions from
astrophysical objects (??)
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Astrophysical Shock and pp collision-induced Neutrino
14 astrophysical shock
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Acceleration Mechanism in Astrophysical Shocks

Generation of plasma waves and
particle acceleration
— plasma kinetic simulation

<ni>y,avg/no

(e.g., Ha et al. 2018, 2021, 2022)

Structure of supercritical Q, shocks

SSDA

X- Xsh[rL |]

I | 2nd ! ‘,
3 (a) | 1 pvershoot 1 50(—3 -04 -02 0.0 02 04 04
downstream : S a) .r:%% I I ]
A : LT 2.0 ‘' - 2ndacc -
I shock | > 28 I’ \l i
1r } transition !, foot 1507427 +—1stacc .
i L L . f' 26 o _Z
: — ; i
1 25 L I L I 1 l 1 | 1
51 (0) ning | YO 20 0 20 40
: Fermi-like X_Xsh[C/(Ope]
i
% 1 —
oL k' Fermi-like| . Xghlri_ ]
2 ! -0.3 02 0100 01 02 0.3
2 1.5
’ ‘: 141m i
LR ; 2nd acc
TF | : > 130 315
. .
i B . 1.2 30.5
downstream | o qo v
ugd | 1.1H 29.5
== R | Gr——T— 1.0 1285, | ] N
0 b— - . 30 20 -10 0 10 20 3
-2 1 x-xsh[c/wpe]

Particle acceleration modeling based
on Diffusive Shock Acceleration (DSA)
— Fokker-Planck equation

(e.g., Ryu et al. 2019, Ha 2024, 2025)
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Declination [°]

Observation of Astrophysical Neutrinos: (1) IceCube

— Detecting astrophysical neutrinos in the energy range of TeV - PeV (e.g., Aartsen et al. 2014a)
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— Detecting astrophysical neutrinos is challenging,

but could it be possible? 4/22



Observation of Astrophysical Neutrinos: (2) KM3Net

— Detecting astrophysical neutrinos in the energy range of TeV - PeV
(e.g., The KM3Net Collaboration 2025)

Locatlons of KM3Net
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Figure 1-6: Locations of the sites of the three Mediterranean neutrino telescope projects.
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Observation of Astrophysical Neutrinos: (3) Baikal-GVD

— Detecting astrophysical neutrinos in the energy range of TeV - PeV (e.g., Aynutdinov et al. 2023)
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Observation via Korean Neutrino Observatory (KNO)

Measured and expected fluxes of
2"d Hyper-K Detector in Korea (KNO) natural and reactor neutrinos
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Neutrino emission related to non-relativistic shocks
is the main focus of this talk.

astrophysical shock

— Clusters of galaxies
— Starburst galaxies (SBGs)

— Supernova remnants (SNRs)
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Clusters of Galaxies: CR Acceleration in Intracluster Shocks

Ha, Ryu and Kang 2020

Cosmological hydrodynamic simulations
[L = 57 Mpc/h box (1650 cells)]
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CR Production by Intracluster Shock
CR Spectrum: Diffusive Shock Acceleration (DSA)
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Integrated CR Spectrum in a Cluster of Galaxies
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E *d® /dE_

Predicted Neutrino Fluxes from Nearby Galaxy Clusters

[GeV cm™?s™ sr]

\

atmospheric v
u

= = atmospheric v,

Coma
Perseus

~ = Ophiuchus
----- Centaurus

= = =Virgo

Ha, Ryu and Kang 2020
(1) g,,: neutrino source function

(2) The energy spectrum of neutrinos
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(3) The neutrino flux
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— The probability of detecting
nearby galaxy clusters as an
isolated neutrino source with
KNO (or IceCube) is very small.
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Starburst galaxies — high star formation rate (SFR ~ 2 — 200 M,,,,/yr)
(SBGs) + high supernova rate (~ 0.02 — 2 yr~1):

— powerful CR factories!

Ha, Ryu and Kang 2021
*Starburst nucleus (SBN)

Schematic diagram of SBG

vk massive star superwind
bubble

termination shock

inside wind gas cloud k /
) [s / Nt

bubble \¥/ \&

‘ bowshow
\
termination \J
SBN

—_r — CR transport
l:ll:lf;l'; wind bubbles Thin disk (1) SBN wind

(2) diffusion mediated by
turbulence

— CR production
#tore-collapse SN (1) hra SN stellar winds

@ SNRinside  (SW5)
wind bubble () supernova remnants

(SNRs) from core-
collapse supernova

Thick disk

12/22



CR production model in SBN

CR produced by a collection of shocks

induced by supernova remnants
Pmax =~ 1 — 100 PeV /¢
gN = 4.2—4.5
P (YSN,1 = 4.2 — 4.5
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CR transport model in SBN

(1) SBN wind: advection of CRs, a phenomenon that typically acts in
the same way for CRs of any energy.

(2) Diffusion mediated by turbulence: ??

Model A (sudoh et al. 2018, Peretti et al. 2019):

- CR diffusion through resonant scattering off
the large-scale turbulence in SBN.

= CRs are efficiently confined in SBN!

shorter
diffusion
time!

[— = SBN wind advection
energy loss
diffusion model A
diffusion model B

0 1 2 3 4 5 6 7 8
100100 100 e 1o 100 100100 100 o CRs easily escape from SBN!
p[GeV/c] - ' 14/22

Model B (Krumholz et al. 2020).
- CRs interact with self-excited plasma waves
via CR streaming instability.

—
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Predicted Neutrino Fluxes from Nearby SBGs Ha, Ryu and kang 2021
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— Except in the most optimistic scenario, the neutrino fluxes from
nearby SBGs are too low to be detected as point sources.
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To Understand the Scientific Potential of Neutrino
Observatories to Detect Neutrinos from Supernova
Remnants

— Source neutrino fluxes in the energy range of GeV - PeV

— Searching galactic gamma-ray sources

— Number of events??

— Observation time??

— etc...??

All of these issues require detailed investigation.
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Scenario of Gamma-ray Production: Leptonic vs Hadronic

Inverse-Compton Scattering (leptonic)

low-energy
hoton

- 4 2
_— clectron

Pion decay (hadronic)

(Figure: H. Costantini 2017)
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e.g., H.E.S.S. Collaboration 2018
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(1) Fully hadronic emissions (?)

(2) Hadronic + leptonic emissions (?)
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Can galactic neutrino sources be detected as
point sources of neutrinos?

Ratio of the sensitivity and the expected flux

(Aiello et al. 2019)
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— KM3NET: TeV — PeV
— galactic sources are possibly detected
within ~ 5 years with KM3NET
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Predicted Neutrino Fluxes from Galactic Sources Derived

from Measured Gamma-ray Fluxes

Estimated neutrino fluxes inferred
from fully hydronic scenario

Ha et al. in prep.
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— Neutrinos from galactic
sources may be detected
via KNO (??) 19/22



(1)

Searching for Galactic Gamma-ray Sources Listed in the Fermi-LAT
Catalog: Detectablllty from GeV to 10 TeV
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Dependence on the Fraction of Hadronic Gamma-rays

The IceCube-Gen?2
Collaboration 2020

Estimated neutrino fluxes
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Summary
* Modeling

— Particle acceleration at astrophysical shocks
— Constraints from gamma-ray observations and neutrino flux predictions

 Clusters of galaxies
— Detection of neutrino emission is generally unlikely.

 Starburst galaxies (SBGs)

— There is a minor possibility of detection by increasing the sensitivity of
detectors (e.g., lceCube-Gen2).

* Supernova remnants (SNRs)

— Detecting neutrino emission appears likely by stacking data from
multiple supernova remnants (SNRs) over 10 to 20 years. 22/22
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