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Lecture outline

1. (Some) neutrino properties

2. Solar neutrinos

3. Supernova neutrinos

4. Astrophysical neutrinos (+ Atmospheric neutrinos)

I decided to make an experimentally driven lecture, in contrast to listing all the theory first.19.4.2025 A. Christov 2



Neutrinos from Supernovae

For info about supernovae see Jan 9ōǊΩǎ lecture
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SN1987A in the Large Magellanic Cloud, 
approximately 160,000 light-years away
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SN1987A in the Large Magellanic Cloud, 
approximately 160,000 light-years away



Astrophysical neutrinos

.ǊƛŜŦ ǊŜŎŀǇ ό!ƭŜƴŀΩǎ ŀƴŘ WŀƪǳōΩǎ ƭŜŎǘǳǊŜǎ ƻƴ ŀŎŎŜƭŜǊŀǘƛƻƴ ŀƴŘ 
propagation)
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CR spectrum

Observational horizons

Is there horizon for neutrinos? Ą redshift



Potential Extra-Galactic sources of cosmic rays
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ÅNon-thermal acceleration mechanism: Diffusive acceleration

Cygnus A 5GHz

Active Galactic Nuclei GRBs ς άŦƛǊŜōŀƭƭ ƳƻŘŜƭέ

ÅParticles repeatedly cross a plasma shock
ÅMagnetic fields responsible for particles 

returning to the shock
ÅPower law flux: dE/dFºEg , (g around -2)
ÅTidal disruption Events



TDE
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arXiv:2102.11879

TDEs are promising acceleration site:
Å¢ƘŜ άǊƛƎƘǘέ ŜƴǾƛǊƻƴƳŜƴǘ όǎƘƻŎƪǎΣ ƳŀƎΦ 

Fields, etc.)
Å In addition, a lot of mass injected
ÅĄ fuelling the shocks, mag. Fields
ÅĄ particles to accelerate
ÅMultiple options where acceleration can 

happen



Potential Extra-Galactic sources of cosmic rays
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Magnetic fields able to confine particles 
within the size of the acceleration region: Radiative loses in these magnetic fields

Possible sources for 100 EeV CRs

άHillas Ǉƭƻǘέ

Ptitsyna & Troitsky Physics-Uspekhi, 53:691, 2010.

AD: central regions of active 
galaxies
     RG: powerful radio galaxies
     BL: blazars
     Sy: Seyfert galaxies
K: jet knots
HS: hotspots
L: jet lobes

ÅMaximum energy limited by:



The messengers: g-rays and cosmic rays
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Earth

jets

CRs

Hadronic shower

Surface detector

The atmosphere

ISM,IBL

m (atmo)

n (atmo)

Åg-rays hadronic and leptonic origin
Å They point back to the sources
Å Absorption, pair production
Å Detection: satellites (<500 GeV), cherenkov telescopes

g
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Cosmic rays:
Å Can interact on the way to Earth, 

GZK horizon
Å Deflected by magnetic fields, do 

not point back to the sources



The messengers: neutrinos
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Earth

jets Dust surrounding 
the source

Underground detector 
(IceCube)

The atmosphere

m

ISM,IBL

High-energy neutrinos:
ÅProduced in CR interactions
ÅNo absorption on the way
ÅNo deflections, they point back to their sources

A promising messenger

for astroparticle  physics

(Other meson and n decays contribute as well)

Neutrino oscillations modify the flavor ratio:

(ne: nm: nt) = (1:2:0) at the source to (1:1:1) at Earth.
Å various effects can influence the initial flavor ratio, 

the ratio from pion decays used above

n



Neutrino sources

/ƭŀǎǎƛŎŀƭ άŀǎǘǊƻǇƘȅǎƛŎŀƭ ōŜŀƳ ŘǳƳǇέΥ 

ς (ne: nm: nt) = (1:2:0)

Muon dumped sources 

ςmuon interacts before decay

ς (ne: nm: nt) = (0:1:0)

Neutron decay:

ς (ne: nm: nt) = (1:0:0)

At highest energies semi-leptonic charm q decay:

ςContribution of (ne: nm: nt) = (1:1:0)

For Blazars (ne: nm: nt) close to (1:2:0) energy dependent
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After propagation?
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For IceCube as detector



M. Markov

1960
B. Pontecorvo

M.Markov :

we propose to install detectors deep in a lake or in the sea and to determine

the direction of charged particles with the help of Cherenkov radiation.
19.4.2025 A. Christov 13



ˣ͚͊͊͟͡Έ͙͚ͫ͟ ͍ͨͦ͒ͦ͒ͤ·͚ ͔͚͙ͤͭͪͤͤ·͚ ͔͔ͭͫͦͨ͟͡

(Baikal Deep Underwater Neutrino Telescope)

Gradual development since 1980

Latest upgrade :Gigaton Volume Detector 
(Baikal-GVD)
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Baikal-GVD

19.4.2025 A. Christov 15



Which direction the cone points?
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Baikal-GVD
Completion of GVD-I (12 clusters, volume 0.4 km3) in 2023
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Status in 2018



Water optical properties
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Abs. Length: 22 Ñ2 m Scatt. Length ~ 30-50 m
àcos Qð~ 0.85-0.9

Baikal

Baikal

l, nm l, nm

Fresh water (not so much 40K)
Background rate 15-40 kHz



Effective area
ςA way to quantify detector and analysis performance

ςEvent rate:

ςAeff includes the info: probability of reaching the detector, interacting and 
being detected, of being selected in the analysis

19.4.2025 A. Christov 19

Astrophysical 
Flux model

Earth transmission 
probability

n cross-
section

Number of 
targets

Number (generated/recorded) events 
(detector performance, analysis code

Volume in which ev. are generated,
Can be significantly larger than the detector

Å Particle flux f: N [m-2 s-1]
Å To get N detected particles just 

N=f Aeff



Baikal-GVD Effective area

Aeff is not the full story

How much background is 
included

The quality of events
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Aeff tracks



ANTARES

2.5 km under the Mediterranean Sea near Toulon, Fr.
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1st string 2006, as of 2008 12 strings
Energy range: 10 GeV ς 100 TeV



Effective area

Event selection: reducing background ( 40K, 
bioluminescence) 

Reconstruction: Get a track from the hits, energy, 
direction, track quality

{ŜƭŜŎǘ άƴƛŎŜ ǘǊŀŎƪǎέ
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Aeff tracks



KM3NeT
Ongoing construction (HE ARCA, LE ORCA)

Several cubic kilometres distributed over three locations
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KM3NeT-Fr (off Toulon, France)
KM3NeT-It (off Portopalo di Capo Passero, Sicily, Italy
(KM3NeT-Gr (off Pylos, Peloponnese, Greece))



KM3NeT
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KM3NeT
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Bg. rate

1ů

cascades



Neutrino oscillations ς low energy 
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Å Could solve the hierarchy problem
Å So far slight preference for inverted ordering



220 PeV neutrino?

Recent result: 120 (-60
+110) PeV muon

Highest energy so far
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220 PeV neutrino?

https://www.km3net.org/km3-230213a/displays-of-the-event/
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Possible origins:
Å Blazar? No clear 

association
Å Cosmogenic?
Å Exotic scenarios?

https://www.km3net.org/km3-230213a/displays-of-the-event/


The IceCube detector

19.4.2025 A. Christov 29

Å Small neutrino interaction cross-section Ą Huge detector
Å Detection principle: Cherenkov light from charged secondaries

Digital optical module

Cherenkov radiation, in ice aº41̄
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IceCube DOM
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Optical properties of the Deep Polar Ice
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Note: Opposite to water! Ice: small absorption, more scattering



Event topologies
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Track-like event
Å Charged current nm interaction
Å Long lever arm: good angular resolution
Å 0.4̄  for high energies

Å The vertex can be outside of the detector
Å Larger effective area
Å Challenging energy reconstruction

Cascade-like event
Å Charged current ne nt & all neutral current 

interactions
Å Challenging for directional reconstructions
Å Angular resolution at highest energies:      

15-20 ̄
Å Calorimetric energy measurement
Å Resolution: 8% @ 100TeV

nm
m

n



Event topologies
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Tracks energy reconstruction

Muon energy loses:

ςContinuous: ionization

ςStochastic (dominate above 700 GeV): bremsstrahlung, photonuclear, 
el. pair production 
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Muon energy losses
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Tracks energy reconstruction
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Simulation

Cherenkov light from secondaries will dominate over the muon itself above 1 TeV



Tracks energy reconstruction
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Å OK, but this is only how much 
of its energy the muon lost.

Å It leaves the detector.
Å The question is how much 

energy it caries.


