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Crab Nebula ςRemnant of SN 1054

I.   Neutrinos and the Stars

II.  Supernova neutrinos

III. Neutrinos in cosmology
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Demystifying the ghost particles
Flavor oscillations, New properties, Χ
Masses (limits, toward cosmo measurement)

Astrophysical messengers
Solar interior, Geonus & Reactors, Supernovae
Cosmic-ray sources, Dark matter annihilation

Workers in astrophysics & cosmology
Stellar cooling, Supernova explosions
Big-bang nucleosynthesis, Leptogenesis
Hot dark matter

Role model
Axions and other feebly interacting particles
(FIPs, WISPs, ALPs, Χ) can do similar things
Astrophysical constraints

Pest
Background for dark matter searches
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Neutrino Fog for WIMP Dark Matter Detection

1 event/(kg d)

1 event/(ton d)

1 event/(ton y)

/ƛŀǊŀƴ hΩIŀǊŜΣ arXiv:2109.03116

Solar Nus

Atmospheric Nus

https://arxiv.org/abs/2109.03116
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Neutrino Fog for WIMP Dark Matter Detection

1 event/(kg d)

1 event/(ton d)

1 event/(ton y)

/ƛŀǊŀƴ hΩIŀǊŜΣ arXiv:2109.03116

Solar Nus

Atmospheric Nus

¸ŜǎǘŜǊŘŀȅΩǎ ǎŜƴǎŀǘƛƻƴ
ƛǎ ǘƻŘŀȅΩǎ ŎŀƭƛōǊŀǘƛƻƴ  τR.Feynman

Χ ŀƴŘ ǘƻƳƻǊǊƻǿΩǎ ōŀŎƪƎǊƻǳƴŘ  τV.Telegdi

https://arxiv.org/abs/2109.03116
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Aprile+, Xenon Collaboration, arXiv:2408.02877

Dark Matter & Neutrinos, Paris IHP, 5ҍ9 May 2025

https://arxiv.org/abs/2408.02877
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How feebly do neutrinos interact?

Rudolf Peierls
1907ς1995

Hans Bethe
1906ς2005

Bethe & Peierls
¢ƘŜ άbŜǳǘǊƛƴƻέ
Nature 133 (1934) 532
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First Detection (1954 ς1956)

Fred Reines
(1918 ς1998)
Nobel prize 1995

Clyde Cowan
(1919 ς1974)

Detector prototype

Anti -Electron 

Neutrinos
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How do we see neutrinos?  Let there be light!

ὡ

Cherenkov Light

(Water-based scintillator and
combining with Cherenkov
under development)

LSND Detector

Ionizing radiation: 
Some ƳŀǘŜǊƛŀƭǎ άǎŎƛƴǘƛƭƭŀǘŜέ
Organic compounds dissolved 
in mineral oil ­ Large volume

Scintillation Light

ωMore light (better energy resolution)
ωNo directional information
ωLow-energy nus (reactor, geo, solar)
ωJUNO (20 kt) commissioning (2025)

In water, air, Χ

ωὺ ὺ

ω‘ ᴼ‘ ‎

ωDirectional information
ωDistinguish Ὡ and ‘
ωGood for large energies
ωLarge bodies of water or ice (> km3)

KM3NeT

’ ‘
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Where do Neutrinos Appear in Nature?

Nuclear ReactorsV

Particle AcceleratorsV

Earth Atmosphere
(Cosmic Rays)

V

Earth Crust
(Natural Radioactivity)
V

Sun V

Supernovae
(Stellar Collapse)

SN 1987AV

Cosmic Big Bang   
(Today 330 n/cm3)

Indirect Evidence

Astrophysical
Accelerators              V

Ordinary stars
Indirect Evidence
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How are Neutrinos Produced?

Nuclear transmutation (stars, reactors, Earth)

tŀƛǊ ǇǊƻŘǳŎǘƛƻƴ όάǘƘŜǊƳŀƭέ ƴŜǳǘǊƛƴƻǎ ŦǊƻƳ ǎǘŀǊǎύ

Pion decay (from high-energy primary protons)

Fusion (H burning stars)
τὴO (Å ςὩ ς’

Fission (Reactors, Earth)
ὲ 5ᴼ +Ò "Áσὲ

d̡ecay of neutron-rich isotopes

▄ ▬ᴼ▪ ⱨ▄

▪ᴼ▬ ▄ ⱨ▄

Few percent of energy
’ (Sun)
’ (Reactors, Earth)

MeV range

╝ ╝ᴼ╝ ╝ ⱨ ⱨ Neutrinos (all flavors)
dominant energy loss
sub-MeV ςtens MeV

▬ ἼἩἺἯἭἼᴼἦ ἸἱἷἶἻⱫȟⱫ

Ⱬ ᴼ ♬

Ⱬ ᴼⱧ ⱨⱧᴼ▄ ⱨ▄ ⱨⱧ ⱨⱧ

Neutrinos ~ Photons
2 ’ or’

1 ’ or’
Up to 1020 eV
from cosmic rays

▄ ἱἷἶOἱἷἶ▄ ⱨ ⱨ

▄ ▄ ᴼⱨ ⱨ

Bremsstrahlung

Pair annihilation

ά ρπφ-Å6

ά ρσυ-Å6

Ⱬ ᴼⱧ ⱨⱧᴼ▄ ⱨ▄ ⱨⱧ ⱨⱧ
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Grand Unified Neutrino Spectrum (GUNS) at Earth

kmς2 yς1

200 PeV
Neutrino with largest-ever energy

13 Feb 2023, KM3-230213A

Vitagliano, Tamborra& Raffelt, arXiv:1910.11878

https://arxiv.org/abs/1910.11878
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IceCube Neutrino Telescope at the South Pole

Idea for DUMAND under sea
Cherenkov detector (1978)

1.26 km³, 22 698 Optical Modules

(discontinued 1995 after 1 string
pilot phase)

IceCube completed December 2010

1 km3

86 strings

5160 OMs
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First Astrophysical Point Sources at IceCube

NGC 1068

IceCube @ Neutrino 2024
Update of Science 378 (2022) 538

Hot spot at NGC 1068
Global Significance 4.0 ̀
~ 80 excess events, 13 years data

Neutrino emission from the nearby
Active Galaxy NGC 1068 (14.4 Mpc)
AGN obscured by accretion torus

Neutrino event IC-170922A
(22 Sept 2017)

290 TeV
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Cherenkov High-Energy Neutrino Telescopes

¶Full size since 2010
¶Diffuse flux (2013), first sources
¶Extension planned (Gen2)

Pathfinder string
Site chosen

Baikal-GVD
Growing

Growing
200 PeV event
13 Feb 2023

Per year about  ρππʉ

ψ ρπʉ

χ ρπʈ

https://baikalgvd.jinr.ru/
https://www.pacific-neutrino.org/
https://icecube.wisc.edu/
https://trident.sjtu.edu.cn/en
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Grand Unified Neutrino Spectrum (GUNS) at Earth
Vitagliano, Tamborra& Raffelt, arXiv:1910.11878

https://arxiv.org/abs/1910.11878
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Predicting Atmospheric Neutrinos (1936)

Instead [of protons and neutrons] Pauli's 
hypothetical 'neutrinos' should contribute 
substantially to the penetrating radiation. This 
is because in each shower ... neutrinos should 
be generated which then would lead to the 
generation of small secondary showers. The 
cross section for the generation of these 
secondary showers would likely not be much 
smaller than 10-26 cm². Contrary to the low-
energy neutrinos from bdecay one should be 
able to detect the energetic neutrinos from 
cosmic rays via their interactions.

Werner Heisenberg 
Zur Theorie der Schauerbildung in der Höhenstrahlung 
Zeitschrift für Physik 101 (1936) 533

Slide adapted from Christian Spiering
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Detection of First Atmospheric Neutrinos 1965

Chase-Witwatersrand-Irvine (CWI) Coll.
Mine in South Africa, 8800 mwe
ω [ƛǉǳƛŘ ǎŎƛƴǘƛƭƭŀǘƻǊ
ω IƻǊƛȊƻƴǘŀƭ ǘǊŀŎƪǎ

Kolar Gold Field (KGF) Collaboration
(Japan-India-UK group), 7500 mwe
ω tƭŀǎǘƛŎ ǎŎƛƴǘƛƭƭŀǘƻǊ
ω CƭŀǎƘ ǘǳōŜǎ

Slide adapted from Christian Spiering
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East Rand Neutrino Plaque
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Supernova 1987ASupernova 1987A
23 February 1987
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.ŜǘƘŜΩǎ /ƭŀǎǎƛŎ tŀǇŜǊ ƻƴ bǳŎƭŜŀǊ wŜŀŎǘƛƻƴǎ ƛƴ {ǘŀǊǎ

Hans Bethe
1906ς2005

ωFirst mention of neutrino
emission from stars
ωNeutrino losses discussed,

although overestimated
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Crab Nebula ςRemnant of SN 1054

Georg G. Raffelt, Max-Planck-Institut für Physik, Garching

Dark Matter and Neutrinos, IHP, Paris, 5ҍ9 May 2025
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Evolution of Stars

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

ὓṃψὓṩ

ὓṂψὓṩ
ρὓṩ ς ρπkg

ὓḐπȢφὓṩ
RḐ5000 km

ὓ= 1ς2ὓṩ
RḐ12 km

few-tens ὓṩ
few km

Compact
Remnants:

BR º25% (?)

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html
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Evolution of Stars

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

ὓṃψὓṩ

ὓṂψὓṩ
ρὓṩ ς ρπkg

ὓḐπȢφὓṩ
RḐ5000 km

ὓ= 1ς2ὓṩ
RḐ12 km

few-tens ὓṩ
few km

Compact
Remnants:

BR º25% (?)

Surface T ~ eV (IR to UV)
Inner  T ~ 1ς100 keV

Inner T ~ 30 MeV 

Surface T ~ keV
Nuclear density 

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html
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Evolution of Stars

Core-collapse supernova

Particles from the Sun:
¶Direct search
¶Back-reaction on Sun

¶Number countsin globular clusters
¶Brightness of tip of red-giant branch (TRGB)

¶White dwarf luminosity function
¶Period decrease of variable WDs
¶WD Initial-final mass function

Superradiance

¶Cooling speed
¶EoS w/ axions

DM axion conversion in
pulsar magnetosphere

¶Nus from SN 1987A & future SN
¶Explosion energy
¶Radiation from all past SNe

¶EoS w/ axions
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Particles from the Sun

2002 Solar Neutrinos (R.Davis, M.Koshiba)

2015 Solar Nu Oscillations (A.McDonald)

Search for solar axions
with CAST and future IAXO

No excess in XENONnT
arXiv:2207.11330
Bounds on axions,
dark photons, neutrino
dipole moments

https://arxiv.org/abs/2207.11330
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Hydrogen Burning

PP-I Chain

CNO Cycle

4p + 2e ­ + 2’+ 26.7 MeV
Image Wikipedia
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Solar Neutrinos from Nuclear Reactions
Vitagliano, Tamborra & Raffelt, arXiv:1910.11878

All components of pp
chains (blue) have
been measured

Very recently direct
experimental evidence
for CNO fluxes (orange)
in Borexino
arXiv:2006.15115 (06/2020)
Nature 587 (2020) 577
and arXiv:2205.15975

Favors higher flux,
ŀƴŘ ǘƘǳǎ άhighέ /bh
abundance
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άbǳŎƭŜŀǊέ ǾǎΦ ¢ƘŜǊƳŀƭ bŜǳǘǊƛƴƻǎ

ωHydrogen burning
Effectively proton-neutron conversion 

τὴ ςὩO (Å ς’
Charged-current electron-neutrino production
Other flavors (or sterile) by flavor conversion

ω Advanced burning phases
Effectively combine alpha particles ((Å) to larger nuclei, eg helium burning

σ‌O #
No proton-ƴŜǳǘǊƻƴ ŎƻƴǾŜǊǎƛƻƴ ƴŜŎŜǎǎŀǊȅΣ ƴƻ άƴǳŎƭŜŀǊέ ƴŜǳǘǊƛƴƻǎ

ω Neutrinos from neutral-current processes in pairs of all flavors
eg photo production

‎ ὩO Ὡ ’ ’

ω Analogous for axions or other particles

‎ ὩO Ὡ ὥ
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Thermal Neutrinos: Production Processes

Vitagliano, Redondo & Raffelt, arXiv:1708.02248

https://arxiv.org/abs/1708.02248
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Grand Unified Neutrino Spectrum (GUNS) at Earth
Vitagliano, Tamborra& Raffelt, arXiv:1910.11878

https://arxiv.org/abs/1910.11878
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Temperature in the Sun

Virial Theorem   Ὁ ộὉ Ớ

Approximate Sun as a homogeneous
sphere with

Mass        ὓ ρȢωωρπÇ

Radius      Ὑ φȢωφρπÃÍ

Gravitational potential energy of a
proton near center of the sphere

Ὁ σȢςËÅ6

Thermal velocity distribution

Ὁ ὯὝ ộὉ Ớ

Estimated temperature

Ὕ ρȢρËÅ6

Central temperature from
standard solar models

Ὕ ρȢυφρπ+ ρȢστËÅ6
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Virial Theorem ςDark Matter in Galaxy Clusters

Coma Cluster

A gravitationally bound
system of many particles
obeys the virial theorem

ςὉ ộὉ Ớ

ς
άὺ

ς

Ὃὓά

ὶ

ὺ Ὃὓ ὶ

Velocity dispersion
from Doppler shifts
and geometric size

Total Mass
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Experimental Tests of Invisible Axions

https://cajohare.github.io/IAXOmass/

Large coherence length overcomes
small coupling
Axion-photon conversion in B-field similar to
neutrino flavor oscillation, PRD 37 (1988) 1237
Can be enhanced with gas filling 
van Bibber+ PRD 39 (1989) 2089

Primakoff

https://cajohare.github.io/IAXOmass/
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Pointing a Magnet to the Sun

© Sebastian Baum

Rochester-Brookhaven-FermiLab
Lazarus+ PRL 69 (1992) 2333 
Few hours of data, fixed magnet 
Ὃ πȢχχρπ 'Å6

Tokyo Helioscope (Sumico)
Fully stearable, 2.3 m long, 4 Tesla
Moriyama+ [hep-ex/9805026]
Ὃ πȢφπρπ 'Å6

See also Ohta+ [1201.4622]

CAST (1998ς2021) 
Stearable, 9.26 m long, 9 Tesla
Anastassopoulos+ [1705.02290]
Ὃ πȢφφρπ 'Å6

CAST Movie on YouTube
https://youtu.be/XY2lFDXz8aQ

https://www.youtube.com/embed/XY2lFDXz8aQ?fs=1
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(Baby) IAXO Sensitivity Forecast

Physics potential of the International Axion Observatory (IAXO) 
JCAP 1906 (2019) 047, arXiv:1904.09155

Discovery potential
for QCD axions

https://arxiv.org/abs/1904.09155
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Solar Neutrino Limit on Solar Energy Losses
Self-consistent models of the present-day Sun provide a simple power-law connection
between a new energy loss La (e.g. axions) and the solar neutrino flux from B8

Schlattl, Weiss & Raffelt, hep-ph/9807476

ɮ ȟ ɮ ȟ

ὒṩ ὒ

ὒṩ

Ȣ

Solar models with SNO all-flavor
measurements imply roughly

ὒ ṂπȢρὒṩ

Gondolo & Raffelt, arXiv:0807.2926
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