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Particles and Stars

Low-mass particles are
produced in stellar interiors

ω Detection opportunity
   (Sun or  Supernovae)

ω Backreaction on stellar
   properties

­ Which particles?

­ Which stars?
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Standard Model

What else is there to know?

https://www.eso.org/public/images/eso0728c/


Georg Raffelt, MPI Physics, Garching 4 Invisibles Workshop,  CERN, 1 Sept 2025

Urgent Particle-Physics Questions

¶  Neutrino properties
    ς Two or four components? (Dirac vs Majorana)
    ς Electromagnetic properties?

¶  Dark matter of the universe
    ς  WIMPs (heavy neutrino-like particles)
    ς  Axions  (very low-mass Ⱬ  like particles) 
    ς  Many other options

¶  Matter-antimatter asymmetry in the universe

¶  What drives cosmic inflation?
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Bestiarium of Low-Mass Bosons

Weakly Interacting Sub-eV Particles (WISPs)

Å Axions  (1 parameter family  ά ὪḐά Ὢ)
   Solves strong CP problem
   Could be dark matter

Å Axion-like particles (ALPs)
 Generic two-photon vertex, could be dark matter
   (2 parameters ά  and Ὣ )

Å String axions
   (almost massless pseudoscalars in string theory)
   One of them may solve CP problem

Å Hidden photons
   Low-mass gauge bosons from Ὗᴂρ
   (kinetic mixing parameter … and mass ά )

Å Fifth force, fuzzy dark matter, ULAs, 
   all sorts of FIPs, WISPs, ALPs, mediators, 
   majorons, ...
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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 XENONnTarXiv:2207.11330Bounds on axions,dark photons, neutrinodipole moments

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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.ŜǘƘŜΩǎ /ƭŀǎǎƛŎ tŀǇŜǊ ƻƴ bǳŎƭŜŀǊ wŜŀŎǘƛƻƴǎ ƛƴ {ǘŀǊǎ

Hans Bethe
1906ς2005

ω First mention of neutrino
   emission from stars
ω Neutrino losses discussed,
   although overestimated
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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

Vitagliano, Tamborra & Raffelt, arXiv:1910.11878

https://arxiv.org/abs/1910.11878
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Nuclear vs. Thermal Particles from the Sun

Neutrinos from nuclear transformation
Effectively proton-neutron conversion 
▬ ▄O  ἒἭ ⱨ▄

Thermal neutrinos 
Photon conversion, bremsstrahlung, ...
 ♬ ▄O ▄ ⱨ ⱨ
 ▄ ▬ᴼ▬ ▄ ⱨ ⱨ

Thermal gravitons 
Bremsstrahlung, ...
 ▄ ▬ᴼ▬ ▄ ἯἺἩἾἱἼἷἶ

Thermal Axions, ALPs, Dark Photons, ...
Various thermal processes

ὒḗςϷ of ὒṩ σȢψ ρπ 7ÁÔÔÓ

At Earth   ⱨ Ἣἵ Ἳ
Sub-MeV to 18 MeV energies
Set by nuclear interactions

╛ἯἺἩἾἱἼἷἶḗ  ╛ṩ ḗ  Ἑἥ

Undetectable

ὒ depends on coupling strength

Allows for axion detection?

At Earth  Ȣ  ⱨⱨ Ἣἵ Ἳ
Average energy 2.5 keV
Set by thermal energies in solar core
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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 σȢς ËÅ6

Thermal velocity distribution

Ὁ ὯὝ ộὉ Ớ

Estimated temperature

    Ὕ ρȢρ ËÅ6

Central temperature from
standard solar models

Ὕ ρȢυφρπ+ ρȢστ ËÅ6
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Virial Theorem ς Dark 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/

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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First discussion of Primakoff
effect for WW axions (ά ḻὝ)

CƻǊ άƛƴǾƛǎƛōƭŜ ŀȄƛƻƴǎέ όά ḺὝ)
Plasma screening effects crucial
ƛƴ DΦwŀŦŦŜƭǘΩǎ tƘ5 ǿƻǊƪ ϧ tw5 ооΣуфтΥмфус
Still used today  

wƻŎƪȅ YƻƭōΩǎ
PhD work
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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]
/!{¢ όмффуςнлнмύ    Stearable, 9.26 m long, 9 Tesla   CAST Collaboration [2406.16840]cap G sub a. gamma gamma less than 0.58 times 10 to the , minus 10 end superscript , , GeV to the , minus 1 end superscript

CAST (1998ς2021) 
   Stearable, 9.26 m long, 9 Tesla
   CAST Collaboration [2406.16840]
Ὃ πȢυψρπ  'Å6

CAST Movie on YouTubehttps://youtu.be/XY2lFDXz8aQ

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

https://arxiv.org/abs/2406.16840
https://www.youtube.com/embed/XY2lFDXz8aQ?fs=1


Georg Raffelt, MPI Physics, Garching 15 Invisibles Workshop,  CERN, 1 Sept 2025

(Baby) IAXO Sensitivity Forecast

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

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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Grand Unified ALP Scape

Ciaran O'Hare @ Github 

https://github.com/cajohare
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Evolution of Stars

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

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

ὓṃψ ὓṩ

ὓṂψ ὓṩ
ρ ὓṩ ς ρπkg

ὓḐπȢφ ὓṩ
R Ḑ 5000 km

ὓ = 1ς2 ὓṩ
R Ḑ 12 km

few-tens ὓṩ
few km

Compact
Remnants:

BR º 25% (?)

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 counts in 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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Galactic Globular Cluster M55
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
 clusters and compared with theoretical isochrones (W.Harris, 2000)

Hot, blue cold, red



Georg Raffelt, MPI Physics, Garching 21 Invisibles Workshop,  CERN, 1 Sept 2025

Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
 clusters and compared with theoretical isochrones (W.Harris, 2000)

Hot, blue cold, red

H

Main-Sequence

H
He

C O

Asymptotic Giant

H

He

Red Giant

H

He

Horizontal Branch

C O
White
Dwarfs
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
 clusters and compared with theoretical isochrones (W.Harris, 2000)

Hot, blue cold, red

H

Main-Sequence

H
He

C O

Asymptotic Giant

H

He

Red Giant

H

He

Horizontal Branch

C O
White
Dwarfs

Particle emission
delays He ignition, i.e.
core mass increased
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TRGB in 46 Globular Clusters [Cerny+ 2012.09701]

https://arxiv.org/abs/2012.09701
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New TRGB Calibration from 21 Globular Clusters

Emission of axions & friends
with direct electron coupling

Bremsstrahlung emission by
   degenerate electrons

▌╪▄

Metallicity [M/H]

▌╪▄ Ȣ   (95% CL)

В░ȿⱧ░ȿ Ȣ Ⱨ║ (95% CL)

Estimated bound for neutrino dipole moments Plasmon decay

Straniero+ arXiv:2010.03833 and https://www.ggi.infn.it/talkfiles/slides/slides6554.pdf

https://arxiv.org/abs/2010.03833
https://www.ggi.infn.it/talkfiles/slides/slides6554.pdf
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Bounds on neutrino dipole moments

Latest Globular Cluster

XENONnT, arXiv:2207.1133

XENONnT, arXiv:2207.1133

Solar
Neutrinos

https://arxiv.org/abs/2207.11330
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Hubble Tension

Di Valentino+ arXiv:2103.01183

Di Valentino+ arXiv:2103.01183

Freedman ApJ 919 (2021) 16 [2106.15656]

Freedman ApJ 919 (2021) 16 [2106.15656]

See also Riess+arXiv:2112.04510

See also Riess+
arXiv:2112.04510

https://arxiv.org/abs/2103.01183
https://arxiv.org/abs/2106.15656
https://arxiv.org/abs/2112.04510
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Tip of the Red-Giant Branch in the Galaxy NGC 4258

Color (HST Filters)
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NGC 4258 hosts a water megamaser
­ Quasi-geometric distance determination
­Among the best absolute TRGB calibrations
­One rung in cosmic distance ladder 
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Evolution of Stars

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

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

ὓṃψ ὓṩ

ὓṂψ ὓṩ
ρ ὓṩ ς ρπkg

ὓḐπȢφ ὓṩ
R Ḑ 5000 km

ὓ = 1ς2 ὓṩ
R Ḑ 12 km

few-tens ὓṩ
few km

Compact
Remnants:

BR º 25% (?)

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html
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Crab Nebula ς Remnant of SN 1054Crab Nebula ς Remnant of SN 1054

Crab Pulsar
Chandra X-ray composite image
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Stellar Collapse and Explosion

Hydrogen
Helium
Carbon

Oxygen
Silicon
Iron

Neon

6×108 km

Progenitor Star
Shells not to scale

Iron Core ҍ ά²ƘƛǘŜ 5ǿŀǊŦέ

6000 km

Mass º 1.5 Mṩ

60 km

Collapsed Core
Nuclear density (3×1014 g cmҍ3)

Bounce
Shock

’ ’

Gravitational binding energy

     Eb  º 3 ³ 1053 erg  º  15% MSUN c
2

This shows up as  
  99%   Neutrinos  
     1%   Kinetic energy of explosion
0.01%   Photons, outshine host galaxy
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Delayed (Neutrino-Driven) Explosion

Wilson, Proc. Univ. Illinois Meeting on Num. Astrophys. (1982)
Bethe & Wilson, ApJ 295 (1985) 14

Infall Accretion Explosion

Shock
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Roles of Different Forms of Radiation

Photon
radiation
from surface

Radiative transfer

Rcore ~ few 10 km Rstar ~ 109 km 

Neutrino emission
ŦǊƻƳ άƴŜǳǘǊƛƴƻ ǎǇƘŜǊŜέ

Neutrino diffusive
transport

Short mean free
pass (mfp)
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Next Generation Large-Scale Detectors (2020+)Impact of New Particles

PNS

Progenitor Star

Energy and lepton transport
within PNS 

Energy transport beyond neutrino sphere
(directly or decay products)
¶ Explosion
¶ Nucleosynthesis

Detection (direct or decay products)
¶ SN 1987A, next nearby SN
¶ Diffuse background from all past SNe
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Supernova Bounds on Radiative Particle Decays

Collapsed
SN core

Progenitor
mantle

Adds to 
Explosion
energy

Solar Maximum Mission

No excess gamma rays
@ SN 1987A neutrino burst

Cosmic gamma ray background
from all past supernovae

Low-E SNe providebest constraintsCaputo+ arXiv:2201.09890

Low-E SNe provide
best constraints
Caputo+ 
arXiv:2201.09890

https://arxiv.org/abs/2201.09890
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Gravitational-Wave Signatures of New Energy Transfer

Ehring, Abbar, Janka, Raffelt, Nakamura  Kotake, arXiv:2412.02750

Ehring, Abbar, Janka, Raffelt, Nakamura & Kotake, arXiv:2412.02750

ω PNS convection stimulated by
   novel heating at bottom of
   convection layer

ω Causes GW emission during
   otherwise quiescent phase
   shortly after core bounce

ω Testing BSM forms of energy
   transfer with GWs from next SN


