
Low-energy Supernovae constraints on 
ALPs

Andrea Caputo  
University of Tel Aviv and Weizmann Institute 

PADUA 2022 
A.C., H.T. Janka, G. Raffelt, E. Vitagliano, arXiv 2201.09890 (PRL 2022)



We have a lot of evidences for physics beyond 
the Standard Model

Dark Matter  

                                               Neutrino Masses 

Matter Antimatter asymmetry  



We therefore have many open questions and what we do usually is to 
introduce a Dark Sector, that is to say new particles which can be connected 
in different ways to the SM particles

SM Sector 

Leptons, quarks, 
etc 

Dark Sector 
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• Be creative and use astrophysical objects!
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In this talk I will use Low Energy Supernovae (LESNe) 
to constrain new physics 



A little bit of SN Physics
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PNS: protoneutron star 
•
• T  
• Nuclear density 

Neutrino emitted from the 
“neutrino sphere”, cooling the 
PNS in   

𝑟 ≈ 10 𝑘𝑚
≈ 40 𝑀𝑒𝑉

~10𝑠
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𝑎, 𝛾′ , 𝜙, 𝜒
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Low Luminous Supernovae (LLSNe)



Low-energy Supernovae (LESNe)

• 10–100 times dimmer than normal core-collapse SNe (CCSNe)  

• 2–3 times lower photospheric expansion velocities 

• Observations point to 0.1 B (or smaller) explosion energies 









If new particles, let’s call them axions, are produced in the SN core and they 
then decay in the SN mantle, they can dump energy which should then show 
up either in kinetic energy or radiation energy. 



If new particles, let’s call them axions, are produced in the SN core and they 
then decay in the SN mantle, they can dump energy which should then show 
up either in kinetic energy or radiation energy. 

Luminosity of the new particles

Proto-neutron star radius Progenitor radius Axion mean free path (boosted, 
energy-dependent)
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Example model: axion coupling to photons

Primakoff

Coalescence



The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons
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The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

Imposing the energy deposit in the 
mantle is not too big gives very strong 
bounds.

Cute one zone model: 

𝑅𝑁𝑆 = 12.9 𝑘𝑚; 𝑇 = 30 𝑀𝑒𝑉;  𝜌 =
3 × 1014𝑔

𝑐𝑚3
; 𝑡𝑒𝑚 = 3 𝑠

A.C., H.T. Janka, G. Raffelt, E. Vitagliano, arXiv 2201.09890 (PRL 2022)



Conclusions

• The interplay between particle physics and astrophysics will be crucial in the next 
years. 

• SN physics, for example, can place very strong constraints on new interactions via 
various phenomena: 

1. Cooling arguments; 
2. Gamma-ray signals; 
3. Explosion energy (LESNe). 

• In the future: 
1. Radiative transport and light curves; 
2. Next galactic SN? 



Thanks for the attention!



Back up slides



Garching SN model



Cosmological bounds 

New particles usually add to , our case is different 
and reduces it. Early on, the new bosons are in 
equilibrium with muons, providing more radiation. 
However, if they decay radiatively after neutrino 
decoupling, they will heat the photons so that later the 
CNB will yet colder than the CMB, an effect that 
reduces .  
This arguments exclude masses below 2 MeV, for 
couplings that are large enough to get the boson 
thermalized with the SM. 

𝑁𝑒𝑓𝑓

𝑁𝑒𝑓𝑓

Diffuse gamma rays
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Collider bounds 

For masses above 1–10 MeV, muonphilic 
particles can also be efficiently probed at 
colliders. In particular, electron beam-
dump experiments, such as the SLAC E137 
experiment or the planned Jefferson Lab 
BDX experiment provide an excellent 
source of secondary muons, which can 
then be used to look for muonic 
(pseudo)scalars.



We close the cosmological triangle for ALPs!

Recently some efforts have been 
dedicated to close the cosmological 
triangle for ALP using future 
accelerator-based neutrino 
experiments (V. Brdar et al., Phys. 
Rev. Lett. 126, 201801 (2021)) and 
also CERN Gamma Factory (R. Balkin 
et al., Annalen Phys. (2021) ). 

It seems that SN physics already 
closes up the allowed parameter 
space! Once again astrophysical 
probe turns out to be quite 
powerful. 
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