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Axions (and ALPs) interact with SM fields. This allow for a rich and interesting 
phenomenology, and for their possible detection

Axions and ALPs



Most relevant axion channels

I, e
Bremsstrahlung 

   

with  in K and  in , and  is . Valid in 
nondegeneratae plasma

→ εP ≃ 2.8 × 10−31F(ξ)( gaγ

GeV−1 )
2 T7

ρ
erg g−1 s−1

T ρ g cm−3 F(ξ) 𝒪(1)

  

where  takes into account degeneracy effects. 
Competitive with bremsstrahlung at low  and high    

→ εC ≃ 2.7 × 10−22g2
ae

1
μe ( neff

e

ne ) T6 erg g−1 s−1

neff

ρ T

  

valid in degenerate plasma conditions. The function  takes into 
account the mild density dependence of the degenerate rate

→ εB ≃ 8.6 × 10−7FBg2
aeT4 (∑

XjZ2
j

Aj ) erg g−1 s−1

FB

Di Luzio, Fedele, M.G., Mescia, Nardi, JCAP 02 (2022) 02, 035

Axions and ALPs

https://inspirehep.net/literature/1925662


Stars as FIPs Factories

SIP

FIP

FIPs can escape stars, once produced.  

Volume production.  

Large flux!



gaγ

gae

Coupling Process Energy

Primakoff (E)

Primakoff (B)

ABC

nuclear reactions

Nuclear de-excitationgaN

7Li* → 7Li + a

57Fe* → 57Fe + a

83Kr* → 83Kr + a

p + d → 3He + a

∼ (3 − 4) keV

∼ (10 − 200) eV (LP)

∼ 1 keV

5.5 MeV

14.4 keV

0.478 MeV

9.4 keV

e . g . , e + Ze → Ze + e + a

The Sun as Axion Factory

≲ 1 keV (TP)
E, B



up to  axions/s  
(   axions on 
Earth), peaked at  keV

∼ 1039

⇒ 1011 cm−2 s−1

∼

J. Redondo, JCAP 1312 (2013) 

6

We can observe this flux with the 
Next  Gen. Axion Helioscopes 

 See Julia’s talk→

The Sun as Axion Factory

Plus, the additional axion flux 
from the other processes
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Supergiants

Di Luzio, MG, Nardi, Visinelli, Phys.Rept. 870 (2020)

Sun: 
 keV Tc ∼ 1

ρc ∼ 102 g cm−3

supergiants:  and  depend on  
mass and evolutionary stage

Tc ρc

The sun is quite an unremarkable 
star…

Monster Stars

https://arxiv.org/pdf/2003.01100.pdf
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Brand new catalog of Red SG, Sarah Healy et al., arXiv:2307.08785

Many candidates at a 
few kpc from the Sun.  

Supergiants

See also  
 M. Mukhopadhyay et al., 

Astrophys.J. 899 (2020)
→

https://arxiv.org/pdf/2307.08785.pdf
https://arxiv.org/abs/2004.02045
https://arxiv.org/abs/2004.02045
https://arxiv.org/abs/2004.02045


Supergiants at d<200 pc

From S. F. Ge et al., 
IAXO as SN-scope 
JCAP 11 (2020) 059



× 1043

E[keV]

d ·N
dE

Axion spectrum  
(end of he-burning stage)

… however, in the case of Betelgeuse (~200 pc from us)   axions .  

Too little for current experiments!

⇒ 0(103) cm−2 s−1

Betelgeuse:  
 axions/s,  

peaked at 
∼ 1045

∼ 80 keV
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Sun:  
 axions/s,  

peaked at  4 keV
∼ 1039

∼

Supergiant Axions

Ze

γ a



Supergiant Axions

M. Xiao, MG, et al., Phys. Rev. D 106 (2022)

d ·Na

dE
=

1042

keVs
CPg2

11 ( E
EP

0 )
βP

e−(βP + 1)E/EP
0 + (P → B, C; g11 → g13)

Flux increases adding 
 coupling gae

https://arxiv.org/pdf/2204.03121.pdf


The Very Last Stages of a Monster Star

d2nγ

dtdE
=

1047Cg2
10Paγ

4πd2 ( E
E0 )

β

e−(β+1) E
E0 cm−2 s−1MeV−1

Mori, Takiwaki and Kotake, Phys.Rev.D 105 (2022)

Time to collapse

Flux grows substantially in last seconds 

12

https://arxiv.org/pdf/2107.12661.pdf


Axions can convert into photons in the magnetic field between us and the star

Paγ = 8.7 × 10−6g2
11 ( BT

1 μG )
2

( d
197 pc )

2 sin2(qd)
(qd)2

(Assuming B uniform) 

Bext

a γ
6.5 from 

helioscope (CAST) 
bound

g11 ≤

13

Supergiant Axions



Huge interest in the low MeV region  (see, e.g., ICRC talk by Andreas Zoglauer (2021)

Hard X-ray to Soft gamma-Ray detectors 

X-Ray Detectors

Gamma-ray detectors in 
MeV range  
GECCO, COSI, AMEGO…

→
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The High Energy X-ray Probe (HEX-P)

Instrument and Mission Profile paper last week (on Dec 7)

Same target energy as NuSTAR. 
3 co-aligned X-ray telescopes designed to cover the 0.2 – 80 keV bandpass

https://arxiv.org/pdf/2312.04678.pdf


COMCUBE is a project of the European programme AHEAD2020 for a Compton polarimeter 
CubeSat mission to measure the polarization of bright gamma-ray bursts, and transient events 
in general. Presented at  the Journées de la SF2A Société française d’astronomie et 
d’astrophysiques (2021)   [communication from Aldo Morselli]→

Soft Gamma-Ray Telescopes?

The CubeSat units (U), defined as  
in volume and 1.3 kg in mass, can be combined to 
form larger spacecrafts. 

10 × 10 × 10 cm3
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BT = 1.4 μG

Soft Gamma-Ray Telescopes?

Aldo Morselli, F. Calore, MG, et al. (in preparation)

GECCO NuSTAR

COMCUBE (64)

Best options  
NuSTAR, GECCO, COSI, 
AMEGO

→

PRELIMINARY
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ma = 0



BT = 1.4 μG

GECCO

NuSTARCOMCUBE (64)

Soft Gamma-Ray Telescopes?

Best options  
NuSTAR, GECCO, COSI, 
AMEGO

→

PRELIMINARY

Aldo Morselli, F. Calore, MG, et al. (in preparation)



The Very Last Stages of a Monster Star

Mori, Takiwaki and Kotake, Phys.Rev.D 105 (2022)

Sensitivity: Assuming AMEGO  
100 ks observation before collapse.

Sensitivity: Fermi LAT, SN-explosion 
M. Meyer , M. G., A. Mirizzi, J. Conrad, M. A. 
Sánchez-Conde, Phys.Rev.Lett. 118 (2017)

AMEGO would detect signatures of 
ALPs even without directional 
information since it plans all-sky 
surveys with the field of view of 2.5 sr 
and the cadence of 3 hours.  
Other  ray telescopes such as 
INTEGRAL are not performing surveys.

γ

19

https://arxiv.org/pdf/2107.12661.pdf
https://arxiv.org/pdf/1609.02350.pdf
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SN
Tc ≃ 30 MeV

ρc ≃ 3 × 1014 g cm−3

Supergiants

Supernova axions

General criterion (Raffelt) from 
observed -signal form SN 1987A:ν

εx ≲ 1019 erg g−1s−1

ρ = 3 × 1014 g cm−3, T = 30 MeV@

Corresponds to  .  

About  axions on Earth 
from Betelgeuse

∼ 1056 axions/ s

∼ 1013 cm−2 s−1

Huge flux… but short!

The truly 
monster stars



Supernova axions

Alessandro Lella et al., in preparation  

Contributions from pion 
processes and from 
nucleon bremsstrahlung  

Very significant progress 
in the last 3 years but still  
many uncertainties  
(See backup slides)
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 Cherenkov→

Detecting SN axions 

• Ge, Hamaguchi, Ichimura, Ishidoshiro, 
Kanazawa, JCAP 11 (2020);

• A. Lella et al., arXiv:2306.01048;  
• Vonk, Guo, Meißner, Phys.Rev.D 

105 (2022) 
• Li, Hu, Guo, Meißner, 2312.02564 
• P. Carenza et al., arXiv:2306.17055

 Heliscopes →

Through photon 
oscillations in Bext

Direct Detection

Indirect detection

 Colliders → • S. Asai, Y. Kanazawa, T. Moroi, T. 
Sichanugrist Phys.Lett.B 829 (2022)

• F. Calore et al. 	 e-Print: 2306.03925 
• A. Lella et al. In preparation 
• Meyer et al. Phys.Rev.Lett. 118 (2017)

new proposal by Juan 
Anton Garcia Pascual 
(UNIZAR/CAPA)

https://arxiv.org/abs/2008.03924
https://arxiv.org/abs/2306.01048
https://arxiv.org/abs/2202.00268
https://arxiv.org/abs/2202.00268
https://arxiv.org/abs/2312.02564
https://arxiv.org/abs/2306.17055
https://arxiv.org/pdf/2203.01519.pdf
https://arxiv.org/abs/2306.03925
https://arxiv.org/pdf/1609.02350.pdf


 Heliscopes →

Detecting SN axions 
Direct Detection:

New research 
@UNIZAR, lead  by 
Juan Anton Garcia 
Pascual, for  the 
construction of the 
appropriate 
detector for these 
high energies 

PRELIMINARY
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Will we detect Stellar Axions with Next Gen. Experiments?

Sun

Other 
stars

SN

• High potential to detect ALPs (including QCD axions) if  and 
stellar bounds 

• Possibility to explore solar magnetic field through  but likely not in next 
generation experiments  

• Unlikely axions discover through  in the near future 

• Higher masses may be accessed through , but in large part in tension 
with SN1987A

ma ≲ 100 meV
gaγ ∼

gaγ

gae
gaN

• Production can be much larger than in the Sun 

• Require magnetic fields to compensate for large distance   
   Explore mostly very low mass region but sensitive to very small couplings

⟹

• Huge production but for short time. Several nearby candidates  
• Direct detection may be possible but we need JuanAn’s new detector 

• At very low mass, strong potential for detection with -ray observatories 
(e.g., Fermi LAT) 

• At high mass, possible detection of decay products (e.g., Fermi LAT)

γ



• Other stars besides the Sun may be very good ALP 
factories 

• New interesting ideas are popping out and many 
things are still unexplored 

• Come talk to me if  you are interested in learning 
more about some of these aspects.                           

Conclusions and final comments
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 Opportunities for students →



Backup Slides

26



Supernova axions

A. Lella et al., Phys.Rev.D 107 (2023)
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Relevant interaction 
Lagrangian  

K. Choi et al., JHEP 02 (2022) 143
A. Lella et al, Phys.Rev.D 107 (2023) 10

P. Carenza et al., Phys.Rev.Lett. 126 (2021);
Ho, Kim, Ko, Park, Phys.Rev.D 107 (2023) 7

Leads to a variety of processes, studied very recently 

N

N

N

N

a

P. Carenza et al., JCAP 10 (2019) 10, 016

https://arxiv.org/pdf/2211.13760.pdf


Detecting SN axions 

Through photon 
oscillations in Bext

Indirect detection

• F. Calore et al. 	 e-Print: 2306.03925 
• A. Lella et al. In preparation 
• Meyer et al. Phys.Rev.Lett. 118 (2017)

10-13

10-12

10-11

10-10

10-910-10 10-710-8 10-6
ma (eV)

g a
g
(G
eV

-1
)Observations may 

reveal a lot about 
the SN interior 

https://arxiv.org/abs/2306.03925
https://arxiv.org/pdf/1609.02350.pdf


Dedicated NuSTAR observations did not find evidence for ALPs. 

Observing Betelgeuse in hard X-rays



30

Fermi LAT as Axion SN-Scope

Calore, Carenza, Eckner, M. G., Lucente, Mirizzi, Sivo 
et al. arXiv:2306.03925

Significant opportunities to 
study axions and the SN itself 
if gaγ ≳ 10−12 GeV−1

New analysis  
 slightly reduced sensitivity.  

But… 
→

https://arxiv.org/abs/2306.03925
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Neutrinos tell us about the neutrino 
sphere but axions could tell us about the 
core.  

Harder spectrum expected from recent 
analyses

A. Lella et al, Phys.Rev.D 107 (2023) 10

B. Fore and S. Reddy, Phys.Rev.C 101 (2020);  
B. Fore et al., arXiv:2301.07226 (2023)

- Pions in SN: Larger than expected fraction of π−

- Significance of the  processes. 
Dominates the axion emission rate.            
Harder spectrum. 

π + N → N + a

- Inclusion of the axion-pion contact interaction. 
Significant contribution to . 
Irrelevant contribution to 

π + N → N + a
N + N → N + N + a

- Inclusion of the  resonance contribution 
in pion process 

Δ

- Direct detection of SN axions

P. Carenza et al., Phys.Rev.Lett. 126 (2021);

Ge, Hamaguchi, Ichimura, Ishidoshiro, Kanazawa, JCAP 11 (2020); 
Vonk, Guo, Meißner, Phys.Rev.D 105 (2022)

K. Choi et al., JHEP 02 (2022) 143

Ho, Kim, Ko, Park, Phys.Rev.D 107 (2023) 7

Significant theoretical 
progress in last 2 years 

Supernova axions



Neutrinos are produced from thermal and beta processes.

K .M. Patton. C. Lunardini, R. Farmer and F. X. Timmes, ApJ 851 (2017) 

Time to CC [hr] 
10−410−2100102104

Pre-SN signal

32
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10-13

10-12

10-11

10-10
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)

Fermi LAT as Axion SN-Scope

M. Meyer , M. G., A. Mirizzi, J. Conrad, M. A. 
Sánchez-Conde, Phys.Rev.Lett. 118 (2017)

Calore, Carenza, Eckner, M. G., Lucente, Mirizzi, Sivo 
et al. arXiv:2306.03925

Significant opportunities to study axions 
and the SN itself if gaγ ≳ 10−12 GeV−1

New analysis  
 slightly reduced sensitivity.  But… →

https://arxiv.org/pdf/1609.02350.pdf
https://arxiv.org/abs/2306.03925


Major difficulty: angular resolution.  
Improves with use of Liquid Scintillator (LS) detector with 
a Lithium compound dissolved (LS-Li)

Tanaka & Watanabe (2014)

Betelgeuse

Adapted from: M. Mukhopadhyay, C. Lunardini, F.X. Timmes, K. Zuber, Astrophys.J. 899 (2020)

Pre-SN signal

✴ Betelgeuse is  from S Monoceros A, B (~280 pc)11.6∘

34
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Stellar Evolution in a snapshot

Stellar core conditions

From G. Raffelt: Stars as Laboratories for Fundamental Physics, (1996)

The rear ends of the arrows 
mark the indicated values of 
the absolute surface 
brightness in magnitudes 
(  star).  0.8M⊙

https://wwwth.mpp.mpg.de/members/raffelt/mypapers/Stars.pdf


Other stars? 
Other MS have solar-like properties but are much further away. Less interesting.  

Yet, there are many of them.  

Diffuse axion flux recently calculated 

If ALPs are sufficiently heavy, their 
decay produces an x-ray diffuse 
background:  
N. H. Nguyen, E. H. Tanin, M. 
Kamionkowski arXiv:2307.11216
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https://arxiv.org/abs/2307.11216


From Omar Benhar, Structure and Dynamics, of Compact Stars, Springer (2023).  
Data from Woosley, Heger, Weaver, Rev Mod Phys, 74, 1015 (2002)

Stellar Evolution in a snapshot

Stages of nucleosynthesis for a star of mass ∼ 25M⊙

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.74.1015


From Woosley, Heger, Weaver, Rev Mod Phys, 74, 1015 (2002)

Later Evolutionary Stages

Stars with  go on burning until they develop a iron coreM ≳ 8 M⊙

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.74.1015


Is it really the best option?

Observing Betelgeuse in hard X-rays

From: F.A. Harrison et al. ApJ, 770, 103 (2013)

NuSTAR: NUclear Spectroscopic Telescope ARray 

First focusing high-energy X-ray 
(3–79 keV) telescope in orbit.  
Has two identical telescopes, 
each with an independent optic 
and focal-plane detector 
Each FOV  13′ ×13′, with a 
half-power diameter of ∼60′′ for 
a point source near the optical 
axis. 

∼



Eike Müller, Francesca Calore, Pierluca Carenza, 
Christopher Eckner, M.C. David Marsh, arXiv:2304.01060

Future galactic SN

Current bound

High Mass SN ALPs  @ Fermi LAT
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https://arxiv.org/pdf/2304.01060.pdf


Similar result from observations of 
Super Star Clusters   

Dessert, Foster, Safdy,  
Phys.Rev.Lett. 125 (2020) 

41

Westerlund 1

… and Super Star Clusters

First hard X-ray observations of Betelgeuse (with 
NuSTAR)… no trace of Axions 

• Xiao, Perez, M.G., Straniero, Mirizzi, Grefenstette, Roach, 
Nynka, Phys.Rev.Lett. 126 (2021) 

• Xiao, Carenza, M.G., Mirizzi, Perez, Straniero, Grefenstette 
Phys.Rev.D 106 (2022)

https://arxiv.org/pdf/2008.03305.pdf
https://arxiv.org/pdf/2009.09059.pdf
https://arxiv.org/pdf/2204.03121.pdf


Solar Axion

Pre-SN Axions

SN Axions

Current bounds

Estimated sensitivities

Benchmark QCD models

Legend:

CAST

BabyIAXO

Fermi LAT  
(galactic SN)

SN 1987A (SMM)
Betelgeuse 
(NuSTAR)

BabyIAXO SN-Scope

MWD Pol.

Summary: Detecting Stellar Axions
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Where should we look ?

31 candidates within 1 kpc from the sun.

Very comprehensive recent analysis on identification of 
(near) SN from pre-SN neutrinos M. Mukhopadhyay, C. Lunardini, F.X. Timmes, 

K. Zuber, Astrophys.J. 899 (2020)
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Summary

44

- Stellar axions 

- Why Monster Stars? 

- Are we going to detect stellar axions in the next 
-years?   ( , hopefully ! )n log10 n < 2


