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Feebly interacting particles (FIPs)
The mystery of dark matter?


The matter-antimatter asymmetry in the universe?

The strong CP problem?
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Agrawal+ Eur.Phys.J. C'21

Feebly interacting particles (FIPs)

[See also maturation of the experimental programs searching for new physics with sizeable couplings at the LHC]

The mystery of dark matter?

The matter-antimatter asymmetry in the universe?


The strong CP problem?

• Light particles (sub-GeV masses)

• Extremely suppressed interactions between new particles and SM bosons and/or 

fermions

• Interactions with SM mediated by (pseudo)scalar, fermion or vector particles 

(portals)

• Examples are dark photons, sterile neutrinos, axions and axion-like particles  
• Offer good and viable dark matter candidates

Feebly interacting particles 
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The QCD axion
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Several detection methods are systematically probing 
QCD axions

A diversified search program:

• Haloscopes: DM axion conversion in B 
field (ADMX, HAYSTAC, DMRadio, etc)


• Helioscopes: Solar axion conversion in 
B field (CAST, IAXO)


• Pulsars: DM axion conversion in pulsar 
magnetosphere (Green Bank Telescope)

Quick ID: 10-12 — 0.01 eV, minimal coupling with photons

https://github.com/cajohare/AxionLimits
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Broadening the landscape 
Axion-like particles

[Wave-like DM is even broader: more generally, light scalars or vectors]

Axion-like particles: (pseudo-)scalar particles, masses as low as ZeV, very weak couplings 
with SM, coupled with photons as QCD axions

Quick ID:

• Common in many extensions of the SM 
from the spontaneous breaking of 
approximate global symmetries  

• Mass is not determined by QCD effects 

• They do not solve the strong CP 
problem 

https://github.com/cajohare/AxionLimits
Chang+ PRD 2000; Turok PRL 1996; Arvanitaki+ PRD’10
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Signatures from ALPs?

Focus High-energy gamma rays 
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Gamma rays from ALPs?
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Source: Core-collapse supernovae
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For Galactic SNe
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Payez+ JCAP’14

cc-SNe Primakoff

Francesca Calore, CNRS-LAPTh TUG 20237

[Not only cc-SN: proto-neutron stars, mains-sequence stars, white dwarfs, etc]




Francesca Calore, CNRS-LAPTh TUG 2023

Source: High-energy gamma-ray emitters
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x

Photons in source B field

Extragalactic gamma-ray emitters

• AGNs jets

• Star-forming and star-burst galaxies

• Galaxy clusters


[Also photons from Galactic objects like pulsars and SNRs sourced by electric and magnetic fields]


In-situ conversion into ALPs
* Interstellar medium 
* Intergalactic radiation fields 
* Magnetic field strength and coherence 

length

In-situ photon spectrum through 
hadronic (pp and pg) or leptonic 
interactions
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Prabhu PRD’21
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Source: Dark matter

Dark matter
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• ALPs can be good DM candidates in some 
portions of the parameter space


• If DM, ALPs distributed in galaxies according 
standard DM density distributions (e.g. NFW)

Preskill+ PLB 1983; Sikivie International Journal of Modern Physics ‘10
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Galactic 

rotation curve

Simulations w/ baryons & semi-analytical models

[1.5 kpc ≃ 10o]

[All profiles normalised by measure of local DM density at RSun]

Francesca Calore, CNRS-LAPTh TUG 20239



ALPs travelling in the Galaxy

cc-SNe Primakoff
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

x

Photons in source B field Dark matter

a
�

<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

x

Conversion in Galactic B field

[Conversion in intergalactic magnetic fields is not efficient]


Spontaneous decay

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="j4CRvcldmOgz18sTyAUwaJZ1SS8="></latexit><latexit sha1_base64="j4CRvcldmOgz18sTyAUwaJZ1SS8="></latexit><latexit sha1_base64="d6QX5HzWCXK2G5wb8yOkSfxSpuE="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit><latexit sha1_base64="rAyei7AQhia2PndRj11mZr6SBtI="></latexit>

For a monochromatic photon-ALP beam of energy E propagating 
along the x3 axis in a cold plasma within a homogeneous magnetic 
field B
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Galaxy: Conversion
Ga
lax
y

Conversion in Galactic B field
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

x

Raffelt & Stodolsky PRD’88; Horns+PRD’12; and others
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=> For massless ALPs and sufficiently low couplings: 
energy-independent conversion probability 

Francesca Calore, CNRS-LAPTh TUG 202311
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<latexit sha1_base64="/zJWyiEOTJ5Dxh4ejyNP5y82emI=">AAACC3icbVC7SgNBFJ31GeMramkzJAixCbtB0EYIsbGwiJAX5LHcncwmQ2Z2l5lZISzb2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8SLOlLbtb2ttfWNzazuzk93d2z84zB0dN1UYS0IbJOShbHugKGcBbWimOW1HkoLwOG1545up33qgUrEwqOtJRHsChgHzGQFtJDeXv8bFri+BJEM3ge4QhIC06tbTpJye98v4rl92cwW7ZM+AV4mzIAW0QM3NfXUHIYkFDTThoFTHsSPdS0BqRjhNs91Y0QjIGIa0Y2gAgqpeMvslxWdGGWA/lKYCjWfq74kEhFIT4ZlOAXqklr2p+J/XibV/1UtYEMWaBmS+yI851iGeBoMHTFKi+cQQIJKZWzEZgUlGm/iyJgRn+eVV0iyXHLvk3F8UKtVFHBl0ivKoiBx0iSroFtVQAxH0iJ7RK3qznqwX6936mLeuWYuZE/QH1ucPEieZxg==</latexit><latexit sha1_base64="/zJWyiEOTJ5Dxh4ejyNP5y82emI=">AAACC3icbVC7SgNBFJ31GeMramkzJAixCbtB0EYIsbGwiJAX5LHcncwmQ2Z2l5lZISzb2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8SLOlLbtb2ttfWNzazuzk93d2z84zB0dN1UYS0IbJOShbHugKGcBbWimOW1HkoLwOG1545up33qgUrEwqOtJRHsChgHzGQFtJDeXv8bFri+BJEM3ge4QhIC06tbTpJye98v4rl92cwW7ZM+AV4mzIAW0QM3NfXUHIYkFDTThoFTHsSPdS0BqRjhNs91Y0QjIGIa0Y2gAgqpeMvslxWdGGWA/lKYCjWfq74kEhFIT4ZlOAXqklr2p+J/XibV/1UtYEMWaBmS+yI851iGeBoMHTFKi+cQQIJKZWzEZgUlGm/iyJgRn+eVV0iyXHLvk3F8UKtVFHBl0ivKoiBx0iSroFtVQAxH0iJ7RK3qznqwX6936mLeuWYuZE/QH1ucPEieZxg==</latexit><latexit sha1_base64="/zJWyiEOTJ5Dxh4ejyNP5y82emI=">AAACC3icbVC7SgNBFJ31GeMramkzJAixCbtB0EYIsbGwiJAX5LHcncwmQ2Z2l5lZISzb2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8SLOlLbtb2ttfWNzazuzk93d2z84zB0dN1UYS0IbJOShbHugKGcBbWimOW1HkoLwOG1545up33qgUrEwqOtJRHsChgHzGQFtJDeXv8bFri+BJEM3ge4QhIC06tbTpJye98v4rl92cwW7ZM+AV4mzIAW0QM3NfXUHIYkFDTThoFTHsSPdS0BqRjhNs91Y0QjIGIa0Y2gAgqpeMvslxWdGGWA/lKYCjWfq74kEhFIT4ZlOAXqklr2p+J/XibV/1UtYEMWaBmS+yI851iGeBoMHTFKi+cQQIJKZWzEZgUlGm/iyJgRn+eVV0iyXHLvk3F8UKtVFHBl0ivKoiBx0iSroFtVQAxH0iJ7RK3qznqwX6936mLeuWYuZE/QH1ucPEieZxg==</latexit><latexit sha1_base64="/zJWyiEOTJ5Dxh4ejyNP5y82emI=">AAACC3icbVC7SgNBFJ31GeMramkzJAixCbtB0EYIsbGwiJAX5LHcncwmQ2Z2l5lZISzb2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8SLOlLbtb2ttfWNzazuzk93d2z84zB0dN1UYS0IbJOShbHugKGcBbWimOW1HkoLwOG1545up33qgUrEwqOtJRHsChgHzGQFtJDeXv8bFri+BJEM3ge4QhIC06tbTpJye98v4rl92cwW7ZM+AV4mzIAW0QM3NfXUHIYkFDTThoFTHsSPdS0BqRjhNs91Y0QjIGIa0Y2gAgqpeMvslxWdGGWA/lKYCjWfq74kEhFIT4ZlOAXqklr2p+J/XibV/1UtYEMWaBmS+yI851iGeBoMHTFKi+cQQIJKZWzEZgUlGm/iyJgRn+eVV0iyXHLvk3F8UKtVFHBl0ivKoiBx0iSroFtVQAxH0iJ7RK3qznqwX6936mLeuWYuZE/QH1ucPEieZxg==</latexit>
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Galaxy: Conversion of cc-SNe ALPs

cc-SNe Primakoff
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

x

Conversion in Galactic B field

a

d��

dE
=

1

4⇡d2
dṄa

dE
Pa�(E)

<latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit>

Ga
lax
y
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Ga
lax
y

Spontaneous decay

a
�

<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

✓
d��

dE

◆

decay

=
�(a ! ��)

4⇡ma

✓
dN�

dE

◆

decay

⇥
Z

l.o.s.
⇢a(`)d`

<latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit>

Narrow line signal 

@ energy scale of the DM mass

ma . MeV
<latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit><latexit sha1_base64="dKLtfqR2XKSSdo78SxJCdSXD1Vc=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfRY9OJFqGBroQlhs522S3c3YXcjlNiDf8WLB0W8+je8+W/ctjlo64OBx3szzMyLU8608bxvp7S0vLK6Vl6vbGxube+4u3stnWSKQpMmPFHtmGjgTELTMMOhnSogIuZwHw+vJv79AyjNEnlnRimEgvQl6zFKjJUi90BEORnjgIPWmgkcKIFvoBW5Va/mTYEXiV+QKirQiNyvoJvQTIA0lBOtO76XmjAnyjDKYVwJMg0poUPSh46lkgjQYT69f4yPrdLFvUTZkgZP1d8TORFaj0RsOwUxAz3vTcT/vE5mehdhzmSaGZB0tqiXcWwSPAkDd5kCavjIEkIVs7diOiCKUGMjq9gQ/PmXF0nrtOZ7Nf/2rFq/LOIoo0N0hE6Qj85RHV2jBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3A+fwBiCpWr</latexit>

E� =
ma

2
<latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit><latexit sha1_base64="fsrausYn8M2yX3IWEj6xDsQ2nRk=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQFMFjBfsBTQmT7aZdupuE3Y1QQsCLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AlCUs4g2NdOcdhJJQQSctoPR9cRvP1CpWBzd63FCewIGEQsZAW0k3z688b0BCAH4EnuhBJIJP4M8z2q5b1ecqjMFXiRuQSqoQMO3v7x+TFJBI004KNV1nUT3MpCaEU7zspcqmgAZwYB2DY1AUNXLpj/k+MQofRzG0lSk8VT9PZGBUGosAtMpQA/VvDcR//O6qQ4vehmLklTTiMwWhSnHOsaTQHCfSUo0HxsCRDJzKyZDMEloE1vZhODOv7xIWrWq61Tdu7NK/aqIo4SO0DE6RS46R3V0ixqoiQh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDf9KXbg==</latexit>

X rays⇠ keV
<latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit><latexit sha1_base64="Y0JdRm7nBMzK7gbhq0wMyB+cmu0=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubSbJkd+/Y3RPCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenApurO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmGbZYIhLdialBwRW2LLcCO6lGKmOBj/H4duY/PqE2PFEPdpJiJOlQ8QFn1DopDA2XJNSSjLHdq9b8uj8HWSVBQWpQoNmrfoX9hGUSlWWCGtMN/NRGOdWWM4HTSpgZTCkb0yF2HVVUoony+c1TcuaUPhkk2pWyZK7+nsipNGYiY9cpqR2ZZW8m/ud1Mzu4jnKu0syiYotFg0wQm5BZAKTPNTIrJo5Qprm7lbAR1ZRZF1PFhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDFJ4hld48zLvxXv3PhatJa+YOYY/8D5/AFk/kTg=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

⇠ meV
<latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit><latexit sha1_base64="lpEosbMI3iGZFhuqc6Rc9Isf0mU=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEDuCHubuWTJ7t6xuyeEkL9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZenAlurO9/e6W19Y3NrfJ2ZWd3b/+genjUNmmuGbZYKlLdialBwRW2LLcCO5lGKmOBj/HoduY/PqE2PFUPdpxhJOlA8YQzap0UhoZLEmpJJLZ71Zpf9+cgqyQoSA0KNHvVr7CfslyiskxQY7qBn9loQrXlTOC0EuYGM8pGdIBdRxWVaKLJ/OYpOXNKnySpdqUsmau/JyZUGjOWseuU1A7NsjcT//O6uU2uowlXWW5RscWiJBfEpmQWAOlzjcyKsSOUae5uJWxINWXWxVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgwye4RXevNx78d69j0VryStmjuEPvM8fXEuROg==</latexit>

Infrared

⇠ µeV
<latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit><latexit sha1_base64="tKZCiH+4BUG+aJTydZkZZKqKqwo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAdklzA76U2GzMwu8xBiyJd48aCIVz/Fm3/jJNmDJhY0FFXddHclOWfaBMG3t7a+sbm1Xdop7+7tH1T8w6OWzqyi0KQZz1QnIRo4k9A0zHDo5AqISDi0k9HtzG8/gtIskw9mnEMsyECylFFinNTzK5FmAkfC4kgJDK2eXw1qwRx4lYQFqaICjZ7/FfUzagVIQznRuhsGuYknRBlGOUzLkdWQEzoiA+g6KokAHU/mh0/xmVP6OM2UK2nwXP09MSFC67FIXKcgZqiXvZn4n9e1Jr2OJ0zm1oCki0Wp5dhkeJYC7jMF1PCxI4Qq5m7FdEgUocZlVXYhhMsvr5LWRS0MauH9ZbV+U8RRQifoFJ2jEF2hOrpDDdREFFn0jF7Rm/fkvXjv3seidc0rZo7RH3ifP74Hkno=</latexit>

Radio

ma
<latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit><latexit sha1_base64="KyXpfGyBQ750tq5Y0mrHLcghoW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/2yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AEOujcU=</latexit>

[Contribution from all galaxies in the universe: redshifted line and integral 

over star-formation history => contribution to extragalactic backgrounds]


Galaxy: Dark matter decay

Francesca Calore, CNRS-LAPTh TUG 202313
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit><latexit sha1_base64="qIjLEeewdbfskTCylNhLWKkFj2I="></latexit>

=> Rate not-negligible for heavy (> keV) 
ALPs, where conversion is suppressed

Galaxy: Dark matter decay

Francesca Calore, CNRS-LAPTh TUG 202314
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Stimulated decay can occur in the presence of non-relativistic ambient radiation (e.g. CMB) 
Caputo+ PRD’18; JCAP’19; Battye+ PRD’20

=> Rate not-negligible for heavy (> keV) 
ALPs, where conversion is suppressed

Caputo+ PRD’18

=> In large-scale astro environments with low B-
field, stimulated decay dominates also for masses 

in the 10-6 eV mass range

Galaxy: Dark matter decay

Francesca Calore, CNRS-LAPTh TUG 202315

[Same effect also onto photons emitted by high-energy sources, such as pulsars 
or SNR, creating an ALPs-induced echo in the source opposite direction]


Ghosh+ 2008.02729; Sun+ PRD’22, 2310.03788
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Stimulated decay can occur in the presence of non-relativistic ambient radiation (e.g. CMB) 

=> Rate not-negligible for heavy (> keV) 
ALPs, where conversion is suppressed

Caputo+ PRD’18 Caputo+ PRD’18; JCAP’19; Battye+ PRD’20

Caputo+JCAP’19

Galaxy: Dark matter decay

Francesca Calore, CNRS-LAPTh TUG 202316
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• Monochromatic radio emission (MHz - GHz) from 
DM axion/ALP-photon conversion: 

• Resonant conversion from highly magnetised 

neutron stars (NSs), or white dwarf stars


• Non-resonant transitions in the Galactic center 
and/or of discrete astrophysical objects 


• Still large limitations in model predictions


Pshirkov JETP’09; Huang+2018; Hook+PRL’18

Kelley&Quinn ApJ’17; Sigl PRD’17

Leroy+ PRD’20; Witte+ PRD’21; Battye+ JHEP’21; Millar+JCAP’21 

ALPs DM

Photon

Galaxy: Dark matter resonant conversion

Francesca Calore, CNRS-LAPTh TUG 202317
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• Monochromatic radio emission (MHz - GHz) from 
DM axion/ALP-photon conversion: 

• Resonant conversion from highly magnetised 

neutron stars (NSs), or white dwarf stars


• Non-resonant transitions in the Galactic center 
and/or of discrete astrophysical objects 


• Still large limitations in model predictions


Pshirkov JETP’09; Huang+2018; Hook+PRL’18

Kelley&Quinn ApJ’17; Sigl PRD’17

Leroy+ PRD’20; Witte+ PRD’21; Battye+ JHEP’21; Millar+JCAP’21

Foster+ PRL’22 

Galaxy: Dark matter resonant conversion

Francesca Calore, CNRS-LAPTh TUG 202318
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What photon energies?

cc-SNe Primakoff
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Photons in source B field Dark matter
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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cc-SNe Primakoff
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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Photons in source B field Dark matter
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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cc-SNe Primakoff

a
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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Photons in source B field Dark matter
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<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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What photon energies?

Francesca Calore, CNRS-LAPTh TUG 202321
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Gamma-ray data landscape 
DeAngelis+ Voyage 2050 ‘21

Photon energyMeV 100 MeV GeV TeV 100 TeVkeVeV

a

Francesca Calore, CNRS-LAPTh TUG 202322

https://link.springer.com/article/10.1007/s10686-021-09706-y
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Gamma-ray data landscape 
DeAngelis+ Voyage 2050 ‘21

Photon energyMeV 100 MeV GeV TeV 100 TeVkeVeV
Francesca Calore, CNRS-LAPTh TUG 202323

https://link.springer.com/article/10.1007/s10686-021-09706-y
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Gamma-ray data landscape 
DeAngelis+ Voyage 2050 ‘21

Photon energyMeV 100 MeV GeV TeV 100 TeVkeVeV
Francesca Calore, CNRS-LAPTh TUG 202324

https://link.springer.com/article/10.1007/s10686-021-09706-y
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Neutron stars

Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits

Francesca Calore, CNRS-LAPTh TUG 202325
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Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits

Core-collapse SNe 
• Searches for single SNe events or 

cumulative flux from all past SNe

• MeV to GeV cosmic backgrounds offer 
a unique window on this production 
mechanism

High-energy gamma-ray sources

• Search for spectral distortion of high-

energy Galactic and extra-galactic 
sources from X- to gamma rays (e.g. 
NGC1275, Mrk421)


• Search for photons appearance from 
photon-ALPs in source conversion 
(HAWC blazars, sub-PeV Gal.)

FC+ PRD’20, Eckner, FC+PRD’22, FC+ 2306.03925
Payez+ JCAP’14; Meyer & Petrushevska PRL’20; Crnogorcevic+ PRD’21

Jacobsen+JCAP’23; Eckner&FC PRD’22

Francesca Calore, CNRS-LAPTh TUG 202326

Davies+ PRD’23

https://arxiv.org/pdf/2008.11741.pdf
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Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits

Heavy ALPs DM decay 
• Search for narrow lines in X and 

gamma-ray data
• XMM-Newton: 5-16 keV, archival data 

=> No evidence found for unassociated 
X-ray lines

• NuSTAR: 7-Ms/detector deep blank-sky 
exposures

• Integral-SPI: new analysis of 16yr data 
with dedicated search for DM 
component in continuum Galactic 
emission

XMM-NewtonXMM-Newton

Integral-SPI

Foster+ PRL’21

Berteaud, FC+PRD’22; FC+ MNRAS'22

NuSTAR

Roach+ PRD’23

Francesca Calore, CNRS-LAPTh TUG 202327
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One recent highlight

Francesca Calore, CNRS-LAPTh TUG 202328
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Gamma-ray data landscape: hard X rays
DeAngelis+ Voyage 2050 ‘21

Photon energyMeV 100 MeV GeV TeV 100 TeVkeVeV
Francesca Calore, CNRS-LAPTh TUG 202329

https://link.springer.com/article/10.1007/s10686-021-09706-y
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The gamma-ray Galactic diffuse emission 

Francesca Calore, CNRS-LAPTh TUG 202330

Soft gamma rays: Integral/SPI

Constraints on cosmic-ray transport at 
MeV energy but also on exotic emission 
mechanisms: particle and non-particle 

dark matter

Siegert, FC+ A&A’22

New analysis of 16yr-data from SPI

30 keV — 8 MeV

Berteaud, FC+ PRD’22 ; FC+ MNRAS’23



Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al

Berteaud, FC+ PRD’22 

31Francesca Calore, CNRS-LAPTh TUG 20233131

The gamma-ray Galactic diffuse emission 
Soft gamma rays: astrophysical contributions

https://arxiv.org/abs/2209.06299


Modelled spatial templates (30 keV — 8 MeV)


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources (<100 keV)

• Nuclear lines

• Positronium annihilation line+continuum

ICS Positronium 1.8 line 26Al NFW profile 

• Additional decaying DM signal? 

Francesca Calore, CNRS-LAPTh TUG 202332

The gamma-ray Galactic diffuse emission 
Soft gamma rays: dark matter signals?

Berteaud, FC+ PRD’22 
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The gamma-ray Galactic diffuse emission 
Soft gamma rays: constraints on dark matter

No signal detected
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https://zenodo.org/record/6505275

DM flux upper limits

https://zenodo.org/record/6505275
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The gamma-ray Galactic diffuse emission 
Soft gamma rays: constraints on dark matter

No signal detected
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ALPs decay rate into 2 photons

https://zenodo.org/record/6505275
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The gamma-ray Galactic diffuse emission 
Soft gamma rays: constraints on dark matter

FC+ MNRAS’22

Upper limits on ALPs couplingNo signal detected
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The gamma-ray Galactic diffuse emission 
Soft gamma rays: constraints on dark matter

FC+ MNRAS’22

Upper limits on ALPs couplingNo signal detected
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https://zenodo.org/record/6505275Re-analysis of Integral/SPI data provides the strongest constraints on 
(light) particle and non-particle DM (PBH)

DM flux upper limits

https://zenodo.org/record/6505275


• Probes for axion/ALP-photon coupling in astrophysics are truly multi-
wavelength (radio, X-rays, gamma rays)


• HE gamma-ray astrophysics strongly constrains ALPs coupling with 
photons, nucleons and electrons


• Next generation gamma-ray telescopes at high and low energies — 
CTA, HAWC, future MeV missions — will improve by far the 
sensitivity to ALPs in the neV to   eV mass range

Conclusions & Outlook
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Apply to join the WGs on the Action webpage 

https://www.cost.eu/actions/CA21106/

Francesca Calore, CNRS-LAPTh TUG 202337

https://www.cost.eu/actions/CA21106/


• Probes for axion/ALP-photon coupling in astrophysics are truly multi-
wavelength (radio, X-rays, gamma rays)


• HE gamma-ray astrophysics strongly constrains ALPs coupling with 
photons, nucleons and electrons


• Next generation gamma-ray telescopes at high and low energies — 
CTA, HAWC, future MeV missions — will improve by far the 
sensitivity to ALPs in the neV to   eV mass range

Conclusions & Outlook
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Thank you for the attention!

Apply to join the WGs on the Action webpage 

https://www.cost.eu/actions/CA21106/

Francesca Calore, CNRS-LAPTh TUG 202337

https://www.cost.eu/actions/CA21106/
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Going beyond photon-only couplings 

ALP-photon coupling

Primakoff production 

ALP-electron coupling

Electron bremsstrahlung 


ALP-nucleon coupling
NN bremsstrahlung 

Production of ALPs in the SNe

ALPs production 
suppressed by small 

coupling 

Copious ALPs production
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Constraints from enhanced NN brems

• If coupling w/ nucleons, DSNALPB 
constraint:

✓Competitive w/ IAXO sensitivity


• If coupling w/ nucleons, SN1987A 
constraint:

✓ Improves by O(103)

FC+ PRD’20
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NN bremsstrahlung from SN1987A and DSNALPB

https://arxiv.org/pdf/2008.11741.pdf


Heavy ALPs decay
• Production through nucleon bremsstrahlung in CC SNe 

• For m > MeV, conversion suppressed but possible decays into photons and electron-positron pairs

Credit: G. Lucente
41

FC+ PRD’21

Coupling with nucleons and electrons a
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e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

https://arxiv.org/pdf/2107.02186.pdf
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Coupling with nucleons and electrons
Positron production and annihilation

rG = 1kpc
<latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit><latexit sha1_base64="GxiWin11WILYe6bmdEtkCQ+CGlE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJCHoRih70WMF+QBPCZrtpl242YXcjltC/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0o7zrdVWlldW98ob1a2tnd29+z9alslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474ehm6nceqVQsEQ96nFI/xgPBIkawNlJgV2Vwi66Qi7xT5MkYjVIS2DWn7syAlolbkBoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGSpwTJWfz26foGOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajSz9nIs00FWS+KMo40gmaBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfus7jp19/681rgu4ijDIRzBCbhwAQ24gya0gMATPMMrvFkT68V6tz7mrSWrmDmAP7A+fwAU95KG</latexit>

Ee ⇠ 100MeV
<latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit><latexit sha1_base64="CEQA+r1E0EBBlxy7NK/9jN3fLq4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LIrgRahgP6AJYbOdtEt3k7C7EUroxb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWl5ZXSuvVzY2t7Z37N29lkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6H1xO//QhSsSR+0KMUfEH6MYsYJdpIgX1wEwD2FBPYdRzsnWJPCnwHrcCuOjVnCrxI3IJUUYFGYH95vYRmAmJNOVGq6zqp9nMiNaMcxhUvU5ASOiR96BoaEwHKz6cPjPGxUXo4SqSpWOOp+nsiJ0KpkQhNpyB6oOa9ifif1810dOnnLE4zDTGdLYoyjnWCJ2ngHpNANR8ZQqhk5lZMB0QSqk1mFROCO//yImmd1Vyn5t6fV+tXRRxldIiO0Aly0QWqo1vUQE1E0Rg9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBzqvlDs=</latexit>

�e ⇠ 1 kpc
<latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit><latexit sha1_base64="yOEWDyc5DxBOe4lfdQ8HLvUoFAo=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4kJKIoMuiG5cV7AOaECaTSTt0JgkzE6GELtz4K25cKOLWj3Dn3zhts9DWAwOHc87lzj1hxpnSjvNtrayurW9sVraq2zu7e/v2wWFHpbkktE1SnspeiBXlLKFtzTSnvUxSLEJOu+HoZup3H6hULE3u9TijvsCDhMWMYG2kwK553IQjHFDkKSaQi7wz5EmBRhkJ7LrTcGZAy8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRS9XJFM0xGeED7hiZYUOUXsyMm6MQoEYpTaV6i0Uz9PVFgodRYhCYpsB6qRW8q/uf1cx1f+QVLslzThMwXxTlHOkXTRlDEJCWajw3BRDLzV0SGWGKiTW9VU4K7ePIy6Zw3XKfh3l3Um9dlHRWowTGcgguX0IRbaEEbCDzCM7zCm/VkvVjv1sc8umKVM0fwB9bnD307lrE=</latexit>

⌧e ⇠ 103 � 106 yr
<latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit><latexit sha1_base64="j0avIZbfVvXSbgdRoMPmP0w9BoI=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUAAsYKFsYi0YfUhMhxndaq7US2g1RFnVn4FRYGEGLlC9j4G5w2AxSOdHWPzrlX9j1hwqjSjvNllebmFxaXysuVldW19Q17c6ul4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8yv32PZGKxuJWjxLic9QXNKIYaSMF9q6nURoQ6CnKoevcncCjvJ1B7xB6ksORDOyqU3MmgH+JW5AqKNAI7E+vF+OUE6ExQ0p1XSfRfoakppiRccVLFUkQHqI+6RoqECfKzyanjOG+UXowiqUpoeFE/bmRIa7UiIdmkiM9ULNeLv7ndVMdXfgZFUmqicDTh6KUQR3DPBfYo5JgzUaGICyp+SvEAyQR1ia9ignBnT35L2kd11yn5t6cVuuXRRxlsAP2wAFwwTmog2vQAE2AwQN4Ai/g1Xq0nq036306WrKKnW3wC9bHN53kl6Y=</latexit>

In the Galaxy

⇥BRpos
<latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit><latexit sha1_base64="V6/HNN+MtxQ+AdeidyHSiQHYud0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6LLUjcsqthaaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufeeOGVUG8/7dipr6xubW9Xt2s7u3v6Be3jU0zJTmHSxZFL1Y6QJo4J0DTWM9FNFEI8ZeYgn1zP/4ZEoTaW4N3lKQo5GgiYUI2OlyK0HhnKiYfsuKgLFYSr1NHIbXtObA64SvyQNUKITuV/BUOKME2EwQ1oPfC81YYGUoZiRaS3INEkRnqARGVgqkN0YFvPjp/DUKkOYSGVLGDhXf08UiGud89h2cmTGetmbif95g8wkV2FBRZoZIvBiUZIxaCScJQGHVBFsWG4JworaWyEeI4WwsXnVbAj+8surpHfe9L2mf3vRaLXLOKrgGJyAM+CDS9ACN6ADugCDHDyDV/DmPDkvzrvzsWitOOVMHfyB8/kDcBWUnw==</latexit>

a
<latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit><latexit sha1_base64="7DjYM/D8LHHg6Z3rG4v6kCnHnNs=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4ELmVv2YMPe3mV3z4Rc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8NNOE+RGOJA85RWOlhypWB+WKW3MXIOvEy0kFcjQH5a/+MKZpxKShArXueW5i/AyV4VSwWamfapYgneCI9SyVGDHtZ4tTZ+TCKkMSxsqWNGSh/p7IMNJ6GgW2M0Iz1qveXPzP66UmvPYzLpPUMEmXi8JUEBOT+d9kyBWjRkwtQaq4vZXQMSqkxqZTsiF4qy+vk3a95rk1775eadzkcRThDM7hEjy4ggbcQRNaQGEEz/AKb45wXpx352PZWnDymVP4A+fzB3pfjT8=</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

FC+ PRD’21

https://arxiv.org/pdf/2107.02186.pdf
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Constraints on ALP-photon mixing

• Analysis of radio galaxy NGC1275 (Perseus cluster) with Fermi-LAT 
and MAGIC 

✓ Limits very sensitive to modelling of intra-cluster B field

✓ Typically, only turbulent component is modelled 

✓ But, there is evidence for large scale ordered component (better 

match to Faraday rotation measure and others) 

✓ With a purely ordered B field limits almost vanish 

• Analysis of nearby blazar PKS 2155-304 with Fermi-LAT and HESS 

✓ Only turbulent component of the intra-cluster B field

✓ Intergalactic B field RMS usually overestimated 

✓ Limits can be significantly weakened

Search for spectral irregularities in extragalactic targets
No evidence for ALP-photon mixing           Strong but not very robust upper limits

Abramowski+ PRD’13, Zhang+ PRD’18; Guo+:2002.07571

 Libanov &Troitsky PLB’20

CAST

Ordered B field

Turbulent B field

Ajello+PRL’16, Malyshev+1805.04388, Cheng+ PLB’21

 Libanov &Troitsky PLB’20
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<latexit sha1_base64="I5kRdvfG8m60jK6srMLRc+JT2RI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQksigi6LLnRZwT6gieFmOm2HziRhZiKUkJ0bf8WNC0Xc+gvu/Bunj4W2HrhwOOde7r0nTDhT2nG+rcLC4tLySnG1tLa+sbllb+80VJxKQusk5rFshaAoZxGta6Y5bSWSggg5bYaDq5HffKBSsTi608OE+gJ6EesyAtpIgb3fCzLAXg+EgBx7x7jtSYGvaeM+O3FzP7DLTsUZA88Td0rKaIpaYH95nZikgkaacFCq7TqJ9jOQmhFO85KXKpoAGUCPtg2NQFDlZ+M/cnxolA7uxtJUpPFY/T2RgVBqKELTKUD31aw3Ev/z2qnuXvgZi5JU04hMFnVTjnWMR6HgDpOUaD40BIhk5lZM+iCBaBNdyYTgzr48TxqnFdepuLdn5erlNI4i2kMH6Ai56BxV0Q2qoToi6BE9o1f0Zj1ZL9a79TFpLVjTmV30B9bnD+KEmAY=</latexit><latexit sha1_base64="I5kRdvfG8m60jK6srMLRc+JT2RI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQksigi6LLnRZwT6gieFmOm2HziRhZiKUkJ0bf8WNC0Xc+gvu/Bunj4W2HrhwOOde7r0nTDhT2nG+rcLC4tLySnG1tLa+sbllb+80VJxKQusk5rFshaAoZxGta6Y5bSWSggg5bYaDq5HffKBSsTi608OE+gJ6EesyAtpIgb3fCzLAXg+EgBx7x7jtSYGvaeM+O3FzP7DLTsUZA88Td0rKaIpaYH95nZikgkaacFCq7TqJ9jOQmhFO85KXKpoAGUCPtg2NQFDlZ+M/cnxolA7uxtJUpPFY/T2RgVBqKELTKUD31aw3Ev/z2qnuXvgZi5JU04hMFnVTjnWMR6HgDpOUaD40BIhk5lZM+iCBaBNdyYTgzr48TxqnFdepuLdn5erlNI4i2kMH6Ai56BxV0Q2qoToi6BE9o1f0Zj1ZL9a79TFpLVjTmV30B9bnD+KEmAY=</latexit><latexit sha1_base64="I5kRdvfG8m60jK6srMLRc+JT2RI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQksigi6LLnRZwT6gieFmOm2HziRhZiKUkJ0bf8WNC0Xc+gvu/Bunj4W2HrhwOOde7r0nTDhT2nG+rcLC4tLySnG1tLa+sbllb+80VJxKQusk5rFshaAoZxGta6Y5bSWSggg5bYaDq5HffKBSsTi608OE+gJ6EesyAtpIgb3fCzLAXg+EgBx7x7jtSYGvaeM+O3FzP7DLTsUZA88Td0rKaIpaYH95nZikgkaacFCq7TqJ9jOQmhFO85KXKpoAGUCPtg2NQFDlZ+M/cnxolA7uxtJUpPFY/T2RgVBqKELTKUD31aw3Ev/z2qnuXvgZi5JU04hMFnVTjnWMR6HgDpOUaD40BIhk5lZM+iCBaBNdyYTgzr48TxqnFdepuLdn5erlNI4i2kMH6Ai56BxV0Q2qoToi6BE9o1f0Zj1ZL9a79TFpLVjTmV30B9bnD+KEmAY=</latexit><latexit sha1_base64="I5kRdvfG8m60jK6srMLRc+JT2RI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQksigi6LLnRZwT6gieFmOm2HziRhZiKUkJ0bf8WNC0Xc+gvu/Bunj4W2HrhwOOde7r0nTDhT2nG+rcLC4tLySnG1tLa+sbllb+80VJxKQusk5rFshaAoZxGta6Y5bSWSggg5bYaDq5HffKBSsTi608OE+gJ6EesyAtpIgb3fCzLAXg+EgBx7x7jtSYGvaeM+O3FzP7DLTsUZA88Td0rKaIpaYH95nZikgkaacFCq7TqJ9jOQmhFO85KXKpoAGUCPtg2NQFDlZ+M/cnxolA7uxtJUpPFY/T2RgVBqKELTKUD31aw3Ev/z2qnuXvgZi5JU04hMFnVTjnWMR6HgDpOUaD40BIhk5lZM+iCBaBNdyYTgzr48TxqnFdepuLdn5erlNI4i2kMH6Ai56BxV0Q2qoToi6BE9o1f0Zj1ZL9a79TFpLVjTmV30B9bnD+KEmAY=</latexit>

ma [eV]
<latexit sha1_base64="Utn9Suw7ir9+PNrR1uzVJXmPo40=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICURQY9FLx4r2A9IQthsJ+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8KONMacf5tlZW19Y3Nitb1e2d3b19u3bQUWkuKbRpylPZi4gCzhJoa6Y59DIJREQcutHoZup3H0Aqlib3epxBIMggYTGjRBsptGsiLMgE+2fY86XA0AlCu+40nBnwMnFLUkclWqH95fdTmgtINOVEKc91Mh0URGpGOUyqfq4gI3REBuAZmhABKihmp0/wiVH6OE6lqUTjmfp7oiBCqbGITKcgeqgWvan4n+flOr4KCpZkuYaEzhfFOcc6xdMccJ9JoJqPDSFUMnMrpkMiCdUmraoJwV18eZl0zhuu03DvLurN6zKOCjpCx+gUuegSNdEtaqE2ougRPaNX9GY9WS/Wu/Uxb12xyplD9AfW5w/XCJMQ</latexit><latexit sha1_base64="Utn9Suw7ir9+PNrR1uzVJXmPo40=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICURQY9FLx4r2A9IQthsJ+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8KONMacf5tlZW19Y3Nitb1e2d3b19u3bQUWkuKbRpylPZi4gCzhJoa6Y59DIJREQcutHoZup3H0Aqlib3epxBIMggYTGjRBsptGsiLMgE+2fY86XA0AlCu+40nBnwMnFLUkclWqH95fdTmgtINOVEKc91Mh0URGpGOUyqfq4gI3REBuAZmhABKihmp0/wiVH6OE6lqUTjmfp7oiBCqbGITKcgeqgWvan4n+flOr4KCpZkuYaEzhfFOcc6xdMccJ9JoJqPDSFUMnMrpkMiCdUmraoJwV18eZl0zhuu03DvLurN6zKOCjpCx+gUuegSNdEtaqE2ougRPaNX9GY9WS/Wu/Uxb12xyplD9AfW5w/XCJMQ</latexit><latexit sha1_base64="Utn9Suw7ir9+PNrR1uzVJXmPo40=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICURQY9FLx4r2A9IQthsJ+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8KONMacf5tlZW19Y3Nitb1e2d3b19u3bQUWkuKbRpylPZi4gCzhJoa6Y59DIJREQcutHoZup3H0Aqlib3epxBIMggYTGjRBsptGsiLMgE+2fY86XA0AlCu+40nBnwMnFLUkclWqH95fdTmgtINOVEKc91Mh0URGpGOUyqfq4gI3REBuAZmhABKihmp0/wiVH6OE6lqUTjmfp7oiBCqbGITKcgeqgWvan4n+flOr4KCpZkuYaEzhfFOcc6xdMccJ9JoJqPDSFUMnMrpkMiCdUmraoJwV18eZl0zhuu03DvLurN6zKOCjpCx+gUuegSNdEtaqE2ougRPaNX9GY9WS/Wu/Uxb12xyplD9AfW5w/XCJMQ</latexit><latexit sha1_base64="Utn9Suw7ir9+PNrR1uzVJXmPo40=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICURQY9FLx4r2A9IQthsJ+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8KONMacf5tlZW19Y3Nitb1e2d3b19u3bQUWkuKbRpylPZi4gCzhJoa6Y59DIJREQcutHoZup3H0Aqlib3epxBIMggYTGjRBsptGsiLMgE+2fY86XA0AlCu+40nBnwMnFLUkclWqH95fdTmgtINOVEKc91Mh0URGpGOUyqfq4gI3REBuAZmhABKihmp0/wiVH6OE6lqUTjmfp7oiBCqbGITKcgeqgWvan4n+flOr4KCpZkuYaEzhfFOcc6xdMccJ9JoJqPDSFUMnMrpkMiCdUmraoJwV18eZl0zhuu03DvLurN6zKOCjpCx+gUuegSNdEtaqE2ougRPaNX9GY9WS/Wu/Uxb12xyplD9AfW5w/XCJMQ</latexit>

Jedamzik  & Saveliev, PRL’19

[See also Carenza+ PRD’21, Kachelriess+ JCAP’22 for impact of turbulent Galactic B field]
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• The cumulative axion emission from past core-collapse SNe in the Universe would lead to a diffuse axion flux 
comparable with that of neutrinos        Gamma-ray signal suppressed by Galactic conversion


• The same cumulative contribution can be considered for ALP production in SNe         Significant regions in 
the parameter space where we can have a large ALP production and sizeable photon conversions

Raffelt+ PRD’11

Beacom, Ann. Rev. Nucl. Part. Sci.’10

Time-integrated CC SNe ALPs 
spectrum from past events

CC SNe rate density at 
redshift z

The diffuse SN ALP background

Yuksel et al. ApJ Letters’08

DSNALPB

FC+ PRD’20, 2110.03679

a

Time-integrated spectrum weighted 
by initial mass function over the 

range 8-125 M⊙

https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf
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The GRB221009A

Carenza&Marsh 2022
Batkash+ JCAP'23


