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• Stars as laboratories of ALPs and other FIPs

• Signatures of ALP-photon coupling 

‣ Search for gamma-ray core collapse SNe

‣ Searches for spectral irregularities in gamma and X rays


• Conclusion and outlook

Outline
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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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Stars as laboratories of FIPs
• Light particles (up to ~100 MeV) can be efficiently 

thermally produced in stellar cores


• Can free stream and escape from the core inducing 

- novel channel of energy-loss

- shortening the duration of the neutrino burst

- direct signatures in cosmic backgrounds


Paradigmatic example: neutrinos 

Credit: Giannotti @ FIPs2020
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Stellar evolution and FIPs

EuCAPT Whitepaper 2110.10074

Compact 
remnants
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Stellar evolution and FIPs

EuCAPT Whitepaper 2110.10074

Compact 
remnants

• Direct search of particles from Sun

• Lifetime of HB stars in GCs

• Brightness of tip of RGB

• WD luminosity function

• WD initial-final mass function

• DM axion conversion in 
pulsar magnetosphere

• Neutrinos from SN1987A

• Explosion energy 

• Past CC SNe

• Superradiance



Axion & Axion-like particles
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• Axion as pseudo-Nambu Goldstone boson predicted by the Peccei-Quinn 
mechanism 


• ALPs as generalization of the QCD axion

• Very light pseudo-scalar bosons predicted by multiple extensions of the 

Standard Model

• The mass and the coupling constant of ALPs are completely independent 

parameters

• They represent weakly interacting slim (ultralight) particles (WISPs) 

• They can be cold dark matter candidates for certain values of mass and 

coupling 

Peccei Journal of Korean Physical Society 1996

Chang+ PRD 2000; Turok PRL 1996; Arvanitaki+ PRD’10

Preskill+ PLB 1983; Sikivie International Journal of Modern Physics ‘10
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The ALP-photon coupling landscape

Credit: M. Meyer @ https://github.com/me-manu/gammaALPsPlot/ 8

ALPs mass
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<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs production in CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

[Inclusion of alpha particles and gravitational redshift induce 15%-20% spectral variations, see Caputo+ PRD’22; 
Calore+ 2110.03679v2; Caputo+ 2201.09890]


https://arxiv.org/pdf/2109.03244.pdf
https://arxiv.org/pdf/2201.09890.pdf
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ma . 10�11 eV
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ga� = 10�10 GeV�1
<latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit><latexit sha1_base64="579BsVsnLpSecwHb3c3Jkph6pGY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlynRR7h9iTAl/RRiakXbvsVJwJ8F/i5qSMctS69qfXC0ksaKAJB6XarhPpTgJSM8JpWvJiRSMgIxjQtqEBCKo6yeSfFO8ZpYf7oTQVaDxRf04kIJQaC990CtBDNetl4n9eO9b9s07CgijWNCDTRf2YYx3iLBzcY5ISzceGAJHM3IrJECQQbSIsmRDc2Zf/ksZxxXUq7s1JuXqRx1FEO2gXHSAXnaIqukY1VEcEPaAn9IJerUfr2Xqz3qetBSuf2Ua/YH18A0TamkA=</latexit>

ALPs production in CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

[Inclusion of alpha particles and gravitational redshift induce 15%-20% spectral variations, see Caputo+ PRD’22; 
Calore+ 2110.03679v2; Caputo+ 2201.09890]


For Galactic SNe

d�a

dE
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dṄa

dE
<latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit><latexit sha1_base64="xEbpDK4m1hJEb1qyhxwSkb3hvhI=">AAACJnicbVBLSwMxGMzWV62vVY9egkXwVHZLQS+FogiepIKthe66ZLPZNjT7IMkKJeyv8eJf8eKhIuLNn2LarqCtA4FhZr4k3/gpo0Ja1qdRWlldW98ob1a2tnd298z9g65IMo5JBycs4T0fCcJoTDqSSkZ6KSco8hm590eXU//+kXBBk/hOjlPiRmgQ05BiJLXkmU0n5AirwGkPqYdyFVzlTTjX7Fw1oJNSGDzUc/iTCxKpbvIi6plVq2bNAJeJXZAqKND2zIm+AGcRiSVmSIi+baXSVYhLihnJK04mSIrwCA1IX9MYRUS4arZmDk+0EsAw4frEEs7U3xMKRUKMI18nIySHYtGbiv95/UyG566icZpJEuP5Q2HGoEzgtDMYUE6wZGNNEOZU/xXiIdJ9SN1sRZdgL668TLr1mm3V7NtGtXVR1FEGR+AYnAIbnIEWuAZt0AEYPIEXMAFvxrPxarwbH/NoyShmDsEfGF/f79+mEA==</latexit>

https://arxiv.org/pdf/2109.03244.pdf
https://arxiv.org/pdf/2201.09890.pdf
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ALP searches sensitive to the product ga! BT  

Good knowledge of B-field is required! 

Raffelt & Stodolsky PRD’88; Horns+PRD’12; and others

x1

x2

x3

For a monochromatic photon-ALP beam of energy E propagating along the 
x3 axis in a cold plasma within a homogeneous magnetic field B

Pa!� =

✓
ga�BT

2

◆2

d2 (1)

⇠ 0.015
⇣ ga�
10�11 GeV

⌘2
✓

BT

10�6 G

◆✓
d

kpc

◆2

(2)
<latexit sha1_base64="Bmn6IMUrULfCm5TX3nw+ptC2PGI="></latexit><latexit sha1_base64="Bmn6IMUrULfCm5TX3nw+ptC2PGI="></latexit><latexit sha1_base64="Bmn6IMUrULfCm5TX3nw+ptC2PGI="></latexit><latexit sha1_base64="Bmn6IMUrULfCm5TX3nw+ptC2PGI="></latexit>
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18M�
<latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit><latexit sha1_base64="dj2k6hNwukqoqvEuHMgdqPl8BwQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkIthj0YsXoYL9gCaEzWbbLt1kw+5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLa+sblV3q7s7O7tV+2Dw44SmSS0TQQXshdiRTlLaFszzWkvlRTHIafdcHwz87uPVComkgc9Sakf42HCBoxgbaTArroN5J2juyD3RCT0NLBrTt2ZA60StyA1KNAK7C8vEiSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP58fPkWnRonQQEhTiUZz9fdEjmOlJnFoOmOsR2rZm4n/ef1MDxp+zpI00zQhi0WDjCMt0CwFFDFJieYTQzCRzNyKyAhLTLTJqmJCcJdfXiWdi7rr1N37y1rzuoijDMdwAmfgwhU04RZa0AYCGTzDK7xZT9aL9W59LFpLVjFzBH9gff4AN6mSKA==</latexit>

ma . 10�11 eV
<latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit><latexit sha1_base64="gic8QCOdiLHhmMvgDELr15qIcNM=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECw23ImgZtLGMYD4gF8PeZi5Zsnt37O4J4Uhp41+xsVDE1p9g579xk1yh0QcDj/dmmJkXJIJr43lfTmFhcWl5pbhaWlvf2Nxyt3caOk4VgzqLRaxaAdUgeAR1w42AVqKAykBAMxheTfzmPSjN4+jWjBLoSNqPeMgZNVbquvuyS7EvQGvNJSbeXXZCyBj7x9hXEkOj65a9ijcF/ktITsooR63rfvq9mKUSIsME1bpNvMR0MqoMZwLGJT/VkFA2pH1oWxpRCbqTTR8Z40Or9HAYK1uRwVP150RGpdYjGdhOSc1Az3sT8T+vnZrwopPxKEkNRGy2KEwFNjGepIJ7XAEzYmQJZYrbWzEbUEWZsdmVbAhk/uW/pHFaIV6F3JyVq5d5HEW0hw7QESLoHFXRNaqhOmLoAT2hF/TqPDrPzpvzPmstOPnMLvoF5+MbqRGXzg==</latexit>

ga� = 10�10 GeV�1
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ALPs gamma-ray flux from CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14

[Inclusion of alpha particles and gravitational redshift induce 15%-20% spectral variations, see Caputo+ PRD’22; 
Calore+ 2110.03679v2; Caputo+ 2201.09890]


d�a

dE
=

1

4⇡d2
dṄa
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For massless ALPs, one-to-one correspondence 
between ALPs and photon energy

https://arxiv.org/pdf/2109.03244.pdf
https://arxiv.org/pdf/2201.09890.pdf
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Gamma-ray astrophysics 
DeAngelis+ Voyage 2050 ‘21

https://link.springer.com/article/10.1007/s10686-021-09706-y
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 

➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 

➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe

• SN1987A: Lack of gamma-ray burst in the Gamma-Ray 
Spectrometer (GRS) of the Solar Maximum Mission (SMM)


Payez+ JCAP’14
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures 

➡ Chance to see a Galactic SN depends on SN rate (~3/century) and field-of-view of telescope

Gamma-ray bursts from CC SNe

• SN1987A: Lack of gamma-ray burst in the Gamma-Ray 
Spectrometer (GRS) of the Solar Maximum Mission (SMM)


Payez+ JCAP’14

• Extragalactic SNe: Search for gamma-ray burst at the time 
and direction of 20 optically characterised SNe

Meyer & Petrushevska PRL’20
Crnogorcevic+ PRD’21

https://arxiv.org/pdf/2006.06722.pdf
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The diffuse SN ALP background 

• 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

FC+ PRD’20, 2110.03679

DSNALPB

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


18

• 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

https://arxiv.org/pdf/1110.6397.pdf
https://arxiv.org/pdf/2008.11741.pdf
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Time-integrated DSNALPB spectrum
Evolution of CC SNe from numerical 
simulations with progenitor ZAMS masses:

• CCSN explosion: 8.8, 11.2, 18, 25 M⊙

• Failed CCSN explosion: 40, 70 M⊙

Time-integrated spectrum weighted by initial 
mass function over the range 8-125 M⊙,

[Other source of uncertainty: initial mass function and SN rate parameterisations] 

FC+ 2110.03679

Fischer+ A&A’10;  Kotake+ ApJ’18; Kuroda+ MNRAS’18
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Gamma-ray DSNALPB signal 

Conversion in Jansson & Farrar Galactic magnetic field model

 updated to Planck data 

Integrated ALPs signal 
between 50 and 200 MeV

ga� ⇠ 4⇥ 10�11 GeV�1
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All-sky diffuse signal 
With specific extended 

spatial features
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The Fermi-LAT gamma-ray sky
12yr gamma-ray data 


50-200 MeV

How can we disentangle/
constrain the faint ALPs 

signal? 
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The gamma-ray sky components 
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• Detected sources (point-like and extended) 
~5000 objects

Fermi-LAT Collab. ApJS'20

https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
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The gamma-ray sky components 

• Detected sources (point-like and extended) 
~5000 objects 

• Galactic diffuse emission from cosmic-ray 
interactions with gas and radiation


Fermi-LAT Collab. ApJS'20
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
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The gamma-ray sky components 

• Detected sources (point-like and extended) 
~5000 objects 

• Galactic diffuse emission from cosmic-ray 
interactions with gas and radiation


• Other large scale structures, e.g. Fermi 
bubbles — yet of unknown origin 

Fermi-LAT Collab. ApJS'20

Su+ ApJ’10
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§ £10°5

https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044/pdf


Fermi-LAT 3D template-based fit
New: Dedicated template-based analysis of 12yr Fermi-LAT data 

How to beat systematic uncertainties?  
• Interstellar model emission iterative fitting procedure to reduce effect of background mis-modelling 

• ROI optimisation to guarantee best consistency between model and data (high-latitude South)

• Statistical inference is based on a weighted Poisson log-likelihood function

• Extended LAT data sample down to 50 MeV 

25

FC+ 2110.03679
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DSNALPB gamma-ray constraints

FC+ 2110.03679Accepted version of manuscript 

ga� . 3.7⇥ 10�11 GeV�1 , 95% CL
<latexit sha1_base64="Poazbd/KY2CKW9hLiYBO7d8POPY="></latexit><latexit sha1_base64="Poazbd/KY2CKW9hLiYBO7d8POPY="></latexit><latexit sha1_base64="Poazbd/KY2CKW9hLiYBO7d8POPY="></latexit><latexit sha1_base64="Poazbd/KY2CKW9hLiYBO7d8POPY="></latexit>

ma ⌧ 10�11 eV
<latexit sha1_base64="qCbuDWmsCKgSPAtyZD2sbDnKu7Y=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZaJCLosunFZwT6gMw6ZNNOGJpkhyQhlKLjxV9y4UMStP+HOvzFtZ6HVAxcO59zLvfdEKWfaeN6XU1pYXFpeKa9W1tY3Nrfc7Z2WTjJFaJMkPFGdCGvKmaRNwwynnVRRLCJO29HwauK376nSLJG3ZpTSQOC+ZDEj2FgpdPdEiKHPOUTeXX6C0Bj6x9BXAtJW6Fa9mjcF/EtQQaqgQCN0P/1eQjJBpSEca91FXmqCHCvDCKfjip9pmmIyxH3atVRiQXWQT38Yw0Or9GCcKFvSwKn6cyLHQuuRiGynwGag572J+J/XzUx8EeRMppmhkswWxRmHJoGTQGCPKUoMH1mCiWL2VkgGWGFibGwVGwKaf/kvaZ3WkFdDN2fV+mURRxnsgwNwBBA4B3VwDRqgCQh4AE/gBbw6j86z8+a8z1pLTjGzC37B+fgGcEqVdA==</latexit><latexit sha1_base64="qCbuDWmsCKgSPAtyZD2sbDnKu7Y=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZaJCLosunFZwT6gMw6ZNNOGJpkhyQhlKLjxV9y4UMStP+HOvzFtZ6HVAxcO59zLvfdEKWfaeN6XU1pYXFpeKa9W1tY3Nrfc7Z2WTjJFaJMkPFGdCGvKmaRNwwynnVRRLCJO29HwauK376nSLJG3ZpTSQOC+ZDEj2FgpdPdEiKHPOUTeXX6C0Bj6x9BXAtJW6Fa9mjcF/EtQQaqgQCN0P/1eQjJBpSEca91FXmqCHCvDCKfjip9pmmIyxH3atVRiQXWQT38Yw0Or9GCcKFvSwKn6cyLHQuuRiGynwGag572J+J/XzUx8EeRMppmhkswWxRmHJoGTQGCPKUoMH1mCiWL2VkgGWGFibGwVGwKaf/kvaZ3WkFdDN2fV+mURRxnsgwNwBBA4B3VwDRqgCQh4AE/gBbw6j86z8+a8z1pLTjGzC37B+fgGcEqVdA==</latexit><latexit sha1_base64="qCbuDWmsCKgSPAtyZD2sbDnKu7Y=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZaJCLosunFZwT6gMw6ZNNOGJpkhyQhlKLjxV9y4UMStP+HOvzFtZ6HVAxcO59zLvfdEKWfaeN6XU1pYXFpeKa9W1tY3Nrfc7Z2WTjJFaJMkPFGdCGvKmaRNwwynnVRRLCJO29HwauK376nSLJG3ZpTSQOC+ZDEj2FgpdPdEiKHPOUTeXX6C0Bj6x9BXAtJW6Fa9mjcF/EtQQaqgQCN0P/1eQjJBpSEca91FXmqCHCvDCKfjip9pmmIyxH3atVRiQXWQT38Yw0Or9GCcKFvSwKn6cyLHQuuRiGynwGag572J+J/XzUx8EeRMppmhkswWxRmHJoGTQGCPKUoMH1mCiWL2VkgGWGFibGwVGwKaf/kvaZ3WkFdDN2fV+mURRxnsgwNwBBA4B3VwDRqgCQh4AE/gBbw6j86z8+a8z1pLTjGzC37B+fgGcEqVdA==</latexit><latexit sha1_base64="qCbuDWmsCKgSPAtyZD2sbDnKu7Y=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZaJCLosunFZwT6gMw6ZNNOGJpkhyQhlKLjxV9y4UMStP+HOvzFtZ6HVAxcO59zLvfdEKWfaeN6XU1pYXFpeKa9W1tY3Nrfc7Z2WTjJFaJMkPFGdCGvKmaRNwwynnVRRLCJO29HwauK376nSLJG3ZpTSQOC+ZDEj2FgpdPdEiKHPOUTeXX6C0Bj6x9BXAtJW6Fa9mjcF/EtQQaqgQCN0P/1eQjJBpSEca91FXmqCHCvDCKfjip9pmmIyxH3atVRiQXWQT38Yw0Or9GCcKFvSwKn6cyLHQuuRiGynwGag572J+J/XzUx8EeRMppmhkswWxRmHJoGTQGCPKUoMH1mCiWL2VkgGWGFibGwVGwKaf/kvaZ3WkFdDN2fV+mURRxnsgwNwBBA4B3VwDRqgCQh4AE/gBbw6j86z8+a8z1pLTjGzC37B+fgGcEqVdA==</latexit>
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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
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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 
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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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Coupling with photons and nucleons

• NN brems. enhances the ALPs 
production and final gamma-ray 
flux


➡New limits from SN1987A

➡New constraints from DSNALPB

ALPs flux at Earth and gamma-ray flux for SN1987A

NN brems

Primakoff

FC+ PRD’20

NN bremsstrahlung from SN1987A and DSNALPB

N

N

N

N

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>

https://arxiv.org/pdf/2008.11741.pdf
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Constraints from enhanced NN brems
FC+ PRD’20

ALPs-photon conversion 

N

N

N

N

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>

Fermi-LAT isotropic  
diffuse bkg spectrum

DSNALPB

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

ALPs-photon conversion

N

N

N

N

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>

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


Using COMPTEL data (< 30 MeV), strong constraints on heavy decaying ALPs (10 - 100 keV) 
from gamma-ray decay

33

Heavy ALPs decay

FC+ PRD’20

Constraints from enhanced NN brems

The decay into e+e- pairs tends to 
reduce the decay length as well as 

the total number of photons 
produced from ALP decays

N

N

N

N

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>

[See also Caputo+ 2201.09890]


https://arxiv.org/pdf/2008.11741.pdf
https://arxiv.org/pdf/2201.09890.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
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FC+ PRD’21

Coupling with nucleons and electrons 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>

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>



36

Coupling with nucleons and electrons
Positron production and annihilation

In the Galaxy

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>

FC+ PRD’21

ma = 30MeV
<latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit><latexit sha1_base64="nwFqUmtzB6WSqXQu3M1qn9K1FmE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICVRQS9C0YsXoYL9gCaEzXbSLt1Nwu5GCKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9MOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHgz8duPIBVL4gedp+AL0o9ZxCjRRgrsiggIvsJnDvZOsCcFvoNWYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7IyI1oxzGZS9TkBI6JH3oGhoTAcofTY8f4yOj9HCUSFOxxlP198SICKVyEZpOQfRAzXsT8T+vm+no0h+xOM00xHS2KMo41gmeJIF7TALVPDeEUMnMrZgOiCRUm7zKJgR3/uVF0jqtuU7NvT+v1q+LOEroAB2iY+SiC1RHt6iBmoiiHD2jV/RmPVkv1rv1MWtdsoqZCvoD6/MHWM2SoQ==</latexit>
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511 keV line from Galactic CC SNe population
Coupling with nucleons and electrons

Mirizzi et al., JCAP’06

Type II SNe


Smearing from decay length & positrons propagation 


Jean et al., Astron. Astrophys. 445 (2006)
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[Theory uncertainties from positron propagation and progenitor mass]


https://arxiv.org/pdf/2107.02186.pdf


The cosmic X-ray background

FC+ PRD’21

Extragalactic CC SNe => Redshifted 511 keV line signal, from escaping ALPs from past CC SNe
Raffelt et al., PRD 84 (2011)

Galactic and extra-galactic SNe: bound on a currently unexplored region

40

Coupling with nucleons and electrons a
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https://arxiv.org/pdf/2107.02186.pdf


41

Constraints on FIPs from CC SNe 

FC+ 2112.08382

Dar+ PRL 1987; DeRocco+ JHEP’19

General rationale can be 
applied to all FIPs that:

• Can be produced through 

mixing with SM particles 

• Have decay channels with 

positrons in the final state

➡ Limits on sterile neutrinos

➡ Limits on dark photons

https://arxiv.org/pdf/2112.08382.pdf
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Constraints on FIPs from CC SNe 
The case of dark photons

The dark photon (DP) is a U(1)0 gauge 
boson kinetically mixed with the SM 
photon

Transverse and longitudinal d.o.f can be 
produced in SN core

Chang+ JHEP’17

FC+ 2112.08382

https://arxiv.org/pdf/2112.08382.pdf
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Production of ALPs in the SNe mainly by Primakoff effect    


ALPs produced in O(10) sec bursts, with an energy spectrum peaked at 60-80 MeV 

➡ Specific time dependent and spectral signatures  

➡ 3% chance to see a Galactic SN with the LAT over the next 7 years

• Future Fermi-LAT Galactic SN: Projected constraints from observation of short gamma-ray burst 
from SN explosion with the LAT  from time-dependent signal 

Meyer+ PRL’17

Future gamma-ray bursts from CC SNe

Crnogorcevic+ PRD’21

Meyer+ PRL’17

https://arxiv.org/pdf/2006.06722.pdf
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Searches for spectral irregularities

Strong-mixing

Oscillations ! rays
ma ⇠ 10�9 eV

Ec ⇠ TeV

Ec ⇠ GeV

Ec ⇠ keVma ⇠ 10�12 eV

ma ⇠ 10�6 eV

ma Ec

X rays

Wouters & Brun ApJ’13; Conlon+ JCAP’17
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What future for gamma-ray searches? 

• DSNALB, SNe and pulsars constraints 
would benefit by future MeV missions, 
able to better resolve the diffuse 
gamma-ray background and provide 
accurate spectra in the MeV energy 
range


• Galaxy clusters (e.g. NGC1275) limits 
would be improved by CTA touching 
ALP DM region


• Search for SNe bursts opens exciting 
complementarity with optical transient 
facilities (Rubin, ZTF, TESS).  

CTA Consortium 2010.01349
Batkovic+ Universe Review’21

Meyer+ PRL’17
Crnogorcevic+ PRD’21

https://arxiv.org/pdf/2010.01349.pdf


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


• HE gamma-ray astrophysics strongly constraint 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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µ
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Thank you for the attention!


