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Plan of the lectures
• Lecture 1: Particles from the sky: charged 

cosmic rays, gamma rays and neutrinos 
Detection techniques and observations 
Production and origin  
The multi-messenger connection  

• Lecture 2-3-4: Probing new physics with 
astroparticle observations 
Generalities of dark matter searches 
Particle dark matter 
Primordial black holes  
Stellar/Astro axion-like particles 
Anomalies and excesses

Credit: NBI IceCube

??
??

https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/


Primordial black holes
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Limits on primordial black holes

Green & Kavanagh J. Phys. G'19

https://arxiv.org/abs/2007.10722
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Limits on primordial black holes
Evaporation of PBH and cosmic backgrounds

Green & Kavanagh J. Phys. G'19

• PBH can emit charged cosmic rays and photons 
via Hawking radiation => Almost-black (grey) body 
emission

• Sufficient emission from MPBH > 1014 g to set limits 
on their evaporation products today 

• Photon contribution to the extragalactic gamma-ray 
and X-ray backgrounds

• Unconstrained mass range ~1017 — 1022 g, the so-
called asteroid mass gap where fPBH can be 1

TPBH ' 1013g

MPBH

GeV
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Carr+ PRD’10;  Ballesteros+ PLB’20; Iguaz+ PRD'21

Page & Hawking ApJ’76; Carr & MacGibbon  Phys. Rep.’98
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Limits on primordial black holes
Evaporation of PBH and Galactic diffuse emission

Berteaud, FC+ PRD’22 



Modeled spatial templates


• Inverse Compton scattering of electrons off the 
interstellar radiation field


• Unresolved sources

• Nuclear lines

• Positronium annihilation line

• PBH dark matter

7

MeV Galactic diffuse emission
Is there evidence for an additional PBH dark matter component?

Berteaud, FC+ PRD’22 

=> Upper limits on PBH DM flux

DM flux upper limits

No signal detected
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Limits on PBH dark matter
Spectral fit and constraints

Modeled spectral components — MCMC fit 


• Inverse Compton: power law 

• Unresolved sources: cutoff power law

• Nuclear lines: narrow gaussians 

• Positronium annihilation: line + continuum

• PBH dark matter 

=> Upper limits on PBH DM fractions

Asteroid 
Mass Gap

[Same analysis applied for light decaying DM, Dekker, FC+ arXiv:2209.06299 ]



Stellar and Astro 
 axions and axion-like particles



QCD axions and axion-like particles

Axion Couplings:

(Term for Strong CP Problem) (Fermions)

Axion Mass:

(Slight model dependence 
in couplings)

(Electro-Mag)

(Electro-Mag)

Axion Couplings: No Coupling ⋯+ other terms

Magnetic Field

Electric
Field

Axions

Low energy limit a ~E · ~B
<latexit sha1_base64="CBkOETpNAXNE9XICHZWN4KUdvWk=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEfRYKoLHCrYWmlA2m027dLMJu5NCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg7Xsz7MwLUsE1OM63VVpZXVvfKG9WtrZ3dvfs/YO2TjJFWYsmIlGdgGgmuGQt4CBYJ1WMxIFgD8Hweuo/jJjSPJH3ME6ZH5O+5BGnBIzUs48I9kaM5jcT7NEwATx/NiY9u+rUnBnwMnELUkUFmj37ywsTmsVMAhVE667rpODnRAGngk0qXqZZSuiQ9FnXUElipv18dsEEnxolxFGiTEnAM/X3RE5ircdxYDpjAgO96E3F/7xuBtGVn3OZZsAknX8UZQJDgqdx4JArRkGMDSFUcbMrpgOiCAUTWsWE4C6evEza5zXXqbl3F9V6o4ijjI7RCTpDLrpEdXSLmqiFKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AFacZYt</latexit><latexit sha1_base64="CBkOETpNAXNE9XICHZWN4KUdvWk=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEfRYKoLHCrYWmlA2m027dLMJu5NCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg7Xsz7MwLUsE1OM63VVpZXVvfKG9WtrZ3dvfs/YO2TjJFWYsmIlGdgGgmuGQt4CBYJ1WMxIFgD8Hweuo/jJjSPJH3ME6ZH5O+5BGnBIzUs48I9kaM5jcT7NEwATx/NiY9u+rUnBnwMnELUkUFmj37ywsTmsVMAhVE667rpODnRAGngk0qXqZZSuiQ9FnXUElipv18dsEEnxolxFGiTEnAM/X3RE5ircdxYDpjAgO96E3F/7xuBtGVn3OZZsAknX8UZQJDgqdx4JArRkGMDSFUcbMrpgOiCAUTWsWE4C6evEza5zXXqbl3F9V6o4ijjI7RCTpDLrpEdXSLmqiFKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AFacZYt</latexit><latexit sha1_base64="CBkOETpNAXNE9XICHZWN4KUdvWk=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEfRYKoLHCrYWmlA2m027dLMJu5NCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg7Xsz7MwLUsE1OM63VVpZXVvfKG9WtrZ3dvfs/YO2TjJFWYsmIlGdgGgmuGQt4CBYJ1WMxIFgD8Hweuo/jJjSPJH3ME6ZH5O+5BGnBIzUs48I9kaM5jcT7NEwATx/NiY9u+rUnBnwMnELUkUFmj37ywsTmsVMAhVE667rpODnRAGngk0qXqZZSuiQ9FnXUElipv18dsEEnxolxFGiTEnAM/X3RE5ircdxYDpjAgO96E3F/7xuBtGVn3OZZsAknX8UZQJDgqdx4JArRkGMDSFUcbMrpgOiCAUTWsWE4C6evEza5zXXqbl3F9V6o4ijjI7RCTpDLrpEdXSLmqiFKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AFacZYt</latexit><latexit sha1_base64="CBkOETpNAXNE9XICHZWN4KUdvWk=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSEfRYKoLHCrYWmlA2m027dLMJu5NCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg7Xsz7MwLUsE1OM63VVpZXVvfKG9WtrZ3dvfs/YO2TjJFWYsmIlGdgGgmuGQt4CBYJ1WMxIFgD8Hweuo/jJjSPJH3ME6ZH5O+5BGnBIzUs48I9kaM5jcT7NEwATx/NiY9u+rUnBnwMnELUkUFmj37ywsTmsVMAhVE667rpODnRAGngk0qXqZZSuiQ9FnXUElipv18dsEEnxolxFGiTEnAM/X3RE5ircdxYDpjAgO96E3F/7xuBtGVn3OZZsAknX8UZQJDgqdx4JArRkGMDSFUcbMrpgOiCAUTWsWE4C6evEza5zXXqbl3F9V6o4ijjI7RCTpDLrpEdXSLmqiFKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AFacZYt</latexit>

Credit: S. Witte
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The ALP-photon mixing

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

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

Schrödinger-like equation of motion 

x1

x2

x3

https://wwwth.mpp.mpg.de/members/raffelt/mypapers/198804.pdf
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The ALP-photon mixing
Considering the propagation of photons in a single magnetic domain d with a coherent B-field, the 
propagation equations reduce to a 2-dimensional problem: 

Probability for purely polarised photon beam 
(A∥) to oscillate into an ALP after distance d 

Oscillation wave number

Critical energy

E � Ec

E ' Ec

�osc ' 2�a�
Strong mixing regime

Oscilla1on regime

e.g. Mirizzi & Montanino JCAP’09
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Constraints on ALP-photon mixing
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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
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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
<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

For Galactic SNe

d�a

dE
=

1

4⇡d2
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>



ALP-photon Galactic conversion 
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ALP searches sensitive to the product ga𝛾 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>



17

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
<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 gamma-ray flux from CC SNe
Production of ALPs in the SNe mainly by Primakoff effect    

Payez+ JCAP’14
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<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>

For Galactic SNe
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<latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit><latexit sha1_base64="NfujqrAUAYw/a0Csg3RlfUMpDCY="></latexit>

For massless ALPs, one-to-one correspondence 
between ALPs and photon energy
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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

• The same cumulative contribution can be considered for ALP production in SNe        
FC+ PRD’20, 2110.03679

https://arxiv.org/pdf/2006.06722.pdf
https://arxiv.org/pdf/2008.11741.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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<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

Extragalactic gamma-ray emitters

• AGNs jets

• Star-forming and star-burst galaxies

• Galaxy clusters


[Also photons from Galactic objects like pulsars and SNRs with conversion in Galactic magnetic field]


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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ALPs production in HE emitters



Strong-mixing

Oscillations

The ALP-photon mixing
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Strong-mixing

Oscillations

1. Spectral irregularities at ~Ec
II.  ALPs do not get absorbed, 

enhancing the photon flux

The ALP-photon mixing
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𝛾 rays

E� ' Ec

Galaxy cluster

ne ⇠ 0.01 cm�3

B0 ⇠ 1� 10µG

Milky Way

B ⇠ 1µG

ne ⇠ 0.1 cm�3

ma ⇠ 10�9 eV

Ec ⇠ TeV

Ec ⇠ GeV

Ec ⇠ keVma ⇠ 10�12 eV

ma ⇠ 10�6 eV

ma Ec

X rays
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Wouters & Brun ApJ’13; Conlon+ JCAP’17

Searches for spectral irregularities
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Searches for spectral irregularities
High-energy gamma rays
Some basic requirement: 

• Very bright gamma-ray sources         High statistics for a good spectral determination 

• Sources far enough and in the direction of strong transversal B-fields, e.g. behind or within a 

galaxy cluster

• Good knowledge of B-field! As ALP searches are sensitive to the product ga𝛾 BT, the constraint on 

ga𝛾 is only as good as the knowledge of BT.

Conversion probability in 
Galactic B-field
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

[LON, LAT, DIST]
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

[LON, LAT, DIST]

Spectral energy distribution 
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Searches for gamma-ray spectral irregularities
Galactic and extragalactic targets

Galactic targets: 
+ Require only modelling of 

Galactic B field

- Strength of the 

conversion depends on 
position in the Galaxy 
(e.g. beyond spiral arms)


- Larger systematics on 
spectral determination 
due to gamma-ray diffuse 
emission foreground

Extragalactic targets: 
- Require modelling of 

several B fields (intra-
cluster, intergalactic, 
Galactic)


+ Depends only on latitude 
and longitude of the 
sources


+ Very accurate spectral 
determination 


- Require modelling of EBL 
absorption
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ALPs and the opacity of the Universe
• VHE photons from distant sources are attenuated by pair production onto the Extragalactic 

Background Light (EBL) 

• The flux of very distant sources and at very high energies should be exponentially suppressed 
• In the past, indications of anomalous cosmic transparency from gamma-ray studies interpreted as 

possible signs of ALPs 

• Latest data consistent with EBL expectations

De Angelis et al. (2009,2011,2015); Essey & Kusenko (2012); Horns & Meyer (2012); Rubtsov & Troitsky (2014); etc 

Biteau&Williams+ApJ’15; Dominguez&Ajello ApJL’15

⌧ =
d

n(E)�(�� ! e+e�)
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➡ Search for ALPs-induced anomalous EBL absorption
Buehler+ 2004.09396
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Constraints on ALP-photon mixing

https://github.com/cajohare/AxionLimits
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Fermi-SNe

DSNALP

SN1987A

HESS

Mrk 421

Fermi NGC1275

HAWC blazars

sub-PeV Gal.

a

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

Payez+ JCAP’14; Meyer & Petrushevska PRL’20; 
Crnogorcevic+ PRD’21

Jacobsen+2203.04332; Eckner&FC PRD’22

High-energy gamma rays

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


Anomalies and excesses



The anti-proton excess



Reinert&Winkler JCAP’18

Low-energy excess in antiproton data?
Cuoco+ PRL’17
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~4.5𝞼

<2𝞼

Signal:  
• Excess in AMS-02 cosmic-ray antiprotons @ 10 — 

20 GeV 
• Accounting for covariance of various systematics 

the significance drops < 2𝞼  

Interpretations:  
• Dark matter annihilation with mass ~ 40 — 130 

GeV (consistent with GeV excess)  
• However, simple propagation scenarios cannot 

explain all CR data 
• Syst. uncertainties still large: pbar production 

cross section? Effects of solar modulation? 
Cosmic-ray propagation models?

Cuoco+ PRL’17; Cui+ PRL’17; Cholis+ ‘17

Cuoco+ JCAP’17

Reinert&Winkler JCAP’18; Boschini+ ApJ’17

➡Refined treatment of uncertainties is needed!



Antiproton uncertainties
Data: AMS02 antiproton from 2016 
Model: semi-analytical 
Comparison with data => discrepancy ~ few 10GV

New Physics? 
Or sys uncertainties?

Boudaud+ PRL’1935



Antiproton uncertainties

Errors on the data: Covariance matrix estimated from 
detector info  
Errors on the model:  

1. Pbar production cross-sections → Updated 
parameterisation and uncertainties 

2. Transport → Updated transport models and 
uncertainties 

3. Parents → Updated fit and contribution of high-Z 
elements

Data: AMS02 antiproton from 2016 
Model: semi-analytical 
Comparison with data => discrepancy ~ few 10GV

New Physics? 
Or sys uncertainties?
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Antiproton uncertainties
Data: AMS02 antiproton from 2016 
Model: semi-analytical 
Comparison with data => discrepancy ~ few 10GV

New Physics? 
Or sys uncertainties?

AMS-02 antiprotons are consistent with a 
secondary astrophysical origin

Residuals much more Gaussian
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No room for dark matter

FC+ SciPost’22

CR-specific parameters vs DM-specific ones

Likelihood ratio: 

1.8𝞼 local 

1. CR parameters derived from LiBeB, are good for anti-protons 
2.DM does not alter best-fit for propagation parameters since 

subdominant 
3. Uncertainty on primary antiproton flux dominated by the size 

of the diffusive halo, L
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Antiproton constraints on WIMPs
FC+ SciPost’22
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The Fermi-LAT GeV excess



Hooper&Goodenough ’09; Vitale&Morselli ’09;  
Hooper&Linden PRD’11;   

Hooper&Goodenough PLB’11;  
Boyarsky+ PLB’11;  

Abazajian&Kaplinghat PRD’12;  
Macias&Gordon PRD’14; 

Abazajian+ PRD’14; Daylan+ ’14; 
Huang+ ’15; Carlson+ ’15; Ajello+15;   

Casandjian Fermi Symp.’14;  
de Boer+’16; Macias+’16; etc.

Daylan+ PDU’14

Residual Model (x3)Total Flux

3º

The Galactic centre GeV excess
The Galactic centre ROI
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The GeV excess
Galactic centre characterisation

excess  

Spectrum Morphology
Daylan+ PDU’14

✓ Extended excess emission above:  model for diffuse emission, Sgr A* and other point sources

✓ The spectrum might strongly suffer from background modelling

✓ Compatible to be spherically symmetric about the Galactic centre

✓ Connection with HESS TeV GC ridge

Abazjian+ PRD’14

Macias&Gordon PRD’14; Macias+ MNRAS’15
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The Galactic centre GeV excess

FC+ JCAP’15

20º

20º

The inner Galaxy ROI

 Hooper&Slatyer PDU’13; Huang+ JCAP’13; 
Zhou+ PRD’15; Daylan+ PDU’14; FC+ JCAP’15; 

Gaggero+ JCAP'15; Ajello+ 2015; Huang+JCAP ’15 
Linden+PRD’16; Horiuchi+’16; Ackermann+ApJ’17; Ackermann+2017; etc.
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The Galactic centre GeV excess

FC+ JCAP’15

20º

20º

The inner Galaxy ROI

 Hooper&Slatyer PDU’13; Huang+ JCAP’13; 
Zhou+ PRD’15; Daylan+ PDU’14; FC+ JCAP’15; 

Gaggero+ JCAP'15; Ajello+ 2015; Huang+JCAP ’15 
Linden+PRD’16; Horiuchi+’16; Ackermann+ApJ’17; Ackermann+2017; etc.

1. Almost uniform spectrum peaked at ~2 GeV

2. Extended at least up to 10 degrees
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• Established evidence for an excess emission above known 
astrophysical backgrounds (diffuse emission + point-like 
sources)


• Several independent techniques find analogous results 
(template fitting, spectral decomposition, image reconstruction)


• Template fitting - image reconstruction hybrid approach 
(SKYFACT) has been proved very powerful in disentangling 
gamma-ray emission components


• Residuals reduced significantly when (realistic) nuisance 
parameters are included in the fit

Storm, Weniger & FC JCAP’17

The GeV excess emission 

Fermi bubbles spectrum

MSP-like spectrum

Hooper+ PDU’13; Huang+ JCAP’13; Daylan+ ’14; FC+ JCAP’15; 
Ajello+ ApJ’15; Gaggero+ JCAP’15; etc

Selig+ A&A’14; Huang+ JCAP’16; de Boer+’16

Storm, Weniger & FC JCAP’17
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GeV 
excess

Unresolved point sources

Truly diffuse processes 

Constraints: 

(a) Spectrum & Morphology of the excess? (b) Emission in other wavelengths?

What is the origin of the GeV excess? 
Possible interpretations

46



Gamma rays from dark matter (DM) annihilation 
Diffuse processes I
• Decay/Annihilation of DM particles would lead to the production of final gamma rays 

with specific energy and spatial distribution

Angular distance from Galactic centre [�]
G
am

m
a-
ra
y
F
lu
x
[1
/c
m

2
sr
s
G
eV

]

0 5 10 15 20
Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

ΩDM(r) / r°∞ , ∞ = 1.26

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

J( ) /
Z

l.o.s
⇢2DM(r(s, ))ds

0 5 10 15 20
Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

ΩDM(r) / r°∞ , ∞ = 1.26

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4
d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0±

10°7

10°6

10°5

10°4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW ∞ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

GeV excess  
spectrum

DM spectrum

GeV excess  
angular profile

DM angular  
profile

FC+PRD’15

Agrawal+JCAP’15; Achterberg+JCAP’15; Bertone, FC+ JCAP’15; Liem, FC+ JCAP’16; O(>100) papers
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Cosmic rays in the GC
Diffuse processes II
• New population of cosmic rays injected at the GC (electrons mostly)

• Steady state (from star formation in CMZ) and/or time-dependent (from outburst activity 

of the GC) source term Gaggero+JCAP’15; Carlson+ PRD’16, PRL’16
Petrovic+ JCAP’14; Cholis,FC+ JCAP’15 

Carlson+ PRD‘16 Cholis,FC+ JCAP’15

Additional CR injection at the GC, accounting for 
enhanced SFR traced by H2 regions 


(5-10% of total SFR)


Time-dependent (burst) injection of leptons at the 
GC, and tuning of burst parameters (age, duration, 

injection spectrum, propagation parameters)
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Detected vs “unresolved” point-like sources

O’Leary+ 15

detected

unresolved

Detected sources
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✓ Proposed population of MSPs in the bulge (vs 
disc)


✓ Young pulsars from SF in the CMZ, but 
difficult to explain spatial extent and observed 
bright ones


✓ Bulge MSPs from tidally disrupted globular 
clusters


✓ Issues in luminosity function of observed MSP 
and LMXB-to-MSP ratio

✓ Excess spectrum compatible with 
observed millisecond pulsars (MSPs), 
and marginally young pulsars

Morphology

Hooper+PRD’14; 
 Petrovic+ JCAP’15; Yuang+ MNRAS’14;  

O’Leary+ ’15; Linden PRD’16 

Brandt&Kocsis ApJ’15; Abbate et al. 2017; Fragione 
et al. 2017; Arca-Sedda et al. 2017; 

Macias+JCAP’19 

Spectrum

✏ / r��e�r/Rcut

Rcut = 3kpc� = 2.5

Abazaijan&Kaplinghat’12
Cholis+’14; Hooper+’15; Hooper&Linden JCAP’16; 

Haggard+ JCAP’17;  Ploeg+ JCAP’17

Unresolved sources: PSR and MSPs
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Going beyond dark matter templates
Stellar distribution in the bulge

Nuclear bulge X-shaped bulge

Wegg & Gerhard MNRAS'12

1.4⇥ 109 M�
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• Red Clump stars (near-IR) used to characterise the three-dimensional density structure of the BB

• Most recent non-parametrically deconvolved bulge model w/ VISTA Variables in the Via Lactea (VVV) data

• X-shaped structure characteristic of boxy/peanut like morphology (extragalactic studies of barred galaxies and simulations)

Boxy bulge

Launhardt+A&A’02 Ness&Lang AJ’16

~20% BB mass

Coleman+ MNRAS’20
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Evidence for the stellar bulge GeV emission
Dark matter Boxy-bulge

✓ Stellar bulge model: Boxy bulge as traced by red-clump giants + 
nuclear bulge


✓ Strong evidence for additional stellar bulge model (16𝞼); no evidence 
for additional DM model (< 3𝞼)


✓ Discriminating feature: Asymmetry at ~10 deg longitude => 
Morphology of the GCE more oblate than what found before

Macias+ Nature Astronomy’18; Macias+ JCAP’19

Cao+MNRAS’13; Launhardt+ A&A’02
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Differences in the statistics of the photon counts can be quantified and used for 
model comparison

Lee+ JCAP’15

Statistics of photon counts
How to discriminate diffuse vs point-like emission
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• Exploits difference in photon statistics: 
smooth signal (DM) vs larger variance 
across pixels (PS) 


• PS fluctuations follow non-Poissonian 
statistics 


• Sensitivity to spatial distribution and 
luminosity function of PS


• Required modelling of diffuse emission 

Lee+ PRL’16

Local maxima of normalised wavelet transform 

Non-Poissonian template fitting

• Wavelet transform to look for peaks in data

• Enough peaks were found to explain the cumulative excess emission

• Evidence for unresolved PS population and constraints on luminosity function

• No modelling of diffuse emission required

Bartels+ PRL’16

Support for unresolved point sources (PS)
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The gamma-ray perspective

55

Lee+ JCAP’15Truly diffuse Unresolved sources

The GeV excess nature

• Difference in statistics of photon counts can be 
quantified and used for model comparison


• Strong bias from mis-modelling of foreground diffuse 
emission and controversial results


• Nonetheless: evidence for unresolved point sources is 
there with different, independent, methods


• Stellar bulge morphology preferred over DM also 
when modelling faint point sources

Bartels+ PRL’16; Lee+PRL’16

Lee+ JCAP’15

Zhong+PRL’19; Leane&Slatyer PRL’20, PRD’20; Chang+ PRD’20, Buschmann+PRD’20

Buschmann+PRD’20; FC+ 2102.12497; List+ 2107.09070

Dark matter Stellar bulge

 FC+ PRL’ 21
Macias+ Nature Astronomy’18; Macias+ JCAP’19

An (at least) partial stellar origin of the GeV 
excess seems to be confirmed
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Multi-messenger tests of the GeV excess
Complementary techniques and multi-wavelength searches to test the excess nature: 


✴ Radio, X-ray, and (future) gravitational waves searches  


✴ Very high-energy photons with CTA 

✴ DM constraints from gamma rays (dwarf galaxies) and cosmic-ray antiprotons

FC+ApJ’16; FC+PRL’19; Berteaud, FC+ PRD’21

Macias+ MNRAS’21

Di Mauro & Winkler PRD’21

SKA1-mid @ 1.4 GHz

FC+ApJ’16 Berteaud, FC+ PRD’21

Monte Carlo

Chandra 
catalog



Bonus slides
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Axions and ALPs dark matter
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a

[Contribution from all galaxies in the universe: redshifted line and integral over star-formation history => contribution to 
extragalactic backgrounds]


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



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

• Integral-SPI: new analysis of 16yr data 
with dedicated search for DM 
component in continuum Galactic 
emission
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Axions and ALPs dark matter
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Spontaneous decay

a
�
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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

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

the 10-6 eV mass range

Axions and ALPs dark matter

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

Stimulated decay
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Spontaneous decay
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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

Axions and ALPs dark matter

Caputo+JCAP’19

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

Stimulated decay
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• Monochromatic radio emission (MHz - GHz) from 
DM axion/ALP-photon conversion: 

• Resonant conversion from highly magnetised 

neutron stars 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

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

Axions and ALPs dark matter
Resonant conversion

a
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• Monochromatic radio emission (MHz - GHz) from 
DM axion/ALP-photon conversion: 

• Resonant conversion from highly magnetised 

neutron stars 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 

Spontaneous decay
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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>

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

Foster+ 2202.08274 

Axions and ALPs dark matter
Resonant conversion

a
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Particle DM: v-dependent x-section

Non-relativistic regime: 

if present, s-wave is dominant
h�vi = a+ bv2 +O(v4), v/c ⇠ 10�3

• S-wave can be suppressed (e.g. helicity suppression) or models may allow for v-dependent 
cross sections (long-range interactions for TeV scale dark matter) 


• The connection between Early Universe and today annihilation is altered in a non-trivial way

h�vi ⌘ S(v/c)⇥ h�vi0
<latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit>

S(v/c) = (v/c)n
<latexit sha1_base64="RTxE5rnJosGGokXQGGqx65gURwk=">AAAB+3icbZDLTgIxFIbP4A3xhrh000hMYIMzxEQ3JkQ3LjHKJYGRdEoHGjqdSdshkgmv4saFxrj1Rdz5NhaYhYJ/0uTLf87JOf29iDOlbfvbyqytb2xuZbdzO7t7+wf5w0JThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oZlZvjalULBQPehJRN8ADwXxGsDZWL1+4L43PSBldoRIygMqPxizaFXsutApOCkVIVe/lv7r9kMQBFZpwrFTHsSPtJlhqRjid5rqxohEmIzygHYMCB1S5yfz2KTo1Th/5oTRPaDR3f08kOFBqEnimM8B6qJZrM/O/WifW/qWbMBHFmgqyWOTHHOkQzYJAfSYp0XxiABPJzK2IDLHERJu4ciYEZ/nLq9CsVhy74tydF2vXaRxZOIYTKIEDF1CDW6hDAwg8wTO8wps1tV6sd+tj0Zqx0pkj+CPr8wcqLJHt</latexit><latexit sha1_base64="RTxE5rnJosGGokXQGGqx65gURwk=">AAAB+3icbZDLTgIxFIbP4A3xhrh000hMYIMzxEQ3JkQ3LjHKJYGRdEoHGjqdSdshkgmv4saFxrj1Rdz5NhaYhYJ/0uTLf87JOf29iDOlbfvbyqytb2xuZbdzO7t7+wf5w0JThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oZlZvjalULBQPehJRN8ADwXxGsDZWL1+4L43PSBldoRIygMqPxizaFXsutApOCkVIVe/lv7r9kMQBFZpwrFTHsSPtJlhqRjid5rqxohEmIzygHYMCB1S5yfz2KTo1Th/5oTRPaDR3f08kOFBqEnimM8B6qJZrM/O/WifW/qWbMBHFmgqyWOTHHOkQzYJAfSYp0XxiABPJzK2IDLHERJu4ciYEZ/nLq9CsVhy74tydF2vXaRxZOIYTKIEDF1CDW6hDAwg8wTO8wps1tV6sd+tj0Zqx0pkj+CPr8wcqLJHt</latexit><latexit sha1_base64="RTxE5rnJosGGokXQGGqx65gURwk=">AAAB+3icbZDLTgIxFIbP4A3xhrh000hMYIMzxEQ3JkQ3LjHKJYGRdEoHGjqdSdshkgmv4saFxrj1Rdz5NhaYhYJ/0uTLf87JOf29iDOlbfvbyqytb2xuZbdzO7t7+wf5w0JThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oZlZvjalULBQPehJRN8ADwXxGsDZWL1+4L43PSBldoRIygMqPxizaFXsutApOCkVIVe/lv7r9kMQBFZpwrFTHsSPtJlhqRjid5rqxohEmIzygHYMCB1S5yfz2KTo1Th/5oTRPaDR3f08kOFBqEnimM8B6qJZrM/O/WifW/qWbMBHFmgqyWOTHHOkQzYJAfSYp0XxiABPJzK2IDLHERJu4ciYEZ/nLq9CsVhy74tydF2vXaRxZOIYTKIEDF1CDW6hDAwg8wTO8wps1tV6sd+tj0Zqx0pkj+CPr8wcqLJHt</latexit><latexit sha1_base64="RTxE5rnJosGGokXQGGqx65gURwk=">AAAB+3icbZDLTgIxFIbP4A3xhrh000hMYIMzxEQ3JkQ3LjHKJYGRdEoHGjqdSdshkgmv4saFxrj1Rdz5NhaYhYJ/0uTLf87JOf29iDOlbfvbyqytb2xuZbdzO7t7+wf5w0JThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oZlZvjalULBQPehJRN8ADwXxGsDZWL1+4L43PSBldoRIygMqPxizaFXsutApOCkVIVe/lv7r9kMQBFZpwrFTHsSPtJlhqRjid5rqxohEmIzygHYMCB1S5yfz2KTo1Th/5oTRPaDR3f08kOFBqEnimM8B6qJZrM/O/WifW/qWbMBHFmgqyWOTHHOkQzYJAfSYp0XxiABPJzK2IDLHERJu4ciYEZ/nLq9CsVhy74tydF2vXaRxZOIYTKIEDF1CDW6hDAwg8wTO8wps1tV6sd+tj0Zqx0pkj+CPr8wcqLJHt</latexit>

• n=-1: Sommerfeld-enhanced annihilation in the Coulomb 
limit


• n=0: s-wave velocity-independent annihilation

• n=2: p-wave annihilation. This scenario is relevant if DM is 

a Majorana fermion, which annihilates to Standard Model 
fermion/antifermion pairs
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Gamma-ray flux h�vi ⌘ S(v/c)⇥ h�vi0
<latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit><latexit sha1_base64="ZAnxARcb4Nu0F7UHElQUWe1zung=">AAACMXicdVDLSgMxFM34rPU16tJNsAh1U2dE0GXRTZcV7QM6Q8mkt21oJjMmmYFS+ktu/BNx04Uibv0J03YW2uqBwOGcc7m5J4g5U9pxJtbK6tr6xmZuK7+9s7u3bx8c1lWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwuJ36jRSkYpF40MMY/JD0BOsySrSR2nbF40T0OGBPsV5IcIo9mQnwmLAU3xfTc3qGPc1CUPi/dNtp2wWn5MyAl4mbkQLKUG3bL14nokkIQlNOlGq5Tqz9EZGaUQ7jvJcoiAkdkB60DBXE7PdHs4vH+NQoHdyNpHlC45n6c2JEQqWGYWCSIdF9tehNxb+8VqK71/6IiTjRIOh8UTfhWEd4Wh/uMAlU86EhhEpm/oppn0hCtSk5b0pwF09eJvWLkuuU3LvLQvkmqyOHjtEJKiIXXaEyqqAqqiGKntArekPv1rM1sT6sz3l0xcpmjtAvWF/fSyepCA==</latexit>

Boddy et al., Phys. Rev. D 95, 123008 (2017) [1702.00408]

DM phase-space distribution

⇢(r) ⌘
Z

f(r,v)d3v
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Gamma-ray flux 
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S=1

v-dependence of xsec can be translated in v-dependence of 

J-factors, allowing an easier recasting of limits under s-

wave assumptions
Boddy et al., Phys. Rev. D 95, 123008 (2017) [1702.00408]

Boddy et al., Phys. Rev. D 102, 023029 (2020) [1909.13197]
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Particle DM: v-dependent x-section
Impact on DM limits
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Limits on accreting PBH

• 10-100 solar mass PBH can accrete interstellar gas and produce 
observable X-ray and radio emission today 

• Same mechanism can also modify the recombination history of the 
Universe => constraints set by anisotropies and spectrum of the 
CMB  

• Significant theoretical uncertainties: e.g. accretion rate and the 
ionizing effects of the radiation; impact of more realistic/complex 
mass functions

➡ Future radio facilities (SKA, ngVLA) have the potential to either 
set very strong constraints on PBH abundance or to detect a 
population of PBHs at the GC

Carr MNRAS 1981; Ricotti+ ApJ’08; Poulin, FC+ PRD’17

Weltman+ PASA’20

Gaggero, FC+ PRL’17;  Inoue & Kusenko JCAP’17; Lu+ ApJL’21 

Manshanden+ JCAP’19 


