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Plan of the lectures

• Prolegomena: basic concepts 
• Particles interactions w/ matter and 

radiation 
• MW/MM connections: Gamma rays & 

neutrinos 
• Astrophysical sources of CRs and radiation 
• Exotic sources of CRs and radiation 
• Generalities of dark matter searches 
• Anomalous propagation of CRs/radiation

Credit: NBI IceCube

??
??

https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/
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Prolegomena
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Some reading material
M. Longair, High energy astrophysics, Cambridge Univ. Press (2012)

V. S. Berezinskii et al., Astrophysics of cosmic rays, Amsterdam: North-Hollans (1990)

G. Sigl, Astroparticle Physics: Theory and Phenomenology, Atlantis Press Paris (2017)

G. Ghisellini, Radiative processes in high-energy astrophysics, Lect. Notes Phys. (2013)

Very good lectures notes: Foundations of cosmic-ray astrophysics, Varenna (2022)

 


Feel free to email me at calore@lapth.cnrs.fr! 


EuCAPT White Paper, Opportunities and Challenges for Theoretical 
Astroparticle Physics in the Next Decade, arXiv:2110.10074 

https://doi.org/10.1017/CBO9780511778346
https://ui.adsabs.harvard.edu/abs/1990acr..book.....B/abstract
https://link.springer.com/book/10.2991/978-94-6239-243-4
https://arxiv.org/abs/1202.5949
https://indico.gssi.it/event/339/overview
mailto:calore@lapth.cnrs.fr
https://arxiv.org/abs/2110.10074
https://arxiv.org/abs/2110.10074
https://arxiv.org/abs/2110.10074
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The MW 
spectrum
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Thermal radiation 



The MW 
spectrum
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Thermal radiation Non-thermal radiation 
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The multi-wavelength sky
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M. Ackermann et al., JHEAp 35, 55 (2022) [2203.08096] 

2x1023 Hz
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Galactic and extragalactic environments

Extremely rarefied densities of matter 

Very large distances and spatial scales 

Very long timescales 

Magnetised environments 

Radiation fields
. 1 cm�3

<latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit>

. 10�6 cm�3
<latexit sha1_base64="T6N0wgD4RuRN5XrFFKwSvZOwfX8=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAaoEEDBWsDAWiT6kJlSOe9tatZPIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50fM698r0niDlT2nG+rMLc/MLiUnG5tLK6tr5hb241VJRICnUa8Ui2AqKAsxDqmmkOrVgCEQGHZjC8GvvNe5CKReGtHsXgC9IPWY9Roo3UsXc9DkopJrDr3KVHZxn2DrEnBabCPE+yjl12Ks4E+C9xc1JGOWod+9PrRjQREGrKiVJt14m1nxKpGeWQlbxEQUzokPShbWhIBCg/nRyS4X2jdHEvkqZCjSfqz4mUCKVGIjCdguiBmvXG4n9eO9G9Cz9lYZxoCOn0o17CsY7wOBXcZRKo5iNDCJXM7IrpgEhCtcmuZEJwZ0/+SxrHFdepuDen5eplHkcR7aA9dIBcdI6q6BrVUB1R9ICe0At6tR6tZ+vNep+2Fqx8Zhv9gvXxDScMmCA=</latexit><latexit sha1_base64="T6N0wgD4RuRN5XrFFKwSvZOwfX8=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAaoEEDBWsDAWiT6kJlSOe9tatZPIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50fM698r0niDlT2nG+rMLc/MLiUnG5tLK6tr5hb241VJRICnUa8Ui2AqKAsxDqmmkOrVgCEQGHZjC8GvvNe5CKReGtHsXgC9IPWY9Roo3UsXc9DkopJrDr3KVHZxn2DrEnBabCPE+yjl12Ks4E+C9xc1JGOWod+9PrRjQREGrKiVJt14m1nxKpGeWQlbxEQUzokPShbWhIBCg/nRyS4X2jdHEvkqZCjSfqz4mUCKVGIjCdguiBmvXG4n9eO9G9Cz9lYZxoCOn0o17CsY7wOBXcZRKo5iNDCJXM7IrpgEhCtcmuZEJwZ0/+SxrHFdepuDen5eplHkcR7aA9dIBcdI6q6BrVUB1R9ICe0At6tR6tZ+vNep+2Fqx8Zhv9gvXxDScMmCA=</latexit><latexit sha1_base64="T6N0wgD4RuRN5XrFFKwSvZOwfX8=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAaoEEDBWsDAWiT6kJlSOe9tatZPIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50fM698r0niDlT2nG+rMLc/MLiUnG5tLK6tr5hb241VJRICnUa8Ui2AqKAsxDqmmkOrVgCEQGHZjC8GvvNe5CKReGtHsXgC9IPWY9Roo3UsXc9DkopJrDr3KVHZxn2DrEnBabCPE+yjl12Ks4E+C9xc1JGOWod+9PrRjQREGrKiVJt14m1nxKpGeWQlbxEQUzokPShbWhIBCg/nRyS4X2jdHEvkqZCjSfqz4mUCKVGIjCdguiBmvXG4n9eO9G9Cz9lYZxoCOn0o17CsY7wOBXcZRKo5iNDCJXM7IrpgEhCtcmuZEJwZ0/+SxrHFdepuDen5eplHkcR7aA9dIBcdI6q6BrVUB1R9ICe0At6tR6tZ+vNep+2Fqx8Zhv9gvXxDScMmCA=</latexit><latexit sha1_base64="T6N0wgD4RuRN5XrFFKwSvZOwfX8=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAaoEEDBWsDAWiT6kJlSOe9tatZPIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50fM698r0niDlT2nG+rMLc/MLiUnG5tLK6tr5hb241VJRICnUa8Ui2AqKAsxDqmmkOrVgCEQGHZjC8GvvNe5CKReGtHsXgC9IPWY9Roo3UsXc9DkopJrDr3KVHZxn2DrEnBabCPE+yjl12Ks4E+C9xc1JGOWod+9PrRjQREGrKiVJt14m1nxKpGeWQlbxEQUzokPShbWhIBCg/nRyS4X2jdHEvkqZCjSfqz4mUCKVGIjCdguiBmvXG4n9eO9G9Cz9lYZxoCOn0o17CsY7wOBXcZRKo5iNDCJXM7IrpgEhCtcmuZEJwZ0/+SxrHFdepuDen5eplHkcR7aA9dIBcdI6q6BrVUB1R9ICe0At6tR6tZ+vNep+2Fqx8Zhv9gvXxDScMmCA=</latexit>

Several kpc

100s Mpc or Gpc

~230 Myr 
one solar orbit 

~14 Gyr 
age of the universe

1 pc ' 3.26 lyr ' 3.086⇥ 1016 m
<latexit sha1_base64="CelNB74lNMu3317kSAwF6VC/7CM=">AAACMHicbZBNSwMxEIazftb6terRS7AIHqRsqtQeix70WMF+QHct2TRtQ5PdNckKZelP8uJP0YuCIl79FabtFrV1IPDOMzNM5vUjzpR2nFdrYXFpeWU1s5Zd39jc2rZ3dmsqjCWhVRLyUDZ8rChnAa1qpjltRJJi4XNa9/sXo3r9nkrFwuBGDyLqCdwNWIcRrA1q2ZcIusfQlQJGBLqKCXoHT/KF4pTygfzBTslwbRIFkXOboOJw2iZads7JO+OA8wKlIgfSqLTsJ7cdkljQQBOOlWoiJ9JegqVmhNNh1o0VjTDp4y5tGhlgs9VLxgcP4aEhbdgJpXmBhmP6eyLBQqmB8E2nwLqnZmsj+F+tGetOyUtYEMWaBmSyqBNzqEM4cg+2maRE84ERmEhm/gpJD0tMtPE4a0xAsyfPi1ohj5w8uj7Nlc9TOzJgHxyAI4DAGSiDK1ABVUDAA3gGb+DderRerA/rc9K6YKUze+BPWF/fAbOkvA==</latexit><latexit sha1_base64="CelNB74lNMu3317kSAwF6VC/7CM=">AAACMHicbZBNSwMxEIazftb6terRS7AIHqRsqtQeix70WMF+QHct2TRtQ5PdNckKZelP8uJP0YuCIl79FabtFrV1IPDOMzNM5vUjzpR2nFdrYXFpeWU1s5Zd39jc2rZ3dmsqjCWhVRLyUDZ8rChnAa1qpjltRJJi4XNa9/sXo3r9nkrFwuBGDyLqCdwNWIcRrA1q2ZcIusfQlQJGBLqKCXoHT/KF4pTygfzBTslwbRIFkXOboOJw2iZads7JO+OA8wKlIgfSqLTsJ7cdkljQQBOOlWoiJ9JegqVmhNNh1o0VjTDp4y5tGhlgs9VLxgcP4aEhbdgJpXmBhmP6eyLBQqmB8E2nwLqnZmsj+F+tGetOyUtYEMWaBmSyqBNzqEM4cg+2maRE84ERmEhm/gpJD0tMtPE4a0xAsyfPi1ohj5w8uj7Nlc9TOzJgHxyAI4DAGSiDK1ABVUDAA3gGb+DderRerA/rc9K6YKUze+BPWF/fAbOkvA==</latexit><latexit sha1_base64="CelNB74lNMu3317kSAwF6VC/7CM=">AAACMHicbZBNSwMxEIazftb6terRS7AIHqRsqtQeix70WMF+QHct2TRtQ5PdNckKZelP8uJP0YuCIl79FabtFrV1IPDOMzNM5vUjzpR2nFdrYXFpeWU1s5Zd39jc2rZ3dmsqjCWhVRLyUDZ8rChnAa1qpjltRJJi4XNa9/sXo3r9nkrFwuBGDyLqCdwNWIcRrA1q2ZcIusfQlQJGBLqKCXoHT/KF4pTygfzBTslwbRIFkXOboOJw2iZads7JO+OA8wKlIgfSqLTsJ7cdkljQQBOOlWoiJ9JegqVmhNNh1o0VjTDp4y5tGhlgs9VLxgcP4aEhbdgJpXmBhmP6eyLBQqmB8E2nwLqnZmsj+F+tGetOyUtYEMWaBmSyqBNzqEM4cg+2maRE84ERmEhm/gpJD0tMtPE4a0xAsyfPi1ohj5w8uj7Nlc9TOzJgHxyAI4DAGSiDK1ABVUDAA3gGb+DderRerA/rc9K6YKUze+BPWF/fAbOkvA==</latexit><latexit sha1_base64="CelNB74lNMu3317kSAwF6VC/7CM=">AAACMHicbZBNSwMxEIazftb6terRS7AIHqRsqtQeix70WMF+QHct2TRtQ5PdNckKZelP8uJP0YuCIl79FabtFrV1IPDOMzNM5vUjzpR2nFdrYXFpeWU1s5Zd39jc2rZ3dmsqjCWhVRLyUDZ8rChnAa1qpjltRJJi4XNa9/sXo3r9nkrFwuBGDyLqCdwNWIcRrA1q2ZcIusfQlQJGBLqKCXoHT/KF4pTygfzBTslwbRIFkXOboOJw2iZads7JO+OA8wKlIgfSqLTsJ7cdkljQQBOOlWoiJ9JegqVmhNNh1o0VjTDp4y5tGhlgs9VLxgcP4aEhbdgJpXmBhmP6eyLBQqmB8E2nwLqnZmsj+F+tGetOyUtYEMWaBmSyqBNzqEM4cg+2maRE84ERmEhm/gpJD0tMtPE4a0xAsyfPi1ohj5w8uj7Nlc9TOzJgHxyAI4DAGSiDK1ABVUDAA3gGb+DderRerA/rc9K6YKUze+BPWF/fAbOkvA==</latexit>

1� 10µG
<latexit sha1_base64="etuhpHwqxgxSUouUAH96ZQWVgMo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQstEBF0WXeiygn1AZyiZNNOGJpkhyQjDUH/FjQtF3Poh7vwb03YW2nrgwuGce7n3njDhTBvP+3ZKK6tr6xvlzcrW9s7unrt/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN9M/c4jVZrF8sFkCQ0EHkoWMYKNlfpuFcEziDzon0JfCeiLFN723ZpX92aAywQVpAYKNPvulz+ISSqoNIRjrXvIS0yQY2UY4XRS8VNNE0zGeEh7lkosqA7y2fETeGyVAYxiZUsaOFN/T+RYaJ2J0HYKbEZ60ZuK/3m91ERXQc5kkhoqyXxRlHJoYjhNAg6YosTwzBJMFLO3QjLCChNj86rYENDiy8ukfV5HXh3dX9Qa10UcZXAIjsAJQOASNMAdaIIWICADz+AVvDlPzovz7nzMW0tOMVMFf+B8/gCkj5Iw</latexit><latexit sha1_base64="etuhpHwqxgxSUouUAH96ZQWVgMo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQstEBF0WXeiygn1AZyiZNNOGJpkhyQjDUH/FjQtF3Poh7vwb03YW2nrgwuGce7n3njDhTBvP+3ZKK6tr6xvlzcrW9s7unrt/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN9M/c4jVZrF8sFkCQ0EHkoWMYKNlfpuFcEziDzon0JfCeiLFN723ZpX92aAywQVpAYKNPvulz+ISSqoNIRjrXvIS0yQY2UY4XRS8VNNE0zGeEh7lkosqA7y2fETeGyVAYxiZUsaOFN/T+RYaJ2J0HYKbEZ60ZuK/3m91ERXQc5kkhoqyXxRlHJoYjhNAg6YosTwzBJMFLO3QjLCChNj86rYENDiy8ukfV5HXh3dX9Qa10UcZXAIjsAJQOASNMAdaIIWICADz+AVvDlPzovz7nzMW0tOMVMFf+B8/gCkj5Iw</latexit><latexit sha1_base64="etuhpHwqxgxSUouUAH96ZQWVgMo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQstEBF0WXeiygn1AZyiZNNOGJpkhyQjDUH/FjQtF3Poh7vwb03YW2nrgwuGce7n3njDhTBvP+3ZKK6tr6xvlzcrW9s7unrt/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN9M/c4jVZrF8sFkCQ0EHkoWMYKNlfpuFcEziDzon0JfCeiLFN723ZpX92aAywQVpAYKNPvulz+ISSqoNIRjrXvIS0yQY2UY4XRS8VNNE0zGeEh7lkosqA7y2fETeGyVAYxiZUsaOFN/T+RYaJ2J0HYKbEZ60ZuK/3m91ERXQc5kkhoqyXxRlHJoYjhNAg6YosTwzBJMFLO3QjLCChNj86rYENDiy8ukfV5HXh3dX9Qa10UcZXAIjsAJQOASNMAdaIIWICADz+AVvDlPzovz7nzMW0tOMVMFf+B8/gCkj5Iw</latexit><latexit sha1_base64="etuhpHwqxgxSUouUAH96ZQWVgMo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQstEBF0WXeiygn1AZyiZNNOGJpkhyQjDUH/FjQtF3Poh7vwb03YW2nrgwuGce7n3njDhTBvP+3ZKK6tr6xvlzcrW9s7unrt/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN9M/c4jVZrF8sFkCQ0EHkoWMYKNlfpuFcEziDzon0JfCeiLFN723ZpX92aAywQVpAYKNPvulz+ISSqoNIRjrXvIS0yQY2UY4XRS8VNNE0zGeEh7lkosqA7y2fETeGyVAYxiZUsaOFN/T+RYaJ2J0HYKbEZ60ZuK/3m91ERXQc5kkhoqyXxRlHJoYjhNAg6YosTwzBJMFLO3QjLCChNj86rYENDiy8ukfV5HXh3dX9Qa10UcZXAIjsAJQOASNMAdaIIWICADz+AVvDlPzovz7nzMW0tOMVMFf+B8/gCkj5Iw</latexit>

2� 4 nG
<latexit sha1_base64="wfLYKztXm/pZlLPnl7EmqmLjWPE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkpaDHogc9VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yzV0gerIO0eejJC47dsVp+rMgVaJm5MK5Gj27S9vEJM0okITjpXquU6i/QxLzQin05KXKppgMsZD2jNU4IgqP5sfPkWnRhmgMJamhEZz9fdEhiOlJlFgOiOsR2rZm4n/eb1Uh1d+xkSSairIYlGYcqRjNEsBDZikRPOJIZhIZm5FZIQlJtpkVTIhuMsvr5J2reo6Vfe+Xmlc53EU4RhO4AxcuIQG3EETWkAghWd4hTfryXqx3q2PRWvBymeO4A+szx9SPZDs</latexit><latexit sha1_base64="wfLYKztXm/pZlLPnl7EmqmLjWPE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkpaDHogc9VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yzV0gerIO0eejJC47dsVp+rMgVaJm5MK5Gj27S9vEJM0okITjpXquU6i/QxLzQin05KXKppgMsZD2jNU4IgqP5sfPkWnRhmgMJamhEZz9fdEhiOlJlFgOiOsR2rZm4n/eb1Uh1d+xkSSairIYlGYcqRjNEsBDZikRPOJIZhIZm5FZIQlJtpkVTIhuMsvr5J2reo6Vfe+Xmlc53EU4RhO4AxcuIQG3EETWkAghWd4hTfryXqx3q2PRWvBymeO4A+szx9SPZDs</latexit><latexit sha1_base64="wfLYKztXm/pZlLPnl7EmqmLjWPE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkpaDHogc9VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yzV0gerIO0eejJC47dsVp+rMgVaJm5MK5Gj27S9vEJM0okITjpXquU6i/QxLzQin05KXKppgMsZD2jNU4IgqP5sfPkWnRhmgMJamhEZz9fdEhiOlJlFgOiOsR2rZm4n/eb1Uh1d+xkSSairIYlGYcqRjNEsBDZikRPOJIZhIZm5FZIQlJtpkVTIhuMsvr5J2reo6Vfe+Xmlc53EU4RhO4AxcuIQG3EETWkAghWd4hTfryXqx3q2PRWvBymeO4A+szx9SPZDs</latexit><latexit sha1_base64="wfLYKztXm/pZlLPnl7EmqmLjWPE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkpaDHogc9VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yzV0gerIO0eejJC47dsVp+rMgVaJm5MK5Gj27S9vEJM0okITjpXquU6i/QxLzQin05KXKppgMsZD2jNU4IgqP5sfPkWnRhmgMJamhEZz9fdEhiOlJlFgOiOsR2rZm4n/eb1Uh1d+xkSSairIYlGYcqRjNEsBDZikRPOJIZhIZm5FZIQlJtpkVTIhuMsvr5J2reo6Vfe+Xmlc53EU4RhO4AxcuIQG3EETWkAghWd4hTfryXqx3q2PRWvBymeO4A+szx9SPZDs</latexit>
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Galactic coordinate system 

From Auger Education

[Conversion algorithms in Astropy]

MILKY WAY ID:  
Stars ~ 1011 => ~5 x 1010 MSun 
Gas ~10% => ~5 x 109 MSun 

Total Mass => ~2 x 1012 MSun 

RDM ~300 kpc

Kachelrieß'08

https://auger.org/education/Auger%20Education/galacticcoordinates.html
https://docs.astropy.org/en/stable/coordinates/index.html%23module-%20astropy.coordinateshttps://docs.astropy.org/en/stable/coordinates/index.html%23module-%20astropy.coordinates
https://arxiv.org/pdf/0801.4376.pdf
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Basic concepts/jargon
Natural units  

Relavistic kinematics  

Useful invariants  

Mean free path 

Energy losses  

Luminosity [erg/s] 

Flux [erg/cm2/s] 

Intensity [erg/cm2/s/sr] 

=> Blackboard
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Charged particle motion in B field
dp

dt
= qE+ q

v

c
⇥B

<latexit sha1_base64="pMjUu18LjuTfwAVnPE+dXtnxgU8="></latexit><latexit sha1_base64="pMjUu18LjuTfwAVnPE+dXtnxgU8="></latexit><latexit sha1_base64="pMjUu18LjuTfwAVnPE+dXtnxgU8="></latexit><latexit sha1_base64="pMjUu18LjuTfwAVnPE+dXtnxgU8="></latexit>

pz = const

vx = v0cos(⌦t)

vy = v0sin(⌦t)
<latexit sha1_base64="XTslWVdcLVjIEQur8RlfgX6zB90="></latexit><latexit sha1_base64="XTslWVdcLVjIEQur8RlfgX6zB90="></latexit><latexit sha1_base64="XTslWVdcLVjIEQur8RlfgX6zB90="></latexit><latexit sha1_base64="XTslWVdcLVjIEQur8RlfgX6zB90="></latexit>

Solutions (no electric field): 

Larmor radius

µ = pz/p
<latexit sha1_base64="3YfEM4PRQONwRL95+QnI9EU7qlc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6KoBch6MVjBPOA7BJmJ5NkyMzuMA8hLvkNLx4U8erPePNvnCR70MSChqKqm+6uWHKmje9/e4WV1bX1jeJmaWt7Z3evvH/Q1KlVhDZIylPVjrGmnCW0YZjhtC0VxSLmtBWPbqd+65EqzdLkwYwljQQeJKzPCDZOCkNh0TWS3aczibrlil/1Z0DLJMhJBXLUu+WvsJcSK2hiCMdadwJfmijDyjDC6aQUWk0lJiM8oB1HEyyojrLZzRN04pQe6qfKVWLQTP09kWGh9VjErlNgM9SL3lT8z+tY07+KMpZIa2hC5ov6liOTomkAqMcUJYaPHcFEMXcrIkOsMDEuppILIVh8eZk0z6uBXw3uLyq1mzyOIhzBMZxCAJdQgzuoQwMISHiGV3jzrPfivXsf89aCl88cwh94nz+QLpC1</latexit><latexit sha1_base64="3YfEM4PRQONwRL95+QnI9EU7qlc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6KoBch6MVjBPOA7BJmJ5NkyMzuMA8hLvkNLx4U8erPePNvnCR70MSChqKqm+6uWHKmje9/e4WV1bX1jeJmaWt7Z3evvH/Q1KlVhDZIylPVjrGmnCW0YZjhtC0VxSLmtBWPbqd+65EqzdLkwYwljQQeJKzPCDZOCkNh0TWS3aczibrlil/1Z0DLJMhJBXLUu+WvsJcSK2hiCMdadwJfmijDyjDC6aQUWk0lJiM8oB1HEyyojrLZzRN04pQe6qfKVWLQTP09kWGh9VjErlNgM9SL3lT8z+tY07+KMpZIa2hC5ov6liOTomkAqMcUJYaPHcFEMXcrIkOsMDEuppILIVh8eZk0z6uBXw3uLyq1mzyOIhzBMZxCAJdQgzuoQwMISHiGV3jzrPfivXsf89aCl88cwh94nz+QLpC1</latexit><latexit sha1_base64="3YfEM4PRQONwRL95+QnI9EU7qlc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6KoBch6MVjBPOA7BJmJ5NkyMzuMA8hLvkNLx4U8erPePNvnCR70MSChqKqm+6uWHKmje9/e4WV1bX1jeJmaWt7Z3evvH/Q1KlVhDZIylPVjrGmnCW0YZjhtC0VxSLmtBWPbqd+65EqzdLkwYwljQQeJKzPCDZOCkNh0TWS3aczibrlil/1Z0DLJMhJBXLUu+WvsJcSK2hiCMdadwJfmijDyjDC6aQUWk0lJiM8oB1HEyyojrLZzRN04pQe6qfKVWLQTP09kWGh9VjErlNgM9SL3lT8z+tY07+KMpZIa2hC5ov6liOTomkAqMcUJYaPHcFEMXcrIkOsMDEuppILIVh8eZk0z6uBXw3uLyq1mzyOIhzBMZxCAJdQgzuoQwMISHiGV3jzrPfivXsf89aCl88cwh94nz+QLpC1</latexit><latexit sha1_base64="3YfEM4PRQONwRL95+QnI9EU7qlc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6KoBch6MVjBPOA7BJmJ5NkyMzuMA8hLvkNLx4U8erPePNvnCR70MSChqKqm+6uWHKmje9/e4WV1bX1jeJmaWt7Z3evvH/Q1KlVhDZIylPVjrGmnCW0YZjhtC0VxSLmtBWPbqd+65EqzdLkwYwljQQeJKzPCDZOCkNh0TWS3aczibrlil/1Z0DLJMhJBXLUu+WvsJcSK2hiCMdadwJfmijDyjDC6aQUWk0lJiM8oB1HEyyojrLZzRN04pQe6qfKVWLQTP09kWGh9VjErlNgM9SL3lT8z+tY07+KMpZIa2hC5ov6liOTomkAqMcUJYaPHcFEMXcrIkOsMDEuppILIVh8eZk0z6uBXw3uLyq1mzyOIhzBMZxCAJdQgzuoQwMISHiGV3jzrPfivXsf89aCl88cwh94nz+QLpC1</latexit>

R = p/q [GV]
<latexit sha1_base64="8Iqkc03VlbfdH5E7BqtP7qbaHMU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQmoigm6EogtdVrEPSEKZTKft0JlJnJkIJXTlxl9x40IRt36DO//GSZuFth64cDjnXu69J4wZVdpxvq3C3PzC4lJxubSyura+YW9uNVSUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMB5eZ33wgUtFI3OlhTAKOeoJ2KUbaSG171+dI9zFi6e0InsP46B76h9DzJYdXjaBtl52KMwacJW5OyiBHrW1/+Z0IJ5wIjRlSynOdWAcpkppiRkYlP1EkRniAesQzVCBOVJCO3xjBfaN0YDeSpoSGY/X3RIq4UkMems7saDXtZeJ/npfo7lmQUhEnmgg8WdRNGNQRzDKBHSoJ1mxoCMKSmlsh7iOJsDbJlUwI7vTLs6RxXHGdintzUq5e5HEUwQ7YAwfABaegCq5BDdQBBo/gGbyCN+vJerHerY9Ja8HKZ7bBH1ifP7Jfl1I=</latexit><latexit sha1_base64="8Iqkc03VlbfdH5E7BqtP7qbaHMU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQmoigm6EogtdVrEPSEKZTKft0JlJnJkIJXTlxl9x40IRt36DO//GSZuFth64cDjnXu69J4wZVdpxvq3C3PzC4lJxubSyura+YW9uNVSUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMB5eZ33wgUtFI3OlhTAKOeoJ2KUbaSG171+dI9zFi6e0InsP46B76h9DzJYdXjaBtl52KMwacJW5OyiBHrW1/+Z0IJ5wIjRlSynOdWAcpkppiRkYlP1EkRniAesQzVCBOVJCO3xjBfaN0YDeSpoSGY/X3RIq4UkMems7saDXtZeJ/npfo7lmQUhEnmgg8WdRNGNQRzDKBHSoJ1mxoCMKSmlsh7iOJsDbJlUwI7vTLs6RxXHGdintzUq5e5HEUwQ7YAwfABaegCq5BDdQBBo/gGbyCN+vJerHerY9Ja8HKZ7bBH1ifP7Jfl1I=</latexit><latexit sha1_base64="8Iqkc03VlbfdH5E7BqtP7qbaHMU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQmoigm6EogtdVrEPSEKZTKft0JlJnJkIJXTlxl9x40IRt36DO//GSZuFth64cDjnXu69J4wZVdpxvq3C3PzC4lJxubSyura+YW9uNVSUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMB5eZ33wgUtFI3OlhTAKOeoJ2KUbaSG171+dI9zFi6e0InsP46B76h9DzJYdXjaBtl52KMwacJW5OyiBHrW1/+Z0IJ5wIjRlSynOdWAcpkppiRkYlP1EkRniAesQzVCBOVJCO3xjBfaN0YDeSpoSGY/X3RIq4UkMems7saDXtZeJ/npfo7lmQUhEnmgg8WdRNGNQRzDKBHSoJ1mxoCMKSmlsh7iOJsDbJlUwI7vTLs6RxXHGdintzUq5e5HEUwQ7YAwfABaegCq5BDdQBBo/gGbyCN+vJerHerY9Ja8HKZ7bBH1ifP7Jfl1I=</latexit><latexit sha1_base64="8Iqkc03VlbfdH5E7BqtP7qbaHMU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQmoigm6EogtdVrEPSEKZTKft0JlJnJkIJXTlxl9x40IRt36DO//GSZuFth64cDjnXu69J4wZVdpxvq3C3PzC4lJxubSyura+YW9uNVSUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMB5eZ33wgUtFI3OlhTAKOeoJ2KUbaSG171+dI9zFi6e0InsP46B76h9DzJYdXjaBtl52KMwacJW5OyiBHrW1/+Z0IJ5wIjRlSynOdWAcpkppiRkYlP1EkRniAesQzVCBOVJCO3xjBfaN0YDeSpoSGY/X3RIq4UkMems7saDXtZeJ/npfo7lmQUhEnmgg8WdRNGNQRzDKBHSoJ1mxoCMKSmlsh7iOJsDbJlUwI7vTLs6RxXHGdintzUq5e5HEUwQ7YAwfABaegCq5BDdQBBo/gGbyCN+vJerHerY9Ja8HKZ7bBH1ifP7Jfl1I=</latexit>

⌦ =
qB0

E
' 10�2 B0

µG

GeV

E
rad/s

<latexit sha1_base64="SRW3YrMkshilZnmOSHJkAtlpG6o="></latexit><latexit sha1_base64="SRW3YrMkshilZnmOSHJkAtlpG6o="></latexit><latexit sha1_base64="SRW3YrMkshilZnmOSHJkAtlpG6o="></latexit><latexit sha1_base64="SRW3YrMkshilZnmOSHJkAtlpG6o="></latexit>

Larmor frequency

=> Blackboard
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Radiation field 

=> Blackboard

P =
2

3
q2a2

<latexit sha1_base64="QFK4YFsRKngGYDlVZ0BCMV9BRXQ=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FSSKuhFKHrxWMF+QJuWzXbTLt1s4u5GKCEX/4oXD4p49Wd489+4bXPQ1gcDj/dmmJnnx5wp7Tjf1tLyyuraemGjuLm1vbNr7+03VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOmPbiZ+85FKxSJxr8cx9UI8ECxgBGsj9ezDGrpCnUBiklay9CxDD90Kwt1Kzy45ZWcKtEjcnJQgR61nf3X6EUlCKjThWKm268TaS7HUjHCaFTuJojEmIzygbUMFDqny0ukDGToxSh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzPayc6uPRSJuJEU0Fmi4KEIx2hSRqozyQlmo8NwUQycysiQ2zS0CazognBnX95kTQqZdcpu3fnpep1HkcBjuAYTsGFC6jCLdSgDgQyeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QM2s5Td</latexit><latexit sha1_base64="QFK4YFsRKngGYDlVZ0BCMV9BRXQ=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FSSKuhFKHrxWMF+QJuWzXbTLt1s4u5GKCEX/4oXD4p49Wd489+4bXPQ1gcDj/dmmJnnx5wp7Tjf1tLyyuraemGjuLm1vbNr7+03VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOmPbiZ+85FKxSJxr8cx9UI8ECxgBGsj9ezDGrpCnUBiklay9CxDD90Kwt1Kzy45ZWcKtEjcnJQgR61nf3X6EUlCKjThWKm268TaS7HUjHCaFTuJojEmIzygbUMFDqny0ukDGToxSh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzPayc6uPRSJuJEU0Fmi4KEIx2hSRqozyQlmo8NwUQycysiQ2zS0CazognBnX95kTQqZdcpu3fnpep1HkcBjuAYTsGFC6jCLdSgDgQyeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QM2s5Td</latexit><latexit sha1_base64="QFK4YFsRKngGYDlVZ0BCMV9BRXQ=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FSSKuhFKHrxWMF+QJuWzXbTLt1s4u5GKCEX/4oXD4p49Wd489+4bXPQ1gcDj/dmmJnnx5wp7Tjf1tLyyuraemGjuLm1vbNr7+03VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOmPbiZ+85FKxSJxr8cx9UI8ECxgBGsj9ezDGrpCnUBiklay9CxDD90Kwt1Kzy45ZWcKtEjcnJQgR61nf3X6EUlCKjThWKm268TaS7HUjHCaFTuJojEmIzygbUMFDqny0ukDGToxSh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzPayc6uPRSJuJEU0Fmi4KEIx2hSRqozyQlmo8NwUQycysiQ2zS0CazognBnX95kTQqZdcpu3fnpep1HkcBjuAYTsGFC6jCLdSgDgQyeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QM2s5Td</latexit><latexit sha1_base64="QFK4YFsRKngGYDlVZ0BCMV9BRXQ=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FSSKuhFKHrxWMF+QJuWzXbTLt1s4u5GKCEX/4oXD4p49Wd489+4bXPQ1gcDj/dmmJnnx5wp7Tjf1tLyyuraemGjuLm1vbNr7+03VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOmPbiZ+85FKxSJxr8cx9UI8ECxgBGsj9ezDGrpCnUBiklay9CxDD90Kwt1Kzy45ZWcKtEjcnJQgR61nf3X6EUlCKjThWKm268TaS7HUjHCaFTuJojEmIzygbUMFDqny0ukDGToxSh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzPayc6uPRSJuJEU0Fmi4KEIx2hSRqozyQlmo8NwUQycysiQ2zS0CazognBnX95kTQqZdcpu3fnpep1HkcBjuAYTsGFC6jCLdSgDgQyeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QM2s5Td</latexit>

Larmor equation for a single 
accelerated charge
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Particle interactions w/ matter 
and radiation
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Collisional effects & radiative processes

• Photons interactions w/ radiation (MW connection) 

• Leptons interactions w/ radiation (MW/MM connection) 
➡ Inverse Compton scattering 
➡ Synchrotron radiation 

• Leptons interactions w/ matter (Ionisation/bremsstrahlung)  

• Hadrons interactions w/ radiation (MW/MM connection, extragalactic) 

• Hadrons interactions w/ matter (MW/MM connection, Galactic)

[Not covered: Lepton interactions w/ matter]

Photons

Photons

Photons, neutrinos

Photons, neutrinos
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Extragalactic radiation backgrounds

Boncioli 2309.12743

Extragalactic Background Light

⌫I⌫ ⌘ c

4⇡
✏2
dn

d✏
<latexit sha1_base64="9VgR1RBRxCRVQZL/nul4gKzdLf4=">AAACKXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DPQ49KK3Ce4F1lnSNN3C0rQm6WCUfh0vfhUvCop69YuYbhV084GEP7//85A8fy9mVCrL+jBKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77M/e6ECEkjfqumMRmEaMhpQDFSGrlm0+EJvHbz2yH3CZ1AJxAIpzhLG9CJaaZxLCmL+F29sHyepf4PzVyzatWsWcFlYReiCopqueaL40c4CQlXmCEp+7YVq0GKhKKYkaziJJLECI/RkPS15CgkcpDONs3giSY+DCKhD1dwRn9PpCiUchp6ujNEaiQXvRz+5/UTFZwPUsrjRBGO5w8FCYMqgnls0KeCYMWmWiAsqP4rxCOk41A63IoOwV5ceVl06jXbqtk3jWrzooijDI7AMTgFNjgDTXAFWqANMHgAT+AVvBmPxrPxbnzOW0tGMXMI/pTx9Q3Wvael</latexit><latexit sha1_base64="9VgR1RBRxCRVQZL/nul4gKzdLf4=">AAACKXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DPQ49KK3Ce4F1lnSNN3C0rQm6WCUfh0vfhUvCop69YuYbhV084GEP7//85A8fy9mVCrL+jBKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77M/e6ECEkjfqumMRmEaMhpQDFSGrlm0+EJvHbz2yH3CZ1AJxAIpzhLG9CJaaZxLCmL+F29sHyepf4PzVyzatWsWcFlYReiCopqueaL40c4CQlXmCEp+7YVq0GKhKKYkaziJJLECI/RkPS15CgkcpDONs3giSY+DCKhD1dwRn9PpCiUchp6ujNEaiQXvRz+5/UTFZwPUsrjRBGO5w8FCYMqgnls0KeCYMWmWiAsqP4rxCOk41A63IoOwV5ceVl06jXbqtk3jWrzooijDI7AMTgFNjgDTXAFWqANMHgAT+AVvBmPxrPxbnzOW0tGMXMI/pTx9Q3Wvael</latexit><latexit sha1_base64="9VgR1RBRxCRVQZL/nul4gKzdLf4=">AAACKXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DPQ49KK3Ce4F1lnSNN3C0rQm6WCUfh0vfhUvCop69YuYbhV084GEP7//85A8fy9mVCrL+jBKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77M/e6ECEkjfqumMRmEaMhpQDFSGrlm0+EJvHbz2yH3CZ1AJxAIpzhLG9CJaaZxLCmL+F29sHyepf4PzVyzatWsWcFlYReiCopqueaL40c4CQlXmCEp+7YVq0GKhKKYkaziJJLECI/RkPS15CgkcpDONs3giSY+DCKhD1dwRn9PpCiUchp6ujNEaiQXvRz+5/UTFZwPUsrjRBGO5w8FCYMqgnls0KeCYMWmWiAsqP4rxCOk41A63IoOwV5ceVl06jXbqtk3jWrzooijDI7AMTgFNjgDTXAFWqANMHgAT+AVvBmPxrPxbnzOW0tGMXMI/pTx9Q3Wvael</latexit><latexit sha1_base64="9VgR1RBRxCRVQZL/nul4gKzdLf4=">AAACKXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DPQ49KK3Ce4F1lnSNN3C0rQm6WCUfh0vfhUvCop69YuYbhV084GEP7//85A8fy9mVCrL+jBKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77M/e6ECEkjfqumMRmEaMhpQDFSGrlm0+EJvHbz2yH3CZ1AJxAIpzhLG9CJaaZxLCmL+F29sHyepf4PzVyzatWsWcFlYReiCopqueaL40c4CQlXmCEp+7YVq0GKhKKYkaziJJLECI/RkPS15CgkcpDONs3giSY+DCKhD1dwRn9PpCiUchp6ujNEaiQXvRz+5/UTFZwPUsrjRBGO5w8FCYMqgnls0KeCYMWmWiAsqP4rxCOk41A63IoOwV5ceVl06jXbqtk3jWrzooijDI7AMTgFNjgDTXAFWqANMHgAT+AVvBmPxrPxbnzOW0tGMXMI/pTx9Q3Wvael</latexit>

⇠ 400 ph/cm3
<latexit sha1_base64="pYObRm6CPsLSS9M6CAQ0t3Pflyc=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4EJqRgu6LLpxWcE+oDOWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2PazkJbD1w4nHMv994TJpxpg9C3U1haXlldK66XNja3tnfc3b2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZuK3HqnSLJb3ZpTQQOC+ZBEj2Fip6x74mglYRQj6p9BXAiaDMyIeLrpuGVXQFHCReDkpgxz1rvvl92KSCioN4VjrjocSE2RYGUY4HZf8VNMEkyHu046lEguqg2z6wBgeW6UHo1jZkgZO1d8TGRZaj0RoOwU2Az3vTcT/vE5qoqsgYzJJDZVktihKOTQxnKQBe0xRYvjIEkwUs7dCMsAKE2MzK9kQvPmXF0nzvOKhindXLdeu8ziK4BAcgRPggUtQA7egDhqAgDF4Bq/gzXlyXpx352PWWnDymX3wB87nD5N3lHU=</latexit><latexit sha1_base64="pYObRm6CPsLSS9M6CAQ0t3Pflyc=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4EJqRgu6LLpxWcE+oDOWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2PazkJbD1w4nHMv994TJpxpg9C3U1haXlldK66XNja3tnfc3b2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZuK3HqnSLJb3ZpTQQOC+ZBEj2Fip6x74mglYRQj6p9BXAiaDMyIeLrpuGVXQFHCReDkpgxz1rvvl92KSCioN4VjrjocSE2RYGUY4HZf8VNMEkyHu046lEguqg2z6wBgeW6UHo1jZkgZO1d8TGRZaj0RoOwU2Az3vTcT/vE5qoqsgYzJJDZVktihKOTQxnKQBe0xRYvjIEkwUs7dCMsAKE2MzK9kQvPmXF0nzvOKhindXLdeu8ziK4BAcgRPggUtQA7egDhqAgDF4Bq/gzXlyXpx352PWWnDymX3wB87nD5N3lHU=</latexit><latexit sha1_base64="pYObRm6CPsLSS9M6CAQ0t3Pflyc=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4EJqRgu6LLpxWcE+oDOWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2PazkJbD1w4nHMv994TJpxpg9C3U1haXlldK66XNja3tnfc3b2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZuK3HqnSLJb3ZpTQQOC+ZBEj2Fip6x74mglYRQj6p9BXAiaDMyIeLrpuGVXQFHCReDkpgxz1rvvl92KSCioN4VjrjocSE2RYGUY4HZf8VNMEkyHu046lEguqg2z6wBgeW6UHo1jZkgZO1d8TGRZaj0RoOwU2Az3vTcT/vE5qoqsgYzJJDZVktihKOTQxnKQBe0xRYvjIEkwUs7dCMsAKE2MzK9kQvPmXF0nzvOKhindXLdeu8ziK4BAcgRPggUtQA7egDhqAgDF4Bq/gzXlyXpx352PWWnDymX3wB87nD5N3lHU=</latexit><latexit sha1_base64="pYObRm6CPsLSS9M6CAQ0t3Pflyc=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4EJqRgu6LLpxWcE+oDOWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2PazkJbD1w4nHMv994TJpxpg9C3U1haXlldK66XNja3tnfc3b2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwZuK3HqnSLJb3ZpTQQOC+ZBEj2Fip6x74mglYRQj6p9BXAiaDMyIeLrpuGVXQFHCReDkpgxz1rvvl92KSCioN4VjrjocSE2RYGUY4HZf8VNMEkyHu046lEguqg2z6wBgeW6UHo1jZkgZO1d8TGRZaj0RoOwU2Az3vTcT/vE5qoqsgYzJJDZVktihKOTQxnKQBe0xRYvjIEkwUs7dCMsAKE2MzK9kQvPmXF0nzvOKhindXLdeu8ziK4BAcgRPggUtQA7egDhqAgDF4Bq/gzXlyXpx352PWWnDymX3wB87nD5N3lHU=</latexit>

⇠ 1 ph/cm3
<latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Y+j7eB8QVrm1pGZgXq7vKOd0RhA=">AAAB83icbZDNSgMxFIXv1L9aq46CKzfBIriQmtGFLgU3LivYWuiMJZNm2tAkMyQZoQwFX8WNC0V8F3e+jenPQlsPBD7OSbg3J84ENxbjb6+0srq2vlHerGxVt3d2/b1qy6S5pqxJU5HqdkwME1yxpuVWsHamGZGxYA/x8GaSPzwxbXiq7u0oY5EkfcUTTol1Vtc/CA2XKEDhKQq1RNngjMrHi65fw3U8FVqGYA41mKvR9b/CXkpzyZSlghjTCXBmo4Joy6lg40qYG5YROiR91nGoiGQmKqbrj9Gxc3ooSbU7yqKp+/tFQaQxIxm7m5LYgVnMJuZ/WSe3yVVUcJXllik6G5TkAtkUTbpAPa4ZtWLkgFDN3a6IDogm1LrGKq6EYPHLy9A6rwe4HtxhKMMhHMEJBHAJ13ALDWgChQJe4A3evWfv1fuY1VXy5r3twx95nz9LTZKV</latexit><latexit sha1_base64="Y+j7eB8QVrm1pGZgXq7vKOd0RhA=">AAAB83icbZDNSgMxFIXv1L9aq46CKzfBIriQmtGFLgU3LivYWuiMJZNm2tAkMyQZoQwFX8WNC0V8F3e+jenPQlsPBD7OSbg3J84ENxbjb6+0srq2vlHerGxVt3d2/b1qy6S5pqxJU5HqdkwME1yxpuVWsHamGZGxYA/x8GaSPzwxbXiq7u0oY5EkfcUTTol1Vtc/CA2XKEDhKQq1RNngjMrHi65fw3U8FVqGYA41mKvR9b/CXkpzyZSlghjTCXBmo4Joy6lg40qYG5YROiR91nGoiGQmKqbrj9Gxc3ooSbU7yqKp+/tFQaQxIxm7m5LYgVnMJuZ/WSe3yVVUcJXllik6G5TkAtkUTbpAPa4ZtWLkgFDN3a6IDogm1LrGKq6EYPHLy9A6rwe4HtxhKMMhHMEJBHAJ13ALDWgChQJe4A3evWfv1fuY1VXy5r3twx95nz9LTZKV</latexit><latexit sha1_base64="JtL2nVK/Pe9YQdYOGbna4O0KJDg=">AAAB/nicbVA9SwNBEJ2LXzF+nYqVzWIQLCTeaaFl0MYygvmA3Bn2Nptkye7esbsnhCPgX7GxUMTW32Hnv3GTXKGJDwYe780wMy9KONPG876dwtLyyupacb20sbm1vePu7jV0nCpC6yTmsWpFWFPOJK0bZjhtJYpiEXHajIY3E7/5SJVmsbw3o4SGAvcl6zGCjZU67kGgmUA+Ck5RoARKBmdEPFx03LJX8aZAi8TPSRly1DruV9CNSSqoNIRjrdu+l5gww8owwum4FKSaJpgMcZ+2LZVYUB1m0/PH6NgqXdSLlS1p0FT9PZFhofVIRLZTYDPQ895E/M9rp6Z3FWZMJqmhkswW9VKOTIwmWaAuU5QYPrIEE8XsrYgMsMLE2MRKNgR//uVF0jiv+F7Fv/PK1es8jiIcwhGcgA+XUIVbqEEdCGTwDK/w5jw5L8678zFrLTj5zD78gfP5A6fVk/o=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit><latexit sha1_base64="60M4vVGps8ZEIykXgxsUZRFatzk=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieJC6q4Iei148VrAf0F1LNk3b0CS7JFmhLAX/ihcPinj1d3jz35i2e9Dqg4HHezPMzIsSzrTxvC+nsLC4tLxSXC2trW9sbrnbOw0dp4rQOol5rFoR1pQzSeuGGU5biaJYRJw2o+H1xG8+UKVZLO/MKKGhwH3JeoxgY6WOuxdoJpCPgmMUKIGSwQkR92cdt+xVvCnQX+LnpAw5ah33M+jGJBVUGsKx1m3fS0yYYWUY4XRcClJNE0yGuE/blkosqA6z6fljdGiVLurFypY0aKr+nMiw0HokItspsBnoeW8i/ue1U9O7DDMmk9RQSWaLeilHJkaTLFCXKUoMH1mCiWL2VkQGWGFibGIlG4I///Jf0jit+F7Fvz0vV6/yOIqwDwdwBD5cQBVuoAZ1IJDBE7zAq/PoPDtvzvusteDkM7vwC87HN6kVk/4=</latexit>
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Galactic radiation backgrounds

Cirelli & Panci 0904.3830
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Pair production: gamma-ray horizon

�VHE + �EBL ! e+ + e�
<latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit><latexit sha1_base64="Q6MiJXOD1aJgmBJ41mxfiKviR9U=">AAACInicbVDLSgMxFM34tr6qLt0EiyAUy4wI6k4UwYWLCvYBnbbcSW/bYDIzJBmlDP0WN/6KGxeKuhL8GNPHQlsPBA7nnMvNPUEsuDau++XMzM7NLywuLWdWVtfWN7KbW2UdJYphiUUiUtUANAoeYslwI7AaKwQZCKwEdxcDv3KPSvMovDW9GOsSOiFvcwbGSs3sqd8BKaGZ+krS8tVln+bpb+ny/LpPfcU7XQNKRQ8UG3kbwcZBM5tzC+4QdJp4Y5IjYxSb2Q+/FbFEYmiYAK1rnhubegrKcCawn/ETjTGwO+hgzdIQJOp6OjyxT/es0qLtSNkXGjpUf0+kILXuycAmJZiunvQG4n9eLTHtk3rKwzgxGLLRonYiqInooC/a4gqZET1LgClu/0pZFxQwY1vN2BK8yZOnSfmw4LkF7+Yod3Y+rmOJ7JBdsk88ckzOyBUpkhJh5JE8k1fy5jw5L8678zmKzjjjmW3yB873D3l9olY=</latexit>

=> Blackboard
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Pair production: gamma-ray horizon

Franceschini Universe’21 Biteau & Williams ApJ’15Threshold condition 

Kernel peak => max absorption 

https://www.mdpi.com/2218-1997/7/5/146
https://iopscience.iop.org/article/10.1088/0004-637X/812/1/60/pdf
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Pair production: gamma-ray horizon

Franceschini Universe’21

Scattering onto CMB
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Pair production: gamma-ray horizon

De Angelis+MNRAS'13

zs ⌘ z0
<latexit sha1_base64="XZ7U2PownuJW2mRvpn2l9w+7JQA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQZdFNy4r2Ae0IUymk3boZBLnUWhDv8SNC0Xc+inu/BuTNgttPXDhcM693HtPkHCmtON8W6WNza3tnfJuZW//4LBqHx23VWwkoS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGd7nfmVCpWCwe9TShXoSHgoWMYJ1Jvl2d+Qr16ZNhEzTznYpv15y6swBaJ25BalCg6dtf/UFMTESFJhwr1XOdRHsplpoRTueVvlE0wWSMh7SXUYEjqrx0cfgcnWfKAIWxzEpotFB/T6Q4UmoaBVlnhPVIrXq5+J/XMzq88VImEqOpIMtFoeFIxyhPAQ2YpETzaUYwkSy7FZERlpjoLKs8BHf15XXSvqy7Tt19uKo1bos4ynAKZ3ABLlxDA+6hCS0gYOAZXuHNmlkv1rv1sWwtWcXMCfyB9fkDoamSZg==</latexit><latexit sha1_base64="XZ7U2PownuJW2mRvpn2l9w+7JQA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQZdFNy4r2Ae0IUymk3boZBLnUWhDv8SNC0Xc+inu/BuTNgttPXDhcM693HtPkHCmtON8W6WNza3tnfJuZW//4LBqHx23VWwkoS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGd7nfmVCpWCwe9TShXoSHgoWMYJ1Jvl2d+Qr16ZNhEzTznYpv15y6swBaJ25BalCg6dtf/UFMTESFJhwr1XOdRHsplpoRTueVvlE0wWSMh7SXUYEjqrx0cfgcnWfKAIWxzEpotFB/T6Q4UmoaBVlnhPVIrXq5+J/XMzq88VImEqOpIMtFoeFIxyhPAQ2YpETzaUYwkSy7FZERlpjoLKs8BHf15XXSvqy7Tt19uKo1bos4ynAKZ3ABLlxDA+6hCS0gYOAZXuHNmlkv1rv1sWwtWcXMCfyB9fkDoamSZg==</latexit><latexit sha1_base64="XZ7U2PownuJW2mRvpn2l9w+7JQA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQZdFNy4r2Ae0IUymk3boZBLnUWhDv8SNC0Xc+inu/BuTNgttPXDhcM693HtPkHCmtON8W6WNza3tnfJuZW//4LBqHx23VWwkoS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGd7nfmVCpWCwe9TShXoSHgoWMYJ1Jvl2d+Qr16ZNhEzTznYpv15y6swBaJ25BalCg6dtf/UFMTESFJhwr1XOdRHsplpoRTueVvlE0wWSMh7SXUYEjqrx0cfgcnWfKAIWxzEpotFB/T6Q4UmoaBVlnhPVIrXq5+J/XMzq88VImEqOpIMtFoeFIxyhPAQ2YpETzaUYwkSy7FZERlpjoLKs8BHf15XXSvqy7Tt19uKo1bos4ynAKZ3ABLlxDA+6hCS0gYOAZXuHNmlkv1rv1sWwtWcXMCfyB9fkDoamSZg==</latexit><latexit sha1_base64="XZ7U2PownuJW2mRvpn2l9w+7JQA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQZdFNy4r2Ae0IUymk3boZBLnUWhDv8SNC0Xc+inu/BuTNgttPXDhcM693HtPkHCmtON8W6WNza3tnfJuZW//4LBqHx23VWwkoS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGd7nfmVCpWCwe9TShXoSHgoWMYJ1Jvl2d+Qr16ZNhEzTznYpv15y6swBaJ25BalCg6dtf/UFMTESFJhwr1XOdRHsplpoRTueVvlE0wWSMh7SXUYEjqrx0cfgcnWfKAIWxzEpotFB/T6Q4UmoaBVlnhPVIrXq5+J/XMzq88VImEqOpIMtFoeFIxyhPAQ2YpETzaUYwkSy7FZERlpjoLKs8BHf15XXSvqy7Tt19uKo1bos4ynAKZ3ABLlxDA+6hCS0gYOAZXuHNmlkv1rv1sWwtWcXMCfyB9fkDoamSZg==</latexit>

⌧ > 1
<latexit sha1_base64="seJ5oLohx9mKkVX3LTy/S9SeQi4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYD+gDWWz3bRLN5t0dyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDfzW09cGxGrR5wk3I/oQIlQMIpWaneRpuSGeL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m907JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY86QvNGcqJJZRpYW8lbEg1ZWgjKtkQvOWXV0nzouq5Ve/hslK7zeMowgmcwjl4cAU1uIc6NICBhGd4hTdn7Lw4787HorXg5DPH8AfO5w/FwI8f</latexit><latexit sha1_base64="seJ5oLohx9mKkVX3LTy/S9SeQi4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYD+gDWWz3bRLN5t0dyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDfzW09cGxGrR5wk3I/oQIlQMIpWaneRpuSGeL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m907JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY86QvNGcqJJZRpYW8lbEg1ZWgjKtkQvOWXV0nzouq5Ve/hslK7zeMowgmcwjl4cAU1uIc6NICBhGd4hTdn7Lw4787HorXg5DPH8AfO5w/FwI8f</latexit><latexit sha1_base64="seJ5oLohx9mKkVX3LTy/S9SeQi4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYD+gDWWz3bRLN5t0dyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDfzW09cGxGrR5wk3I/oQIlQMIpWaneRpuSGeL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m907JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY86QvNGcqJJZRpYW8lbEg1ZWgjKtkQvOWXV0nzouq5Ve/hslK7zeMowgmcwjl4cAU1uIc6NICBhGd4hTdn7Lw4787HorXg5DPH8AfO5w/FwI8f</latexit><latexit sha1_base64="seJ5oLohx9mKkVX3LTy/S9SeQi4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYD+gDWWz3bRLN5t0dyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDfzW09cGxGrR5wk3I/oQIlQMIpWaneRpuSGeL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m907JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY86QvNGcqJJZRpYW8lbEg1ZWgjKtkQvOWXV0nzouq5Ve/hslK7zeMowgmcwjl4cAU1uIc6NICBhGd4hTdn7Lw4787HorXg5DPH8AfO5w/FwI8f</latexit>

⌧ < 1
<latexit sha1_base64="THzHLRZrNqwvE/ynhly85alqh0Q=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZG/vsjsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO5mfuuJayNi9YiThPsRHSgRCkbRSu0u0pTcEK9XrrhVdw6ySrycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9L3dTwhLIRHfCOpYpG3PjZ/N4pObNKn4SxtqWQzNXfExmNjJlEge2MKA7NsjcT//M6KYbXfiZUkiJXbLEoTCXBmMyeJ32hOUM5sYQyLeythA2ppgxtRCUbgrf88ippXlQ9t+o9XFZqt3kcRTiBUzgHD66gBvdQhwYwkPAMr/DmjJ0X5935WLQWnHzmGP7A+fwBwrSPHQ==</latexit><latexit sha1_base64="THzHLRZrNqwvE/ynhly85alqh0Q=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZG/vsjsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO5mfuuJayNi9YiThPsRHSgRCkbRSu0u0pTcEK9XrrhVdw6ySrycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9L3dTwhLIRHfCOpYpG3PjZ/N4pObNKn4SxtqWQzNXfExmNjJlEge2MKA7NsjcT//M6KYbXfiZUkiJXbLEoTCXBmMyeJ32hOUM5sYQyLeythA2ppgxtRCUbgrf88ippXlQ9t+o9XFZqt3kcRTiBUzgHD66gBvdQhwYwkPAMr/DmjJ0X5935WLQWnHzmGP7A+fwBwrSPHQ==</latexit><latexit sha1_base64="THzHLRZrNqwvE/ynhly85alqh0Q=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZG/vsjsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO5mfuuJayNi9YiThPsRHSgRCkbRSu0u0pTcEK9XrrhVdw6ySrycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9L3dTwhLIRHfCOpYpG3PjZ/N4pObNKn4SxtqWQzNXfExmNjJlEge2MKA7NsjcT//M6KYbXfiZUkiJXbLEoTCXBmMyeJ32hOUM5sYQyLeythA2ppgxtRCUbgrf88ippXlQ9t+o9XFZqt3kcRTiBUzgHD66gBvdQhwYwkPAMr/DmjJ0X5935WLQWnHzmGP7A+fwBwrSPHQ==</latexit><latexit sha1_base64="THzHLRZrNqwvE/ynhly85alqh0Q=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZG/vsjsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO5mfuuJayNi9YiThPsRHSgRCkbRSu0u0pTcEK9XrrhVdw6ySrycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9L3dTwhLIRHfCOpYpG3PjZ/N4pObNKn4SxtqWQzNXfExmNjJlEge2MKA7NsjcT//M6KYbXfiZUkiJXbLEoTCXBmMyeJ32hOUM5sYQyLeythA2ppgxtRCUbgrf88ippXlQ9t+o9XFZqt3kcRTiBUzgHD66gBvdQhwYwkPAMr/DmjJ0X5935WLQWnHzmGP7A+fwBwrSPHQ==</latexit> D ⌘ Ds

<latexit sha1_base64="4Vy0piOvDkM5qVmYjjVE1pb0Ebo=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRHjxWsB/QhrLZTtqlm026uymU0N/hxYMiXv0x3vw3Jm0O2vpg4PHeDDPzvEhwbWz72ypsbG5t7xR3S3v7B4dH5eOTlg5jxbDJQhGqjkc1Ci6xabgR2IkU0sAT2PbG95nfnqLSPJRPZhahG9Ch5D5n1KSSWyc9nMR8Sup9XeqXK3bVXoCsEycnFcjR6Je/eoOQxQFKwwTVuuvYkXETqgxnAuelXqwxomxMh9hNqaQBajdZHD0nF6kyIH6o0pKGLNTfEwkNtJ4FXtoZUDPSq14m/ud1Y+PfugmXUWxQsuUiPxbEhCRLgAy4QmbELCWUKZ7eStiIKspMmlMWgrP68jppXVUdu+o8Xldqd3kcRTiDc7gEB26gBg/QgCYwmMAzvMKbNbVerHfrY9lasPKZU/gD6/MHVV6RJg==</latexit><latexit sha1_base64="4Vy0piOvDkM5qVmYjjVE1pb0Ebo=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRHjxWsB/QhrLZTtqlm026uymU0N/hxYMiXv0x3vw3Jm0O2vpg4PHeDDPzvEhwbWz72ypsbG5t7xR3S3v7B4dH5eOTlg5jxbDJQhGqjkc1Ci6xabgR2IkU0sAT2PbG95nfnqLSPJRPZhahG9Ch5D5n1KSSWyc9nMR8Sup9XeqXK3bVXoCsEycnFcjR6Je/eoOQxQFKwwTVuuvYkXETqgxnAuelXqwxomxMh9hNqaQBajdZHD0nF6kyIH6o0pKGLNTfEwkNtJ4FXtoZUDPSq14m/ud1Y+PfugmXUWxQsuUiPxbEhCRLgAy4QmbELCWUKZ7eStiIKspMmlMWgrP68jppXVUdu+o8Xldqd3kcRTiDc7gEB26gBg/QgCYwmMAzvMKbNbVerHfrY9lasPKZU/gD6/MHVV6RJg==</latexit><latexit sha1_base64="4Vy0piOvDkM5qVmYjjVE1pb0Ebo=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRHjxWsB/QhrLZTtqlm026uymU0N/hxYMiXv0x3vw3Jm0O2vpg4PHeDDPzvEhwbWz72ypsbG5t7xR3S3v7B4dH5eOTlg5jxbDJQhGqjkc1Ci6xabgR2IkU0sAT2PbG95nfnqLSPJRPZhahG9Ch5D5n1KSSWyc9nMR8Sup9XeqXK3bVXoCsEycnFcjR6Je/eoOQxQFKwwTVuuvYkXETqgxnAuelXqwxomxMh9hNqaQBajdZHD0nF6kyIH6o0pKGLNTfEwkNtJ4FXtoZUDPSq14m/ud1Y+PfugmXUWxQsuUiPxbEhCRLgAy4QmbELCWUKZ7eStiIKspMmlMWgrP68jppXVUdu+o8Xldqd3kcRTiDc7gEB26gBg/QgCYwmMAzvMKbNbVerHfrY9lasPKZU/gD6/MHVV6RJg==</latexit><latexit sha1_base64="4Vy0piOvDkM5qVmYjjVE1pb0Ebo=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRHjxWsB/QhrLZTtqlm026uymU0N/hxYMiXv0x3vw3Jm0O2vpg4PHeDDPzvEhwbWz72ypsbG5t7xR3S3v7B4dH5eOTlg5jxbDJQhGqjkc1Ci6xabgR2IkU0sAT2PbG95nfnqLSPJRPZhahG9Ch5D5n1KSSWyc9nMR8Sup9XeqXK3bVXoCsEycnFcjR6Je/eoOQxQFKwwTVuuvYkXETqgxnAuelXqwxomxMh9hNqaQBajdZHD0nF6kyIH6o0pKGLNTfEwkNtJ4FXtoZUDPSq14m/ud1Y+PfugmXUWxQsuUiPxbEhCRLgAy4QmbELCWUKZ7eStiIKspMmlMWgrP68jppXVUdu+o8Xldqd3kcRTiDc7gEB26gBg/QgCYwmMAzvMKbNbVerHfrY9lasPKZU/gD6/MHVV6RJg==</latexit>

https://academic.oup.com/mnras/article/432/4/3245/1007715
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Dominguez+ ApJ'13

Pair production: gamma-ray horizon

[MW signature: E.m. cascades initiated by e+e-]

https://ui.adsabs.harvard.edu/abs/2013ApJ...770...77D/abstract
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Inverse Compton scattering 
�LE + e ! �HE + e

<latexit sha1_base64="CNbl4ub18hAitfbB+VBOwin7aEg=">AAACHHicbVBNS8NAEN3Ur1q/oh69LBZBEEqigh6LIvTgoYL9gCaUyXbbLt1Nwu5GKaE/xIt/xYsHRbx4EPw3btscauuDgcd7M8zMC2LOlHacHyu3tLyyupZfL2xsbm3v2Lt7dRUlktAaiXgkmwEoyllIa5ppTpuxpCACThvB4HrsNx6oVCwK7/Uwpr6AXsi6jIA2Uts+83ogBLRTTwp8ezPCJ5hiT7JeX4OU0SOe9StTv20XnZIzAV4kbkaKKEO1bX95nYgkgoaacFCq5Tqx9lOQmhFORwUvUTQGMoAebRkagqDKTyfPjfCRUTq4G0lTocYTdXYiBaHUUASmU4Duq3lvLP7ntRLdvfRTFsaJpiGZLuomHOsIj5PCHSYp0XxoCBDJzK2Y9EEC0SbPggnBnX95kdRPS65Tcu/Oi+WrLI48OkCH6Bi56AKVUQVVUQ0R9IRe0Bt6t56tV+vD+py25qxsZh/9gfX9C6NyoG4=</latexit><latexit sha1_base64="CNbl4ub18hAitfbB+VBOwin7aEg=">AAACHHicbVBNS8NAEN3Ur1q/oh69LBZBEEqigh6LIvTgoYL9gCaUyXbbLt1Nwu5GKaE/xIt/xYsHRbx4EPw3btscauuDgcd7M8zMC2LOlHacHyu3tLyyupZfL2xsbm3v2Lt7dRUlktAaiXgkmwEoyllIa5ppTpuxpCACThvB4HrsNx6oVCwK7/Uwpr6AXsi6jIA2Uts+83ogBLRTTwp8ezPCJ5hiT7JeX4OU0SOe9StTv20XnZIzAV4kbkaKKEO1bX95nYgkgoaacFCq5Tqx9lOQmhFORwUvUTQGMoAebRkagqDKTyfPjfCRUTq4G0lTocYTdXYiBaHUUASmU4Duq3lvLP7ntRLdvfRTFsaJpiGZLuomHOsIj5PCHSYp0XxoCBDJzK2Y9EEC0SbPggnBnX95kdRPS65Tcu/Oi+WrLI48OkCH6Bi56AKVUQVVUQ0R9IRe0Bt6t56tV+vD+py25qxsZh/9gfX9C6NyoG4=</latexit><latexit sha1_base64="CNbl4ub18hAitfbB+VBOwin7aEg=">AAACHHicbVBNS8NAEN3Ur1q/oh69LBZBEEqigh6LIvTgoYL9gCaUyXbbLt1Nwu5GKaE/xIt/xYsHRbx4EPw3btscauuDgcd7M8zMC2LOlHacHyu3tLyyupZfL2xsbm3v2Lt7dRUlktAaiXgkmwEoyllIa5ppTpuxpCACThvB4HrsNx6oVCwK7/Uwpr6AXsi6jIA2Uts+83ogBLRTTwp8ezPCJ5hiT7JeX4OU0SOe9StTv20XnZIzAV4kbkaKKEO1bX95nYgkgoaacFCq5Tqx9lOQmhFORwUvUTQGMoAebRkagqDKTyfPjfCRUTq4G0lTocYTdXYiBaHUUASmU4Duq3lvLP7ntRLdvfRTFsaJpiGZLuomHOsIj5PCHSYp0XxoCBDJzK2Y9EEC0SbPggnBnX95kdRPS65Tcu/Oi+WrLI48OkCH6Bi56AKVUQVVUQ0R9IRe0Bt6t56tV+vD+py25qxsZh/9gfX9C6NyoG4=</latexit><latexit sha1_base64="CNbl4ub18hAitfbB+VBOwin7aEg=">AAACHHicbVBNS8NAEN3Ur1q/oh69LBZBEEqigh6LIvTgoYL9gCaUyXbbLt1Nwu5GKaE/xIt/xYsHRbx4EPw3btscauuDgcd7M8zMC2LOlHacHyu3tLyyupZfL2xsbm3v2Lt7dRUlktAaiXgkmwEoyllIa5ppTpuxpCACThvB4HrsNx6oVCwK7/Uwpr6AXsi6jIA2Uts+83ogBLRTTwp8ezPCJ5hiT7JeX4OU0SOe9StTv20XnZIzAV4kbkaKKEO1bX95nYgkgoaacFCq5Tqx9lOQmhFORwUvUTQGMoAebRkagqDKTyfPjfCRUTq4G0lTocYTdXYiBaHUUASmU4Duq3lvLP7ntRLdvfRTFsaJpiGZLuomHOsIj5PCHSYp0XxoCBDJzK2Y9EEC0SbPggnBnX95kdRPS65Tcu/Oi+WrLI48OkCH6Bi56AKVUQVVUQ0R9IRe0Bt6t56tV+vD+py25qxsZh/9gfX9C6NyoG4=</latexit>

=> Blackboard

[Collisional e"ect, continuous E loss mechanism]
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Inverse Compton scattering 
Dundovic+ A&A'22

https://arxiv.org/pdf/2105.13165.pdf
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Synchrotron radiation

Dundovic+ A&A'22

408 MHz

=> Blackboard

Peculiarity: The synchrotron radiation of ultra-relativistic electrons in a uniform 
magnetic field is expected to be highly polarised

https://arxiv.org/pdf/2105.13165.pdf


pUHE + �bkg ! p(n) + ⇡0(⇡+)
<latexit sha1_base64="isQFBifcKyEBpOX0Pxats4qTN4M="></latexit><latexit sha1_base64="isQFBifcKyEBpOX0Pxats4qTN4M="></latexit><latexit sha1_base64="isQFBifcKyEBpOX0Pxats4qTN4M="></latexit><latexit sha1_base64="isQFBifcKyEBpOX0Pxats4qTN4M="></latexit>
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Proton-photon interactions

=> Blackboard

Collisional e"ect, catastrophic E loss mechanism 

Inelasticity: k ⇠ hEin � Eout

Ein
i

<latexit sha1_base64="DzX7Ju7bdQVaZKjtPFqjge/cuzo=">AAACK3icbVDNS8MwHE39nPOr6tFLcAheHK0IehwTweME9wFrKWmWbmFJWpJUGKX/jxf/FQ968AOv/h9mXQ9z80Hg5b3fI/m9MGFUacf5tFZW19Y3Nitb1e2d3b19++Cwo+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn63UciFY3Fg54kxOdoKGhEMdJGCuzmGHqKcugxJIaMQC+SCGe3QeZJDqnI4TksL3Gq83zOyaEni0xg15y6UwAuE7ckNVCiFdiv3iDGKSdCY4aU6rtOov0MSU0xI3nVSxVJEB6jIekbKhAnys+KXXN4apQBjGJpjtCwUOcTGeJKTXhoJjnSI7XoTcX/vH6qo2s/oyJJNRF49lCUMqhjOC0ODqgkWLOJIQhLav4K8QiZtrSpt2pKcBdXXiadi7rr1N37y1qjWdZRAcfgBJwBF1yBBrgDLdAGGDyBF/AOPqxn6836sr5noytWmTkCf2D9/AI42aez</latexit><latexit sha1_base64="DzX7Ju7bdQVaZKjtPFqjge/cuzo=">AAACK3icbVDNS8MwHE39nPOr6tFLcAheHK0IehwTweME9wFrKWmWbmFJWpJUGKX/jxf/FQ968AOv/h9mXQ9z80Hg5b3fI/m9MGFUacf5tFZW19Y3Nitb1e2d3b19++Cwo+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn63UciFY3Fg54kxOdoKGhEMdJGCuzmGHqKcugxJIaMQC+SCGe3QeZJDqnI4TksL3Gq83zOyaEni0xg15y6UwAuE7ckNVCiFdiv3iDGKSdCY4aU6rtOov0MSU0xI3nVSxVJEB6jIekbKhAnys+KXXN4apQBjGJpjtCwUOcTGeJKTXhoJjnSI7XoTcX/vH6qo2s/oyJJNRF49lCUMqhjOC0ODqgkWLOJIQhLav4K8QiZtrSpt2pKcBdXXiadi7rr1N37y1qjWdZRAcfgBJwBF1yBBrgDLdAGGDyBF/AOPqxn6836sr5noytWmTkCf2D9/AI42aez</latexit><latexit sha1_base64="DzX7Ju7bdQVaZKjtPFqjge/cuzo=">AAACK3icbVDNS8MwHE39nPOr6tFLcAheHK0IehwTweME9wFrKWmWbmFJWpJUGKX/jxf/FQ968AOv/h9mXQ9z80Hg5b3fI/m9MGFUacf5tFZW19Y3Nitb1e2d3b19++Cwo+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn63UciFY3Fg54kxOdoKGhEMdJGCuzmGHqKcugxJIaMQC+SCGe3QeZJDqnI4TksL3Gq83zOyaEni0xg15y6UwAuE7ckNVCiFdiv3iDGKSdCY4aU6rtOov0MSU0xI3nVSxVJEB6jIekbKhAnys+KXXN4apQBjGJpjtCwUOcTGeJKTXhoJjnSI7XoTcX/vH6qo2s/oyJJNRF49lCUMqhjOC0ODqgkWLOJIQhLav4K8QiZtrSpt2pKcBdXXiadi7rr1N37y1qjWdZRAcfgBJwBF1yBBrgDLdAGGDyBF/AOPqxn6836sr5noytWmTkCf2D9/AI42aez</latexit><latexit sha1_base64="DzX7Ju7bdQVaZKjtPFqjge/cuzo=">AAACK3icbVDNS8MwHE39nPOr6tFLcAheHK0IehwTweME9wFrKWmWbmFJWpJUGKX/jxf/FQ968AOv/h9mXQ9z80Hg5b3fI/m9MGFUacf5tFZW19Y3Nitb1e2d3b19++Cwo+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn63UciFY3Fg54kxOdoKGhEMdJGCuzmGHqKcugxJIaMQC+SCGe3QeZJDqnI4TksL3Gq83zOyaEni0xg15y6UwAuE7ckNVCiFdiv3iDGKSdCY4aU6rtOov0MSU0xI3nVSxVJEB6jIekbKhAnys+KXXN4apQBjGJpjtCwUOcTGeJKTXhoJjnSI7XoTcX/vH6qo2s/oyJJNRF49lCUMqhjOC0ODqgkWLOJIQhLav4K8QiZtrSpt2pKcBdXXiadi7rr1N37y1qjWdZRAcfgBJwBF1yBBrgDLdAGGDyBF/AOPqxn6836sr5noytWmTkCf2D9/AI42aez</latexit>

Photo-pion production

pUHE + �bkg ! p+ e+ + e�
<latexit sha1_base64="PZqHJy+otEWwz9zLT0afbQ2fil4=">AAACIXicbVDLSgMxFM34rPVVdekmWAShWGZEsMuiCF1WsA/o1HInTaehycyQZJQy9Ffc+CtuXCjSnfgzptNZaOuBhMM555Lc40WcKW3bX9bK6tr6xmZuK7+9s7u3Xzg4bKowloQ2SMhD2fZAUc4C2tBMc9qOJAXhcdryRjczv/VIpWJhcK/HEe0K8AM2YAS0kXqFStRLXClwo3Y7wSXs+iAEzCVv5E+wK5k/1CBl+IQjE6APpfQ+7xWKdtlOgZeJk5EiylDvFaZuPySxoIEmHJTqOHakuwlIzQink7wbKxoBGYFPO4YGIKjqJumGE3xqlD4ehNKcQONU/T2RgFBqLDyTFKCHatGbif95nVgPKt2EBVGsaUDmDw1ijnWIZ3XhPpOUaD42BIhk5q+YDEEC0abUvCnBWVx5mTQvyo5ddu4ui9XrrI4cOkYn6Aw56ApVUQ3VUQMR9Ixe0Tv6sF6sN+vTms6jK1Y2c4T+wPr+ASt+oZg=</latexit><latexit sha1_base64="PZqHJy+otEWwz9zLT0afbQ2fil4=">AAACIXicbVDLSgMxFM34rPVVdekmWAShWGZEsMuiCF1WsA/o1HInTaehycyQZJQy9Ffc+CtuXCjSnfgzptNZaOuBhMM555Lc40WcKW3bX9bK6tr6xmZuK7+9s7u3Xzg4bKowloQ2SMhD2fZAUc4C2tBMc9qOJAXhcdryRjczv/VIpWJhcK/HEe0K8AM2YAS0kXqFStRLXClwo3Y7wSXs+iAEzCVv5E+wK5k/1CBl+IQjE6APpfQ+7xWKdtlOgZeJk5EiylDvFaZuPySxoIEmHJTqOHakuwlIzQink7wbKxoBGYFPO4YGIKjqJumGE3xqlD4ehNKcQONU/T2RgFBqLDyTFKCHatGbif95nVgPKt2EBVGsaUDmDw1ijnWIZ3XhPpOUaD42BIhk5q+YDEEC0abUvCnBWVx5mTQvyo5ddu4ui9XrrI4cOkYn6Aw56ApVUQ3VUQMR9Ixe0Tv6sF6sN+vTms6jK1Y2c4T+wPr+ASt+oZg=</latexit><latexit sha1_base64="PZqHJy+otEWwz9zLT0afbQ2fil4=">AAACIXicbVDLSgMxFM34rPVVdekmWAShWGZEsMuiCF1WsA/o1HInTaehycyQZJQy9Ffc+CtuXCjSnfgzptNZaOuBhMM555Lc40WcKW3bX9bK6tr6xmZuK7+9s7u3Xzg4bKowloQ2SMhD2fZAUc4C2tBMc9qOJAXhcdryRjczv/VIpWJhcK/HEe0K8AM2YAS0kXqFStRLXClwo3Y7wSXs+iAEzCVv5E+wK5k/1CBl+IQjE6APpfQ+7xWKdtlOgZeJk5EiylDvFaZuPySxoIEmHJTqOHakuwlIzQink7wbKxoBGYFPO4YGIKjqJumGE3xqlD4ehNKcQONU/T2RgFBqLDyTFKCHatGbif95nVgPKt2EBVGsaUDmDw1ijnWIZ3XhPpOUaD42BIhk5q+YDEEC0abUvCnBWVx5mTQvyo5ddu4ui9XrrI4cOkYn6Aw56ApVUQ3VUQMR9Ixe0Tv6sF6sN+vTms6jK1Y2c4T+wPr+ASt+oZg=</latexit><latexit sha1_base64="PZqHJy+otEWwz9zLT0afbQ2fil4=">AAACIXicbVDLSgMxFM34rPVVdekmWAShWGZEsMuiCF1WsA/o1HInTaehycyQZJQy9Ffc+CtuXCjSnfgzptNZaOuBhMM555Lc40WcKW3bX9bK6tr6xmZuK7+9s7u3Xzg4bKowloQ2SMhD2fZAUc4C2tBMc9qOJAXhcdryRjczv/VIpWJhcK/HEe0K8AM2YAS0kXqFStRLXClwo3Y7wSXs+iAEzCVv5E+wK5k/1CBl+IQjE6APpfQ+7xWKdtlOgZeJk5EiylDvFaZuPySxoIEmHJTqOHakuwlIzQink7wbKxoBGYFPO4YGIKjqJumGE3xqlD4ehNKcQONU/T2RgFBqLDyTFKCHatGbif95nVgPKt2EBVGsaUDmDw1ijnWIZ3XhPpOUaD42BIhk5q+YDEEC0abUvCnBWVx5mTQvyo5ddu4ui9XrrI4cOkYn6Aw56ApVUQ3VUQMR9Ixe0Tv6sF6sN+vTms6jK1Y2c4T+wPr+ASt+oZg=</latexit>

Pair production
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Proton-photon interactions

Neutron

Proton

Delta+ resonance z=0

Photo-pion production
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MW/MM connections



31

Photons from neutral pion decay
⇡0 ! ��

<latexit sha1_base64="8BVhlLOqPsgPRmnZZXXdAg2v4aM=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyURQY9FLx4r2FZoQphsN+nS3STsbpQSevTiX/HiQRGv/gRv/hu3bQ7a+mCYx3sz7M4LM86Udpxvq7K0vLK6Vl2vbWxube/Yu3sdleaS0DZJeSrvQlCUs4S2NdOc3mWSggg57YbDq4nfvadSsTS51aOM+gLihEWMgDZSYB96GQsc7EkWDzRImT5gLwYhoGyBXXcazhR4kbglqaMSrcD+8vopyQVNNOGgVM91Mu0XIDUjnI5rXq5oBmQIMe0ZmoCgyi+mh4zxsVH6OEqlqUTjqfp7owCh1EiEZlKAHqh5byL+5/VyHV34BUuyXNOEzB6Kco51iiep4D6TlGg+MgSIZOavmAxAAtEmu5oJwZ0/eZF0Thuu03BvzurNyzKOKjpAR+gEuegcNdE1aqE2IugRPaNX9GY9WS/Wu/UxG61Y5c4++gPr8wclQZlo</latexit><latexit sha1_base64="8BVhlLOqPsgPRmnZZXXdAg2v4aM=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyURQY9FLx4r2FZoQphsN+nS3STsbpQSevTiX/HiQRGv/gRv/hu3bQ7a+mCYx3sz7M4LM86Udpxvq7K0vLK6Vl2vbWxube/Yu3sdleaS0DZJeSrvQlCUs4S2NdOc3mWSggg57YbDq4nfvadSsTS51aOM+gLihEWMgDZSYB96GQsc7EkWDzRImT5gLwYhoGyBXXcazhR4kbglqaMSrcD+8vopyQVNNOGgVM91Mu0XIDUjnI5rXq5oBmQIMe0ZmoCgyi+mh4zxsVH6OEqlqUTjqfp7owCh1EiEZlKAHqh5byL+5/VyHV34BUuyXNOEzB6Kco51iiep4D6TlGg+MgSIZOavmAxAAtEmu5oJwZ0/eZF0Thuu03BvzurNyzKOKjpAR+gEuegcNdE1aqE2IugRPaNX9GY9WS/Wu/UxG61Y5c4++gPr8wclQZlo</latexit><latexit sha1_base64="8BVhlLOqPsgPRmnZZXXdAg2v4aM=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyURQY9FLx4r2FZoQphsN+nS3STsbpQSevTiX/HiQRGv/gRv/hu3bQ7a+mCYx3sz7M4LM86Udpxvq7K0vLK6Vl2vbWxube/Yu3sdleaS0DZJeSrvQlCUs4S2NdOc3mWSggg57YbDq4nfvadSsTS51aOM+gLihEWMgDZSYB96GQsc7EkWDzRImT5gLwYhoGyBXXcazhR4kbglqaMSrcD+8vopyQVNNOGgVM91Mu0XIDUjnI5rXq5oBmQIMe0ZmoCgyi+mh4zxsVH6OEqlqUTjqfp7owCh1EiEZlKAHqh5byL+5/VyHV34BUuyXNOEzB6Kco51iiep4D6TlGg+MgSIZOavmAxAAtEmu5oJwZ0/eZF0Thuu03BvzurNyzKOKjpAR+gEuegcNdE1aqE2IugRPaNX9GY9WS/Wu/UxG61Y5c4++gPr8wclQZlo</latexit><latexit sha1_base64="8BVhlLOqPsgPRmnZZXXdAg2v4aM=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyURQY9FLx4r2FZoQphsN+nS3STsbpQSevTiX/HiQRGv/gRv/hu3bQ7a+mCYx3sz7M4LM86Udpxvq7K0vLK6Vl2vbWxube/Yu3sdleaS0DZJeSrvQlCUs4S2NdOc3mWSggg57YbDq4nfvadSsTS51aOM+gLihEWMgDZSYB96GQsc7EkWDzRImT5gLwYhoGyBXXcazhR4kbglqaMSrcD+8vopyQVNNOGgVM91Mu0XIDUjnI5rXq5oBmQIMe0ZmoCgyi+mh4zxsVH6OEqlqUTjqfp7owCh1EiEZlKAHqh5byL+5/VyHV34BUuyXNOEzB6Kco51iiep4D6TlGg+MgSIZOavmAxAAtEmu5oJwZ0/eZF0Thuu03BvzurNyzKOKjpAR+gEuegcNdE1aqE2IugRPaNX9GY9WS/Wu/UxG61Y5c4++gPr8wclQZlo</latexit>

=> Blackboard

Kelner+ PRD'09

Ackermann+ Science'13

https://arxiv.org/pdf/astro-ph/0606058.pdf
https://arxiv.org/pdf/1302.3307.pdf
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Photons from neutral pion decay

Dundovic+ A&A'22

https://arxiv.org/pdf/2105.13165.pdf


The Fermi-LAT gamma-ray sky
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Boncioli 2309.12743

⌫e
<latexit sha1_base64="rxnnv2YbmVmU4iye0L/FZvMtNCg=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgqSRFbHsrevFYwW0L7VKy6bQNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYwn58HJr6xubW/ntws7u3v5B8fCoZeJUc/B5LGPdCZkBKRT4VlgJnUQDi0IJ7XBynfnte9BGxOrOThMIIjZSYig4s07yeyrtQ79YImVCCKUUZ4RWL4kj9XqtQmuYZpZDCa3Q7Bffe4OYpxEoyyUzpktJYoMZ01ZwCfNCLzWQMD5hI+g6qlgEJpgtjp3jM6cM8DDWrpTFC/X7xIxFxkyj0HVGzI7Nby8T//K6qR3WgplQSWpB8eWiYSqxjXH2OR4IDdzKqSOMa+FuxXzMNOPW5VNwIXx9iv8nrUqZkjK9vSg1rlZx5NEJOkXniKIqaqAb1EQ+4kigB/SEnj3lPXov3uuyNeetZo7RD3hvnyG2juU=</latexit><latexit sha1_base64="rxnnv2YbmVmU4iye0L/FZvMtNCg=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgqSRFbHsrevFYwW0L7VKy6bQNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYwn58HJr6xubW/ntws7u3v5B8fCoZeJUc/B5LGPdCZkBKRT4VlgJnUQDi0IJ7XBynfnte9BGxOrOThMIIjZSYig4s07yeyrtQ79YImVCCKUUZ4RWL4kj9XqtQmuYZpZDCa3Q7Bffe4OYpxEoyyUzpktJYoMZ01ZwCfNCLzWQMD5hI+g6qlgEJpgtjp3jM6cM8DDWrpTFC/X7xIxFxkyj0HVGzI7Nby8T//K6qR3WgplQSWpB8eWiYSqxjXH2OR4IDdzKqSOMa+FuxXzMNOPW5VNwIXx9iv8nrUqZkjK9vSg1rlZx5NEJOkXniKIqaqAb1EQ+4kigB/SEnj3lPXov3uuyNeetZo7RD3hvnyG2juU=</latexit><latexit sha1_base64="rxnnv2YbmVmU4iye0L/FZvMtNCg=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgqSRFbHsrevFYwW0L7VKy6bQNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYwn58HJr6xubW/ntws7u3v5B8fCoZeJUc/B5LGPdCZkBKRT4VlgJnUQDi0IJ7XBynfnte9BGxOrOThMIIjZSYig4s07yeyrtQ79YImVCCKUUZ4RWL4kj9XqtQmuYZpZDCa3Q7Bffe4OYpxEoyyUzpktJYoMZ01ZwCfNCLzWQMD5hI+g6qlgEJpgtjp3jM6cM8DDWrpTFC/X7xIxFxkyj0HVGzI7Nby8T//K6qR3WgplQSWpB8eWiYSqxjXH2OR4IDdzKqSOMa+FuxXzMNOPW5VNwIXx9iv8nrUqZkjK9vSg1rlZx5NEJOkXniKIqaqAb1EQ+4kigB/SEnj3lPXov3uuyNeetZo7RD3hvnyG2juU=</latexit><latexit sha1_base64="rxnnv2YbmVmU4iye0L/FZvMtNCg=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgqSRFbHsrevFYwW0L7VKy6bQNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYwn58HJr6xubW/ntws7u3v5B8fCoZeJUc/B5LGPdCZkBKRT4VlgJnUQDi0IJ7XBynfnte9BGxOrOThMIIjZSYig4s07yeyrtQ79YImVCCKUUZ4RWL4kj9XqtQmuYZpZDCa3Q7Bffe4OYpxEoyyUzpktJYoMZ01ZwCfNCLzWQMD5hI+g6qlgEJpgtjp3jM6cM8DDWrpTFC/X7xIxFxkyj0HVGzI7Nby8T//K6qR3WgplQSWpB8eWiYSqxjXH2OR4IDdzKqSOMa+FuxXzMNOPW5VNwIXx9iv8nrUqZkjK9vSg1rlZx5NEJOkXniKIqaqAb1EQ+4kigB/SEnj3lPXov3uuyNeetZo7RD3hvnyG2juU=</latexit>

⌫̄e
<latexit sha1_base64="wy4e4blJWjF9tODKyYdQFvF12AQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ+Kz7opuXFawD5gZSibNtKGZzJBkhDL0M9y4UMStX+POvzGdjqCiBy4czrmXe+8JU8G1QejDWVhcWl5ZraxV1zc2t7ZrO7sdnWSKsjZNRKJ6IdFMcMnahhvBeqliJA4F64bj65nfvWdK80TemUnKgpgMJY84JcZKnh8Slfsym/ZZv1ZH7hnCl+cIIhcVKEgDn2CIS6UOSrT6tXd/kNAsZtJQQbT2MEpNkBNlOBVsWvUzzVJCx2TIPEsliZkO8uLkKTy0ygBGibIlDSzU7xM5ibWexKHtjIkZ6d/eTPzL8zITNYKcyzQzTNL5oigT0CRw9j8ccMWoERNLCFXc3grpiChCjU2pakP4+hT+TzrHLkYuvj2tN6/KOCpgHxyAI4DBBWiCG9ACbUBBAh7AE3h2jPPovDiv89YFp5zZAz/gvH0CzgqRlg==</latexit><latexit sha1_base64="wy4e4blJWjF9tODKyYdQFvF12AQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ+Kz7opuXFawD5gZSibNtKGZzJBkhDL0M9y4UMStX+POvzGdjqCiBy4czrmXe+8JU8G1QejDWVhcWl5ZraxV1zc2t7ZrO7sdnWSKsjZNRKJ6IdFMcMnahhvBeqliJA4F64bj65nfvWdK80TemUnKgpgMJY84JcZKnh8Slfsym/ZZv1ZH7hnCl+cIIhcVKEgDn2CIS6UOSrT6tXd/kNAsZtJQQbT2MEpNkBNlOBVsWvUzzVJCx2TIPEsliZkO8uLkKTy0ygBGibIlDSzU7xM5ibWexKHtjIkZ6d/eTPzL8zITNYKcyzQzTNL5oigT0CRw9j8ccMWoERNLCFXc3grpiChCjU2pakP4+hT+TzrHLkYuvj2tN6/KOCpgHxyAI4DBBWiCG9ACbUBBAh7AE3h2jPPovDiv89YFp5zZAz/gvH0CzgqRlg==</latexit><latexit sha1_base64="wy4e4blJWjF9tODKyYdQFvF12AQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ+Kz7opuXFawD5gZSibNtKGZzJBkhDL0M9y4UMStX+POvzGdjqCiBy4czrmXe+8JU8G1QejDWVhcWl5ZraxV1zc2t7ZrO7sdnWSKsjZNRKJ6IdFMcMnahhvBeqliJA4F64bj65nfvWdK80TemUnKgpgMJY84JcZKnh8Slfsym/ZZv1ZH7hnCl+cIIhcVKEgDn2CIS6UOSrT6tXd/kNAsZtJQQbT2MEpNkBNlOBVsWvUzzVJCx2TIPEsliZkO8uLkKTy0ygBGibIlDSzU7xM5ibWexKHtjIkZ6d/eTPzL8zITNYKcyzQzTNL5oigT0CRw9j8ccMWoERNLCFXc3grpiChCjU2pakP4+hT+TzrHLkYuvj2tN6/KOCpgHxyAI4DBBWiCG9ACbUBBAh7AE3h2jPPovDiv89YFp5zZAz/gvH0CzgqRlg==</latexit><latexit sha1_base64="wy4e4blJWjF9tODKyYdQFvF12AQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ+Kz7opuXFawD5gZSibNtKGZzJBkhDL0M9y4UMStX+POvzGdjqCiBy4czrmXe+8JU8G1QejDWVhcWl5ZraxV1zc2t7ZrO7sdnWSKsjZNRKJ6IdFMcMnahhvBeqliJA4F64bj65nfvWdK80TemUnKgpgMJY84JcZKnh8Slfsym/ZZv1ZH7hnCl+cIIhcVKEgDn2CIS6UOSrT6tXd/kNAsZtJQQbT2MEpNkBNlOBVsWvUzzVJCx2TIPEsliZkO8uLkKTy0ygBGibIlDSzU7xM5ibWexKHtjIkZ6d/eTPzL8zITNYKcyzQzTNL5oigT0CRw9j8ccMWoERNLCFXc3grpiChCjU2pakP4+hT+TzrHLkYuvj2tN6/KOCpgHxyAI4DBBWiCG9ACbUBBAh7AE3h2jPPovDiv89YFp5zZAz/gvH0CzgqRlg==</latexit>
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Neutrinos from charged pions

https://arxiv.org/pdf/2309.12743.pdf
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High-energy astrophysical neutrinos
Energy spectrum IceCube Collab. PRD'21

https://arxiv.org/pdf/2011.03545.pdf
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High-energy astrophysical neutrinos
Arrival directions 
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High-energy astrophysical neutrinos
Arrival directions: point sources IceCube Collab., Science 378, 538 (2022) 
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High-energy astrophysical neutrinos
Arrival directions: Galactic events IceCube Collab., Science 2023 

• None of the models matched data — but they are 
quite simple models 

• No Galactic neutrino source is identified — likely 
som of di"use + source [Fang & Murase, 2307.02905] 

• Galactic plane flux is 6–13% of all-sky at 30 TeV 
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High-energy astrophysical neutrinos
Flavor composition

Song+ JCAP 2021 



Sources 
astro & exotic
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Galactic

Extragalactic

Cosmic-ray sources: Galactic or extragal?
In the Galaxy we observe (in gamma rays) 
CR factories up to 
1 TeV = 1012 eV (HESS, VERITAS, MAGIC)  
1 PeV  = 1015 eV (LHAASO)

SNR, pulsars & neutron stars, binary, stellar clusters, PWN

AGN & jets, galaxy clusters, galaxies

Open questions:  
1. What is the maximal energy CR are accelerated?  
2. Where does the Gal-extragal transition occur? 
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How to accelerate CRs?
Some requirements: 

1. Energetics: 


• Kinetic Energy (translational in SNRs, rotational in pulsars) 

• Gravitational Energy (accretion disks)

• Magnetic (solar flares) 


2. Mechanism for Energy Transfer: how to transfer energy from 
macroscopic objects into the (microscopic) acceleration of 
particles?  (electromagnetic)


3. Confinement: particles must stay in the accelerator for the time 
needed to accelerate them


4. No significant E-losses

We need electric fields to accelerate particles! 
They are generated by moving magnetic fields in the plasma 

e.g. fast rotating B-field in pulsars, shock waves



43

Particle acceleration
=> Blackboard
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Non-thermal emission refers to source injection…
“The word [non-thermal] is conventionally taken to mean continuum radiation from particles, 

the energy spectrum of which is not Maxwellian. […] If it cannot be accounted for by the 
spectrum of thermal bremsstrahlung or black-body radiation“  

M. Longair

Queen of the non–thermal particle distribution: Power law

Relativistic particles 

The main acceleration process leading to a power–law distribution (but not the only one) 
is shock acceleration 

p ⇠ 2
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Hillas criterion

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019Hillas, Ann. Rev. Astron. Astrophys. 1984

Larmor radius (RL) = Size of region (R)

Central emitter

A necessary condition to accelerate
charged particles is confinement 
within the acceleration region.

Γβ

R

Charged particle (Ze)

Magnetic field (B)

Confinement holds until

Shock
front

Relativistic
outflow

Acceleration eWciency

Emax = 1020 eV

Confinement condition
Necessary condition for acceleration: 


The system must be able to contain the particle rL . R
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<latexit sha1_base64="nVdGhJrJKgedV8EHAk9vZx6H2c8=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THjsRWkquSNAtV/yqPwNZJkFOKpCj3i1/dXoJyyQqywQ1ph34qQ3HVFvOBE5KncxgStmQ9rHtqKISTTieHTwhJ07pkTjRrpQlM/X3xJhKY0Yycp2S2oFZ9Kbif147s/FlOOYqzSwqNl8UZ4LYhEy/Jz2ukVkxcoQyzd2thA2opsy6jEouhGDx5WXSPKsGfjW4O6/UrvM4inAEx3AKAVxADW6hDg1gIOEZXuHN096L9+59zFsLXj5zCH/gff4AaEKPeg==</latexit><latexit sha1_base64="nVdGhJrJKgedV8EHAk9vZx6H2c8=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THjsRWkquSNAtV/yqPwNZJkFOKpCj3i1/dXoJyyQqywQ1ph34qQ3HVFvOBE5KncxgStmQ9rHtqKISTTieHTwhJ07pkTjRrpQlM/X3xJhKY0Yycp2S2oFZ9Kbif147s/FlOOYqzSwqNl8UZ4LYhEy/Jz2ukVkxcoQyzd2thA2opsy6jEouhGDx5WXSPKsGfjW4O6/UrvM4inAEx3AKAVxADW6hDg1gIOEZXuHN096L9+59zFsLXj5zCH/gff4AaEKPeg==</latexit><latexit sha1_base64="nVdGhJrJKgedV8EHAk9vZx6H2c8=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THjsRWkquSNAtV/yqPwNZJkFOKpCj3i1/dXoJyyQqywQ1ph34qQ3HVFvOBE5KncxgStmQ9rHtqKISTTieHTwhJ07pkTjRrpQlM/X3xJhKY0Yycp2S2oFZ9Kbif147s/FlOOYqzSwqNl8UZ4LYhEy/Jz2ukVkxcoQyzd2thA2opsy6jEouhGDx5WXSPKsGfjW4O6/UrvM4inAEx3AKAVxADW6hDg1gIOEZXuHN096L9+59zFsLXj5zCH/gff4AaEKPeg==</latexit><latexit sha1_base64="nVdGhJrJKgedV8EHAk9vZx6H2c8=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THjsRWkquSNAtV/yqPwNZJkFOKpCj3i1/dXoJyyQqywQ1ph34qQ3HVFvOBE5KncxgStmQ9rHtqKISTTieHTwhJ07pkTjRrpQlM/X3xJhKY0Yycp2S2oFZ9Kbif147s/FlOOYqzSwqNl8UZ4LYhEy/Jz2ukVkxcoQyzd2thA2opsy6jEouhGDx5WXSPKsGfjW4O6/UrvM4inAEx3AKAVxADW6hDg1gIOEZXuHN096L9+59zFsLXj5zCH/gff4AaEKPeg==</latexit>

Emax = 1020eV
<latexit sha1_base64="Olo0o8acaToCiimJMExvOkStcEg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KpMi6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMaYS+rYXFpeWV1dJaeX1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfXeZ++55KxaLwVo9j6go8CFnACNZG8uyDKy/tSQEFfsjgOXTQXVpDGcwl2vLsCqqiCeA8cQpSAQUanv3V60ckETTUhGOlug6KtZtiqRnhNCv3EkVjTEZ4QLuGhlhQ5aaTLzJ4ZJQ+DCJpKtRwov6eSLFQaix80ymwHqpZLxf/87qJDs7clIVxomlIpouChEMdwTwS2GeSEs3HhmAimbkVkiGWmGgTXNmE4My+PE9ataqDqs7NSaV+UcRRAvvgEBwDB5yCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHBMpbM</latexit><latexit sha1_base64="Olo0o8acaToCiimJMExvOkStcEg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KpMi6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMaYS+rYXFpeWV1dJaeX1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfXeZ++55KxaLwVo9j6go8CFnACNZG8uyDKy/tSQEFfsjgOXTQXVpDGcwl2vLsCqqiCeA8cQpSAQUanv3V60ckETTUhGOlug6KtZtiqRnhNCv3EkVjTEZ4QLuGhlhQ5aaTLzJ4ZJQ+DCJpKtRwov6eSLFQaix80ymwHqpZLxf/87qJDs7clIVxomlIpouChEMdwTwS2GeSEs3HhmAimbkVkiGWmGgTXNmE4My+PE9ataqDqs7NSaV+UcRRAvvgEBwDB5yCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHBMpbM</latexit><latexit sha1_base64="Olo0o8acaToCiimJMExvOkStcEg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KpMi6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMaYS+rYXFpeWV1dJaeX1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfXeZ++55KxaLwVo9j6go8CFnACNZG8uyDKy/tSQEFfsjgOXTQXVpDGcwl2vLsCqqiCeA8cQpSAQUanv3V60ckETTUhGOlug6KtZtiqRnhNCv3EkVjTEZ4QLuGhlhQ5aaTLzJ4ZJQ+DCJpKtRwov6eSLFQaix80ymwHqpZLxf/87qJDs7clIVxomlIpouChEMdwTwS2GeSEs3HhmAimbkVkiGWmGgTXNmE4My+PE9ataqDqs7NSaV+UcRRAvvgEBwDB5yCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHBMpbM</latexit><latexit sha1_base64="Olo0o8acaToCiimJMExvOkStcEg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KpMi6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMaYS+rYXFpeWV1dJaeX1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfXeZ++55KxaLwVo9j6go8CFnACNZG8uyDKy/tSQEFfsjgOXTQXVpDGcwl2vLsCqqiCeA8cQpSAQUanv3V60ckETTUhGOlug6KtZtiqRnhNCv3EkVjTEZ4QLuGhlhQ5aaTLzJ4ZJQ+DCJpKtRwov6eSLFQaix80ymwHqpZLxf/87qJDs7clIVxomlIpouChEMdwTwS2GeSEs3HhmAimbkVkiGWmGgTXNmE4My+PE9ataqDqs7NSaV+UcRRAvvgEBwDB5yCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHBMpbM</latexit>

Emax = 1021eV
<latexit sha1_base64="1tBoCdlzrcNSG7FG2Z4MMbj9MLo=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kpki6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMacf5thYWl5ZXVktr5fWNza1te2e3paJEEtokEY9kx8eKchbSpmaa004sKRY+p21/dJn77XsqFYvCWz2OqSvwIGQBI1gbybMPrry0JwUU+CGD5xA5d2kNZTCXaMuzK07VmQDOE1SQCijQ8OyvXj8iiaChJhwr1UVOrN0US80Ip1m5lygaYzLCA9o1NMSCKjedfJHBI6P0YRBJU6GGE/X3RIqFUmPhm06B9VDNern4n9dNdHDmpiyME01DMl0UJBzqCOaRwD6TlGg+NgQTycytkAyxxESb4MomBDT78jxp1arIqaKbk0r9ooijBPbBITgGCJyCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHCvpbN</latexit><latexit sha1_base64="1tBoCdlzrcNSG7FG2Z4MMbj9MLo=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kpki6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMacf5thYWl5ZXVktr5fWNza1te2e3paJEEtokEY9kx8eKchbSpmaa004sKRY+p21/dJn77XsqFYvCWz2OqSvwIGQBI1gbybMPrry0JwUU+CGD5xA5d2kNZTCXaMuzK07VmQDOE1SQCijQ8OyvXj8iiaChJhwr1UVOrN0US80Ip1m5lygaYzLCA9o1NMSCKjedfJHBI6P0YRBJU6GGE/X3RIqFUmPhm06B9VDNern4n9dNdHDmpiyME01DMl0UJBzqCOaRwD6TlGg+NgQTycytkAyxxESb4MomBDT78jxp1arIqaKbk0r9ooijBPbBITgGCJyCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHCvpbN</latexit><latexit sha1_base64="1tBoCdlzrcNSG7FG2Z4MMbj9MLo=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kpki6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMacf5thYWl5ZXVktr5fWNza1te2e3paJEEtokEY9kx8eKchbSpmaa004sKRY+p21/dJn77XsqFYvCWz2OqSvwIGQBI1gbybMPrry0JwUU+CGD5xA5d2kNZTCXaMuzK07VmQDOE1SQCijQ8OyvXj8iiaChJhwr1UVOrN0US80Ip1m5lygaYzLCA9o1NMSCKjedfJHBI6P0YRBJU6GGE/X3RIqFUmPhm06B9VDNern4n9dNdHDmpiyME01DMl0UJBzqCOaRwD6TlGg+NgQTycytkAyxxESb4MomBDT78jxp1arIqaKbk0r9ooijBPbBITgGCJyCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHCvpbN</latexit><latexit sha1_base64="1tBoCdlzrcNSG7FG2Z4MMbj9MLo=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kpki6EYoiuCygn1AG8NkOmmHziRhZiKWkI0bf8WNC0Xc+g/u/BsnbRbaeuDC4Zx7ufceP+ZMacf5thYWl5ZXVktr5fWNza1te2e3paJEEtokEY9kx8eKchbSpmaa004sKRY+p21/dJn77XsqFYvCWz2OqSvwIGQBI1gbybMPrry0JwUU+CGD5xA5d2kNZTCXaMuzK07VmQDOE1SQCijQ8OyvXj8iiaChJhwr1UVOrN0US80Ip1m5lygaYzLCA9o1NMSCKjedfJHBI6P0YRBJU6GGE/X3RIqFUmPhm06B9VDNern4n9dNdHDmpiyME01DMl0UJBzqCOaRwD6TlGg+NgQTycytkAyxxESb4MomBDT78jxp1arIqaKbk0r9ooijBPbBITgGCJyCOrgGDdAEBDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AHCvpbN</latexit>

Hillas Plot
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CR accelerators: Supernova remnants

Aharonian+ A&A’07

We see pion bump at GeV energies 
(proton acceleration) 

We see TeV shells (e.g. HESS)

We do not see PeV accelerated 
particles from SNR

[Others: stellar clusters, no indication of a TeV cuto" so far]
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GeV — TeV emitters 
HE: curvature radiation from acceleration in magnetosphere 
VHE: IC on low-energy target photons  

LHAASO observed ~10 PeVatrons  
9 have a bright pulsars associated

[Others: compact objects in binary systems (high-energy binaries, novae, micro quasars)]

Pulsars

Energy

Lu
m

in
os

ity

Magnetosphere

IC
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Active galaxies
• Large fraction of the total luminosity 

of an active galaxy is non-thermal  
• Emitted by the nuclei of the galaxy 
• Energy generating mechanism: 

accretion on the SMBH in their 
center

SED of Mrk 421

Abdo+ ApJ’11



The Fermi-LAT gamma-ray sky

49
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Unresolved sources and the Fermi IGRB

Ackermann+ ApJ’15
Fornasa & Sanchez-Conde Phys. Rep’15

https://arxiv.org/pdf/1502.02866.pdf
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Dinsmore+ JCAP'22

Galactic unresolved sources

https://arxiv.org/pdf/2112.09699.pdf
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Diffuse emission from TeV to sub-PeV
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Point sources at TeV energies 
Despite small FoV IACTs can perform e"ective surveys

Galactic plane full of TeVatrons!

HAWC: Sources up to 100 TeV!
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Point sources at sub-PeV energies 

12 PeVatrons
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Diffuse emission: from TeV to sub-PeV

De la Torre Luque+ arXiv:2203.15759
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Why do we want to look for new physics?

1. Physics BSM is strongly motivated  
2. It already happened in the past to find some surprise in astro data which led to major 

discoveries (e.g. neutrino oscillations) 
3. Anomalies in astroparticle observables do exist and BSM physics may be the answer 
4. If there, you expect astrophysical signatures of BSM physics. If you don’t find them 

you can set constraints onto the relevant parameter space

Astroparticle observables can be either a discovery tool or a constraint-setting one
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Challenges
Unusual scales of density, temperature, size, time, energy… if 

compared with what achievable in Earth laboratories!

Conceivable that some physics extrapolations may fail, 
highlighting new phenomena/regimes

We do not control the environment. This requires e"ort to understand 
astrophysics to devise ‘robust’ new physics signatures and validation tests

Main goal: Help you to schematise some research direction in dark matter/BSM searches



Dark matter in the sky
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Collisionless matter

Bullet Cluster (1E 0657-56)



The dark matter landscape
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Vast parameter space in mass and interaction strength

10�19 eV
<latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit>

0.1 eV
<latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit>

keV
<latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit>

103 M�
<latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit>

10M�
<latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit>

µeV
<latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit>

MeV
<latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit>

GeV
<latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit>

10�16 M�
<latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit>

102 TeV
<latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit>
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Primordial black holes“Particle” dark matter

10�19 eV
<latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit>

0.1 eV
<latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit>

keV
<latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit>

103 M�
<latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit>

10M�
<latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit>

µeV
<latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit>

MeV
<latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit>

GeV
<latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit>

10�16 M�
<latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit>

102 TeV
<latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit><latexit sha1_base64="19568pZ2ckR9s0i4c/BpgXb+tpM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBylJEfRY9OKxQr+giWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sHdvmwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfDPzOw9UKhZHTT1JqC/wMGIhI1gbqW+XXec+q02Rd448KVCTtvt2xak6c6BV4uakAjkaffvLG8QkFTTShGOleq6TaD/DUjPC6bTkpYommIzxkPYMjbCgys/mp0/RqVEGKIylqUijufp7IsNCqYkITKfAeqSWvZn4n9dLdXjlZyxKUk0jslgUphzpGM1yQAMmKdF8YggmkplbERlhiYk2aZVMCO7yy6ukXau6TtW9u6jUr/M4inAMJ3AGLlxCHW6hAS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/3DeScA==</latexit>

“Wave-like”  
dark matter (bosonic)
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Axions & ALPs

• Identification strategies are necessarily 
(more or less) model dependent 

• The theoretical prejudice in dark matter 
searches is also set by what we can 
probe with available data


• You always need some sort of signature 
of your model!

Credit: J. Alvey, EuCAPT Symposium 2021

10�19 eV
<latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit><latexit sha1_base64="2EW+IxfNBCkrYvoaNp4D1f5yH9o=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcaJmIoO6KblxWsA/ojCWTZtrQJDMkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733hAln2njet7O0vLK6tl7aKG9ube/sunuVlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbitx+p0iyW92ac0EDggWQRI9hYqedWkPeQnaKrHPon0FcC0lbPrXo1bwq4SFBBqqBAo+d++f2YpIJKQzjWuou8xAQZVoYRTvOyn2qaYDLCA9q1VGJBdZBNb8/hkVX6MIqVLWngVP09kWGh9ViEtlNgM9Tz3kT8z+umJroMMiaT1FBJZouilEMTw0kQsM8UJYaPLcFEMXsrJEOsMDE2rrINAc2/vEhaZzXk1dDdebV+XcRRAgfgEBwDBC5AHdyCBmgCAp7AM3gFb07uvDjvzsesdckpZvbBHzifPx3Pkos=</latexit>

0.1 eV
<latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit><latexit sha1_base64="DEieop7f4uBzKyLjMloTqzFeBbs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWznbRLd5O4uymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFDzGhuFGYDtVSGUosBUO72Z+a4RK8yR+NOMUA0n7MY84o8ZKgVv1iH9BfCUJNrvlilt15yCrxMtJBXLUu+Uvv5ewTGJsmKBadzw3NcGEKsOZwGnJzzSmlA1pHzuWxlSiDibzo6fkzCo9EiXKVmzIXP09MaFS67EMbaekZqCXvZn4n9fJTHQTTHicZgZjtlgUZYKYhMwSID2ukBkxtoQyxe2thA2ooszYnEo2BG/55VXSvKx6NruHq0rtNo+jCCdwCufgwTXU4B7q0AAGT/AMr/DmjJwX5935WLQWnHzmGP7A+fwBLsKQaQ==</latexit>

keV
<latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit><latexit sha1_base64="EWKLFHM+UOweXDOlPqHdMgvw8rc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7RT3t3bPzisHB23TJJphk2WiER3ImpQcIVNy63ATqqRykhgOxrfzfz2E2rDE/VoJymGkg4Vjzmj1kntnpZkjK1+perX/DnIKgkKUoUCjX7lqzdIWCZRWSaoMd3AT22YU205Ezgt9zKDKWVjOsSuo4pKNGE+P3dKzp0yIHGiXSlL5urviZxKYyYycp2S2pFZ9mbif143s/FNmHOVZhYVWyyKM0FsQma/kwHXyKyYOEKZ5u5WwkZUU2ZdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MH4UCPQQ==</latexit>

103 M�
<latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit><latexit sha1_base64="KFABE8or8k/6qOUqg8IV10xTIus=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkqigi6LbtwIFewDmhgmk0k7dDITZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqLS2vrK6V1ysbm1vbO3Z1t61EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDq8mfueBSEUFv9OjlPgJ6nMaU4y0kQK76jr3p9A7hjdB7olI6HFg15y6MwVcJG5BaqBAM7C/vEjgLCFcY4aU6rlOqv0cSU0xI+OKlymSIjxEfdIzlKOEKD+fnj6Gh0aJYCykKa7hVP09kaNEqVESms4E6YGa9ybif14v0/GFn1OeZppwPFsUZwxqASc5wIhKgjUbGYKwpOZWiAdIIqxNWhUTgjv/8iJpn9Rdp+7entUal0UcZbAPDsARcME5aIBr0AQtgMEjeAav4M16sl6sd+tj1lqyipk98AfW5w9ZsZLF</latexit>

10M�
<latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit><latexit sha1_base64="h++SLfc0gkta72/kmt26ycECZnA=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REBD0WvXgRKtgPaELYbDbt0k027E6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFsrq2vrG5uVrer2zu5ezd4/6GiZK8raVAqpeiHRTPCUtYGDYL1MMZKEgnXD0c3U7z4ypblMH2CcMT8hg5THnBIwUmDXXAd7Z/guKDwZSZgEdt1pODPgZeKWpI5KtAL7y4skzROWAhVE677rZOAXRAGngk2qXq5ZRuiIDFjf0JQkTPvF7PAJPjFKhGOpTKWAZ+rviYIkWo+T0HQmBIZ60ZuK/3n9HOIrv+BplgNL6XxRnAsMEk9TwBFXjIIYG0Ko4uZWTIdEEQomq6oJwV18eZl0zhuu03DvL+rN6zKOCjpCx+gUuegSNdEtaqE2oihHz+gVvVlP1ov1bn3MW1escuYQ/YH1+QMrIZIg</latexit>

µeV
<latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit><latexit sha1_base64="v6NcNShkPWdlHIzTRGwqwRtX8eA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5iddJIhM7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYlux9Sg4AoblluB7VQjlbHAVjy6nfmtJ9SGJ+rBjlOMJB0o3ueMWic9hjIjoZYEm91yxa/6c5BVEuSkAjnq3fJX2EtYJlFZJqgxncBPbTSh2nImcFoKM4MpZSM6wI6jiko00WR+8ZScOaVH+ol2pSyZq78nJlQaM5ax65TUDs2yNxP/8zqZ7V9HE67SzKJii0X9TBCbkNn7pMc1MivGjlCmubuVsCHVlFkXUsmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEMFDzDK7x5xnvx3r2PRWvBy2eO4Q+8zx/I5pBS</latexit>

MeV
<latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit><latexit sha1_base64="lu9cz3IDqAxO8TxdQ9mtZ5y/nGc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegFy9CBPOAZAmzk95kyMzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuilLBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibJNMMGS0Si2xE1KLjChuVWYDvVSGUksBWNbmd+6wm14Yl6tOMUQ0kHisecUeukVldLco/NXrniV/05yCoJclKBHPVe+avbT1gmUVkmqDGdwE9tOKHaciZwWupmBlPKRnSAHUcVlWjCyfzcKTlzSp/EiXalLJmrvycmVBozlpHrlNQOzbI3E//zOpmNr8MJV2lmUbHFojgTxCZk9jvpc43MirEjlGnubiVsSDVl1iVUciEEyy+vkuZFNfCrwcNlpXaTx1GEEziFcwjgCmpwB3VoAIMRPMMrvHmp9+K9ex+L1oKXzxzDH3ifP7OMjyM=</latexit>

GeV
<latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit><latexit sha1_base64="bSPuZpHPa3hWiT9b0t8bmr5K6z0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegBz1GMA9IljA76U2GzMwuM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9Hodua3nlAbnqhHO04xlHSgeMwZtU5qdbUkd9jslSt+1Z+DrJIgJxXIUe+Vv7r9hGUSlWWCGtMJ/NSGE6otZwKnpW5mMKVsRAfYcVRRiSaczM+dkjOn9EmcaFfKkrn6e2JCpTFjGblOSe3QLHsz8T+vk9n4OpxwlWYWFVssijNBbEJmv5M+18isGDtCmebuVsKGVFNmXUIlF0Kw/PIqaV5UA78aPFxWajd5HEU4gVM4hwCuoAb3UIcGMBjBM7zCm5d6L96797FoLXj5zDH8gff5A6pojx0=</latexit>

10�16 M�
<latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit><latexit sha1_base64="SKDUUFy5WZOXF1SuWEddORf960s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oyIuqy6MaNUME+oIlhMpm2QyeZMDMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcECWdKO863VVpYXFpeKa9W1tY3Nrfs7Z2WEqkktEkEF7ITYEU5i2lTM81pJ5EURwGn7WB4Pfbbj1QqJuJ7PUqoF+F+zHqMYG0k395DzkN2gs5z6B7DWz9zRSh07ttVp+ZMAOcJKkgVFGj49pcbCpJGNNaEY6W6yEm0l2GpGeE0r7ipogkmQ9ynXUNjHFHlZZPzc3holBD2hDQVazhRf09kOFJqFAWmM8J6oGa9sfif101179LLWJykmsZkuqiXcqgFHGcBQyYp0XxkCCaSmVshGWCJiTaJVUwIaPbledI6rSGnhu7OqvWrIo4y2AcH4AggcAHq4AY0QBMQkIFn8ArerCfrxXq3PqatJauY2QV/YH3+ABDmlEY=</latexit>
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The dark matter landscape
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!c = vc/R

Iocco+ Nature Physics’15
Milky Way rotation curve
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Pato&Iocco+ ApJ’15

Non-parametric reconstruc3on: approach free of profile assumpAons, but uncertainAes are large and 

hinder discriminaAon power between different radial behaviours. 
Pato&Iocco+ ApJ’15; Salucci+A&A’10

Milky Way DM density

�tot = �baryon + �dm

⇢dm(< R) =
!2
dm

4⇡G

⇣
3 +

d ln!2
dm

d lnR

⌘Spherical symm.
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Parametric reconstruc3on: strong profile 

assumpAons,  “global” method to derive local DM 

density.

Pato+ JCAP’15

e.g: Pato+ JCAP’15; McMillan+ MNRAS’16; Iocco&Benito PDU’17 

Milky Way DM density

0.01 0.1 1 10 100
0.01

0.1

1

10

100

1000

R @kpcD

r D
M
HR
L@G

eV
êcm

3 D

NFW

Einasto

Burkert

~ R-1

~ constant



66

DM density in haloes

Springel+ MNRAS’08

CDM

⇢tot(R) = ⇢s exp

⇢
� 2

↵

✓
R

rs

◆↵

� 1

��



FIRE

Chan+MNRAS’15

Challenges

How to select a good MW halo candidate?


How to extrapolate the profile down to smaller scales?

Aq-D5

Marinacci+MNRAS’14

AREPO

EAGLE

Schaller, FC+MNRAS’16

R [kpc]
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Wang+MNRAS’12; Gottloeber+2010; FC+JCAP’15

DM density in haloes
Inner galaxy
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Springel+ MNRAS’08

CDM

Host halo

Dark matter sub-haloes  
or sub-structures

• Low-mass DM haloes, do not trigger star 
formation => do not contain stars (dark 
haloes)


• Their mass distribution depends on 
fundamental properties of DM (warm vs 
cold)


• CDM predicts abundance down to Earth-
sized objects (10-6 MSun)*


• Their distribution leads to specific angular 
signatures of the DM signal (sub-halo 
searches, anisotropies, x-correlation)

* In WIMP and non-thermal axion models
Grand & White MNRAS’21

DM density in haloes
Substructures and subhaloes



- Energy fracAon going into photons and electrons (±) with respect to the total.  

- Energy fracAon into hadronic final states with respect to photons and electrons.

Weakly Interacting 
Massive 
Particles

Bq

h�(DMDM ! SMSM)vi ⇠ 3⇥ 10�26cm3/s

= 1pb⇥ c

 200 GeV 

 5 TeV 
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Final states energy distribution 
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Prompt photon spectrum



Bergström et al., PRL’05; Bringmann et al., JHEP’08

• FSR: logarithmic enhancement of so^ collinear photons (fermion on-shell) => model-
independent spectrum 

• VIB: lifiAng of helicity suppression in t-channel diagrams => model-dependent spectrum�� ! ff̄�

Birkedal et al., hep-ph/0507194

Lightest Kaluza-Klein 

Bringmann et al., 

0.01

0.1

x = Eγ/mχ

x
2
dN

γ
,t

o
t /

dx

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

0.001

1

10

0.2

BM3

Neutralino in stau-coannihilaAon 

0.01 0.1 1
x

0.01

0.03

0.1

y

Bergström et al., 

x
2
dN

e↵
/d

x

x = E/mB(1)

Sharp spectral features at the high-end of the photon energy distribuAon

[Emission of W, Z, higgses => mulA-messenger signal, opens up new channels Ciafaloni et al., JCAP’11; Cirelli et al., JCAP’11; PPPC4DMID; Bringmann&Calore PRL’13; 
Kumar+ PLB’13; Bringmann,FC+ arXiv:1705.03466; etc]
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Radiative corrections to photon spectrum 



• Emission of W, Z, higgses => mulA-messenger signal, opens up new channels 

• FSR: so^ collinear emission modelled by splifng funcAons => model-independent 

spectrum, sizeable changes at low enegies. 

• VIB/ISR: lifiAng of helicity suppression => model-dependent spectrum

Bringmann,FC+ arXiv:1705.03466

�� ! fF̄B
B = Z,W±, h
[A,H,H

±]

Kalchelriess et al., PRD’09

Ciafaloni et al., JCAP’11; Cirelli et al., JCAP’11; PPPC4DMID

Ciafaloni+ JCAP’11/12; Bell+ PLB’11/PRD’11; Garny+ JCAP’11/12; 
Shudo&Nikei PRD’13; Bringmann&Calore PRL’13; Kumar+ PLB’13 

Full computaAon of Z, W and Higgses correcAons for general Majorana dark maier and applicaAon to MSSM neutralinos

Bringmann&FC PRL’13
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Radiative corrections to photon spectrum 



m�,m˜̀⇠ 1TeV

Bringmann,FC+ arXiv:1705.03466
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Spectral modifications



74

Dark matter spectrum: prompt photons

Numerical codes for computation of DM spectra:  
DarkSUSY http://www.fysik.su.se/~edsjo/darksusy/ 

Gondolo+ JCAP’04   
MicrOMEGAs https://lapth.cnrs.fr/micromegas/ 

Belanger+ JCAP’05
PPC 4 DM ID http://www.marcocirelli.net/PPPC4DMID.html 

Cirelli+ JCAP 2012 

Analytical fitting functions: 
Fornengo, Pieri, Scopel, PRD 2004

Cembranos et al., PRD 2011

For dependence on event Monte Carlo 
generators see, e.g.,  

Cembranos+ JHEP’13

Emission from hadronic decays 

and cascades

Bergström et al., JCAP’05 

EM and EW correcAons

gamma-ray lines

Bringmann, FC+ JHEP’08; Ciafaloni+ JCAP’11; Bringmann&FC PRL’14

dNX

dx
⌘ m�

dNX

dE

http://www.fysik.su.se/~edsjo/darksusy/
https://lapth.cnrs.fr/micromegas/
http://www.marcocirelli.net/PPPC4DMID.html
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Dark matter density profiles
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Dark matter annihilation flux
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Dark matter density profiles Spatial distribution of the signal
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Dark matter annihilation flux
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DM decay flux equation 

78

Flux from all galaxies: you need to integrate over redshift and galaxies’ redshift distribution 
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Inverse Compton scattering

�-ray

dark matter

Cirelli+ PRD’ 21

Radiative emission from leptons

Secondary emission processes allow us to probe DM at much higher masses than prompt energy scales

https://arxiv.org/pdf/2007.11493.pdf


McDaniel+, JCAP’17

Radio GammaX rays

Prompt

80

Multi-wavelength particle DM emission

Example: Annihilation into b-quarks; 
mDM = 100 GeV

“Secondary” radiative emission induced by leptonic particles interacting with the environment  

https://arxiv.org/abs/1705.09384
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Light dark matter decay: lines

Narrow line signal @ energy 
scale of the DM mass

E� =
mDM

2
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mDM . MeV
<latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit><latexit sha1_base64="sZLZ+R4Gi3Bj8FRS4qMhyRFcDS0=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9FjUg5dCBfsBTQib7bRdupuE3Y1QQg9e/CtePCji1R/hzX/jps1BWx8MPN6bYWZemHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYkCziJoaaY5dBMJRIQcOuH4Ovc7DyAVi6N7PUnAF2QYsQGjRBspsCsiyDwp8E1jij0OSikmcC40oB3YVafmzICXiVuQKirQDOwvrx/TVECkKSdK9Vwn0X5GpGaUw7TspQoSQsdkCD1DIyJA+dnsiSk+MUofD2JpKtJ4pv6eyIhQaiJC0ymIHqlFLxf/83qpHlz6GYuSVENE54sGKcc6xnkiuM8kUM0nhhAqmbkV0xGRhGqTW9mE4C6+vEzaZzXXqbl359X6VRFHCVXQMTpFLrpAdXSLmqiFKHpEz+gVvVlP1ov1bn3MW1esYuYI/YH1+QOaYJdo</latexit>

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

mDM
<latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit><latexit sha1_base64="cXP/UplnC7upIRKjWYWyatRFd4M=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHrwIEcwDkyXMTmaTIfNYZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhin5YMcJDQUeSBYzgq2THkUv62qBbu4mvXLFr/ozoGUS5KQCOeq98le3r0gqqLSEY2M6gZ/YMMPaMsLppNRNDU0wGeEB7TgqsaAmzGYXT9CJU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup5EIIFl9eJs2zauBXg/vzSu0qj6MIR3AMpxDABdTgFurQAAISnuEV3jzjvXjv3se8teDlM4fwB97nDyVDkI4=</latexit>

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

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

Infrared

⇠ µeV
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Radio

Only allowed final state is into 
photons emitted back-to-back 
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Sterile neutrinos X-ray lines
Model prediction 

• X-ray lines for sterile neutrinos in the keV to MeV mass range

• Loop mediated radiative decay 
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Sterile neutrinos X-ray lines
X-ray telescopes and spectral analysis 
Starting from early 2014: 


‣ Detection of an unidentified line at 3.5 keV: XMM-Newton (6 Ms) & Chandra, Perseus 
cluster; XMM-Newton, M31; Suzaku, Perseus; etc


‣ Constraints from Chandra M31; XMM-Newton/Chandra 80 galaxies; blank  field 
pointings Chandra and XMM-Newton, etc

Leading limits: Dessert+ Science’ 20

Review: K. N. Abazajian, Phys. Rept. 711-712, 1 (2017)

https://arxiv.org/abs/1705.01837
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Sterile neutrinos X-ray lines
Constraints on parameter space

Future progresses with eROSITA,  XARM (ex-Hitomi), Linx, and Athena+

Boyarsky+ PPNP’19
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CM
B

Fe
rm

i+A
MS

Leane+ PRD’18

• Total cross-section sets relic abundance 
• Indirect detection provides model-

independent UL on annihilation cross-section 
for a given final state
Consistent and conservative interpretation of 
the data in the context of the generic thermal 
WIMP

few keV 100 TeV10 GeV10 MeV

BBN

CMB

Fermi-LAT, AMS-02

WIMP annihilation window

1 TeV

IACTs, HAWC, Tibet ASg 

[Low DM masses constrained by energy injection at early times and 
CMB observations Slatyer & Wu, PRD'17]



+ dedicated searches for gamma-ray lines 

+ similar targets for radio searches 

(synchrotron)
Conrad & Reimer Nature Phys. 13 (2017)
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DM

DM

�

�

J∝ 

Targets for WIMP  
gamma-ray searches
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• Guaranteed gamma-ray emission 
from astrophysical sources and 
cosmic-ray interactions with gas and 
ambient photons

• Modelling uncertainty from 
cosmic-ray propagation conditions 
and target distributions (gas, 
radiation fields)

• Careful assessment is S/B and 
systematic modelling uncertainties

Astrophysical 
Backgrounds



• Generally, the signal looks like a smooth bump (from decay/hadronization 
products) from the main, smooth, Galactic halo => Importance of 
astrophysical background modelling


• Spectral features: look for sharp (or less sharp) features at the high-end of 
the energy spectrum


• Spatial (angular) features: look for specific DM-dominated targets and/or for 
angular correlations in the sky (anisotropies/cross-correlation)

Different WIMP searches leverage on different WIMP (generic) features

=> Example: Searches for DM towards dwarf spheroidal galaxies

88

Feature-based searches 

[NB: Models are predictive => can link different observables (direct/indirect/collider) and break degeneracies]



A growing Galactic crowd

> 50 satellites


(SDSS, PanSTARRS, DES)

Known satellites of the Milky Way at ~100 kpc 
from Earth


“Clean” target for DM searches, high mass-to-
light ratio and little astrophysical emission


Credit: J.D. Simon / AR Astronomy and Astrophysics 


Winter+ ApJ’16

Dwarf spheroidal galaxies

8989



Fermi-LAT Collaboration, PRL’11
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Limits from dwarf spheroidal galaxies



Fermi-LAT Collaboration, PRL’11
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Limits from dwarf spheroidal galaxies

Credit: ESO/Fornax galaxy



Fermi-LAT Collaboration, PRL’11
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Limits from dwarf spheroidal galaxies

GRAVSPHERE 
Alvarez, FC+ JCAP’20



Fermi-LAT Collaboration, PRL’11
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Limits from dwarf spheroidal galaxies

Mazziotta+Astrop. Phys.’12



Analysing dSphs as a group results in 
sensitivity competitive with other 
targets => Stacking technique

Fermi-LAT Collaboration, PRL’11
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Limits from dwarf spheroidal galaxies



Summary of multi-targets and MW constraints
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Limits on annihilating WIMPs

Eckner, FC+ 2208.03312

~ a few GeV — few TeV 

Fermi-LAT dwarf galaxies
Alvarez, FC+ JCAP’20; Addalla+ PoS'21



Summary of multi-targets and MW constraints

96

Eckner, FC+ 2208.03312 

High-latitude  
Fermi-LAT sky

Limits on annihilating WIMPs

~ a few GeV — few TeV 
Eckner, FC+ 2208.03312



Summary of multi-targets and MW constraints
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~ a few GeV — few TeV 

DM DM -> WW

~550h GC obs

Montanari ICRC21

0.2 TeV — 50 TeV
Eckner, FC+ 2208.03312

Limits on annihilating WIMPs



Extending the energy/mass scale

98

TeV frontier 
HAWC, CTA, SWGO

~ a few GeV — few TeV 

DM DM -> WW

CTA GC survey

Eckner, FC+ 2208.03312

Prospects and opportunities



Extending the energy/mass scale

99

Sub-PeV frontier 
LHAASO,Tibet ASg

~ a few GeV — few TeV 

• Cannot be thermally produced (WIMpy) DM, 
since you hit the unitarity bound

• Viable production mechanisms for PeV DM 
exist, e.g. inflation decay in low-scale 
reheating scenarios  

• The signal should come through decay and 
should appear in neutrino fluxes even before 
gamma rays 

These data often provide best bounds to 
heavy DM lifetime

Griest & Kamiomkowski, PRD’ 90

Harigaya+ 1402.2846

 Feldstein+ PRD’13; Esmaili & Serpico, JCAP’13; 

Chianese+ arXiv:2108.01678

Eckner, FC+ 2208.03312

Prospects and opportunities

Esmaili & Serpico, PRD’21; Chianese+ arXiv:2108.01678

https://arxiv.org/abs/2108.01678
https://arxiv.org/abs/2108.01678
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VHE gamma rays: PeV dark matter

DM spectrum ok, but unacceptable angular distribution of photons
Esmaili & Serpico, PRD Letters’21



Extending the energy/mass scale

101

Eckner, FC+ In preparation

MeV sensitivity gap 
Amego, e-ASTROGAM, GECCO, GRAMS, 

COSI, MeVCube, etc
~ a few GeV — few TeV 

Energy (eV)

Ferm

Knödleser CR Physisque’16

Prospects and opportunities



Extending the energy/mass scale

101

Eckner, FC+ In preparation

MeV sensitivity gap 
Amego, e-ASTROGAM, GECCO, GRAMS, 

COSI, MeVCube, etc
~ a few GeV — few TeV 

Energy (eV)

Ferm

Knödleser CR Physisque’16

Prospects and opportunities



The data landscape

Energy (eV)

Fermi

Hard X rays and gamma-ray sky

Knödleser CR Physisque’16

CGRO Compton Telescope (COMPTEL)

Lifetime: 1991 — 2000

Energy: 0.8 MeV - 30 MeV


Large FoV: 1 sr

Angular res: 1 deg

INTEGRAL Spectrometer (SPI)

Lifetime: 2002 — present

Energy: 20 keV - 8 MeV


Good energy res

Angular res: 2.5 deg

511 keV electron-positron line

102
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Summary: decay
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ø
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CMB (Slatyer et al. 2016)

MW diÆuse (Essig et al. 2013)

MW diÆuse (Calore et al. 2022)

M31 (Ng et al. 2019)

CMB

MW diffuse
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CMB (Slatyer et al. 2017)

MW diÆuse (Essig et al. 2013)

MW diÆuse (Calore et al. 2022)

RetII (Siegert et al. 2022)

Voyager (Boudaud et al. 2017)

MW diffuse SPI

CMB

For e+e- channel, very relevant limits from Voyager 1 data Boudaud+ PRL'17

FC FIPs2022 Proceedings

Two photons e+e-

Constraints on sub-GeV dark matter 
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Summary from prompt emission

For e+e- channel, very relevant limits from Voyager 1 data Boudaud+ PRL'17

Two photons e+e-

Constraints on annihilating dark matter 
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Cirelli+ PRD’ 21

Limits on IC induced gamma-ray emission from 
XMM-Newton blank-sky observations 

Cirelli+ 2303.08854

Constraints on annihilating dark matter 
Constraining higher dark matter masses with inverse Compton

https://arxiv.org/pdf/2007.11493.pdf


Primordial black holes

106
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PBH: non-particle DM candidates

[Intermediate between unitarity bound and Planck scale: ultra-heavy dark matter]

Black holes formed via the collapse of large overdensities from inflation 
in the early universe, before matter-radiation equality

Quick ID:

•PBHs evaporate through Hawking radiation


• If M > 1014 g, PBHs have a lifetime longer 
than the age of the universe

•On cosmological scales PBH DM behaves 
like cold particle DM 

•Granularity observable at galactic scales

Villanueva-Domingo+ FrASS’21

Page & Hawking ApJ’76
dMBH

dt
/ 1

(GMBH)2
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<latexit sha1_base64="Qo2L7EKcD3W0PuBOf1tpziMJndA=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGBV2WurAboYJ9QGccMmmmDc0kQ5IRytCVG3/FjQtF3PoN7vwb08dCWw8EDufcy805YcKo0o7zbeWWlldW1/LrhY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOrsZ+64FIRQW/08OE+DHqcRpRjLSRAvvQ0yiFXiJFogUsXcObIPNkDKu10cn9WWAXnbIzAVwk7owUwQz1wP7yugKnMeEaM6RUx3US7WdIaooZGRW8VJEE4QHqkY6hHMVE+dkkxggeG6ULIyHN4xpO1N8bGYqVGsahmYyR7qt5byz+53VSHV36GeVJqgnH00NRyqBJPO4EdqkkWLOhIQhLav4KcR9JhLVprmBKcOcjL5Lmadl1yu7tebFSndWRBwfgCJSACy5ABdRAHTQABo/gGbyCN+vJerHerY/paM6a7eyDP7A+fwABdZeF</latexit><latexit sha1_base64="Qo2L7EKcD3W0PuBOf1tpziMJndA=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGBV2WurAboYJ9QGccMmmmDc0kQ5IRytCVG3/FjQtF3PoN7vwb08dCWw8EDufcy805YcKo0o7zbeWWlldW1/LrhY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOrsZ+64FIRQW/08OE+DHqcRpRjLSRAvvQ0yiFXiJFogUsXcObIPNkDKu10cn9WWAXnbIzAVwk7owUwQz1wP7yugKnMeEaM6RUx3US7WdIaooZGRW8VJEE4QHqkY6hHMVE+dkkxggeG6ULIyHN4xpO1N8bGYqVGsahmYyR7qt5byz+53VSHV36GeVJqgnH00NRyqBJPO4EdqkkWLOhIQhLav4KcR9JhLVprmBKcOcjL5Lmadl1yu7tebFSndWRBwfgCJSACy5ABdRAHTQABo/gGbyCN+vJerHerY/paM6a7eyDP7A+fwABdZeF</latexit><latexit sha1_base64="Qo2L7EKcD3W0PuBOf1tpziMJndA=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGBV2WurAboYJ9QGccMmmmDc0kQ5IRytCVG3/FjQtF3PoN7vwb08dCWw8EDufcy805YcKo0o7zbeWWlldW1/LrhY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOrsZ+64FIRQW/08OE+DHqcRpRjLSRAvvQ0yiFXiJFogUsXcObIPNkDKu10cn9WWAXnbIzAVwk7owUwQz1wP7yugKnMeEaM6RUx3US7WdIaooZGRW8VJEE4QHqkY6hHMVE+dkkxggeG6ULIyHN4xpO1N8bGYqVGsahmYyR7qt5byz+53VSHV36GeVJqgnH00NRyqBJPO4EdqkkWLOhIQhLav4KcR9JhLVprmBKcOcjL5Lmadl1yu7tebFSndWRBwfgCJSACy5ABdRAHTQABo/gGbyCN+vJerHerY/paM6a7eyDP7A+fwABdZeF</latexit><latexit sha1_base64="Qo2L7EKcD3W0PuBOf1tpziMJndA=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGBV2WurAboYJ9QGccMmmmDc0kQ5IRytCVG3/FjQtF3PoN7vwb08dCWw8EDufcy805YcKo0o7zbeWWlldW1/LrhY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOrsZ+64FIRQW/08OE+DHqcRpRjLSRAvvQ0yiFXiJFogUsXcObIPNkDKu10cn9WWAXnbIzAVwk7owUwQz1wP7yugKnMeEaM6RUx3US7WdIaooZGRW8VJEE4QHqkY6hHMVE+dkkxggeG6ULIyHN4xpO1N8bGYqVGsahmYyR7qt5byz+53VSHV36GeVJqgnH00NRyqBJPO4EdqkkWLOhIQhLav4KcR9JhLVprmBKcOcjL5Lmadl1yu7tebFSndWRBwfgCJSACy5ABdRAHTQABo/gGbyCN+vJerHerY/paM6a7eyDP7A+fwABdZeF</latexit>

Review & Refs in Carr+PRD’16, Green & Kavanagh J. Phys. G’21
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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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Particle emission from primordial BHs

109

Hawking radiation
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Photons from PBHs

Berteaud, FC+ PRD’22 
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Limits on evaporating PBH

Green & Kavanagh J. Phys. G'19

• Dominant limits from Galactic MeV diffuse emission 
from INTEGRAL/SPI

• 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

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

Berteaud, FC+ PRD’22 



Anomalous propagation effects

112
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Astrophysical neutrino sources Earth

Galactic (kpc) or extragalactic (Mpc – Gpc) distance

Standard case: ν free-stream

(And oscillate) 

Non-standard case: high-energy ν scatter of CνB

“Secret” ν 

interactions

≡
BSM ν self-

interactions

Astro

Relic

Can change:

 ▸ Energy spectrum

▸ Flavor composition

▸ Direction

▸ Arrival times

31
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Neutrino spectrum and bounds

No statistically significant evidence for νSI in the 6-year HESE sample

Bustamante+ PRD’20



115

Tests of LIV 



116

Tests of LIV 


