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pp cross section, PDG
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Aad et al. (2023)

 Inelastic cross-section measurements and model predictions for pp interactions as a function of energy. 
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proton–air interaction

Abbasi et al. (2020).
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EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering
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EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering
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Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by  
I. R. Rozental and S. Hayakawa (both in oral presentations).✔

pp ⟶ IC ⟶ pp ⟶ IC ⟶ …EM cascade:

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering

� + �t ! e� + e+
<latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit>

e+ �t ! �0 + e
<latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit>

Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by  
I. R. Rozental and S. Hayakawa (both in oral presentations).✔
The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to 
constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and 
Zatsepin 69’). The first analytical calculation was performed in this paper.

✔
Idea: the cosmogenic neutrinos are produced in pγCMB interaction through the Δ+ resonance. 
The same process produces e and γ. So, the energy density of the neutrinos and diffuse 
gammas are related by a ratio of 1/3. The recent Fermi observation: ωcas = 5.8x10-7 eV/cm3.

pp ⟶ IC ⟶ pp ⟶ IC ⟶ …EM cascade:
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EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering
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Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by  
I. R. Rozental and S. Hayakawa (both in oral presentations).✔
The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to 
constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and 
Zatsepin 69’). The first analytical calculation was performed in this paper.

✔
Idea: the cosmogenic neutrinos are produced in pγCMB interaction through the Δ+ resonance. 
The same process produces e and γ. So, the energy density of the neutrinos and diffuse 
gammas are related by a ratio of 1/3. The recent Fermi observation: ωcas = 5.8x10-7 eV/cm3.

The idea applied to discrete sources by Gould and Schreder 66’. The cascade process proposed 
to search for extragalactic magnetic field (halo component) by Aharonian et al at 94’. ✔

pp ⟶ IC ⟶ pp ⟶ IC ⟶ …EM cascade:

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



EM cascade
Target photons:
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EM cascade
EBL: The light emitted by all galaxies over the history of the Universe at 

ultraviolet, optical, and infrared wavelengths  

arXiv:1812.01031, 
Fermi coll. 

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



EM cascade
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EM cascade
Characteristic energies (monochromatic photon gas with energy ϵ):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
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(Berezinsky and Smirnov 75’ estimation)
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Characteristic energies (monochromatic photon gas with energy ϵ):
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<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption  
due to p-p

free escape

(Berezinsky and Smirnov 75’ estimation)

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           
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10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption  
due to p-p

free escape

min energy of e in p-p 
(cascade multiplication) ✏e =

✏�
2

⇠ m2
e

2✏
<latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit>

E < ✏e
<latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit>

e decelerates by 
emitting Compton 
photons. No new e 

(Berezinsky and Smirnov 75’ estimation)

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



EM cascade
Characteristic energies (monochromatic photon gas with energy ϵ):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption  
due to p-p

free escape

min energy of e in p-p 
(cascade multiplication) ✏e =

✏�
2

⇠ m2
e

2✏
<latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit>

E < ✏e
<latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit>

e decelerates by 
emitting Compton 
photons. No new e 

Compton photons 
(end of multi. phase)

the highest energy 
of photons emitted 
by e when Ee ~ ɛe

✏X ⇠ 4

3

✏2e✏

m2
e

⇠ ✏�
3

<latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit>

(Berezinsky and Smirnov 75’ estimation)
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EM cascade
Qualitative description (monochromatic photon gas):
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EM cascade
Qualitative description (monochromatic photon gas):

n�(E�) =

8
>>><

>>>:

⇣
K
✏X

⌘⇣
E�

✏X

⌘�3/2
if E�  ✏X

⇣
K
✏X

⌘⇣
E�

✏X

⌘�2
if ✏X  E�  ✏�

0 if E� � ✏�
<latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit>

K =
✏0

✏X(2 + ln 3)
=

m2
e

10mpm⇡(2 + ln 3)
⇡ 1.8⇥ 104

<latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit>
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations  
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

✏ebl � ✏cmb
<latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit>

✏ebl ⇠ 1 eV
<latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit>

✏cmb ⇠ 6.3⇥ 10�4 eV
<latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit>

ncmb � nebl
<latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit>

and

Approximation: and

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations  
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

✏ebl � ✏cmb
<latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit>

✏ebl ⇠ 1 eV
<latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit>

✏cmb ⇠ 6.3⇥ 10�4 eV
<latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit>

ncmb � nebl
<latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit>

and

Approximation: and

Due to these inequalities, the cascade develops in two stages:

1) p-p on CMB and IC on CMB

2) p-p on EBL and IC on CMB

p-p on EBL has a lower threshold than the p-p on CMB
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EM cascade

Characteristic energies

✏min
� = ✏�,ebl =

m2
e

✏ebl
⇡ 400GeV

<latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit>

✏�,cmb =
m2

e

✏cmb
⇡ 400TeV

<latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit>

✏e =
1

2
✏min
� ⇡ 200GeV

<latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit>

✏X =
1

3
✏min
�

✏cmb

✏ebl
⇡ 120MeV

<latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit>
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EM cascade
Numerical solution:

The problem is a general Boltzmann process:

Ṅe = �Ṅe,IC + Ṅe,pp + Ṅe,inj
<latexit sha1_base64="B6L5gB2cuMO3FfqPeLEBb8+14GE=">AAACOXicbVDLSgMxFM3UV62vUZdugkUQ1DIjgm6EYje6kQr2Ae1QMultG5vJDElGKMP8lhv/wp3gxoUibv0B04egtQcCJ+fce5N7/IgzpR3n2crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOBNQ0UxzqEcSSOBzqPn90tCv3YNULBS3ehCBF5CuYB1GiTZSyy4326FOrtMW4HN89HNJ4DBpygBfldIUH+BpOYpmykzcpWnLzjsFZwT8n7gTkkcTlFv2k5lD4wCEppwo1XCdSHsJkZpRDmmuGSuICO2TLjQMFSQA5SWjzVO8Z5Q27oTSHKHxSP3dkZBAqUHgm8qA6J6a9obiLK8R686ZlzARxRoEHT/UiTnWIR7GiNtMAtV8YAihkpm/YtojklBtws6ZENzplf+T6nHBdQruzUm+eDGJI4t20C7aRy46RUV0icqogih6QC/oDb1bj9ar9WF9jksz1qRnG/2B9fUN/UutEQ==</latexit><latexit sha1_base64="B6L5gB2cuMO3FfqPeLEBb8+14GE=">AAACOXicbVDLSgMxFM3UV62vUZdugkUQ1DIjgm6EYje6kQr2Ae1QMultG5vJDElGKMP8lhv/wp3gxoUibv0B04egtQcCJ+fce5N7/IgzpR3n2crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOBNQ0UxzqEcSSOBzqPn90tCv3YNULBS3ehCBF5CuYB1GiTZSyy4326FOrtMW4HN89HNJ4DBpygBfldIUH+BpOYpmykzcpWnLzjsFZwT8n7gTkkcTlFv2k5lD4wCEppwo1XCdSHsJkZpRDmmuGSuICO2TLjQMFSQA5SWjzVO8Z5Q27oTSHKHxSP3dkZBAqUHgm8qA6J6a9obiLK8R686ZlzARxRoEHT/UiTnWIR7GiNtMAtV8YAihkpm/YtojklBtws6ZENzplf+T6nHBdQruzUm+eDGJI4t20C7aRy46RUV0icqogih6QC/oDb1bj9ar9WF9jksz1qRnG/2B9fUN/UutEQ==</latexit><latexit sha1_base64="B6L5gB2cuMO3FfqPeLEBb8+14GE=">AAACOXicbVDLSgMxFM3UV62vUZdugkUQ1DIjgm6EYje6kQr2Ae1QMultG5vJDElGKMP8lhv/wp3gxoUibv0B04egtQcCJ+fce5N7/IgzpR3n2crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOBNQ0UxzqEcSSOBzqPn90tCv3YNULBS3ehCBF5CuYB1GiTZSyy4326FOrtMW4HN89HNJ4DBpygBfldIUH+BpOYpmykzcpWnLzjsFZwT8n7gTkkcTlFv2k5lD4wCEppwo1XCdSHsJkZpRDmmuGSuICO2TLjQMFSQA5SWjzVO8Z5Q27oTSHKHxSP3dkZBAqUHgm8qA6J6a9obiLK8R686ZlzARxRoEHT/UiTnWIR7GiNtMAtV8YAihkpm/YtojklBtws6ZENzplf+T6nHBdQruzUm+eDGJI4t20C7aRy46RUV0icqogih6QC/oDb1bj9ar9WF9jksz1qRnG/2B9fUN/UutEQ==</latexit><latexit sha1_base64="B6L5gB2cuMO3FfqPeLEBb8+14GE=">AAACOXicbVDLSgMxFM3UV62vUZdugkUQ1DIjgm6EYje6kQr2Ae1QMultG5vJDElGKMP8lhv/wp3gxoUibv0B04egtQcCJ+fce5N7/IgzpR3n2crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOBNQ0UxzqEcSSOBzqPn90tCv3YNULBS3ehCBF5CuYB1GiTZSyy4326FOrtMW4HN89HNJ4DBpygBfldIUH+BpOYpmykzcpWnLzjsFZwT8n7gTkkcTlFv2k5lD4wCEppwo1XCdSHsJkZpRDmmuGSuICO2TLjQMFSQA5SWjzVO8Z5Q27oTSHKHxSP3dkZBAqUHgm8qA6J6a9obiLK8R686ZlzARxRoEHT/UiTnWIR7GiNtMAtV8YAihkpm/YtojklBtws6ZENzplf+T6nHBdQruzUm+eDGJI4t20C7aRy46RUV0icqogih6QC/oDb1bj9ar9WF9jksz1qRnG/2B9fUN/UutEQ==</latexit>

ṅ� = ṅ�,IC � ṅ�,pp � c
dn�

dx
+ ṅ�,inj

<latexit sha1_base64="f6y+5OGzCl7phzqTGF+ONzLbyqU="></latexit><latexit sha1_base64="f6y+5OGzCl7phzqTGF+ONzLbyqU="></latexit><latexit sha1_base64="f6y+5OGzCl7phzqTGF+ONzLbyqU="></latexit><latexit sha1_base64="f6y+5OGzCl7phzqTGF+ONzLbyqU="></latexit>

Ṅ = c

Z ✏max

✏min

d✏ nT(✏)

Z 1

�1
dµ

1� �µ

2

Z EI,max

EI,min

dEI nI(EI)

Z Emax

Emin

dE0 d�

dE
(E0, E)

<latexit sha1_base64="003gwCozwlZgxneYGyqWXQuBj48="></latexit><latexit sha1_base64="003gwCozwlZgxneYGyqWXQuBj48="></latexit><latexit sha1_base64="003gwCozwlZgxneYGyqWXQuBj48="></latexit><latexit sha1_base64="003gwCozwlZgxneYGyqWXQuBj48="></latexit>

Where the production rate [cm-3 s-1] is:

The flux can be calculated by:

� =
c

4⇡

Z Emax

Emin

dE
dN

dE
<latexit sha1_base64="6ZIm1hRM/di2eZX8o65GnY4GJro="></latexit><latexit sha1_base64="6ZIm1hRM/di2eZX8o65GnY4GJro="></latexit><latexit sha1_base64="6ZIm1hRM/di2eZX8o65GnY4GJro="></latexit><latexit sha1_base64="6ZIm1hRM/di2eZX8o65GnY4GJro="></latexit>

dEe

dt
⇡ 4

3
�T c�

2�2
~B2

8⇡
<latexit sha1_base64="WEAc77i7c3f5xZ1D5h4YIgR7Ox0="></latexit><latexit sha1_base64="WEAc77i7c3f5xZ1D5h4YIgR7Ox0="></latexit><latexit sha1_base64="WEAc77i7c3f5xZ1D5h4YIgR7Ox0="></latexit><latexit sha1_base64="WEAc77i7c3f5xZ1D5h4YIgR7Ox0="></latexit>
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EM cascade

Ṅe,IC = c

Z 1

0
d✏nT(✏)

Z 2�(1+�)!

2�(1��)!
dNe()

d�IC

d
<latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit>

d�IC

d
=

3�T

32�2�!2

✓
1� 4


� 8

2

◆
ln(1 + ) +

1

2
+

8


� 1

2(1 + )2

�

<latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit>

Klein-Nishina limit

nT=CMB(✏) =
1

⇡2(~c)3
✏2

exp
⇣

✏
kbT

⌘
� 1

<latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit>

E� = �mec
2

<latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit>

Ee = !mec
2

<latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit>

, ,

Ṅe,pp = c

Z 1

0
d✏nT(✏)

Z µmax

�1
dµ

1� µ

2

Z Emax

Emin

dE�
d�pp

dE
(E� , E)

<latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit>

 
n�,inj(E�) +

Z EIC,max

EIC,min

dE0 Ne(E
0)
d�IC

dE
(E,E0 � E�)

!

<latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit>

d�pp

dE
=

3c�T (1� �02)

16


(3� �04) ln

✓
1 + �0

1� �0

◆
� 2�0(2� �02)

�

<latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit>

Example of IC:

where

Example of p-p:

�0 =
p
1� 2/!1!2(1� µ)

<latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit>

!1 = ✏/mec
2

<latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit>

!2 = E�/mec
2

<latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit>

where , ,

 = 2�(1� �µ)!
<latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit>

,
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EM cascade

Ṅe,IC = c

Z 1

0
d✏nT(✏)

Z 2�(1+�)!

2�(1��)!
dNe()

d�IC

d
<latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit>

d�IC

d
=

3�T

32�2�!2

✓
1� 4


� 8

2

◆
ln(1 + ) +

1

2
+

8


� 1

2(1 + )2

�

<latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit>

Klein-Nishina limit

nT=CMB(✏) =
1

⇡2(~c)3
✏2

exp
⇣

✏
kbT

⌘
� 1

<latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit>

E� = �mec
2

<latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit>

Ee = !mec
2

<latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit>

, ,

Ṅe,pp = c

Z 1

0
d✏nT(✏)

Z µmax

�1
dµ

1� µ
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Z Emax

Emin

dE�
d�pp

dE
(E� , E)

<latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit>

 
n�,inj(E�) +

Z EIC,max

EIC,min

dE0 Ne(E
0)
d�IC

dE
(E,E0 � E�)

!

<latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit>

d�pp

dE
=

3c�T (1� �02)

16


(3� �04) ln

✓
1 + �0

1� �0

◆
� 2�0(2� �02)

�

<latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit>

Example of IC:

where

Example of p-p:

�0 =
p
1� 2/!1!2(1� µ)

<latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit>

!1 = ✏/mec
2

<latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit>

!2 = E�/mec
2

<latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit>

where , ,

ELMAG, M. Kachelrieß et al,
DINT,
EleCa,
GCascade, C. Blanco (Boltzmann eq. approach)  

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



Cosmic Rays

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           

Cascade development in very high energy

<latexit sha1_base64="4GRwjwCRIQdWB2feJCVVMtMhPN4=">AAACDHicbVDLSsNAFJ34rPVVdelmsBQEsSTia1l047KCfUATy8100g6dScLMRCihH+DGX3HjQhG3foA7/8ZJm4W2HpjL4dx7mXuOH3OmtG1/WwuLS8srq4W14vrG5tZ2aWe3qaJEEtogEY9k2wdFOQtpQzPNaTuWFITPacsfXmf91gOVikXhnR7F1BPQD1nACGgjdUtltw9CwLR2U1cK7I+xqyPsiuT+KCvHZsqu2hPgeeLkpIxy1LulL7cXkUTQUBMOSnUcO9ZeClIzwum46CaKxkCG0KcdQ0MQVHnpxMwYV4zSw0EkzQs1nqi/N1IQSo2EubIiQA/UbC8T/+t1Eh1ceikL40TTkEw/ChKOjdcsGdxjkhLNR4YAkczciskAJBBt8iuaEJxZy/OkeVJ1zqtnt6fl2lUeRwHtowN0iBx0gWroBtVRAxH0iJ7RK3qznqwX6936mI4uWPnOHvoD6/MHAcSa9A==</latexit>

��b ! µ+µ�MPP

<latexit sha1_base64="E4HCaSkguhyaAcjOZp+AXeGPoFI=">AAACCHicbVDLSgMxFM3UV62vUZcuDJaCIJYZ8bUsunFZwT6gMx0y6W0bmswMSUYoQ5du/BU3LhRx6ye4829MHwutHkg4nJNL7jlhwpnSjvNl5RYWl5ZX8quFtfWNzS17e6eu4lRSqNGYx7IZEgWcRVDTTHNoJhKICDk0wsH12G/cg1Qsju70MAFfkF7EuowSbaTA3vd6RAgyvYPMkwKHI+zpGEP7CNrHgV10ys4E+C9xZ6SIZqgG9qfXiWkqINKUE6VarpNoPyNSM8phVPBSBQmhA9KDlqEREaD8bBJkhEtG6eBuLM2JNJ6oPycyIpQaCrNhSRDdV/PeWPzPa6W6e+lnLEpSDRGdftRNOTY5x63gDpNANR8aQqhkZldM+0QSqk13BVOCOx/5L6mflN3z8tntabFyNasjj/bQATpELrpAFXSDqqiGKHpAT+gFvVqP1rP1Zr1Pn+as2cwu+gXr4xuprZka</latexit>

��b ! e+e�EPP and
<latexit sha1_base64="Nh3MlAhAwZ6aPg8Imqyn1yXDuIk=">AAACBHicbVDLSsNAFL2pr1pfUZfdDJaCq5KIr2XRjcsK9gFNKJPppB06k4SZiVBCF278FTcuFHHrR7jzb5y2EbT1wMDhnLnce06QcKa043xZhZXVtfWN4mZpa3tnd8/eP2ipOJWENknMY9kJsKKcRbSpmea0k0iKRcBpOxhdT/32PZWKxdGdHifUF3gQsZARrI3Us8vUG2AhcC/zpEDBBHk6Rj+aXXFqzgxombg5qUCORs/+9PoxSQWNNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQyMsqPKzWYgJqhqlj8JYmhdpNFN/T2RYKDUW5sSqwHqoFr2p+J/XTXV46WcsSlJNIzJfFKYcmaDTRlCfSUo0HxuCiWTmVkSGWGKiTW8lU4K7GHmZtE5q7nnt7Pa0Ur/K6yhCGY7gGFy4gDrcQAOaQOABnuAFXq1H69l6s97nXwtWPnMIf2B9fANFiJfe</latexit>

e�b ! e�ICS

The cascade development we considered:

However, above the threshold of muon pair production we have:

<latexit sha1_base64="UGeEY7E3k3Iasmaax9BR7NGET1Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0Wom5L43ghFEdwIEewDmhAm02k7dCYJMxOhhH6IG3/FjQtF3LgQ/BsnbRa19cDA4Zx7uXNOEDMqlWX9GIWFxaXlleJqaW19Y3PL3N5pyCgRmNRxxCLRCpAkjIakrqhipBULgnjASDMYXGd+85EISaPwQQ1j4nHUC2mXYqS05JvHrqQ9jvzUFRzeOc4IXsJp6SaTKtwnroog912eHELfLFtVaww4T+yclEEOxze/3E6EE05ChRmSsm1bsfJSJBTFjIxKbiJJjPAA9Uhb0xBxIr10HG4ED7TSgd1I6BcqOFanN1LEpRzyQE9ypPpy1svE/7x2oroXXkrDOFEkxJND3YRBHTRrCnaoIFixoSYIC6r/CnEfCYSV7rOkS7BnI8+TxlHVPque3p+Ua1d5HUWwB/ZBBdjgHNTALXBAHWDwBF7AG3g3no1X48P4nIwWjHxnF/yB8f0Lk5Kgaw==</latexit>

�MPP = �EPP(me ! mµ)
<latexit sha1_base64="Sme9IPmyGze6RCgCEBEcpz7dz7w=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV2CjyPRi0dM5JHAQmaHXpgwM7vOzGrIhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwoaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHoZuo3H0FpFsl7M47BF2QgWcgoMVbq6s4AHnBF9Doi6ZZ7haJbcmfAy8TLSBFlqPUKX51+RBMB0lBOtG57bmz8lCjDKIdJvpNoiAkdkQG0LZVEgPbT2dUTfGqVPg4jZUsaPFN/T6REaD0Wge0UxAz1ojcV//PaiQmv/JTJODEg6XxRmHBsIjyNAPeZAmr42BJCFbO3YjokilBjg8rbELzFl5dJo1zyLkrnd5Vi9TqLI4eO0Qk6Qx66RFV0i2qojihS6Bm9ojfnyXlx3p2PeeuKk80coT9wPn8AwIuSCg==</latexit>

s � 4m2
µ, for

And also the double pair production

<latexit sha1_base64="RSEGBuDAsidgTrUbb+sVjO+0KCw=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgiGVGfC2LblxWsA/oTEsmvW1Dk5khyQhl6Be48VfcuFDErWt3/o1ppwttPZDL4Zxc7r0niDlT2nG+rdzS8srqWn69sLG5tb1j7+7VVZRICjUa8Ug2A6KAsxBqmmkOzVgCEQGHRjC8mfiNB5CKReG9HsXgC9IPWY9Roo3UsUtenwhBstpJPSlwMMaejjC0j6F9ktWOXXTKzhR4kbgzUkQzVDv2l9eNaCIg1JQTpVquE2s/JVIzymFc8BIFMaFD0oeWoSERoPx0es4Yl4zSxb1ImhdqPFV/d6REKDUSZs+SIHqg5r2J+J/XSnTvyk9ZGCcaQpoN6iUcm2sn2eAuk0A1HxlCqGRmV0wHRBKqTYIFE4I7f/IiqZ+W3Yvy+d1ZsXI9iyOPDtAhOkIuukQVdIuqqIYoekTP6BW9WU/Wi/VufWRfc9asZx/9gfX5A6YtmzQ=</latexit>

��b ! e+e�e+e�DPP
<latexit sha1_base64="CiWrlrHqTRB7DZpMayUAZ2e0unY="></latexit>

�DPP ⇡ 6.45µb

✓
1� 4m2

e

E�✏

◆6

, for
<latexit sha1_base64="CY8+GSKz4GqB3pu5oBMgLxiECEQ=">AAAB9HicbVBNTwIxEO36ifiFevTSSEw8kV2i6JHoxSMm8pHASrplFhra7tJ2SciG3+HFg8Z49cd4899YYA8KvmSSl/dmMjMviDnTxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiKNRpxCPVCogGziTUDTMcWrECIgIOzWB4N/ObY1CaRfLRTGLwBelLFjJKjJV83enDCHsV0YWncrdQdEvuHHiVeBkpogy1buGr04toIkAayonWbc+NjZ8SZRjlMM13Eg0xoUPSh7alkgjQfjo/eorPrdLDYaRsSYPn6u+JlAitJyKwnYKYgV72ZuJ/Xjsx4Y2fMhknBiRdLAoTjk2EZwngHlNADZ9YQqhi9lZMB0QRamxOeRuCt/zyKmmUS16ldPVwWazeZnHk0Ck6QxfIQ9eoiu5RDdURRSP0jF7RmzN2Xpx352PRuuZkMyfoD5zPH5oVkVo=</latexit>

s � 16m2
e
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Cascade development in very high energy

<latexit sha1_base64="4GRwjwCRIQdWB2feJCVVMtMhPN4=">AAACDHicbVDLSsNAFJ34rPVVdelmsBQEsSTia1l047KCfUATy8100g6dScLMRCihH+DGX3HjQhG3foA7/8ZJm4W2HpjL4dx7mXuOH3OmtG1/WwuLS8srq4W14vrG5tZ2aWe3qaJEEtogEY9k2wdFOQtpQzPNaTuWFITPacsfXmf91gOVikXhnR7F1BPQD1nACGgjdUtltw9CwLR2U1cK7I+xqyPsiuT+KCvHZsqu2hPgeeLkpIxy1LulL7cXkUTQUBMOSnUcO9ZeClIzwum46CaKxkCG0KcdQ0MQVHnpxMwYV4zSw0EkzQs1nqi/N1IQSo2EubIiQA/UbC8T/+t1Eh1ceikL40TTkEw/ChKOjdcsGdxjkhLNR4YAkczciskAJBBt8iuaEJxZy/OkeVJ1zqtnt6fl2lUeRwHtowN0iBx0gWroBtVRAxH0iJ7RK3qznqwX6936mI4uWPnOHvoD6/MHAcSa9A==</latexit>

��b ! µ+µ�MPP

<latexit sha1_base64="E4HCaSkguhyaAcjOZp+AXeGPoFI=">AAACCHicbVDLSgMxFM3UV62vUZcuDJaCIJYZ8bUsunFZwT6gMx0y6W0bmswMSUYoQ5du/BU3LhRx6ye4829MHwutHkg4nJNL7jlhwpnSjvNl5RYWl5ZX8quFtfWNzS17e6eu4lRSqNGYx7IZEgWcRVDTTHNoJhKICDk0wsH12G/cg1Qsju70MAFfkF7EuowSbaTA3vd6RAgyvYPMkwKHI+zpGEP7CNrHgV10ys4E+C9xZ6SIZqgG9qfXiWkqINKUE6VarpNoPyNSM8phVPBSBQmhA9KDlqEREaD8bBJkhEtG6eBuLM2JNJ6oPycyIpQaCrNhSRDdV/PeWPzPa6W6e+lnLEpSDRGdftRNOTY5x63gDpNANR8aQqhkZldM+0QSqk13BVOCOx/5L6mflN3z8tntabFyNasjj/bQATpELrpAFXSDqqiGKHpAT+gFvVqP1rP1Zr1Pn+as2cwu+gXr4xuprZka</latexit>

��b ! e+e�EPP and
<latexit sha1_base64="Nh3MlAhAwZ6aPg8Imqyn1yXDuIk=">AAACBHicbVDLSsNAFL2pr1pfUZfdDJaCq5KIr2XRjcsK9gFNKJPppB06k4SZiVBCF278FTcuFHHrR7jzb5y2EbT1wMDhnLnce06QcKa043xZhZXVtfWN4mZpa3tnd8/eP2ipOJWENknMY9kJsKKcRbSpmea0k0iKRcBpOxhdT/32PZWKxdGdHifUF3gQsZARrI3Us8vUG2AhcC/zpEDBBHk6Rj+aXXFqzgxombg5qUCORs/+9PoxSQWNNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQyMsqPKzWYgJqhqlj8JYmhdpNFN/T2RYKDUW5sSqwHqoFr2p+J/XTXV46WcsSlJNIzJfFKYcmaDTRlCfSUo0HxuCiWTmVkSGWGKiTW8lU4K7GHmZtE5q7nnt7Pa0Ur/K6yhCGY7gGFy4gDrcQAOaQOABnuAFXq1H69l6s97nXwtWPnMIf2B9fANFiJfe</latexit>

e�b ! e�ICS

The cascade development we considered:

However, above the threshold of muon pair production we have:

<latexit sha1_base64="UGeEY7E3k3Iasmaax9BR7NGET1Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0Wom5L43ghFEdwIEewDmhAm02k7dCYJMxOhhH6IG3/FjQtF3LgQ/BsnbRa19cDA4Zx7uXNOEDMqlWX9GIWFxaXlleJqaW19Y3PL3N5pyCgRmNRxxCLRCpAkjIakrqhipBULgnjASDMYXGd+85EISaPwQQ1j4nHUC2mXYqS05JvHrqQ9jvzUFRzeOc4IXsJp6SaTKtwnroog912eHELfLFtVaww4T+yclEEOxze/3E6EE05ChRmSsm1bsfJSJBTFjIxKbiJJjPAA9Uhb0xBxIr10HG4ED7TSgd1I6BcqOFanN1LEpRzyQE9ypPpy1svE/7x2oroXXkrDOFEkxJND3YRBHTRrCnaoIFixoSYIC6r/CnEfCYSV7rOkS7BnI8+TxlHVPque3p+Ua1d5HUWwB/ZBBdjgHNTALXBAHWDwBF7AG3g3no1X48P4nIwWjHxnF/yB8f0Lk5Kgaw==</latexit>

�MPP = �EPP(me ! mµ)
<latexit sha1_base64="Sme9IPmyGze6RCgCEBEcpz7dz7w=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV2CjyPRi0dM5JHAQmaHXpgwM7vOzGrIhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwoaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHoZuo3H0FpFsl7M47BF2QgWcgoMVbq6s4AHnBF9Doi6ZZ7haJbcmfAy8TLSBFlqPUKX51+RBMB0lBOtG57bmz8lCjDKIdJvpNoiAkdkQG0LZVEgPbT2dUTfGqVPg4jZUsaPFN/T6REaD0Wge0UxAz1ojcV//PaiQmv/JTJODEg6XxRmHBsIjyNAPeZAmr42BJCFbO3YjokilBjg8rbELzFl5dJo1zyLkrnd5Vi9TqLI4eO0Qk6Qx66RFV0i2qojihS6Bm9ojfnyXlx3p2PeeuKk80coT9wPn8AwIuSCg==</latexit>

s � 4m2
µ, for

And also the double pair production

<latexit sha1_base64="RSEGBuDAsidgTrUbb+sVjO+0KCw=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgiGVGfC2LblxWsA/oTEsmvW1Dk5khyQhl6Be48VfcuFDErWt3/o1ppwttPZDL4Zxc7r0niDlT2nG+rdzS8srqWn69sLG5tb1j7+7VVZRICjUa8Ug2A6KAsxBqmmkOzVgCEQGHRjC8mfiNB5CKReG9HsXgC9IPWY9Roo3UsUtenwhBstpJPSlwMMaejjC0j6F9ktWOXXTKzhR4kbgzUkQzVDv2l9eNaCIg1JQTpVquE2s/JVIzymFc8BIFMaFD0oeWoSERoPx0es4Yl4zSxb1ImhdqPFV/d6REKDUSZs+SIHqg5r2J+J/XSnTvyk9ZGCcaQpoN6iUcm2sn2eAuk0A1HxlCqGRmV0wHRBKqTYIFE4I7f/IiqZ+W3Yvy+d1ZsXI9iyOPDtAhOkIuukQVdIuqqIYoekTP6BW9WU/Wi/VufWRfc9asZx/9gfX5A6YtmzQ=</latexit>

��b ! e+e�e+e�DPP
<latexit sha1_base64="CiWrlrHqTRB7DZpMayUAZ2e0unY="></latexit>

�DPP ⇡ 6.45µb

✓
1� 4m2

e

E�✏

◆6

, for
<latexit sha1_base64="CY8+GSKz4GqB3pu5oBMgLxiECEQ=">AAAB9HicbVBNTwIxEO36ifiFevTSSEw8kV2i6JHoxSMm8pHASrplFhra7tJ2SciG3+HFg8Z49cd4899YYA8KvmSSl/dmMjMviDnTxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiKNRpxCPVCogGziTUDTMcWrECIgIOzWB4N/ObY1CaRfLRTGLwBelLFjJKjJV83enDCHsV0YWncrdQdEvuHHiVeBkpogy1buGr04toIkAayonWbc+NjZ8SZRjlMM13Eg0xoUPSh7alkgjQfjo/eorPrdLDYaRsSYPn6u+JlAitJyKwnYKYgV72ZuJ/Xjsx4Y2fMhknBiRdLAoTjk2EZwngHlNADZ9YQqhi9lZMB0QRamxOeRuCt/zyKmmUS16ldPVwWazeZnHk0Ck6QxfIQ9eoiu5RDdURRSP0jF7RmzN2Xpx352PRuuZkMyfoD5zPH5oVkVo=</latexit>

s � 16m2
e
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Cascade development in very high energy

Although the MPP cross section is smaller than the EPP:

the interaction length 𝛘MPP is smaller than the energy loss length 𝚲EPP at high-redshifts

<latexit sha1_base64="zdva49/WgwapGa7BMwEFL2gAdl0="></latexit>

�MPP
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����
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<latexit sha1_base64="OHXG8b/ENUknz2mTN4Js+R2JVoQ="></latexit>

�p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s)

Interaction length

Energy loss length

<latexit sha1_base64="TpfmQUnYXNVP2mnpruL4LsJSR8A="></latexit>

⇤p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s) [1� ⌘p(s)]
<latexit sha1_base64="8r2OPJsER8yN7VzxRA4QBDNHvb8="></latexit>

⌘(s) =
1

�(s)

Z
dE0 E

0

E0

d�

dE0 (E
0, s)

Inelasticity
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Cascade development in very high energy

Although the MPP cross section is smaller than the EPP:

the interaction length 𝛘MPP is smaller than the energy loss length 𝚲EPP at high-redshifts

<latexit sha1_base64="zdva49/WgwapGa7BMwEFL2gAdl0="></latexit>
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<latexit sha1_base64="OHXG8b/ENUknz2mTN4Js+R2JVoQ="></latexit>

�p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s)

Interaction length

Energy loss length

<latexit sha1_base64="TpfmQUnYXNVP2mnpruL4LsJSR8A="></latexit>

⇤p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s) [1� ⌘p(s)]
<latexit sha1_base64="8r2OPJsER8yN7VzxRA4QBDNHvb8="></latexit>
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Cosmic Rays
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Cascade development in very high energy
Other subleasing processes also are important (at ~ 10% level) 
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EM cascade
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