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Timeline

1912: Hess discovers cosmic rays 

1939: Auger and collaborators demonstrate the existence of Cosmic Ray air showers 

1960s: Homestake Experiment detects Solar Neutrinos (and the Solar Neutrino Problem) 

2023: NANOgrav & IPTA detect nHz Gravitational Waves

2015: GW150914 - First direct observation of GWs from Black Hole Binary Mergers

2017: GW170817 - First direct observation of GWs from Neutron Star Mergers by LVK

2017: TXS 0506+056 - First multimessenger detection of a blazar (neutrinos + gamma rays)

2023: Detection of Milky Way in Neutrinos by IceCube

2010: Discovery of the Fermi gamma-ray bubbles and Galactic centre excess

1933: Anderson discovers the positron in Cosmic Ray tracks

1970s: The “Dark Matter” paradigm coalesces
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<latexit sha1_base64="w12xYUAQZjpmRkeBcWAc5D+AqYk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+qfvnQqDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AECVo46</latexit>�

<latexit sha1_base64="p413KC+N8JYiBBEs2dlpNmz7x5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOzS5idTJIhM7PLPISw5C+8eFDEq3/jzb9xkuxBEwsaiqpuurvilDNtfP/bK6ysrq1vFDdLW9s7u3vl/YOmTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0O/VbT1RplsgHM05pJPBAsj4j2DjpcdjNQmFDaSfdcsWv+jOgZRLkpAI56t3yV9hLiBVUGsKx1p3AT02UYWUY4XRSCq2mKSYjPKAdRyUWVEfZ7OIJOnFKD/UT5UoaNFN/T2RYaD0WsesU2Az1ojcV//M61vSvo4zJ1BoqyXxR33JkEjR9H/WYosTwsSOYKOZuRWSIFSbGhVRyIQSLLy+T5lk1uKye319Uajd5HEU4gmM4hQCuoAZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AP0ZkSI=</latexit>
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<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

<latexit sha1_base64="vaDFcBmgBdLzgr/hOgQR8TpSwCg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCghUVGXRTcuK9gLNLFMppN26MwkzEyEUOqruHGhiFsfxJ1v4zTNQlt/GPj4zzmcM3+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZvXOI5GKxuJeZwkJOBoKGlGMtLH6dpU8+Amv+3WY5AAdx+nbNddxc8Fl8AqogULNvv3lD2KcciI0ZkipnucmOpggqSlmZFrxU0UShMdoSHoGBeJEBZP8+Ck8Ns4ARrE0T2iYu78nJogrlfHQdHKkR2qxNjP/q/VSHV0FEyqSVBOB54uilEEdw1kScEAlwZplBhCW1NwK8QhJhLXJq2JC8Ba/vAztU8e7cM7uzmuN6yKOMjgER+AEeOASNMAtaIIWwCADz+AVvFlP1ov1bn3MW0tWMVMFf2R9/gAYVZMe</latexit>
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Neutrinos
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Rays

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�Gamma rays



3

<latexit sha1_base64="w12xYUAQZjpmRkeBcWAc5D+AqYk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+qfvnQqDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AECVo46</latexit>�

<latexit sha1_base64="p413KC+N8JYiBBEs2dlpNmz7x5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOzS5idTJIhM7PLPISw5C+8eFDEq3/jzb9xkuxBEwsaiqpuurvilDNtfP/bK6ysrq1vFDdLW9s7u3vl/YOmTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0O/VbT1RplsgHM05pJPBAsj4j2DjpcdjNQmFDaSfdcsWv+jOgZRLkpAI56t3yV9hLiBVUGsKx1p3AT02UYWUY4XRSCq2mKSYjPKAdRyUWVEfZ7OIJOnFKD/UT5UoaNFN/T2RYaD0WsesU2Az1ojcV//M61vSvo4zJ1BoqyXxR33JkEjR9H/WYosTwsSOYKOZuRWSIFSbGhVRyIQSLLy+T5lk1uKye319Uajd5HEU4gmM4hQCuoAZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AP0ZkSI=</latexit>
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<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

<latexit sha1_base64="vaDFcBmgBdLzgr/hOgQR8TpSwCg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCghUVGXRTcuK9gLNLFMppN26MwkzEyEUOqruHGhiFsfxJ1v4zTNQlt/GPj4zzmcM3+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZvXOI5GKxuJeZwkJOBoKGlGMtLH6dpU8+Amv+3WY5AAdx+nbNddxc8Fl8AqogULNvv3lD2KcciI0ZkipnucmOpggqSlmZFrxU0UShMdoSHoGBeJEBZP8+Ck8Ns4ARrE0T2iYu78nJogrlfHQdHKkR2qxNjP/q/VSHV0FEyqSVBOB54uilEEdw1kScEAlwZplBhCW1NwK8QhJhLXJq2JC8Ba/vAztU8e7cM7uzmuN6yKOMjgER+AEeOASNMAtaIIWwCADz+AVvFlP1ov1bn3MW0tWMVMFf2R9/gAYVZMe</latexit>

e±, p±, ...

Neutrinos

Charged Cosmic  
Rays

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�Gamma rays



3

<latexit sha1_base64="w12xYUAQZjpmRkeBcWAc5D+AqYk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+qfvnQqDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AECVo46</latexit>�

<latexit sha1_base64="p413KC+N8JYiBBEs2dlpNmz7x5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOzS5idTJIhM7PLPISw5C+8eFDEq3/jzb9xkuxBEwsaiqpuurvilDNtfP/bK6ysrq1vFDdLW9s7u3vl/YOmTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0O/VbT1RplsgHM05pJPBAsj4j2DjpcdjNQmFDaSfdcsWv+jOgZRLkpAI56t3yV9hLiBVUGsKx1p3AT02UYWUY4XRSCq2mKSYjPKAdRyUWVEfZ7OIJOnFKD/UT5UoaNFN/T2RYaD0WsesU2Az1ojcV//M61vSvo4zJ1BoqyXxR33JkEjR9H/WYosTwsSOYKOZuRWSIFSbGhVRyIQSLLy+T5lk1uKye319Uajd5HEU4gmM4hQCuoAZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AP0ZkSI=</latexit>
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<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

<latexit sha1_base64="vaDFcBmgBdLzgr/hOgQR8TpSwCg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCghUVGXRTcuK9gLNLFMppN26MwkzEyEUOqruHGhiFsfxJ1v4zTNQlt/GPj4zzmcM3+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZvXOI5GKxuJeZwkJOBoKGlGMtLH6dpU8+Amv+3WY5AAdx+nbNddxc8Fl8AqogULNvv3lD2KcciI0ZkipnucmOpggqSlmZFrxU0UShMdoSHoGBeJEBZP8+Ck8Ns4ARrE0T2iYu78nJogrlfHQdHKkR2qxNjP/q/VSHV0FEyqSVBOB54uilEEdw1kScEAlwZplBhCW1NwK8QhJhLXJq2JC8Ba/vAztU8e7cM7uzmuN6yKOMjgER+AEeOASNMAtaIIWwCADz+AVvFlP1ov1bn3MW0tWMVMFf2R9/gAYVZMe</latexit>

e±, p±, ...

Neutrinos

Charged Cosmic  
Rays

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�Gamma rays
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A huge range of energy scales…

1 eV is the kinetic energy an electron 
gains from being accelerated across 

a potential of 1 V

<latexit sha1_base64="ip3kG1YIIBSq8xyc8u5UJ5ID16g=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4kDKjoi6LblxWsA/ojCWT3mlDk8yQZJQy9D/cuFDErf/izr8x03ahrQcCh3Pu5Z6cMOFMG9f9dgpLyyura8X10sbm1vZOeXevqeNUUWjQmMeqHRINnEloGGY4tBMFRIQcWuHwJvdbj6A0i+W9GSUQCNKXLGKUGCs9eP6JL4gZKJFBc9wtV9yqOwFeJN6MVNAM9W75y+/FNBUgDeVE647nJibIiDKMchiX/FRDQuiQ9KFjqSQCdJBNUo/xkVV6OIqVfdLgifp7IyNC65EI7WQeUc97ufif10lNdBVkTCapAUmnh6KUYxPjvALcYwqo4SNLCFXMZsV0QBShxhZVsiV4819eJM3TqndRPbs7r9SuZ3UU0QE6RMfIQ5eohm5RHTUQRQo9o1f05jw5L8678zEdLTiznX30B87nD0HAkl8=</latexit>

1 eV
<latexit sha1_base64="MjIE+TyEcioZ7Q2ZknYlkOn+T4E=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEgKqEImCsYGEsEn1ITagc12mt2k5kO4gqyq+wMIAQKz/Cxt/gtBmg5UiWjs65V/f4BDGjSjvOt1VaWV1b3yhvVra2d3b37P1qR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcpP73UciFY3EvZ7GxOdoJGhIMdJGGthV13loQO/U40iPJU9JJxvYNafuzACXiVuQGijQGthf3jDCCSdCY4aU6rtOrP0USU0xI1nFSxSJEZ6gEekbKhAnyk9n2TN4bJQhDCNpntBwpv7eSBFXasoDM5lHVIteLv7n9RMdXvkpFXGiicDzQ2HCoI5gXgQcUkmwZlNDEJbUZIV4jCTC2tRVMSW4i19eJp2zuntRb9yd15rXRR1lcAiOwAlwwSVoglvQAm2AwRN4Bq/gzcqsF+vd+piPlqxi5wD8gfX5A7Cok5k=</latexit>

103 eV
<latexit sha1_base64="VOPzI6l0jw/VEXEKhMxqFOGSfwA=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEgKoEUGGsYGEsEn1ITagc12mt2k5kO4gqyq+wMIAQKz/Cxt/gtBmg5UiWjs65V/f4BDGjSjvOt1VaWV1b3yhvVra2d3b37P1qR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcpP73UciFY3EvZ7GxOdoJGhIMdJGGthV13loQO/U40iPJU9JJxvYNafuzACXiVuQGijQGthf3jDCCSdCY4aU6rtOrP0USU0xI1nFSxSJEZ6gEekbKhAnyk9n2TN4bJQhDCNpntBwpv7eSBFXasoDM5lHVIteLv7n9RMdXvkpFXGiicDzQ2HCoI5gXgQcUkmwZlNDEJbUZIV4jCTC2tRVMSW4i19eJp2zutuon99d1JrXRR1lcAiOwAlwwSVoglvQAm2AwRN4Bq/gzcqsF+vd+piPlqxi5wD8gfX5A7Vek5w=</latexit>

106 eV
<latexit sha1_base64="PYf0krMehCcSC+Gjg+Cm6r8MQbs=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEgKoEEI+tgoWxSPQhNaFyXKe1ajuR7SCqKL/CwgBCrPwIG3+D02aAliNZOjrnXt3jE8SMKu0431ZpaXllda28XtnY3NresXerbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8U3udx6JVDQS93oSE5+joaAhxUgbqW9XXefhCnrHHkd6JHlK2lnfrjl1Zwq4SNyC1ECBZt/+8gYRTjgRGjOkVM91Yu2nSGqKGckqXqJIjPAYDUnPUIE4UX46zZ7BQ6MMYBhJ84SGU/X3Roq4UhMemMk8opr3cvE/r5fo8NJPqYgTTQSeHQoTBnUE8yLggEqCNZsYgrCkJivEIyQR1qauiinBnf/yImmf1N3z+undWa1xXdRRBvvgABwBF1yABrgFTdACGDyBZ/AK3qzMerHerY/ZaMkqdvbAH1ifP7oUk58=</latexit>

109 eV
<latexit sha1_base64="k3ie2OHjbFyRqdQmJhq1N6+6Xvg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmqqjLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Ftp6IHA4517uyQliRpV2nG+rtLS8srpWXq9sbG5t79i7e20VJRKTFo5YJLsBUoRRQVqaaka6sSSIB4x0gvFN7nceiVQ0Evd6EhOfo6GgIcVIG6lvH7jOQ+rWM+idehzpkeQpaWd9u+rUnCngInELUgUFmn37yxtEOOFEaMyQUj3XibWfIqkpZiSreIkiMcJjNCQ9QwXiRPnpNH4Gj40ygGEkzRMaTtXfGyniSk14YCbziGrey8X/vF6iwys/pSJONBF4dihMGNQRzLuAAyoJ1mxiCMKSmqwQj5BEWJvGKqYEd/7Li6Rdr7kXtbO782rjuqijDA7BETgBLrgEDXALmqAFMEjBM3gFb9aT9WK9Wx+z0ZJV7OyDP7A+fwD1TZTf</latexit>

1012 eV
<latexit sha1_base64="VzWxDxnPeL2H9oFK+HEl6p2MpoQ=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmfC+LblxWsA/ojCWTZtrQJDMkGaEMA/6KGxeKuPU73Pk3ZtpZaOuBwOGce7knJ4gZVdpxvq3SwuLS8kp5tbK2vrG5ZW/vtFSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORje5334kUtFI3OtxTHyOBoKGFCNtpJ695zoPqXueQe/Y40gPJU9JK+vZVafmTADniVuQKijQ6NlfXj/CCSdCY4aU6rpOrP0USU0xI1nFSxSJER6hAekaKhAnyk8n8TN4aJQ+DCNpntBwov7eSBFXaswDM5lHVLNeLv7ndRMdXvkpFXGiicDTQ2HCoI5g3gXsU0mwZmNDEJbUZIV4iCTC2jRWMSW4s1+eJ62TmntRO707q9avizrKYB8cgCPggktQB7egAZoAgxQ8g1fwZj1ZL9a79TEdLVnFzi74A+vzB/oGlOI=</latexit>

1015 eV
<latexit sha1_base64="Wbc/He0iuL9ZQdtqcDM8GX81SCE=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmVLTLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Ftp6IHA4517uyQliRpV2nG+rtLS8srpWXq9sbG5t79i7e20VJRKTFo5YJLsBUoRRQVqaaka6sSSIB4x0gvFN7nceiVQ0Evd6EhOfo6GgIcVIG6lvH7jOQ+rWM+idehzpkeQpaWd9u+rUnCngInELUgUFmn37yxtEOOFEaMyQUj3XibWfIqkpZiSreIkiMcJjNCQ9QwXiRPnpNH4Gj40ygGEkzRMaTtXfGyniSk14YCbziGrey8X/vF6iw7qfUhEnmgg8OxQmDOoI5l3AAZUEazYxBGFJTVaIR0girE1jFVOCO//lRdI+q7mXtfO7i2rjuqijDA7BETgBLrgCDXALmqAFMEjBM3gFb9aT9WK9Wx+z0ZJV7OyDP7A+fwD+v5Tl</latexit>

1018 eV
<latexit sha1_base64="CSeuN7ny0SsADBF8vHuNJ40I5jo=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmqqjLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Ftp6IHA4517uyQliRpV2nG+rtLS8srpWXq9sbG5t79i7e20VJRKTFo5YJLsBUoRRQVqaaka6sSSIB4x0gvFN7nceiVQ0Evd6EhOfo6GgIcVIG6lvH7jOQ1p3M+idehzpkeQpaWd9u+rUnCngInELUgUFmn37yxtEOOFEaMyQUj3XibWfIqkpZiSreIkiMcJjNCQ9QwXiRPnpNH4Gj40ygGEkzRMaTtXfGyniSk14YCbziGrey8X/vF6iwys/pSJONBF4dihMGNQRzLuAAyoJ1mxiCMKSmqwQj5BEWJvGKqYEd/7Li6Rdr7kXtbO782rjuqijDA7BETgBLrgEDXALmqAFMEjBM3gFb9aT9WK9Wx+z0ZJV7OyDP7A+fwD1TpTf</latexit>

1021 eV

<latexit sha1_base64="B+IOpkeX4QqHZnUBhPlZzlUYY4c=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUZFXRbduKxgHzAdSiZN29A8huSOUIZ+hhsXirj1a9z5N2baWWjrgcDhnHvJuSdOBLfg+9/eyura+sZmaau8vbO7t185OGxZnRrKmlQLbToxsUxwxZrAQbBOYhiRsWDteHyX++0nZizX6hEmCYskGSo+4JSAk8KuJDAyMmOtaa9S9Wv+DHiZBAWpogKNXuWr29c0lUwBFcTaMPATiDJigFPBpuVuallC6JgMWeioIpLZKJtFnuJTp/TxQBv3FOCZ+nsjI9LaiYzdZB7RLnq5+J8XpjC4iTKukhSYovOPBqnAoHF+P+5zwyiIiSOEGu6yYjoihlBwLZVdCcHiycukdV4LrmoXD5fV+m1RRwkdoxN0hgJ0jeroHjVQE1Gk0TN6RW8eeC/eu/cxH13xip0j9Afe5w+xn5GI</latexit>

eV
<latexit sha1_base64="Wo8guSsY6uHKCz4fB/hbyWOPBIU=">AAAB83icbVDLSsNAFL3xWeur6tJNsAiuSqKiLotuXFawD2hKmUxv2qEzkzAzEUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aECWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOk4VxSaNeaw6IdHImcSmYYZjJ1FIRMixHY7vcr/9hEqzWD6aSYI9QYaSRYwSY6UgEMSMlMjG2Jr2K1Wv5s3gLhO/IFUo0OhXvoJBTFOB0lBOtO76XmJ6GVGGUY7TcpBqTAgdkyF2LZVEoO5ls8xT99QqAzeKlX3SuDP190ZGhNYTEdrJPKNe9HLxP6+bmuimlzGZpAYlnR+KUu6a2M0LcAdMITV8YgmhitmsLh0RRaixNZVtCf7il5dJ67zmX9UuHi6r9duijhIcwwmcgQ/XUId7aEATKCTwDK/w5qTOi/PufMxHV5xi5wj+wPn8AX1zkf0=</latexit>

keV
<latexit sha1_base64="5nXhxGMYrNUU9cfHLihny+56xnc=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjMq6rLoxo1QwT6gM5RMeqcNTTJDkhHK0N9w40IRt/6MO//GTDsLbT0QOJxzL/fkhAln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nikKLxjxW3ZBo4ExCyzDDoZsoICLk0AnHt7nfeQKlWSwfzSSBQJChZBGjxFjJ9wUxIyWye2hP+9WaW3dnwMvEK0gNFWj2q1/+IKapAGkoJ1r3PDcxQUaUYZTDtOKnGhJCx2QIPUslEaCDbJZ5ik+sMsBRrOyTBs/U3xsZEVpPRGgn84x60cvF/7xeaqLrIGMySQ1IOj8UpRybGOcF4AFTQA2fWEKoYjYrpiOiCDW2pootwVv88jJpn9W9y/r5w0WtcVPUUUZH6BidIg9doQa6Q03UQhQl6Bm9ojcndV6cd+djPlpyip1D9AfO5w9PoZHf</latexit>

MeV
<latexit sha1_base64="xVwPfUWvxp2buOHum1WfZxSeeYQ=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjMq6rLoQpcV7AM6Q8mkd9rQJDMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKLRozGPVDYkGziS0DDMcuokCIkIOnXB8m/udJ1CaxfLRTBIIBBlKFjFKjJV8XxAzUiK7g/a0X625dXcGvEy8gtRQgWa/+uUPYpoKkIZyonXPcxMTZEQZRjlMK36qISF0TIbQs1QSATrIZpmn+MQqAxzFyj5p8Ez9vZERofVEhHYyz6gXvVz8z+ulJroOMiaT1ICk80NRyrGJcV4AHjAF1PCJJYQqZrNiOiKKUGNrqtgSvMUvL5P2Wd27rJ8/XNQaN0UdZXSEjtEp8tAVaqB71EQtRFGCntErenNS58V5dz7moyWn2DlEf+B8/gBGd5HZ</latexit>

GeV
<latexit sha1_base64="b8RUw3ggx1l61P+8Emwz+CVCUPY=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjMq6rLoxmWFvqAzlEx6pw1NMkOSEcrQ33DjQhG3/ow7/8ZMOwttPRA4nHMv9+SECWfauO63U1pb39jcKm9Xdnb39g+qh0cdHaeKQpvGPFa9kGjgTELbMMOhlyggIuTQDSf3ud99AqVZLFtmmkAgyEiyiFFirOT7gpixElkLOrNBtebW3TnwKvEKUkMFmoPqlz+MaSpAGsqJ1n3PTUyQEWUY5TCr+KmGhNAJGUHfUkkE6CCbZ57hM6sMcRQr+6TBc/X3RkaE1lMR2sk8o172cvE/r5+a6DbImExSA5IuDkUpxybGeQF4yBRQw6eWEKqYzYrpmChCja2pYkvwlr+8SjoXde+6fvl4VWvcFXWU0Qk6RefIQzeogR5QE7URRQl6Rq/ozUmdF+fd+ViMlpxi5xj9gfP5A1pSkeY=</latexit>

TeV
<latexit sha1_base64="pUo47E26h4TMnTVwQD4OXjp/P68=">AAAB83icbVDLSsNAFL3xWeur6tJNsAiuSqKiLotuXFawD2hCmUxv26EzkzAzEUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+ZECWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bOk4VxSaNeaw6EdHImcSmYYZjJ1FIRMSxHY3vcr/9hEqzWD6aSYKhIEPJBowSY6UgEMSMlMga2Jr2KlWv5s3gLhO/IFUo0OhVvoJ+TFOB0lBOtO76XmLCjCjDKMdpOUg1JoSOyRC7lkoiUIfZLPPUPbVK3x3Eyj5p3Jn6eyMjQuuJiOxknlEvern4n9dNzeAmzJhMUoOSzg8NUu6a2M0LcPtMITV8YgmhitmsLh0RRaixNZVtCf7il5dJ67zmX9UuHi6r9duijhIcwwmcgQ/XUId7aEATKCTwDK/w5qTOi/PufMxHV5xi5wj+wPn8AVQ2keI=</latexit>

PeV
<latexit sha1_base64="7R5qKPWcRnaIvmMWUf0b3Zxuoxs=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjMq6rIogssK9gGdoWTSO21okhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVFFo05rHqhkQDZxJahhkO3UQBESGHTji+zf3OEyjNYvloJgkEggwlixglxkq+L4gZKZHdQXvar9bcujsDXiZeQWqoQLNf/fIHMU0FSEM50brnuYkJMqIMoxymFT/VkBA6JkPoWSqJAB1ks8xTfGKVAY5iZZ80eKb+3siI0HoiQjuZZ9SLXi7+5/VSE10HGZNJakDS+aEo5djEOC8AD5gCavjEEkIVs1kxHRFFqLE1VWwJ3uKXl0n7rO5d1s8fLmqNm6KOMjpCx+gUeegKNdA9aqIWoihBz+gVvTmp8+K8Ox/z0ZJT7ByiP3A+fwBDaZHX</latexit>

EeV
<latexit sha1_base64="zHz/R4ruvRgmKS7rYwFqRjMOvM4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7AM7Q8mkmTY0yQxJRihDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJpxp47rfTmlldW19o7xZ2dre2d2r7h+0dZwqQlsk5rHqhlhTziRtGWY47SaKYhFy2gnHt7nfeaJKs1g+mElCA4GHkkWMYGMl3xfYjJTIHml72q/W3Lo7A1omXkFqUKDZr375g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQTbLPEUnVhmgKFb2SYNm6u+NDAutJyK0k3lGvejl4n9eLzXRdZAxmaSGSjI/FKUcmRjlBaABU5QYPrEEE8VsVkRGWGFibE0VW4K3+OVl0j6re5f18/uLWuOmqKMMR3AMp+DBFTTgDprQAgIJPMMrvDmp8+K8Ox/z0ZJT7BzCHzifP2N8kew=</latexit>

ZeV

<latexit sha1_base64="TMNi7g2qrgoV11b3Dzdu/sFr904="></latexit>

1 eV ⇡ 1.6⇥ 10�19 J

⇡ 1.8⇥ 10�36 kg

⇡ 1.2⇥ 104 K

1 V

<latexit sha1_base64="OIESqR1hPJge9456HNrvq/byyEk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCroh6DXjxGNA9I1jA76U2GzM4uM7NCWPIJXjwo4tUv8ubfOHkcNLGgoajqprsrSATXxnW/ndzS8srqWn69sLG5tb1T3N2r6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwM/YbT6g0j+WDGSboR7QnecgZNVa6x8eTTrHklt0JyCLxZqQEM1Q7xa92N2ZphNIwQbVueW5i/Iwqw5nAUaGdakwoG9AetiyVNELtZ5NTR+TIKl0SxsqWNGSi/p7IaKT1MApsZ0RNX897Y/E/r5Wa8MrPuExSg5JNF4WpICYm479JlytkRgwtoUxxeythfaooMzadgg3Bm395kdRPy95F+ezuvFS5nsWRhwM4hGPw4BIqcAtVqAGDHjzDK7w5wnlx3p2PaWvOmc3swx84nz/pto2Q</latexit>

e�

Proton rest mass LHC energy Kinetic energy of a 
tennis ball

Electron rest mass



5

History of astroparticles

Victor Hess  
(1883 - 1964) 

Credit: Alessandro De Angelis

Credit: Sylvanus P. Thompson (1881), 
Chetvorno (2008) Hess (1912) Kolhörster (1913-14)



5

History of astroparticles

Victor Hess  
(1883 - 1964) 

Credit: Alessandro De Angelis

Credit: Sylvanus P. Thompson (1881), 
Chetvorno (2008) Hess (1912) Kolhörster (1913-14)

Credit: CERN

Cosmic Ray “Showers” first 
understood by Auger at al. (1939)



6

Gamma rays vs Charged Cosmic rays

Credit: Matthews (2005)1510.05675
~5 km

<latexit sha1_base64="US0JUSprLjtvsYqKFT5f9oeVdbQ=">AAACFnicbVDLSgMxFM34rPVVdekmWARdWGaqqBuhKILLCrYWOrVk0kwbmmSG5I5QhvkKN/6KGxeKuBV3/o3pY6HWA4HDOedyc08QC27Adb+cmdm5+YXF3FJ+eWV1bb2wsVk3UaIpq9FIRLoREMMEV6wGHARrxJoRGQh2G/Qvhv7tPdOGR+oGBjFrSdJVPOSUgJXahYPLdqqyM1+wEPb8UBOaellaznzNuz3Yv1PYBtzszu8SKUm7UHRL7gh4mngTUkQTVNuFT78T0UQyBVQQY5qeG0MrJRo4FSzL+4lhMaF90mVNSxWRzLTS0VkZ3rVKB4eRtk8BHqk/J1IijRnIwCYlgZ756w3F/7xmAuFpK+UqToApOl4UJgJDhIcd4Q7XjIIYWEKo5vavmPaI7QZsk3lbgvf35GlSL5e849Lh9VGxcj6pI4e20Q7aQx46QRV0haqohih6QE/oBb06j86z8+a8j6MzzmRmC/2C8/ENDFafTg==</latexit>

En =

✓
1

2

◆n

E�
0

<latexit sha1_base64="ULIXPlKE7TkQEXoUxAz/UCXIMr4="></latexit>

Ehad =

✓
2

3

◆n

Ep
0

Eem =


1�

✓
2

3

◆n�
Ep

0

Gamma Rays Protons/nuclei

https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract
https://arxiv.org/abs/1510.05675
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Detection of cosmic rays (Earth) Fluorescence 
(e.g. Fly’s Eye, Auger 

observatory)

Imaging Air Cherenkov 
Telescope (IACT) 

(e.g. MAGIC, VERITAS, 
HESS, planned CTA)

 Ground array and Water 
Cherenkov detectors  

(e.g. KASCADE-GRANDE, 
MILAGRO, HAWC)

opendata.auger.org 

https://opendata.auger.org/display.php


8

Detection of cosmic rays (Space)

Credit: NASA's Goddard Space Flight Center

Fermi-LAT (2008-)

AMS (2011-)

1507.02712

Detection of gamma-rays  
in the range 20 MeV - 300 GeV

Detection of ,  and heavier nuclei 
in the range 1 GeV - 2 TeV

e± p±

https://arxiv.org/abs/1507.02712


9

The Positive Electron

[Phys. Rev. 43, 491 (1933)]

https://journals.aps.org/pr/abstract/10.1103/PhysRev.43.491


10

Electrons vs Positrons

Electrons can be directly accelerated 
(i.e. primary cosmic rays)

Positrons are only produced by the 
collisions of other cosmic rays  
(i.e. secondary cosmic rays)

Expect different spectra. But, rise in 
positron flux at high energy is still not yet 

understood (“positron excess”)!
E.g. 1303.0530

Credit: M. Aguilar et al. (AMS Collaboration), 2014

Solar 
modulation

<latexit sha1_base64="jrcIR/MII/8VHs2ZDW7MiyJZUjc=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHcWGZ8Lwsi6K6CfUBnLJk004ZmkpBkhDLUX3HjQhG3fog7/8a0nYW2HrhwOOde7r0nkoxq43nfzsLi0vLKamGtuL6xubXt7uw2tEgVJnUsmFCtCGnCKCd1Qw0jLakISiJGmtHgauw3H4nSVPB7M5QkTFCP05hiZKzUcUtBrU9hIJWQRsDrh+zoZNRxy17FmwDOEz8nZZCj1nG/gq7AaUK4wQxp3fY9acIMKUMxI6NikGoiER6gHmlbylFCdJhNjh/BA6t0YSyULW7gRP09kaFE62ES2c4Emb6e9cbif147NfFlmFEuU0M4ni6KUwbtn+MkYJcqgg0bWoKwovZWiPtIIWxsXkUbgj/78jxpHFf888rZ3Wm5epvHUQB7YB8cAh9cgCq4ATVQBxgMwTN4BW/Ok/PivDsf09YFJ58pgT9wPn8AtEGUMg==</latexit>

� / E�3

https://arxiv.org/abs/1303.0530
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.121102
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Electrons vs Protons
Proton Spectrum (x0.01) Electron + Positron 

Spectrum

See e.g. Appendix C of 1607.07886
Credit: Particle Data Group (2020)

Electrons and positrons lose energy much more 
rapidly (than nuclei) as they move through the Galaxy

Synchrotron
<latexit sha1_base64="ZeK/0DWp0Q5AlfTZMrTwdG9NJLs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRTe63nlBpHstHM07Qj+hA8pAzaqz0gKVeueJW3SnIMvHmpAJz1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1n00sn5MQqfRLGypY0ZKr+nshopPU4CmxnRM1QL3q5+J/XSU147WdcJqlByWaLwlQQE5P8bdLnCpkRY0soU9zeStiQKsqMDScPwVt8eZk0z6reZfX8/qJSu53HUYQjOIZT8OAKanAHdWgAgxCe4RXenJHz4rw7H7PWgjOfOYQ/cD5/AAEjjQc=</latexit>e

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

https://arxiv.org/abs/1607.07886
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
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Ultra high-energy cosmic rays

C
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All particle cosmic ray spectrum

106 GeV

https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
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Ultra high-energy cosmic rays

C
re

di
t: 

Pa
rti
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D
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a 
G
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 (2
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0)

All particle cosmic ray spectrum
<latexit sha1_base64="oam0GsXuHn9BeHyFNZYZDXOoqqo=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFN9akinVZlIIrqWAv0NQymUzaoTNJmJkIJeQJ3Pgqblwo4ta1O9/GSVtQW38Y+PjPOcw5vxsxKpVlfRkLi0vLK6u5tfz6xubWtrmz25RhLDBp4JCFou0iSRgNSENRxUg7EgRxl5GWO7zM6q17IiQNg1s1ikiXo35AfYqR0lbPLDocqYHgiZdeH/9wDTqScli7S47KpUraMwtWyRoLzoM9hQKYqt4zPx0vxDEngcIMSdmxrUh1EyQUxYykeSeWJEJ4iPqkozFAnMhuMj4nhUXteNAPhX6BgmP390SCuJQj7urObGE5W8vM/2qdWPnn3YQGUaxIgCcf+TGDKoRZNtCjgmDFRhoQFlTvCvEACYSVTjCvQ7BnT56HZrlkn5VObk4L1YtpHDmwDw7AIbBBBVTBFaiDBsDgATyBF/BqPBrPxpvxPmldMKYze+CPjI9vagubrQ==</latexit>

dN/dE ⇠ E�2.7

<latexit sha1_base64="yVmDDPPLS/PQHURQCogXdXZzfjw=">AAACDnicbZDLSgMxFIYz9VbrrerSTbAU3DjOWFGXRSm4kgr2Ap2xZNK0DU0yQ5IRyjBP4MZXceNCEbeu3fk2phdQW38IfPznHHLOH0SMKu04X1ZmYXFpeSW7mltb39jcym/v1FUYS0xqOGShbAZIEUYFqWmqGWlGkiAeMNIIBpejeuOeSEVDcauHEfE56gnapRhpY7XzRY8j3Zc86aTXRz9cgZ6iHFbuksOS7aTtfMGxnbHgPLhTKICpqu38p9cJccyJ0JghpVquE2k/QVJTzEia82JFIoQHqEdaBgXiRPnJ+JwUFo3Tgd1Qmic0HLu/JxLElRrywHSOFlaztZH5X60V6+65n1ARxZoIPPmoGzOoQzjKBnaoJFizoQGEJTW7QtxHEmFtEsyZENzZk+ehfmy7p3bp5qRQvpjGkQV7YB8cABecgTK4AlVQAxg8gCfwAl6tR+vZerPeJ60ZazqzC/7I+vgGYO+bpw==</latexit>

dN/dE ⇠ E�3.0

<latexit sha1_base64="2tfgZlKDnbvUwWv5emAiYB1T6TY=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuLEmVtRlUQqupIK9QFPLZDJph84kYWYilJAncOOruHGhiFvX7nwbJ21Bbf1h4OM/5zDn/G7EqFSW9WXkFhaXllfyq4W19Y3NLXN7pynDWGDSwCELRdtFkjAakIaiipF2JAjiLiMtd3iZ1Vv3REgaBrdqFJEuR/2A+hQjpa2eWXI4UgPBEy+9PvrhGnQk5bB2lxxWypW0ZxatsjUWnAd7CkUwVb1nfjpeiGNOAoUZkrJjW5HqJkgoihlJC04sSYTwEPVJR2OAOJHdZHxOCkva8aAfCv0CBcfu74kEcSlH3NWd2cJytpaZ/9U6sfLPuwkNoliRAE8+8mMGVQizbKBHBcGKjTQgLKjeFeIBEggrnWBBh2DPnjwPzeOyfVqu3JwUqxfTOPJgD+yDA2CDM1AFV6AOGgCDB/AEXsCr8Wg8G2/G+6Q1Z0xndsEfGR/fZX6bqg==</latexit>

dN/dE ⇠ E�3.3

<latexit sha1_base64="ESlFUgjfFhPiprBQk1LCJ+Eg+k4=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFN9akinZZlIIrqWAv0NQymUzaoTNJmJkIJeQJ3Pgqblwo4ta1O9/GSVtQW38Y+PjPOcw5vxsxKpVlfRkLi0vLK6u5tfz6xubWtrmz25RhLDBp4JCFou0iSRgNSENRxUg7EgRxl5GWO7zM6q17IiQNg1s1ikiXo35AfYqR0lbPLDocqYHgiZdeH/9wDTqScli7S47KpUraMwtWyRoLzoM9hQKYqt4zPx0vxDEngcIMSdmxrUh1EyQUxYykeSeWJEJ4iPqkozFAnMhuMj4nhUXteNAPhX6BgmP390SCuJQj7urObGE5W8vM/2qdWPmVbkKDKFYkwJOP/JhBFcIsG+hRQbBiIw0IC6p3hXiABMJKJ5jXIdizJ89Ds1yyz0onN6eF6sU0jhzYBwfgENjgHFTBFaiDBsDgATyBF/BqPBrPxpvxPmldMKYze+CPjI9va5Cbrg==</latexit>

dN/dE ⇠ E�2.8 Possible cut-off?

Heavier nuclei begin 
to dominate above 

the 2nd knee. 

Extragalactic CRs 
begin to dominate 
above the ankle. 

106 GeV

https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
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Production of cosmic rays

Credit: NASA / CXC / RIKEN / NASA’s Goddard Space Flight Center / T. Sato et al / DSS

Tycho Supernova remnant

Diffusive shock acceleration (or Fermi Acceleration)

<latexit sha1_base64="Tm92EQVboP9Cq8P0T9TD66VkRK0="></latexit>

⇠ =

⌧
�E

E

�
=

4

3

v1 � v2
c

With each crossing:

<latexit sha1_base64="ab5zzLTGHMYKUG8m+2nM6fpTBEU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRa1GVBFy4r2Ac0IUymk3bozCTMTAol5Bfc+CtuXCji1p07/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLa+sbmVnm7srO7t39gHx51VJxKTNo4ZrHshUgRRgVpa6oZ6SWSIB4y0g3HNzO/OyFS0Vg86GlCfI6GgkYUI22kwK55inLoRRLhzM2zRg4ngQuXxUmgArvq1J054CpxC1IFBVqB/eUNYpxyIjRmSKm+6yTaz5DUFDOSV7xUkQThMRqSvqECcaL8bP5RDs+MMoBRLE0JDefq74kMcaWmPDSdHOmRWvZm4n9eP9XRtZ9RkaSaCLxYFKUM6hjO4oEDKgnWbGoIwpKaWyEeIROENiFWTAju8surpHNedy/rF/eNavO2iKMMTsApqAEXXIEmuAMt0AYYPIJn8ArerCfrxXq3PhatJauYOQZ/YH3+ALSEnPc=</latexit>

⇠ 1

4
v1 ⇠ 1

4
vs

After n crossings: <latexit sha1_base64="WrDrtqXOm4aszM36jlO14Ez5Kag=">AAACAHicbZDLSgMxFIbP1Futt1EXLtwEi1ARyoyKuhEKKrisYC/Q1pJJ0zY0kxmSjFiG2fgqblwo4tbHcOfbmLaz0NYfAh//OYeT83shZ0o7zreVmZtfWFzKLudWVtfWN+zNraoKIklohQQ8kHUPK8qZoBXNNKf1UFLse5zWvMHlqF57oFKxQNzpYUhbPu4J1mUEa2O17Z3rdiySi4J72HxkB/eGkXGcpG3nnaIzFpoFN4U8pCq37a9mJyCRT4UmHCvVcJ1Qt2IsNSOcJrlmpGiIyQD3aMOgwD5VrXh8QIL2jdNB3UCaJzQau78nYuwrNfQ90+lj3VfTtZH5X60R6e55K2YijDQVZLKoG3GkAzRKA3WYpETzoQFMJDN/RaSPJSbaZJYzIbjTJ89C9ajonhaPb0/ypas0jizswh4UwIUzKMENlKECBBJ4hld4s56sF+vd+pi0Zqx0Zhv+yPr8ASEblXw=</latexit>

En = (1 + ⇠)nE0

Fraction of particles above a given energy:

<latexit sha1_base64="VXRhRckNu0H4KWaPC6LTHbOIgqs="></latexit>

f(E > En) =
1X

m=n

(1� Pesc)
m =

✓
En

E0

◆Pesc/⇠

 Injected flux of particles:→
<latexit sha1_base64="hJKwBlm1n3KjmhKAWFNEXAw8Kt0="></latexit>

dNinj

dE
/ df

dE
=

✓
E

E0

◆�2

<latexit sha1_base64="EgW/7VEjcpvGIhVFRih2qD4vCyA=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5rUom6Egi5cVrAPaEOYTCft0JlJmJkUSqgbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufeeIGZUacf5tpaWV1bX1gsbxc2t7Z1de2+/qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvMn81ohIRSPxoMcx8TjqCxpSjLSRfPuw7nc50gPJU6LwBF7DKhz5lTPs2yWn7EwBF4mbkxLIUfftr24vwgknQmOGlOq4Tqy9FElNMSOTYjdRJEZ4iPqkY6hAnCgvnX4wgSdG6cEwkqaEhlP190SKuFJjHpjO7Fo172Xif14n0eGVl1IRJ5oIPFsUJgzqCGZxwB6VBGs2NgRhSc2tEA+QRFib0IomBHf+5UXSrJTdi/L5fbVUu83jKIAjcAxOgQsuQQ3cgTpoAAwewTN4BW/Wk/VivVsfs9YlK585AH9gff4A0N+V1g==</latexit>

Pesc = 4v2/c

E.g. 1910.06006

https://arxiv.org/abs/1910.06006
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Production of cosmic rays

Credit: NASA / CXC / RIKEN / NASA’s Goddard Space Flight Center / T. Sato et al / DSS

<latexit sha1_base64="9GyIMI098Xgyw93BimL90xrweSY=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwISHTVtvuCrpwWcE+oAlhMp20QycPZiaFEvonblwo4tY/ceffOGkrqOiBC4dz7uXee/yEM6ls+8MorK1vbG4Vt0s7u3v7B+bhUVfGqSC0Q2Iei76PJeUsoh3FFKf9RFAc+pz2/Ml17vemVEgWR/dqllA3xKOIBYxgpSXPNKeehI5kIbQtBJ0L4pll22o2mjZCWqpVL+vVnDQQqtcqEFn2AmWwQtsz351hTNKQRopwLOUA2YlyMywUI5zOS04qaYLJBI/oQNMIh1S62eLyOTzTyhAGsdAVKbhQv09kOJRyFvq6M8RqLH97ufiXN0hV0HAzFiWpohFZLgpSDlUM8xjgkAlKFJ9pgolg+lZIxlhgonRYJR3C16fwf9KtWOjKqt7Vyq2bVRxFcAJOwTlAoA5a4Ba0QQcQMAUP4Ak8G5nxaLwYr8vWgrGaOQY/YLx9AqcmkmY=</latexit>

vs ⇠ 0.1 c

Tycho Supernova remnant

Diffusive shock acceleration (or Fermi Acceleration)

<latexit sha1_base64="Tm92EQVboP9Cq8P0T9TD66VkRK0="></latexit>

⇠ =

⌧
�E

E

�
=

4

3

v1 � v2
c

With each crossing:

<latexit sha1_base64="ab5zzLTGHMYKUG8m+2nM6fpTBEU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRa1GVBFy4r2Ac0IUymk3bozCTMTAol5Bfc+CtuXCji1p07/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLa+sbmVnm7srO7t39gHx51VJxKTNo4ZrHshUgRRgVpa6oZ6SWSIB4y0g3HNzO/OyFS0Vg86GlCfI6GgkYUI22kwK55inLoRRLhzM2zRg4ngQuXxUmgArvq1J054CpxC1IFBVqB/eUNYpxyIjRmSKm+6yTaz5DUFDOSV7xUkQThMRqSvqECcaL8bP5RDs+MMoBRLE0JDefq74kMcaWmPDSdHOmRWvZm4n9eP9XRtZ9RkaSaCLxYFKUM6hjO4oEDKgnWbGoIwpKaWyEeIROENiFWTAju8surpHNedy/rF/eNavO2iKMMTsApqAEXXIEmuAMt0AYYPIJn8ArerCfrxXq3PhatJauYOQZ/YH3+ALSEnPc=</latexit>

⇠ 1

4
v1 ⇠ 1

4
vs

After n crossings: <latexit sha1_base64="WrDrtqXOm4aszM36jlO14Ez5Kag=">AAACAHicbZDLSgMxFIbP1Futt1EXLtwEi1ARyoyKuhEKKrisYC/Q1pJJ0zY0kxmSjFiG2fgqblwo4tbHcOfbmLaz0NYfAh//OYeT83shZ0o7zreVmZtfWFzKLudWVtfWN+zNraoKIklohQQ8kHUPK8qZoBXNNKf1UFLse5zWvMHlqF57oFKxQNzpYUhbPu4J1mUEa2O17Z3rdiySi4J72HxkB/eGkXGcpG3nnaIzFpoFN4U8pCq37a9mJyCRT4UmHCvVcJ1Qt2IsNSOcJrlmpGiIyQD3aMOgwD5VrXh8QIL2jdNB3UCaJzQau78nYuwrNfQ90+lj3VfTtZH5X60R6e55K2YijDQVZLKoG3GkAzRKA3WYpETzoQFMJDN/RaSPJSbaZJYzIbjTJ89C9ajonhaPb0/ypas0jizswh4UwIUzKMENlKECBBJ4hld4s56sF+vd+pi0Zqx0Zhv+yPr8ASEblXw=</latexit>

En = (1 + ⇠)nE0

Fraction of particles above a given energy:

<latexit sha1_base64="VXRhRckNu0H4KWaPC6LTHbOIgqs="></latexit>

f(E > En) =
1X

m=n

(1� Pesc)
m =

✓
En

E0

◆Pesc/⇠

 Injected flux of particles:→
<latexit sha1_base64="hJKwBlm1n3KjmhKAWFNEXAw8Kt0="></latexit>

dNinj

dE
/ df

dE
=

✓
E

E0

◆�2

<latexit sha1_base64="EgW/7VEjcpvGIhVFRih2qD4vCyA=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5rUom6Egi5cVrAPaEOYTCft0JlJmJkUSqgbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufeeIGZUacf5tpaWV1bX1gsbxc2t7Z1de2+/qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvMn81ohIRSPxoMcx8TjqCxpSjLSRfPuw7nc50gPJU6LwBF7DKhz5lTPs2yWn7EwBF4mbkxLIUfftr24vwgknQmOGlOq4Tqy9FElNMSOTYjdRJEZ4iPqkY6hAnCgvnX4wgSdG6cEwkqaEhlP190SKuFJjHpjO7Fo172Xif14n0eGVl1IRJ5oIPFsUJgzqCGZxwB6VBGs2NgRhSc2tEA+QRFib0IomBHf+5UXSrJTdi/L5fbVUu83jKIAjcAxOgQsuQQ3cgTpoAAwewTN4BW/Wk/VivVsfs9YlK585AH9gff4A0N+V1g==</latexit>

Pesc = 4v2/c

E.g. 1910.06006

https://arxiv.org/abs/1910.06006
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Propagation of CCRs
<latexit sha1_base64="ih4pIkaMUMD48QUsXoOJfuo7HXA=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCBSkzKupGKKjgSirYB7TDkEnvtKGZB0mmUIfir7hxoYhb/8Odf2PazkKrB+7lcM695OZ4MWdSWdaXkZubX1hcyi8XVlbX1jfMza26jBJBoUYjHommRyRwFkJNMcWhGQsggceh4fUvx35jAEKyKLxXwxicgHRD5jNKlJZcc+fWZfgC615qD4CmYnR4feCaRatsTYD/EjsjRZSh6pqf7U5EkwBCRTmRsmVbsXJSIhSjHEaFdiIhJrRPutDSNCQBSCedXD/C+1rpYD8SukKFJ+rPjZQEUg4DT08GRPXkrDcW//NaifLPnZSFcaIgpNOH/IRjFeFxFLjDBFDFh5oQKpi+FdMeEYQqHVhBh2DPfvkvqR+V7dPy8d1JsXKVxZFHu2gPlZCNzlAF3aAqqiGKHtATekGvxqPxbLwZ79PRnJHtbKNfMD6+AWalk+w=</latexit>

Ni = Ni(~r, E)

Diffusion

Energy losses

Escape and 
attenuation

Production 
(by spallation)

Sources

Credit: ESA/Planck Collaboration

Primary CRs Secondary CRs
<latexit sha1_base64="+cfyXc9Slpv0rIP+JP8c8S/VusE="></latexit>

@Ni

@t
= D(E)r2Ni +

@

@E
[b(E)Ni]�

Ni

⌧i
+
X

j>i

Pji

⌧j
Nj +Q
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Modelling CR propagation
C

re
di

t: 
Vl

ad
im

ir 
Pt

us
ki

n 

Typical diffusion distance . Coefficient  grows with E,  
steepening the observed CR spectrum…

⟨R2⟩ ∼ D(E)t D(E)

Parametrize properties of the diffusive halo and solve for CR density 
(e.g. GALPROP, DRAGON, USINE, …)

1701.06149

Se
co

nd
ar

y-
to

-p
rim

ar
y 

ra
tio

http://www.issibern.ch/cargese2013/images/d/d6/PTUSKIN_Cargese2013.pdf
https://galprop.stanford.edu
https://github.com/cosmicrays/
https://dmaurin.gitlab.io/USINE
https://arxiv.org/abs/1701.06149
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GZK cut-off

<latexit sha1_base64="qndFRQR0VXqcz+a+Qw33+dFzXd8="></latexit>

p + �CMB ! p + ⇡0

<latexit sha1_base64="ZwNNx5zl/DITOW//EZNJiqVxUn0="></latexit>

Ep� ⇡ 3.4⇥ 1019
⇣ ✏

10�3eV

⌘�1
eV

<latexit sha1_base64="iHcFEyaVTnQVCGIcyGq2PxgvbkI=">AAACG3icbVDLSsNAFJ3UV62vaJdugkVwVRIVdVmsCzdCBfuAJoTJZNoOnZmEmUkxhH6KuNXvcCduXfgZ/oGTNgtbPTBwOOfeO4cTxJRIZdtfRmlldW19o7xZ2dre2d0z9w86MkoEwm0U0Uj0AigxJRy3FVEU92KBIQso7gbjZu53J1hIEvEHlcbYY3DIyYAgqLTkm1V3CBmDvsugGgmWNe+up75Zs+v2DNZf4hSkBgq0fPPbDSOUMMwVolDKvmPHysugUARRPK24icQxRGM4xH1NOWRYetks/NQ61kpoDSKhH1fWTP29kUEmZcoCPZlnlMteLv7n9RM1uPIywuNEYY7mHw0SaqnIypuwQiIwUjTVBCJBdFYLjaCASOm+Fi6FExLLIvXjPLbuyFlu5C/pnNadi/rZ/XmtcVO0VQaH4AicAAdcgga4BS3QBgik4Bm8gFfjyXgz3o2P+WjJKHaqYAHG5w8ZqqKQ</latexit>�CMB

<latexit sha1_base64="2Aeahozxr7CghvRXLdiZ+9O1avk=">AAACB3icbVDLTgIxFL2DL8QX6tJNIzFxRWbUqEsSXbiERB4JTEinU6Ch02naDpFM+ADjVr/DnXHrZ/gZ/oEFZiHgSZqcnHNve3oCyZk2rvvt5NbWNza38tuFnd29/YPi4VFDx4kitE5iHqtWgDXlTNC6YYbTllQURwGnzWB4N/WbI6o0i8WjGUvqR7gvWI8RbKxUk91iyS27M6BV4mWkBBmq3eJPJ4xJElFhCMdatz1XGj/FyjDC6aTQSTSVmAxxn7YtFTii2k9nQSfozCoh6sXKHmHQTP27keJI63EU2MkIm4Fe9qbif147Mb1bP2VCJoYKMn+ol3BkYjT9NQqZosTwsSWYKGazIjLAChNju1m4KRwxqbPUT/PYtiNvuZFV0rgoe9fly9pVqXKftZWHEziFc/DgBirwAFWoAwEKL/AKb86z8+58OJ/z0ZyT7RzDApyvX03Kmq4=</latexit>p

<latexit sha1_base64="UlBtOYIVpUBGdbmR5WgvTgrPWJQ=">AAACC3icbVDNTgIxGPwW/xD/UI9eGomJJ7KrRj2S6MEjJi6QwEq63S40dLubtkskGx7BeNXn8Ga8+hA+hm9ggT0IOEmTycz3tdPxE86Utu1vq7Cyura+UdwsbW3v7O6V9w8aKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDaS20nYo90tV+yqPQVaJk5OKpCj3i3/dIKYpBEVmnCsVNuxE+1lWGpGOB2XOqmiCSYD3KNtQwWOqPKyadgxOjFKgMJYmiM0mqp/NzIcKTWKfDMZYd1Xi95E/M9rpzq89jImklRTQWYPhSlHOkaTn6OASUo0HxmCiWQmKyJ9LDHRpp+5m4IhS1Se+mkW23TkLDayTBpnVeeyen5/Uand5m0V4QiO4RQcuIIa3EEdXCDA4AVe4c16tt6tD+tzNlqw8p1DmIP19QsQ2Jwp</latexit>

⇡0

<latexit sha1_base64="2Aeahozxr7CghvRXLdiZ+9O1avk=">AAACB3icbVDLTgIxFL2DL8QX6tJNIzFxRWbUqEsSXbiERB4JTEinU6Ch02naDpFM+ADjVr/DnXHrZ/gZ/oEFZiHgSZqcnHNve3oCyZk2rvvt5NbWNza38tuFnd29/YPi4VFDx4kitE5iHqtWgDXlTNC6YYbTllQURwGnzWB4N/WbI6o0i8WjGUvqR7gvWI8RbKxUk91iyS27M6BV4mWkBBmq3eJPJ4xJElFhCMdatz1XGj/FyjDC6aTQSTSVmAxxn7YtFTii2k9nQSfozCoh6sXKHmHQTP27keJI63EU2MkIm4Fe9qbif147Mb1bP2VCJoYKMn+ol3BkYjT9NQqZosTwsSWYKGazIjLAChNju1m4KRwxqbPUT/PYtiNvuZFV0rgoe9fly9pVqXKftZWHEziFc/DgBirwAFWoAwEKL/AKb86z8+58OJ/z0ZyT7RzDApyvX03Kmq4=</latexit>p

Very high energy cosmic rays will be destroyed by interactions 
with background photons:

C
re

di
t: 

ES
A/

Pl
an

ck

Threshold energy for this process gives rise to the Greisen–
Zatsepin–Kuzmin (GZK) cut-off: 

Ultra high energy CRs cannot propagate more than around  before being destroyed.ℓGZK ∼ 50 Mpc
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CCR anomalies, questions, challenges

1610.03071 

Excess in anti-protons?

1711.10981 

Excess in electrons?

What are the sources? 

Where do the CRs  
come from?

https://arxiv.org/abs/1610.03071
https://arxiv.org/abs/1711.10981
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The Gamma-ray Sky

Credit: NASA/DOE/Fermi LAT Collaboration

Gamma-ray Sky above 1 GeV, according to Fermi:

https://svs.gsfc.nasa.gov/11342


Pulsars

18

The Gamma-ray Sky

Credit: NASA/DOE/Fermi LAT Collaboration

Credit: Kevin Gill / Flickr

Gamma-ray Sky above 1 GeV, according to Fermi:

https://svs.gsfc.nasa.gov/11342


Pulsars

Blazars

18

The Gamma-ray Sky

Credit: NASA/DOE/Fermi LAT Collaboration Credit: ESO/M. Kornmesser

Gamma-ray Sky above 1 GeV, according to Fermi:

https://svs.gsfc.nasa.gov/11342
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Cosmic Ray Connection

Pion Decay

Brehmsstrahlung

Inverse Compton

CR protons + gas

CR electrons + gas

CR electrons + light

1708.07273

https://arxiv.org/abs/1708.07273
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Modelling Gamma-ray emission

Credit: Christoph Weniger

1202.4039

 decayπ0

Inverse Compton

Point sources

Bremsstrahlung 

Isotropic Background

Total Galactic

https://arxiv.org/abs/1202.4039
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Gamma-ray horizon

Similar to the GZK cut-off…

<latexit sha1_base64="iHcFEyaVTnQVCGIcyGq2PxgvbkI=">AAACG3icbVDLSsNAFJ3UV62vaJdugkVwVRIVdVmsCzdCBfuAJoTJZNoOnZmEmUkxhH6KuNXvcCduXfgZ/oGTNgtbPTBwOOfeO4cTxJRIZdtfRmlldW19o7xZ2dre2d0z9w86MkoEwm0U0Uj0AigxJRy3FVEU92KBIQso7gbjZu53J1hIEvEHlcbYY3DIyYAgqLTkm1V3CBmDvsugGgmWNe+up75Zs+v2DNZf4hSkBgq0fPPbDSOUMMwVolDKvmPHysugUARRPK24icQxRGM4xH1NOWRYetks/NQ61kpoDSKhH1fWTP29kUEmZcoCPZlnlMteLv7n9RM1uPIywuNEYY7mHw0SaqnIypuwQiIwUjTVBCJBdFYLjaCASOm+Fi6FExLLIvXjPLbuyFlu5C/pnNadi/rZ/XmtcVO0VQaH4AicAAdcgga4BS3QBgik4Bm8gFfjyXgz3o2P+WjJKHaqYAHG5w8ZqqKQ</latexit>�CMB

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�
<latexit sha1_base64="cpMZCqW77J+g0UHEeaAOapKBTlo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0G9OAxonlAsobZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSwfzDBBP6I9yUPOqLHSPT6edIolt+xOQBaJNyMlmKHaKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOiJHVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhFd+xmWSGpRsuihMBTExGf9NulwhM2JoCWWK21sJ61NFmbHpFGwI3vzLi6R+WvYuymd356XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNEc6L8+58TFtzzmxmH/7A+fwB50iNkA==</latexit>

e+

<latexit sha1_base64="U4H5W6GJ24WDpUNphXiuzmrC0s8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCroh4DevAY0TwgWcPspDcZMju7zMwKYcknePGgiFe/yJt/4+Rx0MSChqKqm+6uIBFcG9f9dnJLyyura/n1wsbm1vZOcXevruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLB9dhvPKHSPJYPZpigH9Ge5CFn1FjpHh9POsWSW3YnIIvEm5ESzFDtFL/a3ZilEUrDBNW65bmJ8TOqDGcCR4V2qjGhbEB72LJU0gi1n01OHZEjq3RJGCtb0pCJ+nsio5HWwyiwnRE1fT3vjcX/vFZqwis/4zJJDUo2XRSmgpiYjP8mXa6QGTG0hDLF7a2E9amizNh0CjYEb/7lRVI/LXsX5bO781LlZhZHHg7gEI7Bg0uowC1UoQYMevAMr/DmCOfFeXc+pq05ZzazD3/gfP4A6lCNkg==</latexit>

e�

To produce an electron-positron 
pair, need a gamma-ray with 

energy greater than:

1906.05521

<latexit sha1_base64="QNqLZ8a++BiV8cJ/G+QDNBn45Wc="></latexit>

E� >
2m2

e

Ebg
⇠

(
1TeV for scattering of IR background

800TeV for scattering of CMB

Credit: NASA/STScl

Crab Nebula

https://arxiv.org/abs/1906.05521
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Gamma-ray anomalies

Credit: NASA/T. Linden, U.Chicago

Galactic Centre Excess

and others…

Fermi Bubbles



23

Neutrinos

Detected rate of ~ MeV neutrinos was  
~1/3 of that expected from nuclear processes in the Sun

Credit: Brookhaven National Laboratory

Homestake experiment (1960s)  
~600 tons of C2Cl4

Neutrinos are produced with a definite flavor ( )  
but they oscillate between the different flavors as they propagate.

e, μ, τ

Need an even bigger detector if you want to search for rarer, high-energy neutrinos… 

Our story begins with solar neutrinos…
<latexit sha1_base64="oNlKvlN2kAEHPLYHly2q71KQRag="></latexit>

⌫e +
37Cl �! 37Ar+ + e�
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IceCube

See also SuperKamiokande,  ANTARES, KM3NET

1701.03731

IceCube: a giant ice detector! 
~1 km3 of instrumented volume

Credit: Hyper-Kamiokande

Look for the energetic particles produced by 
high-energy neutrino interactions over a 

huge volume:

http://www-sk.icrr.u-tokyo.ac.jp/sk/index-e.html
https://antares.in2p3.fr
https://www.km3net.org
https://arxiv.org/abs/1701.03731
https://icecube.wisc.edu
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Ultra-high energy neutrinos

“Big Bird” - a 2 PeV neutrino, detected by 
IceCube on 4 December, 2012

Credit: IceCube Collaboration

2011.03545

IceCube ‘high energy starting events’ (HESE)

https://arxiv.org/abs/2011.03545
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Unknown Territory
KM3NeT - A neutrino detector under development in 
the Mediterranean Sea

Recently reported a neutrino event with energy Eν ∼ 120 PeV

https://www.nature.com/articles/s41586-024-08543-1
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Milky Way shines bright in Neutrinos!

[IceCube, 2023]

<latexit sha1_base64="nPn6lOvWB7YljSq2Y6UJ6t0Hh4E=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gGdsWTStA1NMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aJkk1oQ2S8ES3Y2woZ5I2LLOctpWmWMSctuLR7dRvPVFtWCIf7FjRSOCBZH1GsHVSK1TsMVSiW674VX8GtEyCnFQgR71b/gp7CUkFlZZwbEwn8JWNMqwtI5xOSmFqqMJkhAe046jEgpoom507QSdO6aF+ol1Ji2bq74kMC2PGInadAtuhWfSm4n9eJ7X96yhjUqWWSjJf1E85sgma/o56TFNi+dgRTDRztyIyxBoT6xIquRCCxZeXSfOsGlxWL+7PK7WbPI4iHMExnEIAV1CDO6hDAwiM4Ble4c1T3ov37n3MWwtePnMIf+B9/gBWyI+W</latexit>

⇡±
<latexit sha1_base64="jjjh7TbfwyHrodCFDGTFH7oh7bY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gGdsWTStA1NMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aJkk1oQ2S8ES3Y2woZ5I2LLOctpWmWMSctuLR7dRvPVFtWCIf7FjRSOCBZH1GsHVSKxTpY6hEt1zxq/4MaJkEOalAjnq3/BX2EpIKKi3h2JhO4CsbZVhbRjidlMLUUIXJCA9ox1GJBTVRNjt3gk6c0kP9RLuSFs3U3xMZFsaMRew6BbZDs+hNxf+8Tmr711HGpEotlWS+qJ9yZBM0/R31mKbE8rEjmGjmbkVkiDUm1iVUciEEiy8vk+ZZNbisXtyfV2o3eRxFOIJjOIUArqAGd1CHBhAYwTO8wpunvBfv3fuYtxa8fOYQ/sD7/AFkjY+f</latexit>

µ±

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

<latexit sha1_base64="tP2sIjaC5T8+oPQKGtYdUk3oIWA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMF0xbaWDbbabt0dxN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q0HGqKAY05rFqRUQjZxIDwwzHVqKQiIhjMxrdTv3mEyrNYvlgxgmGggwk6zNKjJUCfOwkoluueFVvBneZ+DmpQI56t/zV6cU0FSgN5UTrtu8lJsyIMoxynJQ6qcaE0BEZYNtSSQTqMJsdO3FPrNJz+7GyJY07U39PZERoPRaR7RTEDPWiNxX/89qp6V+HGZNJalDS+aJ+yl0Tu9PP3R5TSA0fW0KoYvZWlw6JItTYfEo2BH/x5WXSOKv6l9WL+/NK7SaPowhHcAyn4MMV1OAO6hAABQbP8ApvjnRenHfnY95acPKZQ/gD5/MHzSiOsg==</latexit>

e±

<latexit sha1_base64="Hehrs96QM/i6I1oIUb6UhwhtuFw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XZn1sFetuXV3BrJMvILUoECzV/3q9hOWxSgNE1TrjuemJsipMpwJnFS6mcaUshEdYMdSSWPUQT47dkJOrNInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6DnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzqdgQvMWXl8njWd27rF/cn9caN0UcZTiCYzgFD66gAXfQBB8YcHiGV3hzpPPivDsf89aSU8wcwh84nz/X8Y65</latexit>⌫e

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

https://www.science.org/doi/10.1126/science.adc9818
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IceCube-170922A [1807.08816]

Eν ∼ 290 TeV

22 September 2017 

https://arxiv.org/abs/1807.08816
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IceCube-170922A [1807.08816]

Eν ∼ 290 TeV

22 September 2017 

TXS 0506+056

TXS 0506+056 is a known blazar!

It was flaring in gamma rays  
at the time of IceCube-170922A!

https://arxiv.org/abs/1807.08816
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Blazar emission

1807.04300

C
redit: Pearson Education, Inc., U

pper Saddle River, N
ew

 Jersey

Optical X-ray Gamma-ray Neutrinos!

Electron synchrotron
Inverse Compton

<latexit sha1_base64="ZeK/0DWp0Q5AlfTZMrTwdG9NJLs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRTe63nlBpHstHM07Qj+hA8pAzaqz0gKVeueJW3SnIMvHmpAJz1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1n00sn5MQqfRLGypY0ZKr+nshopPU4CmxnRM1QL3q5+J/XSU147WdcJqlByWaLwlQQE5P8bdLnCpkRY0soU9zeStiQKsqMDScPwVt8eZk0z6reZfX8/qJSu53HUYQjOIZT8OAKanAHdWgAgxCe4RXenJHz4rw7H7PWgjOfOYQ/cD5/AAEjjQc=</latexit>e

<latexit sha1_base64="ZeK/0DWp0Q5AlfTZMrTwdG9NJLs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRTe63nlBpHstHM07Qj+hA8pAzaqz0gKVeueJW3SnIMvHmpAJz1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1n00sn5MQqfRLGypY0ZKr+nshopPU4CmxnRM1QL3q5+J/XSU147WdcJqlByWaLwlQQE5P8bdLnCpkRY0soU9zeStiQKsqMDScPwVt8eZk0z6reZfX8/qJSu53HUYQjOIZT8OAKanAHdWgAgxCe4RXenJHz4rw7H7PWgjOfOYQ/cD5/AAEjjQc=</latexit>e
<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�
<latexit sha1_base64="qmLc/AJ7w3UEKHLc8nXB0zrjjg0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeizowWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUT3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDGz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveVeWiflmu3uVxFOAYTuAMPLiGKtxDDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucP3U+M/g==</latexit>p

<latexit sha1_base64="d3AuLtKmlqbkL40b3nxqtdEy1RA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklU1GNBDx4rmLbQ1rLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Swtr6yurRc2iptb2zu7pb39uo5TxdBnsYhVM6AaBZfoG24ENhOFNAoENoLhzcRvPKHSPJYPZpRgJ6J9yUPOqLGS307442m3VHYr7hRkkXg5KUOOWrf01e7FLI1QGiao1i3PTUwno8pwJnBcbKcaE8qGtI8tSyWNUHey6bFjcmyVHgljZUsaMlV/T2Q00noUBbYzomag572J+J/XSk143cm4TFKDks0WhakgJiaTz0mPK2RGjCyhTHF7K2EDqigzNp+iDcGbf3mR1M8q3mXl/P6iXL3N4yjAIRzBCXhwBVW4gxr4wIDDM7zCmyOdF+fd+Zi1Ljn5zAH8gfP5A29AjnQ=</latexit>

⇡+

<latexit sha1_base64="SkVhHfYvIRoDcwrmT0GAYxaomLE=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY0IPHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYT6JOaxaodYU84k9Q0znLYTRbEIOW2Fo5up33qiSrNYPphxQgOBB5JFjGBjJb8r0sezXrniVt0Z0DLxclKBHI1e+avbj0kqqDSEY607npuYIMPKMMLppNRNNU0wGeEB7VgqsaA6yGbHTtCJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66Qmug4yJpPUUEnmi6KUIxOj6eeozxQlho8twUQxeysiQ6wwMTafkg3BW3x5mTTPq95ltXZ/Uanf5nEU4QiO4RQ8uII63EEDfCDA4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gB88459</latexit>

µ+

<latexit sha1_base64="cpMZCqW77J+g0UHEeaAOapKBTlo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0G9OAxonlAsobZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSwfzDBBP6I9yUPOqLHSPT6edIolt+xOQBaJNyMlmKHaKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOiJHVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhFd+xmWSGpRsuihMBTExGf9NulwhM2JoCWWK21sJ61NFmbHpFGwI3vzLi6R+WvYuymd356XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNEc6L8+58TFtzzmxmH/7A+fwB50iNkA==</latexit>

e+
<latexit sha1_base64="Tn0O65TVBMzJ+Jte0cWRUAcLN58=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMCaQXcLsZDYZMjO7zEMISz7CiwdFvPo93vwbJ8keNLGgoajqprsrzjjTxve/vdLK6tr6RnmzsrW9s7tX3T941KlVhLZIylPVibGmnEnaMsxw2skUxSLmtB2PbqZ++4kqzVL5YMYZjQQeSJYwgo2T2qG0vVDYXrXm1/0Z0DIJClKDAs1e9Svsp8QKKg3hWOtu4GcmyrEyjHA6qYRW0wyTER7QrqMSC6qjfHbuBJ04pY+SVLmSBs3U3xM5FlqPRew6BTZDvehNxf+8rjXJdZQzmVlDJZkvSixHJkXT31GfKUoMHzuCiWLuVkSGWGFiXEIVF0Kw+PIyeTyrB5f18/uLWuO2iKMMR3AMpxDAFTTgDprQAgIjeIZXePMy78V79z7mrSWvmDmEP/A+fwBvJI+m</latexit>⌫µ

<latexit sha1_base64="WTEWP2YY9T36wz1Jy5BXcVrEP/o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf/gUSeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzkd2XWw1615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroOci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXiaPZ3Xvsn5+f1Fr3BZxlOEIjuEUPLiCBtxBE3xgwOEZXuHNkc6L8+58zFtLTjFzCH/gfP4A1+eOuQ==</latexit>⌫e
<latexit sha1_base64="YR/gSZb9rK/Cpfg9tJj8ZpHc79I=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9RjQg8cI5gHZJcxOJsmQmdl1HoGw5Du8eFDEqx/jzb9xkuxBEwsaiqpuurvilDNtfP/bW1ldW9/YLGwVt3d29/ZLB4cNnVhFaJ0kPFGtGGvKmaR1wwynrVRRLGJOm/Hwduo3R1RplshHM05pJHBfsh4j2DgpCmOsslDaSScUtlMq+xV/BrRMgpyUIUetU/oKuwmxgkpDONa6HfipiTKsDCOcToqh1TTFZIj7tO2oxILqKJsdPUGnTumiXqJcSYNm6u+JDAutxyJ2nQKbgV70puJ/Xtua3k2UMZlaQyWZL+pZjkyCpgmgLlOUGD52BBPF3K2IDLDCxLicii6EYPHlZdI4rwRXlYuHy3L1Lo+jAMdwAmcQwDVU4R5qUAcCT/AMr/DmjbwX7937mLeuePnMEfyB9/kDPC6Saw==</latexit>
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Violent and Energetic Universe

2011.03545 
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A complex and interconnected ecosystem: 

Understanding it could shed light on the most violent processes in the Universe,  
and on New Physics yet to be discovered…

https://arxiv.org/abs/2011.03545
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<latexit sha1_base64="w12xYUAQZjpmRkeBcWAc5D+AqYk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+qfvnQqDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AECVo46</latexit>�

<latexit sha1_base64="p413KC+N8JYiBBEs2dlpNmz7x5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOzS5idTJIhM7PLPISw5C+8eFDEq3/jzb9xkuxBEwsaiqpuurvilDNtfP/bK6ysrq1vFDdLW9s7u3vl/YOmTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0O/VbT1RplsgHM05pJPBAsj4j2DjpcdjNQmFDaSfdcsWv+jOgZRLkpAI56t3yV9hLiBVUGsKx1p3AT02UYWUY4XRSCq2mKSYjPKAdRyUWVEfZ7OIJOnFKD/UT5UoaNFN/T2RYaD0WsesU2Az1ojcV//M61vSvo4zJ1BoqyXxR33JkEjR9H/WYosTwsSOYKOZuRWSIFSbGhVRyIQSLLy+T5lk1uKye319Uajd5HEU4gmM4hQCuoAZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AP0ZkSI=</latexit>
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Lecture 1 Lecture 2

Gravitational Waves

Dark Matter

The Sun

Supernovae

Quasars/AGN

Pulsars

BH/NS Mergers
<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

<latexit sha1_base64="vaDFcBmgBdLzgr/hOgQR8TpSwCg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCghUVGXRTcuK9gLNLFMppN26MwkzEyEUOqruHGhiFsfxJ1v4zTNQlt/GPj4zzmcM3+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZvXOI5GKxuJeZwkJOBoKGlGMtLH6dpU8+Amv+3WY5AAdx+nbNddxc8Fl8AqogULNvv3lD2KcciI0ZkipnucmOpggqSlmZFrxU0UShMdoSHoGBeJEBZP8+Ck8Ns4ARrE0T2iYu78nJogrlfHQdHKkR2qxNjP/q/VSHV0FEyqSVBOB54uilEEdw1kScEAlwZplBhCW1NwK8QhJhLXJq2JC8Ba/vAztU8e7cM7uzmuN6yKOMjgER+AEeOASNMAtaIIWwCADz+AVvFlP1ov1bn3MW0tWMVMFf2R9/gAYVZMe</latexit>

e±, p±, ...

Neutrinos

Charged Cosmic  
Rays

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�Gamma rays
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Reading Suggestions

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

Lectures on Astroparticle Physics, Günter Sigl, hep-ph/0408165 (2004) 

Introduction to Cosmic Rays, Peter Biermann & Günter Sigl, astro-ph/0202425 (2002) 

An Introduction to Particle Dark Matter, Stefano Profumo, Leonardo Giani & Oliver F. Piattella, 
arXiv:1910.05610 (2019) 

The basic physics of the binary black hole merger GW150914, LIGO & Virgo Collaborations, 
arXiv:1608.01940 (2016) 

Check arXiv, and summaries on popular blogs like Sunny Vagnozzi’s HisDarkCMB or Mauricio 
Bustamante’s Daily arXiv Picks! 

Feel free to email me at kavanagh@ifca.unican.es!

Slides here: bradkav.net/talks

https://doi.org/10.2991/978-94-6239-243-4
https://arxiv.org/abs/hep-ph/0408165
https://arxiv.org/abs/astro-ph/0202425
https://arxiv.org/abs/1910.05610
https://arxiv.org/abs/1608.01940
https://arxiv.org
https://www.sunnyvagnozzi.com/blog
https://mbustamante.net/my-daily-arxiv-picks/
mailto:kavanagh@ifca.unican.es
http://bradkav.net/talks
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Additional Slides



Voyager 1 - launched 1977, 
crossed heliopause 2012 

Voyager 2 - launched 1977,  
crossed heliopause 2018

34

Voyager (and solar modulation)

arXiv:1612.07698 

Credit: NASA/JPL/Ed Stone
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https://arxiv.org/abs/1612.07698
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Origin of ultra high energy neutrinos?

[1710.01191]

Flavour composition can hint at how astrophysical neutrinos are produced:

<latexit sha1_base64="d3AuLtKmlqbkL40b3nxqtdEy1RA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklU1GNBDx4rmLbQ1rLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Swtr6yurRc2iptb2zu7pb39uo5TxdBnsYhVM6AaBZfoG24ENhOFNAoENoLhzcRvPKHSPJYPZpRgJ6J9yUPOqLGS307442m3VHYr7hRkkXg5KUOOWrf01e7FLI1QGiao1i3PTUwno8pwJnBcbKcaE8qGtI8tSyWNUHey6bFjcmyVHgljZUsaMlV/T2Q00noUBbYzomag572J+J/XSk143cm4TFKDks0WhakgJiaTz0mPK2RGjCyhTHF7K2EDqigzNp+iDcGbf3mR1M8q3mXl/P6iXL3N4yjAIRzBCXhwBVW4gxr4wIDDM7zCmyOdF+fd+Zi1Ljn5zAH8gfP5A29AjnQ=</latexit>

⇡+

<latexit sha1_base64="SkVhHfYvIRoDcwrmT0GAYxaomLE=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY0IPHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYT6JOaxaodYU84k9Q0znLYTRbEIOW2Fo5up33qiSrNYPphxQgOBB5JFjGBjJb8r0sezXrniVt0Z0DLxclKBHI1e+avbj0kqqDSEY607npuYIMPKMMLppNRNNU0wGeEB7VgqsaA6yGbHTtCJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66Qmug4yJpPUUEnmi6KUIxOj6eeozxQlho8twUQxeysiQ6wwMTafkg3BW3x5mTTPq95ltXZ/Uanf5nEU4QiO4RQ8uII63EEDfCDA4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gB88459</latexit>

µ+

<latexit sha1_base64="cpMZCqW77J+g0UHEeaAOapKBTlo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0G9OAxonlAsobZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSwfzDBBP6I9yUPOqLHSPT6edIolt+xOQBaJNyMlmKHaKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOiJHVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhFd+xmWSGpRsuihMBTExGf9NulwhM2JoCWWK21sJ61NFmbHpFGwI3vzLi6R+WvYuymd356XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNEc6L8+58TFtzzmxmH/7A+fwB50iNkA==</latexit>

e+
<latexit sha1_base64="Tn0O65TVBMzJ+Jte0cWRUAcLN58=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMCaQXcLsZDYZMjO7zEMISz7CiwdFvPo93vwbJ8keNLGgoajqprsrzjjTxve/vdLK6tr6RnmzsrW9s7tX3T941KlVhLZIylPVibGmnEnaMsxw2skUxSLmtB2PbqZ++4kqzVL5YMYZjQQeSJYwgo2T2qG0vVDYXrXm1/0Z0DIJClKDAs1e9Svsp8QKKg3hWOtu4GcmyrEyjHA6qYRW0wyTER7QrqMSC6qjfHbuBJ04pY+SVLmSBs3U3xM5FlqPRew6BTZDvehNxf+8rjXJdZQzmVlDJZkvSixHJkXT31GfKUoMHzuCiWLuVkSGWGFiXEIVF0Kw+PIyeTyrB5f18/uLWuO2iKMMR3AMpxDAFTTgDprQAgIjeIZXePMy78V79z7mrSWvmDmEP/A+fwBvJI+m</latexit>⌫µ

<latexit sha1_base64="WTEWP2YY9T36wz1Jy5BXcVrEP/o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf/gUSeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzkd2XWw1615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroOci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXiaPZ3Xvsn5+f1Fr3BZxlOEIjuEUPLiCBtxBE3xgwOEZXuHNkc6L8+58zFtLTjFzCH/gfP4A1+eOuQ==</latexit>⌫e
<latexit sha1_base64="YR/gSZb9rK/Cpfg9tJj8ZpHc79I=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9RjQg8cI5gHZJcxOJsmQmdl1HoGw5Du8eFDEqx/jzb9xkuxBEwsaiqpuurvilDNtfP/bW1ldW9/YLGwVt3d29/ZLB4cNnVhFaJ0kPFGtGGvKmaR1wwynrVRRLGJOm/Hwduo3R1RplshHM05pJHBfsh4j2DgpCmOsslDaSScUtlMq+xV/BrRMgpyUIUetU/oKuwmxgkpDONa6HfipiTKsDCOcToqh1TTFZIj7tO2oxILqKJsdPUGnTumiXqJcSYNm6u+JDAutxyJ2nQKbgV70puJ/Xtua3k2UMZlaQyWZL+pZjkyCpgmgLlOUGD52BBPF3K2IDLDCxLicii6EYPHlZdI4rwRXlYuHy3L1Lo+jAMdwAmcQwDVU4R5qUAcCT/AMr/DmjbwX7937mLeuePnMEfyB9/kDPC6Saw==</latexit>

⌫̄µ

E.g. decay of energetic pions:

Oscillation should lead to a 1:1:1 ratio 
at IceCube…

https://arxiv.org/abs/1710.01191

