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Who am I?

APS Physics

https://physics.aps.org/authors/francesca_calore


What is astroparticle physics?
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Observations Tools/Methods

Particle Physics

Astrophysics/Cosmology

 C. FAUCHER-GIGUÈRE, A. LIDZ, AND L. HERNQUIST, SCIENCE 319, 5859 (47)
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Observations Tools/Methods

Particle Physics

Astrophysics/Cosmology

 C. FAUCHER-GIGUÈRE, A. LIDZ, AND L. HERNQUIST, SCIENCE 319, 5859 (47)
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Particle Astrophysics
Plan of the lectures

• Particles from the sky: Detection 
techniques and observations 

• Charged cosmic rays: production and 
origin  

• Gamma rays and neutrinos 
• The multi-messenger connection  
• Probing exotic physics with astroparticle 

observations

Credit: NBI IceCube

Complemented by Cosmology (D. Alonso), Dark Matter (A. Green), 
BSM Physics (V. Sanz) and Gravitational Waves (C. Sopuerta) lectures
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https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/
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Some reading material

M. Longair, High energy astrophysics, Cambridge Univ. Press (2012)

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

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

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


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


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


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

Energy scales 

[Natural units: c = kB = h-bar = 1]
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Galactic and extragalactic environments

Extremely rarefied densities of matter 

Very large distances and spatial scales 

Very long timescales 

Magnetised environment. 1 cm�3
<latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit><latexit sha1_base64="8+08MIbL2nYmP6RypiGsyCTKOdA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPGhJVNBj0YvHCvYDmlg220m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAbXY7/5AFKxOLrTwwR8QXoRCxkl2kgde8/joJRiArvYO8aeFJiK++zkbNSxy07FmQDPEzcnZZSj1rG/vG5MUwGRppwo1XadRPsZkZpRDqOSlypICB2QHrQNjYgA5WeTF0b40ChdHMbSVKTxRP09kRGh1FAEplMQ3Vez3lj8z2unOrz0MxYlqYaITheFKcc6xuM8cJdJoJoPDSFUMnMrpn0iCdUmtZIJwZ19eZ40TiuuU3Fvz8vVqzyOItpHB+gIuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxbS1Y+cwu+gPr8wcrPpX7</latexit>

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

Several kpc

100s Mpc or Gpc

~230 Myr 
one solar orbit 

~14 Gyr 
age of the universe

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

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

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

From Auger Education

[Conversion algorithms in Astropy]

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

Total Mass => ~2 x 1012 MSun 

DGC ~8.5 kpc 
RMW ~15 kpc 

RDM ~300 kpc

https://auger.org/education/Auger%20Education/galacticcoordinates.html
https://docs.astropy.org/en/stable/coordinates/index.html#module-%20astropy.coordinateshttps://docs.astropy.org/en/stable/coordinates/index.html%23module-%20astropy.coordinates
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Cosmic rays: Experimental milestones
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The all-particle flux of cosmic rays

Credit: S. Lafebre

• 13 decades in energy; 30 decades in flux! 
• Quite featureless spectrum, almost perfect power-law 

with index about -3 
• Two main features, i.e. softening at 3 x1015eV (knee) and 

hardening at 5x1018 eV (ankle) reflect changes in CR 
behaviour (sources, propagation, etc) 

• Rather isotropic distribution in arrival directions (< 0.1%)

Cosmic rays: The all-particle flux



13

The all-particle flux of cosmic rays

Credit: S. Lafebre

Cosmic rays: The all-particle flux

Direct detection 

Indirect detection 

How do we measure them?

• 13 decades in energy; 30 decades in flux! 
• Quite featureless spectrum, almost perfect power-law 

with index about -3 
• Two main features, i.e. softening at 3 x1015eV (knee) and 

hardening at 5x1018 eV (ankle) reflect changes in CR 
behaviour (sources, propagation, etc) 

• Rather isotropic distribution in arrival directions (< 0.1%)
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Cosmic-ray direct and 
indirect measurements

V. Hess  
Nobel Prize 

in 1936

or underwater/ice detectors

Direct detection  
• Below few tens of TeV 
• High statistics 
• CRs absorbed in the upper atmosphere  
• Direct measurements in space possible with 

magnetic spectrometers (Q and p) and/or 
calorimeters (E)

Indirect detection  
• Above tens of TeV 
• Very much reduced statistics 
• CRs penetrating to the ground thanks to 

extensive air showers 
• Indirect measurements with long-lived large 

instruments deployed at Earth

Spiro, Auburn & Palanque-Delabrouille, Survey in High-energy Physics (2000)

https://www.researchgate.net/publication/253361450_Review_on_experimental_particle_astrophysics
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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±

15

Cosmic-ray detection in space
Fermi-LAT (2008-)

AMS (2011-)

Particle mass via 
Lorentz factor

Time difference, 
velocity
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Cosmic-ray detection on the ground

7

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)

Bietenholz, arxiv:1305.1346

https://arxiv.org/abs/1305.1346
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Gamma rays vs charged cosmic rays

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

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

� ⌘
Z

⇢(`)d` ⇠ 35 g/cm2

<latexit sha1_base64="FbVjhBBRB6T/gWjchq04yxKYT9M="></latexit><latexit sha1_base64="FbVjhBBRB6T/gWjchq04yxKYT9M="></latexit><latexit sha1_base64="FbVjhBBRB6T/gWjchq04yxKYT9M="></latexit><latexit sha1_base64="FbVjhBBRB6T/gWjchq04yxKYT9M="></latexit>

Grammage: characteristic depth to produce pair 

Semi-analytical model for QED showers (Heitler model)

X = n�
<latexit sha1_base64="XKyG1GsJpSYybwws9goCzrpwZVw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoBuh6MZlBfuAdiiZzJ02NJMZk0yhlH6HGxeKuPVj3Pk3pu0stPVA4HDOPdybE6SCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJv5rREqzRP5aMYp+jHtSx5xRo2V/Da5IZJ0hQ2EtFeuuFV3DrJKvJxUIEe9V/7qhgnLYpSGCap1x3NT40+oMpwJnJa6mcaUsiHtY8dSSWPU/mR+9JScWSUkUaLsk4bM1d+JCY21HseBnYypGehlbyb+53UyE137Ey7TzKBki0VRJohJyKwBEnKFzIixJZQpbm8lbEAVZcb2VLIleMtfXiXNi6rnVr2Hy0rtNq+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJwX5935WIwWnDxzDH/gfP4AQg6RHA==</latexit><latexit sha1_base64="XKyG1GsJpSYybwws9goCzrpwZVw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoBuh6MZlBfuAdiiZzJ02NJMZk0yhlH6HGxeKuPVj3Pk3pu0stPVA4HDOPdybE6SCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJv5rREqzRP5aMYp+jHtSx5xRo2V/Da5IZJ0hQ2EtFeuuFV3DrJKvJxUIEe9V/7qhgnLYpSGCap1x3NT40+oMpwJnJa6mcaUsiHtY8dSSWPU/mR+9JScWSUkUaLsk4bM1d+JCY21HseBnYypGehlbyb+53UyE137Ey7TzKBki0VRJohJyKwBEnKFzIixJZQpbm8lbEAVZcb2VLIleMtfXiXNi6rnVr2Hy0rtNq+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJwX5935WIwWnDxzDH/gfP4AQg6RHA==</latexit><latexit sha1_base64="XKyG1GsJpSYybwws9goCzrpwZVw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoBuh6MZlBfuAdiiZzJ02NJMZk0yhlH6HGxeKuPVj3Pk3pu0stPVA4HDOPdybE6SCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJv5rREqzRP5aMYp+jHtSx5xRo2V/Da5IZJ0hQ2EtFeuuFV3DrJKvJxUIEe9V/7qhgnLYpSGCap1x3NT40+oMpwJnJa6mcaUsiHtY8dSSWPU/mR+9JScWSUkUaLsk4bM1d+JCY21HseBnYypGehlbyb+53UyE137Ey7TzKBki0VRJohJyKwBEnKFzIixJZQpbm8lbEAVZcb2VLIleMtfXiXNi6rnVr2Hy0rtNq+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJwX5935WIwWnDxzDH/gfP4AQg6RHA==</latexit><latexit sha1_base64="XKyG1GsJpSYybwws9goCzrpwZVw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoBuh6MZlBfuAdiiZzJ02NJMZk0yhlH6HGxeKuPVj3Pk3pu0stPVA4HDOPdybE6SCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJv5rREqzRP5aMYp+jHtSx5xRo2V/Da5IZJ0hQ2EtFeuuFV3DrJKvJxUIEe9V/7qhgnLYpSGCap1x3NT40+oMpwJnJa6mcaUsiHtY8dSSWPU/mR+9JScWSUkUaLsk4bM1d+JCY21HseBnYypGehlbyb+53UyE137Ey7TzKBki0VRJohJyKwBEnKFzIixJZQpbm8lbEAVZcb2VLIleMtfXiXNi6rnVr2Hy0rtNq+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJwX5935WIwWnDxzDH/gfP4AQg6RHA==</latexit>

N(X) = 2n = 2X/�
<latexit sha1_base64="8aJv4ytJfeHLzWcmMlh6BwaWjlY=">AAACA3icbVDNSgMxGPy2/tX6V/Wml2AR6qXuFkEvQtGLJ6lg24V2Ldls2oZms0uSFcpS8OKrePGgiFdfwptvY9ruQasDCcPMNyTf+DFnStv2l5VbWFxaXsmvFtbWNza3its7TRUlktAGiXgkXR8rypmgDc00p24sKQ59Tlv+8HLit+6pVCwSt3oUUy/EfcF6jGBtpG5x77rsHqFzVL0T0zt1jzvcxAM87hZLdsWeAv0lTkZKkKHeLX52gogkIRWacKxU27Fj7aVYakY4HRc6iaIxJkPcp21DBQ6p8tLpDmN0aJQA9SJpjtBoqv5MpDhUahT6ZjLEeqDmvYn4n9dOdO/MS5mIE00FmT3USzjSEZoUggImKdF8ZAgmkpm/IjLAEhNtaiuYEpz5lf+SZrXi2BXn5qRUu8jqyMM+HEAZHDiFGlxBHRpA4AGe4AVerUfr2Xqz3mejOSvL7MIvWB/fUReVag==</latexit><latexit sha1_base64="8aJv4ytJfeHLzWcmMlh6BwaWjlY=">AAACA3icbVDNSgMxGPy2/tX6V/Wml2AR6qXuFkEvQtGLJ6lg24V2Ldls2oZms0uSFcpS8OKrePGgiFdfwptvY9ruQasDCcPMNyTf+DFnStv2l5VbWFxaXsmvFtbWNza3its7TRUlktAGiXgkXR8rypmgDc00p24sKQ59Tlv+8HLit+6pVCwSt3oUUy/EfcF6jGBtpG5x77rsHqFzVL0T0zt1jzvcxAM87hZLdsWeAv0lTkZKkKHeLX52gogkIRWacKxU27Fj7aVYakY4HRc6iaIxJkPcp21DBQ6p8tLpDmN0aJQA9SJpjtBoqv5MpDhUahT6ZjLEeqDmvYn4n9dOdO/MS5mIE00FmT3USzjSEZoUggImKdF8ZAgmkpm/IjLAEhNtaiuYEpz5lf+SZrXi2BXn5qRUu8jqyMM+HEAZHDiFGlxBHRpA4AGe4AVerUfr2Xqz3mejOSvL7MIvWB/fUReVag==</latexit><latexit sha1_base64="8aJv4ytJfeHLzWcmMlh6BwaWjlY=">AAACA3icbVDNSgMxGPy2/tX6V/Wml2AR6qXuFkEvQtGLJ6lg24V2Ldls2oZms0uSFcpS8OKrePGgiFdfwptvY9ruQasDCcPMNyTf+DFnStv2l5VbWFxaXsmvFtbWNza3its7TRUlktAGiXgkXR8rypmgDc00p24sKQ59Tlv+8HLit+6pVCwSt3oUUy/EfcF6jGBtpG5x77rsHqFzVL0T0zt1jzvcxAM87hZLdsWeAv0lTkZKkKHeLX52gogkIRWacKxU27Fj7aVYakY4HRc6iaIxJkPcp21DBQ6p8tLpDmN0aJQA9SJpjtBoqv5MpDhUahT6ZjLEeqDmvYn4n9dOdO/MS5mIE00FmT3USzjSEZoUggImKdF8ZAgmkpm/IjLAEhNtaiuYEpz5lf+SZrXi2BXn5qRUu8jqyMM+HEAZHDiFGlxBHRpA4AGe4AVerUfr2Xqz3mejOSvL7MIvWB/fUReVag==</latexit><latexit sha1_base64="8aJv4ytJfeHLzWcmMlh6BwaWjlY=">AAACA3icbVDNSgMxGPy2/tX6V/Wml2AR6qXuFkEvQtGLJ6lg24V2Ldls2oZms0uSFcpS8OKrePGgiFdfwptvY9ruQasDCcPMNyTf+DFnStv2l5VbWFxaXsmvFtbWNza3its7TRUlktAGiXgkXR8rypmgDc00p24sKQ59Tlv+8HLit+6pVCwSt3oUUy/EfcF6jGBtpG5x77rsHqFzVL0T0zt1jzvcxAM87hZLdsWeAv0lTkZKkKHeLX52gogkIRWacKxU27Fj7aVYakY4HRc6iaIxJkPcp21DBQ6p8tLpDmN0aJQA9SJpjtBoqv5MpDhUahT6ZjLEeqDmvYn4n9dOdO/MS5mIE00FmT3USzjSEZoUggImKdF8ZAgmkpm/IjLAEhNtaiuYEpz5lf+SZrXi2BXn5qRUu8jqyMM+HEAZHDiFGlxBHRpA4AGe4AVerUfr2Xqz3mejOSvL7MIvWB/fUReVag==</latexit>

hEi = E0/2
n

<latexit sha1_base64="pYtScqDkEZskyY5Vo6N1gza8XNA=">AAACBHicbZDLSsNAFIZP6q3WW9VlN4NFcFWTIuhGKErBZQV7gSaWyXTSDp1MwsxEKKELN76KGxeKuPUh3Pk2TtsstPXAwMf/n8OZ8/sxZ0rb9reVW1ldW9/Ibxa2tnd294r7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt+6Prqd9+oFKxSNzpcUy9EA8ECxjB2ki9YsnlWAw4RXXkyjldonrPPq3eG7dsV+xZoWVwMihDVo1e8cvtRyQJqdCEY6W6jh1rL8VSM8LppOAmisaYjPCAdg0KHFLlpbMjJujYKH0URNI8odFM/T2R4lCpceibzhDroVr0puJ/XjfRwYWXMhEnmgoyXxQkHOkITRNBfSYp0XxsABPJzF8RGWKJiTa5FUwIzuLJy9CqVhy74tyelWtXWRx5KMERnIAD51CDG2hAEwg8wjO8wpv1ZL1Y79bHvDVnZTOH8Keszx8BXJZg</latexit><latexit sha1_base64="pYtScqDkEZskyY5Vo6N1gza8XNA=">AAACBHicbZDLSsNAFIZP6q3WW9VlN4NFcFWTIuhGKErBZQV7gSaWyXTSDp1MwsxEKKELN76KGxeKuPUh3Pk2TtsstPXAwMf/n8OZ8/sxZ0rb9reVW1ldW9/Ibxa2tnd294r7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt+6Prqd9+oFKxSNzpcUy9EA8ECxjB2ki9YsnlWAw4RXXkyjldonrPPq3eG7dsV+xZoWVwMihDVo1e8cvtRyQJqdCEY6W6jh1rL8VSM8LppOAmisaYjPCAdg0KHFLlpbMjJujYKH0URNI8odFM/T2R4lCpceibzhDroVr0puJ/XjfRwYWXMhEnmgoyXxQkHOkITRNBfSYp0XxsABPJzF8RGWKJiTa5FUwIzuLJy9CqVhy74tyelWtXWRx5KMERnIAD51CDG2hAEwg8wjO8wpv1ZL1Y79bHvDVnZTOH8Keszx8BXJZg</latexit><latexit sha1_base64="pYtScqDkEZskyY5Vo6N1gza8XNA=">AAACBHicbZDLSsNAFIZP6q3WW9VlN4NFcFWTIuhGKErBZQV7gSaWyXTSDp1MwsxEKKELN76KGxeKuPUh3Pk2TtsstPXAwMf/n8OZ8/sxZ0rb9reVW1ldW9/Ibxa2tnd294r7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt+6Prqd9+oFKxSNzpcUy9EA8ECxjB2ki9YsnlWAw4RXXkyjldonrPPq3eG7dsV+xZoWVwMihDVo1e8cvtRyQJqdCEY6W6jh1rL8VSM8LppOAmisaYjPCAdg0KHFLlpbMjJujYKH0URNI8odFM/T2R4lCpceibzhDroVr0puJ/XjfRwYWXMhEnmgoyXxQkHOkITRNBfSYp0XxsABPJzF8RGWKJiTa5FUwIzuLJy9CqVhy74tyelWtXWRx5KMERnIAD51CDG2hAEwg8wjO8wpv1ZL1Y79bHvDVnZTOH8Keszx8BXJZg</latexit><latexit sha1_base64="pYtScqDkEZskyY5Vo6N1gza8XNA=">AAACBHicbZDLSsNAFIZP6q3WW9VlN4NFcFWTIuhGKErBZQV7gSaWyXTSDp1MwsxEKKELN76KGxeKuPUh3Pk2TtsstPXAwMf/n8OZ8/sxZ0rb9reVW1ldW9/Ibxa2tnd294r7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt+6Prqd9+oFKxSNzpcUy9EA8ECxjB2ki9YsnlWAw4RXXkyjldonrPPq3eG7dsV+xZoWVwMihDVo1e8cvtRyQJqdCEY6W6jh1rL8VSM8LppOAmisaYjPCAdg0KHFLlpbMjJujYKH0URNI8odFM/T2R4lCpceibzhDroVr0puJ/XjfRwYWXMhEnmgoyXxQkHOkITRNBfSYp0XxsABPJzF8RGWKJiTa5FUwIzuLJy9CqVhy74tyelWtXWRx5KMERnIAD51CDG2hAEwg8wjO8wpv1ZL1Y79bHvDVnZTOH8Keszx8BXJZg</latexit>

Ec ⇠ 80MeV
<latexit sha1_base64="ZC08lFpdiR7adDvx47ROHJua3kw=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlEcEeiyJ4ESrYD2hC2Gwn7dLdJOxuhFJ78K948aCIV/+GN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbRWWlldW14rrpY3Nre0de3evqZJMUmjQhCeyHRIFnMXQ0ExzaKcSiAg5tMLB1cRvPYBULInv9TAFX5BezCJGiTZSYB9cBxR7iglcdbB3ij0p8C00A7vsVJwp8CJxc1JGOeqB/eV1E5oJiDXlRKmO66TaHxGpGeUwLnmZgpTQAelBx9CYCFD+aHr/GB8bpYujRJqKNZ6qvydGRCg1FKHpFET31bw3Ef/zOpmOqv6IxWmmIaazRVHGsU7wJAzcZRKo5kNDCJXM3Ippn0hCtYmsZEJw519eJM2ziutU3Lvzcu0yj6OIDtEROkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8Ac8WlAY=</latexit><latexit sha1_base64="ZC08lFpdiR7adDvx47ROHJua3kw=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlEcEeiyJ4ESrYD2hC2Gwn7dLdJOxuhFJ78K948aCIV/+GN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbRWWlldW14rrpY3Nre0de3evqZJMUmjQhCeyHRIFnMXQ0ExzaKcSiAg5tMLB1cRvPYBULInv9TAFX5BezCJGiTZSYB9cBxR7iglcdbB3ij0p8C00A7vsVJwp8CJxc1JGOeqB/eV1E5oJiDXlRKmO66TaHxGpGeUwLnmZgpTQAelBx9CYCFD+aHr/GB8bpYujRJqKNZ6qvydGRCg1FKHpFET31bw3Ef/zOpmOqv6IxWmmIaazRVHGsU7wJAzcZRKo5kNDCJXM3Ippn0hCtYmsZEJw519eJM2ziutU3Lvzcu0yj6OIDtEROkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8Ac8WlAY=</latexit><latexit sha1_base64="ZC08lFpdiR7adDvx47ROHJua3kw=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlEcEeiyJ4ESrYD2hC2Gwn7dLdJOxuhFJ78K948aCIV/+GN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbRWWlldW14rrpY3Nre0de3evqZJMUmjQhCeyHRIFnMXQ0ExzaKcSiAg5tMLB1cRvPYBULInv9TAFX5BezCJGiTZSYB9cBxR7iglcdbB3ij0p8C00A7vsVJwp8CJxc1JGOeqB/eV1E5oJiDXlRKmO66TaHxGpGeUwLnmZgpTQAelBx9CYCFD+aHr/GB8bpYujRJqKNZ6qvydGRCg1FKHpFET31bw3Ef/zOpmOqv6IxWmmIaazRVHGsU7wJAzcZRKo5kNDCJXM3Ippn0hCtYmsZEJw519eJM2ziutU3Lvzcu0yj6OIDtEROkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8Ac8WlAY=</latexit><latexit sha1_base64="ZC08lFpdiR7adDvx47ROHJua3kw=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8CAlEcEeiyJ4ESrYD2hC2Gwn7dLdJOxuhFJ78K948aCIV/+GN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbRWWlldW14rrpY3Nre0de3evqZJMUmjQhCeyHRIFnMXQ0ExzaKcSiAg5tMLB1cRvPYBULInv9TAFX5BezCJGiTZSYB9cBxR7iglcdbB3ij0p8C00A7vsVJwp8CJxc1JGOeqB/eV1E5oJiDXlRKmO66TaHxGpGeUwLnmZgpTQAelBx9CYCFD+aHr/GB8bpYujRJqKNZ6qvydGRCg1FKHpFET31bw3Ef/zOpmOqv6IxWmmIaazRVHGsU7wJAzcZRKo5kNDCJXM3Ippn0hCtYmsZEJw519eJM2ziutU3Lvzcu0yj6OIDtEROkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8Ac8WlAY=</latexit>

Nmax = E0/Ec
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@ Xmax

Matthews, Astrop. Phys’05

https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract
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Gamma rays vs charged cosmic rays

6

Gamma rays vs Charged Cosmic rays

Credit: Matthews (2005)1510.05675
~5 km
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Gamma rays vs Charged Cosmic rays

Credit: Matthews (2005)1510.05675
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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

0Matthews, Astrop. Phys’05

https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract


19

Neutrino detection on the ground
Optical Cherenkov Telescopes: Separate charged particles directions through Cherenkov light (Markov, 1960) 

New idea: Giant Radio Array for Neutrino Detection, GRAND, look for coherent 
radio emission of air showers produced by Earth-skimming tau neutrinos with 
horizontal-shower optimised antennas. Martineau-Huynh et al., EPJ Web of Conference 116 (2016) 03005

https://grand.cnrs.fr/
https://arxiv.org/abs/1508.01919
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GZK cut-off
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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

Cosmic-ray horizon: proton-pion production
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Cosmic-ray horizon: pair production
Bartos&Kowalski, Mutimessenger Astronomy

Nikishow’62, 
Gould&Shreder’67, 
Stecker+ ‘92

https://iopscience.iop.org/book/mono/978-0-7503-1369-8/chapter/bk978-0-7503-1369-8ch1.pdf


Cosmic-ray sources 
and transport

22
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Cosmic-ray in regular B-field
dp

dt
= qE+ q
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pz = const

vx = v0cos(⌦t)

vy = v0sin(⌦t)
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Solutions (no electric field): 

Larmor radius

µ = pz/p
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R = p/q [GV]
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Larmor frequency
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Cosmic-ray in perturbed B-field
Small-scale stochastic perturbations

dp

dt
= q

v

c
⇥ (B+ �B)
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Changes x and y component 
of the momentum 

Changes only the 
direction of pz

µ = pz/p
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Cosmic-ray in perturbed B-field
Small-scale stochastic perturbations

Diffusive process 
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Cosmic-ray in perturbed B-field
Small-scale stochastic perturbations

Collisionless Diffusion 
[i.e. scattering on inhomogeneities of 

the magnetic field]

Credit: P.D.Serpico

Diffusion coefficient 
Describes the random change of the 

pitch angle 
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CR propagation in phase space

Phase-space density of CR

Similar to Liouville equation  
Describes the collisionless aspects of CR acceleration and transport
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Phase-space density of CR

Similar to Liouville equation  
Describes the collisionless aspects of CR acceleration and transport

Collisional aspects account for particle generation/absorption, secondary particle production, etc

CR propagation in phase space
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Phase-space density of CR

CR propagation in phase space

Spectral intensity 
and density
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CR diffusion in phase space

Kij spatial diffusion tensor

Adding a source term Q (1D)

E.g. “Leaky box” model for Galactic 
propagation

Q = 2q0(p)h�(z)
<latexit sha1_base64="EeohD7uCr3aTqy+fyRt9pwr4xe0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR2k1JiqAboejGZQv2AW0Ik8lNO3TycGYi1NCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPl3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqKLRozGPR9YgEziJoKaY4dBMBJPQ4dLzRzdTvPICQLI7u1DgBJySDiAWMEqUl1zxu4itcu3etclLBQ9z3gStSfqy4ZsmqWjPgZWLnpIRyNFzzq+/HNA0hUpQTKXu2lSgnI0IxymFS7KcSEkJHZAA9TSMSgnSy2QMTfKYVHwex0BUpPFN/T2QklHIcerozJGooF72p+J/XS1Vw6WQsSlIFEZ0vClKOVYynaWCfCaCKjzUhVDB9K6ZDIghVOrOiDsFefHmZtGtV26razfNS/TqPo4BO0CkqIxtdoDq6RQ3UQhRN0DN6RW/Gk/FivBsf89YVI585Qn9gfP4AG1SUKw==</latexit><latexit sha1_base64="EeohD7uCr3aTqy+fyRt9pwr4xe0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR2k1JiqAboejGZQv2AW0Ik8lNO3TycGYi1NCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPl3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqKLRozGPR9YgEziJoKaY4dBMBJPQ4dLzRzdTvPICQLI7u1DgBJySDiAWMEqUl1zxu4itcu3etclLBQ9z3gStSfqy4ZsmqWjPgZWLnpIRyNFzzq+/HNA0hUpQTKXu2lSgnI0IxymFS7KcSEkJHZAA9TSMSgnSy2QMTfKYVHwex0BUpPFN/T2QklHIcerozJGooF72p+J/XS1Vw6WQsSlIFEZ0vClKOVYynaWCfCaCKjzUhVDB9K6ZDIghVOrOiDsFefHmZtGtV26razfNS/TqPo4BO0CkqIxtdoDq6RQ3UQhRN0DN6RW/Gk/FivBsf89YVI585Qn9gfP4AG1SUKw==</latexit><latexit sha1_base64="EeohD7uCr3aTqy+fyRt9pwr4xe0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR2k1JiqAboejGZQv2AW0Ik8lNO3TycGYi1NCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPl3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqKLRozGPR9YgEziJoKaY4dBMBJPQ4dLzRzdTvPICQLI7u1DgBJySDiAWMEqUl1zxu4itcu3etclLBQ9z3gStSfqy4ZsmqWjPgZWLnpIRyNFzzq+/HNA0hUpQTKXu2lSgnI0IxymFS7KcSEkJHZAA9TSMSgnSy2QMTfKYVHwex0BUpPFN/T2QklHIcerozJGooF72p+J/XS1Vw6WQsSlIFEZ0vClKOVYynaWCfCaCKjzUhVDB9K6ZDIghVOrOiDsFefHmZtGtV26razfNS/TqPo4BO0CkqIxtdoDq6RQ3UQhRN0DN6RW/Gk/FivBsf89YVI585Qn9gfP4AG1SUKw==</latexit><latexit sha1_base64="EeohD7uCr3aTqy+fyRt9pwr4xe0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR2k1JiqAboejGZQv2AW0Ik8lNO3TycGYi1NCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPl3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqKLRozGPR9YgEziJoKaY4dBMBJPQ4dLzRzdTvPICQLI7u1DgBJySDiAWMEqUl1zxu4itcu3etclLBQ9z3gStSfqy4ZsmqWjPgZWLnpIRyNFzzq+/HNA0hUpQTKXu2lSgnI0IxymFS7KcSEkJHZAA9TSMSgnSy2QMTfKYVHwex0BUpPFN/T2QklHIcerozJGooF72p+J/XS1Vw6WQsSlIFEZ0vClKOVYynaWCfCaCKjzUhVDB9K6ZDIghVOrOiDsFefHmZtGtV26razfNS/TqPo4BO0CkqIxtdoDq6RQ3UQhRN0DN6RW/Gk/FivBsf89YVI585Qn9gfP4AG1SUKw==</latexit>



31

CR transport equation in 1D

Diffusion: The diffusion coeff icient is typically energy (rigidity) dependent 

Convection/Advection: Spatial transport due to large scale movements like Galactic 
winds. Typically relevant at GeV energies for wind speeds ~10 km/s  

Adiabatic energy losses/gains: Particularly crucial for particles acceleration 

Re-acceleration (not shown): Due to the residual velocity distribution of the waves 
even in the plasma frame, generating a diffusion term in momentum space => Relevant 
only below a few GeV 
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Galactic

Extragalactic

Cosmic-ray sources: Galactic or extragal?

In the Galaxy we observe CR factories up to 
1 TeV = 1012 eV (HESS, VERITAS, MAGIC) 
1 PeV  = 1015 eV(LHAASO)

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

AGN & jets, galaxy clusters, galaxies

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

1. Energetics: 


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

• Gravitational Energy (accretion disks)

• Magnetic (solar flares) 


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


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


4. No significant E-losses

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

e.g. fast rotating B-field in pulsars, shock waves
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Shock acceleration: 1st order Fermi
A shock wave is a propagating disturbance in a medium that moves faster than the local speed 

of sound in the medium, i.e. a mathematical discontinuity


Shock front at z = 0

Particles injected only at the shock

Far from the discontinuity, steady state 
condition in each side of the shock 
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Shock acceleration: 1st order Fermi
A shock wave is a propagating disturbance in a medium that moves faster than the local speed 

of sound in the medium, i.e. a mathematical discontinuity


Shock front at z = 0

Particles injected only at the shock

Far from the discontinuity, steady state 
condition in each side of the shock 

Upstream: Vanishing profile

Downstream:  Constant

Fermi spectrum (in-situ) 
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Confinement condition
The system must be able to contain the particle
 rL . R
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Hillas Plot

Upper limits on the reachable CR energy 
dependent on the size of the acceleration region 

and magnetic field strength

Aartsen+ Advances Space Research '17

Emax . RB0
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https://arxiv.org/abs/1701.03731
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CR accelerators: Supernova remnants

Aharonian+ A&A’07

We see pion bump at GeV energies 
(proton acceleration) 

We see TeV shells (e.g. HESS)

We do not see PeV accelerated 
particles from SNR

[Others: stellar clusters, no indication of a TeV cutoff so far]
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CR accelerators: Supernova remnants
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CR collisional effects
A collision is associated to a catastrophic loss

Mean-free path 
Avg distance travelled in the 
medium of density n before 

interacting

Cross-section of the 
interaction process

Collision rate 

Particle velocity

Optical depth 
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CR collisional effects
If losses are continuous

Loss timescale 
Avg distance travelled in the 
medium of density n before 

interacting Loss rate per unit time

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

https://arxiv.org/abs/1202.5949


41

Synchrotron radiation
A rotating charge is accelerated => An accelerate charge radiates 

Relativistic acceleration 
Synchrotron power

Energy of radiation for a electron CR

Spectrum of an electron population 



42

Inverse Compton emission

Thomson regime
✏i/me ⌧ 1
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Klein-Nishina process: tree-level 
electron photon scattering in QED 
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Inverse Compton emission

Thomson regime
✏i/me ⌧ 1

<latexit sha1_base64="OsBv/SLvT+3mvPqB5NZBPvZjJzY=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrOiKDLohuXFWwtdIYhk55pQ5PMkGSEWoqv4saFIm59D3e+jWk7C239IfDxn3M4J3+ccaaN5307paXlldW18nplY3Nre8fd3WvpNFcUmjTlqWrHRANnEpqGGQ7tTAERMYf7eHA9qd8/gNIslXdmmEEoSE+yhFFirBW5BwFkmnGL7FREgAPOsR+5Va/mTYUXwS+gigo1Ivcr6KY0FyAN5UTrju9lJhwRZRjlMK4EuYaM0AHpQceiJAJ0OJpeP8bH1uniJFX2SYOn7u+JERFaD0VsOwUxfT1fm5j/1Tq5SS7DEZNZbkDS2aIk59ikeBIF7jIF1PChBUIVs7di2ieKUGMDq9gQ/PkvL0LrrOZ7Nf/2vFq/KuIoo0N0hE6Qjy5QHd2gBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3I+fwCCspSW</latexit><latexit sha1_base64="OsBv/SLvT+3mvPqB5NZBPvZjJzY=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrOiKDLohuXFWwtdIYhk55pQ5PMkGSEWoqv4saFIm59D3e+jWk7C239IfDxn3M4J3+ccaaN5307paXlldW18nplY3Nre8fd3WvpNFcUmjTlqWrHRANnEpqGGQ7tTAERMYf7eHA9qd8/gNIslXdmmEEoSE+yhFFirBW5BwFkmnGL7FREgAPOsR+5Va/mTYUXwS+gigo1Ivcr6KY0FyAN5UTrju9lJhwRZRjlMK4EuYaM0AHpQceiJAJ0OJpeP8bH1uniJFX2SYOn7u+JERFaD0VsOwUxfT1fm5j/1Tq5SS7DEZNZbkDS2aIk59ikeBIF7jIF1PChBUIVs7di2ieKUGMDq9gQ/PkvL0LrrOZ7Nf/2vFq/KuIoo0N0hE6Qjy5QHd2gBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3I+fwCCspSW</latexit><latexit sha1_base64="OsBv/SLvT+3mvPqB5NZBPvZjJzY=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrOiKDLohuXFWwtdIYhk55pQ5PMkGSEWoqv4saFIm59D3e+jWk7C239IfDxn3M4J3+ccaaN5307paXlldW18nplY3Nre8fd3WvpNFcUmjTlqWrHRANnEpqGGQ7tTAERMYf7eHA9qd8/gNIslXdmmEEoSE+yhFFirBW5BwFkmnGL7FREgAPOsR+5Va/mTYUXwS+gigo1Ivcr6KY0FyAN5UTrju9lJhwRZRjlMK4EuYaM0AHpQceiJAJ0OJpeP8bH1uniJFX2SYOn7u+JERFaD0VsOwUxfT1fm5j/1Tq5SS7DEZNZbkDS2aIk59ikeBIF7jIF1PChBUIVs7di2ieKUGMDq9gQ/PkvL0LrrOZ7Nf/2vFq/KuIoo0N0hE6Qjy5QHd2gBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3I+fwCCspSW</latexit><latexit sha1_base64="OsBv/SLvT+3mvPqB5NZBPvZjJzY=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrOiKDLohuXFWwtdIYhk55pQ5PMkGSEWoqv4saFIm59D3e+jWk7C239IfDxn3M4J3+ccaaN5307paXlldW18nplY3Nre8fd3WvpNFcUmjTlqWrHRANnEpqGGQ7tTAERMYf7eHA9qd8/gNIslXdmmEEoSE+yhFFirBW5BwFkmnGL7FREgAPOsR+5Va/mTYUXwS+gigo1Ivcr6KY0FyAN5UTrju9lJhwRZRjlMK4EuYaM0AHpQceiJAJ0OJpeP8bH1uniJFX2SYOn7u+JERFaD0VsOwUxfT1fm5j/1Tq5SS7DEZNZbkDS2aIk59ikeBIF7jIF1PChBUIVs7di2ieKUGMDq9gQ/PkvL0LrrOZ7Nf/2vFq/KuIoo0N0hE6Qjy5QHd2gBmoiih7RM3pFb86T8+K8Ox+z1pJTzOyjP3I+fwCCspSW</latexit>

Klein-Nishina process: tree-level 
electron photon scattering in QED 
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GeV — TeV emitters 
HE: curvature radiation from acceleration in magnetosphere 
VHE: IC on low-energy target photons  

LHAASO Observed ~10 PeVatrons  
9 have a bright pulsars associated

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

Leptonic accelerators: Pulsars

Energy

Lu
m

in
os

ity
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The diffusion-loss equation (full 3D)

Continuous energy losses Catastrophic losses 

Energy-loss dominated propagation 
Energy-loss timescales are the shortest ones

�(p) / p�s�`+1
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Cosmic ray composition
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 Credit: M. Aguilar et al. (AMS Collaboration), 2014

Solar 
modulation
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Galactic cosmic rays
E ~ 108 — 1015 eV
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GCR: Composition
Basic indicators of diffuse transport 

STABLE ELEMENTS 
Besides primary species, produced in stellar nucleosynthesis, the average 
interstellar medium hosts a population of secondary particles produced by 

primary fragmentation during propagation

UNSTABLE ELEMENTS 
10B is beta unstable with half-life time of 1.5 Myr 

Production rate similar to other stable nuclei (9Be) 
The ratio 9Be/10Be can be used as a CR clock => residence time in the Galaxy of 

O(100) Myr => DIFFUSIVE propagation 
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GCR: Propagation and diffusion
Secondary-to-primary ratio
Primaries: Produced in source term Q 
Secondaries: Nuclei only produced by spallation during propagation 

Genolini+PRD’19



Gamma rays
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Gamma-ray instruments

IACTs

Differential 5σ point source sensitivities of present and 
future gamma-ray instruments

Knödleser CR Physisque’16

Nina McCurdy and Joel R. Primack/UC-HiPACC
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Gamma-ray instruments

IACTs

Differential 5σ point source sensitivities of present and 
future gamma-ray instruments

Knödleser CR Physisque’16

Nina McCurdy and Joel R. Primack/UC-HiPACC
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Gamma-ray instruments

IACTs

Differential 5σ point source sensitivities of present and 
future gamma-ray instruments

Knödleser CR Physisque’16

Nina McCurdy and Joel R. Primack/UC-HiPACC



Cosmic gamma rays: a short history

First sky-map of gamma rays 

1967-1969


OSO-3 satellite

Kraushaar+ ApJ 1972

1972-1973


SAS-2 1975-1982


COS-B

50 MeV - 10 GeV

Catalog of 25 Galactic sources


Discovery of Crab and Vela PSR 
Swanenburg+ ApJL 1981

1991-2000


EGRET

30 MeV - 30 GeV

271 sources in 3rd catalog

Hartman+ ApJS 1999

2008-present


Fermi-LAT

20 MeV - 300 GeV

Large FoV (2.4 sr)


Excellent angular res. 

(0.1 deg@10 GeV)

Atwood+ ApJ'09
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EGRET (1991-2000) 
30 MeV - 30 GeV

Fermi-LAT (2008-2017) 
20 MeV - 500 GeV

pre-Fermi 9yr Fermi

20 years of cosmic gamma rays
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G. Rybicki and A.P. Lightman, 1979, ’Radiative Processes in Astrophysics’; John Wiley & Sons Inc. M. S. Longair, 2011, ’High Energy Astrophysics’, Cambridge University Press 

Gamma-ray production mechanisms 

• Gamma-ray production follows the acceleration of charged particles, or the decay of exotic 
particles (e.g. dark matter)


• A population of accelerated charged particles in astrophysical sources is required 

• Leptonic gamma rays trace the cosmic-ray electron density and the radiation fields

• Hadronic gamma rays trace the cosmic-ray hadrons, as well as the target gas densities

Multi-wavelength  
emission spectrum 

Credit: C.Armand (PhD Thesis)
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The Fermi-LAT gamma-ray sky
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The Fermi-LAT gamma-ray sky

Galactic diffuse emission
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The Fermi-LAT gamma-ray sky
CR sources
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The Fermi-LAT gamma-ray sky
CR sources

Sun

Source

CR propaga:on
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The Fermi-LAT gamma-ray sky
CR sources

Sun

Source

CR propaga:on

CR interac:ons with gas and radia:on field

�-ray

�-ray

⇡
0 ! ��

ISM

Pion decay

Bremsstrahlung

Inverse Compton

Galac%c diffuse gamma-ray emission (GDE)57



The Fermi-LAT gamma-ray sky
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Fermi-LAT gamma-ray sources
FERMI-LAT FOURTH SOURCE CATALOG (4FGL) 

• 8yr data-set 

• 5064 sources above 4σ significance

• 3130 AGN; 239 pulsars 

Fermi-LAT Collab. ApJS'20
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb


Fermi-LAT gamma-ray sources
FERMI-LAT FOURTH SOURCE CATALOG (4FGL) 

• 8yr data-set 

• 5064 sources above 4σ significance

• 3130 AGN; 239 pulsars 

Fermi-LAT Collab. ApJS'20

Nolan+ ApJS’12
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...31N/abstract
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Fermi-LAT gamma-ray sources
FERMI-LAT FOURTH SOURCE CATALOG (4FGL) 

• 8yr data-set 

• 5064 sources above 4σ significance

• 3130 AGN; 239 pulsars 

• 1336 sources w/o counterparts at other wavelengths

Fermi-LAT Collab. ApJS'20
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb


The pulsars’ revolution 
• Highly magnetised, rotating, compact stars originating from the collapse of 

massive stars

• First sources identified in high-energy gamma-ray astronomy, ’70

• Primarily identified in radio, but radio-quiet gamma-ray pulsars exist 

• Rapid growth of the number of isolated and binary millisecond pulsars 

(MSPs)

P. Ray 8th Fermi Symposium 2019

Caraveo Ann.Rev.Astron.Astrophys. 52 (2014) 211-250
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The Fermi-LAT high-latitude gamma-ray sky

20�
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The Fermi-LAT high-latitude gamma-ray sky

20�

/ E�2.3 EBL

Isotropic diffuse gamma-ray background (IGRB)

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

The origin of the IGRB

63
[Degeneracy can be broken by combining anisotropy and X-correlation measurements, e.g. Ammazzalorso+PRD’18]

Blazars

MAGN

SF galaxies

PSR

Dark matter

UHECR

Galaxy clusters



1. Fermi Bubbles
Two transformative discoveries

• Discovery of previously unseen structure centered in the Galactic center

• Multi-wavelength counterparts (radio, microwave, X rays) 

• Yet of unknown origin: fuelled by past AGN activities and/or nuclear starbursts? 

Su+ ApJ’10
Bruno Rossi Prize 2014

Credit: NASA
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Su+ ApJ’10
Bruno Rossi Prize 2014

Credit: NASA
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https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044/pdf


Two transformative discoveries
2. Evidence for proton acceleration in SNR

Fermi-LAT Collab. Science’13

• Detection of the characteristic gamma-ray pion-decay signature in SNRs

• Leptonic models are disfavoured

• Direct evidence that cosmic-ray protons accelerated in SNR W44 & IC443

65

https://arxiv.org/pdf/1302.3307.pdf
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Diffuse emission from TeV to sub-PeV
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Point sources at TeV energies 
Despite small FoV IACTs can perform effective surveys

Galactic plane full of TeVatrons!

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

12 PeVatrons



69

Sources: from TeV to sub-PeV

TeVCAT Catalog

HEGRA, WIPPLE, CAT
VERITAS, HESS, MAGIC

Tibet HAWC

LHAASO

http://tevcat.uchicago.edu/
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Diffuse emission: from TeV to sub-PeV

De la Torre Luque+ arXiv:2203.15759
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Future: Cherenkov Telescope Array
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Future: Cherenkov Telescope Array
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CTA Sources: Galactic Plane Survey

PoS(ICRC2021)886



Neutrinos
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Neutrino sources



High-energy neutrinos
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IceCube Collab. PRD'21

TeV — PeV neutrinos (discovered by IceCube)

IceCube Collab. ApJ’22

https://arxiv.org/pdf/2011.03545.pdf


TeV — PeV neutrinos (discovered by IceCube)
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High-energy neutrinos
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Neutrino production and gamma rays
Photo-hadronic interactions (p )�<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

BR = 1/3

BR = 2/3

A+Atarget ! N(⇡0 + ⇡+ + ⇡�) +X
<latexit sha1_base64="Bc7fZV2Y6ABekW681hoMcwR2E9w="></latexit><latexit sha1_base64="Bc7fZV2Y6ABekW681hoMcwR2E9w="></latexit><latexit sha1_base64="Bc7fZV2Y6ABekW681hoMcwR2E9w="></latexit><latexit sha1_base64="Bc7fZV2Y6ABekW681hoMcwR2E9w="></latexit>

Hadronic interactions (pp)

 ⇠ 1
<latexit sha1_base64="JdU0B6qLq6NUBYq4k5V5OiArFWU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV0R9Fj04rGC/YDuUmbTbBuaZGOSLZSlv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00oU2S8lR3YjCUM0mblllOO0pTEDGn7Xh0N/PbY6oNS+WjnSgaCRhIljAC1klROAKlAIeGCRz0KlW/5s+BV0lQkCoq0OhVvsJ+SjJBpSUcjOkGvrJRDtoywum0HGaGKiAjGNCuoxIENVE+P3qKz53Sx0mqXUmL5+rviRyEMRMRu04BdmiWvZn4n9fNbHIT5UyqzFJJFouSjGOb4lkCuM80JZZPHAGimbsVkyFoINblVHYhBMsvr5LWZS3wa8HDVbV+W8RRQqfoDF2gAF2jOrpHDdREBD2hZ/SK3ryx9+K9ex+L1jWvmDlBf+B9/gDZ2JF7</latexit><latexit sha1_base64="JdU0B6qLq6NUBYq4k5V5OiArFWU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV0R9Fj04rGC/YDuUmbTbBuaZGOSLZSlv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00oU2S8lR3YjCUM0mblllOO0pTEDGn7Xh0N/PbY6oNS+WjnSgaCRhIljAC1klROAKlAIeGCRz0KlW/5s+BV0lQkCoq0OhVvsJ+SjJBpSUcjOkGvrJRDtoywum0HGaGKiAjGNCuoxIENVE+P3qKz53Sx0mqXUmL5+rviRyEMRMRu04BdmiWvZn4n9fNbHIT5UyqzFJJFouSjGOb4lkCuM80JZZPHAGimbsVkyFoINblVHYhBMsvr5LWZS3wa8HDVbV+W8RRQqfoDF2gAF2jOrpHDdREBD2hZ/SK3ryx9+K9ex+L1jWvmDlBf+B9/gDZ2JF7</latexit><latexit sha1_base64="JdU0B6qLq6NUBYq4k5V5OiArFWU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV0R9Fj04rGC/YDuUmbTbBuaZGOSLZSlv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00oU2S8lR3YjCUM0mblllOO0pTEDGn7Xh0N/PbY6oNS+WjnSgaCRhIljAC1klROAKlAIeGCRz0KlW/5s+BV0lQkCoq0OhVvsJ+SjJBpSUcjOkGvrJRDtoywum0HGaGKiAjGNCuoxIENVE+P3qKz53Sx0mqXUmL5+rviRyEMRMRu04BdmiWvZn4n9fNbHIT5UyqzFJJFouSjGOb4lkCuM80JZZPHAGimbsVkyFoINblVHYhBMsvr5LWZS3wa8HDVbV+W8RRQqfoDF2gAF2jOrpHDdREBD2hZ/SK3ryx9+K9ex+L1jWvmDlBf+B9/gDZ2JF7</latexit><latexit sha1_base64="JdU0B6qLq6NUBYq4k5V5OiArFWU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV0R9Fj04rGC/YDuUmbTbBuaZGOSLZSlv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00oU2S8lR3YjCUM0mblllOO0pTEDGn7Xh0N/PbY6oNS+WjnSgaCRhIljAC1klROAKlAIeGCRz0KlW/5s+BV0lQkCoq0OhVvsJ+SjJBpSUcjOkGvrJRDtoywum0HGaGKiAjGNCuoxIENVE+P3qKz53Sx0mqXUmL5+rviRyEMRMRu04BdmiWvZn4n9fNbHIT5UyqzFJJFouSjGOb4lkCuM80JZZPHAGimbsVkyFoINblVHYhBMsvr5LWZS3wa8HDVbV+W8RRQqfoDF2gAF2jOrpHDdREBD2hZ/SK3ryx9+K9ex+L1jWvmDlBf+B9/gDZ2JF7</latexit>

 ⇠ 2
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Neutral to charged pion ratio
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Markus Ahlers (NBI) Neutrino Telescopes and Results

Multi-Messenger Interfaces

47
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The high intensity of the neutrino flux compared to that of -rays and 
cosmic rays offers many interesting multi-messenger interfaces.

γ

The multi-messenger connection


