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p
<latexit sha1_base64="PenA6FRbjnh1sBFSmsaj0rwAKGY=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZI20rorunHZgn1AG8pketOOnTyYmQgl9AvcuFDErZ/kzr9x0kZQ0QMXDufcy733eDFnUlnWh1FYW9/Y3Cpul3Z29/YPyodHXRklgkKHRjwSfY9I4CyEjmKKQz8WQAKPQ8+bXWd+7x6EZFF4q+YxuAGZhMxnlCgtteNRuWKZlw2nZjvYMq0lMlKtOxc2tnOlgnK0RuX34TiiSQChopxIObCtWLkpEYpRDovSMJEQEzojExhoGpIApJsuD13gM62MsR8JXaHCS/X7REoCKeeBpzsDoqbyt5eJf3mDRPkNN2VhnCgI6WqRn3CsIpx9jcdMAFV8rgmhgulbMZ0SQajS2ZR0CF+f4v9Jt2raNbPadirNqzyOIjpBp+gc2aiOmugGtVAHUQToAT2hZ+POeDRejNdVa8HIZ47RDxhvnyFajSg=</latexit>

�
<latexit sha1_base64="a/26bSpPODOWLW5Ux7fPMX2kLh0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTljq7ohuXFewD2qFk0rSNTTJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57ooQzbRD6cHJr6xubW/ntws7u3v5B8fCopeNUEdokMY9VJ8KaciZp0zDDaSdRFIuI03Y0uZr77XuqNIvlrZkmNBR4JNmQEWys1OqNsBC4XywhNwh8r1qDyK1VAuQjS1C56gcV6LlogRJYodEvvvcGMUkFlYZwrHXXQ4kJM6wMI5zOCr1U0wSTCR7RrqUSC6rDbHHtDJ5ZZQCHsbIlDVyo3ycyLLSeish2CmzG+rc3F//yuqkZXoQZk0lqqCTLRcOUQxPD+etwwBQlhk8twUQxeyskY6wwMTaggg3h61P4P2n5rld2/ZtKqX65iiMPTsApOAceqIE6uAYN0AQE3IEH8ASendh5dF6c12VrzlnNHIMfcN4+AfmJj2c=</latexit>

⌫
<latexit sha1_base64="RKaMRfMKE5yirQEsVqJBy4Z9/LE=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaSmtt0V3bisaB/QhjKZTtqhk0mYmQgl9BPcuFDErV/kzr9x+hBU9MCFwzn3cu89QcKZ0o7zYa2srq1vbOa28ts7u3v7hYPDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgs7vQkoX6Eh4KFjGBtpNueSPuFomN7Fa/sOsixyxdOpeoZUqvNGHJtZ44iLNHoF957g5ikERWacKxU13US7WdYakY4neZ7qaIJJmM8pF1DBY6o8rP5qVN0apQBCmNpSmg0V79PZDhSahIFpjPCeqR+ezPxL6+b6rDqZ0wkqaaCLBaFKUc6RrO/0YBJSjSfGIKJZOZWREZYYqJNOnkTwten6H/SKtnuuV268Yr1y2UcOTiGEzgDFypQh2toQBMIDOEBnuDZ4taj9WK9LlpXrOXMEfyA9fYJ4eeONQ==</latexit>

3 Adapted from GRAND collaboration (2018)
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Photopion production

Pair production ⌫µ

<latexit sha1_base64="xgOnvmI1IyfCUGWtFmnndTgo7uM=">AAAB7nicbVDLSsNAFJ34rPVVdelmsAiuQtLGtsuCG5cV7AOaUCbTSTt0ZhLmIZTQj3DjQhG3fo87/8bpA1HrgQuHc+7l3nvijFGlPe/T2djc2t7ZLewV9w8Oj45LJ6cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvHkZu53H4hUNBX3epqRiKORoAnFSFupGwozCLkZlMqeG9QbQdWHnntda9Qqdei73gLfpAxWaA1KH+EwxYYToTFDSvV9L9NRjqSmmJFZMTSKZAhP0Ij0LRWIExXli3Nn8NIqQ5ik0pbQcKH+nMgRV2rKY9vJkR6rv95c/M/rG500opyKzGgi8HJRYhjUKZz/DodUEqzZ1BKEJbW3QjxGEmFtEyraENZeXiediutX3cpdUG4GqzgK4BxcgCvggzpoglvQAm2AwQQ8gmfw4mTOk/PqvC1bN5zVzBn4Bef9C8PBj9A=</latexit>⌫̄µ
<latexit sha1_base64="9lUY4JomMxItKNwphiT2Z9M2Cpo=">AAAB9HicbVDJSgNBEO1xjXGLevTSGARPw0wyJjkGvHiMYBbIDKGn00madPeMvQTCkO/w4kERr36MN//GzoKo8UHB470qqurFKaNKe96ns7G5tb2zm9vL7x8cHh0XTk5bKjESkyZOWCI7MVKEUUGammpGOqkkiMeMtOPxzdxvT4hUNBH3epqSiKOhoAOKkbZSFMZIZqEws17ITa9Q9NygWgvKPvTc60qtUqpC3/UW+CZFsEKjV/gI+wk2nAiNGVKq63upjjIkNcWMzPKhUSRFeIyGpGupQJyoKFscPYOXVunDQSJtCQ0X6s+JDHGlpjy2nRzpkfrrzcX/vK7Rg1qUUZEaTQReLhoYBnUC5wnAPpUEaza1BGFJ7a0Qj5BEWNuc8jaEtZfXSavk+mW3dBcU68Eqjhw4BxfgCvigCurgFjRAE2DwAB7BM3hxJs6T8+q8LVs3nNXMGfgF5/0LkMuSlQ==</latexit>

⌫e
<latexit sha1_base64="DlqPfAeZh/VLRAEymk+qW61FY3k=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0ja2PZY8OKxgqmFNpTNdtIu3WzC7kYoob/BiwdFvPqDvPlv3H4gan0w8Hhvhpl5YcqZ0o7zaRU2Nre2d4q7pb39g8Oj8vFJRyWZpODThCeyGxIFnAnwNdMcuqkEEocc7sPJ9dy/fwCpWCLu9DSFICYjwSJGiTaS3xfZAAblimN7jaZXc7FjX9Wb9WoDu7azwDepoBXag/JHf5jQLAahKSdK9Vwn1UFOpGaUw6zUzxSkhE7ICHqGChKDCvLFsTN8YZQhjhJpSmi8UH9O5CRWahqHpjMmeqz+enPxP6+X6agZ5EykmQZBl4uijGOd4PnneMgkUM2nhhAqmbkV0zGRhGqTT8mEsPbyOulUbbdmV2+9SstbxVFEZ+gcXSIXNVAL3aA28hFFDD2iZ/RiCevJerXelq0FazVzin7Bev8CLJOO4w==</latexit>

µ+
<latexit sha1_base64="PpRFpKujJ+UwqR+NJFzFpElq7pE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoMgCMvmZeIt4MVjBDcJJGuYncwmQ2Znl5lZISz5Bi8eFPHqB3nzb5w8EDUWNBRV3XR3+TFnSjvOp5VZW9/Y3Mpu53Z29/YP8odHLRUlklCXRDySHR8rypmgrmaa004sKQ59Ttv++Hrmtx+oVCwSd3oSUy/EQ8ECRrA2ktsLk/uLfr7g2FeXTq1eQY5dLtdK1Soq2s4c36QASzT7+Y/eICJJSIUmHCvVLTqx9lIsNSOcTnO9RNEYkzEe0q6hAodUeen82Ck6M8oABZE0JTSaqz8nUhwqNQl90xliPVJ/vZn4n9dNdFD3UibiRFNBFouChCMdodnnaMAkJZpPDMFEMnMrIiMsMdEmn5wJYeXlVdIq2cWyXbqtFBqVZRxZOIFTOIci1KABN9AEFwgweIRneLGE9WS9Wm+L1oy1nDmGX7DevwDO2Y6l</latexit>

⇡+
<latexit sha1_base64="uSx7tYFLFXpRO/JhUCevkS95tr4=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSIIQkjaiO2t4MVjBdMW2lg22027dLMJuxuhlP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZF6acKe04H9bK6tr6xmZhq7i9s7u3Xzo4bKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1dzv31PpWKJuNWTlAYxHgoWMYK1kfxeyu7O+6WyY3v1mlOtI8d2FjDkolL33Apyc6UMOZr90ntvkJAspkITjpXquk6qgymWmhFOZ8VepmiKyRgPaddQgWOqguni2Bk6NcoARYk0JTRaqN8npjhWahKHpjPGeqR+e3PxL6+b6agWTJlIM00FWS6KMo50guafowGTlGg+MQQTycytiIywxESbfIomhK9P0f+kVbHdql258coNL4+jAMdwAmfgwiU04Bqa4AMBBg/wBM+WsB6tF+t12bpi5TNH8APW2ye6lI6Y</latexit>

p
<latexit sha1_base64="rCCI6n2ODULtB4YBTsNTsiaX+/A=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaSOut4MVjC7YW2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZFyScKe04H1ZhbX1jc6u4XdrZ3ds/KB8edVWcSkI7JOax7AVYUc4E7WimOe0lkuIo4PQ2mF7l/u09lYrF4kbPEupHeCxYyAjWRmonw3LFsS8bXs31kGM7C+SkWvcuXOSulAqs0BqW3wejmKQRFZpwrFTfdRLtZ1hqRjidlwapogkmUzymfUMFjqjys8Whc3RmlBEKY2lKaLRQv09kOFJqFgWmM8J6on57ufiX10912PAzJpJUU0GWi8KUIx2j/Gs0YpISzWeGYCKZuRWRCZaYaJNNyYTw9Sn6n3Srtluzq22v0vRWcRThBE7hHFyoQxOuoQUdIEDhAZ7g2bqzHq0X63XZWrBWM8fwA9bbJx0kjRo=</latexit>

n
<latexit sha1_base64="hAltIDxLbZmm/NpgbF7fYle2y+M=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFfJoa7oruHHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEySMSmVZH0ZhY3Nre6e4W9rbPzg8Kh+fdGWcCkw6OGax6AdIEkY56SiqGOkngqAoYKQXzK5zv3dPhKQxv1XzhPgRmnAaUoyUltp8VK5YZsPzHLcGLdOt1b26mxPPchsOtE1riQpYozUqvw/HMU4jwhVmSMqBbSXKz5BQFDOyKA1TSRKEZ2hCBppyFBHpZ8tDF/BCK2MYxkIXV3Cpfp/IUCTlPAp0Z4TUVP72cvEvb5Cq0PMzypNUEY5Xi8KUQRXD/Gs4poJgxeaaICyovhXiKRIIK51NSYfw9Sn8n3Qd03ZNp12tNKvrOIrgDJyDS2CDK9AEN6AFOgADAh7AE3g27oxH48V4XbUWjPXMKfgB4+0TWFeNQw==</latexit>

�CMB
<latexit sha1_base64="3BrPJ6+Fr+2hFwDDgBpnw5fVN04=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkxbZtpdsRs3QgX7gE4pmTRtQ5OZIckUytA/ceNCEbf+iTv/xvQhqOiBC4dz7uXee8KEM6UR+rA2Nre2d3Zze/n9g8OjY/vktKXiVBLaJDGPZSfEinIW0aZmmtNOIikWIaftcFJf+O0plYrF0b2eJbQn8ChiQ0awNlLftoMRFgL3s0AKWL+9nvftAnKqVQ/5FYgc3yv7yDMElapF14Oug5YogDUaffs9GMQkFTTShGOlui5KdC/DUjPC6TwfpIommEzwiHYNjbCgqpctL5/DS6MM4DCWpiINl+r3iQwLpWYiNJ0C67H67S3Ev7xuqoeVXsaiJNU0IqtFw5RDHcNFDHDAJCWazwzBRDJzKyRjLDHRJqy8CeHrU/g/aRUdt+QU78qFWnkdRw6cgwtwBVzggxq4AQ3QBARMwQN4As9WZj1aL9brqnXDWs+cgR+w3j4BbU2Tfg==</latexit>

⇡0
<latexit sha1_base64="7YJnfSR9Tfr0ytrRS4hNi+D0ZpM=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9ikEdtbwYvHCqYttLFstpt26WYTdjdCCf0NXjwo4tUf5M1/47aNoKIPBh7vzTAzL0w5UxqhD6u0tr6xuVXeruzs7u0fVA+POirJJKE+SXgieyFWlDNBfc00p71UUhyHnHbD6dXC795TqVgibvUspUGMx4JFjGBtJH+Qsjs0rNaQ7TUbqN6EyEZLGHLhNj3HhU6h1ECB9rD6PhglJIup0IRjpfoOSnWQY6kZ4XReGWSKpphM8Zj2DRU4pirIl8fO4ZlRRjBKpCmh4VL9PpHjWKlZHJrOGOuJ+u0txL+8fqajRpAzkWaaCrJaFGUc6gQuPocjJinRfGYIJpKZWyGZYImJNvlUTAhfn8L/Sce1nbrt3ni1llfEUQYn4BScAwdcgha4Bm3gAwIYeABP4NkS1qP1Yr2uWktWMXMMfsB6+wTCKI6d</latexit>

e+
<latexit sha1_base64="96JCwMtBgBLr6gB7MsjjuHboqBI=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEEKStpjeCl48VrSt0May2W7apZtN2N0IpfQnePGgiFd/kTf/jdsPQUUfDDzem2FmXphyprTjfFi5ldW19Y38ZmFre2d3r7h/0FJJJgltkoQn8jbEinImaFMzzeltKimOQ07b4ehi5rfvqVQsETd6nNIgxgPBIkawNtI1vTvrFUuO7fpOueYhx676vleuGuJWvVrFRa7tzFGCJRq94nu3n5AspkITjpXquE6qgwmWmhFOp4VupmiKyQgPaMdQgWOqgsn81Ck6MUofRYk0JTSaq98nJjhWahyHpjPGeqh+ezPxL6+T6cgPJkykmaaCLBZFGUc6QbO/UZ9JSjQfG4KJZOZWRIZYYqJNOgUTwten6H/S8my3bHtXlVK9sowjD0dwDKfgwjnU4RIa0AQCA3iAJ3i2uPVovVivi9actZw5hB+w3j4BT0ONyA==</latexit>

e�
<latexit sha1_base64="t67mygzw1vcmCQb99TFFp5+PGQo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBiyFJW0xvBS8eK9pWaGPZbDft0s0m7G6EUvoTvHhQxKu/yJv/xu2HoKIPBh7vzTAzL0w5U9pxPqzcyura+kZ+s7C1vbO7V9w/aKkkk4Q2ScITeRtiRTkTtKmZ5vQ2lRTHIaftcHQx89v3VCqWiBs9TmkQ44FgESNYG+ma3p31iiXHdn2nXPOQY1d93ytXDXGrXq3iItd25ijBEo1e8b3bT0gWU6EJx0p1XCfVwQRLzQin00I3UzTFZIQHtGOowDFVwWR+6hSdGKWPokSaEhrN1e8TExwrNY5D0xljPVS/vZn4l9fJdOQHEybSTFNBFouijCOdoNnfqM8kJZqPDcFEMnMrIkMsMdEmnYIJ4etT9D9pebZbtr2rSqleWcaRhyM4hlNw4RzqcAkNaAKBATzAEzxb3Hq0XqzXRWvOWs4cwg9Yb59SS43K</latexit>

p
<latexit sha1_base64="rCCI6n2ODULtB4YBTsNTsiaX+/A=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaSOut4MVjC7YW2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZFyScKe04H1ZhbX1jc6u4XdrZ3ds/KB8edVWcSkI7JOax7AVYUc4E7WimOe0lkuIo4PQ2mF7l/u09lYrF4kbPEupHeCxYyAjWRmonw3LFsS8bXs31kGM7C+SkWvcuXOSulAqs0BqW3wejmKQRFZpwrFTfdRLtZ1hqRjidlwapogkmUzymfUMFjqjys8Whc3RmlBEKY2lKaLRQv09kOFJqFgWmM8J6on57ufiX10912PAzJpJUU0GWi8KUIx2j/Gs0YpISzWeGYCKZuRWRCZaYaJNNyYTw9Sn6n3Srtluzq22v0vRWcRThBE7hHFyoQxOuoQUdIEDhAZ7g2bqzHq0X63XZWrBWM8fwA9bbJx0kjRo=</latexit>

p
<latexit sha1_base64="rCCI6n2ODULtB4YBTsNTsiaX+/A=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaSOut4MVjC7YW2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZFyScKe04H1ZhbX1jc6u4XdrZ3ds/KB8edVWcSkI7JOax7AVYUc4E7WimOe0lkuIo4PQ2mF7l/u09lYrF4kbPEupHeCxYyAjWRmonw3LFsS8bXs31kGM7C+SkWvcuXOSulAqs0BqW3wejmKQRFZpwrFTfdRLtZ1hqRjidlwapogkmUzymfUMFjqjys8Whc3RmlBEKY2lKaLRQv09kOFJqFgWmM8J6on57ufiX10912PAzJpJUU0GWi8KUIx2j/Gs0YpISzWeGYCKZuRWRCZaYaJNNyYTw9Sn6n3Srtluzq22v0vRWcRThBE7hHFyoQxOuoQUdIEDhAZ7g2bqzHq0X63XZWrBWM8fwA9bbJx0kjRo=</latexit>

�CMB
<latexit sha1_base64="3BrPJ6+Fr+2hFwDDgBpnw5fVN04=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkxbZtpdsRs3QgX7gE4pmTRtQ5OZIckUytA/ceNCEbf+iTv/xvQhqOiBC4dz7uXee8KEM6UR+rA2Nre2d3Zze/n9g8OjY/vktKXiVBLaJDGPZSfEinIW0aZmmtNOIikWIaftcFJf+O0plYrF0b2eJbQn8ChiQ0awNlLftoMRFgL3s0AKWL+9nvftAnKqVQ/5FYgc3yv7yDMElapF14Oug5YogDUaffs9GMQkFTTShGOlui5KdC/DUjPC6TwfpIommEzwiHYNjbCgqpctL5/DS6MM4DCWpiINl+r3iQwLpWYiNJ0C67H67S3Ev7xuqoeVXsaiJNU0IqtFw5RDHcNFDHDAJCWazwzBRDJzKyRjLDHRJqy8CeHrU/g/aRUdt+QU78qFWnkdRw6cgwtwBVzggxq4AQ3QBARMwQN4As9WZj1aL9brqnXDWs+cgR+w3j4BbU2Tfg==</latexit>

�
<latexit sha1_base64="DP7qzLT/C89rpK/wKUO9VaNaqJA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTKbW7ghuXFWwttEPJpJk2NpkMSUYoQ//BjQtF3Po/7vwb04egogcuHM65l3vviVLOtEHowymsrW9sbhW3Szu7e/sH5cOjjpaZIrRNJJeqG2FNOUto2zDDaTdVFIuI09tocjn3b++p0kwmN2aa0lDgUcJiRrCxUqc/wkLgQbmC3EbD92p1iNx60EA+sgRVa34jgJ6LFqiAFVqD8nt/KEkmaGIIx1r3PJSaMMfKMMLprNTPNE0xmeAR7VmaYEF1mC+uncEzqwxhLJWtxMCF+n0ix0LrqYhsp8BmrH97c/Evr5eZ+CLMWZJmhiZkuSjOODQSzl+HQ6YoMXxqCSaK2VshGWOFibEBlWwIX5/C/0nHd72q618HlWawiqMITsApOAceqIMmuAIt0AYE3IEH8ASeHek8Oi/O67K14KxmjsEPOG+f9VOPWQ==</latexit>

�
<latexit sha1_base64="DP7qzLT/C89rpK/wKUO9VaNaqJA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTKbW7ghuXFWwttEPJpJk2NpkMSUYoQ//BjQtF3Po/7vwb04egogcuHM65l3vviVLOtEHowymsrW9sbhW3Szu7e/sH5cOjjpaZIrRNJJeqG2FNOUto2zDDaTdVFIuI09tocjn3b++p0kwmN2aa0lDgUcJiRrCxUqc/wkLgQbmC3EbD92p1iNx60EA+sgRVa34jgJ6LFqiAFVqD8nt/KEkmaGIIx1r3PJSaMMfKMMLprNTPNE0xmeAR7VmaYEF1mC+uncEzqwxhLJWtxMCF+n0ix0LrqYhsp8BmrH97c/Evr5eZ+CLMWZJmhiZkuSjOODQSzl+HQ6YoMXxqCSaK2VshGWOFibEBlWwIX5/C/0nHd72q618HlWawiqMITsApOAceqIMmuAIt0AYE3IEH8ASeHek8Oi/O67K14KxmjsEPOG+f9VOPWQ==</latexit>

e+
<latexit sha1_base64="96JCwMtBgBLr6gB7MsjjuHboqBI=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEEKStpjeCl48VrSt0May2W7apZtN2N0IpfQnePGgiFd/kTf/jdsPQUUfDDzem2FmXphyprTjfFi5ldW19Y38ZmFre2d3r7h/0FJJJgltkoQn8jbEinImaFMzzeltKimOQ07b4ehi5rfvqVQsETd6nNIgxgPBIkawNtI1vTvrFUuO7fpOueYhx676vleuGuJWvVrFRa7tzFGCJRq94nu3n5AspkITjpXquE6qgwmWmhFOp4VupmiKyQgPaMdQgWOqgsn81Ck6MUofRYk0JTSaq98nJjhWahyHpjPGeqh+ezPxL6+T6cgPJkykmaaCLBZFGUc6QbO/UZ9JSjQfG4KJZOZWRIZYYqJNOgUTwten6H/S8my3bHtXlVK9sowjD0dwDKfgwjnU4RIa0AQCA3iAJ3i2uPVovVivi9actZw5hB+w3j4BT0ONyA==</latexit>

p
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THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY 5

Photons, cosmic rays (nucleons and charged 
nuclei), neutrinos et gravitational waves

ex. H.E.S.S. ex. Auger ex. Virgoex. IceCube

Number of observed sources, resolutions 
ex. observatories LSST, TAP, WFIRST, SKA, CTA

LSST :  sources / night in 2023∼ 106

Multi-messenger observations of transient sources 
ex. GW170817, ex. IC170922A & TXS 0506+056
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THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY 6

Photons, cosmic rays (nucleons and charged 
nuclei), neutrinos et gravitational waves

ex. H.E.S.S. ex. Auger ex. Virgoex. IceCube

Number of observed sources, resolutions 
ex. observatories LSST, TAP, WFIRST, SKA, CTA

LSST :  sources / night in 2023∼ 106

Sources of high-energy cosmic rays and neutrinos? 

Unprecedented information about the high-energy universe

1.1 The advent of a multi-messenger era 5

can also be detected indirectly, especially at high energies, by the detection of secondary particles
produced when a cosmic ray interacts with the atmosphere, such as muons or photons. A census
of the existing detectors for air-shower measurements is shown in figure 1.2. UHECR, that are
currently detected by the Pierre Auger observatory (Pierre Auger Collaboration, 2015) and the
Telescope Array experiment (Abu-Zayyad et al., 2012), are of particular interest as they give
information about the most powerful accelerators of the Universe and about fundamental physics
at energies that are yet unexplored. They reach energies 106 times higher than the maximum
energies of individual protons produced in the Large Hadron Collider (LHC) and involve proton-
proton interactions with center-of-mass energies up to 103 times higher than the ones obtained
at LHC.

Cosmic rays below ⇠ 1015 eV are thought to be of galactic origin, whereas cosmic rays above
⇠ 1018 eV are thought to be of extragalactic origin (Abbasi et al., 2017; Aab et al., 2018). We
note that above 1018 eV, cosmic rays cannot be confined in the Galaxy as their Larmor radii
are comparable to the Galactic disc thickness for a Galactic magnetic field of B ⇡ 3 µG. The
di↵erent features that appear on the cosmic-ray spectrum (see figure 1.2) can be related to a
transition from Galactic to extragalactic populations of sources. In the most topical scenario,
the maximum energy of Galactic accelerators induces a first transition at the knee, and the
second knee is related to a transition to heavy primaries. The ankle marks the transition to an
extragalactic population of accelerated particles. Finally, the high-energy cut-o↵ of the cosmic-
ray spectrum is thought to be due to inelastic interactions of UHECR with the cosmic microwave
background, and is called the GZK cut-o↵ (Zatsepin and Kuzmin, 1966; Greisen, 1966). This
feature could also be related to a maximum rigidity of cosmic rays accelerated in extragalactic
sources.

16 30. Cosmic rays
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Figure 30.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [91–106].

Measurements of flux with air shower experiments in the knee region di↵er by as
much as a factor of two, indicative of systematic uncertainties in interpretation of the
data. (For a review see Ref. 90.) In establishing the spectrum shown in Fig. 30.8, e↵orts
have been made to minimize the dependence of the analysis on the primary composition.
Ref. 99 uses an unfolding procedure to obtain the spectra of the individual components,
giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 30.8. In the energy range above 1017 eV, the
fluorescence technique [107] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the Galaxy have reached their maximum

December 1, 2017 09:36

LHC (p-p)

Figure 1.2: Cosmic-ray spectrum E
2.6dN/dE as a function of energy, adapted from Tanabashi et al.

(2018).

Historically, the ankle feature has also been interpreted as the marker of p� ! e
+ + e

� energy
losses of protons interacting with the cosmic microwave background (Berezinsky and Zatsepin,
1969). However, this model has been weakened by composition measurements performed above
1018 eV by the Pierre Auger observatory, which found a composition becoming heavier above
2 ⇥ 1018 eV (Aab et al., 2016), see figure 1.3. The elementary composition of UHECR is en-
coded for instance in the atmospheric depth of the maximum development of the air shower
that they initiate in the atmosphere, called Xmax. Statistical reconstruction is performed by
comparing the mean and standard deviation of the measured Xmax distribution with simulation

Tanabashi et al. (2018)

For instance: high to ultra-high energy cosmic-ray spectrum
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nuclei), neutrinos et gravitational waves

ex. H.E.S.S. ex. Auger ex. Virgoex. IceCube

Number of observed sources, resolutions 
ex. observatories LSST, TAP, WFIRST, SKA, CTA

LSST :  sources / night in 2023∼ 106

Sources of high-energy cosmic rays and neutrinos? 

Unprecedented information about the high-energy universe

? ?

Supernovae? Tidal disruptions by massive black holes? …
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Observable characteristics  general macroscopic model & description of micro-physic processes→

? ?
Source:  
- distance  
- variability timescale  
- luminosity (photons)  
- bulk Lorentz factor 

dL
tvar
Lbol

Γ
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? ?

Transient sources 
High-energy emissions? Populations?

Micro-physic processes 
Particle acceleration? Interactions?

Future UHE observatories 
Coincident observations?

PROTON p NEUTRINO ν

PHOTON γ

RADIATIVE REGION

TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES
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- distance  
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- luminosity (photons)  
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? ?

               pγ → Nπ π+ → μ+ + νμ π− → μ− + ν̄μ μ+ → e+ + ν̄μ + νe μ− → e− + νμ + ν̄e

Transient sources 
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Micro-physic processes 
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Future UHE observatories 
Coincident observations?
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PHOTON γ

? ?

               pγ → Nπ π+ → μ+ + νμ π− → μ− + ν̄μ μ+ → e+ + ν̄μ + νe μ− → e− + νμ + ν̄e

ex.: joint production of photon flares and high-energy neutrino flares

Transient sources 
High-energy emissions? Populations?

Micro-physic processes 
Particle acceleration? Interactions?

Future UHE observatories 
Coincident observations?
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RADIATIVE REGION

Transient sources 
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Micro-physic processes 
Particle acceleration? Interactions?

Future UHE observatories 
Coincident observations?
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TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES
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General macroscopic models: explore the parameter space of transient sources
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General macroscopic models: explore the parameter space of transient sources

Relativistic sources

dashed: pion +/- decay

solid: muon +/- decay

High-energy neutrinos coincident with photon flares:  (eV), Guépin & Kotera (2017)Eν,max
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- identify important physical processes for emissions of transient sources 
- energy losses of secondary particles ,  π± μ±
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- identify important physical processes for emissions of transient sources 
- energy losses of secondary particles ,  
- acceleration of secondary particles ,  

π± μ±

π± μ± Guépin (2020)
Guépin & Kotera (2017)

Impact of secondary particle acceleration on  (eV), Guépin (2020)Eν,max

TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES

General macroscopic models: explore the parameter space of transient sources
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dashed: pion +/- decay

solid: muon +/- decay
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- identify important physical processes for emissions of transient sources 
- energy losses of secondary particles ,  
- acceleration of secondary particles ,  

- identify promising sources for the production of detectable multi-messenger emissions

π± μ±

π± μ± Guépin (2020)
Guépin & Kotera (2017)

TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES

General macroscopic models: explore the parameter space of transient sources

Impact of secondary particle acceleration on  (eV), Guépin (2020)Eν,max
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MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS 

PIC (PARTICLE IN CELL) SIMULATIONS: ACCELERATION OF COSMIC RAYS

PROTON p NEUTRINO ν

PHOTON γ

RADIATIVE REGION

TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES

Observable characteristics  general macroscopic model & description of micro-physic processes→

Transient sources 
High-energy emissions? Populations?

Micro-physic processes 
Particle acceleration? Interactions?

Future UHE observatories 
Coincident observations?
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Armengaud et al. (2007), Kotera et al. (2009), Alves Batista et al. (2016) 

Implement new modules, specific for study of transient sources 
+ temporal variations of photon/hadron backgrounds 
+ energy losses of charged pions and muons 
+ acceleration of protons, nuclei, charged pions and muons

MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS

Guépin, Kotera, Barausse, Fang, Murase (2018)

Guépin (2020)
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Merger of two neutron starsTidal disruption of a star by a massive black hole

MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS

Armengaud et al. (2007), Kotera et al. (2009), Alves Batista et al. (2016) 

Implement new modules, specific for study of transient sources 
+ temporal variations of photon/hadron backgrounds 
+ energy losses of charged pions and muons 
+ acceleration of protons, nuclei, charged pions and muons

Guépin, Kotera, Barausse, Fang, Murase (2018)

Guépin (2020)
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Figure 8. Diffuse neutrinos spectra for injection spectral index ↵ = 1.5 (top) and ↵ = 2.1 (bottom) of
proton primaries (left) and iron primaries (right), with baryon loading ⌘p = 0.1. The GW170817-like
scenario follows a flat source evolution with rate ṅ0 = 600Gpc�3 yr�1, while the optimistic scenario
follows a SFR source evolution with rate ṅ0 = 3000Gpc�3 yr�1.

In order to be conservative, we adopt a flat evolution model with ṅ0 = 600Gpc�3yr�1

for the GW170817-like scenario. Such a hypothesis represents the simplest model and do not
presume of any enhancement of the population at earlier times in the universe history. For
the optimistic scenario, we assume a SFR evolution rate following Ref. [92] and a local merger
rate ṅ0 = 3000Gpc�3yr�1. The SFR evolution can enhance the diffuse neutrino flux level by
a factor of ⇠z ⇠ 2 � 4 [93].

One can estimate the maximal diffuse neutrino flux expected in different energy ranges
via
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assuming a SFR evolution. At each time step, the neutrino flux peaks at one specific energy
range and corresponds to a given cosmic-ray luminosity. The IceCube energy range ⇠ E⌫ &
104 GeV is reached from times t = 103 s, as can be seen in the time-dependent fluxes presented
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Figure 8. Diffuse neutrinos spectra for injection spectral index ↵ = 1.5 (top) and ↵ = 2.1 (bottom) of
proton primaries (left) and iron primaries (right), with baryon loading ⌘p = 0.1. The GW170817-like
scenario follows a flat source evolution with rate ṅ0 = 600Gpc�3 yr�1, while the optimistic scenario
follows a SFR source evolution with rate ṅ0 = 3000Gpc�3 yr�1.

In order to be conservative, we adopt a flat evolution model with ṅ0 = 600Gpc�3yr�1

for the GW170817-like scenario. Such a hypothesis represents the simplest model and do not
presume of any enhancement of the population at earlier times in the universe history. For
the optimistic scenario, we assume a SFR evolution rate following Ref. [92] and a local merger
rate ṅ0 = 3000Gpc�3yr�1. The SFR evolution can enhance the diffuse neutrino flux level by
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⇠zṅ0⌘pLfb�t (5.3)

⇠ 1.9 ⇥ 10�9 GeV cm�2 s�1 sr�1
⌘p,�1

⇠z

4
(5.4)

⇥
✓

ṅ0
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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Simulated spectra: electrons, positrons and protons

1.1 The advent of a multi-messenger era 5

can also be detected indirectly, especially at high energies, by the detection of secondary particles
produced when a cosmic ray interacts with the atmosphere, such as muons or photons. A census
of the existing detectors for air-shower measurements is shown in figure 1.2. UHECR, that are
currently detected by the Pierre Auger observatory (Pierre Auger Collaboration, 2015) and the
Telescope Array experiment (Abu-Zayyad et al., 2012), are of particular interest as they give
information about the most powerful accelerators of the Universe and about fundamental physics
at energies that are yet unexplored. They reach energies 106 times higher than the maximum
energies of individual protons produced in the Large Hadron Collider (LHC) and involve proton-
proton interactions with center-of-mass energies up to 103 times higher than the ones obtained
at LHC.

Cosmic rays below ⇠ 1015 eV are thought to be of galactic origin, whereas cosmic rays above
⇠ 1018 eV are thought to be of extragalactic origin (Abbasi et al., 2017; Aab et al., 2018). We
note that above 1018 eV, cosmic rays cannot be confined in the Galaxy as their Larmor radii
are comparable to the Galactic disc thickness for a Galactic magnetic field of B ⇡ 3 µG. The
di↵erent features that appear on the cosmic-ray spectrum (see figure 1.2) can be related to a
transition from Galactic to extragalactic populations of sources. In the most topical scenario,
the maximum energy of Galactic accelerators induces a first transition at the knee, and the
second knee is related to a transition to heavy primaries. The ankle marks the transition to an
extragalactic population of accelerated particles. Finally, the high-energy cut-o↵ of the cosmic-
ray spectrum is thought to be due to inelastic interactions of UHECR with the cosmic microwave
background, and is called the GZK cut-o↵ (Zatsepin and Kuzmin, 1966; Greisen, 1966). This
feature could also be related to a maximum rigidity of cosmic rays accelerated in extragalactic
sources.

16 30. Cosmic rays
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Figure 30.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [91–106].

Measurements of flux with air shower experiments in the knee region di↵er by as
much as a factor of two, indicative of systematic uncertainties in interpretation of the
data. (For a review see Ref. 90.) In establishing the spectrum shown in Fig. 30.8, e↵orts
have been made to minimize the dependence of the analysis on the primary composition.
Ref. 99 uses an unfolding procedure to obtain the spectra of the individual components,
giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 30.8. In the energy range above 1017 eV, the
fluorescence technique [107] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the Galaxy have reached their maximum
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LHC (p-p)

Figure 1.2: Cosmic-ray spectrum E
2.6dN/dE as a function of energy, adapted from Tanabashi et al.

(2018).

Historically, the ankle feature has also been interpreted as the marker of p� ! e
+ + e

� energy
losses of protons interacting with the cosmic microwave background (Berezinsky and Zatsepin,
1969). However, this model has been weakened by composition measurements performed above
1018 eV by the Pierre Auger observatory, which found a composition becoming heavier above
2 ⇥ 1018 eV (Aab et al., 2016), see figure 1.3. The elementary composition of UHECR is en-
coded for instance in the atmospheric depth of the maximum development of the air shower
that they initiate in the atmosphere, called Xmax. Statistical reconstruction is performed by
comparing the mean and standard deviation of the measured Xmax distribution with simulation

Tanabashi et al. (2018)
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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First study of proton acceleration in pulsar magnetospheres 
Guépin, Cerutti, Kotera (2020)

Code: Zeltron, 2D, axi-symmetric, Cerutti et al. (2013)

Neutron star

rotation axis = initial magnetic dipole axis
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+ Emission of HE photons in Galactic center region, population of millisecond pulsars (analytique) 
Guépin, Rinchiuso, Kotera, Moulin, Pierog, Silk (2018)
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Collaboration POEMMA incl. Guépin (2020)Collaboration GRAND incl. Guépin (2019)
A Detection principle

Giant Radio Array for Neutrino Detection

• Antenna optimized tor horizontal showers

• Bow-tie design, 3 perpendicular arms

• Frequency range: 50-200 MHz

• Inter-antenna spacing: 1 km

Radio emission Extensive air shower

5m

10 km

Cosmic ray   

FIG. 16. GRAND detection principle, illustrated for one of the 10 000-antenna GRAND10k arrays located at a hotspot. See main
text for details. Ultra-high-energy cosmic rays and gamma rays (not shown) interact in the atmosphere, while ultra-high-energy ⌫⌧
interact underground and create a high-energy tau that exits into the atmosphere and decays. The ensuing extensive air showers
emit a radio signal that is detected by the antennas. The inset shows a sketch of the HorizonAntenna designed for GRAND.

how. Because the branching ratio of tau into hadrons —
mostly pions — is about 65%, and nearly 20% to electrons,
the chance of the tau decay creating an air shower is high:
only when the tau decays into a muon (17% of cases) does
the shower not emit a radio signal, as explained above.

In addition, since the decay of a tau makes a new ⌫⌧ ,
the attenuation of the neutrino flux due to matter interac-
tions as it propagates inside the Earth is partially balanced
by the regeneration of ⌫⌧ . However, since the outgoing ⌫⌧
receives only 30% of the parent tau energy, multiple regen-
erations shift the flux to lower energies [104, 256].

2 Detection strategy

The detection strategy of GRAND is built upon the fun-
damental principles introduced above. Below, we focus on
the detection of Earth-skimming ⌫⌧ that interact under-
ground and give preliminary remarks about the possibility
of detecting neutrino interactions in the atmosphere.

Figure 16 sketches the detection principle of GRAND.
Below, we explain it.

a. Earth-skimming underground events

The dominant neutrino detection channel in GRAND,
first proposed in Ref. [257], is described by:

1. A ⌫⌧ makes a tau by interacting underground or in-
side a mountain

2. The tau exits the rock into the atmosphere and decays
in-flight

3. The decay produces an EAS whose radio signal is
detected in GRAND

The high density of rock helps the chances of neutrinos in-
teracting in it. Further, instrumenting the surface with ra-
dio antennas is arguably easier than instrumenting a dense
medium. The strategy described above is e�cient only at
ultra-high energies, where the tau range is of several km,

GR DN GRAND: Science and Design Page 20 of 45
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POEMMA, sky coverage, Observation of transient sources

CG, Sarazin, Krizmanic, Loerincs, Olinto, Piccone (2019)

Collaboration POEMMA incl. Guépin (2020)Collaboration GRAND incl. Guépin (2019)

CONTRIBUTION TO FUTURE ULTRA-HIGH ENERGY PARTICLE OBSERVATORIES

Simulations ZHAireS 

 Reconstruction nature cosmic ray (proton, iron) 
Least mean square algorithm 
Zilles, Tueros 

 Machine learning for reconstruction 
Machine learning group, graph convolutional networks 
de Errico, Torres de Mello Neto, Koirala, Tueros, Martineau…

∙

∙

 Sky coverage, observation strategy 
Guépin, Sarazin, Krizmanic, Loerincs, Olinto, Piccone (2019) 

 Observation of transient sources 
Venters, Reno, Krizmanic, Anchordoqui, Guépin, Olinto (2020) 

 Dark matter detection 
Guépin, Aloisio, Anchordoqui, et al. in prep.

∙

∙
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