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Lecture (1) Plan- RADIATION FIELDS:

• UHECR Observational Status

• Extragalactic radiation fields

• Cosmic ray proton interaction rates with 
extragalactic radiation fields

• Cosmic ray nuclei interaction rates with 
extragalactic radiation fields

• Application- what one can infer from 
spectral and composition information alone
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UHECR: The Observational Status

Pierre Auger Collaboration. ApJ. 935 (2022)
Caccianiga et al. for the Auger and TA Collaborations. PoS 
(ICRC2023) 521
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Cosmic Radiation Fields- Energy Density

<latexit sha1_base64="rnSeflf+X/Fawlifgma7UvYKwUI=">AAACOHicbZBPS8MwGMbT+b/+m3r0UhyCp9HKUC+CKII3FdwmrLWkabqFJWlJUqGEfiwvfgxv4sWDIl79BGZz6Jy+EPjxPO9L3veJMkqkct1HqzI1PTM7N79gLy4tr6xW19ZbMs0Fwk2U0lRcR1BiSjhuKqIovs4EhiyiuB31TwZ++xYLSVJ+pYoMBwx2OUkIgspIYfXcjxJtN0PtdyFjsDz0CVdOqN3yRhtMVFGefpt+IiDSMS 91/COWY2yXYbXm1t1hOX/BG0ENjOoirD74cYpyhrlCFErZ8dxMBRoKRRDFpe3nEmcQ9WEXdwxyyLAM9PDw0tk2SuwkqTDPrD1Uxyc0ZFIWLDKdDKqenPQG4n9eJ1fJQaAJz3KFOfr6KMmpo1JnkKITE4GRooUBiAQxuzqoB006ymRtmxC8yZP/Qmu37u3VG5eN2tHxKI55sAm2wA7wwD44AmfgAjQBAnfgCbyAV+veerberPev1oo1mtkAv8r6+ATT5a7f</latexit>
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Note- this amounts to a visual inspection version of Laplace’s
integral method
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Cosmic Radiation Fields- Energy Density

Estimating
<latexit sha1_base64="JR+HQsIhYH5UMErJVXSXfXcZDOY=">AAAB+nicbVBNS8NAEN3Urxq/Uj16WSyCp5JIUY9FLx4rmLbQhLLZbtqlu5uwu1FKzE/x4kERr/4Sb/4bt20O2vpg4PHeDDPzopRRpV3326qsrW9sblW37Z3dvf0Dp3bYUUkmMfFxwhLZi5AijAria6oZ6aWSIB4x0o0mNzO/+0Ckoom419OUhByNBI0pRtpIA6cWRHFu+4M8GCHOUWEXA6fuNtw54CrxSlIHJdoD5ysYJjjjRGjMkFJ9z011mCOpKWaksINMkRThCRqRvqECcaLCfH56AU+NMoRxIk0JDefq74kccaWmPDKdHOmxWvZm4n9eP9PxVZhTkWaaCLxYFGcM6gTOcoBDKgnWbGoIwpKaWyEeI4mwNmnZJgRv+eVV0jlveBeN5l2z3rou46iCY3ACzoAHLkEL3II28AEGj+AZvII368l6sd6tj0VrxSpnjsAfWJ8/nfaTmQ==</latexit>
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<latexit sha1_base64="tzDWXiWjZGZIYo24sOUGz6X96gs=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7Iroh6LInisYD+grSWbZtvQJLskWbUs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG8/7dgpLyyura8V1d2Nza3untLvX0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMYXU385gNVmkXyzoxj2hV4IFnICDZWuu8EYepe91KBnzI365XKXsWbAi0SPydlyFHrlb46/YgkgkpDONa67Xux6aZYGUY4zdxOommMyQgPaNtSiQXV3XR6dYaOrNJHYaRsSYOm6u+JFAutxyKwnQKboZ73JuJ/Xjsx4UU3ZTJODJVktihMODIRmkSA+kxRYvjYEkwUs7ciMsQKE2ODcm0I/vzLi6RxUvHPKqe3p+XqZR5HEQ7gEI7Bh3Oowg3UoA4EFDzDK7w5j86L8+58zFoLTj6zD3/gfP4A48iSIQ==</latexit>

Emax
<latexit sha1_base64="IopyY/JEy4eqOOQcPbO/AMXQN8Y=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7IrRT0WRfBYwX5AW0s2zbahSXZJskpZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5QcyZNp737RRWVtfWN4qb7tb2zu5eaf+gqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywvp76rUeqNIvkvZnEtCfwULKQEWys9NANwtS96aeCyczN+qWyV/FmQMvEz0kZctT7pa/uICKJoNIQjrXu+F5seilWhhFOM7ebaBpjMsZD2rFUYkF1L51dnaETqwxQGClb0qCZ+nsixULriQhsp8BmpBe9qfif10lMeNlLmYwTQyWZLwoTjkyEphGgAVOUGD6xBBPF7K2IjLDCxNigXBuCv/jyMmmeVfzzSvWuWq5d5XEU4QiO4RR8uIAa3EIdGkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w/gwpIf</latexit>

Emin

<latexit sha1_base64="ClQUh5rzBHOAE2t7XYT9t8Hdt48=">AAACZnicbVHNa9swHJW9r9bburRl7LCLWBh0hxk7K2uPpSOw0+hgSQtxan6W5UREko0klwZN/SN723mX/RlTEg+2dg8Ej/feTx9PRcOZNknyIwgfPHz0+MnWdvT02fOdF73dvbGuW0XoiNS8VhcFaMqZpCPDDKcXjaIgCk7Pi8WnlX9+RZVmtfxmlg2dCphJVjECxkt5z2VFZaNRbrMZCAEug6ZR9TXOOK1MPLy0A5dVCogtvz hbDl2m2Gxuvue2obBwGZeb5MEmNMytgGvn1oRJ18Xf/dk1iQc3dHxDxKV9/8FFLu/1kzhZA98naUf6qMNZ3rvNypq0gkpDOGg9SZPGTC0owwinLspaTRsgC5jRiacSBNVTu67J4bdeKXFVK7+kwWv17wkLQuulKHxSgJnru95K/J83aU11PLVMNq2hkmwOqlqOTY1XneOSKUoMX3oCRDF/V0zm4Asz/mciX0J698n3yXgQpx/jw6+H/ZPTro4t9Bq9QQcoRUfoBH1GZ2iECPoZbAd7wX7wK9wJX4avNtEw6Gb20T8I8W/M97rW</latexit>
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Cosmic Radiation Fields- Energy Density
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Cosmic Radiation Fields- Number Density

<latexit sha1_base64="CzkxZqJFapFOOSe20VTYXzCQzm4=">AAACLnicbZDLSgMxFIYz9VbHW9Wlm8EiuCozIupGKErBZQV7gU4dMplMG5pkhiQjlDBP5MZX0YWgIm59DNMLUlt/CHz85xxyzh+mlEjlum9WYWl5ZXWtuG5vbG5t75R295oyyQTCDZTQRLRDKDElHDcUURS3U4EhCyluhYPrUb31gIUkCb9TwxR3GexxEhMElbGCUs0PY23zQPs9yBjML33ClRNoN7/XBmM1zP1YQKQjnuuo9t uXz7CdB6WyW3HHchbBm0IZTFUPSi9+lKCMYa4QhVJ2PDdVXQ2FIoji3PYziVOIBrCHOwY5ZFh29fjc3DkyTuTEiTDPLDt2Zyc0ZFIOWWg6GVR9OV8bmf/VOpmKL7qa8DRTmKPJR3FGHZU4o+yciAiMFB0agEgQs6uD+tCko0zCtgnBmz95EZonFe+scnp7Wq5eTeMoggNwCI6BB85BFdyAOmgABB7BM3gHH9aT9Wp9Wl+T1oI1ndkHf2R9/wBf8qqZ</latexit>
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<latexit sha1_base64="eMkH3+AnAv7dOkNxz0AArUxyIdw=">AAACMHicbZDLSsQwFIZT79bbqEs3wUFwNbQi6kYYFNGlgqPCdCxpmo7BJC3JqTCEPpIbH0U3Coq49SnMjANefwh8+c85JOdPCsENBMGTNzI6Nj4xOTXtz8zOzS/UFpfOTF5qylo0F7m+SIhhgivWAg6CXRSaEZkIdp5c7/fr5zdMG56rU+gVrCNJV/GMUwLOimuHUZJZfzfiCmIbVJfWUQa96iC2UZdISaoo04TaVFU2/TKrVCj8dfWruFYPGsFA+C+EQ6ijoY7j2n2U5rSUTAEVxJh2GBTQsUQDp4JVflQaVhB6Tbqs7VARyUzHDhau8JpzUpzl2h0FeOB+n7BEGtOTieuUBK7M71rf/K/WLiHb6ViuihKYop8PZaXAkON+ejjlmlEQPQeEau7+iukVcQGBy9h3IYS/V/4LZxuNcKuxebJZb+4N45hCK2gVraMQbaMmOkLHqIUoukUP6Bm9eHfeo/fqvX22jnjDmWX0Q977B/EUq14=</latexit>
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Cosmic Radiation Fields- Number Density
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<latexit sha1_base64="tzDWXiWjZGZIYo24sOUGz6X96gs=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7Iroh6LInisYD+grSWbZtvQJLskWbUs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG8/7dgpLyyura8V1d2Nza3untLvX0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMYXU385gNVmkXyzoxj2hV4IFnICDZWuu8EYepe91KBnzI365XKXsWbAi0SPydlyFHrlb46/YgkgkpDONa67Xux6aZYGUY4zdxOommMyQgPaNtSiQXV3XR6dYaOrNJHYaRsSYOm6u+JFAutxyKwnQKboZ73JuJ/Xjsx4UU3ZTJODJVktihMODIRmkSA+kxRYvjYEkwUs7ciMsQKE2ODcm0I/vzLi6RxUvHPKqe3p+XqZR5HEQ7gEI7Bh3Oowg3UoA4EFDzDK7w5j86L8+58zFoLTj6zD3/gfP4A48iSIQ==</latexit>

Emax
<latexit sha1_base64="IopyY/JEy4eqOOQcPbO/AMXQN8Y=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7IrRT0WRfBYwX5AW0s2zbahSXZJskpZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5QcyZNp737RRWVtfWN4qb7tb2zu5eaf+gqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywvp76rUeqNIvkvZnEtCfwULKQEWys9NANwtS96aeCyczN+qWyV/FmQMvEz0kZctT7pa/uICKJoNIQjrXu+F5seilWhhFOM7ebaBpjMsZD2rFUYkF1L51dnaETqwxQGClb0qCZ+nsixULriQhsp8BmpBe9qfif10lMeNlLmYwTQyWZLwoTjkyEphGgAVOUGD6xBBPF7K2IjLDCxNigXBuCv/jyMmmeVfzzSvWuWq5d5XEU4QiO4RR8uIAa3EIdGkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w/gwpIf</latexit>

Emin
Estimating <latexit sha1_base64="ggowj3dBny3XbHcQrOZ5/Mnn5AU=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgqiRS1GXRjcsK9gFNCJPppB06MwkzE6XEfIobF4q49Uvc+TdO2yy09cCFwzn3cu89Ucqo0q77bVXW1jc2t6rb9s7u3v6BUzvsqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBdNbmZ+74FIRRNxr6cpCTgaCRpTjLSRQqfmR3FuizD3R4hzVNhF6NTdhjsHXCVeSeqgRDt0vvxhgjNOhMYMKTXw3FQHOZKaYkYK288USRGeoBEZGCoQJyrI56cX8NQoQxgn0pTQcK7+nsgRV2rKI9PJkR6rZW8m/ucNMh1fBTkVaaaJwItFccagTuAsBzikkmDNpoYgLKm5FeIxkghrk5ZtQvCWX14l3fOGd9Fo3jXrresyjio4BifgDHjgErTALWiDDsDgETyDV/BmPVkv1rv1sWitWOXMEfgD6/MHxO2Tsg==</latexit>n�

<latexit sha1_base64="CbpLX3AjM4SlcSSuaCGDboumqIc="></latexit>
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dn
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CMB- Total Number Density

For a blackbody radiation field distribution, with temperature T,
<latexit sha1_base64="sF3jYDw0FlzntF/2XcktmMEIhro="></latexit>

n� = 8⇡
(kT)3

(hc)3
�(3)⇣(3) ⇡ 400 cm�3

<latexit sha1_base64="/vIlJRXbjySVZTeVdgE7L7TNv5A="></latexit>

U� = 8⇡
(kT)4

(hc)3
�(4)⇣(4) = 0.25 eV cm�3

<latexit sha1_base64="y3KjDQAQEVQojIzwX+knOBFaSXM="></latexit>

hE�i =

R1
0 E�

dn
dE�

dE�
R1
0
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dE�

dE�
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�(4)⇣(4)

�(3)⇣(3)
kT ⇡ 2.7 kT
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Cosmic Ray Proton Energy Losses

10
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The Interaction Rate
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g
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All values above in lab frame
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radiation field cross-section

<latexit sha1_base64="smN1dclsOwZRTp/B3L5WgdHIZrU=">AAACAXicbVDLSsNAFL2prxpfUTeCm8EiuCqJFHVZdOOygn1AE8pkOmmHziRhZiKUUDf+ihsXirj1L9z5N07bLLT1wIUz59zL3HvClDOlXffbKq2srq1vlDftre2d3T1n/6ClkkwS2iQJT2QnxIpyFtOmZprTTiopFiGn7XB0M/XbD1QqlsT3epzSQOBBzCJGsDZSzznywyi3fZoqxs079wdYCDyxJz2n4lbdGdAy8QpSgQKNnvPl9xOSCRprwrFSXc9NdZBjqRnhdGL7maIpJiM8oF1DYyyoCvLZBRN0apQ+ihJpKtZopv6eyLFQaixC0ymwHqpFbyr+53UzHV0FOYvTTNOYzD+KMo50gqZxoD6TlGg+NgQTycyuiAyxxESb0GwTgrd48jJpnVe9i2rtrlapXxdxlOEYTuAMPLiEOtxCA5pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/AGf9luA=</latexit>✏�<latexit sha1_base64="4lf+vq2akzQi0/IkliUlizVh3DI=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mkqMeiCB4r2A9oStlsN+3SzWbZ3Qgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5oeRMG8/7dkpr6xubW+Vtd2d3b/+gcnjU1kmqCG2RhCeqG2JNORO0ZZjhtCsVxXHIaSec3M78zhNVmiXi0Uwl7cd4JFjECDZWCoIwyty7QSZzNx9Uql7NmwOtEr8gVSjQHFS+gmFC0pgKQzjWuu d70vQzrAwjnOZukGoqMZngEe1ZKnBMdT+b35yjM6sMUZQoW8Kgufp7IsOx1tM4tJ0xNmO97M3E/7xeaqLrfsaETA0VZLEoSjkyCZoFgIZMUWL41BJMFLO3IjLGChNjY3JtCP7yy6ukfVHzL2v1h3q1cVPEUYYTOIVz8OEKGnAPTWgBAQnP8ApvTuq8OO/Ox6K15BQzx/AHzucPTB6RNw==</latexit>

Ep

<latexit sha1_base64="/WoBVv1OLXZQC/NxLrSK3mderOM=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0mkqMeiF48V7Ae0pWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0PO+ncLa+sbmVnHb3dnd2z8oHR41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwXj25nfeuLaiFg94CThvYgOlQgFo2ildjcIMzdxp/1S2at4c5BV4uekDDnq/dJXdxCzNOIKmaTGdHwvwV 5GNQom+dTtpoYnlI3pkHcsVTTippfN752SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+TYnjdy4RKUuSKLRaFqSQYk9nzZCA0ZygnllCmhb2VsBHVlKGNyLUh+Msvr5LmRcW/rFTvq+XaTR5HEU7gFM7BhyuowR3UoQEMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4AOjqPcw==</latexit>p

<latexit sha1_base64="x+VsfqBpYYQHYxKHYmkEQRkqOak=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lE1GPRi8cK9gOaUDbbTbt0s1l2N0IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+ncra+sbmVnXb3dnd2z+oHR51dJopQtsk5anqRVhTzgRtG2Y47UlFcRJx2o0mdzO/+0SVZql4NFNJwwSPBIsZwcZKQRDFuZsMclm4xaBW9xreHGiV+CWpQ4nWoPYVDFOSJVQYwrHWfd+TJsyxMoxwWrhBpqnEZIJHtG+pwAnVYT6/uUBnVhmiOFW2hEFz9fdEjhOtp0lkOxNsxnrZm4n/ef3MxDdhzoTMDBVksSjOODIpmgWAhkxRYvjUEkwUs7ciMsYKE2Njcm0I/vLLq6Rz0fCvGpcPl/XmbRlHFU7gFM7Bh2towj20oA0EJDzDK7w5mfPivDsfi9aKU84cwx84nz+JrpFf</latexit>mp

<latexit sha1_base64="yoEIt9JBanG7n9eX/Hwlh1JQ0Fo=">AAAB8HicbVBNSwMxEJ2tX3X9qnr0Eiyip7IrpXosevFYwX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rb7s7u3v5B6fCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vp357SeqNIvlg5kkNBB4KFnECDZWeuyFUeYm5+60Xyp7FW8OtEr8nJQhR6Nf+uoNYpIKKg3hWOuu7yUmyLAyjHA6dXuppgkmYzykXUslFlQH2fzgKTqzygBFsbIlDZqrvycyLLSeiNB2CmxGetmbif953dRE10HGZJIaKsliUZRyZGI0+x4NmKLE8IklmChmb0VkhBUmxmbk2hD85ZdXSeuy4tcq1ftquX6Tx1GEEziFC/DhCupwBw1oAgEBz/AKb45yXpx352PRWnDymWP4A+fzB5yvj6Q=</latexit>

p0

<latexit sha1_base64="TdpU4iqLjGbSjDzx6rNx7HwVjUc=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovoqiRS1GXRjcsK9gFNKDfTSTt0JgkzE6GE4sZfceNCEbd+hTv/xmmbhbYeuHDmnHuZe0+Ycqa0635bS8srq2vrpQ17c2t7Z9fZ22+qJJOENkjCE9kOQVHOYtrQTHPaTiUFEXLaCoc3E7/1QKViSXyvRykNBPRjFjEC2khd59APo9z2aaoYN+/c74MQMD61x12n7FbcKfAi8QpSRgXqXefL7yUkEzTWhINSHc9NdZCD1IxwOrb9TNEUyBD6tGNoDIKqIJ+eMMYnRunhKJGmYo2n6u+JHIRSIxGaTgF6oOa9ifif18l0dBXkLE4zTWMy+yjKONYJnuSBe0xSovnIECCSmV0xGYAEok1qtgnBmz95kTTPK95FpXpXLdeuizhK6AgdozPkoUtUQ7eojhqIoEf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP9FNlxE=</latexit>

✏0�

<latexit sha1_base64="PcoBnlNUm0Rgc5qGY/5dSvRKv5M="></latexit>

R =

Z 1

0
d✏�

dn

d✏�

Z 1

�1

1

2
d(cos ✓)�(cos ✓)1+ � cos ✓)
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The Interaction Rate

Since,

12

<latexit sha1_base64="0LiGtGS8/SFNkI7lVOzLtUfRBLA="></latexit>

✏0�mp = ✏�Ep(1+ � cos ✓)
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For Eproton<1019.6 eV

For Eproton>1019.6 eV

p

p

g

g

n

p+

p
e+

e-

Cosmic Ray Proton Interactions

Egth ~	1MeV

Egth ~	140	MeV
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Threshold Energy- Proton Pair Production

(Ep +E�)
2 � (pp �E�)

2 = (mp + 2me)
2

m2
p + 2EpE� + 2ppE� ⇡ m2

p + 4mpme

Ep ⇡ me
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mp ⇡

✓
0.5⇥ 106

6⇥ 10�4

◆
0.9⇥ 109 = 8⇥ 1017 eV

Repeat this calculation for pion production
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Energy Loss Rate- Pair 
Production
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Energy Loss Rate- Pion 
Production
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Energy Loss Rates due 
to Proton Interactions

⇡ mp
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where R is the energy loss rate where Kp is the inelasticity
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Energy Loss Rates due 
to Proton Interactions

⇡ mp
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where R is the energy loss rate
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EBL Radiation Field Models
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The EBL isn’t actually known with very great accuracy 
(since it is difficult to measure directly)

This uncertainty should be propagated into 
theoretical calculations of interaction rates 
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....with Different IR Backgrounds
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....with Different IR Backgrounds
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Cosmic Ray Nuclei Energy Losses

22
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For 1019.7 < E(A,Z) < 1020.2

eV

For E(A,Z) < 1019.7 and E(A,Z) < 1020.2 

eV

g
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Cosmic Ray Nuclei Interactions
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(A,Z)
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Z2

23



Andrew Taylor

n
g

(A,Z)
(A-1,Z)

Cosmic Ray Nuclei Interactions

Photo-disintegration-

 n p + e- + ne

N(A,Z) + g  N'(A',Z')	+	(Z-Z')p	+	(A-A'+Z'-Z)n,	 Eg  ~	30MeV
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Energy Loss Rates due 
to Nuclei Interactions

where R is the energy loss rate
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Cosmic Ray Disintegration 
During Propagation
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Cosmic Ray Spectra
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Assumptions on Source Population

dN

dVC
/ (1+ z)n

EZ,max = (Z/26)⇥EFe,max

dN

dE
/ E�↵ exp[�E/EZ,max]

z < zmax

n = �6, �3, 0, 3

28

Note- magnetic field horizon effects are neglected in the following. 
This amounts to assuming:
ie. the source distribution may be approximated to be spatially 
continuous (also note, presence of tH term comes from temporally 
continuous assumption)

ds < (ctH�scat)
1/2

Energy Distribution 

Spatial Distribution 
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A Cosmological Distribution of 
Sources

Distribution of sources in a 
comoving volume

dVc = 4⇡�2d�

d� =
dz

H

⇡ dz

H0(⌦M(1+ z)3 +⌦⇤)1/2
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Proximity of Local Sources?
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Note- magnetic field horizon 
effects are neglected here. This 
amounts to assuming:

ie. the source distribution may 
be approximated to be spatially 
continuous (also note, presence 
of tH term comes from 
temporally continuous 
assumption)

ds < (ctH�scat)
1/2
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MCMC Likelihood Scan:
Spectral + Composition Fits

n=3 evolution result

L(fp, fHe, fN, fSi,Emax,↵) / exp(��2/2)
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MCMC Likelihood Scan:
“Soft” Spectra Solutions
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Proximity-Spectral Index Relation

34

Local source solution calls upon a more 
acceptable spectral index

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6
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Proximity-Spectral Index Relation

35

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6

Evidence that either there aren’t many such sources, or that these sources (spectrally) 
are copies of each other (ie. stability of solution issues) Ehlert PRD, 107 103045 (2020)
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Proximity-Spectral Index Relation

36

A single/few local sources solution calls upon 
a more acceptable spectral index/resolves 
the - how to square this with the anisotropy 
data?

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6
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• The attenuation of cosmic ray protons/nuclei due to the presence of 
background radiation fields is reasonably well understood

• The largest limitation presently is the EBL (dust and stellar emission 
components)

• Despite these limitations, calculations for the propagation ultra high 
energy cosmic rays in these background radiation fields are 
predictive

• A negative evolution of sources allows for softer source injection 
spectra (more consistent with the Fermi acceleration model)

• The current cosmic ray data at the highest energies is suggestive 
that the nearest sources should be no further than a few 10s of Mpc

37

Conclusions
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End of Lecture

38
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CMB- Total Number Density
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CMB- Total Number Density
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Threshold Energy- Proton Pion Production

(Ep +E�)
2 � (pp �E�)

2 = (mp +m⇡)
2

m2
p + 2EpE� + 2ppE� ⇡ m2

p + 2mpm⇡

Ep ⇡ m⇡

2E�
mp ⇡

✓
135⇥ 106

2⇥ 6⇥ 10�4

◆
0.9⇥ 109 = 1020 eV
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Energy Loss Rates of Electrons 
and Photons
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Comparison of Analytic and 
Monte Carlo Results
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Photo-Pion Production Rate

Assuming the cross-section is 
approximately:
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Where     ,     , �p� = 0.5 mb E = 300 MeV � = 100 MeV 45
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�i(1,x) = 1� exp(�x)�i(3,x) = 2� (2+ 2x+ x2) exp(�x)

R(�) ⇡ 1

l0
[ (�i(3,x2(�))� �i(3,x1(�)))� x1(�)

2(�i(1,x2(�))� �i(1,x1(�)))+

x2(�)
2(1� �i(1,x2(�)))� x1(�)

2(1� �i(1,x2(�))) ]
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n0�0

Z 1

x2(�)

�
x2
2(�)� x2

1(�)
�

ex � 1

R(�) ⇡ n0�0

Z x2(�)

x1(�)

�
x2 � x1(�)2

�

ex � 1
dx+

R(�) ⇡ 2

l0

⇥
e�x1(1� e�x1 + x1(1� 2e�x1))

⇤
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Where,

Photo-Pion Production Rate: 
Blackbody Interactions

l0 = 10 Mpc x1 =
(E��)mp

2kTCMBEp
=

1020.5 eV

Ep



Andrew Taylor

With,

R ⇡ 0.2�p�

Z E+�
2�

E��
2�

d✏�
dn

d✏�

Where   is 5 Mpc  and l0 x1 =
1020.5 eV

Ep

⇡
✓

l0
e�x1(1� e�x1)

◆�1

kTCMB ⇡ 2⇥ 10�4 eV
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Photo-Pion Production Rate: 
Blackbody Interactions
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CMB- Total Energy Density

⇢BB
� =

8⇡(kT)4

(hc)3

Z 1

0

x3

ex � 1
dx

⇢CMB
� = 8⇡

(kTCMB)4

(hc)3
�(4)⇣(4) ⇡ 0.25 eV cm�3

10-6
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10-2

10-1

100

10-6 10-5 10-4 10-3 10-2

kT=2e-4 eV

2.7 kT

E γ
2 dN

γ/d
E γ

 [e
V 

cm
-3

]

Eγ [eV]
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An Analytic Description of these Results
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Differential Equation Describing System State

by

then

(where Anvalues	are	set	by	the	initial	conditions)

d

dt

0

@
f56
f55
f54

1

A = ⇤

0

@
f56
f55
f54

1

A

⇤ =

0

BBB@

�
⇣

1
⌧56!55

+ 1
⌧56!54

+ ...
⌘

0 0

1
⌧56!55

�
⇣

1
⌧55!54

+ 1
⌧55!53

+ ...
⌘

0

1
⌧56!54

1
⌧55!54

�
⇣

1
⌧54!53

+ 1
⌧54!52

+ ...
⌘

1

CCCA

fq(t) =
56X

n=q

Anfn(t)

fq(t) =
56X

n=q

Ane
��ntfn(0)
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Only Considering Single Nucleon Losses

and

⇤ =

0

@
� 1

⌧56!55
0 0

1
⌧56!55

� 1
⌧55!54

0
0 1

⌧55!54
� 1

⌧54!53

1

A

fq(t) =
56X

n=q

f56(0)
⌧q⌧56�q�1

nQ56
p=q(⌧n � ⌧p)

e�
t

⌧n
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Nuclear Cascade Description
Consider dfq

dt
+

fq
⌧q

=
fq+1

⌧q+1

e

⇣
�t
⌧q

⌘
d

dt


e

⇣
t
⌧q

⌘

fq

�
=

fq+1

⌧q+1

fq = e

⇣
�t
⌧q

⌘ Z
e

⇣
t
⌧q

⌘
fq+1

⌧q+1
dt

Assume solution is true for q, apply to q+1

fq+1(t)

f56(0)
=

56X

n=q+1

⌧q+1⌧56�q�2
nQ56

p=q+1(⌧n � ⌧p)
e�

t
⌧n
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Assume solution is true

Since fq(0) = 0

fq = e

⇣
�t
⌧q

⌘ Z
e

⇣
t
⌧q

⌘
fq+1

⌧q+1
dt

fq+1(t)

f56(0)
=

56X

n=q+1

⌧q+1⌧56�q�2
nQ56

p=q+1(⌧n � ⌧p)
e�

t
⌧n

Nuclear Cascade Description

c =
56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)

fq(t)

f56(0)
=

56X

n=q+1

⌧56�q�2
nQ56

p=q+1(⌧n � ⌧p)

"✓
1

⌧q
� 1

⌧n

◆�1

e
�t
⌧n

#
� ce

�t
⌧q
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These are equivalent if:

fq(t)

f56(0)
=

56X

n=q

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
e�

t
⌧n

Nuclear Cascade Description
56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
e

�t
⌧q

fq(t)

f56(0)
=

56X

n=q+1

⌧56�q�2
nQ56

p=q(⌧n � ⌧p)
e

�t
⌧n �

56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
=

⌧q⌧56�q�1
qQ56

p=q(⌧q � ⌧p)

w2

(w � x)(w � y)(w � z)
+

x2

(x�w)(x� y)(x� z)
+

y2

(y �w)(y � x)(y � z)
= � z2

(z�w)(z� x)(z� y)

Consider:
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w2

(w � x)(w � y)(w � z)
+

x2

(x�w)(x� y)(x� z)
+

y2

(y �w)(y � x)(y � z)
= � z2

(z�w)(z� x)(z� y)

Consider the case 

��������

1 w w2 w2

1 x x2 x2

1 y y2 y2

1 z z2 z2

��������
= 0

56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
=

⌧q⌧56�q�1
qQ56

p=q(⌧q � ⌧p)

Nuclear Cascade Description
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Cascade of Nuclei Through 
Species- single nucleon loss

Since nuclei Lorentz factor remains  
~conserved, and cross-section varies mildly 
with A (nuclear mass) 

For the case

ie. Gaisser-Hillas 
type function! 
(used to describe air showers) 58
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Cascade of Nuclei Through Species-
Comparison of Approximation

Starting with Fe, 
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100 Mpc

300 Mpc

500 Mpc

Composition – an Excellent Probe of the 
Local Source Distribution

(if you know the source composition)
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Assumptions on Source Population

EZ,max = (Z/26)⇥EFe,max

dN

dE
/ E�↵ exp[�E/EZ,max]

61

Note- magnetic field horizon effects are neglected in the following. 
This amounts to assuming:
ie. the source distribution may be approximated to be spatially 
continuous (also note, presence of tH term comes from temporally 
continuous assumption)

ds < (ctH�scat)
1/2

Energy Distribution 

Spatial Distribution z < 1.9
dN

dVC
/ (1+ z)3

dN

dVC
/ (1+ 1.9)3 1.9 < z < 2.7

dN

dVC
/ (1+ 1.9)3e�z/1.7 z > 2.7

motivated by Fermi 
acceleration theory

motivated by star 
formation rate 
evolution


