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Lecture 4 Plan:

1) UHECR- the observational status

2) Hydro Turbulence and Magneto-Hydro 
Turbulence

3) Non-thermal particle transport equation in 
magnetic turbulence

4) The extragalactic magnetic field 
environment
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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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Hydro Turbulence

Image from University of Sydney

Richardson, 1922
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Hydrodynamics
A brief comment-

<latexit sha1_base64="iR343pTn53Xi9TfsfC2DpQCKn3w=">AAACJ3icbVDLSgMxFM34rOOr6tJNsAiCUGZE1I1SdOOygq1CZyh3Mpk2mEmGJCOUYf7Gjb/iRlARXfonpg/weSBwOOdebs6JMs608bx3Z2p6ZnZuvrLgLi4tr6xW19bbWuaK0BaRXKrrCDTlTNCWYYbT60xRSCNOr6Kbs6F/dUuVZlJcmkFGwxR6giWMgLFSt3oSREnhBokCUgQZKMOA40D1Jb4tvwRT7gYCIg4BiaXBzePRRM8tu9WaV/dGwH+JPyE1NEGzW30KYknylApDOGjd8b3MhMXwDuG0dINc0wzIDfRox1IBKdVhMcpZ4m2rxDiRyj5h8Ej9vlFAqvUgjexkCqavf3tD8T+vk5vkKCyYyHJDBRkfSnKbW+JhaThmihLDB5YAUcz+FZM+2M6Mrda1Jfi/I/8l7b26f1Dfv9ivNU4ndVTQJtpCO8hHh6iBzlETtRBBd+gBPaMX5955dF6dt/HolDPZ2UA/4Hx8AjGSph0=</latexit>

@⇢v

@t
+r ·P = ⇢g

<latexit sha1_base64="Ba0W5pRc/vy5FOKI35sPWqoHgvE=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCIJREiroRim50V8E+oAllMp20QyczYWZSqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfeECaNKu+63VVhaXlldK67bG5tb2zvO7l5DiVRiUseCCdkKkSKMclLXVDPSSiRBcchIMxzcTPzmkEhFBX/Qo4QEMepxGlGMtJE6zoEfRpldu0ruTn3ZF3AIh/a445TcsjsFXCReTkogR63jfPldgdOYcI0ZUqrtuYkOMiQ1xYyMbT9VJEF4gHqkbShHMVFBNr1+DI+N0oWRkKa4hlP190SGYqVGcWg6Y6T7at6biP957VRHl0FGeZJqwvFsUZQyqAWcRAG7VBKs2cgQhCU1t0LcRxJhbQKzTQje/MuLpHFW9s7LlftKqXqdx1EEh+AInAAPXIAquAU1UAcYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AG2+k+4=</latexit>

P = pI+ ⇢vv

shorthand for 

Spatial part of stress energy 
tensor

<latexit sha1_base64="NQaBRY5XN4CfLMji8PnpIIsSy2g="></latexit>

⇢
@v

@t
+ ⇢(v ·r)v = �rp+ ⇢g

Momentum flux 
conservation 

<latexit sha1_base64="nay+0+Lczs4ocTQ27HttSEXJjXA=">AAAB+nicbVC7TsNAEFzzDOYVoKQ5ESFRWXbEq4ygoQxSQiLFJjpfzskp5wd3Z0uR5e+goYAS0fIldPwNl8QFJIy00mhmV7s7fsKZVLb9baysrq1vbFa2zO2d3b396sHhg4xTQWibxDwWXR9LyllE24opTruJoDj0Oe3449up38mokCyOWmqSUC/Ew4gFjGClJc/1g9zMsse8VZhFv1qzLXsGtEycktSgRLNf/XIHMUlDGinCsZQ9x06Ul2OhGOG0MN1U0gSTMR7SnqYRDqn08tnRBTrVygAFsdAVKTRTf0/kOJRyEvq6M8RqJBe9qfif10tVcO3lLEpSRSMyXxSkHKkYTRNAAyYoUXyiCSaC6VsRGWGBidI5mToEZ/HlZeLWLefSurAc27bq9+e1xk0ZSgWO4QTOwIEraMAdNKENBJ7gGV7hzciMF+Pd+Ji3rhjlzBH8gfH5A9/skwM=</latexit>

vvT
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Magneto-Hydrodynamics
A brief comment-

<latexit sha1_base64="Ba0W5pRc/vy5FOKI35sPWqoHgvE=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCIJREiroRim50V8E+oAllMp20QyczYWZSqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfeECaNKu+63VVhaXlldK67bG5tb2zvO7l5DiVRiUseCCdkKkSKMclLXVDPSSiRBcchIMxzcTPzmkEhFBX/Qo4QEMepxGlGMtJE6zoEfRpldu0ruTn3ZF3AIh/a445TcsjsFXCReTkogR63jfPldgdOYcI0ZUqrtuYkOMiQ1xYyMbT9VJEF4gHqkbShHMVFBNr1+DI+N0oWRkKa4hlP190SGYqVGcWg6Y6T7at6biP957VRHl0FGeZJqwvFsUZQyqAWcRAG7VBKs2cgQhCU1t0LcRxJhbQKzTQje/MuLpHFW9s7LlftKqXqdx1EEh+AInAAPXIAquAU1UAcYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AG2+k+4=</latexit>

P = pI+ ⇢vv

Momentum flux 
conservation 

<latexit sha1_base64="jmYbwx4SPE/UgGF+0yK5KxsWooU="></latexit>

@⇢v

@t
+r · (P�PM) = ⇢g

<latexit sha1_base64="yaUu98z2d/1VtbUSLEgIzn74ieU=">AAACGnicbZDLSsNAFIYn9VbjLerSTbAIgliSUrQbodSNLoQK9gJNLJPppB06uTAzEcqQ53Djq7hxoYg7cePbOGmz0NYfBn6+cw5nzu/FlHBhWd9aYWl5ZXWtuK5vbG5t7xi7e20eJQzhFopoxLoe5JiSELcEERR3Y4Zh4FHc8caXWb3zgBknUXgnJjF2AzgMiU8QFAr1DdvxfKk3+/ImvTh1fAaRbNzLSprKmhOT9PokZ41UVjOgp32jZJWtqcxFY+emBHI1+8anM4hQEuBQIAo579lWLFwJmSCI4lR3Eo5jiMZwiHvKhjDA3JXT01LzSJGB6UdMvVCYU/p7QsKA80ngqc4AihGfr2Xwv1ovEX7NlSSME4FDNFvkJ9QUkZnlZA4Iw0jQiTIQMaL+aqIRVFkIlaauQrDnT1407UrZPitXb6uleiOPowgOwCE4BjY4B3VwBZqgBRB4BM/gFbxpT9qL9q59zFoLWj6zD/5I+/oBiM+glA==</latexit>

PM = �B2

8⇡
I+

BB

4⇡
Maxwell stress tensor

Pressure tensor
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Galactic Magneto-Hydro Turbulence
One of the key drivers is thought to be Supernova explosions

<latexit sha1_base64="4GbSGtqh6va07TWLLw4YpK/idQ8=">AAAB9XicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4Amlslk0g6dTMLMRCmh/+HGhSJu/Rd3/o2TNgttPTBwOOdc7p0TpJwp7TjfVmVldW19o7ppb23v7O7V9g86KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3GN4XffaRSsUTc60lK/RgPBYsYwdpID14Q5bbHTT7E9nRQqzsNZwa0TNyS1KFEa1D78sKEZDEVmnCsVN91Uu3nWGpGOJ3aXqZoiskYD2nfUIFjqvx8dvUUnRglRFEizRMazdTfEzmOlZrEgUnGWI/UoleI/3n9TEdXfs5EmmkqyHxRlHGkE1RUgEImKdF8YggmkplbERlhiYk2RdmmBHfxy8ukc9ZwLxrO3Xm9eV3WUYUjOIZTcOESmnALLWgDAQnP8Apv1pP1Yr1bH/NoxSpnDuEPrM8fqh+R9w==</latexit>

�

Note for MHD turbulence, the theoretically 
expected turbulence index is still debated
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Charged Particles in Magnetic Fields

Note- a lot of what you may have studied about charged particle 
propagation in magnetic fields likely assumed magnetic field variation was 
on much longer length scales than particle Larmor radius.
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Particle Diffusion in Magnetic Turbulence 
(Quasi-Linear Theory)?

The propagation of cosmic rays is dictated by the magnetic field 
landscape they live in.

<latexit sha1_base64="Xz6tKuILKTid1wxvZ4JG0vu+SFs=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WOpF48V7Ae0pWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujed9O4W19Y3NreK2u7O7t39QOjxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB8O/NbT6g0j+WDmSTYi+hQ8pAzaqzU7gZh5tbcab9U9ireHGSV+DkpQ456v/TVHcQsjVAaJqjWHd9LTC+jynAmcOp2U40JZWM6xI6lkkaoe9n83ik5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+ukJrzpZVwmqUHJFovCVBATk9nzZMAVMiMmllCmuL2VsBFVlBkbkWtD8JdfXiXNi4p/VfHuL8vVWh5HEU7gFM7Bh2uowh3UoQEMBDzDK7w5j86L8+58LFoLTj5zDH/gfP4A8nuPQA==</latexit>

B

<latexit sha1_base64="Xz6tKuILKTid1wxvZ4JG0vu+SFs=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WOpF48V7Ae0pWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujed9O4W19Y3NreK2u7O7t39QOjxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB8O/NbT6g0j+WDmSTYi+hQ8pAzaqzU7gZh5tbcab9U9ireHGSV+DkpQ456v/TVHcQsjVAaJqjWHd9LTC+jynAmcOp2U40JZWM6xI6lkkaoe9n83ik5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+ukJrzpZVwmqUHJFovCVBATk9nzZMAVMiMmllCmuL2VsBFVlBkbkWtD8JdfXiXNi4p/VfHuL8vVWh5HEU7gFM7Bh2uowh3UoQEMBDzDK7w5j86L8+58LFoLTj5zDH/gfP4A8nuPQA==</latexit>

B

<latexit sha1_base64="f5uTOzIOgNBU3wPFQFe/z64TmOQ="></latexit>

h�✓2i = Nh�✓2i
<latexit sha1_base64="SICImWrEWZ4Zz+0ufJsKw252MDw="></latexit>
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✓
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◆
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<latexit sha1_base64="Splp0H8OQ3AD1px5+uC1RtNpIuU=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiRS1GWpG5cV7AOaECaTSTt0MgkzEyGE+CtuXCji1g9x5984bbPQ1gMXDufcy733BCmjUtn2t1Hb2Nza3qnvmnv7B4dH1vHJQCaZwKSPE5aIUYAkYZSTvqKKkVEqCIoDRobB7HbuDx+JkDThDypPiRejCacRxUhpybcabhAVphsSphDs+sWsNEvfatotewG4TpyKNEGFnm99uWGCs5hwhRmScuzYqfIKJBTFjJSmm0mSIjxDEzLWlKOYSK9YHF/Cc62EMEqELq7gQv09UaBYyjwOdGeM1FSuenPxP2+cqejGKyhPM0U4Xi6KMgZVAudJwJAKghXLNUFYUH0rxFMkEFY6L1OH4Ky+vE4Gly3nqtW+bzc73SqOOjgFZ+ACOOAadMAd6IE+wCAHz+AVvBlPxovxbnwsW2tGNdMAf2B8/gCz95Qs</latexit>

�Bk

<latexit sha1_base64="Splp0H8OQ3AD1px5+uC1RtNpIuU=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiRS1GWpG5cV7AOaECaTSTt0MgkzEyGE+CtuXCji1g9x5984bbPQ1gMXDufcy733BCmjUtn2t1Hb2Nza3qnvmnv7B4dH1vHJQCaZwKSPE5aIUYAkYZSTvqKKkVEqCIoDRobB7HbuDx+JkDThDypPiRejCacRxUhpybcabhAVphsSphDs+sWsNEvfatotewG4TpyKNEGFnm99uWGCs5hwhRmScuzYqfIKJBTFjJSmm0mSIjxDEzLWlKOYSK9YHF/Cc62EMEqELq7gQv09UaBYyjwOdGeM1FSuenPxP2+cqejGKyhPM0U4Xi6KMgZVAudJwJAKghXLNUFYUH0rxFMkEFY6L1OH4Ky+vE4Gly3nqtW+bzc73SqOOjgFZ+ACOOAadMAd6IE+wCAHz+AVvBlPxovxbnwsW2tGNdMAf2B8/gCz95Qs</latexit>

�Bk

<latexit sha1_base64="hMEnLIEzAVo+O6ashNZwvUqo+Wo=">AAACFXicbVBNS8NAEN34WeNX1aOXxSJ4kJKIqBdB6sVjBVuFpoTNZmKXbj7YnQgl5E948a948aCIV8Gb/8Ztm4NfDwYe780wMy/IpNDoOJ/WzOzc/MJibcleXlldW69vbHZ1misOHZ7KVN0ETIMUCXRQoISbTAGLAwnXwfB87F/fgdIiTa5wlEE/ZreJiARnaCS/vu8FUWF7IUhk1MMBIDulXqQYLyqx5RfDsixapV369YbTdCagf4lbkQap0PbrH16Y8jyGBLlkWvdcJ8N+wRQKLqG0vVxDxviQ3ULP0ITFoPvF5KuS7holpFGqTCVIJ+r3iYLFWo/iwHTGDAf6tzcW//N6OUYn/UIkWY6Q8OmiKJcUUzqOiIZCAUc5MoRxJcytlA+YiQRNkLYJwf398l/SPWi6R83Dy8PGWauKo0a2yQ7ZIy45JmfkgrRJh3ByTx7JM3mxHqwn69V6m7bOWNXMFvkB6/0L2AqepQ==</latexit>
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Propagation through Magnetic Fields
<latexit sha1_base64="4GbSGtqh6va07TWLLw4YpK/idQ8=">AAAB9XicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4Amlslk0g6dTMLMRCmh/+HGhSJu/Rd3/o2TNgttPTBwOOdc7p0TpJwp7TjfVmVldW19o7ppb23v7O7V9g86KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3GN4XffaRSsUTc60lK/RgPBYsYwdpID14Q5bbHTT7E9nRQqzsNZwa0TNyS1KFEa1D78sKEZDEVmnCsVN91Uu3nWGpGOJ3aXqZoiskYD2nfUIFjqvx8dvUUnRglRFEizRMazdTfEzmOlZrEgUnGWI/UoleI/3n9TEdXfs5EmmkqyHxRlHGkE1RUgEImKdF8YggmkplbERlhiYk2RdmmBHfxy8ukc9ZwLxrO3Xm9eV3WUYUjOIZTcOESmnALLWgDAQnP8Apv1pP1Yr1bH/NoxSpnDuEPrM8fqh+R9w==</latexit>
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<latexit sha1_base64="3Ko2z5e52F5M6yoSxnZPvZLsREo=">AAACGnicbVDLSgMxFM3UVx1fVZdugkVwVWZE1GVRFy4r2Ad0ypBJM21o5kFyRyxhvsONv+LGhSLuxI1/Y9rOQlsP3MvhnHtJ7glSwRU4zrdVWlpeWV0rr9sbm1vbO5XdvZZKMklZkyYikZ2AKCZ4zJrAQbBOKhmJAsHawehq4rfvmVQ8ie9gnLJeRAYxDzklYCS/4npBqG3wtTJK7pE0lckD9kJJqHZzfe1rD4YMyKznuZ37lapTc6bAi8QtSBUVaPiVT6+f0CxiMVBBlOq6Tgo9TSRwKlhue5liKaEjMmBdQ2MSMdXT09NyfGSUPg4TaSoGPFV/b2gSKTWOAjMZERiqeW8i/ud1MwgveprHaQYsprOHwkxgSPAkJ9znklEQY0MIldz8FdMhMbGASdM2IbjzJy+S1knNPaud3p5W65dFHGV0gA7RMXLROaqjG9RATUTRI3pGr+jNerJerHfrYzZasoqdffQH1tcPvcih8g==</latexit>
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1

D✓✓

<latexit sha1_base64="2iItsVku1KibNaHveIsgm/SXhzE=">AAACEHicbVC7TsMwFHV4lvAKMLJYVAimKkEVMFbAwFgk+pCaKnJcp7XqJJbtoFZWPoGFX2FhACFWRjb+BrfNAC1HsnR0zrm6vifkjErlut/W0vLK6tp6acPe3Nre2XX29psyzQQmDZyyVLRDJAmjCWkoqhhpc0FQHDLSCofXE7/1QISkaXKvxpx0Y9RPaEQxUkYKnBM/jLTtRwJhfRPo0SjPNc59xLlIR5AFWppkbueBU3Yr7hRwkXgFKYMC9cD58nspzmKSKMyQlB3P5aqrkVAUM5LbfiYJR3iI+qRjaIJiIrt6elAOj43Sg1EqzEsUnKq/JzSKpRzHoUnGSA3kvDcR//M6mYouu5omPFMkwbNFUcagSuGkHdijgmDFxoYgLKj5K8QDZMpRpkPblODNn7xImmcV77xSvauWa1dFHSVwCI7AKfDABaiBW1AHDYDBI3gGr+DNerJerHfrYxZdsoqZA/AH1ucP4WmdxA==</latexit>
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Propagation through Magnetic Fields
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Transport (Continuity) Equation

Andrew Taylor

<latexit sha1_base64="RsbGdEePiit28MuvzKbgzYll/oc=">AAACInicbVDLSgMxFM3UVx1fVZdugkUQhDIjiroQim5ctmAf0CnlTpppo5nMkGTEMsy3uPFX3LhQ1JXgx5g+QG09EDiccy835/gxZ0o7zqeVm5tfWFzKL9srq2vrG4XNrbqKEklojUQ8kk0fFOVM0JpmmtNmLCmEPqcN//Zy6DfuqFQsEtd6ENN2CD3BAkZAG6lTOPP8ILW9QAJJvRikZsBxkP1wnR14AnwOnfQ+80g30vjmHFftrFMoOiVnBDxL3AkpogkqncK7141IElKhCQelWq4T63Y6vEM4zWwvUTQGcgs92jJUQEhVOx1FzPCeUbo4iKR5QuOR+nsjhVCpQeibyRB0X017Q/E/r5Xo4LSdMhEnmgoyPhQkJneEh33hLpOUaD4wBIhk5q+Y9MHUpU2rtinBnY48S+qHJfe45FSPiuWLSR15tIN20T5y0QkqoytUQTVE0AN6Qi/o1Xq0nq0362M8mrMmO9voD6yvb4rJpD8=</latexit>

@f

@t
+rx · j = Q

<latexit sha1_base64="Jv+qWMdlTEYi+5DEIJLrj9sBmAI="></latexit>

@f

@t
= rx · (Dxxrxf) +Q

<latexit sha1_base64="BY5tZH+esXgCEu+gMjiIprfZx8g=">AAACBXicbZDLSsNAFIYn9VbjLepSF4NFcGNJRNGNUNSFywr2Ak0Ik+mkHTuZhJmJtIRs3Pgqblwo4tZ3cOfbOG2z0OoPAx//OYcz5w8SRqWy7S+jNDe/sLhUXjZXVtfWN6zNraaMU4FJA8csFu0AScIoJw1FFSPtRBAUBYy0gsHluN66J0LSmN+qUUK8CPU4DSlGSlu+tesGYWbenR9e+dlwmLscBQxpzGFo5r5Vsav2RPAvOAVUQKG6b3263RinEeEKMyRlx7ET5WVIKIoZyU03lSRBeIB6pKORo4hIL5tckcN97XRhGAv9uIIT9+dEhiIpR1GgOyOk+nK2Njb/q3VSFZ55GeVJqgjH00VhyqCK4TgS2KWCYMVGGhAWVP8V4j4SCCsdnKlDcGZP/gvNo6pzUrVvjiu1iyKOMtgBe+AAOOAU1MA1qIMGwOABPIEX8Go8Gs/Gm/E+bS0Zxcw2+CXj4xuhdZgF</latexit>

j = �Dxxrxf
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Charged Particle Motion in 
Turbulent Magnetic Fields

Diffusion
Source term

Andrew Taylor

<latexit sha1_base64="YgavRCaIvcz/BDMj/sSx1pjEKAk="></latexit>

@f

@t
= rx · (Dxxrxf) +Q
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x

t

Random Walks

Andrew Taylor

<latexit sha1_base64="wa8vnXXO1CVSjul6Y9Fcnj0cTsU="></latexit>

f(x, t) =
t!

([t� x]/2)!([x+ t]/2)!(2t)

At every discrete value of (x,t), f(x,t) describes the fractional population of that state  
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x

t
�(t+ 1) = t!

�(t+ 1) =

Z 1

0
xte�xdx

Random Walks

<latexit sha1_base64="XQZaYRUzi54PAxe46i378pGQRVg="></latexit>

f(x, t) ⇡ e�x2/(2t)

(2⇡t)1/2

<latexit sha1_base64="9b9ZNdJSc/BGBOdYxs53zbvrnTQ="></latexit>

f(x, t) =
�(t+ 1)

[�([t� x]/2+ 1)�([x+ t]/2+ 1)](2t)

Andrew Taylor

Let’s have a go at demonstrating 
this!
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PAUSE
Have a go at obtaining the above result

<latexit sha1_base64="9b9ZNdJSc/BGBOdYxs53zbvrnTQ="></latexit>

f(x, t) =
�(t+ 1)

[�([t� x]/2+ 1)�([x+ t]/2+ 1)](2t)

<latexit sha1_base64="XQZaYRUzi54PAxe46i378pGQRVg="></latexit>

f(x, t) ⇡ e�x2/(2t)

(2⇡t)1/2
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Stirling’s Approximation

�(t+ 1) =

Z 1

0
xte�xdx

<latexit sha1_base64="XkpR1X7f3zujQsIZd2le2zDQlDw="></latexit>

→ xt+1e→x
∣∣
peak

 0.1

 1

 10

 100

 1000

 1  10

f(x
)

x

x**2.0*exp(-x)
x**3.0*exp(-x)
x**4.0*exp(-x)
x**5.0*exp(-x)
x**6.0*exp(-x)
x**7.0*exp(-x)

gamma(x)
<latexit sha1_base64="Ox+FJmccN00UwHUiRWDJnx4Pu5g=">AAACFXicbZC7TsMwFIadcivhFmBksahARYgoqbiNFSyMRaK0UpNWjusUq85FtoOoorwBC6/CwgAjYkVi421w0wzQciTLn/7/HNnn92JGhbSsb600N7+wuFRe1ldW19Y3jM2tWxElHJMmjljE2x4ShNGQNCWVjLRjTlDgMdLyhpdjv3VPuKBReCNHMXEDNAipTzGSSuoZ+47np7qD4phHD7AqD+2DbppfGemmRxPSs55RsUwrLzgLdgEVUFSjZ3w5/QgnAQklZkiIjm3F0k0RlxQzkulOIkiM8BANSEdhiAIi3DTfJ4N7SulDP+LqhBLm6u+JFAVCjAJPdQZI3olpbyz+53US6Z+7KQ3jRJIQTx7yEwZlBMfhwD7lBEs2UoAwp+qvEN8hjrBUEeoqBHt65VlwaqZ9ap6YtmWZtevjSv2iCKUMdsAuqAIbnIE6uAIN0AQYPIJn8AretCftRXvXPiatJa2Y2QZ/Svv8Ab8gm08=</latexit>

→ (t+ 1)(t+1)e→(t+1)

Note- another example of a visual 
inspection version of Laplace’s
integral method



Andrew Taylor

Binomial to Gaussian
<latexit sha1_base64="BpEzPHMcpTyRDSolXA4Gn4hp+GY="></latexit>

n(x, t) =
�(t+ 1)

[�( [t�x]
2 + 1)�( [x+t]

2 + 1)](2t)

<latexit sha1_base64="Pau/agiL9EfTT7knHHhR4qC6pNE="></latexit>

n(x, t) → e2→t (t+ 1)(t+1)

[(t↑ x)/2+ 1][(t→x)/2+1][(t+ x)/2+ 1][(t+x)/2+1]

<latexit sha1_base64="Hdb0LdYsH5mxBOQid7d/z/7hD+g="></latexit>

n(x, t) → 2→t (t+ 1)(t+1)e→(t+1)

[(t↑ x)/2+ 1][(t→x)/2+1]e→[(t→x)/2+1][(t+ x)/2+ 1][(t+x)/2+1]e→[(t+x)/2+1]
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<latexit sha1_base64="VjKqYFEFIUXRhFrtuOccYdqCv5c="></latexit>

n(x, t) → (1+ t)(1+t)

(1+ t
2 )

(2+t)
(
1↑ x

(2+t)

)[1+(t→x)/2] (
1+ x

(2+t)

)[1+(t+x)/2]

<latexit sha1_base64="Y0HlVpeuLMek46tOG0keEUdoMXQ="></latexit>

n(x, t) → (1+ t)(1+t)

(1+ t
2 )

(2+t)
(
1↑ x2

(2+t)2

)(1+t/2) (1+ x
(2+t)

1→ x
(2+t)

)x/2

Binomial to Gaussian

<latexit sha1_base64="wcIv7oM6SHVl+x6zDH3J8g5PBAU="></latexit>

→log(n(x, t)) ↑ (...) +
1

2
(2+ t)

(
→ x2

(2+ t)2

)
+ x

x

(2+ t)

Note- expression is in 
dimensionless units

<latexit sha1_base64="v9faIpioB2xCqvyoHAF88OpiJ/k="></latexit>

n(x, t) → e

(
→ x2

2t

)
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<latexit sha1_base64="VjKqYFEFIUXRhFrtuOccYdqCv5c="></latexit>

n(x, t) → (1+ t)(1+t)

(1+ t
2 )

(2+t)
(
1↑ x

(2+t)

)[1+(t→x)/2] (
1+ x

(2+t)

)[1+(t+x)/2]

<latexit sha1_base64="Y0HlVpeuLMek46tOG0keEUdoMXQ="></latexit>

n(x, t) → (1+ t)(1+t)

(1+ t
2 )

(2+t)
(
1↑ x2

(2+t)2

)(1+t/2) (1+ x
(2+t)

1→ x
(2+t)

)x/2

Binomial to Gaussian

<latexit sha1_base64="wcIv7oM6SHVl+x6zDH3J8g5PBAU="></latexit>

→log(n(x, t)) ↑ (...) +
1

2
(2+ t)

(
→ x2

(2+ t)2

)
+ x

x

(2+ t)
<latexit sha1_base64="pbtFHcAmWO9H89lzFGKjWt4ebWM="></latexit>

n(x, t) → e

(
→ (x/!x)2

2(t/!t)

)
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cosmic rays diffuse in magnetic field turbulence

Andrew Taylor

Suggest you all have a go at 
demonstrating this!

Steady State Distribution Around a 
Source of Diffusing Particles

3D Green’s function

<latexit sha1_base64="QSi13bgA3qfuoqgOF2fGAn6SQNU="></latexit>

f(r, t) ⇡ e�r2/(4Dt)

(4⇡Dt)3/2

<latexit sha1_base64="UnAJ0xzRJgWYuQTmMv1XyfiMTzQ=">AAACEHicbZDLSgMxFIYzXut4q7p0EyxiC1JmpKgboSiIywr2Am0tmTTThmYyQ3JGKMM8ghtfxY0LRdy6dOfbmF4W2vpD4OM/53Byfi8SXIPjfFsLi0vLK6uZNXt9Y3NrO7uzW9NhrCir0lCEquERzQSXrAocBGtEipHAE6zuDa5G9foDU5qH8g6GEWsHpCe5zykBY3WyRy3PT+zrvCpctLiETuKk94khH4Yp9vPqGApdsFO7k805RWcsPA/uFHJoqkon+9XqhjQOmAQqiNZN14mgnRAFnAqW2q1Ys4jQAemxpkFJAqbbyfigFB8ap4v9UJknAY/d3xMJCbQeBp7pDAj09WxtZP5Xa8bgn7cTLqMYmKSTRX4sMIR4lA7ucsUoiKEBQhU3f8W0TxShYDIcheDOnjwPtZOie1os3ZZy5ctpHBm0jw5QHrnoDJXRDaqgKqLoET2jV/RmPVkv1rv1MWldsKYze+iPrM8fVfWbhQ==</latexit>

F(r) =

Z 1

0
f(r, t)dt

<latexit sha1_base64="ukmXs2DY9N+FwsFyO3+uiSWch2Y=">AAACGHicbVC7TsMwFHV4lvAKMLJYVEiwREnEa0GqgIERJApITagc12mtOg/ZN4gqyjew8CssDDAi1m78DW6bgdeRrnR8zr3yvSfMBFfgOJ/G1PTM7Nx8bcFcXFpeWbXW1q9VmkvKmjQVqbwNiWKCJ6wJHAS7zSQjcSjYTdg/Hfk390wqniZXMMhYEJNuwiNOCWipbe36YVSYZ8d+JAktdvwzJoDgh927wivLwqveUJpl26o7tjMG/kvcitRRhYu2NfQ7Kc1jlgAVRKmW62QQFEQCp4KVpp8rlhHaJ13W0jQhMVNBMT6pxNta6eAolboSwGP1+0RBYqUGcag7YwI99dsbif95rRyio6DgSZYDS+jkoygXGFI8ygd3uGQUxEATQiXXu2LaIzoc0CmaOgT398l/ie/Z7oG9b7uOY3uXe/XGSRVKDW2iLbSDXHSIGugcXaAmougRPaNX9GY8GS/Gu/ExaZ0yqpkN9APG8Assep3i</latexit>

D =
(!x)2

2!t

<latexit sha1_base64="NzS/5n4ULMGl/DE6OqSxYRFDcmw=">AAACCHicbVDLSsNAFL2prxpfUVfiZrAIrkJS6mMjFHXhsoK1QlPKZDpph04ezEyEEoIbf8WNC12KWz/BnX/jtM1CWw9cOJxzL/fe4yecSeU430ZpYXFpeaW8aq6tb2xuWds7dzJOBaFNEvNY3PtYUs4i2lRMcXqfCIpDn9OWP7wc+60HKiSLo1s1SmgnxP2IBYxgpaWutef5QWaee4HAJHPzrOYlDF2J3My7VsWxnQnQPHELUoECja715fVikoY0UoRjKduuk6hOhoVihNPc9FJJE0yGuE/bmkY4pLKTTV7I0aFWeiiIha5IoYn6eyLDoZSj0NedIVYDOeuNxf+8dqqCs07GoiRVNCLTRUHKkYrROA/UY4ISxUeaYCKYvhWRAdZpKJ2aqUNwZ1+eJ17Vdk/sY9t1HLt6U6vUL4pQyrAPB3AELpxCHa6hAU0g8AjP8ApvxpPxYrwbH9PWklHM7MIfGJ8/ilCXqw==</latexit>

=
1

4ωDr
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PAUSE

Have a go at obtaining the above result for 3D diffusion, what happens 
for 1D case?

<latexit sha1_base64="UnAJ0xzRJgWYuQTmMv1XyfiMTzQ=">AAACEHicbZDLSgMxFIYzXut4q7p0EyxiC1JmpKgboSiIywr2Am0tmTTThmYyQ3JGKMM8ghtfxY0LRdy6dOfbmF4W2vpD4OM/53Byfi8SXIPjfFsLi0vLK6uZNXt9Y3NrO7uzW9NhrCir0lCEquERzQSXrAocBGtEipHAE6zuDa5G9foDU5qH8g6GEWsHpCe5zykBY3WyRy3PT+zrvCpctLiETuKk94khH4Yp9vPqGApdsFO7k805RWcsPA/uFHJoqkon+9XqhjQOmAQqiNZN14mgnRAFnAqW2q1Ys4jQAemxpkFJAqbbyfigFB8ap4v9UJknAY/d3xMJCbQeBp7pDAj09WxtZP5Xa8bgn7cTLqMYmKSTRX4sMIR4lA7ucsUoiKEBQhU3f8W0TxShYDIcheDOnjwPtZOie1os3ZZy5ctpHBm0jw5QHrnoDJXRDaqgKqLoET2jV/RmPVkv1rv1MWldsKYze+iPrM8fVfWbhQ==</latexit>

F(r) =

Z 1

0
f(r, t)dt

<latexit sha1_base64="NzS/5n4ULMGl/DE6OqSxYRFDcmw=">AAACCHicbVDLSsNAFL2prxpfUVfiZrAIrkJS6mMjFHXhsoK1QlPKZDpph04ezEyEEoIbf8WNC12KWz/BnX/jtM1CWw9cOJxzL/fe4yecSeU430ZpYXFpeaW8aq6tb2xuWds7dzJOBaFNEvNY3PtYUs4i2lRMcXqfCIpDn9OWP7wc+60HKiSLo1s1SmgnxP2IBYxgpaWutef5QWaee4HAJHPzrOYlDF2J3My7VsWxnQnQPHELUoECja715fVikoY0UoRjKduuk6hOhoVihNPc9FJJE0yGuE/bmkY4pLKTTV7I0aFWeiiIha5IoYn6eyLDoZSj0NedIVYDOeuNxf+8dqqCs07GoiRVNCLTRUHKkYrROA/UY4ISxUeaYCKYvhWRAdZpKJ2aqUNwZ1+eJ17Vdk/sY9t1HLt6U6vUL4pQyrAPB3AELpxCHa6hAU0g8AjP8ApvxpPxYrwbH9PWklHM7MIfGJ8/ilCXqw==</latexit>

=
1

4ωDr
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Let 

<latexit sha1_base64="9DdYiB8JrzTOhDOObHF7F64yxM4=">AAACCXicbVDLSsNAFJ3UV42vqDvdDBbBVUhKfWyEoi5ctmBtoQllMp20QyeTMDMRSgi48VfcuNCluPUP3Pk3TtsstPXAhcM593LvPUHCqFSO822UlpZXVtfK6+bG5tb2jrW7dy/jVGDSwjGLRSdAkjDKSUtRxUgnEQRFASPtYHQ98dsPREga8zs1TogfoQGnIcVIaalnHXhBmJmX0AsFwlkzz2peQuGNyM28Z1Uc25kCLhK3IBVQoNGzvrx+jNOIcIUZkrLrOonyMyQUxYzkppdKkiA8QgPS1ZSjiEg/m/6Qw2Ot9GEYC11cwan6eyJDkZTjKNCdEVJDOe9NxP+8bqrCCz+jPEkV4Xi2KEwZVDGcBAL7VBCs2FgThAXVt0I8RDoNpWMzdQju/MuLxKva7pl9aruOY1ebtUr9qgilDA7BETgBLjgHdXALGqAFMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AEX3pf1</latexit>

=
Q

4ωDr

<latexit sha1_base64="tBiMIcR8HxMHNtxbvPe4DMMpS+I=">AAACCXicbVDLSsNAFJ34rPEVdaebYBFchaTUx0Yo6sJlBWsLTSyT6aQdOpmEmYlYhoAbf8WNC12KW//AnX/jtM1CWw9cOJxzL/feE6aUCOm638bc/MLi0nJpxVxdW9/YtLa2b0WScYQbKKEJb4VQYEoYbkgiKW6lHMM4pLgZDi5GfvMec0ESdiOHKQ5i2GMkIghKLXWsXT+MlPlw5kccIsXvVCXPVfVS5mbescqu445hzxKvIGVQoN6xvvxugrIYM4koFKLtuakMFOSSIIpz088ETiEawB5ua8pgjEWgxj/k9oFWunaUcF1M2mP194SCsRDDONSdMZR9Me2NxP+8diaj00ARlmYSMzRZFGXUlok9CsTuEo6RpENNIOJE32qjPtRpSB2bqUPwpl+eJX7F8Y6dI8dzXadyXS3XzotQSmAP7IND4IETUANXoA4aAIFH8AxewZvxZLwY78bHpHXOKGZ2wB8Ynz8s2pij</latexit>

x =
r2

4Dt

<latexit sha1_base64="/EqpQGJTax7vwJ2K62lCrCf4G/c=">AAACEXicbZA7T8MwFIUdniW8AowsUSskFqKkKo8FqQIGxiJRWqkJleM4rVXnIdtBrazsLPwVFgYYESsbG/8GN+0ALUey9Once3V9j59SwoVtf2sLi0vLK6ulNX19Y3Nr29jZveNJxhBuooQmrO1DjimJcVMQQXE7ZRhGPsUtf3A5rrceMOMkiW/FKMVeBHsxCQmCQlldo+z6odQDcX7khgwiye5lNc9l7WpYQDDU865RsS27kDkPzhQqYKpG1/hygwRlEY4FopDzjmOnwpOQCYIoznU34ziFaAB7uKMwhhHmnixuyc0D5QRmmDD1YmEW7u8JCSPOR5GvOiMo+ny2Njb/q3UyEZ55ksRpJnCMJovCjJoiMcfBmAFhGAk6UgARI+qvJupDlYlQ8ekqBGf25Hlwq5ZzYh1bjm1b1ZtapX4xDaUE9kEZHAIHnII6uAYN0AQIPIJn8AretCftRXvXPiatC9p0Zg/8kfb5AziEm+g=</latexit>

dt = → r2

4Dx2
dx

<latexit sha1_base64="kZ3jZZ/caTazpWEg/ze3jJeDPrI="></latexit>

(Dt)3/2 =

(
r2

4x

)3/2

<latexit sha1_base64="FRJO4cM1HriUVz1TlSWzMs3IW/M="></latexit>

dN

d3r tot
=

Q

(ω)3/24Dr

∫ →

0
x↑1/2e↑xdx

<latexit sha1_base64="Q6y4uTILyQ5xujZlHR0aMTQ4Sps="></latexit>

dN

d3r tot
=

∫ →

0

dN(t)

d3r
Qdt =

∫ →

0

e↑r2/4Dt

(4ωDt)3/2
Qdt
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Let 

<latexit sha1_base64="tBiMIcR8HxMHNtxbvPe4DMMpS+I=">AAACCXicbVDLSsNAFJ34rPEVdaebYBFchaTUx0Yo6sJlBWsLTSyT6aQdOpmEmYlYhoAbf8WNC12KW//AnX/jtM1CWw9cOJxzL/feE6aUCOm638bc/MLi0nJpxVxdW9/YtLa2b0WScYQbKKEJb4VQYEoYbkgiKW6lHMM4pLgZDi5GfvMec0ESdiOHKQ5i2GMkIghKLXWsXT+MlPlw5kccIsXvVCXPVfVS5mbescqu445hzxKvIGVQoN6xvvxugrIYM4koFKLtuakMFOSSIIpz088ETiEawB5ua8pgjEWgxj/k9oFWunaUcF1M2mP194SCsRDDONSdMZR9Me2NxP+8diaj00ARlmYSMzRZFGXUlok9CsTuEo6RpENNIOJE32qjPtRpSB2bqUPwpl+eJX7F8Y6dI8dzXadyXS3XzotQSmAP7IND4IETUANXoA4aAIFH8AxewZvxZLwY78bHpHXOKGZ2wB8Ynz8s2pij</latexit>

x =
r2

4Dt

<latexit sha1_base64="/EqpQGJTax7vwJ2K62lCrCf4G/c=">AAACEXicbZA7T8MwFIUdniW8AowsUSskFqKkKo8FqQIGxiJRWqkJleM4rVXnIdtBrazsLPwVFgYYESsbG/8GN+0ALUey9Once3V9j59SwoVtf2sLi0vLK6ulNX19Y3Nr29jZveNJxhBuooQmrO1DjimJcVMQQXE7ZRhGPsUtf3A5rrceMOMkiW/FKMVeBHsxCQmCQlldo+z6odQDcX7khgwiye5lNc9l7WpYQDDU865RsS27kDkPzhQqYKpG1/hygwRlEY4FopDzjmOnwpOQCYIoznU34ziFaAB7uKMwhhHmnixuyc0D5QRmmDD1YmEW7u8JCSPOR5GvOiMo+ny2Njb/q3UyEZ55ksRpJnCMJovCjJoiMcfBmAFhGAk6UgARI+qvJupDlYlQ8ekqBGf25Hlwq5ZzYh1bjm1b1ZtapX4xDaUE9kEZHAIHnII6uAYN0AQIPIJn8AretCftRXvXPiatC9p0Zg/8kfb5AziEm+g=</latexit>

dt = → r2

4Dx2
dx

The above integral does not converge!

<latexit sha1_base64="HRBZrMoa1b/ctZWgOPfxayJEXXo="></latexit>

dN

dr tot
=

∫ →

0

dN(t)

dr
Qdt =

∫ →

0

e↑r2/4Dt

(4ωDt)1/2
Qdt

<latexit sha1_base64="zMVZV5EcsJhmzyIus2biMvjuyVY="></latexit>

(Dt)1/2 =

(
r2

4x

)1/2

<latexit sha1_base64="tfir98/TTUuTOHmo+U9K5Uz/PQU="></latexit>

dN

dr tot
=

Qr

(ω)1/24D

∫ →

0
x↑3/2e↑xdx
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Steady State Distribution Around a 
Source of Diffusing Particles

10-3

10-2

10-1

100

101

10-2 10-1 100 101 102

t*d
N
/d
3 R

R

t=1
t=10
t=100
sum
R-1

Smart to look at this

<latexit sha1_base64="GA81vC9W93lB4WARfJG7o+AX1iI=">AAACEnicbVDLSgMxFM3UVx1fVZdugkVoQcqMFHUjFN24rGAf0JaSyWTa0ExmSO4IZeg3uPFX3LhQxK0rd/6N6bQLbT0QODnnXu69x4sF1+A431ZuZXVtfSO/aW9t7+zuFfYPmjpKFGUNGolItT2imeCSNYCDYO1YMRJ6grW80c3Ubz0wpXkk72Ecs15IBpIHnBIwUr9Q7npBane5BByU1CmUfcBXOPvDTMC+kBjsSb9QdCpOBrxM3Dkpojnq/cJX149oEjIJVBCtO64TQy8lCjgVbGJ3E81iQkdkwDqGShIy3Uuzkyb4xCg+DiJlntklU393pCTUehx6pjIkMNSL3lT8z+skEFz2Ui7jBJiks0FBIjBEeJoP9rliFMTYEEIVN7tiOiSKUDAp2iYEd/HkZdI8q7jnlepdtVi7nseRR0foGJWQiy5QDd2iOmogih7RM3pFb9aT9WK9Wx+z0pw17zlEf2B9/gBIoJtZ</latexit>Z
f(r, t)dt =

Z
tf(r, t)dlnt

Note- yet another 
example of a visual 
inspection version of 
Laplace’s
integral method!
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Spectral Effects of Magnetic Fields
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Energy Dependent Magnetic 
Horizon

If the diffusion coefficient, Dxx, is energy dependent, the magnetic 
horizon is also energy dependent. 

Extragalactic cosmic rays cannot arrive to the Milky Way at low 
energies within a Hubble time!

<latexit sha1_base64="W07XVJ2eTwT6VCHMYdiZXOicY0M="></latexit>

lMH = (DxxtH)1/2 = 60

✓
Dxx

1 Mpc

◆1/2 ✓ tH
4000 Mpc

◆1/2

Mpc

Aloisio, R. +, ApJ 612 (2004) 
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Magnetic Horizon Effect

(medium energies)
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Magnetic Horizon Effect

Once lMH becomes smaller than 
rs cosmic rays from the nearest 
sources become suppressed 

<latexit sha1_base64="bJIpcLmCbz695DMVK7/02DwFZPA=">AAACC3icbVDLSsNAFJ34rPEVdekmtAh1U5NS1I1Q1EU3QgX7gDaGyXTSDp08mJlIy5C9G3/FjQtF3PoD7vwbp20W2nrgwuGce7n3Hi+mhAvL+taWlldW19ZzG/rm1vbOrrG33+RRwhBuoIhGrO1BjikJcUMQQXE7ZhgGHsUtb3g18VsPmHEShXdiHGMngP2Q+ARBoSTXyHc9X+rUlTe19KJ47crRKEXClbX0+F7aJ+VUT12jYJWsKcxFYmekADLUXeOr24tQEuBQIAo579hWLBwJmSCI4lTvJhzHEA1hH3cUDWGAuSOnv6TmkVJ6ph8xVaEwp+rvCQkDzseBpzoDKAZ83puI/3mdRPjnjiRhnAgcotkiP6GmiMxJMGaPMIwEHSsCESPqVhMNIINIqPh0FYI9//IiaZZL9mmpclspVC+zOHLgEORBEdjgDFRBDdRBAyDwCJ7BK3jTnrQX7V37mLUuadnMAfgD7fMHbSGaBw==</latexit>

lMH = (DxxctH)1/2

(low energies)
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Energy Loss Horizon

(high energies)
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Propagation through Extragalactic 
Magnetic Fields

1. Ballistic
2. Ballistic/Gaussian 
3. Gaussian

3 Phases of Propagation:
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Olbers Paradox for extragalactic cosmic rays:

1) Without extragalactic magnetic fields (ie. ballistic propagation)
2) With extragalactic magnetic fields (ie. diffusive propagation)
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Magnetic Horizon Effect
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Constant for ballistic propagation

If cosmic ray sources were continuously 
distributed in space, magnetic fields 
wouldn’t alter the total cosmic ray 
spectrum at Earth.

How does the discreet nature of cosmic 
ray sources alter this statement?
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Local Scales Effect Highest Energies
(logarithmic scale)

33
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Magnetic Horizon Effect
-Local Scales Also Effect Low Energies
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1018
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1020

 18.5  19  19.5  20  20.5  21

B=1.0E-09G
injected: p

E2  d
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E

log10(E [eV])

total
0-3 Mpc
3-9 Mpc

9-27 Mpc
27-81 Mpc

81-243 Mpc
243-729 Mpc

Note strong B-field strength considered
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Skymap Effects of Magnetic Fields
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Diffusive and Ballistic Propagation of CR 
from Sources

Objects look like a point sources

Dipole observed
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The (Considerable) Unknowns About 
Extragalactic Magnetic Fields
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Extragalactic Magnetic Fields
The homogeneous scale for the Universe is thought to be 100 Mpc – is 
possible that the magnetic field in local extragalactic space is structured 
(the matter is structured on these scales).

Andrew Taylor

What is the EGMF structure/strength in 
the inhomogeneous region around the 
Milky Way?
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Extragalactic Magnetic Field Origin?

Seed B-field 
strength?

Andrew Taylor



Andrew Taylor

...compression and 
dynamo action lead 
to ~μG B-field 
strength growth on 
galactic scales

Andrew Taylor

Extragalactic Magnetic Field Origin?
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How Do Galactic and Extragalactic 
Magnetic Fields Merge?

Question- do Galactic halo (out to the 
virial radius) or Extragalactic magnetic 
fields dominate the deflection of 
UHECR?
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How Do Galactic and Extragalactic 
Magnetic Fields Merge?

Question- do Galactic halo (out to the 
virial radius) or Extragalactic magnetic 
fields dominate the deflection of 
UHECR?

Perhaps the UHECR skymap can 
be used to determine this
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Our Local Extragalactic 
Neighbourhood

The local (<10 Mpc) extragalactic 
objects are structured, sitting in a 
roughly circular disk shape around the 
Milky Way 
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The Uniqueness of Cen A within the 
Council of Giants

Andrew Taylor

tacc = ⌘
Rlar

c�2

AM Hillas (1984)

tesc. =
R

c�
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Local Extragalactic Structure The 
Council of Giants
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Cen A is unique within the council of giant 
structure are being the only object proving 
a kinetic luminosity capable of giving rise to 
multi EeV acceleration Lovelace et al. (1976)
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Simulation Setup
• Particles initially fill 300 kpc region 

surrounding Cen A (isotropic momentum 
distribution)

• Large angle particle scattering occurs 
within the virial region (< 300 kpc) of all 
members of the council of giant system 

• Outside the virial radii of these galaxies the 
particle propagation is treated as ballistic

• Fundamental parameter of problem- 
optical depth of scattering regions

• Echo signals results are rather 
insensitive to optical depth of scattering 
regions, provided 
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• Only He and Fe injected into the system 
(fragile and robust species compared to 
crossing time of system)

• Particles photo-disintegrate en-route in 
extragalactic radiation fields

• 30 EeV particles being focused on

• Deflections from MW magnetized halo 
intentionally left out
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Simulations of UHECR Propagation 
Through the CoG Structure
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Milky Way Based Observers
Model A
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Model B

Is Local Magnetic Structure 
Imprinted on the UHECR Skymap? 
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• Cascades in hydrodynamics and magneto-hydrodynamics 
lead to the formation of turbulence

• Charged particle propagation is dictated by magnetic 
structure, and in particular by magnetic turbulence structure

• Extragalactic magnetic fields can prevent the arrival of ”low” 
energy cosmic rays from even the most local sources (the 
magnetic horizon)

• Our knowledge of the magnetic structure of the Milky Way (+ 
other galaxies) is particularly poor in the Galactic halo region

• The magnetic structure in our local inhomogeneous patch of 
the Universe is even more poorly probed

• It seems possible that the arrival of extragalactic cosmic rays 
can pick up an imprint of the local extragalactic magnetic field 
structure

Andrew Taylor

Conclusion
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The Local Distortion of the Dipole

53
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What Arrives in Not Necessarily 
What is Observed
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External Dipole Scenario

Note the suppression of the dipole 
amplitude caused by the presence of 
the Galactic halo

Shaw et al. (in prep.)
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But What if What Arrives is Not a 
Dipole? 
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Injected and Observed Maps 

Shaw et al. (in prep.)
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Power Spectra of Injected Maps

Shaw et al. (in prep.)
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Power Spectra of Observed Maps

Shaw et al. (in prep.)
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The Importance of Measuring the 
Quadrupole Moment

Note that the difference in growth rates of dipole and quadrupole amplitude 
with Lscat

Shaw et al. (in prep.)


