
Lecture (1) Plan:
• Hydro Turbulence and Magneto-Hydro 

Turbulence

• Non-thermal particle transport equation in 
magnetic turbulence

• The Galactic magnetic field environment

• Possible role of advection in non-thermal 
particle transport in the Galaxy

• The extragalactic magnetic field 
environment

Andrew Taylor



Thermal Emission from a Local Galaxy

Andrew Taylor
Galaxy: NGC 253

Discovered in optical by Caroline Herschel in 1783



Same Galaxy Viewed in Non-Thermal 
Emission

Andrew Taylor
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Hydro Turbulence

Image from University of Sydney

Richardson, 1922

Andrew Taylor
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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

Momentum flux 
conservation 

Spatial part of stress energy 
tensor

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

⇢
@v

@t
+ ⇢(v ·r)v = �rp+ ⇢g
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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=">AAACL3icbVDLSgMxFM34rOOr6tJNsAiKWGZE1I1QFMSNUMFWoVPKnTTTBjPJkGQKZZg/cuOvdCOiiFv/wvQBPg8EDufcy805YcKZNp737ExNz8zOzRcW3MWl5ZXV4tp6XctUEVojkkt1F4KmnAlaM8xwepcoCnHI6W14fz70b3tUaSbFjekntBlDR7CIETBWahUvgjDK3CBSQLIgAWUYcByorsS9/Esw+V4gIOQQkLY0eKe6X2 1lV/nu6Wiy4+atYskreyPgv8SfkBKaoNoqDoK2JGlMhSEctG74XmKa2fAe4TR3g1TTBMg9dGjDUgEx1c1slDfH21Zp40gq+4TBI/X7Rgax1v04tJMxmK7+7Q3F/7xGaqKTZsZEkhoqyPhQlNr8Eg/Lw22mKDG8bwkQxexfMemC7c7Yil1bgv878l9SPyj7R+XD68NS5WxSRwFtoi20g3x0jCroElVRDRH0gAboBb06j86T8+a8j0ennMnOBvoB5+MT0MGo3w==</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
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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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<latexit sha1_base64="xGB74sP2WUMef+ztibfBmfZ8fp8=">AAACQ3icbVBLSwMxGMz6rOur6tFLsAj1UnalqBeh1IvHCvaB3Vqy2WwNzWaXJCuUsP/Ni3/Am3/AiwdFvAqm7R5q60DIMDMf+TJ+wqhUjvNqLS2vrK6tFzbsza3tnd3i3n5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v7wauy3H4mQNOa3apSQXoQGnIYUI2WkfvHO80NtewFhCsH6vT7NLj3KFfRCgbAOyrPOSaYDj3E4zK ZXnswTfT3Mxik4Ne2sXyw5FWcCuEjcnJRAjka/+OIFMU4jwhVmSMqu6ySqp5FQFDOS2V4qSYLwEA1I11COIiJ7etJBBo+NEsAwFuaYrSbq7IRGkZSjyDfJCKkHOe+Nxf+8bqrCi56mPEkV4Xj6UJgyqGI4LhQGVBCs2MgQhAU1u0L8gEx7ytRumxLc+S8vktZpxT2rVG+qpVo9r6MADsERKAMXnIMauAYN0AQYPIE38AE+rWfr3fqyvqfRJSufOQB/YP38AuPesE4=</latexit>

�B2 =

Z
d(�B2)

d lnk
d lnk =

Z
�B2

kd lnk

<latexit sha1_base64="r1CAFOaotlRleuBLkt/shAfJKkQ="></latexit>

�B2
k = �B2

0

✓
k

k0
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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.



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>

=

✓
t

tlar

◆
h�✓2i

<latexit sha1_base64="Splp0H8OQ3AD1px5+uC1RtNpIuU=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiRS1GWpG5cV7AOaECaTSTt0MgkzEyGE+CtuXCji1g9x5984bbPQ1gMXDufcy733BCmjUtn2t1Hb2Nza3qnvmnv7B4dH1vHJQCaZwKSPE5aIUYAkYZSTvqKKkVEqCIoDRobB7HbuDx+JkDThDypPiRejCacRxUhpybcabhAVphsSphDs+sWsNEvfatotewG4TpyKNEGFnm99uWGCs5 hwhRmScuzYqfIKJBTFjJSmm0mSIjxDEzLWlKOYSK9YHF/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>

�✓ =
�Bk

B

<latexit sha1_base64="plNbBvIFCQ/AKIjxS3h7Rxg17ZY="></latexit>
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�✓2
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1

tlar

✓
�B2

k
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Andrew Taylor

Spatial Diffusion in Magnetic 
Turbulence?

<latexit sha1_base64="3Ko2z5e52F5M6yoSxnZPvZLsREo=">AAACGnicbVDLSgMxFM3UVx1fVZdugkVwVWZE1GVRFy4r2Ad0ypBJM21o5kFyRyxhvsONv+LGhSLuxI1/Y9rOQlsP3MvhnHtJ7glSwRU4zrdVWlpeWV0rr9sbm1vbO5XdvZZKMklZkyYikZ2AKCZ4zJrAQbBOKhmJAsHawehq4rfvmVQ8ie9gnLJeRAYxDzklYCS/4npBqG3wtTJK7pE0lckD9kJJqHZzfe1rD4YMyKznuZ37lapTc6bAi8QtSBUVaPiVT6+f0CxiMVBBlOq6Tgo9TSRwKlhue5liKaEjMmBdQ2MSMdXT09NyfGSUPg4TaSoGPFV/b2gSKTWOAjMZERiqeW8i/ud1MwgveprHaQYsprOHwkxgSPAkJ9znklEQY0MIldz8FdMhMbGASdM2IbjzJy+S1knNPaud3p5W65dFHGV0gA7RMXLROaqjG9RATUTRI3pGr+jNerJerHfrYzZasoqdffQH1tcPvcih8g==</latexit>

tscat ⇡
1

D✓✓

<latexit sha1_base64="ZqSb+RL+YGvbTZtEcxBFFPkKdZQ=">AAACEHicbVC7TsMwFHV4lvAKMLJYVAimKkEVMFbAwFgk+pCaKnJcp7XqJJbtoFZWPoGFX2FhACFWRjb+BrfNAC1HsnR0zrm6vifkjErlut/W0vLK6tp6acPe3Nre2XX29psyzQQmDZyyVLRDJAmjCWkoqhhpc0FQHDLSCofXE7/1QISkaXKvxpx0Y9RPaEQxUkYKnBM/jLTtRwJhfRPo0SjPNc59xLlIR1AFWppkbueBU3Yr7hRwkXgFKYMC9cD58nspzmKSKMyQlB3P5aqrkVAUM5LbfiYJR3iI+qRjaIJiIrt6elAOj43Sg1EqzEsUnKq/JzSKpRzHoUnGSA3kvDcR//M6mYouu5omPFMkwbNFUcagSuGkHdijgmDFxoYgLKj5K8QDZMpRpkPblODNn7xImmcV77xSvauWa1dFHSVwCI7AKfDABaiBW1AHDYDBI3gGr+DNerJerHfrYxZdsoqZA/AH1ucP7dGdzA==</latexit>

Dxx

c
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<latexit sha1_base64="yFyPWuHDp6qZAMlxZScOUjNy0P8=">AAACPHicbVA9bxNBFNwLJITLl4EyzQorUtJYd1EUKCNDQRkUnETyOqd363f2ynsf2n2HbK3uh9HwI+io0qQAIVpq1h8FJBlppdHMPL19k1ZaWYqi78Hak6frG882n4db2zu7e60XLy9tWRuJPVnq0lynYFGrAnukSON1ZRDyVONVOnk3968+o7GqLD7RrMJBDqNCZUoCeSlpXYg0c6HIDEj3PnHTadM42QioKlNOOSVOg2m40J jR4TLVvXHHPiSGqAl4N3GTZqEIo0ZjOhJhk7TaUSdagD8k8Yq02QrnSeubGJayzrEgqcHafhxVNHBgSEmNTShqixXICYyw72kBOdqBWxzf8AOvDHlWGv8K4gv13wkHubWzPPXJHGhs73tz8TGvX1P2duBUUdWEhVwuymrNqeTzJvlQGZSkZ56ANMr/lcsx+IrI9x36EuL7Jz8kl8ed+LRz8vGkfdZd1bHJ9tlrdshi9oadsQ/snPWYZF/YLfvBfgZfg7vgV/B7GV0LVjOv2H8I/vwFso6wKg==</latexit>

Dxx

c
⇡ tlar

✓
B2

�B2
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Transport Equation

Andrew Taylor

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

@f

@t
= rx · (Dxxrxf) +Q



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>
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Charged Particle Motion in 
Turbulent Magnetic Fields

Diffusion
Source term

Andrew Taylor
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Suggest you all have a go at 
demonstrating this.



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
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Steady State Distribution Around a 
Source of Diffusing Particles
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Energy Densities Around Non-Thermal 
Sources
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Diffusion + Advection?

Andrew Taylor
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The Big Unknown in the Galactic 
Magnetic Field- The Halo!

Both Suzaku and Chandra X-ray observations of bright AGN 
(Mkr 501, PKS 2155, NGC 3783) indicate the presence of a 
hot local absorber.

Martynenko MNRAS, 511, (2022)
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Key Astrophysical Magnetic Field Probe
Synchrotron Emission

Synchrotron

B-
fie
ld
s𝐝𝒏

𝒆𝐝𝐥𝐨𝐠𝑬
𝒆

Synchrotron emission has revealed the Galactic 
bubble regions (whose existence was only 

discovered in the last 15 years!)
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Galactic Halo Synchrotron Emission

Shaw, et al. arxiv: 2202.06780

WMAP/Planck Microwave Haze

Radio Bubbles

Pohl+, A&A 262 441 1992
Carretti+, Nature volume 493, 2013



Magnetic Fields in the Galaxies

⇠ 15 µG

⇠ 5 µG

⇠ 200 µG

Elstner+ A&A 568, A104 (2014)

…….though note- ApJ 645:186–198 (2006)

Rephaeli+ MNRAS, 401, Issue 1 (2010)
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The Fermi/eRosita Bubbles

Predehl, P., et al. Nature 588, 227–231 (2020)

Su, M., et al. ApJ 724, 1044–1082 (2010)
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Karim+, Ap.J. 860 (2018)

Before Decontamination After Decontamination
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Advection Within the Bubbles?
The Doppler shift of absorption lines for lines-of-sight which pass through these 
bubbles reveals evidence of a coherent velocity flow 
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Diffusion/Advection of Cosmic Rays 
into the Halo?
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Tourmente+, arxiv:2207.09189



An Even Bigger Unknown! 
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?



Extragalactic Magnetic Field Origin?

Seed B-field 
strength?

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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Propagation through Extragalactic 
Magnetic Fields
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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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Extragalactic Magnetic Field Effects
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Magnetic Field Horizon
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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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Magnetic Field Horizon
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Magnetic Field Horizon

Once lMH becomes smaller than 
rs cosmic rays from the nearest 
sources become suppressed 
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lMH = (DxxctH)1/2



Andrew Taylor

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!

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

lMH = (DxxtH)1/2 = 60

✓
Dxx

1 Mpc

◆1/2 ✓ tH
4000 Mpc

◆1/2

Mpc



• Cascades in hydrodynamics and magneto-hydrodynamics 
lead to the formation of turbulence

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

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

• Advection may also be playing a role in ”low” energy cosmic 
ray transport in the Galaxy

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

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

Andrew Taylor

Conclusion



End of Lecture

Andrew Taylor



A Radio Probe
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~100 Mpc

A Gamma-Ray Probe
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For

astro-ph/1112.2534 Vovk et al.

Probing Extragalactic Radiation + 
Magnetic Fields?

γ, B

astro-ph/1101.0932 Taylor et al.
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Extragalactic Magnetic Field 
is Hugely Uncertain
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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
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Random Walks
Stirling’s approximation

�(x+ 1) ⇡ (2⇡x)1/2(x/e)x

<latexit sha1_base64="bi9VkQ5QchM6hLw/FbWQ4dWhTfA="></latexit>

f(x, t) ⇡ 2�t

(2⇡)1/2
t1/2tt

[(t2 � x2)/4]t/2[(t2 � x2)/4]1/2

✓
t� x

t+ x

◆x/2

<latexit sha1_base64="x+eQpKIs5eVR86aBC7CPE3b7uRk="></latexit>

f(x, t) ⇡ 2

(2⇡t)1/2


1� x2

t2

��t/2 
1� x2

t2

��1/2 ✓
1+ x/t

1� x/t

◆�x/2
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Random Walks
Consider log of this expression

<latexit sha1_base64="OnavqFJ/ua4jIisu8KCk+xWL+AI=">AAACNXicbVC7TsMwFHXKO7wKjCwWFRJLS1KBYESwMDCARAGpSSvHdVqrThzZN4jKyk+x8B9MMDCAECu/gFuKxOtKto/POVf2PVEmuAbPe3RKE5NT0zOzc+78wuLScnll9ULLXFHWoFJIdRURzQRPWQM4CHaVKUaSSLDLqH801C+vmdJcpucwyFiYkG7KY04JWKpdPgmi2LiBkN1AsBiafjWIFaHmplUvDNgtULzbg7Blqv62vZ EsU/IGf5lMvShMHUanW7TLFa/mjQr/Bf4YVNC4Ttvl+6AjaZ6wFKggWjd9L4PQEAWcCla4Qa5ZRmifdFnTwpQkTIdmNHWBNy3TwbFUdqWAR+z3DkMSrQdJZJ0JgZ7+rQ3J/7RmDvF+aHia5cBS+vlQnAsMEg8jxB2uGAUxsIBQxe1fMe0RGwjYoF0bgv975L/gol7zd2ve2U7l4HAcxyxaRxtoC/loDx2gY3SKGoiiW/SAntGLc+c8Oa/O26e15Ix71tCPct4/ABpurEE=</latexit>

log


1� x2

t2

��1/2

⇡ x2

2t2

<latexit sha1_base64="nLOoUbRP7Vpt1jMM6yr1qa6DVv0=">AAACMnicbVDLSgMxFM3U9/iqunQTLIKb1pmi6FJ0ozsFq0JnWjJppg3NTIbkjljCfJMbv0RwoQtF3PoRprWCrwMJJ+eey809USa4Bs97dEoTk1PTM7Nz7vzC4tJyeWX1QstcUdagUkh1FRHNBE9ZAzgIdpUpRpJIsMuofzSsX14zpblMz2GQsTAh3ZTHnBKwUrt8EkSxcQMhuzgQLIamXw1iRai5adULA/YKFO/2IGyZKmzbF8 kyJW/wl8nUi8LUoXCLdrni1bwR8F/ij0kFjXHaLt8HHUnzhKVABdG66XsZhIYo4FSwwg1yzTJC+6TLmpamJGE6NKOVC7xplQ6OpbInBTxSv3cYkmg9SCLrTAj09O/aUPyv1swh3g8NT7McWEo/B8W5wCDxMD/c4YpREANLCFXc/hXTHrFhgE3ZtSH4v1f+Sy7qNX+35p3tVA4Ox3HMonW0gbaQj/bQATpGp6iBKLpFD+gZvTh3zpPz6rx9WkvOuGcN/YDz/gGRGqr+</latexit>

log


1� x2

t2

��t/2

⇡ x2

2t

<latexit sha1_base64="kjAW89KTh+tEZ+gA9LVCwRAZfcc="></latexit>

log

✓
1+ x/t

1� x/t

◆�x/2

⇡ log

✓
1+

2x

t

◆�x/2

⇡ �x2

t
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Random Walks
Gathering, throwing away the second 

term, and re-exponentiating 

How would this calculation change 
for 2D and 3D random walks?

<latexit sha1_base64="ieLdScYv4TKEBgxckb/YW2Tw6DM=">AAACFnicbVDLSgMxFM3UVx1foy7dBItQwZYZKepGKLpxWcE+oK0lk2ba0MyD5I60DP0KN/6KGxeKuBV3/o1pOwttPRByOOde7r3HjQRXYNvfRmZpeWV1Lbtubmxube9Yu3s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3B9cSvPzCpeBjcwShibZ/0Au5xSkBLHavQcr3EbPEAcCcp6N+D0fg+SQn28sMTOMbdIb7EjjnuWDm7aE+BF4mTkhxKUelYX61uSGOfBUAFUarp2BG0EyKBU8HGZitWLCJ0QHqsqWlAfKbayfSsMT7SShd7odRP7zdVf3ckxFdq5Lu60ifQV/PeRPzPa8bgXbQTHkQxsIDOBnmxwBDiSUa4yyWjIEaaECq53hXTPpGEgk7S1CE48ycvktpp0Tkrlm5LufJVGkcWHaBDlEcOOkdldIMqqIooekTP6BW9GU/Gi/FufMxKM0bas4/+wPj8Aeimnew=</latexit>Z 1

�1
f(x, t)dx = 1

<latexit sha1_base64="w9Cmd+PA5uWTTAJeMPYYqdU2QsQ=">AAACDXicbVDLSsNAFJ3UV42vqEs3wSq0oDUpRV0W3bisYB/QtGUynbRDJw9mbqQl5Afc+CtuXCji1r07/8bpY6HVAwOHc+7lzjluxJkEy/rSMkvLK6tr2XV9Y3Nre8fY3avLMBaE1kjIQ9F0saScBbQGDDhtRoJi3+W04Q6vJ37jngrJwuAOxhFt+7gfMI8RDErqGkeO6yW6lx+dQMGJRBhBaNJOcjrqJKX0LF+CQqqnXSNnFa 0pzL/EnpMcmqPaNT6dXkhinwZAOJayZVsRtBMsgBFOU92JJY0wGeI+bSkaYJ/KdjJNk5rHSumZXijUC8Ccqj83EuxLOfZdNeljGMhFbyL+57Vi8C7bCQuiGGhAZoe8mJsq8qQas8cEJcDHimAimPqrSQZYYAKqQF2VYC9G/kvqpaJ9XizflnOVq3kdWXSADlEe2egCVdANqqIaIugBPaEX9Ko9as/am/Y+G81o85199AvaxzcMu5pJ</latexit>

f(x, t) / e�x2/(2t)

<latexit sha1_base64="uGs+ZMdOwjZNTfbr0QgaTqby1qU="></latexit>

f(x, t) =
e�x2/2t

(2⇡t)1/2
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Random Walks

The distribution function shapes stay the 
same, only their normalization changes.

For 2D
<latexit sha1_base64="3vMzHA9MTHlVlNYWutEioiRwMMo=">AAACFXicbZBPS8MwGMbT+b/+q3r0EhzChDlaEfUiTL14nOKcsM6RZukMpmlJ3gqj9Et48at48aCIV8Gb38Zs9qDOF0J+PM/7krxPkAiuwXU/rdLE5NT0zOycPb+wuLTsrKxe6jhVlDVpLGJ1FRDNBJesCRwEu0oUI1EgWCu4PRn6rTumNI/lBQwS1olIX/KQUwJG6jpVPwgz2+cSutm2uUIY5NdZATisnFdhC/eO8CH27LzrlN2aOyo8Dl4BZVRUo+t8+L2YphGTQAXRuu25CXQyooBTwXLbTzVLCL0lfdY2KEnEdCcbbZXjTaP0cBgrcyTgkfpzIiOR1oMoMJ0RgRv91xuK/3ntFMKDTsZlkgKT9PuhMBUYYjyMCPe4YhTEwAChipu/YnpDFKFggrRNCN7flcfhcqfm7dV2z3bL9eMijlm0jjZQBXloH9XRKWqgJqLoHj2iZ/RiPVhP1qv19t1asoqZNfSrrPcv+widZQ==</latexit>Z 1

�1
f(R, t)dA = 1

<latexit sha1_base64="dEQwRilJIs0b7KKp5z+iKBCuXvE=">AAACC3icbVDLSsNAFJ34rPEVdekmtAgVtCZF0WXRjcta7AOatkymk3bo5MHMjVBC9m78FTcuFHHrD7jzb5y2WWjrgYHDOfdy5xw34kyCZX1rS8srq2vruQ19c2t7Z9fY22/IMBaE1knIQ9FysaScBbQODDhtRYJi3+W06Y5uJn7zgQrJwuAexhHt+HgQMI8RDErqGXnH9RLdK9ZO4NiJRBhBaNJuclrrJuX0rAypnvaMglWypjAXiZ2RAspQ7RlfTj8ksU8DIBxL2batCDoJFsAIp6nuxJJGmIzwgLYVDbBPZSeZZknNI6X0TS8U6gVgTtXfGwn2pRz7rpr0MQzlvDcR//PaMXhXnYQFUQw0ILNDXsxNFXhSjNlnghLgY0UwEUz91SRDLDABVZ+uSrDnIy+SRrlkX5Ssu/NC5TqrI4cOUR4VkY0uUQXdoiqqI4Ie0TN6RW/ak/aivWsfs9ElLds5QH+gff4AtrSZkw==</latexit>

f(R, t) / e�R2/2t

<latexit sha1_base64="KNcrptHr1XGed22rSnkl6PPOpfs=">AAACFHicbVDLSgNBEJz1GddX1KOXwSBE1LgbFL0IQS8eYzBGyCZhdjKrQ2YfzPQKYdiP8OKvePGgiFcP3vwbJ4+DRgsaiqpuurv8RHAFjvNlTU3PzM7N5xbsxaXlldX82vq1ilNJWZ3GIpY3PlFM8IjVgYNgN4lkJPQFa/i984HfuGdS8Ti6gn7CWiG5jXjAKQEjdfK7nh9oOyjW9mDnFHuBJFSztt6vtXU5OyhDlumyl3AMmZ118gWn5AyB/xJ3TApojGon/+l1Y5qGLAIqiFJN10mgpYkETgXLbC9VLCG0R25Z09CIhEy19PCpDG8bpYuDWJqKAA/VnxOahEr1Q990hgTu1KQ3EP/zmikEJy3NoyQFFtHRoiAVGGI8SAh3uWQURN8QQiU3t2J6R0wwYHK0TQju5Mt/yXW55B6VnMvDQuVsHEcObaItVEQuOkYVdIGqqI4oekBP6AW9Wo/Ws/VmvY9ap6zxzAb6BevjGzB4nQ0=</latexit>

f(R, t) =
e�R2/2t

2⇡t
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Random Walks

The distribution function shapes stay the 
same, only their normalization changes.

For 3D
<latexit sha1_base64="9kPcGSjQjzE5yJ/NPLTx293tN6Q=">AAACFXicbZDLSgMxFIYz9VbHW9Wlm2ARKtQyI0XdCEU3LivYC7S1ZNJMG5rJDMkZoQx9CTe+ihsXirgV3Pk2pu0stPVAyMf/n0Nyfi8SXIPjfFuZpeWV1bXsur2xubW9k9vdq+swVpTVaChC1fSIZoJLVgMOgjUjxUjgCdbwhtcTv/HAlOahvINRxDoB6Uvuc0rASN1cse35id3mErrJibl8GI3vkxSwX1BFOMa9Or7Erj3u5vJOyZkWXgQ3hTxKq9rNfbV7IY0DJoEKonXLdSLoJEQBp4KN7XasWUTokPRZy6AkAdOdZLrVGB8ZpYf9UJkjAU/V3xMJCbQeBZ7pDAgM9Lw3Ef/zWjH4F52EyygGJunsIT8WGEI8iQj3uGIUxMgAoYqbv2I6IIpQMEHaJgR3fuVFqJ+W3LNS+bacr1ylcWTRATpEBeSic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx6w1Y6Uz++hPWZ8/TWmdmg==</latexit>Z 1

�1
f(r, t)dV = 1

<latexit sha1_base64="z+7rtMX0orx8OAtBdj7YBu0DaRY=">AAACC3icbVDLSsNAFJ34rPEVdekmtAgVtCZF0WXRjcsK9gFNWibTSTt08mDmRighezf+ihsXirj1B9z5N07bLLT1wMDhnHu5c44XcybBsr61peWV1bX1woa+ubW9s2vs7TdllAhCGyTikWh7WFLOQtoABpy2Y0Fx4HHa8kY3E7/1QIVkUXgP45i6AR6EzGcEg5J6RtHx/FT3y+IEjp1YRDFEJu2mp6KbVrOzKmR61jNKVsWawlwkdk5KKEe9Z3w5/YgkAQ2BcCxlx7ZicFMsgBFOM91JJI0xGeEB7Sga4oBKN51mycwjpfRNPxLqhWBO1d8bKQ6kHAeemgwwDOW8NxH/8zoJ+FduysI4ARqS2SE/4aYKPCnG7DNBCfCxIpgIpv5qkiEWmICqT1cl2PORF0mzWrEvKtbdeal2nddRQIeoiMrIRpeohm5RHTUQQY/oGb2iN+1Je9HetY/Z6JKW7xygP9A+fwAcQ5nT</latexit>

f(r, t) / e�r2/2t

<latexit sha1_base64="kFKgq00V/bxyKujdErNZd2em28k="></latexit>

f(r, t) =
e�r2/2t

(2⇡t)3/2



Andrew Taylor

Saturation of Steady-State Integral
3D system-

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

F(r) =

Z 1

0
f(r, t)dt

Change of variable-

<latexit sha1_base64="NNIYyiTOcXt9q9XuaY0lkUD3Pd8=">AAACBHicbVDLSsNAFJ34rPEVddnNYBFclaQUdSMUdeGygn1AE8tkOmmHTh7MTMQyZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r3HTxgV0ra/jaXlldW19dKGubm1vbNr7e23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfX+Z+555wQePoVk4S4oVoGNGAYiS11LfKrh8o8+HcDTjCit+pWpap+pXMzMzsWxW7ak8BF4lTkAoo0OxbX+4gxmlIIokZEqLn2In0FOKSYkYy000FSRAeoyHpaRqhkAhPTZ/I4JFWBjCIua5Iwqn6e0KhUIhJ6OvOEMmRmPdy8T+vl8rgzFM0SlJJIjxbFKQMyhjmicAB5QRLNtEEYU71rRCPkI5D6tzyEJz5lxdJu1Z1Tqr1m3qlcVHEUQJlcAiOgQNOQQNcgyZoAQwewTN4BW/Gk/FivBsfs9Ylo5g5AH9gfP4AtFiXfw==</latexit>

x =
r2

4Dt

<latexit sha1_base64="VgYYwP/mDk5ygKBSr/qJAMzFpBM=">AAACSHicbVDPb9MwGHXKxko2WIEjF4tqUieNLqmqwQWpgh567CS6TmrayHGczarjRPYX1Mryn8eFIzf+Bi4cQIjb3B+H0fEk63t6732y/ZJScA1B8N2rPdrbf3xQf+IfHj19dtx4/uJKF5WibEQLUajrhGgmuGQj4CDYdakYyRPBxsn848off2ZK80J+gmXJpjm5kTzjlICT4kYcJZnxIy4hNoGdGTcG1uKspc7gNAX8HkeZIt SE1vSV3eTUzHTsed+xSOXYxWfGGRks7WJm3oTnHcvcXNh04du40QzawRr4IQm3pIm2GMaNb1Fa0CpnEqggWk/CoISpIQo4Fcz6UaVZSeic3LCJo5LkTE/NugiLT5yS4qxQ7kjAa/X+hiG51ss8ccmcwK3e9Vbi/7xJBdm7qeGyrIBJurkoqwSGAq9axSlXjIJYOkKo4u6tmN4SVxy47n1XQrj75YfkqtMOL9rdy26z92FbRx29Qq9RC4XoLeqhARqiEaLoC/qBfqHf3lfvp/fH+7uJ1rztzkv0D2q1O1/ksr0=</latexit>Z tH

0
f(r, t)dt =

1

Dr

Z 1

r2/DtH

x�1/2e�xdx

<latexit sha1_base64="t+4EyLR+Skq4P9POzGzCDFT38jU="></latexit>

f(r, t) =
e�r2/(4Dt)

(4⇡Dt)3/2
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Saturation of Steady-State Integral

Repeat this for 1D and 2D 
systems

<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="PVbkSMXJnnekgQnuknyZ8CHCjII=">AAACLnicbZDLSgMxFIYz3h1vVZdugkVwY50pom4E8QIuFawKnbZk0oyGZjJDckZaQp7Ija+iC0FF3PoYprULbwdCPv7/HJLzx7ngGoLg2RsZHRufmJya9mdm5+YXSotLFzorFGU1molMXcVEM8ElqwEHwa5yxUgaC3YZdw77/uUtU5pn8hx6OWuk5FryhFMCTmqVjqM4Mf4ejhJFqAmtOVI24hJaRjVN1W4eOYpUik+sbRpnJN Cz3abZCDerlrm7a9td37ZK5aASDAr/hXAIZTSs01bpMWpntEiZBCqI1vUwyKFhiAJOBbN+VGiWE9oh16zuUJKU6YYZrGvxmlPaOMmUOxLwQP0+YUiqdS+NXWdK4Eb/9vrif169gGS3YbjMC2CSfj2UFAJDhvvZ4TZXjILoOSBUcfdXTG+ICw5cwr4LIfy98l+4qFbC7crW2VZ5/2AYxxRaQatoHYVoB+2jE3SKaoiiO/SAXtCrd+89eW/e+1friDecWUY/yvv4BCtDqUA=</latexit>

=
1

Dr

Z 1

r2/DtH

x�1/2e�xdx

<latexit sha1_base64="IKRWEKFBB6oRSVvTncN4cddJsek=">AAACH3icbVDLSgMxFM34rOOr6tJNsAgVtJ0ppboRigq6VLBV6Iwlk2ba0GRmSDJCCfMnbvwVNy4UEXf+jeljoa0HLhzOuZd77wkSRqVynG9rbn5hcWk5t2Kvrq1vbOa3tpsyTgUmDRyzWNwHSBJGI9JQVDFynwiCeMDIXdA/H/p3j0RIGke3apAQn6NuREOKkTJSO1/zglDbp14oENZupi9E1nJLzpF3iThHRbdcORQPupKVL1 Rbe4LDq+zAt7N2vuCUnBHgLHEnpAAmuG7nv7xOjFNOIoUZkrLlOonyNRKKYkYy20slSRDuoy5pGRohTqSvR/9lcN8oHRjGwlSk4Ej9PaERl3LAA9PJkerJaW8o/ue1UhWe+JpGSapIhMeLwpRBFcNhWLBDBcGKDQxBWFBzK8Q9ZKJSJlLbhOBOvzxLmpWSWytVb6qF+tkkjhzYBXugCFxwDOrgClyDBsDgCbyAN/BuPVuv1of1OW6dsyYzO+APrO8fTxagqQ==</latexit>

=
1

Dr
[1.0� �(1/2, r2/DtH)]

Incomplete gamma 
function

�(t+ 1) =

Z 1

0
xte�xdx
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Saturation of Steady-State Integral
2D system-

�(t+ 1) =

Z 1

0
xte�xdx

<latexit sha1_base64="t+ol00cFW/Ir6mKdsid2SQg4Su0=">AAACHXicbVDLSsNAFJ34Nr6iLt0MFqGC1qQouhFEBbusxarQxDKZTtqhM0mYmQhlyI+48VfcuFDEhRvxb5w+Fmo9cOFwzr3ce0+YMiqV635ZE5NT0zOzc/P2wuLS8oqzunYtk0xgUscJS8RtiCRhNCZ1RRUjt6kgiIeM3ITds75/c0+EpEl8pXopCThqxzSiGCkjNZ19P4y0fexHAmHt5fq8lje8krvrXyDOUdHdqd3pcr53rp raFxxW8u3AzptOwS25A8Bx4o1IAYxQbToffivBGSexwgxJ2fDcVAUaCUUxI7ntZ5KkCHdRmzQMjREnMtCD73K4ZZQWjBJhKlZwoP6c0IhL2eOh6eRIdeRfry/+5zUyFR0FmsZppkiMh4uijEGVwH5UsEUFwYr1DEFYUHMrxB1kglImUNuE4P19eZxcl0veQcm93C+cnI7imAMbYBMUgQcOwQmogCqoAwwewBN4Aa/Wo/VsvVnvw9YJazSzDn7B+vwG6T+f7g==</latexit>

=
1

DR
[1.0� �(0,R2/DtH)]

<latexit sha1_base64="UJGtpF7luvPXzVl+08Vgm6sWAIY="></latexit>

F(R) =
1

DR

Z 1

R2/DtH

x�1e�xdx

<latexit sha1_base64="KGV238PoWwwPg/JYKGZkbrhLJiQ="></latexit>

f(R, t) =
e�R2/(4Dt)

(4⇡Dt)
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Saturation of Steady-State Integral
1D system-

�(t+ 1) =

Z 1

0
xte�xdx

<latexit sha1_base64="kMW+pu9OqKbpI6jXNc9vdZy2Z+Y=">AAACMnicbZBPT9swGMYdYFuX/aGM4y4W1SR2WEm6TXCZVEGF4AYSBaQmjRzXAauOE9lvUCPLn4kLnwSJw3ZgmrjyIXBLDxvslSz/9DzvK/t90lJwDUHw01tYXHrx8lXjtf/m7bv3y82VD8e6qBRlfVqIQp2mRDPBJesDB8FOS8VIngp2ko53pv7JBVOaF/II6pLFOTmTPOOUgJOS5n6UZsbfXZ98/oGjTBFqQmt6ExtxCYmZDE 3HbvQcRSrHe9YOjTMyqG09NF++bnQsc3dtR7Vvk2YraAezws8hnEMLzesgaV5Ho4JWOZNABdF6EAYlxIYo4FQw60eVZiWhY3LGBg4lyZmOzWxliz85ZYSzQrkjAc/UvycMybWu89R15gTO9VNvKv7PG1SQbcWGy7ICJunjQ1klMBR4mh8eccUoiNoBoYq7v2J6Tlxw4FL2XQjh05Wfw3GnHX5vB4ffWt3teRwN9BGtoXUUok3URXvoAPURRZfoBt2i396V98v74909ti5485lV9E959w/C4aqD</latexit>

F(x) =
1

Dx

Z 1

x2/DtH

y�3/2e�ydy

<latexit sha1_base64="YBYMtRNqdrO+djLbb7i1hpaDJ4I="></latexit>

=
1

Dx
[1.0� �(�1/2,x2/DtH)]

<latexit sha1_base64="1J6q16zLWMaM4iYBh3+tuzd9/wc=">AAACIHicbZDLSgMxFIYzXut4q7p0EyxCC1pnSkU3gqgLlwq2FjptyaQZG8xcSM5IS5hHceOruHGhiO70aUwvC28/BD7+cw4n5/cTwRU4zoc1NT0zOzefW7AXl5ZXVvNr63UVp5KyGo1FLBs+UUzwiNWAg2CNRDIS+oJd+7enw/r1HZOKx9EVDBLWCslNxANOCRirkz/w/EDbQbG/A6Uj7AWSUM3aerff1pVsr1g9g1KW6WLVSz g23NbuXiXL7KyTLzhlZyT8F9wJFNBEF538u9eNaRqyCKggSjVdJ4GWJhI4FSyzvVSxhNBbcsOaBiMSMtXSowMzvG2cLg5iaV4EeOR+n9AkVGoQ+qYzJNBTv2tD879aM4XgsKV5lKTAIjpeFKQCQ4yHaeEul4yCGBggVHLzV0x7xIQEJlPbhOD+Pvkv1Ctld7/sXFYLxyeTOHJoE22hInLRATpG5+gC1RBF9+gRPaMX68F6sl6tt3HrlDWZ2UA/ZH1+AdMfoOc=</latexit>

f(x, t) =
e�x2/(4Dt)

(4⇡Dt)1/2



Extragalactic Deflections
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Random Walks
Consider log of this expression

<latexit sha1_base64="OnavqFJ/ua4jIisu8KCk+xWL+AI=">AAACNXicbVC7TsMwFHXKO7wKjCwWFRJLS1KBYESwMDCARAGpSSvHdVqrThzZN4jKyk+x8B9MMDCAECu/gFuKxOtKto/POVf2PVEmuAbPe3RKE5NT0zOzc+78wuLScnll9ULLXFHWoFJIdRURzQRPWQM4CHaVKUaSSLDLqH801C+vmdJcpucwyFiYkG7KY04JWKpdPgmi2LiBkN1AsBiafjWIFaHmplUvDNgtULzbg7Blqv62vZ EsU/IGf5lMvShMHUanW7TLFa/mjQr/Bf4YVNC4Ttvl+6AjaZ6wFKggWjd9L4PQEAWcCla4Qa5ZRmifdFnTwpQkTIdmNHWBNy3TwbFUdqWAR+z3DkMSrQdJZJ0JgZ7+rQ3J/7RmDvF+aHia5cBS+vlQnAsMEg8jxB2uGAUxsIBQxe1fMe0RGwjYoF0bgv975L/gol7zd2ve2U7l4HAcxyxaRxtoC/loDx2gY3SKGoiiW/SAntGLc+c8Oa/O26e15Ix71tCPct4/ABpurEE=</latexit>

log


1� x2

t2

��1/2

⇡ x2

2t2

<latexit sha1_base64="X2UMOSqPkUIg1L+AVG2z4cNSZp8=">AAACL3icbVDLSgMxFM34dnxVXboJFsGNZaaIuhQFcalgH9AZSybNtMHMZEjuiCXMH7nxV9yIKOLWvzB9CNp6IOFwzrkk90SZ4Bo879WZmZ2bX1hcWnZXVtfWN0qbW3Utc0VZjUohVTMimgmeshpwEKyZKUaSSLBGdHc+8Bv3TGku0xvoZyxMSDflMacErNQuXQRRbNxAyC4OBIuh5R8EsSLUPNxWCwP2ChTv9iC8NQdQBCTLlH zAPxFTLWyocIt2qexVvCHwNPHHpIzGuGqXnoOOpHnCUqCCaN3yvQxCQxRwKljhBrlmGaF3pMtalqYkYTo0w30LvGeVDo6lsicFPFR/TxiSaN1PIptMCPT0pDcQ//NaOcQnoeFplgNL6eihOBcYJB6UhztcMQqibwmhitu/YtojtguwFbu2BH9y5WlSr1b8o8rh9WH59GxcxxLaQbtoH/noGJ2iS3SFaoiiR/SM3tC78+S8OB/O5yg644xnttEfOF/f/auqUg==</latexit>

log


1� x2

t2

��t

⇡ x2

t

<latexit sha1_base64="5avk34JxhDlWfKjSrGpmIkA2Nxo=">AAACYHicbVHNa9swHJXdfWReu6TbbbuIhUFHSGKHsvZY1kuPHSwfELtBVuREVLaM9POWIPxP7tZDL/1LKifeR5M9EHq833tIeopzwTX4/p3jHjx7/uJl45X3+vDoTbN1/HakZaEoG1IppJrERDPBMzYEDoJNcsVIGgs2jm8vq/n4B1Oay+w7rHMWpWSR8YRTAlaatX6GcWK8UMhFKFgCJ2GiCDVBZ9WH0gTdagsVXyzh843prs qQ5LmSK/w3EHS2kcGqNE+8/cEfd/e35cYMysrmlbNW2+/5G+B9EtSkjWpcz1q/wrmkRcoyoIJoPQ38HCJDFHAqWOmFhWY5obdkwaaWZiRlOjKbgkr8ySpznEhlVwZ4o/6bMCTVep3G1pkSWOrdWSX+bzYtIDmPDM/yAlhGtwclhcAgcdU2nnPFKIi1JYQqbu+K6ZLYMsD+iWdLCHafvE9Gg17wpXf67bR98bWuo4E+oI/oBAXoDF2gK3SNhoiie+fAOXSOnAe34Tbd463VderMO/QE7vtHtdq26Q==</latexit>

log

✓
1+ x/t

1� x/t

◆�x

⇡ log

✓
1+

2x

t

◆�x/2

⇡ �2x2

t



Those that Leave are Replaced by 
those that Arrive
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Those that Leave are Replaced by 
those that Arrive

For 1020 eV protons:
For 1020 eV iron:

�✓tot = 0.01 rad. (ie. 0.6�)

�✓tot = 0.26 rad. (ie. 15�)

�✓tot ⇡ N1/2
cells�✓cell [Ncells = 100]

RLarmor = 1 Gpc

✓
1

Z

◆✓
E

1020 eV

◆✓
0.01 nG

B

◆

Dsource = 100 Mpc

Dcoh = 1 Mpc

15 kpc

Andrew Taylor



Supernovae as Drivers of Galactic 
Turbulence

Andrew Taylor

10-5

10-4

10-3

10-2

10-1

100

100 101 102 103 104 105 106 107 108

k 
P(

k)

k

hard-sphere
Kolmogorov

Kraichnen
Bohm

<latexit sha1_base64="xUrKuqCb3gJJHtCW7Ievj+VoD2E="></latexit>

P(k) =
dP

dk
= P0

✓
k

k0

◆�↵

10-5

10-4

10-3

10-2

10-1

100

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

λ 
P(
λ)

λ

hard-sphere
Kolmogorov

Kraichnen
Bohm



x

t�(t+ 1) = t!

�(t+ 1) =

Z 1

0
xte�xdx

Random Walks

Andrew Taylor

<latexit sha1_base64="DXT3Pwjp8L16vcqVSbVD02wCnQM="></latexit>

f(x, t) =
�(2t+ 1)

[�([t� x] + 1)�([x+ t] + 1)](22t)
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Random Walks
Stirling’s approximation �(x+ 1) ⇡ (2⇡x)1/2(x/e)x

<latexit sha1_base64="cUZhhMnO2h5NXxvyhXb2XEU5b5M="></latexit>

f(x, t) ⇡ 2

(2⇡t)1/2


1� x2

t2

��t 
1� x2

t2

��1/2 ✓
1+ x/t

1� x/t

◆�x

<latexit sha1_base64="DXT3Pwjp8L16vcqVSbVD02wCnQM="></latexit>

f(x, t) =
�(2t+ 1)

[�([t� x] + 1)�([x+ t] + 1)](22t)

<latexit sha1_base64="O0WlkKAwPqmnqvOQpM1CdbFs7Mw="></latexit>

f(x, t) ⇡ 2�2t

(2⇡)1/2
(2t)1/2(2t)2t

(t2 � x2)t(t2 � x2)1/2

✓
t� x

t+ x

◆x
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Advection With the Bubbles?

The Doppler shift of absorption lines for lines-of-sight which pass through these 
bubbles reveals evidence of a coherent velocity flow 

Keeney et al. 2006 

Suzaku and Chandra X-ray observations of bright 
AGN (Mkr 501, PKS 2155, NGC 3783) indicated 
the presence of a hot local absorber surrounding 
the Milky Way


