
August, 2024

Non-Thermal Particles in the Universe- 
what are they good for?

Andrew Taylor

Galaxy: NGC 253

Discovered in optical by Caroline Herschel in 1783
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NGC 253 Viewed in Non-
Thermal Emission

Andrew Taylor6 kpc
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Why Do Thermal Particles Exist?

WARNING- EXISTENCE QUESTIONS ARE HARD!
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Thermal Particles
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Why the Exponential Cutoff?
Random elastic collisions between particles to maximise entropy:

Andrew Taylor

<latexit sha1_base64="n2LshTCusdepu9bfxaj+VyOOf2M=">AAAB+3icbVDLSsNAFL2prxpfsS7dBIvgQkoiii6LIrisYB/QhjCZTtqhk0mYmYgl5FfcuFDErT/izr9x0mahrQfu5XDOvcydEySMSuU430ZlZXVtfaO6aW5t7+zuWfu1joxTgUkbxywWvQBJwignbUUVI71EEBQFjHSDyU3hdx+JkDTmD2qaEC9CI05DipHSkm/VBkGYmYmfufnpbdHN3LfqTsOZwV4mbknqUKLlW1+DYYzTiHCFGZKy7zqJ8jIkFMWM5OYglSRBeIJGpK8pRxGRXja7PbePtTK0w1jo4sqeqb83MhRJOY0CPRkhNZaLXiH+5/VTFV55GeVJqgjH84fClNkqtosg7CEVBCs21QRhQfWtNh4jgbDScZk6BHfxy8ukc9ZwLxrO/Xm9eV3GUYVDOIITcOESmnAHLWgDhid4hld4M3LjxXg3PuajFaPcOYA/MD5/AJ4Pk4Q=</latexit>

p1,E1

<latexit sha1_base64="bJMmYl/6o3mumk8g2+xvBYN4a9U=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJIURZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpNOrORd2+P681r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8foSOThg==</latexit>

p2,E2

<latexit sha1_base64="7usWyv/JWxO+0YNghQjzC7823ys=">AAAB+3icbVDLSsNAFL3xWeMr1qWbYBFcSEl8oMuiCC4r2Ae0IUymk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64F7OZxzL3PnBAmjUjnOt7G0vLK6tl7ZMDe3tnd2rb1qW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+KbwO49ESBrzBzVJiBehIachxUhpybeq/SDMzMTPzvKT26KbuW/VnLozhb1I3JLUoETTt776gxinEeEKMyRlz3US5WVIKIoZyc1+KkmC8BgNSU9TjiIivWx6e24faWVgh7HQxZU9VX9vZCiSchIFejJCaiTnvUL8z+ulKrzyMsqTVBGOZw+FKbNVbBdB2AMqCFZsognCgupbbTxCAmGl4zJ1CO78lxdJ+7TuXtSd+/Na47qMowIHcAjH4MIlNOAOmtACDE/wDK/wZuTGi/FufMxGl4xyZx/+wPj8AaQ3k4g=</latexit>

p3,E3
<latexit sha1_base64="ey0L5BHP1EihEzXXCxQyUhEkaPk=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJJIRZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpnNedi7p936g1r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8fp0uTig==</latexit>

p4,E4

<latexit sha1_base64="BKiTHDv4r6qpAOBouUn1mI7RXVs=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJKIRZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpnNedRt2+v6g1r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8fql+TjA==</latexit>

p5,E5
<latexit sha1_base64="SWte1U+64JoUth0N/ubij1wXr5o=">AAAB+3icbVDLSsNAFL3xWeMr1qWbYBFcSEnE17IogssK9gFtCJPppB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5QcKoVI7zbSwtr6yurVc2zM2t7Z1da6/alnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wvin8ziMRksb8QU0S4kVoyGlIMVJa8q1qPwgzM/Gzi/zktuhm7ls1p+5MYS8StyQ1KNH0ra/+IMZpRLjCDEnZc51EeRkSimJGcrOfSpIgPEZD0tOUo4hIL5venttHWhnYYSx0cWVP1d8bGYqknESBnoyQGsl5rxD/83qpCq+8jPIkVYTj2UNhymwV20UQ9oAKghWbaIKwoPpWG4+QQFjpuEwdgjv/5UXSPq2753Xn/qzWuC7jqMABHMIxuHAJDbiDJrQAwxM8wyu8GbnxYrwbH7PRJaPc2Yc/MD5/AK1zk44=</latexit>

p6,E6
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Why the Exponential Cutoff?

<latexit sha1_base64="n2LshTCusdepu9bfxaj+VyOOf2M=">AAAB+3icbVDLSsNAFL2prxpfsS7dBIvgQkoiii6LIrisYB/QhjCZTtqhk0mYmYgl5FfcuFDErT/izr9x0mahrQfu5XDOvcydEySMSuU430ZlZXVtfaO6aW5t7+zuWfu1joxTgUkbxywWvQBJwignbUUVI71EEBQFjHSDyU3hdx+JkDTmD2qaEC9CI05DipHSkm/VBkGYmYmfufnpbdHN3LfqTsOZwV4mbknqUKLlW1+DYYzTiH CFGZKy7zqJ8jIkFMWM5OYglSRBeIJGpK8pRxGRXja7PbePtTK0w1jo4sqeqb83MhRJOY0CPRkhNZaLXiH+5/VTFV55GeVJqgjH84fClNkqtosg7CEVBCs21QRhQfWtNh4jgbDScZk6BHfxy8ukc9ZwLxrO/Xm9eV3GUYVDOIITcOESmnAHLWgDhid4hld4M3LjxXg3PuajFaPcOYA/MD5/AJ4Pk4Q=</latexit>

p1,E1

<latexit sha1_base64="bJMmYl/6o3mumk8g2+xvBYN4a9U=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJIURZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpNOrORd2+P681r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8foSOThg==</latexit>

p2,E2

In the Center-of-Mass frame,

<latexit sha1_base64="VImAWdyTchPpwqwsXH/djOdXmf4=">AAAB+nicbVBNS8NAEJ34WeNX1aOXYBE8haT4dSx68VjB2kITyma7aZduNnF3Uiihv8OLBz2KV3+JN/+N24+Dtj4YeLw3w8y8KBNco+d9Wyura+sbm6Ute3tnd2+/fHD4qNNcUdagqUhVKyKaCS5ZAzkK1soUI0kkWDMa3E785pApzVP5gKOMhQnpSR5zStBIYRDFhR1gnyGxx51yxXO9KZxl4s9JBeaod8pfQTelecIkUkG0bvtehmFBFHIq2NgOcs0yQgekx9qGSpIwHRbTo8fOqVG6TpwqUxKdqfp7oiCJ1qMkMp0Jwb5e9Cbif147x/g6LLjMcmSSzhbFuXAwdSYJOF2uGEUxMoRQxc2tDu0TRSianGwTgr/48jIJqq5/6V64vue51fvzSu1mHkoJjuEEzsCHK6jBHdShARSe4Ble4c0aWi/Wu/Uxa12x5jNH8AfW5w+nxJLf</latexit>

✓
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Why the Exponential Cutoff?

E1 E2 E3 E4 E5 E6

100 100 100 100 100 100

101 99 100 100 100 100

101 99 100 100 99 101

100 99 101 100 99 101

100 98 101 100 99 102

99 99 101 100 99 102

Ensemble of particles exchanging energies:

Andrew Taylor
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Why the Exponential Cutoff?
Ensemble of particles exchanging energies:

Andrew Taylor
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What Do Shocks Do?
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Reminder: Shocks

The fastest speed information in plasmas can be transmitted is 
the sound speed. When plasmas travel faster than this, they set 
up a shock- the upstream region is not able to know what is 
coming (a surprise!).

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Shock converts ram pressure ( ) into thermal pressure ( )
<latexit sha1_base64="cpTk+jtf9xZHS+r8tntUSmSEHZ4=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgqiRF0WXRjcsK9gFNLJPppB06mQkzk0qJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57woRRpV332yqtrW9sbpW37Z3dvf0Dp3LYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gnHNzO/MyFSUcHv9TQhQYyGnEYUI22kvlPxwyizfTkScPKQ1XM77ztVt+bOAVeJV5AqKNDsO1/+QOA0JlxjhpTqeW6igwxJTTEjue2niiQIj9GQ9AzlKCYqyOan5/DUKAMYCWmKazhXf09kKFZqGoemM0Z6pJa9mfif10t1dBVklCepJhwvFkUpg1rAWQ5wQCXBmk0NQVhScyvEIyQR1iYt24TgLb+8Str1mndRc+/Oq43rIo4yOAYn4Ax44BI0wC1oghbA4BE8g1fwZj1ZL9a79bFoLVnFzBH4A+vzBy4fk0w=</latexit>

⇢v2 <latexit sha1_base64="kQGt4mm23BicRfniUTgiGZ94E9c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8cKthbaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnnT3dre2d2r7B+0dJIphk2WiES1Q6pRcIlNw43AdqqQxqHAh3B0M/UfnlBpnsh7M04xiOlA8ogzaqzU7oZR7qbupFepejVvBrJM/IJUoUCjV/nq9hOWxSgNE1Trju+lJsipMpwJnLjdTGNK2YgOsGOppDHqIJ/dOyEnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmT5P+lwhM2JsCWWK21sJG1JFmbERuTYEf/HlZdI6q/kXNe/uvFq/LuIowxEcwyn4cAl1uIUGNIGBgGd4hTfn0Xlx3p2PeWvJKWYO4Q+czx84no9u</latexit>p

Andrew Taylor
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Collisional Shock- 
Conservation Conditions

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Number Flux:

Momentum Flux:
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Collisional Shock- Enthalpy
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�

� � 1
p+ ⇢

= wnonrel. + ⇢
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Collisional Shock- Cold 
Shock Case

Momentum Flux:

Energy Flux:
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Collisional Shock- Cold 
Shock Case

So what are collisional shocks good for?

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>
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Collisional Shock- Cold 
Shock Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the 
system where energy can be stored

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>
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Collisional Shock- Partition 
of Momentum and Energy

Downstream Momentum Partition:

Downstream Energy Partition:
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Collision Time

<latexit sha1_base64="v2dsooQgOnCip+eWzV7EijUVn2U=">AAACDXicbVDLSsNAFJ34rPEVdelmsAquSiKKboSiG5cV+oImhMl00g6dTMLMRChDfsCNv+LGhSJu3bvzb5y2WWjrgQuHc+7l3nuijFGpXPfbWlpeWV1br2zYm1vbO7vO3n5bprnApIVTlopuhCRhlJOWooqRbiYISiJGOtHoduJ3HoiQNOVNNc5IkKABpzHFSBkpdI79KNa2uvZjgbD2Cs1DTQpf0kGCQt0sIC7sInSqbs2dAi4SryRVUKIROl9+P8V5QrjCDEnZ89xMBRoJRTEjhe3nkmQIj9CA9AzlKCEy0NNvCnhilD6MU2GKKzhVf09olEg5TiLTmSA1lPPeRPzP6+Uqvgo05VmuCMezRXHOoErhJBrYp4JgxcaGICyouRXiITK5KBOgbULw5l9eJO2zmndRc+/Pq/WbMo4KOARH4BR44BLUwR1ogBbA4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD4Lem9Y=</latexit>
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How are Collisionless Shocks 
Different to Collisional Shocks?

Magnetic fields and Non-thermal particles also part of the system- 
ie. modifies shock conservation conditions

Number Flux:

Momentum Flux:

Energy Flux:

⇢1v1 = ⇢2v2
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Energy Exchange at Shocks

Collisional Shock Collisionless Shock

Andrew Taylor
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Why do Non-Thermal Particles 
Exist?



August, 2024 Andrew Taylor

But we don’t always observe 
an exponential cutoff
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Andrew Taylor

The Origin of the Power-law 
Tail

�

�

�

�

�

�

Fermi’s original hypothesis

<latexit sha1_base64="eonv6dUPIWUoM6Io3eM0bNEs/hs="></latexit>
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Green’s Function for 
Stochastic Acceleration
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How Are Non-Thermal Particles 
Produced at Shocks?

An iteration on Fermi’s original hypothesis
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Non-Thermal Particles?
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The Injection Scale
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<latexit sha1_base64="NJHRna/I+5wJop7NoQxdgdnt0kY=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVUkFggWpAgbGItGH1JTKcZ3Wqu1EtlOpijKz8CssDCDEyhew8Te4bQZoOdKVjs+5V773BDGjSrvut1VYWl5ZXSuu2xubW9s7zu5eQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81geD3xmyMiFY3EvR7HpMNRX9CQYqSN1HUO/SBM7calH0qEUy9LKxn3bwjTCI4ezMPOuk7JLbtTwEXi5aQEctS6zpffi3DCidCYIaXanhvrToqkppiRzPYTRWKEh6hP2oYKxInqpNNTMnhslB4MI2lKaDhVf0+kiCs15oHp5EgP1Lw3Ef/z2okOLzopFXGiicCzj8KEQR3BSS6wRyXBmo0NQVhSsyvEA2RC0SY924TgzZ+8SBqVsndWdu9OS9WrPI4iOABH4AR44BxUwS2ogTrA4BE8g1fwZj1ZL9a79TFrLVj5zD74A+vzBwlSmdg=</latexit>
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Derivation

Andrew Taylor

<latexit sha1_base64="LnXkjzV+p6ZHys62JUykWaSvPvk="></latexit>

E2 = �2E1(1� �µ1)(1+ �µ0
2)
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(energy gain) (advection 
downstream)

Energy Number

SNRs have vsh~103 km s-1 

so β~10-2
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So n~1/β crossings are needed 
before the particle population is 
significantly altered

Fermi Acceleration
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Energy Number

β~10-2

Fermi Acceleration

Andrew Taylor
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So,
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How Do Non-Thermal Particles 
Propagate?
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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>
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<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

<latexit sha1_base64="YgavRCaIvcz/BDMj/sSx1pjEKAk="></latexit>
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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>
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<latexit sha1_base64="Splp0H8OQ3AD1px5+uC1RtNpIuU=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiRS1GWpG5cV7AOaECaTSTt0MgkzEyGE+CtuXCji1g9x5984bbPQ1gMXDufcy733BCmjUtn2t1Hb2Nza3qnvmnv7B4dH1vHJQCaZwKSPE5aIUYAkYZSTvqKKkVEqCIoDRobB7HbuDx+JkDThDypPiRejCacRxUhpybcabhAVphsSphDs+sWsNEvfatotewG4TpyKNEGFnm99uWGCs5hwhRmScuzYqfIKJBTFjJSmm0mSIjxDEzLWlKOYSK9YHF/Cc62EMEqELq7gQv09UaBYyjwOdGeM1FSuenPxP2+cqejGKyhPM0U4Xi6KMgZVAudJwJAKghXLNUFYUH0rxFMkEFY6L1OH4Ky+vE4Gly3nqtW+bzc73SqOOjgFZ+ACOOAadMAd6IE+wCAHz+AVvBlPxovxbnwsW2tGNdMAf2B8/gCz95Qs</latexit>

! B k

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

! B k

<latexit sha1_base64="hMEnLIEzAVo+O6ashNZwvUqo+Wo=">AAACFXicbVBNS8NAEN34WeNX1aOXxSJ4kJKIqBdB6sVjBVuFpoTNZmKXbj7YnQgl5E948a948aCIV8Gb/8Ztm4NfDwYe780wMy/IpNDoOJ/WzOzc/MJibcleXlldW69vbHZ1misOHZ7KVN0ETIMUCXRQoISbTAGLAwnXwfB87F/fgdIiTa5wlEE/ZreJiARnaCS/vu8FUWF7IUhk1MMBIDulXqQYLyqx5RfDsixapV369YbTdCagf4lbkQap0PbrH16Y8jyGBLlkWvdcJ8N+wRQKLqG0vVxDxviQ3ULP0ITFoPvF5KuS7holpFGqTCVIJ+r3iYLFWo/iwHTGDAf6tzcW//N6OUYn/UIkWY6Q8OmiKJcUUzqOiIZCAUc5MoRxJcytlA+YiQRNkLYJwf398l/SPWi6R83Dy8PGWauKo0a2yQ7ZIy45JmfkgrRJh3ByTx7JM3mxHqwn69V6m7bOWNXMFvkB6/0L2AqepQ==</latexit>

!" =
! B k

B

<latexit sha1_base64="plNbBvIFCQ/AKIjxS3h7Rxg17ZY="></latexit>

D !! =
! ! 2

t
=

1
t lar

!
"B 2

k

B 2

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

!

10-5

10-4

10-3

10-2

10-1

100

100 101 102 103 104 105 106 107 108

�bB
k2

k

hard-sphere
Kolmogorov

Kraichnen
Bohm

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

t scat !
1

D !!

<latexit sha1_base64="2iItsVku1KibNaHveIsgm/SXhzE=">AAACEHicbVC7TsMwFHV4lvAKMLJYVAimKkEVMFbAwFgk+pCaKnJcp7XqJJbtoFZWPoGFX2FhACFWRjb+BrfNAC1HsnR0zrm6vifkjErlut/W0vLK6tp6acPe3Nre2XX29psyzQQmDZyyVLRDJAmjCWkoqhhpc0FQHDLSCofXE7/1QISkaXKvxpx0Y9RPaEQxUkYKnBM/jLTtRwJhfRPo0SjPNc59xLlIR5AFWppkbueBU3Yr7hRwkXgFKYMC9cD58nspzmKSKMyQlB3P5aqrkVAUM5LbfiYJR3iI+qRjaIJiIrt6elAOj43Sg1EqzEsUnKq/JzSKpRzHoUnGSA3kvDcR//M6mYouu5omPFMkwbNFUcagSuGkHdijgmDFxoYgLKj5K8QDZMpRpkPblODNn7xImmcV77xSvauWa1dFHSVwCI7AKfDABaiBW1AHDYDBI3gGr+DNerJerHfrYxZdsoqZA/AH1ucP4WmdxA==</latexit>

D xx

c
! l scat

<latexit sha1_base64="2vKWz4rX+wPLRBZoSC7p1tDlInU="></latexit>

D xx

c
! R lar

!
B 2

! B 2
k

"
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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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x

t
! (t + 1) = t !

! (t + 1) =
! !

0
x t e" x dx

Random Walks

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

f (x , t ) !
e! x 2 / (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

We now know the Green’s function 
for the system!
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Saturation of Time Integral

10-3

10-2

10-1

100

101

10-1 100 101 102 103 104 105 106

t*
dN

/d
3 R

t

R=1

<latexit sha1_base64="BCTC8r35KrIe1epJ8gIOUSPUqJE=">AAACEHicbZDNSsNAFIUn9a/Gv6hLN4NFrCAlEUU3giiISxWrhbaWyXTSDp1MwsyNUEIewY2v4saFIm5duvNtnNQstHpg4OPce7lzjx8LrsF1P63SxOTU9Ex51p6bX1hccpZXrnWUKMrqNBKRavhEM8ElqwMHwRqxYiT0BbvxByd5/eaOKc0jeQXDmLVD0pM84JSAsTrOZssPUvu0erl12OISOqmb3aaGAhhmOKhebsNWF+zM7jgVt+aOhP+CV0AFFTrvOB+tbkSTkEmggmjd9NwY2ilRwKlgmd1KNIsJHZAeaxqUJGS6nY4OyvCGcbo4iJR5EvDI/TmRklDrYeibzpBAX4/XcvO/WjOB4KCdchknwCT9XhQkAkOE83RwlytGQQwNEKq4+SumfaIIBZNhHoI3fvJfuN6peXs192K3cnRcxFFGa2gdVZGH9tEROkPnqI4oukeP6Bm9WA/Wk/VqvX23lqxiZhX9kvX+Be5qm0A=</latexit>

F (R ) =
! !

0
f (R , t )dt

Integrate the Green’s function over 
time (constant source term) until the 
system reaches steady state
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Steady state CR distribution 
around non-thermal sources

10-3

10-2

10-1

100

101

10-2 10-1 100 101 102

t*
dN

/d
3 R

R

t=1
t=10

t=100
sum
R-1
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Steady state CR distribution 
around non-thermal sources
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Andrew Taylor

<latexit sha1_base64="Fs1tlE6eE3jw0mAHxFXldW+kswE=">AAAB/XicbVDLSsNAFL2prxpf8bFzEyyCq5KIohuhqAuXVewDmlAm00k7dDIJMxOhhuCvuHGhiFv/w51/47TNQlsPXDiccy/33hMkjErlON9GaWFxaXmlvGqurW9sblnbO00ZpwKTBo5ZLNoBkoRRThqKKkbaiSAoChhpBcOrsd96IELSmN+rUUL8CPU5DSlGSktda88Lwsy88EKBcObm2fVdbuZdq+JUnQnseeIWpAIF6l3ry+vFOI0IV5ghKTuukyg/Q0JRzEhueqkkCcJD1CcdTTmKiPSzyfW5faiVnh3GQhdX9kT9PZGhSMpRFOjOCKmBnPXG4n9eJ1XhuZ9RnqSKcDxdFKbMVrE9jsLuUUGwYiNNEBZU32rjAdJBKB2YqUNwZ1+eJ83jqntadW5PKrXLIo4y7MMBHIELZ1CDG6hDAzA8wjO8wpvxZLwY78bHtLVkFDO78AfG5w9yxpST</latexit>

=
1

DR

<latexit sha1_base64="BCTC8r35KrIe1epJ8gIOUSPUqJE=">AAACEHicbZDNSsNAFIUn9a/Gv6hLN4NFrCAlEUU3giiISxWrhbaWyXTSDp1MwsyNUEIewY2v4saFIm5duvNtnNQstHpg4OPce7lzjx8LrsF1P63SxOTU9Ex51p6bX1hccpZXrnWUKMrqNBKRavhEM8ElqwMHwRqxYiT0BbvxByd5/eaOKc0jeQXDmLVD0pM84JSAsTrOZssPUvu0erl12OISOqmb3aaGAhhmOKhebsNWF+zM7jgVt+aOhP+CV0AFFTrvOB+tbkSTkEmggmjd9NwY2ilRwKlgmd1KNIsJHZAeaxqUJGS6nY4OyvCGcbo4iJR5EvDI/TmRklDrYeibzpBAX4/XcvO/WjOB4KCdchknwCT9XhQkAkOE83RwlytGQQwNEKq4+SumfaIIBZNhHoI3fvJfuN6peXs192K3cnRcxFFGa2gdVZGH9tEROkPnqI4oukeP6Bm9WA/Wk/VqvX23lqxiZhX9kvX+Be5qm0A=</latexit>

F (R ) =
! !

0
f (R , t )dt

<latexit sha1_base64="9dDkGacaRXHAEjyshuGAckm/ljk="></latexit>

f (R , t ) !
e! R 2 / (4Dt )

(4! Dt )3/ 2

#0-(*)&#0(0-&+"'&34&(.*&54&#)#0-$#6
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Where do Non-Thermal Particles 
Eventually Die (an Example)?
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Where do Non-Thermal Particles Make 
a Difference in this System?

<latexit sha1_base64="xyoWlOMDpJp+zlApWzTo7zGkyyc=">AAACCnicbVC7TsMwFHV4lvAKMLIYKiSmKkEgWJAqysDAUCrSVmqiyHGd1qrzkO0gVVFmFn6FhQGEWPkCNv4GN80ALUe60vE598r3Hj9hVEjT/NYWFpeWV1Yra/r6xubWtrGz2xZxyjGxccxi3vWRIIxGxJZUMtJNOEGhz0jHHzUmfueBcEHj6F6OE+KGaBDRgGIkleQZB44fZLrtZY1WfukEHOHstnjkGbyGrVzPPaNq1swCcJ5YJamCEk3P+HL6MU5DEknMkBA9y0ykmyEuKWYk151UkAThERqQnqIRColws+KUHB4ppQ+DmKuKJCzU3xMZCoUYh77qDJEcillvIv7n9VIZXLgZjZJUkghPPwpSBmUMJ7nAPuUESzZWBGFO1a4QD5HKQ6r0dBWCNXvyPGmf1Kyzmnl3Wq1flXFUwD44BMfAAuegDm5AE9gAg0fwDF7Bm/akvWjv2se0dUErZ/bAH2ifP6/dmZ0=</latexit>

U CR =
L CR

DR

<latexit sha1_base64="HG8dZ2jjsMLrpftRnASqmLihHzk=">AAACD3icbZC7TsMwFIYdriXcCowsFhWIqUqqIliQKlgYGAqiF6kJkeM6rVXnIttBqqy8AQuvwsIAQqysbLwNTpsBWn7J0qf/nKPj8/sJo0Ja1rexsLi0vLJaWjPXNza3tss7u20RpxyTFo5ZzLs+EoTRiLQklYx0E05Q6DPS8UeXeb3zQLigcXQnxwlxQzSIaEAxktryykeOHyiz5aludu4EHGF1nXOm6k5C4e29qmU4MzOvXLGq1kRwHuwCKqBQ0yt/Of0YpyGJJGZIiJ5tJdJViEuKGclMJxUkQXiEBqSnMUIhEa6a3JPBQ+30YRBz/SIJJ+7vCYVCIcahrztDJIditpab/9V6qQzOXEWjJJUkwtNFQcqgjGEeDuxTTrBkYw0Ic6r/CvEQ6VSkjtDUIdizJ89Du1a1T6rWTb3SuCjiKIF9cACOgQ1OQQNcgSZoAQwewTN4BW/Gk/FivBsf09YFo5jZA39kfP4AbWScRQ==</latexit>

U X =
L X

4! R 2c

Andrew Taylor
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Energy Deposition Distance?

Andrew Taylor

<latexit sha1_base64="h3DB3EaG/9HuKNR3YLp94sGnDjU=">AAACIHicbZDLSsNAFIYnXmu8RV26CRbBVUlE0Y0guhHcVLC10JRwMp3UwZlJmJkIZcijuPFV3LhQRHf6NE7bgNcfBj7+cw5nzp/kjCodBO/O1PTM7Nx8bcFdXFpeWfXW1tsqKyQmLZyxTHYSUIRRQVqaakY6uSTAE0aukpvTUf3qlkhFM3GphznpcRgImlIM2lqxdxAlqXFZbDrlUZRKwCYszXlsSDQAzqEUFstI0QGHL7N0y9irB41gLP8vhBXUUaVm7L1F/QwXnAiNGSjVDYNc9wxITTEjpRsViuSAb2BAuhYFcKJ6Znxg6W9bp++nmbRPaH/sfp8wwJUa8sR2ctDX6ndtZP5X6xY6PewZKvJCE4Eni9KC+TrzR2n5fSoJ1mxoAbCk9q8+vgYbk7aZujaE8PfJf6G92wj3G8HFXv34pIqjhjbRFtpBITpAx+gMNVELYXSHHtATenbunUfnxXmdtE451cwG+iHn4xOyBaSO</latexit>

l X =
1

K e! ne! e!

78-.&9 :'()#&%".%#-&;%(&<8"0":-1-!0'%!
(2#"'<0%".=&08-)&('-&>%11-*&2)&08-&
<'"!-##

<latexit sha1_base64="z6farpMBsB9jzTody4sav7BoSPM=">AAACBnicbVBNS8NAEN34WeNX1KMIwSJ4KokoehGKXjxWsB/QhDDZbtKlu0nY3Qgl1IsX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXZoxK5TjfxsLi0vLKamXNXN/Y3Nq2dnZbMs0FJk2cslR0QpCE0YQ0FVWMdDJBgIeMtMPB9dhv3xMhaZrcqWFGfA5xQiOKQWkpsA68MCpMT9KYQ1AQLwbOYXTpOs5DaI4Cq+rUnAnseeKWpIpKNALry+ulOOckUZiBlF3XyZRfgFAUMzIyvVySDPAAYtLVNAFOpF9M3hjZR1rp2VEqdCXKnqi/JwrgUg55qDs5qL6c9cbif143V9GFX9AkyxVJ8HRRlDNbpfY4E7tHBcGKDTUBLKi+1cZ9EICVTs7UIbizL8+T1knNPas5t6fV+lUZRwXto0N0jFx0juroBjVQE2H0iJ7RK3oznowX4934mLYuGOXMHvoD4/MHEfqYNw==</latexit>

! e! = 100 b
<latexit sha1_base64="2j93qeyOTjVcEK7JXk3POKUolNg=">AAACBXicbVDLSsNAFJ34rPEVdamLYBHcWBIf6EYounFZwT6gTcNkOmmHzkzCzEQoQ1y48VfcuFDErf/gzr9x+lho64ELh3Pu5d57opQSqTzv25qbX1hcWi6s2Ktr6xubztZ2TSaZQLiKEpqIRgQlpoTjqiKK4kYqMGQRxfWofz306/dYSJLwOzVIccBgl5OYIKiMFDp7rSjWNg81zi99r619L39ArK2PTnI7D52iV/JGcGeJPyFFMEEldL5anQRlDHOFKJSy6XupCjQUiiCKc7uVSZxC1Idd3DSUQ4ZloEdf5O6BUTpunAhTXLkj9feEhkzKAYtMJ4OqJ6e9ofif18xUfBFowtNMYY7Gi+KMuipxh5G4HSIwUnRgCESCmFtd1IMCImWCs00I/vTLs6R2XPLPSt7tabF8NYmjAHbBPjgEPjgHZXADKqAKEHgEz+AVvFlP1ov1bn2MW+esycwO+APr8wfLUZd6</latexit>

ne = 1010 cm ! 3

<latexit sha1_base64="sRXa3PQDZzo9KLelsAkr90KcV4w=">AAAB/XicbZDLSsNAFIZP6q3GW7zs3ASL4KokouhGqLpxWcG0hTaUyXTSDp1MwsxEqCH6Km5cKOLW93Dn2zhts9DWHwY+/nMO58wfJIxK5TjfRmlhcWl5pbxqrq1vbG5Z2zsNGacCEw/HLBatAEnCKCeeooqRViIIigJGmsHwelxv3hMhaczv1CghfoT6nIYUI6WtrrXXCcLMZN2slV84Vcd9vPTMvGtVNE9kz4NbQAUK1bvWV6cX4zQiXGGGpGy7TqL8DAlFMSO52UklSRAeoj5pa+QoItLPJtfn9qF2enYYC/24sifu74kMRVKOokB3RkgN5GxtbP5Xa6cqPPczypNUEY6ni8KU2Sq2x1HYPSoIVmykAWFB9a02HiCBsNKBmToEd/bL89A4rrqnVef2pFK7KuIowz4cwBG4cAY1uIE6eIDhAZ7hFd6MJ+PFeDc+pq0lo5jZhT8yPn8AS0ST0g==</latexit>

l X = 0.01 AU



August, 2024

Energy Deposition Distance?

Andrew Taylor

?.&08-&"08-'&8(.*=&!"#$%!&'()#&8(;-&(&
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<latexit sha1_base64="eNh+PhLoACADmq7eOV9l6WOTqkY=">AAAB/3icbVDLSsNAFJ34rPEVFdy4GSyCq5KIohuh6MZlBfuAJoTJdNIOnZmEmYlQYgR/xY0LRdz6G+78G6dtFtp64MLhnHu5954oZVRp1/22FhaXlldWK2v2+sbm1razs9tSSSYxaeKEJbITIUUYFaSpqWakk0qCeMRIOxpej/32PZGKJuJOj1IScNQXNKYYaSOFzr4fxbntK9rnKMxJWlx6j5FdhE7VrbkTwHnilaQKSjRC58vvJTjjRGjMkFJdz011kCOpKWaksP1MkRThIeqTrqECcaKCfHJ/AY+M0oNxIk0JDSfq74kccaVGPDKdHOmBmvXG4n9eN9PxRZBTkWaaCDxdFGcM6gSOw4A9KgnWbGQIwpKaWyEeIImwNpHZJgRv9uV50jqpeWc19/a0Wr8q46iAA3AIjoEHzkEd3IAGaAIMHsAzeAVv1pP1Yr1bH9PWBauc2QN/YH3+AEyclaI=</latexit>

! ep = 1 b
<latexit sha1_base64="9Sre5/iJ1gxxYPuRSOzfkBKkVNM=">AAACBXicbVDLSsNAFJ34rPEVdamLYBHcWBIf6EYounFZwT6gTcNkOmmHzkzCzEQoQ1y48VfcuFDErf/gzr9x+lho64ELh3Pu5d57opQSqTzv25qbX1hcWi6s2Ktr6xubztZ2TSaZQLiKEpqIRgQlpoTjqiKK4kYqMGQRxfWofz306/dYSJLwOzVIccBgl5OYIKiMFDp7rSjWNg91ml/6Xlv7Xv6AWFsfneR2HjpFr+SN4M4Sf0KKYIJK6Hy1OgnKGOYKUShl0/dSFWgoFEEU53YrkziFqA+7uGkohwzLQI++yN0Do3TcOBGmuHJH6u8JDZmUAxaZTgZVT057Q/E/r5mp+CLQhKeZwhyNF8UZdVXiDiNxO0RgpOjAEIgEMbe6qAcFRMoEZ5sQ/OmXZ0ntuOSflbzb02L5ahJHAeyCfXAIfHAOyuAGVEAVIPAInsEreLOerBfr3foYt85Zk5kd8AfW5w/czpeF</latexit>

np = 1010 cm ! 3

<latexit sha1_base64="MWxYH6vgVxzfVBdW2DPqhHGLTVU=">AAACF3icbVDLSsNAFJ3UV42vqEs3wSK4KokouhGK3QhuqtgHNCFMppN26GQSZiZCGfIXbvwVNy4Ucas7/8ZpmoW2Hrhw5px7mXtPmFIipON8G5Wl5ZXVteq6ubG5tb1j7e51RJJxhNsooQnvhVBgShhuSyIp7qUcwzikuBuOm1O/+4C5IAm7l5MU+zEcMhIRBKWWAqvuhZEyaaCad/mlF3GIlJurm0DhNGeBSnNPkGEMi3du5oFVc+pOAXuRuCWpgRKtwPryBgnKYswkolCIvuuk0leQS4Iozk0vEziFaAyHuK8pgzEWviruyu0jrQzsKOG6mLQL9feEgrEQkzjUnTGUIzHvTcX/vH4mowtfEZZmEjM0+yjKqC0TexqSPSAcI0knmkDEid7VRiOow5E6SlOH4M6fvEg6J3X3rO7cntYaV2UcVXAADsExcME5aIBr0AJtgMAjeAav4M14Ml6Md+Nj1loxypl98AfG5w89FqCe</latexit>

l CR =
1

K ep np ! ep

<latexit sha1_base64="6ikBgkDC61bHqZHbWXPUW3G1AXA="></latexit>

l CR =
1 AU
K ep

=
!

Ep

m p

"
AU
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Energy Transport in the 
Heliosphere

Andrew Taylor

<latexit sha1_base64="q+hqM6eF5IFjF1DZ/UzMq65IcqU=">AAACEnicbZDLSsNAFIYnXmu8RV26GSyCLiyJF3QjFN24KVSwF2himUwn7dDJhZmJEEL6Cm58FTcuFHHryp1v46TNQlt/GPj5zjkzc343YlRI0/zW5uYXFpeWSyv66tr6xqaxtd0UYcwxaeCQhbztIkEYDUhDUslIO+IE+S4jLXd4nddbD4QLGgZ3MomI46N+QD2KkVSoaxzarpfqdi+UaS27tMz79Mg6yUa1bmqHCmajhOco07OuUTYr5lhw1liFKYNC9a7xpa7FsU8CiRkSomOZkXRSxCXFjGS6HQsSITxEfdJRNkA+EU46XimD+4r0oBdydQIJx/T3RIp8IRLfVZ0+kgMxXcvhf7VOLL0LJ6VBFEsS4MlDXsygDGGeD+xRTrBkiTIIc6r+CvEAcYSlSlFXIVjTK8+a5nHFOquYt6fl6lURRwnsgj1wACxwDqrgBtRBA2DwCJ7BK3jTnrQX7V37mLTOacXMDvgj7fMHP1KdNw==</latexit>

úM = 10! 13 M " yr ! 1

<latexit sha1_base64="u2dnDxw3yZT3j8+q2a1H2qB8oWE=">AAACCHicbVDLSsNAFJ34rPEVdenCYBHcWJKi1I1QdOPCRQX7gDYtk+mkHTqZhJmJUoZ058ZfceNCEbd+gjv/xmmbhbYeuHA4517uvcePKRHScb6NhcWl5ZXV3Jq5vrG5tW3t7NZElHCEqyiiEW/4UGBKGK5KIiluxBzD0Ke47g+uxn79HnNBInYnhzH2QthjJCAISi11rIOWHyjzpqMe0gvXaatiKR1h3huJtjpxUzPtWHmn4ExgzxM3I3mQodKxvlrdCCUhZhJRKETTdWLpKcglQRSnZisROIZoAHu4qSmDIRaemjyS2kda6dpBxHUxaU/U3xMKhkIMQ193hlD2xaw3Fv/zmokMzj1FWJxIzNB0UZBQW0b2OBW7SzhGkg41gYgTfauN+pBDJHV2pg7BnX15ntSKBfes4Nye5suXWRw5sA8OwTFwQQmUwTWogCpA4BE8g1fwZjwZL8a78TFtXTCymT3wB8bnD2AGmO0=</latexit>

L w = 1027 erg s! 1

<latexit sha1_base64="dJV/UQxTN3BPhA7qI9DBAL8VLsc=">AAACCHicbVDLSsNAFJ3UV42vqEsXDhbBjSUpit0IRTcuXFSwD2jTMplO2qGTSZiZCCWkOzf+ihsXirj1E9z5N07bLLT1wIXDOfdy7z1exKhUtv1t5JaWV1bX8uvmxubW9o61u1eXYSwwqeGQhaLpIUkY5aSmqGKkGQmCAo+Rhje8nviNByIkDfm9GkXEDVCfU59ipLTUtQ7bnp+Yt92kmV46dicpldMxEf2x7CSnTmqmXatgF+0p4CJxMlIAGapd66vdC3EcEK4wQ1K2HDtSboKEopiR1GzHkkQID1GftDTlKCDSTaaPpPBYKz3oh0IXV3Cq/p5IUCDlKPB0Z4DUQM57E/E/rxUrv+wmlEexIhzPFvkxgyqEk1RgjwqCFRtpgrCg+laIB0ggrHR2pg7BmX95kdRLRee8aN+dFSpXWRx5cACOwAlwwAWogBtQBTWAwSN4Bq/gzXgyXox342PWmjOymX3wB8bnDy/ymM8=</latexit>

L X = 1028 erg s! 1

<latexit sha1_base64="Gcc0CHYJ8B4P3pIG0FxzQzjEJkI="></latexit>

L w =

!
úM

10! 13 M " yr ! 1

"
# vw

400 km s ! 1

$2
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Physics of the Heliosphere

<latexit sha1_base64="dwRbBomfCqVpbVKdPOxnNloT4NM=">AAACCnicbVDLSsNAFJ3UV42vqstugkVwY0jqcyMU3bisYB/QxjCZ3rRDJw9mJmIJKbjxV9y40KW49Qvc+TdOHwttPXDhcM693HuPFzMqpGV9a7mFxaXllfyqvra+sblV2N6piyjhBGokYhFvelgAoyHUJJUMmjEHHHgMGl7/auQ37oELGoW3chCDE+BuSH1KsFSSWyi2PT/VYzeFB5ld2EOoD0lwlx4eZXrmFkqWaY1hzBN7Skpoiqpb+Gp3IpIEEErCsBAt24qlk2IuKWGQ6e1EQIxJH3ehpWiIAxBOOn4iM/aV0jH8iKsKpTFWf0+kOBBiEHiqM8CyJ2a9kfif10qkf+6kNIwTCSGZLPITZsjIGCVidCgHItlAEUw4VbcapIc5JlLlpqsQ7NmX50m7bNqn5olpW5ZZvjkuVS6noeRREe2hA2SjM1RB16iKaoigR/SMXtGb9qS9aO/ax6Q1p01ndtEfaJ8/wEOY7Q==</latexit>

pext = 1 eV cm ! 3

<latexit sha1_base64="jSbHY3S1qLxNGpizgxQ2Yh0bqM0="></latexit>

= 104
!

L w

1027 erg s! 1

" !
R

A .U .

" ! 2 # vw

400 km s ! 1

$
eV cm ! 3

!"#$%&'(")"*"+'",-".*-%*"+-"/.*%0-*-%*1233*4565

<latexit sha1_base64="9uPHSPmEHeWNds5ZpQueitM2E5s=">AAACFXicbVC7SgNBFJ2Nr7i+opY2g0GxWnZDfDRC0MbCIooxQnYNs5PZZMjsg5nZSBj2D2z8FRsLLcVWsPNvnCRbaOKBC4dz7uXee/yEUSFt+9sozM0vLC4Vl82V1bX1jdLm1q2IU45JA8cs5nc+EoTRiDQklYzcJZyg0Gek6ffPR35zQLigcXQjhwnxQtSNaEAxklpql/ZdP1BmcuoGHGF12VYPWaaqbkLh9b2qZIOxYGbtUtm27DHgLHFyUgY56u3Sl9uJcRqSSGKGhGg5diI9hbikmJHMdFNBEoT7qEtamkYoJMJT438yuKeVDgxiriuScKz+nlAoFGIY+rozRLInpr2R+J/XSmVw4ikaJakkEZ4sClIGZQxH4cAO5QRLNtQEYU71rRD3kE5G6ghNHYIz/fIscSuWc2QdWo5tW5Wrarl2lodSBDtgFxwABxyDGrgAddAAGDyCZ/AK3own48V4Nz4mrQUjn9kGf2B8/gDo9Z3u</latexit>

p =
L w

4! R 2vw
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Pressures in the Heliosphere

Andrew Taylor
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Which Form of Ionising  Energy 
Dominates Far from the Sun?

<latexit sha1_base64="xyoWlOMDpJp+zlApWzTo7zGkyyc=">AAACCnicbVC7TsMwFHV4lvAKMLIYKiSmKkEgWJAqysDAUCrSVmqiyHGd1qrzkO0gVVFmFn6FhQGEWPkCNv4GN80ALUe60vE598r3Hj9hVEjT/NYWFpeWV1Yra/r6xubWtrGz2xZxyjGxccxi3vWRIIxGxJZUMtJNOEGhz0jHHzUmfueBcEHj6F6OE+KGaBDRgGIkleQZB44fZLrtZY1WfukEHOHstnjkGbyGrVzPPaNq1swCcJ5YJamCEk3P+HL6MU5DEknMkBA9y0ykmyEuKWYk151UkAThERqQnqIRColws+KUHB4ppQ+DmKuKJCzU3xMZCoUYh77qDJEcillvIv7n9VIZXLgZjZJUkghPPwpSBmUMJ7nAPuUESzZWBGFO1a4QD5HKQ6r0dBWCNXvyPGmf1Kyzmnl3Wq1flXFUwD44BMfAAuegDm5AE9gAg0fwDF7Bm/akvWjv2se0dUErZ/bAH2ifP6/dmZ0=</latexit>

U CR =
L CR

DR

<latexit sha1_base64="HG8dZ2jjsMLrpftRnASqmLihHzk=">AAACD3icbZC7TsMwFIYdriXcCowsFhWIqUqqIliQKlgYGAqiF6kJkeM6rVXnIttBqqy8AQuvwsIAQqysbLwNTpsBWn7J0qf/nKPj8/sJo0Ja1rexsLi0vLJaWjPXNza3tss7u20RpxyTFo5ZzLs+EoTRiLQklYx0E05Q6DPS8UeXeb3zQLigcXQnxwlxQzSIaEAxktryykeOHyiz5aludu4EHGF1nXOm6k5C4e29qmU4MzOvXLGq1kRwHuwCKqBQ0yt/Of0YpyGJJGZIiJ5tJdJViEuKGclMJxUkQXiEBqSnMUIhEa6a3JPBQ+30YRBz/SIJJ+7vCYVCIcahrztDJIditpab/9V6qQzOXEWjJJUkwtNFQcqgjGEeDuxTTrBkYw0Ic6r/CvEQ6VSkjtDUIdizJ89Du1a1T6rWTb3SuCjiKIF9cACOgQ1OQQNcgSZoAQwewTN4BW/Gk/FivBsf09YFo5jZA39kfP4AbWScRQ==</latexit>

U X =
L X

4! R 2c

Andrew Taylor

<latexit sha1_base64="dJV/UQxTN3BPhA7qI9DBAL8VLsc=">AAACCHicbVDLSsNAFJ3UV42vqEsXDhbBjSUpit0IRTcuXFSwD2jTMplO2qGTSZiZCCWkOzf+ihsXirj1E9z5N07bLLT1wIXDOfdy7z1exKhUtv1t5JaWV1bX8uvmxubW9o61u1eXYSwwqeGQhaLpIUkY5aSmqGKkGQmCAo+Rhje8nviNByIkDfm9GkXEDVCfU59ipLTUtQ7bnp+Yt92kmV46dicpldMxEf2x7CSnTmqmXatgF+0p4CJxMlIAGapd66vdC3EcEK4wQ1K2HDtSboKEopiR1GzHkkQID1GftDTlKCDSTaaPpPBYKz3oh0IXV3Cq/p5IUCDlKPB0Z4DUQM57E/E/rxUrv+wmlEexIhzPFvkxgyqEk1RgjwqCFRtpgrCg+laIB0ggrHR2pg7BmX95kdRLRee8aN+dFSpXWRx5cACOwAlwwAWogBtQBTWAwSN4Bq/gzXgyXox342PWmjOymX3wB8bnDy/ymM8=</latexit>

L X = 1028 erg s! 1

<latexit sha1_base64="CX5c69EdVwfsXnGc9NI8yWqpPxk=">AAACCXicbVDLSsNAFJ3UV42vqEs3g0VwY0mKr41Q7MaFiyq2Fdo0TKaTduhkEmYmQgnp0o2/4saFIm79A3f+jdPHQlsPXDiccy/33uPHjEpl299GbmFxaXklv2qurW9sblnbO3UZJQKTGo5YJO59JAmjnNQUVYzcx4Kg0Gek4fcrI7/xQISkEb9Tg5i4IepyGlCMlJY8C7b8IDWvvbRym104djstnWZDIrpD2U6PnMzMPKtgF+0x4DxxpqQApqh61lerE+EkJFxhhqRsOnas3BQJRTEjmdlKJIkR7qMuaWrKUUikm44/yeCBVjowiIQuruBY/T2RolDKQejrzhCpnpz1RuJ/XjNRwbmbUh4ninA8WRQkDKoIjmKBHSoIVmygCcKC6lsh7iGBsNLhmToEZ/bleVIvFZ2Ton1zXChfTuPIgz2wDw6BA85AGVyBKqgBDB7BM3gFb8aT8WK8Gx+T1pwxndkFf2B8/gC20ZkU</latexit>

L CR = 1026 erg s! 1

!"#$%&'()*#'&)+',-)*')'("-.'%+'/%&%+%0*'"1'#"2(&.'(.3%"+'"20')0'4-)(3.5'6%#0)+&.#

78"238'+"0.'08)0'12--'6%112#%"+')+6')6/.&0%"+'
,("9-.$'%#+:0'&"+#%6.(.6'8.(.';#..'+.<0'-.&02(.=
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Cosmic Rays Unique Properties
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Conclusions
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Why the Exponential Cutoff?
Random elastic collisions between particles to maximise entropy:
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<latexit sha1_base64="n2LshTCusdepu9bfxaj+VyOOf2M=">AAAB+3icbVDLSsNAFL2prxpfsS7dBIvgQkoiii6LIrisYB/QhjCZTtqhk0mYmYgl5FfcuFDErT/izr9x0mahrQfu5XDOvcydEySMSuU430ZlZXVtfaO6aW5t7+zuWfu1joxTgUkbxywWvQBJwignbUUVI71EEBQFjHSDyU3hdx+JkDTmD2qaEC9CI05DipHSkm/VBkGYmYmfufnpbdHN3LfqTsOZwV4mbknqUKLlW1+DYYzTiHCFGZKy7zqJ8jIkFMWM5OYglSRBeIJGpK8pRxGRXja7PbePtTK0w1jo4sqeqb83MhRJOY0CPRkhNZaLXiH+5/VTFV55GeVJqgjH84fClNkqtosg7CEVBCs21QRhQfWtNh4jgbDScZk6BHfxy8ukc9ZwLxrO/Xm9eV3GUYVDOIITcOESmnAHLWgDhid4hld4M3LjxXg3PuajFaPcOYA/MD5/AJ4Pk4Q=</latexit>

p1,E1

<latexit sha1_base64="bJMmYl/6o3mumk8g2+xvBYN4a9U=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJIURZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpNOrORd2+P681r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8foSOThg==</latexit>

p2,E2

<latexit sha1_base64="7usWyv/JWxO+0YNghQjzC7823ys=">AAAB+3icbVDLSsNAFL3xWeMr1qWbYBFcSEl8oMuiCC4r2Ae0IUymk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64F7OZxzL3PnBAmjUjnOt7G0vLK6tl7ZMDe3tnd2rb1qW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+KbwO49ESBrzBzVJiBehIachxUhpybeq/SDMzMTPzvKT26KbuW/VnLozhb1I3JLUoETTt776gxinEeEKMyRlz3US5WVIKIoZyc1+KkmC8BgNSU9TjiIivWx6e24faWVgh7HQxZU9VX9vZCiSchIFejJCaiTnvUL8z+ulKrzyMsqTVBGOZw+FKbNVbBdB2AMqCFZsognCgupbbTxCAmGl4zJ1CO78lxdJ+7TuXtSd+/Na47qMowIHcAjH4MIlNOAOmtACDE/wDK/wZuTGi/FufMxGl4xyZx/+wPj8AaQ3k4g=</latexit>

p3,E3
<latexit sha1_base64="ey0L5BHP1EihEzXXCxQyUhEkaPk=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJJIRZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpnNedi7p936g1r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8fp0uTig==</latexit>

p4,E4

<latexit sha1_base64="BKiTHDv4r6qpAOBouUn1mI7RXVs=">AAAB+3icbVDLSsNAFL3xWeMr1qWbwSK4kJKIRZdFEVxWsA9oQ5hMJ+3QyYOZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5fsKZVLb9baysrq1vbFa2zO2d3b1966DakXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/clP43UcqJIujBzVNqBviUcQCRrDSkmdVB36QmYmXNfKz26KbuWfV7Lo9A1omTklqUKLlWV+DYUzSkEaKcCxl37ET5WZYKEY4zc1BKmmCyQSPaF/TCIdUutns9hydaGWIgljoihSaqb83MhxKOQ19PRliNZaLXiH+5/VTFVy5GYuSVNGIzB8KUo5UjIog0JAJShSfaoKJYPpWRMZYYKJ0XKYOwVn88jLpnNedRt2+v6g1r8s4KnAEx3AKDlxCE+6gBW0g8ATP8ApvRm68GO/Gx3x0xSh3DuEPjM8fql+TjA==</latexit>

p5,E5
<latexit sha1_base64="SWte1U+64JoUth0N/ubij1wXr5o=">AAAB+3icbVDLSsNAFL3xWeMr1qWbYBFcSEnE17IogssK9gFtCJPppB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaeuBeDufcy9w5QcKoVI7zbSwtr6yurVc2zM2t7Z1da6/alnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wvin8ziMRksb8QU0S4kVoyGlIMVJa8q1qPwgzM/Gzi/zktuhm7ls1p+5MYS8StyQ1KNH0ra/+IMZpRLjCDEnZc51EeRkSimJGcrOfSpIgPEZD0tOUo4hIL5venttHWhnYYSx0cWVP1d8bGYqknESBnoyQGsl5rxD/83qpCq+8jPIkVYTj2UNhymwV20UQ9oAKghWbaIKwoPpWG4+QQFjpuEwdgjv/5UXSPq2753Xn/qzWuC7jqMABHMIxuHAJDbiDJrQAwxM8wyu8GbnxYrwbH7PRJaPc2Yc/MD5/AK1zk44=</latexit>

p6,E6


