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Motivation

Plasma physics à Magnetogenesis, cosmic rays, astronomical observations  

Solar wind
ESA/ATG Medialab; inset: J. Dorelli (NASA) 3 see Perro (2012)

X-ray: NASA/CXC/Univ. of Chicago, I. Zhuravleva et al, Optical: SDSS

X-ray: NASA/UMass/D.Wang et al., IR: NASA/STScI

Black hole 

accretion flows

ICM

Plasma is ubiquitous in many different astrophysical contexts of  interest



Before we go any further, some terminology as I use it&

These astrophysical plasmas are (typically) classical, magnetised and weakly collisional/collisionless

What type of  plasma?

1) <Classical= =  <typical particle separation                  Debye screening length  

2) <Magnetised=  =  <macroscopic magnetic field=, <electron Larmor radius                  =

3)  <Collisional=  =  <collisional mean free path                macroscopic scale length    =&

4)  <Weakly collisional=  =  <Larmor radius                            =

5) <Collisionless=  =  <                          =

<latexit sha1_base64="rXpGeT5pNuq0UcWSRA08H+KdTRk=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJlOqy4MZlBfuAJoTJdNIOnUnCzEQosQt/xY0LRdz6G+78G6dtFtp6YOBwzrncOydMOVPacb6t0tr6xuZWebuys7u3f2AfHnVUkklC2yThieyFWFHOYtrWTHPaSyXFIuS0G45vZn73gUrFkvheT1LqCzyMWcQI1kYK7BOPm/AAB7knBRJROkUe5yiwq07NmQOtErcgVSjQCuwvb5CQTNBYE46V6rtOqv0cS80Ip9OKlymaYjLGQ9o3NMaCKj+f3z9F50YZoCiR5sUazdXfEzkWSk1EaJIC65Fa9mbif14/09G1n7M4zTSNyWJRlHGkEzQrAw2YpETziSGYSGZuRWSEJSbaVFYxJbjLX14lncua26g17urVZr2oowyncAYX4MIVNOEWWtAGAo/wDK/wZj1ZL9a79bGIlqxi5hj+wPr8AWSRlao=</latexit>

λmfp '
<latexit sha1_base64="CIcgb7MVF7nbVpPdeH6JVPXM4Ac=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRMuAjYVFAuYDkiPsbeaSNXt7x+6eEEJ+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++3kNja3tnfyu4W9/YPDo+LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49u5335CpXksH8wkQT+iQ8lDzqixUuO+Xyy5ZXcBsk68jJQgQ71f/OoNYpZGKA0TVOuu5ybGn1JlOBM4K/RSjQllYzrErqWSRqj96eLQGbmwyoCEsbIlDVmovyemNNJ6EgW2M6JmpFe9ufif101NeONPuUxSg5ItF4WpICYm86/JgCtkRkwsoUxxeythI6ooMzabgg3BW315nbSuyl61XG1USrVKFkcezuAcLsGDa6jBHdShCQwQnuEV3pxH58V5dz6WrTknmzmFP3A+fwCi5YzN</latexit>

L

&and, in classical plasma, =

<latexit sha1_base64="h28elm+ifeI6opeE1U1FmXRT3os=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBG8WHe1VI8FLx4r2A9o15JNs21oNrsm2UJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8w8PxZcG8f5Riura+sbm7mt/PbO7t5+4eCwoaNEUVankYhUyyeaCS5Z3XAjWCtWjIS+YE1/eDv1myOmNI/kgxnHzAtJX/KAU2Ks5MnH9Ny9uJrgjhC4Wyg6JWcGvEzcjBQhQ61b+Or0IpqETBoqiNZt14mNlxJlOBVsku8kmsWEDkmftS2VJGTaS2dHT/CpVXo4iJQtafBM/T2RklDrcejbzpCYgV70puJ/XjsxwY2Xchknhkk6XxQkApsITxPAPa4YNWJsCaGK21sxHRBFqLE55W0I7uLLy6RxWXIrpcp9uVgtZ3Hk4BhO4AxcuIYq3EEN6kDhCZ7hFd7QCL2gd/Qxb11B2cwR/AH6/AEIIpDx</latexit>

n
−1/3

'

<latexit sha1_base64="hRSOXssMF/Kza9PuAczFbYF7XKI="></latexit>

λD =

s

kBTe

4πnee2(1 + ZTe/Ti)

<distance of  90: deflection due to small-

angle Coulomb scattering events= 

<latexit sha1_base64="KD9M3sUR7pWWjpVLs2O8NVS/oiI=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUIFcZKLAwMRaIPqYkix3Faq7YT2Q5SFXVn4VdYGECIlR9g429w0wzQcqQrHZ1zj+x7wpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wcj33+w9EKpqIez1Nic/RSNCYYqSNFNh1T46TgEKPMTMmF6Eg9ySHPE5nhXob2A2n6RSAq8QtSQOU6AT2lxclOONEaMyQUkPXSbWfI6kpZmRW8zJFUoQnaESGhgrEifLz4pYZPDVKBONEmhEaFurvRI64UlMemk2O9Fgte3PxP2+Y6fjKz6lIM00EXjwUZwzqBM6LgRGVBGs2NQRhSc1fIR4jibA29dVMCe7yyaukd950W83W3UWjfVHWUQUnoA7OgAsuQRvcgA7oAgwewTN4BW/Wk/VivVsfi9WKVWaOwR9Ynz/uPJpP</latexit>

ρi ' λmfp ' L

<latexit sha1_base64="NoE3sPB2cszfPIKBX6mLUMH8We8=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmkVJcFNy4r2Ae0IUwmk3boTBJmJkqJ/RQ3LhRx65e482+ctllo64GBwznncu+cIOVMacf5tkobm1vbO+Xdyt7+weGRXT3uqiSThHZIwhPZD7CinMW0o5nmtJ9KikXAaS+Y3Mz93gOViiXxvZ6m1BN4FLOIEayN5NvVITfhEPv5UAokonTm2zWn7iyA1olbkBoUaPv21zBMSCZorAnHSg1cJ9VejqVmhNNZZZgpmmIywSM6MDTGgiovX5w+Q+dGCVGUSPNijRbq74kcC6WmIjBJgfVYrXpz8T9vkOno2stZnGaaxmS5KMo40gma94BCJinRfGoIJpKZWxEZY4mJNm1VTAnu6pfXSfey7jbrzbtGrdUo6ijDKZzBBbhwBS24hTZ0gMAjPMMrvFlP1ov1bn0soyWrmDmBP7A+fwBSf5QE</latexit>

λmfp

<latexit sha1_base64="9yj86vRbPTQSlJNMQ5u6RJ1smfI=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKUUl0W3LhwUaEvbNIwmU7aoZNJmJkIJeQj3Pgrblwo4taFO//GaZuFth64cDjn3pl7jx8zKpVlfRuFtfWNza3idmlnd2//wDw86sgoEZi0ccQi0fORJIxy0lZUMdKLBUGhz0jXn1zP/O4DEZJGvKWmMXFDNOI0oBgpLXnmhSNpCJ1AIJy2BtUsvR9UIRnUIPcodFg0Sp1b/doQZRn0zLJVseaAq8TOSRnkaHrmlzOMcBISrjBDUvZtK1ZuioSimJGs5CSSxAhP0Ij0NeUoJNJN50dl8EwrQxhEQhdXcK7+nkhRKOU09HVniNRYLnsz8T+vn6jgyk0pjxNFOF58FCQMqgjOEoJDKghWbKoJwoLqXSEeIx2Q0jmWdAj28smrpFOt2PVK/a5WbtTyOIrgBJyCc2CDS9AAN6AJ2gCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fSLqdsQ==</latexit>

∼

T
2

Z2e4ni logΛ

Coulomb logarithm  

<latexit sha1_base64="+efZ6aoYBYSpyXz77O2xdn4PHYs=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimKkFVYazEwsBQJPqQmihyXKe16kdkO0hV1E9g4VdYGECIlZGNv8FtM0DLkWwdnXPvte+JU0a18bxvZ2V1bX1js7RV3t7Z3dt3Dw7bWmYKkxaWTKpujDRhVJCWoYaRbqoI4jEjnXh0PfU7D0RpKsW9Gack5GggaEIxMlaK3LNADWVEYcAYvLU30VpTbokd0UdRHigOeZJOIrfiVb0Z4DLxC1IBBZqR+xX0Jc44EQYzpHXP91IT5kgZihmZlINMkxThERqQnqUCcaLDfLbQBJ5apQ8TqewRBs7U3x054lqPeWwrOTJDvehNxf+8XmaSqzCnIs0MEXj+UJIxaCScpgP7VBFs2NgShBW1f4V4iBTCxmZYtiH4iysvk/ZF1a9X63e1SqNWxFECx+AEnAMfXIIGuAFN0AIYPIJn8ArenCfnxXl3PualK07RcwT+wPn8ASnWnKk=</latexit>

ρi ' L . λmfp

<latexit sha1_base64="nCSwfdvzV0ZRmIULpHs5uQA6QAQ=">AAACLHicbVBLSwMxGMzWV62vVY9egkWol7orpXoRivXgwUMF+4DuUrLZdBuafZBkhbLsD/LiXxHEg0W8+jtMt3uwrQOBycw3JN84EaNCGsZUK6ytb2xuFbdLO7t7+wf64VFHhDHHpI1DFvKegwRhNCBtSSUjvYgT5DuMdJ1xc+Z3nwkXNAye5CQito+8gA4pRlJJA71psdBLrAeVcFEKb2B2ryQWy5RBYnEf3pE0vViU3Ns0PU+h5XnQHOhlo2pkgKvEzEkZ5GgN9HfLDXHsk0BihoTom0Yk7QRxSTEjacmKBYkQHiOP9BUNkE+EnWTLpvBMKS4chlydQMJM/ZtIkC/ExHfUpI/kSCx7M/E/rx/L4bWd0CCKJQnw/KFhzKAM4aw56FJOsGQTRRDmVP0V4hHiCEvVb0mVYC6vvEo6l1WzXq0/1sqNWl5HEZyAU1ABJrgCDXAPWqANMHgBb+ATTLVX7UP70r7nowUtzxyDBWg/v52mp8Q=</latexit>

logΛ = log (λDe/λdB) � 1

<latexit sha1_base64="8IiOxkU00J8OnENr5mL6t3kv1MM=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRIp1WXBjcsK9gFNCJPpTTt0JgkzE6GErt34K25cKOLWL3Dn3zhts9DWAwOHc+7hzj1hypnSjvNtldbWNza3ytuVnd29/QP78KijkkxSaNOEJ7IXEgWcxdDWTHPopRKICDl0w/HNzO8+gFQsie/1JAVfkGHMIkaJNlJgn3pylASAPQ5KKSYMMeEBCXJPCiyidBrYVafmzIFXiVuQKirQCuwvb5DQTECsKSdK9V0n1X5OpGaUw7TiZQpSQsdkCH1DYyJA+fn8lCk+N8oAR4k0L9Z4rv5O5EQoNRGhmRREj9SyNxP/8/qZjq79nMVppiGmi0VRxrFO8KwXPGASqOYTQwiVzPwV0xGRhGrTXsWU4C6fvEo6lzW3UWvc1avNelFHGZ2gM3SBXHSFmugWtVAbUfSIntErerOerBfr3fpYjJasInOM/sD6/AFaVJqp</latexit>

ρe . λmfp



<latexit sha1_base64="FkBRoleYArg9E/36633Rhwwg668=">AAACDHicbVBNS8NAEN3Ur1q/oh69LC2CBy1JLeix4MVjBWsLTSyb7aZdursJuxuhhNy9+Fe8eFAQr/4Ab/4bN20O2vpg4PHeDDPzgphRpR3n2yqtrK6tb5Q3K1vbO7t79v7BnYoSiUkHRyySvQApwqggHU01I71YEsQDRrrB5Cr3uw9EKhqJWz2Nic/RSNCQYqSNNLCrAnqKcug69+lZI4PeKfQ40mPJU8wzo51nA7vm1J0Z4DJxC1IDBdoD+8sbRjjhRGjMkFJ914m1nyKpKWYkq3iJIjHCEzQifUMF4kT56eyXDB4bZQjDSJoSGs7U3xMp4kpNeWA68zvVopeL/3n9RIeXfkpFnGgi8HxRmDCoI5gHA4dUEqzZ1BCEJTW3QjxGEmFt4quYENzFl5dJt1F3m3XXvWnWWo0ijzI4AlVwAlxwAVrgGrRBB2DwCJ7BK3iznqwX6936mLeWrGLmEPyB9fkDTrKZvA==</latexit>n
∼

1
0
−
2
c
m

−
3

<latexit sha1_base64="dkUoODpfSlils5/0hAt9m59GRME=">AAACA3icbVDLSgMxFM34rPU16krcBIvgQsqkFHRZcOOyQl/QGUomzbShSWZIMkIZiht/xY0LBXHrT7jzb8y0s9DWAxcO59zLvfeECWfaeN63s7a+sbm1Xdop7+7tHxy6R8cdHaeK0DaJeax6IdaUM0nbhhlOe4miWIScdsPJbe53H6jSLJYtM01oIPBIsogRbKw0cE9b0NdMQORB/wr6ApuxEtmEdmYDt+JVvTngKkEFqYACzYH75Q9jkgoqDeFY6z7yEhNkWBlGOJ2V/VTTBJMJHtG+pRILqoNs/sIMXlhlCKNY2ZIGztXfExkWWk9FaDvzG/Wyl4v/ef3URDdBxmSSGirJYlGUcmhimOcBh0xRYvjUEkwUs7dCMsYKE2NTK9sQ0PLLq6Rbq6J6FaH7eqVRK/IogTNwDi4BAtegAe5AE7QBAY/gGbyCN+fJeXHenY9F65pTzJyAP3A+fwDO/JYz</latexit>T
∼

1
0
k
e
V

<latexit sha1_base64="hhatvBCSdzNF7JBWO9FqDfM6Bkk=">AAACAnicbVBNS8NAEJ34WetX1IvgZbEIHqQkpaDHghePFfoFTSib7aZdupuE3Y1QQr34V7x4UBCv/gpv/hs3bQ7a+mDg8d4MM/OChDOlHefbWlvf2NzaLu2Ud/f2Dw7to+OOilNJaJvEPJa9ACvKWUTbmmlOe4mkWAScdoPJbe53H6hULI5aeppQX+BRxEJGsDbSwD5tIU8xgWrIu0KewHosRTahndnArjhVZw60StyCVKBAc2B/ecOYpIJGmnCsVN91Eu1nWGpGOJ2VvVTRBJMJHtG+oREWVPnZ/IMZujDKEIWxNBVpNFd/T2RYKDUVgenMb1TLXi7+5/VTHd74GYuSVNOILBaFKUc6RnkcaMgkJZpPDcFEMnMrImMsMdEmtLIJwV1+eZV0a1W3XnXd+3qlUSvyKMEZnMMluHANDbiDJrSBwCM8wyu8WU/Wi/VufSxa16xi5gT+wPr8AV0Flfo=</latexit>T
∼

2
k
e
V

<latexit sha1_base64="wYr43PbfU4wFOgfk9fS1XEBa3r0=">AAACAXicbVDLSgMxFM3UV62vURcu3ASL4ELKpBR0WXDjskJf0BlKJk3b0CQzJBmhDLPxV9y4UBC3/oU7/8ZMOwttPXDhcM693HtPGHOmjed9O6WNza3tnfJuZW//4PDIPT7p6ihRhHZIxCPVD7GmnEnaMcxw2o8VxSLktBfO7nK/90iVZpFsm3lMA4Enko0ZwcZKQ/esDX3NBETQv4a+wGaqREq72dCtejVvAbhOUEGqoEBr6H75o4gkgkpDONZ6gLzYBClWhhFOs4qfaBpjMsMTOrBUYkF1kC4eyOClVUZwHClb0sCF+nsixULruQhtZ36iXvVy8T9vkJjxbZAyGSeGSrJcNE44NBHM04AjpigxfG4JJorZWyGZYoWJsZlVbAho9eV10qvXUKOG0EOj2qwXeZTBObgAVwCBG9AE96AFOoCADDyDV/DmPDkvzrvzsWwtOcXMKfgD5/MHi8eVhA==</latexit>T
∼

1
e
V

<latexit sha1_base64="4oSJDjJD6EcOHASazW3ksX/P8G8=">AAACCHicbVBNS8NAEN3Ur1q/oh4FWSyCBy1JLeix4MVjBWsLTSyb7aZdursJuxuhhNy8+Fe8eFAQr/4Eb/4bN20O2vpg4PHeDDPzgphRpR3n2yotLa+srpXXKxubW9s79u7enYoSiUkbRyyS3QApwqggbU01I91YEsQDRjrB+Cr3Ow9EKhqJWz2Jic/RUNCQYqSN1LcPBfQU5dB1HOidQo8jPZI8xTy7T8/Os75ddWrOFHCRuAWpggKtvv3lDSKccCI0ZkipnuvE2k+R1BQzklW8RJEY4TEakp6hAnGi/HT6RwaPjTKAYSRNCQ2n6u+JFHGlJjwwnfmdat7Lxf+8XqLDSz+lIk40EXi2KEwY1BHMQ4EDKgnWbGIIwpKaWyEeIYmwNtFVTAju/MuLpFOvuY2a6940qs16kUcZHIAjcAJccAGa4Bq0QBtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5Az2/mA8=</latexit>n
∼

1
0
0
c
m

−
3

<latexit sha1_base64="bc2+xd4acF33RnD3MGyafvUOXJM=">AAACB3icbVBNS8NAEN3Ur1q/oh5FWCyCBy1JLeix4MVjBWsLTSyb7aZdursJuxuhhJy8+Fe8eFAQr/4Fb/4bN20O2vpg4PHeDDPzgphRpR3n2yotLa+srpXXKxubW9s79u7enYoSiUkbRyyS3QApwqggbU01I91YEsQDRjrB+Cr3Ow9EKhqJWz2Jic/RUNCQYqSN1LcPBfQU5dB1oHcKPY70SPIU8+w+PTvP+nbVqTlTwEXiFqQKCrT69pc3iHDCidCYIaV6rhNrP0VSU8xIVvESRWKEx2hIeoYKxIny0+kbGTw2ygCGkTQlNJyqvydSxJWa8MB05neqeS8X//N6iQ4v/ZSKONFE4NmiMGFQRzDPBA6oJFiziSEIS2puhXiEJMLaJFcxIbjzLy+STr3mNmque9OoNutFHmVwAI7ACXDBBWiCa9ACbYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPyRCX1Q==</latexit>

n
∼

1
0
c
m

−
3

<latexit sha1_base64="0ZBotNq0iIfw990kkVCNmYEuvZ0=">AAACBHicbVBNSwMxEM36WevXqje9BIvgQcqmFPRY9KDHCtYWukvJptk2NMkuSVYoS8GLf8WLBwXx6o/w5r8x2+5BWx8MPN6bYWZemHCmjed9O0vLK6tr66WN8ubW9s6uu7d/r+NUEdoiMY9VJ8SaciZpyzDDaSdRFIuQ03Y4usr99gNVmsXyzowTGgg8kCxiBBsr9dzDS+hrJiCC/hn0RWoLm6ES2fWk51a8qjcFXCSoIBVQoNlzv/x+TFJBpSEca91FXmKCDCvDCKeTsp9qmmAywgPatVRiQXWQTX+YwBOr9GEUK1vSwKn6eyLDQuuxCG1nfqGe93LxP6+bmugiyJhMUkMlmS2KUg5NDPNAYJ8pSgwfW4KJYvZWSIZYYWJsbGUbApp/eZG0a1VUryJ0W680akUeJXAEjsEpQOAcNMANaIIWIOARPINX8OY8OS/Ou/Mxa11yipkD8AfO5w9XXZZ6</latexit>

B
∼

1
µ
G

<latexit sha1_base64="VBQIMA3Ihj99orjPpS2w3vw7e10=">AAACAXicbVBNSwMxEM3Wr1q/Vj148BIsggcpm1LQY9GDHitYW+guJZumbWiSXZKsUJa9+Fe8eFAQr/4Lb/4bs+0etPXBwOO9GWbmhTFn2njet1NaWV1b3yhvVra2d3b33P2DBx0litA2iXikuiHWlDNJ24YZTruxoliEnHbCyXXudx6p0iyS92Ya00DgkWRDRrCxUt89uoK+ZgIi6J9DX2AzViIVN1nfrXo1bwa4TFBBqqBAq+9++YOIJIJKQzjWuoe82AQpVoYRTrOKn2gaYzLBI9qzVGJBdZDOHsjgqVUGcBgpW9LAmfp7IsVC66kIbWd+ol70cvE/r5eY4WWQMhknhkoyXzRMODQRzNOAA6YoMXxqCSaK2VshGWOFibGZVWwIaPHlZdKp11CjhtBdo9qsF3mUwTE4AWcAgQvQBLegBdqAgAw8g1fw5jw5L8678zFvLTnFzCH4A+fzB2Q/lWs=</latexit>B
∼

1
m
G

<latexit sha1_base64="o1u+wD1qFWsfT0bTLUZqPmL/zOs=">AAACBXicbVBNS8NAEJ34WetX1GMvi0XwICUpBT0WPeixgrWFJpTNdtMu3U3C7kYooQcv/hUvHhTEq//Bm//GTZuDtj4YeLw3w8y8IOFMacf5tlZW19Y3Nktb5e2d3b19++DwXsWpJLRNYh7LboAV5Syibc00p91EUiwCTjvB+Cr3Ow9UKhZHd3qSUF/gYcRCRrA2Ut+uXCJPMYHqDvLOkCdSU1iPpMiup3276tScGdAycQtShQKtvv3lDWKSChppwrFSPddJtJ9hqRnhdFr2UkUTTMZ4SHuGRlhQ5WezJ6boxCgDFMbSVKTRTP09kWGh1EQEpjO/UC16ufif10t1eOFnLEpSTSMyXxSmHOkY5YmgAZOUaD4xBBPJzK2IjLDERJvcyiYEd/HlZdKp19xGzXVvG9VmvcijBBU4hlNw4RyacAMtaAOBR3iGV3iznqwX6936mLeuWMXMEfyB9fkDzNOWtQ==</latexit>

B
∼

2
0
µ
G

P
a
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m
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<latexit sha1_base64="CbPQ1BnMBi03Kn5oTaCvElZSvR0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMSaQXcLsZDYZMo9lZlYIS37DiwcF8erHePNvnCR70MSChqKqm+6uOOXMWN//9kobm1vbO+Xdyt7+weFR9fjk0ahME9ohiivdi7GhnEnascxy2ks1xSLmtBtPbuZ+94lqw5R8sNOURgKPJEsYwdZJ4f0gD7VARCk+G1Rrft1fAK2ToCA1KNAeVL/CoSKZoNISjo3pB35qoxxrywins0qYGZpiMsEj2ndUYkFNlC9unqELpwxRorQradFC/T2RY2HMVMSuU2A7NqveXPzP62c2uY5yJtPMUkmWi5KMI6vQPAA0ZJoSy6eOYKKZuxWRMdaYWBdTxYUQrL68TrqNetCsB8Fds9ZqFHmU4QzO4RICuIIW3EIbOkAghWd4hTcv8168d+9j2VryiplT+APv8weRwZHM</latexit>

Rcool

ICM at Sgr A* at Solar wind at 
<latexit sha1_base64="02KnjVbeT5nE3T0Xp1mqso+FHZE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB6DXjxGMUZIljA7O0mGzGOdmQ2EJd/hxYOCePVfvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHj0YFSqCW0RxZV+jLChnEnassxy+phoikXEaTsaXc/89phqw5S8t5OEhgIPJOszgq2Twrte1tUCXSkZs2mvXPGr/hxolQQ5qUCOZq/81Y0VSQWVlnBsTCfwExtmWFtGOJ2WuqmhCSYjPKAdRyUW1ITZ/OgpOnNKjPpKu5IWzdXfExkWxkxE5DoFtkOz7M3E/7xOavuXYcZkkloqyWJRP+XIKjRLAMVMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJu1YN6tUguK1XGrU8jyKcwCmcQwAX0IAbaEILCDzBM7zCmzf2Xrx372PRWvDymWP4A+/zBxprkhU=</latexit>

RBondi

<latexit sha1_base64="i6UJJGBckrbWzm3X22AcIoEMBJ4=">AAACBHicbVBNSwMxEM3Wr1q/Vr3pJVgED1I2paDHghcPHipYW+guJZtm29AkuyRZoSwFL/4VLx4UxKs/wpv/xmy7B219MPB4b4aZeWHCmTae9+2UVlbX1jfKm5Wt7Z3dPXf/4F7HqSK0TWIeq26INeVM0rZhhtNuoigWIaedcHyV+50HqjSL5Z2ZJDQQeChZxAg2Vuq7RzfQ10xA5HnQP4e+wGakRDZOyLTvVr2aNwNcJqggVVCg1Xe//EFMUkGlIRxr3UNeYoIMK8MIp9OKn2qaYDLGQ9qzVGJBdZDNfpjCU6sMYBQrW9LAmfp7IsNC64kIbWd+o170cvE/r5ea6DLImExSQyWZL4pSDk0M80DggClKDJ9Ygoli9lZIRlhhYmxsFRsCWnx5mXTqNdSoIXTbqDbrRR5lcAxOwBlA4AI0wTVogTYg4BE8g1fw5jw5L8678zFvLTnFzCH4A+fzB1p0ln0=</latexit>

L ∼ 100 kpc
<latexit sha1_base64="4zSJ4dcG2tOnxBWzgJmiX0a6gHg=">AAACA3icbVBNSwMxEM3Wr1q/Vj2Jl2ARPEjZlIIeC148eKhgbaG7lGyabUOT7JJkhbIUL/4VLx4UxKt/wpv/xmy7B219MPB4b4aZeWHCmTae9+2UVlbX1jfKm5Wt7Z3dPXf/4F7HqSK0TWIeq26INeVM0rZhhtNuoigWIaedcHyV+50HqjSL5Z2ZJDQQeChZxAg2Vuq7RzfQ10xAr4agfw59gc1IiSwh075b9WreDHCZoIJUQYFW3/3yBzFJBZWGcKx1D3mJCTKsDCOcTit+qmmCyRgPac9SiQXVQTZ7YQpPrTKAUaxsSQNn6u+JDAutJyK0nfmJetHLxf+8XmqiyyBjMkkNlWS+KEo5NDHM84ADpigxfGIJJorZWyEZYYWJsalVbAho8eVl0qnXUKOG0G2j2qwXeZTBMTgBZwCBC9AE16AF2oCAR/AMXsGb8+S8OO/Ox7y15BQzh+APnM8fh0OWBg==</latexit>

L ∼ 0.1 pc
<latexit sha1_base64="9aZ/rhXJCmvH3V4qAnLDJX6kWwI=">AAACAXicbVA9SwNBEN3zM8avUwsLm8UgWEi4DQEtAzYWFhGMCeSOsLfZS5bs7h27e0I4rvGv2FgoiK3/ws5/415yhSY+GHi8N8PMvDDhTBvP+3ZWVtfWNzYrW9Xtnd29fffg8EHHqSK0Q2Ieq16INeVM0o5hhtNeoigWIafdcHJd+N1HqjSL5b2ZJjQQeCRZxAg2Vhq4x7fQ10xABP0L6AtsxkpkOM0Hbs2rezPAZYJKUgMl2gP3yx/GJBVUGsKx1n3kJSbIsDKMcJpX/VTTBJMJHtG+pRILqoNs9kAOz6wyhFGsbEkDZ+rviQwLracitJ3FiXrRK8T/vH5qoqsgYzJJDZVkvihKOTQxLNKAQ6YoMXxqCSaK2VshGWOFibGZVW0IaPHlZdJt1FGzjtBds9ZqlHlUwAk4BecAgUvQAjegDTqAgBw8g1fw5jw5L8678zFvXXHKmSPwB87nD6gNlZc=</latexit>

L ∼ 1 au

<latexit sha1_base64="9aZ/rhXJCmvH3V4qAnLDJX6kWwI=">AAACAXicbVA9SwNBEN3zM8avUwsLm8UgWEi4DQEtAzYWFhGMCeSOsLfZS5bs7h27e0I4rvGv2FgoiK3/ws5/415yhSY+GHi8N8PMvDDhTBvP+3ZWVtfWNzYrW9Xtnd29fffg8EHHqSK0Q2Ieq16INeVM0o5hhtNeoigWIafdcHJd+N1HqjSL5b2ZJjQQeCRZxAg2Vhq4x7fQ10xABP0L6AtsxkpkOM0Hbs2rezPAZYJKUgMl2gP3yx/GJBVUGsKx1n3kJSbIsDKMcJpX/VTTBJMJHtG+pRILqoNs9kAOz6wyhFGsbEkDZ+rviQwLracitJ3FiXrRK8T/vH5qoqsgYzJJDZVkvihKOTQxLNKAQ6YoMXxqCSaK2VshGWOFibGZVW0IaPHlZdJt1FGzjtBds9ZqlHlUwAk4BecAgUvQAjegDTqAgBw8g1fw5jw5L8678zFvXXHKmSPwB87nD6gNlZc=</latexit>

∼ 1 au

<latexit sha1_base64="OuamwNdoZELYG2kDg0abCS38uuA=">AAACEXicbVBPS8MwHE39O+e/qkcvwSF6kNGOgR4HXjxOcG6wlpKm6RaWpCVJhVH6Ebz4Vbx4UBCv3rz5bUy3HnTzQeDx3vuR3++FKaNKO863tbK6tr6xWduqb+/s7u3bB4f3KskkJj2csEQOQqQIo4L0NNWMDFJJEA8Z6YeT69LvPxCpaCLu9DQlPkcjQWOKkTZSYJ95zIQjFOSe5JDHaQE9RTl0oXcBPY70WPIcZUVgN5ymMwNcJm5FGqBCN7C/vCjBGSdCY4aUGrpOqv0cSU0xI0XdyxRJEZ6gERkaKhAnys9nBxXw1CgRjBNpntBwpv6eyBFXaspDkyxXVIteKf7nDTMdX/k5FWmmicDzj+KMQZ3Ash0YUUmwZlNDEJbU7ArxGEmEtemwbkpwF09eJv1W0203Xfe23ei0qj5q4BicgHPggkvQATegC3oAg0fwDF7Bm/VkvVjv1sc8umJVM0fgD6zPH3eenJ0=</latexit>

λmfp ∼ 1 au

<latexit sha1_base64="lrQPqetbNZNhrzBudOKNN05+z00=">AAACFHicbVBPS8MwHE39O+e/qkcvwSGIyGjHQI8DLx4nODdYS0nTdAtL2pCkwij9Dl78Kl48KIhXD978NqZbD7r5IPB47/3I7/dCwajSjvNtrayurW9s1rbq2zu7e/v2weG9SjOJSQ+nLJWDECnCaEJ6mmpGBkISxENG+uHkuvT7D0QqmiZ3eiqIz9EooTHFSBspsM89ZsIRCnJPcshjUUBPUQ6dpuNC7wJ6HOmx5LnARWA3jDoDXCZuRRqgQjewv7woxRknicYMKTV0HaH9HElNMSNF3csUEQhP0IgMDU0QJ8rPZzcV8NQoEYxTaV6i4Uz9PZEjrtSUhyZZrqgWvVL8zxtmOr7yc5qITJMEzz+KMwZ1CsuCYEQlwZpNDUFYUrMrxGMkEdamxropwV08eZn0W0233XTd23aj06r6qIFjcALOgAsuQQfcgC7oAQwewTN4BW/Wk/VivVsf8+iKVc0cgT+wPn8A3hmdRg==</latexit>

λmfp ∼ 0.01 pc

<latexit sha1_base64="hL2fTfltdTk/cYWd3/DWbzahtRw=">AAACEnicbVBPS8MwHE39O+e/qkcvwSHsIKMdAz0OvHic4NxgLSVN0y0sSUuSCqP0K3jxq3jxoCBePXnz25huPejmg8Djvfcjv98LU0aVdpxva219Y3Nru7ZT393bPzi0j47vVZJJTPo4YYkchkgRRgXpa6oZGaaSIB4yMgin16U/eCBS0UTc6VlKfI7GgsYUI22kwG56zIQjFOSe5JDHaQE9RTl0oXcBPY70RPJ8muIisBtOy5kDrhK3Ig1QoRfYX16U4IwToTFDSo1cJ9V+jqSmmJGi7mWKpAhP0ZiMDBWIE+Xn84sKeG6UCMaJNE9oOFd/T+SIKzXjoUmWO6plrxT/80aZjq/8nIo000TgxUdxxqBOYFkPjKgkWLOZIQhLanaFeIIkwtqUWDcluMsnr5JBu+V2Wq5722l021UfNXAKzkATuOASdMEN6IE+wOARPINX8GY9WS/Wu/WxiK5Z1cwJ+APr8wdJQp0P</latexit>

λmfp ∼ 1 kpc

<latexit sha1_base64="KjCO+qOH9PXdJxOdLiShZeH+adE=">AAACCXicbVDLSsNAFJ34rPUVdenCwSK4kJKUgi4LblxWsLbQhDCZTtqh8wgzE6GELN34K25cKIhb/8Cdf+Ok7UJbD1w4nHMv994Tp4xq43nfzsrq2vrGZmWrur2zu7fvHhzea5kpTDpYMql6MdKEUUE6hhpGeqkiiMeMdOPxdel3H4jSVIo7M0lJyNFQ0IRiZKwUuSeBGskopwUMNOXQh8EFDDgyI8VzkeIicmte3ZsCLhN/TmpgjnbkfgUDiTNOhMEMad33vdSEOVKGYkaKapBpkiI8RkPSt1QgTnSYTx8p4JlVBjCRypYwcKr+nsgR13rCY9tZ3qgXvVL8z+tnJrkKcyrSzBCBZ4uSjEEjYZkKHFBFsGETSxBW1N4K8QgphI3NrmpD8BdfXibdRt1v1n3/tllrNeZ5VMAxOAXnwAeXoAVuQBt0AAaP4Bm8gjfnyXlx3p2PWeuKM585An/gfP4AhFGZaw==</latexit>

ρi ∼ 1 npc

<latexit sha1_base64="MKO3hpiU9ZjymKPpnd6Yr7cMYEY=">AAACCXicbVBNSwMxEM36WevXqkcPBovgQcqmFPRY8OKxgrWF7rJk02wbmmyWJCuUZY9e/CtePCiIV/+BN/+N2bYHbX0w8Hhvhpl5UcqZNp737aysrq1vbFa2qts7u3v77sHhvZaZIrRDJJeqF2FNOUtoxzDDaS9VFIuI0240vi797gNVmsnkzkxSGgg8TFjMCDZWCt0TX41kmLMC+poJiKB/AX2BzUiJPE1JEbo1r+5NAZcJmpMamKMdul/+QJJM0MQQjrXuIy81QY6VYYTToupnmqaYjPGQ9i1NsKA6yKePFPDMKgMYS2UrMXCq/p7IsdB6IiLbWd6oF71S/M/rZya+CnKWpJmhCZktijMOjYRlKnDAFCWGTyzBRDF7KyQjrDAxNruqDQEtvrxMuo06atYRum3WWo15HhVwDE7BOUDgErTADWiDDiDgETyDV/DmPDkvzrvzMWtdceYzR+APnM8fh2GZbQ==</latexit>

ρi ∼ 1 ppc

<latexit sha1_base64="hK5xYQZJNiDmYPBP2vo2LTB4MO0=">AAACDnicbVC7TsMwFHXKq5RXgJHFoiAxQBVXFTBWYmEsEqWVmhA5rttatZPIdpCqKD/Awq+wMICEWJnZ+BucNgO0HMnS8Tn36t57gpgzpR3n2yotLa+srpXXKxubW9s79u7enYoSSWibRDyS3QAryllI25ppTruxpFgEnHaC8VXudx6oVCwKb/Ukpp7Aw5ANGMHaSL595MpR5Kcsg65iAiLnPj07N59T6AqsR1KkOMl8u+rUnCngIkEFqYICLd/+cvsRSQQNNeFYqR5yYu2lWGpGOM0qbqJojMkYD2nP0BALqrx0ek0Gj43Sh4NImhdqOFV/d6RYKDURganMV1TzXi7+5/USPbj0UhbGiaYhmQ0aJBzqCObRwD6TlGg+MQQTycyukIywxESbACsmBDR/8iLp1GuoUUPoplFt1os8yuAAHIITgMAFaIJr0AJtQMAjeAav4M16sl6sd+tjVlqyip598AfW5w+6QZsb</latexit>

ρi ∼ 10
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How can we describe such plasmas?

" Kinetic description of  plasma: distribution functions      for particle species     satisfy Maxwell-Vlasov-Landau equations: 

combined with Faraday9s and Ampère9s law (for                 ):  

" Integrating Maxwell-Vlasov-Landau equations over velocity space leads to fluid description:

 

where       is the heat flux,       the viscosity tensor, and so on. 

<latexit sha1_base64="hEdN/cUZa5o06ih0VfTYWjwS8/Q=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAF48RzAOTJfROZpMhs7PLzKwQlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKj2E/66FIRjjtlytu1Z2DrBIvJxXI0eiXv3qDmKYRk4YK1LrruYnxM1SGU8GmpV6qWYJ0jEPWtVRixLSfzS+ekjOrDEgYK1vSkLn6eyLDSOtJFNjOCM1IL3sz8T+vm5rwxs+4TFLDJF0sClNBTExm75MBV4waMbEEqeL2VkJHqJAaG1LJhuAtv7xKWrWqd1W9vL+o1Gt5HEU4gVM4Bw+uoQ530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AMyjkPc=</latexit>

fα

kλD . 1
<latexit sha1_base64="8hPRerWA9r1M41TWvqilvMb94HM=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKqmKYKwEA2OR6ENqoshxnNaq7US2g1RFnVn4FRYGEGLlC9j4G5w2A7QcydLROefK954wZVRpx/m2VlbX1jc2K1vV7Z3dvX374LCrkkxi0sEJS2Q/RIowKkhHU81IP5UE8ZCRXji+LvzeA5GKJuJeT1LiczQUNKYYaSMF9skYeszEIxTkHkd6JHl+M50akSilKIduYNecujMDXCZuSWqgRDuwv7wowRknQmOGlBq4Tqr9HElNMSPTqpcpkiI8RkMyMFQgTpSfz06ZwjOjRDBOpHlCw5n6eyJHXKkJD02y2FYteoX4nzfIdHzl51SkmSYCzz+KMwZ1AoteYEQlwZpNDEFYUrMrxCMkEdamvaopwV08eZl0G3W3Wb+4a9ZajbKOCjgGp+AcuOAStMAtaIMOwOARPINX8GY9WS/Wu/Uxj65Y5cwR+APr8wcaqZp6</latexit>

Fluid equations <simpler= 3 but require closure!

<latexit sha1_base64="PnBAtxVgG8rICuCHTqTXgM3tSbk="></latexit>
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" (Recall) conditions for plasma to be collisional: 

for       collision frequency of  species    ,                          particle mean-free path,      and      macroscopic plasma scales

" Expand electron and ion distribution functions around Maxwellian distribution [Chapman-Enskog (CE) expansion]: 

" Substitute into kinetic equation, solve first-order equation to determine        

à E.g., in strongly magnetised (               ), two-species plasma (first order in           , zeroth in           ):

where   

Classical transport: collisional plasmas are fluids 

<latexit sha1_base64="A8VAMbaVKs4v7weeNhawJRSnCk4=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWeKr41QcOOygq2FzjDcSdM2NJMZkkyhDP0ON/6KGxeKuBM3/o1pO4i2HgicnHMuyT1hwpnSjvNlFZaWV1bXiuuljc2t7R17d6+p4lQS2iAxj2UrBEU5E7Shmea0lUgKUcjpfTi4nvj3QyoVi8WdHiXUj6AnWJcR0EYKbNfjJtyBIPOAJ30Y4ys8NBcZYd3HuXbiifQnENhlp+JMgReJm5MyylEP7A+vE5M0okITDkq1XSfRfgZSM8LpuOSliiZABtCjbUMFRFT52XS1MT4ySgd3Y2mO0Hiq/p7IIFJqFIUmGYHuq3lvIv7ntVPdvfQzJpJUU0FmD3VTjnWMJz3hDpOUaD4yBIhk5q+Y9EEC0abNkinBnV95kTSrFfe8cnZ7Wq5V8zqK6AAdomPkogtUQzeojhqIoAf0hF7Qq/VoPVtv1vssWrDymX30B9bnN5ShoS8=</latexit>

λα = vthα/να
<latexit sha1_base64="A04Tv31DVlOxTVtrVUA4vtLDs0Q=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAF48RzAOSJfROZpMxs7PLzKwQlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxPe+BmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1rqqX9xeVei2PowgncArn4ME11OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AInxjxI=</latexit>

α
<latexit sha1_base64="uLMOPfYPsC3A8ql3S48us2/ispY=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAF48RzAOzS+idzCZDZmeXmVkhhPyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXmAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj77Mej6KdIi9csWtunOQVeLlpAI5Gr3yl99PaBYzaahArbuem5pggspwKti05GeapUhHOGBdSyXGTAeT+cVTcmaVPokSZUsaMld/T0ww1noch7YzRjPUy95M/M/rZia6CSZcpplhki4WRZkgJiGz90mfK0aNGFuCVHF7K6FDVEiNDalkQ/CWX14lrVrVu6pe3l9U6rU8jiKcwCmcgwfXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/nXOQ2A==</latexit>

να

for                                                    ,     and                                                             .

<latexit sha1_base64="P+qHWw0ky/YCajRa6KkWxHAeFms="></latexit>

f (0)
α

=
nα

π
3/2v3thα

exp

7

−

v02

vthα

ç

<latexit sha1_base64="+kFxFOfuAgSXkcMNCd8YxDNuIdc="></latexit>
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<latexit sha1_base64="8GLo5PiHJYyz9RjoYyG9bs3zh10="></latexit>

λα ' L , να �
1

T
,

Key concept: frequent collisions drive plasma towards local thermodynamic equilibrium, allowing for closure to be obtained  

<latexit sha1_base64="RrxlFGjAlMMM3Mer/mmseRGXfZ8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0mKVI8FLx4r2A9oY9hsN+3SzSbsbgol5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbW1sbm3v7Jb2yvsHh0fH9slpR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB5G7ud6dUKhaLRz1LqBfhkWAhI1gbybft0M8GmCdjnD9lVfcq9+2KU3MWQOvELUgFCrR8+2swjEkaUaEJx0r1XSfRXoalZoTTvDxIFU0wmeAR7RsqcESVly0uz9GlUYYojKUpodFC/T2R4UipWRSYzgjrsVr15uJ/Xj/V4a2XMZGkmgqyXBSmHOkYzWNAQyYp0XxmCCaSmVsRGWOJiTZhlU0I7urL66RTr7mNWuPhutKsF3GU4BwuoAou3EAT7qEFbSAwhWd4hTcrs16sd+tj2bphFTNn8AfW5w8L1ZM9</latexit>

f (1)
α

<latexit sha1_base64="TJNqDT6VHIIehlw0/eAnR1J0rDk=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiualJ8LQtuXLioYB/QhHAzmbRDJ5MwMxFLyK+4caGIW3/EnX/jtM1CWw8MHM45l3vnBCmjUtn2t7Gyura+sVnZqm7v7O7tmwe1rkwygUkHJywR/QAkYZSTjqKKkX4qCMQBI71gfDP1e49ESJrwBzVJiRfDkNOIYlBa8s2ay3Q4BD93gaUjKM7ufLNuN+wZrGXilKSOSrR988sNE5zFhCvMQMqBY6fKy0Eoihkpqm4mSQp4DEMy0JRDTKSXz24vrBOthFaUCP24smbq74kcYikncaCTMaiRXPSm4n/eIFPRtZdTnmaKcDxfFGXMUok1LcIKqSBYsYkmgAXVt1p4BAKw0nVVdQnO4peXSbfZcC4bF/fn9VazrKOCjtAxOkUOukItdIvaqIMwekLP6BW9GYXxYrwbH/PoilHOHKI/MD5/AN2glEo=</latexit>

λα/L
<latexit sha1_base64="NA7io+/V+tYoZDIsnfkk0oGju0M=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqibF17LgxoWLCvYBTQiT6aQdOpmEmYlQQ7/EjQtF3Pop7vwbp20W2nrgwuGce7n3njDlTGnH+bZWVtfWNzZLW+Xtnd29ir1/0FZJJgltkYQnshtiRTkTtKWZ5rSbSorjkNNOOLqZ+p1HKhVLxIMep9SP8UCwiBGsjRTYFU8OkyD3ME+HeHJ2F9hVp+bMgJaJW5AqFGgG9pfXT0gWU6EJx0r1XCfVfo6lZoTTSdnLFE0xGeEB7RkqcEyVn88On6ATo/RRlEhTQqOZ+nsix7FS4zg0nTHWQ7XoTcX/vF6mo2s/ZyLNNBVkvijKONIJmqaA+kxSovnYEEwkM7ciMsQSE22yKpsQ3MWXl0m7XnMvaxf359VGvYijBEdwDKfgwhU04Baa0AICGTzDK7xZT9aL9W59zFtXrGLmEP7A+vwBs+CTFA==</latexit>
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Fluxes in collisional Braginskii MHD 

Friction force 

Electron heat 

flux 

Ion heat flux 

Non-Maxwellian components of  distribution functions give rise to macroscopic fluxes, achieving desired closure



Fluxes in collisional Braginskii MHD cont. 

where       to       are viscosity coefficients (different for ions and electrons). 

Heat exchanged

Viscosity 

tensor

Q: how well does this model describe astrophysical plasmas? 

Non-Maxwellian components of  distribution functions give rise to macroscopic fluxes, achieving desired closure



Testing classical transport theory
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Laser-plasma experiments
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A plausible culprit: kinetic instabilities (microinstabilities)!
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E. Churazov et al. 2016 MNRAS 463 1057

Recent observational evidence: MHD with classical transport often fails 



(Very brief) review of  collisionless microinstabilities

" Microinstabilities studied in great depth by many researchers (too many to list all!)

" Generically arise in plasmas with anisotropic distribution functions. 

à Example (unmagnetised plasma): Weibel instability in counter-streaming plasmas (Weibel 1959, Fried 1959)
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" Microinstabilities in magnetised plasma also comprehensively studied

 à Firehose and mirror instabilities (Rosenbluth 1958, Chandrasekhar et al. 1958, and so on&)

 à Electron instabilities (Kennel & Petschek, 1966, and so on&)
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Microinstabilities in weakly collisional plasma

Q: how can weakly collisional plasmas be subject to microinstabilities?

" Naïve view I: how can 8almost Maxwellian9 CE distribution function be unstable?

" Naïve view II: doesn9t collisional damping prevent microinstabilities in weakly collisional plasmas?

A: both views are overly simplistic:

" Thresholdless instabilities (Kahn 1964, Ramani & Laval 1978, Epperlein 1984) e.g. thermal anisotropy 

Weibel instability 

" Characteristic scales of  microinstabilities are not macroscopic scales

à In (for example) a classical hydrogen plasma, 

λmfp

λD

á neλ
3
D � 1 =)
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Non-trivial range of  collisionless 

scales in classical plasma 



Studies on CE microinstabilities I  

" Problem considered by various researchers, usually focused on only one or two instabilities.

" Transverse (aka thermal-anisotropy Weibel) instability (Kahn 1964, Albright 1970)

" Ramani-Laval instability (Ramani & Laval 1978)

" Whistler heat-flux instability (Levinson 1992, Pistinner 1998)

" Mirror/firehose instability (Schekochihin 2005)

" Recent sims of  CE whistler-heat flux instability (Roberg-Clarke 2016, 2018, Komarov 2018, Yerger 2024)

Komarov et al. (2018)

Yerger et al. (2024)



Studies on CE microinstabilities II  

Recent study (Bott et al 2024) characterised 8zoo9 of  microinstabilities arising in weakly collisional plasmas:  
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Ø Both heat-flux- or momentum-flux-driven instabilities!

Ø 8General9 stability map for all instabilities:  

Stabilisation 

conditions:

1.                   

2.      

βλ/L ∼ 1
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kλ ∼ 1
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When is classical transport theory okay?

1. At sufficiently low     

" All CE microinstabilities either stabilised (or growth strongly suppressed) when

2. When the separation between characteristic collisionless scales and the mean free path is 

insufficiently large

" Need microinstability wavenumber to satisfy              for effective collisional damping

" This is never satisfied in magnetised plasma      

" In plasmas satisfying either of  the above conditions, using Braginskii values (or corrections) for conductivity, 

resistivity, viscosity okay&

" &but if  neither condition satisfied, then fluid equations with Braginskii transport coefficients cannot 

be assumed

" Cannot rule out anomalous scattering of  particles 

" Significant potential impact on the correct values of  viscosity, conductivity and resistivity

" Is fluid modelling of  such plasmas even possible, or do we need to resort to kinetic theory?

β
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β ' L/λ
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Where does this leave us?

Macroscopic evolution

Momentum & heat 

fluxes

Kinetic instabilities

Anomalous collisionality, 

transport 

High-�, magnetised, weakly collisional plasmas à complicated interplay between macro/microscales   



Numerous recent analytical + simulation studies in weakly collisional/collisionless high-   plasma... significant progress!    
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β

Studies on macro/micro interplay I

Pressure-anisotropy regulation (e.g. Camporeale & Burgess 2008) 
Anomalous heating (e.g. Sironi & Narayan 2015) 

Anomalous collisionality (e.g. Kunz et al 2014) 
Anomalous particle populations (e.g. Riquelme et al 2015) 

Shear-Alfvén wave interruption (Squire et al 2017)  
Sound-wave propagation (e.g. Kunz et al 2020)

Generation of  suprathermal particles (Ley et al 2019)
Anomalous transport of  CRs (Reichherzer et al 2023)

Squire et al (2017) 
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Magnetoimmutability (Squire et al 2019)

Astrophysical plasma turbulence: sometimes well described by collisional MHD models, but sometimes not! 

Anomalous 
viscous scale and 

spectral slopes 
(Arzamasskiy et 

al 2023)

Adaptive critical balance in an expanding plasma (Bott et al 2021)
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<latexit sha1_base64="z+nel67/cEH7+muAHHye9pl2NV0=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVBDf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAdqJEN</latexit>

z/ρi0

<latexit sha1_base64="9A40HB7LF/xEC+zDgcDrb+h1zy8=">AAAB7HicbVBNS8NAEJ3Ur1q/ql4EL4tF8GJIilqPBS8eK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZs2B219MPB4b4aZeUHCmdKO822V1tY3NrfK25Wd3b39g+rhUVvFqSTUIzGPZTfAinImqKeZ5rSbSIqjgNNOMLnL/c4TlYrF4lFPE+pHeCRYyAjWRvIuHbtxPajWHNuZA60StyA1KNAaVL/6w5ikERWacKxUz3US7WdYakY4nVX6qaIJJhM8oj1DBY6o8rP5sTN0bpQhCmNpSmg0V39PZDhSahoFpjPCeqyWvVz8z+ulOrz1MyaSVFNBFovClCMdo/xzNGSSEs2nhmAimbkVkTGWmGiTT8WE4C6/vEraddu9sesPV7XmSRFHGU7hDC7AhQY04R5a4AEBBs/wCm+WsF6sd+tj0Vqyiplj+APr8wcx7o2A</latexit>

−0.75

<latexit sha1_base64="5py10zwKCq8G90SFV7TcIe8hbzM=">AAAB7HicbVBNS8NAEJ34WetX1YvgZbEIXgyb4tex4MVjBdMW2lA22027dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF1wbjb2dldW19Y7O0Vd7e2d3brxwcNnWSKcp8mohEtUOimeCS+YYbwdqpYiQOBWuFo7up33piSvNEPppxyoKYDCSPOCXGSv4Fdq9wr1LFLp4BLROvIFUo0OhVvrr9hGYxk4YKonXHw6kJcqIMp4JNyt1Ms5TQERmwjqWSxEwH+ezYCTqzSh9FibIlDZqpvydyEms9jkPbGRMz1IveVPzP62Qmug1yLtPMMEnni6JMIJOg6eeozxWjRowtIVRxeyuiQ6IINTafsg3BW3x5mTRrrnft1h4uq/XjIo4SnMApnIMHN1CHe2iADxQ4PMMrvDnSeXHenY9564pTzBzBHzifPydQjXk=</latexit>

−0.50

<latexit sha1_base64="zKe0JUMqcHclCIFV/yGPPpBMdfc=">AAAB7HicbVBNS8NAEJ31s9avqhfBy2IRvBiS4tex4MVjBdMW2lA22027dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v9HK6tr6xmZpq7y9s7u3Xzk4bOokU5T5NBGJaodEM8El8w03grVTxUgcCtYKR3dTv/XElOaJfDTjlAUxGUgecUqMlfwL16ld9SpV13FnwMvEK0gVCjR6la9uP6FZzKShgmjd8dzUBDlRhlPBJuVupllK6IgMWMdSSWKmg3x27ASfWaWPo0TZkgbP1N8TOYm1Hseh7YyJGepFbyr+53UyE90GOZdpZpik80VRJrBJ8PRz3OeKUSPGlhCquL0V0yFRhBqbT9mG4C2+vEyaNce7dmoPl9X6cRFHCU7gFM7Bgxuowz00wAcKHJ7hFd6QRC/oHX3MW1dQMXMEf4A+fwAqVY17</latexit>

−0.25

<latexit sha1_base64="3vjIvTjQ6diENEOp0oL0nsG+/CM=">AAAB63icbVDLSgMxFL3xWeur6kZwEyyCqzJTRF0W3LisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtLPQ1gMhh3Pu5d57wkRwYz3vG62tb2xubZd2yrt7+weHlaPjtolTTVmLxiLW3ZAYJrhiLcutYN1EMyJDwTrh5C73O09MGx6rRztNWCDJSPGIU2Jzyat53qBSzb8ceJX4BalCgeag8tUfxjSVTFkqiDE930tskBFtORVsVu6nhiWETsiI9RxVRDITZPNdZ/jCKUMcxdo9ZfFc/d2REWnMVIauUhI7NsteLv7n9VIb3QYZV0lqmaKLQVEqsI1xfjgecs2oFVNHCNXc7YrpmGhCrYun7ELwl09eJe16zb+u1R+uqo3TIo4SnME5XIIPN9CAe2hCCyiM4Rle4Q1J9ILe0ceidA0VPSfwB+jzB7XWjT0=</latexit>

0.00

<latexit sha1_base64="o94AlWT6oPWnxeBeT4tvOh2PRJw=">AAAB63icbVDLSsNAFL2pr1pfVTeCm8EiuApJ8bUsuHFZwT6gDWUynbRDZyZhZiKU0F9w40IRt/6QO//GSZuFth64cDjnXu69J0w408bzvp3S2vrG5lZ5u7Kzu7d/UD08aus4VYS2SMxj1Q2xppxJ2jLMcNpNFMUi5LQTTu5yv/NElWaxfDTThAYCjySLGMEmlzy3fjWo1jzXmwOtEr8gNSjQHFS/+sOYpIJKQzjWuud7iQkyrAwjnM4q/VTTBJMJHtGepRILqoNsfusMnVtliKJY2ZIGzdXfExkWWk9FaDsFNmO97OXif14vNdFtkDGZpIZKslgUpRyZGOWPoyFTlBg+tQQTxeytiIyxwsTYeCo2BH/55VXSrrv+tVt/uKw1Too4ynAKZ3ABPtxAA+6hCS0gMIZneIU3RzgvzrvzsWgtOcXMMfyB8/kDwHSNRA==</latexit>

0.25

<latexit sha1_base64="jLEQlSps1+lje76+NJl3gQPRa5Q=">AAAB63icbVDLSsNAFL2pr1pfVTeCm8EiuApJ8bUsuHFZwT6gDWUynbRDZyZhZiKU0F9w40IRt/6QO//GSZuFth64cDjnXu69J0w408bzvp3S2vrG5lZ5u7Kzu7d/UD08aus4VYS2SMxj1Q2xppxJ2jLMcNpNFMUi5LQTTu5yv/NElWaxfDTThAYCjySLGMEmlzz3yhtUa57rzYFWiV+QGhRoDqpf/WFMUkGlIRxr3fO9xAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzq0yRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug2yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgr/88ipp113/2q0/XNYaJ0UcZTiFM7gAH26gAffQhBYQGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBvW+NQg==</latexit>

0.50

<latexit sha1_base64="Yq0ClUWAFqUWbu1v/kfvtMMgMk8=">AAAB63icbVBNS8NAEJ34WetX1YvgZbEInkJS1HosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b2dtfWNza7u0U97d2z84rBwdt3WcKkJbJOax6oZYU84kbRlmOO0mimIRctoJJ3e533miSrNYPpppQgOBR5JFjGCTS55bvx5Uqp7rzYFWiV+QKhRoDipf/WFMUkGlIRxr3fO9xAQZVoYRTmflfqppgskEj2jPUokF1UE2v3WGLqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug2yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPGUbgr/88ipp11z/xq09XFUbp0UcJTiDc7gEH+rQgHtoQgsIjOEZXuHNEc6L8+58LFrXnGLmBP7A+fwByA2NSQ==</latexit>

0.75

1
0
0

<latexit sha1_base64="9dgIq0DGlHsgJLeFliuKUfOVl1Q=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJ1MdGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbC4tLyyWlorr29sbm2bO7tNlWSSsgZNRCLbAVFM8Jg1gINg7VQyEgWCtYLB9dhv3TOpeBLfwTBlXkR6MQ85JaAl39wHfIVt6wy7QDI/d2WE2UM68s2KbdkT4HniFKSCCtR988vtJjSLWAxUEKU6jp2ClxMJnAo2KruZYimhA9JjHU1jEjHl5ZP7R/hIK10cJlJXDHii/p7ISaTUMAp0Z0Sgr2a9sfif18kgvPRyHqcZsJhOF4WZwJDgcRi4yyWjIIaaECq5vhXTPpGEgo6srENwZl+eJ81Tyzm3qrfVSu2kiKOEDtAhOkYOukA1dIPqqIEoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A/sjlMM=</latexit>
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<latexit sha1_base64="e47LVqqxk8DzFAHrriXVmjPOTuk=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVhCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAajJEL</latexit>

x/ρi0

<latexit sha1_base64="iBF0inMFyTgXTY88RSh2G1m5/nM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LC2Cp5oUUY8FLx4r2A9IQ9lsN+3SzW7YnQgh9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfIUtYEJOx5BGnBKzkZ5cDPVHDnLuzYbXuNtwF8DrxClJHBdrD6tdgpGgaMwlUEGN8z00gyIkGTgWbVQapYQmhUzJmvqWSxMwE+eLkGT63yghHStuSgBfq74mcxMZkcWg7YwITs+rNxf88P4XoNsi5TFJgki4XRanAoPD8fzzimlEQmSWEam5vxXRCNKFgU6rYELzVl9dJt9nwrhvNh6t6q1bEUUZnqIYukIduUAvdozbqIIoUekav6M0B58V5dz6WrSWnmDlFf+B8/gAcGpEM</latexit>
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0

<latexit sha1_base64="z+nel67/cEH7+muAHHye9pl2NV0=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVBDf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAdqJEN</latexit>

z/ρi0

<latexit sha1_base64="dB+FVnN/rBDXw1xb6bBtRmXhQks=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJFOtGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbS8srq2Xtoob25t7+yae/stlWSSsiZNRCI7AVFM8Jg1gYNgnVQyEgWCtYPh9cRv3zOpeBLfwShlXkT6MQ85JaAl3zwEfIUdq4ZdIJmfuzLC7CEd+2bFtuwp8CJxClJBBRq++eX2EppFLAYqiFJdx07By4kETgUbl91MsZTQIemzrqYxiZjy8un9Y3yilR4OE6krBjxVf0/kJFJqFAW6MyIwUPPeRPzP62YQXno5j9MMWExni8JMYEjwJAzc45JRECNNCJVc34rpgEhCQUdW1iE48y8vkta55VxY1dtqpX5WxFFCR+gYnSIH1VAd3aAGaiKKHtEzekVvxpPxYrwbH7PWJaOYOUB/YHz+AP/elMY=</latexit>
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<latexit sha1_base64="e47LVqqxk8DzFAHrriXVmjPOTuk=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVhCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAajJEL</latexit>

x/ρi0

<latexit sha1_base64="iBF0inMFyTgXTY88RSh2G1m5/nM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LC2Cp5oUUY8FLx4r2A9IQ9lsN+3SzW7YnQgh9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfIUtYEJOx5BGnBKzkZ5cDPVHDnLuzYbXuNtwF8DrxClJHBdrD6tdgpGgaMwlUEGN8z00gyIkGTgWbVQapYQmhUzJmvqWSxMwE+eLkGT63yghHStuSgBfq74mcxMZkcWg7YwITs+rNxf88P4XoNsi5TFJgki4XRanAoPD8fzzimlEQmSWEam5vxXRCNKFgU6rYELzVl9dJt9nwrhvNh6t6q1bEUUZnqIYukIduUAvdozbqIIoUekav6M0B58V5dz6WrSWnmDlFf+B8/gAcGpEM</latexit>
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0

<latexit sha1_base64="z+nel67/cEH7+muAHHye9pl2NV0=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVBDf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAdqJEN</latexit>

z/ρi0

<latexit sha1_base64="JPf6lgQaZxcIynMXzrH0/CU0890=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJFB8LoeDGZQX7gCaEyXTSDp08mLkRS+zCX3HjQhG3/oY7/8Zpm4W2HrhwOOde7r0nSAVXYNvfxsLi0vLKammtvL6xubVt7uw2VZJJyho0EYlsB0QxwWPWAA6CtVPJSBQI1goG12O/dc+k4kl8B8OUeRHpxTzklICWfHMf8BW2rUvsAsn83JURZg/pyDcrtmVPgOeJU5AKKlD3zS+3m9AsYjFQQZTqOHYKXk4kcCrYqOxmiqWEDkiPdTSNScSUl0/uH+EjrXRxmEhdMeCJ+nsiJ5FSwyjQnRGBvpr1xuJ/XieD8MLLeZxmwGI6XRRmAkOCx2HgLpeMghhqQqjk+lZM+0QSCjqysg7BmX15njRPLefMqt5WK7WTIo4SOkCH6Bg56BzV0A2qowai6BE9o1f0ZjwZL8a78TFtXTCKmT30B8bnDwF+lMc=</latexit>
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Studies on macro/micro interplay II



Open questions

1. When can weakly collisional and collisionless plasmas be modelled as fluids? If so, on what scales? 

2. In what circumstances is kinetic modelling essential? In such cases, can we use reduced kinetic models 

(e.g. gyrokinetics) combined with an effective collision operator?

3. What insights can be gained on these questions from contemporaneous studies in galactic dynamics?

Conclusions

I hope we will make some progress towards answering these questions during this KITP program!

Ø The plasmas present in various astrophysical environments of  interest are classical, magnetised, and weakly 

collisional (or collisionless)

Ø In such plasmas, fluid dynamical modelling that uses classical theories of  collisional transport makes 

predictions that are often inconsistent with astronomical observations and recent experiments

Ø A plausible explanation for this discrepancy are kinetic plasma instabilities driven by momentum and heat 

fluxes that arise due to macroscopic gradients

Ø This gives rise to a rich interplay between macroscopic and microscopic scales in astrophysical plasmas, 

including anomalous collisionality and non-Newtonian transport


