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‘The Firehose Instability’ – Rosenbluth (`56); Chandrasekhar, Kaufman & Watson (`58); Parker (`58); Vedenov & Sagdeev (`58)… 
‘The Firehose Instability Reloaded’ – Yoon (`93); Gary et al (`97, `98…); Hellinger et al (`00, `01…)
‘The Firehose Instability Revolutions’ – Schekochihin et al (`05, `10); Rosin et al (`11); Kunz, Schekochihin & Stone (`14)…

“…falls short compared to the original, but doesn't skimp on the action or cool visual effects.” (Rotten Tomatoes)





This talk: the (ion) firehose instability

Subsequent developments in linear theory:
1. Dispersive FLR effects determine fastest growing firehose mode (Shapiro & Shevchenko `64; Kennel & Sagdeev `67)
2. Kinetic-scale variants of  the firehose instability exist at              à `less stringent’ thresholds, faster growth rates:   

Gary et al (1998): resonant parallel firehose instability     
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Hellinger & Matsumoto (2000): resonant oblique 
firehose instability     
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Rosenbluth (1956); Chandrasekhar, Kaufman & Watson 
(1958); Parker (1958); Vedenov & Sagdeev (1958):

Alfvén waves linearly unstable if                      .    
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Nonlinear evolution of  the firehose instability
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Conservation of  
µ- and bounce 
invariants in 

magnetised plasma

Conservation of  
mass and 

magnetic flux
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1 + t/⌧expExample: linearly, transversely expanding plasma:                                                       .

Q: how does firehose instability evolve nonlinearly (and then saturate) in response to a plasma’s macroscopic evolution?
à Long-wavelength parallel firehose instability: quasilinear theory (Rosin et al 2011)…
à General case: hybrid (HEB) expanding-box simulations (e.g. Hellinger & Travnicek 2008) at           , and shearing-box 

simulations at             (Kunz, Schekochihin & Stone 2014): 

<latexit sha1_base64="dAtZHN+XJA8+4gC/2ZP3N7RDI5k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQtlsN+3SzSbsToQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNUmmGe+wRCb6MaSGS6F4BwVK/phqTuNQ8l44uZ37vSeujUjUA05THsR0pEQkGEUr+X7IkRLfiJh4g2rNrbsLkHXiFaQGBdqD6pc/TFgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlSGJEm1LIVmovydyGhszjUPbGVMcm1VvLv7n9TOMboJcqDRDrthyUZRJggmZB0CGQnOGcmoJZVrYWwkbU00Z2pgqNgRv9eV10m3Uvat6875ZazWKOMpwBudwCR5cQwvuoA0dYJDCM7zCm5M5L86787FsLTnFzCn8gfP5AwKKkPk=</latexit>

� ⇠ 1
<latexit sha1_base64="KW5TyIKRvSzUXW0SxEc4/e2SXkk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8FLx4r2FZIQtlsN+nSzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USa4Adf9diobm1vbO9Xd2t7+weFR/fikb1SuKetRJZR+jIhhgkvWAw6CPWaakTQSbBBNbuf+4Ilpw5V8gGnGwpQkksecErCSH0QMCA6SBHvDesNtugvgdeKVpIFKdIf1r2CkaJ4yCVQQY3zPzSAsiAZOBZvVgtywjNAJSZhvqSQpM2GxOHmGL6wywrHStiTghfp7oiCpMdM0sp0pgbFZ9ebif56fQ3wTFlxmOTBJl4viXGBQeP4/HnHNKIipJYRqbm/FdEw0oWBTqtkQvNWX10m/1fSumu37dqPTKuOoojN0ji6Rh65RB92hLuohihR6Rq/ozQHnxXl3PpatFaecOUV/4Hz+AB7FkHQ=</latexit>

� � 1



Nonlinear evolution of  the firehose instability
Q: how does firehose instability evolve nonlinearly (and then saturate) in response to a plasma’s macroscopic evolution?
à Long-wavelength parallel firehose instability: quasilinear theory (Rosin et al 2011)…
à General case: hybrid (HEB) expanding-box simulations (e.g. Hellinger & Travnicek 2008) at           , and shearing-box 

simulations at             (Kunz, Schekochihin & Stone 2014): 

A: 1) Three-stage evolution: linear phase, secular phase, then saturation…
2) with                                          (cf. Melville 2016), …
3) …regulated pressure anisotropy…
4) …extended magnetic-energy spectrum, …
5) …and anomalous collisionality                                      

<latexit sha1_base64="dAtZHN+XJA8+4gC/2ZP3N7RDI5k=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQtlsN+3SzSbsToQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNUmmGe+wRCb6MaSGS6F4BwVK/phqTuNQ8l44uZ37vSeujUjUA05THsR0pEQkGEUr+X7IkRLfiJh4g2rNrbsLkHXiFaQGBdqD6pc/TFgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlSGJEm1LIVmovydyGhszjUPbGVMcm1VvLv7n9TOMboJcqDRDrthyUZRJggmZB0CGQnOGcmoJZVrYWwkbU00Z2pgqNgRv9eV10m3Uvat6875ZazWKOMpwBudwCR5cQwvuoA0dYJDCM7zCm5M5L86787FsLTnFzCn8gfP5AwKKkPk=</latexit>

� ⇠ 1
<latexit sha1_base64="KW5TyIKRvSzUXW0SxEc4/e2SXkk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8FLx4r2FZIQtlsN+nSzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USa4Adf9diobm1vbO9Xd2t7+weFR/fikb1SuKetRJZR+jIhhgkvWAw6CPWaakTQSbBBNbuf+4Ilpw5V8gGnGwpQkksecErCSH0QMCA6SBHvDesNtugvgdeKVpIFKdIf1r2CkaJ4yCVQQY3zPzSAsiAZOBZvVgtywjNAJSZhvqSQpM2GxOHmGL6wywrHStiTghfp7oiCpMdM0sp0pgbFZ9ebif56fQ3wTFlxmOTBJl4viXGBQeP4/HnHNKIipJYRqbm/FdEw0oWBTqtkQvNWX10m/1fSumu37dqPTKuOoojN0ji6Rh65RB92hLuohihR6Rq/ozQHnxXl3PpatFaecOUV/4Hz+AB7FkHQ=</latexit>

� � 1

<latexit sha1_base64="X81BOohEfl+VceCxdlGgbo6gLsE="></latexit>

�B2
?/B

2
0 ⇠ (S�i/⌦i)

1/2

<latexit sha1_base64="8XyMHhcXS1NGddpnBySFfi/ioCg=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYhd0Q1DJgYxnRPCAbltnJ3WTIzOwyMyuEJY2Nv2JjoYit/2Dn3zh5FJp44MLhnHu5954o5Uwbz/t2VlbX1jc2C1vF7Z3dvX334LCpk0xRaNCEJ6odEQ2cSWgYZji0UwVERBxa0fB64rceQGmWyHszSqErSF+ymFFirBS6J4HMwjxQAkMcj3GgmcB3OIjAkJCFbskre1PgZeLPSQnNUQ/dr6CX0EyANJQTrTu+l5puTpRhlMO4GGQaUkKHpA8dSyURoLv59IsxPrNKD8eJsiUNnqq/J3IitB6JyHYKYgZ60ZuI/3mdzMRX3ZzJNDMg6WxRnHFsEjyJBPeYAmr4yBJCFbO3YjogilBjgyvaEPzFl5dJs1L2L8rV22qpVpnHUUDH6BSdIx9dohq6QXXUQBQ9omf0it6cJ+fFeXc+Zq0rznzmCP2B8/kDnOiX9g==</latexit>

⌫e↵ ⇠ S�i

Problem solved? Not quite – genuinely good reasons for revisiting problem…  



Thermodynamics at            vs. 
<latexit sha1_base64="0/hxcE5oodlTUQobk6jgjWd6d7Y=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gOSUDbbTbp0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAluwHW/ncra+sbmVnW7trO7t39QPzzqGpVryjpUCaX7ETFMcMk6wEGwfqYZSSPBetH4bub3npg2XMlHmGQsTEkiecwpASv5QcSA4CBJsDeoN9ymOwdeJV5JGqhEe1D/CoaK5imTQAUxxvfcDMKCaOBUsGktyA3LCB2ThPmWSpIyExbzk6f4zCpDHCttSwKeq78nCpIaM0kj25kSGJllbyb+5/k5xDdhwWWWA5N0sSjOBQaFZ//jIdeMgphYQqjm9lZMR0QTCjalmg3BW355lXQvmt5V8/LhstG6LeOoohN0is6Rh65RC92jNuogihR6Rq/ozQHnxXl3PhatFaecOUZ/4Hz+ACOVkIQ=</latexit>

� � 1

<latexit sha1_base64="Jtb2LDvP3k7xiPgv0uoWny1uzUI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU01KUY8FLx4r2A9oQthsN+3S3STsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBI9ZGzgI1ksVIzIUrBuO7+Z+d8KU5kn8CNOU+ZIMYx5xSsBIgW3DlQckC3JPScye0llgV52aswBeJ25BqqhAK7C/vEFCM8lioIJo3XedFPycKOBUsFnFyzRLCR2TIesbGhPJtJ8vLp/hC6MMcJQoUzHghfp7IidS66kMTackMNKr3lz8z+tnEN36OY/TDFhMl4uiTGBI8DwGPOCKURBTQwhV3NyK6YgoQsGEVTEhuKsvr5NOveZe1xoPjWqzXsRRRmfoHF0iF92gJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4QTk4w=</latexit>

t/⌧exp

<latexit sha1_base64="CwT8VCPmxdqWhH7qBd2FQOtlbdw=">AAACCHicbVDLSsNAFJ3UV62vqEsXBotQKcSkFHVZ0IXLCvYBTQiT6U07dPJgZiKU2KUbf8WNC0Xc+gnu/BunbRZaPXDhcM693HuPnzAqpGV9aYWl5ZXVteJ6aWNza3tH391rizjlBFokZjHv+lgAoxG0JJUMugkHHPoMOv7ocup37oALGke3cpyAG+JBRANKsFSSpx/aZv204vggsZc593RStUzbPqk6V8CURD29bJnWDMZfYuekjHI0Pf3T6cckDSGShGEheraVSDfDXFLCYFJyUgEJJiM8gJ6iEQ5BuNnskYlxrJS+EcRcVSSNmfpzIsOhEOPQV50hlkOx6E3F/7xeKoMLN6NRkkqIyHxRkDJDxsY0FaNPORDJxopgwqm61SBDzDGRKruSCsFefPkvaddM+8ys39TLjVoeRxEdoCNUQTY6Rw10jZqohQh6QE/oBb1qj9qz9qa9z1sLWj6zj35B+/gGXP2XoQ==</latexit> 1.
4/

(�
ki
+
0.
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)
+
�

i Hellinger & 
Travnicek (2008)

<latexit sha1_base64="ZuutDUu8SqRqWgawXs5wq2nQWqE=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjoi6LblxWsA/oDCWTZtrQJDMkd4Q69EvcuFDErZ/izr8xbWehrQcCh3PO5d6cKBXcgOd9O6W19Y3NrfJ2ZWd3b7/qHhy2TZJpylo0EYnuRsQwwRVrAQfBuqlmREaCdaLx7czvPDJteKIeYJKyUJKh4jGnBKzUd6tBxIDgYAg2I7Hfd2te3ZsDrxK/IDVUoNl3v4JBQjPJFFBBjOn5XgphTjRwKti0EmSGpYSOyZD1LFVEMhPm88On+NQqAxwn2j4FeK7+nsiJNGYiI5uUBEZm2ZuJ/3m9DOLrMOcqzYApulgUZwJDgmct4AHXjIKYWEKo5vZWTEdEEwq2q4otwV/+8ippn9f9y/rF/UWtcVPUUUbH6ASdIR9doQa6Q03UQhRl6Bm9ojfnyXlx3p2PRbTkFDNH6A+czx/19JKl</latexit>

� & 1

<latexit sha1_base64="vpXpde5T90NVa3yujxi8I0JezOg=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwU1rUoq6LOjCZQV7gSaEyfSkHZxcmJkIJRR8FTcuFHHrc7jzbZy0WWjrDwMf/zmHc+b3E86ksqxvo7Syura+Ud6sbG3v7O6Z+wddGaeCQofGPBZ9n0jgLIKOYopDPxFAQp9Dz3+4zuu9RxCSxdG9miTghmQUsYBRorTlmUc15wa4Ih7DNdw4d3zI2TOrVt2aCS+DXUAVFWp75pczjGkaQqQoJ1IObCtRbkaEYpTDtOKkEhJCH8gIBhojEoJ0s9n5U3yqnSEOYqFfpPDM/T2RkVDKSejrzpCosVys5eZ/tUGqgis3Y1GSKojofFGQcqxinGeBh0wAVXyigVDB9K2YjokgVOnEKjoEe/HLy9Bt1O2LevOuWW01ijjK6BidoDNko0vUQreojTqIogw9o1f0ZjwZL8a78TFvLRnFzCH6I+PzBxVUlD8=</latexit> �
�

i
�

2/
�
i

Kunz, Stone and 
Schekochihin

(2014)

Why does this numerical factor matter?
If  ,
If  , 
In latter case, Alfvénic restoring force vanishes; anomalous plasma dynamics!

<latexit sha1_base64="3JuucREWzxyvy5rbEWhMSgiT85s=">AAACCnicbVC7TsNAEDyHVwgvAyXNQYREQ7CjCCgjQUEZJPKQYss6X9bJKeeH7s6IyKSm4VdoKECIli+g42+4JC4gMNJKo5ld7e74CWdSWdaXUVhYXFpeKa6W1tY3NrfM7Z2WjFNBoUljHouOTyRwFkFTMcWhkwggoc+h7Q8vJn77FoRkcXSjRgm4IelHLGCUKC155r5zCVwRj2GHJImI7/CxXamdOD5oMXPu2dgzy1bFmgL/JXZOyihHwzM/nV5M0xAiRTmRsmtbiXIzIhSjHMYlJ5WQEDokfehqGpEQpJtNXxnjQ630cBALXZHCU/XnREZCKUehrztDogZy3puI/3ndVAXnbsaiJFUQ0dmiIOVYxXiSC+4xAVTxkSaECqZvxXRABKFKp1fSIdjzL/8lrWrFPq3UrmvlejWPo4j20AE6QjY6Q3V0hRqoiSh6QE/oBb0aj8az8Wa8z1oLRj6zi37B+PgG1gGZsQ==</latexit>

�i ⇡ �1.4/�ki
<latexit sha1_base64="j8u4pP2xcX/S/sybkTlUgNttCr4=">AAACEHicbVDLSsNAFJ34rPUVdelmsIguJCSlPlZSceOygn1AE8JkOmmHziRhZlIsoZ/gxl9x40IRty7d+TdO2wjaeuDC4Zx7ufeeIGFUKtv+MhYWl5ZXVgtrxfWNza1tc2e3IeNUYFLHMYtFK0CSMBqRuqKKkVYiCOIBI82gfz32mwMiJI2jOzVMiMdRN6IhxUhpyTePBn7mCg6vTkgYjqCLkkTE99C2TuGPM4KX0PbNkm3ZE8B54uSkBHLUfPPT7cQ45SRSmCEp246dKC9DQlHMyKjoppIkCPdRl7Q1jRAn0ssmD43goVY6MIyFrkjBifp7IkNcyiEPdCdHqidnvbH4n9dOVXjhZTRKUkUiPF0UpgyqGI7TgR0qCFZsqAnCgupbIe4hgbDSGRZ1CM7sy/OkUbacM6tyWylVy3kcBbAPDsAxcMA5qIIbUAN1gMEDeAIv4NV4NJ6NN+N92rpg5DN74A+Mj2+Jx5rw</latexit>

vA,e↵ ⇡ 0.5vA > 0
<latexit sha1_base64="tmfsigevz1Pyyq1qT7/3ZQxMBZ0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpqUoi4LunBZwT6gCWEyvW2HTh7MTMQSunDjr7hxoYhbP8Kdf+OkzUJbD1w4nHMv997jx5xJZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEhRaNeCS6PpHAWQgtxRSHbiyABD6Hjj++yvzOPQjJovBOTWJwAzIM2YBRorTkmWXnGrgiHsMOiWMRPeDT2pnjQyZ5ZsWqWjPgZWLnpIJyND3zy+lHNAkgVJQTKXu2FSs3JUIxymFachIJMaFjMoSepiEJQLrp7IkpPtZKHw8ioStUeKb+nkhJIOUk8HVnQNRILnqZ+J/XS9Tg0k1ZGCcKQjpfNEg4VhHOEsF9JoAqPtGEUMH0rZiOiCBU6dxKOgR78eVl0q5V7fNq/bZeadTyOIqojI7QCbLRBWqgG9RELUTRI3pGr+jNeDJejHfjY95aMPKZQ/QHxucPaRaXRA==</latexit>

�i ⇡ �2/�i
<latexit sha1_base64="ZGIClCpqm/0jH2l2lgxWsHLx7RU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJSlGXFTcuK9gHNCFMppN26GQyzEyKJdSNv+LGhSJu/Qt3/o3TNgttPXDhcM693HtPKBhV2nG+rcLK6tr6RnGztLW9s7tn7x+0VJJKTJo4YYnshEgRRjlpaqoZ6QhJUBwy0g6HN1O/PSJS0YTf67Egfoz6nEYUI22kwD4aBZknY3h9TqJoAj0khEweoAMDu+xUnBngMnFzUgY5GoH95fUSnMaEa8yQUl3XEdrPkNQUMzIpeakiAuEh6pOuoRzFRPnZ7IMJPDVKD0aJNMU1nKm/JzIUKzWOQ9MZIz1Qi95U/M/rpjq68jPKRaoJx/NFUcqgTuA0DtijkmDNxoYgLKm5FeIBkghrE1rJhOAuvrxMWtWKe1Gp3dXK9WoeRxEcgxNwBlxwCergFjRAE2DwCJ7BK3iznqwX6936mLcWrHzmEPyB9fkD8qWV4A==</latexit>

vA,e↵ ⇡ 0

Shearing-box simulations 
with            ,              : 

in saturation,                       .  

<latexit sha1_base64="KW5TyIKRvSzUXW0SxEc4/e2SXkk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8FLx4r2FZIQtlsN+nSzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USa4Adf9diobm1vbO9Xd2t7+weFR/fikb1SuKetRJZR+jIhhgkvWAw6CPWaakTQSbBBNbuf+4Ilpw5V8gGnGwpQkksecErCSH0QMCA6SBHvDesNtugvgdeKVpIFKdIf1r2CkaJ4yCVQQY3zPzSAsiAZOBZvVgtywjNAJSZhvqSQpM2GxOHmGL6wywrHStiTghfp7oiCpMdM0sp0pgbFZ9ebif56fQ3wTFlxmOTBJl4viXGBQeP4/HnHNKIipJYRqbm/FdEw0oWBTqtkQvNWX10m/1fSumu37dqPTKuOoojN0ji6Rh65RB92hLuohihR6Rq/ozQHnxXl3PpatFaecOUV/4Hz+AB7FkHQ=</latexit>

� � 1
<latexit sha1_base64="tmfsigevz1Pyyq1qT7/3ZQxMBZ0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpqUoi4LunBZwT6gCWEyvW2HTh7MTMQSunDjr7hxoYhbP8Kdf+OkzUJbD1w4nHMv997jx5xJZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEhRaNeCS6PpHAWQgtxRSHbiyABD6Hjj++yvzOPQjJovBOTWJwAzIM2YBRorTkmWXnGrgiHsMOiWMRPeDT2pnjQyZ5ZsWqWjPgZWLnpIJyND3zy+lHNAkgVJQTKXu2FSs3JUIxymFachIJMaFjMoSepiEJQLrp7IkpPtZKHw8ioStUeKb+nkhJIOUk8HVnQNRILnqZ+J/XS9Tg0k1ZGCcKQjpfNEg4VhHOEsF9JoAqPtGEUMH0rZiOiCBU6dxKOgR78eVl0q5V7fNq/bZeadTyOIqojI7QCbLRBWqgG9RELUTRI3pGr+jNeDJejHfjY95aMPKZQ/QHxucPaRaXRA==</latexit>

�i ⇡ �2/�i

HEB simulations with           ,                    : 
in saturation,                           . 

<latexit sha1_base64="pPuu0bO6xqJNtV5o7ZYij2X5H8k=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5KUoh4LXrxZwX5AU8JmO02X7iZhdyOW0JMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFldW19o7hZ2tre2d2z9w9aKk4lhSaNeSw7AVHAWQRNzTSHTiKBiIBDOxhdTf32PUjF4uhOjxPoCRJGbMAo0Uby7WNPk9TPPCkwPCQT7N0ICInPsBeG2PXtslNxZsDLxM1JGeVo+PaX149pKiDSlBOluq6T6F5GpGaUw6TkpQoSQkckhK6hERGgetnsjQk+NUofD2JpKtJ4pv6eyIhQaiwC0ymIHqpFbyr+53VTPbjsZSxKUg0RnS8apBzrGE8zwX0mgWo+NoRQycytmA6JJFSb5EomBHfx5WXSqlbc80rttlauV/M4iugInaAz5KILVEfXqIGaiKJH9Ixe0Zv1ZL1Y79bHvLVg5TOH6A+szx8d7pgz</latexit>

⌧exp⌦i � 1
<latexit sha1_base64="3JuucREWzxyvy5rbEWhMSgiT85s=">AAACCnicbVC7TsNAEDyHVwgvAyXNQYREQ7CjCCgjQUEZJPKQYss6X9bJKeeH7s6IyKSm4VdoKECIli+g42+4JC4gMNJKo5ld7e74CWdSWdaXUVhYXFpeKa6W1tY3NrfM7Z2WjFNBoUljHouOTyRwFkFTMcWhkwggoc+h7Q8vJn77FoRkcXSjRgm4IelHLGCUKC155r5zCVwRj2GHJImI7/CxXamdOD5oMXPu2dgzy1bFmgL/JXZOyihHwzM/nV5M0xAiRTmRsmtbiXIzIhSjHMYlJ5WQEDokfehqGpEQpJtNXxnjQ630cBALXZHCU/XnREZCKUehrztDogZy3puI/3ndVAXnbsaiJFUQ0dmiIOVYxXiSC+4xAVTxkSaECqZvxXRABKFKp1fSIdjzL/8lrWrFPq3UrmvlejWPo4j20AE6QjY6Q3V0hRqoiSh6QE/oBb0aj8az8Wa8z1oLRj6zi37B+PgG1gGZsQ==</latexit>

�i ⇡ �1.4/�ki

<latexit sha1_base64="T1vlAoB+OHzaI4VM/VawFrbt8Ks=">AAAB+HicbVBNSwMxFMzWr1o/uurRS7AInspuKeqx4MVjBdsK3aVk02wbmmSX5K1Ql/4SLx4U8epP8ea/MW33oK0DgWFmHu9lolRwA5737ZQ2Nre2d8q7lb39g8Oqe3TcNUmmKevQRCT6ISKGCa5YBzgI9pBqRmQkWC+a3Mz93iPThifqHqYpCyUZKR5zSsBKA7caRAwIDkZgMxL7A7fm1b0F8DrxC1JDBdoD9ysYJjSTTAEVxJi+76UQ5kQDp4LNKkFmWErohIxY31JFJDNhvjh8hs+tMsRxou1TgBfq74mcSGOmMrJJSWBsVr25+J/XzyC+DnOu0gyYostFcSYwJHjeAh5yzSiIqSWEam5vxXRMNKFgu6rYEvzVL6+TbqPuX9abd81aq1HUUUan6AxdIB9doRa6RW3UQRRl6Bm9ojfnyXlx3p2PZbTkFDMn6A+czx/xJJKV</latexit>

� & 1

<latexit sha1_base64="baqcKQrysCGFDv3AeCEs/THi1VI=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiSlqBuh4MadFewDmhgm05t26EwSZiZiCd258VfcuFDErb/gzr9x+lho64ELh3Pu5d57goQzpW3728otLa+sruXXCxubW9s7xd29popTSaFBYx7LdkAUcBZBQzPNoZ1IICLg0AoGl2O/dQ9SsTi61cMEPEF6EQsZJdpIfvHQ1ST1M1cKDA/JCLvXAnrEZ/gCO/Zd1S+W7LI9AV4kzoyU0Ax1v/jldmOaCog05USpjmMn2suI1IxyGBXcVEFC6ID0oGNoRAQoL5v8McLHRuniMJamIo0n6u+JjAilhiIwnYLovpr3xuJ/XifV4bmXsShJNUR0uihMOdYxHoeCu0wC1XxoCKGSmVsx7RNJqDbRFUwIzvzLi6RZKTun5epNtVSrzOLIowN0hE6Qg85QDV2hOmogih7RM3pFb9aT9WK9Wx/T1pw1m9lHf2B9/gAKXpgS</latexit>

⌧exp⌦i = 104

<latexit sha1_base64="EDXcTGP02+xJoiD33iAAIUkNddQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUhKfWyEghuXFewDmhAm02k7dPJgZiKWmF9x40IRt/6IO//GaZuFth64cDjnXu69J0g4k8q2v43S2vrG5lZ5u7Kzu7d/YB5WOzJOBaFtEvNY9AIsKWcRbSumOO0lguIw4LQbTG5mfveBCsni6F5NE+qFeBSxISNYack3q25AFfYz94nZObpGtnXumzXbsudAq8QpSA0KtHzzyx3EJA1ppAjHUvYdO1FehoVihNO84qaSJphM8Ij2NY1wSKWXzW/P0alWBmgYC12RQnP190SGQymnYaA7Q6zGctmbif95/VQNr7yMRUmqaEQWi4YpRypGsyDQgAlKFJ9qgolg+lZExlhgonRcFR2Cs/zyKunULefCatw1as16EUcZjuEEzsCBS2jCLbSgDQQe4Rle4c3IjRfj3fhYtJaMYuYI/sD4/AEj1pMo</latexit>

�ki0 = 0.5

<latexit sha1_base64="QK4qa+bRmFTjXpkAUzZ8fRP3scQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU9mUol6EghePFWwttCFstpN26WYTdjeFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvDAVXBtCvp3SxubW9k55t7K3f3B45B6fdHSSKQZtlohEdUOqQXAJbcONgG6qgMahgKdwfDf3nyagNE/ko5mm4Md0KHnEGTVWCly3H4KhQc7JDN/iOiGBWyU1sgBeJ15BqqhAK3C/+oOEZTFIwwTVuueR1Pg5VYYzAbNKP9OQUjamQ+hZKmkM2s8Xl8/whVUGOEqULWnwQv09kdNY62kc2s6YmpFe9ebif14vM9GNn3OZZgYkWy6KMoFNgucx4AFXwIyYWkKZ4vZWzEZUUWZsWBUbgrf68jrp1GveVa3x0Kg260UcZXSGztEl8tA1aqJ71EJtxNAEPaNX9Obkzovz7nwsW0tOMXOK/sD5/AGC/pI7</latexit>

�i0 = 200

<latexit sha1_base64="tKdWVq6LKFTwgQdNc+2xMQQkqGo=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeCF29WtB/QXUs2zbahSXZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wdDX1249UaRbLezNOaCDwQLKIEWys9HCHfM6RfyPoAPdYr1R2K+4MaJl4OSlDjkav9OX3Y5IKKg3hWOuu5yYmyLAyjHA6KfqppgkmIzygXUslFlQH2ezqCTq1Sh9FsbIlDZqpvycyLLQei9B2CmyGetGbiv953dREl0HGZJIaKsl8UZRyZGI0jQD1maLE8LElmChmb0VkiBUmxgZVtCF4iy8vk1a14p1Xare1cr2ax1GAYziBM/DgAupwDQ1oAgEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwB9lpHT</latexit>

S ⌧ ⌦i



Q: how do these two results relate to each other? 
A: for a given     , the steady-state value of       depends on macroscopic evolution rate 

Why? J. Squire (2016): ‘Kinetic oblique firehose has less stringent threshold than long-wavelength firehose…’

A consistent explanatory framework? 
<latexit sha1_base64="nMKbLitdJ0gwoF92/gZ39LTgdeo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMImQLGF20kmGzD6Y6RXCko/w4kERr36PN//GSbIHTSxoKKq66e4KEiUNue63U9jY3NreKe6W9vYPDo/KxydtE6daYEvEKtaPATeoZIQtkqTwMdHIw0BhJ5jczv3OE2oj4+iBpgn6IR9FcigFJyt1egES78t+ueJW3QXYOvFyUoEczX75qzeIRRpiREJxY7qem5CfcU1SKJyVeqnBhIsJH2HX0oiHaPxsce6MXVhlwIaxthURW6i/JzIeGjMNA9sZchqbVW8u/ud1Uxre+JmMkpQwEstFw1Qxitn8dzaQGgWpqSVcaGlvZWLMNRdkEyrZELzVl9dJu1b1rqr1+3qlUcvjKMIZnMMleHANDbiDJrRAwASe4RXenMR5cd6dj2VrwclnTuEPnM8fP1uPeQ==</latexit>

�i
<latexit sha1_base64="HEjQy43DYDYdte/H91QxN/iO4BI=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4Kkkp6rGgB48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqOTR5LGPdCZgBKRQ0UaCETqKBRYGEdjC+mfntJ9BGxOoBJwn4ERsqEQrO0Eqd3i1IZH3RL5XdijsHXSVeTsokR6Nf+uoNYp5GoJBLZkzXcxP0M6ZRcAnTYi81kDA+ZkPoWqpYBMbP5vdO6blVBjSMtS2FdK7+nshYZMwkCmxnxHBklr2Z+J/XTTG89jOhkhRB8cWiMJUUYzp7ng6EBo5yYgnjWthbKR8xzTjaiIo2BG/55VXSqla8y0rtvlauV/M4CuSUnJEL4pErUid3pEGahBNJnskreXMenRfn3flYtK45+cwJ+QPn8wfcoo/R</latexit>

�i

Q: what is     ?

For                                , deduce
<latexit sha1_base64="tNlstbCZy2DRlxVQhwfemglo0Xk=">AAACD3icbVC7SgNBFJ31GeMramkzGJRYGHdDUMuAFpYRzAOyYZmd3CRDZmaXmVkhLPkDG3/FxkIRW1s7/8bJo9DEAxcO59zLvfeEMWfauO63s7S8srq2ntnIbm5t7+zm9vbrOkoUhRqNeKSaIdHAmYSaYYZDM1ZARMihEQ6ux37jAZRmkbw3wxjagvQk6zJKjJWC3EnBvwFuSJCy0WmQ+kpgweQI+5oJfFY690OwJgtyebfoToAXiTcjeTRDNch9+Z2IJgKkoZxo3fLc2LRTogyjHEZZP9EQEzogPWhZKokA3U4n/4zwsVU6uBspW9Lgifp7IiVC66EIbacgpq/nvbH4n9dKTPeqnTIZJwYknS7qJhybCI/DwR2mgBo+tIRQxeytmPaJItTYCLM2BG/+5UVSLxW9i2L5rpyvlGZxZNAhOkIF5KFLVEG3qIpqiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9wPn8Ad0OboA==</latexit>

(�i)min ⇠ �2/�i

If                                                                                         ; if                                .

<latexit sha1_base64="NO2niAFPUEVEyBtURKb3zvR2k20=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaYSFE3QkEXLivYBzQhTKY37dDJg5mJUEI3/oobF4q49TPc+TdO2i609cCFM+fcy9x7gpQzqWz72ygtLa+srpXXKxubW9s75u5eSyaZoNCkCU9EJyASOIuhqZji0EkFkCjg0A6GN4XffgQhWRI/qFEKXkT6MQsZJUpLvnng3gJXxGf4Gp86Vu3MDaB4+mbVtuwJ8CJxZqSKZmj45pfbS2gWQawoJ1J2HTtVXk6EYpTDuOJmElJCh6QPXU1jEoH08skBY3yslR4OE6ErVnii/p7ISSTlKAp0Z0TUQM57hfif181UeOXlLE4zBTGdfhRmHKsEF2ngHhNAFR9pQqhgeldMB0QQqnRmFR2CM3/yImmdW86FVbuvVevWLI4yOkRH6AQ56BLV0R1qoCaiaIye0St6M56MF+Pd+Ji2lozZzD76A+PzBxcPlMA=</latexit>

�i = �1.4/�i

<latexit sha1_base64="L+7lwwTWr9Sb0RyBjEpU+ii5nf8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaYSLFuhIIuXFawD2hCmExv2qGTBzMToYRu/BU3LhRx62e482+ctF1o9cCFM+fcy9x7gpQzqWz7yygtLa+srpXXKxubW9s75u5eWyaZoNCiCU9ENyASOIuhpZji0E0FkCjg0AlG14XfeQAhWRLfq3EKXkQGMQsZJUpLvnng3gBXxGf4Cp86Vv3MDaB4+mbVtuwp8F/izEkVzdH0zU+3n9AsglhRTqTsOXaqvJwIxSiHScXNJKSEjsgAeprGJALp5dMDJvhYK30cJkJXrPBU/TmRk0jKcRTozoiooVz0CvE/r5ep8NLLWZxmCmI6+yjMOFYJLtLAfSaAKj7WhFDB9K6YDokgVOnMKjoEZ/Hkv6R9bjkXVu2uVm1Y8zjK6BAdoRPkoDpqoFvURC1E0QQ9oRf0ajwaz8ab8T5rLRnzmX30C8bHNxuzlMM=</latexit>

�i = �1.7/�i

<latexit sha1_base64="sVzxJ3L3uW1Izk9M/LIC+hVYdtI=">AAACAXicbVDLSgMxFM3UV62vqhvBTbAIbhxnpKhdCAVduKxgH9AZhkx624ZmMkOSEUqpG3/FjQtF3PoX7vwbM20XWj1w4eSce8m9J0w4U9pxvqzcwuLS8kp+tbC2vrG5Vdzeaag4lRTqNOaxbIVEAWcC6pppDq1EAolCDs1wcJX5zXuQisXiTg8T8CPSE6zLKNFGCop73jVwTQKGL/Gxa1cqJ14I2TsolhzbmQD/Je6MlNAMtaD46XVimkYgNOVEqbbrJNofEakZ5TAueKmChNAB6UHbUEEiUP5ocsEYHxqlg7uxNCU0nqg/J0YkUmoYhaYzIrqv5r1M/M9rp7p74Y+YSFINgk4/6qYc6xhnceAOk0A1HxpCqGRmV0z7RBKqTWgFE4I7f/Jf0ji13TO7fFsuVe1ZHHm0jw7QEXLROaqiG1RDdUTRA3pCL+jVerSerTfrfdqas2Yzu+gXrI9voHaVCA==</latexit>

�i = �1.99/�i

<latexit sha1_base64="jESzAYfi0FVoxQ9H+sxaprBgwT8=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3DjOlKJuhIIuXFawD+gMJZPetqGZzJBkhFLqxl9x40IRt/6FO//GTNuFth64cHLOveTeEyacKe2631ZuaXlldS2/XtjY3NresXf36ipOJYUajXksmyFRwJmAmmaaQzORQKKQQyMcXGd+4wGkYrG418MEgoj0BOsySrSR2vaBfwNckzbDV/i05LjemR9C9m7bRddxJ8CLxJuRIpqh2ra//E5M0wiEppwo1fLcRAcjIjWjHMYFP1WQEDogPWgZKkgEKhhNLhjjY6N0cDeWpoTGE/X3xIhESg2j0HRGRPfVvJeJ/3mtVHcvgxETSapB0OlH3ZRjHeMsDtxhEqjmQ0MIlczsimmfSEK1Ca1gQvDmT14k9ZLjnTvlu3Kx4sziyKNDdIROkIcuUAXdoiqqIYoe0TN6RW/Wk/VivVsf09acNZvZR39gff4Ah7CU+A==</latexit>

�i = �2.01/�i

Growth rate

<latexit sha1_base64="7QUGSpDOmC079dVNrBjJjdjZwsw=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadkNQb0IAS8eI5gHJEuYncwmQ2YfzvQGwpLv8OJBEa9+jDf/xkmyB00saCiquunu8hMpNDrOt1XY2Nza3inulvb2Dw6PyscnLR2nivEmi2WsOj7VXIqIN1Gg5J1EcRr6krf98d3cb0+40iKOHnGacC+kw0gEglE0ktfzOdK+ILek6jj9csWxnQXIOnFzUoEcjX75qzeIWRryCJmkWnddJ0EvowoFk3xW6qWaJ5SN6ZB3DY1oyLWXLY6ekQujDEgQK1MRkoX6eyKjodbT0DedIcWRXvXm4n9eN8XgxstElKTII7ZcFKSSYEzmCZCBUJyhnBpCmRLmVsJGVFGGJqeSCcFdfXmdtKq2e2XXHmqVup3HUYQzOIdLcOEa6nAPDWgCgyd4hld4sybWi/VufSxbC1Y+cwp/YH3+AMnHkMA=</latexit> �
i
=

20
0

Threshold

<latexit sha1_base64="2XJ97cYbrGLERBgm/YnHeMI2WQQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsK3QXUo2zbahSXZJJkJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8OBPcgO9/e6WNza3tnfJuZW//4PCoenzSNanVlHVoKlL9GBPDBFesAxwEe8w0IzIWrBdPbud+74lpw1P1ANOMRZKMFE84JeCkMARiB3moJaazQbXm1/0F8DoJClJDBdqD6lc4TKmVTAEVxJh+4GcQ5UQDp4LNKqE1LCN0Qkas76gikpkoX9w8wxdOGeIk1a4U4IX6eyIn0pipjF2nJDA2q95c/M/rW0huopyrzAJTdLkosQJDiucB4CHXjIKYOkKo5u5WTMdEEwoupooLIVh9eZ10G/Xgqt68b9ZajSKOMjpD5+gSBegatdAdaqMOoihDz+gVvXnWe/HevY9la8krZk7RH3ifPwsqkaY=</latexit>⌧c
<latexit sha1_base64="ZEyEQQPIvRkEKNk5ZvoVEq+b5is="></latexit>

(tsec � tc)⌦i ⇠ (⌧⌦i)
1/3 =) (�i)min ��c ⇠ (⌧⌦i)

�2/3
<latexit sha1_base64="eySwW3OreUHlrpBsm+HRvLf79hw="></latexit>

(tsec � tc) ⇠ ��1
f ⇠ (|tsec/⌧ ��c|)�1/2⌦�1

i =)
<latexit sha1_base64="o7m7nBOWUXXEDY5AC8ZhINBkWKM=">AAACEXicbVA9T8MwEHX4LOWrwMhiUSF1KkmpgLESCxtFooDUhMhxL62FnUT2BamK+hdY+CssDCDEysbGv8EtHfh60knP793Jdy/KpDDouh/OzOzc/MJiaam8vLK6tl7Z2Lwwaa45dHgqU30VMQNSJNBBgRKuMg1MRRIuo5vjsX95C9qINDnHYQaBYv1ExIIztFJYqfnI8rDwtaJ8RP1TBX0WCuoboagfAdrHdbG/1xiFlapbdyegf4k3JVUyRTusvPu9lOcKEuSSGdP13AyDgmkUXMKo7OcGMsZvWB+6liZMgQmKyUUjumuVHo1TbStBOlG/TxRMGTNUke1UDAfmtzcW//O6OcZHQSGSLEdI+NdHcS4ppnQcD+0JDRzl0BLGtbC7Uj5gmnG0IZZtCN7vk/+Si0bdO6g3z5rVVmMaR4lskx1SIx45JC1yQtqkQzi5Iw/kiTw7986j8+K8frXOONOZLfIDztsnXVmcqw==</latexit>

⌧c⌦i ⇠ �3/2
i

If                               before                      , then kinetic oblique firehose back-reacts before `fluid’ firehose destabilised!    
<latexit sha1_base64="g0z/RZb0CoQmU+SJVaaS9uRqVQY=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2AR6sI6U4q6LLhxWcFeoFNKJs20ocnMkJwRyjCP4cZXceNCEbfd+Tam7Sy0+kPg4z/nJDm/HwuuwXG+rMLa+sbmVnG7tLO7t39gHx61dZQoylo0EpHq+kQzwUPWAg6CdWPFiPQF6/iT23m988iU5lH4ANOY9SUZhTzglICxBvalNyJSkkHqKYmDrAJL0oxmFznT7Bx7IzB3SOwO7LJTdR bCf8HNoYxyNQf2zBtGNJEsBCqI1j3XiaGfEgWcCpaVvESzmNAJGbGewZBIpvvpYrEMnxlniINImRMCXrg/J1IitZ5K33RKAmO9Wpub/9V6CQQ3/ZSHcQIspMuHgkRgiPA8JTzkilEQUwOEKm7+iumYKELBZFkyIbirK/+Fdq3qXlXr9/Vyo5bHUUQn6BRVkIuuUQPdoSZqIYqe0At6Q+/Ws/VqfVify9aClc8co1+yZt8WrZ+8</latexit>

�f(tsec � tc) & 1

<latexit sha1_base64="tzdMk0a+yKj9VM+RnO8msUkp6ng="></latexit>

⌧ ⌧ ⌧c(�,⌦i) =) (�i)sat > �2/�i (vA,e↵ ⇡ 0.4vA)
<latexit sha1_base64="FHo74Sd6vDoFVFv3436SJF5GhPo="></latexit>

⌧ � ⌧c(�,⌦i) =) (�i)sat ⇡ �2/�i (vA,e↵ ⇡ 0vA)

<latexit sha1_base64="X2fqE5tLz685+k5U+d9lpRPRKns=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN9akFHUlBV24rGAf0IQwmd60QycPZiZCCQV/xY0LRdz6He78GydtFlo9cOHMOfcy9x4/4Uwqy/oySkvLK6tr5fXKxubW9o65u9eRcSootGnMY9HziQTOImgrpjj0EgEk9Dl0/fF17ncfQEgWR/dqkoAbkmHEAkaJ0pJnHjg3wBXxGL7Cp/Uzx4f84ZlVq2bNgP8SuyBVVKDlmZ/OIKZpCJGinEjZt61EuRkRilEO04qTSkgIHZMh9DWNSAjSzWbrT/GxVgY4iIWuSOGZ+nMiI6GUk9DXnSFRI7no5eJ/Xj9VwaWbsShJFUR0/lGQcqxinGeBB0wAVXyiCaGC6V0xHRFBqNKJVXQI9uLJf0mnXrPPa427RrVZL+Ioo0N0hE6QjS5QE92iFmojijL0hF7Qq/FoPBtvxvu8tWQUM/voF4yPbzFflFA=</latexit>

�i > �2/�i

Alfvén-inhibiting state Alfvén-enabling state 

<latexit sha1_base64="KrdyWIWZsfnLG3fpdp9R7yMG/4w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQ9lsN+3S3STsToQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGSxHxDgqU/DHRnKpA8l4wvc393hPXRsTRA84S7is6jkQoGMVcGiBNh9WaW3cXIOvEK0gNCrSH1a/BKGap4hEySY3pe26CfkY1Cib5vDJIDU8om9Ix71saUcWNny1unZMLq4xIGGtbEZKF+nsio8qYmQpsp6I4MateLv7n9VMMb/xMREmKPGLLRWEqCcYkf5yMhOYM5cwSyrSwtxI2oZoytPFUbAje6svrpNuoe1f15n2z1moUcZThDM7hEjy4hhbcQRs6wGACz/AKb45yXpx352PZWnKKmVP4A+fzBx9LjkE=</latexit>⌧

<latexit sha1_base64="f7XsRk4/NP2UZ3J60rXPZvXBd50=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahp5JIUY8FPXisYGuhCWGznbZLNx/sTgol9J948aCIV/+JN/+N2zYHbX0wzOO9GXb2hakUGh3n2yptbG5t75R3K3v7B4dH9vFJRyeZ4tDmiUxUN2QapIihjQIldFMFLAolPIXj27n/NAGlRRI/4jQFP2LDWAwEZ2ikwLa9O5DIAk69EEwXgV116s4CdJ24BamSAq3A/vL6Cc8iiJFLpnXPdVL0c6ZQcAmzipdpSBkfsyH0DI1ZBNrPF5fP6IVR+nSQKFMx0oX6eyNnkdbTKDSTEcORXvXm4n9eL8PBjZ+LOM0QYr58aJBJigmdx0D7QgFHOTWEcSXMrZSPmGIcTVgVE4K7+uV10rmsu1f1xkOj2qwVcZTJGTknNeKSa9Ik96RF2oSTCXkmr+TNyq0X6936WI6WrGLnlPyB9fkD7UGTIg==</latexit> �
c
�
i
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<latexit sha1_base64="FnRSac7GACVhCL2wHesospCFDh0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1qTUtSNUNCFywr2AW0Ik+lNO3TyYGYilFDwV9y4UMSt3+HOv3HSZqGtBy6cOede5t7jxZxJZVnfRmFpeWV1rbhe2tjc2t4xd/daMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6yfz2IwjJovBBjWNwAjIImc8oUVpyzYPeLXBFXIav8Vn1vOdB9nDNslWxpsCLxM5JGeVouOZXrx/RJIBQUU6k7NpWrJyUCMUoh0mpl0iICR2RAXQ1DUkA0kmn60/wsVb62I+ErlDhqfp7IiWBlOPA050BUUM572Xif143Uf6Vk7IwThSEdPaRn3CsIpxlgftMAFV8rAmhguldMR0SQajSiZV0CPb8yYukVa3YF5Xafa1cP83jKKJDdIROkI0uUR3doQZqIopS9Ixe0ZvxZLwY78bHrLVg5DP76A+Mzx8uApRJ</latexit>

�i = �2/�i
<latexit sha1_base64="LyxRo3mdTwszV7xsjysD7zbAFhw=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQLHTd1fhohIAWlhHMA5KwzE5ukiGzD2ZmhbDExl+xsVDE1r+w82+cTbbQxAMXzpxzL3Pv8SLOpLLtbyM3N7+wuJRfLqysrq1vmJtbNRnGgkKVhjwUDY9I4CyAqmKKQyMSQHyPQ90bXKd+/QGEZGFwr4YRtH3SC1iXUaK05Jo7rRvgirgMX+Ejxzo9O255kL5ds2hb9hh4ljgZKaIMFdf8anVCGvsQKMqJlE3HjlQ7IUIxymFUaMUSIkIHpAdNTQPig2wn4wtGeF8rHdwNha5A4bH6eyIhvpRD39OdPlF9Oe2l4n9eM1bdy3bCgihWENDJR92YYxXiNA7cYQKo4kNNCBVM74ppnwhClQ6toENwpk+eJbUTyzm3SnelYvkwiyOPdtEeOkAOukBldIsqqIooekTP6BW9GU/Gi/FufExac0Y2s43+wPj8AZBelPw=</latexit>

�i = �1.35/�i

<latexit sha1_base64="YLW4Go92iahPBueGs85u5F8e/b4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOepMhM7PrzKwQQn7CiwdFvPo73vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZPaXS7dFjS9csWv+nOQVRLkpAI56r3yV7efsEyiskxQYzqBn9pwQrXlTOC01M0MppSN6AA7jioq0YST+b1TcuaUPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6jkQgiWX14lzYtqcFW9vL+s1Gp5HEU4gVM4hwCuoQZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8gff5A0R/kCA=</latexit>

=)

<latexit sha1_base64="g2kaGVhutNaJMVaBjcLOCSLPZBo=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuiI+LEPDiMYKJgWRZZieTZMjsg5leIS75Ei8eFPHqp3jzb5wke9DEgoaiqpvuriCRQqPjfFuFtfWNza3idmlnd2+/bB8ctnWcKsZbLJax6gRUcyki3kKBkncSxWkYSP4QjG9m/sMjV1rE0T1OEu6FdBiJgWAUjeTb5V7AkfqZcKbkmpw7vl1xqs4cZJW4OalAjqZvf/X6MUtDHiGTVOuu6yToZVShYJJPS71U84SyMR3yrqERDbn2svnhU3JqlD4ZxMpUhGSu/p7IaKj1JAxMZ0hxpJe9mfif101xcOVlIkpS5BFbLBqkkmBMZimQvlCcoZwYQpkS5lbCRlRRhiarkgnBXX55lbRrVfeiWr+rVxq1PI4iHMMJnIELl9CAW2hCCxik8Ayv8GY9WS/Wu/WxaC1Y+cwR/IH1+QMU55IE</latexit>

�i0 = 50

Example: fix     , vary expansion time…
<latexit sha1_base64="nMKbLitdJ0gwoF92/gZ39LTgdeo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMImQLGF20kmGzD6Y6RXCko/w4kERr36PN//GSbIHTSxoKKq66e4KEiUNue63U9jY3NreKe6W9vYPDo/KxydtE6daYEvEKtaPATeoZIQtkqTwMdHIw0BhJ5jczv3OE2oj4+iBpgn6IR9FcigFJyt1egES78t+ueJW3QXYOvFyUoEczX75qzeIRRpiREJxY7qem5CfcU1SKJyVeqnBhIsJH2HX0oiHaPxsce6MXVhlwIaxthURW6i/JzIeGjMNA9sZchqbVW8u/ud1Uxre+JmMkpQwEstFw1Qxitn8dzaQGgWpqSVcaGlvZWLMNRdkEyrZELzVl9dJu1b1rqr1+3qlUcvjKMIZnMMleHANDbiDJrRAwASe4RXenMR5cd6dj2VrwclnTuEPnM8fP1uPeQ==</latexit>

�i

<latexit sha1_base64="r26CAQLUpFa5ixWPqkAIKXx3fQs=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQxCBAkzIajHgBePEcwCmTD0dCpJk56F7hoxDMGLv+LFgyJe/Qpv/o2d5aCJDwoe71VRVc+PpdBo299WZmV1bX0ju5nb2t7Z3cvvHzR0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH15P/OY9KC2i8A5HMXQC1g9FT3CGRvLyR0UXWeKlrgooPMTjc+r6gMwTZ16+YJfsKegyceakQOaoefkvtxvxJIAQuWRatx07xk7KFAouYZxzEw0x40PWh7ahIQtAd9LpC2N6apQu7UXKVIh0qv6eSFmg9SjwTWfAcKAXvYn4n9dOsHfVSUUYJwghny3qJZJiRCd50K5QwFGODGFcCXMr5QOmGEeTWs6E4Cy+vEwa5ZJzUarcVgrV8jyOLDkmJ6RIHHJJquSG1EidcPJInskrebOerBfr3fqYtWas+cwh+QPr8wc1CZag</latexit>

(⌧exp,�i)

<latexit sha1_base64="YLW4Go92iahPBueGs85u5F8e/b4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOepMhM7PrzKwQQn7CiwdFvPo73vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZPaXS7dFjS9csWv+nOQVRLkpAI56r3yV7efsEyiskxQYzqBn9pwQrXlTOC01M0MppSN6AA7jioq0YST+b1TcuaUPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6jkQgiWX14lzYtqcFW9vL+s1Gp5HEU4gVM4hwCuoQZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8gff5A0R/kCA=</latexit>

=) <latexit sha1_base64="YLW4Go92iahPBueGs85u5F8e/b4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOepMhM7PrzKwQQn7CiwdFvPo73vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZPaXS7dFjS9csWv+nOQVRLkpAI56r3yV7efsEyiskxQYzqBn9pwQrXlTOC01M0MppSN6AA7jioq0YST+b1TcuaUPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6jkQgiWX14lzYtqcFW9vL+s1Gp5HEU4gVM4hwCuoQZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8gff5A0R/kCA=</latexit>

=)

<latexit sha1_base64="BqYUcJEmKJEkaAWPDqU0bU5Thzo=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexGUY9BLx4jmAcmIczO9iZDZmeXmV4hLvkLLx4U8erfePNvnDwOmljQUFR1093lJ1IYdN1vJ7eyura+kd8sbG3v7O4V9w8aJk41hzqPZaxbPjMghYI6CpTQSjSwyJfQ9Ic3E7/5CNqIWN3jKIFuxPpKhIIztNJDJwCJjF73nnrFklt2p6DLxJuTEpmj1it+dYKYpxEo5JIZ0/bcBLsZ0yi4hHGhkxpIGB+yPrQtVSwC082mF4/piVUCGsbalkI6VX9PZCwyZhT5tjNiODCL3kT8z2unGF51M6GSFEHx2aIwlRRjOnmfBkIDRzmyhHEt7K2UD5hmHG1IBRuCt/jyMmlUyt5F+ezuvFStzOPIkyNyTE6JRy5JldySGqkTThR5Jq/kzTHOi/PufMxac8585pD8gfP5AwuQkHc=</latexit>

�Bz

<latexit sha1_base64="qNUmxIoeBYjiW67j/4a6u4uOOnc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkvroRCm5cVrAPaEKYTCft0MmDmRuxhLrxV9y4UMStf+HOv3HaZqGtBy4czrmXe+/xE8EVWNa3UVhaXlldK66XNja3tnfM3b2WilNJWZPGIpYdnygmeMSawEGwTiIZCX3B2v7weuK375lUPI7uYJQwNyT9iAecEtCSZx4AvsJWxaqdYwdI6mWODDF7SMaeWdbyFHiR2DkpoxwNz/xyejFNQxYBFUSprm0l4GZEAqeCjUtOqlhC6JD0WVfTiIRMudn0gzE+1koPB7HUFQGeqr8nMhIqNQp93RkSGKh5byL+53VTCGpuxqMkBRbR2aIgFRhiPIkD97hkFMRIE0Il17diOiCSUNChlXQI9vzLi6RVrdgXldPbs3K9msdRRIfoCJ0gG12iOrpBDdREFD2iZ/SK3own48V4Nz5mrQUjn9lHf2B8/gDt+JVE</latexit>t
=

0.085⌧
ex

p

<latexit sha1_base64="EF/EU3L37ctXAklJkgISzsc7QzA=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIWkiroRCm5cVrAPaEKYTCft0MmDmRuxxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nuCVHAFtv1tlJaWV1bXyuuVjc2t7R1zd6+lkkxS1qSJSGQnIIoJHrMmcBCsk0pGokCwdjC8nvjteyYVT+I7GKXMi0g/5iGnBLTkmweAr7Bt1bALJPNzV0aYPaRj36zalj0FXiROQaqoQMM3v9xeQrOIxUAFUarr2Cl4OZHAqWDjipsplhI6JH3W1TQmEVNePr1/jI+10sNhInXFgKfq74mcREqNokB3RgQGat6biP953QzCSy/ncZoBi+lsUZgJDAmehIF7XDIKYqQJoZLrWzEdEEko6MgqOgRn/uVF0qpZzrl1entWrdeKOMroEB2hE+SgC1RHN6iBmoiiR/SMXtGb8WS8GO/Gx6y1ZBQz++gPjM8f9+aUxQ==</latexit>t
=

0.2⌧
ex

p

<latexit sha1_base64="zm+JBbluN5Glms1jIyONxXllJdo=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FSSUtSLUPDisYL9gCaEzXbTLt1swu5ELKEX/4oXD4p49Wd489+4bXPQ1gcDj/dmmJkXpoJrcJxva2V1bX1js7RV3t7Z3du3Dw7bOskUZS2aiER1Q6KZ4JK1gINg3VQxEoeCdcLRzdTvPDCleSLvYZwyPyYDySNOCRgpsI8BX2On6mAPSBbknooxe0wnOLArRp0BLxO3IBVUoBnYX14/oVnMJFBBtO65Tgp+ThRwKtik7GWapYSOyID1DJUkZtrPZw9M8JlR+jhKlCkJeKb+nshJrPU4Dk1nTGCoF72p+J/XyyC68nMu0wyYpPNFUSYwJHiaBu5zxSiIsSGEKm5uxXRIFKFgMiubENzFl5dJu1Z1L6r1u3qlUSviKKETdIrOkYsuUQPdoiZqIYom6Bm9ojfryXqx3q2PeeuKVcwcoT+wPn8AUhKU7g==</latexit>t
=

0.0⌧
ex

p

<latexit sha1_base64="W4Ezq6pR/TfVqRuwIT4wZ62/Hjw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQahJKepGKLhx4aKCfUATwmQ6aYdOHszciCUUN/6KGxeKuPUr3Pk3TtsstHrgwuGce7n3Hj8RXIFlfRmFhcWl5ZXiamltfWNzy9zeaak4lZQ1aSxi2fGJYoJHrAkcBOskkpHQF6ztDy8nfvuOScXj6BZGCXND0o94wCkBLXnm3rU3whfYPsZw4gBJvcyRIWb3ydgzy1bFmgL/JXZOyihHwzM/nV5M05BFQAVRqmtbCbgZkcCpYOOSkyqWEDokfdbVNCIhU242fWGMD7XSw0EsdUWAp+rPiYyESo1CX3eGBAZq3puI/3ndFIJzN+NRkgKL6GxRkAoMMZ7kgXtcMgpipAmhkutbMR0QSSjo1Eo6BHv+5b+kVa3Yp5XaTa1cr+ZxFNE+OkBHyEZnqI6uUAM1EUUP6Am9oFfj0Xg23oz3WWvByGd20S8YH98y45YD</latexit>

Ly = 1 + t/⌧exp
<latexit sha1_base64="c2V+R68sojVR/zPsDXfwfgtozys=">AAACA3icbVDLSgMxFM34rPU16k43wSK4GmZKUTdCwY2LLirYB7TDkEnTNjTJDElGrEPBjb/ixoUibv0Jd/6NmXYW2nog4XDOvdx7TxgzqrTrfltLyyura+uFjeLm1vbOrr2331RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHF1lfuuOSEUjcavHMfE5GgjapxhpIwX2YS24h5ewFjyYv8uRHkqeYqG0Mwnskuu4U8BF4uWkBHLUA/ur24twwonQmCGlOp4baz9FUlPMyKTYTRSJER6hAekYKhAnyk+nN0zgiVF6sB9J84SGU/V3R4q4UmMemspsSzXvZeJ/XifR/Qs/pSJONBF4NqifMKgjmAUCe1QSrNnYEIQlNbtCPEQSYW1iK5oQvPmTF0mz7HhnTuWmUqqW8zgK4Agcg1PggXNQBdegDhoAg0fwDF7Bm/VkvVjv1sesdMnKew7AH1ifP1eBlq0=</latexit>

Lx = Lz = cnst.• Confirm by running HEB simulations over                 parameter space! E.g.                             , 

<latexit sha1_base64="KOtrhDRjasoQkJM4lNArNvUXHC0=">AAACGXicbVDLSgMxFM34rPVVdekmWAQX0s6Uoi4rblxWsA/otCWT3mlDM5khyRTK0N9w46+4caGIS135N6bTCtp6IHByzrkk93gRZ0rb9pe1srq2vrGZ2cpu7+zu7ecODusqjCWFGg15KJseUcCZgJpmmkMzkkACj0PDG95M/cYIpGKhuNfjCNoB6QvmM0q0kbo52+VE9DngUTdxZYCvz8H3J51S8eduuCvTSCdxiqVJN5e3C3YKvEycOcmjOard3IfbC2kcgNCUE6Vajh3pdkKkZpTDJOvGCiJCh6QPLUMFCUC1k3SzCT41Sg/7oTRHaJyqvycSEig1DjyTDIgeqEVvKv7ntWLtX7UTJqJYg6Czh/yYYx3iaU24xyRQzceGECqZ+SumAyIJ1abMrCnBWVx5mdRLBeeiUL4r5yv2vI4MOkYn6Aw56BJV0C2qohqi6AE9oRf0aj1az9ab9T6LrljzmSP0B9bnNxawn6w=</latexit> hv
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øexp≠i = 5 £ 102

øexp≠i = 2 £ 103

øexp≠i = 5 £ 103

øexp≠i = 2 £ 104

øexp≠i = 5 £ 104

plasma:
Much faster than typical expansion times 

(e.g. Hellinger & Travnicek 2008) 

<latexit sha1_base64="sEfzfO51z7Q8IL0dKYd+pkI96dw=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWMF+wFtLJvtpl262YTdiVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbTSQy/gSPuC9IyIiNcvld2KOwdZJV5OypCj0S999QYxSyOukElqTNdzE/QzqlEwyafFXmp4QtmYDnnXUkUjbvxsfvWUnFtlQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGYRkIHQnKGcWEKZFvZWwkZUU4Y2qKINwVt+eZW0qhXvslK7q5Xr1TyOApzCGVyAB1dQh1toQBMYaHiGV3hznpwX5935WLSuOfnMCfyB8/kDhXaR1Q==</latexit>

�i ⇠ 1
<latexit sha1_base64="qx8dLs/JgGYvVPtCESzfBqMDfak=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpSi7osuHFnBfuAJoTJdNIOnZmEmYlQQpdu/BU3LhRx6ye482+ctllo64ELh3Pu5d57woRRpR3n2yqsrK6tbxQ3S1vbO7t79v5BW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdD31Ow9EKhqLez1OiM/RQNCIYqSNFNjHFU+jFHq3nAxQQM+CzJMc4gn0FOXw3AnsslN1ZoDLxM1JGeRoBvaX149xyonQmCGleq6TaD9DUlPMyKTkpYokCI/QgPQMFYgT5WezRybw1Ch9GMXSlNBwpv6eyBBXasxD08mRHqpFbyr+5/VSHV35GRVJqonA80VRyqCO4TQV2KeSYM3GhiAsqbkV4iGSCGuTXcmE4C6+vEzatap7Ua3f1cuNWh5HERyBE1ABLrgEDXADmqAFMHgEz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AGNHphb</latexit>

(⌧⌦i)c ⇠ 30

<latexit sha1_base64="mFHKILCP6h3aWfvEBO8cbFK1wnQ=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgED1KSUtSTVLx4rGA/oClls520S3eTsLsplFDw4l/x4kERr/4Jb/4bt20O2vpg4PHeDDPz/JgzpR3n28qtrK6tb+Q3C1vbO7t79v5BQ0WJpFCnEY9kyycKOAuhrpnm0IolEOFzaPrD26nfHIFULAof9DiGjiD9kAWMEm2krn3kMWH2gMKjbupJgW/OIQgm+Bo7XbvolJwZ8DJxM1JEGWpd+8vrRTQREGrKiVJt14l1JyVSM8phUvASBTGhQ9KHtqEhEaA66eyHCT41Sg8HkTQVajxTf0+kRCg1Fr7pFEQP1KI3Ff/z2okOrjopC+NEQ0jni4KEYx3haSC4xyRQzceGECqZuRXTAZGEahNbwYTgLr68TBrlkntRqtxXitVyFkceHaMTdIZcdImq6A7VUB1R9Iie0St6s56sF+vd+pi35qxs5hD9gfX5AzeXlos=</latexit>

=) vA,e↵ > 0

plasma:
Consistent with observed 

numerical behaviour 

plasma:
Much slower than shear rates previously investigated 

(e.g. Kunz et al. 2014, Melville et al. 2016) 

<latexit sha1_base64="9CobRFPLoB9Lr3b46fVutod6y0M=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyU+lgW3LisYFuhMwyZNNOGZpKQZKRl6K+4caGIW3/EnX9j2s5CWw9cOJxzL/feE0tGtfG8b6e0sbm1vVPereztHxweucfVrhaZwqSDBRPqMUaaMMpJx1DDyKNUBKUxI714fDv3e09EaSr4g5lKEqZoyGlCMTJWitxqEBODIgoDJKUSE3jpRW7Nq3sLwHXiF6QGCrQj9ysYCJylhBvMkNZ935MmzJEyFDMyqwSZJhLhMRqSvqUcpUSH+eL2GTy3ygAmQtniBi7U3xM5SrWeprHtTJEZ6VVvLv7n9TOT3IQ55TIzhOPloiRj0Ag4DwIOqCLYsKklCCtqb4V4hBTCxsZVsSH4qy+vk26j7l/Vm/fNWqtRxFEGp+AMXAAfXIMWuANt0AEYTMAzeAVvzsx5cd6dj2VrySlmTsAfOJ8/9seTsw==</latexit>

�i ⇡ 50
<latexit sha1_base64="gLXa+DBu2fAMOZbBE2l5WLUy3N4=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1U5JS1GXBjTsr2Ac0MdxMJ+3QmSTMTIQS+gFu/BU3LhRx6we482+ctllo64GBwznncueeIOFMadv+tlZW19Y3Ngtbxe2d3b390sFhW8WpJLRFYh7LbgCKchbRlmaa024iKYiA004wupr6nQcqFYujOz1OqCdgELGQEdBG8kvliqshxe6NoAPw2ZmfuVJgMsGuYgI79n1Wn5iUXbVnwMvEyUkZ5Wj6pS+3H5NU0EgTDkr1HDvRXgZSM8LppOimiiZARjCgPUMjEFR52eyYCT41Sh+HsTQv0nim/p7IQCg1FoFJCtBDtehNxf+8XqrDSy9jUZJqGpH5ojDlWMd42gzuM0mJ5mNDgEhm/orJECQQbformhKcxZOXSbtWdc6r9dt6uVHL6yigY3SCKshBF6iBrlETtRBBj+gZvaI368l6sd6tj3l0xcpnjtAfWJ8/oLGaCw==</latexit>

(⌧⌦i)c ⇠ 104
<latexit sha1_base64="11AZFpaYKoUEIGLRIhxRSaDZlTw=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkp9bEsuHFnBfuAzjhk0kwbmmSGJCOUYT7Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3BDGjStv2t1VYWV1b3yhulra2d3b3yvsHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSD8dXU7z4QqWgk7vQkJh5HQ0FDipE2kl+uVF2NEujecDJEPj31U1dyiDPoKsqhY9+nZ5lJ2TV7BrhMnJxUQI6WX/5yBxFOOBEaM6RU37Fj7aVIaooZyUpuokiM8BgNSd9QgThRXjo7JoMnRhnAMJLmCQ1n6u+JFHGlJjwwSY70SC16U/E/r5/o8NJLqYgTTQSeLwoTBnUEp83AAZUEazYxBGFJzV8hHiGJsDb9lUwJzuLJy6RTrznntcZto9Ks53UUwRE4BlXggAvQBNegBdoAg0fwDF7Bm/VkvVjv1sc8WrDymUPwB9bnD6I2mgw=</latexit>

(⌧⌦i)c ⇠ 105
<latexit sha1_base64="lKwpNfQKCAhmQfkU7FDZx+SA06c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKUY8FLx4r2A9oQthst+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2yltbe/s7pX3KweHR8cn7ulZRyeZIrRNEp6oXow15UzStmGG016qKBYxp914cr/wu1OqNEvkk5mlNBR4JNmQEWysFLluEFODI4YCzQSqe17kVr2atwTaJH5BqlCgFblfwSAhmaDSEI617vteasIcK8MIp/NKkGmaYjLBI9q3VGJBdZgvL5+jK6sM0DBRtqRBS/X3RI6F1jMR206BzVivewvxP6+fmeFdmDOZZoZKslo0zDgyCVrEgAZMUWL4zBJMFLO3IjLGChNjw6rYEPz1lzdJp17zb2qNx0a1WS/iKMMFXMI1+HALTXiAFrSBwBSe4RXenNx5cd6dj1VrySlmzuEPnM8f5DmSew==</latexit>

�i ⇠ 200

<latexit sha1_base64="WVwWUU0YSpbHqGKluwj2gm0J9Cc=">AAACDXicbVC7TsMwFHXKq5RXgZHFoiAxoCqpKmAsYmEsEn1ITVQ57k1r1U4i26moov4AC7/CwgBCrOxs/A1umwFajmTr6Jx7de89fsyZ0rb9beVWVtfWN/Kbha3tnd294v5BU0WJpNCgEY9k2ycKOAuhoZnm0I4lEOFzaPnDm6nfGoFULArv9TgGT5B+yAJGiTZSt3jiMmHmgMKjbupKga/Ppz8EwQS7JI5l9IDtbrFkl+0Z8DJxMlJCGerd4pfbi2giINSUE6U6jh1rLyVSM8phUnATBTGhQ9KHjqEhEaC8dHbNBJ8apYeDSJoXajxTf3ekRCg1Fr6pFEQP1KI3Ff/zOokOrryUhXGiIaTzQUHCsY7wNBrcYxKo5mNDCJXM7IrpgEhCtQmwYEJwFk9eJs1K2bkoV++qpVoliyOPjtAxOkMOukQ1dIvqqIEoekTP6BW9WU/Wi/VufcxLc1bWc4j+wPr8AUigmwI=</latexit>

=) vA,e↵ ⇡ 0

<latexit sha1_base64="FnRSac7GACVhCL2wHesospCFDh0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1qTUtSNUNCFywr2AW0Ik+lNO3TyYGYilFDwV9y4UMSt3+HOv3HSZqGtBy6cOede5t7jxZxJZVnfRmFpeWV1rbhe2tjc2t4xd/daMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6yfz2IwjJovBBjWNwAjIImc8oUVpyzYPeLXBFXIav8Vn1vOdB9nDNslWxpsCLxM5JGeVouOZXrx/RJIBQUU6k7NpWrJyUCMUoh0mpl0iICR2RAXQ1DUkA0kmn60/wsVb62I+ErlDhqfp7IiWBlOPA050BUUM572Xif143Uf6Vk7IwThSEdPaRn3CsIpxlgftMAFV8rAmhguldMR0SQajSiZV0CPb8yYukVa3YF5Xafa1cP83jKKJDdIROkI0uUR3doQZqIopS9Ixe0ZvxZLwY78bHrLVg5DP76A+Mzx8uApRJ</latexit>

�i = �2/�i

<latexit sha1_base64="nrPVE9tYGPvUkdIkdnQZsdK+ShE=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgxbAbgnoM6MFjBPOQZAmzk9lkyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuChPBDXret5NbW9/Y3MpvF3Z29/YPiodHTROnmrIGjUWs2yExTHDFGshRsHaiGZGhYK1wdDPzW09MGx6rBxwnLJBkoHjEKUErPV50b5lA0uO9Yskre3O4q8TPSAky1HvFr24/pqlkCqkgxnR8L8FgQjRyKti00E0NSwgdkQHrWKqIZCaYzA+eumdW6btRrG0pdOfq74kJkcaMZWg7JcGhWfZm4n9eJ8XoOphwlaTIFF0silLhYuzOvnf7XDOKYmwJoZrbW106JJpQtBkVbAj+8surpFkp+5fl6n21VKtkceThBE7hHHy4ghrcQR0aQEHCM7zCm6OdF+fd+Vi05pxs5hj+wPn8AUc/kAg=</latexit> �
�

i

<latexit sha1_base64="Jtb2LDvP3k7xiPgv0uoWny1uzUI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU01KUY8FLx4r2A9oQthsN+3S3STsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBI9ZGzgI1ksVIzIUrBuO7+Z+d8KU5kn8CNOU+ZIMYx5xSsBIgW3DlQckC3JPScye0llgV52aswBeJ25BqqhAK7C/vEFCM8lioIJo3XedFPycKOBUsFnFyzRLCR2TIesbGhPJtJ8vLp/hC6MMcJQoUzHghfp7IidS66kMTackMNKr3lz8z+tnEN36OY/TDFhMl4uiTGBI8DwGPOCKURBTQwhV3NyK6YgoQsGEVTEhuKsvr5NOveZe1xoPjWqzXsRRRmfoHF0iF92gJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4QTk4w=</latexit>

t/⌧exp

<latexit sha1_base64="CwT8VCPmxdqWhH7qBd2FQOtlbdw=">AAACCHicbVDLSsNAFJ3UV62vqEsXBotQKcSkFHVZ0IXLCvYBTQiT6U07dPJgZiKU2KUbf8WNC0Xc+gnu/BunbRZaPXDhcM693HuPnzAqpGV9aYWl5ZXVteJ6aWNza3tH391rizjlBFokZjHv+lgAoxG0JJUMugkHHPoMOv7ocup37oALGke3cpyAG+JBRANKsFSSpx/aZv204vggsZc593RStUzbPqk6V8CURD29bJnWDMZfYuekjHI0Pf3T6cckDSGShGEheraVSDfDXFLCYFJyUgEJJiM8gJ6iEQ5BuNnskYlxrJS+EcRcVSSNmfpzIsOhEOPQV50hlkOx6E3F/7xeKoMLN6NRkkqIyHxRkDJDxsY0FaNPORDJxopgwqm61SBDzDGRKruSCsFefPkvaddM+8ys39TLjVoeRxEdoCNUQTY6Rw10jZqohQh6QE/oBb1qj9qz9qa9z1sLWj6zj35B+/gGXP2XoQ==</latexit> 1.
4/

(�
ki
+
0.
11
)
+
�

i <latexit sha1_base64="baqcKQrysCGFDv3AeCEs/THi1VI=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiSlqBuh4MadFewDmhgm05t26EwSZiZiCd258VfcuFDErb/gzr9x+lho64ELh3Pu5d57goQzpW3728otLa+sruXXCxubW9s7xd29popTSaFBYx7LdkAUcBZBQzPNoZ1IICLg0AoGl2O/dQ9SsTi61cMEPEF6EQsZJdpIfvHQ1ST1M1cKDA/JCLvXAnrEZ/gCO/Zd1S+W7LI9AV4kzoyU0Ax1v/jldmOaCog05USpjmMn2suI1IxyGBXcVEFC6ID0oGNoRAQoL5v8McLHRuniMJamIo0n6u+JjAilhiIwnYLovpr3xuJ/XifV4bmXsShJNUR0uihMOdYxHoeCu0wC1XxoCKGSmVsx7RNJqDbRFUwIzvzLi6RZKTun5epNtVSrzOLIowN0hE6Qg85QDV2hOmogih7RM3pFb9aT9WK9Wx/T1pw1m9lHf2B9/gAKXpgS</latexit>

⌧exp⌦i = 104

Scaling verification I
Consistency check: is scaling estimate                              consistent with previous expanding-box/shearing box simulations?

<latexit sha1_base64="MEkYeh0ThhQks8w9TVxrPPBA6+s=">AAACFnicbVA9SwNBEN2L3/ErammzGIRYGO+iqKVgY6eCMYFcPPY2c8ni7t2xOyeEI7/Cxr9iY6GIrdj5b9zEFBp9MPB4b4aZeWEqhUHX/XQKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6GbIDEgRQx0FSmimGpgKJTTC29Oh37gDbUQSX2E/hbZi3VhEgjO0UlDarfjIMuqfK+iyQOwEua8V5QPqG6Hovkv9ENAaN/n+Xm0QlMpu1R2B/iXemJTJGBdB6cPvJDxTECOXzJiW56bYzplGwSUMin5mIGX8lnWhZWnMFJh2PnprQLet0qFRom3FSEfqz4mcKWP6KrSdimHPTHpD8T+vlWF03M5FnGYIMf9eFGWSYkKHGdGO0MBR9i1hXAt7K+U9phlHm2TRhuBNvvyXXNeq3mH14PKgfFIbxzFPNskWqRCPHJETckYuSJ1wck8eyTN5cR6cJ+fVeftuLTjjmQ3yC877F4xAnbE=</latexit>

(⌧⌦i)c ⇠ 30�3/2
i



2D exp. box
Kunz 2014
Melville 2016
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Scaling verification II 
Is scaling estimate                              consistent with larger set of  2D HEB simulations?

<latexit sha1_base64="MEkYeh0ThhQks8w9TVxrPPBA6+s=">AAACFnicbVA9SwNBEN2L3/ErammzGIRYGO+iqKVgY6eCMYFcPPY2c8ni7t2xOyeEI7/Cxr9iY6GIrdj5b9zEFBp9MPB4b4aZeWEqhUHX/XQKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6GbIDEgRQx0FSmimGpgKJTTC29Oh37gDbUQSX2E/hbZi3VhEgjO0UlDarfjIMuqfK+iyQOwEua8V5QPqG6Hovkv9ENAaN/n+Xm0QlMpu1R2B/iXemJTJGBdB6cPvJDxTECOXzJiW56bYzplGwSUMin5mIGX8lnWhZWnMFJh2PnprQLet0qFRom3FSEfqz4mcKWP6KrSdimHPTHpD8T+vlWF03M5FnGYIMf9eFGWSYkKHGdGO0MBR9i1hXAt7K+U9phlHm2TRhuBNvvyXXNeq3mH14PKgfFIbxzFPNskWqRCPHJETckYuSJ1wck8eyTN5cR6cJ+fVeftuLTjjmQ3yC877F4xAnbE=</latexit>

(⌧⌦i)c ⇠ 30�3/2
i

Ultra-high-beta 
regime 

Alfvén-inhibiting regime: 

Alfvén-enabling regime:
<latexit sha1_base64="MEkYeh0ThhQks8w9TVxrPPBA6+s=">AAACFnicbVA9SwNBEN2L3/ErammzGIRYGO+iqKVgY6eCMYFcPPY2c8ni7t2xOyeEI7/Cxr9iY6GIrdj5b9zEFBp9MPB4b4aZeWEqhUHX/XQKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6GbIDEgRQx0FSmimGpgKJTTC29Oh37gDbUQSX2E/hbZi3VhEgjO0UlDarfjIMuqfK+iyQOwEua8V5QPqG6Hovkv9ENAaN/n+Xm0QlMpu1R2B/iXemJTJGBdB6cPvJDxTECOXzJiW56bYzplGwSUMin5mIGX8lnWhZWnMFJh2PnprQLet0qFRom3FSEfqz4mcKWP6KrSdimHPTHpD8T+vlWF03M5FnGYIMf9eFGWSYkKHGdGO0MBR9i1hXAt7K+U9phlHm2TRhuBNvvyXXNeq3mH14PKgfFIbxzFPNskWqRCPHJETckYuSJ1wck8eyTN5cR6cJ+fVeftuLTjjmQ3yC877F4xAnbE=</latexit>

(⌧⌦
i)c

⇠ 30
�
3/
2

i

<latexit sha1_base64="8v9dDZb8FcUkUasHaQxHfinQN6E=">AAACCnicbVA9SwNBEN2LXzF+nVrarAYhFsa7ENTCQtDCUsGYQC4ce5tJsmR379jdE8KR2sa/YmOhiK2/wM5/4yam0MQHA4/3ZpiZFyWcaeN5X05ubn5hcSm/XFhZXVvfcDe37nScKgo1GvNYNSKigTMJNcMMh0aigIiIQz3qX4z8+j0ozWJ5awYJtATpStZhlBgrhe5uKbgEbkjIDsIsUAILJof4DB9WjoIIRnroFr2yNwaeJf6EFNEE16H7GbRjmgqQhnKiddP3EtPKiDKMchgWglRDQmifdKFpqSQCdCsbvzLE+1Zp406sbEmDx+rviYwIrQcisp2CmJ6e9kbif14zNZ3TVsZkkhqQ9GdRJ+XYxHiUC24zBdTwgSWEKmZvxbRHFKHGplewIfjTL8+Su0rZPy5Xb6rF88okjjzaQXuohHx0gs7RFbpGNUTRA3pCL+jVeXSenTfn/ac150xmttEfOB/f2CuZDQ==</latexit>

(�i)min < �2/�i

<latexit sha1_base64="negBRnwFIIAI1124PhQRQjAn31Q=">AAACCnicbVA9SwNBEN2LXzF+nVrarAYhFsa7ENRKBC0sFYwJ5MKxt5kkS3b3jt09IRypbfwrNhaK2PoL7Pw3bmIKTXww8Hhvhpl5UcKZNp735eTm5hcWl/LLhZXVtfUNd3PrTsepolCjMY9VIyIaOJNQM8xwaCQKiIg41KP+xciv34PSLJa3ZpBAS5CuZB1GibFS6O6WgkvghoTsIMwCJbBgcojP8GHlKIhgpIdu0St7Y+BZ4k9IEU1wHbqfQTumqQBpKCdaN30vMa2MKMMoh2EhSDUkhPZJF5qWSiJAt7LxK0O8b5U27sTKljR4rP6eyIjQeiAi2ymI6elpbyT+5zVT0zltZUwmqQFJfxZ1Uo5NjEe54DZTQA0fWEKoYvZWTHtEEWpsegUbgj/98iy5q5T943L1plo8r0ziyKMdtIdKyEcn6BxdoWtUQxQ9oCf0gl6dR+fZeXPef1pzzmRmG/2B8/EN20mZDw==</latexit>

(�i)min > �2/�i

<latexit sha1_base64="XG7evDC5u9/UipFI42gTy/N7WhE="></latexit>

/ 1.33 +
6�ki

(⌧exp,e↵⌦i)2/3

<latexit sha1_base64="jfm2kXTC6SAdiPkk96IDrK3HlT0="></latexit>

⇡ 6(⌧exp,e↵⌦i)
�2/3



2D exp. box
Kunz 2014
Melville 2016
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Scaling verification II 
Is scaling estimate                              consistent with larger set of  2D HEB simulations?

<latexit sha1_base64="MEkYeh0ThhQks8w9TVxrPPBA6+s=">AAACFnicbVA9SwNBEN2L3/ErammzGIRYGO+iqKVgY6eCMYFcPPY2c8ni7t2xOyeEI7/Cxr9iY6GIrdj5b9zEFBp9MPB4b4aZeWEqhUHX/XQKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6GbIDEgRQx0FSmimGpgKJTTC29Oh37gDbUQSX2E/hbZi3VhEgjO0UlDarfjIMuqfK+iyQOwEua8V5QPqG6Hovkv9ENAaN/n+Xm0QlMpu1R2B/iXemJTJGBdB6cPvJDxTECOXzJiW56bYzplGwSUMin5mIGX8lnWhZWnMFJh2PnprQLet0qFRom3FSEfqz4mcKWP6KrSdimHPTHpD8T+vlWF03M5FnGYIMf9eFGWSYkKHGdGO0MBR9i1hXAt7K+U9phlHm2TRhuBNvvyXXNeq3mH14PKgfFIbxzFPNskWqRCPHJETckYuSJ1wck8eyTN5cR6cJ+fVeftuLTjjmQ3yC877F4xAnbE=</latexit>

(⌧⌦i)c ⇠ 30�3/2
i

Ultra-high-beta 
regime 

Alfvén-inhibiting regime: 

Alfvén-enabling regime:
<latexit sha1_base64="MEkYeh0ThhQks8w9TVxrPPBA6+s=">AAACFnicbVA9SwNBEN2L3/ErammzGIRYGO+iqKVgY6eCMYFcPPY2c8ni7t2xOyeEI7/Cxr9iY6GIrdj5b9zEFBp9MPB4b4aZeWEqhUHX/XQKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6GbIDEgRQx0FSmimGpgKJTTC29Oh37gDbUQSX2E/hbZi3VhEgjO0UlDarfjIMuqfK+iyQOwEua8V5QPqG6Hovkv9ENAaN/n+Xm0QlMpu1R2B/iXemJTJGBdB6cPvJDxTECOXzJiW56bYzplGwSUMin5mIGX8lnWhZWnMFJh2PnprQLet0qFRom3FSEfqz4mcKWP6KrSdimHPTHpD8T+vlWF03M5FnGYIMf9eFGWSYkKHGdGO0MBR9i1hXAt7K+U9phlHm2TRhuBNvvyXXNeq3mH14PKgfFIbxzFPNskWqRCPHJETckYuSJ1wck8eyTN5cR6cJ+fVeftuLTjjmQ3yC877F4xAnbE=</latexit>

(⌧⌦
i)c

⇠ 30
�
3/
2

i

<latexit sha1_base64="8v9dDZb8FcUkUasHaQxHfinQN6E=">AAACCnicbVA9SwNBEN2LXzF+nVrarAYhFsa7ENTCQtDCUsGYQC4ce5tJsmR379jdE8KR2sa/YmOhiK2/wM5/4yam0MQHA4/3ZpiZFyWcaeN5X05ubn5hcSm/XFhZXVvfcDe37nScKgo1GvNYNSKigTMJNcMMh0aigIiIQz3qX4z8+j0ozWJ5awYJtATpStZhlBgrhe5uKbgEbkjIDsIsUAILJof4DB9WjoIIRnroFr2yNwaeJf6EFNEE16H7GbRjmgqQhnKiddP3EtPKiDKMchgWglRDQmifdKFpqSQCdCsbvzLE+1Zp406sbEmDx+rviYwIrQcisp2CmJ6e9kbif14zNZ3TVsZkkhqQ9GdRJ+XYxHiUC24zBdTwgSWEKmZvxbRHFKHGplewIfjTL8+Su0rZPy5Xb6rF88okjjzaQXuohHx0gs7RFbpGNUTRA3pCL+jVeXSenTfn/ac150xmttEfOB/f2CuZDQ==</latexit>

(�i)min < �2/�i

<latexit sha1_base64="negBRnwFIIAI1124PhQRQjAn31Q=">AAACCnicbVA9SwNBEN2LXzF+nVrarAYhFsa7ENRKBC0sFYwJ5MKxt5kkS3b3jt09IRypbfwrNhaK2PoL7Pw3bmIKTXww8Hhvhpl5UcKZNp735eTm5hcWl/LLhZXVtfUNd3PrTsepolCjMY9VIyIaOJNQM8xwaCQKiIg41KP+xciv34PSLJa3ZpBAS5CuZB1GibFS6O6WgkvghoTsIMwCJbBgcojP8GHlKIhgpIdu0St7Y+BZ4k9IEU1wHbqfQTumqQBpKCdaN30vMa2MKMMoh2EhSDUkhPZJF5qWSiJAt7LxK0O8b5U27sTKljR4rP6eyIjQeiAi2ymI6elpbyT+5zVT0zltZUwmqQFJfxZ1Uo5NjEe54DZTQA0fWEKoYvZWTHtEEWpsegUbgj/98iy5q5T943L1plo8r0ziyKMdtIdKyEcn6BxdoWtUQxQ9oCf0gl6dR+fZeXPef1pzzmRmG/2B8/EN20mZDw==</latexit>

(�i)min > �2/�i

<latexit sha1_base64="XG7evDC5u9/UipFI42gTy/N7WhE="></latexit>

/ 1.33 +
6�ki

(⌧exp,e↵⌦i)2/3

<latexit sha1_base64="jfm2kXTC6SAdiPkk96IDrK3HlT0="></latexit>

⇡ 6(⌧exp,e↵⌦i)
�2/3

[Agrees with 
Kunz et al.  

(2014)]



Unexpected magnetic-field strength 
scaling in Alfvén-enabling state…
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Q: what characteristics does the plasma have in the saturated state of  the firehose instability?
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Magnetic-field structure
Firehose magnetic-field perturbations depend qualitatively on whether                               or 
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Firehose magnetic-field perturbations depend qualitatively on whether                               or 
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(�i)sat > �2/�i

<latexit sha1_base64="6p2ZFa7oJ9Mu1Oi3PR06RiizIGY=">AAACD3icbVDJSgNBEO1xjXGLevTSGBRPYSaKehEEL96MYBbIxKGnU0madM8M3TViGPIHXvwVLx4U8erVm39jZzm4PSh4vFdFVb0wkcKg6346M7Nz8wuLuaX88srq2nphY7Nm4lRzqPJYxroRMgNSRFBFgRIaiQamQgn1sH8+8uu3oI2Io2scJNBSrBuJjuAMrRQU9nxkaZD5WlG4S4bUv1TQZYGgp7Tso1BgqOfeHASFoltyx6B/iTclRTJFJSh8+O2Ypwoi5JIZ0/TcBFsZ0yi4hGHeTw0kjPdZF5qWRsxuamXjf4Z01ypt2om1rQjpWP0+kTFlzECFtlMx7Jnf3kj8z2um2DlpZSJKUoSITxZ1UkkxpqNwaFto4CgHljCuhb2V8h7TjKONMG9D8H6//JfUyiXvqHRwdVg8K0/jyJFtskP2iUeOyRm5IBVSJZzck0fyTF6cB+fJeXXeJq0zznRmi/yA8/4F1d2bMA==</latexit> ⌧ e
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<latexit sha1_base64="bOWdPa6SDiVXlPpDyCbJDf4Mhd0=">AAACD3icbVDJSgNBEO1xjXGLevTSGBRPYSaKehEEL96MYBbIxKGnU0madM8M3TViGPIHXvwVLx4U8erVm39jZzm4PSh4vFdFVb0wkcKg6346M7Nz8wuLuaX88srq2nphY7Nm4lRzqPJYxroRMgNSRFBFgRIaiQamQgn1sH8+8uu3oI2Io2scJNBSrBuJjuAMrRQU9nxkaZD5WlG4S4bUv1TQZYGgp7Tso1BgqOfeHAaFoltyx6B/iTclRTJFJSh8+O2Ypwoi5JIZ0/TcBFsZ0yi4hGHeTw0kjPdZF5qWRsxuamXjf4Z01ypt2om1rQjpWP0+kTFlzECFtlMx7Jnf3kj8z2um2DlpZSJKUoSITxZ1UkkxpqNwaFto4CgHljCuhb2V8h7TjKONMG9D8H6//JfUyiXvqHRwdVg8K0/jyJFtskP2iUeOyRm5IBVSJZzck0fyTF6cB+fJeXXeJq0zznRmi/yA8/4F12GbMQ==</latexit> ⌧ e
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<latexit sha1_base64="cBEw2BuQjq12GZ6QdbnGrjhCj1A=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxWME88AkhNnZ3mTI7OwyMyssS/7CiwdFvPo33vwbJ4+DJhY0FFXddHf5ieDauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaPtUouMSG4UZgO1FII19gyx/dTvzWEyrNY/lgsgR7ER1IHnJGjZUeuwEKQ8lNP+uXym7FnYIsE29OyjBHvV/66gYxSyOUhgmqdcdzE9PLqTKcCRwXu6nGhLIRHWDHUkkj1L18evGYnFolIGGsbElDpurviZxGWmeRbzsjaoZ60ZuI/3md1ITXvZzLJDUo2WxRmApiYjJ5nwRcITMis4Qyxe2thA2poszYkIo2BG/x5WXSrFa8y8r5/UW5Vp3HUYBjOIEz8OAKanAHdWgAAwnP8ApvjnZenHfnY9a64sxnjuAPnM8fCgyQdg==</latexit>

�By
<latexit sha1_base64="BqYUcJEmKJEkaAWPDqU0bU5Thzo=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexGUY9BLx4jmAcmIczO9iZDZmeXmV4hLvkLLx4U8erfePNvnDwOmljQUFR1093lJ1IYdN1vJ7eyura+kd8sbG3v7O4V9w8aJk41hzqPZaxbPjMghYI6CpTQSjSwyJfQ9Ic3E7/5CNqIWN3jKIFuxPpKhIIztNJDJwCJjF73nnrFklt2p6DLxJuTEpmj1it+dYKYpxEo5JIZ0/bcBLsZ0yi4hHGhkxpIGB+yPrQtVSwC082mF4/piVUCGsbalkI6VX9PZCwyZhT5tjNiODCL3kT8z2unGF51M6GSFEHx2aIwlRRjOnmfBkIDRzmyhHEt7K2UD5hmHG1IBRuCt/jyMmlUyt5F+ezuvFStzOPIkyNyTE6JRy5JldySGqkTThR5Jq/kzTHOi/PufMxac8585pD8gfP5AwuQkHc=</latexit>

�Bz

<latexit sha1_base64="GYRDR6FcAyuhJ3FCVNcWTNwdcWY=">AAACEHicbVA9SwNBEN3zM8avqKXNYhBjYbwLQS0DWlgqGBVy4ZjbTHRx74PdOTEc+Qk2/hUbC0VsLe38N25iCjU+GHi8N8PMvDBV0pDrfjoTk1PTM7OFueL8wuLScmll9dwkmRbYFIlK9GUIBpWMsUmSFF6mGiEKFV6EN4cD/+IWtZFJfEa9FNsRXMWyKwWQlYLSVsU/QkUQyO0g93XEDVCf+5CmOrnjO7VdP8SBG5TKbtUdgo8Tb0TKbISToPThdxKRRRiTUGBMy3NTauegSQqF/aKfGUxB3MAVtiyNIULTzocP9fmmVTq8m2hbMfGh+nMih8iYXhTazgjo2vz1BuJ/Xiuj7kE7l3GaEcbie1E3U5wSPkiHd6RGQapnCQgt7a1cXIMGQTbDog3B+/vyODmvVb29av20Xm7URnEU2DrbYBXmsX3WYMfshDWZYPfskT2zF+fBeXJenbfv1glnNLPGfsF5/wIzrZwH</latexit> (�
i)
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<latexit sha1_base64="FKEr/WfqCt0u8DRa3p6QwD3dL8E=">AAACCnicbVA9SwNBEN3zM8avqKXNahBiYbwLQa0koIVlBJMIuePY20x0yd4Hu3NCOFLb+FdsLBSx9RfY+W/cS1L49WDg8d4MM/OCRAqNtv1pzczOzS8sFpaKyyura+uljc22jlPFocVjGavrgGmQIoIWCpRwnShgYSChEwzOcr9zB0qLOLrCYQJeyG4i0RecoZH80k7FPQeJzBf7fuaqkGqGI3pKD2qHbgC57pfKdtUeg/4lzpSUyRRNv/Th9mKehhAhl0zrrmMn6GVMoeASRkU31ZAwPmA30DU0YiFoLxu/MqJ7RunRfqxMRUjH6veJjIVaD8PAdIYMb/VvLxf/87op9k+8TERJihDxyaJ+KinGNM+F9oQCjnJoCONKmFspv2WKcTTpFU0Izu+X/5J2reocVeuX9XKjNo2jQLbJLqkQhxyTBrkgTdIinNyTR/JMXqwH68l6td4mrTPWdGaL/ID1/gXhlZkT</latexit> (�
i)
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2D spectrum 1D spectraNonlinear
<latexit sha1_base64="g2kaGVhutNaJMVaBjcLOCSLPZBo=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuiI+LEPDiMYKJgWRZZieTZMjsg5leIS75Ei8eFPHqp3jzb5wke9DEgoaiqpvuriCRQqPjfFuFtfWNza3idmlnd2+/bB8ctnWcKsZbLJax6gRUcyki3kKBkncSxWkYSP4QjG9m/sMjV1rE0T1OEu6FdBiJgWAUjeTb5V7AkfqZcKbkmpw7vl1xqs4cZJW4OalAjqZvf/X6MUtDHiGTVOuu6yToZVShYJJPS71U84SyMR3yrqERDbn2svnhU3JqlD4ZxMpUhGSu/p7IaKj1JAxMZ0hxpJe9mfif101xcOVlIkpS5BFbLBqkkmBMZimQvlCcoZwYQpkS5lbCRlRRhiarkgnBXX55lbRrVfeiWr+rVxq1PI4iHMMJnIELl9CAW2hCCxik8Ayv8GY9WS/Wu/WxaC1Y+cwR/IH1+QMU55IE</latexit>

�i0 = 50



<latexit sha1_base64="pYiT9bZ6Dd5A9UJRec4NDR/0Fpo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIq6kUoePFYwX5AE8Jmu2mX7iZhdyItoX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC1PBNTjOt7W2vrG5tV3aKe/u7R8c2keVtk4yRVmLJiJR3ZBoJnjMWsBBsG6qGJGhYJ1wdDfzO09MaZ7EjzBJmS/JIOYRpwSMFNgVwLfYA5IFuackZuN0GthVp+bMgVeJW5AqKtAM7C+vn9BMshioIFr3XCcFPycKOBVsWvYyzVJCR2TAeobGRDLt5/Pbp/jMKH0cJcpUDHiu/p7IidR6IkPTKQkM9bI3E//zehlEN37O4zQDFtPFoigTGBI8CwL3uWIUxMQQQhU3t2I6JIpQMHGVTQju8surpF2vuVe1i4fLaqNexFFCJ+gUnSMXXaMGukdN1EIUjdEzekVv1tR6sd6tj0XrmlXMHKM/sD5/AEn1k+0=</latexit>
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Magnetic-field structure
Firehose magnetic-field perturbations depend qualitatively on whether                               or 

<latexit sha1_base64="GYRDR6FcAyuhJ3FCVNcWTNwdcWY=">AAACEHicbVA9SwNBEN3zM8avqKXNYhBjYbwLQS0DWlgqGBVy4ZjbTHRx74PdOTEc+Qk2/hUbC0VsLe38N25iCjU+GHi8N8PMvDBV0pDrfjoTk1PTM7OFueL8wuLScmll9dwkmRbYFIlK9GUIBpWMsUmSFF6mGiEKFV6EN4cD/+IWtZFJfEa9FNsRXMWyKwWQlYLSVsU/QkUQyO0g93XEDVCf+5CmOrnjO7VdP8SBG5TKbtUdgo8Tb0TKbISToPThdxKRRRiTUGBMy3NTauegSQqF/aKfGUxB3MAVtiyNIULTzocP9fmmVTq8m2hbMfGh+nMih8iYXhTazgjo2vz1BuJ/Xiuj7kE7l3GaEcbie1E3U5wSPkiHd6RGQapnCQgt7a1cXIMGQTbDog3B+/vyODmvVb29av20Xm7URnEU2DrbYBXmsX3WYMfshDWZYPfskT2zF+fBeXJenbfv1glnNLPGfsF5/wIzrZwH</latexit>

(�i)sat ⇡ �2/�i
<latexit sha1_base64="FKEr/WfqCt0u8DRa3p6QwD3dL8E=">AAACCnicbVA9SwNBEN3zM8avqKXNahBiYbwLQa0koIVlBJMIuePY20x0yd4Hu3NCOFLb+FdsLBSx9RfY+W/cS1L49WDg8d4MM/OCRAqNtv1pzczOzS8sFpaKyyura+uljc22jlPFocVjGavrgGmQIoIWCpRwnShgYSChEwzOcr9zB0qLOLrCYQJeyG4i0RecoZH80k7FPQeJzBf7fuaqkGqGI3pKD2qHbgC57pfKdtUeg/4lzpSUyRRNv/Th9mKehhAhl0zrrmMn6GVMoeASRkU31ZAwPmA30DU0YiFoLxu/MqJ7RunRfqxMRUjH6veJjIVaD8PAdIYMb/VvLxf/87op9k+8TERJihDxyaJ+KinGNM+F9oQCjnJoCONKmFspv2WKcTTpFU0Izu+X/5J2reocVeuX9XKjNo2jQLbJLqkQhxyTBrkgTdIinNyTR/JMXqwH68l6td4mrTPWdGaL/ID1/gXhlZkT</latexit>

(�i)sat > �2/�i
<latexit sha1_base64="cBEw2BuQjq12GZ6QdbnGrjhCj1A=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxWME88AkhNnZ3mTI7OwyMyssS/7CiwdFvPo33vwbJ4+DJhY0FFXddHf5ieDauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaPtUouMSG4UZgO1FII19gyx/dTvzWEyrNY/lgsgR7ER1IHnJGjZUeuwEKQ8lNP+uXym7FnYIsE29OyjBHvV/66gYxSyOUhgmqdcdzE9PLqTKcCRwXu6nGhLIRHWDHUkkj1L18evGYnFolIGGsbElDpurviZxGWmeRbzsjaoZ60ZuI/3md1ITXvZzLJDUo2WxRmApiYjJ5nwRcITMis4Qyxe2thA2poszYkIo2BG/x5WXSrFa8y8r5/UW5Vp3HUYBjOIEz8OAKanAHdWgAAwnP8ApvjnZenHfnY9a64sxnjuAPnM8fCgyQdg==</latexit>

�By
<latexit sha1_base64="BqYUcJEmKJEkaAWPDqU0bU5Thzo=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexGUY9BLx4jmAcmIczO9iZDZmeXmV4hLvkLLx4U8erfePNvnDwOmljQUFR1093lJ1IYdN1vJ7eyura+kd8sbG3v7O4V9w8aJk41hzqPZaxbPjMghYI6CpTQSjSwyJfQ9Ic3E7/5CNqIWN3jKIFuxPpKhIIztNJDJwCJjF73nnrFklt2p6DLxJuTEpmj1it+dYKYpxEo5JIZ0/bcBLsZ0yi4hHGhkxpIGB+yPrQtVSwC082mF4/piVUCGsbalkI6VX9PZCwyZhT5tjNiODCL3kT8z2unGF51M6GSFEHx2aIwlRRjOnmfBkIDRzmyhHEt7K2UD5hmHG1IBRuCt/jyMmlUyt5F+ezuvFStzOPIkyNyTE6JRy5JldySGqkTThR5Jq/kzTHOi/PufMxac8585pD8gfP5AwuQkHc=</latexit>

�Bz 2D spectrum 1D spectra

<latexit sha1_base64="TsaUKWBBwCS8KcUO8K/ve/mbN7U=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5C0at0IBTcuK9gHNCFMptN26OTBzI1YQt34K25cKOLWv3Dn3zhts9DWAxcO59zLvfcEieAKbPvbWFpeWV1bL2wUN7e2d3bNvf2milNJWYPGIpbtgCgmeMQawEGwdiIZCQPBWsHweuK37plUPI7uYJQwLyT9iPc4JaAl3zwEfIVtq1I9xy6Q1M9cGWL2kIx9s2Rb9hR4kTg5KaEcdd/8crsxTUMWARVEqY5jJ+BlRAKngo2LbqpYQuiQ9FlH04iETHnZ9IMxPtFKF/diqSsCPFV/T2QkVGoUBrozJDBQ895E/M/rpNC79DIeJSmwiM4W9VKBIcaTOHCXS0ZBjDQhVHJ9K6YDIgkFHVpRh+DMv7xImmXLubAqt2elWjmPo4CO0DE6RQ6qohq6QXXUQBQ9omf0it6MJ+PFeDc+Zq1LRj5zgP7A+PwB8SOVRg==</latexit>
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<latexit sha1_base64="6p2ZFa7oJ9Mu1Oi3PR06RiizIGY=">AAACD3icbVDJSgNBEO1xjXGLevTSGBRPYSaKehEEL96MYBbIxKGnU0madM8M3TViGPIHXvwVLx4U8erVm39jZzm4PSh4vFdFVb0wkcKg6346M7Nz8wuLuaX88srq2nphY7Nm4lRzqPJYxroRMgNSRFBFgRIaiQamQgn1sH8+8uu3oI2Io2scJNBSrBuJjuAMrRQU9nxkaZD5WlG4S4bUv1TQZYGgp7Tso1BgqOfeHASFoltyx6B/iTclRTJFJSh8+O2Ypwoi5JIZ0/TcBFsZ0yi4hGHeTw0kjPdZF5qWRsxuamXjf4Z01ypt2om1rQjpWP0+kTFlzECFtlMx7Jnf3kj8z2um2DlpZSJKUoSITxZ1UkkxpqNwaFto4CgHljCuhb2V8h7TjKONMG9D8H6//JfUyiXvqHRwdVg8K0/jyJFtskP2iUeOyRm5IBVSJZzck0fyTF6cB+fJeXXeJq0zznRmi/yA8/4F1d2bMA==</latexit> ⌧ e
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<latexit sha1_base64="bOWdPa6SDiVXlPpDyCbJDf4Mhd0=">AAACD3icbVDJSgNBEO1xjXGLevTSGBRPYSaKehEEL96MYBbIxKGnU0madM8M3TViGPIHXvwVLx4U8erVm39jZzm4PSh4vFdFVb0wkcKg6346M7Nz8wuLuaX88srq2nphY7Nm4lRzqPJYxroRMgNSRFBFgRIaiQamQgn1sH8+8uu3oI2Io2scJNBSrBuJjuAMrRQU9nxkaZD5WlG4S4bUv1TQZYGgp7Tso1BgqOfeHAaFoltyx6B/iTclRTJFJSh8+O2Ypwoi5JIZ0/TcBFsZ0yi4hGHeTw0kjPdZF5qWRsxuamXjf4Z01ypt2om1rQjpWP0+kTFlzECFtlMx7Jnf3kj8z2um2DlpZSJKUoSITxZ1UkkxpqNwaFto4CgHljCuhb2V8h7TjKONMG9D8H6//JfUyiXvqHRwdVg8K0/jyJFtskP2iUeOyRm5IBVSJZzck0fyTF6cB+fJeXXeJq0zznRmi/yA8/4F12GbMQ==</latexit> ⌧ e
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<latexit sha1_base64="GYRDR6FcAyuhJ3FCVNcWTNwdcWY=">AAACEHicbVA9SwNBEN3zM8avqKXNYhBjYbwLQS0DWlgqGBVy4ZjbTHRx74PdOTEc+Qk2/hUbC0VsLe38N25iCjU+GHi8N8PMvDBV0pDrfjoTk1PTM7OFueL8wuLScmll9dwkmRbYFIlK9GUIBpWMsUmSFF6mGiEKFV6EN4cD/+IWtZFJfEa9FNsRXMWyKwWQlYLSVsU/QkUQyO0g93XEDVCf+5CmOrnjO7VdP8SBG5TKbtUdgo8Tb0TKbISToPThdxKRRRiTUGBMy3NTauegSQqF/aKfGUxB3MAVtiyNIULTzocP9fmmVTq8m2hbMfGh+nMih8iYXhTazgjo2vz1BuJ/Xiuj7kE7l3GaEcbie1E3U5wSPkiHd6RGQapnCQgt7a1cXIMGQTbDog3B+/vyODmvVb29av20Xm7URnEU2DrbYBXmsX3WYMfshDWZYPfskT2zF+fBeXJenbfv1glnNLPGfsF5/wIzrZwH</latexit> (�
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<latexit sha1_base64="FKEr/WfqCt0u8DRa3p6QwD3dL8E=">AAACCnicbVA9SwNBEN3zM8avqKXNahBiYbwLQa0koIVlBJMIuePY20x0yd4Hu3NCOFLb+FdsLBSx9RfY+W/cS1L49WDg8d4MM/OCRAqNtv1pzczOzS8sFpaKyyura+uljc22jlPFocVjGavrgGmQIoIWCpRwnShgYSChEwzOcr9zB0qLOLrCYQJeyG4i0RecoZH80k7FPQeJzBf7fuaqkGqGI3pKD2qHbgC57pfKdtUeg/4lzpSUyRRNv/Th9mKehhAhl0zrrmMn6GVMoeASRkU31ZAwPmA30DU0YiFoLxu/MqJ7RunRfqxMRUjH6veJjIVaD8PAdIYMb/VvLxf/87op9k+8TERJihDxyaJ+KinGNM+F9oQCjnJoCONKmFspv2WKcTTpFU0Izu+X/5J2reocVeuX9XKjNo2jQLbJLqkQhxyTBrkgTdIinNyTR/JMXqwH68l6td4mrTPWdGaL/ID1/gXhlZkT</latexit> (�
i)
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Saturation

• In Alfvén-enabling state, quasi-periodic spectrum of  oblique and parallel modes on ion-Larmor scales
• In Alfvén-inhibiting regime, broad quasi-static spectrum of  modes including above ion-Larmor scales

<latexit sha1_base64="g2kaGVhutNaJMVaBjcLOCSLPZBo=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuiI+LEPDiMYKJgWRZZieTZMjsg5leIS75Ei8eFPHqp3jzb5wke9DEgoaiqpvuriCRQqPjfFuFtfWNza3idmlnd2+/bB8ctnWcKsZbLJax6gRUcyki3kKBkncSxWkYSP4QjG9m/sMjV1rE0T1OEu6FdBiJgWAUjeTb5V7AkfqZcKbkmpw7vl1xqs4cZJW4OalAjqZvf/X6MUtDHiGTVOuu6yToZVShYJJPS71U84SyMR3yrqERDbn2svnhU3JqlD4ZxMpUhGSu/p7IaKj1JAxMZ0hxpJe9mfif101xcOVlIkpS5BFbLBqkkmBMZimQvlCcoZwYQpkS5lbCRlRRhiarkgnBXX55lbRrVfeiWr+rVxq1PI4iHMMJnIELl9CAW2hCCxik8Ayv8GY9WS/Wu/WxaC1Y+cwR/IH1+QMU55IE</latexit>
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Firehoses in Alfvén-enabling state
Anomalously large                           in Alfvén-enabling state due to parallel ion-Larmor-scale modes

<latexit sha1_base64="fxWgNkZrYclxPSLdbgE1n+IRo94=">AAACDXicbVC7SgNBFJ2NrxhfUUubwSjEJu4uQS1DbCwjmAfkscxObpIhM7vLzKwYlvyAjb9iY6GIrb2df+PkUWjigQuHc+7l3nv8iDOlbfvbSq2srq1vpDczW9s7u3vZ/YOaCmNJoUpDHsqGTxRwFkBVM82hEUkgwudQ94fXE79+D1KxMLjTowjagvQD1mOUaCN52ZN8qwtcE1z2klYEMhp33POyZ3fcMyNIgQV5GHvZnF2wp8DLxJmTHJqj4mW/Wt2QxgICTTlRqunYkW4nRGpGOYwzrVhBROiQ9KFpaEAEqHYy/WaMT43Sxb1Qmgo0nqq/JxIilBoJ33QKogdq0ZuI/3nNWPeu2gkLolhDQGeLejHHOsSTaHCXSaCajwwhVDJzK6YDIgnVJsCMCcFZfHmZ1NyCc1Eo3hZzJXceRxodoWOURw66RCV0gyqoiih6RM/oFb1ZT9aL9W59zFpT1nzmEP2B9fkDrq6apw==</latexit>
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For `asymptotic’ Alfvén-enabling state… …parallel modes eventually grow larger than oblique ones

Q: what excites parallel modes? Linearly stable for bi-Maxwellian…
A: evolution has two initial phases before reaching quasi-periodic state:
1. Bi-Maxwellian with                 drives (non-propagating) ion-Larmor-

scale oblique firehoses unstable (with                   )
2. Back-reaction isotropizes distribution function near                   , 

destabilising propagating right-handed parallel modes
Distinct wave populations clearly seen in Fourier analysis!

<latexit sha1_base64="u6xCsA3ArY1fslcLNJIZwTPCzuw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKepKCm5cVugN2hAm00k7dDIZZiZCiPVV3LhQxK0P4s63cdJmoa0/DHz85xzOmT8QjCrtON9WaWNza3unvFvZ2z84PLKPT3oqTiQmXRyzWA4CpAijnHQ11YwMhCQoChjpB7PbvN5/IFLRmHd0KogXoQmnIcVIG8u3qx0/Gz3O4Q3MQRAp5tC3a07dWQiug1tADRRq+/bXaBzjJCJcY4aUGrqO0F6GpKaYkXlllCgiEJ6hCRka5CgiyssWx8/huXHGMIyleVzDhft7IkORUmkUmM4I6alareXmf7VhosNrL6NcJJpwvFwUJgzqGOZJwDGVBGuWGkBYUnMrxFMkEdYmr4oJwV398jr0GnX3st68b9ZajSKOMjgFZ+ACuOAKtMAdaIMuwCAFz+AVvFlP1ov1bn0sW0tWMVMFf2R9/gDoX5RB</latexit>

Tk > T?

<latexit sha1_base64="beMPuSv4M5ddryD1kYv7lAT4Il8=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKqkqYKzEwlgk+pCaKnJcp7XqxJbtVFQhMwu/wsIAQqx8ARt/g9NmgJYjXenonHt17z2BYFRpx/m2VlbX1jc2S1vl7Z3dvX374LCteCIxaWHOuOwGSBFGY9LSVDPSFZKgKGCkE4yvc78zIVJRHt/pqSD9CA1jGlKMtJF8+2Tip95DBj0khOT3sAZzIUJ6JKNUjzKa+XbFqTozwGXiFqQCCjR9+8sbcJxEJNaYIaV6riN0P0VSU8xIVvYSRQTCYzQkPUNjFBHVT2evZPDMKAMYcmkq1nCm/p5IUaTUNApMZ36kWvRy8T+vl+jwqp/SWCSaxHi+KEwY1BzmucABlQRrNjUEYUnNrRCPkERYm/TKJgR38eVl0q5V3Ytq/bZeadSKOErgGJyCc+CCS9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7x1xSpmjsAfWJ8/9PGbCg==</latexit>

vk ⇡ 2vthi

<latexit sha1_base64="LZGRDCfEt8VyugCaEVk+cp5fjgU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgKiSlPpYFNy4r2Ac0IUymk3boJDPMTMQSixt/xY0LRdz6Fe78G6dtFtp64MLhnHu5955IMKq0635bS8srq2vrpY3y5tb2zq69t99SPJOYNDFnXHYipAijKWlqqhnpCElQEjHSjoZXE799R6SiPL3VI0GCBPVTGlOMtJFC+3AY5v7DGPpywEMKfSSE5PfQdc5Cu+I67hRwkXgFqYACjdD+8nscZwlJNWZIqa7nCh3kSGqKGRmX/UwRgfAQ9UnX0BQlRAX59IUxPDFKD8Zcmko1nKq/J3KUKDVKItOZID1Q895E/M/rZjq+DHKaikyTFM8WxRmDmsNJHrBHJcGajQxBWFJzK8QDJBHWJrWyCcGbf3mRtKqOd+7UbmqVerWIowSOwDE4BR64AHVwDRqgCTB4BM/gFbxZT9aL9W59zFqXrGLmAPyB9fkDH1mWjg==</latexit>

kk⇢i ⇡ 0.5

<latexit sha1_base64="X5TRYXnp07+Sm7Ecsw8k0/2yqJU=">AAACIXicbVDLSgMxFM34rPVVdekmWARXdUaKCm4EXbisYB/QKSWT3tZgMjMkd4pl7K+48VfcuFCkO/FnTKez8HUg5OSce8m9J4ilMOi6H87c/MLi0nJhpbi6tr6xWdrabpgo0RzqPJKRbgXMgBQh1FGghFasgalAQjO4u5j6zSFoI6LwBkcxdBQbhKIvOEMrdUun/iVIZF1B/QDsnfoPYkz9M+orhrdapUNTyd546CNLrK8Vhft43C2V3Yqbgf4lXk7KJEetW5r4vYgnCkLkkhnT9twYOynTKLiEcdFPDMSM37EBtC0NmQLTSbMNx3TfKj3aj7Q9IdJM/d6RMmXMSAW2cjq3+e1Nxf+8doL9004qwjhBCPnso34iKUZ0GhftCQ0c5cgSxrWws1J+yzTjaEMt2hC83yv/JY2jindcqV5Xy+dHeRwFskv2yAHxyAk5J1ekRuqEk0fyTF7Jm/PkvDjvzmRWOufkPTvkB5zPLyjDo3w=</latexit>

�i�ki vs. t/⌧exp

<latexit sha1_base64="9wsWBCyIpv60Nplq0luwFOZJ+wU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUKGUpBR1WRTBZQX7gDaEyXTSDp1kwsxEDCEbf8WNC0Xc+hnu/BunbRbaeuBeDufcy8w9XsSoVJb1bRRWVtfWN4qbpa3tnd09c/+gI3ksMGljzrjoeUgSRkPSVlQx0osEQYHHSNebXE/97gMRkvLwXiURcQI0CqlPMVJacs2jG/eqMnHTx6yqe5JVBzwgI3TmmmWrZs0Al4mdkzLI0XLNr8GQ4zggocIMSdm3rUg5KRKKYkay0iCWJEJ4gkakr2mIAiKddHZABk+1MoQ+F7pCBWfq740UBVImgacnA6TGctGbiv95/Vj5l05KwyhWJMTzh/yYQcXhNA04pIJgxRJNEBZU/xXiMRIIK51ZSYdgL568TDr1mn1ea9w1ys16HkcRHIMTUAE2uABNcAtaoA0wyMAzeAVvxpPxYrwbH/PRgpHvHII/MD5/AO+/lfM=</latexit>

EB(kx, ky,!)
<latexit sha1_base64="Doa5L4//w3g5YkODfxmxL84wra8=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0hKsfYgFLx4rGBroQ1hs920Sze7YXdTCKH/xIsHRbz6T7z5b9ymEVT0wcDjvRlm5oUJo0q77odVWVvf2Nyqbtd2dvf2D+zDo74SqcSkhwUTchAiRRjlpKepZmSQSILikJH7cHa99O/nRCoq+J3OEuLHaMJpRDHSRgpsexZkcCSnIqDwCrqOG9h112kXgCvSapak7UHPcQvUQYluYL+PxgKnMeEaM6TU0HMT7edIaooZWdRGqSIJwjM0IUNDOYqJ8vPi8gU8M8oYRkKa4hoW6veJHMVKZXFoOmOkp+q3txT/8oapji79nPIk1YTj1aIoZVALuIwBjqkkWLPMEIQlNbdCPEUSYW3CqpkQvj6F/5N+w/EunOZts95plHFUwQk4BefAAy3QATegC3oAgzl4AE/g2cqtR+vFel21Vqxy5hj8gPX2CSxqkrI=</latexit>

ky⇢i = 0.0
<latexit sha1_base64="0wk901PracpLj9EO0SH9N2lWzlw=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0hKsfYgFLx4rGBroQ1hs920Sze7YXdTCKH/xIsHRbz6T7z5b9ymEVT0wcDjvRlm5oUJo0q77odVWVvf2Nyqbtd2dvf2D+zDo74SqcSkhwUTchAiRRjlpKepZmSQSILikJH7cHa99O/nRCoq+J3OEuLHaMJpRDHSRgpsexZkcCSnIqDwCrpOM7DrrtMuAFek1SxJ24Oe4xaogxLdwH4fjQVOY8I1Zkipoecm2s+R1BQzsqiNUkUShGdoQoaGchQT5efF5Qt4ZpQxjIQ0xTUs1O8TOYqVyuLQdMZIT9Vvbyn+5Q1THV36OeVJqgnHq0VRyqAWcBkDHFNJsGaZIQhLam6FeIokwtqEVTMhfH0K/yf9huNdOM3bZr3TKOOoghNwCs6BB1qgA25AF/QABnPwAJ7As5Vbj9aL9bpqrVjlzDH4AevtEzJ6krY=</latexit>

ky⇢i = 0.4



Box-averaged collisionality
Anomalous collisionality model with                        agrees with box-averaged numerical estimates  

<latexit sha1_base64="R1ntI0JNQK71FR7Quyms7GvpzCI=">AAACCnicbVA9SwNBEN3zM8avU0ub1SBYxbsgainYWEYwUciFY28zSRZ3947dOTEcqW38KzYWitj6C+z8N24+Cr8eDDzem2FmXpJJYTEIPr2Z2bn5hcXSUnl5ZXVt3d/YbNo0NxwaPJWpuU6YBSk0NFCghOvMAFOJhKvk5mzkX92CsSLVlzjIoK1YT4uu4AydFPs7kc5jTiMrFI0SQBaLgwhZHheRURTusmHsV4JqMAb9S8IpqZAp6rH/EXVSnivQyCWzthUGGbYLZlBwCcNylFvIGL9hPWg5qpkC2y7GrwzpnlM6tJsaVxrpWP0+UTBl7UAlrlMx7Nvf3kj8z2vl2D1pF0JnOYLmk0XdXFJM6SgX2hEGOMqBI4wb4W6lvM8M4+jSK7sQwt8v/yXNWjU8qh5eHFZOa9M4SmSb7JJ9EpJjckrOSZ00CCf35JE8kxfvwXvyXr23SeuMN53ZIj/gvX8B9dyaaA==</latexit>

⌫c ⇠ �i/⌧exp

Box-averaged collisionality:
…

<latexit sha1_base64="IZ74nrvwh7drbQrmhsYOBGBFx+k="></latexit>

⌫c = ˙̄µ/(Tki � T?i)/B ⇠ ⌧�1
exp

<latexit sha1_base64="O1lyh7iKA6L1DTvfIWor/LD663w="></latexit>

⌧exp⌦i = 2000,�i0 = 50
<latexit sha1_base64="dRyPkqRoj/NPm+PLr12K4sG9LBA=">AAACGXicbVA9axtBEN1TbMeWv+SkdLNYGFwIsSeEk8YgSJMuDli2QCeOudVIWrR7d+zOBYtDf8NN/oobFwkhZVLl32T1UfjrwcDjvRlm5iW5Vo6E+BdU3mxsbr3d3qnu7u0fHNaO3l27rLASuzLTme0l4FCrFLukSGMvtwgm0XiTTD8t/JtvaJ3K0iua5TgwME7VSEkgL8U1EREUcRlZw/E2n/Poi8ExxIpf8JYQosGjBAniUon5SoprddEUS/CXJFyTOlvjMq79iYaZLAymJDU41w9FToMSLCmpcV6NCoc5yCmMse9pCgbdoFx+NuenXhnyUWZ9pcSX6uOJEoxzM5P4TgM0cc+9hfia1y9o9HFQqjQvCFO5WjQqNKeML2LiQ2VRkp55AtIqfyuXE7AgyYdZ9SGEz19+Sa5bzfC82f7arnca6zi22TE7YWcsZB9Yh31ml6zLJLtj9+wH+xl8Dx6CX8HvVWslWM+8Z08Q/P0PPX+d0g==</latexit>

⌧exp⌦i = 2000,�i0 = 200

Alfvén-inhibiting states Alfvén-enabling states
<latexit sha1_base64="Zb4FtuDN2pJ6MEkQfY9t4CpQg6Q=">AAACGXicbVDLSitBEO3xbXxFXbppDIILCT3iayMIbu5OBaNCJgw1nUps7J4ZumsuNwz5DTf+ihsXV8SlrvwbOzELXwcKDudUUVUnybVyJMRbMDY+MTk1PTNbmZtfWFyqLq9cuKywEhsy05m9SsChVik2SJHGq9wimETjZXJzPPAv/6J1KkvPqZdjy0A3VR0lgbwUV0VEUMRlZA3Hf3mfRycGuxArfsi3hccWjxIkiEsl+l7bFXG1JupiCP6ThCNSYyOcxtWXqJ3JwmBKUoNzzVDk1CrBkpIa+5WocJiDvIEuNj1NwaBrlcPP+nzDK23eyayvlPhQ/TxRgnGuZxLfaYCu3XdvIP7mNQvqHLRKleYFYSo/FnUKzSnjg5h4W1mUpHuegLTK38rlNViQ5MOs+BDC7y//JBfb9XCvvnO2UzvaGsUxw9bYOttkIdtnR+wPO2UNJtktu2f/2WNwFzwET8HzR+tYMJpZZV8QvL4DQCud1Q==</latexit>

⌧exp⌦i = 20000,�i0 = 50

vs. 
<latexit sha1_base64="eDInjGuvDRNVNziRddP+krVLN1M="></latexit>

⌫CGL
c =

1

3�i

d

dt
logB

<latexit sha1_base64="+nfd2cLWnJmnFwZfdkS/5JIJCag=">AAACGXicbVDLSgNBEJz1bXxFPXoZDIIHCbshPi6C4MWbCkaFbFh6J504OLO7zPSKYclvePFXvHhQxKOe/BsnMQdfBQ1FVTfdXXGmpCXf//DGxicmp6ZnZktz8wuLS+XllXOb5kZgQ6QqNZcxWFQywQZJUniZGQQdK7yIrw8H/sUNGivT5Ix6GbY0dBPZkQLISVHZDwnyqAiN5nib9Xl4rLELkeT7fNt32OJhjARRIf2+02rbUbniV/0h+F8SjEiFjXASld/CdipyjQkJBdY2Az+jVgGGpFDYL4W5xQzENXSx6WgCGm2rGH7W5xtOafNOalwlxIfq94kCtLU9HbtODXRlf3sD8T+vmVNnr1XIJMsJE/G1qJMrTikfxMTb0qAg1XMEhJHuVi6uwIAgF2bJhRD8fvkvOa9Vg51q/bReOaiN4phha2ydbbKA7bIDdsROWIMJdsce2BN79u69R+/Fe/1qHfNGM6vsB7z3T0nJneA=</latexit>

⌧exp⌦i = 50000,�i0 = 25

<latexit sha1_base64="bS/0BObm7KjaMKeEUap3zAH3NtY=">AAACFHicbVBNS8NAEN34bf2qevSyWARBqImIehS8eFSwVmhK2Gwnuri7CbsTsYT8CC/+FS8eFPHqwZv/xu2HoK0PBh7vzTAzL86ksOj7X97E5NT0zOzcfGVhcWl5pbq6dmnT3HBo8FSm5ipmFqTQ0ECBEq4yA0zFEprx7UnPb96BsSLVF9jNoK3YtRaJ4AydFFV3Qp1HRWgUhSQpaWiFomEMyKJClLshsh/3Piujas2v+33QcRIMSY0McRZVP8NOynMFGrlk1rYCP8N2wQwKLqGshLmFjPFbdg0tRzVTYNtF/6mSbjmlQ5PUuNJI++rviYIpa7sqdp2K4Y0d9Xrif14rx+SoXQid5QiaDxYluaSY0l5CtCMMcJRdRxg3wt1K+Q0zjKPLseJCCEZfHieXe/XgoL5/vl873hvGMUc2yCbZJgE5JMfklJyRBuHkgTyRF/LqPXrP3pv3Pmid8IYz6+QPvI9vNnie5Q==</latexit>

⌫e↵ ⇠ �i/⌧exp

… but               not 
proportional to                .

(Why? Answer depends on
velocity-dependent 
collisionality…)

<latexit sha1_base64="noUPHEPXOp8pUPBsBeqeOa3NeRo=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgeIq7IajHgBdvRjAPyIZldtKbDJmZXWZmhbDm4K948aCIV3/Dm3/j5HHQxIKGoqqb7q4w4Uwb1/12ciura+sb+c3C1vbO7l5x/6Cp41RRaNCYx6odEg2cSWgYZji0EwVEhBxa4fB64rceQGkWy3szSqArSF+yiFFirBQUj3yZBpmvBIYoGp/7twL6JGBBseSW3SnwMvHmpITmqAfFL78X01SANJQTrTuem5huRpRhlMO44KcaEkKHpA8dSyURoLvZ9P4xPrVKD0exsiUNnqq/JzIitB6J0HYKYgZ60ZuI/3md1ERX3YzJJDUg6WxRlHJsYjwJA/eYAmr4yBJCFbO3YjogilBjIyvYELzFl5dJs1L2LsrVu2qpVpnHkUfH6ASdIQ9dohq6QXXUQBQ9omf0it6cJ+fFeXc+Zq05Zz5ziP7A+fwBt9WV3g==</latexit>

⌫e↵/⌦i
<latexit sha1_base64="OeTwdSF+Hj0XQxtKbPV75aquPzY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5qEoi5L3bisYB/QR5hMb9uhk0mYmQgl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce08Qc6a043xbK6tr6xubua389s7u3r59cFhXUSIp1GjEI9kMiALOBNQ00xyasQQSBhwawehm6jceQCoWiXs9jqETkoFgfUaJNpJvH7d7wDXBFT9txyDjSde7qPhO1/PtglN0ZsDLxM1IAWWo+vZXuxfRJAShKSdKtVwn1p2USM0oh0m+nSiICR2RAbQMFSQE1UlnH0zwmVF6uB9JU0Ljmfp7IiWhUuMwMJ0h0UO16E3F/7xWovvXnZSJONEg6HxRP+FYR3gaB+4xCVTzsSGESmZuxXRIJKHahJY3IbiLLy+Tuld0L4ulu1Kh7GVx5NAJOkXnyEVXqIxuURXVEEWP6Bm9ojfryXqx3q2PeeuKlc0coT+wPn8A/JqV5g==</latexit>

�B2
?/B

2
0



1. In astrophysical  plasma,
à MHD plasma models with                              generally valid 
à No wave interruption…?
2. Firehose fluctuations concentrated at ion-Larmor scales

Q: which state is most relevant to astrophysical systems of  interest?
A: large-scale separations – Alfvén-enabling state generally most relevant

Discussion/astrophysical implications
<latexit sha1_base64="CbPQ1BnMBi03Kn5oTaCvElZSvR0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMSaQXcLsZDYZMo9lZlYIS37DiwcF8erHePNvnCR70MSChqKqm+6uOOXMWN//9kobm1vbO+Xdyt7+weFR9fjk0ahME9ohiivdi7GhnEnascxy2ks1xSLmtBtPbuZ+94lqw5R8sNOURgKPJEsYwdZJ4f0gD7VARCk+G1Rrft1fAK2ToCA1KNAeVL/CoSKZoNISjo3pB35qoxxrywins0qYGZpiMsEj2ndUYkFNlC9unqELpwxRorQradFC/T2RY2HMVMSuU2A7NqveXPzP62c2uY5yJtPMUkmWi5KMI6vQPAA0ZJoSy6eOYKKZuxWRMdaYWBdTxYUQrL68TrqNetCsB8Fds9ZqFHmU4QzO4RICuIIW3EIbOkAghWd4hTcv8168d+9j2VryiplT+APv8weRwZHM</latexit>
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<latexit sha1_base64="02KnjVbeT5nE3T0Xp1mqso+FHZE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB6DXjxGMUZIljA7O0mGzGOdmQ2EJd/hxYOCePVfvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHj0YFSqCW0RxZV+jLChnEnassxy+phoikXEaTsaXc/89phqw5S8t5OEhgIPJOszgq2Twrte1tUCXSkZs2mvXPGr/hxolQQ5qUCOZq/81Y0VSQWVlnBsTCfwExtmWFtGOJ2WuqmhCSYjPKAdRyUW1ITZ/OgpOnNKjPpKu5IWzdXfExkWxkxE5DoFtkOz7M3E/7xOavuXYcZkkloqyWJRP+XIKjRLAMVMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJu1YN6tUguK1XGrU8jyKcwCmcQwAX0IAbaEILCDzBM7zCmzf2Xrx372PRWvDymWP4A+/zBxprkhU=</latexit> R
B
o
n
d
i

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

1
au

<latexit sha1_base64="C/iCzx+fqUdIEJ9hJJJhEbDOfYA=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FSSUtRjwYs3K9gPaGLYbDft0t0k7G6EUnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlhypnSjvNtFVZW19Y3ipulre2d3T17/6ClkkwS2iQJT2QnxIpyFtOmZprTTiopFiGn7XB4NfXbD1QqlsR3epRSX+B+zCJGsDZSYB95GmfejaB9HDDkKSaQ69zXArvsVJwZ0DJxc1KGHI3A/vJ6CckEjTXhWKmu66TaH2OpGeF0UvIyRVNMhrhPu4bGWFDlj2f3T9CpUXooSqSpWKOZ+ntijIVSIxGaToH1QC16U/E/r5vp6NIfszjNNI3JfFGUcaQTNA0D9ZikRPORIZhIZm5FZIAlJtpEVjIhuIsvL5NWteKeV2q3tXK9msdRhGM4gTNw4QLqcA0NaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBdWuVCw==</latexit>

⌧⌦i ⇠ 104

<latexit sha1_base64="j/G9L1QsJXoeBpA5TDoAYKtMM9I=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KUYl0W3Lizgn1AE8NketMOnUnCzEQosQt/xY0LRdz6G+78G6ePhbYeuHA4517uvSdMOVPacb6tldW19Y3NwlZxe2d3b98+OGypJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHg18dsPIBVL4js9SsEXpB+ziFGijRTYx54mmXcjoE8Chj3FBHad+1pgl5yyMwVeJu6clNAcjcD+8noJzQTEmnKiVNd1Uu3nRGpGOYyLXqYgJXRI+tA1NCYClJ9P7x/jM6P0cJRIU7HGU/X3RE6EUiMRmk5B9EAtehPxP6+b6ejSz1mcZhpiOlsUZRzrBE/CwD0mgWo+MoRQycytmA6IJFSbyIomBHfx5WXSqpTdi3L1tlqqV+ZxFNAJOkXnyEU1VEfXqIGaiKJH9Ixe0Zv1ZL1Y79bHrHXFms8coT+wPn8AefeVDg==</latexit>

⌧⌦i ⇠ 107

<latexit sha1_base64="Z0I4QVTpFVhOQUawaW2udWeh00Q=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJWkFPVY8OLNCvYDmhg222m7dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuaFCWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWilNJoUljHstOSBRwFkFTM82hk0ggIuTQDkdXU7/9AFKxOLrT4wR8QQYR6zNKtJEC+8jTJPVuBAxIwLCnmMCuc5+51Ulgl52KMwNeJm5OyihHI7C/vF5MUwGRppwo1XWdRPsZkZpRDpOSlypICB2RAXQNjYgA5WezFyb41Cg93I+lqUjjmfp7IiNCqbEITacgeqgWvan4n9dNdf/Sz1iUpBoiOl/UTznWMZ7mgXtMAtV8bAihkplbMR0SSag2qZVMCO7iy8ukVa2455Xaba1cr+ZxFNExOkFnyEUXqI6uUQM1EUWP6Bm9ojfryXqx3q2PeWvBymcO0R9Ynz+8PJZQ</latexit>

⌧⌦i ⇠ 1012

<latexit sha1_base64="sEfzfO51z7Q8IL0dKYd+pkI96dw=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWMF+wFtLJvtpl262YTdiVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbTSQy/gSPuC9IyIiNcvld2KOwdZJV5OypCj0S999QYxSyOukElqTNdzE/QzqlEwyafFXmp4QtmYDnnXUkUjbvxsfvWUnFtlQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGYRkIHQnKGcWEKZFvZWwkZUU4Y2qKINwVt+eZW0qhXvslK7q5Xr1TyOApzCGVyAB1dQh1toQBMYaHiGV3hznpwX5935WLSuOfnMCfyB8/kDhXaR1Q==</latexit>

�i ⇠ 1

<latexit sha1_base64="cvIP9AKLGVSQXEILTHPUAMjG4uw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSinosePFYwbZCE8Jmu2mX7m7C7kSopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMizPBDXjet1Pa2Nza3invVvb2Dw6r7tFx16S5pqxDU5Hqh5gYJrhiHeAg2EOmGZGxYL14fDP3e49MG56qe5hkLJRkqHjCKQErRW41iBmQiOPAcIl9L3JrXt1bAK8TvyA1VKAduV/BIKW5ZAqoIMb0fS+DcEo0cCrYrBLkhmWEjsmQ9S1VRDITTheHz/C5VQY4SbUtBXih/p6YEmnMRMa2UxIYmVVvLv7n9XNIrsMpV1kOTNHloiQXGFI8TwEPuGYUxMQSQjW3t2I6IppQsFlVbAj+6svrpNuo+5f15l2z1moUcZTRKTpDF8hHV6iFblEbdRBFOXpGr+jNeXJenHfnY9lacoqZE/QHzucPb86SQA==</latexit>

�i ⇠ 10

<latexit sha1_base64="lAF9bs9w7XPF9JgeQg89JamR6RI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKUY8FLx4r2A9oQthst+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2yltbe/s7pX3KweHR8cn7ulZRyeZIrRNEp6oXow15UzStmGG016qKBYxp914cr/wu1OqNEvkk5mlNBR4JNmQEWysFLluEFODI4YCzQTyPS9yq17NWwJtEr8gVSjQityvYJCQTFBpCMda930vNWGOlWGE03klyDRNMZngEe1bKrGgOsyXl8/RlVUGaJgoW9Kgpfp7IsdC65mIbafAZqzXvYX4n9fPzPAuzJlMM0MlWS0aZhyZBC1iQAOmKDF8ZgkmitlbERljhYmxYVVsCP76y5ukU6/5N7XGY6ParBdxlOECLuEafLiFJjxAC9pAYArP8ApvTu68OO/Ox6q15BQz5/AHzucP4rOSeg==</latexit>

�i ⇠ 100

<latexit sha1_base64="Es3bUcrvwaFGWBsJ2gT67DFNCf0=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5LUoi4LbtxZwT6giWEynaRDZ5IwMxFKyC+48VfcuFDErTt3/o3TNgttPXDhcM693HuPnzAqlWV9G6WV1bX1jfJmZWt7Z3fP3D/oyjgVmHRwzGLR95EkjEako6hipJ8IgrjPSM8fX0393gMRksbRnZokxOUojGhAMVJa8syaE4aw5iiUQueGkxB59NTLHMEhzqEjKYe2dZ+d5dAzq1bdmgEuE7sgVVCg7ZlfzjDGKSeRwgxJObCtRLkZEopiRvKKk0qSIDxGIRloGiFOpJvNPsrhiVaGMIiFrkjBmfp7IkNcygn3dSdHaiQXvan4nzdIVXDpZjRKUkUiPF8UpAyqGE7jgUMqCFZsognCgupbIR4hgbDSIVZ0CPbiy8uk26jb5/XmbbPaahRxlMEROAY1YIML0ALXoA06AINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx+7MZum</latexit>

� (⌧⌦i)c ⇠ 103

<latexit sha1_base64="miI5dl1FqWYoQZpn24apuvZ+sEk=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1U5JS1GXBjTsr2Ac0MUymk3TozCTMTIQS+gtu/BU3LhRx686df+O0zUJbD1w4nHMv994Tpowq7Tjf1srq2vrGZmmrvL2zu7dvHxx2VJJJTNo4YYnshUgRRgVpa6oZ6aWSIB4y0g1HV1O/+0Ckoom40+OU+BzFgkYUI22kwK56cQyrnkYZ9G44iVFAz4LckxziCfQU5dB17vPGBAZ2xak5M8Bl4hakAgq0AvvLGyQ440RozJBSfddJtZ8jqSlmZFL2MkVShEcoJn1DBeJE+fnsowk8NcoARok0JTScqb8ncsSVGvPQdHKkh2rRm4r/ef1MR5d+TkWaaSLwfFGUMagTOI0HDqgkWLOxIQhLam6FeIgkwtqEWDYhuIsvL5NOveae1xq3jUqzXsRRAsfgBFSBCy5AE1yDFmgDDB7BM3gFb9aT9WK9Wx/z1hWrmDkCf2B9/gC8t5un</latexit>

� (⌧⌦i)c ⇠ 104

<latexit sha1_base64="dKmLExAef7tCryrNNyWDpQvPy+Q=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1Wom5LUoi4LbtxZwT6gCWEynaZDZyZhZiKU0B9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCccXU/9zgORisbiXo8T4nMUCTqgGGkjBfaJF0Ww4mmUQu+WkwgF9CzIPMkhnkBPUQ7PHRjYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkUnJSxVJEB6hiPQMFYgT5Wezbybw1Ch9OIilKaHhTP09kSGu1JiHppMjPVSL3lT8z+ulenDlZ1QkqSYCzxcNUgZ1DKfRwD6VBGs2NgRhSc2tEA+RRFibAEsmBHfx5WXSrlXdi2r9rl5u1PI4iuAIHIMKcMElaIAb0AQtgMEjeAav4M16sl6sd+tj3lqw8plD8AfW5w+iTJn3</latexit>

� (⌧⌦i)c ⇠ 30

N.B. Alfvén-inhibiting state could still be relevant if              : 
• Reionization epoch (weak magnetisation)
• Local regions of  ICM plasma in which tangled stochastic 

field is reversing sign
• Systems with much smaller scale separations… like 

experiments! 

<latexit sha1_base64="/vgys4+ZyyWFdz+So6J0CWVDEUI=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQtlsN+nSzYe7k0IJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWaen0qh0ba/rdLG5tb2Tnm3srd/cHhUPT7p6iRTjHdYIhP16FPNpYh5BwVK/pgqTiNf8p4/vp37vQlXWiTxA05T7kU0jEUgGEUjea7PkQ4EccOQOINqza7bC5B14hSkBgXag+qXO0xYFvEYmaRa9x07RS+nCgWTfFZxM81TysY05H1DYxpx7eWLo2fkwihDEiTKVIxkof6eyGmk9TTyTWdEcaRXvbn4n9fPMLjxchGnGfKYLRcFmSSYkHkCZCgUZyinhlCmhLmVsBFVlKHJqWJCcFZfXifdRt25qjfvm7VWo4ijDGdwDpfgwDW04A7a0AEGT/AMr/BmTawX6936WLaWrGLmFP7A+vwBoOWRUA==</latexit>

�i � 1

Implications
<latexit sha1_base64="FKEr/WfqCt0u8DRa3p6QwD3dL8E=">AAACCnicbVA9SwNBEN3zM8avqKXNahBiYbwLQa0koIVlBJMIuePY20x0yd4Hu3NCOFLb+FdsLBSx9RfY+W/cS1L49WDg8d4MM/OCRAqNtv1pzczOzS8sFpaKyyura+uljc22jlPFocVjGavrgGmQIoIWCpRwnShgYSChEwzOcr9zB0qLOLrCYQJeyG4i0RecoZH80k7FPQeJzBf7fuaqkGqGI3pKD2qHbgC57pfKdtUeg/4lzpSUyRRNv/Th9mKehhAhl0zrrmMn6GVMoeASRkU31ZAwPmA30DU0YiFoLxu/MqJ7RunRfqxMRUjH6veJjIVaD8PAdIYMb/VvLxf/87op9k+8TERJihDxyaJ+KinGNM+F9oQCjnJoCONKmFspv2WKcTTpFU0Izu+X/5J2reocVeuX9XKjNo2jQLbJLqkQhxyTBrkgTdIinNyTR/JMXqwH68l6td4mrTPWdGaL/ID1/gXhlZkT</latexit>

(�i)sat > �2/�i
<latexit sha1_base64="CMuPdf3j9D1ROSylhSe/3k7zFaE=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZKUVfS4sZlBfuATimZNNOG5jEkmUoZ5gPc+CtuXCji1g9w59+YtrPQ1gOBwznncnNPEDGqjet+Oyura+sbm7mt/PbO7t5+4eCwqWWsMGlgyaRqB0gTRgVpGGoYaUeKIB4w0gpGN1O/NSZKUynuzSQiXY4GgoYUI2OlXqE47iW1FPqKDoYGKSUfoFV8xWHtnIRhCq+ha1NuyZ0BLhMvI0WQod4rfPl9iWNOhMEMad3x3Mh0E6QMxYykeT/WJEJ4hAakY6lAnOhuMjsmhadW6cNQKvuEgTP190SCuNYTHtgkR2aoF72p+J/XiU141U2oiGJDBJ4vCmMGjYTTZmCfKoINm1iCsKL2rxAPkULY2P7ytgRv8eRl0iyXvItS5a5SrJazOnLgGJyAM+CBS1AFt6AOGgCDR/AMXsGb8+S8OO/Oxzy64mQzR+APnM8fQ++aaQ==</latexit>

vA ! vA,e↵ > 0



<latexit sha1_base64="q61STD+1118CsfUjd1TgVBF7pVU=">AAAB+3icbVDLTgJBEJzFF+Jr0aOXicTEE9lBQI8kXjxiIkICK5kdZmHC7CMzvRqy8ilePGhivPoj3vwbB9iDgpV0UqnqTneXF0uhwXG+rdza+sbmVn67sLO7t39gFw/vdJQoxlsskpHqeFRzKULeAgGSd2LFaeBJ3vbGVzO//cCVFlF4C5OYuwEdhsIXjIKR+naxUqvfV3APRMA1JrXzet8uOWVnDrxKSEZKKEOzb3/1BhFLAh4Ck1TrLnFicFOqQDDJp4VeonlM2ZgOedfQkJpNbjo/fYpPjTLAfqRMhYDn6u+JlAZaTwLPdAYURnrZm4n/ed0E/Es3FWGcAA/ZYpGfSAwRnuWAB0JxBnJiCGVKmFsxG1FFGZi0CiYEsvzyKmlXyqRaJuSmWmo4WR55dIxO0Bki6AI10DVqohZi6BE9o1f0Zj1ZL9a79bFozVnZzBH6A+vzB9z7kjY=</latexit>

2562 ⇥ 1536

<latexit sha1_base64="XUhevSZndyMwaDJQA5gBSdd3y3k=">AAAB/HicbVBNS8NAEN3Ur1q/Yj16WSxCvZSkFPQiFLx4rGCt0ISw2W7apZtN2J2IJfavePGgIF79Id78N27bHLT1wcDjvRlm5oWp4Boc59sqra1vbG6Vtys7u3v7B/Zh9U4nmaKsSxORqPuQaCa4ZF3gINh9qhiJQ8F64fhq5vcemNI8kbcwSZkfk6HkEacEjBTYVS9kQILce+LTunOGL3EzsGtOw5kDrxK3IDVUoBPYX94goVnMJFBBtO67Tgp+ThRwKti04mWapYSOyZD1DZUkZtrP57dP8alRBjhKlCkJeK7+nshJrPUkDk1nTGCkl72Z+J/XzyC68HMu0wyYpItFUSYwJHgWBB5wxSiIiSGEKm5uxXREFKFg4qqYENzll1dJr9lwWw3XvWnV2k6RRxkdoxNURy46R210jTqoiyh6RM/oFb1ZU+vFerc+Fq0lq5g5Qn9gff4Ao8CTRg==</latexit>

�ki(0) = 2
<latexit sha1_base64="dPZ2diEShsJK8E7ovAUXYPgChQ0=">AAACDHicbVA9SwNBEN2LXzF+RS1tlgQhNuFOAloGbCwjGBPIhbC3mSRL9u6W3TlJONPb+FdsLBTE1h9g579x81Fo4oNhHu/NsDsvUFIYdN1vJ7O2vrG5ld3O7ezu7R/kD4/uTJxoDnUey1g3A2ZAigjqKFBCU2lgYSChEQyvpn7jHrQRcXSLYwXtkPUj0ROcoZU6+YIfALJO6j+ISQlt1yGFkZqcUZ8ppeMRrXTyRbfszkBXibcgRbJArZP/8rsxT0KIkEtmTMtzFbZTplFwCZOcnxhQjA9ZH1qWRiwE005nt0zoqVW6tBdrWxHSmfp7I2WhMeMwsJMhw4FZ9qbif14rwd5lOxWRShAiPn+ol0iKMZ0GQ7tCA0c5toRxLexfKR8wzTja+HI2BG/55FXSOC97lbLn3VSKVXeRR5ackAIpEY9ckCq5JjVSJ5w8kmfySt6cJ+fFeXc+5qMZZ7FzTP7A+fwBOQia5A==</latexit>

�ki(texp) ⇡ 4

<latexit sha1_base64="jjX8/8EAHfrnNkjUDpdJZEdcsls=">AAACEXicbVC7TgJBFJ3FF+Jr1dJmIjFiIe4YiJYYGwsTMREhYXEzOwwwYfaRmVkiWfcTbPwVGwtNjK2dnX/jAFsoeJKbnJxzb+69xw05k8qyvo3M3PzC4lJ2Obeyura+YW5u3cogEoTWSMAD0XCxpJz5tKaY4rQRCoo9l9O62z8f+fUBFZIF/o0ahrTl4a7POoxgpSXH3L90YvshORo4ZwXrANo4DEVwD8tlBO0rj3axw+7iQ5Q4Zt4qWmPAWYJSkgcpqo75ZbcDEnnUV4RjKZvIClUrxkIxwmmSsyNJQ0z6uEubmvrYo7IVjx9K4J5W2rATCF2+gmP190SMPSmHnqs7Pax6ctobif95zUh1Tlsx88NIUZ9MFnUiDlUAR+nANhOUKD7UBBPB9K2Q9LDAROkMczoENP3yLKkfF1GpiNB1KV+x0jyyYAfsggJA4ARUwAWoghog4BE8g1fwZjwZL8a78TFpzRjpzDb4A+PzB2Aim0s=</latexit>

Lk/vA(0) ⇡ 551⌦�1
i

<latexit sha1_base64="evkHVoNKgI9xqjYHIVegrpVm9+4=">AAACAXicbVC7TsMwFHXKq5RXgIGBxaJCKktJUAUsSJVYGBiKRGmlNooc12ktHMeyHaQqZOFXWBhAQqz8BRt/g9NmgJYjXd2jc+6VfU8gGFXacb6t0sLi0vJKebWytr6xuWVv79ypOJGYtHHMYtkNkCKMctLWVDPSFZKgKGCkE9xf5n7ngUhFY36rx4J4ERpyGlKMtJF8e+/aT/uP2XHeBJEiqzlH8AKe+nbVqTsTwHniFqQKCrR8+6s/iHESEa4xQ0r1XEdoL0VSU8xIVuknigiE79GQ9AzlKCLKSycHZPDQKAMYxtIU13Ci/t5IUaTUOArMZIT0SM16ufif10t0eO6llItEE46nD4UJgzqGeRpwQCXBmo0NQVhS81eIR0girE1mFROCO3vyPOmc1N1G3XVvGtWmU+RRBvvgANSAC85AE1yBFmgDDDLwDF7Bm/VkvVjv1sd0tGQVO7vgD6zPH0m+lUw=</latexit>

Lk/L?(0) = 6
<latexit sha1_base64="cxfU8gF8nUNs6oBSohEF9kkexdI=">AAACEXicbZC7TsMwFIadcivlFmBksagQZSkJVIKxEgsDQ5EordREleOethZOYtkOahXyCCy8CgsDSIiVjY23wb0M0HIky5/+/xzZ5w8EZ0o7zreVW1hcWl7JrxbW1jc2t+ztnVsVJ5JCncY8ls2AKOAsgrpmmkNTSCBhwKER3F2M/MY9SMXi6EYPBfgh6UWsyyjRRmrbh1ft1HvIjkeXACmykjYkQwwDkR1hjwgh4wE+bdtFp+yMC8+DO4UimlatbX95nZgmIUSacqJUy3WE9lMiNaMcsoKXKBCE3pEetAxGJATlp+OFMnxglA7uxtKcSOOx+nsiJaFSwzAwnSHRfTXrjcT/vFaiu+d+yiKRaIjo5KFuwrGO8Sgd3GESqOZDA4RKZv6KaZ9IQrXJsGBCcGdXnofGSdmtlF33ulKsOtM88mgP7aMSctEZqqJLVEN1RNEjekav6M16sl6sd+tj0pqzpjO76E9Znz/0/pzl</latexit>

Lk/L?(texp) ⇡ 3

Increasing time

<latexit sha1_base64="yTwsJ7PFd86NG+bFNKlUH5ibb+w=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokU9Vjw4rGC/YCmls120i7dbMLuRC2h/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkbXU7/1ANqIWN3hOIFuxAZKhIIztNK9jyztZb6OKDwlk16p7FbcGegy8XJSJjnqvdKX3495GoFCLpkxHc9NsJsxjYJLmBT91EDC+IgNoGOpYhGYbja7ekJPrdKnYaxtKaQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4VU3EypJERSfLwpTSTGm0whoX2jgKMeWMK6FvZXyIdOMow2qaEPwFl9eJs3zindRqd5Wy7VqHkeBHJMTckY8cklq5IbUSYNwoskzeSVvzqPz4rw7H/PWFSefOSJ/4Hz+AMJTkqY=</latexit>⌧exp

<latexit sha1_base64="yTwsJ7PFd86NG+bFNKlUH5ibb+w=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokU9Vjw4rGC/YCmls120i7dbMLuRC2h/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkbXU7/1ANqIWN3hOIFuxAZKhIIztNK9jyztZb6OKDwlk16p7FbcGegy8XJSJjnqvdKX3495GoFCLpkxHc9NsJsxjYJLmBT91EDC+IgNoGOpYhGYbja7ekJPrdKnYaxtKaQz9fdExiJjxlFgOyOGQ7PoTcX/vE6K4VU3EypJERSfLwpTSTGm0whoX2jgKMeWMK6FvZXyIdOMow2qaEPwFl9eJs3zindRqd5Wy7VqHkeBHJMTckY8cklq5IbUSYNwoskzeSVvzqPz4rw7H/PWFSefOSJ/4Hz+AMJTkqY=</latexit>⌧exp
<latexit sha1_base64="xe+LHkBR//oq9wHqRRAT0Mze/o4=">AAACEHicbZC7TsMwFIadcivlFmBksagQZSkJqoAFqYiFgaFI9CI1UeS4bmvVcSLbqahCHoGFV2FhACFWRjbeBrfNAC2/ZOnXd87R8fn9iFGpLOvbyC0sLi2v5FcLa+sbm1vm9k5DhrHApI5DFoqWjyRhlJO6ooqRViQICnxGmv7galxvDomQNOR3ahQRN0A9TrsUI6WRZx46CsVe4ogAkvsohRfQtuCNBg/p8XDKL9OSdeSZRatsTQTnjZ2ZIshU88wvpxPiOCBcYYakbNtWpNwECUUxI2nBiSWJEB6gHmlry1FApJtMDkrhgSYd2A2FflzBCf09kaBAylHg684Aqb6crY3hf7V2rLrnbkJ5FCvC8XRRN2ZQhXCcDuxQQbBiI20QFlT/FeI+EggrnWFBh2DPnjxvGidl+7Rcua0Uq5UsjjzYA/ugBGxwBqrgGtRAHWDwCJ7BK3gznowX4934mLbmjGxmF/yR8fkDOiybYw==</latexit>

⌧exp = 10Lk/vA(0)

Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

<latexit sha1_base64="791ROR9xg11+Ud9FQyUYEygdows=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GVoEVzUpoi5L3bisYB/QhDCZTNuhM5MwMxFrKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKO820VVlbX1jeKm6Wt7Z3dPXv/oK3iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOLqe+p17IhWNxZ0eJ8TnaCBon2KkjRTYR15EmEawETycNYLMkxwOJoFdcarODHCZuDmpgBzNwP7yohinnAiNGVKq5zqJ9jMkNcWMTEpeqkiC8AgNSM9QgThRfja7fgJPjBLBfixNCQ1n6u+JDHGlxjw0nRzpoVr0puJ/Xi/V/Ss/oyJJNRF4vqifMqhjOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5kQ3MWXl0m7VnUvqrXb80q9nMdRBMegDE6BCy5BHdyAJmgBDB7BM3gFb9aT9WK9Wx/z1oKVzxyCP7A+fwB+J5SD</latexit>

�B
x
/B

g

<latexit sha1_base64="e47LVqqxk8DzFAHrriXVmjPOTuk=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVhCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAajJEL</latexit>

x/⇢i0

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

y/
⇢ i

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/⇢i0

<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>
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<latexit sha1_base64="9dgIq0DGlHsgJLeFliuKUfOVl1Q=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJ1MdGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbC4tLyyWlorr29sbm2bO7tNlWSSsgZNRCLbAVFM8Jg1gINg7VQyEgWCtYLB9dhv3TOpeBLfwTBlXkR6MQ85JaAl39wHfIVt6wy7QDI/d2WE2UM68s2KbdkT4HniFKSCCtR988vtJjSLWAxUEKU6jp2ClxMJnAo2KruZYimhA9JjHU1jEjHl5ZP7R/hIK10cJlJXDHii/p7ISaTUMAp0Z0Sgr2a9sfif18kgvPRyHqcZsJhOF4WZwJDgcRi4yyWjIIaaECq5vhXTPpGEgo6srENwZl+eJ81Tyzm3qrfVSu2kiKOEDtAhOkYOukA1dIPqqIEoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A/sjlMM=</latexit>

t =
0.5

⌧exp

<latexit sha1_base64="e47LVqqxk8DzFAHrriXVmjPOTuk=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVhCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAajJEL</latexit>

x/⇢i0

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

y/
⇢ i

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/⇢i0

<latexit sha1_base64="dB+FVnN/rBDXw1xb6bBtRmXhQks=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJFOtGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbS8srq2Xtoob25t7+yae/stlWSSsiZNRCI7AVFM8Jg1gYNgnVQyEgWCtYPh9cRv3zOpeBLfwShlXkT6MQ85JaAl3zwEfIUdq4ZdIJmfuzLC7CEd+2bFtuwp8CJxClJBBRq++eX2EppFLAYqiFJdx07By4kETgUbl91MsZTQIemzrqYxiZjy8un9Y3yilR4OE6krBjxVf0/kJFJqFAW6MyIwUPPeRPzP62YQXno5j9MMWExni8JMYEjwJAzc45JRECNNCJVc34rpgEhCQUdW1iE48y8vkta55VxY1dtqpX5WxFFCR+gYnSIH1VAd3aAGaiKKHtEzekVvxpPxYrwbH7PWJaOYOUB/YHz+AP/elMY=</latexit>

t =
1.7

⌧exp

<latexit sha1_base64="e47LVqqxk8DzFAHrriXVmjPOTuk=">AAAB8nicbVBNS8NAEJ34WetX1aOXpUXwVJMi6rHgxWMF+wFtKJvtpl26yYbdiVhCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jEo1402mpNKdgBouRcybKFDyTqI5jQLJ28H4dua3H7k2QsUPOEm4H9FhLELBKFqp+3TR0yPVz4Q77ZcqbtWdg6wSLycVyNHol756A8XSiMfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpTCNu/Gx+8pScWWVAQqVtxUjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/E3GSIo/ZYlGYSoKKzP4nA6E5QzmxhDIt7K2EjaimDG1KRRuCt/zyKmnVqt5VtXZ/WamX8zgKcAplOAcPrqEOd9CAJjBQ8Ayv8Oag8+K8Ox+L1jUnnzmBP3A+fwAajJEL</latexit>

x/⇢i0

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

y/
⇢ i

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/⇢i0

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

t =
0.9

⌧ex
p

Application: turbulence in expanding plasma



Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

Application: turbulence in expanding plasma

Key findings
• Fluctuations oscillate slower and                

gets larger as effective Alfvén speed drops:
<latexit sha1_base64="0xk5I3iZS9QPYkzjJkAzNRdpJiM="></latexit>

vA,e↵(t) ⌘
B(t)p
4⇡⇢(t)

⇥
✓
1 +

p? � pk
B2/4⇡

(t)

◆1/2
<latexit sha1_base64="fAt5pk27U1GqAbs+By//k+yTEeA="></latexit>

⇥

s

1 +
p? � pk
B2/4⇡

(t)

<latexit sha1_base64="ixlN0H/q4RL76/9VYOL3XfzanPI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsB/QXUs2zbahSXZJZtWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOr2d+54Fpw2N1B5OEBZIMFY84JWClex9I2s98LTF7Sqb9csWtunPgVeLlpIJyNPvlL38Q01QyBVQQY3qem0CQEQ2cCjYt+alhCaFjMmQ9SxWRzATZ/OopPrPKAEextqUAz9XfExmRxkxkaDslgZFZ9mbif14vhegqyLhKUmCKLhZFqcAQ41kEeMA1oyAmlhCqub0V0xHRhIINqmRD8JZfXiXtWtW7qNZv65VGLY+jiE7QKTpHHrpEDXSDmqiFKNLoGb2iN+fReXHenY9Fa8HJZ47RHzifP8G5kqQ=</latexit>⌧exp
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<latexit sha1_base64="yGN4y7b/6z+9w0I5fQVhVFSTBQ0=">AAAB+XicbVBNS8NAEN34WetHox69LBahXmoiBT2WevFYwdpCG8Jms2mXbjZhdyLU0F/ixYOCePWfePPfuG1z0NYHA4/3ZpiZF6SCa3Ccb2ttfWNza7u0U97d2z+o2IdHDzrJFGUdmohE9QKimeCSdYCDYL1UMRIHgnWD8c3M7z4ypXki72GSMi8mQ8kjTgkYybcrg5AJILh10fKdGpz7dtWpO3PgVeIWpIoKtH37axAmNIuZBCqI1n3XScHLiQJOBZuWB5lmKaFjMmR9QyWJmfby+eFTfGaUEEeJMiUBz9XfEzmJtZ7EgemMCYz0sjcT//P6GUTXXs5lmgGTdLEoygSGBM9SwCFXjIKYGEKo4uZWTEdEEQomq7IJwV1+eZV0L+tuo+66d41q0ynyKKETdIpqyEVXqIluURt1EEUZekav6M16sl6sd+tj0bpmFTPH6A+szx9L3pH1</latexit>

�B/B0(t)
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Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

Application: turbulence in expanding plasma

Key findings
• Fluctuations oscillate slower and                

gets larger as effective Alfvén speed drops:
<latexit sha1_base64="0xk5I3iZS9QPYkzjJkAzNRdpJiM="></latexit>

vA,e↵(t) ⌘
B(t)p
4⇡⇢(t)

⇥
✓
1 +

p? � pk
B2/4⇡

(t)

◆1/2
<latexit sha1_base64="fAt5pk27U1GqAbs+By//k+yTEeA="></latexit>

⇥

s

1 +
p? � pk
B2/4⇡

(t)

• Burst of firehose fluctuations appears
around à efficient regulation
of pressure anisotropy:

<latexit sha1_base64="ixlN0H/q4RL76/9VYOL3XfzanPI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsB/QXUs2zbahSXZJZtWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOr2d+54Fpw2N1B5OEBZIMFY84JWClex9I2s98LTF7Sqb9csWtunPgVeLlpIJyNPvlL38Q01QyBVQQY3qem0CQEQ2cCjYt+alhCaFjMmQ9SxWRzATZ/OopPrPKAEextqUAz9XfExmRxkxkaDslgZFZ9mbif14vhegqyLhKUmCKLhZFqcAQ41kEeMA1oyAmlhCqub0V0xHRhIINqmRD8JZfXiXtWtW7qNZv65VGLY+jiE7QKTpHHrpEDXSDmqiFKNLoGb2iN+fReXHenY9Fa8HJZ47RHzifP8G5kqQ=</latexit>⌧exp
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<latexit sha1_base64="yGN4y7b/6z+9w0I5fQVhVFSTBQ0=">AAAB+XicbVBNS8NAEN34WetHox69LBahXmoiBT2WevFYwdpCG8Jms2mXbjZhdyLU0F/ixYOCePWfePPfuG1z0NYHA4/3ZpiZF6SCa3Ccb2ttfWNza7u0U97d2z+o2IdHDzrJFGUdmohE9QKimeCSdYCDYL1UMRIHgnWD8c3M7z4ypXki72GSMi8mQ8kjTgkYybcrg5AJILh10fKdGpz7dtWpO3PgVeIWpIoKtH37axAmNIuZBCqI1n3XScHLiQJOBZuWB5lmKaFjMmR9QyWJmfby+eFTfGaUEEeJMiUBz9XfEzmJtZ7EgemMCYz0sjcT//P6GUTXXs5lmgGTdLEoygSGBM9SwCFXjIKYGEKo4uZWTEdEEQomq7IJwV1+eZV0L+tuo+66d41q0ynyKKETdIpqyEVXqIluURt1EEUZekav6M16sl6sd+tj0bpmFTPH6A+szx9L3pH1</latexit>

�B/B0(t)

2 4 6 8
Øik

°0.8

°0.6

°0.4

°0.2

0.0

¢
i

103

104

105

106

<latexit sha1_base64="AnZOze2GmK+qUmZ7jiLYoITgui4=">AAACB3icbVDLSgMxFM34rPVVdacgwSK4KjMqKrgpuHFZwT6gM5RMeqcNTTJDkhHK0J0bf8WNC0Xc+gvu/BszbRfaeiDhcM693HtPmHCmjet+OwuLS8srq4W14vrG5tZ2aWe3oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgJvebD6A0i+W9GSYQCNKTLGKUGCt1Soe+IKavRCZTEYLC/jWOo/ynwLkedUplt+KOgeeJNyVlNEWtU/ryuzFNBUhDOdG67bmJCTKiDKMcRkU/1ZAQOiA9aFsqiQAdZOM7RvjYKl0cxco+afBY/d2REaH1UIS2Mt9az3q5+J/XTk10FWRMJqkBSSeDopRjE+M8FNxlCqjhQ0sIVczuimmfKEKNja5oQ/BmT54njdOKd1E5uzsvV/encRTQATpCJ8hDl6iKblEN1RFFj+gZvaI358l5cd6dj0npgjPt2UN/4Hz+AB3OmLM=</latexit>

nu
m
b
er

of
ce
ll
s<latexit sha1_base64="YkcLZMGPrDf+ZWnK3aADqw3+iKU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBqvgxppIUTdCQRcuK9gHNCFMpjft0MmDmYlQYhdu/BU3LhRx60e482+ctllo9cCFM+fcy9x7/IQzqSzryygsLC4trxRXS2vrG5tb5vZOS8apoNCkMY9FxycSOIugqZji0EkEkNDn0PaHlxO/fQdCsji6VaME3JD0IxYwSpSWPLPsXAFXxGP4Ah/Z1dqx44N+Zs49G3tmxapaU+C/xM5JBeVoeOan04tpGkKkKCdSdm0rUW5GhGKUw7jkpBISQoekD11NIxKCdLPpEWN8oJUeDmKhK1J4qv6cyEgo5Sj0dWdI1EDOexPxP6+bquDczViUpAoiOvsoSDlWMZ4kgntMAFV8pAmhguldMR0QQajSuZV0CPb8yX9J66Rqn1btm1qlvp/HUURltIcOkY3OUB1dowZqIooe0BN6Qa/Go/FsvBnvs9aCkc/sol8wPr4BhvGWqw==</latexit>

�i = �1.4/�ki

<latexit sha1_base64="/EPBx4e3JOCSb0RFn9hfoIIN1Pk=">AAACAnicbVDLSsNAFJ34rPUVdSVuBqvgxpoUUTdCQRcuK9gHNCFMpjft0MmDmYlQYnHjr7hxoYhbv8Kdf+O0zUJbD1w4c869zL3HTziTyrK+jbn5hcWl5cJKcXVtfWPT3NpuyDgVFOo05rFo+UQCZxHUFVMcWokAEvocmn7/auQ370FIFkd3apCAG5JuxAJGidKSZ+4618AV8Ri+xMeVE8cH/cicBzb0zJJVtsbAs8TOSQnlqHnml9OJaRpCpCgnUrZtK1FuRoRilMOw6KQSEkL7pAttTSMSgnSz8QlDfKiVDg5ioStSeKz+nshIKOUg9HVnSFRPTnsj8T+vnargws1YlKQKIjr5KEg5VjEe5YE7TABVfKAJoYLpXTHtEUGo0qkVdQj29MmzpFEp22dl+/a0VD3I4yigPbSPjpCNzlEV3aAaqiOKHtEzekVvxpPxYrwbH5PWOSOf2UF/YHz+AJzqljY=</latexit>

�i =
�2/�ki

<latexit sha1_base64="4P10ZzGqSnO13la9BRorovlWbCo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gOSUDbbbbt0kw27E6HE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdiBouRcJbKFDybqo5jSPJO9H4duZ3Hrk2QiUPOEl5GNNhIgaCUbSSH0QcaS8PnsS0V625dXcOskq8gtSgQLNX/Qr6imUxT5BJaozvuSmGOdUomOTTSpAZnlI2pkPuW5rQmJswn588JWdW6ZOB0rYSJHP190ROY2MmcWQ7Y4ojs+zNxP88P8PBTZiLJM2QJ2yxaJBJgorM/id9oTlDObGEMi3srYSNqKYMbUoVG4K3/PIqaV/Uvav65f1lreEWcZThBE7hHDy4hgbcQRNawEDBM7zCm4POi/PufCxaS04xcwx/4Hz+AJ+3kW8=</latexit>

�ki

<latexit sha1_base64="XaAzic8C0lPMg5i6MBlTCWXqlZ0=">AAACKnicbVBNSwMxFMz6WevXqkcvwSJ4se5KUY+KHjxWsCp0S3mbvtZgNrskWbGs/T1e/CteelCKV3+IaV1FWwcCw8w8Xt6EieDaeN7AmZqemZ2bLywUF5eWV1bdtfUrHaeKYY3FIlY3IWgUXGLNcCPwJlEIUSjwOrw7HfrX96g0j+Wl6SbYiKAjeZszMFZquieBANkRSIMzFAaanAYqFyBJVPxAd/1yZe8nFaINZcEj730Hm27JK3sj0Eni56REclSbbj9oxSyNUBomQOu67yWmkYEynAnsFYNUYwLsDjpYt1RChLqRjU7t0W2rtGg7VvZJQ0fq74kMIq27UWiTEZhbPe4Nxf+8emraR42MyyQ1KNnXonYqqInpsDfa4gqZEV1LgClu/0rZLShgxrZbtCX44ydPkqv9sn9QrlxUSsf7eR0Fskm2yA7xySE5JuekSmqEkSfyQl7Jm/Ps9J2B8/4VnXLymQ3yB87HJ4/zprk=</latexit>

h�ii ⇡ �1.4/h�kii
<latexit sha1_base64="9dgIq0DGlHsgJLeFliuKUfOVl1Q=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJ1MdGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbC4tLyyWlorr29sbm2bO7tNlWSSsgZNRCLbAVFM8Jg1gINg7VQyEgWCtYLB9dhv3TOpeBLfwTBlXkR6MQ85JaAl39wHfIVt6wy7QDI/d2WE2UM68s2KbdkT4HniFKSCCtR988vtJjSLWAxUEKU6jp2ClxMJnAo2KruZYimhA9JjHU1jEjHl5ZP7R/hIK10cJlJXDHii/p7ISaTUMAp0Z0Sgr2a9sfif18kgvPRyHqcZsJhOF4WZwJDgcRi4yyWjIIaaECq5vhXTPpGEgo6srENwZl+eJ81Tyzm3qrfVSu2kiKOEDtAhOkYOukA1dIPqqIEoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A/sjlMM=</latexit>

t = 0.5⌧exp

<latexit sha1_base64="F2QEmI1bZ0A92bXTOofTCtinvAQ=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCslt0QfHQBG8sI5gHZEGYns8mQ2Z1h5q4kLGls/BUbC0Vs/Qc7/8bJo9DEAxcO59zLvfeESnADnvftrKyurW9s5rby2zu7e/uFg8O6kammrEalkLoZEsMET1gNOAjWVJqROBSsEQ5uJn7jgWnDZXIPI8XaMeklPOKUgJU6hRPAAVFKyyH23GscAEk7WaBjzIZq3CkUPdebAi8Tf06KaI5qp/AVdCVNY5YAFcSYlu8paGdEA6eCjfNBapgidEB6rGVpQmJm2tn0izE+s0oXR1LbSgBP1d8TGYmNGcWh7YwJ9M2iNxH/81opRFftjCcqBZbQ2aIoFRgknkSCu1wzCmJkCaGa21sx7RNNKNjg8jYEf/HlZVIvuf6FW74rFyuleRw5dIxO0Tny0SWqoFtURTVE0SN6Rq/ozXlyXpx352PWuuLMZ47QHzifP0LKl8I=</latexit>

t ⇡ 0.9⌧exp
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Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

Application: turbulence in expanding plasma

Key findings
• Fluctuations oscillate slower and                

gets larger as effective Alfvén speed drops:
<latexit sha1_base64="0xk5I3iZS9QPYkzjJkAzNRdpJiM="></latexit>

vA,e↵(t) ⌘
B(t)p
4⇡⇢(t)

⇥
✓
1 +

p? � pk
B2/4⇡

(t)

◆1/2
<latexit sha1_base64="fAt5pk27U1GqAbs+By//k+yTEeA="></latexit>

⇥

s

1 +
p? � pk
B2/4⇡

(t)

• Burst of firehose fluctuations appears
around à efficient regulation
of pressure anisotropy:

<latexit sha1_base64="ixlN0H/q4RL76/9VYOL3XfzanPI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsB/QXUs2zbahSXZJZtWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOr2d+54Fpw2N1B5OEBZIMFY84JWClex9I2s98LTF7Sqb9csWtunPgVeLlpIJyNPvlL38Q01QyBVQQY3qem0CQEQ2cCjYt+alhCaFjMmQ9SxWRzATZ/OopPrPKAEextqUAz9XfExmRxkxkaDslgZFZ9mbif14vhegqyLhKUmCKLhZFqcAQ41kEeMA1oyAmlhCqub0V0xHRhIINqmRD8JZfXiXtWtW7qNZv65VGLY+jiE7QKTpHHrpEDXSDmqiFKNLoGb2iN+fReXHenY9Fa8HJZ47RHzifP8G5kqQ=</latexit>⌧exp
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<latexit sha1_base64="yGN4y7b/6z+9w0I5fQVhVFSTBQ0=">AAAB+XicbVBNS8NAEN34WetHox69LBahXmoiBT2WevFYwdpCG8Jms2mXbjZhdyLU0F/ixYOCePWfePPfuG1z0NYHA4/3ZpiZF6SCa3Ccb2ttfWNza7u0U97d2z+o2IdHDzrJFGUdmohE9QKimeCSdYCDYL1UMRIHgnWD8c3M7z4ypXki72GSMi8mQ8kjTgkYybcrg5AJILh10fKdGpz7dtWpO3PgVeIWpIoKtH37axAmNIuZBCqI1n3XScHLiQJOBZuWB5lmKaFjMmR9QyWJmfby+eFTfGaUEEeJMiUBz9XfEzmJtZ7EgemMCYz0sjcT//P6GUTXXs5lmgGTdLEoygSGBM9SwCFXjIKYGEKo4uZWTEdEEQomq7IJwV1+eZV0L+tuo+66d41q0ynyKKETdIpqyEVXqIluURt1EEUZekav6M16sl6sd+tj0bpmFTPH6A+szx9L3pH1</latexit>

�B/B0(t)
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<latexit sha1_base64="AnZOze2GmK+qUmZ7jiLYoITgui4=">AAACB3icbVDLSgMxFM34rPVVdacgwSK4KjMqKrgpuHFZwT6gM5RMeqcNTTJDkhHK0J0bf8WNC0Xc+gvu/BszbRfaeiDhcM693HtPmHCmjet+OwuLS8srq4W14vrG5tZ2aWe3oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgJvebD6A0i+W9GSYQCNKTLGKUGCt1Soe+IKavRCZTEYLC/jWOo/ynwLkedUplt+KOgeeJNyVlNEWtU/ryuzFNBUhDOdG67bmJCTKiDKMcRkU/1ZAQOiA9aFsqiQAdZOM7RvjYKl0cxco+afBY/d2REaH1UIS2Mt9az3q5+J/XTk10FWRMJqkBSSeDopRjE+M8FNxlCqjhQ0sIVczuimmfKEKNja5oQ/BmT54njdOKd1E5uzsvV/encRTQATpCJ8hDl6iKblEN1RFFj+gZvaI358l5cd6dj0npgjPt2UN/4Hz+AB3OmLM=</latexit>

nu
m
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of
ce
ll
s<latexit sha1_base64="YkcLZMGPrDf+ZWnK3aADqw3+iKU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBqvgxppIUTdCQRcuK9gHNCFMpjft0MmDmYlQYhdu/BU3LhRx60e482+ctllo9cCFM+fcy9x7/IQzqSzryygsLC4trxRXS2vrG5tb5vZOS8apoNCkMY9FxycSOIugqZji0EkEkNDn0PaHlxO/fQdCsji6VaME3JD0IxYwSpSWPLPsXAFXxGP4Ah/Z1dqx44N+Zs49G3tmxapaU+C/xM5JBeVoeOan04tpGkKkKCdSdm0rUW5GhGKUw7jkpBISQoekD11NIxKCdLPpEWN8oJUeDmKhK1J4qv6cyEgo5Sj0dWdI1EDOexPxP6+bquDczViUpAoiOvsoSDlWMZ4kgntMAFV8pAmhguldMR0QQajSuZV0CPb8yX9J66Rqn1btm1qlvp/HUURltIcOkY3OUB1dowZqIooe0BN6Qa/Go/FsvBnvs9aCkc/sol8wPr4BhvGWqw==</latexit>

�i = �1.4/�ki

<latexit sha1_base64="/EPBx4e3JOCSb0RFn9hfoIIN1Pk=">AAACAnicbVDLSsNAFJ34rPUVdSVuBqvgxpoUUTdCQRcuK9gHNCFMpjft0MmDmYlQYnHjr7hxoYhbv8Kdf+O0zUJbD1w4c869zL3HTziTyrK+jbn5hcWl5cJKcXVtfWPT3NpuyDgVFOo05rFo+UQCZxHUFVMcWokAEvocmn7/auQ370FIFkd3apCAG5JuxAJGidKSZ+4618AV8Ri+xMeVE8cH/cicBzb0zJJVtsbAs8TOSQnlqHnml9OJaRpCpCgnUrZtK1FuRoRilMOw6KQSEkL7pAttTSMSgnSz8QlDfKiVDg5ioStSeKz+nshIKOUg9HVnSFRPTnsj8T+vnargws1YlKQKIjr5KEg5VjEe5YE7TABVfKAJoYLpXTHtEUGo0qkVdQj29MmzpFEp22dl+/a0VD3I4yigPbSPjpCNzlEV3aAaqiOKHtEzekVvxpPxYrwbH5PWOSOf2UF/YHz+AJzqljY=</latexit>

�i =
�2/�ki

<latexit sha1_base64="4P10ZzGqSnO13la9BRorovlWbCo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gOSUDbbbbt0kw27E6HE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdiBouRcJbKFDybqo5jSPJO9H4duZ3Hrk2QiUPOEl5GNNhIgaCUbSSH0QcaS8PnsS0V625dXcOskq8gtSgQLNX/Qr6imUxT5BJaozvuSmGOdUomOTTSpAZnlI2pkPuW5rQmJswn588JWdW6ZOB0rYSJHP190ROY2MmcWQ7Y4ojs+zNxP88P8PBTZiLJM2QJ2yxaJBJgorM/id9oTlDObGEMi3srYSNqKYMbUoVG4K3/PIqaV/Uvav65f1lreEWcZThBE7hHDy4hgbcQRNawEDBM7zCm4POi/PufCxaS04xcwx/4Hz+AJ+3kW8=</latexit>

�ki

<latexit sha1_base64="XaAzic8C0lPMg5i6MBlTCWXqlZ0=">AAACKnicbVBNSwMxFMz6WevXqkcvwSJ4se5KUY+KHjxWsCp0S3mbvtZgNrskWbGs/T1e/CteelCKV3+IaV1FWwcCw8w8Xt6EieDaeN7AmZqemZ2bLywUF5eWV1bdtfUrHaeKYY3FIlY3IWgUXGLNcCPwJlEIUSjwOrw7HfrX96g0j+Wl6SbYiKAjeZszMFZquieBANkRSIMzFAaanAYqFyBJVPxAd/1yZe8nFaINZcEj730Hm27JK3sj0Eni56REclSbbj9oxSyNUBomQOu67yWmkYEynAnsFYNUYwLsDjpYt1RChLqRjU7t0W2rtGg7VvZJQ0fq74kMIq27UWiTEZhbPe4Nxf+8emraR42MyyQ1KNnXonYqqInpsDfa4gqZEV1LgClu/0rZLShgxrZbtCX44ydPkqv9sn9QrlxUSsf7eR0Fskm2yA7xySE5JuekSmqEkSfyQl7Jm/Ps9J2B8/4VnXLymQ3yB87HJ4/zprk=</latexit>

h�ii ⇡ �1.4/h�kii
<latexit sha1_base64="JPf6lgQaZxcIynMXzrH0/CU0890=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJFB8LoeDGZQX7gCaEyXTSDp08mLkRS+zCX3HjQhG3/oY7/8Zpm4W2HrhwOOde7r0nSAVXYNvfxsLi0vLKammtvL6xubVt7uw2VZJJyho0EYlsB0QxwWPWAA6CtVPJSBQI1goG12O/dc+k4kl8B8OUeRHpxTzklICWfHMf8BW2rUvsAsn83JURZg/pyDcrtmVPgOeJU5AKKlD3zS+3m9AsYjFQQZTqOHYKXk4kcCrYqOxmiqWEDkiPdTSNScSUl0/uH+EjrXRxmEhdMeCJ+nsiJ5FSwyjQnRGBvpr1xuJ/XieD8MLLeZxmwGI6XRRmAkOCx2HgLpeMghhqQqjk+lZM+0QSCjqysg7BmX15njRPLefMqt5WK7WTIo4SOkCH6Bg56BzV0A2qowai6BE9o1f0ZjwZL8a78TFtXTCKmT30B8bnDwF+lMc=</latexit>

t = 0.9⌧exp

<latexit sha1_base64="F2QEmI1bZ0A92bXTOofTCtinvAQ=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCslt0QfHQBG8sI5gHZEGYns8mQ2Z1h5q4kLGls/BUbC0Vs/Qc7/8bJo9DEAxcO59zLvfeESnADnvftrKyurW9s5rby2zu7e/uFg8O6kammrEalkLoZEsMET1gNOAjWVJqROBSsEQ5uJn7jgWnDZXIPI8XaMeklPOKUgJU6hRPAAVFKyyH23GscAEk7WaBjzIZq3CkUPdebAi8Tf06KaI5qp/AVdCVNY5YAFcSYlu8paGdEA6eCjfNBapgidEB6rGVpQmJm2tn0izE+s0oXR1LbSgBP1d8TGYmNGcWh7YwJ9M2iNxH/81opRFftjCcqBZbQ2aIoFRgknkSCu1wzCmJkCaGa21sx7RNNKNjg8jYEf/HlZVIvuf6FW74rFyuleRw5dIxO0Tny0SWqoFtURTVE0SN6Rq/ozXlyXpx352PWuuLMZ47QHzifP0LKl8I=</latexit>

t ⇡ 0.9⌧exp



Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

Application: turbulence in expanding plasma

Key findings
• Fluctuations oscillate slower and                

gets larger as effective Alfvén speed drops:
<latexit sha1_base64="0xk5I3iZS9QPYkzjJkAzNRdpJiM="></latexit>
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<latexit sha1_base64="fAt5pk27U1GqAbs+By//k+yTEeA="></latexit>
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• Burst of firehose fluctuations appears
around à efficient regulation
of pressure anisotropy:

<latexit sha1_base64="ixlN0H/q4RL76/9VYOL3XfzanPI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsB/QXUs2zbahSXZJZtWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOr2d+54Fpw2N1B5OEBZIMFY84JWClex9I2s98LTF7Sqb9csWtunPgVeLlpIJyNPvlL38Q01QyBVQQY3qem0CQEQ2cCjYt+alhCaFjMmQ9SxWRzATZ/OopPrPKAEextqUAz9XfExmRxkxkaDslgZFZ9mbif14vhegqyLhKUmCKLhZFqcAQ41kEeMA1oyAmlhCqub0V0xHRhIINqmRD8JZfXiXtWtW7qNZv65VGLY+jiE7QKTpHHrpEDXSDmqiFKNLoGb2iN+fReXHenY9Fa8HJZ47RHzifP8G5kqQ=</latexit>⌧exp
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<latexit sha1_base64="yGN4y7b/6z+9w0I5fQVhVFSTBQ0=">AAAB+XicbVBNS8NAEN34WetHox69LBahXmoiBT2WevFYwdpCG8Jms2mXbjZhdyLU0F/ixYOCePWfePPfuG1z0NYHA4/3ZpiZF6SCa3Ccb2ttfWNza7u0U97d2z+o2IdHDzrJFGUdmohE9QKimeCSdYCDYL1UMRIHgnWD8c3M7z4ypXki72GSMi8mQ8kjTgkYybcrg5AJILh10fKdGpz7dtWpO3PgVeIWpIoKtH37axAmNIuZBCqI1n3XScHLiQJOBZuWB5lmKaFjMmR9QyWJmfby+eFTfGaUEEeJMiUBz9XfEzmJtZ7EgemMCYz0sjcT//P6GUTXXs5lmgGTdLEoygSGBM9SwCFXjIKYGEKo4uZWTEdEEQomq7IJwV1+eZV0L+tuo+66d41q0ynyKKETdIpqyEVXqIluURt1EEUZekav6M16sl6sd+tj0bpmFTPH6A+szx9L3pH1</latexit>
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<latexit sha1_base64="AnZOze2GmK+qUmZ7jiLYoITgui4=">AAACB3icbVDLSgMxFM34rPVVdacgwSK4KjMqKrgpuHFZwT6gM5RMeqcNTTJDkhHK0J0bf8WNC0Xc+gvu/BszbRfaeiDhcM693HtPmHCmjet+OwuLS8srq4W14vrG5tZ2aWe3oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgJvebD6A0i+W9GSYQCNKTLGKUGCt1Soe+IKavRCZTEYLC/jWOo/ynwLkedUplt+KOgeeJNyVlNEWtU/ryuzFNBUhDOdG67bmJCTKiDKMcRkU/1ZAQOiA9aFsqiQAdZOM7RvjYKl0cxco+afBY/d2REaH1UIS2Mt9az3q5+J/XTk10FWRMJqkBSSeDopRjE+M8FNxlCqjhQ0sIVczuimmfKEKNja5oQ/BmT54njdOKd1E5uzsvV/encRTQATpCJ8hDl6iKblEN1RFFj+gZvaI358l5cd6dj0npgjPt2UN/4Hz+AB3OmLM=</latexit>
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s<latexit sha1_base64="YkcLZMGPrDf+ZWnK3aADqw3+iKU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBqvgxppIUTdCQRcuK9gHNCFMpjft0MmDmYlQYhdu/BU3LhRx60e482+ctllo9cCFM+fcy9x7/IQzqSzryygsLC4trxRXS2vrG5tb5vZOS8apoNCkMY9FxycSOIugqZji0EkEkNDn0PaHlxO/fQdCsji6VaME3JD0IxYwSpSWPLPsXAFXxGP4Ah/Z1dqx44N+Zs49G3tmxapaU+C/xM5JBeVoeOan04tpGkKkKCdSdm0rUW5GhGKUw7jkpBISQoekD11NIxKCdLPpEWN8oJUeDmKhK1J4qv6cyEgo5Sj0dWdI1EDOexPxP6+bquDczViUpAoiOvsoSDlWMZ4kgntMAFV8pAmhguldMR0QQajSuZV0CPb8yX9J66Rqn1btm1qlvp/HUURltIcOkY3OUB1dowZqIooe0BN6Qa/Go/FsvBnvs9aCkc/sol8wPr4BhvGWqw==</latexit>

�i = �1.4/�ki

<latexit sha1_base64="/EPBx4e3JOCSb0RFn9hfoIIN1Pk=">AAACAnicbVDLSsNAFJ34rPUVdSVuBqvgxpoUUTdCQRcuK9gHNCFMpjft0MmDmYlQYnHjr7hxoYhbv8Kdf+O0zUJbD1w4c869zL3HTziTyrK+jbn5hcWl5cJKcXVtfWPT3NpuyDgVFOo05rFo+UQCZxHUFVMcWokAEvocmn7/auQ370FIFkd3apCAG5JuxAJGidKSZ+4618AV8Ri+xMeVE8cH/cicBzb0zJJVtsbAs8TOSQnlqHnml9OJaRpCpCgnUrZtK1FuRoRilMOw6KQSEkL7pAttTSMSgnSz8QlDfKiVDg5ioStSeKz+nshIKOUg9HVnSFRPTnsj8T+vnargws1YlKQKIjr5KEg5VjEe5YE7TABVfKAJoYLpXTHtEUGo0qkVdQj29MmzpFEp22dl+/a0VD3I4yigPbSPjpCNzlEV3aAaqiOKHtEzekVvxpPxYrwbH5PWOSOf2UF/YHz+AJzqljY=</latexit>

�i =
�2/�ki

<latexit sha1_base64="4P10ZzGqSnO13la9BRorovlWbCo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gOSUDbbbbt0kw27E6HE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdiBouRcJbKFDybqo5jSPJO9H4duZ3Hrk2QiUPOEl5GNNhIgaCUbSSH0QcaS8PnsS0V625dXcOskq8gtSgQLNX/Qr6imUxT5BJaozvuSmGOdUomOTTSpAZnlI2pkPuW5rQmJswn588JWdW6ZOB0rYSJHP190ROY2MmcWQ7Y4ojs+zNxP88P8PBTZiLJM2QJ2yxaJBJgorM/id9oTlDObGEMi3srYSNqKYMbUoVG4K3/PIqaV/Uvav65f1lreEWcZThBE7hHDy4hgbcQRNawEDBM7zCm4POi/PufCxaS04xcwx/4Hz+AJ+3kW8=</latexit>

�ki

<latexit sha1_base64="XaAzic8C0lPMg5i6MBlTCWXqlZ0=">AAACKnicbVBNSwMxFMz6WevXqkcvwSJ4se5KUY+KHjxWsCp0S3mbvtZgNrskWbGs/T1e/CteelCKV3+IaV1FWwcCw8w8Xt6EieDaeN7AmZqemZ2bLywUF5eWV1bdtfUrHaeKYY3FIlY3IWgUXGLNcCPwJlEIUSjwOrw7HfrX96g0j+Wl6SbYiKAjeZszMFZquieBANkRSIMzFAaanAYqFyBJVPxAd/1yZe8nFaINZcEj730Hm27JK3sj0Eni56REclSbbj9oxSyNUBomQOu67yWmkYEynAnsFYNUYwLsDjpYt1RChLqRjU7t0W2rtGg7VvZJQ0fq74kMIq27UWiTEZhbPe4Nxf+8emraR42MyyQ1KNnXonYqqInpsDfa4gqZEV1LgClu/0rZLShgxrZbtCX44ydPkqv9sn9QrlxUSsf7eR0Fskm2yA7xySE5JuekSmqEkSfyQl7Jm/Ps9J2B8/4VnXLymQ3yB87HJ4/zprk=</latexit>

h�ii ⇡ �1.4/h�kii
<latexit sha1_base64="dB+FVnN/rBDXw1xb6bBtRmXhQks=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCwmJFOtGKLhxWcE+oAlhMp20QycPZm7EErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JUsEV2Pa3sbS8srq2Xtoob25t7+yae/stlWSSsiZNRCI7AVFM8Jg1gYNgnVQyEgWCtYPh9cRv3zOpeBLfwShlXkT6MQ85JaAl3zwEfIUdq4ZdIJmfuzLC7CEd+2bFtuwp8CJxClJBBRq++eX2EppFLAYqiFJdx07By4kETgUbl91MsZTQIemzrqYxiZjy8un9Y3yilR4OE6krBjxVf0/kJFJqFAW6MyIwUPPeRPzP62YQXno5j9MMWExni8JMYEjwJAzc45JRECNNCJVc34rpgEhCQUdW1iE48y8vkta55VxY1dtqpX5WxFFCR+gYnSIH1VAd3aAGaiKKHtEzekVvxpPxYrwbH7PWJaOYOUB/YHz+AP/elMY=</latexit>

t = 1.7⌧exp

<latexit sha1_base64="F2QEmI1bZ0A92bXTOofTCtinvAQ=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCslt0QfHQBG8sI5gHZEGYns8mQ2Z1h5q4kLGls/BUbC0Vs/Qc7/8bJo9DEAxcO59zLvfeESnADnvftrKyurW9s5rby2zu7e/uFg8O6kammrEalkLoZEsMET1gNOAjWVJqROBSsEQ5uJn7jgWnDZXIPI8XaMeklPOKUgJU6hRPAAVFKyyH23GscAEk7WaBjzIZq3CkUPdebAi8Tf06KaI5qp/AVdCVNY5YAFcSYlu8paGdEA6eCjfNBapgidEB6rGVpQmJm2tn0izE+s0oXR1LbSgBP1d8TGYmNGcWh7YwJ9M2iNxH/81opRFftjCcqBZbQ2aIoFRgknkSCu1wzCmJkCaGa21sx7RNNKNjg8jYEf/HlZVIvuf6FW74rFyuleRw5dIxO0Tny0SWqoFtURTVE0SN6Rq/ozXlyXpx352PWuuLMZ47QHzifP0LKl8I=</latexit>

t ⇡ 0.9⌧exp



Consider strong Alfvénic turbulence in an  expanding (                                                     ), collisionless plasma (Bott et al 2021):
<latexit sha1_base64="CLkZv13dODhwuaeXEXW/CNhZs4s="></latexit>

Lk = const., L?(t) = 1 + t/texp
<latexit sha1_base64="CKSac1BBF0BIP5mhVA9iqBJT+98=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCDUpRV0W3LisYB/QhDCZTtqhkwczN9IS8ituXCji1h9x5984bbPQ1gMXDufcy733+IngCizr2yhtbG5t75R3K3v7B4dH5nG1q+JUUtahsYhl3yeKCR6xDnAQrJ9IRkJfsJ4/uZv7vScmFY+jR5glzA3JKOIBpwS05JlV+xKuHCCplzkyxGya5J5Zs+rWAnid2AWpoQJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5RUnVSwhdEJGbKBpREKm3Gxxe47PtTLEQSx1RYAX6u+JjIRKzUJfd4YExmrVm4v/eYMUgls341GSAovoclGQCgwxngeBh1wyCmKmCaGS61sxHRNJKOi4KjoEe/XlddJt1O3revOhWWs1ijjK6BSdoQtkoxvUQveojTqIoil6Rq/ozciNF+Pd+Fi2loxi5gT9gfH5A1/Hk/w=</latexit>

1 + t/⌧exp

Application: turbulence in expanding plasma

Key findings
• Fluctuations oscillate slower and                

gets larger as effective Alfvén speed drops:
<latexit sha1_base64="0xk5I3iZS9QPYkzjJkAzNRdpJiM="></latexit>
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<latexit sha1_base64="fAt5pk27U1GqAbs+By//k+yTEeA="></latexit>
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• Burst of firehose fluctuations appears
around à efficient regulation
of pressure anisotropy:

• Alfvénic turbulence happily coexists with
firehoses; critical balance maintained
adaptively!

<latexit sha1_base64="ixlN0H/q4RL76/9VYOL3XfzanPI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh4LXjxWsB/QXUs2zbahSXZJZtWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOr2d+54Fpw2N1B5OEBZIMFY84JWClex9I2s98LTF7Sqb9csWtunPgVeLlpIJyNPvlL38Q01QyBVQQY3qem0CQEQ2cCjYt+alhCaFjMmQ9SxWRzATZ/OopPrPKAEextqUAz9XfExmRxkxkaDslgZFZ9mbif14vhegqyLhKUmCKLhZFqcAQ41kEeMA1oyAmlhCqub0V0xHRhIINqmRD8JZfXiXtWtW7qNZv65VGLY+jiE7QKTpHHrpEDXSDmqiFKNLoGb2iN+fReXHenY9Fa8HJZ47RHzifP8G5kqQ=</latexit>⌧exp
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1. Weakly collisional and collisionless magnetised            plasmas often become susceptible to the firehose instability 
in the course of  their macroscopic evolution, altering their basic physical properties. 

2. Using analytic theory and hybrid-PIC simulations, we have established that, depending on the relative magnitude of  
the plasma    , the characteristic timescale    of  macroscopic evolution, and the ion Larmor frequency     , the 
saturation of  the firehose instability in high- plasma can result in two states that have qualitatively distinct 
thermodynamics and microphysics. 

3. By contrast with the previously identified ‘Alfvén-inhibiting’ state, the newly identified `Alfvén-enabling' state, 
which is realised when                         , can support Alfvén waves and Alfvénic turbulence because the magnetic 
tension associated with the plasma's macroscopic magnetic field is never completely negated by anisotropic pressure 
forces:                          -

4. The box-averaged collision frequency is                    , in agreement with previous results, but certain sub-
populations of  particles experience collisions at a much greater (or smaller) rate depending on their velocity in the 
direction parallel to the magnetic field (NB. Additional slides on effective firehose collision operator available on request!)

5. The Alfvén-enabling state is the astrophysically relevant one! 
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Conclusions
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