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Fluid model for electromagnetic ITG

• Consider strongly-driven plasma in a z-pinch with cold 
ions and modest electron pressure:

• Include ITG and Alfvénic (fluid) dynamics + critical 
balance + keep motion along perturbed field line

• Fields are then of size
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Fluid model for electromagnetic ITG

• Consider strongly-driven plasma in a z-pinch with cold 
ions and modest electron pressure:

• Include ITG and Alfvénic (fluid) dynamics + critical 
balance + keep motion along perturbed field line

• Fields are then of size
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Fluid model for electromagnetic ITG

• Induction equation:

• Ion energy equation:

• Vorticity equation:

• Continuity equation:
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The electrostatic limit

• Corresponds to

• Recovers curvature-ITG and Alfvén waves in 
appropriate limits:  
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The electrostatic limit
P. Ivanov et al., JPP 86, 855860502 (2022)

Heat flux

Transition to high transport state beyond critical 
temperature gradient



The electrostatic limit
P. Ivanov et al., JPP 86, 855860502 (2022)
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The electrostatic limit
P. Ivanov et al., JPP 86, 855860502 (2022)
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Linear physics at finite plasma beta

• ‘High’ beta corresponds to

• Recovers the interchange mode

• Complete stabilization of ITG when

• Collisional instability introduced at small 
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Linear physics at finite plasma beta

<latexit sha1_base64="W+53jGLVprwy3QflES9O6i6alqA=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKxUJKK11jBwlgk+pCaEjnubWvVSSzbQaqi/AELv8LCAEKsrGz8De5jgJYjWTo6515dnxMIzpR2nG8rt7C4tLySXy2srW9sbtnbO3UVJ5JCjcY8ls2AKOAsgppmmkNTSCBhwKERDK5HfuMBpGJxdKeHAtoh6UWsyyjRRvLtw4GfeoJIwjnwDHtCxkLH2AtAEz+F7D49dk/KmW8XnZIzBp4n7pQU0RRV3/7yOjFNQog05USplusI3U6J1IxyyApeokAQOiA9aBkakRBUOx3nyfCBUTq4G0vzIo3H6u+NlIRKDcPATIZE99WsNxL/81qJ7l62UxaJRENEJ4e6Cccm8agc3GESqOZDQwiVzPwV074ph2pTYcGU4M5Gnif1csk9L53dnhYrV9M68mgP7aMj5KILVEE3qIpqiKJH9Ixe0Zv1ZL1Y79bHZDRnTXd20R9Ynz8IhZyl</latexit>

kk / ��1/2
e

<latexit sha1_base64="0UpAPCU8GPMKqf31dhPefLYSOWM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbwmQ6aYdOZsLMRAihf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gnHt1O/80SVZlI8mCyhfoyHgkWMYGOlx3GQob4ayUAH1Zpbd2dAy8QrSA0KNIPqV38gSRpTYQjHWvc8NzF+jpVhhNNJpZ9qmmAyxkPas1TgmGo/n108QSdWGaBIKlvCoJn6eyLHsdZZHNrOGJuRXvSm4n9eLzXRtZ8zkaSGCjJfFKUcGYmm76MBU5QYnlmCiWL2VkRGWGFibEgVG4K3+PIyaZ/Vvcv6xf15rXFTxFGGIziGU/DgChpwB01oAQEBz/AKb452Xpx352PeWnKKmUP4A+fzB2eJkMI=</latexit> k y
⇢ s

<latexit sha1_base64="4+f+dFpypqKAQwnApKLc9iIPxbE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEuqlJ8bUsdePCRQX7gCaEyXTSDp2ZhJmJUELBX3HjQhG3foc7/8Zpm4VWD1w4nHMv994TJowq7ThfVmFpeWV1rbhe2tjc2t6xd/faKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSj66nfeSBS0Vjc63FCfI4GgkYUI22kwD7wBohzBD1YuQ0a8BTWcKBOArvsVJ0Z4F/i5qQMcjQD+9PrxzjlRGjMkFI910m0nyGpKWZkUvJSRRKER2hAeoYKxInys9n5E3hslD6MYmlKaDhTf05kiCs15qHp5EgP1aI3Ff/zeqmOrvyMiiTVROD5oihlUMdwmgXsU0mwZmNDEJbU3ArxEEmEtUmsZEJwF1/+S9q1qntRPb87K9cbeRxFcAiOQAW44BLUwQ1oghbAIANP4AW8Wo/Ws/Vmvc9bC1Y+sw9+wfr4Bv/mk5Y=</latexit>

� (LB/2cs)

• Low collisionality + below interchange threshold
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(L

B
/2
c s
)

<latexit sha1_base64="0UpAPCU8GPMKqf31dhPefLYSOWM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbwmQ6aYdOZsLMRAihf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gnHt1O/80SVZlI8mCyhfoyHgkWMYGOlx3GQob4ayUAH1Zpbd2dAy8QrSA0KNIPqV38gSRpTYQjHWvc8NzF+jpVhhNNJpZ9qmmAyxkPas1TgmGo/n108QSdWGaBIKlvCoJn6eyLHsdZZHNrOGJuRXvSm4n9eLzXRtZ8zkaSGCjJfFKUcGYmm76MBU5QYnlmCiWL2VkRGWGFibEgVG4K3+PIyaZ/Vvcv6xf15rXFTxFGGIziGU/DgChpwB01oAQEBz/AKb452Xpx352PeWnKKmUP4A+fzB2eJkMI=</latexit>

ky⇢s

<latexit sha1_base64="0UpAPCU8GPMKqf31dhPefLYSOWM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbwmQ6aYdOZsLMRAihf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gnHt1O/80SVZlI8mCyhfoyHgkWMYGOlx3GQob4ayUAH1Zpbd2dAy8QrSA0KNIPqV38gSRpTYQjHWvc8NzF+jpVhhNNJpZ9qmmAyxkPas1TgmGo/n108QSdWGaBIKlvCoJn6eyLHsdZZHNrOGJuRXvSm4n9eLzXRtZ8zkaSGCjJfFKUcGYmm76MBU5QYnlmCiWL2VkRGWGFibEgVG4K3+PIyaZ/Vvcv6xf15rXFTxFGGIziGU/DgChpwB01oAQEBz/AKb452Xpx352PeWnKKmUP4A+fzB2eJkMI=</latexit>

ky⇢s

KAWs

ITG

collisional



Linear physics at finite plasma beta

• Considering small beta corrections to electrostatic ITG: 
<latexit sha1_base64="vmJGs5HKmjutt0xAwv1SKumyAIo="></latexit>

A ⇠
p

�eT' ) Ak ⇠ �e
p
T'

<latexit sha1_base64="ls5hEyP0h70vvVD0OSvUO02KGpQ=">AAACA3icbVC7SgNBFJ31GeMraqfNYBCswq74KoM2FhYRzAOyYZmd3E2GzD6cuSvEJWDjr9hYKGLrT9j5N04ehSYeGDiccy93zvETKTTa9rc1N7+wuLScW8mvrq1vbBa2tms6ThWHKo9lrBo+0yBFBFUUKKGRKGChL6Hu9y6Hfv0elBZxdIv9BFoh60QiEJyhkbzC7rX3QN1ExQnG1NV3CjPXB2QeDLxC0S7ZI9BZ4kxIkUxQ8QpfbjvmaQgRcsm0bjp2gq2MKRRcwiDvphoSxnusA01DIxaCbmWjDAN6YJQ2DWJlXoR0pP7eyFiodT/0zWTIsKunvaH4n9dMMThvZSJKUoSIjw8FqaQm77AQ2hYKOMq+IYwrYf5KeZcpxtHUljclONORZ0ntqOSclk5ujovli0kdObJH9skhccgZKZMrUiFVwskjeSav5M16sl6sd+tjPDpnTXZ2yB9Ynz9NnJf4</latexit>

Lz /
p

�e

<latexit sha1_base64="fn8hwFBySW37fq8ZeM/CuF53mtY=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUnE17LoxmUF+4AmhMn0ph06eThzI5TYhb/ixoUibv0Nd/6N0zYLbT1w4XDOvdx7T5AKrtC2v42FxaXlldXSWnl9Y3Nr29zZbaokkwwaLBGJbAdUgeAxNJCjgHYqgUaBgFYwuB77rQeQiifxHQ5T8CLai3nIGUUt+ea+m8okxcRy1b3E3A0AqQ8j36zYVXsCa544BamQAnXf/HK7CcsiiJEJqlTHsVP0ciqRMwGjspspSCkb0B50NI1pBMrLJ/ePrCOtdK0wkbpitCbq74mcRkoNo0B3RhT7atYbi/95nQzDSy/ncZohxGy6KMyEpf8dh2F1uQSGYqgJZZLrWy3Wp5Iy1JGVdQjO7MvzpHlSdc6rZ7enldpVEUeJHJBDckwcckFq5IbUSYMw8kieySt5M56MF+Pd+Ji2LhjFzB75A+PzB64Rlos=</latexit>

/
p

�e

<latexit sha1_base64="vt2SZqHt0ZIYcBVUb97eYKQVfhc=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZ0RX8uqG5cV7AM6w5BJ0zY0k4QkI5Sh4MZfceNCEbf+hDv/xrSdhbYeCBzOuZebc2LJqDae9+0UFhaXlleKq6W19Y3NLXd7p6FFqjCpY8GEasVIE0Y5qRtqGGlJRVASM9KMBzdjv/lAlKaC35uhJGGCepx2KUbGSpG7F0glpBHwKsoCiRRijLDRcSD7NHLLXsWbAM4TPydlkKMWuV9BR+A0IdxghrRu+540YYaUoZiRUSlINZEID1CPtC3lKCE6zCYZRvDQKh3YFco+buBE/b2RoUTrYRLbyQSZvp71xuJ/Xjs13cswo1ymhnA8PdRNGbSZx4XADlUEGza0BGFF7V8h7tsisLG1lWwJ/mzkedI4qfjnlbO703L1Oq+jCPbBATgCPrgAVXALaqAOMHgEz+AVvDlPzovz7nxMRwtOvrML/sD5/AE2Cpfm</latexit> /
A

k/
�

Fluid model gyrokinetics



Non-zonal transition in fluid model

<latexit sha1_base64="ls5hEyP0h70vvVD0OSvUO02KGpQ=">AAACA3icbVC7SgNBFJ31GeMraqfNYBCswq74KoM2FhYRzAOyYZmd3E2GzD6cuSvEJWDjr9hYKGLrT9j5N04ehSYeGDiccy93zvETKTTa9rc1N7+wuLScW8mvrq1vbBa2tms6ThWHKo9lrBo+0yBFBFUUKKGRKGChL6Hu9y6Hfv0elBZxdIv9BFoh60QiEJyhkbzC7rX3QN1ExQnG1NV3CjPXB2QeDLxC0S7ZI9BZ4kxIkUxQ8QpfbjvmaQgRcsm0bjp2gq2MKRRcwiDvphoSxnusA01DIxaCbmWjDAN6YJQ2DWJlXoR0pP7eyFiodT/0zWTIsKunvaH4n9dMMThvZSJKUoSIjw8FqaQm77AQ2hYKOMq+IYwrYf5KeZcpxtHUljclONORZ0ntqOSclk5ujovli0kdObJH9skhccgZKZMrUiFVwskjeSav5M16sl6sd+tjPDpnTXZ2yB9Ynz9NnJf4</latexit>

Lz /
p

�e



<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T

<latexit sha1_base64="TzELhXQnblj5EOsIoKBus3iB2GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9ob98oVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QN3fo3v</latexit>uy

Low transport High transport



Addition of Maxwell stress

<latexit sha1_base64="wnCiMPxSurqMIQ+1fOENt2ymn+4=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQEoSTiayNU3bis0Bc0IUymk3boZBJmJoUS+gVu/BU3LhRx69qdf+MkzUJbDwz3zDn3MnOPHzMqlWV9G0vLK6tr66WN8ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/usv8zpgISSPeVJOYuCEacBpQjJSWPLPqNKin4DXMauqMkYiHdApP8nuzqDeeWbFqVg64SOyCVECBhmd+Of0IJyHhCjMkZc+2YuWmSCiKGZmWnUSSGOERGpCephyFRLppvs4UVrXSh0Ek9OEK5urviRSFUk5CX3eGSA3lvJeJ/3m9RAVXbkp5nCjC8eyhIGFQRTDLBvapIFixiSYIC6r/CvEQCYSVTrCsQ7DnV14k7dOafVE7fzir1G+LOErgEByBY2CDS1AH96ABWgCDR/AMXsGb8WS8GO/Gx6x1yShmDsAfGJ8/BC+aMQ==</latexit>

⇧t = ⇧' +⇧T +⇧A

<latexit sha1_base64="o0/6mJZrNc2Cm7oEbdN8L4F/5yQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1U5Ji1WWrG5cV7AOaECbTSTt08nBmUgyhX+LGX3HjQhHBlf6Nkzagth4YOPfc19zjRowKaRhf2tLyyuraemGjuLm1vbOr7+23RRhzTFo4ZCHvukgQRgPSklQy0o04Qb7LSMcdXWX5zphwQcPgViYRsX00CKhHMZJKcvSa1aROA1rkLqZjWLVCVZzNSstWhLikiDn3sHHyEyUqmjh6yagYU8BFYuakBHI0Hf3D6oc49kkgMUNC9EwjknaazcSMTIpWLEiE8AgNSE/RAPlE2On0vAk8VkofeiFXL5Bwqv7uSJEvROK7qtJHcijmc5n4X64XS+/CTmkQxZIEeLbIixmUIcy8gn3KCZYsUQRhTtVfIR4ijrBUjhaVCeb8yYukXa2YZ5XazWmpfpnbUQCH4AiUgQnOQR1cgyZoAQwewBN4Aa/ao/asvWnvs9IlLe85AH+gfX4DCHmh0Q==</latexit>

⇧A ⌘ 2(@xA)(@yA)

<latexit sha1_base64="KuxP89F4phIqhjYLyI0soA+4ERw="></latexit>

1

Lx

Z
dx ⇧A = 2

X

k

kxky |Ak|2

<latexit sha1_base64="lcHRImLcwNoUZZYMzP+Cm0UUt50=">AAACD3icbVC5TgMxEPWGK4QrQEljEYFoiHYRVxlBQxkEOaRstPI6TmLF9q7sWZRolT+g4VdoKECIlpaOv8E5Ckh40khP781oZl4YC27Adb+dzMLi0vJKdjW3tr6xuZXf3qmaKNGUVWgkIl0PiWGCK1YBDoLVY82IDAWrhb3rkV97YNrwSN3DIGZNSTqKtzklYKUgf9gL+tg3XOLjXjDAd9gHkgSpD6wPKtKSiFSJ4TDIF9yiOwaeJ96UFNAU5SD/5bcimkimgApiTMNzY2imRAOngg1zfmJYTGiPdFjDUkUkM810/M8QH1ilhduRtqUAj9XfEymRxgxkaDslga6Z9Ubif14jgfZlM+UqToApOlnUTgSGCI/CwS2uGQUxsIRQze2tmHaJJhRshDkbgjf78jypnhS98+LZ7WmhdDWNI4v20D46Qh66QCV0g8qogih6RM/oFb05T86L8+58TFozznRmF/2B8/kDNd+c1A==</latexit>

kx ⇠ �kyS⌧nl

<latexit sha1_base64="eUQd3/vJWArVT0awg1w8Gzea9AY="></latexit>

1

Lx

Z
dx ⇧A ⇠ �S(koy)

2 |Ao|2

Average over region with constant zonal shear:

Assume zonal shear sets x-wavelength: 

Result is sign-definite stress that opposes zonal shear:



• Fix zonal flow and determine if turbulent stresses tend 
to support or oppose it:

Correlation between turbulent 
stress and zonal shear

<latexit sha1_base64="HbqQX6mke35o7beAFuPHok2V7nE=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadnN09yiXjxGcJNAsoTZyWwyZHZ2mZkVQsg3ePGgiFc/yJt/4+QhqGhBQ1HVTXdXkHCmtON8WJm19Y3Nrex2bmd3b/8gf3jUUnEqCfVIzGPZCbCinAnqaaY57SSS4ijgtB2Mr+d++55KxWJxpycJ9SM8FCxkBGsjeb0m61/28wXXdhZAjl2tlYr1kiFFt1KvlNGXVYAVmv38e28QkzSiQhOOleq6TqL9KZaaEU5nuV6qaILJGA9p11CBI6r86eLYGTozygCFsTQlNFqo3yemOFJqEgWmM8J6pH57c/Evr5vq8MKfMpGkmgqyXBSmHOkYzT9HAyYp0XxiCCaSmVsRGWGJiTb55L6H8D9pFW23alduy4XG1SqOLJzAKZyDCzVowA00wQMCDB7gCZ4tYT1aL9brsjVjrWaO4Qest0+y4Y6k</latexit>

⇧A

<latexit sha1_base64="m7rXAWudIwMbNbLrYX8HvYKHUt8=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iKtfZW9OKxgv2AJpTNdtsu3Wzi7qZQQn+HFw+KePXHePPfuG2DaPXBwOO9GWbmBTFnSjvOp5VbW9/Y3MpvF3Z29/YPiodHLRUlktAmiXgkOwFWlDNBm5ppTjuxpDgMOG0H45u5355QqVgk7vU0pn6Ih4INGMHaSL7XYL3Um2AZj9isVyw5trMAcuxKrVoru+hbcTNSggyNXvHD60ckCanQhGOluq4Taz/FUjPC6azgJYrGmIzxkHYNFTikyk8XR8/QmVH6aBBJU0KjhfpzIsWhUtMwMJ0h1iO16s3F/7xuogdXfspEnGgqyHLRIOFIR2ieAOozSYnmU0MwkczcisgIS0y0yalgQnBXX/5LWmXbvbQrdxel+nUWRx5O4BTOwYUq1OEWGtAEAg/wCM/wYk2sJ+vVelu25qxs5hh+wXr/Ak4Iknk=</latexit>

⇧'

<latexit sha1_base64="+uEcpDFRMiyGmb+4eV9mV+9UnAM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iKaT0WvXis0C9oQ9lsN+3SzSbsboQS+iO8eFDEq7/Hm//GbRtQqw8GHu/NMDMvSDhT2nE+rcLG5tb2TnG3tLd/cHhUPj7pqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3i787gOVisWipWcJ9SM8FixkBGsjdQdNNsxa82G54ti1qlf3XOTYzhLfxM1JBXI0h+WPwSgmaUSFJhwr1XedRPsZlpoRTuelQapogskUj2nfUIEjqvxsee4cXRhlhMJYmhIaLdWfExmOlJpFgemMsJ6odW8h/uf1Ux1e+xkTSaqpIKtFYcqRjtHidzRikhLNZ4ZgIpm5FZEJlphok1DJhOCuv/yXdKq2W7O9+6tK4yaPowhncA6X4EIdGnAHTWgDgSk8wjO8WIn1ZL1ab6vWgpXPnMIvWO9faq+PpA==</latexit>

⇧T

<latexit sha1_base64="UYErU+ikmHjDn9n/YCe8Do/uVaM=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw4xmMbegF48RzALJEHo6naRJz0J3jRCGfIQXD4p49Xu8+Td2khFU9EHB470qqur5sRQaHefDWlldW9/YzG3lt3d29/YLB4ctHSWK8SaLZKQ6PtVcipA3UaDknVhxGviSt/3J9dxv33OlRRTe4TTmXkBHoRgKRtFI7V5D9FOc9QtFxy5dVJ1KjTi2s4Ah5VrFrZWImylFyNDoF957g4glAQ+RSap113Vi9FKqUDDJZ/leonlM2YSOeNfQkAZce+ni3Bk5NcqADCNlKkSyUL9PpDTQehr4pjOgONa/vbn4l9dNcHjppSKME+QhWy4aJpJgROa/k4FQnKGcGkKZEuZWwsZUUYYmobwJ4etT8j9pndtuxS7flor1qyyOHBzDCZyBC1Woww00oAkMJvAAT/Bsxdaj9WK9LltXrGzmCH7AevsEz7WP6Q==</latexit>

⇧t

<latexit sha1_base64="RKSb6UjvFJWwEr9V+cKxLc79ZUs=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKezmYeIt6MVjJOYByRJmJ7PJkNnZZWZWCEs+wYsHRbz6Rd78GyfJCipa0FBUddPd5UWcKW3bH1ZmbX1jcyu7ndvZ3ds/yB8edVQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTa8XfveeSsVCcadnEXUDPBbMZwRrI7UcuzXMF+yiXa1d2mVkyBKG1ErlSr2KnFQpQIrmMP8+GIUkDqjQhGOl+o4daTfBUjPC6Tw3iBWNMJniMe0bKnBAlZssT52jM6OMkB9KU0Kjpfp9IsGBUrPAM50B1hP121uIf3n9WPt1N2EiijUVZLXIjznSIVr8jUZMUqL5zBBMJDO3IjLBEhNt0smZEL4+Rf+TTqnoXBSrt5VC4yqNIwsncArn4EANGnADTWgDgTE8wBM8W9x6tF6s11VrxkpnjuEHrLdP21aNiw==</latexit>

10S

Low flux state High flux state

<latexit sha1_base64="wnCiMPxSurqMIQ+1fOENt2ymn+4=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQEoSTiayNU3bis0Bc0IUymk3boZBJmJoUS+gVu/BU3LhRx69qdf+MkzUJbDwz3zDn3MnOPHzMqlWV9G0vLK6tr66WN8ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/usv8zpgISSPeVJOYuCEacBpQjJSWPLPqNKin4DXMauqMkYiHdApP8nuzqDeeWbFqVg64SOyCVECBhmd+Of0IJyHhCjMkZc+2YuWmSCiKGZmWnUSSGOERGpCephyFRLppvs4UVrXSh0Ek9OEK5urviRSFUk5CX3eGSA3lvJeJ/3m9RAVXbkp5nCjC8eyhIGFQRTDLBvapIFixiSYIC6r/CvEQCYSVTrCsQ7DnV14k7dOafVE7fzir1G+LOErgEByBY2CDS1AH96ABWgCDR/AMXsGb8WS8GO/Gx6x1yShmDsAfGJ8/BC+aMQ==</latexit>

⇧t = ⇧' +⇧T +⇧A

<latexit sha1_base64="o0/6mJZrNc2Cm7oEbdN8L4F/5yQ=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1U5Ji1WWrG5cV7AOaECbTSTt08nBmUgyhX+LGX3HjQhHBlf6Nkzagth4YOPfc19zjRowKaRhf2tLyyuraemGjuLm1vbOr7+23RRhzTFo4ZCHvukgQRgPSklQy0o04Qb7LSMcdXWX5zphwQcPgViYRsX00CKhHMZJKcvSa1aROA1rkLqZjWLVCVZzNSstWhLikiDn3sHHyEyUqmjh6yagYU8BFYuakBHI0Hf3D6oc49kkgMUNC9EwjknaazcSMTIpWLEiE8AgNSE/RAPlE2On0vAk8VkofeiFXL5Bwqv7uSJEvROK7qtJHcijmc5n4X64XS+/CTmkQxZIEeLbIixmUIcy8gn3KCZYsUQRhTtVfIR4ijrBUjhaVCeb8yYukXa2YZ5XazWmpfpnbUQCH4AiUgQnOQR1cgyZoAQwewBN4Aa/ao/asvWnvs9IlLe85AH+gfX4DCHmh0Q==</latexit>

⇧A ⌘ 2(@xA)(@yA)



Maxwell-to-Reynolds stress ratio 
increases with plasma beta

<latexit sha1_base64="1A5E+yXFJpFZ+8xM5Da7XI+VO30=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTF17LoxoWLCvYBTQyT6W07dJIJMxOhhoK/4saFIm79Dnf+jdM2C209cOFwzr3ce0+YcKa043xbC4tLyyurhbXi+sbm1ra9s9tQIpUU6lRwIVshUcBZDHXNNIdWIoFEIYdmOLga+80HkIqJ+E4PE/Aj0otZl1GijRTY+zfB430Fe4kUiRbYC0GTAAK75JSdCfA8cXNSQjlqgf3ldQRNI4g15USptusk2s+I1IxyGBW9VEFC6ID0oG1oTCJQfjY5f4SPjNLBXSFNxRpP1N8TGYmUGkah6YyI7qtZbyz+57VT3b3wMxYnqYaYThd1U47No+MscIdJoJoPDSFUMnMrpn0iCdUmsaIJwZ19eZ40KmX3rHx6e1KqXuZxFNABOkTHyEXnqIquUQ3VEUUZekav6M16sl6sd+tj2rpg5TN76A+szx+DDJU4</latexit>

L2
z / �e

Log-log plot of stress ratios

<latexit sha1_base64="c4gVubzR8iwTs5EElxM0etGEq/A="></latexit>

rA ⌘
R
dx

��⇧A

��
R
dx

��⇧'

��
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Turbulent viscosity and the 
non-zonal transition
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Comparison with gyrokinetic data

• Effective plasma beta from fluid model is 
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Some open questions

• The electrostatic transition to the high-transport state 
is eliminated by including parallel dynamics – why 
doesn’t this help in the EM picture?

• Can we do anything useful with this information? E.g., 
can we predict the critical beta without running a lot of 
nonlinear gyrokinetic simulations?

• Should we worry about possible ‘gaps’ in the heat flux 
obtainable in local simulations?


