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Leading Paradigm for Solar Wind’s Origin 
(E.g., Velli et al 1989, Matthaeus et al 1999, Dmitruk et al 2002, Perez & Chandran 2013, Meyrand et al 2015)

• Photospheric motions and/or reconnection launch Alfven waves along open magnetic-field lines 
• Outward-propagating waves undergo partial reflection because of the Alfvén-speed gradient 
• Counter-propagating waves interact to produce turbulence. Wave energy cascades to small 

scales and heats the plasma, leading to solar-wind acceleration. 
• Works pretty well in RMHD, but not in FLR-MHD
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Reduced Magnetohydrodynamics (RMHD)

•
Elsasser variables:    .     Near Sun,  

• Two quadratic invariants: the energy  and cross helicity 

, or, equivalently,  and . 

These all cascade to smaller scales, leading to turbulent heating. 

• Cascade power and turbulent heating rate:   
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Finite Larmor Radius Magnetohydrodynamics (FLR-MHD) 
(Meyrand et al 2021)

• Subsidiary expansion of astrophysical gyrokinetics (i.e., uniform equilibrium) in which 
, electrons are an isothermal fluid, and ion fluctuations are Alfvénic. 

Uniformly valid at  and . 

• Quadratic invariants are the energy and generalized helicity .       reduces to the 
RMHD cross helicity at  and the magnetic helicity at , which cascades 
inversely, leading to the helicity barrier.

me/mi ≪ β ≪ 1
k⊥ρi < 1 k⊥ρi > 1

ℋgen ℋgen
k⊥ρi ≪ 1 k⊥ρi ≫ 1
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Finite Larmor Radius Magnetohydrodynamics (FLR-MHD) 
(Meyrand et al 2021)

• Any imbalance between  and  manifests as generalized helicity . In absence of 
dissipation at , only balanced amounts of  and  energy can cascade to 
smaller scales. 

• Cascade power and turbulent heating rate:   

z+ z− ℋgen
k⊥ρi < 1 z+ z−

ϵFLR−MHD =
2 (z−
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+ Dk⊥ρi<1
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FLR-MHD Helicity Barrier Breaks Leading Paradigm for Solar Wind’s Origin 

• Ion-scale heating rate, , is small because of anisotropy and transition range 

•   in coronal holes where 

Dk⊥ρi<1

ϵFLR−MHD =
2 (z−

rms)2 z+
rms

L⊥
+ Dk⊥ρi<1 ≪ ϵRMHD z−

rms ≪ z+
rms
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Could Non-Alfvénic Ion Fluctuations Fix SW Models?
• Low corona is filled with large-amplitude density variations (Raymond et al 2014). 

• Could non-Alfvenic ion fluctuations `puncture’ the helicity barrier? I.e., act as a sink of   at 
, so that the  cascade rate could exceed the  cascade rate, restoring the turbulent 

heating rate towards its RMHD value? 

• If so, would this sink of  convert  into another form of helicity, so that a total helicity is 
conserved? 

• In KREHM (the kinetic reduced electron heating model), when  alters  (Adkins et al 2025), 
is  converted into another form of helicity, so that a total helicity is conserved? 

• Is there a total conserved helicity in gyrokinetics in the isothermal electron fluid (ITEF) 
approximation, which generalizes FLR-MHD to allow for non-Alfvénic fluctuations and higher ? 

• Is there a total conserved total helicity in full astrophysical gyrokinetics???
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Astrophysical Gyrokinetics 
(Schekochihin et al 2009) 

Free energy:

Gyrokinetic equation:

Quasineutrality:

Ampere’s law:

:= ( ̂z × ∇⊥ f ) ⋅ ∇⊥g

 
  constants

B0 = B0 ̂z
n0s, T0s, B0 =



A New 3DQuadratic Invariant consider the quantity 
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A New 3DQuadratic Invariant 

  as  ∫
d3r
V

f {f, g} = ∫
d3r
V ( ̂z × ∇⊥

f2

2 ) ⋅ ∇⊥g = ∫
d3r
V

∇⊥ ⋅ [( ̂z × ∇⊥
f2

2 ) g] → 0 V → ∞

Gyrokinetic equation: 
∂
∂t (hs − qsT−1

s ⟨χ⟩Rs
F0s) = −

c
B0

{⟨χ⟩Rs
, hs} − v∥

∂hs

∂z

∂
∂t (hs − qsT−1

s ⟨χ⟩Rs
F0s)
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A New 3D Quadratic Invariant - the `Gyrokinetic Helicity’ 

(Chandran, Mallet, & Meyrand, submitted) 



Singular or Non-Singular? 
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<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF

Subsidiary Regimes of Astrophysical Gyrokinetics 

• ITEF: isothermal electron fluid 

• KRMHD: kinetic reduced MHD 

• ERMHD: electron MHD 

• FLRMHD: finite-Larmor-radius 
MHD 

• KREHM: kinetic reduced electron 
heating model

Chandran, Mallet, & Meyrand (submitted) work out  in each regimeℋ



<latexit sha1_base64="/50iJDRA67d26wDcVzP/5kSmTDo=">AAAB7nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7go9CJGBjGcE8IFnC7ORuMmR2dpmZFULIR9hYKGJr75/Y+QG2+QYnj0ITD1w4nHMv994TJIJr47pfztLyyuraemYju7m1vZPL7+5VdZwqhhUWi1jVA6pRcIkVw43AeqKQRoHAWtC7Gfu1B1Sax/Le9BP0I9qRPOSMGivVmgEa2sJWvuAW3QnIIvFmpFA6GI1yVx/f5Vb+s9mOWRqhNExQrRuemxh/QJXhTOAw20w1JpT1aAcblkoaofYHk3OH5NgqbRLGypY0ZKL+nhjQSOt+FNjOiJqunvfG4n9eIzXhpT/gMkkNSjZdFKaCmJiMfydtrpAZ0beEMsXtrYR1qaLM2ISyNgRv/uVFUj0teufFszubxjVMkYFDOIIT8OACSnALZagAgx48wjO8OInz5Lw6b9PWJWc2sw9/4Lz/ALmSk5Q=</latexit>

ωe

<latexit sha1_base64="u918ARC5TMMXqWtNy19na/jxj5o=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5MEvHiMYB6SLMvspJMMmdldZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dYSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWjm6nfekSleRzdm3GCvqSDiPc5o8ZKDzJAckJkwINyxa26M5C/xMtJBXLUg/JntxezVGJkmKBadzw3MX5GleFM4KTUTTUmlI3oADuWRlSi9rPZwRNyZJUe6cfKVmTITP05kVGp9ViGtlNSM9SL3lT8z+ukpn/lZzxKUoMRmy/qp4KYmEy/Jz2ukBkxtoQyxe2thA2poszYjEo2BG/x5b+keVr1Lqrnd2eV2nUeRxEO4BCOwYNLqMEt1KEBDCQ8wQu8Osp5dt6c93lrwcln9uEXnI9vsDCPrw==</latexit>

me/mi

<latexit sha1_base64="WE7/70DruTpTvslUKRJst6QhCw8=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3euVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/fKmMuw==</latexit>

1 <latexit sha1_base64="AZADk8ffoDbfksRxZV5heiTsvVM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KKvQiVDFtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqSTUIzGPZTvAinImqKeZ5rSdSIqjgNNWMLqe+q0nKhWLxaMeJ9SP8ECwkBGsjeTdPtzVb3p22ak4M6Bl4uakDDkaPfur249JGlGhCcdKdVwn0X6GpWaE00mpmyqaYDLCA9oxVOCIKj+bHTtBJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3mdVIeXfsZEkmoqyHxRmHKkYzT9HPWZpETzsSGYSGZuRWSIJSba5FMyIbiLLy+TZrXinlfO7qvl2lUeRxGO4BhOwYULqEEdGuABAQbP8ApvlrBerHfrY95asPKZQ/gD6/MH9KqOGw==</latexit>

ERMHD
<latexit sha1_base64="hbVigYJ33vnwQeZOWAlywwsJv2c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KeiiIUMW0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bweh66reeqFQsFo96nFA/wgPBQkawNpJ3+3BXv+nZZafizICWiZuTMuRo9Oyvbj8maUSFJhwr1XGdRPsZlpoRTielbqpogskID2jHUIEjqvxsduwEnRilj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Uh1e+hkTSaqpIPNFYcqRjtH0c9RnkhLNx4ZgIpm5FZEhlphok0/JhOAuvrxMmtWKe145u6+Wa1d5HEU4gmM4BRcuoAZ1aIAHBBg8wyu8WcJ6sd6tj3lrwcpnDuEPrM8f/dqOIQ==</latexit>

KRMHD

<latexit sha1_base64="Z0DDZmlvxcJVmP1Soi9Jk/RwhfM=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgxpIUfO0KinShUMU+oA1lMp20QyaTMDMRSuhHuHGhiFu/x51/47TNQlsPXDiccy/33uPFnClt299Wbml5ZXUtv17Y2Nza3inu7jVVlEhCGyTikWx7WFHOBG1opjltx5Li0OO05QVXE7/1RKVikXjUo5i6IR4I5jOCtZFaN7cPJ3e1616xZJftKdAicTJSggz1XvGr249IElKhCcdKdRw71m6KpWaE03GhmygaYxLgAe0YKnBIlZtOzx2jI6P0kR9JU0Kjqfp7IsWhUqPQM50h1kM1703E/7xOov0LN2UiTjQVZLbITzjSEZr8jvpMUqL5yBBMJDO3IjLEEhNtEiqYEJz5lxdJs1J2zsqn95VS9TKLIw8HcAjH4MA5VKEGdWgAgQCe4RXerNh6sd6tj1lrzspm9uEPrM8f+mCOqQ==</latexit>

FLR-MHD

<latexit sha1_base64="DQFrbxzejVaEwtDzE0fFaYwfKW8=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KIhREqGLaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0moR2Iey3aAFeVMUE8zzWk7kRRHAaetYHQ99VtPVCoWi0c9Tqgf4YFgISNYG8m7fbip3/XsslNxZkDLxM1JGXI0evZXtx+TNKJCE46V6rhOov0MS80Ip5NSN1U0wWSEB7RjqMARVX42O3aCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//M6qQ4v/YyJJNVUkPmiMOVIx2j6OeozSYnmY0MwkczcisgQS0y0yadkQnAXX14mzWrFPa+c3VfLtas8jiIcwTGcggsXUIM6NMADAgye4RXeLGG9WO/Wx7y1YOUzh/AH1ucP/06OIg==</latexit>

KREHM

<latexit sha1_base64="nd4tbrWDf+l291FXT0Stqoc+ZKo=">AAAB8nicbVDJSgNBEO2JW4xb1IsgSGMQvBhmBJeTBPTgMYJZYDKGnk4nadPTPXTXCGHIV4gXD4p49RP8Cm/+jZ3loIkPCh7vVVFVL4wFN+C6305mbn5hcSm7nFtZXVvfyG9uVY1KNGUVqoTS9ZAYJrhkFeAgWD3WjEShYLWwdzn0aw9MG67kLfRjFkSkI3mbUwJW8hu6q5rsLj3yBs18wS26I+BZ4k1IobR3tfMIn/flZv6r0VI0iZgEKogxvufGEKREA6eCDXKNxLCY0B7pMN9SSSJmgnR08gAfWKWF20rbkoBH6u+JlETG9KPQdkYEumbaG4r/eX4C7fMg5TJOgEk6XtROBAaFh//jFteMguhbQqjm9lZMu0QTCjalnA3Bm355llSPi95p8eTGpnGBxsiiXbSPDpGHzlAJXaMyqiCKFHpCL+jVAefZeXPex60ZZzKzjf7A+fgB2cKT7g==</latexit>

ω→1
e

<latexit sha1_base64="hteUg3OgiVF1qxAaycmbN3K9EeA=">AAAB8nicbVDLSgNBEOyNGmN8RT16GQ2CF8Ou4OMkAT14jGAekKxhdjKbDJmdWWZmxbDkM7x4UMSrF/FPvPk3Th4HTSxoKKq66e4KYs60cd1vJ7OwuJRdzq3kV9fWNzYLW9s1LRNFaJVILlUjwJpyJmjVMMNpI1YURwGn9aB/OfLr91RpJsWtGcTUj3BXsJARbKzUbKmebLO79MgbtgtFt+SOgeaJNyXF8l72yv14+Ky0C1+tjiRJRIUhHGvd9NzY+ClWhhFOh/lWommMSR93adNSgSOq/XR88hAdWKWDQqlsCYPG6u+JFEdaD6LAdkbY9PSsNxL/85qJCc/9lIk4MVSQyaIw4chINPofdZiixPCBJZgoZm9FpIcVJsamlLcheLMvz5Pacck7LZ3c2DQuYIIc7MI+HIIHZ1CGa6hAFQhIeIRneHGM8+S8Om+T1owzndmBP3DefwCej5PC</latexit>

ω→1
i

<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF

Isothermal Electron Fluid 
(ITEF)

(related to known helicities)

(new)



<latexit sha1_base64="/50iJDRA67d26wDcVzP/5kSmTDo=">AAAB7nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7go9CJGBjGcE8IFnC7ORuMmR2dpmZFULIR9hYKGJr75/Y+QG2+QYnj0ITD1w4nHMv994TJIJr47pfztLyyuraemYju7m1vZPL7+5VdZwqhhUWi1jVA6pRcIkVw43AeqKQRoHAWtC7Gfu1B1Sax/Le9BP0I9qRPOSMGivVmgEa2sJWvuAW3QnIIvFmpFA6GI1yVx/f5Vb+s9mOWRqhNExQrRuemxh/QJXhTOAw20w1JpT1aAcblkoaofYHk3OH5NgqbRLGypY0ZKL+nhjQSOt+FNjOiJqunvfG4n9eIzXhpT/gMkkNSjZdFKaCmJiMfydtrpAZ0beEMsXtrYR1qaLM2ISyNgRv/uVFUj0teufFszubxjVMkYFDOIIT8OACSnALZagAgx48wjO8OInz5Lw6b9PWJWc2sw9/4Lz/ALmSk5Q=</latexit>

ωe

<latexit sha1_base64="u918ARC5TMMXqWtNy19na/jxj5o=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5MEvHiMYB6SLMvspJMMmdldZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dYSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWjm6nfekSleRzdm3GCvqSDiPc5o8ZKDzJAckJkwINyxa26M5C/xMtJBXLUg/JntxezVGJkmKBadzw3MX5GleFM4KTUTTUmlI3oADuWRlSi9rPZwRNyZJUe6cfKVmTITP05kVGp9ViGtlNSM9SL3lT8z+ukpn/lZzxKUoMRmy/qp4KYmEy/Jz2ukBkxtoQyxe2thA2poszYjEo2BG/x5b+keVr1Lqrnd2eV2nUeRxEO4BCOwYNLqMEt1KEBDCQ8wQu8Osp5dt6c93lrwcln9uEXnI9vsDCPrw==</latexit>

me/mi

<latexit sha1_base64="WE7/70DruTpTvslUKRJst6QhCw8=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3euVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/fKmMuw==</latexit>

1 <latexit sha1_base64="AZADk8ffoDbfksRxZV5heiTsvVM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KKvQiVDFtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqSTUIzGPZTvAinImqKeZ5rSdSIqjgNNWMLqe+q0nKhWLxaMeJ9SP8ECwkBGsjeTdPtzVb3p22ak4M6Bl4uakDDkaPfur249JGlGhCcdKdVwn0X6GpWaE00mpmyqaYDLCA9oxVOCIKj+bHTtBJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3mdVIeXfsZEkmoqyHxRmHKkYzT9HPWZpETzsSGYSGZuRWSIJSba5FMyIbiLLy+TZrXinlfO7qvl2lUeRxGO4BhOwYULqEEdGuABAQbP8ApvlrBerHfrY95asPKZQ/gD6/MH9KqOGw==</latexit>

ERMHD
<latexit sha1_base64="hbVigYJ33vnwQeZOWAlywwsJv2c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KeiiIUMW0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bweh66reeqFQsFo96nFA/wgPBQkawNpJ3+3BXv+nZZafizICWiZuTMuRo9Oyvbj8maUSFJhwr1XGdRPsZlpoRTielbqpogskID2jHUIEjqvxsduwEnRilj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Uh1e+hkTSaqpIPNFYcqRjtH0c9RnkhLNx4ZgIpm5FZEhlphok0/JhOAuvrxMmtWKe145u6+Wa1d5HEU4gmM4BRcuoAZ1aIAHBBg8wyu8WcJ6sd6tj3lrwcpnDuEPrM8f/dqOIQ==</latexit>

KRMHD

<latexit sha1_base64="Z0DDZmlvxcJVmP1Soi9Jk/RwhfM=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgxpIUfO0KinShUMU+oA1lMp20QyaTMDMRSuhHuHGhiFu/x51/47TNQlsPXDiccy/33uPFnClt299Wbml5ZXUtv17Y2Nza3inu7jVVlEhCGyTikWx7WFHOBG1opjltx5Li0OO05QVXE7/1RKVikXjUo5i6IR4I5jOCtZFaN7cPJ3e1616xZJftKdAicTJSggz1XvGr249IElKhCcdKdRw71m6KpWaE03GhmygaYxLgAe0YKnBIlZtOzx2jI6P0kR9JU0Kjqfp7IsWhUqPQM50h1kM1703E/7xOov0LN2UiTjQVZLbITzjSEZr8jvpMUqL5yBBMJDO3IjLEEhNtEiqYEJz5lxdJs1J2zsqn95VS9TKLIw8HcAjH4MA5VKEGdWgAgQCe4RXerNh6sd6tj1lrzspm9uEPrM8f+mCOqQ==</latexit>

FLR-MHD

<latexit sha1_base64="DQFrbxzejVaEwtDzE0fFaYwfKW8=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KIhREqGLaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0moR2Iey3aAFeVMUE8zzWk7kRRHAaetYHQ99VtPVCoWi0c9Tqgf4YFgISNYG8m7fbip3/XsslNxZkDLxM1JGXI0evZXtx+TNKJCE46V6rhOov0MS80Ip5NSN1U0wWSEB7RjqMARVX42O3aCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//M6qQ4v/YyJJNVUkPmiMOVIx2j6OeozSYnmY0MwkczcisgQS0y0yadkQnAXX14mzWrFPa+c3VfLtas8jiIcwTGcggsXUIM6NMADAgye4RXeLGG9WO/Wx7y1YOUzh/AH1ucP/06OIg==</latexit>

KREHM

<latexit sha1_base64="nd4tbrWDf+l291FXT0Stqoc+ZKo=">AAAB8nicbVDJSgNBEO2JW4xb1IsgSGMQvBhmBJeTBPTgMYJZYDKGnk4nadPTPXTXCGHIV4gXD4p49RP8Cm/+jZ3loIkPCh7vVVFVL4wFN+C6305mbn5hcSm7nFtZXVvfyG9uVY1KNGUVqoTS9ZAYJrhkFeAgWD3WjEShYLWwdzn0aw9MG67kLfRjFkSkI3mbUwJW8hu6q5rsLj3yBs18wS26I+BZ4k1IobR3tfMIn/flZv6r0VI0iZgEKogxvufGEKREA6eCDXKNxLCY0B7pMN9SSSJmgnR08gAfWKWF20rbkoBH6u+JlETG9KPQdkYEumbaG4r/eX4C7fMg5TJOgEk6XtROBAaFh//jFteMguhbQqjm9lZMu0QTCjalnA3Bm355llSPi95p8eTGpnGBxsiiXbSPDpGHzlAJXaMyqiCKFHpCL+jVAefZeXPex60ZZzKzjf7A+fgB2cKT7g==</latexit>

ω→1
e

<latexit sha1_base64="hteUg3OgiVF1qxAaycmbN3K9EeA=">AAAB8nicbVDLSgNBEOyNGmN8RT16GQ2CF8Ou4OMkAT14jGAekKxhdjKbDJmdWWZmxbDkM7x4UMSrF/FPvPk3Th4HTSxoKKq66e4KYs60cd1vJ7OwuJRdzq3kV9fWNzYLW9s1LRNFaJVILlUjwJpyJmjVMMNpI1YURwGn9aB/OfLr91RpJsWtGcTUj3BXsJARbKzUbKmebLO79MgbtgtFt+SOgeaJNyXF8l72yv14+Ky0C1+tjiRJRIUhHGvd9NzY+ClWhhFOh/lWommMSR93adNSgSOq/XR88hAdWKWDQqlsCYPG6u+JFEdaD6LAdkbY9PSsNxL/85qJCc/9lIk4MVSQyaIw4chINPofdZiixPCBJZgoZm9FpIcVJsamlLcheLMvz5Pacck7LZ3c2DQuYIIc7MI+HIIHZ1CGa6hAFQhIeIRneHGM8+S8Om+T1owzndmBP3DefwCej5PC</latexit>

ω→1
i

<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF

Isothermal Electron Fluid 
(ITEF) 

(integrals dominated by )k⊥ρi ∼ 1

(Chandran, Mallet, & Meyrand, submitted) 



<latexit sha1_base64="/50iJDRA67d26wDcVzP/5kSmTDo=">AAAB7nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7go9CJGBjGcE8IFnC7ORuMmR2dpmZFULIR9hYKGJr75/Y+QG2+QYnj0ITD1w4nHMv994TJIJr47pfztLyyuraemYju7m1vZPL7+5VdZwqhhUWi1jVA6pRcIkVw43AeqKQRoHAWtC7Gfu1B1Sax/Le9BP0I9qRPOSMGivVmgEa2sJWvuAW3QnIIvFmpFA6GI1yVx/f5Vb+s9mOWRqhNExQrRuemxh/QJXhTOAw20w1JpT1aAcblkoaofYHk3OH5NgqbRLGypY0ZKL+nhjQSOt+FNjOiJqunvfG4n9eIzXhpT/gMkkNSjZdFKaCmJiMfydtrpAZ0beEMsXtrYR1qaLM2ISyNgRv/uVFUj0teufFszubxjVMkYFDOIIT8OACSnALZagAgx48wjO8OInz5Lw6b9PWJWc2sw9/4Lz/ALmSk5Q=</latexit>

ωe

<latexit sha1_base64="u918ARC5TMMXqWtNy19na/jxj5o=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5MEvHiMYB6SLMvspJMMmdldZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dYSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWjm6nfekSleRzdm3GCvqSDiPc5o8ZKDzJAckJkwINyxa26M5C/xMtJBXLUg/JntxezVGJkmKBadzw3MX5GleFM4KTUTTUmlI3oADuWRlSi9rPZwRNyZJUe6cfKVmTITP05kVGp9ViGtlNSM9SL3lT8z+ukpn/lZzxKUoMRmy/qp4KYmEy/Jz2ukBkxtoQyxe2thA2poszYjEo2BG/x5b+keVr1Lqrnd2eV2nUeRxEO4BCOwYNLqMEt1KEBDCQ8wQu8Osp5dt6c93lrwcln9uEXnI9vsDCPrw==</latexit>

me/mi

<latexit sha1_base64="WE7/70DruTpTvslUKRJst6QhCw8=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3euVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/fKmMuw==</latexit>

1 <latexit sha1_base64="AZADk8ffoDbfksRxZV5heiTsvVM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KKvQiVDFtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqSTUIzGPZTvAinImqKeZ5rSdSIqjgNNWMLqe+q0nKhWLxaMeJ9SP8ECwkBGsjeTdPtzVb3p22ak4M6Bl4uakDDkaPfur249JGlGhCcdKdVwn0X6GpWaE00mpmyqaYDLCA9oxVOCIKj+bHTtBJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3mdVIeXfsZEkmoqyHxRmHKkYzT9HPWZpETzsSGYSGZuRWSIJSba5FMyIbiLLy+TZrXinlfO7qvl2lUeRxGO4BhOwYULqEEdGuABAQbP8ApvlrBerHfrY95asPKZQ/gD6/MH9KqOGw==</latexit>

ERMHD
<latexit sha1_base64="hbVigYJ33vnwQeZOWAlywwsJv2c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KeiiIUMW0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bweh66reeqFQsFo96nFA/wgPBQkawNpJ3+3BXv+nZZafizICWiZuTMuRo9Oyvbj8maUSFJhwr1XGdRPsZlpoRTielbqpogskID2jHUIEjqvxsduwEnRilj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Uh1e+hkTSaqpIPNFYcqRjtH0c9RnkhLNx4ZgIpm5FZEhlphok0/JhOAuvrxMmtWKe145u6+Wa1d5HEU4gmM4BRcuoAZ1aIAHBBg8wyu8WcJ6sd6tj3lrwcpnDuEPrM8f/dqOIQ==</latexit>

KRMHD

<latexit sha1_base64="Z0DDZmlvxcJVmP1Soi9Jk/RwhfM=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgxpIUfO0KinShUMU+oA1lMp20QyaTMDMRSuhHuHGhiFu/x51/47TNQlsPXDiccy/33uPFnClt299Wbml5ZXUtv17Y2Nza3inu7jVVlEhCGyTikWx7WFHOBG1opjltx5Li0OO05QVXE7/1RKVikXjUo5i6IR4I5jOCtZFaN7cPJ3e1616xZJftKdAicTJSggz1XvGr249IElKhCcdKdRw71m6KpWaE03GhmygaYxLgAe0YKnBIlZtOzx2jI6P0kR9JU0Kjqfp7IsWhUqPQM50h1kM1703E/7xOov0LN2UiTjQVZLbITzjSEZr8jvpMUqL5yBBMJDO3IjLEEhNtEiqYEJz5lxdJs1J2zsqn95VS9TKLIw8HcAjH4MA5VKEGdWgAgQCe4RXerNh6sd6tj1lrzspm9uEPrM8f+mCOqQ==</latexit>

FLR-MHD

<latexit sha1_base64="DQFrbxzejVaEwtDzE0fFaYwfKW8=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KIhREqGLaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0moR2Iey3aAFeVMUE8zzWk7kRRHAaetYHQ99VtPVCoWi0c9Tqgf4YFgISNYG8m7fbip3/XsslNxZkDLxM1JGXI0evZXtx+TNKJCE46V6rhOov0MS80Ip5NSN1U0wWSEB7RjqMARVX42O3aCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//M6qQ4v/YyJJNVUkPmiMOVIx2j6OeozSYnmY0MwkczcisgQS0y0yadkQnAXX14mzWrFPa+c3VfLtas8jiIcwTGcggsXUIM6NMADAgye4RXeLGG9WO/Wx7y1YOUzh/AH1ucP/06OIg==</latexit>

KREHM

<latexit sha1_base64="nd4tbrWDf+l291FXT0Stqoc+ZKo=">AAAB8nicbVDJSgNBEO2JW4xb1IsgSGMQvBhmBJeTBPTgMYJZYDKGnk4nadPTPXTXCGHIV4gXD4p49RP8Cm/+jZ3loIkPCh7vVVFVL4wFN+C6305mbn5hcSm7nFtZXVvfyG9uVY1KNGUVqoTS9ZAYJrhkFeAgWD3WjEShYLWwdzn0aw9MG67kLfRjFkSkI3mbUwJW8hu6q5rsLj3yBs18wS26I+BZ4k1IobR3tfMIn/flZv6r0VI0iZgEKogxvufGEKREA6eCDXKNxLCY0B7pMN9SSSJmgnR08gAfWKWF20rbkoBH6u+JlETG9KPQdkYEumbaG4r/eX4C7fMg5TJOgEk6XtROBAaFh//jFteMguhbQqjm9lZMu0QTCjalnA3Bm355llSPi95p8eTGpnGBxsiiXbSPDpGHzlAJXaMyqiCKFHpCL+jVAefZeXPex60ZZzKzjf7A+fgB2cKT7g==</latexit>

ω→1
e

<latexit sha1_base64="hteUg3OgiVF1qxAaycmbN3K9EeA=">AAAB8nicbVDLSgNBEOyNGmN8RT16GQ2CF8Ou4OMkAT14jGAekKxhdjKbDJmdWWZmxbDkM7x4UMSrF/FPvPk3Th4HTSxoKKq66e4KYs60cd1vJ7OwuJRdzq3kV9fWNzYLW9s1LRNFaJVILlUjwJpyJmjVMMNpI1YURwGn9aB/OfLr91RpJsWtGcTUj3BXsJARbKzUbKmebLO79MgbtgtFt+SOgeaJNyXF8l72yv14+Ky0C1+tjiRJRIUhHGvd9NzY+ClWhhFOh/lWommMSR93adNSgSOq/XR88hAdWKWDQqlsCYPG6u+JFEdaD6LAdkbY9PSsNxL/85qJCc/9lIk4MVSQyaIw4chINPofdZiixPCBJZgoZm9FpIcVJsamlLcheLMvz5Pacck7LZ3c2DQuYIIc7MI+HIIHZ1CGa6hAFQhIeIRneHGM8+S8Om+T1owzndmBP3DefwCej5PC</latexit>

ω→1
i

<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF

Magnetofluid Helicity  and Phase-Space Helicity  ℋmf ℋph-sp

•  and  separately 
conserved in KRMHD and ERMHD 

• KRMHD:  Alfvénic 
component of cross helicity. Three 
separately conserved components 
of , plus two additional 
helicity-like invariants. 

• ERMHD: magnetic 
helicity 

• FLRMHD: generalized 
helicity

ℋmf ℋph-sp

ℋmf →

ℋph-sp

ℋmf →

ℋmf →



(Adkins, Meyrand, & Squire 2025)

Kinetic Reduced Electron Heating Model (KREHM) 

(also called the generalized helicity)

<latexit sha1_base64="/50iJDRA67d26wDcVzP/5kSmTDo=">AAAB7nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7go9CJGBjGcE8IFnC7ORuMmR2dpmZFULIR9hYKGJr75/Y+QG2+QYnj0ITD1w4nHMv994TJIJr47pfztLyyuraemYju7m1vZPL7+5VdZwqhhUWi1jVA6pRcIkVw43AeqKQRoHAWtC7Gfu1B1Sax/Le9BP0I9qRPOSMGivVmgEa2sJWvuAW3QnIIvFmpFA6GI1yVx/f5Vb+s9mOWRqhNExQrRuemxh/QJXhTOAw20w1JpT1aAcblkoaofYHk3OH5NgqbRLGypY0ZKL+nhjQSOt+FNjOiJqunvfG4n9eIzXhpT/gMkkNSjZdFKaCmJiMfydtrpAZ0beEMsXtrYR1qaLM2ISyNgRv/uVFUj0teufFszubxjVMkYFDOIIT8OACSnALZagAgx48wjO8OInz5Lw6b9PWJWc2sw9/4Lz/ALmSk5Q=</latexit>

ωe

<latexit sha1_base64="u918ARC5TMMXqWtNy19na/jxj5o=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5MEvHiMYB6SLMvspJMMmdldZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dYSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWjm6nfekSleRzdm3GCvqSDiPc5o8ZKDzJAckJkwINyxa26M5C/xMtJBXLUg/JntxezVGJkmKBadzw3MX5GleFM4KTUTTUmlI3oADuWRlSi9rPZwRNyZJUe6cfKVmTITP05kVGp9ViGtlNSM9SL3lT8z+ukpn/lZzxKUoMRmy/qp4KYmEy/Jz2ukBkxtoQyxe2thA2poszYjEo2BG/x5b+keVr1Lqrnd2eV2nUeRxEO4BCOwYNLqMEt1KEBDCQ8wQu8Osp5dt6c93lrwcln9uEXnI9vsDCPrw==</latexit>

me/mi

<latexit sha1_base64="WE7/70DruTpTvslUKRJst6QhCw8=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3euVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/fKmMuw==</latexit>

1 <latexit sha1_base64="AZADk8ffoDbfksRxZV5heiTsvVM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KKvQiVDFtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqSTUIzGPZTvAinImqKeZ5rSdSIqjgNNWMLqe+q0nKhWLxaMeJ9SP8ECwkBGsjeTdPtzVb3p22ak4M6Bl4uakDDkaPfur249JGlGhCcdKdVwn0X6GpWaE00mpmyqaYDLCA9oxVOCIKj+bHTtBJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3mdVIeXfsZEkmoqyHxRmHKkYzT9HPWZpETzsSGYSGZuRWSIJSba5FMyIbiLLy+TZrXinlfO7qvl2lUeRxGO4BhOwYULqEEdGuABAQbP8ApvlrBerHfrY95asPKZQ/gD6/MH9KqOGw==</latexit>

ERMHD
<latexit sha1_base64="hbVigYJ33vnwQeZOWAlywwsJv2c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KeiiIUMW0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bweh66reeqFQsFo96nFA/wgPBQkawNpJ3+3BXv+nZZafizICWiZuTMuRo9Oyvbj8maUSFJhwr1XGdRPsZlpoRTielbqpogskID2jHUIEjqvxsduwEnRilj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Uh1e+hkTSaqpIPNFYcqRjtH0c9RnkhLNx4ZgIpm5FZEhlphok0/JhOAuvrxMmtWKe145u6+Wa1d5HEU4gmM4BRcuoAZ1aIAHBBg8wyu8WcJ6sd6tj3lrwcpnDuEPrM8f/dqOIQ==</latexit>

KRMHD

<latexit sha1_base64="Z0DDZmlvxcJVmP1Soi9Jk/RwhfM=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgxpIUfO0KinShUMU+oA1lMp20QyaTMDMRSuhHuHGhiFu/x51/47TNQlsPXDiccy/33uPFnClt299Wbml5ZXUtv17Y2Nza3inu7jVVlEhCGyTikWx7WFHOBG1opjltx5Li0OO05QVXE7/1RKVikXjUo5i6IR4I5jOCtZFaN7cPJ3e1616xZJftKdAicTJSggz1XvGr249IElKhCcdKdRw71m6KpWaE03GhmygaYxLgAe0YKnBIlZtOzx2jI6P0kR9JU0Kjqfp7IsWhUqPQM50h1kM1703E/7xOov0LN2UiTjQVZLbITzjSEZr8jvpMUqL5yBBMJDO3IjLEEhNtEiqYEJz5lxdJs1J2zsqn95VS9TKLIw8HcAjH4MA5VKEGdWgAgQCe4RXerNh6sd6tj1lrzspm9uEPrM8f+mCOqQ==</latexit>

FLR-MHD

<latexit sha1_base64="DQFrbxzejVaEwtDzE0fFaYwfKW8=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KIhREqGLaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0moR2Iey3aAFeVMUE8zzWk7kRRHAaetYHQ99VtPVCoWi0c9Tqgf4YFgISNYG8m7fbip3/XsslNxZkDLxM1JGXI0evZXtx+TNKJCE46V6rhOov0MS80Ip5NSN1U0wWSEB7RjqMARVX42O3aCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//M6qQ4v/YyJJNVUkPmiMOVIx2j6OeozSYnmY0MwkczcisgQS0y0yadkQnAXX14mzWrFPa+c3VfLtas8jiIcwTGcggsXUIM6NMADAgye4RXeLGG9WO/Wx7y1YOUzh/AH1ucP/06OIg==</latexit>

KREHM

<latexit sha1_base64="nd4tbrWDf+l291FXT0Stqoc+ZKo=">AAAB8nicbVDJSgNBEO2JW4xb1IsgSGMQvBhmBJeTBPTgMYJZYDKGnk4nadPTPXTXCGHIV4gXD4p49RP8Cm/+jZ3loIkPCh7vVVFVL4wFN+C6305mbn5hcSm7nFtZXVvfyG9uVY1KNGUVqoTS9ZAYJrhkFeAgWD3WjEShYLWwdzn0aw9MG67kLfRjFkSkI3mbUwJW8hu6q5rsLj3yBs18wS26I+BZ4k1IobR3tfMIn/flZv6r0VI0iZgEKogxvufGEKREA6eCDXKNxLCY0B7pMN9SSSJmgnR08gAfWKWF20rbkoBH6u+JlETG9KPQdkYEumbaG4r/eX4C7fMg5TJOgEk6XtROBAaFh//jFteMguhbQqjm9lZMu0QTCjalnA3Bm355llSPi95p8eTGpnGBxsiiXbSPDpGHzlAJXaMyqiCKFHpCL+jVAefZeXPex60ZZzKzjf7A+fgB2cKT7g==</latexit>

ω→1
e

<latexit sha1_base64="hteUg3OgiVF1qxAaycmbN3K9EeA=">AAAB8nicbVDLSgNBEOyNGmN8RT16GQ2CF8Ou4OMkAT14jGAekKxhdjKbDJmdWWZmxbDkM7x4UMSrF/FPvPk3Th4HTSxoKKq66e4KYs60cd1vJ7OwuJRdzq3kV9fWNzYLW9s1LRNFaJVILlUjwJpyJmjVMMNpI1YURwGn9aB/OfLr91RpJsWtGcTUj3BXsJARbKzUbKmebLO79MgbtgtFt+SOgeaJNyXF8l72yv14+Ky0C1+tjiRJRIUhHGvd9NzY+ClWhhFOh/lWommMSR93adNSgSOq/XR88hAdWKWDQqlsCYPG6u+JFEdaD6LAdkbY9PSsNxL/85qJCc/9lIk4MVSQyaIw4chINPofdZiixPCBJZgoZm9FpIcVJsamlLcheLMvz5Pacck7LZ3c2DQuYIIc7MI+HIIHZ1CGa6hAFQhIeIRneHGM8+S8Om+T1owzndmBP3DefwCej5PC</latexit>

ω→1
i

<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF



<latexit sha1_base64="/50iJDRA67d26wDcVzP/5kSmTDo=">AAAB7nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7go9CJGBjGcE8IFnC7ORuMmR2dpmZFULIR9hYKGJr75/Y+QG2+QYnj0ITD1w4nHMv994TJIJr47pfztLyyuraemYju7m1vZPL7+5VdZwqhhUWi1jVA6pRcIkVw43AeqKQRoHAWtC7Gfu1B1Sax/Le9BP0I9qRPOSMGivVmgEa2sJWvuAW3QnIIvFmpFA6GI1yVx/f5Vb+s9mOWRqhNExQrRuemxh/QJXhTOAw20w1JpT1aAcblkoaofYHk3OH5NgqbRLGypY0ZKL+nhjQSOt+FNjOiJqunvfG4n9eIzXhpT/gMkkNSjZdFKaCmJiMfydtrpAZ0beEMsXtrYR1qaLM2ISyNgRv/uVFUj0teufFszubxjVMkYFDOIIT8OACSnALZagAgx48wjO8OInz5Lw6b9PWJWc2sw9/4Lz/ALmSk5Q=</latexit>

ωe

<latexit sha1_base64="u918ARC5TMMXqWtNy19na/jxj5o=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5MEvHiMYB6SLMvspJMMmdldZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dYSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWjm6nfekSleRzdm3GCvqSDiPc5o8ZKDzJAckJkwINyxa26M5C/xMtJBXLUg/JntxezVGJkmKBadzw3MX5GleFM4KTUTTUmlI3oADuWRlSi9rPZwRNyZJUe6cfKVmTITP05kVGp9ViGtlNSM9SL3lT8z+ukpn/lZzxKUoMRmy/qp4KYmEy/Jz2ukBkxtoQyxe2thA2poszYjEo2BG/x5b+keVr1Lqrnd2eV2nUeRxEO4BCOwYNLqMEt1KEBDCQ8wQu8Osp5dt6c93lrwcln9uEXnI9vsDCPrw==</latexit>

me/mi

<latexit sha1_base64="WE7/70DruTpTvslUKRJst6QhCw8=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3euVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/fKmMuw==</latexit>

1 <latexit sha1_base64="AZADk8ffoDbfksRxZV5heiTsvVM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KKvQiVDFtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqSTUIzGPZTvAinImqKeZ5rSdSIqjgNNWMLqe+q0nKhWLxaMeJ9SP8ECwkBGsjeTdPtzVb3p22ak4M6Bl4uakDDkaPfur249JGlGhCcdKdVwn0X6GpWaE00mpmyqaYDLCA9oxVOCIKj+bHTtBJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3mdVIeXfsZEkmoqyHxRmHKkYzT9HPWZpETzsSGYSGZuRWSIJSba5FMyIbiLLy+TZrXinlfO7qvl2lUeRxGO4BhOwYULqEEdGuABAQbP8ApvlrBerHfrY95asPKZQ/gD6/MH9KqOGw==</latexit>

ERMHD
<latexit sha1_base64="hbVigYJ33vnwQeZOWAlywwsJv2c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KeiiIUMW0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bweh66reeqFQsFo96nFA/wgPBQkawNpJ3+3BXv+nZZafizICWiZuTMuRo9Oyvbj8maUSFJhwr1XGdRPsZlpoRTielbqpogskID2jHUIEjqvxsduwEnRilj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Uh1e+hkTSaqpIPNFYcqRjtH0c9RnkhLNx4ZgIpm5FZEhlphok0/JhOAuvrxMmtWKe145u6+Wa1d5HEU4gmM4BRcuoAZ1aIAHBBg8wyu8WcJ6sd6tj3lrwcpnDuEPrM8f/dqOIQ==</latexit>

KRMHD

<latexit sha1_base64="Z0DDZmlvxcJVmP1Soi9Jk/RwhfM=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgxpIUfO0KinShUMU+oA1lMp20QyaTMDMRSuhHuHGhiFu/x51/47TNQlsPXDiccy/33uPFnClt299Wbml5ZXUtv17Y2Nza3inu7jVVlEhCGyTikWx7WFHOBG1opjltx5Li0OO05QVXE7/1RKVikXjUo5i6IR4I5jOCtZFaN7cPJ3e1616xZJftKdAicTJSggz1XvGr249IElKhCcdKdRw71m6KpWaE03GhmygaYxLgAe0YKnBIlZtOzx2jI6P0kR9JU0Kjqfp7IsWhUqPQM50h1kM1703E/7xOov0LN2UiTjQVZLbITzjSEZr8jvpMUqL5yBBMJDO3IjLEEhNtEiqYEJz5lxdJs1J2zsqn95VS9TKLIw8HcAjH4MA5VKEGdWgAgQCe4RXerNh6sd6tj1lrzspm9uEPrM8f+mCOqQ==</latexit>

FLR-MHD

<latexit sha1_base64="DQFrbxzejVaEwtDzE0fFaYwfKW8=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0kKft0KIhREqGLaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0moR2Iey3aAFeVMUE8zzWk7kRRHAaetYHQ99VtPVCoWi0c9Tqgf4YFgISNYG8m7fbip3/XsslNxZkDLxM1JGXI0evZXtx+TNKJCE46V6rhOov0MS80Ip5NSN1U0wWSEB7RjqMARVX42O3aCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//M6qQ4v/YyJJNVUkPmiMOVIx2j6OeozSYnmY0MwkczcisgQS0y0yadkQnAXX14mzWrFPa+c3VfLtas8jiIcwTGcggsXUIM6NMADAgye4RXeLGG9WO/Wx7y1YOUzh/AH1ucP/06OIg==</latexit>

KREHM

<latexit sha1_base64="nd4tbrWDf+l291FXT0Stqoc+ZKo=">AAAB8nicbVDJSgNBEO2JW4xb1IsgSGMQvBhmBJeTBPTgMYJZYDKGnk4nadPTPXTXCGHIV4gXD4p49RP8Cm/+jZ3loIkPCh7vVVFVL4wFN+C6305mbn5hcSm7nFtZXVvfyG9uVY1KNGUVqoTS9ZAYJrhkFeAgWD3WjEShYLWwdzn0aw9MG67kLfRjFkSkI3mbUwJW8hu6q5rsLj3yBs18wS26I+BZ4k1IobR3tfMIn/flZv6r0VI0iZgEKogxvufGEKREA6eCDXKNxLCY0B7pMN9SSSJmgnR08gAfWKWF20rbkoBH6u+JlETG9KPQdkYEumbaG4r/eX4C7fMg5TJOgEk6XtROBAaFh//jFteMguhbQqjm9lZMu0QTCjalnA3Bm355llSPi95p8eTGpnGBxsiiXbSPDpGHzlAJXaMyqiCKFHpCL+jVAefZeXPex60ZZzKzjf7A+fgB2cKT7g==</latexit>

ω→1
e

<latexit sha1_base64="hteUg3OgiVF1qxAaycmbN3K9EeA=">AAAB8nicbVDLSgNBEOyNGmN8RT16GQ2CF8Ou4OMkAT14jGAekKxhdjKbDJmdWWZmxbDkM7x4UMSrF/FPvPk3Th4HTSxoKKq66e4KYs60cd1vJ7OwuJRdzq3kV9fWNzYLW9s1LRNFaJVILlUjwJpyJmjVMMNpI1YURwGn9aB/OfLr91RpJsWtGcTUj3BXsJARbKzUbKmebLO79MgbtgtFt+SOgeaJNyXF8l72yv14+Ky0C1+tjiRJRIUhHGvd9NzY+ClWhhFOh/lWommMSR93adNSgSOq/XR88hAdWKWDQqlsCYPG6u+JFEdaD6LAdkbY9PSsNxL/85qJCc/9lIk4MVSQyaIw4chINPofdZiixPCBJZgoZm9FpIcVJsamlLcheLMvz5Pacck7LZ3c2DQuYIIc7MI+HIIHZ1CGa6hAFQhIeIRneHGM8+S8Om+T1owzndmBP3DefwCej5PC</latexit>

ω→1
i

<latexit sha1_base64="IxBg2UJHj+MNKTsEIrfqmgRSlKc=">AAAB7nicbVDJSgNBEK1xjYlLjEcvjVHIKcwILicJePEYwSyQDKGn05M009PTdPcIYYhf4MWLoCJe/R5v/o2d5aCJDwoe71VRVS+QnGnjut/Oyura+sZmbitf2N7Z3Svul5o6SRWhDZLwRLUDrClngjYMM5y2paI4DjhtBdH1xG/dU6VZIu7MSFI/xgPBQkawsVIr6nUlVbJXLLtVdwq0TLw5KddKL48PleNCvVf86vYTksZUGMKx1h3PlcbPsDKMcDrOd1NNJSYRHtCOpQLHVPvZ9NwxOrFKH4WJsiUMmqq/JzIcaz2KA9sZYzPUi95E/M/rpCa89DMmZGqoILNFYcqRSdDkd9RnihLDR5Zgopi9FZEhVpgYm1DehuAtvrxMmqdV77x6dmvTuIIZcnAIR1ABDy6gBjdQhwYQiOAJXuHNkc6z8+58zFpXnPnMAfyB8/kDhuOR6w==</latexit>

k→

<latexit sha1_base64="p6gk0bDwHzzsLRSiKkY9xFAjzwA=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2NQFL1FyAuSJcxOZpMhM7PLzKwQlvyCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJP57SeqNItkw0xi6gs8lCxkBJtMemjc3vVLZbfizoCWiZeTMuSo90tfvUFEEkGlIRxr3fXc2PgpVoYRTqfFXqJpjMkYD2nXUokF1X46u3WKTq0yQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLLH0YApSgyfWIKJYvZWREZYYWJsPEUbgrf48jJpVSveReX8sVquXedxFOAYTuAMPLiEGtxDHZpAYATP8ApvjnBenHfnY9664uQzR/AHzucPZDGN0g==</latexit>

ITEF
(Adkins, Meyrand, & Squire 2025)

Kinetic Reduced Electron Heating Model (KREHM) 



How Non-Alfvénic Fluctuations Can Bypass the HB to Fix SW Models 

•  injected at  cascades to , transforms into , cascades to 
, undergoes nonlinear perpendicular phase mixing, and dissipates via collisions. 

• Forward cascade of  allows  energy cascade rate to exceed  energy cascade rate, 
restoring the turbulent heating rate towards its RMHD value.

ℋmf k⊥ρi ≪ 1 k⊥ρi ∼ 1 ℋph-sp
k⊥ρi ≫ 1

ℋmf z+ z−



Last 3 slides: early work in progress 



The Free Energy in Gyrokinetics in Rotating Tokamak Plasmas 
(Abel et al 2013) 



The Free Energy in Gyrokinetics in Rotating Tokamak Plasmas 
(Abel et al 2013) 



Gyrokinetic Helicity in Rotating Tokamak Plasmas? 

ℋ(ψ) = lim
ϵ→0+ ⟨⟨∑

s

T0s ∫ d3w
(hs − qsT−1

0s ⟨χ⟩Rs
F0s)

2

2(w∥ − iϵvth,s)F0s ⟩
⊥
⟩

ψ

[ ∂
∂t

+ u(Rs) ⋅
∂

∂Rs ] (hs − qsT−1
0s ⟨χ⟩Rs

F0s) + (w∥b + VDs + ⟨Vχ⟩Rs) ⋅
∂hs

∂Rs
− ⟨CL[hs]⟩R

= − { ∂F0s

∂ψ
+

msF0s

Ts [
I(ψ)w∥

B
+ ω(ψ)R2] dω

dψ } ⟨Vχ⟩Rs

⋅ ∇ψ

More work needed to see if this is useful concept for tokamaks.



Conclusion

• Astrophysical gyrokinetics possesses a second 3D quadratic invariant, the gyrokinetic 
helicity, which generalizes and unifies several previously identified helicities in different sub-
regimes of gyrokinetics 

• The transformation of magnetofluid helicity to phase-space helicity via non-Alfvénic ion 
fluctuations enables the forward cascade of helicity, circumventing the helicity barrier and 
enhancing turbulent heating in coronal holes. 

• It remains unclear whether there is a useful generalization of the gyrokinetic helicity for 
more general magnetic geometry, including toroidal fusion plasmas. 


