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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)
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* Photospheric motions and/or reconnection launch Alfven waves along open magnetic-field lines
» Outward-propagating waves undergo partial reflection because of the Alfven-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



Reduced Magnetohydrodynamics (RMHD)

Elsasser variables: z© = §¥7 £ ———=—_. Near Sun, 7 . > 7
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. Two quadratic invariants: the energy & = J'd3x [(z+) + (Z_)2] and cross helicity

H. = Jd3x [(z+)2 — (z_)zl, or, equivalently, & = JdBX (Z+)2

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

and &~ = Jdgx (7).

Cascade power and turbulent heating rate: eppmp = i
1



Finite Larmor Radius Magnetohydrodynamics (FLR-MHD)

(Meyrand et al 2021)
e Subsidiary expansion of astrophysical gyrokinetics (i.e., uniform equilibrium) in which
m,/m; K ff < 1, electrons are an isothermal fluid, and ion fluctuations are Alfvénic.

Uniformly valid atk, p;, < 1 and k; p;, > 1.

o Quadratic invariants are the energy and generalized helicity ?/gen. %gen reduces to the

RMHD cross helicity at k; p; << 1 and the magnetic helicity at k, p, > 1, which cascades
iInversely, leading to the helicity barrier.
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Finite Larmor Radius Magnetohydrodynamics (FLR-MHD)

(Meyrand et al 2021)
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Any imbalance between 7z and z~ manifests as generalized helicity ?/gen. In absence of

dissipation at £, p. < 1, only balanced amounts of z7 and z~ energy can cascade to
smaller scales.
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Cascade power and turbulent heating rate: €g; p_Mup = + Dy <



FLR-MHD Helicity Barrier Breaks Leading Paradigm for Solar Wind's Origin
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o |lon-scale heating rate, Dklp-<1’ IS small because of anisotropy and transition range

€FLR-MHD —

2 (2ms)” 2t

+ Dy , <1 < €gmup in coronal holes where

ZI'IIlS

<zt

I'ms



Could Non-Alfvénic lon Fluctuations Fix SW Models?

 Low corona is filled with large-amplitude density variations (Raymond et al 2014).

o Could non-Alfvenic ion fluctuations puncture’ the helicity barrier? |l.e., act as a sink of %gen at

k,p; ~ 1, so that the & cascade rate could exceed the &~ cascade rate, restoring the turbulent
heating rate towards its RMHD value?
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Low corona is filled with large-amplitude density variations (Raymond et al 2014).
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gen

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???



Astrophysical Gyrokinetics B, = By?

(Schekochihin et al 2009) Moo TOs» BO — constants

5f8(r7 v, t) — qsq?z—(,r’ t) FOS(U) -+ hS(R87 vl, v\|7t)
Os
o . Oh Ohs ¢ s O . Oh
Gyrokinetic equation: gy - ) 3, | Be {(X)R.,hs} = 7?03 <§1R Fos + ( 5 )C
V| X Z v-A .
R, =1 - 7 X=¢— — {f,9}=2-(VfxVyg)

_ o QSnOs 3 o
Quasineutrality: ES qsOng = E ds ( . /d v(hs)r) =0
) . S d3 h,s r — A
Ampere’s law: ES q / v(hsv) 47TVL

dr T [ a3 Te(0F5)°
Free enerqy: — _ | 3 40s S
ay: W / 7 o /d ” o




consider the quantity
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consider the quantity
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consider the quantity
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consider the quantity
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consider the quantity
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A New 3D Quadratic Invariant - the "Gyrokinetic Helicity’
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(Chandran, Mallet, & Meyrand, submitted)



Singular or Non-Singular?
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Subsidiary Regimes of Astrophysical Gyrokinetics

e |TEF: isothermal electron fluid
e KRMHD: kinetic reduced MHD

e ERMHD: electron MHD

FLR-MHD

e FLRMHD: finite-Larmor-radius
MHD

o KREHM: kinetic reduced electron
heating model

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



Isothermal Electron Fluid
(ITEF)

FLR-MHD
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Magnetofluid Helicity # . and Phase-Space Helicity # ph_gp

FLR-MHD

H mf @Nd Z ph_gp separately
conserved in KRMHD and ERMHD

KRMHD: #Z . — Alfvénic

component of cross helicity. Three
separately conserved components

of Z ph-sp» Plus two additional
helicity-like invariants.

ERMHD: #Z . — magnetic
helicity

FLRMHD: #Z . — generalized
helicity



Kinetic Reduced Electron Heating Model (KREHM)
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(Adkins, Meyrand, & Squire 2025)

(also called the generalized helicity)

FLR-MHD




Kinetic Reduced Electron Heating Model (KREHM)
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How Non-Alfvenic Fluctuations Can Bypass the HB to Fix SW Models
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o« # ypinjected at k) p; < 1 cascades to k) p; ~ 1, transforms into # p,_gp, cascades to

k,p; > 1, undergoes nonlinear perpendicular phase mixing, and dissipates via collisions.

 Forward cascade of # . allows 7" energy cascade rate to exceed z~ energy cascade rate,
restoring the turbulent heating rate towards its RMHD value.



Last 3 slides: early work in progress



The Free Energy in Gyrokinetics in Rotating Tokamak Plasmas
(Abel et al 2013)
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The Free Energy in Gyrokinetics in Rotating Tokamak Plasmas
(Abel et al 2013)
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Gyrokinetic Helicity in Rotating Tokamak Plasmas?
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More work needed to see Iif this is useful concept for tokamaks.



Conclusion

e 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

e 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.

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



