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Basic assumptions of collisional transport theory

Kinetics of coronal (solar wind) heating through
Landau/cyclotron damping of plasma waves

Solutions of the Vlasov-Boltzmann equation
Model velocity distributions in the corona
Kinetic plasma instabilities in the solar wind




Kinetic processes in the solar corona

e Plasma is multi-component and non-uniform
— multiple scales and complexity

e Plasma is tenuous and turbulent

— free energy for microinstabilities

— wave-particle interactions (quasilinear diffusion)
— weak collisions (Fokker-Planck operator)

— strong deviations from local thermal equilibrium
— global boundaries are reflected locally

Problem: Thermodynamics and transport...
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Coulomb collisions and quasilinear wave-
particle interactions

Coulomb collisions and/or wave-particle interactions are
represented by a second-order differential operator, including the
acceleration vector A(v) and diffusion tensor O(v):
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Quasi-linear pitch-angle diffusion

Diffusion equation
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Pitch-angle gradient in wave frame

superposition of === _,* Fnergy and momentum exchange between waves
linear waves with

random phases! and particles. Quasi-linear evolution

Kennel and Engelmann, 1966; Stix, 1992




Ingredients in diffusion equation
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Corona is weakly collisional, &, . >> v, ., and strongly magnetized, r; << 2; .

Marsch, Nonlin. Proc. Geophys. 9, 1, 2002




Observation of pitch-angle diffusion
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Numerical simulation of diffusion

Proton velocity distribution from
a direct numerical simulation.
The phase speeds of the left-
hand polarized modes are
indicated by the right dots. The
five left dots represent the
corresponding cyclotron
resonance velocities. The
corresponding ion diffusion
plateaus are indicated by heavy
solid lines.
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Gary and Saito, JGR, 2003



Semi-kinetic model of wave-ion
interaction in the corona
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Marsch, Nonlinear Proc. Geophys., 5, 111, 1998
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Reduced Velocity distributions
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Transparency of coronal oxygen ions
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Velocity distributions of oxygen ions
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Breakdown of classical transport theory

* solar wind n.=3-10cm3T,
M electrons =1-210°Kat 1
AU

e Strong heat flux tail

e Collisional free path 1. much
y larger than temperature-
" gradient scale L

= * e Polynomial expansion about
* a local Maxwellian hardly
converges, as 1.>> L

Pilipp et al., JGR, 92, 1075, 1987



Solar wind electrons: Core-halo evolution

Halo is relatively increasing Normalized core remains constant
while strahl is diminishing. while halo is relatively increasing.
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Spitzer-Harm theory invalid
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Collisional electrons In corona

e Numerical solution of
Boltzmann equation with  full
Fokker-Planck operator

e Collisions (self- and with
protons) shape pitch-angle
distribution.

e Gravitational and electro-static
potential matter.

e At the lower boundary
Maxwellian, at 14R_ no sunward
electrons above V2 =2ed/m..

e Dots: w?=2kgT,/m,, i.e. the
thermal speed at T,,.

Pierrard et al., JGR, 2001
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Suprathermal coronal electrons caused
by wave-particle interactions 1
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Suprathermal coronal electrons caused by
wave-particle interactions II

; Focusing
->
Strahl

0.0
vy / C

Pitch-angle sc_atterlng -> Vocks and Mann, Ap. J.,
shell formation 593 1134. 2003
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Heat flux generated cyclotron waves

Intermittent (6t = 1 s) electron heat flux
caused by small-scale reconnection
(microflares) at coronal base
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e Sporadic heat flux (resonant core
electrons) drives sunward electrostatic
ion-cyclotron wave (@ = 1.15 Q)

e Intermittent ion heating by wave
absorption (6T/T = 0.07 per burst)

Markovskii and Hollweg, Ap.J., 608, 1112, 2004
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(electric field coherence) relates
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spectrum.
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Regulation of proton core anisotropy

e Fast solar wind
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The core temperature anisotropy is

regulated by quasilinear diffusion of Empirical least-squares fit of

anisotropy versus plasma beta:

T,/T) = 1.16 B, (0-3)

protons in resonance with thermal
dispersive cyclotron waves!

Marsch et al., J. Geophys. Res., 109, 2004



Proton temperature anisotropy and
firehose instability
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Stability of solar wind proton beams

o Origin of the proton beam not yet

133 e explained; collisions or waves?
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Plot of drift speed versus plasma beta,
Tu et al., J. Geophys. Res., 109, 2004 V4/V, = 2.16 B %28 indicates stability!




Conclusions

o Classical transport theory for ions and electrons breaks down already low
in the solar corona and even more so in the solar wind.

o Electron heat conduction is not well understood in the presence of
whistler turbulence, collisional run-away and electrons being trapped in or
escaping from the electrostatic (gravitational) potential.

e Kinetic physics including wave-particle interactions adequately describes
key non-thermal features of solar wind ions, but a turbulent wave transport
theory (coefficients) for the corona does not yet exist.

e Viscous, ohmic and conductive (collisional) heating are insufficient,
however a simple rescaling of transport coefficients is not meaningful.

e The thermodynamics (heating) of the solar corona will ultimately require a
kinetic plasma approach to understand the dissipation.






