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Kinetic Physics of the Solar
Corona and Solar Wind

Eckart Marsch

Max—-Planck-Institut fiir Aeronomie

e The Sun’s corona and wind - structure,
evolution and dynamics

e lons and electrons - velocity distributions
and kinetics

e Waves and turbulence - excitation, transport
and dissipation



Waves and turbulence - excitation,
transport and dissipation

e Structures and fluctuations in the solar wind

¢ Alfven waves from the corona

o Magnetosonic waves and density fluctuations

e Coronal and interplanetary origin of fluctuations

o Radial and latitudinal evolution of MHD turbulence
e Spectral indices and cascading

e Transport of waves and turbulence

e Dissipation through wave-particle interactions

e Kinetic wave-heating of the corona



Spatial and temporal scales

Phenomenon Frequency Period Speed
(s (day) (km/s)

Solar rotation: 4.6 107 25 2

Solar wind expansion: 5-2 10° 2-6 800 - 250
Alfvén waves: 3104 1/24 30 (1AU)
lon-cyclotron waves: 1-0.1 1(s) (V,) 50
Turbulent cascade: generation + transport

— inertial range — Kkinetic range + dissipation



Plasma waves and frequencies

107

Frequency/Hz

Non-uniformity
leads to strong
radial variations
of the plasma
parameters!

Gurnett,
1978
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Power spectrum of fluctuations
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lon acoustic and Langmuir waves
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Alfvénic fluctuations
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Sector boundary
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Averaged Normalized Spectrum {km)

Compressive fluctuations in
the solar wind
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Solar wind turbulence

Parameter Coronal Hole Current sheet

(open) (closed)

Alfvén waves: yes no

Density fluctuations: weak (<3%) intense (>10%)

Magnetic/kinetic =~ 1 > 1

turbulent energy:

Spectral slope: flat (-1) steep (-5/3)

Wind speed: high low

T, (T.): high (low) low (high)

Wave heating: strong weak
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Small magnetic flux tubes and
photospheric granulation
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Solar wind outflow from magnetic
network lanes and junctions

Line-of-
sight
Doppler
velocity
images

North and
midlatitude
polar
region
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Dynamic network and magnetic
furnace by reconnection
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EUV jets and reconnection in the

magnetic network

Evolution of a jet in Si IV
1393 A visible as blue and
red shifts in SUMER spectra
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Height profile of wave amplitude
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Stream interaction region

Magnetc sector
boundary,
some 30° off
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Spectral indices and spatial
evolution of turbulence
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Spectral evolution of Alfvénic
fluctuations
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e Steepening by
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e lon heating by
wave sweeping

¢ Dissipation by
wave absorption
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MHD turbulence dissipation through
absorption of dispersive kinetic waves

e Viscous and Ohmic dissipation in collisionless
plasma (coronal holes and fast solar wind) is
hardly important

e Waves become dispersive (at high frequencies
beyond MHD) in the multi-fluid or kinetic regime

e Turbulence dissipation involves absorption (or
emission by instability) of kinetic plasma waves!

e Cascading and spectral transfer of wave and
turbulence energy is not well understood in the
dispersive dissipation domain!
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Quasi-linear pitch-angle

diffusion
Diffusion 0 o e LS
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gradient
in wave
frame

Kennel and Eage!mahn; |
1966 o

20



Ingredients in the quasi-linear
diffusion equation

Normalised
wave amplitude
(Fourier)

Wave-particle
relaxation rate

Resonant speed;

Bessel function
Marsch, Nonl. Proc. .
§Geophys m press '
2001
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Plateau formation by wave-
particle diffusion

Wave-frame Vo = wir(®) ks Vo = Vai - (VL V)
coordinates

Transformed

V?lOfthy . U” =UcCosa; U} =Using; fjxfj(U,(l)
distribution

function
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Pitch-angle diffusion of protons
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Quasilinear diffusion model
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Oxygen and hydrogen velocities
in coronal holes
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Absorption of cyclotron waves

Oxygen ion
damping rate

Frequency sweeping!

Self-consistent
power spectrum
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Resonant heating and acceleration
of ions by cyclotron waves
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Evolution of wave power spectrum

Variable wave spectral density
P(f) [nT2/Hz], f= 100-180 Hz

Tu and Marsch, A&A, 368, 1071,
2001 :



Reduced velocity distributions
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Model ion velocity
distribution in coronal hole
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Semi-kinetic model of wave-ion
interaction in the corona
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Reduced diffusion equations

0 e, 8
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Diffusive transport coefficients

Diffusion D) | 5
Acceleration Aj('w”) = E | d°kBpr (k) x
Heating Hj(wl!) i

‘Marsch, Nonlinear
_Proc. Geophys.,in
press. 2001
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Reduced velocity distributions
and anisotropy in coronal hole
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Plateau at marginal stability
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Gyrotropic velocity distribution
of oxygen ions in corona

e Mirror force

e Waves particle
interactions

e Coulomb
collisions

N e
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-3 — - 0
(viy — va) /Yy

‘Vocks and Marsch, ApJ,
2007 36



Obervations and semi-kinetic
models of solar corona and wind

e Coronal imaging and spectroscopy indicate strong
deviations of the plasma from thermal equilibrium

e Semi-kinetic particle models with with self-consistent
wave spectra provide valuable physical insights

e Such models describe some essential features of the
observations of the solar corona and solar wind

e But the thermodynamics of the solar corona and solar
wind requires a fully-kinetic approach

e Turbulence transport as well as cascading and
dissipation in the kinetic domain are not understood
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