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Abstract. Based on a Fokker-Planck formalism a mech-
anism is presented, generating consistent with space-
craft observations a high energy tail electron population
from the interaction of a broad-band Alfvén wave spec-
trum under auroral plasma conditions. The structure
of the resulting suprathermal tails of the electron veloc-
ity space distributions is shown to be well represented
by the family of kappa distributions, hence providing a
physical interpretation of the origin of auroral energetic

electron observations. © 2001 Elsevier Science Ltd.  All rights
reserved

1 Introduction

As indicated by numerous spacecraft observations, most
astrophysical plasmas are found to have velocity distri-
bution functions exhibiting non-Maxwellian suprather-
mal tails {Mendis and Rosenberg, 1994). The advan-
tage in using a generalized form of a Maxwellian to fit
energetic particle properties was pointed out by (Va-
syliunas, 1968) in conjunction with magnetosheath elec-
tron ghservations or by Leubner (1982, 1999b) to study
the Jovian multi-banded whistler emission. The sue-
cess in shaping velocity spacc observations by a kappa-
distribution is documented in numerous investigations
of space plasma wave-particle interaction processes and
instabilities (Xue et al., 1996; Chaston et al.. 1997),
Plasma sheet ion and electron spectra are well repre-
sented at high energies by a power law in particle speed
{Christon ¢t al., 1991) and excellent agreement between
the Dynamic Explorer DE 2 data and a combined electron-
proton-hydrogen atom aurora theory was found from a
kappa-distribution approach {Decker et al., 1995). Re-
cently detailed studies of auroral current density and
energy fluxes were successfully carried out fitting low
orbiting Freja electron flux spectra by a power law at
high energies (Janhunen and Qlsson, 1998; Olsson and
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Janhunen, 1998).

The generation of velocity space distributions exhibit-
ing pronounced energetic tails can be interpreted to be
a consequence of several different acceleration mecha-
nisms, as DC parallel electric fields or a field-aligned
potential drop, preduced when magnetic ficld lines arc
being reconnected (Menietti and Smith, 1993; Hoffman,
1993). Non-thermal features of velocity distributions
may result also from an acceleration mechanism by wave-
particle interaction due to the presence of broadband
lower hybrid or Alfvén wave turbulence. In the lat-
ter context, the problem of wave induced particle ener-
gization is formulated within a Fokker-Planck approach,
where the velocity space diffusion is induced by Landau
interaction {Dendy et al., 1995; Leubner and de Assis,
1998; Leubner, 1999a). From an initially Maxwellian
electron equilibrium distribution the time evolution of
the distribution function due to the interaction of an
Alfvén wave-spectrum is simulated numerically, wherc
major attention is drawn to the specific shape of the
diffusion operator, generating energetic clectron tails in
velocity space. In addition, it is shown that collisional
drag provides a limitation for the particle cnergization
possibly resulting in a saturated stage.

2 Theory

The general equation for the collective, time dependent
development of the velocity space distribution in re-
sponse to a wave spectrum affecting the particles via
Cherenkov interaction, as well as in response to particle
collisions and external electric fields reads

o _[of o1 os
{ ot waves * [at } cotlisions N [ aij! E—field (1)

ot
Here f({v,t = D) shall be represented by a starting one-
dimensional Maxwellian equilibrium distribution fune-
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where vy, = +/ 2kxT /m is the thermal speed and N
denotes the particle density. Neglecting external electric
field contributions, we model the wave-particle interac-
tion by a diffusive process and consider the time evo-
lution of the parallel velocity distribution function [(v)
with respect to the magnetic ficld By, being regulated,
by the Fokker-Planck equation as
20 = 2yt [or 2] 1 Lo

ET Ju (3)

Here v(v) and D(v) denotc the velocity dependent
collision and diffusion operators, respectively. The first
term on the right hand side of equation (3) restores the
distribution function to a Maxwellian. The considera-
tion of a uniform magnetic field By allows with regard
to axial symmelry a reduction of the three dimensional
problem to two dimensions. The reduction to a reason-
able one-dimensional approach can be achieved by as-
suming low collisionality such that changes in the pitch
angle are negligible and we note that the niain dynamics
of Alfvén wave-particle energy exchange due to Landan
interactions is regulated in parallel direction.

The quasi-linear. one dimensional diffusion operator
due to Cherenkov wave-particle interaction (Davidson,
1972) may be written as

D) =

/@%SE K. s (2~ Kwcos8)(4)

where Sg(K, 1) is the spectral energy density of the
wave turbulence and the Dirac term describes the wave-
particle resonance. The cos# dependence is a conse-
quence of the wave parallel electric field component where
4 is the angle hetween the wave vector and the magnetic
field Bp.

Next, we adopt a broadband spectrum E(k) of Alfvén
waves, trapped inside an envelop of extensionl 4L par-
allel and perpendicular to the magnetic field By, char-
acterized by their wavenumnbers k and frequencics w(k).
Performing the resonant interaction between the wave
turbulence and the plasma electrons in the wave packet
frame and using a Gaussian shape for $he wave envelape,
the diffusion coefficient for parallel clectron acceleration
can be written as

LiA%cos0

Div) = == = k (R g(a,7) exp(=an?)  (3)

where A is the amplitude of the wave packet and a
denotes a parameter determining over which part of the
wave packet the diffusion acts. Here g{a,v) enters from
the consideration of spatially confined turbulence where
v =ikl jw(k) — kvcosOfa®  vcosh.
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Fig. 1. A lamily of kappa-distributions for x = 3,5, 10 and oo.
The outermost curve exhibits with < — 3 pronounced non-therinal
tails, the innermest curve represents with & = o0 an isotropic
Maxwellian. Velocities are normalized to the thermal speed.

Equation (5) permits in combination with the Fokkey-
Planck approach from equation (3) the stmulation of
wave-particle energy exchange due to a broadband Alfvén
wave packet with cos0 ~ 1, obeving the dispersion rcla-
tion for dispersive Alfvén waves
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where wy, is the electron plasma frequency. Usually
the parallel wavelength is much larger than the ion gy-
roradius vy, = e/ {eBy) whercfore the conditions
By < ki, kir? ~ 1 hold. The dispersive Alfvén wave
described by the dispersion relation {6) contains the ion
thermal corrections and additionally takes care of the
inertia of the electron hackground plasma. For Alfvén
waves the main damping mechanism is Landau damping
by electrons since the clectron thermal speed is compa-
rable to the Alfvén velocity for high temperature space
plasmas. Thus, Alfvén waves absorbed in this context
can resonantly interact to create an extended tail in the
particle velocity space distribution.

Finally, let us consider the generally observed high en-
crgy tails in the particle distributions from a one dimen-
sional analytical form of the famnily of kappa-distributions
as {Leubner, 1982)

N Mr+1) 22
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hence, representing a power law in particle speed, sce
Fig. 1.
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The parameter & shapes predominantly the suprather-
mal tails of the distribution, I' denotes the standard
Gamma function and as & — oo, F(v) approaches a
Maxwellian. The advantage in using the function (7) in-
stead to mode! the energetic particles by a power law at
high energies was outlined in numerous studies as (Va-
syliunas, 1968; Christon et al., 1991; Ma and Summers,
1998), trying to fit accurately spacecrall observations,
wherefore we search for appropriate generation mecha-
nisms of kappa-like suprathermal tails in velocity space.

3 Results and Conclusions

The numerical simulation of the time evolution of the
electron distribution due to a diffusive process of wave-
particle interaction and collisions is treated within the
Crank-Nicholson implicit scheme. As initial condition
a Maxwellian equilibrium velocity distribution is intro-
duced. For magnetospheric-auroral plasmas the basic
parameters are chosen as N = 25 em ™2, T, = 1 x 10°K
and By = 2200~, noting that a simultaneous change
of the parameters produce similar results for different
physical systems. A generation mechanism representing
the family ol kappa-distributions accurately enough in
the context of wave-particle interaction due to a spec-
trum of Alfvén waves provides a possible theoretical ex-
planation for the formation of persistent kappa-like dis-
tribution functions in magnetaspheric-auroral plasmas.

As an example Fig. 2 iliustrates the velocity depen-
dence of a normalized diffusion operator, evaluated from
equation (5) with respect to the dispersion relation (6)
for a broadband Alfvén wave spectrum, where L, < L
is assumoed.

Introducing this diffusion properties into the Fokker-
Planck formalism, Fig. 3 shows the time evolution of the
distribution function under auroral conditions. Start-
ing from a Maxwellian, equidistant snapshots in time
are presented and may be compared with the family of
kappa-distributions in Fig. 1. The resulting structures
demonstrate impressively thal kappa-like suprathermal
tails in the electron distribution, exhibiting a smooth
onset in velocity space are generated by a broadband
Alfvén wave-particle energy exchange process. In Fig.
4 a non-zero collision frequency v is adjusted such, that
the electron energization duc to Alfvén wave turbulence
is saturated at a balancing level between energy in-
put and collisional thermalization. Hence, although not
of general importance with respect to magnetospheric
plasma environments, the possibility to simulate the
time evolition of wave-induced particle acceleration to-
wards » saturaled stage by applying a simple collision
term into the Fokker-Planck approach is demonstrated.

It turns out that the specific shape of the diffusion
operator in velocity space, as caleulated from the wave
power spectrum and dispersion relation, enters as dom-
inant model parameter. Consistent with the family of
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Fig. 2. Velocity dependence of the diffusion coefficient for a
broadband Alfvén wave spectrum. Velocities are normalized to
the Alfvén speed.
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Fig. 3. Time sequence of the formation of a suprathermal electron
population due to an Alfvén wave spectrum. Non-thermal features
reproduce well those of the kappa-distribution family. Velocities
are normalized to the thermal speed.
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Fig. 4. Time evolution of a Maxwellian into a saturated stage
due to Alfvén wave-particle energy exchange and collisional drag
Velocities are normalized to the thermal speed.

kappa-distributions a significant fraction of suprather-
mal electron populations can be generated by broadband
Alfvén wave spectra, representing accurately spacecraft,
observations. Thus, a justification for the use of the an-
alytical family of kappa distributions for auroral space
plasma studies is provided.
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