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Abstract The electron distribution functions from the solar corona to the solar
wind (SW) are determined in this paper by considering the effects of the external
forces, of Coulomb collisions and of the wave-particle resonant interactions in
the plasma wave turbulence. The electrons are assumed interacting with right-
handed polarized waves in the whistler regime. The acceleration of electrons
in the SW seems to be mainly due to the electrostatic potential. Wave turbu-
lence determine the electron pitch-angle diffusion and some characteristics of
the velocity distribution function (VDF) such as suprathermal tails. The role of
parallel whistlers can also extend to small altitudes in the SW (the acceleration
region of the outer corona), where they may explain the energization and the
presence of suprathermal electrons.
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1. Introduction

The solar wind is a low density non uniform plasma in which kinetic processes
prevail. Kinetic models based on the solution of the Fokker-Planck equation
have been developed to study the steady state electron VDF in the corona and
at larger radial distances in the SW (Lie-Svendsen et al., 1997; Pierrard et al.,
1999; Lie-Svendsen and Leer, 2000; Pierrard et al., 2001; Vocks and Mann, 2003;
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Vocks et al., 2005; Vocks et al., 2008; Vocks and Mann, 2009). First, the test
electrons were submitted to the influence of the external forces and to Coulomb
collisions with background particles (Pierrard et al., 1999; Lie-Svendsen and
Leer, 2000; Pierrard et al., 2001). Such models were solved numerically and
emphasized the effects of Coulomb collisions compared to the results of purely
exospheric models considering only the external forces (Maksimovic et al., 1997a;
Lamy et al., 2003). They showed that Coulomb collisions have important effects
on angular scattering (i.e., on the pitch angle distribution of the electrons) but
do not modify their average density and mean temperatures radial distributions.
Models including Coulomb collisions give more realistic VDF and a reduction of
the temperature anisotropies compared to the purely exospheric approximation
(Lemaire and Pierrard, 2001), because the Coulomb collisions isotropize the
electron VDF. The characteristics and the acceleration mechanisms of the heavy
ions have been studied by Pierrard et al. (2004).

These models also emphasize that suprathermal electrons should be present
at low altitudes in the corona in order to match the observed distributions at
1 AU (Pierrard et al., 2001). The suprathermal electrons play an important
role in the acceleration process of the SW. Indeed, these suprathermal electrons
increase the escape flux, and thus the electrostatic potential difference that
warrants the equality of the proton and electron fluxes. So, the presence of
suprathermal electrons increases the electric force and accelerates the wind to
high bulk velocities (Pierrard and Lemaire, 1996; Maksimovic et al., 1997a).
High bulk velocities as observed in the high speed SW can be obtained in these
models with a realistic coronal temperature simply by assuming electron VDFs
with enhanced suprathermal tails, as indeed observed in situ in the SW.

Plasma wave turbulence is directly observed in solar wind and terestrial plas-
mas, and wave-particle interactions may therefore influence the propagation and
acceleration of electrons and ions. In order to study the evolution of the electron
distribution function in the presence of a spectrum of transverse waves fully
kinetic dispersion models have been developed (Schlickeiser, 1989; Dröge et al.,
1993; Steinacker and Miller, 1992; Schlickeiser, 1999; Vainio, 2000; Schlickeiser
et al., 2010). Assuming transverse waves with a power-law spectral density, the
pitch-angle diffusion mean-free-path (mfp) and the acceleration time scales have
been calculated for different energies of the electrons and ions (Steinacker and
Miller, 1992; Schlickeiser, 1999; Vainio, 2000; Schlickeiser et al., 2010).

The acceleration of electrons by whistlers has been proposed as a first justifica-
tion for the formation of generalized Lorentzian (or Kappa) particle distribution
functions in interplanetary plasmas (Ma and Summers, 1999). Whistlers were
assumed to be generated below the solar coronal base and transmited through
the corona into interplanetary space. The simulations have shown that even in
a quiet solar corona, the resonant interaction with whistlers are capable of gen-
erating suprathermal electrons and enhanced fluxes in the SW reproducing the
observed features of the VDFs components, i.e., core, halo, strahl and superhalo
components (Vocks and Mann, 2003; Vocks et al., 2008).

The role of whistler waves has been extended to large radial distances in the
SW based on the observed magnetic field fluctuations. Further presence of the
whistler waves at large radial distances in the SW can influence the electron
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VDFs and explain the formation of both the halo and strahl components and a
more isotropic VDF at higher energies (Vocks et al., 2005). Simplified diffusion
models of scattering of the solar electrons due to resonant interaction with
whistlers in interplanetary space cannot however explain the electron arrival
delays (∼ 10 mins) observed at 1 AU (Vocks and Mann, 2009). It was therefore
suggested that including both effects of the Coulomb collisions and the resonant
wave scattering could probably resolve such disagreements.

The exospheric (collisionless) models mentioned above have the advantage
to be analytic and to reproduce the basic mechanisms of the SW acceleration.
Nevertheless, such models cannot reproduce all the SW characteristics: they lead
to excessively large temperature anisotropies and unrealistic truncated VDFs.
With the inclusion of Coulomb collisions a significant improvement has been
made reproducing more constrained temperature anisotropies of the electron
VDF in the SW.

In the present work, we analyze the effects of the resonant wave-particle
(subscript ”wp”) interaction in addition to the Coulomb collisions (subscript
”cc”). The electrons are considered in uniform fields and a superposed turbulent
whistler wave spectrum. Only the slab modes propagating parallel to the inter-
planetary magnetic field are invoked because the energy exchange with oblique
waves is expected to be less significant. The quasi-linear wave-particle scatter-
ing is described by the Fokker-Planck equation (FPE), a model (Schlickeiser,
1989; Vainio, 2000) successfully applied to electron acceleration in solar flares
(Steinacker and Miller, 1992) and SW (Dröge et al., 1993). A similar method of
solution is used as in Pierrard et al. (1999) and Pierrard et al. (2001), based on
spectral expansion of the VDF in orthogonal polynomials. The same approach
can also be used to test the effects of other types of interactions (Pierrard, 2010).
The effects of kinetic Alfven waves on the formation of the proton beams have
been analyzed by Pierrard and Voitenko (2010).

2. Description of the Model

The kinetic transport equation for the evolution of the velocity distribution
function f(r,v, t) of the electrons in the SW is:

∂f(r,v, t)
∂t

+ (v.∇r)f(r,v, t) + (a.∇v)f(r,v, t) =
(

df

dt

)

cc

+
(

df

dt

)

wp

(1)

where r and v are respectively the position and velocity vectors of the particles,
a is the acceleration due to external forces and t is the time. We are interested by
the steady state solution of this equation. In the case of the SW, the forces are
the electric force ZeE, the gravitational force mg and the Lorentz force resulting
from the magnetic field distribution. The acceleration for the electrons is thus
given by:

a =
(−eE

m
+ g

)
− e

m
(v ×B) = ar(r) + aL (2)
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where e is the electric charge of electrons, m their mass, E the electric field,
g the gravitational acceleration, B the magnetic field (assumed to decrease as
r−2), ar(r) is the radial component of the acceleration due to the electric and
gravitational forces that are vertical and aL is the non radial term due to the
Lorentz force.

In the coordinates of the radial distance r, the velocity v and µ = cos θ = B̂0·k̂
where θ is the pitch angle between the velocity vector and the magnetic field
direction (assumed to be radial), the left hand side of eq.(1) becomes:

Df =
∂f

∂t
+ vµ

∂f

∂r
+ ar(r)

(
µ

∂f

∂v
+

(1− µ2)
v

∂f

∂µ

)
+

v

r
(1− µ2)

∂f

∂µ
(3)

(see Pierrard, 1997, for more details).
The term (df/dt)cc on the right hand side of equation (1) represents the effects

of the Coulomb collisions, as considered in the previous work (Pierrard et al.,
2001). Here we adopt in addition the wave-particle scattering term (df/dt)wp

described in the next section.

3. Description of the Wave-Particle Interaction Term

We evaluate the electron distribution functions from the corona to the SW by
considering wave-particle resonant interactions. The diffusion approximation to
the interplanetary transport of the solar energetic particles should give reliable
results if the particle’s scattering mean free path is small compared to the scales
of the physical system.

If we compare the scattering frequency, ν ≡ 2(1 − µ2)−1Dµµ or the mean
free path (mfp) evaluated at ∼ 1 AU (see the Appendix) for the wave-particle
interaction with that of binary (Coulomb) collisions we find λwp/AU = 0.01−0.2
and λcc/AU ' 1, that makes us clear that binary collisions are very rare, and the
wave particle interactions can be determinant for the particle transport process
in the SW.

We consider the cyclotron resonance of electrons with parallel transverse cold
plasma waves: slab geometry of parallel propagating waves with respect to the
guiding magnetic field B0. The resonant particles must satisfy

ωr(k) = vµk‖ + nΩe (4)

where ωr and k are the oscillatory wave-frequency and the wave-number, respec-
tively, and Ωe = |e|B0/(mc) is the electron gyrofrequency. The integer n 6= 0
must be finite, because, for parallel waves only the cyclotron resonance occurs
(the transit-time damping is not possible).

In the FPE the term that describes the evolution of the electron distribution
function in the presence of wave turbulence is chosen of the form (Schlickeiser,
1989)

(
∂f

∂t

)

wp

=
∂

∂µ

(
Dµµ

∂f

∂µ
+ Dµp

∂f

∂p

)
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+
1
p2

∂

∂p
p2

(
Dpµ

∂f

∂µ
+ Dpp

∂f

∂p

)
. (5)

where p is the particle’s momentum, Dµp = Dpµ, and for nonrelativistic electrons
(Steinacker and Miller, 1992)

Dpp

Ωe(mec)2
=

π

3
A

a

(
β|µ|
a

) s−1
3

(1− µ2) (6)

Dµp

Ωe(mec)
= −π

3
A

a

[
µ

|µ|
(

β|µ|
a

) s−2
3

+
µ

β

(
β|µ|
a

) s−1
3

]
(1− µ2) (7)

Dµµ

Ωe
=

π

3
A

a

[(
β|µ|
a

) s−3
3

+
2µ

|µ|
µ

β

(
β|µ|
a

) s−2
3

+
(

µ

β

)2 (
β|µ|
a

) s−1
3

]
(1− µ2) (8)

Here we have used β = v/c, a = ω2
p,e/Ω2

e, and assumed electrons resonantly
interacting with right-handed polarized waves in the whistler regime and with a
magnetic spectral density given by the power-law (Steinacker and Miller, 1992)

|δB|2
B2

0

= A
c

Ωe

∣∣∣∣
kc

Ωe

∣∣∣∣
−s

, for ωmin < ωr < Ωe. (9)

The normalization constant A = 0.1, and the spectral index is usually found
in the interval s = 3

2 – 5
3 and is expected to not exceed s = 2 (Dröge and

Schlickeiser, 1986; Steinacker and Miller, 1992).

4. Spectral Method of Solution

To obtain steady state solutions for the test electron VDF, we use a specialized
spectral method similar to that described in Pierrard and Lemaire (1998) for
the resolution of the FPE.

The dimensionless velocity is defined by

x =
√

me

2kBTe(r)
v =

v

we(r)
, (10)

where we is the electron thermal speed and kB is the Boltzmann constant.
The solution is expanded in terms of orthogonal polynomials:

f(z, x, µ) = exp(−x2)× (11)(
n−1∑

l=0

N−1∑
s=0

M−1∑
m=0

alsmPl(µ)Ss(x)Lm(z)

)
.
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where n, N , and M are integers whose value is ajusted to obtain the required
numerical precision for the solution. We use Legendre polynomials Pl(µ) with
respect to µ = cos θ, speed polynomials Ss(x) with respect to the normalized
velocity x and displaced Legendre polynomials on the interval [0, c] with respect
to the dimensionless altitude z. Note that Lorentzian polynomials have recently
been developed (Magnus and Pierrard, 2008) and could be used as well to adjust
the electron VDF since it can account the observed VDF tails decreasing as a
power law of the square velocity instead of exponentially.

We use several successive steps in radial distance in view to have a finer scale
in the corona where the density gradient is larger than at large distances. The
alsm coefficients are the coefficients of the expansion to be determined.

The boundary condition(s) determine the value of some coefficients alsm at
the refence level(s). The equation is solved numerically to find the VDF f(z, x, µ)
at the other altitudes. We choose 10 polynomials for each variable so that the
results have a precision better than 10 % with reasonably short CPU times. We
have checked that the results do not change significantly when n, N or M is
increased.

The advantage of this method is that in a discrete coordinate basis, the
derivatives of any continuous function f(y) can be approximated by the following
expansion:

(
∂f

∂y

)

y=yi

'
N−1∑

j=0

Dijf(yj) (12)

where Dij are the matrix elements of the derivative operator in the polynomial
basis.

The integrals to calculate the moments of the test electrons are also easily per-
formed by numerical quadrature taking into account the polynomial expansion
(Pierrard, 1997). The moments are calculated from the VDF found by solving
the FPE. The density is given by:

n(r) =
∫

f(r, v, µ) dv. (13)

The bulk velocity is calculated by:

u(r) =
(∫

f(r, v, µ)vdv
)

/n. (14)

The temperature corresponds to a second order moment of the VDF:

T (r) =
1
3
(T‖(r) + 2T⊥(r)) (15)

where

T‖(r) =
m

∫
(v‖ − u)2f(r, v, µ) dv

kBn(r)
(16)

T⊥(r) =
m

∫
v2
⊥f(r, v, µ) dv
2kBn(r)

. (17)
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5. Background Electrons

The test population of the SW electrons are submitted to Coulomb collisions and
turbulence. To determine the effects of the Coulomb collisions, we need to start
with a background electron population for which the density and temperature
profiles are known. We determine them from the Lorentzian exospheric model
developed by Lamy et al. (2003). In this exospheric model, the interaction terms
(df/dt)cc and (df/dt)wp are neglected in equation (1), which then becomes the
Vlasov equation. This model gives also the electrostatic potential profile that
is so important in the acceleration term. Indeed, such models reproduce the
SW acceleration due to the ambipolar electrostatic potential imposed by the
equality between the proton and electron fluxes. This model allows us to start
from low radial distances in the corona. Figure 1 shows the moments and the
electrostatic potential difference obtained for the background electrons with this
purely exospheric model from 2 to 14 Rs using κ = 4.5, r0 = 1.4 Rs, n0=104

cm−3 and Te = 8 × 105 K, Tp = 106 K. With a smaller value of κ (thus larger
suprathermal tails) and/or a higher electron temperature, the SW bulk velocity
would be higher.

6. Results

6.1. Model with Two Boundary Conditions

Plasma wave turbulence is inferred to exist near the solar surface and in the
solar corona (Roberts, 1989). We want to test with this first simulation whether
the turbulence could explain the enhanced population of suprathermal particle
observed in the solar wind at larger radial distances. To determine the VDF of
the particles in the transition region between the collision dominated plasma at
low radial distance and the collisionless plasma, we consider boundary conditions
both at low altitude and at high altitude. Similar collisional models of polar and
solar wind with two boundary conditions have been developed by Barghouthi et
al. (2001) based on particle in cell simulations and Lie-Svendsen et al. (1997)
based on the resolution of the FPE by a finite difference numerical scheme.

At the bottom boundary r0 = 1.4 Rs, the outward moving particles are
assumed to be distributed according to an isotropic and Maxwellian VDF:

f(y, r0, µ > 0) = n0

( m

2kTπ

)3/2

exp(−y2) (18)

At the upper boundary r1 = 14 Rs, the VDF is assumed to be truncated like in
exospheric models: there are no particles coming from the interplanetary space in
the downward loss cone, except trapped and ballistic particles which have been
reflected at higher altitudes because they had not enough energy to escape:

f(y > yesc, r1, µ < 0) = 0 (19)
f(y < yesc, r1, µ < 0) = f(y < yesc, r1, µ > 0). (20)
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Figure 1. Profiles of the moments obtained with a purely exospheric model. The density,
temperature and electric potential are used for the background particles. For the temperatures
(panels 5 and 6), the upper line corresponds to the parallel temperature, the bottom line to
the perpendicular temperature and the dashed line to the average temperature. For the heat
flux (panel 8), the upper line corresponds to the electrons and the bottom line to the protons.

This choice of boundary conditions is the standard one and has been justified
theoretically by arguing that collisions at low altitude maintain a nearly isotropic
and Maxwellian VDF while at high altitude, the particles with energies high
enough to escape never return back. The observations show that the VDF has
not necessarily a Maxwellian (exponential) tail. In addition, the observed VDF
is generally not so sharply truncated as imposed by (19). This assumption is
based on the exospheric hypothesis and permits to provide the upward flux of
particles and energy.

Figure 2 shows the VDF at 4 different altitudes and illustrates the anisotropy
developed due to the boundary conditions. The tails of the VDF are also clearly
modified, but more due to the truncation of the boundary conditions than
due to the wave turbulence. Indeed, at these low radial distances, the wave-
particle interaction mfp is large or comparable to the Coulomb collision mfp,
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Figure 2. VDF obtained at different radial distances assuming 2 boundary conditions at 1.4
Rs and 14 Rs by solving the FPE including whistler turbulence.

as illustrated in the Appendix. The wave turbulence term can only have effects
in the regions where it becomes larger than the Coulomb collision term. The
main moments, number density, bulk velocity and temperature profiles obtained
within this model are displayed in Figure 3.

6.2. Starting from Observations at 1 AU

At 1 AU, the mfp of the wave-particle interaction is smaller or much smaller than
that of the binary collisions showing that the effect of wave-turbulence should be
considered in the evolution equation at large radial distances. In Figure 8 from
Appendix, one can see that the turbulence mfp becomes comparable or less than
the Coulomb mfp above few tens of Rs for standard boundary conditions.

The actual VDF at low altitude is unknown. To calculate it a-posteriori by
solving the FPE, we choose now an alternative reasoning that lead us to fix the
boundary conditions at 1 AU from WIND observations in order to determine
the shape of the electron distributions at lower radial distances.
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Figure 3. Number density, bulk velocity and temperature profiles obtained assuming 2
boundary conditions between 1.4 and 14 Rs by solving the FPE including whistler turbulence.

A typical electron VDF observed at 1 AU in the low speed SW by the instru-
ment 3DP aboard of WIND is illustrated on Figure 4. It is clearly characterized
by large suprathermal tails in the parallel and perpendicular directions. These
suprathermal tails are even larger in the high speed SW (Maksimovic et al.,
1997b) but are also always observed in the low speed SW. The observed VDF
is used as boundary condition to determine the electron VDF at lower radial
distances. The results are presented in Figure 5 illustrating the VDF at different
radial distances. Figure 6 shows the main moments: number density, bulk veloc-
ity, and temperature profiles. Again, the average values of these moments are
not very affected by wave turbulence, contrary to the temperature anisotropy.

At lower radial distances, the VDF becomes anisotropic (asymmetric contours
in Figure 5) with perpendicular velocity larger than the parallel one, while the
boundary VDF had on the contrary a slight strahl component (the VDF was
slightly aligned to the direction parallel to the magnetic field). This shows that
the turbulence term affects the isotropy of the electron VDF and especially that
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Figure 4. 3D display of the electron VDF observed at 1 AU by WIND.

the magnetic momentum of the electrons is not conserved, contrary to what is
assumed in a purely exospheric model. This explains also why the exospheric
models lead to excesively low perpendicular temperatures.

7. Discussion

A purely exospheric model leads to highly anisotropic VDF because the mirror
force and the conservation of the magnetic moment focuses the strahl electrons
in a narrow beam in the direction of the magnetic field. This beam is much
more narrow than what is observed in the solar wind. That is why Vocks et al.
(2005) have hypothesized scattering by INWARD propagating whistlers, even
if there is no observation of such a population of inward propagating whistlers
nor much theoretical reason for their excitation. In the present work, we show
that the presence of Coulomb collisions and turbulence scattering is sufficient
to enhance the electron diffusion to form a quasi-isotropic halo component. The
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Figure 5. VDF obtained at different radial distances by solving the Fokker-Planck equation
including wave-turbulence and using a VDF observed at 215 Rs ' 1 AU.

strahl component with a finite width is due to the Lorentz force focusing the VDF
in the magnetic field direction. The interactions between the particles modify
mainly their directions and thus reduce the VDF anisotropy obtained in purely
exospheric models without changing the average values of the lowest moments,
in better agreement to the VDFs obtained at large radial distances in Figure 2.
Moreover, the assumed boundary conditions play a very important role in the
characteristics of the VDF obtained by solving the evolution equation.

Stverak et al. (2008) have shown that electron Coulomb collisions may have
an effect of maintaining a low temperature anisotropy of the bulk population
in the SW, while the large departures from isotropy are constrained by whistler
and firehose instabilities. In turn, the energization of charged test particles was
also studied by Shizgal (2007) who showed that the VDF tends to Maxwellian in
presence of Coulomb collisions and in the absence of wave-particle interactions.
When wave-particle interactions are included, an initial distribution tends to a
steady state VDF with nonequilibrium (non-maxwellian) tails and associated to
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Figure 6. Number density, bulk velocity and temperature profiles obtained by solving the
Fokker-Planck equation including wave-turbulence and using a VDF observed at 215 Rs ' 1
AU.

an increase of the entropy (Leubner, 2004). He considers only Dpp which is the
most important coefficient for treatment of acceleration. In our case, we consider
also the components depending on µ and they seem to have more effects than
Dpp at large radial distances. Shizgal (2007) shows that the VDF tends to Kappa
distributions if the diffusion coefficient is in 1/v. The choice of the wave-particle
diffusion coefficient is crucial in the energization process.

The presence of the wave-turbulence term shows some differences for the
VDF isotropy but do not modify the main moments. That is not so surprising
because for electrons, the turbulence is limited to whistler waves. The bulk
velocity is mainly determined by the electric force accelerating the solar particles
outside. The acceleration term is dominant on the interaction terms, even when
considering the wave turbulence.

The SW and even the coronal plasma are not dominated by collisions, since
the mfp is already larger than the density scale height at very low radial distances
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Figure 7. The electron VDF contours found at 190 Rs in the velocity space (bottom panel)
and sections (top panel) in the direction parallel (solid line) and perpendicular (dashed line)
to the magnetic field.

(Pierrard and Lamy, 2003; Meyer-Vernet, 2006). Even at lower radial distances,
the plasma can not be considered to be dominated by collisions due to the
long range properties of the Coulomb interaction. Indeed, since the particle mfp
increases as v4 in a plasma, the suprathermal particles are non collisional even
when thermal particles are submitted to many collisions. In the solar transition
region (from the corona to the wind), the heat flux is not classical (Shoub,
1983). The VDF of the particles is not well represented by a Maxwellian VDF in
such regions where strong gradients of temperature and of density are observed.
The presence of nonthermal electrons in the solar transition of active regions
was evidenced observationally by SiIII line ratios from SUMER (Pinfield et al.,
1999).

At 1 AU the resonant interaction between electrons and whistler fluctuations
are, in general, more efficient than Coulomb collisions. This feature can extend
to smaller radial distances (few solar radii), where according to the radial mfp
profiles derived in the Appendix (based on small values of the turbulent mfp
at ∼ 1 AU, e.g., λwp,0 ' 0.01 AU ¿ λcc,0 ' 1 AU), binary collisions may
be dominated again by the resonant wave-particle interactions. This indicates
that, even at low altitudes in the SW, the acceleration via resonant interaction
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with parallel electromagnetic waves should be taken into account as a plausible
mechanism of energizing the electrons, and thus explaining the existence of
nonthermal distributions in these regions. Here we have analyzed the pitch-angle
diffusion as it is considered the basic effect of the whistler waves interaction on
the electron VDF. The energization time scales, τpp = p2/Dpp, τµp = |p/Dµp|,
and τµµ = 1/Dµp (and their radial profiles) can also be derived by using all
three momentum diffusion coefficients (6), (7), and (8), respectively, but this
will make the object of our next investigations.

8. Conclusions

We have investigated the influence of the whistler electromagnetic plasma tur-
bulence on the evolution of the electron distribution function and the principal
moments in the SW. In addition to the Fokker-Planck Coulomb collision term,
an operator for turbulent wave-particle interaction has been added. Scattering
of the solar electrons in the solar wind is caused by the interplay of Coulomb
collisions and the resonant cyclotron interactions with slab whistler modes. At
large radial distances contribution from the whistler turbulence is larger than
that of the Coulomb collision, but the acceleration term from the guiding field
dominates both of them. Non-Maxwellian distributions are observed in many
space plasmas and for all particle species (electrons, but also protons and heavy
ions). This is due to the low collision rate for Coulomb collisions compared to
energization in rarefied space plasmas. Nonequilibrium steady state distributions
are then obtained. The steady state solution of the Fokker-Planck Coulomb
collision term is the Maxwellian VDF. At low radial distances, the density of
the particles is so high that the mfp of the particle collisions is lower than the
density scale height. So that it is expected that in the low corona, the VDF of
the particles should be close to a Maxwellian, except if an additional mechanism
can modify this VDF.

The results of our new approach are consistent with the observations and the
complementary models. Adding a wave-turbulence term capable to energize the
particles modifies the VDF, as shown by Shizgal (2007). The steady state solution
is no longer Maxwellian in the regions where the wave-particle interaction term
is larger than the Coulomb collision term. The wave-particle diffusion coefficients
are then crucial. In the SW itself, the acceleration term is higher than the
Coulomb and wave-particle interaction term. Wave-particle interaction can lead
to VDFs that are non-Maxwellian, and the acceleration of electrons by whistlers
was indeed the first justification for the formation of generalized Lorentzian
(or Kappa) particle distribution functions in space plasmas (Ma and Summers,
1999). Vocks and Mann (2003) and Vocks et al. (2005) have also shown that the
resonant interaction between electrons and the whistler waves generated below
the solar coronal base can produce an enhancement of suprathermal electron
flux compared to the core flux.

The acceleration term is dominant in the FPE. It is responsible of the SW
acceleration. The wave turbulence do not modify the average values of the VDF.
Compared to purely exospheric models, the solution of the FPE is more realistic,
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because the isocontours of the VDF are smooth and the temperature anisotropy
is reduced. Even more than the interaction term, the results depend on the
assumptions made at the boundary conditions.

We have calculated both radial profiles of the electron mfp for Coulomb colli-
sions and for resonant interaction between electrons and the parallel whistler
waves. Their comparison suggest, first, that wave fluctuations can be more
efficient than Coulomb collisions even at very small radial distances. Second,
the energization of electrons due to resonant interaction with parallel whistlers
can be effective at very low altitudes, in regions where the acceleration was
believed to be negligible due to Coulomb collisions. Thus, our present results
extend the role of the wave turbulence to small altitudes in the outer corona
where, if it is more efficient than the Coulomb collisions, it may then explain
formation of suprathermal populations. This comes to confirm some indications
that the electron VDF is non-Maxwellian in these regions.

Appendix

A. Turbulence Scattering mfp and Collision mfp for the Solar Wind
Electrons

The quasilinear turbulence scattering mfp of the SW electrons is calculated from
gyro-resonant interactions with a spectrum of parallel whistler modes with high
frequencies in the interval Ωe < ω < −Ωp, where Ωe,p = eB/(me,pc) is the
gyrofrequency for electrons (subscript e) or for protons (subscript p), B is the
mean interplanetary magnetic field, me and e are the mass and the elementary
charge of particles (electron or proton) and c is the speed of light in vacuum.

A.1. Evaluation at 1 AU

A.1.1. Turbulence Scattering mfp for Electrons

Using the simple formalism developed by Schlickeiser (1999) with some cor-
rections introduced by Vainio (2000), the wave turbulence scattering mfp for
electrons is found as

λwp ' 6
π(s− 1)(1−H2

c )
c

ωpe

B2
0

δB2
W

(
Ωe

ωm

)s−1

γ2−s µ−1/2 (21)

where ωpe = 4πne2/me is the plasma frequency, µ = mp/me is the proton-
electron mass ratio, s is the spectral index of the power-law spectrum (s =
5/3), Hc < 1 is the cross helicity, usually very small, Hc ' 0, ωm ≡ ωmin is
the minimum frequency observed, δBW is the small amplitude of the whistler
magnetic field fluctuations (usually with a small normalized density δB2

W /B2
0 '

0.01), and the relativistic effects are neglected taking a Lorentz factor γ = 1.
In order to evaluate the mfp at 1 AU ' 215 Rs ' 1012m, we use typical values

observed at this altitude in the SW for the plasma, the regular magnetic field
and the turbulent field (Schlickeiser, 1999; Vainio, 2000): the plasma skin depth
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c/ωpe,0 ' 10−8 AU (ne,0 ' 10 cm−3), Ωe,0/ωm = 1.8 × 107, s = 5/3, Hc ' 0,
and δB2

W /B2
0 ' 0.01. With these values in (21) we find the turbulence scattering

mfp for electrons at 1 AU is λwp(1 AU) ≡ λwp,0 ' 0.01 AU. Only occasionally,
variations of the density or the energy of electrons, or the whistler wave density
could enhance the mfp with one order of magnitude, but the maximum values
do not exceed λwp,0 < 0.2 AU.

A.1.2. Collisional mfp for Electrons

The mfp for close Coulomb collisions of electrons is given by

λcc ' 1
σn

=
1

πr2
en

=
1

πn

(
kBTe

e2

)2

(22)

where σ = πr2
e ' 10−9 m2 K2/T 2

e is the cross-section for close collisions, (at
a distance where the Coulomb potential energy is approximately equal to the
kinetic thermal energy, e2/re ∼ kBTe). At 1 AU, the SW density and tempera-
ture take the mean values ne,0 ' 10 cm−3 and Te,0 ' 1.5× 105 K, respectively,
which lead in Eq. (22) to a collisional mfp λcc(1 AU) ≡ λcc,0 ' 1 AU. This is in
agreement with the observations (Bieber et al., 1994; Dröge, 2003).

The mfp for collisions is much larger than the mfp for turbulence scattering,
λcc,0 ' 1 AU À λwp,0 ' 0.01AU, and the wave turbulence is expected to have
an important contribution to the scattering of electrons in this region (1 AU) of
interplanetary space. Large values of the cross helicity have to be adopted for a
low-frequency turbulence, to make the values of the mfp for protons consistent
with measurements (Vaino, 2000), but in the whistler regime there are poor
observational records because the plasma instruments have much lower cadence
than the magnetic field experiment. However, if we increase the cross correlation
between velocity and magnetic field fluctuations the wave-particle mfp increases,
e.g., for Hc = 0.7, with a factor ≈ 2, but this is too small to be significant in
our comparative analysis.

A.2. Radial Profiles

The both mpfs for Coulomb collisions and the wave-particle interaction are
expected to be variable with the altitude in the SW because plasma parameters
(particle density and temperature) and the magnetic field change with the radial
distance.

A.2.1. Turbulence Scattering mfp

In order to find the radial profile of the wave-particle mfp from (21) we take into
account the radial expansion of the electron density and the solar magnetic field
towards the Earth. From the Parker and exospheric models for the expansion of
the solar wind the evolution law for the electron density is

n(r) = n0
r2
E

r2
, (23)
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also confirmed by the observations (Aschwanden, 2004), and where rE = 1 AU,
and n0 = n(rE) ' 10 cm−3. The plasma skin-depth increases as

c

ωpe(r)
=

c

ωpe,0

r

rE
, (24)

reaching the highest value at r = rE =1 AU, c/ωpe,0 ' 2.2× 10−5 AU.
The wave-particle mfp refers to the direction of the dominating magnetic

field component, which in the inner heliosphere close to the Sun is the radial
component. According to the Maxwell laws (and confirmed by the observa-
tions (Aschwanden, 2004)) the radial component of the interplanetary magnetic
field decreases after a law similar to (23). The radial evolution of the electron
gyrofrequency will take the form

Ωe(r) = Ωe,0
r2
E

r2
, (25)

where B0 = B(rE) = 5 × 10−9 T (' 5 × 10−5 G), and Ωe,0/ωm = 1.8 × 107.
Substituting (24) and (25) in (21) we find the radial profile of the wave-particle
interaction mfp

λwp(r) = λwp,0

(rE

r

)2s−3

' 0.01
(rE

r

)1/3

AU, (26)

where λwp(rE) ≡ λwp,0 ' 0.01 AU, and s = 5/3. The wave density is assumed
constant and small δB2

W /B2
0 ' 0.01.

A.2.2. Collisional mfp
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Figure 8. Radial profile of the mfp for the SW electrons: from Coulomb collisions (solid line)
and wave-particle interaction (dashed and dotted lines) for two different boundary conditions
at 1 AU ' 215 Rs (where Rs is the solar radius).

The collisional mfp (22) will have a radial evolution given by the radial law
for density (23) and for the electron temperature (Richardson and Smith, 2003;
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Aschwanden, 2004)

Te(r) = Te,0

(rE

r

)1/2

, (27)

which also agrees with theoretical models (Pierrard et al., 1999). The electron
temperature measured at 1 AU is Te(rE) ≡ Te,0 = 1.5×105 K. Substituting (23)
and (27) in equation (22) we find the collisional mfp

λcc(r) = λcc,0
r

rE
=

r

rE
AU = r, (28)

where λcc,0 ' rE = 1 AU.
Radial profiles of the mfps derived in (26) and (28) are shown in Figure 8. For

the electron-whistler interactions the scattering mfp is displayed for two different
boundary conditions, λwp,0 = 0.01 AU and s = 5/3 (dashed line) and λwp,0 =
0.1 AU and s = 2 (dotted line). The observed mfp values are expected to not
exceed the dotted line limit.

In coronal mass ejections detected at 1 AU in the SW with small values of the
electron mfp, e.g., λwp,0 ' 0.01 AU, the wave-particle interactions could be more
efficient than collisions even at very small radial distances, above a minimum
critical altitude r ≥ rc ' 6.5 Rs, given by the equality of the mfps (26) and
(28), λwp(rc) = λcc(rc) ' 0.003 AU. The wave density was assumed constant
and small δB2

W /B2
0 ' 0.01, but this is expected to be increasing towards the

Sun, reaching for instance, δB2
W /B2

0 ' 0.05, or 0.1, and making the mfp of the
wave-particle interaction even lower in that region.
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