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Abstract. The electron distribution function (eVDF) in the solar wind deviates significantly
from an equilibrium Maxwellian distribution, and is comprised of a Maxwellian core, a
suprathermal halo, a field-aligned component strahl, and a higher energy superhalo. Charged
particle Coulomb collisions are ineffective in relaxing such a velocity distribution beyond a
few solar radii. Therefore wave-particle interactions need to be considered. A wave-particle
interaction term was introduced into the kinetic equation that describes the interaction of
electrons with whistler waves, as well as particle collision terms. The kinetic equation has the
form of an advection-diffusion-like equation in which the advection and diffusion coefficients
describe the scattering and drag of electrons in whistler turbulence. A reliable numerical
method has been developed to solve a full form of the advection-diffusion-like kinetic equation.
Preliminary applications of the numerical method to the solar wind electron problem are
presented. Comparison and analysis of the electron VDFs in the presence of Coulomb collisons
and resonant wave-partcicle interactions are made.

1. Introduction
The sun constantly emits a flux of electrically charged particles into space, mostly protons and
electrons, known as the solar wind. This plasma affects the entire solar system, including
the Earth’s magnetic field and is therefore crucial to our understanding of space weather.
In situ observations show that the solar wind electron distribution function (eVDF) deviates
significantly from a Maxwellian distribution, which is the thermal equilibrium form. The solar
wind electron VDF is comprised of a Maxwellian core, halo, and a field-aligned component called
the strahl which is typically associated with the high-speed solar wind. The Maxwellian core is
characterized by energies of <~ 10 eV, the halo and strahl falls in the energy range of about
102 - 10% eV, and the super-halo in the range 102 - 10° eV. At 1 AU the Maxwellian component
comprises about 95% of the total electron number density, the halo approximately 4%, and the
strahl the remaining 1%.

The strahl is an anti-sunward magnetic field-aligned beam, although “counterstreaming”
strahls, which are directed towards the sun, are also observed [1]. Observations show the strahl
has a finite width. The strahl vanishes at electron energies above approximately 1 keV. At
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higher energies, above 2 keV, the superhalo appears to be isotropic. The relative number density
of strahl electrons decreases with increasing heliocentric distance, whereas the relative number
density of halo electrons increases [2,3]. Although strahl electrons comprise a part of the electron
number density, they are responsible for most of the heat flux transported away from the Sun due
to their high energy [2]. Stverék et al. [2] combined measurements obtained from three spacecraft
(Helios, Cluster II and Ulysses) for low ecliptic latitudes covering a heliocentric distance from
0.3 to 4 AU. They confirm that the halo and the strahl relative densities vary in an opposite
sense (Figure 1).
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Figure 1. Radial evolution of the number densities profiles in the slow wind (top left) and fast
wind (top right). Radial evolution of the relative number densities (i.e. the ratio of the desity
of individual eVDF components to the total electron density) of the eVDF components for the
slow (bottom left) and fast (bottom right) solar wind. [2]

However the connection between the strahl and the halo electron population remains poorly
understood. Both strahl and halo electrons fall in a similar energy regime and it is frequently
speculated that the halo corresponds simply to strahl electrons that have been scattered
gradually in pitch angle towards an isotropic distribution. There are two primary scattering
mechanisms for electrons in the solar wind. Charged particle collisions are effective in the low
corona, leading to the formation of an equilibrium Maxwellian distribution thus. Salem et al. [4]
show that the electron temperature anisotropy actually depends mainly on Coulomb collisions.
They also show that the role of Coulomb collisions in regulating the electron heat flux is not as
negligible as has been suggested by other authors. For a large number of collisions, the more
the distribution function is isotropized, smaller the heat flux. Horaties et al. [5,6] proposed
a self-similar kinetic theory of thermal conductivity in a magnetized collisional plasma. Their
kinetic equation included only Coulomb collisions, and the plasma parameters of the solar wind
(electron number density, temperature and magnetic field) were approximated as power laws
in heliocentric distance. They developed a model for the strahl and compared their results to
Wind observations at 1 AU.

Beyond a few solar radii, intra-particle collisions are rare, and only wave-particle interactions
can scatter electrons. The basic effect of wave-particle interactions on the electron VDF
is pitch-angle diffusion in the reference frame of the waves. Vocks et al. [7, 8] studied the
formation of the halo and strahl in the electron VDF in the solar corona and solar wind due to
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whistler turulence wave-particle interactions at electron energies below 1 keV. Vocks et al. [9]
subsequently extended their work to electron energies of more than 100 keV, thus including
superhalo electrons. Their studies suggest that the quiet solar corona is capable of producing
suprathermal electron VDF's by whistler turulence wave-particle interactions. They asserted that
such an electron population should appear in the solar wind. Kim et al. [10,11], and Yoon et
al. [12] considered the interaction between electrons and spontaneously emitted electronmagnetic
fluctuations. They assumed that halo electrons interact with not only whistler turbulence but
also Langmuir turbulence, and superhalo electrons ineract with Langmuir turbulence. They
show that the Langmuir fluctuation terms are orders of magnitude higher than the whistler
related terms, and thus, whistler fluctuations and cyclotron resonance terms contribute virtually
nothing to the overall halo electron VDF [12]. They hence proposed a new model that only
Langmuir turbulence interacts with suprathermal electrons [13]. They treated the suprathermal
tail found in the electron VDF as a whole, rather than dividing the suprathermal tail into
three different parts. However they presumed that the wave-particle interaction is a very rapid
temporal processes, and ignored all interactions associated with electric and magnetic fields. This
assumption renders their equation incomplete. In examining their model [10-13], we found that
the diffusion coefficients were too small to affect the electron VDF. Pierrard et al. [14] devloped
a kinetic model that includes both Coulomb collisions and wave-particle resonant interactions
with whistler turbulence.

In this study, we first introduce a wave-particle interaction term into the kinetic equation that
describes the interaction of electrons with whistler waves, as well particle collision terms. We
developed a numerical method using adaptive mesh refinement to solve an advection-diffusion-
like Fokker-Planck kinetic equation in 3D phase space. We apply the numerical method to
analyze the effects of Coulomb collisions and resonant wave-partcle interactions on the strahl
found in the solar wind. By studying the temporal and radial evolution of the electron velocity
distribution function, we confirm that for large electron energies and away from the corona
Coulomb collisons are weak. We also show that resonent wave-particle interactions associated
with whislter turbulence can diffuse the electron VDF significantly. We hence propose that
whistler turbulence in the solar wind diffuses the electron VDF from an anisotropic strahl into
an isotropic halo.

2. Description of the Model
In the case of non-relativistic charged particles, the general kinetic equation for the evolution of
the velocity distribution function f(r,v,t) is:

af q v of  (of of
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where ¢ is charge of particle, v the particle velocity, r the position and m the mass of particle,
E the electric field and B the magnetic field. The right side (8 f/dt)con denotes the collisional
operator, and (df/dt)yp refers to the wave-particle interaction term associated with various
plasma waves.

Since the electron gyroperiod is much smaller than any other characteristic timescale, it is
reasonable to assume gyrotropy of the electron VDF. The gyrophase averaged kinetic equation
(1) for solar wind electron distribution function f(r,v,u) has the form [15]:
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where (v, ) is the magnitude of velocity and pitch-angle measured in the solar wind frame, r the
heliocentric distance, e the electron charge and E) the parallel electric field with respect to the
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magnetic field. Note that we assume pv >> U, where U is the bulk velocity of the background
plasma flow
We assume the collisional operator used by Horaites et al. [5,6]:
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where A is the Coulomb logarithm and Ut?h—core the thermal velocity of the Maxwellian core
electrons.
The wave-particle interaction term associated with whistler turbulence is given by Pierrard

et al. [14]:
(%)WP = % (D.u,u% + D,upg_;) + ;%6% lP2 (Dmg_i + Dppg_;)] (4)
where p is the particle’s momentum, Dy, = Dy, and for nonrelativistic electrons:
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Here f=v/c,a= wge /2, A=0.1,s=3/2—5/3 and the electron plasma and gyrofrequencies
are given by
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The background plasma parameters are assumed have the form of power laws, as used by
Horaites et al. [5,6]:
s\ 2 F\ 18
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where By, ng and T are the magnetic field, electron number density and electron temperature
at 1 AU, r is the helocentric distance and R is 1 AU.

3. The Fokker-Planck equation for solar wind electrons
We developed a numerical method using adaptive mesh refinement [16-20] in a 3D Cartesian
coordinates system to solve an equation that has the form of:

of

=tV (V) =V-(D-Vf)+Bf +r. (5)

where f(z1,z2,23) is a general function, V' = (V3, V3, V3) is the phase space advection velocity
vector and the phase space diffusion tensor ID here has only the simplest diagonal form in which
there are no cross terms. A reduced form of diffusion coefficient is sufficient for our purposes.
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On combining equation (2) and equation (4), changing the variable from p to v and ignoring
the two cross terms (Dp,, Dp), we then obtain the kinetic equation with wave-particle
interaction terms associated with whistler turbulence for solar wind electrons:
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On setting f = Y/(v?r?) allows the kinetic equation above to be rewritten as:

oy o0 0 lv(l—,u2) B 3E||1—,L52:| v

pe \ € Wpe
\
i 1/6
0 w22 (v Q2 / 161 2
T ov 30w, Ewge Inl 'u)()‘v
( - =1
N Q3 v Q2 2| |_Tl cvQ2\° 2u?
Op | 30w, |\ cwie a v\ cwi, | |7X5
\
%
c (v Q2 1, 5, 0Y
"= g 1 p?) =%, 7
T\ caz, ™) (L=, (7)

On combining equation (2) and equation (3), we also obtain the kinetic equation for solar
wind electrons with the diffusion term associated with Coulomb collisions:
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Similarly, let f = Y/(v?r?), allowing the above equation to be rewritten as:
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Here we have rewritten equaton (6) and equation (8) for an electron VDF f(r,v,p) in the
form of an advection-diffusion-like equation for Y (r,v, ) in the 3D phase space (r,v,p), i.e.
eqautions (7) and (9) which have the same form as equation (5). The phase space advection
velocities and phase space diffusion coefficients associated with whistler turbulence and Coulomb
collision separately are as follows.

For the advection-diffusion-like kinetic equation with whistler turbulence diffusion terms we
have:
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For the advection-diffusion-like kinetic equation with Coulomb collision diffusion terms we
have:
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4. Numerical solutions

Equations (7) and (9) can be solved numerically by the method we developed for appropriate
boundary and initial conditions. The solutions yield the temporal and radial evolution of the
function Y (hence the electron VDF f = Y/(v%r?)). At the left boundary r» = 0, a narrow
beam of particles is injected into interplanetary space. The beam is comprised of a d-function
in v and a J§-function in p. For simplicity we use normal distributions to substitute for the two
d-functions. In this case, the boundary condition at » = 0 has the form:

= 0,0,) = 1 exp I_M] exp I_L'”O)Q] (10)

2 2 2
2mv A2 Jﬁ o.g 20” 202

where ng is electron number density at 1 AU, and the following parameters are used:

op =002 o;=0.2;
po =0.95; wvg=3.
The initial distribution is plotted in Figure (2), shown in normalized phase space coordinates

(v,vL), v is the velocity component parallel to the mean magnetic field and v, the
perpendicular component.

Initial electron VDF at left boundary
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Figure 2. The left boundary condition for the injected electron VDF, plotted in (vj,v1), v
phase space.

We obtained the numerical solution of electron VDF after a steady state was reached. Figure
(3) shows the VDF at 1 AU after being subjected to whistler turbulence and Coulomb collisions.
Figure (3) illustrates that whistler turbulence has a much stronger diffusive effect on the narrow
beam of particles than Coulomb collisions. Figure 3a and 3b are the electron VDFs at 0.3
and 1 AU assuming only Coulomb collisions from Horaites’ formulation [5,6]. Figure 3c and
3d are the electron VDFs at 0.3 and 1 AU assuming only whistler turbulence from Pierrard’s
formulation [14].



The 17th Annual International Astrophysics Conference IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1100 (2018) 012025  doi:10.1088/1742-6596/1100/1/012025

4.0 Electrons VDF with Coulomb collision from Horaties at 0.3 AU 4.0 Electrons VDF with Coulomb cellision from Horaties at 1 AU
a b
3.51 ) 3.51 }
3.01 3.01
2.5 2.5
£ £
220 220
> >
1.5 1.5
1.0- 1.0-
0.5 0.5
0'00 1 4 5 0'00 1 4 5
ViV viVin

4E$ectrons WVDF with only Whistler turbulence from Pierrard at 0.3 AU

3.57 C)

3.04

v Vi v Vin

Figure 3. Comparison of the electron VDFs. The left column shows results at 0.3 AU and the
right column at 1 AU. The top row shows the evolution of the electron VDF when subjected to
Coulomb collisions only. The bottom row correspond to whistler turbulence only.

5. Summary and Conclusion

We have investigated the influence of whistler turbulence and Coulomb collisions separately on
the temporal and radial evolution of the electron distribution function by numerically solving
the Fokker-Planck kinetic equations. From the viewpoint of the method of characteristics, it is
not difficult to identify that these phase space advection velocities are actually the equations
for the characteristics. Therefore, in the 3D phase space (r,v,p), the function Y (hence the
electron VDF or electrons) moves along these characteristics. Electrons will move to regions
in phase space where 4 = 1 and move in the r directon. In the solar wind, electrons therefore
focused and aligned with the magnetic field and the beam is narrowed. This effect is illustrated
in Figures (2) and (3a,b). The left boundary condition distribution is narrowed and electrons are
therefore focused and aligned with the magnetic field. However, there are diffusion terms on the
right side of both equations (7) and (9). Besides moving along the characteristics, electrons will
also experience diffusion. From the equations, diffusion in phase space is with respect to v and
pitch-angle p. Because of diffusion associated with whistler turbulence and Coulomb collisions,
the injected narrow beam of electrons broadens in velocity space (v,p). Pitch-angle diffusion
causes the beam to expand (or diffuse) in the p direction, which will increase the width of beam.
This effect can explain the observation that the strahl has a finite width.

From Figures (2), (3c) and (3d), we see that the diffusion in v is a little larger than v, . For
the whistler turbulence, the isotropization is due to D, term, but there also appears to be quite
significant energization due to ID,,. It is clear that whistler turbulence is far more important
than Coulomb collisions. Comparing with the initial beam, the beam is broadened along v.
While the beam is broadened along v, too, such broadening is more slowly. Therefore, the
electron VDF retains some anisotropic with a beam along the prallel direction. This tendency
is a consequence of the focusing term.
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Although both Coulomb collisions and whistler turbulence can cause diffusion of electrons,
their efficiency or ability to diffuse is different. When the heliocentric distance is large or the
energies of the electrons are high enough, Coulomb collisons are a much weaker effect and wave-
particle interactions becomes important. Figure (3b) is the electron VDF at 1 AU after electrons
have been subjected to Coulomb collisions only. Figure (3d) is the electron VDF at 1 AU after
electrons have been subjected to whistler turbulence only. Diffusion associated with whistler
turbulence is indeed much stronger than that associated with Coulomb collisions.

Our present results confirm that whistler turbulence is much much efficient than Coulomb
collisions in scattering particles in phase space in the supersonic solar wind.
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