Radial Evolution of the Electron Velocity Distribution in the
Heliosphere: Role of Collisions

S. Landi*, F. Pantellini’ and L. Matteini"

*Dipartimento di Astronomia e Scienza dello Spazio, Universita degli Studi di Firenze, Firenze, Italy
TLESIA, Observatoire de Paris, Paris, France

Abstract. The electron velocity distribution function in the solar wind has often been described as the superposition of an
isotropic core, a moderately energetic and slightly anisotropic halo and a high energy field aligned beam. The relative weight
of these components depends on the characteristics of the solar wind streams (fast and slow) and on the heliocentric distance.
We present kinetic simulations using the model given in [1] to study the effects of electron-electron and electron-proton
collisions on the electron velocity distribution function in the interplanetary space beyond ~ 0.3 AU from the Sun. We show
that collisions do naturally generate a two population electron velocity distribution with an isotropic and cold "core" and a hot
and collimated "halo". The temperature profiles and temperature anisotropies observed in our simulations are consistent with
spacecraft observations [2, 3, 4]. Since waves are not included in our simulations we suggest that Coulomb collisions are an
essential ingredient which should be included in any model of the evolution of the electron velocity distribution function in

interplanetary space.
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INTRODUCTION

The solar wind electron velocity distribution function
(eVDF) can generally be described as the superposition
of two components [5, 6, 7]. 95% of the electrons consti-
tute a relatively isotropic core and have energies below
50 eV. The remaining 5% constitute a high energy halo
which has often been found to be appreciably anisotropic
[5, 6, 7]. The halo anisotropy has been seen to increase
with increasing wind speed [5, 6]. High core temperature
anisotropies (7)/T)c > 1.5 positively correlated with
high halo temperature anisotropies have been observed
by ISEE 3 in rarefaction regions on the trailing edges of
unusually tenuous high-speed streams [8]. Core and halo
are often observed to have different velocities with the
core drifting towards the Sun in the plasma rest frame
[5]. Typical drift velocities are of the order 100 km/s
in fast wind streams [5, 6, 7, 9]. Several attempts have
been made to asses the radial electron temperature gra-
dient at different radial distances, different heliographic
latitudes and using data from various spacecrafts [see 2,
for a review]. Ulysses in-ecliptic data inferred a power-
law rPc for the core population and a power-law rPu for
the halo population with B¢ ~ —0.85 and Sy ~ —0.38 re-
spectively [10]. Out-of-ecliptic Ulysses data give —0.6 <
Bc < —04, —0.45 < By < —0.26 and —0.86 < B. <
—0.81 for the total electron temperature [11, 2]. Ulysses
data in the heliocentric distance range from 1.2 AU to
5.4 AU show a power-law decrease of the radial elec-
tron heat flux with exponent around 3.0 [10] and an in-
tensity appreciably less than the classical Spitzer-Harm

value [10, 3].

Arguments, both theoretical and experimental, sug-
gest that (unlike the proton VDF) the eVDF can be sig-
nificantly modulated by electron-electron and electron-
proton collisions [12, 3]. In particular [3] showed that the
electron temperature anisotropy is well correlated with
the collisional age, i. e. with the estimated number of col-
lisions suffered by an electron on its way from the Sun’s
corona to the spacecraft. [8] and [13] found a correla-
tion between the core electron temperature anisotropy
and both the core electron density and the plasma bulk
velocity. These authors use a fluid description where the
temperature anisotropy is regulated by the competition
between adiabatic expansion and electron-electron col-
lisions. However, their fluid model does not include the
heat flux, which is has been measured by various space-
crafts. Fluid models are obviously unable to describe the
eVDF. Similarly, in [14] a fluid model has been used to
investigate the effect of Coulomb collisions on the core-
halo drift velocity. On the other hand, simulations with
test particles moving in a prescribed fluid background
show a good agreement between the synthetic eVDF and
Helios observations at 0.3 AU [15].

In previous works [1, 16] we used a fully kinetic model
where fluid moments are computed directly from the par-
ticle’s dynamics. The dynamics in the model is regulated
by the external fields (gravitational and magnetic), a self-
consistent macroscopic electrostatic field, and Fokker-
Planck type collisions. The model has been successfully
applied to the case of a bounded atmosphere [1] and has
been shown to be able to simulate a solar type wind from
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FIGURE 1.
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Electron velocity distribution functions for two simulations at r ~ 8.5r(. Top and bottom panels refer to a dilute fast

wind and a dense slow wind, respectively. nc, Avc, and THH / TC” are the core densities, core velocities drift in the plasma frame,

and halo-to-core parallel temperature ratios, respectively.

the subsonic to the supersonic regime [16].

In this contribution we present results obtained using
the aforementioned kinetic model to describe the radial
evolution of the solar wind eVDFs at distances beyond
0.3 AU from the Sun.

MODEL AND SIMULATION SETUP

Details of the model have been given elsewhere [1, 16]
and will not be repeated in this note. Here, we shall
merely recall that the model is based on the numerical
integration of the equation of motion of an equal number
N of electrons and protons. The particles are allowed to
move freely in the spherical shell ry < r < rpax, under
the effect of a prescribed radial magnetic field B o< 7/r?
and a self-consistent charge neutralizing electric field
E = E(r)? where 7 = r/r is the unit vector along the
radial direction. We simulate shells of solar wind far
enough from both the Sun and the acceleration region
so that gravity can be neglected. Particles are tightened
to the magnetic field by imposing magnetic moment
conservation, i. €. vi /B = const. Collisions are treated
using a Fokker-Planck type prescription which has been
discussed in Appendix B of [1].
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We prescribe the VDF for both electrons and protons
injected at the inner boundary at r = rp and v > 0 to be
given by drifting bi-Maxwellians

2
n 2 (v —vw)” v
a = 5 exXp | — B ) (1 )
Voo || Voo L V0| VooL

where @ = e,p designates the species, and where
v%all’ | = 2Tyq|,1/ma are the thermal velocities in the
parallel (radial) and perpendicular directions, respec-
tively. Note that here, and throughout the remaining of
the paper we assume that temperatures are systematically
multiplied by the Boltzmann constant kg. Protons are
supersonic everywhere within the simulated shell so that
almost all protons escaping from the upper boundary at
rmax Will be re-injected into the system from the lower
boundary ryp. On the contrary, electrons are subsonic
and a significant fraction of those escaping from the
upper boundary have to be re-injected back into the
system from the upper boundary to ensure the equality
of the proton and electron flux (zero current condition).
Thus, the VDF for the electrons injected from the upper
boundary is a drifting bi-Maxwellian with the same
parallel and perpendicular temperatures as the outgoing
electrons and drift velocity equal to proton drift velocity
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FIGURE 2. Core electron temperature anisotropy near r ~ 8 rq for high and low speed wind and various densities. In the left
panel the measured temperature anisotropies are plotted against the collisional age as defined in Eq. (2). In the right panel the
measured temperature anisotropies are plotted against the Knudsen number.

[see 16, for further details]. Once a stationary state
has been reached, distribution functions and moments
are obtained by regularly sampling the positions and
velocities of all particles in the system.

We consider typical values for fast streams in the
inner heliosphere near 0.3 AU, with a mean velocity
vo = 700 km/s, a proton temperature To, = (Top| +
2Typ1)/3 = 3 x 10° K [17] with anisotropy A,
Top./ Top = 2 [18], and an electron temperature 7pe
(Toe|| +2T0e1)/3 = 1.5x 10° K.

As we are primarily interested in the radial evolu-
tion of the electron anisotropy we chose an isotropic
eVDF Ae = Tpe1 /Toe| = 1.0 at the inner boundary at
ro ~ 0.3 AU. With the given values of the electron and
proton temperatures and assuming a typical density rng ~
10 cm 3, the Fokker-Planck electron collision frequency
is Ve =4 x 107 s, corresponding to an electron mean-
free path of roughly 0.3 AU. The simulated system length
iS L = rpax — 1o ~ 3 AU.

Throughout the paper velocities are normalized to the
parallel electron thermal velocity at rg. In these units
the bulk speed imposed at the boundaries is v = 0.3
(corresponding to 700 km/s). Since our goal has been
to measure the role of the expansion velocity versus the
wind collisionality we have also performed slow wind
simulations with vg = 0.15.

RESULTS

The 2D structure of the eVDF for a dilute fast wind
(upper panels) and a dense slow wind (lower panels)
is shown in Fig. 1. In both cases, the 2D distribution
is seen to split into two populations consisting in a
rather isotropic core and a a collimated "halo". The rel-
ative weight of the two populations has been measured
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by a fitting procedure assuming a sum of drifting bi-
Maxwellians for the core and halo structure. The fitting
parameters are the core and halo densities nc and ny, the
drift velocities Avc and Avy in the plasma frame, the par-
allel (T¢) and Ty))) and the perpendicular (7c and Ty )
temperatures. Since the model distribution function de-
pends non linearly on the above parameters we use the
Levenberg-Marquardt fitting method [19] to extract their
numerical values. The fitting shows that the core density
is directly correlated with the collisionality of the sys-
tem. Indeed, as ng increases or vo decreases, the ratio of
the core density with respect the total density growths
from about 0.78% to about 0.96%. Simultaneously, the
core drift velocity decreases from —0.16 to —0.02. This
is because as the ratio of the collision frequency V, to the
inverse of the expansion time rises, a larger fraction of
particles goes into the bulk of the distribution function.
In addition, as Avyg does not vary significantly between
the slow and the fast wind simulations shown in Fig. 1,
|Avc| must be smaller in the former case. The figure also
shows that the halo-to-core temperature ratio growths as
the total density increases. The left panels of Fig. 1 re-
veal the presence of suprathermal wings in the perpen-
dicular direction. The strength of the wings appears to be
inversely correlated with the system collisionality as the
number of suprathermal electrons is larger in the fast and
dilute case (top panels).

In Fig. 2 we report the measured core electron temper-
ature anisotropy at a given distance for a set of 6 simu-
lations with different densities ng and wind velocities vy.
The core electron temperature anisotropy appears to be
mostly in the range 1.1 to 1.5 [8, 3]. In the left panel of
the figure we have compared the temperature anisotropy
with the inverse of the collisional age, i. e. with
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FIGURE 3. Mean electron temperature for two simulations
with ng = 75 ecm™3: vy = 0.3 (solid) and v = 0.15 (dashed).
The gray region covers the range observed by the Ulysses
spacecraft. The heat flux dominated and adiabatic power law
profiles are given as a reference.
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FIGURE 4. Normalized electron heat flux for the dense and
dilute case for an expansion velocity vg = 0.15. The solid line
is the collisionless heat flux based on [5, 21] with & = 1.5 (see
Eq. (3)) and the fitted values of ny, Avy, TCH and Ty obtained

for the simulation with ng = 20 cm 3.

with K. the electron Knudsen number (ratio between
the mean free path and the macroscopic temperature
length-scale), and v, the local electron thermal velocity.
The temperature anisotropy shows a clear "universal"
correlation with the collisional age in a way very similar
to what observed in space [3, 4]. The same correlation
is lost when we compare the temperature anisotropy
with the electron collisional depth, i. e. essentially the
Knudsen number. In this case the anisotropy follows
two different paths depending on the assumed expansion
velocity.

The mean electron temperature profile is reported in
Fig. 3 for two cases with ng = 75 cm™ and different
expansion velocities vo. The temperature profiles do ap-
proximately follow a power law with an exponent in the
range e = —0.8 to —0.9 as inferred from Ulysses mea-
surement (the gray region in the figure). The electron
temperature profile is far from either the one-fluid adi-
abatic case with . = —4/3 or even the heat flux domi-
nated case with 3. = —2/7 [e.g. 20].

The non-adiabatic radial profile of the electron temper-
ature is the result of the presence of a strong heat flux. In
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Fig. 4 we report the measured heat flux profiles for two
simulations with different densities and equal expansion
velocities. The profiles do roughly follow a power law
o< r~23_ Also note that the per particle heat flux is almost
identical in both simulations as already pointed out in
[16]. Quite remarkably, in all the simulations performed,
the heat flux is well described by the expression given in
[5], viz.

3)

with o a constant of order of unity. The black curve in
Fig. 4 is the computed heat flux using the obtained fitting
parameters for the simulation with 7o = 20 cm™3 and
vo = 0.15.

ge = anAvy (T =Ty

DISCUSSION AND CONCLUSIONS

The evolution of the electron velocity distribution func-
tion has been studied using a fully kinetic code which
includes Coulomb collisions in a Fokker-Planck type
approximation [1, 16]. An initially isotropic eVDF has
been let to evolve in an expanding supersonic wind. The
high energy electron population coming from the lower
boundary is collimated under the effect of the mirror
force and results to be organized as a rather anisotropic
"halo". The lower energy portion of the electrons is
strongly subjected to Coulomb collisions and it has the
tendency to buid-up a colder and more isotropic "core".
The inflection point between the two population is regu-
lated by Coulomb collisions: increasing the system den-
sity, i. e. reducing the mean-free-path, the inflection point
on the eVDF moves towards higher velocities. The struc-
ture core-halo is also regulated by the insurgence of an
electric field needed by the fact that the halo has the ten-
dency to escape faster than the bulk protons. The effect
of the electric field is to reduce the drift of the electrons
and indirectly to increase the electron-proton collision
frequency.

The characteristic densities, temperatures and drift ve-
locities of the two populations correlate well with the
collisionality of the system. In particular, the tempera-
ture anisotropy, which should increases monotonically
during a collisionless expansion, is observed to be reg-
ulated by the ratio of the collision frequency to the in-
verse of the characteristic expansion velocity, in a way
very similar to what observed in real solar wind data
[3, 4]. This non-dimensional number contains the col-
lisional properties (the Knudsen number) and the basic
fluid parameters (thermal velocity and expansion veloc-
ity) which regulates the temperature anisotropy of an
expanding plasma. The Knudsen number, which omits
the dynamical parameter vo, is not able to organize in a
unique way the temperature anisotropy obtained in our
simulations. Fig. 2 clearly shows that slow and fast wind



temperature anisotropies follow different path when plot-
ted against the Knudsen number.

Synthetic eVDFs are in good qualitative and quantita-
tive agreement with observed eVDFs [e. g. 5]. Although
not introduced directly, we observe the development of
non-thermal high energy wings in the perpendicular di-
rection. The importance of such non-thermal features
is inversely correlated with the system’s collisionality.
Given reasonable plasma parameters at 0.3 AU we find
the radial evolution of both the electron temperature and
the electron temperature anisotropy to be consistent with
observations [2, 3, 4] under the effect of collisions only.
This suggests that wave-particle interactions are not cru-
cial in shaping the eVDF while waves have been shown
to be important to the protons. The non-adiabatic evolu-
tion of the electron temperature is due to the presence
of a strong collisionless heat flux which is mainly trans-
ported by the halo [21, 5]. The heat flux is seen to de-
crease roughly as o< 7~23 which is slightly less than ob-
served by Ulysses [e. g. 10].

Several issues should be addressed in further and more
extended studies. For example, how much the inflection
point as well as halo-core temperature ratios are orga-
nized by (1) collisions, (2) mirror force and (3) interplan-
etary electric field. Moreover, in this paper we have re-
stricted our analysis to the supersonic region of the wind
where gravitational forces may be neglected. It is pos-
sible that the extension of the simulation domain down
into the subsonic region, where gravitational effects are
dominant, does also play a role in shaping the evolution
of the eVDF.
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