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ABSTRACT

Context. Parker Solar Probe (PSP) observations have revealed that most of the solar wind acceleration occurs very close to the Sun.
This acceleration is partly due to the global electric potential originating from the mass disparity between electrons and protons,
coupled with the constraints of charge quasi-neutrality and zero-current conditions in the solar wind plasma. However, the exact
mechanism that accounts for the remaining acceleration has not yet been identified.

Aims. We aim to provide a framework that incorporates the electric-field-driven component of the acceleration while also introducing
an additional acceleration mechanism via a velocity-space diffusion of the particles. This will help us determine the extent of extra
acceleration, beyond the electric-field-driven component, required to fully reproduce the acceleration of the solar wind in theoretical
models.

Methods. We modified an existing kinetic exospheric model to account for the unexplained solar wind acceleration by including
velocity-space diffusion, thereby capturing the effect of collisions and wave-particle interactions within the exospheric approach. We
compared the electric field derived from the sunward deficit of velocity distribution functions observed by PSP between 13.3 and
50 solar radii (R,) with the electric field found self-consistently by the kinetic exospheric model.

Results. The effect of velocity-space diffusion is found to reduce the temperature anisotropy and impact the solar wind acceleration
while leaving the electric potential unchanged. The approach described in this work enables the diffusion to be adjusted to effectively
reduce or increase the solar wind acceleration. Even without diffusion, the model is able to reproduce the anticorrelation between the
electric potential and the solar wind terminal velocity found by PSP. This suggests that the electric potential might still be of major

importance in explaining the solar wind acceleration.

Key words. acceleration of particles — scattering — Sun: corona — solar wind

1. Introduction

The electrons and protons that are blown away from the Sun
through interplanetary space are the main constituents of a con-
tinuous outflow of particles referred to as the solar wind. The
exact mechanism that allows the solar wind to reach observed
velocities averaging between 300 and 800 kms™' remains one
of the most significant open questions in space physics (e.g.,
Rouillard et al. 2021). Since the first in situ solar wind observa-
tions in 1959, neither magnetohydrodynamic nor kinetic models
have been able to self-consistently explain the solar wind accel-
eration. In particular, magnetohydrodynamic models are not able
to capture the origin of the fast solar wind with realistic coro-
nal temperatures and often require additional heating mecha-
nisms (Parker 1965; Leer et al. 1982; Hansteen & Velli 2012).
Although some kinetic approaches can provide an explanation
for the presence of peculiar observed velocity distribution func-
tions (VDFs) of solar wind particles and propose potential mech-
anisms of solar wind acceleration (e.g., Hollweg & Isenberg
2002; Vocks et al. 2005; Seough et al. 2015), they generally lack

* Corresponding author: maximilien.petersdebonhome@
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any global electric-field-driven component of the acceleration.
We investigated this acceleration by improving a specific class
of kinetic model known as exospheric models, which are funda-
mentally based on considering the electric-field-driven compo-
nent as the primary acceleration mechanism. A comprehensive
review of these models has been provided by Fahr & Shizgal
(1983).

The first exospheric models were developed for plane-
tary exospheres and were later adapted for the solar wind
(Chamberlain 1960). These models describe the radial evolu-
tion of the particle VDFs by neglecting collisions between parti-
cles. The first model of the solar wind that included a consistent
“ambipolar” electric field was developed by Lemaire & Scherer
(1971) for a collisionless regime above the solar surface at a
given altitude called the “exobase,” which was chosen to be at
6 solar radii (Ry). This electric field is considered to be ambipo-
lar in the sense that it satisfies the quasi-neutrality and zero-
current conditions between protons and electrons observed to be
preserved in the solar wind (e.g., Feldman et al. 1975). The chal-
lenging aspect of these models was to determine the radial evo-
lution of this ambipolar electric field self-consistently with the
exospheric approach, especially in the case of non-monotonic
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proton potential (typically found when assuming an exobase
below 6 R, which better describes the solar wind case), as
noted by Jockers (1970). Lamy et al. (2003), inspired by Jockers
(1970), developed a generalized method for approximating the
solution for this self-consistent electric potential.

The use of Kappa (also known as Lorentzian) VDFs for
electrons, in contrast to Maxwellian VDFs for protons, con-
stitutes one of the major breakthroughs that was first intro-
duced in an exospheric model by Pierrard & Lemaire (1996)
and applied to the solar wind by Maksimovic et al. (1997a).
This approach was motivated by the need to account for the
so-called suprathermal electrons observed extensively in the
solar wind (e.g., Lin 1980; Pilipp etal. 1987; Pierrard et al.
2016; Abraham et al. 2022; Salem et al. 2023). Such suprather-
mal electron populations are better described by a Kappa dis-
tribution function rather than a single Maxwellian distribution,
as shown, for instance, by Maksimovic et al. (1997b) and more
recently by Zheng et al. (2024). These electrons are high-energy
particles that do not follow the classical single Maxwellian dis-
tribution fitted to the lower-energy part (called the core) of
the observed distribution. These suprathermal distributions are
typical for the halo, which extends in all directions, and the
electron strahl, a more concentrated component observed in the
anti-sunward direction (e.g., Feldman et al. 1975; Pilipp et al.
1987; Pierrard et al. 2001b). The mathematical description
of Kappa distributions required for exospheric models was
first introduced by Pierrard & Lemaire (1996) and gener-
alized for non-monotonic potentials by Lamy etal. (2003).
Within the scope of this model, using a Kappa distribu-
tion for electrons increases the number of electrons with
high speeds in the anti-sunward direction, which effectively
increases the electric potential difference between any two radial
distances (see Pierrard & Lazar 2010 for a review). There-
fore, this allows more protons to reach the maximum of
the non-monotonic proton potential (usually within 1-5Ry),
which in turn accelerates the wind to realistically high bulk
speeds without requiring unrealistically high temperatures. Fol-
lowing the same approach, Zouganelis et al. (2004) showed
that similar results could also be obtained with a sum of two
Maxwellians or a sum of a Maxwellian and a Kappa distribution
(for the core and strahl), which would not limit the significance
of the strahl to the power law factor, .

Given the simplicity and effectiveness of the Lamy et al.
(2003) approach in assigning at least part of the unexplained
acceleration to the presence of suprathermal electrons, the model
was later extended to minor ions (ions with lower abundances
than protons) by Pierrard & Pieters (2014). More recently, an
improved version of this exospheric model, incorporating reg-
ularized Kappa distribution functions (which allow even lower «
values and therefore a higher fraction of suprathermal particles),
was compared with Parker Solar Probe (PSP) and Solar Orbiter
observations by Pierrard et al. (2023). Their results demonstrate
that this model reproduces the radial evolution of the solar
wind bulk velocity but cannot accurately reproduce the observed
anisotropy in the solar wind. This discrepancy arises from the
intrinsic conservation of energy and magnetic moment, which
strictly constrain modeled VDFs in velocity space.

It has already been noted on multiple occasions that the ide-
alized view provided by the exospheric model is not completely
accurate. In particular, collisions and plasma waves are expected
to be the mechanisms responsible for the scattering of electrons
in the solar wind (Pierrard et al. 2001c, 2011; Salem et al. 2003;
Boldyrev et al. 2020; Micera et al. 2020; Verscharen et al. 2022;
Yoon et al. 2024). These effects inevitably populate regions of
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velocity space that would otherwise be inaccessible and are
believed to be the main mechanisms responsible for the pres-
ence of the so-called halo population of higher-energy elec-
trons that are not preferentially anti-sunward directed, unlike the
strahl (Feldman et al. 1975; Pilipp et al. 1987; Maksimovic et al.
1997b; Stverik et al. 2008, 2009). Therefore, we propose a way
to simulate the effect of particle scattering on the moments of the
electron VDF that are modeled by introducing a new, “diffused”
population of particles.

We aim to improve the existing kinetic exospheric model by
first properly describing the exospheric framework applied to the
solar wind. Therefore, Sect. 2 provides a review of an existing
kinetic exospheric model. Section 3 describes how we incor-
porated the velocity-space diffusion within the reviewed kinetic
exospheric approach. In particular, we investigate how diffused
electrons affect the solar wind temperature, bulk velocity, and
density in Sect. 4. The relevance of the kinetic exospheric model
is addressed in Sect. 5, as it effectively explains one of the com-
ponents responsible for solar wind acceleration through its self-
consistent electric field, derived from the quasi-neutrality and
zero-current conditions. Finally, the conclusions and future per-
spectives are provided in Sect. 6.

2. Review of the solar wind kinetic exospheric
model

The kinetic exospheric model is based on the assumption that
the solar wind becomes collisionless above a radial distance
ro, called the exobase. This is generally defined by consider-
ing that the ratio of the plasma density scale height to the par-
ticle mean free path (called the Knudsen number), must be equal
to one for this assumption to be valid. More precisely, protons
and electrons in the solar wind have different reference alti-
tudes at which their respective Knudsen number reaches unity,
as electrons typically have a shorter mean free path than protons
(Maksimovic et al. 1997a). However, for simplicity, we did not
make this distinction and instead considered a simple, sharp tran-
sition between collision-dominated and collisionless regions at
ro = 1.2 R;. This exobase level was arbitrarily chosen to empha-
size the model’s physics while remaining generally close to the
expected position of the actual exobase above the solar surface
(Pierrard et al. 2023). We began our mathematical formulation
of the model from the general kinetic equation.

In kinetic models, the evolution of the VDF fi(r, v, t) for the
particle species i, as a function of position r, velocity v, and time
t, is given by the Liouville equation,

g 2 E (0

or o T o\ M

In this equation, m; is the mass of the particle considered and

F =mig + q.E + gi(v X B) @

is the force applied to each particle with g being the gravitational
acceleration, ¢g; the charge of the particle, E the electric field,
and B the magnetic field. The right-hand side of Eq. (1) cor-
responds to particle—particle interactions. Considering the col-
lisionless assumption in the exosphere (above the exobase), we
can reduce this equation to the Vlasov equation,

of; of, F Ofi
ot v 6r+mi 80_0

The Liouville theorem asserts that the VDF is constant along
the trajectories of the system. This means that any function
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f(cy,c¢2,...,cn), Where cy,ca,...,c, are constants of the motion
through external forces F, is a solution to Eq. (3). In the case of
the solar wind, the constants of the motion for each particle are
the total (kinetic plus potential) energy,

2
8=mlTU+mi¢+ZieV=cl, &)
and the magnetic moment,
2
mivy
= = Cy, 5
M TR (5)

where ¢ = —GM,/r is the gravitational potential, G is the grav-
itational constant, M, is the mass of the Sun, Z; is the atomic
number of the particle species i, e is the fundamental charge,
V is the electric potential, and v, is the speed perpendicular to
the magnetic field direction. Therefore, if we assume a VDF that
only depends on & and M at ry, we can deduce its evolution
throughout the whole radial expansion. In our model, we assume
a Maxwellian VDF for protons at any r > r( given by

3/2 g
=N, | — P
S, &) p(ﬂw%] exp( kaop),

(6)

where N, is a factor of normalization that allows us to retrieve
the specified proton density at r( by integrating the proton VDF
in velocity space, wp, = +/2kyTop/m, is the proton thermal veloc-
ity with ky being the Boltzmann constant, T, being the proton
temperature at ro, m, being the proton mass, and & /(kyTop) is
the normalized proton energy such that

& my?  myAp + Z,eAV Uﬁ +02Lp
— = . — =T — 4+, (D
kb Top ka Top kb T()p wp

with Ag = ¢(r) — ¢(ro), AV = V(r) — V(rp), vjp and v, , being the
parallel and perpendicular speed of protons with respect to the
direction of the magnetic field B, and

Z,eV(r) ~ ) - ZpeV(ro))

p mp

2
Yp(r) = — (¢(V) + (8)
Wp

being the normalized total potential for protons. For electrons,
the assumed VDF at r is a Kappa distribution given by

Tk + 1) Ee -l
Tk—1/2) ( e 3/2)kaOe) '
9)

Here, « is the parameter associated with a power law decreasing
Kappa VDF, instead of an exponentially decreasing Maxwellian
VDF (i.e., for k — oo the Maxwellian distribution is retrieved);
we = V(2 — 3k, Toe /(km) is the electron thermal velocity, T
is the electron temperature at ry, m. is the electron mass, I is
the Gamma function, N is a factor of normalization (defined in
Sect. 3) that allows us to retrieve the specified electron density at
ro by integrating the electron VDF in velocity space, and &, /[(k—
3/2)kyToe] is the normalized electron energy such that

3/2
ﬁmw=m(lJ

KW

meAgp + Z.eAV
(k = 3/2)kpToe

Ee _ mev?
(k=3/DkpToe ~ 2(k = 3/2)kT0e

_ (Uﬁe + Uie) n Ye(r)

Kw? K

(10)

with v and v, being the parallel and perpendicular speed of
electrons with respect to the direction of B, and

Z.eV(r)

~ prg) — 2V )

€ €

2
%m=7@m+ (11)
we

being the normalized total potential for electrons. We note that f;,
and f; are functions of & but also M since the magnetic moment
will have an influence on the allowed perpendicular velocities of
particles depending on their origin.

Considering that & and M are constants for each particle, we
can write

v735(ro) + v (ro) + wisi(ro) = v, (r) + v (r) + witi(r) (12)
and
Uii(rO) _ Uii(r) (13)

B(ro)  B(r)’

These equations are given in a general form for electrons and
protons, as noted by the species index i, which will be omit-
ted, for convenience, in the remainder of the description. If we
assume that the reference altitude, ry, is exactly the point where
the solar wind becomes collisionless and that below ry the parti-
cles are dominated by collisions (in such a way that there is no
preferential direction for the particle motion), then at r all parti-
cles should be constrained to vj(r9) > 0. Now, if we consider the
lower limit y(rp) = 0, and we combine Eqgs. (12) and (13), we
get

B(ro)
B(r)

ui(r)( 1) = 07 (r) + wyY(r), (14)
with ¢(rp) = 0. In our model, we further assume, for simplicity,
that the magnetic field is purely radial and that B(r) o 1/r%.
This approximation is justified because Pierrard et al. (2001a)
demonstrated that incorporating a spiral magnetic field into the
kinetic exospheric model alters the radial dependence of the
magnetic field without significantly affecting the resulting accel-
eration. By introducing the factor n = (ro/ r)?, we can therefore
rewrite

&m=kiﬁWM+wmm, (15)

1-

for the case yy(rg) = 0.

Let us now assume that the potential difference ¥(r) (assum-
ing that ¥(ry) = 0) is increasing at first and then reaches a max-
imum at r,,; where the index i corresponds to e or p for elec-
trons or protons, respectively (this index will also be omitted).
This situation would imply that some particles cannot reach this
maximum because they do not possess enough energy. To dis-
tinguish between these particles and those that can instead reach
this maximum, we defined a velocity threshold characterized by
u)(rm) = 0, since any particle with a positive parallel velocity at
r,, Will escape from the potential well. By replacing ry with r,
in Egs. (12) and (13) and introducing the factor u = (r,, /12, we
similarly obtain

ﬁ@=@ijwm+#wm—wm» (16)

1 —p

in the case vy (ry,) = 0.
These equations were derived by Lemaire & Scherer (1970)
for planetary exospheres and are contextualized here in the case
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Fig. 1. Comparison of the standard exospheric model’s computed VDFs for electrons at different radial distances (panels a, ¢, and e) and for
protons at the same radial distances (panels b, d, and f). The x-axis is the parallel velocity, and the y-axis is the perpendicular velocity with respect
to the magnetic field direction. The gray areas correspond to empty regions of velocity space.

of the solar wind in Fig. 1. The VDFs of this figure are recon-
structed from the model results obtained using Egs. (15) and (16)
and the input parameters of Table 1. Panels a and b show the
electron and proton VDFs, respectively, at » = ry. Both species
are placed in an increasing potential near the Sun because of the
mass difference between protons and electrons. Since the elec-
trons are less impacted by the gravity field than the protons, this
ultimately results in generating a charge separation electric field
(which accelerates the protons and slows the electrons) to main-
tain quasi-neutrality and zero net current between protons and
electrons. However, for the protons, the dominant effect is still
the gravity field near the Sun, which places them in an attractive
potential at first. The boundary at yy = O implies that the only
particles that can have a vy < 0 at r = rg are the particles that
were reflected due to the potential. This is specifically the case
for the particles that could not reach r,, and had to turn back to
the Sun. These particles are directly deduced from Eq. (16) with
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Yme — oo for electrons and ry < 7, < oo for protons. There
are empty regions of velocity space since we did not consider
any pitch angle scattering nor the presence of particles coming
from infinity. Panels ¢ and d correspond to the radial distance
r9 < r < TFpp, while panels e and f correspond to the radial
distance r > r,,p. In panels c and e, the evolution of Egs. (15)
and (16) for electrons is represented by dashed lines forming
hyperbolas and circles, respectively. The same can be seen for
protons in panels d and f, except that here the protons are placed
in an attractive potential (ry < r < r,,;) and then in a repulsive
potential (r > 7,,,). This is why the ellipse dashed line of panel
d transforms into a hyperbola with its foci on the yj-axis.

These dashed lines delimit the regions of velocity space
labeled A, B, and C in Fig. 1. The A region corresponds
to the particles that do not have sufficient energy to over-
come the potential maximum; these are called “ballistic” par-
ticles. The B region corresponds to particles that have enough
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Table 1. Input parameters of the kinetic exospheric model used for the
VDFs shown in Fig. 1.

Parameter name Notation Value Unit
Exobase level o 1.2 R,
Electron temp. at exobase Toe 1.5 MK
Proton temp. at exobase Top 1.2 MK
Density at exobase no 1x10% m
Kappa K 6 /

energy to overcome this potential maximum and are therefore
called “escaping” particles. The C region corresponds to trapped
particles that lack sufficient energy to overcome the potential
maximum and cannot reach ry. Instead, they are perpetually
reflected because of magnetic moment conservation. In princi-
ple, such particles cannot originate directly from ry. However, as
generally assumed (e.g., Maksimovic et al. 1997a; Lamy et al.
2003; Zouganelis et al. 2004), our model still accounts for them
because this region is expected to eventually become saturated
with particles: any particle entering this region of velocity space
(whether through rare collisions or interactions with plasma
waves) will remain there indefinitely unless scattered out. There-
fore, we consider that the VDF of region C is also described by
Egs. (6) and (9) for protons and electrons, respectively, ensuring
VDF continuity between ballistic and trapped particles. We note
that, in our example, there is no region corresponding to trapped
protons (Fig. 1d); however, this is not always the case. In fact,
with the right parameters, trapped particles could be obtained
close to ry (see, e.g., Lamy et al. 2003).

To compute the VDFs of our model, we had to determine the
electric potential V(r) since both the normalized potentials, ,(r)
and y.(r), depend on it. Here, this electric potential is found
self-consistently through the use of the quasi-neutrality between
charges and zero-current equations, which are assumed to be
strictly respected over sufficiently large scales in the solar wind.
To derive V(r), we defined two key quantities. First, the total nor-
malized potential difference of protons between 7,, = 7,,,p and rg
was defined as

mp¢m + eV, mp¢0 + eV
kaOP kaOp
with ¢ = ¢(r = rm), do = ¢(r = ro), Vi = V(r = 1) and

Vo = V(r = rp). Similarly, the normalized potential difference of
electrons between ry and r., was defined as

Yp(rm) = a7

Moo — Vo  mepg —eVp\ 2k
ko Toe koToe )2k—3’

Ye(reo) = ( (18)

with ¢o = ¢(r = ), and V,, = V(r = o). The model finds the
solution of ¥, (7:,) and ¥r.(7) through the use of the equality of
fluxes (for zero-current) and the equality of densities for protons
and electrons (for quasi-neutrality) at r,,, which reads

Fp(rm) = Fe(rm),

19
np(rm) = ne(rp). (19)

The solutions for ,(7,,), Ye(7w), and r,, are determined through
an iterative method, employing these equations and the require-
ment that y,(r) must be unique and continuous (Jockers 1970;
Lamy et al. 2003). This enables the calculation of the poten-
tials ¥, (r) and y.(r), which are subsequently applied to com-
pute macroscopic quantities using moments equations, provided

by Lamy et al. (2003) and Pierrard & Lemaire (1996), involving
the integrals of the VDFs in different regions of velocity space
(i.e., A, B, or C) for protons and electrons, respectively.

3. Exospheric approach on diffusion

The main limitation of ordinary kinetic exospheric models of
the solar wind is their inability to self-consistently define a halo
population outside the regions of velocity space described in the
previous section. To solve this problem, we introduced a halo
population that is directly dependent on the number of particles
in the classically filled regions of velocity space (A, B, and C). In
this way, the radial evolution of the total density stays unchanged
while the electrons are redistributed in velocity space so that a
tenuous halo appears for greater perpendicular velocities.
Therefore, diffusion is modeled by defining a new parameter
that aims to reduce the number of electrons in the A, B, and C
regions and adding the same number of electrons to the initially
empty region of Fig. 2 labeled D. This diffusion parameter is
defined as
D, =(1-7"")y, (20)
so that when r — oo (7 — 0) then D, — £, with £ being a value
between O and 1 that modulates the relative number of diffused
particles, compared to the others (of regions A, B, and C), at
an infinite distance from the Sun. The choice that the diffusion
profile evolves as 1 — (rp/ s entirely arbitrary. It was selected
to ensure that D, = 0 at » = ry while also preventing excessively
rapid growth, thereby avoiding the diffusion coefficient reaching
near its maximum value well before approaching 1 AU.
Furthermore, the density within the combined velocity space
region of A, B, and C can be deduced by the addition of Egs. (5),
(25), and (30) of Pierrard & Lemaire (1996). This can be written
as

—k-1
1e(r) =N, (1 + M)
K

3/2
x ((1 ¥ ‘”—(r)) (1 - lﬁz(b)) - lozc”%(f)), 1)
K 2 2
with
_ KO0 )
K+ Ye(reo)
_ 7 n Ye(r) !
a = 1 - 7](] + m (—K n (//e(r) )) . (23)
c=14 LD (24)
(I -nx
(1 =k + pe(r)

- , 25
L= A vetra) (22
Bo(x) = f A 32 = Vs, (26)

0
T+
A= T 126 @D
and
0 (28)

Ne=—r—,
C 1= (1/2)Ba(b)
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such that the density of electrons ng is equal to the total density
of electrons at the exobase since

1
no = ne(ro) = Ne (1 - E,Bz(b))- (29)

Using the total density and the diffusion parameter, we can now
deduce the density of the depleted region (combined region of
A, B, and C), which corresponds to

ne(r) = ne(r)(1 = Dy). (30)

This implies that the electron density of the new velocity space
region D is given by

nep(r) = ne(r)Dy, €29}

such that the total density remains unchanged since n.(r) =
ng(r) + nep(r).

The electron flux is here defined using Eq. (26) of
Pierrard & Lemaire (1996) by taking into account the diffusion.
This corresponds to the only nonzero contribution of the flux
associated with the escaping particles (region B) and written as

’ N, We Ag Ve(reo)
Fir) = gl =7 (1 0(r) (1 L
From this, it follows that the total flux is F[(r) + Fep(r) =
F.(r)(1 = D,), with Fep(r) = 0 being the diffusion contribution
to the flux and F.(r) being the total flux as if there were no diffu-
sion. Here, the diffused electrons (from the depleted region) are
scattered so that they do not contribute to the flux (F.p(r) = 0).
This provides a simple approach for formulating the effect of
diffusion on the flux in our kinetic exospheric model. We note
that the proton flux must be modified accordingly to maintain
the zero-current condition that was used to find the solution for
the electric potential.

To deduce the electron pressures of the D region, we first
defined the pressure without any diffusion of electrons by adding
Egs. (7), (27), and (31) of Pierrard & Lemaire (1996) for the par-
allel component to obtain

—k—1
(1 n ‘/’e(r))

K

) (1-Dy). (32)

2 Ak
ear
k

1
Pye(r) :§Nemew

. 5/2 1 1
X ((1 + "’T(r)) (1 - §ﬁ4(b)) - E“Cm (1- n)ﬁ4<f>),
(33)

and adding Eqgs. (8), (28), and (32) for the perpendicular compo-
nent to obtain

—k—1
P..(r) =%Nemew2ﬂ (1 + lﬁe_(”))

eA,’{K K
oG] R PR (1= 3)n
K e 2%¢ 2 )P
3 . A
T id - ,,)WT(r)acj/zﬁmA—z), (34)
with
, I'k+1)

A s pren) >
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and
Bal) = fo ALFSP(1 = s, (36)

The parallel and perpendicular pressures for the depleted region
are therefore written as

Py.(r) = Pe(r)(1 = D;) (37
and
P (r) = PLe(r)(1 = D,). (38)

To determine the pressures in the diffusion region, we intro-
duced the electron density 7., obtained by integrating the elec-
tron VDF from Eq. (9) within the boundaries of the D region.
This quantity corresponds to subtracting Eqgs. (35) with (25) of
Pierrard & Lemaire (1996), as expressed by

—k—1
nex(r) = Ne (1 " w7<r>) ac2By(f), (39)

which is due to the absence of the incoming particles that would
populate the gray region in Fig. 2. This gray region is the exo-
spheric equivalent to the observed sunward deficit of electrons
in solar wind observations.

In the same way, we defined the parallel and perpendicu-
lar pressure by subtracting Eq. (27) from Eq. (37) and Eq. (28)
from Eq. (38), respectively, and multiplying them by the ratio
nep(r)/ne1(r) to obtain

—k-1
Pien(r) =§N5,Dmew2ﬂx(1 . ‘”T(r)) ac (1= ) Bs(f)

eAI,(
(40)
and
1 A . —k—1
PLep(r) =§Ne,Dmew§A—ll,:K(l + (!/Tm)
5/2 _ Q
X(‘“’ (1-2)as0n
3. e s Ak
20-n) « ﬂZ(f)Ak)- (41

The pressures are those corresponding to the D region of the
electron VDF in Fig. 2, where N.p is the normalization factor
of the electron VDF (replacing N, in Eq. (9)) so that the density
of this region is always equal to n, p(r) as described by Eq. (31).
This is inferred by noticing that

ne1(r) _ e, p(7)

. 42)
N, e N, e,D

Therefore, we can deduce that Nop = Nene p(r)/ne1(r).

Following the discussions in the preceding paragraphs, the
macroscopic quantities computed in the model for the electrons
are the density

ng (r) = ng(r) + nep(r) = ne(r), (43)
the flux
Fl(r)= Fl(r) + Fep(r) = F.(r), 44)
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Fig. 2. Radial evolution of the electron VDF from the exobase (1.2 R, in our model) to 1 AU (~215 R,) modeled by including diffusion for electrons.
Region D represents the electron diffusion region where ¢ = 0.1 was assumed.

the parallel pressure
() = Pl(1) + Piep(r),

and the perpendicular pressure

PII

lle

(45)
Pl(r) = P\ (r) + Prep(r). (46)
This allowed us to then deduce the bulk velocity,
Fl(r)

nd(r)’

and total temperatures,

Vew(r) = (47)

/7

1( P 2
Tye(r) = E (n”_(r) - mevsw), (48)
Tour) = ~ Die 49)
e ()

With this relatively simple approach, the influence of diffusion
on the radial evolution of the density, bulk velocity, and temper-
ature can be calculated with our kinetic exospheric model.

4. Diffusive kinetic exospheric model: Results

To emphasize the impact of diffusion, we analyzed two scenar-
ios: one that incorporates diffusion and another that does not.
We adopted the same fundamental parameters of the exospheric

model as those used for the illustrations in Figs. 1 and 2, as
specified in Table 1, and we assumed the diffusion radial evo-
lution described by Eq. (20) with £ = 0.1 as the relative maxi-
mum amount of diffused particles. This ¢ value was arbitrarily
chosen to qualitatively analyze the effect of diffusion, as further
improvements to the exospheric diffusion framework would be
required to accurately constrain the radial evolution of diffused
particles with observations. The radial evolution of the diffusion,
electron temperatures, solar wind speed, and electron tempera-
ture anisotropy given by our kinetic exospheric model is shown
in Fig. 3.

In Fig. 3a, the proportion of diffused particles increases with
the radial distance, as expected from Eq. (20). The radial evo-
lution of the electron temperatures, when affected by diffusion,
shows a slower decrease in Fig. 3b. This behavior is explained
by the fact that the electron VDF is essentially broadened by
placing particles in the diffusion region. Figure 3d shows a
clear stabilization of the temperature anisotropy, which reaches
a value of 1.65 at 215 R, when diffusion is considered. At
1 AU, observations show that the temperature anisotropy 7)/7 .
is typically around 1 (that is, without anisotropy) for a slow
wind of 300 kms™! and increases with the solar wind speed to
1.4 at 700kms~! (Salem et al. 2023). In this respect, the naive
introduction of diffusion in our model already brings the tem-
perature anisotropy to a value fairly close to the observations
in comparison to what was previously found with exospheric
models.

The solar wind speed in Fig. 3c shows a slight decrease
when diffusion is included. This is because the diffused par-
ticles are assumed to be redistributed without any preferential
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Fig. 3. Radial evolution of different quantities obtained by the model with (solid line) or without (dashed line) electron diffusion. Panel a: Electron
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Fig. 4. Radial evolution of the different electron population densities
computed with the parameters from Table 1 and £ = 0.1 in our modified
kinetic exospheric model.

parallel direction. Therefore, these particles do not contribute to
the bulk velocity but, being the only contribution to the flux of
the solar wind in our model, do effectively diminish the num-
ber of particles within the strahl (essentially the B region). This
in turn reduces the bulk velocity shown in Fig. 3c. As a conse-
quence, because of the zero-current condition, the bulk velocity
of protons must decrease by the same magnitude as that of the
electrons.

The radial evolution of the electron densities is shown in
Fig. 4 for the parameters of Table 1 and the same diffusion as
previously considered ({ = 0.1). As mentioned in the previous
section, the total density is unaffected by the diffusion. It can be
seen that the amount of diffused electrons experiences a rapid
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growth with radial distances, exceeding the number of escap-
ing electrons (i.e., within the B region) just above the exobase
(at 1.2 Ry). The diffused particles even exceed the ballistic ones
at around 32 R; (not shown in this figure). This occurs because
the trapped particles (that is, those within the C region) rapidly
dominate the total electron density. Since the number of diffused
particles is determined by the total density, the diffused electrons
subsequently outweigh the ballistic ones at large distances.

5. Exospheric perspective on solar wind
acceleration

As presented in Sect. 2, a key advantage of the kinetic exo-
spheric model is its ability to self-consistently determine the
electric field under the constraints of quasi-neutrality and zero-
current conditions. Consequently, the ambipolar electric field
arises directly from the greater influence of the gravitational field
on protons compared to that of electrons. This resulting global
electric potential contributes, at least partially, to the acceler-
ation of the solar wind and is generally entirely responsible
for the acceleration in the context of kinetic exospheric models
(Bercic et al. 2021a,b).

Following the kinetic exospheric approach, a signature of the
ambipolar electric potential can be identified in the solar wind
data. Specifically, it can be inferred from the cutoff velocity asso-
ciated with the deficit in the sunward direction by analyzing the
observed electron VDFs in the solar wind (Halekas et al. 2020,
2021, 2022; Bercic et al. 2021b,c). Introducing the asymptotic
wind speed, Halekas et al. (2022) binned the cutoff velocities
of PSP between 13.3 and 50R; (for encounters 3 to 11). In
this way, the radial evolution of the electric potential associ-
ated with asymptotic speeds of 200-250 and 600-650 km s~! has
been deduced and is represented in Fig. 5 for PSP slow solar



Péters de Bonhome, M., et al.: A&A, 697, A104 (2025)

Table 2. Input parameters for four different kinetic exospheric model calculations to represent the electric potentials of Fig. 5.

Parameter name

Notation

SSW1 FSW1 SSW2 FSW2  Unit

Exobase level ro
Electron temperature at exobase Toe
Proton temperature at exobase Top
Kappa K

1.2 1.2 7 1.01 Ry
L.5 L.5 1 1 MK
1.2 1.2 0.8 2 MK

6 3 6 3 /

SSW1
FSW1
SSW2
FSw2
PSP SSW
PSP FSW

(9%
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Fig. 5. Radial evolution of the electric potential with respect to infin-
ity. The solid lines are the electric potential retrieved by the exo-
spheric model with the input parameters from Table 2. The correspond-
ing solar wind terminal velocities of our model are approximately:
320kms~! for SSW1, 280kms~! for SSW2, 640 kms~! for FSW1, and
520kms~! for FSW2. The dashed lines correspond to the SSW (blue)
and FSW (orange) limits fitted to PSP data between 13.3 and 50 R;
(encounters 3—11) by Halekas et al. (2022). The dashed blue line is
the fit of solar wind data with asymptotic speeds of 200-250kms~",
while the dashed orange line corresponds to asymptotic speeds of 600—
650kms!.

wind (SSW) and PSP fast solar wind (FSW). An anticorrelation
between the electric potential and the velocity of the solar wind
can be clearly identified (Halekas et al. 2022).

For the kinetic exospheric model, the radial evolution of the
self-consistent electric potential is shown in Fig. 5 for four dif-
ferent sets of parameters given by Table 2. The SSW1 solid black
line is a SSW solution found using the same test parameters as
in Table 1, which was introduced to illustrate the effect of dif-
fusion. We note that the electric potential is independent of the
diffusion, since it is found by using the quasi-neutrality with an
unchanged total density. It is commonly understood that exo-
spheric models predict a faster solar wind accompanied by a
larger electric potential at any radial distance, to account for the
enhanced acceleration of the solar wind. This contradiction with
the observed anticorrelation mentioned above holds true only if
we consider that the acceleration is entirely determined by the «
parameter. As illustrated in Fig. 5, this is evident from the com-
parison between SSW1 and FSW1, where reducing « from 6 to 3
results in a corresponding increase in the terminal wind velocity
from 320 to 640kms~'. However, when considering the same
change in « for SSW2 and FSW2, a carefully selected combi-
nation of exobase levels and initial temperatures (see Table 2)
produces a crossing point between the two electric potentials
(at around 13 R;) while still maintaining the increase in terminal

wind velocity from 280 (for SSW2) to 520 kms~! (for FSW2).
These parameters were chosen because they approximate the
observed behavior to some extent, producing a crossing point
at low altitude while maintaining realistic values (as described
in the next paragraph). However, a wide range of parameter sets
can reproduce a crossing point, provided they meet two key con-
ditions: (1) a sufficiently large difference between proton and
electron temperatures (compared to the difference in kappa val-
ues) in fast wind relative to slow wind, and (2) a significantly
higher exobase level for slow wind. In this way, the anticorre-
lation between the electric potential and the solar wind termi-
nal velocity is retrieved above 13 R; with the kinetic exospheric
model. This indicates that the kinetic exospheric model may be
better suited than previously thought for explaining the FSW
through the electric field, especially if the crossing point between
the electric potentials of fast and slow winds occurs below 13 R;.
Although PSP observations do not appear to indicate the pres-
ence of such an intersection, or at least not above 13 Ry, the con-
sistency of our modeled electric potentials compared with obser-
vations suggests that further investigation of the most recent PSP
data is needed to completely rule out this possibility.

This consideration is reinforced by the fact that the param-
eters found to reproduce the anticorrelation between the elec-
tric potential and the solar wind speed (see SSW2 and FSW2 of
Table 2) are also consistent with the deduced coronal temper-
atures (David et al. 1998; Cranmer 2002). The FSW typically
appears above coronal holes that are characterized by a higher
proton temperature compared to that of electrons and a low den-
sity that lowers the exobase compared to other regions of the
Sun’s surface (Pierrard et al. 2023), which is the case for FSW2.
This is also supported by the anticorrelation between the strahl
parallel temperature and the solar wind speed, consistently found
by Helios (65-215 R;) and PSP (13.3-50 R,; Bercic et al. 2020;
Halekas et al. 2022). Furthermore, as identified with SSW2,
the SSW is commonly associated with denser and less active
regions of the equatorial corona, where the exobase is there-
fore higher with a generally hotter electron temperature than
the coronal hole conditions (David et al. 1998). As reported by
Bercic et al. 2020, these findings suggest that the strahl paral-
lel temperature preserves the electron coronal temperature. The
exospheric approach is consistent with this idea by maintain-
ing the strahl parallel temperature constant throughout the solar
wind expansion, since no collisions nor wave-particle interac-
tions are assumed.

It is important to note that the implementation of the dif-
fusion mechanism does not inherently require that particles in
region D do not contribute to the flux. For that reason, an
additional acceleration mechanism could be taken into account
within the current diffusion framework by considering that
the transfer of core particles (combined ballistic and trapped
particles of regions A and C) to higher energies contributes to
the flux. In practice, this transfer would increase the number of
escaping particles and/or enhance the anti-sunward portion of
the halo (compared to the sunward portion). Another refinement
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for better alignment with observations would be to account for
diffusion creating a proper sunward deficit, rather than just an
empty region, along with its associated negative flux contribu-
tion. The key idea is that the sum of all newly introduced flux
contributions from diffusion (of the core) could ultimately result
in a net increase in total flux, thereby providing an additional
acceleration mechanism within the kinetic exospheric model.

One limitation to consider is that the escaping parti-
cles (region C) defined within our current kinetic exospheric
approach cannot be the sole source of halo electrons. A quan-
titative analysis of our exospheric model results (neglecting dif-
fusion) indicates that the relative density of escaping electrons,
compared to the total density, is approximately 3% at 65 R;,
increasing to about 4% at 215 R, with minimal variations across
the parameter sets used in this study (SSW1, FSW1, SSW2, and
FSW2). However, observations by Stverék et al. (2009) suggest
that the combined halo and strahl population should constitute
roughly 7.5% of the total electron density over the same radial
distances. This discrepancy implies that escaping particles alone
cannot account for the observed halo electron population within
our current exospheric model framework.

Taking this into account, we introduced a diffusion that trans-
fers particles from the strahl to the halo, which improves the rep-
resentation of the combined halo and strahl populations, yielding
arelative density of approximately 8% from 65 to 215 Ry, in bet-
ter agreement with observations. Importantly, the primary objec-
tive of this study is to propose a modification to the exospheric
framework that incorporates diffusion in the simplest possible
manner, as this represents the first exospheric model of its kind.
However, existing diffusion models (e.g., Verscharen et al. 2019;
Jeong et al. 2020, 2022), supported by observations of the strahl
and halo populations (e.g., Stverdk et al. 2008, 2009), indicate
that diffusion primarily occurs from the strahl to the halo. This
suggests that further refinement of our kinetic exospheric model
is necessary to ensure consistency with established models and
observations.

The observed suprathermal electrons, included in our exist-
ing kinetic exospheric model, constitute an important property of
the strahl as they may have significant implications for the solar
wind acceleration. According to Effenberger & Jeffrey (2021),
spectral line analyzes seem to indicate that suprathermal pop-
ulations are present in the corona. However, in situ data from
PSP presented by Halekas et al. (2022) suggest that no signif-
icant strahl suprathermal electrons are observed near the Sun.
This observation implies that Kappa electron VDFs may not be
the most likely explanation for the FSW. However, our results,
consistent with the findings of Zouganelis et al. (2004), indicate
that the key factor influencing the solar wind’s terminal velocity
is not solely the suprathermal component, but rather the relative
abundance of particles within the strahl compared to the deficit
in the sunward direction.

6. Conclusions and future perspectives

In this paper we have underlined the fundamentals of the existing
kinetic exospheric model, discussing possible future improve-
ments of this approach and providing a basis for investigating
the influence of electron diffusion on solar wind acceleration.
The improvement explored in this study involves redistributing
particles within the traditionally considered regions of veloc-
ity space — namely ballistic, trapped, and escaping particles —
in kinetic exospheric models. This method produces diffused
particles capable of reaching perpendicular speeds that would
otherwise be inaccessible under strict conservation laws. This
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constitutes a step toward a model that generates more realistic
distribution functions based on the kinetic exospheric theory. In
this way, we were able to identify several important features of the
kinetic exospheric framework applied to solar wind acceleration:

1. A simple implementation of electron diffusion effectively
reduces the temperature anisotropy to values comparable to
those of the observed FSW at 1 AU.

2. This diffusion enables us to adjust the solar wind accelera-
tion without modifying the self-consistent ambipolar electric
potential found by the kinetic exospheric model.

3. The observed anticorrelation between wind speed and termi-
nal velocity can be reproduced using the kinetic exospheric
model with realistic temperatures and exobase levels. This
suggests that further analysis of PSP data is necessary to
either confirm or rule out the electric potential as the primary
acceleration mechanism for the FSW.

4. If no indication of the presence of a crossing point between
the deduced electric potentials of the FSW and SSW is
found within PSP data, an alternative mechanism — likely a
velocity-space diffusion of particles via wave-particle inter-
actions — must dominate the FSW acceleration by increasing
the flux in the anti-sunward direction.

The extension of the kinetic exospheric model by incorporating
an additional acceleration mechanism through diffusion presents
a promising approach for improving the model, especially if no
evidence of an intersection between the electric potentials of the
SSW and FSW is detected in PSP data. In doing so, it would be
possible to determine how much diffusion-dependent net flux is
required to explain the observed profiles of the electric poten-
tial with their respective terminal velocity. This investigation is
left for future work, as the primary objective of this paper is to
present the concept of diffusion within the kinetic exospheric
model and its ability to provide another source of acceleration

(or deceleration).

The primary limitation of the current diffusion implemen-
tation is that it relies solely on the initial temperature, T, to
determine the slope of the diffused population VDF. As a result,
the predicted temperatures are overestimated in comparison with
observational data. This limitation could be addressed in the
future by constraining the slope on the basis of the observed halo
or strahl populations and their radial evolution.

Furthermore, greater consistency with the current under-
standing of the diffusion mechanism could be achieved by
explicitly distinguishing between the core and escaping popu-
lations, as our current approach considers that the same elec-
tron VDF defines both the core and strahl electrons. This
refinement could be implemented following the methodology
of Zouganelis et al. (2004), in which a Maxwellian distribution
and a Kappa distribution are used to define the core and strahl,
respectively.

In our exospheric model, the previously introduced Kappa
distribution function effectively simulates an increase in the
strahl population, thereby accelerating the solar wind to higher
velocities. However, this model does not necessarily require non-
Maxwellian distributions at the base of the corona to explain
the solar wind acceleration; instead, it relies on a significant
strahl population near the Sun. Consequently, the critical ques-
tion for understanding the solar wind acceleration within the
framework of the kinetic exospheric model becomes: How is
the strahl formed in the low corona? Further investigations
using fully kinetic simulations will be conducted to address this
question.
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