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Abstract: 

Kinetic exospheric models of the solar wind are presented, providing an alternative to 
the fluid derivation given in most space physics textbooks. This paper recalls the 
basic ideas behind the exospheric picture and emphasizes the role of the electrostatic 
field in the acceleration of the solar wind. The effects of the non-thermal distributions 
of electrons observed in the solar wind are also described. We show that current 
exospheric models are able to reproduce the strong acceleration of the fast solar wind 
emanating from the coronal holes of the Sun. 

1. The solar wind

The solar wind is the radial expansion into the interplanetary medium of the million-degree 
hot solar corona. Although it carries only a small fraction of the solar mass and of the solar 
energy output, it is of considerable importance because it interacts with planetary and 
cometary environments. In particular, the solar wind shapes the magnetosphere around the 
Earth, stirring it into a tail more than one hundred Earth's radii long. Sometimes, it also 
carries huge perturbations that may strongly disturb the magnetosphere and affect our daily 
life. Classical examples include aurorae, crashes of power stations, disrnption of 
communications, and even destruction of satellites. 

The solar wind is a plasma essentially made of electrons and protons with a small proportion 
of heavier ions in addition. At one Astronomical Unit (AU), the solar wind number density is 
typically of a few particles per cm3 at a temperature of about 105 K and its velocity is of 
several hundreds km s·1. There are actually two regimes of solar wind, namely the slow solar
wind (SSW), with typical velocities at I UA of 300-400 km s 1 , and the fast solar wind (FSW) 
with velocities of 600-800 km s·1• During its course around the Sun, Ulysses observations
have revealed that, during a solar minimum phase, the heliosphere is mainly filled with high
speed solar wind emanating from the polar coronal holes. On the other hand, the SSW comes 
'fi:otn the hotter equatorial regions of the Sun. The picture is more complicated during a phase 
of maximum solar activity (see Fig. I). 
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FIG 1: Polar plots of solar wind speeds as a function of latitude for Ulysses' first 
two orbits. Sunspot number (bottom panel) shows that the first orbit occurred 
through the solar cycle declining phase and minimum while the second orbit 
spanned solar maximum. Both plots are superimposed over solar images 
characteristic of solar minimum and maximum. (from McComas et al. 2003 [l }). 

The solar wind is a weakly collisional plasma, a state of matter for which physics is not yet 
properly understood, Indeed, the mean free path of particles is roughly equal to the scale 
height of macroscopic quantities (such as densities) nearly everywhere in the solar wind. As a 
consequence, the particles have not enough collisions to behave like a fluid but they have too 
many collisions to strictly behave as a collisionless medium, The problem is even more 
complicated because the Coulomb collisional cross-section of the particles depends on their 
velocity ( Uco/1 oc v·4), implying that high-speed particles will be nearly collisionless while
particles with low speed will suffer from rare collisions, This makes the problem extremely 
difficult to solve and explain that, presently, there is still no agreement as to how the solar 
wind is accelerated. 

2. Basics of exospheric models of the solar wind

Exospheric models assume that a sharp boundary, called the exobase, separates a region 
dominated by collisions (where a fluid model would apply) and a completely collisionless 
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region named the exosphere. This boundary is usually defined as the distance ro from the 
centre of the Sun where the mean free path of the particles becomes equal to the local density 
scale height. Since the mean free path depends on the particle temperature, a different 
exobase should be considered for electrons and protons but a comm.on exobase is assumed in 
order to simplify the calculations. 

In the exospheric models, the solar wind is viewed as the evaporation of an atmosphere, 
somewhat as Jeans made for the escape of neutral gases for planet atmospheres (2). The 
evaporation flux is made of the particles whose thermal velocity exceeds the escape speed. 
There is however a fundamental difference for the solar wind that is made of charged particles 
whose masses are strongly different. Near the solar surface, the gravitational potential per unit 
mass is 4 = MsG I Rs whereas protons and electrons have approximately the same thennal 
energy~ k8T. The gravitation strongly confines the protons near the Sun (mpr/Jgl koT>> 1) 
while electrons tend to escape out of the solar corona (me(fg I koT << 1 ). As a result, an
electric field E directed outwards sets up from this slight charge separation (at the scale of the 
Debye length of the plasma) in order to preserve charge neutrality. Apart from this 
gravitational effect, the slight charge separation between electrons and protons can also be 
due to magnetic forces and thermoelectric effects. 

Owing to the lack of collisions in the exosphere, the Boltzmann equation describing the 
evolution of the Velocity Distribution Function (VDF) of the particles reduces to the Vlasov 
equation. Liouville's theorem tells us that any function of the constants of the motion of 
particles is a solution of the Vlasov equation. In the absence of collisions, the total energy of 
the particles E = mv212 + m(fg + ZeefJE is conserved. In this equation, v, m and Ze are 
respectively the velocity, the mass and the charge of the particles while <PE is the 
interplanetary electrostatic potential due to the charge separation. In the presence of a 
magnetic field, the charged particles spiral along the magnetic field lines. When their 
gyroradius is small compared to the magnetic field scale height, the magnetic moment of the 
particles,µ= mv2sin2

0/ 2B, is an adiabatic invariant. The angle Bis the pitch angle between 
the magnetic field B and the velocity vector v of the particle. Although µ is not a true 
constant of the motion, one can assume that it is conserved with a good approximation for 
electrons and ions in the solar wind. 

Since its mass is negligible, the total potential energy of an electron is given by its attractive 
electrostatic potential -e</JE that increases monotonically from the exobase (see Fig. 2). The 
electrons are therefore located in a potential well extending to infinity. Depending on their 
values of E and µ (or alternatively of their velocity and pitch angle) at the exobase, the 
electrons may belong to four different classes of orbits: the escaping electrons that have a 
velocity larger than the escape velocity, can overcome the potential barrier and escape. The 
ballistic electrons have not enough kinetic energy to escape and fall back into the solar 
corona. The trapped electrons do not have enough kinetic energy to escape and they also 
have a magnetic mirror point located above the exobase such that they bounce continuously 
up and down along a magnetic field line. The incoming electrons are particles coming from 
the interplanetary medium and falling into the solar corona. This class of particles is assumed 
to be empty because no electrons are backscattered due to the lack of collisions in the 
exosphere. 
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FIG 2: An example of the profiles of the total potentials for the electrons (top) 
and for the protons (bottom), nonnalized by the thermal energy of the particles at 
the exobase. 

For the protons, the situation is different: their gravitational potential energy is not negligible 
in comparison to their electrostatic potential. Close to the Sun, gravitation is dominant and 
the protons are located in an attractive potential between the exobase and a radial distance 
called Ymax where the outward electrostatic force is counter-balanced by the inward 
gravitational force (see Fig 2.). Above rmax, the protons are located in a repulsive potential 
because the electric force decreases slower than r·

2 
and dominates gravity at large distances. 

Protons can then freely escape. Therefore, we will have a completely different behaviour 
depending on whether the exobase is located below or above Ymax, 

Once a VDF is assumed for particles at the exobase level r0, their VDF at any larger radial 
distance r in the exosphere is uniquely determined by Liouville's theorem. Densities, bulk 
velocities, temperatures and heat fluxes can be calculated for the different species by 

in1egrating the first four moments of the VDF, fv' f(v)d'v (n-0,1,2,3). The VDF and their

moments depend on r/;E(r), the electrostatic potential in r. The quasi-neutrality condition 

ne (fPE
) = n P (rp

E
) is used at every radial distance r to determine the value of this electrostatic

potential. Strictly speaking, one should solve Poisson's equation instead of imposing the 
quasi-neutrality condition. But for scales much larger than the Debye length, which is the 
case in the solar wind, the quasi-neutrality condition provides a very good approximation of 
the electrostatic potential distribution. 

For simplicity, we assume that the magnetic field lines are radial (B(r) varying as r-2), which
means that we neglect the rotation of the Sun. Pierrard et al. [3] have shown that a spiral 
magnetic field does not affect significantly the radial distributions of densities and bulk 
speeds. 
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3. The first exospheric models of the solar wind

In 1960, Chamberlain [4] developed the first exospheric model of the solar wind considering 
a truncated Maxwellian VDF for the particles at the exobase, 

f,(v) =�exp(-4) 
1f vlh vlh 

where the thermal velocity of the particles is given by v
1h 

=-J2k
8
T

0
/m while no and T0 are 

respectively their density and temperature at the exobase. The VDF is truncated because only
particles with positive velocities along the magnetic field line are considered (no incoming 
particles), i.e. those with pitch angles between 0 and rc/2. Chamberlain assumed a Pannekoek
Rosseland electric potential distribution [5,6], which ensures quasi-neutrality of a 
proton/electron atmosphere in hydrostatic equilibrium: 

With this electric potential distribution, the total attraction on a proton is equal to that on an 
electron and both types of particles are located in an attractive potential whose amplitude at 
any distance is half the solar gravitational attraction on a proton. The electrostatic potential 
difference between the exobase and infinity is~ 150 Volts if the radial distance of the exobase 
is ~ 5 Rs. The bulk velocity produced by this model is only 20 km s·1 at 1 AU and vanishes at 
infinity. For this reason, the model was nicknamed "solar breeze" and was disregarded as an 
academic curiosity. 

In the 1970's, Chamberlain's model was corrected independently by Lemaire & Scherer [7] 
and Jockers [8] who noted that the Pannekoek-Rosseland electric potential distribution is 
inadequate for the solar wind. Indeed, since no particles are coming from infinite distance, 
the solar wind plasma is not in hydrostatic equilibrium but, on the contrary, is an expanding 
medium with a net flux of escaping particles. The escaping flux of particles in an attractive 
potential is given by 

F(r0 )= fvcos.9f(v)d3v=2ir [ v3
f(v)dv f' sin.9cos.9d.9= n;,, v,,,(l+U0)e-u,- 2�,r 

where U
0 

= vesc: = er/J;:(ro) and vesc =JZZer/JEh) is the escaping velocity of the particles 
vth koTo m 

at the exobase. Therefore, in the hydrostatic electron/proton atmosphere with equal 
temperatures assumed by Chamberlain, the flux of escaping electrons is ,Jm

P 
/m

e 
~43 larger 

than the escaping flux of protons. This would result in a net electric current with positive 
charging of the Sun and an accumulation of negative charges at large distances. Therefore, 
the electric field must be larger than the Pannekoek-Rosseland field in order to restrain the
electrons and push out the protons such that their escaping fluxes become equal. 
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By considering the observed coronal density distribution of Pottasch [9] and the resulting
scale height variation, Lemaire & Scherer [7] calculated a value of 6.6 Rs for the radial
distance of the exobase. At this radial distance, the repulsive electric force acting on a proton
is larger than the gravitational force. As a result, the protons speed increases with distance
and all the protons at the exobase escape. If we assume a truncated Maxwellian distribution 
for the protons at the exobase, the escaping flux can be calculated as above but with a null
escaping velocity, so that we have 

no F(r)= cv,.
p O 2-.;:,r 

This value is independent of the electrostatic potential, which is not surprising since all
protons can escape. Lemaire & Scherer calculated the electric potential difference between
the exobase level and infinity that is necessary to warrant the equality of the electron and
proton fluxes and found an electrostatic potential drop of 690 Volts, much larger than the 150
Volts due to the Pannekoek-Rosseland potential. This electrostatic potential difference
accelerates the protons to supersonic velocities and creates a wind. lt also enhances the
escape speed of the electrons, therefore limiting their evaporative flux. Considering realistic 
conditions for the temperatures at the exobase (at 6.6 Rs), velocities of around 300 km s�1 are
produced at 1 AU. Satisfactory agreement is obtained between the results of the model and
the average SSW obse:rvations [7]. Nevertheless, the exospheric model of Lemaire & Scherer
is unable to account for the FSW characterized by velocities larger than 600 km s-1• To reach
such velocities, exobase temperatures larger than 3.106 K have to be postulated in this model,
in contradiction with observations. Something more has to push the wind. 

4. The Lorentzian exospheric models

Usually, the VDF observed in space plasmas are not in equilibrium: they are Maxwellian at
low energies but they decrease much more slowly at high energies, having a suprathermal tail
which varies as an inverse power law instead of exponentially. Such distributions are
ubiquitous in space plasmas in general and in the solar wind in particular [10]. The
fundamental reason is that the mean free path of the particles strongly increases with their
energy, which makes the high-energy particles nearly collisionless. 

The most convenient way to describe the behaviour of these VDF is to use the Kappa
distribution (or generalized Lorentzian distribution) introduced by Vasyliunas [11] and
popularised by Scudder [12,13] to explain the high temperature of the solar corona: 

[ 2 ] (-c,1) 
JJv) = 

2: 
(
.;,,

)
"' I+_:,

A _ I'(
K
+I) 

' - r(K-Il2)r(3/2)
where r(x) is the Gamma function and w is an equivalent thermal speed, related to the
equivalent Kappa temperature T,. = m(v2 )!3kB , by:

w=((2K
K
-3)k::• r2 
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For speeds v ::;; w, the Kappa distribution is close to a Maxwellian having the same thermal 
speed. However, the equivalent kappa temperature T K is related to the Maxwellian one TM by 

T
K 

= __ K_T
M

. For speeds v >> w, the Kappa distribution decreases as an inverse power-
K-3/2

law (/
K

oc v-K) determined by the value of the K index. The contribution of the suprathermal 
particles decreases when K increases and, when K ➔ co, one recovers the isotropic Maxwellian 
VDF (see Fig. 3). The Kappa function is a solution of the Vlasov equation. 
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FIG 3. Different examples of Kappa functions, all normalized to 1 atv = 0. In the

limit K---> w, the functions degenerate to a Maxwellian function (solid line) [16].

In the FSW, the observed electrons distributions have been fitted with Kappa functions using 
typical K values between 2 and 4 while, in the SSW, electrons suprathennal tails are less 
pronounced with typical values of K 2.: 4-5 [14]. The VDF of the protons are closer to a 
Maxwellian distribution. Despite the convenient character of the Kappa function to fit the 
observations, some care is needed when handling this function because it has only a limited 
number of finite moments. In particular, the kappa value is constrained by the inequality K > 
3/2 in order for the temperature to remain finite. 

Following Scudder's work, Pierrard and Lemaire [15] developed a generalized Lorentzian 
exospheric model for the plasmasphere, which was later adapted for the solar wind by 
Maksimovic et al. [16]. In this model, a Kappa VDF is assumed for the electrons at the 
exobase located at the same radial distance calculated by [7]. With these enhanced 
suprathennal tails, the flux of electrons that has a kinetic energy large enough to overcome the 
electrostatic potential barrier strongly increases. In order to keep this flux equal to the proton 
flux (zero-current condition), the electrostatic potential difference between exobase and 
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infinity must increase, therefore accelerating the protons and increasing the terminal speed of 
the wind. The evaporation of the electrons is very sensitive to the value of the K index. On 
the other hand, a similar excess of high-energy protons would not have much effect on the 
solar wind speed in this model since the protons are located in a repulsive potential and all of 
them can escape. Therefore, for simplicity, a Maxwellian VDF is assumed for the protons at 
the exobase. As can be seen in Figure 4, large bulk velocities at 1 AU are obtained by using 
small values of Kappa. High-speed solar wind streams (600-800 km s-1) are obtained if 
electrons VDF in the corona have values of K ~ 2-3. However, this model still needs electron 
temperatures at the exobase of the order of 1.5-2. 106 

K, larger than what is observed in the 
coronal holes (T ~ 106 K) [17]. 
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FIG 4. The bulk speed at 1 AU as a junction of the electron temperature at the 
exobase for three different values of Kappa for the electrons VDF. Those results 
have been obtained with the model developed by Maksimovic et al. [16}, i.e. with 
an exobase located at a radial distance of 6.6 Rs. The result of an 
hydrodynamical model (dashed line) is given for comparison. 

5. A non-monotonic proton potential energy

Until recently, exospheric models using suprathermal distributions for the electrons have 
considered a monotonic potential profile for the protons, i.e. the exobase is located above the 
maximum r0 > r max, so that the wind is already supersonic at the exobase level. Even though 
these models give supersonic solutions, they are incomplete because they do not consider the 
transition from subsonic to supersonic speeds. In the coronal holes, from where emanates the 
FSW, the relation ro > rmax is no longer valid. Indeed, in this case, the exobase is located 
deeper in the corona because of the lower density in coronal holes. At these low radial 
distances, some protons cannot escape from the gravitational well of the Sun and become 
ballistic or trapped. Since the flux of escaping protons is reduced, the electrostatic field 
increases to keep the electrons and protons fluxes equal resulting in a larger acceleration of 
the solar wind. 
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Jockers [8] was the first to consider a case with a non-monotonic potential for the protons but 
he assumed a Maxwellian VDF -for the electrons. Lamy et al. [18] extended the model to the 
case of a Lorentzian VDF for the electrons. In the following, since the exobase location 
depends on parameters that are not accurately known, the radial distance of the exobase is put 
at 1 Rs which is an approximation of the realistic value probably located slightly above. This 
arbitrary choice has no serious qualitative impact on the results and allows us to concentrate 
on the basic physics. At this exobase, we assume a temperature of 106 

K for the electrons 
and 2.106 K for the protons in good agreement with recent observations [17]. 
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FIG 5 : Interplanetary electrostatic potential for K = 2.5, 3.0, 4.0 and 6.0. 
The dashed vertical line indicates Earth's orbit (1 AU) [19]. 

The calculated electric potential and the total potential energy of the protons are plotted in 
Figures 5 and 6 respectively, for different values of K between 2.5 and 6. The value of the 
maximum of potential increases and the radial distance rmax decreases as K decreases. This is 
because with more suprathermal electrons, a stronger electric potential is needed to preserve 
quasi-neutrality. For a Maxwellian VDF (K ➔ co), the total proton potential energy increases 
monotonically and tends asymptotically to zero (remaining always negative). 

The bulk speed, given by the ratio between the flux and the density, is shown in Fig 7. A high 
terminal speed (v > 700 Ian s-1) is obtained when the suprathermal tail is conspicuous (K =
2.5). This is due to the large value of the maximum in the ion potential energy (see Fig. 6) 
which is transformed into kinetic energy of the escaping protons as they are accelerated above 
rmax• As can be seen from Fig 7., the major part of the high terminal bulk speed is obtained 
within a small heliocentric distance ( ~ 10 Rs). 
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In this exospheric model with a non-monotonic potential for the protons, the velocity profiles 
span the entire domain from the subsonic to the supersonic regime, which was not the case 
when the exobase was located above rmux• Also, the high terminal bulk speeds are obtained 
with more reasonable temperatures at the exobase. And finally, the fact that a faster wind is 
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obtained with low values of K agrees with observations showing that VDFs have large 
suprathermal tails in the FSW but are closer to a Maxwellian in the SSW [17]. 

The large suprathermal tails for low values of K have another important consequence. They 
make the electron temperature increase considerably with the radial distance (see Fig 8). For 

the case K = 2.5, it reachs a maximum~ 7.106 K within a few solar radii. This maximum of 
the electron temperature is smaller for larger values of K and disappears when K➔ oo. This 
temperature increase is a direct consequence of the filtration of the non-Maxwellian VDF by 
the attracting electrostatic potential [12]. This large increase of temperature has not been 
observed but it is also located in a region where in-situ measurements are not yet possible. 
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FIG 8. Electron temperature profiles for K ~ 2.5, 3.0, 4.0 and 6.0. The dashed
vertical line indicates Earth's orbit. [19} 

6. Conclusions

Over the last three decades, various exospheric models have been proposed to reproduce the 
properties of the slow and the fast solar wind. A summary /comparison of the different 
exospheric models is given in Figure 9. 

Current exospheric models are now able to explain the strong acceleration of the fast solar 
wind, even with the low values of temperatures observed in the coronal holes. Also a 
minimum number of assumptions is required. In particular, no assumption on how the energy 
is transported through the acceleration region needs to be included in the model. The wind is 
driven by the electrons through the electrostatic field set up by the slight charge separation. 
With a Maxwellian velocity distribution for the electrons at the base of the wind, only a 
moderate tenninal velocity can be obtained. However, a suprathermal tail in the electron 
distribution can drastically increase the electrostatic potential and thus the flow velocity. 

Obviously, the model is too simple in that it is one-dimensional, time-stationary, strictly 
collisionless and without any wave activity. However, the basic ingredients for powering the 
solar wind are present, suggesting that the acceleration by plasma waves are not necessary (as 
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they are in fluid models). Also, the kinetic collisionless approach is not fully satisfying 
because the particle mean free paths in the solar wind are of the same order of magnitude as 
the scale height of macroscopic quantities. A complete solution would require a kinetic 
model taking some collisions into account. However, the particles that contribute most to the 
solar wind acceleration are the suprathemial electrons, which are roughly collisionless even at 
low radial distances. This gives confidence that the collisionless calculation, which has the 
advantage of simplicity, may correctly describe a large part of the physics involved. 
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Fig 9. Comparison of the various exrnpheric kinetic models of the solar wind. 
Por each m.odel, the number density, the electrostatic potential, the bulk speed of 
the solar wind and the total (gravitational + electrostatic) potential of the protons 
are presented. The potential of the protons is normalized by their thermal energy 
at the exobase. Note that the altitude above the solar sw:face is used here instead 
of the radial distance. The dotted line corresponds to the exospheric model 
developed by Lemaire & Scherer [7}, with a potential for the protons which 
decreases monotonically above the exobase located at 6. 6 R., and a ]\lfaxwellian 
VDF for the electrons. The dashed line represents the model developed by 
Maksimovic et al. [16} with a monotonically decreasing potential for the protons 

(exobase located at 6.6 R,J and a Kappa distribution for the electrons (l(=-3). The 
solid line corresponds to the model deveioped by Lamy et al. [18} with the same 
Lorentzian model for the electrons (1c=3) but with an exobase located deeper in 
the corona (ro = 1.1 R.J. In this last model, the total potential of the protons is 
attractive below a radial distance rmax ~ 2 Rs and repulsive beyond. In the three
models, the temperatures of the electrons and protons at the exobase have been 
assumed identical (1,5 I 06 K) for simplicity. 
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