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Abstract Astrophysical and space plasmas are commonly found to be out of thermal equilibrium; i.e., the
velocity distribution functions of their particles are not well described by Maxwellian distributions. They
generally have more suprathermal particles in the tail of the distribution. The kappa distribution provides a
generalization to successfully describe such plasmas with tails decreasing as a power law of the velocity.
In the present work, we improve the solar wind model developed on the basis of such kappa distributions by
incorporating azimuthally varying 1AU boundary conditions to produce a spatially structured view of the
solar wind expansion. By starting from the top of the chromosphere to the heliosphere and by applying
relevant boundary conditions in the ecliptic plane, a global model of the corona and the solar wind is
developed for each particle species. The model includes the natural heating of the solar corona automatically
appearing when an enhanced population of suprathermal particles is present at low altitude in the solar
(or stellar) atmosphere. This applies not only for electrons and protons but also for the minor ions which then
have a temperature increase proportional to their mass. Moreover, the presence of suprathermal electrons
contributes to the acceleration of the solar wind to high bulk velocities when Coulomb collisions are
neglected. The results of the model are illustrated in the solar corona and in solar wind for the different
particle species and can now be directly compared in two dimensions with spacecraft observations in
the ecliptic plane.

1. Introduction

Nonthermal particle distributions are ubiquitous in space plasmas, their presence having frequently been
confirmed by interplanetary missions. The particle velocity distribution functions in space plasmas
generally show non-Maxwellian suprathermal tails decreasing as a power law of the velocity. Such
distributions are well fitted by the so-called kappa distribution. Scudder [1992a, 1992b] was the pioneer
to show the importance of these suprathermal particles in the heating of stellar atmospheres. In his two
papers, Scudder [1992a, 1992b] defined a very interesting but controversial idea: the heating necessary
to produce the steep temperature inversion in the solar transition region and corona can be achieved
without any wave or magnetic energy needing to be deposited. The model developed in the present
paper is based on the same concept.

Several works have been made to analyze the origin, the effects, and the consequences of the presence
of nonthermal distributions (see Pierrard and Lazar [2010] for a review). Scudder and Olbert [1979] already
demonstrated that Coulomb collisions determine the population and shape of both the thermal and
suprathermal electron regimes. Recent advances in space physics show that empirical kappa distributions
naturally emerge from statistical mechanics and thermodynamics [Livadiotis and McComas, 2010].
Generalizations of thermodynamics based on the Tsallis nonextensive entropy formalism have shown
that the kappa distributions result from a new generalized Lorentzian statistical mechanics formulated
for a collisionless plasma far from thermal (Maxwell–Boltzmann) equilibrium but containing turbulence in
quasi-stationary equilibrium [Livadiotis and McComas, 2011]. In any case, the presence of such distributions
in many different space plasmas suggests a universal mechanism for the creation of such suprathermal
tails. Turbulence can play a role in the generation of such suprathermal tails, as well as the long-range
correlations supplied by the field and plasma instabilities [Pierrard et al., 2011]. Due to the properties of
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the Coulomb collisions, the energetic particles are noncollisional even when thermal particles are
submitted to collisions [Pierrard, 2012a].

The enhanced population of energetic particles plays a crucial role in the heating and acceleration of plasma in
several important space and astrophysical contexts. They contribute to the heat flux and modify the classical
Spitzer–Harm expression [Pierrard, 2012b]. They have important consequences concerning the temperature
increase in the stellar, solar, and planetary atmospheres, as well as concerning the acceleration of the solar wind
particles [Scudder, 1992a, 1992b]. Such consequences are well evidenced by using kappa distributions in kinetic
models, where no closure requires the distributions to be nearly Maxwellians [Pierrard, 2012c]. Such models
have been developed and applied to the ion-exospheres [Pierrard and Lemaire, 1996], the solar wind
[Maksimovic et al., 1997a; Zouganelis et al., 2003], the solar corona [Pierrard and Lamy, 2003], the terrestrial
ionosphere and plasma sheet [Khazanov et al., 1998], the polar wind of the Earth [Pierrard and Lemaire, 2001;
Tam et al., 2007] and other planets like Jupiter and Saturn [Pierrard, 2009], some satellites like the Io torus
[Meyer-Vernet et al., 1995], the terrestrial auroral regions [Pierrard et al., 2007], the plasmasphere [Pierrard and
Borremans, 2012a], and the radiation belts [Pierrard and Borremans, 2012b] amongmany others. They have been
generalized to arbitrary potential energy distributions [Liemohn and Khazanov, 1998; Lamy et al., 2003].
Suprathermal electrons generate large ambipolar electric fields along open magnetic flux tubes in stellar
coronae and in planetary ionospheres and thus contribute significantly to solar and stellar wind accelerations,
outflow from planetary ionospheres, and possibly even exoplanetary atmospheric loss.

2. Principles of the Kinetic Model

The kappa model described in the present paper is an improvement of the first kinetic exospheric model
based on kappa velocity distribution functions (VDFs) developed by Pierrard and Lemaire [1996]. First
applied to ion-exospheres in general, the model was adapted to the solar wind byMaksimovic et al. [1997a]
and improved by Lamy et al. [2003] for nonmonotonic potentials. The model also includes minor ions
[Pierrard et al., 2004].

The exospheric model starts from an altitude called the exobase, located in the solar corona, from which
the solar wind begins to expand. In the present work, we start from the top of the chromosphere,
considering also the region where collisions need to be taken into account, and we go to large distances in
the heliosphere. We show how the characteristics of the plasma change with the distance and how the
solar rotation influences the profiles.

The kinetic models provide the velocity distribution functions f ( r→; v→; t) of the particles as a solution of the
evolution equation:

∂f
∂t

þ v
→
:
∂f
∂ r→

þ a
→
:
∂f
∂ v→

¼ df
dt

� �
c

(1)

where t is the time, r→ is the position,v
→

is the velocity vector, a→ is the acceleration, and m is the mass of
the particles. The first term of this equation represents the time dependence of the VDF and is neglected
in case of steady state models as we consider here. The second term corresponds to the spatial diffusion,
and the third term takes into account the effects of the external forces F

→
=m a

→
. The term in the right-hand

side of the equation represents the effects of collisions and other interactions.

The calculation of the moments of the velocity distribution functions of each particle species gives the
macroscopic quantities such as

1. the number density:
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2. the particle flux:
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(3)
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3. the bulk velocity:

u
→

r
→
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→� � (4)

4. the pressure:
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5. the temperature:

T r
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� �

¼ m
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6. the energy flux:
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The particles are submitted to the effects of the external forces, i.e., the gravitational force, the electric force,

and the Lorentz force due to the presence of the magnetic field B
→
:

a
→ ¼ g

→þ Ze E
→

m

 !
þ Ze

m
v
→� B

→� �
: (8)

Electron VDFs measured in situ in the solar wind and more generally in space plasmas are characterized by
a thermal core population and a halo of suprathermal electrons [Pierrard et al., 2001b]. Such distributions
with suprathermal tails are well fitted by the so-called kappa or Lorentzian distributions:

f ¼ n
π3=2

1

θ3
1

κ3=2
Γ κ þ 1ð Þ

Γ κ � 1=2ð Þ 1þ v2 rð Þ
κθ2

� ��κ�1

(9)

where

θ2 ¼ κ � 3=2
κ

2kT
m

(10)

n is the number density, T is the temperature, Γ is the gamma function, and k the Boltzmann constant
(see Pierrard and Lazar [2010] for a review). The value of the kappa index κ determines the slope of the energy
spectrum of the suprathermal electrons forming the tail of the VDF. In the limit κ→∞, the kappa function
degenerates into a Maxwellian, for which we will present some results as well to clearly show the influence
of suprathermal tails.

Using such VDF at a reference altitude and applying Liouville’s theorem, we can derive the VDF of each
particle species with the conservation of energy and magnetic moment [Pierrard and Lemaire, 1996].

3. From the Top of the Chromosphere to the Heliosphere

In the present work, we start from very low altitude, the top of the chromosphere. We consider that this level
corresponds to the nonthermal limit, i.e., the altitude where the Coulomb collisions are sufficient to
maintain isotropic distributions but cannot keep the plasma in thermal equilibrium. Several observations
have proved that space plasmas have non-Maxwellian distributions and that kappa distributions can
constitute a suitable generalization arising naturally from Tsallis statistical mechanics in case of plasmas
out of thermal equilibrium [Leubner, 2002; Livadiotis and McComas, 2009]. This behavior is related to the
turbulence and the long-range properties of Coulomb collisions in case of low-density plasmas [Pierrard and
Lazar, 2010]. Because the mean free path of the charged particles increases as the fourth power of the
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velocity, the energetic particles are already
collisionless at high altitudes, while the core of
the distribution corresponding to the thermal
particles continues to be submitted to collisions
and remains close to a Maxwellian [Pierrard et al.,
2011]. This nonthermal limit corresponds to the
regions where the density becomes sufficiently
low so that the Knudsen number Kn> 0.01 [Scudder
and Karimabadi, 2013]. The Knudsen number is the
ratio between themean free path of the particles and
the density-scale height.

The nonthermal level is well below the exobase,
i.e., the altitude where the number of collisions
becomes even lower so that a wind can escape
from the atmosphere of a planet or a star. This
level of the exobase is defined as the altitude where
the Knudsen number Kn= 1. For the Sun, it
corresponds to a radial distance around 1.5 and 2 RS
[Lemaire and Pierrard, 2001]. At this altitude, the
diffusion due to the Coulomb collisions cannot keep
the distributions isotropic anymore.

These two limits correspond to the regions
where significant modifications appear in the
plasma characteristics of the solar atmosphere
(and more generally of all stellar atmospheres).
The nonthermal limit can be identified to the top
of the chromosphere. The exobase corresponds to
the start of the solar wind expansion.

So in our model applied here to the solar corona
and solar wind, we divide the transition region into
two distinct levels as shown in Figure 1:

1. The nonthermal region, from the top of the chromosphere up to 2 RS. In this region, the VDFs of all the
particles are isotropic but non-Maxwellian. We assume that they are given by isotropic kappa
distributions. Due to the Coulomb collision cross section, suprathermal particles are collisionless at
very low altitudes. We consider that at the top of the chromosphere, all the particles have a kappa
distribution with moderated kappa index (κ =5) and the same temperature (Tc=10,000 K). Note that the
kappa index could be different for each particle species, but we use here the simplest assumptions.

2. The solar wind region above 2 RS where the VDFs of the particles become anisotropic due to the
decreasing Coulomb collisions. This is the beginning of the solar wind expansion (exobase at 2 RS)

4. Coronal Heating
4.1. Temperature Increase Associated to the Presence of Suprathermal Particles

Kappa values obtained by fitting the observed electron VDF from Ulysses in the solar wind range between
2 and 7 [Maksimovic et al., 1997b]. The kappa fit parameters obtained in the slow-speed solar wind are a
little bit larger than in the high-speed solar wind, suggesting a link between the velocity and the
suprathermal electrons.

The energy contained in suprathermal tails causes an increase of the temperature into the transition
region and low corona by velocity filtration, i.e., without any other addition of energy [Scudder, 1992b, 1992c].
Let us assume that at the top of the chromosphere, the plasma is in thermal equilibrium so that all the
particles (electron, proton, and all ion species) have the same temperature of 10,000 K and that the Coulomb
collisions are able to maintain isotropic distributions. Nevertheless, these collisions are not sufficient to

Figure 1. The different transition regions in a stellar ionized
atmosphere.
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maintain Maxwellian distributions at the
top of the chromosphere, so that the
distributions are given by kappa functions
characterized by enhanced suprathermal
tails. We take moderated tails simulated
by a kappa index of 5. Note that in the
solar wind, even lower values of kappa
(corresponding to higher tails) are
generally observed for the electrons
[Maksimovic et al., 1997b] and minor ions
[Collier et al., 1996], but at these low levels,
the tails should be quite moderate due to
Coulomb collisions being more abundant
than at higher altitudes. Starting from such
isotropic distributions at low altitude, we
can obtain the kappa distributions at
higher altitudes from the Liouville theorem
and calculate the density and temperature
profiles analytically. In contrast to a
Maxwellian distribution for which the

temperature remains constant, the temperature of the particles in an attractive potential with a kappa
distribution increases with the radial distance following the law [Scudder, 1992b]:

T rð Þ ¼ T rcð Þ 1þ q rð Þ
κ

� �
(11)

where

q rð Þ ¼ mϕg rð Þ þ ZeV rð Þ �mϕg rcð Þ � ZeV rcð Þ
kTc

(12)

ϕg(r) is the gravitational potential, V(r) is the electrostatic potential, rc corresponds to the top of the
chromosphere, where T(rc) = 10,000 K and κ =5 for all the particles.

When kappa tends to infinity, we recover the Maxwellian isothermal property: T= T(rc).

Figure 2 illustrates the temperature increase obtained in the case κ = 5 for the different particles. Because
the temperature and the kappa index are the same for electrons and protons, the electrostatic potential is
given by the Pannekoek–Rosseland [1924] expression. This electrostatic potential ensures that the total
potential (gravitational + electrostatic potential) is identical for the positive and negative charges so that
the total density of the protons and other minor ions is everywhere equal to the density of the electrons.

The temperature increase is similar for electrons and protons that are the major species and mainly
define the electrostatic potential. On the contrary, the minor ions have a higher temperature increase
because the total potential q depends on the mass and the charge of the particles. Their density is
negligible compared to that of the protons so that their influence on the electrostatic potential is very
weak. The temperature increases with increasing mass per charge. It is mainly the gravitational potential
that dominates at these low altitudes so that the temperature increase is proportional to the mass of
the particles.

Figure 2 illustrates the temperature increase obtained for Fe9+ (gray), Ne7+ (magenta), O5+ (green), O8+ (blue),
He2+ (red), and H+ (black) and shows comparisons with temperature measurements deduced from SOHO
(Solar Ultraviolet Measurements of Emitted Radiation and UltraViolet Coronagraph Spectrometer (UVCS))
[Esser and Edgar, 2000; Tu et al., 1998]. The same colors are used for the respective ion measurements.

Note that this temperature increase is not just a property of the kappa distributions. It is a general
property due to the presence of an enhanced population of suprathermal particles. The sum of two
Maxwellians with different temperatures (T1< T2) gives also an increase of the temperature, limited to
the highest temperature T2 [Pierrard, 2012c].

Figure 2. Temperature increase obtained in the solar corona when
kappa distributions with T0 = 10,000 K and kappa = 5 are assumed at
the top of the chromosphere. The temperature profiles are compared
to SOHO temperature observations.
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4.2. Density Decrease

The density of the particles decreases with the altitude in the region above the chromosphere, following the
analytical expression:

n rð Þ ¼ nc 1þ q rð Þ
κ

� ��κþ1=2

: (13)

The density also decreases with altitude when kappa tends to infinity, i.e., for a Maxwellian:

n rð Þ ¼ nc exp �q rð Þð Þ: (14)

Again, because q depends on the mass and charge of the particles, the density of the heavy ions decreases
faster than the density of the protons. At the top of the chromosphere, the ions are already ionized. Note that
the density of the ions cannot be measured in the chromosphere, but they can be measured in the
photosphere and in the solar wind [Peter, 2002].

5. The Solar Wind Expansion

Above a radial distance called the exobase corresponding to the regions where Kn> 1, the collisions
between the particles can be neglected [Lemaire and Scherer, 1970]. This assumption corresponds to the
exospheric approximation, where the right-hand side term in equation (1) is neglected; i.e., we assume that
(df/dt)c= 0. Note that the transition region between the collision-dominated region and the collisionless
region has been studied in detail by solving the Fokker–Planck equation [Pierrard et al., 2001c], but we
consider here a model based on the simplest exospheric approximation since it provides analytical
solutions of the Vlasov equation given by Pierrard and Lemaire [1996] for kappa distributions and by
Lamy et al. [2003] for low exobase.

We do not repeat here these equations but only show the results in continuity of the coronal conditions.
In this exospheric approximation, the VDFs of the particles become anisotropic, because particles with

Figure 3. Radial profiles obtained for solar wind protons (black line), helium ions (red), and oxygen ions (blue) for the
density, bulk velocity, temperatures, and total potential with the exospheric model for the electrons at the exobase
level 2 RS, where the temperature of the electrons and electrons is assumed to be Te = Tp = 106 K.
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enough energy will escape to the interplanetary space and not come back to the Sun. Due to this
anisotropy, there are more particles escaping than coming back to the Sun, and this effect generates the
solar wind flux. We assume here the level of the exobase at 2 RS and only electrons are assumed to
have suprathermal tails, since it was shown that the suprathermal protons have only a minor influence
[Maksimovic et al., 2001].

Figure 3 shows typical radial profiles of the solar wind obtained with the exospheric model for the electrons
at the exobase level 2 RS, where the temperature of the electrons is assumed to be Te= Tp= 106 K. It can
be seen that the density continues to decrease, while the temperature reaches a maximum and begins to
decrease. Note that the maximum of electron temperature is obtained around 2 RS even when the exobase is
located at lower altitudes, corresponding well to the temperature inversion profiles deduced from coronal
observations during solar eclipses [Pierrard et al., 2014].

The bulk velocity of the solar wind that was zero below the exobase increases very fast up to 10 RS and
then tends asymptotically to a constant value. The same bulk velocity is obtained for electrons and
protons, but the bulk velocity of each ion species will depend on their mass, charge, and mainly on their
temperature at the exobase.

Figure 3 (bottom right) represents q� qm,
the total potential normalized so that it is
equal to zero at its maximum. The
maximum corresponds to the region
where the electrostatic force becomes
larger than the attractive gravitational force.
The temperature at 2 RS is chosen to be
2.5 × 108 K for the oxygen ions, following
UVCS measurements. THe cannot be
measured at 2 RS, but we choose 5.7 × 107 K
in this example. This value can be reached
at 2 RS by using the isotropic model with
the assumption of a very low value of
κ = 2.1. This example illustrates that the
bulk velocity of the ions can be even
larger than that of the other solar wind
particles if their exobase temperature is
sufficiently high.

Figure 4. Bulk velocity at 1 AU (color scale in km/s) as a function of the exobase radial distance (vertical axis in solar radii)
and of the kappa index (horizontal axis in logarithmic scale).

Figure 5. Magnetic field obtained with equations (15) to (18) with
γ = 0.01.
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The temperature of the minor ions is
crucial for their acceleration in the
exospheric model. The heavy ions can
reach high bulk velocities at 1 AU only if
their temperature in the corona is
sufficiently high, because they have a large
mass on charge ratio that attracts them
more to the Sun than the protons. Very
high ion temperatures in the solar corona
are not unrealistic: their observations
deduced from spectroscopy show indeed
very high values [Tu et al., 1998].

Note that the temperature obtained for
the ions with the exospheric model is
anisotropic at the exobase with T⊥> T//
due to the absence of incoming particles.
The temperatures of the protons and of
the oxygen ions are indeed observed to be
anisotropic in the corona with even larger
anisotropies that can reach 10–100 for
T⊥/T// for O

5+ ions for instance
(see Cranmer [2002] for a review of the
high-speed solar wind characteristics).
Such high anisotropies could be taken into
account in the model by considering
anisotropic bi-kappa distributions with
different T// and T⊥ already at the top
of the chromosphere (see Appendix A).
At higher radial distances, the opposite
anisotropy is observed, i.e., T//> T⊥, as
also obtained with the solar wind model
due to the fast decrease of the
perpendicular temperature. Note that
while the global density, temperature,
and bulk velocity profiles of the model
reproducewell the solar wind observations,
the temperature anisotropies and the

heat flux are too large with the exospheric model at large radial distances, due to the assumption of a
complete absence of interactions between the particles. Models including effects of Coulomb collisions
and wave particle interactions like whistler [Pierrard et al., 2011] and Alfvén waves [Pierrard and Voitenko,
2013] have also been developed by numerically solving the evolution equation. Their solutions show
that these effects modify the pitch angle diffusion of the particles but not much the profiles of the average
even moments.

In Figure 3, we assumed a low value of kappa (κ =2.5) for the electrons to be able to reach high bulk velocities
for the electrons and protons in the solar wind. Indeed, the suprathermal electrons determine the flux of
escaping particles and accelerate the wind to high velocities when κ is small. The dependence of the final
bulk velocity as a function of the kappa index and of the exobase altitude is illustrated in Figure 4.

The asymptotic wind speed is controlled by the suprathermal tail strength parameter [Scudder, 1992c].
Indeed, it can be seen that the bulk velocity reached at large radial distances is the highest when the exobase
and the kappa index are the lowest. In Figure 4, Te= 106 K and Tp= 2 106 K. Higher bulk velocities can even
be reached by assuming a lower Tp. With Te= Tp= 106 K and r0 = 1.1 RS, the final bulk velocity can reach
v= 1470 km/s for κ = 2.

Figure 6. (top) Solar wind bulk velocity and (bottom) number density
obtained in the ecliptic plane for CR2137 using the exospheric kappa
model and ACE observations as boundary conditions.
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6. Global Solar Wind Model

The model can be used to determine
the characteristics of the plasma from
low altitudes in the corona to large
distances in the heliosphere. It is then
necessary to know the densities and
temperatures at a given reference
altitude to determine the profiles at other
distances. We could use conditions of
density and temperature deduced in the
corona from spectral observations at
specific dates when available. But we only
have access to magnetograms and
empirical models obtained in the solar
corona [Lionello et al., 2001].

When suitable boundary conditions
near the Sun are available, it is possible
to implement the interactions of
interplanetary streams. The theory
behind magnetic fields of interplanetary
streams have been studied in the past
by several others. Most notably Siscoe
[1970] and Barouch and Burlaga [1976]
derived equations for the interplanetary
magnetic field when the solar wind
speed at the solar surface varies. In
principle, these expressions make it
possible to determine the magnetic
field lines. Sadly, however, these
mathematical expressions cannot be
used because the derived fields are not
divergence free.

So instead, an ad hoc magnetic
field is constructed that hopefully will

display the physical characteristics correctly and visualize the areas of compression and rarefaction
(when the frozen-in condition is assumed).

r2Br r;ϕð Þ ¼ u ϕ �Ω r � r0ð Þ
vp

� �
� vp

� 	
e�γ r�r0ð Þ þ vp (15)

r2Bϕ r;ϕð Þ ¼ �Ω r � r0ð Þ 1� e�γ r�r0ð Þ γ
Ω
∫u ϕ �Ω r � r0ð Þ

vp

� �
� vpdϕ

� 	
þ 1
vp

u ϕ �Ω r � r0ð Þ
vp

� �
� vp

� 	� 	� 	

vp ¼ 1
2π
∫
2π

0 u ϕ0ð Þdϕ0;

(16)

where Ω=2.865 × 10�6 rad/s is the angular velocity of the solar rotation, u is the velocity of the solar wind,
and vp is the velocity averaged on the azimuth ϕ in spherical coordinates.

These equations contain an analytical velocity function with a feedback loop. Also, an “air drag” coefficient γ is
introduced to ensure that the initially varying solar wind speed u(ϕ0) at the solar surface goes to a
constant averaged value at farther distances. If the boundary conditions near the Sun are discrete, the
analytical velocity function u(ϕ0) can be determined by constructing a cubic spline through them.

Figure 7. (top) Solar wind bulk velocity and (bottom) number density
observed at 1 AU in the ecliptic plane for CR2137 from 15 May 2013 to
14 June 2013 by ACE.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020678

PIERRARD AND PIETERS ©2014. American Geophysical Union. All Rights Reserved. 9449



Themagnetic field lines can then be reconstructed by integrating the following equations with a fourth-order
Runge–Kutta method:

rdϕ
dr

¼ Bϕ
Br

¼ uϕ
ur

; (17)

where ur and uϕ are, respectively, the radial and azimuthal velocity of the solar wind. As an example, we
provide an analytical velocity profile capturing two high-speed streams in Figure 5:

u ϕ0ð Þ ¼ 450þ 250cos 2ϕ0ð Þ: (18)

Since boundary conditions at 2.5 RS are not available at the moment, we use in Figure 6 observations at 1 AU
obtained from ACE spacecraft to model the characteristics of the plasma in the ecliptic plane assuming
stationarity. Quasi-steady state is indeed often found during solar minimum activity when corotating
interaction regions are observed during several Carrington rotations (CRs). Figures 6a and 6b show the bulk
velocities and density obtained in the ecliptic plane for CR2137 when a coronal hole was observed in the
direction of the Earth. Due to the solar rotation, the fluxes take the shape of a Parker spiral (with constant
speed) to be taken into account in the kinetic model [Pierrard et al., 2001a]:

r2Br ¼ r20B0; (19)

r2Bϕ ¼ r20B0
Ω
ur

r � r0ð Þcosλ (20)

where B0 is the radial component of the magnetic field at the radial distance r0 and λ is the heliographic
latitude. The average speed of the Parker spiral is deduced by taking the average of the ACE solar wind speed
data for CR2137.

Figure 8. (top) Coronal holes observed on 30 May 2013 by SDO. (bottom) Brightness measured by the instrument
Atmospheric Imaging Assembly at 193 Å. Unfortunately, some observations were not recorded during that particular
Carrington rotation 2137.
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These figures were obtained by using ACE observations of number density and bulk velocity as boundary
conditions at 1 AU from 15 May 2013 to 14 June 2013. By this way, we can obtain a representation of the
heliosphere and determine the solar wind characteristics in the acceleration region and more generally in
regions lower than 0.3 AU, where no in situ observations are available [Schwenn and Marsch, 1991]. Future
missions like Solar Orbiter and Solar Probe will give the opportunity to obtain observations closer to the Sun.

The bulk velocities and number densities observed by ACE at 1 AU and used as boundary conditions are
represented in Figure 7. The kappa value for each flux tube is determined from the kappamodel assuming an
exobase at 2 RS.

Two high-speed streams can be observed at that time that can be associated to the coronal holes
observed in direction of the Earth by SDO (Solar Dynamics Observatory), as illustrated in Figure 8 by the
darker regions in the equatorial plane of the Sun. These high-speed streams are associated to lower densities
and temperatures in the corona. The same event has recently been studied by Nikolic et al. [2014].

The model can be used to make the link between the coronal and the solar wind observations, especially
during CIR and/or when coronal holes are in the direction of the Earth.

For CR2137, we reconstructed the coronal magnetic field under the assumption that there are no currents
running in the corona, obtaining the potential field source surface (PFSS) [Altschuler and Newkirk, 1969;
Hoeksema et al., 1983; Wang and Sheeley, 1990]. The source surface is taken at 2.5 RS (as generally done)
and the magnetic field is expanded up to 10 spherical harmonics. The spherical harmonic coefficients are
taken from the GONG (Global Oscillation Network Group) observatory (gong.nso.edu).

Figure 9. (top) Radial component of the photospheric magnetic field at 1 RS. (bottom) Magnetic field at 2.5 RS, where the
field is considered fully radial and where it is dragged out by the solar wind.
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Figure 9 (top) conveys the radial component of the photospheric magnetic field (at 1 RS). During solar
maximum, the number of sunspots is generally higher, leading to many strong localized magnetic field
structures near the solar equator. Figure 9 (bottom) shows the magnetic field at 2.5 RS, where the field is
considered fully radial and where it is dragged out by the solar wind. The current sheet, the boundary layer
between the two opposite polarities, takes on a very complex structure, very different from the dipole
structure that one would expect during solar minimum.

The two major coronal holes during CR2137 seem to be connected to those areas (at 2.5 RS) where there are
strong radial magnetic fields.

Figure 10 shows the bulk velocity found at 2.5 RS by using the kappa kinetic model and using the ACE
observations at 1 AU as boundary conditions. One can clearly see that the two high-speed streams are
associated to the two magnetic structures (red and blue) obtained from the PFSS in Figure 9. Note that
the first high-speed stream arriving at the Earth (see Figure 7) originates from the coronal region located
around 220° of heliographic longitude, and the second high-speed stream originates from the region around
150° of heliographic longitude.

7. Discussion

In fluid models, the spatial distributions of the macroscopic quantities (particle number density, velocity,
and temperatures) are obtained by solving moment equations directly. As space plasmas deal with charged
constituents, the required electromagnetic field information is determined by the Maxwell equations,
which augment the moment equations. The moment equations themselves are in fact obtained by
multiplying the kinetic Boltzmann equation governing the velocity distribution functions by various velocity
moments and integrating over velocity space. The result is a hierarchy of coupled differential equations—the
transport or fluid equations—which describe the spatiotemporal variation of the moments of the velocity
distribution functions of the electron and ion species. In doing so, the detailed features of the microscopic
velocity distribution function are lost. Indeed, there is an infinite variety of VDFs, which share the same values
for their lowest-order moments but show important deviations in higher-order moments. Note that it was
recently proved that the analytical solutions obtained with the exospheric solar wind model based on kappa
distributions indeed fulfill the MHD equations.

More advanced moment descriptions may distinguish between the partial density of the electrons and
different ion species, individual species bulk speeds, parallel and perpendicular temperatures, up to parallel
and perpendicular heat flow tensor components, or even higher moments of the underlying velocity
distribution function. These are only fully available from a kinetic approach. This concerns for instance the
existence of non-Maxwellian features in the energy spectrum of particles or asymmetries in their pitch angle
distributions. The inclusion of suprathermal particles in the tail of the distributions can then easily be
investigated by using kappa distributions, so that the velocity filtration effect, the temperature inversion

Figure 10. Bulk velocity obtained at 2.5 RS with the exospheric model as a function of the heliographic longitudes.
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ofthe solar atmosphere, the anticorrelation between the temperatures and the density, and the implications
for the solar wind acceleration suggested by Scudder [1992a, 1992b] can be clearly obtained analytically.
Just the presence of suprathermal particles can heat the corona and accelerate the solar wind to high
bulk velocities without the need of any additional energy or wave. At the same time, those more
realistic kinetic approaches have typically compromised on the significant work involved with handling
the six-dimensional coordinate velocity phase space and have, e.g., reduced the modeling by assuming
a 1-D analytically prescribed backbone magnetic field topology, such as a simple Parker spiral field
[Pierrard and Pieters, 2014].

Global single-fluid MHD models for the solar corona and interplanetary space behavior for propagating
coronal mass ejections are successfully used for modern space weather simulations, despite a
sometimes complete lack on such higher moment information. We can attribute this to the fact that global
MHD models in essence concentrate on incorporating the complexity of the magnetic topology in full
three-dimensional (3-D) settings. There, in their most advanced variant, one solves the full system of MHD
equations, using magnetic fields as well as the plasma moments (density, velocity, and temperature) to
obtain a global steady state solar wind solution.

An example of recent sophisticated MHD solar wind modeling is provided by Feng et al. [2012]. These authors
realized a full adaptive mesh refinement implementation for generating a quasi-steady global MHD solar wind
model, covering regions up to 328 RS, and demonstrated convincing comparisons with interplanetary
observations. The main aspect of this model is the fact that the match between observations and models is
largely achieved by a fine-tuned volumetric heating term in the energy equation. Similar global solar wind
models have also used this approach, and it is important to note that they all remain in a single-fluid, even ideal
MHD setting, leaving the “closure” to the underlying discretization errors and the parameterized heating and/or
momentum deposition terms. More realistic treatments must therefore first incorporate well-founded
prescriptions, coming from kinetic model inputs. Our guiding principle here is to improve our understanding of
space plasma phenomena, especially for the solar wind realms, by relating MHD and kinetic models, ultimately
leading up to more realistic multiscale treatments.

The kinetic exospheric model has the advantage to be fully analytic. Its strong assumptions make it a first
approximation model, but the averaged moments can be used for space weather predictions because they do
not require long CPU time. The inclusion of the different interaction processes leads to the development of
successive generations of more sophisticated kinetic models based on the solution of the Fokker–Planck
equation including the effects of Coulomb collisions, turbulence, and kinetic Alfvén waves [Pierrard, 2012a].
These effects modify the VDF but not the averaged lowest moments of the particles, so that the simple
analytical exospheric model can be used for space weather predictions.

8. Conclusions

In the present work, we show how the kappa distribution functions, as initially proposed by Scudder
[1992a, 1992b], can be used to simulate the particles in the solar corona and the solar wind. The particles
are characterized by an enhanced population of energetic particles in the tail of the distributions that
has important consequences concerning the heating of the corona and the acceleration of the solar
wind particles, for electrons, protons, and minor ions.

The model is based on the assumption that an enhanced population of suprathermal particles is present
at the top of the chromosphere or at least at the exobase. Such suprathermal particles are in any case
observed in many space plasmas and specifically at 1 AU in situ in the solar wind. Stationary states out of
thermal equilibrium are frequently observed in space plasmas and can be simulated by using the kappa VDF.
The coronal heating and solar wind acceleration are obtained to be natural consequences of the presence
of these suprathermal particles, as it can be successfully described by using kappa VDF in an analytic model.
In the present work, we extended the solar wind model developed on the basis of such kappa distributions
by incorporating azimuthally varying 1AU boundary conditions to produce a spatially structured view of
the solar wind expansion. We illustrate the results of the model in two dimensions for a typical case when
a clear connection can be obtained between the high-speed streams observed at 1 AU and the coronal holes
which are sources of strong radial magnetic fields. A possible form of modified Parker spiral is suggested
to take into account the dynamics of high-speed and slow-speed streams in azimuth.
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Appendix A: Anisotropic Bi-Kappa Ion Distributions
VDF of ions with high thermal anisotropy can be simulated with bi-kappa (by analogy to bi-Maxwellian)
distributions [Summers and Thorne, 1992]:

f ¼ n
π3=2

1

θ2⊥θ==

1
κ3=2

Γ κ þ 1ð Þ
Γ κ � 1=2ð Þ 1þ

v2== rð Þ
κθ2==

þ v2⊥ rð Þ
κθ2⊥

 !�κ�1

with θ2⊥ ¼ κ�3=2
κ

2kT⊥
m and θ2== ¼ κ�3=2

κ
2kT==
m .

In this case, applying Liouville’s theorem with the conservation of energy and magnetic moment, the
temperature increase is analytically obtained by

T== rð Þ ¼ T== r0ð Þ 1þ 2ϕ rð Þ
κmθ2==

 !

T⊥ rð Þ ¼ T⊥ r0ð Þ 1þ 2ϕ rð Þ
κmθ2==

 !
1

T0⊥
T0==

þ 1� T0⊥
T0==

� �
B0
B

where ϕ is the potential. Note that the parallel temperature is not affected by the anisotropy, while the
perpendicular one is with a variation depending on the magnetic field strength.

The density decrease is given by

n rð Þ ¼ n r0ð Þ 1þ 2ϕ rð Þ
κmθ2==

 !�κþ1=2
1

T0⊥
T0==

þ 1� T0⊥
T0==

� �
B0
B

Assuming such anisotropic temperatures for the heavy ions in the solar corona, as the spectral observations
seem to indicate, leads to more realistic temperature anisotropies at large distances as well.
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