Chapter 2 )
Suprathermal Populations and Their Shethie
Effects in Space Plasmas: Kappa vs.
Maxwellian

Viviane Pierrard, Marian Lazar, and Milan Maksimovic

Abstract Understanding the origin and implications of the suprathermal particle
populations present in space plasmas is facilitated by the observations and theo-
retical interpretations using Kappa distribution models. Characteristic to collision-
poor plasmas, such as the solar wind and planetary environments, suprathermal
populations may significantly contribute to the energy budget of electrons and
ions, with consequences on their temperature, bulk velocities, and the heat flux.
Moreover, if present at low altitudes in the solar atmosphere, suprathermal particles
can trigger the process of velocity filtration to explain coronal overheating, while
the exospheric solar wind models of Kappa distributed populations are also able
to predict the acceleration of fast streams (even originating in coronal holes). The
present chapter reviews these concepts and physical properties on the basis of recent
interpretations using comparisons between models based on Maxwellian and on
Kappa distributions which bring improved and realistic perceptions of suprathermal
plasma particles.
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2.1 Introduction: Empirical Kappa Models

The Kappa distribution function has been introduced as an empirical model to
describe accurately the velocity distributions and energy fluxes of plasma particles
observed in terrestrial magnetosphere and solar wind (Olbert 1968; Vasyliunas
1968; Christon et al. 1989; Collier et al. 1996; Maksimovic et al. 1997b; Nicolaou
et al. 2020). Reviews of earlier applications of Kappa distributions in observations
and theoretical modeling can be found in Pierrard and Lazar (2010) and Lazar et al.
(2012b).

A Kappa distribution has a nearly Maxwellian core at low energies, and high-
energy tails decreasing as suprathermal power laws that can be significantly broader
than exponential tails; Fig. 2.1 below shows that a Kappa distribution function can
reproduce the electron distributions up to 1keV much better than a combination
of two Maxwellians (Maksimovic et al. 1997b). This contrast is also highlighted
by the break-point energy (or velocity) between the core and suprathermal tails
(Maksimovic et al. 2005; Bakrania et al. 2020), strongly suggesting the existence
of at least two distinct populations, i.e., a quasi-thermal core and a suprathermal
component that enhances the high-energy tails and incorporates the so-called
halo (Maksimovic et al. 2005) but also the more asymmetric beaming or strahl
populations (Ber¢ic et al. 2019). Statistics of solar wind electrons have shown that
both halo and strahl break-point energies display a significant increase with core
temperature, and both decrease with increasing solar wind speed (the halo break-
point energy shows distinct profiles above and below 500 kms~!, apparently related
to different fast and slow wind origins) (Bakrania et al. 2020).

Such observational evidence suggests that Kappa distribution functions can also
be employed for partial fits, to describe only the suprathermal tails in the observed
distributions (Maksimovic et al. 2005; Stverdk et al. 2008; Wilson-III et al. 2019).
In such a case, the overall fitting models combine a Maxwellian core with a
Kappa halo, and, eventually, a drifting-Kappa to reproduce the beaming or strahl
populations, see also Figs.2.1 and 2.2 below. By contrast to a single (or global)
Kappa distribution, multi-component models provide more accurate fits to the
observations, especially for the highly asymmetric distributions in the presence of
strahls, which are aligned to the magnetic field in the anti-sunward direction. Due to
its asymmetry, the strahl can be separated from the core and halo populations, which
remain to be described by dual models summing up a bi-Maxwellian core and bi-
Kappa halo, and quantifying the main properties of these populations, like number
densities and anisotropic temperature components, parallel and perpendicular to the
local magnetic field (Maksimovic et al. 2005; Stverdk et al. 2008; Lazar et al. 2017).
In Sect.2.2.2 we refer to recent observational interpretations which invoke these
properties of solar wind electrons in the ecliptic (Pierrard et al. 2016; Lazar et al.
2020b; Pierrard et al. 2020).

Kappa models have also been invoked in studies of ion velocity distributions or
their energy fluxes in space plasmas, in general, for partial descriptions of energetic
populations (including pickup ions and v™> suprathermals), with energies much
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Fig. 2.1 Ulysses observations of electron velocity distributions (averaged over all pitch-angles)
shown with diamonds are better fitted by a Kappa distribution function (dotted line) than a sum
of two Maxwellians (solid lines). The core is well fitted by a cooler Maxwellian (subscript ‘c’),
but suprathermal tails are not reproduced by the second, hotter Maxwellian (subscript ‘h’). The
corresponding parameters from fitting, i.e., number densities z in cm—, temperatures in units of
10° K, power exponent &, as well as their (maximum) deviations o, are given in the legends.
Reproduced with permission from Maksimovic et al. (1997b). © John Wiley and Sons
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Fig. 2.2 Left panel: electron velocity distribution shown with dots (symmetric perpendicular cut)
is fitted by a Maxwellian core (solid red) and a Kappa halo (dashed blue). The resulting dual fit
(green) in the middle panel is more accurate than a global Kappa fit (solid blue) in the right panel.
Credit: Lazar et al. (2017), reproduced with permission ©ESO

higher than 1keV (Christon et al. 1989; Chotoo et al. 2000; Eyelade et al. 2021;
Fisk and Gloeckler 2014). These are spectra of protons and heavier ions in the solar
wind (Chotoo et al. 2000), and planetary environments (Eyelade et al. 2021). From
earlier studies, only a few have described the halo population of ions with energies
below 1 keV (Collier et al. 1996). There are, however, recent works attempting to
provide statistics of proton and ion properties on the basis of an extended Kappa
representation of their energy spectra measured in planetary magnetospheres (Sun
et al. 2018). Preliminary results show that 3/4 of the proton spectra measured on
Mercury’s orbit are well described by Kappa distributions, promising capabilities to
estimate their density, temperature and « parameter (James et al. 2020).
Multi-component fitting models have also been refined in recent years, by
exploiting various anisotropic Kappa functions able to accurately characterize the
suprathermal halo and beaming populations (Ber¢i¢ et al. 2019). It became thus
possible to estimate the low relative drifts that electron core and halo populations
may exhibit in the solar wind frame (Wilson-III et al. 2019). Moreover, previous
indirect methods used to quantify the electron strahl can now be tested and
complemented by direct fitting with complex bi-Kappa distributions with a drift
parallel to the magnetic field (drifting bi-Kappa) to certify their main properties,
like density, relative drift (velocity) and temperature, but reveal also intrinsic details
of their temperature anisotropy (Wilson-III et al. 2019; Wilson et al. 2019). Such a
detailed parametrization is vital for modeling and understanding plasma processes
like, for instance, the energy and heat transport, or the wave instabilities self-
generated by the kinetic anisotropies of plasma particles. Suprathermal populations
drifting or beaming ahead the bulk solar wind are responsible for the main heat flux
transported in the heliosphere. Recent estimates of the electron pressure and heat
flux have shown that only a simplified Maxwellian modeling of Kappa distributed
populations may lead to significant underestimations (Lazar et al. 2020a). Moreover,
by introducing the new regularized Kappa distribution (see also the discussions in
the chapter by Scherer et al.), such macroscopic properties can now be evaluated
for a stronger presence of suprathermals associated to low values of k¥ < 3/2,
that would not have been possible with a standard Kappa representation (Lazar
et al. 2020a; Scherer et al. 2017). On the other hand, kinetic instabilities and the
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enhanced wave fluctuations are expected to play multiple key roles in collision-poor
plasmas (Shaaban et al. 2018; Lépez et al. 2020); details about their properties in
the presence of Kappa-distributed populations can be found in chapters by Shaaban
et al., and Lopez et al. in Part IV of this book.

2.2 Kappa-Distributed Electrons in the Solar Wind

In this section we discuss the electron suprathermal populations observed in the
solar wind and planetary plasmas, whose level of knowledge and understanding
from Kappa modeling is at the most advanced stage.

2.2.1 Insights from Kappa Modeling

Motivated by the high contrast between the low-energy core and suprathermal
tails of the observed distributions, dual or multi-component models involve Kappa
distribution functions to reproduce only the suprathermal populations, like halo and
strahl electrons (Maksimovic et al. 2005; Stverdk et al. 2008; Berc¢ic et al. 2019;
Wilson-III et al. 2019). Some of these studies of solar wind electrons have fitted
the halo component with a bi-Kappa distribution function (Maksimovic et al. 2005;
Stverék et al. 2008; Ber¢&i¢ et al. 2019)
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which is expressed, in contrast to the Olbertian (bi-)Kappa version, see the
introduction chapter, in terms of the x parameter and the components of (kinetic)
temperature 7} |, directly defined by the second order moments of this distribution
function

S, vy) = [
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m
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This version of a Kappa distribution suggests that « and 7} 1 can be independent,

as speculated in some studies attempting to justify this notion of non-equilibrium
temperature also thermodynamically, by associating it with Maxwellian limit
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Kappa-distributed plasmas are, however, out of thermal equilibrium and a macro-
scopic modeling needs a rigorous elaboration on the basis of the principal velocity
moments (for related discussions, see also other chapters of this book). Instead, to fit
the observations, the same Kappa version from Eq. (2.1) does not necessarily need
to assume « and 7}, | independent, but it takes the advantage of providing directly
the fitting values for the (anisotropic) components of temperature.

Later studies of these kinetic temperatures have proved their direct dependency

of the power exponent « (Lazar et al. 2017), as the one indicated by the Olbertian
version of Kappa (Olbert 1968; Vasyliunas 1968)

K m92
TjL = I 2.4)
K —3/2 kg

where k > 3/2 and 6 =~ /2kpTy/m is the most probable speed or thermal
speed characteristic to the Maxwellian limit of the Olbertian version. Scatter plots
from Fig.2.3 represent the components of halo temperature (subscript ‘h’) as a
function of «, from electron measurements in Stverak et al. (2008). Overplotted
with dashed lines are temperature components depending on « via the Egs. (2.4), and

decreasing asymptotically to an average value TA(,IH )” L =5x 103 K, where kg T’ A(,;' )” i

corresponds identically to m0”2’ 1 /2. The variations of temperature components
are given by the limits between which these data fall. Lowest variations, i.e.,
more concentrated data points, are specific to high values of « signifying a more
thermalized halo, encountered at low heliospheric distances (Maksimovic et al.
2005; Pierrard et al. 2016). The halo temperature increases and the spread of its
values becomes wider for lower values of « (Lazar et al. 2017), which are obtained
with increasing distance from the Sun, especially beyond 1 AU (Maksimovic et al.
2005; Pierrard et al. 2016). Total temperatures 7, = T /3 + 2T, 1 /3 and Ty =
Ty, /3 + 2Tpy,1 /3 are conditioned by the same relationship (2.4).
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Fig. 2.3 Scatter plots (blue dots) of the components of halo temperature T}, (top) and Ty, |
(bottom) as a function of «, from the observations of electron solar wind distributions. Overplotted

with dashed lines are temperature components given by Eq. (2.4). Credit: Lazar et al. (2017),
reproduced with permission ©ESO
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These results outline the importance of the Kappa distribution function in the
form originally introduced by Olbert (1968). This form ensures a correct physical
representation of the Kappa distributed populations, enabling a consistent definition
of temperature (by the second order moment), as a physical quantity dependent
on the power exponent « via a relationship 7 = T (x) given by (2.4). This mean
kinetic energy, or kinetic temperature, is naturally enhanced by the presence of
suprathermals in the high energy tails of Kappa distribution (quantified by a finite
k). The Maxwellian limit (subscript M) of lower temperature used for comparison,
ie., T (k) > T(k — oo0) = Ty, should correspond to the plasma state reached after
relaxation, i.e., in the absence of source of energy entertaining the suprathermals
(see also the discussions in the chapter by Effenberer and Jeffreys).

For a global Kappa representation, which incorporates not only suprathermal
tails but also the low-energy core (Vasyliunas 1968), these contrasting features
become even more evident, but also practical. In such a case, the Maxwellian
limit of lower temperature approaches the quasi-thermal core of Kappa distributed
population (Lazar et al. 2015, 2016), and facilitates the contrast with suprathermal
tails. Comparison between Kappa and its Maxwellian core becomes straightforward,
and can be invoked to outline the presence of suprathermals and understand how
these population influences various properties and physical processes of space
plasmas (see the effects of suprathermals on the kinetic instabilities, described in
the chapter by Shaaban et al.).

2.2.2 Properties of Halo Electrons

Adequate representation using Kappa models allows a detailed characterization of
the halo component of solar wind electrons, as well as the implications of this
population in the solar corona and the heliosphere (Maksimovic et al. 2005; Stverdk
et al. 2008; Pierrard et al. 2016; Lazar et al. 2020b; Pierrard et al. 2020). Figure 2.4
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Fig. 2.4 Electron halo properties measured in the ecliptic with average values and their standard
deviations estimated for the slow (black) and fast (red) winds. Credit: Lazar et al. (2020b),
reproduced with permission ©ESO
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displays the variations with heliospheric distance (from 0.3 to 4 AU) for the main
properties of electron halo population, i.e., number density, temperature, plasma
beta, and temperature anisotropy. The average data and their standard deviations are
overplotted with black for the slow winds with V < 400km/s, and with red for the
fast winds with V > 600 km/s.

Thus, at relatively low radial distances, i.e., <1 AU, all the parameters charac-
terizing the halo electrons show a clear anticorrelation with the solar wind speed,
in agreement with the hypothesis that low- and high-speed streams have different
sources. It is indeed measured that plasmas from coronal holes, where high-speed
streams are believed to originate, have densities and temperatures below those
estimated in a more homogeneous corona (Maksimovic et al. 2020). Near the Sun, at
distances 0.3 AU, the halo electrons show a higher suprathermalization, i.e., lower
values of « in the fast winds (Lazar et al. 2020b). Corroborated with the origin of
fast winds, these observations support the hypothesis that suprathermal electrons,
and eventually ions, are present in the lower corona, and can, thus, contribute to
a coronal overheating by velocity filtration (Scudder 1992a; Meyer-Vernet 2007),
and, implicitly, to the solar wind acceleration (Zouganelis et al. 2005). Detailed
discussions of the processes involved can be found below in the present chapter.

With increasing distance from the Sun, this contrast triggered by a bi-modal solar
wind decreases, and may even switch to a positive correlation beyond 1 AU (Lazar
et al. 2020b). In general, the parameter x decreases with heliocentric distance,
suggesting the existence of a suprathermalization or energization of electrons by
interaction with kinetic plasma waves and turbulent fluctuations, counteracting
collisions which become less efficient with increasing distance from the Sun
(Pierrard et al. 2011). Somewhat stronger in the fast winds, this suprathermalization
can be stimulated by the wave fluctuations self-generated by the strahl (or heat-flux)
instabilities associated with energetic streams. Sufficiently hot and tenuous, these
suprathermal populations should be collisionless (Wilson-III et al. 2019; Wilson III
et al. 2018). Scenarios invoking collisions or collisional age of plasma particles may
nicely apply to core electrons to explain their accumulation near quasi-equilibrium
states of isotropic temperature (Stverdk et al. 2008). A similar accumulation of
suprathermal halo electrons near isotropy (Stverdk et al. 2008) should result not
only from reminiscences of a more thermalized halo (high values of ¥ > 5) in
the outer corona (Maksimovic et al. 2005; Pierrard et al. 2016), but mainly from
constraining the effects of the anisotropy driven instabilities (Stverak et al. 2008).

A steeper decrease of k in the slow winds beyond 0.7 AU has been explained by
the decline of collisions and their thermalization effect with increasing distance from
the Sun (Lazar et al. 2020b). This is apparently correlated with a similar decrease
of density, black line in Fig. 2.4, top panel, especially beyond 1 AU, suggesting that
solar wind expansion may also induce an effective suprathermalization of the halo
electrons. In the slow winds, the halo temperature (black line in Fig. 2.4, top-second
panel) exhibits a modest increase consistent with the variation of k (see also Lazar
et al. 2017).

On the other hand, the main properties of electron halo show highly non-
monotonic variations in the fast winds (see Fig.2.4). This population appears to
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be more affected by transient events, under the influence of more pronounced
strahls, e.g., self-generated instabilities, or even more energetic events, such as
coronal mass ejections (CMEs). At low distances, the halo does not gain much
from a redistribution of strahl electrons, and the number density (n;) decreases
steeply with the solar wind expansion. This trend is tempered with increasing radial
distance, for instance beyond 0.5 AU, when the adiabatic focusing weakens and
cannot counteract the pitch-angle scattering of strahl electrons by the self-induced
wave fluctuations.

In fast winds, the halo temperature (7}, Fig.2.4, top-second panel) and the
plasma beta (B, Fig. 2.4, third panel) show similar radial profiles. These two param-
eters increase with heliocentric distance, especially beyond 0.5 AU, which suggests
a subsequent energization induced by the interaction with the self-enhanced wave
fluctuations. This tendency is drastically accentuated after 1.3 AU, apparently, by
a transient energetic event, like a CME, peaking the values of these parameters
at 2.7 AU for T, and 3.0 AU for B, (Lazar et al. 2020b). The increase of these
parameters saturates at and beyond 3.0 AU. The presence of a CME is supported
by a series of specific signatures in observational data, as shown by a relative
increase of number density and temperature, or the presence of counterbeaming
strahls in the closed magnetic field loops of a CME, in our case mimicking an
effective temperature anisotropy 7j,,| > T, . These scenarios are also supported
by complementary studies of solar wind electrons. For instance, similar fast wind
data collected by Ulysses but from high latitudes show a substantial scattering of
the electron strahl in the same radial interval 1.3-3.0 AU (Hammond et al. 1996).
Another study combining fast wind data from ecliptic and high-latitudes has shown
that the relative density of halo electrons already starts to increase at 0.5 AU, and on
the expense of the strahl relative density (Maksimovic et al. 2005). All together these
results show a progressive enhancement of halo electrons and their properties in the
fast winds, especially between 0.5 AU and 3.0 AU, supporting the idea that already
at that distance significant fractions of strahl electrons and their energy begin to be
redistributed to the halo population.

2.2.3 Properties of Strahl Electrons

Earlier studies have shown an electron strahl or beaming population (subscript ‘b’)
more prominent in the high-speed winds, with narrower angular widths and higher
densities (Maksimovic et al. 2005; Anderson et al. 2012). The asymmetric strahl
can be isolated by subtracting the dual core-halo fit from the measured distribution,
and many of its properties are found to be energy dependent. Thus, the pitch-angle
width (PAW) of low-beta strahls (8 < 0.2, e.g., in the outer corona) conforms
to a collisionless focusing model, while in the high-beta (8 > 0.4) winds the
strahl broadens with increasing the distance from the Sun, as if scattered by the
self-generated wave instabilities (Ber¢ic et al. 2019), since suprathermal electrons
are collision-poor (Wilson et al. 2019); see also the discussions in chapter by
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Fig. 2.5 Electron distributions from two events captured by Wind with halo and strahl components
described by anisotropic Kappa models. Top panels show a regular strahl weaker than halo, and
Bottom panels display an event with a stronger strahl. Reproduced with permission from Wilson-III
etal. (2019). © AAS

Vocks. More valuable details have been obtained from fitting the electron beams
with drifting bi-Kappa distribution functions (Wilson-III et al. 2019; Wilson et al.
2019), see also Fig. 2.5, strengthening and improving the existing knowledge of their
properties, e.g., densities, relative drifts, temperature and temperature anisotropy.
Fitting models used in these extended observational analyses have included drifts in
both parallel and perpendicular directions, and the results have shown that electron
strahls are, in general, well aligned to the magnetic field direction. High density
strahls stronger than halo (subscript ‘h’) population, satisfying n, > ny, are typical
to fast solar winds, see bottom panels in Fig.2.5. From the same statistics of solar
wind electrons at 1 AU (often affected by shocks), the electron beam/strahl may also
exhibit an intrinsic temperature anisotropy A, = T}, | / Tp, with a variation 0.13 <
Ap < 15.2 slightly larger than suprathermal halo. But, as for the suprathermal halo,
the highest number of events concentrates near the isotropy condition (A, = 1),
with a weak tendency towards A, < 1, and a moderately low plasma beta parameter
Bp, = 0.1, specific to suprathermal populations (see also the electron halo) usually
with low number densities.

In closed magnetic field topologies, the electron distributions may show double-
strahls or counter-beaming populations, more or less symmetric, see Lazar et al.
(2012a) and references therein. Guided by the magnetic field lines, these double
strahls are captured when the spacecraft passes through magnetic loops of the
CME:s, co-rotating interaction regions (CIRs) of fast and slow winds, or interplane-
tary shocks. Unfortunately, counter-beaming strahls make it difficult to distinguish
them from the other core and halo populations and fit them to any model distribution
(Lazar et al. 2014). Moreover, in the presence of (symmetric) double strahls, the
overall shape of the observed distribution mimics an anisotropic temperature 7 with
Ty > T, but with suprathermal tails more skewed than a bi-Kappa distribution,
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better reproduced by a product-bi-Kappa fit (Lazar et al. 2012a); more details and
a comparison of these anisotropic Kappa models can be found in (Summers and
Thorne 1991).

2.3 Consequences of Kappa-Distributed Suprathermals

In the following, we compare the results obtained with different velocity distribution
functions (VDFs) for particles in neutral or ionized atmospheres or in space plasmas.
These VDFs are (i) a Maxwellian, (ii) a sum of two Maxwellians, (iii) a single Kappa
distribution and (iv) a sum of a Maxwellian and a Kappa. This method allows us
to show the main characteristics of these distributions and of the profiles of their
moments (number density, flux, temperature and heat flux) in planetary and stellar
atmospheres, illustrated here by specific applications to the solar atmosphere.

2.3.1 Atmospheres in Hydrostatic Equilibrium. Isotropic
Kappa

In an atmosphere in hydrostatic equilibrium, the flux of escaping particles is null,
as well as their global bulk velocity. In neutral atmospheres, the observations show
generally Maxwellian distributions for the particles:

fu(ro. v) "N e (<) = Npep (- 2.5)
ro,v) = n xp | — = xp | — )
Mo 0 2nkgTy P 2kp Ty 0 €xp 2kp Ty

with m the mass of the particles, Ty their temperatures, v their velocity, kp the
Boltzmann constant, and ng the density at the radial distance rp.

In space plasmas, like the solar wind for instance, the VDFs of the charged
particles are generally not observed to be Maxwellian (Pierrard and Lazar 2010 for a
review). The VDFs of the different particle species have more suprathermal particles
in their tails. As already mentioned, Kappa distributions well fit such distributions
in space plasmas:

3/2 2 —Kk—1
m F(K + 1) mv
)= 1 2.6
fie(ro, v) = ng <2nkBTo) 32T (k — 1/2) ( + ZkBT0K> @0

with tails decreasing as a power law with the square velocity, and the « parameter
controlling the power law tails. When « tends to infinity, the Kappa VDF becomes
identically Maxwellian, while low « corresponds on the contrary to high suprather-
mal tails. Figure 2.1 shows examples of Kappa distributions (dotted lines) with high
suprathermal tails in comparison to Maxwellian cores (solid lines at low velocities)
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with the same T core population to fit observed solar wind Ulysses observations
(diamonds).

There are different origins that can explain the Kappa tails (see Pierrard and Lazar
2010 and other chapter of the present book) but it seems related to Coulomb inter-
actions that are more efficient for low energy particles than for high energy ones.
Generalizations of thermodynamics based on the Tsallis non-extensive entropy
formalism (Tsallis 1995) indicate that Kappa distributions can result from a new
generalized Lorentzian statistical mechanics formulated for a collisionless plasma
far from thermal (Boltzmann-Maxwell) equilibrium, but containing turbulence
in quasi-stationary equilibrium (e.g. Yoon 2020 and references therein). Kappa
distributions can also be solution of the Fokker-Planck equation under certain
specific conditions, as shown by Shizgal (2018).

Such distributions may be already present at low altitude in ionized planetary and
stellar atmosphere (Pierrard and Lemaire 1996), in the region where the collisions
are sufficient to maintain an isotropic velocity distribution function, but will not
necessarily lead to an exponential decrease of the distribution at high energy. For
the solar atmosphere, low altitude corresponds to the region of the chromosphere
and low corona, below the exobase (Maksimovic et al. 1997a).

An enhanced energetic population in comparison to the Maxwellian function
can also be simulated by a sum of two Maxwellians with different temperatures
(a Maxwellian core plus a second, more energetic Maxwellian) (Pierrard 2012b):

fom(rg, v) = exp| — + exp 2.7
M0 0 2kp Ty ! 2kpT)

using N; = ni(m/(anBY}))3/2 with ng > ny, but Ty < Ti, and thus Ngo > Nj.
Figure 2.1 shows, in addition to the core Maxwellians, the second Maxwellians with
higher temperatures and lower densities that fit the observed suprathermal tails (see
solid lines at high velocities).

2.3.2 The Influence of Altitude on Distributions and
Macroscopic Properties

Velocity Distributions (VDFs)

In the exosphere, the VDFs of the different particle species evolve with the altitude
under the effect of the gravity, the electric and magnetic fields. The VDF at a higher
altitude r is directly obtained from the VDF at a lower reference altitude ro using
the Liouville theorem stipulating conservation of energy and conservation of the
magnetic moment in case of anisotropic distribution (Pierrard and Lemaire 1996).
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For a Maxwelllian distribution

fu(r,v) m N mv? (2.8)
et X — — .
MLV =10\ 5 kmTo P\ 2kpm, 4

with

g= m(p(r) — ¢ (ro)) — Ze(V(r) — V(ro))

2.9
ks To (2.9)

where ¢ is the gravitational potential, V is the electric potential and Ze the charges
of the particles.
For a Kappa distribution

m 3/2 muv? q el
fie(r,v) = fie(ro, v) = ng (27TkBTo> Ay (1 + ) (2.10)

with

_ T+1D
Ae = k32T (k — 1/2) 1D

For a sum of two Maxwellians, using N; = n; (m/(ZJTkBT,-))?’/Z:

mv? mv?
fam(r, v) = No exp (- ko C]O) + Niexp (- Ty m) (2.12)
where go and q; refer to Eq (2.9) with the different temperatures 7y and 77.

The sum of a Maxwellian for the core and a Kappa function for the halo used to
fit the observed VDFs in the solar wind (Stverdk et al. 2008) is simply the addition
of Egs. (2.8) and (2.10), and the dependence as a function of the radial distance is
given by the sum of the two VDFs. Table 2.1 summarizes the expressions of the

different VDFs and their density n and temperature 7 expressions as a function of
the radial distance r (Pierrard and Lemaire 1996; Pierrard 2012b).

Velocity Filtration

Figure 2.6 (left) illustrates the VDF corresponding to a sum of two Maxwellians
at a low reference level (black) and at a higher altitude (blue). Since the density is
lower, the VDF at higher altitude is below the black line. But, as clearly illustrated
in Fig.2.6, the core (low temperature 7p) Maxwellian decreases faster than the
energetic (high temperature 77) Maxwellian, so that the tails of the distribution
are more important at higher altitude. This is called the velocity filtration effect
(Scudder 1992a,b). Superposing the two VDFs (by multiplying the blue VDF by a
factor so that its maximum is located at 1, like the black one), one can see that the
tails are more important than at low altitude (see red VDF), which corresponds also
to an increase of the temperature with the altitude because df/dv decreases.
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Table 2.1 Names of the VDFs, their expression, density n and temperature 7 equations as a
function of the altitude r

£r,v) (o, v) n(r) T(r)
fu Noexp (=, no exp(—qo(r) To
fom Noexp (=7 ) + no exp(—qo(r))+ no@ Tyt (0T
Niexp (=5, ) ny exp(~1 (1)
fe NoAg (1 + ZkW;UTi)K)_K_l no (1 + ‘”’E’))_KH/Q To S50 (1 + qo’gr))

2 no(r)To+ny (r)Ty (r)
fu+fe  Noexp (‘221;%) + 10 exp(—qo (1) + not m )
VA (14 o2 —Kk—1 w (14 @) —k+1/2
18k 2kpTik 1 K

f(v)
233
\
...f(v)..
232
\
\\
£
/

Fig. 2.6 Velocity filtration for a sum of two Maxwellians (left) and a Kappa (right). Here, v is
the velocity normalized to the thermal speed w = /2kpT/m. Black: VDF at low radial distance
ro (e.g., ro = 1.1Ry), blue: VDF at an upper radial distance r; (= 3Ry), and red: VDF at r|
normalized so that the top of the distribution corresponds to the initial distribution, enabling to
illustrate the velocity filtration and the temperature increase

When only a single isotropic Maxwellian describes the gas or plasma, then the
density decreases exponentially with the radial distance, but the temperature is
constant and remains identical for all altitudes (see Table 2.1).

For a sum of two Maxwellians with different temperatures (77 > Tp), the
density of the low temperature Maxwellian decreases faster than the one with high
temperature as illustrated in Fig. 2.6. Thus, the temperature increases (see Fig.2.7),
up to a maximum corresponding to 77. At higher distances, the temperature remains
constant.

For an isotropic Kappa distribution, the density decreases as a power law with
the radial distance, thus faster than for the Maxwellian with the same Ty. The
temperature increases (see Table 2.1) and tends also to a maximum (see Fig. 2.6,2.7,
and 2.8).

Temperature Increase: Coronal Heating

If we considered a neutral atmosphere, only gravity should be taken into account
in Eq(2.9) determining ¢ (r). In ionized atmospheres, like for the solar corona, the
electric potential has also to be considered in g (), even if the gravitational potential
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dominates the electric one at very low altitudes. Let us assume a simple case of an
ionized atmosphere in hydrostatic equilibrium composed by electrons and protons
that have a same VDF with the same density and temperature T = 10K at 1.05
Rs. Then the electric potential V is given by Pannekoek-Rosseland and the altitude
profiles of the moments depend on the VDFs of the particles (Pierrard and Lemaire
1996).

Figure 2.7 illustrates the temperature obtained with the radial distance with
different VDFs. For all, the temperature increases, except for a single Maxwellian
(blue) for which the temperature is constant. For Kappa VDFs (red: x = 3, magenta:
k = 6, green: k = 10), the temperature increases up to higher values for lower «.
For a sum of two Maxwellians (black), the temperatures increases up to 77 (here
chosen to be 107 K) with a slope that depends on the values of ng, ny, Ty, 71 and V.

Note that the same argument mv?/2kp Ty is used in the different VDFs leading
to T'(rg) > Ty for the Kappa VDFs and when a second Maxwellian with a higher
temperature is added. This is due to the effect of the enhanced population of
suprathermal particles for distributions having the same core population. For the
Kappa VDF, T (r9) = «To/(k — 3/2) > Tp where Tj is the temperature used in the
core Maxwellian. A same Kappa distribution (using the expression of Eq2.10) with
different « values will have the same core, but more suprathermal tails with lower
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values of «, associated to higher temperatures. This can lead to a misestimation of
the temperature when the suprathermal tails are neglected by applying a Maxwellian
distribution to fit the core instead of a Kappa distribution including the power law
tails (Nicolaou and Livadiotis 2016).

The factor k — 3/2 at the denominator shows clearly that the temperature can
be calculated only if « > 3/2. More generally, Kappa distributions need x > (I +
1)/2 to ensure the convergence of the moments of order /, which means that we
need ¥k > 3/2 to obtain a finite temperature and ¥ > 2 to estimate the heat flux
of an anisotropic Kappa VDF (Pierrard and Lemaire 1998). A regularized Kappa
distribution has been established with a Maxwellian-like cut-off of the power-law
tails that ensures the convergence of the moments of any order and restrains the
velocities to realistic values v < ¢, less than the speed of light in vacuum (Lazar
et al. 2020b).

Figure 2.8 shows the temperature increase when assuming 7y = 6000K at 1 Ry
and other values of the parameters associated to solar photospheric conditions at this
distance. The temperature increase is then very sharp (as observed in the corona)
for any Kappa distribution. It reaches 7 = 10°K even with high value of x =
10, while the temperature remains constant when the distribution is Maxwellian.
This mechanism of coronal heating only due to the presence of the suprathermal
particles, without need of any wave-particle interactions, has been shown in Pierrard
and Lamy (2003).

Moreover, because g (r) depends not only on the temperature 7 but also on the
mass m of the particles, the temperature increase will be different for each minor ion
species, considering that the electric potential is determined mainly by the protons
and electrons. The temperature is higher for heavy ions than for protons, and with a
factor that depends on the mass on charge m/Z ratio of the ions (Pierrard and Lamy
2003). This is in good agreement with the observations of heavy ion temperatures
that are much higher than the proton temperature in the solar wind (Pierrard et al.
2004). We illustrate here the temperature increase for the solar atmosphere, although
the same effects can be obtained for any stellar or planetary atmosphere (Pierrard
and Lemaire 1996).

Density
Figure 2.9 shows the density decrease associated to different VDFs, starting from
ro = 1.05 Rg with ng = 10'2 cm ™3 and Ty = 10° K. The density of the Maxwellian
(in blue) decreases faster than the Kappa VDFs for a same 7. When the parameter
k is small, the density decreases slower (see the red line for x = 3). For a sum of
two Maxwellians (see black line), the decrease depends on n; (here chosen to be
3 x 1010 cm’3) and T; (here chosen to be 107 K) and is always slower than the core
Maxwellian alone.

Because the VDFs are isotropic, the bulk velocity and the heat flux are equal to
zero for all these distributions. But this is not anymore the case above the exobase
where a flux starts to escape from the atmosphere.
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2.3.3 Anisotropic Distributions Above the Exobase

Observed VDFs in space plasmas are generally non-Maxwellian and have enhanced
(suprathermal) high-energy tails (Maksimovic et al. 1997b). They are also often
observed to be anisotropic. This is the case in the solar wind, even at distances
as low as 0.3 AU: the protons have a VDF characterized by a tail or a beam in
the direction parallel to the magnetic field (Pierrard and Voitenko 2013) and the
electrons are characterized by a core, a halo and a field-aligned strahl population
(Pierrard et al. 2001; Pierrard and Meyer-Vernet 2017). A single Maxwellian cannot
fit such observations, while a Kappa distribution or a sum of two Maxwellians
can better represent distributions with suprathermal tails (Lazar et al. 2017). As
shown in Fig. 2.2, Kappa functions fit better the measured distributions than a sum
of two Maxwellians, because the tails are observed to decrease as power laws. A
sum of a core bi-Maxwellian + a bi-Kappa function (with 7 parameters n., Tc |,
Te, 1, np, Ty, Ty, 1, ki) gives the best fits in the solar wind (§tverék et al. 2008)
with a proportion of n1/ny =~ 0.03 in average and other interesting links between
the parameters giving information on the mechanisms of formation of the tails
(Pierrard et al. 2016, 2020). Drifting bi-Kappa distribution functions can also model
features including field-aligned beams or drifting populations and the suprathermal
populations.

In exospheric models (Fahr and Shizgal 1983), anisotropic distributions are
logically obtained above the exobase, since the collisions can be neglected in this
region and a flux of particles escapes from the atmosphere. The VDF becomes
anisotropic because the particles with a high velocity escape from the atmosphere,
leading to a non-zero flux. The most energetic particles escape and do not come
back to the star or planet, so that the VDF is truncated, due to the empty part of
particles with a high negative velocity (thus directed to the space body) (Pierrard
2012a). This form of VDF provides a simple explanation of the saturation or free
streaming heat flux (Hollweg 1974). Such truncated VDFs are illustrated in Fig. 2.10
for a Maxwellian (in red) and a Kappa function with ¥ = 3 (in black).
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Solar Wind Acceleration

Exospheric models can be used to study the escape flux of planetary and stellar
atmospheres, here for instance the solar wind. The particles with low energy are
unable to escape in the interplanetary space when they are in an attractive potential,
i.e., directed to the Sun. These ballistic particles come back to the Sun, so that the
core of the particle VDF is symmetric. These particles do not contribute to any
escape flux. The flux is only contributed by the particles with a velocity higher than
the escape velocity v;:

. \/201\4 _ 22e(V(ro) = V(). (2.13)

r m

with G = 6.674 x 10~ m3/(kg s?) the universal gravity constant and M = 1.99 x
1030 kg, the mass of the Sun for the solar wind case (Pierrard 2009a for a review).

The flux F of Kappa VDFs is thus much higher than the flux of the Maxwellian
with the same core, especially if the x index is low, since the flux is contributed
only by energetic particles. The density n, on the contrary, is not very different
because it is mainly contributed by the low energy core particles. This causes a
higher bulk velocity u = F/n of solar wind particles when the electron VDF is a
Kappa distribution (or any other distribution with an enhanced suprathermal tail) in
comparison to a Maxwellian with the same core population (Pierrard and Lemaire
1996).

On Fig.2.10, the normalized escape velocity for electrons is vj/w =

\/mvlz/ZkBT = 4.8 at 3 Rs. The electrons with v > v; escape, thus they do not
come back, and the VDF becomes anisotropic for high velocities since no particles
coming from the interplanetary space are considered and we assume no collisions
above the exobase. The electrons are always attracted to the Sun because the gravity
and the electric force are directed to the space body. Protons and ions can be in
a repulsive potential in case the electric force becomes larger than gravitational
attraction above a certain radial distance 7,4, that depends on the mass and the
electric charge of the ions (Pierrard and Lemaire 1996; Pierrard et al. 2004). The
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Fig. 2.11 Profiles of the moments for Kappa VDFs with « = 2.5 in black and x = 6 in red.
Panel a. Density n(r), b. Electric potential V (r), c. Escape flux F (r), d. Bulk speed u(r), e. Proton
temperature 7, () (dotted: total, solid upper at high r: T (r) parallel, lower solid at high r: T (r)
perpendicular), f. Electron temperature 7, (r) (idem), g. Proton potential energy ®,(r), h. Heat
flux Q(r) (solid: protons, dotted: electrons). Obtained with the exospheric model from Pierrard
and Pieters (2014)

electric potential V (r) has to be calculated by imposing no net current, which can
be non trivial in case of non monotonic potential (Lamy et al. 2003).

The Influence of Altitude

Figure 2.11 illustrates the profiles of the moments for two Kappa VDFs: low k = 2.5
in black and higher x = 6 in red in a purely exospheric model of the solar wind
(Pierrard and Lemaire 1996; Pierrard and Pieters 2014). One can see that the flux
F (r) is higher for low kappa (panel c), the density n(r) is on the contrary lower for
low kappa (panel a), leading thus to higher bulk velocity u(r) = F(r)/n(r) for low
kappa (panel d).

An exobase at 3 Rs is used here. A lower exobase would even increase this bulk
velocity (Lamy et al. 2003), even using the same temperature, which gives a natural
explanation of high speed solar wind originating from the coronal holes where the
density is lower than in the other regions of the corona.

The velocity increases with the radial distance and becomes supersonic for any
value of «, including for the particular case of k = oo corresponding to the
Maxwellian (Lemaire and Pierrard 2001). The relation between high bulk velocity
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and low « is indeed confirmed by observations (Maksimovic et al. 1997b). This
acceleration is due to the high electric potential (panel b) associated to the high
asymmetry of the distribution for high suprathermal tails (thus low «).

The model gives a proton temperature (see panel ) perpendicular to the direction
of the magnetic field higher than the parallel temperature at low distance, while it
becomes the contrary at large distance. This is indeed observed, respectively in the
solar corona from solar spectra, and in situ in the solar wind. For the electrons
(panel f), the parallel temperature is larger than the perpendicular one, and the
anisotropy increases with the radial distance. It becomes too large as compared to
the observations at large distances (Ber¢i¢ et al. 2019). This is probably related
to the fact that exospheric models completely neglect any interactions between
the different particles. The electron temperature has a maximum located in the
low corona. The position of this maximum depends on the exobase and on the
k parameter, and is in good agreement with profiles deduced from solar eclipse
observations (Pierrard and Pieters 2014).

Panel g shows that the kappa parameter has a high influence on the proton
potential. Panel h illustrates the heat flux that is higher for low kappa (black), and
slightly higher for electrons (dotted lines) than for protons (solid lines). Note that
high electron heat flux and temperature anisotropies generate kinetic instabilities
that limit the anisotropy of the distribution and are assumed to be responsible of the
observed scattering of the strahl into the halo population with the radial distance
(Verscharen et al. 2019; Sun et al. 2020).

Such exospheric models based on Kappa distributions can be used to make solar
wind predictions using appropriate boundary conditions at low radial distances
deduced from photospheric magnetograms (Pierrard and Pieters 2014; Moschou
et al. 2017), and compare with solar wind observations more and more precise with
recent years (see Rouillard et al. 2021 and references therein).

A sum of two Maxwellians with different temperatures also lead to such
acceleration (Zouganelis et al. 2005), because it is physically due to the enhanced
population of suprathermal particles. These effects associated to Kappa distributions
are illustrated here for the solar case, but the same effects appear also for planetary
atmospheres like those of the Earth and Mars (Pierrard 2003), of the giant planets
and their moons (Pierrard 2009b; Tucker et al. 2016; Gamborino and Wurz 2018),
the terrestrial polar wind (Barghouthi et al. 2001), the terrestrial plasmasphere along
closed magnetic field lines (Pierrard and Lemaire 2001), auroral regions (Pierrard
et al. 2007), or other stars (Scudder 1992b).

2.4 Conclusions

In this chapter, we summarize some of the most important characteristics of the
observed VDFs in space plasmas, and the consequences of Kappa distributions
for stellar and planetary atmospheres. At low altitude where there is no escape
of particles (isotropic distributions), Kappa VDFs lead to an increase of the
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temperature, without need of any other heating source (Pierrard 2012c). The simple
presence of an enhanced population of suprathermal particles (even with a sum
of two Maxwellians) can explain the heating of the solar corona. This effect can
be generalized to all stars or planets, if an enhanced population of suprathermal
particles (in comparison to a Maxwellian distribution with the same core) is present.
Above the exobase (thus in the region where particles start to escape), the presence
of suprathermal particles highly accelerates the wind. For the Sun’s case, it explains
the high bulk velocity observed in the fast solar wind escaping from the coronal
holes, where the density temperature is lower than in other regions of the corona,
but where the « index is generally observed to be lower. These effects of Kappa
distributions have revolutionized the physics of space plasmas by generalizing
the particular Maxwellian case to more realistic distributions observed to have an
enhanced suprathermal population decreasing as a power law of the velocity in
ionized atmospheres.
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