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Abstract We discuss selected ion kinetic processes relevant in the context of the expand-
ing solar wind. We focus on the role of wave-wave and wave-particle interactions, plasma
instabilities and Coulomb collisions on the overall kinetic evolution of ions. We review re-
cent results from the hybrid expanding box model, which enables the coupling of the large
scale effects of the solar wind expansion to the microscale kinetics of ions. We discuss how
different plasma processes develop and influence each other during the expansion, as well
their role in the shaping of ion distribution functions, and we compare the simulation results
with the observed trends in the solar wind.
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1 Introduction

The solar wind plasma is only weakly collisional, Coulomb collisions are not able to keep
the system at the thermodynamic equilibrium. Coulomb collisions are more important for
electrons (e.g., Salem et al. 2003; Štverák et al. 2008; Landi et al. 2010) than for protons,
alpha particles and minor ions. While collisions also influence the evolution of ion distribu-
tion functions in the slow solar wind (Livi et al. 1986; Livi and Marsch 1986, 1987; Kasper
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Astronomical Institute and Institute of Atmospheric Physics, AS CR, Bocni II/1401, 14131 Prague,
Czech Republic

P.M. Trávníček
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et al. 2008; Bale et al. 2009), their influence seems to be negligible in the fast solar wind
(Marsch 2006). Far from the thermodynamic equilibrium the solar wind plasma often con-
tains a free energy for driving macro- and micro-instabilities and magnetohydrodynamic, as
well as kinetic plasma waves and associated wave-particle and wave-wave interactions are
expected to play an important role. Moreover, the solar wind exhibits large and developed
electromagnetic wave activity/turbulence.

Remote SOHO spacecraft observations of strong temperature anisotropies of minor ions
(Kohl et al. 1998; Li et al. 1998; Telloni et al. 2007) indicate an efficient heating perpen-
dicular with respect to the ambient magnetic field. A natural source of such a heating is
the cyclotron resonance with Alfvén cyclotron waves (Hollweg and Isenberg 2002). Also
in situ observations show that the ion velocity distribution functions in the solar wind typ-
ically exhibit large departures from isotropic (Maxwellian) distribution functions. They are
usually anisotropic (with different parallel and perpendicular temperatures with respect to
the ambient magnetic field). The proton distribution functions often exhibit a structure with
a core and a pronounced magnetic field-aligned beam with a number density of the or-
der of tenths of the core density and with the beam/core relative velocity of the order
of the local Alfvén velocity (Marsch et al. 1982a). The minor ions are typically hotter
than protons and have also a drift velocity (with respect to the proton core) of the or-
der of the local Alfvén velocity (Marsch et al. 1982b). The evolution of the ion velocity
distributions from 0.3 AU beyond 1 AU does not follow either collisionless double adi-
abatic or collisional adiabatic predictions. The total proton temperature decreases slower
than what is predicted by the adiabatic approximation indicating some heating processes.
On the other hand, the perpendicular temperature decreases slower than what is expected
from the double-adiabatic approximation whereas the parallel temperature decreases faster.
Moreover, the drift velocities between the core protons and the proton beam/alpha parti-
cles decrease following the local Alfvén velocity. Some of these properties are compatible
with the interaction of the ions with high frequency Alfvén cyclotron waves with ions (cf.,
Hollweg and Isenberg 2002). Indications of cyclotron heating signatures, formation of the
cyclotron quasilinear plateaux, are also reported (Heuer and Marsch 2007). However, the cy-
clotron resonance and other mechanisms which form and regulate the ion distribution func-
tions are not fully understood. In situ observations show that different characteristic param-
eters of the proton distribution functions are correlated (Marsch et al. 2004; Tu et al. 2004;
Gary et al. 2005, 2006) but the origin of these correlations is not clear. They may be re-
lated to wave-particle interactions associated with the heating processes and/or due to other
plasma processes as kinetic instabilities.

The frequency distribution of the observed proton temperature anisotropy in the solar
wind exhibits phenomenological bounds. These bounds are compatible with theoretical sta-
bility limits set by plasma instabilities predicted by the linear analysis (Gary et al. 2001;
Kasper et al. 2002; Hellinger et al. 2006; Marsch et al. 2006; Matteini et al. 2007), sug-
gesting that these instabilities are active in the solar wind plasma and constrain the val-
ues of the observed anisotropies. Indications of similar instability constraints on the tem-
perature anisotropy are also observed for alpha particles (Maruca et al. 2009). Analo-
gous phenomenological bounds, compatible with the theoretical instability limits for elec-
tron temperature anisotropies (Gary and Madland 1985; Li and Habbal 2000; Campo-
reale and Burgess 2008), are observed for the solar wind electrons (Gary et al. 1999;
Štverák et al. 2008). Furthermore, observations of an enhanced power of magnetic fluctua-
tions near the instability thresholds set by the proton temperature anisotropy driven instabil-
ities (Bale et al. 2009) suggest that the instability driven waves are indeed present and active.
Observational bounds suggesting instability constraints on the differential velocity between
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Fig. 1 Schematic view of energy exchanges in a plasma. The sense of arrows indicate the direction of the
energy transfer. Expansion influences interactions between waves and particles

the proton core and beam have been also identified (Marsch and Livi 1987; Tu et al. 2004;
Goldstein et al. 2000, 2010); moreover, possible constraints on the differential velocity be-
tween the proton core and alpha particles are also reported (Tu et al. 2004).

Detailed comparisons between observations and the theoretical (linear) predictions allow
in principle the identification of the relevant mechanisms/instabilities constraining the solar
wind plasma; however, one has to consider that different processes can concur/compete. On
one side, accurate and high resolution data are needed to infer the dominant processes from
observations, and, on the other side, it is important to go beyond the linear approximation
in the theoretical analysis. First, the linear predictions are quite limited as the full parameter
space for the linear analysis has many dimensions (i.e., density, temperatures and velocity
for each species), and, second, one has to take into account their nonlinear evolution, es-
pecially when dealing with a dynamic system where a source of instability is continuously
driven (e.g., due to the solar wind expansion and/or wave-particle interactions). For these
reasons, numerical simulations are needed in order to catch the complexity and the full non-
linear evolution of the plasma.

Schematic view of the different interactions in the solar wind (not restricted to ions) is
shown in Fig. 1. Different processes lead to: energy exchanges between particles (collisions),
interactions between different wave modes (wave-wave interactions or turbulence), as well
as energy exchanges between waves and particles. In the figure the sense of the arrows
indicate the direction of the energy flow: from waves to particles in case of wave damping
and plasma heating, and from particles to waves in case of kinetic microinstabilities. The
relative importance of these effects depends on the plasma conditions and can vary largely
during the solar wind evolution with the radial distance. A crucial point in the understanding
of how kinetic processes act in the solar wind is then to include the effects of the plasma
expansion. The spherical expansion modifies the characteristic particle spatial and temporal
scales, drives the evolution of the particle distribution functions, and changes the magnitude
of the ambient magnetic field as well as energies in the wave-modes.

In this review we focus on kinetic processes related to the nonthermal ion features in the
expanding solar wind, their origins and consequences. Note that similar issues have to be
considered also for electrons, although their relative importance may be different compared
to ions. Section 2 describes theoretical expectations of the ion evolution in a collisionless
radially expanding solar wind plasma. Section 3 discusses the effect of Coulomb collisions
on the ion evolution. Section 4 deals with proton temperature anisotropy and alpha-proton
drift velocity driven instabilities and their consequences. Section 5 discusses the ion heating
by high frequency Alfvén cyclotron waves and Sect. 6 deals with the parametric instabilities
of large amplitude Alfvén waves. In Sect. 7 we discuss the different kinetic processes, their
relationship and their consequences.
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Fig. 2 Evolution of ion distribution in the case of a supersonic expansion with vsw = 8vthp. Left: Color
scale plot shows the final velocity distribution function f as a function of v‖ and v⊥ at R = 3R0; the initial
bi-Maxwellian distribution at R0 = 1 is reported in dashed contours. Right panels: (top) parallel (solid line)
and perpendicular (dashed line) temperatures, and (bottom) mean flow velocity

2 Double Adiabatic Prediction for Radial Evolution

Particle evolution in a spherically expanding collisionless plasma can be simply modeled
assuming conservation of the magnetic moment v2

⊥/B (see Appendix for symbol defini-
tions) and of the total kinetic energy v2

‖ + v2
⊥ for each particle. In this model we assume a

strictly radial magnetic field which decreases with the radial distance R as B = B0(R0/R)2

(R0 being the initial radial distance) and a constant radial solar wind velocity vsw. At R0

we assume a drifting Maxwellian (proton) distribution with a thermal velocity vthp much
smaller than the initial drift velocity vsw (in the Sun rest frame). The conservation of the
magnetic moments imposes v⊥ ∝ 1/R and the lost perpendicular energy is transformed
into the parallel one. Results of such a simple model are shown in Fig. 2 for vsw/vthp = 8.
Left panel of Fig. 2 shows the final proton distribution function at R = 3R0 by the color
scale; the initial distribution at R0 is indicated by dashed contours. The modeled expan-
sion leads to a significant particle temperature anisotropy. Right panels display the evo-
lution of parallel (solid line) and perpendicular (dashed line) temperatures (top right) and
mean velocity (bottom right) as a function of the relative distance R. The model predicts
a strong decrease of the perpendicular temperature which decreases as 1/R2 while the par-
allel temperature remains about constant. The mean proton velocity vs‖ remains also about
constant, given the negligible contribution of the mirror force. A similar temperature evo-
lution, with the development of a strong T‖ > T⊥ anisotropy, is generally observed in ki-
netic solar wind models which include the regulation of the mean flow velocity via the
interplanetary electric field (e.g., Lemaire and Scherer 1971), even when other ingredients,
such as Coulomb collisions (Landi and Pantellini 2003), non-radial magnetic field (Pier-
rard et al. 2001), or non-thermal electron distribution functions (Zouganelis et al. 2005), are
included.

The results of the simple microscopic model described above are compatible with the
macroscopic fluid description. In this framework, evolution of parallel and perpendicular
temperatures in collisionless plasmas maybe described at lowest order (neglecting collisions
and heatfluxes) by a double-adiabatic (or CGL) system of equations (Chew et al. 1956) based
on two adiabatic invariants T⊥/B and T‖B2/n2. Conservation of the two adiabatic invariants
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Fig. 3 Evolution of proton
temperature anisotropy in the
solar wind from Helios
observations (Matteini et al.
2007): Contours of the observed
frequency of βp‖ , Tp⊥/Tp‖ at
(dashed) 0.3 AU and (solid)
1 AU. Dotted line displays the
CGL predictions for a strictly
radial magnetic field
Tp⊥/Tp‖ ∝ 1/βp‖ . Dash-dotted
line shows the empirical
anti-correlation inferred by data
between 0.3 and 1 AU (Marsch
et al. 2004)

leads to an evolution of the parallel and perpendicular temperatures, T‖ and T⊥, as:
(

dT‖
dt

)
CGL

= 2
T‖
n

dn

dt
− 2

T‖
B

dB

dt
and

(
dT⊥
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)
CGL

= T⊥
B

dB

dt
. (1)

For a spherical expansion in the presence of a strictly radial magnetic field and a constant
(radial component of the) solar wind velocity (e.g., the polar solar wind in a first approxima-
tion) where the magnitude of the magnetic field and the particle density decrease with the
distance R as B , n ∝ R−2, then (1) predicts the following evolution of the proton parallel
and perpendicular temperatures:

Tp⊥ ∝ R−2 and Tp‖ = const. (2)

Note that for T‖ = T⊥ = T we have
(

dT

dt

)
CGL

= 2

3

T

n

dn

dt
(3)

leading to the well known adiabatic temperature radial profile

T ∝ R−4/3, (4)

for the adiabatic spherical expansion of a gas with the adiabatic index γ = 5/3 (e.g., Verma
et al. 1995; Williams et al. 1995). However this assumes the presence of a mechanism, like
collisions, that keeps particles isotropic (Maxwellian). In the absence of such an efficient
mechanism and if T‖ �= T⊥, (1) should instead be used to describe the evolution of the sys-
tem. This is the case of the expanding solar wind once the solar wind has reached its super-
sonic steady regime (Schulz and Eviatar 1973). However, the ideal CGL/double-adiabatic
evolution is altered by the presence of collisions, significant heat fluxes, and kinetic effects.

From the double-adiabatic assumption, in a strictly radial magnetic field, we have the
evolution of the parallel beta:

βp‖ ∝ nTp‖
B2

∝ R2 ∝ Tp‖/Tp⊥. (5)

The evolution of protons predicted by the CGL approximation can be then compared to di-
rect solar wind observations. Figure 3 reports Helios histograms of the observational counts
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of (βp‖, Tp⊥/Tp‖) in the fast wind at 0.3 (dashed) and 1 (solid) AU (adapted from Matteini
et al. 2007). The radial evolution of the observed (βp‖, Tp⊥/Tp‖) follows a path encoded by
the dash-dotted line (Marsch et al. 2004); the observed anti-correlation βp‖, Tp⊥/Tp‖ departs
from the CGL prediction, reported by the dotted line. This suggests that some (perpendicu-
lar) heating is at work between 0.3 and 1 AU, contrasting the predicted strong cooling of Tp⊥.
It is interesting to note that the slope of the CGL prediction (Fig. 3, dotted line) constitutes
a sort of lower boundary for the observations; although this can be a mere coincidence; a
steeper path in the (βp‖, Tp⊥/Tp‖) space than the CGL one would imply a (perpendicular)
proton cooling which seems to be excluded by observations.

On the other hand, for βp‖ > 1 data show a departure from the empirical correlation
observed at lower βp‖. As we will discuss in next sections, this is related to the fact that for
βp‖ > 1 anisotropic plasma with Tp‖ > Tp⊥ can develop fire hose instabilities; this is likely
to happen in the solar wind since the observed trend (dashed line in Fig. 3) would drive
large Tp‖ > Tp⊥ anisotropies with increasing βp‖ and making then the plasma unstable. As a
feedback, fluctuations excited by the instability reduce the proton anisotropy and force the
system to a more isotropic state, in agreement with the data for βp‖ > 1 where Tp⊥/Tp‖ ∼ 1.
Ulysses observations at larger distances (2–3 AU) confirm this picture (Matteini et al. 2007)

Another consequence of relations (1) concerns the parallel velocities of each species, vs‖.
Their evolution in the absence of collisions is(

dvs‖
dt

)
CGL

= vs‖
n

dn

dt
− vs‖

B

dB

dt
. (6)

For the strictly radial magnetic field (6) predicts constant parallel velocities of each species,
vs‖ = const as well as constant parallel drift velocities between the different species. On the
other hand, the Alfvén velocity evolves with distance as vA ∝ B/

√
n. For a strictly radial

magnetic field Alfvén velocity decreases as vA ∝ R−1. Consequently, the ratio between the
parallel drift velocities and the local Alfvén velocity is expected to increase with distance
(for a nearly radial magnetic field), giving rise to a free energy for beam-type instabilities.

These two examples suggest how common non-thermal features observed in the solar
wind, temperature anisotropies and particle beams, are governed by the expansion, and can
naturally develop instabilities that play a role in the overall dynamics of the plasma and
importantly change the energetics of the system.

Collisions and a non strictly radial magnetic field can introduce departures from the sim-
ple scaling described above for the strictly radial field. For example, in the case of a spiral
magnetic field (Parker 1958) we have for the radial and tangential components of the mag-
netic field, Br ∝ R−2 and Bt ∝ R−1, respectively, predicting then an evolution for temper-
atures departing from (2). The role of collisions is studied in the next section for both the
radial and Parker spiral field geometries.

3 Coulomb Collisions

The solar wind plasma is generally far from the thermodynamic equilibrium. Different
species have different, often anisotropic temperatures and different velocities. The standard
collisional transport coefficients (Spitzer and Härm 1953; Braginskii 1965) are in the so-
lar wind context questionable (cf., Landi and Pantellini 2001, 2003). Collisional transport
in anisotropic bi-Maxwellian plasmas has been studied by Barakat and Schunk (1981) and
recently by Hellinger and Trávníček (2009) who derived the anisotropic transport coeffi-
cients in a closed form involving double hypergeometric functions. Two specific transport
coefficients are considered here:
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Fig. 4 WIND/SWE observations: (left) Color scale plot of the relative frequency of νT te and Tp⊥/Tp‖ and
(right) color scale plot of the relative frequency of νV te and vαp/vA for the solar wind with vsw ≤ 600 km/s.
The (logarithmic) color scale is shown on the right

• the isotropization rate due to proton-proton collisions
(

dTp⊥
dt

)
coll

= −1

2

(
dTp‖
dt

)
coll

= −νT

(
Tp⊥ − Tp‖

)
(7)

where the isotropization frequency νT maybe given (Kogan 1961; Hellinger and
Trávníček 2009):

νT = e4np ln�

30π3/2ε2
0m

2
pv

3
thp‖

2F1

(
2,3/2
7/2

;1 − Tp⊥
Tp‖

)
, (8)

2F1 being the standard (Gauss) hypergeometric function.
• the slowing down of alpha particles with respect to the (core) protons

(
dvαp

dt

)
coll

= −νV vαp (9)

where the slowing down frequency νV maybe expressed in the terms of double hyperge-
ometric functions (Hellinger and Trávníček 2009).

Following Kasper et al. (2008) and Bale et al. (2009) one can quantify the role of
Coulomb collisions in isotropization of protons and in slowing down alpha particles with
respect to protons. Figure 4 shows the fitted data from the Faraday cup experiment on the
Wind spacecraft obtained during 1995–2001 Kasper et al. (2002, 2006). Left panel of Fig. 4
displays a color scale plot of the relative frequency of νT te and Tp⊥/Tp‖ while right panel of
Fig. 4 displays a color scale plot of the relative frequency of νV te and vαp/vA for the solar
wind with vsw ≤ 600 km/s. Here te is the characteristic expansion time te = R/vsw at the
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Fig. 5 Weakly collisional protons in the expanding solar wind: (left top) the total proton temperature T as
a function of R, (right top) the proton temperature anisotropy Tp⊥/Tp‖ as a function of R, (left bottom) the
parallel beta βp‖ as a function of R, and (right bottom) the system evolution as a path in the (βp‖ , Tp⊥/Tp‖)
space. Solid lines denote the case of the radial magnetic field whereas dashed lines show the results the
nominal Parker spiral. The dash-dotted line in the top left panel shows the adiabatic prediction, (4), whereas
the dotted lines in the other panels show the corresponding CGL predictions, (1)

radial distance R = 1 AU. Figure 4 clearly demonstrates that in a more collisional plasma
protons are more isotropic and the differential velocity between the alpha particles and pro-
tons is smaller. The fast solar wind is much less collisional with νT te ∼ νV te ∼ 10−2 and no
clear role of collisions is observed.

The collisional transport in the expanding solar wind plasma far from the thermal equi-
librium may be quite complex. Although the final/asymptotic state is described by one
(isotropic) temperature and one velocity, intermediate/transient states may vary. A relatively
simple evolution is observed for one population of anisotropic protons (here the interaction
with electrons is neglected). Figure 5 shows an evolution of weakly collisional system (cou-
pling CGL and anisotropic transport coefficients, cf., Phillips and Gosling 1990) starting
with βp‖ = 0.2 and Tp⊥/Tp‖ = 2 with te = 104/ωcp and νT = 0.1/te at t0 (and R0 assumed
to be ∼0.3 AU). The left top panel shows the total temperature T as a function of R, the
right top panel shows the temperature anisotropy Tp⊥/Tp‖ as a function of R, the left bottom
panel shows the parallel beta βp‖ as a function of R and the right bottom panel shows a path
in the (βp‖, Tp⊥/Tp‖) space. Solid lines show the results for the radial magnetic field whereas
dashed lines shows the results for a standard Parker spiral model (with an angle of 45 de-
grees at 1 AU). The dash-dotted line in the top left panel shows the adiabatic prediction,
(4), whereas the dotted lines in the other panels show the corresponding CGL evolution, (1).
In the radial case a relatively strong temperature anisotropy develops and the total tempera-
ture departs significantly from the adiabatic prediction T ∝ R−4/3; in this case the evolution
roughly follows the CGL prediction. In the Parker spiral case the temperature anisotropy
is much smaller and the total temperature follows closely the adiabatic prediction; in this
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Fig. 6 Weakly collisional alpha-proton system with a relative drift in the expanding solar wind (for the
radial magnetic field): (top left) the alpha-proton drift velocity vαp (normalized to vA) as a function of R,
(top right) the total (solid) proton and (dashed) alpha-particle temperatures Tp and Tα (normalized to the
initial proton temperature Tp0) as functions of R, (bottom left) the temperature ratio Tα/Tp as a function
of R, and (bottom right) the evolution of (solid) protons and (dashed) alphas as paths in the (β‖, T⊥/T‖)
space. Dotted lines denote the corresponding CGL predictions, (1), whereas the dash-dotted lines denote the
corresponding adiabatic prediction, (4)

case the collisional frequency ∝ n/T 3/2 is about constant while the expansion characteristic
time te = R/vsw increases and, consequently, the local collisionality factor νT te increases
with the time/distance. In contrast, for the strictly radial magnetic field a strong temperature
anisotropy develops and νT te stays about constant.

A more complex behavior appears when considering multiple species drifting with re-
spect each other. Figure 6 shows an evolution in a weakly collisional plasma assuming al-
pha particles drifting along the ambient magnetic field with respect to protons in the case
of the strictly radial magnetic field. Only ion-ion collisions are considered, ion-electron col-
lisions are neglected. Initially we set np/ne = 0.9, nα/ne = 0.05, βp‖ = 0.2, βα‖ = 0.05,
Tp⊥/Tp‖ = 2, Tα⊥/Tα‖ = 1, and vαp = vA with te = 104/ωcp and νT = 0.1/te (R0 is again
assumed to be about 0.3 AU). The top left panel of Fig. 6 shows the ratio between the
alpha-proton drift velocity and the local Alfvén velocity vαp/vA as a function of R. The
top right panel reports the total (solid) proton and (dashed) alpha temperature evolution T

(normalized to the initial proton temperature Tp0) as a function of R. The bottom left panel
displays the ratio between the total temperature of alpha particles and that of protons, Tα/Tp

as a function of R. The bottom right panel shows the evolution of proton and alpha particle
parameters as a path in the (β‖, T⊥/T‖) space. The dotted lines denote the corresponding
CGL predictions whereas the dash-dotted lines denote the corresponding adiabatic predic-
tion, (4). Note that even the CGL/double-adiabatic approximation predicts a nontrivial evo-
lution of Tα/Tp when Tp⊥/Tp‖ and Tα⊥/Tα‖ are different. Coulomb collisions between the
two species lead to the slowing down with respect to each other. The energy associated with
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the drift between the two species is converted into the thermal energy of each species; alpha
particles are predominantly heated (with similar parallel and perpendicular heating rates)
whereas protons are heated only weakly and mainly in the perpendicular direction. It is in-
teresting to note that in the absence of the drift between protons and alpha particles Coulomb
collisions thermalize the ions, reducing the temperature difference between the two species.
When an important velocity drift is present, the collisional coupling has the opposite effect,
increasing the temperature ratio Tα/Tp. This collisional differential heating is only transient
and disappears when the drift velocity is strongly reduced. This result suggests that the col-
lision coupling may be partly responsible for the observed difference between the proton
and alpha-particle temperatures (cf. Kasper et al. 2008).

4 Ion Instabilities

The solar wind ions have different, typically anisotropic temperatures and different veloci-
ties and even exhibit secondary (beam) populations. Temperature anisotropies and differen-
tial velocities between the different species/populations are sources of free energy for many
electromagnetic and electrostatic instabilities. One important, relatively general result on ion
instabilities has been established (Gary 1993): Ion or ion-ion electromagnetic instabilities
are generally the most robust ones, and may grow to higher amplitudes than the ion-electron
electromagnetic and electrostatic instabilities even if the latter have generally higher growth
rates.

4.1 Temperature Anisotropy

The presence of strong proton temperature anisotropies in the solar wind is well estab-
lished. For example, Hellinger et al. (2006) compared the statistically large dataset of the
Wind/SWE (Kasper et al. 2002, 2006) with the predictions of the Vlasov linear theory (for
a plasma consisting of Maxwellian electrons and bi-Maxwellian protons) considering four
distinct electromagnetic instabilities: proton cyclotron, mirror, parallel and oblique fire hose
instabilities. In the slow solar wind, the observed proton temperature anisotropy seems to be
constrained by the oblique instabilities (the mirror one and oblique fire hose) in an apparent
contradiction with the results of the linear theory which predicts that the proton cyclotron
instability and of the parallel fire hose would dominate for all but large proton betas. This
contradiction is likely related to the limitation of the linear model (simplified plasma compo-
sition adopted for the linear analysis) and to the presence of nonlinear effects (see discussion
in Hellinger et al. 2006). For instance, the presence of alpha particles importantly modifies
the proton cyclotron instability while only weakly affects the mirror instability (Price et al.
1986). This effect is clearly demonstrated in Fig. 7 which shows the color scale plots of the
relative frequency of βp‖ and Tp⊥/Tp‖ for the solar wind with vsw ≤ 600 km/s (cf., Hellinger
et al. 2006, Fig. 1). The (logarithmic) color scale is shown on the right. The over plotted
curves show the contours of the maximum growth rate (in units of ωcp) over the range of un-
stable wavevectors as a function of βp‖ and anisotropy, in the corresponding bi-Maxwellian
plasma. Left panel reports the proton cyclotron instability (solid curves) and the parallel fire
hose (dashed curves) and right panel the mirror instability (dotted curves) and the oblique
fire hose (dash-dotted curves). In all cases a 5% composition of alpha particles is consid-
ered in the plasma; alpha particles are assumed to be isotropic with the temperature equal
to the proton parallel temperature and alpha-proton drift velocity is zero. Figure 7 shows
that even when considering alpha-particle parameters as ad-hoc functions of the proton ones
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Fig. 7 WIND/SWE observations: color scale plots of the relative frequency of βp‖ and Tp⊥/Tp‖ for the
solar wind with vsw ≤ 600 km/s. The (logarithmic) color scale is shown on the right. The overplotted curves
show the contours of the maximum growth rate (in units of ωcp) in the corresponding bi-Maxwellian plasma
(left) for the proton cyclotron instability (solid curves) and the parallel fire hose (dashed curves) and (right)
for the mirror instability (dotted curves) and the oblique fire hose (dash-dotted curves) with 5 % of alpha
particles

the agreement between the linear prediction for the proton cyclotron instability and the so-
lar wind data improves considerably. This suggests that the comparison between the linear
prediction and the observed data needs as good as possible plasma description, since in
principle all the parameters, as the plasma composition, temperature ratios, anisotropies and
drift velocities of each species, can introduce major effects in the dispersion and should be
taken into account in the computation of linear stability. However, taking for the solar wind
ions only alpha particle and protons consisting of a core and beam, assuming for simplicity
drifting bi-Maxwellian velocity distribution functions, we already deal with too many pa-
rameters to investigate, making such a theoretical approach unfeasible (cf., Hellinger et al.
2005).

4.2 Hybrid Expanding Box

To investigate the role of nonlinear kinetic effects one has to resort to numerical simulations.
For the ion physics the electron kinetics is in the first approximation negligible but ions
have to be described using a fully self-consistent kinetic manner. This is the base for the
so called hybrid approximation where ions are treated as macro-particles within a particle-
in-cell model and electrons considered as a massless, charge neutralizing fluid (here we
assume a constant temperature). In standard simulations of kinetic instabilities the system
starts in the unstable region and the simulation allows to study the nonlinear saturation of the
instability. In the solar wind the system starts in the stable region and the expansion and/or
wave-particle interactions drive the temperature anisotropy or other sources of free energy
for kinetic instabilities (cf., Matteini et al. 2007). To study the response of the plasma to a
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slow expansion one can use the expanding box model (Grappin et al. 1993) implemented
to the hybrid code (Matthews 1994). The Hybrid Expanding Box (HEB) simulations can
model the expansion driven anisotropization and wave-particle interactions.

In the expanding box model the solar wind is assumed to have a constant radial velocity
vsw. The simulation box is co-moving with the plasma, the radial dependence is replaced by
the temporal evolution

R = R0 + vswt = R0(1 + t/te) (10)

where te = R0/vsw is the (initial) characteristic expansion time (cf., Hellinger and Trávníček
2005, for a detailed description of the code). Transverse scales increase with time ∝ R ∝
(1 + t/te) while the density decreases as R−2; the radial component of the magnetic field
decreases as R−2 whereas the transverse components decrease as R−1. In the absence of col-
lisions and wave-particle couplings ions follow the CGL/double-adiabatic prediction, while
in the absence of dissipation/damping and wave-wave interactions the model predicts the
WKB evolution of waves (Liewer et al. 2001; Hellinger et al. 2005).

The competition between the expansion and the fire hose instabilities was studied us-
ing the HEB model in the collisionless plasma by Matteini et al. (2006) and Hellinger
and Trávníček (2008, 2010) who included weak Coulomb collisions through the Langevin
stochastic equation corresponding to the Fokker-Planck equation. The evolution of the
weakly collisional HEB simulations with the initial conditions Tp⊥/Tp‖ = 0.4, βp‖ = 0.3,
te = 104/ωcp, and νT te = 1/4 (Hellinger and Trávníček 2010) is shown in Fig. 8 which
displays on the top left panel the (solid) path in the space (βp‖, Tp⊥/Tp‖) compared to bi-
Maxwellian kinetic linear predictions, isocontours of the maximum growth rate being equal
to 10−3ωcp as functions of βp‖ and Tp⊥/Tp‖ for the (dashed) parallel fire hose and the (dash-
dotted) oblique fire hose. The dash-dot-dot-dotted line displays the collisional theoretical
prediction. The top right panel shows the fluctuating magnetic energy δB2/B2

0 as a function
of R, the bottom left panel shows the fluctuating magnetic energy δB2/B2

0 as a function of R

and wave vector k, and the bottom right panel shows fluctuating magnetic energy δB2/B2
0 as

a function of R and the angle between the wave vector k and the ambient magnetic field θkB .
According to (2) and (5), the simulated ideal slow expansion (for the assumed strictly

radial magnetic field) generates a continuous decrease of the proton temperature anisotropy
Tp⊥/Tp‖ as well as a continuous increase of βp‖ as long as the system is stable. Then, the
system becomes unstable first with respect to the dominant parallel fire hose. This insta-
bility generates low-frequency, ion whistler waves and their presence makes the evolution
to depart from the collisional prediction. The parallel fire hose has a quasi-linear satura-
tion, the whistler waves interact through the anomalous cyclotron resonance with mainly the
supra-Alfvénic protons which are minor for βp‖ ∼ 1 (Matteini et al. 2006) while the major
core protons are nearly double-adiabatic. Consequently, the proton temperature anisotropy
Tp⊥/Tp‖ further decreases and the system becomes unstable with respect to the oblique
fire hose instability that efficiently heats the protons and remove the proton anisotropy ow-
ing to the self-destructing nonlinear evolution (Hellinger and Matsumoto 2000, 2001). The
oblique instability disrupts the quasi-linear balance of the whistler waves and a large por-
tion of whistler wave energy is dissipated to protons; only long-wavelength whistler waves
remains in the system as well as long-wavelength Alfvén waves resulting from the inverse
cascade. The resulting low wave activity and weak collisions are not able to counteract the
anisotropization driven by the expansion the evolution repeats itself. The HEB simulation
results indicate that both parallel and oblique proton fire hose instabilities constrain the pro-
ton temperature anisotropy in the expanding solar wind with the latter one constituting a
final frontier for the proton temperature anisotropy which explains the apparent discrepancy
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Fig. 8 Results of the weakly collisional HEB simulation (Hellinger and Trávníček 2010): (top left) Path in
the space (βp‖, Tp⊥/Tp‖) compared to bi-Maxwellian kinetic linear predictions, isocontours of the maximum

growth rate being equal to 10−3ωcp as a function of βp‖ and Tp⊥/Tp‖ for the (dashed) parallel fire hose and
the (dash-dotted) oblique fire hose. The dash-dot-dot-dotted line displays the collisional theoretical predic-
tion. (Top right) Fluctuating magnetic energy δB2/B2

0 as a function of R. (Bottom left) Fluctuating magnetic

energy δB2/B2
0 as a function of R and wave vector k. (bottom right) Fluctuating magnetic energy δB2/B2

0
as a function of R and the angle between the wave vector k and the ambient magnetic field θkB

between the linear prediction and observations for Tp⊥ < Tp‖ in the Wind/SWE data (cf.,
Fig. 1 of Hellinger et al. 2006, and Fig. 7).

The fluctuating wave energy δB2/B2
0 increases with time apart from the oscillatory de-

creases induced by the oblique fire hose. Similarly, 1-D hybrid expanding box simulations
(Matteini et al. 2006), (which allow only the parallel fire hose) exhibit a continuous increase
of the fluctuating wave energy δB2/B2

0 with time. These results are compatible with the ob-
servation results of Bale et al. (2009) which show enhanced transverse magnetic fluctuations
near the marginal stability regions of the two fire hose instabilities at 1 AU. Moreover, they
can provide a possible interpretation for the wave power enhancement found by Wicks et al.
(2010) in Ulysses data at larger distances, although other mechanisms, like beam instabili-
ties, can also contribute to the local generation of fluctuations in the solar wind plasma.

4.3 Beam Instabilities

The differential velocity between the proton core and a beam is the source of free energy
for many different electromagnetic instabilities (Gary 1993; Daughton and Gary 1998). The
most relevant instabilities are the magnetosonic one propagating parallel with respect to
the ambient magnetic field, and Alfvén instabilities propagating obliquely. Analogous insta-
bilities may be driven by alpha particles drifting with respect to the (core) protons. These
instabilities require drift velocities of the order of the local Alfvén velocity. Possible insta-
bility constraints on the differential velocity between the proton core and beam have been
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identified in the Helios (Marsch and Livi 1987; Tu et al. 2004) and Ulysses (Goldstein et al.
2000, 2010) data sets. Possible instability constraints on the differential velocity between the
proton core and alpha particles are also reported in Helios data (Tu et al. 2004). These analy-
ses have however the same problem as we have observed in the case of the proton cyclotron
instability influenced by the presence of alpha particles: there are too many parameters that
have to be taken into account while essentially only two-dimensional cut/projection plots
are comprehensible in exploring the multi-dimensional parameter space.

Nonlinear evolution of ion beam driven instabilities are usually studied using the standard
hybrid simulations (e.g., Daughton et al. 1999; Li and Lu 2010) starting from the unstable
region. These simulations show typically a wave generation inducing a slowing down of the
beam with respect to the proton core and a major heating of the beam and a weak heating
of the core protons. Hellinger et al. (2003) started to study the role of these instabilities in
the expanding solar wind with the strictly radial magnetic field using the HEB code. For a
nearly radial magnetic field the CGL predicts a continuous increases of the ratio between
the velocity drift and the local Alfvén velocity (see (6)). The HEB simulations of Hellinger
et al. (2003) show that the instabilities driven by the alpha-proton drift can bound this drift
velocity around the local Alfvén velocity. Here, we consider a remake of the 1-D HEB
simulation of Hellinger et al. (2003) with te = 104/ωcp and with these initial conditions:
np/ne = 0.9, nα/ne = 0.05, βp‖ = 0.2, βα‖ = 0.05, Tp⊥/Tp‖ = 2, Tα⊥/Tα‖ = 1, and vαp = vA

with (R0 is again assumed to be about 0.3 AU). Results of the simulation are shown in Fig. 9.
Figure 9 shows (left top) alpha-proton drift velocity vαp/vA as a function of R (right top)
total (solid) proton and (dashed) alpha temperature T as a function of R, (left bottom) ratio
between proton and alpha total temperatures Tα/Tp as a function of R, and (right bottom)
path in the (β‖, T⊥/T‖) space for protons (solid line) and alpha particles (dashed line). Dotted
lines show the corresponding CGL predictions whereas the dash-dotted line in upper right
panel shows adiabatic (T ∝ R−4/3) predictions. Dashed lines in the left top panels show
the contours of the maximum growth rate (in units of ωcp) of the magnetosonic instability
as a function of R and vαp/vA where the plasma parameters (besides vαp) are assumed to
follow CGL. Figure 9 clearly demonstrates the role of the magnetosonic instability driven
by the alpha-proton drift vαp: the CGL-predicted increase of vαp/vA is stopped and alpha
particles and protons are heated (see Fig. 6 for comparison with the case without instability).
At later times the magnetosonic instability becomes the parallel fire hose (cf., Hellinger
and Trávníček 2006); this effect explains the contours of the left top panel predicting an
instability at vαp = 0 which is related to the CGL-predicted strong temperature anisotropy.
The parallel fire hose instability leads to a proton isotropization as well as to a significant
slowing down of the alpha particles (with respect to protons) and their heating. Similar
behavior is also expected for the oblique instabilities and the corresponding proton beam
driven instabilities. It is important to note that these instabilities may have a major influence
on other (minor) ions (Li and Lu 2010).

5 Cyclotron Heating of Ions

The solar wind exhibits a strong wave activity on a very large range of spatial and temporal
scales. Most of the energy is on large scales while a very efficient transfer of the wave
energy to particle appears at short wavelengths through Landau and cyclotron resonances
(Hollweg 1999; Hollweg and Isenberg 2002, and references therein). The transfer of energy
from large to small scales appears naturally through the turbulent cascade which seems to
prefer a cascade to larger perpendicular wave vectors in magnetized plasmas, leading to
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Fig. 9 1-D HEB code for a radial magnetic field: (left top) alpha-proton drift velocity vαp/vA as a function
of R, (right top) total (solid) proton and (dashed) alpha temperature T as a function of R, (left bottom)
ratio between proton and alpha total temperatures Tα/Tp as a function of R and (right bottom) path in the
(β‖ , T⊥/T‖) space for protons (solid line) and alpha particles (dashed line). Dash-dotted line in upper right

panel shows adiabatic predictions (T ∝ R−4/3) for the two species and dotted lines show the corresponding
CGL predictions. Dashed lines in the left top panel show the contours of the maximum growth rate (in units
of ωcp) of the magnetosonic instability as a function of R and vαp/vA where the plasma parameters (besides
vαp) are assumed to follow CGL

anisotropic turbulence. At the same time as the cascade, the solar wind expansion brings the
wave energy towards particle scales as the ambient magnetic field (and the particle cyclotron
frequency) decreases with the distance.

For an undamped, nondispersive and noninteracting Alfvén wave in a slowly expanding
plasma the amplitude of fluctuating magnetic field δB is expected to follow the WKB ap-
proximation (Parker 1965; Roberts et al. 1990); assuming the wave action is conserved we
have (cf. Liewer et al. 2001; Hellinger et al. 2005):

δB2 ∝ R−3. (11)

Alfvén waves propagating from the Sun encounter decreasing cyclotron frequency till they
reach the resonance with ions where they are damped. This effect is the base for the “fre-
quency sweeping scenario” (e.g., Schwartz et al. 1981). This scenario has been first studied
using the HEB model by Liewer et al. (2001) investigating proton and alpha particle heating
by high-frequency Alfvén waves through the cyclotron resonance. More recently, Hellinger
et al. (2005) studied the role of minor heavy ions (Cranmer 2000). Figure 10 shows the
HEB simulation result starting with te = 2 × 103/ωcp and βp = 10−2, nα/ne = 5 × 10−2,
βα = 5.5×10−4, nO5+/ne = 2×10−4, βO5+ = 2.2×10−6. The initial Alfvén cyclotron wave
spectrum is flat with the fluctuating magnetic energy δB2/B2

0 = 1.25 × 10−3 consisting of
50 modes in the wave vector range 0.003–0.153c/ωpp0, far from the cyclotron resonance
with the oxygen.
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Fig. 10 HEB simulation results (Hellinger et al. 2005): (left) Color scale plot of the Alfvén cyclotron wave
fluctuating magnetic energy δB2 (normalized to the WKB prediction) as a function of R and the wave vector
(normalized to the initial proton inertial length c/ωpp0). Overplotted curves show the approximate resonance

condition of the cyclotron waves with (dash-dotted) oxygen O5+ (dashed) alpha particles, and (solid) pro-
tons; (right) Path in the (β‖, T⊥/T‖) space for (dash-dotted) oxygen O5+, (dashed) alpha particles, and
(solid) protons. Dash-dotted lines shows the contours of the maximum growth rate (in units of ω

cO5+ ) of the
oxygen cyclotron instability

Left panel of Fig. 10 shows a color scale plot of the Alfvén cyclotron wave fluctuat-
ing magnetic energy δB2 (normalized to the WKB prediction (11)) as a function of R

and the wave vector (normalized to the initial proton inertial length c/ωpp0). Overplotted
curves show the approximate resonance condition of the cyclotron waves with (dash-dotted)
oxygen O5+, (dashed) alpha particles, and (solid) protons. Right panel shows paths in the
(β‖, T⊥/T‖) space for (dash-dotted) oxygen O5+, (dashed) alpha particles, and (solid) pro-
tons. Dash-dot-dot-dotted lines show the contours of the maximum growth rate (in units
of ωcO5+ ) of the oxygen cyclotron instability. The plasma-wave system initially follows the
CGL (dotted lines) and WKB predictions. As the system expands each ion species succes-
sively becomes resonant with the waves, first the oxygen ions, then the alpha particles and
finally the protons. The heating is efficient for oxygen ions, is less important for alpha parti-
cles, and is only weak for protons. A small differential oxygen/proton velocity is generated
via the Alfvén-cyclotron interaction. This velocity does not seem to be important for satu-
ration, however, the decoupling from the unstable and marginally stable region is probably
related to its development. The HEB simulations of Hellinger et al. (2005) show that the
oxygen ion behavior corresponds to a “test particle” response which does not significantly
affect the response of the more dense alphas and protons, and, on the other hand, the alpha
particles have a strong impact on protons since they are dense enough to block the flow of
fluctuation energy toward the proton cyclotron resonance.
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Sufficiently strong high frequency Alfvén ion cyclotron wave activity may be responsible
for perpendicular heating of minor ions, alpha particles and even protons leading to perpen-
dicular temperatures larger than the parallel ones. Kinetic instabilities then constitute natural
constraints on possible temperature anisotropies and constrain the heating (Sect. 4.1). The
cyclotron interaction may as well explain drift velocities between minor ions and protons
which may lead to beam type instabilities (Sect. 4.3).

The heating and acceleration of alpha particles and proton clearly need substantial wave
amplitudes. The HEB simulations of Liewer et al. (2001) show indeed that Alfvén cyclotron
waves with larger wave amplitudes may efficiently heat and accelerate alpha particles. How-
ever, it is unclear if such amplitudes are realistic. Remote observations of the plasma com-
pressibility (Chandran et al. 2009) rules out large Alfvén wave amplitudes except for nearly
parallel (incompressible) propagation. Furthermore, large amplitude Alfvén waves are un-
stable with respect to parametric instabilities.

6 Parametric Instabilities

Parametric instabilities characterize the evolution of nonlinear Alfvén waves (e.g.,
Lashmore-Davies 1976; Goldstein 1978; Longtin and Sonnerup 1986; Malara and Velli
1996; Del Zanna et al. 2001). They predict the coupling of Alfvénic fluctuations with
compressive modes, that lead to the damping of the mother Alfvén wave and the excita-
tion of both Alfvénic and acoustic-like daughter waves. Kinetic effects can play an im-
portant role in the dynamics of the parametric instabilities; ion kinetics influences both
the growth rate and the range of unstable modes (Inhester 1990; Araneda et al. 2007;
Nariyuki et al. 2007). Moreover, when the feedback of the instability on ions is retained,
a deformation of their distribution function is observed. It has recently been found that the
electric field supported by ion-acoustic fluctuations driven by a modulational (Araneda et al.
2008, 2009) and a decay (Matteini et al. 2010a, 2010c) parametric instability can accel-
erate a fraction of the proton distribution function forming eventually a secondary/beam
population. In the presence of an extended spectrum of fluctuations the dynamics becomes
more complex and modulational effects of the envelope of the magnetic field can also play
a role (Matteini et al. 2010a; Nariyuki et al. 2010); even in this framework the coupling
with density fluctuations and the enhancement of the associated electric field can generate a
secondary/beam proton population (e.g., Valentini et al. 2008).

Different issues can be investigated varying the many parameters that describe the para-
metric couplings; on top of the plasma parameters, there are parameters of the wave spec-
trum. Some aspects about the role of cyclotron heating in the shaping of proton distribution
functions in the solar wind are studied with the HEB model in Matteini et al. (2010b). Here
we discuss properties of the beam generation and its evolution with the distance.

Figure 11 reports the evolution of protons for 1-D HEB simulation in the presence of
an initial Alfvén wave spectrum and te = 103/ωcp. The simulation starts with βp‖ = 0.1 and
Tp⊥ = 1.5Tp‖ to reproduce conditions similar to Helios observations at 0.3 AU (Fig. 3) but,
initially, there is no secondary beam population. The initial spectrum is composed of 40
modes ranging from k = 0.1 to 0.4c/ωpp0 and with the amplitudes δB/B0 = 5 × 10−2 for
each mode. The chosen wave amplitudes are relatively high and provide a spatial modu-
lation of the initial magnetic field that leads to a faster evolution of the coupling with the
density fluctuations and the enhancement of the associated parallel electric field. Top pan-
els of Fig. 11 report the proton parallel (left) and perpendicular (right) temperature profiles
(solid line). During the first phase of the simulation we observe an increase of the total par-
allel temperature; at the same time Alfvén waves are observe to decay through parametric
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Fig. 11 Evolution in 1-D HEB simulation with an initial spectrum of Alfvén waves: Top panels report the
proton parallel (left) and perpendicular (right) temperature profiles. Bottom left panel shows the velocity vD

of the secondary proton beam with respect to the core. Bottom right panel reports the evolution as a path
in (βp‖, Tp⊥/Tp‖) space; for comparison the theoretical thresholds for (dashed) the parallel fire hose and
(dash-dotted) the oblique fire hose are also displayed. Dotted line encodes the corresponding CGL predic-
tions (1)

interactions and as a result a proton beam drifting along the magnetic field is generated
(Fig. 12, left panel). This phase of the expansion is also characterized by a perpendicu-
lar heating through the cyclotron interaction of the Alfvén wave spectrum with protons.
This heating leads to a weak departure of Tp⊥ from the double-adiabatic prediction (dotted
line). Bottom left panel of Fig. 11 shows the drift velocity vD between the produced proton
beam and the proton core (normalized to the local Alfvén velocity vA). The drift velocity
vD is calculated by fitting the reduced proton velocity distribution function fp(v‖) by two
Maxwellian distribution functions. First, the beam is generated through the parametric in-
stability rapidly creating an important drift velocity vD ∼ vA. Then, vD/vA is observed to
increase with the distance in a qualitative agreement with the CGL prediction (dotted line).
Later on, when the drift velocity reaches vD ∼ 1.8vA, the beam magnetosonic instability
takes place. Consequently, protons are diffused by waves excited by the instability and the
total parallel temperature begins to decrease. The free energy for the instability also de-
creases and analogously to the case reported in Fig. 9 for the alpha/proton drift, the drift of
the secondary proton population with respect to the core protons is reduced. Finally, bottom
right panel reports the evolution of the plasma as a path in the (βp‖, Tp⊥/Tp‖) space. At the
final stage of the simulation the distribution becomes unstable to a parallel fire hose insta-
bility which provides a large perpendicular heating and reduces further the parallel tempera-
ture. Note that the proton beam-core velocity distribution function significantly differs from
a bi-Maxwellian one. Consequently, the agreement between the simulation results and the
parallel fire hose instability threshold predicted by the bi-Maxwellian linear theory (Fig. 11,
bottom right panel, dashed line) is only qualitative.



Ion Kinetics in the Solar Wind: Coupling Global Expansion

Fig. 12 Results of 1-D HEB simulation with an initial spectrum of Alfvén waves: Proton velocity distribution
functions at two simulation times, (left) at t = 0.4te (R = 1.4R0) and (right) at t = 2.5te (R = 3.5R0) as
functions of v‖ and v⊥

Figure 12 reports the proton velocity distribution function at two simulation times (left)
t = 0.4te and (right) t = 2.5te. At t = 0.4te corresponding to R = 1.4R0 the proton beam
formed through the Landau resonance between protons and ion-acoustic fluctuation driven
by the parametric instability of the initial Alfvén wave spectrum. At a later time t = 2.5te
(R = 3.5R0) the distribution is reshaped through the diffusion by the waves excited by the
magnetosonic instability. This interaction leads to the heating of the distribution function
(Daughton et al. 1999) which occurs preferentially in the direction perpendicular to the
magnetic field for both the core and the beam population. This picture confirms that, as
suggested by Schwartz et al. (1981), the presence of a proton beam drift can be the source
for anisotropic ion heating in the solar wind.

7 Discussion

We have presented selected relevant examples of the ion kinetic process in the solar wind.
We have focused our analysis on the role of expansion; the solar wind is not a simply static
plasma and its expansion induces changes in the characteristic wave and particle scales.
Distribution functions are then characterized by non-thermal features and the evolution of
the plasma is not trivial; even the effects of Coulomb collisions for particles far from thermal
equilibrium is complicated.

Coulomb collisions tend to reduce temperature anisotropies and relative particle veloci-
ties. While the asymptotic stage of Coulomb collisions is characterized by one velocity and
one isotropic temperature, at intermediate times they may lead to (anisotropic) preferential
heating of drifting ion populations. The role of collisions depends on the solar wind proper-
ties and varies with the distance and latitude. In the slow wind, which is denser and cooler,
they are more effective in removing ion anisotropies and the relative proton-alpha drift (see
Fig. 4), while no clear role of collisions is observed in the fast wind. As discussed in Sect. 3,
the local collisionality factor νT te (product of the local collisional frequency and the expan-
sion time), may depend on the magnetic field geometry and, consequently, may depend on
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the latitude. The local collisionality also strongly depends on the particle temperatures; any
heating or cooling may importantly affect the efficiency of collisional coupling.

Kinetic instabilities transform a portion of the free energy (anisotropy, drift velocity)
to wave energy and to particle heating (modifications of the particle velocity distribu-
tion function). Resonant particles are mostly affected while the non-resonant ones are
only weakly influenced. However, the nonresonant heating is not generally negligible es-
pecially when the system follows a marginally-stable path and effects of such a heat-
ing sum up. Kinetic instabilities driven by ion temperature anisotropies with T‖ > T⊥
need substantially large betas (β ∼ 1). Consequently, this kind of processes is expected
to play a role at larger distances from the Sun, in agreement with observations that sug-
gest that such instabilities are at work at 1 AU and beyond (e.g., Hellinger et al. 2006;
Matteini et al. 2007). On the other side, instabilities driven by the velocity drifts can develop
also at β < 1 (provided that the drift is comparable to the local Alfvén speed), so that they
are expected to play a role also at smaller distances from the Sun.

High frequency Alfvén (cyclotron) waves are natural source of perpendicular heating
through the cyclotron resonance. The heating is especially efficient for minor ions and al-
pha particles. Temperature anisotropy driven instabilities with T⊥ > T‖ constitute natural
constraints on the anisotropic cyclotron heating. The cyclotron resonant heating may also
explain faster speeds of minor ions and alpha particles with respect to protons. The cy-
clotron resonant heating is possibly active from the corona and may be responsible for the
ion properties observed at 0.3 AU and beyond. The temperature anisotropy driven instabili-
ties for T⊥ > T‖ are likely constraining mechanisms counteracting the perpendicular heating
during the solar wind evolution.

Large amplitude Alfvén wave are subject to parametric instabilities, wave-wave inter-
actions with compressible ion-acoustic-like waves. Ion-acoustic-like waves generated by
parametric couplings interact with ions through the Landau resonance leading to a signif-
icant parallel heating/particle acceleration. The parametric instabilities may be especially
relevant at smaller distances from the Sun where βp is small which leads to formation of a
well-pronounced secondary proton beam population (observed already at 0.3 AU). At larger
distances the proton beam can become unstable, leading then to the perpendicular diffusion
of such accelerated particles. Moreover, parametric decay instabilities introduce changes in
the predicted evolution of Alfvénic fluxes with distance, generating backward (sunward)
propagating waves from an initial anti-sunward flux (e.g., Del Zanna et al. 2001), in quali-
tative agreement with solar wind observations (e.g., Bavassano et al. 2000); they also lead
to the direct generation of small scale transverse fluctuations when oblique mother Alfvén
waves are considered (Matteini et al. 2010c). These aspects suggest that parametric cou-
plings characterizing the nonlinear evolution of Alfvénic fluctuations, can play an active
role in the development and evolution of the solar wind turbulence.

In summary, the presented results show that these kinetic effects can be treated separately
only to a first approximation as, really, they are interconnected and controlled by the expan-
sion. Different processes can inhibit or enhance each other. Perpendicular cyclotron heating
can make ion distribution unstable and then destabilize T⊥ > T‖ temperature anisotropy in-
stabilities which act as limiting processes for the heating itself. On the other hand, T‖ > T⊥
instabilities can also reduce/stop the perpendicular cooling driven by the expansion, pro-
ducing then the opposite effect and injecting wave power into plasma fluctuations (possibly
affecting the local properties of energy cascade by turbulence; Bale et al. 2009). Also, dif-
ferent instabilities share/compete for a same free energy and a source of energy for one
instability can be converted into free energy for other instabilities. Wave-wave interactions
as parametric coupling can generate velocity beams in the proton velocity distribution func-
tions. Such beams can be driven unstable as the Alfvén velocity decreases owing to the
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expansion; the reduction of the alpha or secondary proton drifts by those instabilities can
then constitute a supplementary source for anisotropic plasma heating, competitive to other
sources of heating, as turbulent heating. While the presence of a developed turbulent spec-
trum of fluctuations is a well established observational result, the role of turbulence in the
global solar wind plasma evolution still presents many open questions. Solar wind turbu-
lence shows apparent signature of anisotropy; observations (e.g., Horbury et al. 2008) show
that the energy cascade evolves preferentially through perpendicular wave vectors, but how
these interact with particles is not well understood. Also, recent studies (Sahraoui et al. 2009;
Alexandrova et al. 2009) suggest that the range of solar wind turbulence, from large-MHD
to small-kinetic scales, continues beyond the ion regime, reaching smaller scales and that
dissipation then occurs at electronic scales. Although this picture is in agreement with the-
oretical models (e.g., Schekochihin et al. 2009; Gary and Smith 2009), it is unclear how
much of the cascading energy is then deposited on ions and how (parallel versus perpendic-
ular heating, resonant versus non-resonant process, etc.). It is necessary to fully understand
the role of the relevant processes discussed in this review and their influence on the ion en-
ergetics in order to better constrain the role of turbulent heating (e.g., Vasquez et al. 2007;
Cranmer et al. 2009). The global energy exchanges between waves/turbulence and particles
are complicated and further work including all the relevant effects is needed in order to
describe the full complexity of the solar wind ion kinetics.
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Appendix: Glossary

Here ⊥ and ‖ denote the directions with respect to the ambient magnetic field B0, B0 = |B0|
denotes its the magnitude; v (and u) denotes a velocity, v = |v| being its magnitude, and
v‖ and v⊥ denote magnitude of the velocity components parallel and perpendicular to B0,
respectively; t denotes the time. Here subscripts s denotes different species; p stands for
protons, α for alpha particles; subscript 0 denotes the initial value. Ts⊥ and Ts‖ denote the
perpendicular and parallel temperatures, respectively, and βs‖ = 2μ0nskBTs‖/B2

0 is the par-
allel beta. Here ωcs = qsB0/ms and ωps = (nsq

2
s /msε0)

1/2 denote the cyclotron and plasma
frequencies, respectively, vths‖ = (kBTs‖/ms)

1/2 and vths⊥ = (kBTs⊥/ms)
1/2 denote the par-

allel and perpendicular thermal velocities. In these expressions ms, qs, and ns denote the
mass, the charge, and the number density, respectively (the proton charge is qp = e); ε0 and
μ0 denote the vacuum electric permittivity and magnetic permeability, respectively; kB is
Boltzmann constant. Here ln� stands for the (proton-proton) Coulomb logarithm. Here vsw

denotes the solar with velocity, R is the radial distance from the Sun, vs‖ is the mean veloc-
ity, vαp is the alpha-proton drift velocity vαp = vα‖ − vp‖, vD is the drift velocity between the
proton bean and core. Here δB denotes the magnitude of the fluctuating magnetic field. te is
the characteristic expansion time te = R/vsw. Here νT is the proton collisional isotropization
frequency whereas νV is the collisional slowing down frequency between alpha particles and
protons.
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P. Hellinger, M. Velli, P. Trávníček, S.P. Gary, B.E. Goldstein, P.C. Liewer, J. Geophys. Res. 110, A12109

(2005). doi:10.1029/2005JA011244
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