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Abstract. In this paper, we present some results of previous works on Alfvén waves in a dusty plasma in different
astrophysical and space regions by taking into account the
effect of superthermal particles on the dispersive characteristics. We show that the presence of dust and superthermal particles sensibly modify the dispersion of Alfvén waves. The
competition between different damping processes of kinetic
Alfvén waves and Alfvén cyclotron waves is analyzed. The
nonlinear evolution of Alfvén waves to chaos is reviewed.
Finally, we discuss some applications of Alfvén waves in the
auroral region of space plasmas, as well as stellar winds and
star-forming regions of astrophysical plasmas.

1

Introduction

The dusty plasma has been actively investigated in the past
few decades and a number of its applications have been found
in laboratory systems (e.g., cold atmospheric plasma for cancer therapy, Keidar et al., 2013; Köritzer et al., 2013; Walk et
al., 2013) as well as in space and astrophysical systems (e.g.,
auroral regions, stellar winds and star-forming regions). The
aim of this paper is to review some recent advances in the
study of parallel propagation of Alfvén waves and kinetic
Alfvén waves in space and astrophysical dusty plasmas as
well as nonlinear evolution of Alfvén waves to chaos. The
layout of the manuscript is organized as follows: an overview
of the theory of Alfvén waves and dispersion characteristics
in dusty plasmas is presented in Sect. 2.1. In Sect. 2.2, we
discussed the damping of kinetic Alfvén waves. Section 2.3

is devoted to a short overview of the Lorentzian particle velocity distribution function and its effects on Alfvén waves.
The nonlinear evolution of large-amplitude Alfvén waves to
chaos is analyzed in Sect. 2.4. Various space and astrophysical applications of the interactions of Alfvén waves with dust
plasma particles are discussed in Sects. 3 and 4, respectively.
Finally, a brief summary is given in Sect. 5.
2

Alfvén waves in dusty plasmas

Dusty plasmas are ionized gases in the presence of microparticles and often are termed as “complex plasmas” or “colloidal plasmas”. These dust particles, or dust grains, are
highly massive and usually negatively charged due to the
higher mobility and the large flux of incoming electrons, and
therefore an isolated dust grain in a plasma acts like a floating probe. Orbital motion limited (OML) is one of the ways
to determine the charging cross-section on a grain surface
pertaining to the laws of conservation of energy and momentum. For an isolated dust grain it can be formulated as a 
λD  d where a is the dust grain size, d is the the grain average separation (d = (3/4π nd0 )1/3 , where nd0 is the grain
number density) and the dusty plasma Debye length of β
species particles (λDβ0 = (kB Tβ /4π nβ0 qβ2 )1/2 , where kB is
the Boltzmann constant). In the case under consideration, we
always have a  λDβ0 and for dusty plasma d ≤ λDβ0 and
the dust particles can be treated as massive point particles
where the effect of neighboring particles is expressive and
we can expect collective behavior (de Angelis, 1992). Dusty
plasmas are present in many astrophysical environments, as
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for example the rings of Saturn, cometary tails or interstellar
clouds (Goertz, 1989; Verheest, 2000). The grain size is not
uniform in many space and astrophysical dusty plasmas and
can vary from sub-micron to centimeter scale; therefore, one
can consider different dust size distributions. It is well known
that the presence of dust particles significantly modifies the
electrostatic/electromagnetic modes due to quasi-neutrality
and is responsible for some new modes that are associated
with dusty dynamics, and the coupling of these tiny dust
grains to the magnetic field is very important to determine
the wave propagation in the planetary and interstellar media, i.e., ions and dust micro-particulates provide an effective
coupling between Alfvén wave and neutral gas in the molecular clouds (Elmegreen and Fiebig, 1993).
2.1

Dispersion relation of Alfvén waves in a dusty
plasma

It is well known that the properties of Alfvén and magnetoacoustic waves are radically modified in a dusty medium,
especially when the charge on the dust grains fluctuates;
when the charged grains acquire a circular motion around
the field lines that is defined by the dust cyclotron frequency;
and when the waves and the grains experience the same frequency, a resonance occurs that leads to the damping of the
waves.
Various modes of propagation in a dusty plasma arise from
the fact that frequencies associated with dust particles are
smaller than those for electrons and ions. These waves are
ultra-low frequency dust modes (Rao, 1996) and are associated with the dust particle inertia. Here, charged dust grains
have a collective behavior and take part in the wave dynamics. As examples of these oscillation modes, we could mention dust acoustic waves (DAW) (Rao et al., 1990; D’Angelo,
1995) and electrostatic dust-cyclotron waves (EDCW) (Sorasio and Rosenberg, 2001). Magnetized dusty plasmas support
additional electrostatic low-frequency waves involving the
dynamics of magnetized/unmagnetized dust grains and magnetized electrons/ions, i.e., dust lower hybrid (DLH) waves
with ω  ωci , which propagate nearly perpendicular to the
external magnetic field.
The dispersion relation of Alfvén waves, with frequencies
smaller than the ion cyclotron frequency, assuming constant
charged particles in a neutral and cold dusty plasma, is given
by (Cramer et al., 2002)
kz2 = u1 ± u2 ,

(1)

where

u1 =

ω2 2i
2
vAi

2
ω2 ωmax
+
2
2
2
i − ω
svAd

Zam
1

f (R) dR
 , (2)
2 /R4 − ω2
R ωmax

Nonlin. Processes Geophys., 21, 405–416, 2014

and
u2 =

2
vAi

ω3 i
ω3 ωmax

+
2
2i − ω2
svAd

Zam
1

Rf (R) dR
.
2 /R4 − ω2
ωmax

(3)

In the equations ω is the angular wave frequency, i is
the ion cyclotron frequency, vAi and vAd are the Alfvén
speeds of the ions and dust, respectively, s = c4 ln(am ) where
am = amax /amin (amin and amax are the minimum and
 the ma−3 and c is
ximum dust radii, respectively), c4 = 3/ 1 − am
the speed of light. Also, ωmax = qmin B/ (mmin c) is the maximum dust cyclotron frequency (i.e., for the smallest dust
grain with mass mmin and charge qmin ). The need for mmin
and qmin comes from the fact that considering a Maxwellian
velocity distribution for electrons and ions, in the equilibrium situation where the dust charge does not vary with
time, the electric currents on the dust surface must be identical (Vladimirov, 1997). As a result, for grain radius a >
10−7 cm, the dust charge increases linearly with the grain
size.
The right-hand polarized wave (positive sign in Eq. 1)
is the mode damped by the dust resonance. In the case
of ωmin < ω < ωmax , the integral in the particle radii has
singularities, whose residues give the complex part of the
wave number (kz ≡ kR + ikC ) and lead to the dust-cyclotron
damping of the waves, with damping length L ≡ L(ω) =
2π /kC (ω). If we consider a distribution of grain sizes, the
waves are damped in a broad band of resonance (Vidotto and
Jatenco-Pereira, 2006).
2.2

Damping of kinetic Alfvén waves

Alfvén waves are a fundamental physical phenomenon in
magnetized plasma that contributes to a wide variety of physical processes in space plasmas, for example, turbulence,
plasma heating, acceleration along the field lines, wave particle interactions and generation of geomagnetic perturbations. The interaction of the wave with thermal ions is one
of the important features in many astrophysical regions, such
as solar corona/solar wind, for transporting thermal energy
(Yukhimuk et al., 2000). Kinetic Alfvén waves (KAWs) are
small-scale dispersive Alfvén waves, differ drastically from
MHD Alfvén waves and appear when the cross field scales
are comparable to ion gyroradius.
A kinetic Alfvén wave is an important electromagnetic
wave that transports electromagnetic energy in many space
and astrophysical regions (Nakano et al., 2002; Voitenko et
al., 2003). The KAW can transfer the wave energy to electrons via Landau damping, which is the collisionless damping of low-frequency waves that occurs when thermal electrons travel along the magnetic field lines. In this process the
particles gain kinetic energy at the expense of the wave if the
distribution function has a negative slope in the range v ∼
ω/k and it results in the heating of plasmas or acceleration of
electrons along the magnetic field direction (Cramer, 2001).
www.nonlin-processes-geophys.net/21/405/2014/
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In many space and astrophysical regions, the wave properties such as the wave dispersion and the onset of Landau/cyclotron damping are dependent on the plasma beta
(Gary and Borowsky, 2004).
The wave-particle interaction in KAWs depends sensitively on the plasma β parameter (Wu et al., 1996). Hasegawa
and Cheng (1976) showed that in a low beta plasma 1 > β >
me /mi , the wave is weakly damped due to ion Landau damping leading to ion heating (Hasegawa and Cheng, 1976),
whereas if electron temperature is comparable to ion temperature, nonlinear Landau damping occurs. For some parameter regimes where β ∼ me /mi , the strong electron Landau
damping will lead to electron heating (Wu and Fang, 1999).
The dissipation of KAWs by electron Landau damping has
been suggested to play a significant role in the damping of
interplanetary magnetic field fluctuations and to explain the
slope of the magnetic turbulence spectrum where the spectral
break is believed to cause the collisionless damping at short
scales, which converts the turbulent energy into thermal energy.
Zhao et al. (2011) discussed the damping mechanism of
KAWs in the dense plume structure of coronal holes and
showed that KAWs are strongly damped in this region due
to Landau damping when λe k⊥ < 0.3.
Wu and Fang (1999, 2003, 2007) and Wu et al. (1996)
showed that the parallel electric field of the KAW can lead to
effective electron heating due to kinetic damping or Ohmic
dissipation, which can further dissipate the KAW energy to
sustain the temperature of the coronal loop plasmas. This dissipation occurs due to the parallel electric field of the KAW,
which helps the local electron heating and acceleration mechanism to balance the additional radiative loss of the bright
plume.
The presence of dust grains in many space/astrophysical
regions may also play an important role in the dynamics of
Alfvén waves, i.e., breaking down of frozen approximation
in field conditions (Kamaya and Nishi, 2000). The coupling
of charged dust grains to plasma through electric or magnetic fields can affect the spectrum of low-frequency waves
through dust inertia and cyclotron resonance. The damping
of KAWs in dusty plasma has been studied rigorously by
many authors. Das et al. (1996) studied the KAW by retaining
the finite Larmor radius of dust grains and showed that unlike
MHD Alfvén waves, the KAW propagate across the magnetic
field and because of its coupling to electrostatic modes, i.e.,
dust acoustic mode, and it undergoes Landau damping for
each plasma species (Das et al., 1996)
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where VDA = cωcd /ωpd is the dust Alfvén √
speed, rd is the
radius of dust grains, ρd = CD /ωcd , CD = Te /md is the
dust Larmor radius and ωcd = Qd0 B0 /md is the dust cyclotron frequency with Qd0 being the mean charge of the dust
particles.
Rubab et al. (2009) showed that in a dusty Lorentzian
plasma the Alfvén wave is coupled to the dust acoustic wave
and the damping due to dust charge fluctuation is insensitive
to the form of distribution function in the ultra low-frequency
regime
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where ρd = CD /ωcd , CD = Teff /md , and
Teff = nd0 Zd2 (Te ni0 + Ti ne0 ) /ni0 ne0 .
However, Gaelzer et al. (2010) focused on high-frequency
regimes with superthermal character of electrons and reported a significant modification of the dispersive and absorption characteristics. The absorption coefficient increases
due to kappa-distributed electrons, which in turn have a large
effect on the Whistler mode.
Gaelzer et al. (2009) studied extensively the properties
of oblique Alfvén waves in a Maxwellian plasma with dust
charge fluctuation effects using kinetic theory. They focused
on the competition between various damping mechanisms,
like Landau damping and damping due to charge variations
where inelastic collisional frequency between the dust and
plasma species plays a vital role in the wave absorption and
hence the damping rates.
Dust grains play a crucial role in most space/astrophysical
regions and are found to affect the growth/damping of many
electromagnetic waves drastically. In a collisional dusty
plasma the damping rate is found to be proportional to the
collision frequency between dust and ions (Yang et al., 2012).
It has been shown by many authors (Khan et al., 2013; Zubia
et al., 2007) that the collisionless Landau damping is negligibly small for nearly perpendicular propagation (small kk ),
while dust charge fluctuation damping is the main mechanism for the damping of kinetic Alfvén waves, which could
be a reason for plasma heating. de Juli et al. (2005) also explained that the Landau damping is negligible for the transverse ordinary Alfvén waves propagating parallel to the magnetic field.
2.3

Alfvén waves in Lorentzian plasmas

Velocity distribution functions with suprathermal tails in
space and astrophysical plasmas are ubiquitous and persistent features and have been confirmed by many spacecraft
missions. In kinetic and thermodynamical equilibrium the
Maxwell–Boltzmann distributions come out as a solution
of the Boltzmann collision term. Nevertheless, in a collisionless system exhibiting strong correlation and interactions
on large scales, the Fokker–Planck approach happens to be
Nonlin. Processes Geophys., 21, 405–416, 2014
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invalidated. Treumann (1999), in persuit of the same goal,
established the kinetic foundation of Lorentzian statistical
mechanics to show that power-law velocity space distributions are a particular thermodynamic equilibrium state. According to the Lorentzian statistical mechanics, the power or
the spectral index contains the information about the tangible turbulent system whose entropy is believed to increase
slowly due to internal dissipation processes to maintain a stationary state. When the correlations in the system are absent,
the nonthermal distribution approaches the classical Boltzmann distribution.
In most of the theoretical investigations reported so far,
the particle distribution has been assumed to be Maxwellian.
Spacecraft measurements of electron energy spectra and in
situ observations in the near-Earth space plasma clearly indicate the presence of suprathermal particle populations. These
particles may arise due to the effect of external forces acting
on the natural space environments or due to wave-particle
interaction. The measurements of velocity space and energy
distribution functions in most of the realistic situations differ significantly from Fokker–Planck solutions. These observed distributions contain a plentiful supply of suprathermal particles, i.e., particles that move faster than the thermal speed and are represented by the family of kappa or
Lorentzian distribution, which obeys a power law in particle speed with high-energy tails. Such a distribution gives
a best fit to the observed Maxwellian-like distributions. The
presence of suprathermal particles has prompted a number of
investigations (Treumann, 1999; Collier, 1993; Vasyliunas,
1968). The mathematical form of isotropic kappa distribution in the literature is
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m
cles, m is the mass of the particles of species, n their number
density, T their equivalent temperature, and 0 is the Gamma
function. The free parameter κ (κ > 3/2) describes the deviation of the turbulent nonthermal distribution function from
the Boltzmann distribution and is responsible for the shape
of the distribution function and hence the slope of the energy spectrum of the suprathermal particles forming the tail
of the velocity distribution function. A low value of κ describes a power-law distribution with a strongly accelerated
and hard spectrum collisionless plasma. For the large values
κ, the function degenerates into a Maxwellian. Such deviations from Maxwellian distributions are expected to exist in
low-density plasma where binary collisions are sufficiently
rare.
In natural (space and astrophysical) or fusion plasmas,
non-Maxwellian distributions originate from wave–plasma
interactions, runaway electrons, turbulence, and the fusion
of Alpha particles. Suprathermal radiation field and highly
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energetic beam sources are used for heating. Super-diffusion
processes have been proposed to explain the suprathermal
tails observed in many space plasmas (Treumann, 1997).
The presence of a high-energy tail component in a kappa
distribution effectively changes the rate of resonant energy
transfer between particles and plasma waves or by the action
of plasma wave fluctuations in the process of transferring free
energy to the wave and hence generating instabilities (Lazar
et al., 2011). Wave absorption can increase or decrease with
respect to the equivalent Maxwellian distribution function.
In addition, plasma stability can either be enhanced or degraded.
The dispersion properties of low-frequency waves in a
magnetized plasma by using kappa distribution has been derived by a number of authors. For instance, Rubab et al.
(2009, 2010, 2011) employed kappa distribution to study kinetic Alfvén waves by showing that the cross field instability
is found to be insensitive to the form of distribution function, while for parallel propagation (V0 kB0 ) has a strong influence on the growth rates, i.e., for low values of kappa,
the instability reduces, while by increasing the spectral index
(κ > 5), the amplitude of the unstable region increases. They
also showed that the parallel phase velocity of the dispersion
relation remains unchanged, while nonthermality is found to
be more effective in the perpendicular direction, which can
be shown from the following relation:
"
#
rd2
2κ − 3 2 2
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2 2
ω = kk VA 1 +
k ρ ± iπ nd0
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The same has been investigated by Watt and Rankin (2007)
by showing that the parallel electron acceleration due to inertial Alfvén wave remains insensitive to parallel phase velocity by using kappa distribution and enumerated that wave
particle interactions are enhanced, indicating that Landau
damping increases for suprathermal particles. Furthermore,
electron energy flux is also found to be dependent on kappa
(Pierrard et al., 2001). Kinetic Alfvén solitary waves in a
double layer structure have been studied by Gogoi and Khan
(2010) using the kappa distribution function and it is found
that the spectral index plays a significant role in determining
the shape and size of solitons in double layers.
Observational data from the FREJA wave experiment
showed that the Earth auroral plasma energization observed
nonlinear soliton-type structures, which can be interpreted as
solitary kinetic Alfvén waves (Wahlund et al., 1994; Louarn
et al., 1994). Further, the particle distribution function in the
auroral source regions with high-energy tails κ < 7 has been
observed (Christon et al., 1988; Kletzing et al., 2003). On
the basis of theory and observations the data of solar winds
suggest that such distributions give best fit curves. The existence of suprathermal distributions of charged particles at
different heliospheric distances in the solar wind and in other
space and planetary environments has been regularly confirmed by Interball/Aurora probes (Ermakova and Antonova,
www.nonlin-processes-geophys.net/21/405/2014/
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2006), Helios, (Prested et al., 2008) Ulysses (Zouganelis,
2008), Cassini (Schippers et al., 2008), and Wind observations (Salem et al., 2006). The presence of suprathermal charged particles has been vindicated in the magnetosphere of other planets such as Jupiter’s megnetosheath
(Krimigis et al., 1981; Mauk et al., 2004), Mercury (Christon, 1987), Neptune (Krimigis et al., 1989), and Saturn (Sittler Jr. et al., 1983). Rudakov et al. (2011) showed that the
non-Maxwellian distribution function has a significant effect
on the dynamics of solar wind plasmas. In particular, they
showed that linear Landau damping leads to the formation of
a plateau in the parallel electron distribution function, which
diminishes the Landau damping rate significantly, and generalized nonlinear scattering of waves by plasma particles to
short wavelengths. The incorporation of these effects leads to
the steepening of the wave spectrum between the inertial and
the dissipation ranges with a spectral index between 2 and 3,
as observed in the solar wind plasmas.
2.4

Alfvén chaos

Nonlinear dust Alfvén waves were investigated by Verheest
(1994), where the dust dynamics is modeled by a number
of cold, highly negatively charged and very massive fluids, in addition to electrons and protons; he showed that
several low-frequency modes occur that are typical for the
dust components, some of them described by the derivative
nonlinear Schrödinger equation (DNLS) for electromagnetic
waves. Verheest and Meuris (1996) showed that fluctuations
in the charges of dust grains, due to capture or liberation of
electrons and protons, induce density and momentum losses
or gains in dusty plasmas, giving rise to wave damping or
growth; in an intermediate regime the dust charging influences the nonlinear development of dust Alfvén waves, leading to a DNLS with a source term. Shukla and Verheest
(2003) showed that nonlinear dynamics of modulated dust
Alfvén wave packets is governed by a DNLS that admits localized envelope solitons; for dusty plasma parameters relevant to interstellar molecular clouds, the soliton width is on
the order of a fraction of a parsec. Verheest (2004) applied
the reductive perturbation theory to derive a DNLS to describe the nonlinear evolution of parallel propagating electromagnetic waves in multispecies plasmas; he showed that the
DNLS cannot have stationary solitary waves, only envelope
solitons. Verheest and Cattaert (2004) derived a DNLS for
parallel electromagnetic modes in plasmas containing polydisperse charged dust; they showed that when modeling the
charged dust by a power-law distribution in planetary rings
and other astrophysical systems, it depends very much on
the power-law index whether the smaller or the larger grains
are more important. Pandey et al. (2008) studied the nonlinear wave propagation in collisional dusty plasma when
electrons and ions are highly magnetized so that the Lorentz
force acting on the plasma particles dominates its collision
with the dust and charged dust remains weakly magnetized;
www.nonlin-processes-geophys.net/21/405/2014/
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they showed that large-amplitude waves can be easily excited
in such a collisional dusty medium and can be described by
the DNLS, whose soliton solutions explain the parsec scale
structures in astrophysical plasmas.
The nonlinear evolution of a large-amplitude Alfvén wave
propagating along an ambient magnetic field in the x direction is described by the following derivative nonlinear
Schrödinger equation (Hada et al., 1990; Chian et al., 1998,
2006)
∂t b + α∂x (|b|2 b) + i (µ + iη) ∂x2 b = S(x, t) ,

(8)

where b = by + ibz is the complex transverse wave magnetic
field normalized to the constant ambient magnetic field B0 ,
η is a dissipative scale length, time t is normalized to the inverse of the ion cyclotron frequency ωci = eB0 /mi , the space
coordinate x is normalized to cA /ωci , cA = B0 /(µ0 ρ0 )1/2
2, c =
is the Alfvén velocity, α = 1/ [4 (1 − β)], β = cS2 /cA
S
1/2
(P0 /γρ0 ) is the acoustic velocity and µ is the dispersive
parameter. The external driving force S(x, t) = A exp(ikφ) is
a monochromatic left-hand circularly polarized wave with a
wave phase φ = x −V t, where V is a constant wave velocity,
and A and k are arbitrary constants.
Low-dimensional chaos of DNLS has been studied by
Hada et al. (1990), Buti (1997), Chian et al. (1998, 2006,
2007) and Rempel et al. (2007) by carrying out a dynamical analysis of the stationary solutions of Eq. (8) in the
driver frame. This system exhibits a wealth of information on
the nonlinear dynamics of Alfvén waves such as the routes
from order to chaos via local (period-doubling and saddlenode) bifurcations and global bifurcations (interior crisis and
boundary crisis). Although Eq. (8) was derived for a twofluid plasma, its mathematical structure is very similar to the
DNLS in dusty plasmas. Hence, the results of chaos in DNLS
in two-fluid plasmas are relevant for DNLS in dusty plasmas. Buti (1997) demonstrated that even a small fraction of
charged dust grains can suppress chaos in Alfvén systems
that are chaotic in the absence of dust particles. Note, however, that this analysis was performed in the absence of dissipation and noise. Since a dynamical system is sensitive to
the variation of the physical parameters, the presence of dissipation and noise may alter the result of Buti (1997) significantly.
The effects of noise on Alfvén chaos were investigated by
Rempel et al. (2006, 2008). By adding a Gaussian noise to the
stationary solutions of the DNLS, Rempel et al. (2006) studied the occurrence of extrinsic transients and attractor hopping in a multistable regime of Alfvén waves. The complex
dynamics of Alfvén waves described by DNLS was studied by Rempel et al. (2008) when a nonlinear Alfvén wave
is driven towards an intermittent regime by the addition of
noise. The effects of Gaussian and non-Gaussian noise were
compared. In the intermittent regime, a nonlinear Alfvén
wave exhibits random qualitative changes in its dynamics as
the result of competition between three co-existing attractors
and a chaotic saddle embedded in the fractal basin boundary.
Nonlin. Processes Geophys., 21, 405–416, 2014
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Low-dimensional chaos of DNLS can also be studied
by considering Alfvén modulational wave coupling processes (Sánchez-Arriaga et al., 2009; Miranda et al., 2012).
Sánchez-Arriaga et al. (2009) studied a truncation model of
DNLS with three resonant traveling waves. They showed that
the modulational instability criterion is in agreement with
the existence of two hyperbolic fixed points joined by a heteroclinic orbit that forces the exchange of energy among
the three waves. In the presence of dissipative and growth
terms, the system exhibits very complex dynamics including multi-attractors and period-doubling bifurcation to chaos.
Miranda et al. (2012) studied the truncated three-wave model
of DNLS involving a linearly unstable Alfvén wave and two
linearly damped Alfvén waves with different damping rates.
The maximum Lyapunov exponent was computed as a function of the damping rates in a two-parameter phase space, and
shrimp-shaped self-similar structures in the parameter phase
space were identified. By varying the damping rate of the
low-frequency wave, a bifurcation diagram was constructed
to show saddle-node bifurcation and interior crisis associated
with a periodic window. Chaotic saddles and their stable and
unstable manifolds were detected, and it was shown that the
interaction between two chaotic saddles via the coupling of
unstable periodic orbits can lead to crisis-induced intermittency.
The aforementioned studies on Alfvén chaos elucidate
how Alfvén intermittency appears in space and astrophysical plasmas, such as the magnetic intermittent turbulence
observed in the solar wind (Koga et al., 2007; Sahraoui,
2008; Chian and Miranda, 2009; Chian and Muñoz, 2011),
due to nonlinear dynamical phenomena such as the type-I intermittency induced by a saddle-node bifurcation, the crisisinduced intermittency induced by an interior crisis, and the
extrinsic intermittency induced by a noise (Hada et al., 1990;
Chian et al., 1998, 2006, 2007; Rempel et al., 2006, 2008;
Sánchez-Arriaga et al., 2009; Miranda et al., 2012).
3

Alfvén waves: space plasma applications

Alfvén waves are responsible for a variety of physical processes in space plasmas as described in Sect. 2. Hence space
plasmas provide an ideal laboratory to study the properties of
this mode. As an illustration, we review briefly some observations of Alfvén waves in the Earth’s auroral region.
Kinetic Alfvén waves play an important role in auroral particle acceleration (Chaston et al., 2000, 2006). Field
aligned currents (FACs) are the major source of ionosphere–
magnetosphere coupling and the formation of auroras, as the
change in the auroras is associated with the change in the auroral currents. The auroral acceleration not only occurs due
to the closure of FACs (Paschmann et al., 2003), but also in
the case of empowering Alfvénic auroras through the action
of free energy on a small scale (Chaston et al., 2008).

Nonlin. Processes Geophys., 21, 405–416, 2014
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Chaston and Seki (2010) simulated a 3-D model to structure small-scale auroras by considering two different scenarios, where at the electron inertial scale slippage between
plasma and geomagnetic field lines becomes significant,
leading the thin auroral sheet towards Kelvin–Helmholtz instability and hence the generation of vortices, while the other
setup involves a resistive layer between ionosphere and magnetosphere.
Measurements from the FAST satellite (Chaston et al.,
2000, 2006) and the POLAR spacecraft (Wygant et al., 2000)
have speculated the existence of small-scale Alfvén waves
that carry a large net Poynting flux along magnetic field
lines towards the Earth. These are the intense and shortlived bursts of precipitating suprathermal electron flux (E <
1 keV). Chaston et al. (2003) developed numerical simulations that confirmed that the downward energy flux of electrons accelerated by inertial Alfvén waves is responsible for
exciting visible auroras.
The phenomenon associated with the Alfvén waves in auroral region can also be examined by in situ measurements
where the fluctuating electric and magnetic fields and their
correlation for the propagation of Alfvén waves can be determined. The parallel current that closes in the ionosphere
is expected to be due to these fields in quasi-static structures.
The electrons accelerated through such structures, where the
field line potential is small as compared to the variation in potential, are shifted in energy, which show first a maximum in
energy spectrum and then a decrease, following an invertedV feature (Frank and Ackerson, 1972). It has been shown
by Stasiewicz et al. (2000) that for quasi-static auroral arclike structures, the magnetic field has a direct relation to field
aligned currents, given by
1 ∂b⊥
= J⊥ = σp E⊥ ,
µ0 ∂s

(9)

where σp is the Pedersen conductivity in the ionosphere.
Reimei spacecraft observations by Asamura et al. (2009)
revealed spatial–temporal evolution of small-scale Alfvén
wave generation in auroral acceleration regions. They observed the dispersive electron burst, auroral structures driven
by inverted-V electrons and the distribution function responsible for driving them. They concluded that inverted-V electron population is responsible for auroral luminosity, while
low-energy electrons assemble information from the regions
where inverted-V events take place.
Observational data from the FREJA wave experiment
showed a close connection between Alfvén and ion acoustic
wave activity within auroral energization regions. Wahlund
et al. (1994) found Alfvénic signatures that appear more
electrostatic-like. The waveforms contain features with
scales on the order of the ion gyroradius where the kinetic (thermal) effects are expected to play a role in highfrequency electrostatic turbulence up to 15 kHz. They also
observed that the transverse scale of the spikes is on the order of the ion inertial scale that is comparable to a discrete
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auroral arc and showed that the Earth auroral plasma energization is associated with nonlinear soliton-type structures that can be interpreted as solitary kinetic Alfvén waves.
Based on this data a number of authors identified electromagnetic waveforms having characteristics of Alfvén waves and
suprathermal electron bursts (Wahlund et al., 1998; Gary et
al., 1998).
The particle distribution function in the auroral source regions with high-energy tails (κ < 7) is also observed (Christon et al., 1988; Kletzing et al., 2003); therefore, it may be
useful to study the Lorentzian inertial/kinetic Alfvén waves
in this region.

4

Alfvén waves: astrophysical plasma applications

In this section we present models/results related to Alfvén
wave dynamics in stellar winds and star formation where dust
grains are embedded.
4.1

Stellar winds

Alfvén waves might play an important role in driving stellar
winds in many regions of the HR diagram. For cool giant and
supergiant stars, the most promising mechanism is an outward directed flux of Alfvén waves. This mechanism can explain both the high mass-loss rate of ∼ 10−8 −10−6 M yr−1
and the low terminal velocities of ∼ 20 − 80 km s−1 of these
winds. It is a characteristic of cool winds to have terminal velocities u∞ less than the escape velocity at the stellar surface,
ve0 , and the observations show that u∞ ∼ ve0 /2. The waves
can produce significant mass loss even in stars that do not
have hot coronas or strong radiative fluxes. This treatment
was previously developed by Hollweg (1973); Hartmann and
MacGregor (1980); Hartmann and Avrett (1984); JatencoPereira and Opher (1989), for example.
In the solar corona the presence of Alfvén waves was confirmed observationally (Tomczyk et al., 2007). There is direct evidence for Alfvén waves in the solar wind: waves are
observed as large perturbations in the magnetic field and as
negligible perturbations in density (Chian et al., 1998, 2006),
and if there are oscillations in the magnetic field at the base of
the wind, Alfvén waves will be generated. These waves propagate outward, dissipate their energy and transfer the momentum to accelerate the wind. It is known that the coronal
holes are the source of the high-speed solar wind streams at
the Earth’s orbit. The measurement of particle fluxes mapped
back to coronal holes implies mass fluxes at the base of a
coronal hole that are 5–10 times greater than the mass flux
obtained by assuming a spherically symmetric solar wind
(Hundhausen, 1977). For coronal holes in the Sun, the solid
angle for a radial geometry, 0 , is observed to suffer an expansion of from 0 at the surface (i.e., at r = R ) to ∼ 7 0
at r = 3R (Munro and Jackson, 1977). Beyond 3R , the
edges of the coronal hole are radial and a net non-radial
www.nonlin-processes-geophys.net/21/405/2014/
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expansion factor F = /0 = 7.26 is found. For cool giant and supergiant stars it is assumed that F = 10 (JatencoPereira and Opher, 1989).
It was shown by Cramer et al. (2002) that the dispersion relation of Alfvén waves is modified in a dusty plasma, because
charged grains in a magnetized plasma are highly coupled to
the waves due to cyclotron resonances. Since it is observed
that the winds of late-type supergiant stars contain significant amounts of dust, the Alfvén waves can be dissipated in
these winds. In order to evaluate how this damping mechanism can accelerate the wind, Vidotto and Jatenco-Pereira
(2006) proposed a model that considers an outward flux of
Alfvén waves generated at the stellar surface that is damped
only due to the interaction with dust grains. They studied a
K5 supergiant star with the following magnetic field configuration: from the surface, the magnetic field configuration is
divergent and after a transition radius rt , it becomes radial. If
A(r) is the cross section of the geometry at a radial distance
r, then

A(r0 )(r/r0 )S
if r ≤ rt
A(r) =
(10)
A(r0 )(rt /r0 )S (r/rt )2 if r > rt ,
where S is a parameter that determines the divergence of
the geometry. The mass, energy, and momentum equations,
which were solved simultaneously by taking into account
both the radiative losses and the wave heating in the energy
equation, determine the temperature.
Vidotto and Jatenco-Pereira (2006) assumed that the wave
energy density is dissipated as follows:

 r



 Z 1
M0 1 + M0 2
(ω) = 0 (ω)
dr 0 ,
(11)
exp −

M 1+M
L 
r0

where M0 = u0 /vA0 is the initial Alfvén–Mach number,
M = u/vA is the Alfvén–Mach
number, the Alfvén speed
√
is given by vA = (B/ 4πρ), and L is the damping length.
They also assumed that 0 (ω), the initial wave energy density, obeys a power law as in the Sun (Tu et al., 1989)

0 (ω) = 0 (ω0 )

ω
ω0

−0.6
,

(12)

and the following initial parameters for a K5 supergiant star: r0 = 400 R , M? = 16 M , initial Alfvén wave
flux φA0 = 5.5×106 erg cm−2 s−1 , ρ0 = 1.07×10−13 g cm−3 ,
B0 = 10 G, T0 = 3500 K, and S = 5.0. They also considered
a distribution function of dust grain sizes, as first proposed
by Mathis et al. (1977) for grains in the interstellar medium
f (a) =

p−1
1−p

a −p ,

(13)

1 − am

where am = a2 /a1 with a1 being the minimum dust grain radius, and a2 the maximum dust grain radius. a1 = 5.0×10−7
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and a2 = 2.5 × 10−5 cm (Rodgers and Glassgold, 1991) and
p = 4 were adopted.
Vidotto and Jatenco-Pereira (2006) obtained the wind velocity and temperature profiles of a K5 supergiant star compatible with the observations (e.g., the terminal velocity
lower than the surface escape velocity and a rise in the wind
temperature as the distance increases from the stellar surface similar to the solar wind), which shows that the dustcyclotron damping mechanism can be very promising in order to accelerate the wind.
4.2

Star formation regions

The literature contains numerous studies comprising theoretical and numerical simulations and concerning discs around
the young stellar objects. Usually the central object provides
all of the gravitational force on the disc and the orbit of the
material in the disc is close to circular (Keplerian) and generally characterized as differential. The ambient of the cloud
that gives rise to the process of star formation contains turbulence, magnetic field and dust that must be present in the later
stages of pre-main-sequence stellar evolution (e.g., Schulz,
2005).
The magneto-rotational instability (MRI, Balbus and
Hawley, 1991) is probably the mechanism responsible for
magneto-hydrodynamic (MHD) turbulence that leads to disc
accretion: it provides a necessary torque for the disc’s particles to lose angular momentum and to move towards the
central object. The concept of a quiescent layer incapable of
allowing the operation of the MRI in a protostar disc was
proposed by Gammie (1996). In this dead zone, the disc is
not sufficiently ionized, making it difficult for the gas to be
magnetically coupled to the field lines. However, if the ionization degree is sufficiently high, the MRI can operate and
the disc becomes turbulent (Adams, 2010).
In a series of papers, Turner et al. (2007) and Turner and
Sano (2008) used the minimum-mass solar nebula as the disc
model to study under which conditions the dead zone can
be eradicated, leaving the entire disc active. They showed
that magnetic stresses can occur in the dead zone and that
the interior of the disc retains a weak coupling to the magnetic field. Jatenco-Pereira (2013) investigated the damping
of Alfvén waves as an extra non-thermal source of heating
that could increase the midplane disc temperature. Although
this non-thermal heating mechanism had already been suggested by Vasconcelos et al. (2000), it was not considered in
the context when the dust particles are taken into account
in the plasma. The waves are damped while propagating
through the disc along the magnetic field lines that are taken
to be perpendicular to the disc midplane. While they propagate, the waves are damped and transfer energy to the disc
(Jatenco-Pereira, 2013).
Jatenco-Pereira (2013) assumed that the disc is geometrically thin, optically thick, and is in the Keplerian rotation
while adopting the Shakura and Sunyaev (1973) model with
Nonlin. Processes Geophys., 21, 405–416, 2014

Table 1. Effective temperature Teff of the disk as a function of the
3 ρ).
parameterized initial flux of Alfvén waves (8A = f 2 vA
Model
M-1
M-2

f

Teff (r = 0.1 AU)
(K)

Teff (r = 1 AU)
(K)

–
0.20

660
917

133
213

some changes proper for a cold ambient: the radiation pressure term in the equation of state was neglected and the opacity was given by Bell and Lin (1994). The α prescription
(Shakura and Sunyaev, 1973) suggests that the viscosity is
set by the interaction of turbulent eddies: the maximum size
of a turbulent cell cannot exceed the disc scale height (H )
and its velocity is less than the sound speed (cs ). Hence the
maximum kinematic viscosity is then νmax = H cs . It is considered that when a disc is irradiating like a black body, its
effective temperature is obtained by setting the equilibrium
between the energy flux liberated by the viscous dissipation
4 ). When an ad(Fv ) and the black-body energy flux (σ Teff
ditional source of energy for the discs is included, the equilibrium between the energy gained and the energy dissipated
(black body) is given by Vasconcelos et al. (2000)
4
Fv (H ) + FA (H ) = σ Teff
,

(14)

where FA (H ) is the energy flux dissipated by the Alfvén
waves. It was assumed that the wave energy flux per frequency range can be described by a power law as in Sect. 4.1.
The results for a typical protostar are characterized by
M? = 0.7M and R? = 2.5R and the accretion disc with a
mean molecular weight µ = 2.33, internal radius Ri = 2R? ,
accretion rate Ṁ = 10−7 M yr−1 , α = 10−2 , the minimum
and maximum grain sizes are amin = 0.001 µm and amax =
0.25 µm, respectively, of the effective temperature Teff for
two different locations of the disk as a function of the ini3 ρ)
tial flux of Alfvén waves, parameterized by f (8A = f 2 vA
compared to a purely α model are shown in Table 1.
We show that the damping of Alfvén waves by the dust
cyclotron mechanism is more efficient than the “anomalous”
viscosity mechanism and can increase the effective temperature of the disc, allowing the MRI to take place in a large part
of the disc (Jatenco-Pereira, 2013).
5

Summary

We reviewed Alfvén waves in space and astrophysical dusty
plasmas by introducing some basic physical concepts of the
dusty environments. It was shown that the dispersion relation of Alfvén waves is modified significantly in a dusty
plasma since the charged grains in a magnetized plasma are
highly coupled to the waves due to cyclotron resonances.
The charged dust particles introduce a cutoff in the Alfvén
www.nonlin-processes-geophys.net/21/405/2014/
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wave at the dust cyclotron frequency. If a distribution of
grain sizes is considered, a large band of resonance frequencies appear instead of a single frequency. We discussed the
damping of kinetic Alfvén waves, the Lorentzian particle velocity distribution functions, and the nonlinear evolution of
large-amplitude Alfvén waves to chaos. We also reviewed
some applications in space and astrophysical plasmas, showing the importance of Alfvén waves in these studies. Finally
we would like to add some future issues that we intend to develop: (i) the role of damping of KAWs in coronal holes and
the consequences for solar wind acceleration; (ii) the study
of Lorentzian inertial/kinetic Alfvén waves in aurora regions
to elucidate the role of particle distribution function; (iii) the
contribution of damping of KAWs for acceleration of stellar
winds, among other studies.
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