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Kinetic Alfvén waves (KAWs) contribute significantly to particle acceleration in
the magnetosphere of Earth. In this paper, we discussed how the charged
particles’ (electrons and ions) speeds vary with distance during the wave-
particle interaction. We employed the temperature-anisotropic non-extensive
distribution function to model the magnetospheric plasma. Our findings show
that the charged particles take more energy from the wave in the non-extensive
state; consequently, the particles are accelerated to higher velocities. Our results
also show that when the perpendicular ion temperature (T,;) of the system
increases, the accelerated charges have a lower velocity. In addition to the
velocity of charged particles, we found that the magnitude of the KAW's group
velocity was larger in the Maxwellian (g — 1) case, and the waves were more
energetic and heat the magnetospheric plasma for larger distances. Finally, we
calculated the characteristic length scale over which the waves get damped.
Our findings show that the damping scale length is of the order of several Earth
radii (Rg), consistent with observations. The effects of q and the temperature
anisotropy on the damping scale length are such that for small q (i.e., the
non-extensive state), and larger T ;, the damping scale length becomes large
enough, which implies that the waves can interact with the charged particles
far away from the locations where they are excited. The findings of this study
help us understand the formation of the beams of charged particles, which
can precipitate into different regions of the magnetosphere, and are critically
important in the formation of auroras.

KEYWORDS

damping length, group velocity, kinetic Alfvén waves, magnetospheric plasma, poynting
vector, temperature anisotropic non-extensive distribution function

1 Introduction

The magnetosphere of Earth, dominated by the terrestrial magnetic field, shapes
the surrounding environment and influences plasma behavior (Wright et al.,, 2024).
The magnetosphere’s complex structure of magnetic fields and plasma distributions
creates natural coupling opportunities between different wave modes. This coupling,
particularly between fast magnetoacoustic and Alfvén modes Alfvén (1942),
is integral to magneto-seismology studies, enabling researchers to probe the
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magnetospheric dynamics and its responses to solar wind
interactions. Alfvén waves are frequently generated when there
are unstable particle distributions, and they play a crucial role in
driving interactions that impact both the ionosphere and ground-
level currents, with significant implications for space weather
phenomena (Wright et al., 2024).

Recent advances have expanded the understanding of
these waves and the mechanisms by which they accelerate
particles within the magnetosphere (Wright et al, 2024). The
Earth’s magnetosphere hosts a wide range of plasma waves
(Walker, 2013), among which Alfvén waves on a microscopic
scale, also called KAWs, are particularly important due to their
influence on wave-particle interactions in the magnetospheric
regions (Gershman et al., 2017). KAWs are characterized by their
low-frequency nature (relative to the ion gyrofrequency) and
their ability to develop an electric field component parallel to the
background magnetic field (Hasegawa and Chen, 1975). When
these waves propagate through plasma and interact resonantly
with the charged particles, i.e., their parallel phase velocity w,/k
approach the velocities of the particles moving along the wave,
the electric field of the KAWs accelerates the charged particles
(Lysak and Song, 2003)

KAWs can propagate over extensive distances within the Earth’s
magnetosphere, facilitating energy transfer across wide spatial
regions (Sharma Pyakurel et al., 2018). Spacecraft observations have
shown that within the plasma sheet boundary layer, approximately
10% of the wave energy is transferred to particles over distances
ranging from 1.5 to 15 Earth radii (Rg) (Lysak and Song, 2003). This
significant energy transfer implies that KAWs have the potential
to fully dissipate through resonant interactions with particles if
they propagate far enough from their initial generation points.
For KAWs to effectively dissipate their energy, they must reach
regions well beyond their source locations, where interactions with
particles continue to absorb wave energy over vast distances. A
comprehensive analysis of these waves can be found in the following
studies: (Ayaz et al., 2024a; Ayaz et al., 2024b, Ayaz et al., 2025a;
Ayaz et al, 2025b; Cramer, 2011; Wu and Chen, 2020;
Keiling, 2024).

KAWs are prevalent across the magnetosphere and are
generated through various mechanisms. One prominent mechanism
of energy transfer is turbulent cascade (Kolmogorov, 1941).
Observations have confirmed the turbulent cascades in the
plasma sheet region (Borovsky and Funsten, 2003). A secondary
feedback,
transfer on smaller scales. Initially introduced by Atkinson

mechanism, ionospheric contributes to energy
(1970), this feedback mechanism includes the response of
the magnetosphere characterized by a field line impedance
(Miura and Sato, 1980). Other studies examined the feedback
instability in the presence of the field line resonances (Streltsov
and Lotko, 2004; Lu et al., 2007; Watanabe, 2014), enhancing
our understanding of KAW generation in magnetospheric
structures.

Phase mixing also contributes significantly to KAWSs
generation in the plasma sheet boundary layer (Lysak, 2023).
Observations from the Polar satellite showed KAWs activity
at 4-6 Ry (Wygant et al, 2002), during which electrons
were accelerated in the direction of the parallel electric field

of the wave (Lysak and Song, 2011). These findings matched
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the E/B ratios predicted by dispersion relations, which allowed
for estimates of perpendicular wavelengths and plasma beta,
illustrating how phase mixing can sustain KAWs in high-
gradient regions.

Additionally, fluctuations in solar wind flow near the
magnetopause can excite magnetohydrodynamic waves, which
may convert into KAWs (Lee et al, 1994). Velocity-sheared
flows further contribute to this process (Wang et al., 1998), as
does magnetic reconnection, a major driver of wave production.
During reconnection at the magnetopause, KAWs travel along
separatrices towards the ionosphere, and substorms in the plasma
sheet tail can also generate KAWs through direct reconnection
(Shay et al., 2011; Sharma Pyakurel et al., 2018). However, due to
their small perpendicular wavelengths, KAWs are susceptible to
Landau damping, which can dissipate the waves before reaching
the ionosphere. Observations by the MMS mission in December
2015 confirmed KAW presence during reconnection at the dayside
magnetopause, underscoring their influence on geomagnetic
storm activity and space weather (Gershman et al, 2017;
Dai et al., 2023).

On spatial scales larger than several Earth radii, varying
numbers of resonant particles engage with waves across different
magnetospheric locations, with particle interactions significantly
influenced by temperature variations (Khan et al., 2020). Spacecraft
observations and simulation results consistently show that
magnetospheric temperatures are anisotropic. Near the subsolar
magnetopause, the ion perpendicular temperature exceeds the
ion parallel temperature (Olson and Lee, 1983), likely due to
shock waves generated ahead of tangential discontinuities at the
magnetopause (Mandt and Lee, 1991). In the plasma depletion
layer, IMP-6 satellite data reveal this same anisotropic pattern
(T,; > T};), which is associated with plasma flowing along flux
tubes (Crooker et al., 1979). The Magnetospheric Multiscale (MMS)
mission further confirms this trend in the dayside magnetopause,
attributing it to the monochromatic ion cyclotron waves
(Gershman et al., 2017).
addition
magnetospheric regions show similar anisotropies in electron
The THEMIS missions data at the subsolar
magnetopause indicate that perpendicular electron temperature

In to anisotropic ion temperatures, these

temperatures.

exceeds parallel electron temperature, potentially due to magnetic
reconnection processes (Tang et al, 2013). This complex
temperature structure highlights the particle-wave interactions’
dynamic and varied nature across the magnetosphere.

the
characteristics of magnetospheric plasma also play a role in

Beyond  temperature variations, non-Maxwellian
determining the number of resonant particles that interact
with waves (Khan et al, 2019b; a). The pioneering IMP-1
spacecraft’s data revealed that the magnetosphere contains a
significant population of suprathermal particles that fit a power-
law distribution instead of the traditional Maxwellian distribution
(Olbert, 1968). This discovery was later corroborated by various
spacecraft, including Orbiting Geophysical Observatory missions
OGO 1 and OGO 3 (Vasyliunas, 1968), the Polar spacecraft
(Kletzing et al., 2003), International Sun-Earth Explorer-1 (ISEE-
1) (Christon et al., 1988; Christon et al., 1991), Magnetospheric
Multiscale (MMS) (Pollock 2018), and THEMIS

(Kirpichev et al., 2015).

et al,
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FIGURE 1
Resonant velocity of charged particles. The resonant velocity is
calculated using Equation 9, where ny = 10 cm™>, B, = 55 nT, k, =10~/
cm™, and k; =108 cm™. This figure shows the variation of resonant
velocity as a function of distance for g = 0.5 and g — 1. The values of
the temperatures are fixed: T\, =T, =35eV, T;=175eV,and T ; = 350
eV, respectively.

A particularly effective model for describing suprathermal
particles is the non-extensive distribution function, frequently
employed in studies of magnetospheric plasmas (Khan et al., 2019b;
Liu et al, 2016; Shamir et al, 2022) and grounded in
strong theoretical foundations (Tsallis, 1988). This function
provides a robust framework for capturing the effects of
suprathermal and has instrumental in

particles proven

understanding wave-particle interactions in magnetospheric
environments.
Inspired by observations of power-law distributions,
temperature anisotropies, and KAWs, this study investigates the
dynamics of KAWSs propagating through the Earth’s magnetosphere,
modeled with a temperature-anisotropic, non-extensive velocity
distribution function. Specifically, we analyze how these waves
accelerate charged particles through resonant interactions and
examine the influence of the non-extensive g parameter and
temperature anisotropy on the energy flow velocity. In addition,
we determine the characteristic scale length over which the
waves undergo damping and evaluate for different temperature
anisotropies and ¢q values. To our knowledge, this research
is the first to explore the role of these waves in accelerating
charged particles in the Earth’s magnetospheric plasma. The
mathematical framework supporting these analyses is detailed in the

following section.

2 Mathematical model

The geometry of the system is considered in such a manner that
the background magnetic field is oriented parallel to the z-axis, the
perturbed magnetic field of the wave is directed along the y-axis,
and the perturbed electric field of the wave and the wave vector lie
the x-z plane.
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In the magnetospheric plasmas, across the background magnetic
field, KAWs carry a small amount of energy. The energy is
predominantly carried by the waves along the background magnetic
field (Lysak and Song, 2003). The transport of the energy with
respect to distance is governed by the steady-state Poynting
theorem, which for the KAWs simplifies to Lysak and Song (2003),
Khan et al. (2020), and Xunaira et al. (2023)

9 _ 2w,w;
)
9z viky

S, 1

where S represents the time-averaged Poynting vector, k| represents
the parallel wavenumber, and v, represents the Alfvén speed. The
w, (real frequency) and w; (imaginary frequency) in the low-p,
temperature anisotropic non-extensive distributed plasma can be
found by solving the following determinant (Lysak and Song, 2003;
Ayaz et al., 2020; Ayaz et al., 2024a):
fl—kﬁcz/w2 klk"cz/w2
)
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where k, represents the perpendicular component of the
wavenumber and c represents the light speed. The expressions for ¢,
and ¢ are (Summers et al., 1994)
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In Equations 3 and 4, f,, is arbitrary velocity distribution

]/(w_qw_ngg.

(4)

function, « is the species under consideration (i.e., electrons/ions),
J,(¢) is the Bessel function, { is dimensionless quantity given by
{=k, v, [/Q, where Q is gyrofrequency given by Q, = q,B,/m,,
and @,
symbols have their usual meaning.

is plasma frequency given by w,,, = 1oqal€ym,. All other

In the current paper, we chose the following anisotropic non-
extensive distribution function (Qiu and Liu, 2013):

Z;q
foa=Aq| 1-( 1)<Vi Vz) (5)
o= -(q-D{ 7+ ;
e &,

where

Vi-ar(%)

q: 3 2 1 1 >
mBMGHuF(E _E>

and 0, ,=+/(39-1)T,/2m,. The values of q are restricted

to —1<g<1. Putting Equation 5 in Equations 3 and 4 and

A

then following the approach adopted in many studies (see Refs:
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FIGURE 2

Effect of varying wavenumber on the resonant velocity of charged particles. The figures are generated using Equation 9. Both the perpendicular and
parallel wavenumbers are normalized with p;. The value of g is 0.5 and all other parameters have the same values as in Figure 1. In the panels, the
influence of the wavenumber has been checked at different locations. The bar legends right to the panels (top)-(bottom) represent the magnitude of
the resonant velocity. It can be seen that the magnitudes of the resonant speed decrease when z is large.
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Lysak and Song (2003); Khan et al. (2020); Ayaz et al. (2025a)

and references therein), the ¢, and ¢ expressions turn
out to be
2,2
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Solving the determinant Equation 2 using the methods
employed in Refs: Lysak and Song (2003); Khan et al. (2020);
Xunaira et al. (2023); Ayaz et al. (2025a) and references therein, we

- ki pzquZ)

get the following expressions of w, and w;:
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gyroradius and ¢,
the non-extensive distributed plasma. Moreover, the temperature

=4/(3q - 1) T}./2m; represents sound speed in
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FIGURE 3

Effect of perpendicular ion temperature (T ;) on the resonant velocity of charged particles. This figure is also based on Equation 9 where qis 0.5and T ;
is considered to have different values. The other quantities have the same values as in Figure 1. We can see that when T ; increases, the resonant

velocity decreases.

anisotropic terms (y, and y,) in expressions Equations 6 and 7 are
defined by the following expressions:

T,. Ty T
nes (7)) () (5
3g-1 |\ Ty Tye Tye
and
Ti T‘e T
S B Y (T Sy
3g-1 T T T

It should be noted that the above expressions are different from
the expressions reported in Liu et al. (2016). In that paper, the
functional form of the distribution (Equation 1 of Liu et al. (2016))
is different from our Equation 5. Moreover, when g — 1,and T ; =
T)e,» Maxwellian results can be retrieved (Lysak and Song, 2003),
and in the limit, ¢ — 1 — 1/x;, the results of Kappa distributed plasma
can be retrieved (Khan et al., 2020).

To see how the Poynting vector varies with distance, we have to
solve Equation 1, which is a simple first-order differential equation
that has the following solution (Khan et al., 2020):

Expression Equation 8 is valid for studying energy transfer

20,w;
S(z) = S(O)exp< 2 r

Vakj

(8)

through the Landau damping rate—resonant interaction. When
there is no resonant interaction (w; = 0), the waves travel undamped,
i.e., S(z) = S(0) for all z, where S(0) is the energy per unit area per unit
time at the position where the waves are generated.

The resonant particles experience acceleration as a result of
taking energy from the wave. If the wave loses energy only through

Frontiers in Astronomy and Space Sciences

05

the Landau mechanism, then the average speed of the particles will
be (Ayaz et al., 2024b; Ayaz et al., 2025b)

(2"
Vies © 7 4
ki

where J represents mass density.
During the resonant interaction, the perturbations are supposed

28

5 ©

not to be very large, so we can assume linear analysis. Considering
linear analysis, in Equation 8, the relationship between the Poynting
vector and group velocity is not shown explicitly, as we have adopted
the model of Lysak and Song (2003). Following the procedure of Bers
(1999), the explicit relationship is

B aw,_ S(z)
eT ok T w

(10)

where w; represents time-averaged wave energy density.
Equation 10 provides information as to how the electromagnetic
energy is propagated by the KAWs having different wavelengths.

When the different waves interact with the plasma, the
characteristic scale length L over which the wave damps out
can be found in terms of the group velocity and damping rate
(Tiwari et al., 2008):

L= (11)

€ |

i

The above damping length L (i.e., Equation 11) together with the
energy flow velocity (given by Equation 10), and the velocity of the
resonant particle (given by Equation 9) are graphically analyzed in
the next section.
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3 Results and discussion

For our analysis, we consider the propagation of the KAWs in the
magnetopause where the plasma equilibrium density n, = 10 cm™>,
the background magnetic field By = 55 nT, T}; = 175 eV, T ; = 350 eV,
and T, =T . = 35 eV, (Gershman et al,, 2017). The 3-D global-scale
hybrid simulation shows that S ~ 107> Wm™2 (Wang et al.,, 2019).
These waves can strongly interact with the plasma. In the resonant
process, physically, the velocities of the resonant electrons approach
the phase velocity of the KAWSs. Those electrons whose velocities are
slightly below the phase velocity of the KAWSs gain energy from the
wave, in contrast to those electrons whose velocities are slightly above
the phase velocity of the KAWs that give energy to the wave. The
non-extensive distribution has a negative slope, thus, on average more
particles take energy from the KAWSs. During the resonant interaction,
in the highly non-Maxwellian cases, the electrons gain more kinetic

Frontiers in Astronomy and Space Sciences

energy from waves (Figure 1). Moreover, the velocity of resonant
electrons is ~ 1,000 km/s even after the waves cover a distance of
10 R

Waves of different wavelengths can interact differently. When
the perpendicular wavenumber of the waves is small, ie., large
perpendicular wavelength, then the particles are accelerated to higher
velocities (Figure 2), and because the waves lose energy during their
journey, energization takes place more efficiently near the regions
where the waves are excited, as the magnitude of the velocity reduces
(see bar legends in Figure 2). It can also be seen that the parallel
wavenumber does not significantly influence the resonant velocity.

The particle energization takes place parallel to the background
magnetic field. Consequently, a field-aligned beam of charged
particles can be created. Such beams have been reported to exist
very often in the magnetosphere (Song et al., 1993; Lee et al., 1994).
The beams of the accelerated charged particles precipitate into the
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ionosphere (Skjeeveland et al., 2017) and can play a vital role in the ~ transported can be obtained from the group velocity of KAWs.
aurora formation (Chaston, 2006). The group velocity, or the energy flow velocity, is larger for
When the waves propagate toward the ionosphere, they  cases where the non-extensive parameter g and the perpendicular
carry field-aligned Poynting fluxes ~50 mWm™> which are  temperature T,; increase (Figure 4). That means that the hotter
sufficient to drive aurora (Chaston et al, 2007). Waves having  ions or Maxwellian distributed plasma permit the wave packets
small perpendicular wavelengths damp out before reaching the  to propagate faster. The group velocity significantly increases
ionosphere; however, this effect is balanced by other processes such  in the perpendicular direction (Figure 5), which is consistent
as phase mixing, which continually regenerates KAWs of small  with the numerical simulations based on hybrid Vlasov-Maxwell
perpendicular wavelengths (Lysak, 2023). model and Hall-magnetohydrodynamics (Pucci et al, 2016). In
In some instances, the electron temperature remains isotropic, ~ the magnetospheric plasmas, the variations in the group velocity
but the ion temperature is not (Gershman et al., 2017). When the  significantly influence the propagation time of the waves from the
perpendicular ion temperature increases, the wave interacts with the  onset sites (Lessard et al., 2006).
plasma such that resonant particles extract some of the wave’s energy, The waves that transport the energy are damped over a
resulting in comparatively low particle velocities (Figure 3). characteristic damping length larger than several Ry (Figure 6).
When the waves propagate from regions where they are  The largeness of the damping length is not surprising as in the
excited, the Poynting flux of the waves decreases with distance = magnetosphere, the scale length varies from ~15 Ry to ~150 Ry
(Onishchenko et al., 2004). The rate at which this energy is  (Lysak and Song, 2003). Our results show that the damping length
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is larger when waves having large perpendicular wavelength (small
k) travel in highly non-Maxwellian plasma (g = 0.5) where T ; >
T); (see Figures 6, 7). In the non-Maxwellian states (q=0.5),
the largeness of the damping length means that few resonant
particles participate in the wave-particle interaction compared to the
Maxwellian state. This causes a weak damping of the KAWs, which
can interact with the charged particles over long distances.

The damping of the waves resulting in charged particle
acceleration is Landau damping, and the waves are most likely to be
caused by magnetic reconnection. As we have seen from Equation 1,
the Landau damping is incorporated in the steady-state Poynting
theorem, and there is strong evidence from kinetic particle-in-
cell (PIC) P3D simulations that confirm that once the KAWs
are generated and travel away from the X-line, they experience
Landau damping (Sharma Pyakurel et al., 2018). Moreover, both
the PIC P3D simulations and spacecraft observations show that
the steady-state Poynting theorem is fulfilled near/at the X-
line (Genestreti et al, 2018). In our study, we have seen that
the wave amplitude due to Landau damping is suppressed over
distance, and the same must happen over time as shown by
numerical analysis (Chettri et al., 2025).

To summarize this paper, we highlighted that when KAWSs
accelerate the charged particles in the magnetosphere of Earth, the
velocities of the charges vary with respect to distance (Rg). We
see that the velocities are significantly influenced by the presence
of the temperature anisotropic non-extensive distribution function.
The accelerated charged particles are central to the formation of
auroras. In addition to studying the charged particles’ velocities, we
also investigate the impact of the said distribution function on the
damping length and group velocity of KAWs. These findings help
us in understanding the energy levels of KAWs and the extent to
which they can propagate within the Earth’s magnetosphere. The
results and findings of this manuscript are widely applicable to the
solar wind and corona, where particles are typically out of thermal
equilibrium. Therefore, to model such realistic plasma systems, we are
confident that our results are highly relevant and directly applicable
to these regions. It must be noted that in this paper, we followed
the local kinetic theory (Lysak and Song, 2003). In this approach, the
gradients in the density and background magnetic field are considered
to be larger than the wavelength of the waves. In other words, we
assumed a constant magnetic field and constant density. Our main
focus was to understand the influence of temperature anisotropy and
non-extensivity on the behavior of the waves on a local kinetic scale.
Thelocal, homogeneous approximation to the magnetospheric plasma
is supported by observations (Svenes et al., 2008; Haaland et al., 2009).
Considering the case where B, and n vary significantly would modify
the quantitative values. However, we believe that the trends of these
quantities reported in this study remain intact under reasonable
background variations. A fully non-local calculation with radially
varying B (r) and n(r) is left for future work and is beyond the
scope of this manuscript.
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