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Abstract
Kinetic Alfvén waves are dispersive Alfvén waves whose perpendicular wave-
length approaches the ion gyroradius or electron inertial length. Due to their
spatial scale being comparable to particle kinetic scales, kinetic Alfvén waves
play a significant role in energization phenomena such as heating and accel-
eration in solar and space plasmas. Consequently, they are widely regarded
as candidates for coronal heating. This study conducts an in-depth and sys-
tematic investigation into the excitation and dissipation mechanisms of kinetic
Alfvén waves in the solar atmosphere. Based on the coronal plasma environment,
several common excitation mechanisms are presented: temperature anisotropy
instability, field-aligned current instability, electron beam instability, density
inhomogeneity instability, and resonant mode conversion. Additionally, the
dissipation mechanisms of kinetic Alfvén waves in the solar atmosphere are dis-
cussed, along with their implications for sunspot heating, coronal loop heating,
and coronal plume heating. This work not only provides a sound theoretical
foundation for understanding the driving mechanisms, kinetic evolution char-
acteristics, and wave-particle interactions of kinetic Alfvén waves in the solar
atmosphere, but also contributes to elucidating the microscopic physical mech-
anisms underlying energization phenomena such as energy storage and release
and particle heating in coronal plasmas.
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Abstract
Kinetic Alfvén waves (KAWs) are dispersive Alfvén waves whose perpendicular
wavelength approaches the ion gyroradius or electron inertial length. Because
the wave scale matches the kinetic scale of particles, KAWs play an important
role in energization phenomena such as plasma heating and particle accelera-
tion in solar and space plasmas. Consequently, KAWs are frequently considered
as candidates for coronal heating. This study investigates the excitation and
dissipation mechanisms of KAWs in the solar atmosphere in depth and systemat-
ically. Based on the coronal plasma environment, we introduce several common
KAW excitation mechanisms: temperature anisotropy instability, field-aligned
current instability, electron beam instability, density inhomogeneity instability,
and resonant mode conversion. We also describe the dissipation mechanisms of
KAWs in the solar atmosphere and discuss their effects on heating in sunspots,
coronal loops, and coronal plumes. This work not only provides a reasonable
theoretical basis for understanding the driving mechanisms, dynamic evolution
characteristics, and wave-particle interactions of KAWs in the solar atmosphere,
but also helps reveal the microscopic physical mechanisms of energy storage and
release, as well as particle heating in coronal plasmas.
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1. Introduction
The corona is the outermost layer of the solar atmosphere, extending outward
from the top of the transition region to several solar radii. The corona consists
of tenuous, fully ionized plasma composed primarily of electrons, protons, and
highly ionized ions. The temperature of the solar atmosphere is approximately
ten thousand degrees in the chromosphere, but increases dramatically to mil-
lions of degrees in the corona after passing through a transition region only a
few hundred kilometers thick. At coronal temperatures of millions of degrees,
the plasma loses energy through various processes such as thermal conduction,
radiation, and solar wind. Therefore, energy comparable to these losses must
be continuously supplied to maintain equilibrium and sustain such high temper-
atures. While the energy for coronal heating originates from turbulent kinetic
energy in the solar interior convection zone, how this energy is transported up-
ward and dissipated as thermal energy in coronal plasma has remained a frontier
and hot topic in solar physics.

Numerous physical mechanisms have been proposed to explain coronal heating,
including acoustic wave heating, magnetohydrodynamic wave heating, magnetic
reconnection, fast shock dissipation, turbulent heating, and Fermi heating. Bier-
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mann and Schwarzschild suggested that turbulent motions in the solar convec-
tion zone could effectively generate acoustic waves that dissipate energy and
heat the corona. Due to strong magnetic fields in the solar atmosphere, acous-
tic wave heating was superseded by magnetoacoustic wave mechanisms. Boyn-
ton et al. proposed shock dissipation heating by magnetoacoustic waves, where
footpoint motions at the photosphere base excite magnetoacoustic waves that
become shocks when propagating to the top of the chromosphere, dissipating
energy through classical collisions at shock fronts. However, magnetoacoustic
waves become shocks before reaching the corona, making them ineffective for
coronal heating. Alfvén first proposed that the high-temperature corona might
result from Alfvén wave dissipation, suggesting that turbulent motions in the
photosphere generate Alfvén waves whose associated currents heat the corona
through Joule dissipation. However, Cowling and Piddington demonstrated
that Joule and viscous damping are insufficient to dissipate Alfvén waves. The
energy dissipation rate of plasma waves can only compensate for coronal energy
losses when wavelengths approach meter scales, necessitating consideration of
kinetic effects—hence kinetic Alfvén waves.

Kinetic Alfvén waves are dispersive Alfvén waves with perpendicular wave-
lengths comparable to the ion gyroradius (�i) or electron inertial length (𝜆e).
Since wave frequencies are much lower than the ion cyclotron frequency, their
parallel wavelengths are typically much larger than the ion inertial length, lead-
ing to pronounced anisotropy in electromagnetic polarization and propagation
direction. KAWs play important roles in particle energization and filamentation
phenomena in magnetized plasmas. Because their perpendicular wavelengths
approach ion kinetic scales, KAWs can interact directly with ions, enabling en-
ergy exchange. Table 1 compares the properties of Alfvén waves and KAWs.
For parallel-propagating Alfvén waves, both parallel and perpendicular wave-
lengths greatly exceed �i and 𝜆e; for obliquely propagating Alfvén waves, both
wavelengths also greatly exceed �i and 𝜆e; for KAWs, the parallel wavelength re-
mains much larger than �i and 𝜆e, but the perpendicular wavelength approaches
�i or 𝜆e. A distinguishing feature of KAWs is their electric field perturbation
parallel to the background magnetic field, making them crucial for acceleration
and heating processes in solar and space plasmas.

In the 1970s, based on plasma kinetic theory, Chen et al. and Hasegawa et al. first
studied the kinetic limit of KAWs in the plasma parameter range me/mp < 𝛽
< 1, where me, mp, and 𝛽 represent electron mass, proton mass, and the ratio
of plasma thermal pressure to magnetic pressure, respectively. In the kinetic
limit, dispersion relation corrections arise primarily from finite ion (ion-acoustic)
gyroradius effects. Goertz et al. subsequently investigated the inertial limit
of KAWs (𝛽 < me/mp), where dispersion relation corrections are dominated
by finite electron inertia effects. Based on two-fluid theory, Wu derived the
complete dispersion relation for KAWs incorporating both ion gyroradius and
electron inertia effects. In this expression, terms represent corrections from ion
temperature and inertia effects, while other terms represent corrections from
electron temperature and inertia effects. KAW properties differ significantly
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between different plasma 𝛽 regimes: the kinetic regime (me/mp < 𝛽 < 1) and
the inertial regime (𝛽 < me/mp).

Observational studies indicate that large-scale Alfvén waves are ubiquitous in
the solar atmosphere. However, due to instrumental spatial resolution limita-
tions, no direct observational evidence for small-scale KAWs has been obtained
to date. Woo and Woo et al. studied fine structures at kilometer scales in the
corona, suggesting these might be produced by KAWs. Based on data from
the National Astronomical Observatories’solar broadband radio spectrometer,
Wu et al. indirectly inferred characteristics of KAWs in the solar atmosphere by
analyzing microwave drifting pulse events in solar radio bursts, attributing such
events to KAWs and estimating wave properties: 𝜔 � 1.5 × 105 Hz, 𝜆� � 4 km,
𝜆� � 10 m, with durations of about 50 ms.

The solar atmosphere contains complex, variable magnetic field structures, with
plasma exhibiting high temperatures, non-uniformity, and states far from ki-
netic and thermodynamic equilibrium. These non-uniform structures and strong
dynamic phenomena are generally considered energy sources that drive vari-
ous plasma instabilities. Given the importance of KAWs in energy transport,
their generation and excitation mechanisms have received widespread attention.
Many plasma instabilities can provide free energy for KAW excitation, including
proton and electron temperature anisotropy instabilities, velocity gradient and
shear flow instabilities, current instabilities, proton and electron beam insta-
bilities, magnetic field non-uniformity instabilities, and density non-uniformity
instabilities. In density-non-uniform plasmas, large-scale Alfvén waves can con-
vert to small-scale KAWs through resonant mode conversion. Additionally, non-
linear mechanisms such as turbulent cascade, parametric decay instability, and
modulation instability may also excite KAWs. As understanding of KAW char-
acteristics deepens, research on their generation mechanisms and formation pro-
cesses continues to expand.

From the photosphere to the corona and solar wind, background plasma envi-
ronments and parameters change significantly. Table 2 provides plasma parame-
ters for different regions of the solar atmosphere. The plasma 𝛽 value decreases
from >1 in the photosphere to �1 in the corona, then increases to >1 in the
solar wind. KAW excitation and dissipation mechanisms differ markedly across
these 𝛽 regimes. Chen et al. studied field-aligned current instabilities of KAWs
across different 𝛽 ranges, finding that high-𝛽 environments are more favorable
for KAW growth. Hasegawa et al. noted that for 𝛽 < 1, KAWs strongly heat
electrons, while for 𝛽 > 1, they more effectively heat ions.

Previous research has achieved important results regarding KAW excitation
mechanisms and observational identification. However, the specific excitation
mechanisms and wave-particle interaction processes of KAWs in the solar at-
mosphere remain unclear, particularly: (1) What are the drivers of KAWs in
the solar atmosphere and where are they located? (2) Are KAWs in the solar
atmosphere related to background particle energization? (3) How do KAWs
dissipate energy, and is the carried energy sufficient to heat the corona? This
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review summarizes recent progress on KAW wave modes, energy sources, and
dissipation mechanisms in the solar atmosphere.

2. Excitation of Kinetic Alfvén Waves in the Solar Atmo-
sphere
KAWs serve as important energy carriers, making their excitation mechanisms
particularly significant. This section focuses on several important KAW ex-
citation mechanisms in the solar atmosphere: temperature anisotropy insta-
bility, electron beam instability, field-aligned current instability, density non-
uniformity instability, and resonant mode conversion.

2.1 Temperature Anisotropy Instability

Numerous studies have shown that the firehose instability driven by temperature
anisotropy is one of the most important mechanisms for exciting Alfvén waves.
When finite ion gyroradius effects are considered, short-wavelength modifica-
tions of the firehose instability can efficiently generate KAWs. Based on plasma
kinetic theory, Wu et al. and Chen et al. investigated the firehose instability of
KAWs in detail, obtaining the dispersion equation where coefficients a, b, and d
are expressed as functions of various plasma parameters including electron and
ion temperature anisotropies, plasma 𝛽 values, and Bessel functions. When 𝛿Te
= 0, the equation represents proton temperature anisotropy instability exciting
KAWs; when 𝛿Ti = 0, it represents electron temperature anisotropy instability
exciting KAWs.

Figure 1 [Figure 1: see original paper] shows the dependence of the growth rate
𝜔i/𝜔ci on the square of the perpendicular wavenumber �i, with solid and dashed
lines corresponding to electron and proton temperature anisotropy instabilities,
respectively. The growth rate of proton temperature anisotropy instability de-
creases rapidly with increasing �i, while the electron temperature anisotropy
instability growth rate remains nearly constant. This indicates that short-
wavelength corrections significantly suppress proton temperature anisotropy in-
stability while having little effect on electron temperature anisotropy instability.
Therefore, electron temperature anisotropy is more favorable for KAW growth
than proton temperature anisotropy.

To investigate short-wavelength effects on KAW excitation, Wu et al. and Chen
et al. studied the threshold conditions for temperature anisotropy instabilities.
Figure 2 [Figure 2: see original paper] displays the growth rate 𝜔i/𝜔ci versus
proton temperature anisotropy parameter 𝛿Ti (left panel) and electron tempera-
ture anisotropy parameter 𝛿Te (right panel). Both instabilities exhibit threshold
values 𝛿cTi and 𝛿cTe. When the anisotropy parameters exceed these thresholds,
KAW growth rates increase with the anisotropy parameters. Additionally, as
�i increases, the proton temperature anisotropy instability threshold 𝛿cTi in-
creases, while the electron temperature anisotropy instability threshold 𝛿cTe re-
mains essentially unchanged. Thus, electron temperature anisotropy instability
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can more effectively excite KAWs compared to proton temperature anisotropy
instability.

2.2 Field-Aligned Current Instability

Field-aligned currents are important phenomena in magnetized plasmas. Based
on plasma kinetic theory, Wu et al. and Chen et al. studied KAW field-aligned
current instabilities for different plasma 𝛽 regimes (𝛽 < me/mi, me/mi < 𝛽 <
1, and 𝛽 > 1). The results show that field-aligned current instability depends
significantly on plasma 𝛽, with KAW growth rates and excitation conditions
differing markedly across 𝛽 ranges. In the low-𝛽 regime (𝛽 < me/mi), KAW
field-aligned current instability has a threshold condition requiring electron drift
velocity vD to exceed a critical velocity vc. In this regime, vA > vTe (where
vTe is electron thermal velocity), so the excitation condition requires vD > vTe,
making KAW excitation difficult. In the intermediate regime (me/mi < 𝛽 < 1),
the threshold condition is relatively low (vc < vA). In the high-𝛽 regime (𝛽 >
1), field-aligned current instability easily excites KAWs.

Figure 3 [Figure 3: see original paper] shows the growth rate 𝜔i/𝜔ci versus per-
pendicular wavenumber �i for various drift velocities vD/vA = 0.05, 0.1, 0.2, 0.3,
0.4, and 0.5. The KAW growth rate increases with electron drift velocity but de-
creases with perpendicular wavenumber. A critical perpendicular wavenumber
�ci exists: when �i > �ci, the growth rate approaches zero. As vD/vA increases,
�ci also increases, indicating that larger field-aligned currents are more effective
for KAW excitation.

To further illustrate temperature anisotropy effects on field-aligned current in-
stability, Figure 4 [Figure 4: see original paper] presents the growth rate 𝜔i/𝜔ci
versus electron temperature anisotropy parameter 𝛿Te (left panel) and proton
temperature anisotropy parameter 𝛿Ti (right panel) for drift velocities vD/vA =
0, 0.1, 0.2, and 0.3. When vD/vA = 0 and 0.1, the electron drift velocity is below
the field-aligned current instability threshold, and free energy for KAW excita-
tion comes primarily from electron or proton temperature anisotropy. When
vD/vA > 0.2, wave growth rates increase with temperature anisotropy param-
eters, demonstrating that field-aligned current instability can effectively excite
KAWs, with proton or electron temperature anisotropy providing additional free
energy to enhance KAW growth rates.

For typical coronal loop plasma conditions with electron density ne � 1015 m−3,
background magnetic field strength B0 � 10–100 Gs, and electron drift velocity
vD/vA � 0.1–10, the KAW growth rate is 𝛾 � (0.01–0.1)𝜔ci � 103–104 s−1. These
results indicate that field-aligned currents in coronal loops can effectively excite
KAWs.

2.3 Electron Beam Instability

Beams are common plasma phenomena in space and astrophysical plasmas.
Voitenko studied proton beam instability for KAW excitation, while Chen
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et al. investigated electron beam instability effects on KAW excitation using
plasma kinetic theory. The dispersion relation and growth rate are given by
complex expressions involving beam density nb, background ion density n0,
beam temperature Tb, beam drift velocity vb, background electron return
flow velocity vd, and various thermal velocities. In the growth rate expression,
the first bracketed term arises from resonant interaction with electron beams,
the second from Landau damping by background protons, and the third from
Landau damping by background electrons.

Figure 5 [Figure 5: see original paper] shows the growth rate 𝛾/𝜔 versus per-
pendicular wavenumber k��i for electron beam drift velocities vb/vA = 6, 8, and
12. Electron beam instability can effectively excite KAWs, with growth rates
increasing with vb/vA. Figure 6 [Figure 6: see original paper] displays 𝛾/𝜔ci ver-
sus vb/vA for beam densities nb/n0 = 0.28, 0.3, and 0.32, with Landau damping
neglected (left panel) and included (right panel). Growth rates increase with
beam density, and Landau damping significantly reduces KAW excitation.

2.4 Density Non-Uniformity Instability

Density non-uniformity is an inherent property of solar and space magnetized
plasmas. Based on two-fluid theory, Wu et al. and Chen et al. studied KAW
excitation by density non-uniformity instability. The actual form of density
non-uniformity in the solar atmosphere is extremely complex, and without in-
situ measurements, the exact expression is difficult to determine. Considering
a density profile of the form n0(x) = 1 + sin(�0x), where n* and �0 represent
normalized density amplitude and characteristic scale, the normalized real fre-
quency and growth rate can be derived.

Figure 7 [Figure 7: see original paper] shows plasma density n0(x)/n0, normal-
ized wave real frequency 𝜔R, and normalized growth rate 𝜔I versus normalized
spatial position �0� for density amplitudes n/n0 = 0.01, 0.05, 0.1, and 0.3. Wave
growth rates increase with plasma density gradient and amplitude, demonstrat-
ing that density non-uniformity instability can effectively excite KAWs. Figure
8 [Figure 8: see original paper] displays 𝜔R and 𝜔I versus normalized density
inhomogeneity spatial scale kx/�0. The real frequency and growth rate depend
sensitively on both the spatial scale and amplitude of density non-uniformity. As
kx/�0 increases, the growth rate first increases then decreases, reaching a maxi-
mum. The maximum growth rate remains nearly constant as density amplitude
n/n0 increases.

2.5 Resonant Mode Conversion in Density-Non-Uniform Plasmas

In weakly density-non-uniform plasmas, direct excitation of KAWs through den-
sity non-uniformity instability becomes difficult, and resonant mode conversion
of Alfvén waves becomes more effective. When waves propagate in density-
non-uniform plasma, the local Alfvén velocity vA varies. As wave frequency
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approaches the local Alfvén frequency (𝜔 � kzvA), Alfvén resonance occurs, con-
verting Alfvén waves to KAWs at kinetic scales.

In magnetized plasmas, Lorentz forces effectively prevent cross-field particle mo-
tion, creating density gradients perpendicular to the background magnetic field.
Meanwhile, gravitational stratification produces density gradients parallel to the
field. Consequently, the angle between density gradients and background mag-
netic fields spans a complex range in the real solar atmosphere. Using plasma
kinetic theory, Xiang et al. studied resonant mode conversion for arbitrary an-
gles between density gradients and magnetic fields, deriving a wave equation for
the electric field.

Solving this equation yields an expression for the KAW electric field involving
Airy functions. Figure 9 [Figure 9: see original paper] shows the wave electric
field Ex/E0 versus distance x/�i for various angles 𝛼 = 20°, 50°, 80°, 85°, and
90°. When 𝛼 approaches 90°, the electric field amplitude is large; as 𝛼 deviates
from 90°, the amplitude decreases; for 𝛼 < 20°, the amplitude approaches zero,
indicating that KAWs become difficult to excite.

Figure 10 [Figure 10: see original paper] presents the maximum electric field
strength Exmax/E0 versus angle 𝛼 for different wavenumber ratios ky/kz = 0.1,
0.33, 1, 3, and 10. As 𝛼 decreases from 90° to 0°, the maximum electric field
decreases. For 𝛼 ≤ 40°, KAW excitation becomes difficult. Figure 11 [Figure 11:
see original paper] shows Exmax/E0 versus density gradient ��i for various angles
𝛼. As ��i increases, the maximum electric field decreases, indicating that weak
density gradients are more favorable for KAW generation—contrary to direct ex-
citation by density non-uniformity instability. In resonant mode conversion, the
driver is the Alfvén wave itself, with density non-uniformity providing only the
resonance condition, not free energy. Larger density gradients make it difficult
for Alfvén waves to cross the resonance surface, hindering effective conversion
to KAWs.

Given the importance of beams in the solar atmosphere, Xiang et al. further
studied Alfvén wave resonant mode conversion to KAWs in the presence of
proton beams. The corresponding wave equation includes terms for proton
beam density nbi, drift velocity vbi, and temperature Tbi. Solving this equation
yields a KAW electric field expression. Figure 12 [Figure 12: see original paper]
shows Ex/E0 versus x/�i for various proton beam densities and drift velocities.
Figure 13 [Figure 13: see original paper] displays Exmax/E0 versus proton beam
drift velocity (left panel) and density (right panel). As proton beam density or
drift velocity increases, the electric field amplitude grows, indicating that proton
beams can significantly affect the resonant mode conversion process and promote
KAW excitation.

3. Plasma Heating Mechanisms in the Solar Atmosphere
Solar magnetic fields dominate coronal heating, but the specific mechanisms
converting magnetic energy to plasma thermal energy remain unclear. Because
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KAW scales are comparable to particle kinetic scales, they may play important
roles in coronal plasma heating. This section details KAW heating mechanisms
for sunspots, coronal loops, and coronal plumes.

3.1 KAW Heating Mechanism in Sunspot Chromospheres

Sunspots are magnetic structures on the solar surface. Strong magnetic fields
suppress normal convective energy transport from beneath the photosphere,
making sunspots 1000–2000 K cooler than the surrounding quiet photosphere.
However, sunspot temperature increases more rapidly with height, becoming
hotter than the surroundings in the chromosphere and corona. The heating
mechanism of sunspots has long been a major question in solar physics. Figure
14 [Figure 14: see original paper] shows a semi-empirical atmospheric model of
a sunspot (solid lines), with panels displaying temperature, electron and atom
density, and ionization degree from top to bottom; dashed lines represent quiet
Sun values. In the photosphere and lower chromosphere, sunspot temperatures
are lower than background plasma, while in the upper chromosphere and corona
they are higher. Analysis of density and ionization variations with height re-
veals that sunspot heating is related to charged particle density and background
magnetic field strength.

Based on drift kinetic theory, Wu et al. studied the effects of acoustic and kinetic
Alfvén waves on sunspot heating. Considering collisions between neutral atoms,
the acoustic wave heating rate is given by QHS = mHnHcs2�c𝛿n2, where mH
is hydrogen atom mass, nH is hydrogen atom density, cs is sound speed, �c is
collision frequency, and 𝛿n is acoustic wave density perturbation. Considering
Joule dissipation, the KAW heating rate is QHK = menevA2�ei𝛿nK2, where me
is electron mass, ne is electron density, �ei is electron-proton collision frequency,
and 𝛿nK is KAW density perturbation.

Balancing wave heating rates against radiative cooling yields the required pertur-
bation density amplitudes for acoustic and KAW heating. Figure 15 [Figure 15:
see original paper] shows the required relative density amplitude versus height,
with dashed, dotted, and solid lines corresponding to KAW heating, acoustic
wave heating, and combined heating, respectively. As height H increases, the
required perturbation density amplitude for KAW heating decreases, while that
for acoustic wave heating increases. For H < 800 km (photosphere and lower
chromosphere), acoustic waves effectively heat sunspots; for H > 800 km (upper
chromosphere and corona), KAWs heat sunspots more efficiently.

3.2 KAW Heating Mechanism in Coronal Loops

Coronal loops are plasma structures in closed magnetic field regions of the
corona. Their magnetic structure often correlates spatially with sunspot fields,
but brighter loop regions do not necessarily coincide with stronger fields. Coro-
nal loop heating is typically non-uniform, with some loops appearing brighter
near weak-field regions than near strong-field regions. The physical mechanism
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of coronal loop heating remains an unresolved problem in solar physics. Based
on drift kinetic theory, Wu et al. studied KAW Landau damping effects on
coronal loop heating. According to Hasegawa et al., the KAW Landau damping
rate is given by an expression involving the ratio of Alfvén velocity to electron
thermal velocity vA/vTe.

Figure 16 [Figure 16: see original paper] shows the KAW Landau damping
rate 𝛾/𝜔 versus vA/vTe. For 0.1 < vA/vTe < 2.5, Landau damping occurs
effectively, with maximum damping when vA/vTe � 1, indicating strongest Lan-
dau resonant interaction. KAW dissipation mechanisms also depend sensitively
on background plasma parameters. Considering the relationship between per-
turbed magnetic field in the y-direction and background field, Wu et al. derived
the KAW heating rate expression Q = Qm[𝜔�/(kz2vA2)], where � = kx2 when vA
> vTe and � = kx2 when vA < vTe, with kx and 𝜆e representing the x-direction
wavenumber and electron inertial length.

Figure 17 [Figure 17: see original paper] shows the KAW heating rate Q/Qm
versus background magnetic field strength B0 for different plasma parameters
𝛼 = 0, 0.5, and 1. The left panel represents loop top conditions, the right
panel loop footpoint conditions. KAW heating rates correlate strongly with
background magnetic field strength. The effective heating range at loop tops is
larger than at footpoints, explaining why some loops appear brighter at their
tops and in weak-field regions than in strong-field regions.

Based on plasma kinetic theory, Xiang et al. further studied KAW effects on
coronal loop heating in the presence of proton beams. Figure 18 [Figure 18: see
original paper] shows the heating rate Qm/Q0 versus proton beam drift velocity
vbi/vA (left panel) and density nbi/n0 (right panel). As proton beam density or
drift velocity increases, the KAW heating rate increases, indicating that proton
beams enhance KAW heating rates. For realistic coronal conditions, when the
wave electric field satisfies Ex � 1 V/m, KAWs carry sufficient energy to offset
energy losses in coronal loops. This suggests proton beams provide additional
free energy to enhance KAW amplitudes, heating coronal loops more effectively.

Using test particle models, Malara et al. studied KAW turbulence energization
of coronal electrons. KAW turbulence can stochastically accelerate electrons
through parallel electric fields, raising their energy to hundreds of eV within
tens to hundreds of seconds. The power absorbed by electrons from waves
scales with the cube of large-scale velocity amplitudes, comparable to turbu-
lent cascade power spectra. Singh et al. studied anisotropic KAW turbulence
effects on coronal heating. As KAWs propagate, coherent structures collapse
transversely, generating turbulence. The magnetic fluctuation power spectrum
exhibits strong anisotropy in wavenumber space, indicating that nonlinear in-
teractions redistribute energy among waves of different scales, causing KAW
energy to cascade from large to small scales for dissipation.
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3.3 KAW Heating Mechanism in Coronal Plumes

Coronal plumes are plasma structures formed in open magnetic field regions
of coronal holes—dense, ray-like bright features with densities several times the
coronal hole average. Plume widths are about 0.1 solar radii, but extend from
the coronal base to over ten solar radii. Plume lifetimes range from several to
tens of hours. Without confinement and heating mechanisms, coronal plumes
would dissipate quickly and could not persist for such durations, yet their heat-
ing mechanism remains unclear. Figure 19 [Figure 19: see original paper] shows
a semi-empirical radial model of a coronal hole, with panels displaying back-
ground plasma density n0, electron temperature Te, magnetic field strength B0,
flow velocity vR, and electron plasma 𝛽e.
Figure 20 [Figure 20: see original paper] shows radial distributions of plasma
parameters in coronal plumes, including resonant parameter 𝛼c, KAW dissipa-
tion rate �, radiative loss rate QL, and required magnetic field strength 𝛿B/B0
for KAW heating. At distances of 1.1–10 R� in coronal plumes, the resonant
condition satisfies 𝛼c � 1, indicating that KAW Landau resonant interaction
plays an important role in plume heating. In this region, the KAW dissipation
rate � > 10−5, and the required magnetic field strength for heating satisfies 𝛿B
≤ 10−3B0. This demonstrates that KAWs can effectively dissipate wave energy,
converting it to particle thermal energy, and that the carried wave energy is
sufficient to heat coronal plumes.

Based on a radial solar wind model for coronal holes, Wu et al. studied KAW
wave-particle resonant interaction effects on electron heating in coronal plumes.
The KAW heating rate is given by Q = (1 - nb/2nb)c2UB, where UB =
|𝛿By|2/2�0 represents magnetic energy density.

4. Summary
Alfvén waves are the most important low-frequency wave modes in magnetized
plasmas and represent a crucial energy transport mechanism in solar and space
plasma environments. Kinetic Alfvén waves are dispersive Alfvén waves with
perpendicular wavelengths comparable to the ion gyroradius or electron iner-
tial length. They play important roles in plasma particle heating, acceleration,
and anomalous transport, and have been widely applied to explain observed
phenomena such as non-uniform coronal heating, sunspot heating, coronal loop
heating, and coronal plume heating. Consequently, KAW excitation and dissi-
pation mechanisms in solar and space plasmas have attracted extensive interest
and attention.

This review summarizes research progress on KAW excitation mechanisms and
wave-particle interactions in the solar atmosphere. Common KAW excitation
mechanisms include: proton/electron temperature anisotropy instability, field-
aligned current instability, electron beam instability, density gradient instabil-
ity, and resonant mode conversion. Key findings include: (1) Temperature
anisotropy instabilities require relatively high plasma 𝛽 for effective excitation,
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with electron temperature anisotropy being more effective than proton tem-
perature anisotropy; (2) Field-aligned current instability is also an important
mechanism. When drift velocity exceeds the Alfvén velocity, field-aligned cur-
rents can effectively excite KAWs, with growth rates and wavenumber ranges
increasing with drift velocity; (3) Electron beam instability can effectively ex-
cite KAWs, with maximum growth rates occurring for drift velocities in the
range 8 < vb/vA < 10; (4) For density non-uniformity instability, strong den-
sity gradients are more favorable for KAW excitation. As the spatial scale
of density non-uniformity kx/�0 increases, the growth rate first increases then
decreases. The maximum growth rate remains nearly constant as density ampli-
tude n*/n0 increases; (5) In weakly density-non-uniform plasmas, Alfvén wave
resonant mode conversion can effectively excite KAWs, with excitation strength
sensitively depending on the angle 𝛼 between density gradient and background
magnetic field and on density gradient ��i. Proton beams can significantly en-
hance KAW amplitudes.

In the solar atmosphere, KAW dissipation affects energization phenomena in-
cluding sunspot heating, coronal loop heating, and coronal plume heating. Key
conclusions include: (1) For sunspot heating, acoustic waves effectively heat
the photosphere and lower chromosphere, while KAWs more efficiently heat the
upper chromosphere and corona; (2) For coronal loop heating, KAW Landau
resonant dissipation depends sensitively on background magnetic field, enabling
KAW heating rates in weak-field regions to exceed those in strong-field regions in
some loops. The effective heating region at loop tops is larger than at footpoints,
making KAW heating more effective at loop tops; (3) For coronal plume heating,
KAWs can effectively dissipate wave energy through Landau resonant damping,
converting wave energy to particle thermal energy and heating plumes.

From photosphere to corona, the likely heating processes are: acoustic wave
neutral atom collisional dissipation in the photosphere and lower chromosphere;
KAW electron-ion collisional dissipation in the upper chromosphere; and KAW
Landau resonant damping in the transition region and corona. Currently, KAW
heating mechanisms for the corona remain at the theoretical research stage. The
successful launches of Parker Solar Probe and Solar Orbiter will provide local
observations near the Sun, promising to advance our understanding of coronal
heating mechanisms.
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