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Abstract. Magnetohydrodynamic (MHD) waves 

play a crucial role in the plasma processes of stellar at-

mospheres and planetary magnetospheres. Wave phe-

nomena in both media are known to have similarities 

and unique traits typical of each system. 

MHD waves and related phenomena in magneto-

spheric and solar physics are studied largely inde-

pendently of each other, despite the similarity in proper-

ties of these media and the common physical founda-

tions of wave generation and propagation. A unified 

approach to studying MHD waves in the Sun and 

Earth's magnetosphere opens up prospects for further 

progress in these two fields. 

The review examines the current state of research in-

to MHD waves in the Sun’s atmosphere and Earth's 

magnetosphere. It outlines the main features of the wave 

propagation media: their structure, scales, and typical 

parameters. We describe the main theoretical models 

applied to wave behavior studies; discuss their ad-

vantages and limitations; compare characteristics of 

MHD waves in the Sun’s atmosphere and Earth’s mag-

netosphere; and review observation methods and tools 

to obtain information on waves in various media. 

Keywords: magnetohydrodynamics, MHD waves, 

Alfvén waves, fast magnetosonic waves, slow magneto-

sonic waves, magnetosphere, ULF waves, chromo-

sphere, solar corona, active regions, solar activity. 
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INTRODUCTION 

Most of the matter in the Universe is plasma. De-

spite common mechanisms of generation, propagation, 

and dispersion of waves in it, there are specific features 

related to medium parameters and magnetic field struc-

ture in various regions of outer space. The most explor-

able media in outer space are the Sun's atmosphere and 

Earth's magnetosphere. While there are significant dif-

ferences in characteristic magnetic field and plasma 

density magnitudes, Earth's magnetosphere and solar 

active regions have many similar parameters. The char-

acteristic size of solar active region is ~10
5
 km and is 

close to the size of Earth’s magnetosphere. Both in the 

coronal part of active region and in the magnetosphere, 

the Alfvén velocity is close to 1000 km/s; the similari-

ties between their characteristic scales and velocities 

determine the close characteristic periods of the pro-

cesses. Both in solar active regions and in Earth's mag-

netosphere, characteristic wave periods range from tens 

of seconds to tens of minutes. 

Historically, the research in these two fields in dif-

ferent scientific communities developed almost inde-

pendently, thereby producing various methods and theo-

ries for describing similar processes. At the same time, 

ideas about penetration of oscillations from interplane-

tary space into the magnetosphere began to appear in 

the 1970s [Troitskaya et al., 1971; Guglielmi, 1974] and 

later stimulated interest among many researchers 

[Baumjohann et al., 1984; Hasegawa, Chen, 1974; Ma-

zur, 2010; Potapov, Mazur, 1994]. Theoretical justifica-

tion for penetration of fast magnetoacoustic waves 

through the transition layer has been proposed in [Leo-

novich et al., 2003]. Satellite and radar data were used 

to search for the relationship between wave events in 

space environments [Potapov, Polyushkina, 2010; Ste-

phenson, Walker, 2002]. Kepko and Spence [2003] have 

revealed that the periodic fluctuations in the solar wind 

pressure correspond to electromagnetic pulsations in the 

magnetosphere. The authors suggested that the source of 

the latter may be forced magnetosonic oscillations 

transmitted from the solar wind. The oscillations gener-

ated outside the magnetosphere include those whose 

spectra are similar to the spectra of oscillations in the 

solar wind. For instance, Kepko et al. [2002] note that 

the characteristic frequency set common to waves in the 

magnetosphere also dominates in the spectrum of oscil-

lations observed in the solar wind. Potapov et al. [2013] 

analyze similarities between the oscillation spectra at 

the base of coronal holes and the oscillations of the in-

terplanetary magnetic field (IMF) near Earth's orbit for 

individual observations. As an attempt to find a link 

between magnetospheric pulsations and oscillations 

observed directly in the solar photosphere, we can men-

tion the study into the 0.1–5 Hz ion-cyclotron waves in 

the polar cap in the vicinity of open field lines. They 

feature frequency modulation with a period ~5 min co-

inciding with the periods of 5 min oscillations recorded 

in the solar photosphere [Guglielmi, Dovbnya, 1973; 

Guglielmi et al., 2015]. Generation of such oscillations, 

also known as serpentine emissions, and their relation-

ship with oscillations of the photosphere need further 

study since no explanations for them have been offered yet. 
Also of interest is to compare the oscillations that 

are observed in the Sun's atmosphere and Earth's mag-
netosphere. Theoretically, waves with minute periods 
should be described in these media by the same theory — 
magnetic hydrodynamics (MHD) [Zelenyi, Veselovsky, 
2008]. Nevertheless, approaches to studying these 
waves in the vicinity of Earth and in the Sun's atmos-
phere differ significantly. In Earth's magnetosphere, the 
electromagnetic field and plasma parameters are directly 
measured at any point, whereas studies into solar oscil-
lations always represent an outside perspective covering 
the entire solar disk or active region. However, such a 
difference in the possibilities of observations may even-
tually provide a positive cumulative effect due to the 
same theoretical basis of the processes under study. The 
possibility of using the methods developed in solar 
physics for analyzing magnetospheric MHD waves and, 
vice versa, applying the methods used in magnetospher-
ic physics to the Sun has already been discussed and 
remains one of the most promising ways for researchers 
of these two fields to cooperate [Nakariakov et al., 
2016b]. 

The review compares particular wave phenomena in 

the Sun’s atmosphere and Earth’s magnetosphere, ex-

amines similarities and differences between them. The 

emphasis is on those plasma features in which the mag-

netic field plays a dominant role or is similar in order of 

magnitude to gas pressure (β<1, where β=8πP/B
2
 is the 

ratio of the gas-dynamic pressure to the magnetic one). 

In the solar atmosphere, this criterion is valid for chro-

mospheric and higher layers. In the magnetosphere, this 

condition holds almost everywhere. 

This review develops the ideas of combining the ap-

proaches of studying MHD waves in the solar corona 

and Earth's magnetosphere, suggested in [Nakariakov et 

al., 2016b]. We also pay attention to the methods of 

observing waves and to the solar chromosphere. In addi-

tion, the paper presents new results obtained after publi-

cation of [Nakariakov et al., 2016b], such as observa-

tions of standing waves in coronal loops, which allow 

them to be identified as slow magnetoacoustic waves 
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[Mandal et al., 2016], analysis of undamped kink oscil-

lations of coronal loops [Anfinogentov et al., 2015], 

study into the conditions for the occurrence of instabili-

ties [Klimushkin et al., 2017; Rubtsov et al., 2020], etc. 

The review is aimed at making up for the shortage in the 

literature in Russian on this topic. It can be useful for 

graduate students and experts in solar-terrestrial physics 

for research and work with students. It can also help in 

developing a new interdisciplinary field of research on 

waves in plasma systems. 

 
1. KEY MEDIUM PARAMETERS  

This section provides a general description and pre-
sents key parameters of the media under study, such as 
characteristics of particle populations, fields, structural 
morphological features. The description sequence has 
been chosen according to the direction of propagation of 
the main energy flux — from the lower layers of the 
Sun's atmosphere through the corona to the magneto-
sphere. 

1.1. Solar chromosphere 

The chromosphere is a layer of the Sun's atmosphere 
in which, as compared to the underlying photosphere, 
the temperature rises sharply to 10

4
–10

5
 K [Song et al., 

2010]. In the photosphere, gas pressure plays a crucial 
role, whereas magnetic pressure prevails in the corona 
[Zhang et al., 1991]. Thus, gas and magnetic pressures 
in the chromosphere are comparable in magnitude, 
which defines it as a highly dynamic region in which 
there are many structural inhomogeneities such as 
chromospheric network, filaments, spicules [Snodgrass, 
Wilson, 1993; Sterling, 2000; Feldman et al., 2000]; 
and, in addition, sunspots and faculae in active regions 
(Figure 1). In the chromosphere there are many magne-
toplasma loops of different heights; these loops are gen-
erally asymmetric: at one footpoint the magnetic field 
strength is significantly higher than at the other [Wie-
gelmann et al., 2010]. 

Chromospheric magnetic fields are concentrated in 
thin tubes ~100 km thick, the field strength in which is 
~10

3
 G (0.1 T). Hereafter, since different units of 

measurement are widely used for physical quantities in 
magnetospheric and solar physics, both are given for 
improved readability [Zayer et al., 1989]. Magnetic 
fields in the quiet Sun's regions are associated with 
supergranulation, the greatest observable manifestation 
of convection on the Sun's surface.  

Supergranulation cells have a typical size of ~30000 
km and a lifespan up to two days [Rincon, Rieutord, 2018]. 

The chromospheric network has the geometry of the 
supergranulation cells and consists of separate small and 
large nodes with diameters of 1000 and 2000–8000 km 
respectively. Large nodes are clusters of small ones [Ro-
bustini et al., 2019]. At the boundaries of the chromo-
spheric network’s cells, spicules are formed — plasma 
jets, which are elongated features ejected from the Sun’s 
surface into its atmosphere (150–200 km in diameter, 
~10000 km in height) [De Pontieu et al., 2007b]. 

Chromospheric plasma consists mainly of hydrogen 
ions and to a lesser extent of helium. The typical number 
density of hydrogen ions in the chromosphere is 10

10
 cm

–3
. 

 

Figure 1. Solar disk image taken on October 27, 2021 by a 

full-disk telescope in the Hα line (ISTP SB RAS Baikal As-

trophysical Observatory) [Trifonov et al., 2004]. Sunspots, 

filaments, and faculae are shown 
 

The strength of magnetic fields in the chromosphere 

varies widely: from tens to several thousands of gauss 

(10
–3

–10
–1

 T). The smallest values are observed in the 

chromospheric network’s cells. At the cell edges, the 

field strength is increased due to the fact that plasma 

with magnetic lines frozen into it is transferred by su-

pergranulation motions to edges of the cells, where it 

begins to sink, thereby producing clusters of magnetic 

tubes. The most concentrated fields are observed in sun-

spots, where the strength is as high as thousands of 

gauss (0.1 T). 

1.2. Solar corona 

The solar corona is the least dense and the hottest 

part of the solar atmosphere. The corona is completely 

filled with plasma (temperature ~10
6
 K, number density 

~10
8
–10

9
 cm

–3
) consisting mainly of ionized hydrogen 

and doubly ionized helium admixed with multiply ion-

ized atoms of heavier elements. The magnetic field in 

the corona varies from a few gauss (~10
–4 

T) in quiet 

regions to hundreds or even thousands of gauss (~10
–2

–

10
–1

 T) [Anfinogentov et al., 2019] in active regions 

above large sunspots. Nonetheless, almost everywhere 

in the corona the magnetic pressure significantly ex-

ceeds the gas pressure (β<<1) and hence largely deter-

mines the evolution and structuring of coronal plasma. 

Owing to low β, the transfer of matter and heat across 

the magnetic field is suppressed, resulting in strong 

plasma fragmentation and field-aligned plasma inhomo-

geneities in the corona [van Doorsselaere et al, 2008]. In 

the images captured in EUV emission lines, these inho-

mogeneities are seen as bright arcades stretched along 

the magnetic field (Figure 2). Such structures are called 

coronal loops and usually have the form of thin long 

loops with increased brightness in EUV lines, ~1000 km in 

thickness and hundreds of thousands of kilometers in 

length [Brueckner, Bartoe, 1974]. 
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Figure 2. Full solar disk image (left) taken by the Atmos-

pheric Imaging Assembly (AIA) on board the Solar Dynamics 

Observatory (SDO) in the 171 Å line. On the right is an en-

larged image segment with an active region 

 

The brightest and densest coronal loops are located 

above active regions and are connected with places of 

concentration of strong magnetic fields on the photo-

sphere. Magnetic field lines in active regions generally 

emerge from the photosphere and return back to it, 

without reaching interplanetary space. Thus, coronal 

plasma in active regions is trapped in the lower solar 

corona and does not leak into interplanetary space. Due 

to the enhanced plasma density, active regions in the 

EUV images are seen as places of increased emission 

brightness. Along with the bright active regions there 

are extensive dark regions — coronal holes [Altschuler 

et al., 1972]. Magnetic fields in them generally have an 

open configuration, field lines in which go into inter-

planetary space and are stretched by the solar wind up to 

the boundaries of the Solar System. Coronal plasma in 

these regions is no longer trapped inside the lower coro-

na, but constantly flows out into the solar wind — a 

supersonic plasma stream moving from the corona into 

the interlanetary space [Krieger et al., 1973]. As a re-

sult, plasma density in coronal holes is much lower than 

in active regions, and the holes themselves look like 

dark features in EUV images. The solar wind has a sig-

nificant impact on the configuration of magnetic fields 

of planets, forming a bow shock on the subsolar side 

and creating an extended tail of field lines on the other. 

The characteristic values of the solar wind density in the 

Earth orbit are 1–10 cm
–3

 (on average ~5 cm
–3

) 

[Dmitriev et al., 2009]. Inhomogeneities of matter and 

field parameters in the solar wind due to variable effects 

on the magnetosphere generate regular geomagnetic 

disturbances. 

1.3. Earth’s magnetosphere 

Medium parameters in Earth's magnetosphere differ 

significantly from those observed in the surrounding 

solar wind. The main differences are the magnetic field 

strength approximately by an order of magnitude greater 

and also the plasma density by an order of magnitude 

lower (except for the plasmasphere — a region of the 

magnetosphere adjacent to the ionosphere, which has a 

higher density of cold plasma) [Mead, Fairfield, 1975]. 

There are, however, a number of spatial regions inside 

the magnetosphere, whose characteristics differ signifi-

cantly, which affects electromagnetic wave propagation 

in it. Boundaries of such regions can be created by reso-

nators and waveguides, with dimensions and their other 

parameters changing over time under the influence of 

fluctuations in the solar wind speed and density, as well 

as in the IMF orientation [Klimushkin, 1998]. Accord-

ingly, the properties of electromagnetic waves propagat-

ing in them or experiencing resonant amplification, in-

cluding the range of ultralow-frequency (ULF) waves 

(waves with a frequency lower than the proton gyrofre-

quency), also change [Guglielmi, Potapov, 2017]. In 

Earth’s magnetosphere, they play a crucial role, for ex-

ample, they can accelerate charged particles, creating 

so-called killer electrons that have a destructive effect 

on satellite equipment, as well as can affect the shape of 

auroras and motion of their arcs [Baddeley et al., 2017]. 

The magnetospheric regions that are specific for ULF 

wave propagation and generation can be called the re-

gions exhibiting increased densities of particles in-

volved in the resonant interaction with waves, such as 

the ring current forming region. 

The boundary of the magnetosphere is the magneto-

pause. Its position is determined by the balance of pres-

sures of the incoming solar wind particle flux and the 

magnetic field. It also depends on the IMF direction 

[Samsonov et al., 2013]. At a distance of (4÷5)RE (25–

35 thousand km, where RE  = 6371 km is the Earth radi-

us) from the magnetopause in the Earth—Sun direction 

in the solar wind there is a bow shock driven by a super-

sonic particle flux continuously incident on the magne-

tosphere. The transition region between these two sur-

faces (magnetosheath) is characterized by turbulent 

plasma motions and the absence of the large-scale or-

dered magnetic field structure [Vaisberg, Smirnov, 

2008; Rakhmanova et al., 2021]. The plasma density 

and the magnetic field strength in it are higher than in 

the solar wind (tens of cm
–3

 and tens of nT — 10
–4 

G 

respectively), and the ion temperature is lower (of or-

der of a few keV). At the same time, the transverse 

thermal velocity far exceeds the parallel one [Crooker 

et al., 1976]. The parameter β>1 varies widely. The 

plasma stream velocity in the subsolar part of the 

magnetosheath decreases to a subsonic one. In the 

transition region, there are generally solar wind parti-

cles, but also there is a small amount of plasma of 

magnetospheric origin, including oxygen ions [Mar-

cucci et al., 2004]. It penetrates there during reconnec-

tion of field lines and when crossing the magnetopause 

in moving along the gyroradius [Eastmann, Frank, 

1982; Papamastorakis et al., 1984]. 
Near Earth, the magnetic field is close to the dipole 

one. This approximation is suitable for describing the 
magnetic field structure within a distance of several RE 
(several tens of thousands of kilometers). Near the Earth 
surface in the vicinity of the magnetic equator, the mag-
netic field strength is ~3∙10

4
 nT (0.3 G). In the outer 

magnetosphere, the field differs from the dipole one — it 
is compressed on the subsolar side, and on the opposite 
side it forms a tail stretched by tens of millions of kilome-
ters away from the Sun. According to the orientation of 
the geomagnetic field, in the southern part (lobe) of the 
tail the field is directed from Earth; in the northern one, 
toward Earth. The magnetic field topology in the magne-
tosphere is defined by the solar wind incident on the 
magnetosphere, as well as by a number of current sys-
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tems in the magnetosphere and at its boundary [Parker, 
1958]. Among them are Chapman—Ferraro currents — 
surface currents at the magnetopause that shield the mag-
netospheric field; currents flowing across the magnetotail 
and closing through the magnetopause; ring current; 
field-aligned currents closing in the high-latitude iono-
sphere [Ganushkina et al., 2018].  

Magnetospheric plasma consists mainly of protons 

and electrons. Its main sources are the solar wind, from 

which plasma enters through the magnetopause and 

cusps, and Earth’s ionosphere, which, inter alia, is a 

source of heavier ions — oxygen. The fraction of heavy 

ions and hence the average mass of particles increase 

toward Earth [Welling et al., 2015]. In the magneto-

sphere, a number of charged particle populations differ-

ing in composition, energy, and lifetime are identified. 

Moreover, their distribution depends on geomagnetic 

conditions [Kotova et al., 2008]. 

In the magnetospheric region closest to Earth — the 

plasmasphere — the cold plasma density is by orders of 

magnitude higher than in the surrounding space envi-

ronment. Its shape is close to the torus bounded by the 

field lines at (4÷7)RE from the center of Earth near the 

equator. The outer boundary of the plasmasphere fea-

tures a steep gradient of plasma density and is called the 

plasmapause. In data from the satellites crossing it, it is 

visible by the change in plasma density tens of times 

(Figure 3). The plasma energy in the plasmasphere is of 

the order of and less than a few electron-volts. 

The plasmapause is also a boundary of the region 

in which the predominant electric field is the corota-

tion field created in a fixed coordinate system by 

plasma rotation in the geomagnetic field [Kotova et al., 

2008]. Outside the plasmapause, the convective plasma 

motion from the magnetotail to Earth under the impact 

of the dawn-dusk electric field prevails. The inner 

boundary of the plasmasphere is rather arbitrary: it 

smoothly passes into the ionosphere. The plas-

mosphere is generally thought to be located at 1000 

km above the Earth surface.  

Particles with higher energies than in the plasmas-

phere make up the ring current. Under quiet conditions, 

it is located outside the plasmasphere and extends to 

(7÷10)RE from Earth’s center. Energies of its constituent 

particles generally range from 10 to 200 keV. The main 

ions of the ring current are protons; besides them there 

are oxygen ions, whose number, however, is several times 

 

Figure 3. Proton density as recorded by the Van Allen 

Probes B satellite on December 25, 2014. The satellite moved 

to Earth and crossed the plasmapause at ~01:10 UT 

 

smaller under quiet geomagnetic conditions, as well as 

inclusions of nitrogen and helium. At the same time, 

influenced by geomagnetic activity, densoties and ener-

gies of ring current particles of different types experi-

ence significant variations [Kovtyukh, 2001]. Among 

characteristic features are also radiation belts — two 

regions acting as magnetic traps for high-energy parti-

cles. The inner belt is located within the plasmasphere 

and contains protons with energies of hundreds of MeV 

and electrons with energies of hundreds of keV. The 

outer belt in the radial direction has a width of several 

Earth radii with maximum electron density at (4÷5)RE 

from Earth’s center. It is mainly filled with electrons 

with energies of the order of tens of MeV. A detailed 

overview of the structure and dynamics of the hot plas-

ma distribution in the magnetosphere is presented in 

[Kovtyukh, 2001]. 

 

2. THEORETICAL DESCRIPTION: 

APPROACHES AND LIMITS OF 

APPLICABILITY 

Rigorous theoretical description of plasma should be 
based on kinetic equations for electrons and ions. This 
approach takes into account the motion and the generat-
ed electromagnetic field of each individual particle, as 
well as the interaction between fields and particles. It is 
quite complex and not always rational. As shown in 
[Braginsky, 1963], the MHD approach can be applied to 
many problems. In this approach, plasma is described 
by a system of equations for the evolution of local mac-
roscopic quantities such as density, pressure, tempera-
ture, magnetic field, and velocity of macroscopic flows. 
Adopting the MHD approach usually requires the ful-
fillment of a number of conditions. 

1. The characteristic time of the process under study is 

significantly longer than the mean free time of particles in 

plasma, as well as than the periods of plasma oscillations 

and Larmor gyration of particles. 

2. The mean free path and the Larmor radius are 

much shorter than the characteristic spatial scale of the 

process considered. 

3. The characteristic speeds of the process of interest 

are much lower than the speed of light. 

Obviously, these conditions are not always met, for 

example, in Earth's magnetosphere, where plasma can 

be considered as collisionless. Nevertheless, for colli-

sionless plasma in some cases it is possible to obtain 

qualitatively correct results with the aid of the MHD 

approach [Volkov, 1964]. 

The dispersion relation for MHD waves in a homoge-

neous plasma has the form [Leonovich, Mazur, 2016] 

 

 

2 2 2

A

4 2 2 2 2 2 2 2 2

S A S A 0,

k V

k V V k k V V

  

       
 

 (1) 

where ω is the wave frequency; 2 2k k k  is the 

wave number ( ,k k are the wave vector components 

directed respectively along and across magnetic field 

lines); VA is the Alfvén velocity; VS is the sound veloci-
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ty. This equation has three eigensolutions:  

2 2 2 ,Ak V   (2) 

the Alfvén mode is transverse oscillations whose group 

velocity  gr А A 0 0v V B B
k


 


 is directed along mag-

netic field lines:  

 

 

2 2 2

S A

2
4 2 2 2 2 2

S A S A

2

21
,

4

1

2
V V

k V V k k V V

k  

  



 (3) 

where the solution with "–" before the radical describes 

slow mode; and that with "+", fast mode. In most real 

plasma features, one of the conditions usually holds: 

VS>>VA, which corresponds to β>>1; 

VS>>VA(β<<1); .k k  In this case, the dispersion 

expression for slow mode takes the form 

 2 2 2 2 2 2

S A S A/ ,k V V V V    (4) 

and for fast mode 

 2 2 2 2

S A .k V V    (5) 

The group velocity of slow mode is directed, as in 

the case of Alfvén waves, along the background mag-

netic field, and the group velocity of fast mode is di-

rected along the wave vector, i.e. the wave propagates 

isotropically relative to the background magnetic field. 

The MHD equations can be derived from kinetic equa-

tions in certain approximations. In this case, the following 

limitations are imposed on the model: 

1. The energy distribution function of particles is 

isotropic and equilibrium (close to the maxwellian one) 

[Akhiezer et al., 1974]. 

2. The wave phase velocity is higher than the average 

thermal velocity of particles, i.e. resonant processes (Lan-

dau damping [Landau, 1946]) can be neglected. 

3. The frequencies of the described oscillations are 

significantly lower than the cyclotron and plasma fre-

quencies of plasma particles (ω<<ωci). 

4. In the case of collisionless plasma, the magnetic 

pressure is higher than the gas dynamic pressure (β<1). 

It should be noted here that the second limitation au-

tomatically excludes slow modes whose phase velocity 

is close to the thermal velocity of particles from consid-

eration. For Earth’s magnetosphere, the MHD approach 

is therefore applicable only for disturbances of Alfvén 

or fast modes. Unlike the conditions in the Sun’s atmos-

phere, there are practically no regions with large β 

(β>>1) in the dipole-like part of Earth’s magnetosphere. 

To describe the the wave-particle interaction, as well as 

to study the magnetospheric analogues of slow magne-

toacoustic waves, it is necessary to use a kinetic ap-

proach. Furthermore, additional imitations are imposed 

on the applicability of MHD modeling, which are asso-

ciated with the configuration of the background magnet-

ic field linked to the motion of particles of certain types 

(bounce motion in the magnetosphere, electric and 

magnetic drifts). The characteristic times of these mo-

tions may be comparable to the wave period, which 

should foster the wave—particle interaction. For plasma 

in an inhomogeneous curvilinear magnetic field (dipole-

like), this means the following. 

1. The wave frequency should be significantly 

higher than the frequency of ion oscillations between 

conjugate points near the ionosphere, or the bounce fre-

quency (ω>>ωbi). 

2. The wave frequency should be much higher than 

the bounce-period-averaged frequency of ion motion 

around Earth due to the drift caused by the geomagnetic 

field inhomogeneity and the curvature of field lines — 

the magnetic drift frequency (ω>>ωdi) [Klimushkin et 

al., 2021]. 

With a pure MHD approach, it is impossible to ac-

count for resonant wave—particle interactions such as 

particle acceleration by waves, and, vice versa, energy 

transfer from particles to wave. Such interactions can be 

taken into account in hybrid approaches, where ele-

ments of kinetic theory are introduced [Borovsky, 

1993], but the applicability of each of them should be 

considered separately. 

Note that there are MHD models that allow for the 

presence of particles of several types in plasma. Such 

models are called multifluid. They were developed to 

describe a wide variety of wave phenomena [Khomenko, 

2020], but we do not discuss them in this review. 

The kinetic approach has wider limits of applicabil-

ity, allowing us to describe waves in plasma with high 

accuracy in a wide range of parameters. For the case 

when the wave frequency is much lower than the gyrof-

requency of ions and electrons, the kinetic approach can 

be simplified to gyrokinetic. This is the branch of kinetics 

in which particle motions are averaged over the phase of 

rotation around a field line of the background magnetic 

field [Antonsen, Lane, 1980; Catto et al., 1981]. 
Unlike Earth’s magnetosphere, plasma of the solar co-

rona is collisional, and the MHD approximation holds 
almost everywhere since the characteristic spatial scales 
of wave phenomena range from one to hundreds of thou-
sands of kilometers and significantly exceed the free path 
of particles, as well as the Debye and Larmor radii. The 
characteristic periods (tens of seconds – hours) are by 
many orders of magnitude longer than the period of 
plasma oscillations and Larmor gyration. 

 

3. PECULIARITIES  

 OF OBSERVATIONS OF MHD 

 WAVES IN DIFFERENT MEDIA 

3.1. Slow magnetosonic waves 

In the research into the Sun’s atmosphere, the wave 

type is determined from a number of indirect character-

istics: frequency, propagation velocity, type of physical 

structure in which oscillations are observed. The specif-

ic set of characteristics depends on the type of observa-

tion (spectral or imaging observation), the structure ob-

served, and the layer of the solar atmosphere. It is often 

difficult to attribute the detected oscillations to one or 

another wave type because of data limitation or ambigu-

ity in the characteristics. For example, when observing 
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similar oscillations simultaneously in two spectral lines 

formed in different layers of the solar atmosphere, we 

can track wave propagation between these layers. Thus, 

we can record wave propagation frequency and velocity 

if the distance between the formation heights of the 

spectral lines observed is known. Solar atmosphere 

models can provide physical parameters of medium in 

the height range of interest, which makes it possible to 

identify the type of MHD modes, using wave parameters 

obtained from observations. 

If waves are observed in solar corona images cap-

tured in optically thin coronal lines, to identify the type 

of wave and its mode it is important to know the direc-

tion of propagation of the apparent wave front, its phase 

velocity, the oscillation period, and the character of the 

displacement of plasma structures. The Alfvén speed 

and the sound velocity in the corona differ by about an 

order of magnitude (~150 and ~1000 km/s), which 

makes it possible, with available wave phase velocity 

measurements, to unambiguously separate fast and slow 

mode waves. In the case of standing waves in coronal 

structures, the difference between phase velocities of 

fast and slow modes reflects in equally strong differ-

ences between characteristic oscillation periods. Moreo-

ver, observing the waves in images enables us not only 

to measure the phase velocity and the oscillation period, 

but also to determine the spatial configuration of wave 

disturbances, thereby identifying the observed oscillato-

ry mode of plasma inhomogeneity (the main wave 

modes of magnetic flux tube are described in Section 

3.2). 

Slow modes on the Sun are observed in all atmos-

pheric layers from the photosphere to the corona. They 

were among the first to be identified in the chromo-

sphere in sunspot umbra, where their observational 

manifestations are known as three-minute oscillations in 

sunspot umbra and running penumbral waves (see the 

review [Bogdan, 2000]). With the advent of space tools 

observing the Sun in EUV, it was found that three-

minute oscillations in sunspots penetrate into the corona 

and propagate in quasi-open funnel structures (coronal 

fans) connected with the sunspot in the form of travel-

ing compression/rarefaction waves propagating at a 

speed of ~150 km/s, close to the speed of sound in the 

corona [De Moortel, 2009; Kobanov et al., 2013]. Along 

with sunspots, propagating slow modes are also ob-

served in facular regions, as well as in their associated 

coronal structures (see the review [De Moortel, 2009]). 

In this case, the characteristic periods can be as long as 

10–15 min. According to generally accepted concepts, 

the period of these waves is determined by gravity-

related dispersion effects in the Sun’s lower atmosphere 

(the temperature minimum and chromosphere zone). 

These effects make propagation of slow modes in the 

Sun’s atmosphere possible only if their frequency ex-

ceeds the acoustic cutoff frequency  

cf

s

cos ,
2

g

c


    (6) 

where γ is the adiabatic index; g≈274 m/s
2
 is free fall 

acceleration; cs is the speed of sound; θ is the angle be-

tween the magnetic field vector and the vertical direc-

tion. The cutoff frequency itself is the natural oscillation 

frequency of the respective atmospheric layer, and any 

broadband impact causes oscillations with a frequency 

close to ωcf. The period corresponding to acoustic cutoff 

(6) is the shortest in the temperature minimum — the 

layer located directly under the chromosphere. In this 

region, the cutoff period at γ=5/3 and θ=0 is ~3 min. In 

the chromosphere, this period is equal to 5 min and is 

well manifested in the spectrum of oscillations observed 

in the chromosphere of faculae [Balthasar, 1990; De 

Pontieu et al., 2005]. When the magnetic field vector 

deviates from the vertical direction, the cut-off period 

increases and can be as long as 10–15 min or more. In 

the corona, due to the high temperature, ωcf turns out to 

be significantly lower than photospheric values, which 

leads to the fact that the slow modes formed in the tem-

perature minimum and chromosphere propagate almost 

without dispersion effects associated with gravitational 

stratification. 

In addition to quasi-open coronal structures, slow 

modes are observed in hot coronal loops formed during 

flares [Ofman, Wang, 2002]. In this case, a coronal loop 

acts as a resonator, and its length and temperature de-

termine the oscillation period observed. Standing and 

traveling slow modes in coronal structures are often 

called longitudinal modes in the literature, although, 

according to the theory of MHD waves in magnetic cyl-

inder independently developed in [Zaitsev, Stepanov, 

1975] and [Edwin, Roberts, 1983], they are slow sau-

sage modes. Standing slow modes in coronal loops were 

first detected in the EUV spectrum by the Solar Ultravi-

olet Measurements of Emitted Radiation (SUMER) in-

strument and were named SUMER-oscillations [Wang 

et al., 2003]. The subsequent commissioning of space 

imaging EUV telescopes, such as TRACE and 

SDO/AIA, made it possible to observe these oscillations 

directly in the form of brightness variations along the 

loop and to finally confirm that they are of the nature of 

slow modes in the coronal loop resonator [Mandal et al., 

2016]. Analysis of imaging observations of slow modes 

in hot loops has shown that along with classical stand-

ing waves sloshing oscillations are often observed, 

which are a fairly short-time broadband slow mode dis-

turbance propagating along the loop and reflected sev-

eral times from its footpoints. 

In the magnetosphere, according to theoretical con-

cepts [Yumoto, 1985; Leonovich et al., 2006], slow 

modes can be generated as follows: a fast mode wave 

penetrates into the magnetosphere and transforms into a 

slow mode on a resonant surface — a magnetic shell, 

where the resonant frequency of slow MHD waves is 

equal to the frequency of the passing fast wave. Slow 

modes features strong dissipation, as a result of which 

energy and momentum are actively transmitted to back-

ground plasma particles and the wave damps very 

quickly [Leonovich, Mazur, 2013; 2016]. Presumably, 

that is why the slow mode is not observed in Earth’s 

magnetosphere. The drift compressional mode can be 

considered the closest to the slow mode in properties 

(low frequencies and large longitudinal magnetic field 
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component) [Mager et al., 2013]. It is described by one of 

the solutions of gyrokinetic equations and is a consequence 

of the finite plasma pressure and its inhomogeneity across 

magnetic field lines [Mikhailovskii, Fridman, 1967]. Fre-

quencies of such waves coincide in order of magnitude 

with frequencies of the diamagnetic particle drift caused by 

plasma inhomogeneity. The drift-compressional wave is 

characterized by coupling with the Alfvén wave due to the 

curvature of magnetic field lines [Klimushkin, Mager, 

2011; Klimushkin et al., 2012]. Another solution to the 

kinetic equations is the mirror mode, which is also com-

pressional and is represented by the longitudinal magnetic 

field disturbance. Its existence requires a significant excess 

of the transverse thermal velocity of particles over the par-

allel one [Hasegawa, 1969]. 

3.2. Fast magnetosonic waves 

In the solar atmosphere, fast magnetosonic waves 

are most clearly observed in the solar corona. They can 

arbitrarily be divided into global and local fast magneto-

sonic waves. The former are often driven by solar flares 

and coronal mass ejections and appear as compres-

sion/rarefaction waves propagating over long distances 

of the order of the solar radius and longer [Uchida et al., 

1973; Wang, 2000]. Using SDO data, continuous trans-

verse oscillations have been shown to occur in coronal 

holes in the lower corona [McIntosh et al., 2011; Thur-

good et al., 2014; Weberg et al., 2018]. Local fast mode 

waves are observed in coronal magnetoplasma loops. 

Since a coronal loop is a waveguide for fast mode 

waves, several waveguide modes differing in their dis-

persion properties and observational manifestations can 

be formed in it. Depending on the azimuthal wave num-

ber m, sausage mode (m=0), kink mode (m=1), and bal-

looning
1
, fluting, (m>1) modes are distinguished 

[Zaitsev, Stepanov, 1975; Edwin, Roberts, 1983; Nakar-

iakov, Verwichte, 2005]. The last ones are rarely used 

for theoretical interpretation of phenomena in the solar 

corona since observations of these modes are hindered 

by the small transverse size of coronal loops. 

Vibrational modes of a magnetic tube with differ-

ent azimuthal wave numbers are shown in Figure 4. 

The sausage mode is characterized by significant per-

turbations of the plasma density when the cross-

section of the loop expands and contracts, whereas its 

axis remains stationary. Due to the dispersion proper-

ties, the sausage mode is trapped inside the waveguide 

only at sufficiently large longitudinal wave numbers 

(see Equations (7)–(9) in Section 3.4), when the wave-

length is commensurate with the transverse diameter of 

the loop. Thus, the oscillation period of the sausage 

mode is defined by the transverse scales of the loop; in 

coronal conditions, it is about 10 s. Small values of the 

periods make it difficult to observe the sausage mode 

in EUV images owing to the insufficiently high obser-

vational cadence. For this reason, observational mani-

festations of sausage waves are generally recorded in 

the radio range as quasi-periodic  

                                                 
1Russian names of these modes have not completely well-

established yet and may seem strange. For instance, ballooning modes 

in this context have nothing in common with ballooning instability. 

 

Figure 4. Oscillation modes of magnetic tube depending 

on the azimuthal wave number: radial (m=0), kink (m=1), and 

fluting (m=2) modes 

 

variations in the microwave emission [Reznikova et 

al., 2015]. 

In the kink mode, the density perturbations are very 

weak, but the loop axis is displaced. This makes the 

kink mode similar in its properties to the oscillations of 

a guitar or a violin string. The kink mode turns out to be 

trapped inside a coronal loop at any values of the longi-

tudinal wave number; therefore, the main longitudinal 

harmonic whose wavelength is equal to twice the length 

of the loop is most often observed. In this case, the os-

cillation period depends on the loop length and usually 

amounts to minutes or tens of minutes, which is much 

longer than the period of sausage oscillations [Nakaria-

kov, Verwichte, 2005]. In coronal loops, the kink mode 

is observed in two modes: high amplitude decaying os-

cillations and low amplitude decayless oscillations. 

High amplitude decaying oscillations are excited by 

an external impulsive driver, associated, e.g., with coro-

nal mass ejection, and very quickly decay. The charac-

teristic decay time is usually about 3–4 oscillation peri-

ods. Another mode of kink oscillations has been found 

relatively recently and features very small (200 km) 

displacements of oscillating loops and the absence of 

visible damping [Anfinogentov et al., 2015]. The latter, 

however, does not mean that dissipation does not occur. 

The wave is most likely constantly supplied with energy 

from outside, for example, according to the principle of 

self-oscillating process [Nakariakov et al., 2016a]. 

The physical mechanism responsible for the rapid 

damping of kink fast mode oscillations of coronal loops 

is still not clearly defined. The most popular theory sug-

gests that the damping is caused by resonant absorption 

[Ruderman, Roberts, 2002]. Since the phase velocity of 

kink oscillations is higher than the Alfvén velocity in-

side the loop, but lower than the Alfvén velocity outside 

it, there is a resonant layer (magnetic shell of the loop) 

in the transition layer between the inner part of the loop 

and the background plasma, where the kink speed is 

equal to the local Alfvén velocity. In this layer, there is 

a possibility of converting fast mode waves into unob-

servable torsional Alfvén waves, which carry away en-

ergy from the fast mode wave, causing its damping.  

In the magnetosphere, a significant part of MHD 

wave phenomena is excited by mechanisms operating 

outside the magnetosphere [Zong, 2022]. The driving 

force of these waves is the solar wind: shear flows on 

the flanks of the magnetosphere; fluctuations; waves 
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outside the magnetosphere; transient phenomena inher-

ent in the solar wind or generated by the solar wind–

magnetosphere coupling. At the boundary of the magne-

tosphere, the solar wind also stimulates nonstationary 

processes such as the Kelvin—Helmholtz instability 

[Mazur, Chuiko, 2017]. These processes generate a fast 

mode wave at the boundary of the magnetosphere, 

which propagates deep into the magnetosphere to a re-

flection surface. Thus, a fast mode resonator is formed 

in the transition region of the magnetosphere. It is 

bounded by the magnetopause on one side and by the 

reflection surface on the other. However, part of the fast 

mode energy can tunnel out of the resonator and propa-

gate even deeper into the magnetosphere until it reaches 

a resonant magnetic shell, where its frequency will co-

incide with the Alfvén wave frequency. On this shell, 

the fast mode wave is transformed into an Alfvén wave 

due to the Alfvén resonance (Figure 5). The Alfvén res-

onance phenomenon was first established in the sim-

plest model of the magnetosphere with straight field 

lines and an inhomogeneous magnetic field across field 

lines [Southwood, 1974; Chen, Hasegawa, 1974a, b]. 

Later it was shown that the Alfvén resonance can also 

exist in more complex models such as the two-

dimensional inhomogeneous model of the magneto-

sphere, in particular in a dipole magnetic field, given the 

curvature of field lines and the plasma inhomogeneity 

along the magnetic field [Lifshits, Fedorov, 1986; Leo-

novich, Mazur, 1989]. 

Thus, fast mode waves exist both in the Sun’s atmos-

phere and in Earth's magnetosphere. In both cases, the na-

ture of the waves is determined by the resonant properties 

of plasma inhomogeneities. Near Earth, the magnetosphere 

as a whole plays the role of a resonator, whereas on the 

Sun such resonators are magnetoplasma loops and other 

structures of the solar corona. The resonant absorption of a 

kink fast mode wave by converting its energy into the Alf-

vén mode has a direct analogue in magnetospheric physics 

when the energy of fast mode waves penetrating into the 

magnetosphere from the outside is pumped into Alfvén 

oscillations on a resonant magnetic shell. In the magneto-

spheric physics, this phenomenon is known as the Alfvén 

resonance; in the solar physics, as the resonant absorption. 

 

Figure 5. A scheme of excitation of Alfvén resonance by a 

fast mode wave tunneling into the magnetosphere by a resona-

tor in the magnetosheath 

It is noteworthy that in the solar atmosphere the fast 

mode part of this process is well pronounced, whereas 

in the magnetosphere the Alfvén waves arising during 

this process are regularly observed and best studied. 

This information from magnetospheric physics can also 

shed light on Alfvén waves, which can occur in coronal 

loops due to resonant absorption. Obviously, to obtain a 

detailed physical picture of the conversion of fast mode 

waves into Alfvén waves, it is necessary to integrate 

both theoretical and observational data collected for 

both the magnetosphere and the Sun. 

3.3. Alfvén waves 

In a homogeneous plasma, Alfvén waves are transverse 

waves in which only the magnetic field is disturbed, 

whereas the density, temperature, and gas dynamic pres-

sure remain constant. The Alfvén disturbance is a trans-

verse displacement of magnetic field lines. It propagates in 

the form of a wave whose group velocity is directed paral-

lel to the magnetic field vector, and is analogous to the 

transverse vibrations of a stretched string. In the case of 

inhomogeneous structured plasma, magnetic field lines are 

not straight; Alfvén waves generally turn out to be coupled 

with other wave modes such as fast mode [Glassmeier et 

al., 2003]. Consequently, the assignment of specific wave 

modes to Alfvén modes in an inhomogeneous plasma 

proves to be rather arbitrary. In solar physics, it is custom-

ary to assign to Alfvén waves only such wave modes that 

in the linear approximation of ideal plasma do not perturb 

plasma density and temperature, but cause disturbances of 

the magnetic field and the local plasma velocity. An obser-

vational signature of the latter is the nonthermal broaden-

ing of spectral lines. As far as we know, there are no other 

observable manifestations of Alfvén waves in the solar 

corona, and there can also be other causes for the nonther-

mal broadening of spectral lines itself. This makes it ex-

tremely difficult to detect Alfvén waves in the corona and 

makes them practically invisible to existing observational 

instruments. On the other hand, magnetospheric physics 

also assign to Alfvén waves those transverse waves that 

exhibit density disturbances occurring due to the medium 

nonuniformity and the curvature of magnetic field lines. 

Nevertheless, these waves satisfy dispersion relation (2) for 

Alfvén waves. Below we examine the Alfvén waves in 

detail as they are understood by researchers in both the 

magnetosphere and the Sun. 

The solar atmosphere is highly inhomogeneous at all 

levels from the photosphere to the corona. In the corona, 

the inhomogeneities are generally elongated in the di-

rection along the field and have characteristic transverse 

dimensions of the order of 1 Mm, and longitudinal di-

mensions of the order of 100 Mm. In the first approxi-

mation, they can be described by a magnetic flux tube 

or magnetic cylinder model. In the framework of this 

model, the inhomogeneity is a spatial region bounded 

by a field-aligned cylindrical surface. The plasma pa-

rameters inside the magnetic flux tube are considered 

uniform and differ significantly from those of the back-

ground plasma. Examples of such inhomogeneities are 

coronal loops, filaments, as well as chromospheric spic-

ules and fibrils. As mentioned above, in solar physics 
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only those wave modes are taken as Alfvén waves that 

do not perturb the plasma density and temperature, and 

all motions occur only along magnetic shells. In mag-

netic flux tubes, wave motions of only one type are pos-

sible which do not perturb the plasma density — tor-

sional Alfvén oscillations. In this case, Alfvén waves 

propagate along the axis of the structure in the form of 

torsional motions of particular magnetic surfaces and 

hence are a direct analogue of the toroidal Alfvén wave 

in Earth’s magnetosphere. 

Alfvén waves are one of the probable agents for 

energy transfer from the lower layers of the Sun’s 

atmosphere to the corona. In coronal holes, Alfvén waves 

can propagate to large heights, and, according to some 

views, up to interplanetary space [Marsch, 2018]. In this 

case, favorable conditions are determined mainly by open 

magnetic field lines in coronal holes [Banerjee et al., 

1998]. According to one of the assumptions, Alfvén 

waves are excited by magnetic reconnections in the 

chromospheric network and contribute to turbulence of 

the plasma flow from coronal holes [Marsch, 2018]. 

Cranmer et al. [2007] and Wang [2009] have shown that 

Alfvén waves are generated by convective motions in the 

solar photosphere. 

The difficulty in studying Alfvén waves on the Sun, in 

contrast to Earth’s magnetosphere, is that they are difficult 

to detect by remote observations. The reason is that Alfvén 

waves do not cause plasma density perturbations and hence 

do not affect the intensity of electromagnetic emission in 

the optical and ultraviolet ranges. Therefore, the reports on 

observations of Alfvén waves in the emission intensity [De 

Pontieu et al., 2007a] are probably explained by the erro-

neous interpretation of the kink fast mode of magnetic flux 

tube as the Alfvén one. Furthermore, Alfvén waves are 

local disturbances, i.e. wave motions on neighboring mag-

netic surfaces are independent and generally do not coin-

cide in phase and frequency. As a result, Alfvén waves 

should not manifest themselves in the observed line-of-

sight velocities measured from the Doppler shift of spectral 

lines, but should lead to their broadening. This defines the 

theoretical possibility of detecting Alfvén waves through 

observations of periodic nonthermal broadening of spectral 

line profiles [Hassler et al., 1990; Banerjee et al., 2009; 

Bemporad, Abbo, 2012; Chelpanov et al., 2016a]. None-

theless, when analyzing real observational data, difficulties 

arise in separating the possible contribution of Alfvén 

waves to such a signal from the contribution of other phys-

ical mechanisms that can affect the change in the spectral 

line width [De Pontieu et al., 2015; Chelpanov, Kobanov, 

2022]. Srivastava et al. [2017] have proposed a method for 

directly observing propagation of torsional Alfvén waves 

along the plane of the sky. They observed spatially re-

solved halves of a magnetic flux tube, in which oppositely 

directed and alternating Doppler velocities were recorded. 

Morton et al. [2015], when observing the lower corona in 

the regions of open field lines, using Coronal Multi-

Channel Polarimeter (CoMP) data, noted an increased os-

cillation power in the 3–5 mHz range. They also observed 

propagation of line-of-sight velocity fluctuations along 

coronal structures. The same waves were observed in EUV 

lines as a direct displacement of the structures visible in the 

images. The authors called these oscillations alfvenic 

waves, i.e. such waves that are similar to Alfvén waves in 

their properties (transverse, propagating at a near-Alfvén 

velocity), but are not Alfvén waves. We think that this term 

does not have a clearly defined physical meaning, and the 

waves observed by the CoMP instrument are the kink fast 

mode of waves in coronal structures. Note also that a shear 

Alfvén wave cannot exist in highly structured plasma of 

the solar corona since even in the case of straight field lines 

the shear plasma motions across the field will lead to a 

change in its density already in the linear approximation. 

In the magnetosphere, as mentioned above, the defi-

nition of Alfvén wave is not as rigorous as in solar 

physics. A wave observed in the magnetosphere is clas-

sified as Alfvén if it is monochromatic and has a near-

Alfvén frequency and a small longitudinal magnetic 

field component. Most ULF waves in Earth’s magneto-

sphere are interpreted as Alfvén waves [Anderson et al., 

1990, 1992]. In geophysics, it is customary to divide 

observed Alfvén waves into two main types of field line 

oscillations: toroidal and poloidal (Figure 6). If the 

magnetic field oscillations occur in the radial direction 

and the radial component of the wave magnetic field 

exceeds the azimuthal one, such oscillations are called 

poloidal or poloidally polarized. Otherwise, when the 

azimuthal magnetic field component significantly ex-

ceeds the radial one, the oscillations are called toroidal 

or toroidally polarized [McPherron, 2005].  

Toroidal waves result from the Alfvén resonance 

with fast mode or from wave transformation from po-

loidal to toroidal due to magnetic field curvature and 

inhomogeneity [Leonovich, Mazur, 1993; Leonovich et 

al., 2015]. Poloidal waves arise from resonant interac-

tions with high-energy charged particles due to the de-

velopment of plasma instabilities [Glassmeier et al., 

1999; Kostarev, Mager, 2017], from the occurrence of 

alternating currents during substorm injection of parti-

cles into the magnetosphere [Guglielmi, Zolotukhina, 

1980; Mager, Klimushkin, 2008], from amplifications of 

field-aligned currents and ionospheric electrojets [Klei-

menova et al., 1995], as well as from the interaction of 

various ULF modes in a curved magnetic field in an in-

homogeneous plasma [Pokhotelov et al., 1985], for ex-

ample, from coupling of Alfvén and drift-compressional 

modes [Rubtsov et al., 2018b, 2020]. Satellite and 

ground-based observations are used to determine the gen-

eration mechanism in each particular case. 

Oscillations with small azimuthal wave numbers m 

are usually toroidally polarized and propagate to the 

pole [Yeoman et al., 2012]. On the other hand, waves 

with large m are more likely to have poloidal polarization 

 

Figure 6. Toroidal and poloidal modes of Alfvén waves in 

the magnetosphere [Mikhailova et al., 2020a] 
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 [James et al., 2016]. For the waves with m~10÷20, the 

oscillations can be both poloidal and toroidal in each 

individual case [Hao et al., 2014]. The toroidal and po-

loidal oscillations can be both long-period (10–600 s) 

and short-period (0.2–10 s) [Mikhailova et al., 2020a, b]. 
Not all ULF oscillations occur on the Earth surface. 

Waves with m >10 experience strong damping due to the 
screening properties of the ionosphere and are not observed 
on Earth. A number of studies have shown that, in compar-
ison with ground-based observations, such oscillations are 
more often observed in space and in the ionosphere 
[Ponomarenko et al., 2003; Yagova et al., 2015]. Due to 
the appearance of currents in the ionosphere and the finite 
conductivity of the atmosphere, the wave magnetic field 
exponentially attenuates on a scale of 1/k when passing 
through the ionosphere, where k is the wave vector com-
ponent across field lines [Hughes, Southwood, 1976a, b]. 
Thus, the parallel wave vector component turns out to be 
purely imaginary and almost equal in absolute value to the 
transverse wave number. 

Alfvén waves can accelerate or decelerate magneto-

spheric charged particles by interacting with them 

through ion-cyclotron, drift, bounce-drift resonances, as 

well as resonances of other types [Cornwall et al., 1965; 

Borovsky, 1993; Ren et al., 2018, 2019]. The field-

aligned electric field of Alfvén waves, which can be tak-

en into account in the kinetic approach, can accelerate 

cold electrons, contributing to their precipitation into the 

atmosphere [Kostarev et al., 2021], which leads to varia-

tions in the intensity of auroras [Keiling et al., 2002; 

Yamamoto et al., 1988]. 

Thus, in both media, it is the Alfvén waves that are 

an essential link for many processes. As in the case of 

the fast mode, there is an obvious significant difference 

in the possibility of observing Alfvén oscillations in 

different media. 

3.4. Wave resonators 

Another similarity between the magnetosphere and a 

solar active region is the presence of resonators for 

MHD waves. However, if in the case of the magneto-

sphere such a resonator is the entire magnetosphere as a 

whole or its magnetic shells, in the solar corona resona-

tors of MHD waves are coronal loops — thin and long 

magnetic flux tubes, the density and temperature inside 

of which differ significantly from the surrounding plas-

ma. Due to the difference between the sound and Alfvén 

velocities inside the loop and in the background plasma, 

the coronal loop acts as a waveguide for MHD waves.  

The main structural elements of the solar corona are 

coronal loops, which are long, loop-like structures elon-

gated along the magnetic field and filled with plasma 

that glows brightly in EUV lines (Figure 7). The in-

creased intensity of EUV radiation of coronal loops is 

usually observed in several lines at once and indicates 

an increased plasma density inside the loops since the 

EUV radiation of the solar corona is optically thin and 

its intensity is proportional to the square of the plasma 

density. Due to the increased density, the Alfvén veloci-

ty inside the coronal loop turns out to be lower than that 

in the background plasma, which makes the coronal 

loop a resonator for MHD waves. 

 

Figure 7. Solar corona image in the 171 Å line, taken by 

SDO/AIA on November 18, 2014 

The theory of waves in such a resonator was inde-

pendently developed by Zaitsev and Stepanov [1975] 

and Edwin and Roberts [1983], who considered MHD 

waves in a coronal loop, using its simplified model — 

the magnetic cylinder as an example. In this model, 

plasma inside and outside the cylinder is assumed to be 

homogeneous, whereas on the surface of the cylinder 

there is a sharp jump in plasma parameters: pressure, 

temperature, density, and absolute value of the magnetic 

field. In such a magnetic cylinder, there may be a num-

ber of modes that can be divided into surface and body 

waves according to their localization. In the former, the 

disturbance is concentrated at the boundary of the cylin-

der; in the later, it is distributed in its volume. In addi-

tion, the modes are grouped into trapped and leaky 

waves. In trapped modes, the amplitude of disturbances 

in the external environment decreases exponentially, 

and the wave is trapped inside the resonator. In the case 

of leaky modes, this does not happen, and the waves 

flow out into the external environment, and the resona-

tor itself plays the role of an antenna for MHD waves. 

In what follows, we will restrict our consideration to 

trapped body modes. 

Linearization of MHD equations and imposition of 

boundary conditions for the case of trapped waves in a 

magnetic flux tube [Edwin, Roberts, 1983] lead to the 

following dispersion equation for magnetosonic waves: 
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Here Im(x), Km(x), Im’(x), Km’(x) are modified Bessel 
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functions of order of m and their derivatives with re-

spect to the argument; vA, c are Alfvén and sound veloc-

ities; cT is the tube velocity (the group velocity of a slow 

magnetosonic wave in a homogeneous plasma at a small 

angle to the field); ρ is the plasma density; a is the 

transverse radius of magnetic flux tube; kz, k, m are lon-

gitudinal, radial, and azimuthal wave numbers respec-

tively. The indices e, 0 denote parameters in the external 

and internal environments.  

When the conditions 
2 2 2

e 00,     0rk      hold, 

volume modes trapped inside the magnetic flux tube are 

obtained. In this case, perturbation of the plasma param-

eters is as follows: 
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where Jn(x) is the Bessel function of the first kind; A0, 

Ae are the constants such that the continuity of perturba-

tion ξ at the tube boundary is not violated (r =a). Fur-

ther, we restrict ourselves to considering these modes.  

Dispersion relation (7) defines two groups of modes: 

fast and slow. For coronal plasma conditions with small 

β, the phase velocity of slow modes is between the tube 

and sound speed inside the tube cT0>ω/k>c0. Fast 

modes, in turn, have a phase speed in the interval be-

tween the internal and external Alfvén speeds 

vA0>ω/k>vAe. Also noteworthy is that a magnetic flux 

tube with a reduced density vAe<vA0 ceases to be a 

waveguide for fast magnetosonic waves and there are no 

trapped fast body modes in it. 

The spatial structure of a particular magnetic flux 

tube is determined by three wave numbers: kz, kr, m. The 

character of the wave modes depends especially strong-

ly on the azimuthal wave number m. At m=0, the dis-

turbances are transverse contractions and expansions of 

the coronal loop, with the area of its cross-section 

changing, and the position of the axis remaining con-

stant. Such modes are commonly referred to as radial or 

sausage modes [Nakariakov et al., 2003; Aschwanden et 

al., 2004]. At m=1, a kink mode is formed in which the 

longitudinal axis of the structure shifts, and its cross-

section changes slightly [Nakariakov et al., 2021]. The 

modes with m>1 are called fluting modes [Soler, 2017; 

Shukhobodskaia et al., 2021]. In addition, the wave 

modes of magnetic cylinder are divided according to the 

nature of disturbance into Alfvén, fast, and slow magne-

toacoustic modes. In coronal structures, the sausage and 

kink (fast) modes, as well as the sausage slow mode, 

have received the most study. The last one is more often 

referred to in the literature as a longitudinal slow MHD 

wave. Dispersion properties of MHD waves in coronal 

structures depend very much on wave numbers, and 

their oscillation periods are sensitive to the geometric 

dimensions of the resonator structure. For instance, the 

period of longitudinal slow mode oscillations and kink 

fast mode waves is determined by the length of the 

structure, whereas the period of sausage fast mode oscil-

lations of coronal loop depends mainly on its transverse 

dimensions. The latter is explained by a very strong 

dispersion of the sausage fast mode and by the presence 

of a cutoff in the longitudinal wave number, due to 

which global sausage oscillations can exist in the coro-

nal loop only with a wavelength of the order of the 

transverse size of the structure or shorter. 

Unlike the ideal magnetic cylinder, real coronal 

loops have curvature, and plasma parameters inside the 

loop, such as magnetic field strength and density, de-

pend on the distance along the axis of the structure. Yet, 

considering this fact does not qualitatively change the 

composition of the wave modes, although it causes 

some changes in the natural frequency spectrum. For 

example, the influence of the magnetic field curvature 

on kink oscillations in coronal loops was discussed in 

the review [van Doorsselaere et al., 2009]. Numerical 

simulation the authors carried out has demonstrated that 

the coronal loop curvature leads to coupling of azimuth-

al modes (radial, kink, and fluting) due to axial sym-

metry breaking. The oscillation frequency in the first 

order of precision does not depend on the radius of cur-

vature, and relative variations in oscillation frequencies 

are of the order ~ε
2
, where ε is the ratio of the transverse 

radius of loop to its radius of curvature. Thus, for typi-

cal coronal loops, this correction does not exceed 6 %. 

Moreover, in a coronal loop curved in the form of a 

semicircle there are two preferred directions of polariza-

tion of kink oscillations, which result in the formation of 

two eigenmodes with horizontal and vertical polariza-

tions (similar to toroidal and poloidal modes of magne-

tospheric oscillations).  

The magnetosphere is a cavity in the solar wind and is 

separated from the solar wind by a rather sharp boundary 

— the magnetopause. Such a structure of the magneto-

sphere allows us to consider it as a huge resonator, and 

the resonator’s eigenmodes are interpreted as MHD oscil-

lations. On the one hand, wave propagation along field 

lines has two sharp boundaries — the ionosphere of the 

Northern and Southern hemispheres. Standing waves are 

formed on closed field lines [Leonovich, Mazur, 2016]. 

There may be local resonators along field lines. For in-

stance, due to the magnetic field inhomogeneity along 

field lines and the presence of heavy ion admixture, an 

equatorial resonator may be developed. Waves standing 

along field lines are formed in the resonator; the size of 

such a resonator is determined by the heavy ion number 

density [Guglielmi et al., 2000, 2001; Klimushkin et al., 

2010; Mikhailova et al., 2020a; Mikhailova et al., 2022a]. 

On the other hand, due to the plasma inhomogene-

ity inside the magnetosphere, volume resonators for 

ULF waves can evolve. Such waveguides appear in 

regions where the plasma parameters change abrupt-

ly, for example, at the plasmapause [Dmitrienko, Ma-

zur, 1992] and in the partial ring current region [Den-

ton, Vetoulis, 1998; Klimushkin, 1998; Vetoulis, 

Chen, 1994]. In this region, the Alfvén velocity has a 

minimum and a waveguide is formed in which a wave 

trapped in the radial direction propagates azimuthal-

ly. In such a waveguide, both Alfvén waves and fast 

magnetoacoustic mode can propagate. In the case of 

heavy ion admixture, the resonator can be bounded 

both in the radial direction and in the direction along 

the magnetic field. It is a torus encircling Earth along 
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the geomagnetic equator (Figure 8) [Mikhailova et al., 

2020b]. The existence of transverse Alfvén resonators has 

been confirmed by satellite observations [Mager et al., 

2018]. 

 

4. CLASSIFICATION OF WAVES 

IN THE MAGNETOSPHERE 

Unlike the variety of wave phenomena on the Sun 

that do not have a single morphological classification, 

magnetospheric waves, which were originally observed 

by ground-based magnetometers and were termed geo-

magnetic pulsations, have a generally accepted classifi-

cation. Sources of the waves can be external processes 

such as magnetic storms or interplanetary shock waves, 

as well as various internal magnetospheric instabilities 

[Menk, 2011]. 

All geomagnetic pulsations are divided into two clas-

ses: Pc pulsations continuous, characterized by a quasi-

sinusoidal structure and a stable spectrum, and irregular 

or pulsed pulsations Pi having the form of separate bursts. 

In turn, each of these classes is subdivided into several 

subclasses depending on frequency (see Table) [Jacobs et 

al., 1964; Troitskaya, Guglielmi, 1969]. New experi-

mental data often pushes for a revision of this classifica-

tion, which is only partially based on physical differ-

ences, yet it remains widely accepted. 

 

Figure 8. Amplitude distribution of a short-period wave. The 

wave is bounded in the radial direction and along the magnetic 

field and is traveling in the azimuthal direction [Mikhailova et al., 

2020b] 

 
Classification of geomagnetic pulsations 

 Periods, s Frequencies, mHz 

Pulsations continuous, Pc 

Pc1 0.2–5 200–5000 

Pc2 5–10 100–200 

Pc3 10–45 22–100 

Pc4 45–150 6.7–22 

Pc5 150–600 1.7–6.7 

Pulsations irregular, Pi 

Pi1 1–45 22–1000 

Pi2 45–150 6.7–22 

Detailed information on pulsations of different types 

can be found in [Mikhailova et al., 2022a] (Pc1), [Yagova 

et al., 2015] (Pc2–3), [Zong et al., 2017] (Pc3–5). The 

oscillations of the lowest frequency part have a wave-

length of about thousands of kilometers, and their char-

acteristic scale is comparable to the size of the magneto-

sphere itself. Further, we will focus on Pc4 and Pc5 pul-

sations since MHD waves in the outer magnetosphere 

and in the solar atmosphere fall into this frequency range. 

 
5. WAVE OBSERVATION FACILITIES 

Since information about the processes occurring in 

the solar atmosphere is currently available only from 

observations of electromagnetic radiation reaching 

Earth, the main methods of radiation research consist in 

analyzing images taken with the aid of narrowband fil-

ters, studying spectral characteristics of radiation, and 

analyzing brightness curves of the total flux in various 

ranges of the electromagnetic spectrum. 

Optical, ultraviolet, X-ray, and radio telescopes are 

employed to study wave phenomena on the Sun, which 

capture images of the full solar disk, individual active 

regions and structures. The instruments currently in op-

eration can observe both the total radiation (brightness 

curves and spectra) from the entire Sun and spatially 

resolved images of individual layers of the solar atmos-

phere. The latter are very important for studying MHD 

waves since they can observe wavefronts, record their 

velocity and direction of propagation. 

In Earth’s magnetosphere, in situ measurements are 

mainly carried out by satellites equipped with magnetic 

and electric field sensors, as well as instruments for de-

tecting charged particle fluxes and plasma parameters. 

Remote sensing of the state of the magnetosphere can 

partially be implemented using a wide network of 

ground-based magnetometers [Pilipenko, 1990; Klei-

menova, 2007; Guglielmi, Potapov, 2021; Gjerloev, 

2012]. Yet, some wave phenomena remain inaccessible 

to detection on the Earth surface due to the ionosphere 

screening effect [Hughes, Southwood, 1976a]. Individ-

ual wave processes occurring in the magnetosphere re-

flect in auroral pulsations [Motoba et al., 2021], as well 

as in plasma variations in the upper ionosphere observed 

by coherent decameter radars [James et al., 2016], and 

in total electron content oscillations measured by global 

navigation satellite systems [Pilipenko et al., 2014]. 

Remote sensing of near-Earth space is possible in UV, 

X-ray, and radio bands from satellites in polar orbits. 

An example of such spacecraft is the Imager for Magne-

topause-to-Aurora Global Exploration (IMAGE) 

[Burch, 2000], as well as the future Solar wind-

Magnetosphere-Ionosphere Link Explorer (SMILE) 

mission [Branduardi-Raymont et al., 2021]. 

5.1. Observing the Sun in the optical range 

Optical astronomical observations are usually divided 

into spectral observations and imaging observations. In 

some cases, these two types of observations can be com-

bined, for example, by scanning an image by the spectro-

graph slit in the direction perpendicular to the slit. How-
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ever, for such combined observations we have to sacrifice 

the temporal and spatial resolution of resulting data. 

Two-dimensional images provide information about 

morphological properties of objects. Using such data, 

we can identify waves propagating in the image plane, 

say, in coronal structures [Nakariakov et al., 2005]. 

Fluctuations in brightness in a separate point in such 

data may indicate a wave propagating along a line of 

sight perpendicular to the plane of the sky [Kobanov, 

Chelpanov, 2019]. 

Spectral observations usually impose limitations on 

observation of two-dimensional structures; however, 

analyzing the behavior of spectral lines provides infor-

mation on line-of-sight plasma motion, as well as on 

magnetic field characteristics. Simultaneous observation 

in two or more spectral lines of the optical range makes 

it possible to study the plasma parameters in different 

layers of the solar atmosphere and thus to observe mani-

festations of vertically propagating wave. 

Optical observations with ground-based telescopes 

are limited to the visible range, near ultraviolet, and parts 

of the infrared spectrum. Nevertheless, due to the fact that 

ground-based instruments are cheaper to design, build, 

and maintain as compared to space telescopes, they are 

widely used in solar physics, in particular in Russia. For 

example, there are solar observatories in Primorsky Krai 

(Ussuriysk Astrophysical Observatory of the Far Eastern 

Branch of the Russian Academy of Sciences [Baranov et 

al., 2008]), in Crimea (Crimean Astrophysical Observato-

ry of the Russian Academy of Sciences [Gopasyuk, 

2016]), in the Irkutsk Region and the Republic of Burya-

tia (Baikal Astrophysical Observatory, Sayan Solar Ob-

servatory [Kovadlo et al., 2016; Kobanov, Makarchik, 

2002]). A large solar telescope with a mirror 3 m in di-

ameter is planned to be built in Sayan Solar Observatory 

[Grigoriev et al., 2020]. 

Spatial resolution of instruments plays an important 

role in solar observations. In ground-based observations, 

it is limited, first of all, not by the diffraction limit of the 

optical scheme but by Earth’s atmosphere, which dis-

torts and blurs images. Thus, ground-based telescopes 

can be used to calculate the resolution of a detail with 

an angular size slightly smaller than 1 arcsec, which 

corresponds to a distance of ~770 km on the Sun’s sur-

face. The typical resolution of a space telescope can 

provide a twofold improvement in this result. However, 

it is possible to circumvent the limitations imposed by 

Earth’s atmosphere by using adaptive optics, which com-

pensates for the wavefront distortions. The highest reso-

lution thus obtained was ~30 km [Rimmele et al., 2020]. 

5.2. Observing the solar corona in the EUV 

range 

Observations from balloons and spacecraft (e.g., So-

lar and Heliospheric Observatory SOHO or Solar Dy-

namics Observatory SDO) expand the observable spec-

tral range to extreme ultraviolet and X-rays, which is 

important when exploring the solar corona that emits in 

these ranges, being heated to millions of kelvins. The 

lines associated with atomic transitions of multiply ion-

ized iron are most often used to observe the solar corona 

in EUV. For instance, the Atmospheric Imaging As-

sembly onboard SDO (SDO/AIA) observes the solar 

corona in six EUV lines corresponding to coronal plas-

ma with temperatures from 0.7·10
6
 K (171 Å) to ~10

7
 K 

(131 and 94 Å) [Lemen et al., 2012]. At each wave-

length, SDO/AIA takes a full-solar disk image with a 

time resolution of 12 s and a spatial resolution of ~0.6 

arcsec/pixel. The optical resolution in this case is ~1 

arcsec. The high spatial resolution combined with the 

high sensitivity allows us to confidently detect MHD 

waves by brightness variations and displacements of 

individual coronal structures, and simultaneous observa-

tions in several temperature channels make it possible to 

estimate the temperature and density of coronal loops, 

for example, by calculating the differential emission 

measure (see, e.g., [Aschwanden, 2002; Plowman et al., 

2013; Hannah, Kontar, 2012]). 
In addition to the imaging instruments, EUV spec-

tral observations are made using such instruments as 
SOHO/SUMER, Hinode/EIS, and IRIS. Spectral line 
shifts make it possible to directly measure plasma 
flow velocities along the line of sight; and their non-
thermal broadening give an insight into the energy of 
small-scale, spatially unresolved motions, including 
those associated with Alfvén waves.  

5.3. Observing the Sun in the radio range 

Another important source of information about 
coronal plasma is microwave observations. Unlike 
EUV lines, microwave radiation is formed not by 
atomic transitions of individual elements but by free 
electrons. Properties of this radio emission depend not 
only on plasma temperature and density but also on 
coronal magnetic field strength and direction, which 
makes multiwave observations a unique tool for diag-
nosing coronal plasma. Thus the polarization of ther-
mal free–free radiation makes it possible to estimate 
the line-of-sight coronal magnetic field component 
[Gelfreikh, Shibasaki, 1999], and the gyroresonance 
emission of active regions permits measuring the mag-
netic field modulus at the base of the solar corona 
[Zheleznyakov, Zlotnik, 1980]. The gyrosynchrotron 
emission that occurs in solar flares also makes it pos-
sible to monitor the dynamics of the magnetic field 
and some other plasma parameters directly at the flare 
site, and, in the case of spatially resolved observations, 
to map the distribution of plasma parameters in a flar-
ing active region. 

A feature of observations in the radio range is a high 
(compared to the available EUV data) time resolution of 
observations, but relatively modest spatial resolution. 
The latter imposes serious limitations on the use of the 
data for diagnosing the spatial configuration of wave 
disturbances. At the same time, the highest time resolu-
tion facilitates studying the oscillations with periods of 
several seconds, which is especially important when 
examining sausage oscillations whose characteristic 
periods range from a few seconds to several tens of sec-
onds. The point is that the highest resolution of existing 
regular EUV observations is 12 s (for SDO/AIA), which 
is insufficient to detect oscillations with periods of the 
order of 10 s or shorter. 
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The height of formation of microwave emission 

strongly depends on frequency and that is why new 

generation radioheliographs, such as Siberian Radiohe-

liograph (SRH) [Altyntsev et al., 2020], Mingantu Spec-

tral Radioheliograph (MUSER) [Yan et al., 2021], and 

Expanded Owens Valley Solar Array (EOVSA), can 

observe the solar atmosphere simultaneously at different 

heights, thereby recording vertical wave propagation 

between different chromospheric and solar corona lay-

ers. Such a solar image in the microwave range is 

shown in Figure 9.  

Another instrument that makes regular observations 

of the Sun with spatial resolution in the microwave range 

is the Academy of Sciences Radio Telescope – 600 

(RATAN-600). It takes one-dimensional scans of the 

solar disk when the Sun due to Earth rotation passes 

through the instrument’s directional pattern. 

5.4. In situ observations of the Sun 

Direct in situ observations of coronal plasma are 

fraught with formidable technical difficulties due to the 

high temperature of the solar atmosphere and the ex-

tremely powerful solar flux near the Sun. Only in recent 

years has an attempt been made to perform in situ 

measurements in the solar corona with NASA’s Parker 

Solar Probe [Fox et al., 2016], which has already carried 

out measurements inside the corona [https://www. 

nasa.gov/feature/goddard/2021/nasa-enters-the-solar-

atmosphere-for-the-first-time-bringing-new-discoveries] 

and will eventually approach the Sun at a distance of 

less than ten solar radii, whereas ground-based and or-

bital observatories observe the Sun from a distance 

twenty times longer. 

5.5. Satellite observations in Earth’s magne-

tosphere 

Satellite observations make it possible to measure 

magnetic field vector oscillations at the location of the  

 

Figure 9. Radio image of the Sun taken by SRH at a 

frequency of 9.8 GHz on February 3, 2022. Active regions, 

filaments, and prominences are marked off 

spacecraft. The standard procedure is the transition to a 

local orthogonal curved coordinate system in which one 

of the axes is directed along the magnetic field line. The 

remaining coordinate axes are the radial axis, directed 

from Earth, and the azimuth axis, completing the or-

thogonal system. Such a coordinate system is conven-

ient for studying ULF waves as it can separate trans-

verse and longitudinal waves. Oscillations of the radial 

magnetic field component are attributed to poloidal Alf-

vén waves; and the azimuthal one, to toroidal waves 

[Klimushkin et al., 2004]. Oscillations of the longitudi-

nal component (compressional waves) are treated as 

drift compressional modes [Chelpanov et al., 2016b; 

Rubtsov et al., 2018a] and drift mirror modes [Soto-

Chavez et al., 2019] considered in the kinetic theory. 

The best theoretical description of compressional waves 

is still under discussion [Takahashi et al., 2022]. Be-

sides, observations show that oscillations generally oc-

cur in all magnetic field components at a time. The fre-

quently detected transverse waves have therefore a 

mixed poloidal/toroidal polarization [Oimatsu et al., 

2018a; Rubtsov et al., 2021]. The transverse waves well 

described in the framework of MHD were observed to 

have a compressional component, albeit weak. If a satel-

lite stays near a node along a field line, the compres-

sional component may even be dominant. 

Determining the longitudinal wave structure in-

volves finding out to which harmonic it corresponds. 

For odd harmonics, the node of magnetic field oscilla-

tions is located on the magnetic equator, and for even 

harmonics the nodes are shifted symmetrically from it to 

the Northern and Southern hemispheres. To determine 

the parity of the harmonic observed, the phase delay is 

studied between oscillations of the dominant magnetic 

field component and the electric field component or-

thogonal to it. Depending on whether a wave is ob-

served to the north or south of the magnetic equator, 

fluctuations in the electric field will be ahead or behind 

the fluctuations in the magnetic field by 90° [Korotova 

et al., 2016].  

Simultaneous measurement of particle fluxes at the 

same space point, where magnetic field oscillations oc-

cur, allows us to conclude that the waves interact with 

particles: to determine the resonant particle population 

and to assume a source of energy for generation. Pro-

tons used to be generally considered as resonant parti-

cles [Shi et al., 2018], but now cases of resonant interac-

tions with electrons [Chelpanov et al., 2019; Mikhailova 

et al., 2022b] and oxygen ions [Oimatsu et al., 2018b] 

have been found. The energy of resonant particles in 

this case usually ranges from a few to hundreds of kilo-

electronvolts. There is, however, always a problem of 

separating spatial and temporal variations for one satel-

lite. The resonant wave-particle interaction usually oc-

curs during substorm injections, magnetic storms, or 

when an interplanetary shock wave passes through the 

magnetosphere [McPherron, 2005; Zong, 2022].  

In recent years, ULF waves have been intensively 

studied due to the launch of many satellite missions, 

including those consisting of several closely spaced 

spacecraft. Among such successful magnetospheric 
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missions are Time History of Events and Macroscale 

Interactions during Substorms (THEMIS) [Angelopou-

los, 2008], Van Allen Probes [Mauk et al., 2013], 

Magnetospheric MultiScale (MMS) [Burch et al., 

2016], and Arase [Miyoshi et al., 2018]. The presence 

of a large number of spacecraft at a time has opened 

up opportunities for long-term continuous monitoring 

of the magnetosphere simultaneously in different sec-

tors. Figure 10 exemplifies the observation of a poloi-

dal Alfvén wave for 15 hrs in the dayside magneto-

sphere by Van Allen Probes, THEMIS, and GOES 

satellites. In this case, it was possible to trace the dy-

namics of the wave-particle interaction during a series 

of substorm injections and to identify the complete 

spatial structure of the wave. It was shown that the 

ULF wave was generated by the gradient instability 

formed during the magnetic storm recovery phase, and 

effects of the substorm injections were insignificant 

[Rubtsov et al., 2021]. In other cases, the “pearls-on-a-

string” configuration of five THEMIS satellites made 

it possible to determine compressional-wave propaga-

tion parameters [Constantinescu et al., 2009; Rubtsov 

et al., 2018a]. Multipoint observations were used when 

analyzing the excitation of ULF waves due to the im-

pact of interplanetary shock waves on the magneto-

sphere [Zong et al., 2009; Korotova et al., 2018] and 

during magnetic storms [Le et al., 2017]. 

5.6. Radar observation of magnetospheric 

ULF waves 

Significant progress in studying magnetospheric 

ULF pulsations has been achieved due to radar observa-

tions [Walker, Greenwald, 1981]. Unlike satellite and 

ground-based magnetometers, radars detect magnetic 

field oscillations indirectly by observing variations in 

Doppler frequency shifts in the signal scattered by 

plasma inhomogeneities in the ionosphere. Periodic 

variations in Doppler shifts occur when, under the influ-

ence of drift in crossed magnetic and electric fields, ion 

velocity fluctuations develop in the horizontal direction. 

The wave magnetic field strength being low compared 

to the geomagnetic field strength, the amplitude of the 

velocity fluctuations is directly proportional to the wave 

electric field. Radars can receive a scattered signal from 

vast regions of the ionosphere, thereby providing data 

with a higher spatial resolution compared to ground-

based magnetometers [Nishitani et al., 2019]. 

The advantages of using radars are of particular im-

portance for ULF waves with large azimuthal wave 

numbers (|m|>20) because due to the ionosphere screen-

ing effect they are difficult to detect in the Earth sur-

face. This leads to the fact that a significant part of the 

waves that can be recorded by radars in no way appears 

in the data from ground-based magnetometers. Ponoma-

renko et al. [2003], using observational data from the 

Tasman International Geospace Environment Radar 

(TIGER), have shown that the percentage of such waves 

run to 46 %.  

Simultaneous acquisition of data from an area whose 

projected dimensions along field lines on the equatorial 

plane are as large as several Earth radii makes it possi-

ble not only to distinguish between temporal and spatial 

changes in parameters of ULF waves, but also to trace 

transformations in their properties on a number of mag-

netic shells. For instance, waves with a curved front 

have been experimentally studied [Yeoman et al., 

2012]. A disadvantage of radars in terms of ULF oscil- 

lations may be detection of only one wave component —

 

Figure 10. Pc4 and Pc5 waves in the dayside magnetosphere as observed by THEMIS (THD and THE), Van Allen Probes 

(VAP-A and VAP-B), and GOES (G13) satellites on February 25, 2014: (a) – satellite orbits in the meridional (top) and equato-

rial (bottom) planes with portions of the orbits, where the waves were observed, indicated by a thick line; (b) – wavelet spectra of 

the radial magnetic field component of the satellites, from top to bottom: VAP-B, VAP-A, G13, THD, THE. Red strips above 

each panel are the time intervals when the waves were observed 
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one radar can obtain data on the velocity of ionospheric 

plasma at a given point only in the direction of signal 

propagation, i.e. along the line connecting the radar and 

this point. This problem is solved by using pairs (or 

networks) of radars with overlapping fields of view. 

Another limitation is the time of one scan of the radar 

field of view. The scanning rate determines the maxi-

mum rate of the oscillations under study: the minimum 

wave period should be two times higher than the time 

resolution of the radar. 

The Scandinavian Twin Auroral Radar Experiment 

(STARE) was among the first to be used for regular 

observations of ULF oscillations [Nielsen, 1982]. They 

receive a signal scattered by irregularities of the iono-

spheric E layer (90–120 km) from an area of ~160000 

km
2
, providing a spatial resolution of ~20 km. Over-

lapped fields of view of the two radars with different 

scanning directions yield the full vector of the horizon-

tal velocity of ionospheric plasma. The data obtained by 

this radar system was used to examine the structure of 

standing Alfvén waves and to support theoretical con-

cepts [Walker et al., 1979]. 

The next stage of examining ionospheric convection 

with radars was the use of the Super Dual Auroral Radar 

Network (SuperDARN) [Greenwald et al., 1995]. Un-

like the STARE signal, the high-frequency SuperDARN 

signal is scattered by ionospheric F-layer irregularities 

(over 130 km above the Earth surface). In this case, 

there is no need to take into account such phenomena as 

the 90° wave polarization rotation in passing through 

the E layer. Electrons and ions at the F-layer heights 

drift at roughly the same velocity, which somewhat 

simplifies the interpretation of the data [Chisham et al., 

2007]. Refraction typical of high frequencies in the ion-

osphere allows multihop paths to be employed, which 

enables reception of a scattered signal from long dis-

tances up to several thousand kilometers from a radar. 

Since the standard scanning time of the field of view, 

which is 1–2 min, is too long to detect short-period var-

iations in the Doppler plasma velocity, special scanning 

modes are used which ensure signal reception only from 

a narrow field-of-view sector. This allows us to de-

crease the total time of one scan and increase the time 

resolution of data. 

One of the advantages in SuperDARN is its extension 

to middle latitudes [Nishitani et al., 2019]. Closer to the 

equator during substorms, radar data is less susceptible to 

degradation caused by signal absorption and changes in 

propagation condition, associated with precipitation in the 

D and E layers of the ionosphere during substorms 

[Gauld et al., 2002].  

There are no SuperDARN radars in Russia, but there 

is a coherent scatter radar identical to the network’s 

radars in middle latitudes near Ekaterinburg [Berngardt 

et al., 2015]. The radar detects backscattered signals 

from distances up to 3500 km, which corresponds to 

54°–78° geomagnetic latitude. Part of the time is ap-

plied to additional scanning sequence to obtain data 

with a higher time resolution in two or three scanning 

directions with a time resolution of 12 and 18 s respec-

tively. One of the versions of the additional mode is 

scanning in directions close to the magnetic meridian 

(deviation to 7°). In this mode, the radar registers fluc-

tuations in the plasma velocity component approximate-

ly aligned with the magnetic meridian (Figure 11). The 

fluctuations in this direction being caused by the drift in 

the radial magnetic field (the direction to and from 

Earth), this scan mode provides information on poloidal 

oscillations of the magnetic field without having to sep-

arate them from toroidal ones. 

 
6. DISCUSSION AND CONCLUSION 

Plasma of Earth’s magnetosphere and solar active 

regions have both significant differences and common 

features. Earth’s magnetosphere and the Sun’s atmos-

phere are a space filled with cold plasma and bounded 

from above and below by special surfaces, where the 

plasma parameter β~1. In the Sun’s atmosphere, this is 

the photosphere and chromosphere from below and the 

source surface, which separates the solar corona from 

the freely moving wind, from above; whereas in the 

magnetosphere, the boundary with the ionosphere from 

below and the magnetopause from above. In these re-

gions, abrupt changes in plasma parameters create con-

ditions for wave reflection and formation of resonators, 

and conversion of various MHD modes into each other 

becomes effective on these surfaces. 

Similar observational manifestations of ULF waves 

in both media include the following. 

1. Similar frequency ranges of observed oscillations 

(a few to thousands of mHz). In the Sun’s atmosphere, 

most of the oscillations have periods from 10 to 600 s 

with some characteristic peaks in the distribution, such 

as three- and five-minute oscillations in the chromo-

sphere. In Earth’s magnetosphere, a similar range of 

periods includes standing oscillations of field lines. 

Their values are determined by the characteristic dimen-

sions of the magnetosphere, as well as by plasma pa-

rameters and magnetic field strength. The periods of the 

oscillation modes described in the kinetic approach also 

fall into this range. 

2. Despite the differences in the characteristic magni-

tudes of the magnetic field, particle density and tempera-

ture both in the solar corona and in Earth’s magnetosphere, 

the condition β<<1 is met.  

 

Figure 11. Plasma velocity along one of the scanning di-

rections on December 25, 2014. Positive values correspond to 

the movement toward the radar (to the south). Vertical strips 

correspond to poloidal oscillations with a frequency of ~4 mHz 
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3. In Earth’s magnetosphere, the Alfvén velocity is 

by about an order of magnitude higher than in the chro-

mosphere, but is close to its value in the solar corona 

(~1000 km/s). 

4. Characteristic scales of active regions in the Sun’s 

atmosphere are close to the size of Earth’s magnetosphere 

(~100000 km). As mentioned above, this is, among other 

things, a factor in the similarity between the ranges of peri-

ods of the observed oscillations. Transverse dimensions of 

inhomogeneities in both media are also similar (about 1–10 

thousand km). 

Among the differences between parameters of plas-

ma of the Sun’s atmosphere and the magnetosphere, the 

most significant is the particle density that differs by 

several orders of magnitude, and hence the difference in 

the mean free path. Due to this, plasma in the Sun’s 

atmosphere is collisional; in the magnetosphere, colli-

sionless. The magnetic pressure in almost all magneto-

spheric regions significantly exceeds the gas pressure 

(β<1), whereas in the Sun’s atmosphere there are re-

gions in which the gas pressure is equal to or exceeds 

the magnetic pressure (β≥1). In the chromosphere and 

corona, plasma is strongly structured across the magnet-

ic field, whereas the magnetosphere is much more ho-

mogeneous. 

In studies based on both solar and magnetospheric 

physics, it should be borne in mind that in these regions 

there are differences in the terminology describing wave 

processes. The most significant difference is in the use 

of the term "Alfvén waves". Alfvén waves on the Sun 

are transverse oscillations of magnetic field lines and 

plasma frozen in them. At the same time, the compulso-

ry condition is the absence of attendant density pertur-

bations and hence emission intensity. This represents an 

obstacle to their direct observations. 

In the magnetosphere, by Alfvén waves are also 

meant displacements of field lines and their associated 

plasma, yet their attendant pressure disturbances are 

usually neglected. The waves observed in the magneto-

sphere can hardly be described in pure MHD — this 

requires more complex approaches such as the kinetic 

theory. However, as practice shows, Alfvén MHD 

waves quite accurately describe most magnetospheric 

wave phenomena.  

An example of successful application of unified ap-

proaches to solving problems of solar and magneto-

spheric physics is a series of papers [Klimushkin et al., 

2017; Rubtsov et al., 2018b, 2020], where the condi-

tions for respectively corrugation and ballooning insta-

bilities are investigated. In [Klimushkin et al., 2017], the 

theory of MHD instabilities developed in magnetospher-

ic physics was applied to conditions of disturbance gen-

eration with respect to the corrugation instability in the 

solar corona. For the cylindrical model, a system of 

coupled equations for Alfvén wave and slow magnetoa-

coustic mode was solved. The authors derived analytical 

expressions, determined the radial structure of disturb-

ance and the dependence of the instability growth rate 

on wavelength in longitudinal and transverse directions. 

Rubtsov et al. [2018b] have applied a similar approach 

to magnetospheric conditions. They also defined insta-

bility criteria but for the geometry of dipole magnetic 

field. Rubtsov et al. [2020] also take into account the 

inhomogeneity across the magnetic field (a sharp drop 

in plasma pressure with distance away from Earth), 

whereas previous works considered only the inhomoge-

neity along it. It was shown that a certain minimum 

threshold value of the azimuthal wave number m (30–70 

for medium parameters typical of the magnetosphere) is 

required for the instability to occur. 

While the solar and magnetospheric physics have 

been studied extensively, there are still many unre-

solved problems. Such issues as heating of the solar 

corona, extreme changes in the geomagnetic field dur-

ing geomagnetic disturbances, and the processes of 

triggering of substorms remain open and call for future 

research. Combining theory and observations of wave 

phenomena on the Sun and in the magnetosphere may 

help to solve these and other problems.  

For instance, direct measurements of some parame-

ters can be made in the magnetosphere (particle fluxes, 

electromagnetic fields) and are not available in the solar 

atmosphere, whereas others (space-time evolution of 

fast mode waves) observed on the Sun at various wave-

lengths cannot be directly measured in the magneto-

sphere. 

The development of a general theory of oscillation 

processes, unified for media of the Sun—Earth system, 

seems to be promising but difficult to accomplish. De-

spite a number of limitations, combining theories and 

applying the methods of one discipline to the problems of 

another can probably open up new prospects for the study 

into waves both in the Sun’s atmosphere and in Earth’s 

magnetosphere. 
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