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Abstract

Macroscopic wave and oscillatory phenomena ubiquitously detected in the plasma
of the corona of the Sun are interpreted in terms of magnetohydrodynamic theory.
Fast and slow magnetoacoustic waves are clearly distinguished in observations.
Properties of coronal magnetohydrodynamic waves are determined by local param-
eters of the plasma, including the field-aligned filamentation typical for the corona.
It makes coronal magnetohydrodynamic waves reliable probes of the coronal plasma
structures by the method of magnetohydrodynamic seismology. For example, propa-
gating slow waves indicate the local direction of the guiding magnetic field. Stand-
ing, sloshing and propagating slow waves can be used for probing the coronal heat-
ing function and the polytropic index. Kink oscillations of coronal plasma loops
provide us with estimations of the absolute value of the magnetic field in oscillating
plasma loops. This tutorial introduces several techniques of magnetohydrodynamic
seismology of solar coronal plasmas. It includes the description of practical steps
in the data acquisition, pre-processing, and processing using the open-access data
of the Atmospheric Imaging Assembly on the Solar Dynamics Observatory space-
craft, and elaborated data analysis techniques of motion magnification and Bayesian
statistics.
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1 Introduction

The corona of the Sun is the outermost, almost fully ionised part of the solar
atmosphere (e.g., Cranmer and Winebarger 2019). The corona is penetrated
by the magnetic field generated by dynamo processes in the solar interior, and
emerging through the solar surface in a number of concentrated magnetic ele-
ments, pores and sunspots. In the corona, the magnetic field forms so-called
closed magnetic structures when the field lines are bent down to the surface of the
Sun, i.e., remain within the visible part of the corona. Once reaching the corona,
the magnetic field spreads out, filling up all the volume of this part of the solar
atmosphere. Some parts of the closed corona, usually above major sources of the
surface magnetic field, such as pores and sunspots, appear to be highly dynamic
and host various eruptions, mass ejections and flares. These regions are known as
active regions. The closed corona outside active regions is “diffuse”. Regions in
which the magnetic flux appears to go out of the Sun towards the heliosphere and
beyond constitute the “open” corona. Parts of the open corona that appear to have
the plasma with the reduced density are called coronal holes.

Absolute values of the coronal magnetic field reach several hundred Gauss
above pores and sunspots, and are typically several tens of Gauss in active
regions, decreasing to a few Gauss or lower in the diffuse corona and coronal
holes. The field decreases with height. The topology of the coronal magnetic field
is highly complicated, and is very far from being dipolar, with a huge number of
elements of the opposite polarity, resolved at the photosphere. The measurement
by the Zeeman effect of the magnetic field in the corona is usually impossible,
and its estimation is often based on the extrapolation of photospheric magnetic
sources. In some cases, the field can be estimated by radio observations of the
free—free, gyroresonant and gyrosynchrotron emissions, see, e.g., Alissandrakis
and Gary (2021), and references therein.

The coronal plasma is mainly hydrogen, with some fraction of alpha particles
and various ions of heavier elements, so that the effective mean particle mass in
the corona is 0.6—0.7 of the proton mass. Typical temperatures of the coronal
plasma range from several hundred thousand K to a few million K during the
quiet periods of the activity. During solar flares, the temperature of the plasma
structures involved in flares, for example, in flaring active regions, can reach sev-
eral tens of million K. Typical electron concentrations in the lower part of the
corona range from about 103 cm™ in coronal holes to about 10'°cm™3 in active
regions, reaching 10'>cm™ in flaring regions. The coronal plasma concentration
is subject to gravitational stratification. The stratification scale height is linearly
proportional to the temperature, and is about 5 x 10° cm for the temperature of
one million K. The coronal plasma parameter f, defined as the ratio of the gas to
magnetic pressures, is typically much lower than unity.

The solar corona attracts growing attention for several reasons. From the
point of view of practical applications, the corona is the birthplace of drivers of
extreme events of space weather, such as flares and coronal mass ejections. These
impulsive releases of the coronal magnetic energy can disrupt or damage various
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technological systems in space, atmosphere and on the ground, and their forecast-
ing is of growing interest. Furthermore, being a natural plasma environment, the
corona offers plasma physics research community a great opportunity to study
various physical processes of fundamental importance, such as magnetic recon-
nection, acceleration of charged particles to relativistic energies, plasma turbu-
lence and micro-turbulence, transport coefficients, magnetohydrodynamic (MHD)
waves and jets, and many others. In other words, the corona is a natural plasma
physics laboratory. Coronae are known to exist in other cool stars, including sun-
like stars which may host habitable exoplanets. Violent dynamic processes in the
corona are potentially dangerous for life on the planets on one hand, and, on the
other hand, according to some studies could presumably provide necessary con-
ditions for the appearance of extraterrestrial life, e.g., Rimmer et al. (2018). The
solar corona is the only stellar corona open to high spatial and temporal resolu-
tion observational study.

Despite an intensive multi-wavelength study of the corona of the Sun from space
and ground, a number of crucial physical parameters of the corona cannot be reli-
ably estimated. In particular, it is commonly accepted that the magnetic field deter-
mines the structure, morphology and energetics of the corona. However, standard
astronomical techniques for the diagnostics of the magnetic field by, for example, the
Zeeman effect, are not applicable to the one-million K plasma of the corona. Emis-
sion lines experience strong thermal broadening at such high temperatures, mak-
ing any Zeeman splitting challenging to measure and analyse accurately. Another
key parameter of the corona, which makes it very different from a similar and also
intensively studied plasma environment, the Earth’s magnetosphere, is its fine field-
aligned structuring (e.g., Nakariakov et al. 2016). Figure 1 demonstrates a typical
image of the solar corona taken in the extreme ultraviolet (EUV) band. The fine
filamentation appears as bright, highly elongated structures. The bent bright threads
are called coronal plasma loops. Typically, the loop’s major radii range from a few
tens to several hundred thousand km, while the minor radii are a few thousand km.
Planes of the loops are usually tilted from the vertical direction. It is believed that
a loop represents a magnetic flux tube, i.e., the magnetic field is tangential to its
boundary. However, minor radii of loops do not show any significant increase with
height (e.g., Klimchuk and DeForest 2020), which is a puzzle as one would expect
the magnetic flux tube to have a dipolar shape. It is also not clear whether character-
istic scales of the coronal plasma filamentation, in particular, the minor radii of the
loops are fully resolved with available observational instruments. In polar regions
where the main part of the magnetic flux is open into the solar wind, there are also
bright structures stretched radially outward from the Sun, called polar plumes.

In almost all observational bands the corona is an optically thin, i.e., transparent
medium. The observed intensity of the radiation is the result of the integration of
some function of the plasma parameters along the line-of-sight (LoS). For example,
for the thermal emission such as in EUV, soft X-ray and thermal microwave bands,
it is the integral of the product of the density squared and a function of the plasma
temperature, specific for the specific wavelength and the observational instrument.

An effective plasma diagnostics technique is the use of MHD waves which
carry information about the medium which supports them. In the corona, this
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Fig.1 An image of the solar corona taken in the EUV band with the SDO/AIA instrument. In the cen-
tral box, a zoomed region of interest is shown, indicated by the black lines in the full solar disk image
in the periphery. The brightness of a pixel is proportional to the number of photons with wavelengths
in the vicinity of 171 A coming to the pixel. This emission is produced by the coronal plasma with a
temperature of about 10° K. The zoomed box is enhanced using the multiscale Gaussian normalization
method to highlight coronal loops (Morgan and Druckmiiller 2014). The blue curve inside presents a
typical plasma loop

technique is called MHD seismology (e.g., Liu and Ofman 2014). In laboratory
plasmas, this approach is known as MHD spectroscopy (e.g., Sharapov et al.
2001; Fasoli et al. 2002). A similar technique used in magnetospheric research is
so-called magnetoseismology, see, e.g., Chi and Russell (2005), Takahashi et al.
(2014), Chi et al. (2023) for the Earth’ magnetosphere, and James et al. (2019)
for the magnetosphere of Mercury. MHD seismology of the corona should not
be confused with helioseismology (e.g., Basu 2016) and astroseismology (e.g.,
Chaplin and Miglio 2013; Garcia and Ballot 2019) which diagnose interiors of
the Sun and stars by oscillations of the Sun’s or star’s surface, respectively, and
also seismology of the Earth’s interior. A spin-off branch of coronal seismol-
ogy is a prominence seismology (Oliver 2009; Tripathi et al. 2009; Ofman and
Kucera 2020), which specifically addresses quiescent and erupting partly-ionised
relatively cold prominences and filaments, and shares common philosophy and
methodology with the seismology of the warm and hot coronal plasma structures.
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The availability of high-resolution observations simultaneously in the time and
spatial domains allows for the detection of coronal MHD waves as propagating or
standing displacements of various plasma structures or variations of the EUV, X-ray
or microwave emission, or oscillatory and/or propagating Doppler shifts of coronal
emission lines. In contrast with other plasma environments, such as the solar wind
and Earth’s and planetary magnetospheres, where in situ measurements of magnetic
field perturbations are possible, the incompressive nature of Alfvén waves prevents
their unequivocal identification in imaging and spectral observational data. How-
ever, observational detections of various magnetoacoustic waves in the corona are
abundant (see, e.g., Nakariakov and Kolotkov 2020 for a recent comprehensive
review). Low values of the plasma parameter f in the corona make the Alfvén C,
and sound C; speeds to be significantly different from each other as C,/C, ~ /2.
For example, in plasma loops of coronal active regions, typically C, = 1,000 km s~}
and C, = 150 km s~!, which allows for the confident discrimination between fast
and slow magnetoacoustic waves. The key feature of the solar coronal plasma
which determines the properties of magnetoacoustic waves is its field-aligned
filamentation.

In this tutorial paper, we briefly introduce the theory of MHD waves in a sim-
ple, 1D perpendicular plasma non-uniformity (Sect. 2), summarise main MHD
wave phenomena observationally detected in the corona (Sect. 3), describe practi-
cal steps in the acquisition, processing and seismological analysis of observational
data, illustrating it on the EUV imager SDO/AIA data which is frequently used in
coronal seismology (Sect. 4), give several example recipes of seismological inver-
sions (Sect. 5), and share our thoughts about the future perspectives in coronal MHD
seismology in Sect. 6.

2 Properties of MHD waves in solar coronal plasma structures

Typical oscillation periods of magnetoacoustic waves detected in the corona are
from a few seconds to several tens of minutes. These values are several orders of
magnitude greater than plasma oscillation periods and gyroperiods in the coronal
plasma. Likewise, detected spatial scales of the coronal waves, greater than a few
hundred kilometres, exceed typical plasma kinetic spatial scales by orders of mag-
nitude. Those estimations justify the description of coronal waves in terms of MHD
theory without Hall and electron inertia terms. However, as typical wave scales are
comparable to spatial scales of coronal plasma non-uniformities (for example, a
typical plasma loop of a coronal active region has the minor and major radii about
10° m and 108 m, respectively), the basic theory of coronal MHD waves is based on
accounting for the coronal inhomogeneity (e.g., Edwin and Roberts 1983).

Essential effects of a field-aligned non-uniformity in temperature and density, result-
ing in the non-uniformity of the sound, Alfvén and fast speeds across the field, are the
guided propagation of magnetoacoustic waves along the field because of reflection or
refraction, appearance of wave dispersion, and linear transformation of the waves, e.g.,
Nakariakov (2020). In the low-f coronal plasma, parallel phase speeds of magnetoa-
coustic waves guided by a plasma non-uniformity appear in two intervals associated
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with slow and fast modes. The slow-phase speeds are in the narrow interval between
the sound speeds and the so-called tube (or cusp) speed,

C, = CpiCsi/(CE, + CI)'V2, (1)

where C,; and Cg; are the Alfvén and sound speeds inside the plasma non-uniform-
ity. Guided slow waves are practically unaffected by the external medium, as far as it
is of low f. Coronal slow waves are often modelled by 1D acoustic equation, i.e., the
infinite field approximation. This approach significantly simplifies the theory, but
neglects magnetic effects and the perpendicular structure of the wavefront.

In contrast, phase speeds of guided fast waves are determined by the combination of
internal and external parameters. In addition, for cylindrical plasma non-uniformities,
properties of fast waves are highly sensitive to the azimuthal symmetry of the perturba-
tion, quantified by the azimuthal mode number m. One distinguishes between sausage
(m = 0), kink (|m| = 1) and fluting(m| > 1) modes. In the long-wavelength limit, when
the parallel wavelength is much greater than the radius of the cylinder (e.g., the minor
radius of a coronal plasma loop), phase speeds of all fast modes except the sausage one

approaches the kink speed,
1/2
2L
Cx =~ | — Cais 2
K < é« + 1) Ai ( )

with { = p;,/p., being the ratio of the internal and external densities, provided
Pin > Pex-

Fast waves with parallel wavelengths comparable to the width of the waveguide are
subject to strong wave dispersion, as the width is a characteristic scale in the system.
Typically, phase speeds decrease with the decrease in the parallel wavelength, while the
group speed may decrease or increase (e.g., Li et al. 2020). This dispersion occurs even
in the classic low-frequency MHD, without the high-frequency effects such as the Hall
or electron inertia effects. The specific dependence of phase and group speeds on the
frequency and wave number is determined by perpendicular profiles of the equilibrium
plasma parameters, i.e., the density and temperature, and the strength of the magnetic
field. Likewise, the geometry of the waveguide, for example, a slab or a cylinder, and
the field-aligned current, contribute to the dispersion (e.g., Nakariakov et al. 2016).

In a plasma non-uniformity with a smooth perpendicular profile of the equilib-
rium Alfvén speed, kink waves are subject to linear transformation into local torsional
Alfvén waves, called “resonant absorption” of magnetoacoustic waves, see, e.g., Ruder-
man and Roberts (2002), Goossens et al. (2006, 2009). This effect leads to the damping
of kink waves which could be characterised by the exponential damping time

4 af+1
Ty R ;7;1’@“5 3)
where [ is the width of the resonant layer, determined by the steepness of the smooth
radial profile of C,;(r) in the vicinity of the location C,;(r) & C. In the initial phase
of the damping, the oscillation envelope may be better described by a Gaussian
function, see, e.g., Pascoe et al. (2013).
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The results obtained in terms of the simplified cylindrical model may modify in
more complicated geometries, for example, in a bent or sigma-shaped cylinder case
or a twisted cylinder. Likewise, in certain circumstances the waves are subject to
nonlinear effects. There is a growing number of numerical studies of solar coronal
wave processes in terms of 3D full MHD models, see, for example, Ofman (2009),
Pascoe (2014), Magyar and Van Doorsselaere (2016), Pascoe et al. (2019), Kar-
ampelas et al. (2019), Magyar and Nakariakov (2020), Li et al. (2023), as well as
some analytical works, e.g., Van Doorsselaere et al. (2004), which can significantly
advance the method of MHD seismology. However, one should be cautious, as the
outcomes could be affected by various intrinsic numerical artefacts, such as numeri-
cal dissipation.

3 Wave phenomena observationally detected in the corona

In this section, we describe several coronal wave phenomena typically used for coro-
nal seismology. Some other phenomena such as propagating kink waves and sau-
sage oscillations are not included in this section because of the space limitations.
The interested reader is referred to the recent comprehensive reviews of those topics
(Banerjee et al. 2021; Li et al. 2020).

3.1 Global coronal waves

The largest scale MHD wave processes observed in the corona are so-called global
coronal waves, often called EUV or EIT waves, or even “coronal tsunamis”. They
manifest as a single wavefront of an EUV emission intensity disturbance, emanat-
ing from an active region almost in all directions along the solar surface (e.g., see
Warmuth 2015 for a comprehensive review). Typical propagation speeds range from
200 km s~! to 1,500 km s~!. The waves can propagate at large distances, comparable
to the solar radius from the epicentre. The lowest propagation speeds are compara-
ble to the sound speed in the coronal plasma, while the highest speeds are compara-
ble to the Alfvén speed. Linear and non-linear MHD waves provide one interpreta-
tion for these waves. However, some observational features noted in Delannée and
Aulanier (1999), such as stationary bright points and coronal dimmings, indicate
that there may be a need for alternative, non-wave interpretations. The expulsion
of a magnetic plasma may lead to the reconfiguration of magnetic fields and the
formation of “pseudo waves”, misinterpreted as MHD waves. Models include the
field line stretching model, e.g., Chen et al. (2005), the current shell model, e.g.,
Delannée et al. (2008), and the reconnection front model, e.g., Attrill et al. (2007).
These models all have different challenges, so several hybrid models with wave
and non-wave components have been proposed. Here we focus on the MHD wave
interpretation for the global coronal waves. In some cases, both the slow and fast
wave fronts are detected successively, see, e.g., Liu and Ofman (2014). The differ-
ence in the propagation speeds indicates that the observed wave motions consist of
two types of waves. The rapidly propagating counterpart is associated with the fast
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magnetoacoustic wave. The propagation of the fast magnetoacoustic component of
the global coronal wave is determined by the global 3D profile of the coronal fast
magnetoacoustic speed. In a low-f plasma, the fast magnetoacoustic speed is about
the Alfvén speed, and hence its 3D structure is determined by the geometries of
the coronal plasma density and the magnetic field strength. In addition, in the low-
p regime, the fast wave is weakly sensitive to the local direction of the magnetic
field. Observations demonstrate that the fast component of the global coronal wave
experiences reflection and refraction on coronal non-uniformities of the local Alfvén
speed, such as active regions and holes. The slower component remains subject to
intensive debates. In particular, the slower wavefront could be formed due to the
successive stretching of closed confining magnetic field lines by an erupting mag-
netic flux rope in a coronal mass ejection (e.g., Chen et al. 2002; Chen 2009). Gen-
erally, drivers of global coronal waves are considered to be coronal mass ejections.

3.2 Quasi-periodic fast propagating waves

A more compact version of propagating coronal fast waves are quasi-periodic fast
propagating (QFP) waves (e.g., Shen et al. 2022). Typically, QFP waves appear as
a series of arc-shaped wavefronts (or wave trains) of the EUV intensity perturba-
tions, confined to a cone originating at a flaring active region, propagating at speeds
exceeding several hundred km s ie., comparable to the Alfvén speed. The waves
are detected at heights up to several hundred thousand km, without a significant
acceleration or deceleration. Oscillation periods of QFP waves resolved in time and
space with modern coronal EUV imagers range from several tens to several hun-
dreds of seconds. Much shorter periods, of about 6 s, have been detected in the white
light radiation during a solar eclipse (Katsiyannis et al. 2003). QFP waves appear as
wave trains consisting of a few or several oscillation cycles. Observed properties of
QFP waves suggest the existence of two distinct types, narrow and broad QFPs. The
main differences of these two types are the angular widths, 10°-80° and 80°-360°,
and the intensity variation amplitude, less than 10% and about 10%—35%, respec-
tively. Furthermore, narrow QFP waves are seen to propagate along the apparent
direction of the magnetic field, while broad waves propagate apparently across the
field. A likely reason for the existence of these two types is the difference between
the guided and leaky regimes of the fast wave dynamics in a plasma non-uniform-
ity (e.g., Nistico et al. 2014). In this scenario, narrow QFP waves are observed in
the waveguiding non-uniformity, while the broad QFP waves are the waves emitted
from the waveguide. In the latter case, the plasma non-uniformity acts as a fast mag-
netoacoustic antenna.

If the guided and leaky waves are driven by an impulsive energy deposition, i.e.,
the initial signal is broadband, the dispersion makes different spectral components
propagate at different speeds. It leads to the creation of a quasi-periodic wave train
(Roberts et al. 1984). The modulation of the instantaneous amplitude and oscilla-
tion period is determined by the dispersion relation which, in turn, is prescribed by
the perpendicular structuring of the plasma. A convenient visualisation of the mod-
ulations is provided by the wavelet spectrum. According to theoretical modelling,
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typical wavelet signatures of QFP waves have characteristic tadpole or boomerang
shapes (Kolotkov et al. 2021). Signals with these signatures are also detected in
quasi-periodic pulsations (QPP) in radio, microwave, white light, and X-ray light
curves of solar and stellar flares (e.g., Zimovets et al. 2021), suggesting that QFP
waves driven by the flares are responsible for the modulation of the emission. If the
driver is periodic, e.g., a sequence of repetitive magnetic reconnection events, i.e.,
the initial signal is narrowband, the developed fast wave trains are narrowband too.

An example of a QFP wave observed by the instrument SDO/AIA in the 171 A
bandpass in shown in Fig. 2. In this event, there are three wave trains consecutive
emanating from the vicinity of a relatively mild solar flare epicentre. In the region of
interest, all three wave trains are seen to consist of about four arc-shaped wavefronts.
The analysis performed in Shen and Liu (2012), Yuan et al. (2013) showed that the
projected phase speed of the waves exceeded 800 km s~!, which can be estimated
by the angle of the diagonal bright lanes in the time—distance map. The dominating
oscillation period is about 1 min. The “zigzags” in the bright lanes are caused by the
low temporal resolution.

3.3 Propagating slow magnetoacoustic waves

Another class of longitudinal waves propagating along the apparent direction of the
magnetic field are slow magnetoacoustic waves, e.g., De Moortel (2009), Baner-
jee et al. (2021). The main feature of this class is a low propagation speed which
ranges from several tens to a few hundred km s~ i.e., is below or about the sound
speed in the corona. The departure from the sound speed is because of the projec-
tion of the wave path on the plane-of-the-sky (PoS). Usually, the waves originate
from the chromosphere, and are detected in the lower part of coronal loops or polar
plumes. Very often, waves of this class are detected in magnetic fans spreading out
of sunspot umbrae and pores. Typical oscillation periods are from a few to several
minutes. Normally, shorter periods, about 2-5 min, are observed in active regions,
while plumes guide slow waves with periods longer than 67 min, in some cases, up
to 20 min. The waves may be generated for several tens of oscillations cycles with
almost constant period, resembling a maser, which also makes slow waves different
from QFP waves. Another difference with QFP waves is the short damping distance.
The waves are usually detected at low heights: the slow waves disappear from obser-
vations within 15-20 thousand km.

Figure 3 presents a typical example of propagating slow waves in a coronal mag-
netic fan. The time—distance map (see Sect. 4.3) shows a propagating slow wave pat-
tern which is clearly resolved up to the distance about 35 pixels from the footpoint.
Taking that the pixel size of the instrument is about 440 km, the projected detection
length is about 15 thousand km. In the time domain the waves show a high degree of
coherency. The propagating speed projected on the PoS can be estimated by the tilt-
ing angle of the diagonal ridges in the map. In that example, the phase speed seems
to increase slightly with height, which could be attributed to the change of the angle
between the wave path, i.e., the local magnetic field, and LoS. For the diagonal dash
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Fig.3 Panel a The solar disk as seen by SDO/AIA in 171 A on September 18th 2022 at 05:25 UT. The
blue square indicates an active region of interest, with a magnetic fan. Panel b A zoomed-in image of the
magnetic fan anchored in a sunspot. The white line indicates the slit used to produce the time-distance
map in panel c. Panel ¢ Time—distance map produced using the slit identified in panel b over one hour.
The tilted ridges indicate the presence of a propagating slow wave; an example of such a ridge is indi-
cated by the dashed white line

line, we determine that the wave disturbance travels about 35 pixels in about 3 min.
It gives us a propagation speed of about 85 km s,

In some cases, QFP waves and slow waves are detected to propagate simultane-
ously along the same coronal plasma structure, e.g., Zhang et al. (2015). The slow
waves propagating at the projected speed of about 55-105 km s~! are persistently
present at lower heights, up to about 20,000 km from the origin, while the fast waves
appear as two distinct wave trains with speeds about 800-900 km s~!, reaching dis-

tances exceeding 150,000 km.

3.4 Standing and sloshing slow waves

Another manifestation of coronal slow magnetoacoustic waves is the bouncing vari-
ations of the EUV or thermal microwave emission intensity along coronal loops. If
LoS is oblique to the plane of the loop, these wave motions appear also as oscilla-
tory Doppler shifts of coronal emission lines, registered near the top of the loop,
see Wang (2011), Wang et al. (2021) for a recent comprehensive review. In some
cases, the Doppler velocity and intensity oscillations are detected simultaneously,
and show a quarter-period phase shift, indicating the standing nature. The oscillation
periods are typically longer than several minutes, exceeding in some cases 15 min.
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The ratios of the wavelength estimated as double the length of the oscillating loop to
the oscillation period give the phase speed of several hundreds km s~!, up to about
500 km s~!. Those values correspond to the sound speed in the loop, estimated by
the plasma temperature. This property indicates the slow magnetoacoustic nature of
this wave phenomenon. The rareness of the simultaneous detection of the oscilla-
tions in Doppler shift and intensity is linked with the spatial separation of the loca-
tions of the maximum amplitudes in a standing slow wave. In the fundamental slow
mode, the parallel velocity oscillations have a maximum at the top of the loop, while
the density oscillations have a node.

In the vast majority of cases, oscillations of this kind have been detected in loops
filled in with hot plasma, with the temperature of 6.3 x 10°14 x 10% K. There is
a tendency, that in cooler loops the periods are longer compared to hotter loops
(Nakariakov et al. 2019). The oscillations are subject to rapid damping, with the
exponential damping time being about the oscillation period. Statistically, the damp-
ing time scales almost linearly with the oscillation period (Nakariakov et al. 2019).
The initial relative amplitude of the oscillations could exceed a few tens of %. Oscil-
lations with similar properties have been detected in the white-light emission of stel-
lar flares (Cho et al. 2016).

A wave phenomenon similar to standing slow waves is an EUV intensity pertur-
bation bouncing between the footpoints of a loop. In the time—distance map (see
Sect. 4.3) made for a curvilinear slit directed along the loop, these wave motions
exhibit a “zigzag” pattern, which is clearly distinct from a chessboard pattern of
a standing wave. This kind of a slow wave motion is called a sloshing oscillation
(Kumar et al. 2013; Reale 2016). The oscillation periods and decay times of slosh-
ing oscillations are similar to those of standing slow oscillations. The apparent phase
speed of the bouncing bright spot matches the sound speed in the loop. The exact
formation mechanism of sloshing oscillations is not yet known. This phenomenon
is distinct from a reflected propagating slow wave in the loop, as sloshing oscilla-
tions do not manifest the frequency-dependent damping, with all spatial harmon-
ics decaying at approximately the same rate (Nakariakov et al. 2019). On the other
hand, in some studies sloshing oscillations were shown to convert into a typical slow
standing wave pattern after several footpoint reflections, regulated by the competi-
tion between thermal conduction and compressive viscosity in wave damping, with
standard or anomalous transport coefficients (Wang et al. 2018; Krishna Prasad and
Van Doorsselaere 2021).

3.5 Kink oscillations

Perhaps one of the most intensively studied oscillatory phenomena in the solar
corona is kink oscillations of coronal plasma loops (e.g., Nakariakov et al. 2021).
The oscillations occur as standing oscillatory transverse displacements of the loops
from an equilibrium, or Doppler shift oscillations of coronal emission lines along
LoS. Kink oscillations appear in two different regimes: large-amplitude rapidly
decaying oscillations and low-amplitude decayless oscillations. In both regimes, the
oscillation periods are typically several minutes, reaching about 30 min in longer
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loops. Transverse displacements of different segments of the loop are either in
phase with each other or in anti-phase. The oscillation periods scale linearly with
the length of the oscillating loop. These two properties clearly indicate the standing
nature of the oscillations. The wavelength is determined by double the length of the
loop, divided by the parallel harmonic number of the oscillation. The lowest, or first
(or fundamental), parallel harmonic has the longest oscillation period. Higher paral-
lel harmonics are detected even rarer than the fundamental harmonics. In the decay-
ing regime, typical initial displacement amplitudes projected on the PoS are several
thousands km, while in the decayless regime, the stationary amplitudes are much
lower, less than a few hundred km.

In the decaying regime, the oscillation lasts for several oscillation cycles only.
Usually, the amplitude shows a steady decay in time, which could be approximated
by an exponential or another decreasing function with a certain characteristic damp-
ing time (see Fig. 9 and cf. Eq. 3). A vast majority of decaying kink oscillations
are excited by a displacement of the loop from an equilibrium by a plasma eruption
occurring nearby (Zimovets and Nakariakov 2015). Decaying oscillations are rather
rare, with only several hundred events detected during a full solar cycle (Nechaeva
et al. 2019).

Decayless oscillations last for up to several tens of oscillation cycles, and their
amplitude does not show any systematic evolution. Decayless kink oscillations seem
to be ubiquitous. The instantaneous amplitude shows some variations in time, and
in some time intervals the oscillation amplitude is seen to grow (Wang et al. 2012).
Sometimes, decaying kink oscillations are not seen to damp to zero, but instead
approach the amplitude of the decayless oscillation (Nistico et al. 2013). This behav-
iour resembles a dynamic system characterised by a phase portrait with a limit cycle,
i.e., a self-oscillator (Nakariakov et al. 2016; Karampelas and Van Doorsselaere
2020). In this scenario, the oscillation period is determined by the natural oscillation
period determined, in the case of kink oscillations, by the ratio of the wavelength
and the kink speed (Eq. 2), while the oscillation damping is counteracted by some
external energy supply. The energy that sustains the oscillation can be supplied by
quasi-static plasma flows in the external medium, similar to the movement of a bow
across a violin string. In the solar atmosphere, those motions could occur near the
loop’s footpoints, for example, the low-frequency part of the red-spectrum granula-
tion and super-granulation flows, and Evershed flows, or be present in the corona.
In another scenario, decayless oscillations are sustained by perpetual random move-
ments of the footpoints, caused by, e.g., the granulation. This latter mechanism has
a shortcoming, as it should produce randomly polarised oscillations, which contra-
dicts recent quasi-stereoscopic observations (Zhong et al. 2023).

4 How to obtain, process and analyse observational data
As a typical example of the acquisition, processing and analysis of observational
data performed in MHD seismology, consider analysis of EUV imaging data

obtained with the Atmospheric Imaging Assembly (AIA) instrument (Lemen et al.
2012) on the Solar Dynamics Observatory spacecraft. Below we describe several
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typical steps which are carried out first online and then in the Interactive Data Lan-
guage (IDL') environment with the use of the Solar Software (SSW) package (Free-
land and Handy 1998). AIA data is in the open access. Python users can use the
SunPy ecosystem (Barnes et al. 2023). This example gives the reader an idea of
the acquisition, processing and analysis of data sets obtained with other imaging
instruments, such as the extreme ultraviolet imagers STEREO/EUVI? (Howard et al.
2008) and SolO/EUI’ (Rochus et al. 2020), respectively.

4.1 Data acquisition and pre-processing

For the identification of the event of interest, it is convenient to use the JHelioviewer
(Miiller et al. 2017) environment (https://www.jhelioviewer.org/, this website has a
detailed tutorial). The initial selection of the region and time interval of interest can
be based on known locations and times of some dynamic events, such as flares and
various eruptions, or, contrarily, during the quiet periods of solar activity. Similarly,
regions around sunspots, pores, faculae, prominences, coronal holes, active regions,
etc., where oscillatory processes of interest are expected, could be chosen.

The first step is to click “New Layer” or press “Control + N”, select “SDO” then
“AIA”, set the observational wavelength, for example, 171 A, which gives high con-
trast coronal images, the time step, e.g., 12 s, and a rough time range (see Fig. 4).
One can select images of different wavelengths simultaneously. This step results in
selecting a data cube, i.e., a 3D array with two spatial dimensions in the PoS (i.e.,
frames) and one-time dimension. The data cube could be a stack of either origi-
nal images, or their differences. The image difference signals can be either running,
with each frame being the difference between the current image and the previous
one, or base, when each frame is a difference between the current image and some
base one which is the same for all the frames. The choice of the difference is made
by selecting “Running” or “Base” in the toolbox shown on the right. The running
difference and base difference data cubes could be considered as an effective time
derivative and detrending of the original data cube, respectively.

It is worth trying to identify oscillatory motions in the selected data set visually,
running the movies constructed by the data cubes. It will ensure that all features of
interest, i.e., all wave paths or all oscillating structures are in the field-of-view of the
selected data cube. For example, the data cube with decayless kink oscillations of a
coronal loop on 2020-12-12 starts at 10:30 UT and ends at 13:50 UT, the centre of
the region of interest (Rol) is [+838, -477] in arcsec, the width and height of Rol are
both 500 pixels, and the time cadence is 12 s.

Itisrecommended todownload AIA data from the Joint Science Operation Centre (JSOC)
centre. On the JSOC Lookdata website (http://jsoc.stanford.edu/ajax/lookdata.html),

! https://www.nv5geospatialsoftware.com/Products/[DL

2 Tutorials for EUVI data processing and analysis are available at https://secchi.nrl.navy.mil/data-analy
sis

3 User manual of EUI data is available at https://www.sidc.be/EUl/data/releases/202301_release_6.0/
release_notes.html
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in the tab of “Series Select”, click “fetch the observational series name list” and then click
“aia_levl_euv_12s”. After jumping to the tab “RecordSet Select” (see Fig. 5), insert
the selected time, duration, and wavelength, e.g., “[2020-12-12T10:30:00Z/3.2h@12 s]
[171]” for the example mentioned above. To obtain data at multiple wavelengths, which
correspond to the emission from a plasma with different temperatures that can be used
for differential emission measure analysis (see Sect. 4.6), add the additional wavelengths
in the last bracket, e.g. “[171,193,211]”. Then click the “Export Data” tab, and then
“export”, which will direct to the export page.

In the export page, select “url-tar” in “Method” and “FITS” in “Protocol” to com-
press the data in the Flexible Image Transport System (FITS) format into a tape
archive (tar) format file, and deliver with the URL link. To download full-disk
images, input your email address and submit the request. New users should register
with an email address. To register, put your email address in “Notify”, wait for the
activation email and follow the instructions therein. To extract cutouts, i.e., partial
Rols, click “Enable Processing”, then click “im_patch” and input the centre, height,
and width of the Rol. In the study of oscillatory processes discussed in this tutorial,
it is advised to either unselect “tracking” or select both “tracking ” and “register”
to avoid the 1-pixel sawtooth artefacts generated by JSOC’s automatic de-rotation.
However, this operation is not necessary if the Rol is near or off the limb. Then click
“check parameters” and “submit”. When JSOC has processed the query, the user
receives an email with the link to the prepared data ready for downloading, com-
pressed in a tar file.

Sub-frames can also be extracted using Lockheed Martin Solar and Astro-
physics Laboratory cutout service (https://www.Imsal.com/get_aia_data/), or the
Virtual Solar Observatory (https://sdac.virtualsolar.org/), or with the use of the
ssw_cutout_service.pro function in IDL or sunpy.net.Fido package in
Python. More details are available in Sect. 5.4 of the Guide to SDO Data analysis
by M. DeRosa & G. Slater (https://www.Ilmsal.com/sdodocs/doc/dcur/SDOD0060.
zip), or P. Young’s SDO analysis guide (https://pyoung.org/quick_guides/pry_sdo_
guide.html).

4.2 Data processing

The AIA data downloaded from the JSOC centre is Level 1, which has been flat-
fielded and processed to remove bad pixels and spikes. The Level 1 data should
be processed with the aia_prep.pro routine in IDL to obtain the Level 1.5
format. This procedure co-aligns the images, seeking the currently best-known
pointing information of the instrument; accounts for the roll angle; normalises
the image by the exposure time; and re-scales them to a common plate scale. In
Python, a similar procedure can be performed with aiapy in the SunPy pack-
age, see https://aiapy.readthedocs.io/en/stable/preparing_data.html. The data
obtained from the LMSAL cutout service are in level 1.5, so there is no need for
aia_prep.

The next important step is the removal of the solar rotation. The Sun rotates from
east to west, hence a target of interest moves in the PoS at a non-steady speed which
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Fig.6 An example of a time—distance map, showing an oscillatory pattern representing a kink oscilla-
tion of a coronal plasma loop after an M-class flare on March 29th 2023 from 13:30 to 15:00 UT. Panel
aan AIA 171 A image of the Rol including the oscillating loop. The white line indicates the slit used for
making a TD map displayed in panel b

is determined by the local heliographic coordinates. Thus, there may be a need to
account for the effect of the solar rotation, keeping the initial location of the target
in the Rol. This operation must not affect the target’s own movements, such as trans-
verse oscillations, in the Rol. Usually, the de-rotation which removes the projected
motions caused by the solar rotation is required for targets on the solar disk near the
central meridian, while is not needed for off-limb plasma features. This operation
is based on re-sampling the images with an updated coordinate system with respect
to the reference frame. In IDL, the drot_map. pro routine is used. There are also
other tracking methods such as sdo_track_object.pro and sdo_prep.pro.
Note that the de-rotation should not be done if a user has selected “tracking” and
“register” options while exporting data from JSOC.

In Python, sunpy.map.reprojected_to and propagate_with_
solar_surface in sunpy.coordinates is used with the reference date and
map centre, to rotate a map differentially. Alternatively, RotatedSunFrame in
sunpy.coordinates can be used to de-rotate the coordinate for the image.
Details are available on the SunPy online tutorial: https://docs.sunpy.org/en/stable/
generated/gallery/differential_rotation/index.html.

4.3 Making time-distance maps

A common approach in detecting and analysing coronal oscillatory processes is with
the use of time—distance (TD) maps. It allows us to reduce the investigation of a 3D
data cube to the analysis of a 2D array. The TD map is a 2D array with one time
coordinate, and one spatial coordinate along a chosen slit, showing the time vari-
ation of the emission intensity along the slit with the time. Making a TD plot is a
two-step procedure: firstly, one needs to determine spatial coordinates of the slit in
the spatial domain; and, secondly, take the intensity values along the slit. Thus, we
obtain a rectangular bar with the length and width of the slit. The width is at least
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one pixel wide, or more. Then the bars are stacked along their long sides, making
the map. For kink oscillations, this procedure is illustrated in Fig. 6. Figure 3 dem-
onstrates a time—distance map which reveals a persistent and almost coherent slow
wave.

The position of a slit can be defined in a Rol after the visual detection of an oscil-
lation or its anticipation. Slits can be chosen to be straight or curved, and their ori-
entation depends upon the oscillatory process of interest. For longitudinal waves,
such as propagating and standing slow magnetoacoustic waves (see Sects. 3.1—3.4),
the slit should be directed along the wave path. For transverse waves, such as kink
waves (see Sect. 3.5), the slit should be positioned across the oscillating structure, in
the direction of its transverse displacements. Often, a slit is designed to have a width
of several pixels, averaging the intensity over the width, to increase the signal-to-
noise ratio.

If the slit is correctly chosen, the TD map demonstrates the presence of standing
and propagating (including sloshing) wave motions in the Rol, as variations of the
intensity in the map image. As the next step, a skeleton of the pattern highlighting
the wave motion should be determined. This can be done by determining the coordi-
nate of the maximum intensity across the lane of the pattern, in each time frame. In
the case of a kink oscillation, the location of the maximum intensity will represent
the centre of the oscillating loop. Alternatively, a location of the maximum intensity
gradient could be determined.

The identified path can be fitted with a certain analytical expression either sug-
gested by theory or guessed. For example, in the case of decaying kink oscillations
it could be a harmonic function decaying exponentially according to Eq. (3), see
Fig. 9. Sometimes, the fitting procedure begins with removing an aperiodic trend,
which could be determined either as a low-order polynomial function, or simply by
smoothing the signal, e.g., with the smooth function in IDL or with uniform_fil-
terld function from scipy.ndimage package in Python.

4.4 Analysing sub-resolution signals in imaging data

Imaging telescopes used for the observational detection of solar coronal wave pro-
cesses usually have high spatial and temporal resolution. For example, SDO/AIA
has a pixel size of 0.6 arcsec, corresponding to the linear scale of about 440 km
on the solar surface, and a cadence time of 12 s in the EUV channels. However,
coronal oscillation amplitudes are often near the resolution threshold. For example,
typical displacement amplitudes of decayless kink oscillations are about 0.3 arcsec
or smaller. Likewise, sub-resolution amplitudes are often registered in high spatial
harmonics of decaying kink oscillations, and at the loop segments near the nodes.
Typical oscillation periods of QFP waves are shorter than one minute. Thus, there is
a need for data processing techniques that allow one to study low-amplitude oscilla-
tory processes.
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The Motion Magnification (MM) technique, based on Two-dimensional Dual-
Tree Complex Wavelet Transform (DTCWT; Selesnick et al. 2005), amplifies trans-
verse quasi-steady low-amplitude motions in the PoS. The amplification coefficient
is limited by the instrumental noise and jitter, and can, for example, reach 6 for
SDO/AIA data. The MM technique allows for amplifying oscillatory motions with a
broad range of periods, typically of one or two orders of magnitude. In the time—dis-
tance maps processed with MM, oscillatory displacements are readily detectable by
eye.

The principle of DTCWT-based MM is described as follows. The 2D DTCWT
is a wavelet spatial transform. It decomposes an input image sequence into a set of
complex-valued high-pass images (6 orientations) of different scales and low-pass
residuals. The phase difference of high-pass images is linearly proportional to the
object displacements. The relative variation of phase is computed by subtracting the
phase trend obtained by smoothing the time series of phase with a flat-top window
of time width w. This step excludes the transverse motions with timescales longer
than w. Then, the detrended phase is amplified by a magnification factor k through
multiplying. Next, the magnified images are reconstructed via inverse DTCWT
using the modified phase, which is the sum of the phase trend and magnified relative
phase. The intensity and periods of an object are invariant before and after MM.

This method involves two user-defined keywords: magnification factor k and
smoothing width w. The former determines how many times the amplified ampli-
tude is bigger than the original. The latter decides the bandwidths of motions to be
amplified. Being tested on both synthetic data and real solar imaging data (Anfi-
nogentov and Nakariakov 2016; Zhong et al. 2021; Anfinogentov et al. 2022), this
technique is found that

(a) the linear scaling of the magnified and original amplitude works well in the low-
amplitude range from 0.01-1 pixels;

(b) the smoothing width w should be longer than the estimated motion period;

(c) artificial cross-influence could be generated where neighbouring structures that
are too close to each other become overlapped after MM;

(d) the effect of background noise or other irregular movements on the MM perfor-
mance is minor.

The realisation of the 2D DTCWT-based MM is available in https://github.com/Ser-
gey-Anfinogentov/motion_magnification. It can be called from IDL or Python code.
An example usage is demonstrated in the given link. Prior to the installation of MM,
you should install Python 3 and DTCWT for Python (https://github.com/rjw57/
dtcwt). An IDL user should download the MM package and then compile the proce-
dure magnify_2d.pro to make it ready for use. For Python users, download the
package and magnify.py is the function provided, which can be called directly
under its directory.

Although MM is designed for solar imaging data, it can also be used in image
sequences, i.e., movies generated by a digital video camera. The best situation is that
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the boundary of the object which performs oscillatory movements has high contrast.
The following is the example usage.

First, stack the image sequence or convert the movie into a 3D data cube (with
two spatial dimensions representing the PoS, and the 3rd dimension being the time)
as input data for MM. The size of the spatial dimensions of images must be even, in
the units of pixels. The larger the size, the longer the processing time. Note that this
also will be limited by the computer memory. The length of the sequence could be
as long as two thousand frames.

Then, determine the magnification factor k, depending on the original and tar-
get amplitude of the transverse oscillatory displacements in the PoS. For displace-
ment of 0.1-1 pixels, the value of k usually ranges from 1-10. Typically, we select
k = 5 for the first attempt. Next is the value of smoothing width w in the unit of time
frame, which should be longer than the expected oscillation period of the motion.
For example, if the anticipated periodicity is roughly 5 minutes, that is 25 frames,
provided the time cadence is 12 seconds, then w = 35.

Last, call the procedure in IDL or Python with the data and the coefficients as
input. The procedure returns a “magnified” data cube which has the same dimension
as the input data.

In IDL:

IDL > .compile — v’/your_path_name/motion_magnification/magnify_2d.pro’
IDL > magnified_data = magnify 2d(data,k,w)

In Python:

frommagnify import =

magnified_data = magnify_motions_2d(data,k,w)

where data is the 3D input original data, and the resulting magnified data is
magnified_data.

An example result is shown in Fig. 7. After MM, the image quality is degraded
slightly.

4.5 Bayesian best-fitting of empirical data

As MHD seismology is based upon the interplay of empirical data and theoretical
modelling, an important element of this method is the comparison of theoretically
predicted and observationally determined functional dependencies of various physi-
cal parameters. Often, the theoretical dependencies (or “models”) have a number
of free parameters, which complicates their determination by standard techniques
for the approximation, such as the least-square methods. This difficulty could be
mitigated by the Bayesian approach implemented through the Monte Carlo Markov
Chain sampling. A detailed justification of the use of a Bayesian probabilistic
approach to MHD seismology of coronal plasmas, and a comprehensive review of
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Fig.7 Example application of the motion magnification to an AIA data cube. Left: the original image
and TD map made using the slit A—B. Right: magnified image and TD map. The magnification factor is
6. The size of the data is 600 x 600 x 811

recent results are given in Arregui (2022), Anfinogentov et al. (2022). Here, we dis-
cuss a practical tool, the Solar Bayesian Analysis Toolkit (SOBAT) software package
(Anfinogentov et al. 2021), which is available in https://github.com/Sergey-Anfin
ogentov/SoBAT.

SoBAT is designed specifically for the Bayesian analysis of solar observational
data, in general, and tasks of coronal seismology, in particular. In addition to the
reliable estimation of user-supplied model parameters and their credible inter-
vals, it allows for a quantitative comparison of different competing models by
means of the Bayesian factor, K;;. The latter is determined by the ratio of the
Bayesian evidence of model “i”, B;, to the Bayesian evidence of model “j”, Bj, as
K;; =21InB;/B;, and higher values of the Bayesian factor K;; indicate the prefer-
ence of model “i” over model “j”. In this section, we overview practical steps that
one needs to make to fit the time series of interest with an a priori prescribed
multi-parametric theoretical model and for model comparison with SoBAT
v.0.3.1.

We begin with a synthetic example of a parabolic signal with random noise,
see Anfinogentov et al. (2021) for a similar example with a linear synthetic signal
with noise. In IDL, it can be created using the following commands,
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Fig.8 Example of the application of SoBAT to a synthetic parabolic signal with random noise (black
crosses). The best-fitting curves obtained with the linear, parabolic, and cubic models are shown in red,
blue, and green, respectively

x = 0.1d % £indgen(100)
noise = randomn(1, 100)
noise/ = stdev(noise)
y=1d+45d * x — 0.5d * x"2 4+ 2d * noise

The visualisation of such a synthetic signal is shown in Fig. 8. To fit this signal
with SoBAT, we consider three guessed functions with linear, quadratic, and cubic
dependence upon x, with two, three, and four free parameters, respectively. For
example, one can use

function cubic_model, x, params, extra =_extra

b = params[0]

k = params[1]

¢ = params[2]

d = params[3]

return,b+k*xx+cxx2+d*x"3

end
for creating the cubic model in IDL. To use those models for fitting our synthetic
signal with SoBAT, one needs to provide a rough initial guess for the model param-
eters and specify the intervals of their expected values, based on prior expert knowl-

edge (for example, we may demand the plasma parameter f to be always positive
and smaller than 1 in the corona). SOBAT allows for both the uniform and normal
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Fig.9 Time—distance map of the kink-oscillating loop highlighted in Fig. 1 (panel a). The symbols of
different colours represent the loop displacements tracking with five different algorithms described in
Zhong et al. (2023) and Sect. 4.2.Best-fitting the identified kink-oscillating loop displacement with the
SoBAT software package, by a harmonic function with an exponential decay (M,) and Gaussian-expo-
nential decay (M,), and quadratic and cubic background trends (panels b and ¢, see Sect. 4.5)

distributions of the model parameters within those intervals. For the above cubic
model and uniform distribution of priors, this can be done in IDL as
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Table 1 The best-fit model parameters inferred with SOBAT for the synthetic signal y(x) shown in Fig. 8,
approximated by the linear (b + kx), quadratic (b + kx + cx?), and cubic (b + kx + cx? + dx®) functions

Model b k c d
linear 8.8f{'; 0-1t8§ - -
quadratic 0.7+11 5.1%0% ~0.5%50s B

. 1.6 1.3 0.3 0.02
cubic 0.3} 55%0 -0.6773 0.007%55

pars_cubic =[1d, 14d,0.14,0.1d]

priors_cubic = objarr(4)

priors_cubic[0] = prior_uniform(—5d, 5d);prior_normal for normal
priors_cubic[l] = prior_uniform(—10d, 10d)

priors_cubic[2] = prior_uniform(—1d, 1d)

priors_cubic[3] = prior_uniform(—1d, 1d)

Now we can use the above model functions and the prior guess for the values of
their parameters to call the mcmc_fit function within SoBAT software package for
best-fitting our experimental signal y(x). In IDL:

fit_mcmc_cubic = meme_fit(x,y, pars_cubic,’ cubic_model',$
priors = priors_cubic,burn_in = 100000,$

n_samples = 1000000, samples = samples_cubic,$
credible_intervals = intervals_cubic,$

confidence_level = 0.95)

In this example, we request 10° samples for preliminary sampling and 10° sam-
ples for main sampling which is most often used in practice. Each of these sam-
ples represents a combination of free model parameters which provide an accept-
able fit based on the Bayes probabilistic approach, see Anfinogentov et al. (2021)
for more details. All 10° successful samples (combinations of the model parame-
ters) are stored in the samples_cubic variable in the above example. After the
main sampling has finished, the best-fitting combination of the model parameters
is returned in the pars_cubic variable, with the corresponding credible intervals
(intervals_cubic) estimated at the prescribed 95% confidence level.

Table 1 shows the model parameters that we obtain for the synthetic signal shown
in Fig. 8 after best-fitting it with the linear, quadratic and cubic functions with
SoBAT. Both quadratic and cubic models result in almost identical fits, well con-
sistent with the input signal, and the estimated values of the parameters b, k, and ¢
for these models reproduce the input values within the obtained credible intervals.
We note that if the obtained best-fit value of a model parameter appears to be close
to the maximum or minimum value of the prior guess interval fixed above, the lat-
ter has to be broadened within reasonable limits to allow the mcmc_fit function
to scan through a broader range of this parameter. Moreover, the credible intervals
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in Table 1 are almost symmetric which is not always the case in practice, see, e.g.,
Figs. 5 and 6 in Pascoe et al. (2022). In other words, SOBAT can readily handle
cases with non-Gaussian distributions of the model parameters, which is another
advantage of SOBAT in comparison with standard least-square methods.

The parameter d in the cubic model is found to be practically zero and, hence,
redundant. The linear model, in turn, is only able to capture the mean value of
the input signal and thus is clearly insufficient. SOBAT allows us to perform
a rigorous comparison between several competing models with the use of the
mcmc_fit_evidence function and calculation of the Bayes factor K;; through the
ratio of the Bayes evidence for models “i” and “j”. For the cubic model, for example,
the Bayes evidence can be calculated in IDL as

e_cubic =mcmc_fit_evidence(samples_cubic,x, y,$

priors_cubic, cubic_model’)

using the samples_cubic variable obtained above with the mcmc_fit func-
tion. Thus, having the Bayes evidence for the linear By,, quadratic B4, and
cubic B, models estimated, we can obtain their ratios as Byy,q/Bj, 103! and
B uad/Bewbic & 61. This means that the quadratic model is substantially better for our
input signal than the linear model as the order of the latter is insufficient to describe
the whole picture. Likewise, the quadratic model is more suitable than the cubic
model as it has more free parameters one of which is found to be redundant and not
playing a role in the physical process under analysis.

We now demonstrate the application of the pipeline described above to best-
fitting the kink oscillation of a coronal loop shown in Fig. 9 with several compet-
ing models. More specifically, an exponential damping model M_(¢), e.g., Goossens
et al. (2006) and a generalised model (consisting of Gaussian and exponential damp-
ing patterns) M,(t), e.g., Pascoe et al. (2016) are employed to fit the displacement
signal (presented as red dots in Fig. 9) of a kink-oscillating loop. Thus, the model
function can be characterised as a decaying harmonic function superimposed on a
background trend,

£(1) = AM(1) sin (2?”; + qo) + T,

M (1) = exp <—TL>

2 “)
exp o2 ) t<t,
M,() = g

=
Acexp | — , 1> 1.
Tge

where A is the oscillation amplitude, M(r) stands for different damping models, P is
the oscillation period, ¢ is the initial phase, and 7() is a low-order polynomial trend.
In this example, we consider quadratic and cubic polynomial functions for the back-
ground trend 7(¢) to study if the choice of a model function for 7() affects the kink
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damping model comparison. In M(7) and M,(?), 7. represents the exponential damp-
ing time, 7, and 7, are the characteristic damping times of the Gaussian and expo-
nential phases in the Gaussian—exponential model, respectively, and ¢ is the switch
time between them.

We use SOBAT to best-fit the observed kink oscillation for four possible scenarios:
the exponential or Gaussian-exponential damping with the quadratic or cubic back-
ground trend (see panels (b) and (c) in Fig. 9). For this, we perform the steps described
above, namely: function (Eq. 4) initialisation in IDL; providing reasonable initial guess
and ranges for the model parameters; calling the mcmc_fit and mcmc_fit_evidence
functions for best-fitting and model comparison. The resulting best-fitting key model
parameters and the corresponding Bayes factors are summarised in Table 2.

For the quadratic and cubic polynomial background trends, the Bayes factor K, ,
are found to be about 100 and 120, respectively. This result indicates that the input
displacement signal strongly favours the interpretation by Model M,(7) than by Model
M_(1), and the choice of the functional form of the background trend does not alter it in
this particular case study. Indeed, the Gaussian-exponential model M, () visually dis-
plays a better fit than the exponential model M, (¢) in both panels (b) and (c) of Fig. 9.
On the other hand, the Bayes factor K quaq (about 68 for M (¢) and 87 for M,(1))
suggests that the cubic function could be a preferred background trend in this case.
Thus, the blue best-fitting curve in Fig. 9c appears to provide the best match with the
original signal among all four combinations considered. We also note that, in general,
models with more free parameters are penalised in Bayesian comparison due to the
increased parameter space.

4.6 Differential emission measure analysis

The temperature and density of the solar plasma are the vital parameters for perform-
ing coronal MHD seismology. In the corona, the observed EUV flux could contain the
emission from multi-thermal structures situated along the LoS. The EUV radiation flux
is directly proportional to the emission measure (EM), which is defined as the quantity
of the plasma integrated along the LoS per unit area, i.e., the pixel, under the optically
thin assumption, by

EM = / n2()dz = / &I, 5)
z T

where 7, is the number density of electrons and z is the coordinate along LoS. The
quantity EM is measured in units of cm™. As EM is the integrated emission flux
along LoS and does not reflect the thermal structure of the coronal plasma, one
would be more interested in getting the differential emission measure (DEM, ¢,
measured in cm™K™!), which is defined by

_ 2. dz
&= n‘f(T)dT‘ 6)
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Fig. 10 Temperature response function of six EUV channels of SDO/AIA. The corresponding EUV
wavelengths are indicated in the legend

Here we should note the mapping between z and 7, n,(T) = n,(T(z)) = n,(z), the
factor dz/dT arises from the change of variable from z to 7 in integration in Eq. 5.

In EUV observations, such as SDO/AIA, the measured value at each pixel
y; [IDN's™!] in the i AIA channel is related to the DEM by a temperature response
function K;(T)[DN cm’ s~!]and is defined as

Y= / K(T)é(T)dT. @)
T

This is the theory for the inversion of DEM by narrow-band EUV imaging observa-
tions. The temperature response functions for the six AIA channels are presented in
Fig. 10.

Equation 7 is assessed in discrete form. As AIA has six EUV channels, so we
set the number of channels to M = 6. We could opt to assess DEM with N = 20
temperature bins, say from log7 = 5.5 to log T = 7.5 with a step of AlogT = 0.1,
such that the temperature grid is uniform in a logarithmic scale. In practical use,
the number of temperature grid N is greater than the number of channels M, Eq. 7
is under-determined, so we have to resort to a mathematical model for &(T) with
a few free parameters. We then evaluate DEM at temperature 7}, &(T;) = &;, and
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Fig. 11 An example of DEM maps for various temperature ranges and DEM profiles (e) for selected pix-
els (marked by the coloured triangles) inside and outside the analysed loop. The white slice in panel
b highlights the loop segment which displays decayless kink oscillations, and this segment is used for
plasma diagnostics. Panel f is a zoom-in version of the small window in panel e. The vertical dotted lines
divide the temperature range into 4 subsets as shown in panels a—d. Used with permission from Zhong
et al. (2023)

minimize the following term with respect to the free parameters in the mathemat-
ical model of &(T),
KE - Y|’

arg min 5—Y

®)

where Y € RM is a column vector formed by EUV emission intensity measured with
M AIA channels, 6Y is the associated uncertainty; K € RMN with K, = Ki(Ti);
E; = §AT; is product of the DEM at 7; and the temperature interval between two
adjacent temperature grid points. Equation 8 is normally solved with forward model-
ling (Aschwanden et al. 2013) or regularization (Hannah and Kontar 2012; Cheung
et al. 2015; Su et al. 2018).

To determine DEM, we need to solve Eq. 7 inversely, based on the observed
intensity in each channel. With the inverted DEM model, we could readily calculate
the plasma temperatures, by

. _ZEATT, o
DEM = "Nz A -

LEAT;
We shall note that this temperature is the DEM-weighted temperature and acts as an
estimate of the temperature of a coronal structure. However, this approach should be

used with a caution, as coronal plasma structures could consist of layers with rather
different temperatures.
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Figure 1la-d shows a typical example of DEM inversion and calculation of
plasma temperature and density. A giant coronal loop was detected above the solar
limb (Fig. 11b), which is also filled with stratified coronal plasma (Fig. 11c). We
performed DEM inversion and extracted the DEM profiles of several sample pixels
located on the coronal loop. The DEM profiles ( Fig. 11e) have two peaks, a major
one at about 2 MK and a minor one at about 0.9 MK. So we infer that the two peaks
record the plasma emission from the coronal loop (Fig. 11b) and the diffuse coro-
nal background (Fig. 11c). Here, it is assumed that the background density is con-
stant along the LoS and the column depth is calculated according to the geometrical
model of a stellar atmosphere (Menzel 1936; Zucca et al. 2014). So we took a com-
parative DEM profile (black line) from a pixel at the coronal background without
the coronal loop. This DEM profile exhibited a major emission peak at about 2 MK,
however has negligible emission at 0.9 MK. With this comparison, we conclude
that the coronal loop is a uni-thermal coronal structure with plasma temperature of
about 0.9 MK. We then calculated the DEM-weighted temperature (Eq. 9) within
the range of 0.32 MK to 1.12 MK and obtained a temperature of 0.88 MK for the
coronal loop. We subsequently calculated the EM of the coronal loop by integrating
the DEM of the minor peak (0.32 MK to 1.12 MK) and subtracting the background
emission and calculated the density of the coronal loop by n, = \/EM /w, where w
is the geometric width of the coronal loop. The number density of electrons of the
coronal loop measured at multiple locations is 0.9f8i‘2‘ x 108¢cm™3. These parameters
obtained with DEM inversion are then used in coronal MHD seismology to calcu-
late magnetic field strength.

The code used to calculate the DEMs in the above is the Sparse inversion code
(written in IDL, Cheung et al. 2015) with improved settings (Su et al. 2018). The
latest version is available at http://paperdata.china-vo.org/yang.su/DEM/sparse_em_
v1.001_ys.zip (Li et al. 2022), which includes an example script demonstrating how
to obtain EM(T) images from AIA data. Here’s a quick overview of the process:

1. Start by downloading images in six EUV bands at the target time instance and
apply exposure normalisation.

2. Save the six normalized images as a 3D datacube: map_in = [nx, ny,
wavelength]. This datacube serves as the input AIA data for the main proce-
dure, get_em_from_aia.pro. If your target field of view is large, it is rec-
ommended to reduce the data size by setting the parameter n_pix to rebin n_pix
X n_pix pixels as one.

3. Determine all the necessary parameters for the main procedure. To obtain uncer-
tainty estimates for the EM results, set n_mc, the number of Monte-Carlo (MC)
simulation runs.

4. Runget_em_from_aia.pro,anditwill return a4D array, [nx, ny, nT,
n_mc+1]. In this array, each pixel contains DEM in unit of cm3K 'in prede-
fined temperature bins and for each MC run.
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5 Example recipes of seismological inversions

In this section we give several practical recipes for seismological diagnostics of cor-
onal plasma structures.

5.1 Estimating the magnetic field in coronal loops by kink oscillations

The dependence of kink oscillations of coronal loops on the kink speed allows us
to estimate the absolute value of the magnetic field in those plasma structures. In
the standard form, this seismological technique is based upon the assumption that
the magnetic field along the loop is constant, which is consistent with observa-
tions which show that a loop’s width does not change with height. In addition,
it is assumed that the plasma density is constant along the loop and in the exter-
nal plasma, i.e., that the effect of stratification can be neglected. Thus, the kink
speed along the loop remains constant. Additionally, there are other simplifying
assumptions, including the linear wave regime, uniform temperatures inside and
outside the waveguide, and no flows in the waveguide.

e The first step is to establish that the repetitive kink displacement of the loop
of interest is a standing wave. It is demonstrated by the in-phase or anti-phase
nature of the displacements of different segments of the loop. If the phase
behaves differently, the wave is propagating, and its period is prescribed by
the driver.

e The oscillation period and the wavelength of the standing oscillation should
be determined independently. The oscillation period is determined with the
use of a time—distance map of a kink oscillation either by a visual inspection,
or fitting the oscillatory pattern by a guessed function, for example, using the
MCMC technique described in Sect. 4.5. The latter approach is recommended
in the cases when the oscillatory pattern is suspected to be a superposition of
several oscillatory harmonics.

e Assuming that the loop’s shape is approximately half-circular, the loop length
could be estimated as the distance between the footpoints, dfp, as L = ﬂa’fp.
The distance dg, is measured as the chord length between the Stonyhurst-
Heliographic (HG) coordinates of the footpoints. One can convert the native
solar coordinates of a FITS file using the Word Coordinate System into the
HG system, by wcs_convert_from_coord.pro IDL function from SSW
library. With the HG coordinates of two foopoints: [4;, ¢,] for footpointl,
[4,, ¢,] for footpoint2, where A is longitude and ¢ is latitude, one can calculate
the angle between the two footpoints on the sphere by

0 = arccos(cos ¢, cos ¢, cos (|A; — A, |) + sin ¢ sin ¢,) (10)

Then the arc length ¢ connected the two footpoints on the sphere (also called
great-circle distance) is obtained ¢ = 6R, and the chord length dg; is calculated as

2R, sin(2). Alternatively, the chord length could be attempted by converting the
o 2 y g
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point from sphere [R, 4, ¢] to Cartesian [R sin ¢ cos 4, R sin ¢ sin 4, R, cos ¢]
and then using Pythagoras.

e The determination of the wavelength requires also the identification of the
parallel harmonic number of the kink mode of interest, which is calculated at
the number of oscillation nodes, N,4, along the loop, excluding the naturally
existing nodes at the footpoints. Then, the wavelength is A =2 L/(N,4 + 1).

e Applying the DEM inversion technique (Sect. 4.6), we estimate the plasma
densities inside and outside the loop, p;, and p,,, respectively. In this estima-
tion, we assume that the loop width along LoS is about its width in the PoS.

e The strength of the magnetic field in the loop is thus

1/2
L Pex

Br ———|2u Pin<1+_>] . (11D
Piink(Nyg + 1) [ 0 Pin

If several parallel harmonics are confidently detected, the field estimation could be
improved by averaging the values obtained separately by different harmonics. How-
ever, one needs to be cautious with this step, as it requires the kink speed to be
constant along the loop. If this condition is not fulfilled, for example, in larger loops
with heights comparable to the stratification scale height, the oscillation periods of
different parallel harmonics are determined by the values of the kink speed at dif-
ferent segments of the loop (e.g., Andries et al. 2009). This effect manifests as the
violation of the expected relationship between the periods of different harmonics,

: (1 (Nog+1)
1€, Piin/ WnaPrini

Moreover, the ratio Pl(<lir)1k / (NndP](([iVn"l‘i)) provides important seismological information
about the density scale height, and can also be used for probing the variation of the
magnetic field along a loop with a non-constant minor radius (Verth and Erdélyi
2008).

In the rapidly decaying regime, kink oscillations could also be used for probing
the fine, sub-resolution structuring of the coronal plasma across the field. The spe-
cific parameter estimated seismologically is the steepness of the perpendicular pro-
file of the Alfvén speed by the exponential damping time, see Eq. 3 (Aschwanden
et al. 2003). A more sophisticated approach is based on the theoretically predicted
departure of the damping pattern from the exponential, see Pascoe et al. (2018,
2019) for detailed discussion, and also the example in Sect. 4.5.

) # 1, where the superscripts indicate the harmonic number.

5.2 Probing the coronal heating function

Revealing the coronal heating mechanism remains one of the major outstanding
problems in modern solar physics. Traditionally, MHD waves have been considered
as potentially responsible for heating the corona via the transfer of energy from the
lower atmosphere upwards. However, the most recent results converge to the conclu-
sion that the observed wave amplitudes and propagation speeds are not sufficient
to compensate for colossal energy losses from the coronal active regions via opti-
cally thin radiation and thermal conduction towards the cooler chromosphere (Van
Doorsselaere et al. 2020). In more recent years, a new approach to the problem of
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MHD waves and coronal heating has been proposed, in which the waves are consid-
ered as not the cause of the coronal plasma heating but natural probes of the heating
process via the phenomenon of wave-induced thermal misbalance (Kolotkov et al.
2021). Indeed, due to the continuous interplay between plasma cooling and heating
processes in the corona, essentially compressive MHD waves perturb not only the
mechanical equilibrium (i.e. the local force balance) but also the thermal equilib-
rium (i.e. the local thermal balance). In this section, we describe how the coronal
heating function can be probed with the theory of thermal misbalance and observa-
tions of decaying slow magnetoacoustic waves in long-lived thermodynamically sta-
ble coronal plasma structures (mainly following Kolotkov et al. 2020 and Kolotkov
and Nakariakov 2022).

e As the observed lifetime of coronal loops is typically longer than the character-
istic slow-wave oscillation period or damping time (from a few to a few tens of
minutes, see Secs. 3.3 and 3.4), we begin with the assumption that the wave-
hosting loop remains stable to perturbations of the local thermal equilibrium, i.e.
no rapid plasma condensations such as coronal rain is developed (cf., Antolin
and Froment 2022).

e Another assumption is to parametrise the unknown coronal heating function in
a generic power-law form via local values of the macroscopic coronal plasma
parameters, i.e. density, temperature, and magnetic field, H(p, T, B) « p°T?B¢. In
the limit of low plasma-f, slow waves cause very small perturbation of the loop’s
magnetic field (e.g., Ofman and Wang 2022), so that the dynamics of slow waves
becomes practically insensitive to the power-law index c (e.g., Duckenfield et al.
2021). The latter allows us to reduce the number of unknown parameters from
three, (a, b, c) to two, (a, b). For finite-f regimes, such as in hot and dense flar-
ing loops (see e.g. Kumar et al. 2013), one should use the generalised approach
described in Kolotkov et al. (2023).

e The thermodynamic stability of the coronal loop to acoustic and entropy modes
(also known as isentropic and isobaric or thermal, respectively) is wavelength-
dependent. In this respect, it is useful to consider the so-called acoustic and
entropy Field’s lengths,

Aacoustic =2 K||T0
" Lo[at 4 p— Tt]’ (12
Poo| 55 Ly oT
ey _ o K T
’ pL[l—a+b—&% 13)
00 Ly oT

which represent the characteristic wavelengths above which the parallel ther-
mal conduction becomes insufficient to counteract the instability of acoustic and
entropy perturbations. Evaluating the instability conditions (Eq. 12) and (Eq. 13)
for the equilibrium coronal plasma density p,, temperature 7, optically thin
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radiation function L, taken, for example, in the CHIANTI form Del Zanna et al.
(2021), field-aligned thermal conduction coefficient « taken, for example, in the

Spitzer form (x Tg/ 2), standard adiabatic index y = 5/3, and the perturbation’s
wavelength A, one can derive the parametric region in the (a, b)-plane outlining
the heating models which allow for a long-lived thermodynamically stable coro-
nal loop. We also note that the local Spitzer approximation for x; was shown to
break down for the perturbation’s wavelength less than 5 Mm and 500 Mm for a
1-MK and 10-MK coronal plasma, respectively, and the use of non-local trans-
port models or thermal flux limiters is required (Arber et al. 2023).

e One can further refine the region of (a, b) parameters, derived at the previous
step, by accounting for the observed frequency-dependent damping of slow
waves. Indeed, the relationship between the observed oscillation period and
damping time of slow waves in coronal loops is strongly affected by non-adi-
abatic processes such as thermal conduction and thermal misbalance. By solv-
ing the general dispersion relation D(w®, ®?, @, k*, k2, Ky, a,b) =0 (e.g., Prasad
et al. 2021) either numerically or analytically, one can obtain combinations of
the heating parameters (a, b) within the above-derived stability region, which are
consistent with both the observed oscillation period and damping time (or damp-
ing length for propagating waves). In a weakly non-adiabatic and low-f regime,
the approximate relationship between the standing slow wave damping time 7,
and oscillation period P takes the form

_ ZTMPZ
= dry + P’
47*(y — Dk, v Cy, (14)
where d = — 5 M= s
YpoCyes r=10Ly Ly a=1_,
oT Ty\y-1

which accounts for a combined effect of parallel thermal conduction and ther-
mal misbalance as two major slow-wave damping mechanisms in the corona;
Cy = (y — 1) Ykg/m and ¢, = \/ykgT,,/m are specific heat capacity and standard
sound speed with Boltzmann constant kg and the mean particle mass m = 0.6m,,
respectively. It is also instructive to use the Bayes analysis with MCMC approach
described in Sect. 4.5 to perform a rigorous comparison of different damping
scenarios of slow waves in the corona and assessment of a functional form of the
heating process (Arregui et al. 2023).
The above steps allow for estimating the steady-state uniform coronal heating func-
tion (Judge 2023 or if its intermittent nature is effectively averaged over the slow
wave oscillation period. For probing the duration and spatial location of impulsive
heating events, one can use observations of slow waves in the form of quasi-periodic
pulsations in flares (Reale et al. 2019).
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5.3 Determining the effective adiabatic index and transport coefficients by slow
waves

The weak non-adiabatic limit is often assumed in MHD seismology studies as it
simplifies the analysis. In this limit, energy exchange and transfer processes are
weak and slow compared to typical time scales, such as the wave period. However,
in the corona of the Sun, the weak non-adiabatic assumption does not necessarily
hold as the observed wave damping times are often comparable to oscillation peri-
ods. In particular, non-ideal effects modify the slow wave phase speed (V,;,) so that
it can be expressed in a generic form as:

2 o> Cg
V= (7)) = rearn. Q) (15)
where ¢, is the sound speed, y =5/3 is the standard adiabatic index, and
Yerr(Ks 1, @, 7 ) 18 the effective adiabatic index, which is dependent on non-adia-
batic effects such as field-aligned conductivity (k|), viscosity (1), and wave-induced
perturbations of the coronal heating/cooling function and the effect of thermal mis-
balance (Q, r 5)- Rearranging this equation gives us the effective adiabatic index:

Vv 2
yeffzy<c_ph> . (16)

N

That is, y.¢ characterises the deviation of the observed slow wave phase speed from
the standard sound speed, caused by non-adiabatic effects in the corona.* Hence, to
calculate yg:

e Determine the phase speed and predict the sound speed through other independ-
ent techniques. Then y 4 can be calculated using Eq. (16). However, it is difficult
to determine the absolute phase speed due to combined effects from projection
and non-adiabatic processes that both modify the observed wave speed.

e To cope with difficulties measuring the phase speed, additional observable
parameters can be used, such as the ratio of relative temperature and density per-
turbations, A7/A, (determined using DEM analysis, see Sect. 4.6), and a phase
shift between them, Ag, in a slow wave. The polytropic assumption (p o p’et)
has regularly been used to determine y, via A7 /A, in propagating (e.g., Krishna
Prasad et al. 2018) and standing (e.g., Wang et al. 2015) slow waves, which
assumes that:

Ar
Yerr = A, + 1. (17)
However, the polytropic assumption was shown only to be valid if non-adiabatic
processes in the corona are significantly suppressed so that one can neglect the

4 For standing waves, for which the wavelength is fixed by boundary conditions, . (16) can be re-writ-
ten through the observed oscillation period.
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observed phase shift Ag and the expected deviation of y.; from y = 5/3 is small
(Kolotkov 2022). Thus, the polytropic assumption should be used with caution.

e For more realistic coronal conditions, with full thermal conductivity as the major
slow wave damping mechanism reduced analytical solutions for A;/A, and A
take the form:

A (y = DcosAg

A, 1 =2aydy(r/ve)’ (1)

2n(y — I)K”m

tan Ap = (19)

kgc2Pyp,
where the thermal conduction parameter d « k is given in Eq. (14) and
¥ = P/2nt represents the effective oscillation quality factor, 7, is the observed
exponential damping time, P is the observed wave period, and P, is the slow
wave oscillation period in the ideal adiabatic case. Hence, we have two equations
with two unknowns (k and y.¢), and several other quantities that can be deter-
mined with independent observations. For example, in the regime of low thermal
conductivity, y.q = v, Ap/A )= 2/3, and A@ — 0. In an isothermal regime with
very effective thermal conductivity, y.q — 1, A;/A )= 0, and Ag tend to some
finite value below 7z /2. Interestingly, A@ caused by thermal conduction remains
smaller than z /2 for both the fundamental and higher harmonics of a standing
slow wave (Zavershinskii et al. 2023), which provides another important obser-
vational constraint, see, e.g. Kupriyanova et al. (2019).

e Variations of y. in a broader range are also possible if one takes other non-adi-
abatic effects into account, see, e.g., Zavershinskii et al. (2019) for the effect of
thermal misbalance.

e The above approach can be generalised to probe the effect of compressive viscos-
ity using observations and modelling of slow magnetoacoustic waves too (see
a series of works Wang et al. 2015, 2018; Wang and Ofman 2019; Ofman and
Wang 2022). In particular, it was determined that the field-aligned heat conduc-
tion and viscosity coefficients in hot coronal loops need to be suppressed by a
factor of 3 and enhanced by a factor of 10-15, respectively, to match observa-
tions.

5.4 Probing the direction of the coronal magnetic field

A key feature of slow waves is that they propagate almost parallel to the magnetic
field in a low-p plasma, such as the corona. Hence, if we can determine the wave
vector of a propagating slow wave, we can infer the local direction of the magnetic
field. This technique requires simultaneous observation from at least two instru-
ments (quasi-stereoscopy) with non-parallel lines of sight. The steps involved are as
follows:
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1. Produce time—distance maps as detailed in Sect. 4.3 for each instrument. The slits
should start where the slow waves first emerge and run parallel to the slow wave
propagation direction. The maps should show diagonal ridges similar to those in
Fig. 3c.

2. Determine the phase speeds, V;:l’z), for each instrument by determining the gradi-
ent of the ridges in the time distance map. These phase speeds are the speeds
projected to each of the instrument PoS, hence both will be smaller than the actual
phase speed, reduced by a factor of cos§ where 6 is the angular separation
between the wave vector and the instrument PoS.

3. By estimating the temperature of the plasma as the peak in the instrument
response functions, we can approximate the actual phase speed, V,;, as the sound
speed, given by

Vou(kms™) & c(kms™") ~ 152/ T(MK). (20)

4. Calculate the angle between each instrument’s wave vector and PoS using that
6,, = cos™! (V;l’lz/Vph).

5. 0, and 0, give four cones where the wave vector can lie, corresponding to angles
+6, , from each PoS. Where these cones intersect reduces the solution to four
directions when using only two instruments. Some aspects of “common sense”
are then required to determine which direction is correct. For example, if the
feature that hosts the propagating slow waves points eastwards in images from
both instruments, westward-pointing solutions can be neglected. A third instru-
ment would eliminate this need for manually disregarding solutions, and the point
where all six cones intersect would give the wave vector.

This technique would ideally use three high-resolution imaging instruments with
different LoS. However, this configuration of instruments has not been available so
far, except in the quasi-stereoscopic case when the three LoS were in the same plane
(the ecliptic plane, e.g., Marsh et al. 2009). A second downfall of this method is the
determination of the temperature. Instrument response functions are broad; hence,
the signal produced could be from plasma at any temperature within the response
function. Thus, the temperature estimation is not exact. In addition, the polytopic
index may differ from 5/3 due to non-adiabatic processes such as thermal conduc-
tion and thermal misbalance intrinsic for the corona (e.g., Zavershinskii et al. 2019).
Other approaches for probing the direction of the coronal magnetic field include:

e Dynamic stereoscopy (e.g., Aschwanden et al. 2015) - this technique utilises
the rotation of the Sun during long-duration observations to view a feature from
many different angles. Dynamic stereoscopy requires that the feature does not
develop throughout the observation, which can be as long as several days, and
hence, it is difficult to use this method for more dynamic regions.

e Extrapolation (e.g., Wiegelmann and Sakurai 2012) - the magnetic field at the
photosphere or chromosphere is extrapolated to produce a 3D magnetic geom-
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Fig. 12 Fully developed QFP wave trains and the corresponding wavelet power spectra, modelled in the
plasma slab with a step-function transverse density profile. For modelling technique and normalisation
parameters, see Kolotkov et al. (2021)

etry. This method is limited away from the centre of the solar disk, where obser-
vations of magnetic fields are impacted due to projection effects.

e Propagating fast wave trains (see Sects. 3.2 and 5.5) - the guided part of fast
wave trains can be used analogously to propagating slow waves detailed above.

5.5 Probing fine cross-field structuring of the coronal plasma with quasi-periodic
fast propagating wave trains

As discussed in Sect. 3.2, the observed properties of guided QFP waves, such as
modulation of the instantaneous amplitude and oscillation period, are highly influ-
enced by the perpendicular profile of the plasma non-uniformity through the disper-
sion of fast magnetoacoustic waves in a waveguide. Thus, the time history of an
impulsively excited QFP wave train in plasma slabs with a sufficiently smooth cross-
field density profile resembles a “crazy tadpole” shape with a long, almost mono-
chromatic tail propagating ahead and followed by a compact broadband head in the
wavelet spectrum (see e.g. Fig. 3 in Nakariakov et al. (2004) and Fig. 4 in Katsi-
yannis et al. (2003) for modelling and observational illustrations, respectively). In
cylindrical waveguides, QFP wave trains were found numerically to manifest in the
wavelet spectrum as tadpoles propagating both tail-first as in the slab geometry (Yu
et al. 2017) and head-first, i.e. being not crazy (Shestov et al. 2015). Clarification
of whether it is a physical or numerical effect is currently required for its use for
seismology. The comparison between the QFP wave properties in plain and cylindri-
cal geometries was also performed in Li et al. (2018). Likewise, QFP wave trains’
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time signatures are expected to differ for waveguides with smoother and steeper
density profiles. Thus, in plasma slabs with a steep density profile, the group speed
of guided fast magnetoacoustic waves has a dip (Nakariakov and Roberts 1995) (or
multiple dips, Yu et al. 2016), which results in the gradual transformation of a tad-
pole shape into a “boomerang” shape with two distinct arms at shorter and longer
periods in the wavelet spectrum as the QFP wave train propagates along the wave-
guide (Kolotkov et al. 2021, see Fig. 12). In the time domain, three distinct phases
of such a boomerang-shaped wave train can be distinguished which are a long and
narrowband quasi-periodic phase (I), intrinsically broadband and most energetic pel-
oton phase (II) in which essentially short and long periods co-exist (i.e. propagate at
the same group speed), and a short-lived periodic (Airy) phase (III). The apparent
duration of the quasi-periodic and peloton phases in time, as potential observable,
changes with the Alfvén speed ratio outside and inside the waveguide, C,./C,; and
steepness of the cross-field density profile (see Fig. 3 in Kolotkov et al. 2021 and
Fig. 12), resulting in the corresponding change in the wavelet spectral shape.

Observations in the radio band with intrinsically high temporal resolution seem
to be most suitable for studying time signatures of QFP wave trains and using them
for seismological diagnostics. For example, a crazy tadpole wavelet structure prop-
agating upwards in the corona was detected in the radio burst observed with the
Ondrejov radio spectrograph (Mészarosova et al. 2011). The crazy tadpole shape
suggests the observed event may be a QFP wave train propagating along a plain cor-
onal plasma non-uniformity. In turn, the very nature of the observed radio emission
requires the presence of a current sheet for charged particle acceleration. On this
basis, the observed event can be interpreted as a QFP wave propagating along the
plasma slab with a current sheet, as considered in e.g. Jelinek and Karlicky (2012).
Moreover, the development of a second arm with height in the wavelet spectrum
observed by Mészarosova et al. (2011) is consistent with the evolution of QFP wave
trains from tadpoles to boomerangs in steep waveguides, predicted theoretically by
Kolotkov et al. (2021). More examples of the seismological analysis with QFP wave
trains, e.g. for estimating the local direction of the coronal magnetic field, can be
found in a series of works (Liu et al. 2012; Ofman and Liu 2018; Miao et al. 2021).

In summary, the phenomenon of dispersively evolving guided QFP wave trains
potentially allows for probing such properties of the coronal plasma as:

Cylindrical or plain geometries of the wave-hosting plasma structure.
Steepness of the perpendicular density profile.
Density contrast inside the wave-hosting plasma structure and the surrounding
corona.
e Apparent local direction of the coronal magnetic field.

However, the current use of guided dispersively evolving QFP waves for coronal

seismology remains rather qualitative and would benefit from both theoretical and
observational developments.

@ Springer



Reviews of Modern Plasma Physics (2024) 8:19 Page 41 of 51 19

5.6 Mapping the Alfvén speed by the global coronal waves

The propagation of the fast component of the global coronal wave is determined by
the 3D structure of the fast speed, which, in turn, in the low-§ coronal plasma, is
about the Alfvén speed. Commonly, the seismological information comes from a
visual inspection of EUV movies. The deformation of the wave front by refraction,
i.e., the turn of the local wave vector indicates the direction in which the local fast
speed decreases. Furthermore, the absolute value of the local magnetic field could
be roughly estimated by the local phase speed V/,, as

By~ 4/ MoPo(Vsh - Cy), 21

provided the phase speed coincides with the fast speed (Kwon et al. 2013), and the
local plasma density p, and the sound speed C, could be reliably estimated. As the
next step one can employ the short-wavelength Wentzel-Kramer—Brillouin approxi-
mation, taking that the local phase speed is

V2 = %(cf\ +C+J(C+ O~ 4(CCeos? ). (22)
where ¢ is the angle between the wave vector and magnetic field (Kwon and Vourli-
das 2017).

As the next step, the global geometry of the coronal magnetic field could be
determined. A comprehensive review of several pioneering studies of this approach
(e.g., West et al. 2011; Long et al. 2013; Kwon et al. 2013) is given in Liu and
Ofman (2014). A recent work which addressed a 3D model replicating a global cor-
onal wave event, followed by seismology and comparison with model values, con-
firmed that global coronal waves can be used to probe the solar corona (Downs et al.
2021).

6 Future perspectives

MHD seismology of the solar corona is a rapidly developing mature branch of mod-
ern plasma astrophysics. The anticipated next steps which are expected to advance it
further could be summarised as follows.

e Ubiquitous decayless oscillations of coronal loops provide us with information
about physical conditions in coronal active regions. The search for solar flare
precursors in the variation of those parameters is of great interest for flare and
mass ejection forecasting. Similar efforts are carried out with the use of apparent
pre-flare oscillatory variations of the soft-X-ray and microwave emission (e.g.,
Tan et al. 2016; Abramov-Maximov and Bakunina 2022; Zimovets et al. 2023).
Furthermore, it has been demonstrated that kink oscillations can probe the mag-
netic field twist and the loop’s sigmoidity (Magyar and Nakariakov 2020). It
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opens up interesting perspectives for the estimation of the non-potential (“free”)
magnetic energy in pre-flaring active regions.

e Seismological applications of global coronal waves require the determination of
whether the waves are in general spherical or cylindrical. In the former case, the
wave propagate, in general, in all directions from the epicentre, i.e., a part of the
wave energy leaves the corona for the solar wind. In the latter case, the refrac-
tion caused by the height non-uniformity of the fast speed, returns the waves to
the corona, and the wave propagation is, in general, confined to the surface of
the Sun. One can observationally distinguish between these two scenarios by
the dependence of the wave amplitude on the distance. In a spherical wave, the
amplitude is proportional to the reciprocal of the distance, while in the cylin-
drical case, of its square root. Obviously, this estimation requires averaging the
amplitude over a large segment of the wave front, to suppress the local deforma-
tions of the front by local plasma non-uniformities. The theoretical component
of the seismological inversion needs to be based on solving the 3D fast wave
equation with a non-uniform fast speed. An intrinsic difficulty will be accounting
for the linear coupling of various MHD waves. Furthermore, the effect of the fine
structuring of the coronal plasma on the evolution of the wave front needs to be
revealed.

e An important element of the plasma diagnostics by MHD waves is to identify
clearly the relationship between the plasma parameters perturbed by the wave
and observables. In some cases this relationship is non-trivial, for example, vari-
ations of the coronal emission intensity could be caused by the variation of the
plasma density or the column depth of the emitting plasma volume. If the former
scenario indicates the compressive nature of the wave, the latter may be caused
by a weakly compressive or even incompressive wave. This demonstrates the
importance of forward modelling of the observational manifestation of various
wave modes in various plasma structures, detected with specific instruments.
The series of pioneering studies addressing this issue (Antolin and Van Doors-
selaere 2013; Van Doorsselaere et al. 2016; Mandal et al. 2016; Kaltman and
Kupriyanova 2023) requires further development.

e An interesting seismological opportunity is offered by the recently established
dispersion of coronal slow magnetoacoustic waves, associated with thermal mis-
balance (Zavershinskii et al. 2019; Belov et al. 2021). Characteristic signatures
of dispersively formed wave trains carry information about the plasma heating.
Similarly, properties of standing wave should be also affected by the non-adiaba-
tic processes.

e A promising avenue is to utilise the complimentarity of independent techniques
for the determination of the coronal magnetic field. In particular, seismological
estimations could be used as reference points (or, rather, magnetic flux tubes) in
the extrapolation of the field by photospheric sources during time intervals of
quiet solar activity. The omnipresent decayless kink oscillations and propagating
slow waves seem to suit well this purpose.

e A major step forward in coronal seismology could be made with the use of dif-
ferent wave modes of the same plasma structure, as it increases the number of
independent observables. The estimation of the plasma parameters variations
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along a coronal loop by multiple parallel harmonics of the kink mode have been
briefly mentioned in Sect. 5.1. Furthermore, if slow and QFP waves are detected
to propagate along the same path, the observed difference in phase speeds gives
us information about the plasma f.

e Another interesting future direction is to transfer the MHD seismology to the
diagnostics of stellar coronal plasma. It would be done in two approaches: the
first one is to directly transfer the MHD seismology techniques to the stars that
could be directly imaged by satellite or ground-based giant telescopes; the sec-
ond one is to develop a reliable mode in QPP of solar flare and applied to stars
that exhibit QPP during stellar flares. The QPPs of stellar flares would provide
extra dimensions that stellar flares could be studied. Some initial ground for the
latter approach has been created by revealing analogies between QPP in solar
and stellar flares (e.g., Cho et al. 2016; Doyle et al. 2018).

e In standing and sloshing slow oscillations, global coronal waves and decay-
ing kink oscillations, the relative amplitude exceeds 10-20%. Such strong dis-
turbances are subject to nonlinear effects. Theoretical modelling of nonlinear
processes, forward modelling of their manifestation in observational data and
detection of the predicted signatures, and designing seismological techniques is
another perspective research avenue.

e So far, the preliminary detection of coronal wave and oscillatory processes is
usually based on the visual inspection of data sets of interest. This initial step of
coronal seismology would highly benefit from the use of machine learning tech-
niques which are designed to recognise characteristic patterns of known types of
coronal wave phenomena.

The development and application of those novel MHD seismology techniques may
follow the examples presented in this tutorial.

Acknowledgements The following fundings are gratefully acknowledged: China Scholarship Council-
University of Warwick joint scholarship (S.Z.), the Latvian Council of Science Project No. 1zp2022/1-
0017 (D.Y.K. and V.M.N.), and the STFC consolidated grant ST/X000915/1 (D.Y.K.). D.Y. is supported
by the National Natural Science Foundation of China (NSFC,12173012,12111530078), the Guangdong
Natural Science Funds for Distinguished Young Scholar (2023B1515020049), the Shenzhen Technology
Project (GXWD20201230155427003-20200804151658001), and the Shenzhen Key Laboratory Launch-
ing Project (No. ZDSYS20210702140800001). The data is used courtesy of the SDO/AIA team.

Data availability The ATA/SDO data analysed in the current work are obtained from the Joint Science
Operations Center (JSOC) database (http:/jsoc.stanford.edu/).

Declarations
Conflict of interest The authors declare that they have no conflicts of interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission

@ Springer


http://jsoc.stanford.edu/

19 Page 44 of 51 Reviews of Modern Plasma Physics (2024) 8:19

directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

V.E. Abramov-Maximov, I.A. Bakunina, Signs of preparation of solar flares in the microwave range. Geo-
magn. Aeron. 62(7), 895-902 (2022). https://doi.org/10.1134/S0016793222070040

C.E. Alissandrakis, D.E. Gary, Radio measurements of the magnetic field in the solar chromosphere and
the corona. Front. Astron. Space Sci. 7, 77 (2021). https://doi.org/10.3389/fspas.2020.591075

J. Andries, T. van Doorsselaere, B. Roberts, G. Verth, E. Verwichte, R. Erdélyi, Coronal seismology
by means of kink oscillation overtones. Space Sci. Rev. 149(1-4), 3-29 (2009). https://doi.org/10.
1007/s11214-009-9561-2

S. Anfinogentov, V.M. Nakariakov, Motion magnification in coronal seismology. Solar Phys. 291(11),
3251-3267 (2016). https://doi.org/10.1007/s11207-016-1013-z. arXiv:1611.01790 [astro-ph.SR]

S.A. Anfinogentov, V.M. Nakariakov, D.J. Pascoe, C.R. Goddard, Solar bayesian analysis toolkit—a new
markov chain monte carlo IDL code for bayesian parameter inference. Astrophys. J. Supp. Ser.
252(1), 11 (2021). https://doi.org/10.3847/1538-4365/abcS5cl. arXiv:2005.05365 [astro-ph.SR]

S.A. Anfinogentov, P. Antolin, A.R. Inglis, D. Kolotkov, E.G. Kupriyanova, J.A. McLaughlin, G. Nistico,
D.J. Pascoe, S. Krishna Prasad, D. Yuan, Novel data analysis techniques in coronal seismology.
Space Sci. Rev. 218(3), 9 (2022). https://doi.org/10.1007/s11214-021-00869-w. arXiv:2112.13577
[astro-ph.SR]

P. Antolin, T. Van Doorsselaere, Line-of-sight geometrical and instrumental resolution effects on inten-
sity perturbations by sausage modes. Astron. Astrophys. 555, 74 (2013). https://doi.org/10.1051/
0004-6361/201220784. arXiv:1303.6147 [astro-ph.SR]

P. Antolin, C. Froment, Multi-scale variability of coronal loops set by thermal non-equilibrium and insta-
bility as a probe for coronal heating. Front. Astron. Space Sci. 9, 820116 (2022). https://doi.org/10.
3389/fspas.2022.820116

T.D. Arber, T. Goffrey, C. Ridgers, Models of thermal conduction and non-local transport of relevance
to space physics with insights from laser-plasma theory. Front. Astron. Space Sci. 10, 1155124
(2023). https://doi.org/10.3389/fspas.2023.1155124

I. Arregui, Recent applications of Bayesian methods to the solar corona. Front. Astron. Space Sci. 9,
826947 (2022). https://doi.org/10.3389/fspas.2022.826947

I. Arregui, D.Y. Kolotkov, V.M. Nakariakov, Bayesian evidence for two slow-wave damping models in
hot coronal loops. Astron. Astrophys. 677, 23 (2023). https://doi.org/10.1051/0004-6361/20234
6834. arXiv:2307.02439 [astro-ph.SR]

M.J. Aschwanden, R.W. Nightingale, J. Andries, M. Goossens, T. Van Doorsselaere, Observational tests
of damping by resonant absorption in coronal loop oscillations. Astrophys. J. 598(2), 1375-1386
(2003). https://doi.org/10.1086/379104. arXiv:astro-ph/0309470 [astro-ph]

M.J. Aschwanden, P. Boerner, C.J. Schrijver, A. Malanushenko, Automated temperature and emission
measure analysis of coronal loops and active regions observed with the atmospheric imaging
assembly on the solar dynamics observatory (SDO/AIA). Solar Phys. 283(1), 5-30 (2013). https:/
doi.org/10.1007/s11207-011-9876-5

M.J. Aschwanden, C.J. Schrijver, A. Malanushenko, Blind stereoscopy of the coronal magnetic field.
Solar Phys. 290(10), 2765-2789 (2015). https://doi.org/10.1007/s11207-015-0791-z. arXiv:1506.
04713 [astro-ph.SR]

G.D.R. Attrill, L.K. Harra, L. van Driel-Gesztelyi, P. Démoulin, Coronal wave: magnetic footprint of a
coronal mass ejection? Astrophys. J. Lett 656(2), 101-104 (2007). https://doi.org/10.1086/512854

D. Banerjee, S. Krishna Prasad, V. Pant, J.A. McLaughlin, P. Antolin, N. Magyar, L. Ofman, H. Tian, T.
Van Doorsselaere, 1. De Moortel, T.J. Wang, Magnetohydrodynamic waves in open coronal struc-
tures. Space Sci. Rev. 217(7), 76 (2021). https://doi.org/10.1007/s11214-021-00849-0. arXiv:2012.
08802 [astro-ph.SR]

W.T. Barnes, S. Christe, N. Freij, L.A. Hayes, D. Stansby, J. Ireland, S.J. Mumford, D.F. Ryan, A.Y. Shih,
The SunPy project: an interoperable ecosystem for solar data analysis. Front. Astron. Space Sci.
10, 1076726 (2023). https://doi.org/10.3389/fspas.2023.1076726. arXiv:2304.09794 [astro-ph.SR]

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1134/S0016793222070040
https://doi.org/10.3389/fspas.2020.591075
https://doi.org/10.1007/s11214-009-9561-2
https://doi.org/10.1007/s11214-009-9561-2
https://doi.org/10.1007/s11207-016-1013-z
http://arxiv.org/abs/1611.01790
https://doi.org/10.3847/1538-4365/abc5c1
http://arxiv.org/abs/2005.05365
https://doi.org/10.1007/s11214-021-00869-w
http://arxiv.org/abs/2112.13577
https://doi.org/10.1051/0004-6361/201220784
https://doi.org/10.1051/0004-6361/201220784
http://arxiv.org/abs/1303.6147
https://doi.org/10.3389/fspas.2022.820116
https://doi.org/10.3389/fspas.2022.820116
https://doi.org/10.3389/fspas.2023.1155124
https://doi.org/10.3389/fspas.2022.826947
https://doi.org/10.1051/0004-6361/202346834
https://doi.org/10.1051/0004-6361/202346834
http://arxiv.org/abs/2307.02439
https://doi.org/10.1086/379104
http://arxiv.org/abs/astro-ph/0309470
https://doi.org/10.1007/s11207-011-9876-5
https://doi.org/10.1007/s11207-011-9876-5
https://doi.org/10.1007/s11207-015-0791-z
http://arxiv.org/abs/1506.04713
http://arxiv.org/abs/1506.04713
https://doi.org/10.1086/512854
https://doi.org/10.1007/s11214-021-00849-0
http://arxiv.org/abs/2012.08802
http://arxiv.org/abs/2012.08802
https://doi.org/10.3389/fspas.2023.1076726
http://arxiv.org/abs/2304.09794

Reviews of Modern Plasma Physics (2024) 8:19 Page 45 of 51 19

S. Basu, Global seismology of the Sun. Living Rev. Solar Phys. 13(1), 2 (2016). https://doi.org/10.1007/
s41116-016-0003-4. arXiv:1606.07071 [astro-ph.SR]

S.A. Belov, N.E. Molevich, D.I. Zavershinskii, Dispersion of slow magnetoacoustic waves in the active
region fan loops introduced by thermal misbalance. Solar Phys. 296(8), 122 (2021). https://doi.org/
10.1007/s11207-021-01868-4. arXiv:2107.10600 [astro-ph.SR]

W.J. Chaplin, A. Miglio, Asteroseismology of solar-type and red-giant stars. Annu. Rev. Astron. Astro-
phys. 51(1), 353-392 (2013). https://doi.org/10.1146/annurev-astro-082812-140938. arXiv:1303.
1957 [astro-ph.SR]

P. Chen, EIT waves and coronal magnetic field diagnostics. Sci. China: Phys. Mech. Astron. 52(11),
1785-1789 (2009). https://doi.org/10.1007/s11433-009-0240-9. arXiv:1001.0065 [astro-ph.SR]

P.F. Chen, S.T. Wu, K. Shibata, C. Fang, Evidence of EIT and moreton waves in numerical simulations.
Astrophys. J. Lett. 572(1), 99-102 (2002). https://doi.org/10.1086/341486

P.F. Chen, C. Fang, K. Shibata, A full view of EIT waves. Astrophys. J. 622(2), 1202-1210 (2005).
https://doi.org/10.1086/428084

M.C.M. Cheung, P. Boerner, C.J. Schrijver, P. Testa, F. Chen, H. Peter, A. Malanushenko, Thermal
diagnostics with the atmospheric imaging assembly on board the solar dynamics observatory: a
validated method for differential emission measure inversions. Astrophys. J. 807(2), 143 (2015).
https://doi.org/10.1088/0004-637X/807/2/143. arXiv:1504.03258 [astro-ph.SR]

P.J. Chi, C.T. Russell, Travel-time magnetoseismology: magnetospheric sounding by timing the tremors
in space. Geophys. Res. Lett. 32(18), 18108 (2005). https://doi.org/10.1029/2005GL023441

PJ. Chi, P.A. Damiano, A. Del Corpo, R.E. Denton, A.M. Jorgensen, G. Le, R. Lysak, M. Nosé, S.
Ohtani, J. Raeder, C.T. Russell, K. Takahashi, M. Vellante, Magnetoseismology in a new era of
magnetospheric research. Bull. Am. Astron. Soc. 55, 063 (2023). https://doi.org/10.3847/25c2cfeb.
8£c928e2

I.-H. Cho, K.-S. Cho, V.M. Nakariakov, S. Kim, P. Kumar, Comparison of damped oscillations in solar
and stellar X-ray flares. Astrophys. J. 830(2), 110 (2016). https://doi.org/10.3847/0004-637X/
830/2/110

S.R. Cranmer, A.R. Winebarger, The properties of the solar corona and its connection to the solar wind.
Annu. Rev. Astron. Astrophys. 57, 157-187 (2019). https://doi.org/10.1146/annurev-astro-091918-
104416. arXiv:1811.00461 [astro-ph.SR]

1. De Moortel, Longitudinal waves in coronal loops. Space Sci. Rev. 149(1-4), 65-81 (2009). https://doi.
org/10.1007/s11214-009-9526-5

G. Del Zanna, K.P. Dere, P.R. Young, E. Landi, CHIANTI-an atomic database for emission lines. XVI.
version 10, further extensions. Astrophys. J. 909(1), 38 (2021). https://doi.org/10.3847/1538-4357/
abd8ce. arXiv:2011.05211 [physics.atom-ph]

C. Delannée, G. Aulanier, Cme associated with transequatorial loops and a bald patch flare. Solar Phys.
190, 107-129 (1999). https://doi.org/10.1023/A:1005249416605

C. Delannée, T. Torok, G. Aulanier, J.-F. Hochedez, A new model for propagating parts of EIT
waves: a current shell in a CME. Solar Phys. 247(1), 123-150 (2008). https://doi.org/10.1007/
s11207-007-9085-4

C. Downs, A. Warmuth, D.M. Long, D.S. Bloomfield, R.-Y. Kwon, A.M. Veronig, A. Vourlidas, B.
Vr$nak, Validation of global EUV wave MHD simulations and observational techniques. Astro-
phys. J. 911(2), 118 (2021). https://doi.org/10.3847/1538-4357/abea78

J.G. Doyle, J. Shetye, A.E. Antonova, D.Y. Kolotkov, A.K. Srivastava, M. Stangalini, G.R. Gupta, A.
Avramova, M. Mathioudakis, Stellar flare oscillations: evidence for oscillatory reconnection and
evolution of MHD modes. MNRAS 475(2), 2842-2851 (2018). https://doi.org/10.1093/mnras/
sty032

T.J. Duckenfield, D.Y. Kolotkov, V.M. Nakariakov, The effect of the magnetic field on the damping of
slow waves in the solar corona. Astron. Astrophys. 646, 155 (2021). https://doi.org/10.1051/0004-
6361/202039791. arXiv:2011.10437 [astro-ph.SR]

P.M. Edwin, B. Roberts, Wave propagation in a magnetic cylinder. Solar Phys. 88(1-2), 179-191 (1983).
https://doi.org/10.1007/BF00196186

A. Fasoli, D. Testa, S. Sharapov, H.L. Berk, B. Breizman, A. Gondhalekar, R.F. Heeter, M. Mantsinen,
C.T.T.E.-J. Workprogramme, MHD spectroscopy. Plasma Phys. Controll. Fus. 44(12B), 159-172
(2002). https://doi.org/10.1088/0741-3335/44/12B/312

S.L. Freeland, B.N. Handy, Data analysis with the SolarSoft system. Solar Phys. 182(2), 497-500 (1998).
https://doi.org/10.1023/A:100503822488 1

@ Springer


https://doi.org/10.1007/s41116-016-0003-4
https://doi.org/10.1007/s41116-016-0003-4
http://arxiv.org/abs/1606.07071
https://doi.org/10.1007/s11207-021-01868-4
https://doi.org/10.1007/s11207-021-01868-4
http://arxiv.org/abs/2107.10600
https://doi.org/10.1146/annurev-astro-082812-140938
http://arxiv.org/abs/1303.1957
http://arxiv.org/abs/1303.1957
https://doi.org/10.1007/s11433-009-0240-9
http://arxiv.org/abs/1001.0065
https://doi.org/10.1086/341486
https://doi.org/10.1086/428084
https://doi.org/10.1088/0004-637X/807/2/143
http://arxiv.org/abs/1504.03258
https://doi.org/10.1029/2005GL023441
https://doi.org/10.3847/25c2cfeb.8fc928e2
https://doi.org/10.3847/25c2cfeb.8fc928e2
https://doi.org/10.3847/0004-637X/830/2/110
https://doi.org/10.3847/0004-637X/830/2/110
https://doi.org/10.1146/annurev-astro-091918-104416
https://doi.org/10.1146/annurev-astro-091918-104416
http://arxiv.org/abs/1811.00461
https://doi.org/10.1007/s11214-009-9526-5
https://doi.org/10.1007/s11214-009-9526-5
https://doi.org/10.3847/1538-4357/abd8ce
https://doi.org/10.3847/1538-4357/abd8ce
http://arxiv.org/abs/2011.05211
https://doi.org/10.1023/A:1005249416605
https://doi.org/10.1007/s11207-007-9085-4
https://doi.org/10.1007/s11207-007-9085-4
https://doi.org/10.3847/1538-4357/abea78
https://doi.org/10.1093/mnras/sty032
https://doi.org/10.1093/mnras/sty032
https://doi.org/10.1051/0004-6361/202039791
https://doi.org/10.1051/0004-6361/202039791
http://arxiv.org/abs/2011.10437
https://doi.org/10.1007/BF00196186
https://doi.org/10.1088/0741-3335/44/12B/312
https://doi.org/10.1023/A:1005038224881

19 Page 46 of 51 Reviews of Modern Plasma Physics (2024) 8:19

R.A. Garcia, J. Ballot, Asteroseismology of solar-type stars. Living Rev. Solar Phys. 16(1), 4 (2019).
https://doi.org/10.1007/s41116-019-0020-1. arXiv:1906.12262 [astro-ph.SR]

M. Goossens, J. Andries, I. Arregui, Damping of magnetohydrodynamic waves by resonant absorption in
the solar atmosphere. Philos. Trans. R Soc. Lond. Ser. A 364(1839), 433—446 (2006). https://doi.
org/10.1098/rsta.2005.1708

M. Goossens, J. Terradas, J. Andries, I. Arregui, J.L. Ballester, On the nature of kink MHD waves in
magnetic flux tubes. Astron. Astrophys. 503(1), 213-223 (2009). https://doi.org/10.1051/0004-
6361/200912399. arXiv:0905.0425 [astro-ph.SR]

1.G. Hannah, E.P. Kontar, Differential emission measures from the regularized inversion of Hinode and
SDO data. Astron. Astrophys. 539, 146 (2012). https://doi.org/10.1051/0004-6361/201117576.
arXiv:1201.2642 [astro-ph.SR]

R.A. Howard, J.D. Moses, A. Vourlidas, J.S. Newmark, D.G. Socker, S.P. Plunkett, C.M. Korendyke, J.W.
Cook, A. Hurley, J.M. Davila, W.T. Thompson, O.C. St Cyr, E. Mentzell, K. Mehalick, J.R. Lemen,
J.P. Wuelser, D.W. Duncan, T.D. Tarbell, C.J. Wolfson, A. Moore, R.A. Harrison, N.R. Waltham, J.
Lang, C.J. Davis, C.J. Eyles, H. Mapson-Menard, G.M. Simnett, J.P. Halain, J.M. Defise, E. Mazy,
P. Rochus, R. Mercier, M.F. Ravet, F. Delmotte, F. Auchere, J.P. Delaboudiniere, V. Bothmer, W.
Deutsch, D. Wang, N. Rich, S. Cooper, V. Stephens, G. Maahs, R. Baugh, D. McMullin, T. Carter,
Sun earth connection coronal and heliospheric investigation (SECCHI). Space Sci. Rev. 136(1-4),
67-115 (2008). https://doi.org/10.1007/s11214-008-9341-4

M.K. James, S.M. Imber, T.K. Yeoman, E.J. Bunce, Field line resonance in the hermean magnetosphere:
structure and implications for plasma distribution. J. Geophys. Res. (Space Phys.) 124(1), 211-228
(2019). https://doi.org/10.1029/2018JA 025920

P. Jelinek, M. Karlicky, Magnetoacoustic waves in diagnostics of the flare current sheets. Astron. Astro-
phys. 537, 46 (2012). https://doi.org/10.1051/0004-6361/201117883

P.G. Judge, Steadiness of coronal heating. Astrophys. J. 957(1), 25 (2023). https://doi.org/10.3847/1538-
4357/act83a. arXiv:2309.05164 [astro-ph.SR]

T.I. Kaltman, E.G. Kupriyanova, Microwave response to kink oscillations of a plasma slab. MNRAS
520(3), 4147-4153 (2023). https://doi.org/10.1093/mnras/stad421. arXiv:2302.00451 [astro-ph.
SR]

K. Karampelas, T. Van Doorsselaere, Generating transverse loop oscillations through a steady-flow
driver. Astrophys. J. Lett. 897(2), 35 (2020). https://doi.org/10.3847/2041-8213/ab9f38. arXiv:
2007.13402 [astro-ph.SR]

K. Karampelas, T. Van Doorsselaere, D.J. Pascoe, M. Guo, P. Antolin, Amplitudes and energy fluxes of
simulated decayless kink oscillations. Front. Astron. Space Sci. 6, 38 (2019). https://doi.org/10.
3389/fspas.2019.00038. arXiv:1906.02001 [astro-ph.SR]

A.C. Katsiyannis, D.R. Williams, R.T.J. McAteer, P.T. Gallagher, F.P. Keenan, F. Murtagh, Eclipse
observations of high-frequency oscillations in active region coronal loops. Astron. Astrophys. 406,
709-714 (2003). https://doi.org/10.1051/0004-6361:20030458. arXiv:astro-ph/0305225 [astro-ph]

J.A. Klimchuk, C.E. DeForest, Cross sections of coronal loop flux tubes. Astrophys. J. 900(2), 167
(2020). https://doi.org/10.3847/1538-4357/abab09. arXiv:2007.15085 [astro-ph.SR]

D.Y. Kolotkov, Coronal seismology by slow waves in non-adiabatic conditions. Front. Astron. Space Sci.
9, 402 (2022). https://doi.org/10.3389/fspas.2022.1073664. arXiv:2211.12233 [astro-ph.SR]

D.Y. Kolotkov, V.M. Nakariakov, A new look at the frequency-dependent damping of slow-mode waves
in the solar corona. MNRAS 514(1), 51-55 (2022). https://doi.org/10.1093/mnrasl/slac054. arXiv:
2205.05346 [astro-ph.SR]

D.Y. Kolotkov, T.J. Duckenfield, V.M. Nakariakov, Seismological constraints on the solar coronal heating
function. Astron. Astrophys. 644, 33 (2020). https://doi.org/10.1051/0004-6361/202039095. arXiv:
2010.03364 [astro-ph.SR]

D.Y. Kolotkov, V.M. Nakariakov, G. Moss, P. Shellard, Fast magnetoacoustic wave trains: from tadpoles
to boomerangs. MNRAS 505(3), 3505-3513 (2021). https://doi.org/10.1093/mnras/stab1587.
arXiv:2105.13696 [astro-ph.SR]

D.Y. Kolotkov, D.I. Zavershinskii, V.M. Nakariakov, The solar corona as an active medium for magnetoa-
coustic waves. Plasma Phys. Controll. Fus. 63(12), 124008 (2021). https://doi.org/10.1088/1361-
6587/ac36a5. arXiv:2111.02370 [astro-ph.SR]

D.Y. Kolotkov, V.M. Nakariakov, J.B. Fihosy, Stability of slow magnetoacoustic and entropy waves in the
solar coronal plasma with thermal misbalance. Physics 5(1), 193-204 (2023). https://doi.org/10.
3390/physics5010015. arXiv:2301.09012 [astro-ph.SR]

@ Springer


https://doi.org/10.1007/s41116-019-0020-1
http://arxiv.org/abs/1906.12262
https://doi.org/10.1098/rsta.2005.1708
https://doi.org/10.1098/rsta.2005.1708
https://doi.org/10.1051/0004-6361/200912399
https://doi.org/10.1051/0004-6361/200912399
http://arxiv.org/abs/0905.0425
https://doi.org/10.1051/0004-6361/201117576
http://arxiv.org/abs/1201.2642
https://doi.org/10.1007/s11214-008-9341-4
https://doi.org/10.1029/2018JA025920
https://doi.org/10.1051/0004-6361/201117883
https://doi.org/10.3847/1538-4357/acf83a
https://doi.org/10.3847/1538-4357/acf83a
http://arxiv.org/abs/2309.05164
https://doi.org/10.1093/mnras/stad421
http://arxiv.org/abs/2302.00451
https://doi.org/10.3847/2041-8213/ab9f38
http://arxiv.org/abs/2007.13402
http://arxiv.org/abs/2007.13402
https://doi.org/10.3389/fspas.2019.00038
https://doi.org/10.3389/fspas.2019.00038
http://arxiv.org/abs/1906.02001
https://doi.org/10.1051/0004-6361:20030458
http://arxiv.org/abs/astro-ph/0305225
https://doi.org/10.3847/1538-4357/abab09
http://arxiv.org/abs/2007.15085
https://doi.org/10.3389/fspas.2022.1073664
http://arxiv.org/abs/2211.12233
https://doi.org/10.1093/mnrasl/slac054
http://arxiv.org/abs/2205.05346
http://arxiv.org/abs/2205.05346
https://doi.org/10.1051/0004-6361/202039095
http://arxiv.org/abs/2010.03364
http://arxiv.org/abs/2010.03364
https://doi.org/10.1093/mnras/stab1587
http://arxiv.org/abs/2105.13696
https://doi.org/10.1088/1361-6587/ac36a5
https://doi.org/10.1088/1361-6587/ac36a5
http://arxiv.org/abs/2111.02370
https://doi.org/10.3390/physics5010015
https://doi.org/10.3390/physics5010015
http://arxiv.org/abs/2301.09012

Reviews of Modern Plasma Physics (2024) 8:19 Page 47 of 51 19

S. Krishna Prasad, T. Van Doorsselaere, Compressive oscillations in hot coronal loops: are sloshing oscil-
lations and standing slow waves independent? Astrophys. J. 914(2), 81 (2021). https://doi.org/10.
3847/1538-4357/abfb01. arXiv:2104.12038 [astro-ph.SR]

S. Krishna Prasad, J.O. Raes, T. Van Doorsselaere, N. Magyar, D.B. Jess, The polytropic index of solar
coronal plasma in sunspot fan loops and its temperature dependence. Astrophys. J. 868(2), 149
(2018). https://doi.org/10.3847/1538-4357/aae915. arXiv:1810.08449 [astro-ph.SR]

P. Kumar, D.E. Innes, B. Inhester, Solar dynamics observatory/atmospheric imaging assembly observa-
tions of a reflecting longitudinal wave in a coronal loop. Astrophys. J. Lett 779(1), 7 (2013). https://
doi.org/10.1088/2041-8205/779/1/L7. arXiv:1409.3896 [astro-ph.SR]

E.G. Kupriyanova, L.K. Kashapova, T. Van Doorsselaere, P. Chowdhury, A.K. Srivastava, Y.-J. Moon,
Quasi-periodic pulsations in a solar flare with an unusual phase shift. MNRAS 483(4), 5499-5507
(2019). https://doi.org/10.1093/mnras/sty3480. arXiv:1812.09868 [astro-ph.SR]

R.-Y. Kwon, A. Vourlidas, Investigating the wave nature of the outer envelope of halo coronal mass ejec-
tions. Astrophys. J. 836(2), 246 (2017). https://doi.org/10.3847/1538-4357/aa5b92

R.-Y. Kwon, M. Kramar, T. Wang, L. Ofman, J.M. Davila, J. Chae, J. Zhang, Global coronal seismol-
ogy in the extended solar corona through fast magnetosonic waves observed by STEREO SECCHI
CORI. Astrophys. J. 776(1), 55 (2013). https://doi.org/10.1088/0004-637X/776/1/55

J.R. Lemen, A.M. Title, D.J. Akin, P.F. Boerner, C. Chou, J.F. Drake, D.W. Duncan, C.G. Edwards, F.M.
Friedlaender, G.F. Heyman, N.E. Hurlburt, N.L. Katz, G.D. Kushner, M. Levay, R.W. Lindgren,
D.P. Mathur, E.L. McFeaters, S. Mitchell, R.A. Rehse, C.J. Schrijver, L.A. Springer, R.A. Stern,
T.D. Tarbell, J.-P. Wuelser, C.J. Wolfson, C. Yanari, J.A. Bookbinder, P.N. Cheimets, D. Caldwell,
E.E. Deluca, R. Gates, L. Golub, S. Park, W.A. Podgorski, R.I. Bush, P.H. Scherrer, M.A. Gum-
min, P. Smith, G. Auker, P. Jerram, P. Pool, R. Soufli, D.L. Windt, S. Beardsley, M. Clapp, J. Lang,
N. Waltham, The atmospheric imaging assembly (AIA) on the solar dynamics observatory (SDO).
Solar Phys. 275(1-2), 17-40 (2012). https://doi.org/10.1007/s11207-011-9776-8

B. Li, M.-Z. Guo, H. Yu, S.-X. Chen, Impulsively generated wave trains in coronal structures. II. Effects
of transverse structuring on sausage waves in pressurelesss slabs. Astrophys. J. 855(1), 53 (2018).
https://doi.org/10.3847/1538-4357/aaaf19. arXiv:1802.04651 [astro-ph.SR]

B. Li, P. Antolin, M.-Z. Guo, A.A. Kuznetsov, D.J. Pascoe, T. Van Doorsselaere, S. Vasheghani Farahani,
Magnetohydrodynamic fast sausage waves in the solar corona. Space Sci. Rev. 216(8), 136 (2020).
https://doi.org/10.1007/s11214-020-00761-z. arXiv:2010.16023 [astro-ph.SR]

Z. Li, Y. Su, A.M. Veronig, S. Kong, W. Gan, W. Chen, Detailed thermal and nonthermal processes in
an A-class microflare. Astrophys. J. 930(2), 147 (2022). https://doi.org/10.3847/1538-4357/ac651c

B. Li, M. Guo, H. Yu, S.-X. Chen, M. Shi, Three-dimensional propagation of kink wave trains in solar
coronal slabs. MNRAS 518(1), 57-62 (2023). https://doi.org/10.1093/mnrasl/slac139. arXiv:2210.
16104 [astro-ph.SR]

W. Liu, L. Ofman, Advances in observing various coronal EUV waves in the SDO era and their seis-
mological applications (invited review). Solar Phys. 289(9), 3233-3277 (2014). https://doi.org/10.
1007/s11207-014-0528-4. arXiv:1404.0670 [astro-ph.SR]

W. Liu, L. Ofman, N.V. Nitta, M.J. Aschwanden, C.J. Schrijver, A.M. Title, T.D. Tarbell, Quasi-periodic
fast-mode wave trains within a global EUV wave and sequential transverse oscillations detected
by SDO/AIA. Astrophys. J. 753(1), 52 (2012). https://doi.org/10.1088/0004-637X/753/1/52. arXiv:
1204.5470 [astro-ph.SR]

D.M. Long, D.R. Williams, S. Régnier, L.K. Harra, Measuring the magnetic-field strength of the quiet
solar corona using EIT waves. Solar Phys. 288(2), 567-583 (2013). https://doi.org/10.1007/
s11207-013-0331-7. arXiv:1305.5169 [astro-ph.SR]

N. Magyar, T. Van Doorsselaere, Damping of nonlinear standing kink oscillations: a numerical study.
Astron. Astrophys. 595, 81 (2016). https://doi.org/10.1051/0004-6361/201629010. arXiv:1609.
06883 [astro-ph.SR]

N. Magyar, V.M. Nakariakov, Standing kink waves in sigmoid solar coronal loops: implications for coro-
nal seismology. Astrophys. J. Lett. 894(2), 23 (2020). https://doi.org/10.3847/2041-8213/ab8e36.
arXiv:2004.14083 [astro-ph.SR]

S. Mandal, N. Magyar, D. Yuan, T. Van Doorsselaere, D. Banerjee, Forward modeling of propagating
slow waves in coronal loops and their frequency-dependent damping. Astrophys. J. 820(1), 13
(2016). https://doi.org/10.3847/0004-637X/820/1/13. arXiv:1602.00787 [astro-ph.SR]

M.S. Marsh, R.W. Walsh, S. Plunkett, Three-dimensional coronal slow modes: toward three-dimensional
seismology. Astrophys. J. 697(2), 1674-1680 (2009). https://doi.org/10.1088/0004-637X/697/2/
1674. arXiv:0903.4039 [astro-ph.SR]

@ Springer


https://doi.org/10.3847/1538-4357/abfb01
https://doi.org/10.3847/1538-4357/abfb01
http://arxiv.org/abs/2104.12038
https://doi.org/10.3847/1538-4357/aae9f5
http://arxiv.org/abs/1810.08449
https://doi.org/10.1088/2041-8205/779/1/L7
https://doi.org/10.1088/2041-8205/779/1/L7
http://arxiv.org/abs/1409.3896
https://doi.org/10.1093/mnras/sty3480
http://arxiv.org/abs/1812.09868
https://doi.org/10.3847/1538-4357/aa5b92
https://doi.org/10.1088/0004-637X/776/1/55
https://doi.org/10.1007/s11207-011-9776-8
https://doi.org/10.3847/1538-4357/aaaf19
http://arxiv.org/abs/1802.04651
https://doi.org/10.1007/s11214-020-00761-z
http://arxiv.org/abs/2010.16023
https://doi.org/10.3847/1538-4357/ac651c
https://doi.org/10.1093/mnrasl/slac139
http://arxiv.org/abs/2210.16104
http://arxiv.org/abs/2210.16104
https://doi.org/10.1007/s11207-014-0528-4
https://doi.org/10.1007/s11207-014-0528-4
http://arxiv.org/abs/1404.0670
https://doi.org/10.1088/0004-637X/753/1/52
http://arxiv.org/abs/1204.5470
http://arxiv.org/abs/1204.5470
https://doi.org/10.1007/s11207-013-0331-7
https://doi.org/10.1007/s11207-013-0331-7
http://arxiv.org/abs/1305.5169
https://doi.org/10.1051/0004-6361/201629010
http://arxiv.org/abs/1609.06883
http://arxiv.org/abs/1609.06883
https://doi.org/10.3847/2041-8213/ab8e36
http://arxiv.org/abs/2004.14083
https://doi.org/10.3847/0004-637X/820/1/13
http://arxiv.org/abs/1602.00787
https://doi.org/10.1088/0004-637X/697/2/1674
https://doi.org/10.1088/0004-637X/697/2/1674
http://arxiv.org/abs/0903.4039

19 Page 48 of 51 Reviews of Modern Plasma Physics (2024) 8:19

D.H. Menzel, The structure of the atmosphere of { aurigae. Harvard Colle. Observ. Circ. 417, 1-9 (1936)

H. Mészéarosova, M. Karlicky, J. Rybak, Magnetoacoustic wave trains in the 11 July 2005 radio event
with fiber bursts. Solar Phys. 273(2), 393402 (2011). https://doi.org/10.1007/s11207-011-9794-6

Y. Miao, D. Li, D. Yuan, C. Jiang, A. Elmhamdi, M. Zhao, S. Anfinogentov, Diagnosing a solar flaring
core with bidirectional quasi-periodic fast propagating magnetoacoustic waves. Astrophys. J. Lett.
908(2), 37 (2021). https://doi.org/10.3847/2041-8213/abdfce. arXiv:2101.12392 [astro-ph.SR]

H. Morgan, M. Druckmiiller, Multi-scale gaussian normalization for solar image processing. Solar Phys.
289(8), 2945-2955 (2014). https://doi.org/10.1007/s11207-014-0523-9. arXiv:1403.6613 [astro-
ph.SR]

D. Miiller, B. Nicula, S. Felix, F. Verstringe, B. Bourgoignie, A. Csillaghy, D. Berghmans, P. Jiggens, J.P.
Garcia-Ortiz, J. Ireland, S. Zahniy, B. Fleck, JHelioviewer. Time-dependent 3D visualisation of
solar and heliospheric data. Astron. Astrophys. 606, 10 (2017). https://doi.org/10.1051/0004-6361/
201730893. arXiv:1705.07628 [astro-ph.SR]

V.M. Nakariakov, Magnetohydrodynamic Waves (Oxford University Press, 2020). https://doi.org/10.
1093/acrefore/9780190871994.013.7.  https://oxfordre.com/physics/view/10.1093/acrefore/97801
90871994.001.0001/acrefore-9780190871994-¢-7

V.M. Nakariakov, D.Y. Kolotkov, Magnetohydrodynamic waves in the solar corona. Annu. Rev. Astron.
Astrophys. 58, 441481 (2020). https://doi.org/10.1146/annurev-astro-032320-042940

V.M. Nakariakov, B. Roberts, On fast magnetosonic coronal pulsations. Solar Phys. 159(2), 399-402
(1995). https://doi.org/10.1007/BF00686541

V.M. Nakariakov, T.D. Arber, C.E. Ault, A.C. Katsiyannis, D.R. Williams, F.P. Keenan, Time signatures
of impulsively generated coronal fast wave trains. MNRAS 349(2), 705-709 (2004). https://doi.
org/10.1111/1.1365-2966.2004.07537.x

V.M. Nakariakov, V. Pilipenko, B. Heilig, P. Jelinek, M. Karlicky, D.Y. Klimushkin, D.Y. Kolotkov,
D.-H. Lee, G. Nistico, T. Van Doorsselaere, G. Verth, I.V. Zimovets, Magnetohydrodynamic oscil-
lations in the solar corona and Earth’s magnetosphere: towards consolidated understanding. Space
Sci. Rev. 200(1-4), 75-203 (2016). https://doi.org/10.1007/s11214-015-0233-0

V.M. Nakariakov, S.A. Anfinogentov, G. Nisticd, D.-H. Lee, Undamped transverse oscillations of coronal
loops as a self-oscillatory process. Astron. Astrophys. 591, 5 (2016). https://doi.org/10.1051/0004-
6361/201628850

V.M. Nakariakov, M.K. Kosak, D.Y. Kolotkov, S.A. Anfinogentov, P. Kumar, Y.-J. Moon, Properties
of slow magnetoacoustic oscillations of solar coronal loops by multi-instrumental observations.
Astrophys. J. Lett. 874(1), 1 (2019). https://doi.org/10.3847/2041-8213/ab0c9f

V.M. Nakariakov, S.A. Anfinogentov, P. Antolin, R. Jain, D.Y. Kolotkov, E.G. Kupriyanova, D. Li, N.
Magyar, G. Nistico, D.J. Pascoe, A.K. Srivastava, J. Terradas, S. Vasheghani Farahani, G. Verth,
D. Yuan, I.V. Zimovets, Kink oscillations of coronal loops. Space Sci. Rev. 217(6), 73 (2021).
https://doi.org/10.1007/s11214-021-00847-2. arXiv:2109.11220 [astro-ph.SR]

A. Nechaeva, 1.V. Zimovets, V.M. Nakariakov, C.R. Goddard, Catalog of decaying kink oscillations of
coronal loops in the 24th solar cycle. Astrophys. J. Supp. Ser. 241(2), 31 (2019). https://doi.org/10.
3847/1538-4365/ab0e86

G. Nistico, V.M. Nakariakov, E. Verwichte, Decaying and decayless transverse oscillations of a coronal
loop. Astron. Astrophys. 552, 57 (2013). https://doi.org/10.1051/0004-6361/201220676

G. Nistico, D.J. Pascoe, V.M. Nakariakov, Observation of a high-quality quasi-periodic rapidly propagat-
ing wave train using SDO/AIA. Astron. Astrophys. 569, 12 (2014). https://doi.org/10.1051/0004-
6361/201423763

L. Ofman, Progress, challenges, and perspectives of the 3D MHD numerical modeling of oscilla-
tions in the solar corona. Space Sci. Rev. 149(1-4), 153-174 (2009). https://doi.org/10.1007/
s11214-009-9501-1

L. Ofman, T.A. Kucera, Fast magnetosonic waves and flows in a solar prominence foot: observations and
modeling. Astrophys. J. 899(2), 99 (2020). https://doi.org/10.3847/1538-4357/aba2eb. arXiv:2006.
05885 [astro-ph.SR]

L. Ofman, W. Liu, Quasi-periodic counter-propagating fast magnetosonic wave trains from neighboring
flares: SDO/AIA observations and 3D MHD modeling. Astrophys. J. 860(1), 54 (2018). https://doi.
org/10.3847/1538-4357/aac2e8. arXiv:1805.00365 [astro-ph.SR]

L. Ofman, T. Wang, Excitation and damping of slow magnetosonic waves in flaring hot coronal loops:
effects of compressive viscosity. Astrophys. J. 926(1), 64 (2022). https://doi.org/10.3847/1538-
4357/ac4090. arXiv:2111.10696 [astro-ph.SR]

@ Springer


https://doi.org/10.1007/s11207-011-9794-6
https://doi.org/10.3847/2041-8213/abdfce
http://arxiv.org/abs/2101.12392
https://doi.org/10.1007/s11207-014-0523-9
http://arxiv.org/abs/1403.6613
https://doi.org/10.1051/0004-6361/201730893
https://doi.org/10.1051/0004-6361/201730893
http://arxiv.org/abs/1705.07628
https://doi.org/10.1093/acrefore/9780190871994.013.7
https://doi.org/10.1093/acrefore/9780190871994.013.7
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-7
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-7
https://doi.org/10.1146/annurev-astro-032320-042940
https://doi.org/10.1007/BF00686541
https://doi.org/10.1111/j.1365-2966.2004.07537.x
https://doi.org/10.1111/j.1365-2966.2004.07537.x
https://doi.org/10.1007/s11214-015-0233-0
https://doi.org/10.1051/0004-6361/201628850
https://doi.org/10.1051/0004-6361/201628850
https://doi.org/10.3847/2041-8213/ab0c9f
https://doi.org/10.1007/s11214-021-00847-2
http://arxiv.org/abs/2109.11220
https://doi.org/10.3847/1538-4365/ab0e86
https://doi.org/10.3847/1538-4365/ab0e86
https://doi.org/10.1051/0004-6361/201220676
https://doi.org/10.1051/0004-6361/201423763
https://doi.org/10.1051/0004-6361/201423763
https://doi.org/10.1007/s11214-009-9501-1
https://doi.org/10.1007/s11214-009-9501-1
https://doi.org/10.3847/1538-4357/aba2eb
http://arxiv.org/abs/2006.05885
http://arxiv.org/abs/2006.05885
https://doi.org/10.3847/1538-4357/aac2e8
https://doi.org/10.3847/1538-4357/aac2e8
http://arxiv.org/abs/1805.00365
https://doi.org/10.3847/1538-4357/ac4090
https://doi.org/10.3847/1538-4357/ac4090
http://arxiv.org/abs/2111.10696

Reviews of Modern Plasma Physics (2024) 8:19 Page 49 of 51 19

R. Oliver, Prominence seismology using small amplitude oscillations. Space Sci. Rev. 149(1-4), 175-197
(2009). https://doi.org/10.1007/s11214-009-9527-4. arXiv:0902.4136 [astro-ph.SR]

D.J. Pascoe, Numerical simulations for MHD coronal seismology. Res. Astron. Astrophys. 14(7), 805—
830 (2014). https://doi.org/10.1088/1674-4527/14/7/004

D.J. Pascoe, A.-W. Hood, 1. De Moortel, A.N. Wright, Damping of kink waves by mode coupling. II.
Parametric study and seismology. Astron. Astrophys. 551, 40 (2013). https://doi.org/10.1051/0004-
6361/201220620

D.J. Pascoe, C.R. Goddard, G. Nistico, S. Anfinogentov, V.M. Nakariakov, Damping profile of standing
kink oscillations observed by SDO/AIA. Astron. Astrophys. 585, 6 (2016). https://doi.org/10.1051/
0004-6361/201527835

D.J. Pascoe, S.A. Anfinogentov, C.R. Goddard, V.M. Nakariakov, Spatiotemporal analysis of coronal
loops using seismology of damped kink oscillations and forward modeling of EUV intensity pro-
files. Astrophys. J. 860(1), 31 (2018). https://doi.org/10.3847/1538-4357/aac2bc

D.J. Pascoe, A.W. Hood, T. Van Doorsselaere, Coronal loop seismology using standing kink oscillations
with a lookup table. Front. Astron. Space Sci. 6, 22 (2019). https://doi.org/10.3389/fspas.2019.
00022

D.J. Pascoe, T. Van Doorsselaere, 1. De Moortel, Coronal seismology using damping of propagating kink
waves. Astrophys. J. 929(1), 101 (2022). https://doi.org/10.3847/1538-4357/ac5e30

A. Prasad, A.K. Srivastava, T.J. Wang, Role of compressive viscosity and thermal conductivity on the
damping of slow waves in coronal loops with and without heating-cooling imbalance. Solar Phys.
296(1), 20 (2021). https://doi.org/10.1007/s11207-021-01764-x. arXiv:2011.14519 [astro-ph.SR]

F. Reale, Plasma sloshing in pulse-heated solar and stellar coronal loops. Astrophys. J. Lett. 826(2), 20
(2016). https://doi.org/10.3847/2041-8205/826/2/L.20. arXiv:1607.01329 [astro-ph.SR]

F. Reale, P. Testa, A. Petralia, D.Y. Kolotkov, Large-amplitude quasiperiodic pulsations as evidence of
impulsive heating in hot transient loop systems detected in the EUV with SDO/AIA. Astrophys.
J. 884(2), 131 (2019). https://doi.org/10.3847/1538-4357/ab4270. arXiv:1909.02847 [astro-ph.SR]

P.B. Rimmer, J. Xu, S.J. Thompson, E. Gillen, J.D. Sutherland, D. Queloz, The origin of RNA precursors
on exoplanets. Sci. Adv. 4(8), 3302 (2018). https://doi.org/10.1126/sciadv.aar3302. arXiv:1808.
02718 [astro-ph.EP]

B. Roberts, P.M. Edwin, A.O. Benz, On coronal oscillations. Astrophys. J. 279, 857-865 (1984). https://
doi.org/10.1086/161956

P. Rochus, F. Auchere, D. Berghmans, L. Harra, W. Schmutz, U. Schiihle, P. Addison, T. Appourchaux,
R. Aznar Cuadrado, D. Baker, J. Barbay, D. Bates, A. BenMoussa, M. Bergmann, C. Beurthe, B.
Borgo, K. Bonte, M. Bouzit, L. Bradley, V. Biichel, E. Buchlin, J. Biichner, F. Cabé, L. Cadiergues,
M. Chaigneau, B. Chares, C. Choque Cortez, P. Coker, M. Condamin, S. Coumar, W. Curdt, J.
Cutler, D. Davies, G. Davison, J.-M. Defise, G. Del Zanna, F. Delmotte, V. Delouille, L. Dolla, C.
Dumesnil, F. Diirig, R. Enge, S. Francois, J.-J. Fourmond, J.-M. Gillis, B. Giordanengo, S. Gis-
sot, L.M. Green, N. Guerreiro, A. Guilbaud, M. Gyo, M. Haberreiter, A. Hafiz, M. Hailey, J.-P.
Halain, J. Hansotte, C. Hecquet, K. Heerlein, M.-L. Hellin, S. Hemsley, A. Hermans, V. Hervier,
J.-F. Hochedez, Y. Houbrechts, K. Thsan, L. Jacques, A. Jérome, J. Jones, M. Kahle, T. Kennedy,
M. Klaproth, M. Kolleck, S. Koller, E. Kotsialos, E. Kraaikamp, P. Langer, A. Lawrenson, J.-C.
Le Clech’, C. Lenaerts, S. Liebecq, D. Linder, D.M. Long, B. Mampaey, D. Markiewicz-Innes, B.
Marquet, E. Marsch, S. Matthews, E. Mazy, A. Mazzoli, S. Meining, E. Meltchakov, R. Mercier,
S. Meyer, M. Monecke, F. Monfort, G. Morinaud, F. Moron, L. Mountney, R. Miiller, B. Nicula,
S. Parenti, H. Peter, D. Pfiffner, A. Philippon, I. Phillips, J.-Y. Plesseria, E. Pylyser, F. Rabecki,
M.-F. Ravet-Krill, J. Rebellato, E. Renotte, L. Rodriguez, S. Roose, J. Rosin, L. Rossi, P. Roth, F.
Rouesnel, M. Roulliay, A. Rousseau, K. Ruane, J. Scanlan, P. Schlatter, D.B. Seaton, K. Silliman,
S. Smit, P.J. Smith, S.K. Solanki, M. Spescha, A. Spencer, K. Stegen, Y. Stockman, N. Szwec, C.
Tamiatto, J. Tandy, L. Teriaca, C. Theobald, I. Tychon, L. van Driel-Gesztelyi, C. Verbeeck, J.-C.
Vial, S. Werner, M.J. West, D. Westwood, T. Wiegelmann, G. Willis, B. Winter, A. Zerr, X. Zhang,
A.N. Zhukov, The Solar Orbiter EUI instrument: The Extreme Ultraviolet Imager. Astron. Astro-
phys. 642, 8 (2020). https://doi.org/10.1051/0004-6361/201936663

M.S. Ruderman, B. Roberts, The damping of coronal loop oscillations. Astrophys. J. 577(1), 475-486
(2002). https://doi.org/10.1086/342130

L.W. Selesnick, R.G. Baraniuk, N.C. Kingsbury, The dual-tree complex wavelet transform. IEEE Signal
Process. Mag. 22(6), 123-151 (2005). https://doi.org/10.1109/MSP.2005.1550194

S.E. Sharapov, D. Testa, B. Alper, D.N. Borba, A. Fasoli, N.C. Hawkes, R.F. Heeter, M. Mantsinen, M.G.
Von Hellermann, contributors to the EFDA-JET work-programme: MHD spectroscopy through

@ Springer


https://doi.org/10.1007/s11214-009-9527-4
http://arxiv.org/abs/0902.4136
https://doi.org/10.1088/1674-4527/14/7/004
https://doi.org/10.1051/0004-6361/201220620
https://doi.org/10.1051/0004-6361/201220620
https://doi.org/10.1051/0004-6361/201527835
https://doi.org/10.1051/0004-6361/201527835
https://doi.org/10.3847/1538-4357/aac2bc
https://doi.org/10.3389/fspas.2019.00022
https://doi.org/10.3389/fspas.2019.00022
https://doi.org/10.3847/1538-4357/ac5e30
https://doi.org/10.1007/s11207-021-01764-x
http://arxiv.org/abs/2011.14519
https://doi.org/10.3847/2041-8205/826/2/L20
http://arxiv.org/abs/1607.01329
https://doi.org/10.3847/1538-4357/ab4270
http://arxiv.org/abs/1909.02847
https://doi.org/10.1126/sciadv.aar3302
http://arxiv.org/abs/1808.02718
http://arxiv.org/abs/1808.02718
https://doi.org/10.1086/161956
https://doi.org/10.1086/161956
https://doi.org/10.1051/0004-6361/201936663
https://doi.org/10.1086/342130
https://doi.org/10.1109/MSP.2005.1550194

19 Page 50 of 51 Reviews of Modern Plasma Physics (2024) 8:19

Y.

D.

T.

detecting toroidal Alfvén eigenmodes and Alfvén wave cascades. Phys. Lett. A 289(3), 127-134
(2001). https://doi.org/10.1016/S0375-9601(01)00588-6

Shen, Y. Liu, Observational study of the quasi-periodic fast-propagating magnetosonic waves and the
associated flare on 2011 May 30. Astrophys. J. 753(1), 53 (2012). https://doi.org/10.1088/0004-
637X/753/1/53. arXiv:1204.6649 [astro-ph.SR]

Shen, X. Zhou, Y. Duan, Z. Tang, C. Zhou, S. Tan, Coronal quasi-periodic fast-mode propagating
wave trains. Solar Phys. 297(2), 20 (2022). https://doi.org/10.1007/s11207-022-01953-2. arXiv:
2112.14959 [astro-ph.SR]

. Shestov, V.M. Nakariakov, S. Kuzin, Fast magnetoacoustic wave trains of sausage symmetry in cylin-

drical waveguides of the solar corona. Astrophys. J. 814(2), 135 (2015). https://doi.org/10.1088/
0004-637X/814/2/135. arXiv:1510.07908 [astro-ph.SR]

Su, A.M. Veronig, I.G. Hannah, M.C.M. Cheung, B.R. Dennis, G.D. Holman, W. Gan, Y. Li, Deter-
mination of differential emission measure from solar extreme ultraviolet images. Astrophys. J. Lett.
856(1), 17 (2018). https://doi.org/10.3847/2041-8213/aab436

. Takahashi, R.E. Denton, M. Hirahara, K. Min, S.-I. Ohtani, E. Sanchez, Solar cycle variation of

plasma mass density in the outer magnetosphere: magnetoseismic analysis of toroidal standing
Alfvén waves detected by Geotail. J. Geophys. Res. (Space Phys.) 119(10), 8338-8356 (2014).
https://doi.org/10.1002/2014JA020274

. Tan, Z. Yu, J. Huang, C. Tan, Y. Zhang, Very long-period pulsations before the onset of solar flares.

Astrophys. J. 833(2), 206 (2016). https://doi.org/10.3847/1538-4357/833/2/206. arXiv:1610.09291
[astro-ph.SR]

Tripathi, H. Isobe, R. Jain, Large amplitude oscillations in prominences. Space Sci. Rev. 149(1-4),
283-298 (2009). https://doi.org/10.1007/s11214-009-9583-9. arXiv:0910.4059 [astro-ph.SR]

Van Doorsselaere, A. Debosscher, J. Andries, S. Poedts, The effect of curvature on quasi-modes in cor-
onal loops. Astron. Astrophys. 424, 1065-1074 (2004). https://doi.org/10.1051/0004-6361:20041
239

. Van Doorsselaere, P. Antolin, D. Yuan, V. Reznikova, N. Magyar, Forward modelling of optically thin

coronal plasma with the FoMo tool. Front. Astron. Space Sci. 3, 4 (2016). https://doi.org/10.3389/
fspas.2016.00004

. Van Doorsselaere, A.K. Srivastava, P. Antolin, N. Magyar, S. Vasheghani Farahani, H. Tian, D. Kolot-

kov, L. Ofman, M. Guo, I. Arregui, I. De Moortel, D. Pascoe, Coronal heating by MHD waves.
Space Sci. Rev. 216(8), 140 (2020). https://doi.org/10.1007/s11214-020-00770-y. arXiv:2012.
01371 [astro-ph.SR]

Verth, R. Erdélyi, Effect of longitudinal magnetic and density inhomogeneity on transversal coro-
nal loop oscillations. Astron. Astrophys. 486(3), 10151022 (2008). https://doi.org/10.1051/0004-
6361:200809626

Wang, Standing slow-mode waves in hot coronal loops: observations, modeling, and coronal seis-
mology. Space Sci. Rev. 158(2—4), 397-419 (2011). https://doi.org/10.1007/s11214-010-9716-1.
arXiv:1011.2483 [astro-ph.SR]

. Wang, L. Ofman, Determination of transport coefficients by coronal seismology of flare-induced

slow-mode waves: numerical parametric study of a 1D loop model. Astrophys. J. 886(1), 2 (2019).
https://doi.org/10.3847/1538-4357/ab478f. arXiv:1909.10910 [astro-ph.SR]

Wang, L. Ofman, J.M. Davila, Y. Su, Growing Transverse Oscillations of a Multistranded Loop
Observed by SDO/AIA. Astrophys. J. Lett 751(2), 27 (2012). https://doi.org/10.1088/2041-8205/
751/2/1.27. arXiv:1204.1376 [astro-ph.SR]

. Wang, L. Ofman, X. Sun, E. Provornikova, J.M. Davila, Evidence of thermal conduction suppression

in a solar flaring loop by coronal seismology of slow-mode waves. Astrophys. J. Lett. 811(1), 13
(2015). https://doi.org/10.1088/2041-8205/811/1/L13. arXiv:1509.00920 [astro-ph.SR]

Wang, L. Ofman, X. Sun, S.K. Solanki, J.M. Davila, Effect of transport coefficients on excitation of
flare-induced standing slow-mode waves in coronal loops. Astrophys. J. 860(2), 107 (2018). https://
doi.org/10.3847/1538-4357/aac38a. arXiv:1805.03282 [astro-ph.SR]

. Wang, L. Ofman, D. Yuan, F. Reale, D.Y. Kolotkov, A.K. Srivastava, Slow-mode magnetoacoustic

waves in coronal loops. Space Sci. Rev. 217(2), 34 (2021). https://doi.org/10.1007/s11214-021-
00811-0. arXiv:2102.11376 [astro-ph.SR]

A. Warmuth, Large-scale globally propagating coronal waves. Living Rev. Solar Phys. 12(1), 3 (2015).

https://doi.org/10.1007/Irsp-2015-3

@ Springer


https://doi.org/10.1016/S0375-9601(01)00588-6
https://doi.org/10.1088/0004-637X/753/1/53
https://doi.org/10.1088/0004-637X/753/1/53
http://arxiv.org/abs/1204.6649
https://doi.org/10.1007/s11207-022-01953-2
http://arxiv.org/abs/2112.14959
http://arxiv.org/abs/2112.14959
https://doi.org/10.1088/0004-637X/814/2/135
https://doi.org/10.1088/0004-637X/814/2/135
http://arxiv.org/abs/1510.07908
https://doi.org/10.3847/2041-8213/aab436
https://doi.org/10.1002/2014JA020274
https://doi.org/10.3847/1538-4357/833/2/206
http://arxiv.org/abs/1610.09291
https://doi.org/10.1007/s11214-009-9583-9
http://arxiv.org/abs/0910.4059
https://doi.org/10.1051/0004-6361:20041239
https://doi.org/10.1051/0004-6361:20041239
https://doi.org/10.3389/fspas.2016.00004
https://doi.org/10.3389/fspas.2016.00004
https://doi.org/10.1007/s11214-020-00770-y
http://arxiv.org/abs/2012.01371
http://arxiv.org/abs/2012.01371
https://doi.org/10.1051/0004-6361:200809626
https://doi.org/10.1051/0004-6361:200809626
https://doi.org/10.1007/s11214-010-9716-1
http://arxiv.org/abs/1011.2483
https://doi.org/10.3847/1538-4357/ab478f
http://arxiv.org/abs/1909.10910
https://doi.org/10.1088/2041-8205/751/2/L27
https://doi.org/10.1088/2041-8205/751/2/L27
http://arxiv.org/abs/1204.1376
https://doi.org/10.1088/2041-8205/811/1/L13
http://arxiv.org/abs/1509.00920
https://doi.org/10.3847/1538-4357/aac38a
https://doi.org/10.3847/1538-4357/aac38a
http://arxiv.org/abs/1805.03282
https://doi.org/10.1007/s11214-021-00811-0
https://doi.org/10.1007/s11214-021-00811-0
http://arxiv.org/abs/2102.11376
https://doi.org/10.1007/lrsp-2015-3

Reviews of Modern Plasma Physics (2024) 8:19 Page 51 of 51 19

M.J. West, A.N. Zhukov, L. Dolla, L. Rodriguez, Coronal seismology using EIT waves: estimation of the
coronal magnetic field strength in the quiet sun. Astrophys. J. 730(2), 122 (2011). https://doi.org/
10.1088/0004-637X/730/2/122

T. Wiegelmann, T. Sakurai, Solar force-free magnetic fields. Living Rev. Solar Phys. 9(1), 5 (2012).
https://doi.org/10.12942/1rsp-2012-5

H. Yu, B. Li, S.-X. Chen, M. Xiong, M.-Z. Guo, Impulsively generated sausage waves in coronal tubes
with transversally continuous structuring. Astrophys. J. 833(1), 51 (2016). https://doi.org/10.3847/
1538-4357/833/1/51. arXiv:1610.04316 [astro-ph.SR]

H. Yu, B. Li, S.-X. Chen, M. Xiong, M.-Z. Guo, Impulsively generated wave trains in coronal structures.
I. Effects of transverse structuring on sausage waves in pressureless tubes. Astrophys. J. 836(1), 1
(2017). https://doi.org/10.3847/1538-4357/836/1/1. arXiv:1612.09479 [astro-ph.SR]

D. Yuan, Y. Shen, Y. Liu, V.M. Nakariakov, B. Tan, J. Huang, Distinct propagating fast wave trains asso-
ciated with flaring energy releases. Astron. Astrophys. 554, 144 (2013). https://doi.org/10.1051/
0004-6361/201321435

D.1. Zavershinskii, D.Y. Kolotkov, V.M. Nakariakov, N.E. Molevich, D.S. Ryashchikov, Formation of
quasi-periodic slow magnetoacoustic wave trains by the heating/cooling misbalance. Phys. Plasmas
26(8), 082113 (2019). https://doi.org/10.1063/1.5115224. arXiv:1907.08168 [astro-ph.SR]

D.1. Zavershinskii, N.E. Molevich, D.S. Riashchikov, S.A. Belov, Exact solution to the problem of slow
oscillations in coronal loops and its diagnostic applications. Front. Astron. Space Sci. 10, 1167781
(2023). https://doi.org/10.3389/fspas.2023.1167781. arXiv:2304.03632 [astro-ph.SR]

Y. Zhang, J. Zhang, J. Wang, V.M. Nakariakov, Coexisting fast and slow propagating waves of the
extreme-UV intensity in solar coronal plasma structures. Astron. Astrophys. 581, 78 (2015).
https://doi.org/10.1051/0004-6361/201525621

S. Zhong, T.J. Duckenfield, V.M. Nakariakov, S.A. Anfinogentov, Motion magnification in solar imaging
data sequences in the sub-pixel regime. Solar Phys. 296(9), 135 (2021). https://doi.org/10.1007/
s11207-021-01870-w

S. Zhong, V.M. Nakariakov, D.Y. Kolotkov, L.P. Chitta, P. Antolin, C. Verbeeck, D. Berghmans, Polarisa-
tion of decayless kink oscillations of solar coronal loops. Nat. Commun. 14, 5298 (2023). https://
doi.org/10.1038/s41467-023-41029-8. arXiv:2308.10573 [astro-ph.SR]

Y. Zhong, D.Y. Kolotkov, S. Zhong, V.M. Nakariakov, Comparison of damping models for kink oscil-
lations of coronal loops. MNRAS 525(4), 5033-5040 (2023). https://doi.org/10.1093/mnras/stad2
598

S. Zhong, V.M. Nakariakov, Y. Miao, L. Fu, D. Yuan, 30-min decayless kink oscillations in a very long
bundle of solar coronal plasma loops. Sci. Rep. 13, 12963 (2023). https://doi.org/10.1038/s41598-
023-40063-2. arXiv:2308.05479 [astro-ph.SR]

L.V. Zimovets, V.M. Nakariakov, Excitation of kink oscillations of coronal loops: statistical study. Astron.
Astrophys. 577, 4 (2015). https://doi.org/10.1051/0004-6361/201424960

LV. Zimovets, J.A. McLaughlin, A.K. Srivastava, D.Y. Kolotkov, A.A. Kuznetsov, E.G. Kupriyanova,
I.-H. Cho, A.R. Inglis, F. Reale, D.J. Pascoe, H. Tian, D. Yuan, D. Li, Q.M. Zhang, Quasi-peri-
odic pulsations in solar and stellar flares: a review of underpinning physical mechanisms and their
predicted observational signatures. Space Sci. Rev. 217(5), 66 (2021). https://doi.org/10.1007/
s11214-021-00840-9

LV. Zimovets, I.N. Sharykin, T.I. Kaltman, A.G. Stupishin, B.A. Nizamov, Preflare X-ray pulsations with
sources outside the main flare active region. Geomagn. Aeron. 63(5), 513-526 (2023). https://doi.
org/10.1134/S0016793223600455

P. Zucca, E.P. Carley, D.S. Bloomfield, P.T. Gallagher, The formation heights of coronal shocks from 2D
density and Alfvén speed maps. Astron. Astrophys. 564, 47 (2014). https://doi.org/10.1051/0004-
6361/201322650. arXiv:1402.4051 [astro-ph.SR]

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://doi.org/10.1088/0004-637X/730/2/122
https://doi.org/10.1088/0004-637X/730/2/122
https://doi.org/10.12942/lrsp-2012-5
https://doi.org/10.3847/1538-4357/833/1/51
https://doi.org/10.3847/1538-4357/833/1/51
http://arxiv.org/abs/1610.04316
https://doi.org/10.3847/1538-4357/836/1/1
http://arxiv.org/abs/1612.09479
https://doi.org/10.1051/0004-6361/201321435
https://doi.org/10.1051/0004-6361/201321435
https://doi.org/10.1063/1.5115224
http://arxiv.org/abs/1907.08168
https://doi.org/10.3389/fspas.2023.1167781
http://arxiv.org/abs/2304.03632
https://doi.org/10.1051/0004-6361/201525621
https://doi.org/10.1007/s11207-021-01870-w
https://doi.org/10.1007/s11207-021-01870-w
https://doi.org/10.1038/s41467-023-41029-8
https://doi.org/10.1038/s41467-023-41029-8
http://arxiv.org/abs/2308.10573
https://doi.org/10.1093/mnras/stad2598
https://doi.org/10.1093/mnras/stad2598
https://doi.org/10.1038/s41598-023-40063-2
https://doi.org/10.1038/s41598-023-40063-2
http://arxiv.org/abs/2308.05479
https://doi.org/10.1051/0004-6361/201424960
https://doi.org/10.1007/s11214-021-00840-9
https://doi.org/10.1007/s11214-021-00840-9
https://doi.org/10.1134/S0016793223600455
https://doi.org/10.1134/S0016793223600455
https://doi.org/10.1051/0004-6361/201322650
https://doi.org/10.1051/0004-6361/201322650
http://arxiv.org/abs/1402.4051

	Diagnostics of the solar coronal plasmas by magnetohydrodynamic waves: magnetohydrodynamic seismology
	Abstract
	1 Introduction
	2 Properties of MHD waves in solar coronal plasma structures
	3 Wave phenomena observationally detected in the corona
	3.1 Global coronal waves
	3.2 Quasi-periodic fast propagating waves
	3.3 Propagating slow magnetoacoustic waves
	3.4 Standing and sloshing slow waves
	3.5 Kink oscillations

	4 How to obtain, process and analyse observational data
	4.1 Data acquisition and pre-processing
	4.2 Data processing
	4.3 Making time–distance maps
	4.4 Analysing sub-resolution signals in imaging data
	4.5 Bayesian best-fitting of empirical data
	4.6 Differential emission measure analysis

	5 Example recipes of seismological inversions
	5.1 Estimating the magnetic field in coronal loops by kink oscillations
	5.2 Probing the coronal heating function
	5.3 Determining the effective adiabatic index and transport coefficients by slow waves
	5.4 Probing the direction of the coronal magnetic field
	5.5 Probing fine cross-field structuring of the coronal plasma with quasi-periodic fast propagating wave trains
	5.6 Mapping the Alfvén speed by the global coronal waves

	6 Future perspectives
	Acknowledgements 
	References


