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Abstract Modern observatories have revealed the ubiquitous presence of mag-
netohydrodynamic waves in the solar corona. The propagating waves (in con-
trast to the standing waves) are usually originated in the lower solar atmo-
sphere which makes them particularly relevant to coronal heating. Further-
more, open coronal structures are believed to be the source regions of solar
wind, therefore, the detection of MHD waves in these structures is also per-
tinent to the acceleration of solar wind. Besides, the advanced capabilities of
the current generation telescopes have allowed us to extract important coronal
properties through MHD seismology. The recent progress made in the detec-
tion, origin, and damping of both propagating slow mangetoacoustic waves
and kink (Alfvénic) waves is presented in this review article especially in the
context of open coronal structures. Where appropriate, we give an overview on
associated theoretical modelling studies. A few of the important seismological
applications of these waves are discussed. The possible role of Aflvénic waves
in the acceleration of solar wind is also touched upon.

Keywords Solar corona - Magnetohydrodynamics - Waves and oscillations

1 Introduction

Dense and hot plasma structures are a common sight in the solar corona. These
structures are mostly linear (in the sense that their lengths are much longer
than their transverse scales) and are believed to trace local magnetic field
lines. Some of them are closed, meaning both ends of the structure anchored
on the Sun (footpoints) are clearly visible while others that are extended to
very large distances concealing their connection from one foot point to other,
are considered open. Ray-like structures visible in the polar regions of the
Sun, called polar plumes, are open structures. The structures that form part
of active regions are typically closed and are called coronal loops. It is also
common to have “open loops” or “extended loops”, referring to the loops that
are part of active regions but their connectivity to the other foot point is not
clear. Extended loops originating in a quiet-Sun network region (or a plage
region) are called network plumes or on-disk plume-like structures. Because
of the constant churning experienced by all these structures due to convective
motions on the surface, it is natural to expect creation of different magnetohy-
drodynamic (MHD) wave modes which are believed to play a significant role
in maintaining the million degree temperatures in the corona. We refer the
reader to a review by [Van Doorsselaere et al.| (2020b)) in this issue, to find our
current understanding on the contribution of MHD waves to coronal heating.

The launch of high-resolution telescopes such as SoHO and TRACE in
the late 90s has led to the discovery of different MHD wave modes in the
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solar corona. Both longitudinal slow magnetoacoustic waves and transverse
kink/Alfvénic waves were found to exist. Modern telescopes such as Hinode,
SDO, and IRIS alongside several ground-based telescopes (for e.g., SST, DST,
GREGOR, GST, DKIST) offer us even better resolution in addition to pro-
viding increased spatial, temporal, and atmospheric coverage. These extraordi-
nary capabilities have not only expanded the detection of different MHD waves
but also improved our knowledge on their characteristic properties. Indeed, as
many researchers have shown, current observations are advanced enough to
compare the observed wave properties with theoretical models and extract
several key parameters through coronal seismology - a newly emergent field in
solar physics, thanks to these advances (e.g., [Nakariakov et al., [1999; Nakari-|
akov & Ofmanl, 2001} [De Moortel & Nakariakov] [2012} [Nakariakov & Kolotkov],

2020)).

Slow magnetoacoustic waves (or simply slow waves) have been detected in
different coronal structures including polar plumes (e.g., Ofman et al., 1997
Deforest & Gurman, 1998), active region fan loops (e.g., De Moortel et al.
2002; Marsh & Walsh, 2006) and other network or plage related plume-like
structures (e.g., Berghmans & Clette, [1999; De Moortel et al., 2000). Standing
slow waves were also found in hot flare loops (e.g, Wang] [2011). A dedicated
review on standing waves has been presented by Wang et al.| (2021)) in this
issue. Recent studies have shown the origin of propagating slow waves in the
lower solar atmosphere (e.g., Sych et al. |2009; Botha et al.| 2011} |Jess et al.l
[2012} Krishna Prasad et al. 2015} [Zhao et al. [2016]), revealed their damping
to be frequency-dependent albeit with some inconsistencies with theory (e.g.,
Krishna Prasad et al., 2014), and also highlighted that thermal conduction
might not be the dominant cause for their damping as previously thought
(e.g., [Wang et al., 2015). The high-resolution observations also uncovered a
few problems, one of which is the possible ambiguity in distinguishing the
slow waves from high-speed quasi-periodic flows. Especially, the spectroscopic
observations revealed a more complex picture, with perturbations not only in
the line intensities but also in other parameters such as the Doppler velocities,
line widths and red-blue asymmetry leading to the debate on interpretation
in terms of waves (e.g., [Wang et al., [2009; Banerjee et al., |2009b} Kitagawa
let all 2010} Mariska & Muglach| [2010; [Krishna Prasad et al) [2011; [Marsh

et all 2011 2014} Datta et al.l 2015} Jiao et all, 2016; [Yuan et al., 2016

Mandal et al.,[2018;|Cho et al., [2021)) or flows (e.g.,|Sakao et al.,[2007}
et al] 2007} Hara et al., 2008} [De Pontieu & Mclntoshl 2010; [He et all, [2010;

Guo et all,[2010} Bryauns et al.l [2010; [Ugarte-Urra & Warren| [2011} [Tian et al.]
2011c, 2012; [Su et al., [2012; Bryans et all 2016} Tian et al. 2021)). Despite
this, a number of seismological applications of slow waves have been proposed
including the determination of plasma temperature, loop geometry, magnetic
field, thermal conduction and polytropic index (Marsh et al., 2009; Wang et al.,
[2009; [Van Doorsselaere et al 2011} [Yuan et all, [2014; [Wang et al. 2015} [Jess|
et al.| [2016}; [Krishna Prasad et al.l [2017; [Deres & Anfinogentov, 2018} [Krishnal
Prasad et all 2018 [Wang et al.| |2018b; [Wang & Ofman)| [2019). More recent
models discuss the inclusion of unknown coronal heating function in the MHD
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equations in a parameterised form as a function of the equilibrium parameters
such as density and temperature in order to constrain it using the observations
of slow waves (Kolotkov et all 2019; |Zavershinskii et al., 2019; Kolotkov et al.,
[2020; [Prasad et al, [2021]).

Different MHD wave modes are ubiquitously observed in the solar atmo-
sphere by space and ground-based instruments (Banerjee et al., 2007)). It is
worth noting that early studies since the era of Skylab have interpreted the
observed nonthermal broadening of spectral lines to be the signature of Alfvén
waves in polar coronal holes (Hassler et al., |1990; Banerjee et al.,|1998, 20094,
and references therein). However, the observational resolution in that era was
not good enough to disentangle different wave modes (torsional Alfvén wave
or homogenous Alfvén wave) and the structure of the solar plasma. After the
launch of high resolution instruments, there is an ample evidence that the solar
plasma is inhomogeneous. Hence, the term Alfvénic (also called kink) better
acknowledges the rich and complex nature of the coupled wave system within
a realistic, continuous, inhomogeneous magnetic medium.

Direct signatures of kink waves were first noted in coronal loops
lakov et all [1999; |Aschwanden et al., [1999). Both decaying and decayless os-
cillations have been observed in different solar structures (Nisticod et al. 2013}
|Anfinogentov et al., 2015). It has been reported that most of the kink oscilla-
tions are excited when coronal loops are displaced from their mean position by
the lower coronal eruptions (Zimovets & Nakariakovl [2015) including coronal
jets (Sarkar et al. 2016)). After the launch of CoMP and SDO, propagating
kink waves were detected in the polar regions of the Sun (Tomczyk et al., 2007}
[Tomczyk & Mclntoshl 2009; [Thurgood et al., [2014}, and references therein). It
has been believed that the sources of these propagating kink waves in polar
coronal holes are the supergranular motions. Recently, (Morton et al. 2016,
has shown that p-modes could be responsible for exciting observed kink
oscillations in the solar atmosphere. While [Nakariakov et al. (2016 showed
that the observed dependence of the displacement and velocity amplitudes
on the oscillation periods does not have any peak at a certain frequency. This
casts doubts over the interpretations that p-modes are responsible for observed
kink waves in the solar corona. Also, kink waves (standing and propagating)
can be used to infer cross density structures and magnetic field using seismol-
ogy inversion techniques (Soler et al., 2011} |Tiwari et al., 2019; [Weberg et al.,
|2020; [Yang et al.l |2020b, and references therein). Though, a unique solution
of the inversion does not exist (see |Arregui & Goossens, 2019, and references
therein) except when the density profile of the inhomogeneous layer is kept
fixed (Pascoe et al., [2016)). Transverse waves are believed to carry energy flux
enough to heat the quiet Sun(McIntosh et all [2011])). While
claimed that transverse waves carry insufficient energy to accelerate
solar winds in polar coronal holes, Tian et al|(2014)) reported that transverse
waves observed in the transition regions have enough energies to accelerate the
solar wind. Thus, more studies using upcoming space and ground-based instru-
ments are needed to understand the role of transverse waves in accelerating
solar winds in the polar coronal holes.
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In this review article, we give an overview of some of these recent ad-
vancements in the observations of both slow waves and Alfénic waves with
an emphasis on open coronal structures. We also present relevant theoreti-
cal/numerical modelling studies wherever appropriate. We discuss some of the
latest advances in the study of slow waves in Section [2} and that in Alfvénic
or kink waves in Section [3| followed by a description of the role of Alfvénic
waves in the solar wind acceleration in Section [d] and finally provide a brief
summary of all the results along with some future directions in Section [5}

2 Slow magnetoacoustic waves

Observations of propagating slow magnetoacoustic waves in the solar atmo-
sphere have generated increased attention over the past decades. The continu-
ous multi-wavelength capture of the full solar disk at high spatial and temporal
resolutions by SDO/ATA, has enabled us to perform detailed studies on the
slow wave propagation and dissipation characteristics. The perturbations due
to slow waves appear as slanted ridges of alternating brightness (or Doppler
velocity) in time-distance maps that are commonly constructed to study the
evolution of a specific coronal structure. These perturbations are generally
referred to as ‘propagating disturbances (PDs)’ or ‘propagating coronal dis-
turbances (PCDs)’. There has been a debate in the recent years proclaiming
the observed PDs could also be generated by high-speed quasi-periodic up-
flows (e.g., [De Pontieu & McIntosh| [2010; McIntosh et al., 2010; |Tian et al.,
2011alb; [McIntosh et al., [2012, and references cited therein) while their in-
terpretation in terms of slow waves (e.g., (Wang et al.| [2009; [Verwichte et al.,
[2010; |[Krishna Prasad et al., [2011} [Wang et al., 2012; |Gupta et al.| 2012, and
references cited therein) is not unique. Importantly, some spectroscopic obser-
vations of PDs from Hinode/EIS have revealed periodic blueward asymmetry

in the line profiles suggesting the presence of periodic upflows (De Pontieu &
2010). However, Verwichte et al.| (2010) have later demonstrated

that such asymmetry in the line profiles is an intrinsic feature of upward prop-
agating slow waves. Although the issue has not been completely resolved yet
(e.g., [De Moortel & Nakariakov, 2012; [De Moortel et al., 2015; [De Pontieu
et al.,|2017, and references cited therein), it has been largely agreed that both
periodic waves and aperiodic flows coexist near the foot points but the wave
signatures dominate at larger distances along the structure (e.g., Nishizuka
& Hara), 2011} Tian et all [Ofman et al, [2012; [Wang et all 2013} [Pant
et al} 2015 [Samanta et al.l 2015, and references cited therein). The discussion
in this article presumes this behaviour and considers PDs synonymous with
slow waves unless mentioned otherwise explicitly. Interested readers may refer
to De Moortel & Nakariakov| (2012), Banerjee & Krishna Prasad| (2016]), and
Wang] (2016)), for further details on this debate. One must also note that the
extended loop structures associated with active regions are considered as open
structures in this article in the sense of the wave propagation but not magnetic
connectivities that are unclear in observations. This is a valid assumption since
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the extent of propagation of slow waves is in general much shorter compared
to the length (visible extent) of the associated structures. In the following, we
discuss the progress made in the last few years in understanding the origin
of the slow waves, their damping behaviour in the solar corona, and finally
illustrate some of their seismological applications.

2.1 Source of oscillations

Slow waves are regularly observed in a variety of coronal structures. Both
standing and propagating versions of these waves have been found although the
standing waves are thought to be locally generated (Wang| [2011} Kumar et al.,
2013), whereas the propagating waves originate in the lower solar atmosphere
(Sych et al.l |2009; Botha et al., 2011} Jess et al., 2012; Krishna Prasad et al
2015). Moreover, the propagating waves have been shown to be ubiquitous in
the solar corona (Krishna Prasad et al. [2012b; Morgan & Hutton| [2018). A
wide range of periodicities are observed, but in general, longer periods (~ tens
of minutes) are dominant in the polar regions (Banerjee et al.l 2009b} Krishna
Prasad et al, |2011)) while the active regions are replete with shorter periods
(~ minutes) (Krishna Prasad et al., 2012a; [Wang et all [2018a)). However, the
longer periods (> 10 min) are difficult to penetrate into the solar corona unless
the magnetic field is highly inclined 2015)). Therefore, even though
the general characteristic properties of these waves appear broadly similar
across all regions, it is quite possible that they have a different origin in active
regions and polar regions. Here, we discuss some recent results on possible
source locations across these two regions. It may be noted that longer periods
(~ 25 min) are also found in active regions (Wang et al., 2009} [Yuan et al.l
2011) and similarly, shorter periods (~ 5 min) are not totally non-existent
in the polar regions (Krishna Prasad et al., [2014) but the distinction here is
based on their dominant presence.

2.1.1 Active regions

Early observations using high-resolution imaging data from Transition Region
and Coronal Ezplorer (TRACE; [Handy et all [1999) have revealed that the
slow wave perturbations in loops that are rooted in a sunspot umbra display 3-
minute periods whereas those in loops anchored in plage-related regions display
5-minute periods (De Moortel et al.||2002). These periods are coincident with
that of the oscillations found in the lower atmosphere at the corresponding
locations. It was therefore suggested that the driver of the coronal slow waves
lies in the lower atmosphere near the footpoints of the supporting structure.
[Marsh & Walsh| (2006) used spectroscopic data corresponding to the transition
region of a sunspot along with the co-temporal coronal images of the region,
to show the propagation of slow waves from the transition region to corona.
The authors further conjectured that these oscillations are driven by the global
oscillations of the Sun, i.e., the photospheric p-modes. It is possible that the
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Fig. 1 Structure of the leading spot of NOAA 11366 across 9 different wavelength channels
captured on 10 December 2011 by a suite of telescopes based on ground and space through
coordinated observations. The vertical dashed line connects the footpoint location of a fan
loop (marked as ‘B’) rooted in the umbra across different channels. The central panels
display the corresponding Fourier power spectra of light curves from location ‘B’. The peak
periodicities are listed in the individual panels. The vertical dashed lines denote the locations
of 3 and 5 minute periods. The filtered light curves allowing frequencies only within a narrow
band (indicated in grey in the central panels) around the peak frequency are shown in the
right panels. The names of the individual channels are also listed. Adapted from
|Prasad et al.| (2015

p-modes act as a broadband driver and the local magnetic configuration aids
the leakage of the natural frequencies in the vicinity of the acoustic cutoff in
the form of upward propagating slow waves (Botha et al., 2011]).

The amplitude of propagating slow waves is not constant but appears to
be modulated over time. Assuming the local medium is relatively stable, the
temporal changes in a propagating wave implies changes in the driver prop-
erties. Utilising this idea, Krishna Prasad et al. (2015) traced the coronal
slow waves across different layers of the solar atmosphere to identify their
driver. High-resolution multi-wavelength observations of a sunspot, acquired
from both ground- and space-based telescopes in 9 different channels, are used
to perform this study. Fig. [1| (left panel) displays the structure of sunspot
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across 9 wavelength channels. The fan loop structure is evident in the top two
panels characterising coronal emission. The location ‘B’ corresponds to the
foot point of a selected loop which displays propagating slow waves and the
vertical dashed line connects this location across all the channels. The cen-
tral panels display the corresponding Fourier power spectra of the light curves
extracted from this location. The peak periods are listed in each panel. The
vertical dashed lines in red denote the locations of the 3 and 5 minute periods.
The shift in periodicity from 5 min in the photosphere (bottom two panels)
to 3 min in the chromosphere/transition region is long-known with multiple
explanations already provided in the literature (Zhugzhda et al., |1983; [Fleck
& Schmitzl, 1991)). The grey bands over the spectra delineate the widths of
the band-pass filter applied on the original data to obtain the light curves
displayed in the right panels. The identification labels for the individual chan-
nels are listed at the bottom of the light curves. As may be seen from the
light curves, the amplitude of the oscillations is periodically varying with ap-
proximately similar behaviour across all the channels. The modulation period
is found to be in the range of 20—27 min. These correlated amplitude varia-
tions across different layers imply that they are clearly non local and therefore
should be associated with the driver. Krishna Prasad et al.| (2015) have further
demonstrated that similar modulation periods are found in the global acoustic
oscillations at non-magnetic locations outside the sunspot and are fully con-
sistent with those seen in coronal oscillations. The modulation itself is caused
by the simultaneous presence of waves with closely spaced frequencies (as may
be seen in the Fourier power spectra in Fig. 1)) as noted previously by several
authors (e.g., Marsh & Walsh| 2006) and is a characteristic feature of global
oscillations. These results compelled the authors to conclude that the coronal
slow waves are externally driven by the global solar oscillations (p-modes) in
the photosphere. A recent study by |Sharma et al| (2020) also shows similar
amplitude modulation in slow waves observed in a sunspot across different
layers of the solar atmosphere possibly confirming the wider applicability of
this interpretation. Utilising high-resolution multi-wavelength observations of
a sunspot from 16 different channels, |Zhao et al| (2016) studied the propa-
gation of slow waves from photosphere to corona. These authors employed
a time-distance helioseismic technique to cross-correlate and track the waves
across different layers of the solar atmosphere. They analysed the propagation
patterns of different frequencies and compared them with a numerical model
to demonstrate that the observed slow waves in the corona originate from a
source few megameters beneath the photosphere. It was further suggested that
the interaction of p-modes with the sub-surface magnetic fields of sunspots can
possibly explain the underlying source.

By combining high-spatial and temporal resolution data from the ground-
based Dunn Solar Telescope (DST) with the Extreme Ultraviolet (EUV) imag-
ing data from the SDO/AIA, |Jess et al| (2012) found ~3 minute oscillations
across different layers of the solar atmosphere. It has been further demon-
strated that the coronal fan structures, where propagating slow waves are
observed, are rooted at specific locations in the umbra identified by small-
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scale bright features called Umbral Dots (UDs) and the oscillation power at
these locations in the 3-minute period band is at least three orders of mag-
nitude higher than the surrounding umbra. The remarkable correspondence
between the oscillation properties across different layers led the authors to
suggest that the source of the coronal slow waves is located in the umbral
photosphere. |Chae et al.| (2017) studied velocity oscillations in the photo-
sphere of a sunspot umbra and observed similar enhancements in the 3 minute
oscillation power in the vicinity of umbral dots and light bridges. Additionally,
they found that these oscillations occur independent of the 5 minute oscilla-
tions seen in the rest of the umbra and display an upward propagating nature.
Based on these results, in addition to the possibility that umbral dots and
light bridges are locations of magnetoconvection, the authors speculated that
3 minute oscillations in sunspots are locally driven through turbulent convec-
tion as predicted previously by certain models (Stein, [1967; Lee, [1993)). More
recently, |(Cho et al.| (2019)) identified different oscillation patterns in the um-
bral photosphere, all centred on umbral dots that exhibit large morphological
and dynamical changes. These authors again concluded magnetoconvection
as a possible source of sunspot oscillations. |Zhugzhda & Sych| (2014)) & [Sych
et al| (2020) also find the sunspot oscillations are localised over individual
cells of few arcseconds, however, to explain the multiple peaks in the oscilla-
tion spectra and their spatial distribution, the authors suggest the existence
of a sub-photospheric resonator (Zhugzhdal (1984) that could drive these os-
cillations.

2.1.2 Polar regions

As stated earlier, it is not trivial for long-period slow waves to propagate from
photosphere to the outer solar atmosphere unless some special conditions are
met. The ambiguity between wave and flow interpretations for PDs further
complicates the issue. Using spectroscopic data from Hinode, Nishizuka & Hara
(2011) found that line profiles near the base of a structure display flow-like
signatures while those at larger distances are compatible with slow waves. The
authors further concluded that both waves and flows may originate from un-
resolved explosive events in the lower corona. |Ofman et al.| (2012) and [Wang
et al.| (2013) performed 3D MHD simulations demonstrating that impulsive
flow pulses injected at the base of a coronal loop naturally excite slow waves
which propagate along the loop while the flows themselves rapidly decelerate
with height. |Gupta et al.|(2012)) studied PDs of 14.5 min periodicity observed
in a south polar coronal hole using spectroscopic data. They found that the
spectral parameters of Neviil 770 A line exhibit correlated periodic fluctua-
tions in intensity and Doppler shift with no corresponding signatures in line
width. Besides, the spectral line profiles did not show any visible asymmetry
compelling the authors to interpret the observed PDs as slow waves. The co-
temporal data from N 1v 765 A line, representing the transition region, displays
periodic enhancements in line width near the base of the PDs with no associ-
ated variations in the other two line parameters. Based on these results, the
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Fig. 2 Left: A section of a north polar coronal hole of the Sun captured by SDO/AIA on
6 August, 2010. The image is a composite with the bottom and top parts displaying the
emission observed in 304 A and 171 A channels, respectively. From Right:
A composite time-distance map with the bottom part displaying the rise and fall of spicules
as seen in IRIS 1400 A channel and the top part displaying the PDs as seen in AIA 171 A
channel. The slanted black lines tracking the individual features give an estimate of the
propagation speed through their slope. The measured speeds (in kms~—!) are listed next to
these lines. From |[Samanta et al.| (2015).

authors suggest that the slow waves observed in the investigated polar region
may be triggered by small-scale explosive events in the lower atmosphere. The
base of a network plume, where PDs were observed, was examined in detail by
[Pant et al.| (2015) using both imaging and spectroscopic data from SDO/AIA
and IRIS. Quasi-periodic brightenings were found near the base with spectral
profiles occasionally displaying Doppler shifts with large deviations from the
mean coincident with enhanced line widths and intensity consistent with a
flow-like behaviour. The PDs observed along the plume were, however, com-
patible with slow wave properties. The brightenings were interpreted as due to
small scale jet-like features (e.g.,|Tian et al., 2014; Raouafi & Stenborg, 2014)
and their correlation with the PDs, according to the authors, indicate them
as a possible driver for propagating slow waves observed along the plume.

A four-hour-long image sequence, capturing the evolution of a north polar
coronal hole at high spatial and temporal resolutions by SDO/AIA, is anal-
ysed by to investigate the relation between the PDs observed
in the corona and the spicules seen in the lower atmosphere. A direct corre-
spondence between these two phenomena is detected in the composite images
constructed by overlaying the lower-atmospheric 304 A channel data on top of
the coronal 171 A channel data. Fig. [2 shows one such image from their work
in the left panel. While noting that a one-to-one correspondence is not always
possible because of the overlapping structures along the line of sight especially
near the limb, the authors demonstrate that the periodic behaviour of PDs is
because of the repeated occurrence of spicules at the same location. Based on
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the observed speeds, it is further claimed that both type I and type II spicules
contribute equally to the generation of PDs. The exact nature of the PDs is
not explicitly addressed but the authors appeared to consider them as mass
motions. Samanta et al| (2015) performed a similar study by combining the
high-resolution slit-jaw images of a south polar region from IRIS with the co-
temporal multi-wavelength data from SDO/ATA. Data from IRIS 2796 A, and
1400 A channels along with the ATA 304 A, 171 A, and 193 A channels were
used in this study. All these channels, when combined, encompass the obser-
vations of solar atmosphere from chromosphere, through transition region, to
corona. A correspondence between the spicules in the lower atmosphere and
the PDs in the corona is again observed. Furthermore, it is found that the
beginning of each PD coincides with the rise phase of a spicule. Brightenings
are observed in coronal channels, co-temporal to the fall of spicular material,
following which another PD is initiated. A composite time-distance map de-
scribing the rise and fall of spicules (as seen in TRIS 1400 A channel) and the
simultaneous propagation of PDs (as seen in ATA 171A channel) is shown
in the right panel of Fig. [2| Additionally, the authors measured propagation
speeds of PDs in 171 A and 193 A channels but could not determine if there
is any temperature-dependent propagation (Kiddie et al.), 2012) because of
the large uncertainties in their estimation. However, the presence of alternate
bright and dark ridges and their continued existence at large altitudes led the
authors to favour a slow-wave interpretation for the observed PDs. Finally,
Samanta et al.| (2015]) conjecture that both spicules and slow waves are simul-
taneously driven by a reconnection-like process in the lower atmosphere, of
which the cold spicular material falls back while the waves continue to prop-
agate upward. Later, based on 1D MHD modelling, [Yuan et al.| (2016]) show
that finite-lifetime stochastic transients launched at the base of a magnetic
structure can generate quasi-periodic oscillations with signatures similar to
PDs along the structure. Gaussian pulses with the typical spicular timescales
are used to simulate the transients in their study. An empirical atmospheric
model is considered and depending on the smoothness of the thermal structure
(with or without chromospheric resonant cavity), it was shown that both long
and short-period PDs could be reproduced corresponding to those observed
in polar plumes and active region loops, respectively. A more recent study
by [Samanta et al.| (2019)) has further illustrated that the connection between
spicules and PD-like coronal moving features is very common even in on-disk
observations.

2.2 Damping/Dissipation properties

The slow waves are observed to fall very rapidly in amplitude with their travel-
ling distance along the solar coronal structures. Various physical mechanisms
including thermal conduction, compressive viscosity, and optically thin ra-
diation, which could affect the wave amplitude, were identified and studied
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through theoretical modelling in the past (see a complete review by [Wang
et al| (2021), in this issue). The results indicated, for typical coronal condi-
tions, that thermal conduction is a strong contributor to the observed damping
of slow waves and the effects of viscosity and radiation are negligible (Ofman &
Wang, 2002} [De Moortel & Hoodl, 2003, |2004; Provornikova et al., |2018)). Later
studies revealed exceptions to this scenario in some special conditions, e.g., the
dissipation by thermal conduction is insufficient to explain the rapid damping
of oscillations with longer periods in typical coronal loops (Marsh et al., 2011)),
while compressive viscosity may become important when the loop is super-hot
and with very low density (see Pandey & Dwivedi, |2006; [Sigalotti et al., {2007}
Prasad et al.,[2021)), or when anomalous transport occurs in hot flaring plasma
(Wang & Ofmanl, 2019).

By constructing powermaps in different period ranges, [Krishna Prasad
et al| (2012b) studied the distribution of oscillatory power in three differ-
ent open structures, namely, the active region fan loops, network plumes
and the polar plumes. It is found that the oscillatory power at longer pe-
riods is significant up to larger distances in all the structures indicating a
frequency-dependent damping. Furthermore, the measured amplitudes and
damping lengths are shorter in hotter wavelength channels. These results are
shown to be compatible with a propagating slow wave model incorporating
thermal conduction as the main damping mechanism. The frequency depen-
dence has been further explored by [Krishna Prasad et al.|(2014)), where the au-
thors attempted to find the exact quantitative dependence of damping length
on the oscillation period. For each identified period, the Fourier amplitudes
were computed as a function of distance, by fitting with an exponential de-
cay function, from which the associated damping length is derived. Exploit-
ing the simultaneous existence of multiple oscillation periods and combining
the results from similar structures, the quantitative dependence of damping
length on oscillation period is examined. Considering a power-law dependence
of Ly x P%, where Ly is the damping length and P is the oscillation period,
the « values (power-law indices) were obtained as 0.7+0.2 for the active region
loops and network plumes and —0.34+0.1 for the polar region structures using
AIA 171 A channel. The corresponding values for the AIA 193 A channel are
1.740.5, and —0.440.1, respectively. Assuming a 1D linear wave model, the
authors also derived the expected theoretical dependences for different damp-
ing mechanisms, according to which, the o value should lie between 0 and 2.
Notably, for the case of weak thermal conduction, the expected a value is 2
implying a steeper dependence and for the case of strong thermal conduction,
this value should be 0 indicating no dependence or uniform damping across all
periods. In reality, an intermediate value is possible depending on the strength
of the thermal conduction but the obtained values are clearly deviant, espe-
cially those from polar regions, uncovering a large discrepancy between the
observations and the theory of slow waves. It may be noted that the theoret-
ical dependences (« values) are calculated under the assumption that only a
single dissipation mechanism works (or perhaps dominant). Indeed, the nega-
tive slopes obtained for polar regions would mean stronger damping at longer
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periods which is not expected from any of the dissipation mechanisms studied
by [Krishna Prasad et al.| (2014) in the linear regime. Also, these results ap-
pear to be in direct contradiction with Krishna Prasad et al.|(2012b), where
the authors reported longer periods travelling to larger distances even in po-
lar regions. However, it was later noted that this behaviour was due to the
availability of higher power at longer periods near the base of the corona.

Guptal (2014)) also studied the damping behaviour of slow waves in polar
regions. Their results indicate the presence of two different damping regimes,
the stronger damping near the limb (< 10 Mm height) and weaker damping at
larger heights. Furthermore, in order to understand the frequency dependence,
damping lengths were measured over three predefined period bands i.e., 4—6
min, 6—15 min, and 16—45 min. No preferable dependence was found near the
limb but at larger heights the damping appears to be stronger in the shorter
period band which the authors explain as evidence for damping due to thermal
conduction. However, it needs to be pointed out that sampling the oscillations
at a larger number of periods as obtained in |Krishna Prasad et al| (2014])
would be more suitable and better for understanding the period dependence.

Mandal et al.| (2016]) performed 3D MHD simulations based on a uniform
cylinder model to investigate the damping of slow waves at multiple periods.
By perturbing the pressure at one end of the loop, slow waves are driven at
4 preselected periods. The other boundary is kept open allowing the waves to
propagate and escape the domain. Thermal conduction is incorporated into
the model as the only damping mechanism for the waves. The gravitational
stratification and the field divergence are ignored. The obtained numerical re-
sults are forward modelled to aid a direct comparison with the observations.
It is found that the damping lengths are dependent on the oscillation period
with a power-law index near 1 agreeing with the previous observations for
active region loops (Krishna Prasad et all 2014]). The authors also derived
full solutions to the dispersion relation for thermal conduction damping, in-
stead with the approximations made in [Krishna Prasad et al.| (2014)), which
shows a similar dependence. Based on this, the discrepancy in the previous
results was explained as due to the differences in the damping of shorter and
longer periods which conform to strong and weak thermal conduction limits,
respectively. However, the negative dependence found in the polar regions re-
mains unexplained. In order to verify and examine if the frequency dependence
obtained in the polar regions is general, Mandal et al.|(2018) performed a sta-
tistical study by employing 62 datasets of polar coronal hole regions observed
between 2010 and 2017 by SDO/ATA. Fig. 3| displays the results of this study
for the data from the AIA 171 A channel. The left and right panels show the
dependences obtained for the plume and interplume regions respectively. The
measured slopes obtained by fitting the modal values at each period bin are
—0.340.1 for plume and —0.440.1 for interplume regions. Similar values were
obtained for the data from the ATA 193 A channel. These results not only con-
firm those from Krishna Prasad et al.| (2014}, that the anomalous dependence
of damping length on oscillation period observed in polar regions is real, but
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Fig. 3 The dependence of damping length on oscillation period extracted from the polar
plume (left) and interplume (right) regions using data from the ATA 171 A channel. The
symbols in grey correspond to the individual measurements. The most frequent value (modal
value) at each period bin is denoted by an open black circle and the standard width of
the associated distribution is shown as an error bar. The slanted black line over the data
represents the best fit to the most frequent values. The slope obtained from the fit is listed
in the individual panels. From Mandal et al.| (2018)

also suggest that such a damping relation is typical for slow waves in polar
structures which therefore, strongly necessitates an explanation.

More recently, |Krishna Prasad et al.| (2019) studied the dependence of
damping length on the temperature of the loop. The damping lengths of oscil-
lations were measured in 35 loop structures (selected from 30 different active
regions) and the corresponding plasma temperatures were obtained from Dif-
ferential Emission Measure (DEM) analysis (Hannah & Kontar), 2012). Fig.
displays the obtained results from this study. The left panel demonstrates the
measurement of damping length (Lg) by following the phase of a sample os-
cillation with the obtained L4 value listed in the plot. An alternate method
to estimate damping length, by directly tracking the oscillation amplitudes
along the loops produces similar results. The right panel of Fig. [4] depicts the
obtained dependence of damping length on temperature. The expected val-
ues from linear wave theory considering thermal conduction as the damping
mechanism are also plotted (green filled circles). The oscillation periods, den-
sities, temperatures, and polytropic indices for the individual loop structures,
extracted previously by [Krishna Prasad et al. (2018), are incorporated into
these calculations. Additionally, the expected values derived by assuming a
constant value of 5/3 (adiabatic index expected in the corona) for the poly-
tropic index are plotted (green open circles). As may be seen, the damping
length is expected to decrease evidently to lower values for hotter loops but the
observations appear to defy this. Based on these results, the authors concluded
that thermal conduction is suppressed in hotter loops which is consistent with
previous reports by \Wang et al.| (2015). Furthermore, it may be noted that the
theoretical damping length values are 2—3 orders of magnitude larger than
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Fig. 4 Left: Relative intensity of oscillation as a function of distance along a sample loop.
The orange diamond symbols denote the actual data with the corresponding uncertainties
shown as error bars. The solid black curve represents the best fit for an exponentially
decaying sine wave model. The damping length value obtained from the fit is listed in the
figure. Right: Dependence of damping length on loop temperature. The orange diamond
symbols denote the values from observations with the corresponding uncertainties shown
as horizontal and vertical error bars. The filled green circles highlight the expected values
based on a linear slow wave theory incorporating damping due to thermal conduction. The
open green circles denote the same but for a constant value (5/3) for the polytropic index.
From [Krishna Prasad et al. (2019))

the observed values. While this discrepancy could be partly explained by the
fact that the observed damping length values are projected values (meaning
they are lower limits), the authors speculate that such a large difference could
alternatively imply that thermal conduction is not the dominant damping
mechanism in those coronal loops.

Another aspect that has become popular in recent years is the misbalance
in the local thermal equilibrium caused by slow waves which in turn could
affect the wave dynamics significantly (Nakariakov et al. 2017)). To study this
effect, the heating function, H, is parametrised as a function of the equilibrium
parameters density p and temperature T', and included in the energy equation
of MHD in the recent models (Kolotkov et al.| 2019} [Zavershinskii et al. 2019}
[Kolotkov et al., 2020; Prasad et al. 2021). In comparison, in earlier models,
H(p,T) was either ignored or assumed to be a constant balanced by the other
dissipative effects (e.g., radiative cooling). During the linearisation process in
the modelling of waves, the partial derivatives of the heating function 0H/dp
and OH/OT play a crucial role, introducing new effects on the wave dynamics.
In particular, Kolotkov et al. (2019) found that these novel effects may result
in additional damping of slow waves, even in the complete absence of thermal
conduction. This could also be an interesting avenue to pursue the explana-
tion of earlier results with unexpected dependence of slow wave damping on
oscillation period or temperature (Krishna Prasad et all [2014) [2019). Indeed,
it seems quite promising, because the variation of the polytropic index with
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loop temperature (Krishna Prasad et al.l [2018) is also recovered in the model
(Zavershinskii et al.| 2019).

2.3 Seismological applications

One of the important applications of studying waves in the solar atmosphere is
that it gives us the ability to infer important physical parameters through seis-
mology. The common occurrence of slow magnetoacoustic waves makes them
even more compelling to pursue this. Over the past decade a number of im-
portant parameters including the plasma temperature, coronal loop geometry,
coronal magnetic field, thermal conduction coefficient, polytropic index, have
been extracted from the observations of slow waves in combination with MHD
theories demonstrating their vast potential in this area (for e.g., Marsh et al.|
[2009; [Wang et al. 2009; [Van Doorsselaere et al. 2011} [Yuan et al.l 2014} [Wang]
let al.l 2015} [Jess et all, 2016} [Krishna Prasad et all, [2017; [Deres & Anfinogen-|
tov}, [2018} [Krishna Prasad et al. 2018} [Wang & Ofmanl 2019; [Kolotkov et al.
@. A subset of these applications, particularly those reported in the recent
years, will be discussed here in detail.

Considering a cylindrical flux tube geometry for coronal loops, within the
long-wavelength limit, i.e., when the wavelength of the oscillation, A, is much
greater than the diameter of the loop, d, the slow waves propagate at tube
speed, c¢;, which is dependent on both the sound speed, ¢, and the Alfvén
speed, v, through the relation ¢7 = c2v2/(c? + v2). From the observations of
slow waves we know that the long-wavelength limit is generally applicable in
the solar corona which means unless the plasma [ is very small, the propaga-
tion speed of slow waves is not only dependent on the plasma temperature but
also on the magnetic field strength. By applying this relation to the observa-
tions of standing slow waves, [Wang et al| (2007) have earlier demonstrated that
one could derive the coronal magnetic field strength. More recently, |Jess et al.
have further exploited this relation by extending it to the propagating
slow waves to derive spatially resolved coronal magnetic fields over a sunspot.
have shown that the propagating slow waves observed in an
isolated sunspot from the active region NOAA 11366 possess multiple peri-
odicities with longer periods dominant at farther distances from the sunspot
centre. The apparent propagation speeds of longer period waves were found
to be significantly smaller compared to that of the shorter periods found near
the sunspot centre. By combining the speed-period and period-distance de-
pendences, the authors derived a radial dependence of apparent propagation
speed on distance. In order to estimate the real propagation speed the inclina-
tion of the magnetic field needs to be known. In principle, the local magnetic
field geometry can be obtained from stereoscopic observations of propagating
slow waves (Marsh et al., 2009; [Nakariakov & Kolotkov, [2020) or magnetic
field extrapolation methods. Although, each of these methods have their own
intrinsic difficulties and ambiguities, the authors applied both the methods to
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derive the inclination of the field incorporating which they deduced the actual
propagation speed (¢;) as a function of distance from the sunspot centre. The
corresponding temperatures and densities were estimated employing a differ-
ential emission measure technique. Inputting these values in the expression for
ct,|Jess et al.| (2016)) have obtained a magnetic field strength of 3245 G near the
sunspot centre which is found to rapidly decrease to about 1 G over a distance
of 7 Mm. It is not explicitly stated whether these values are consistent with
those derived from the extrapolations. Also, in order to improve the signal,
the authors had to average the observations in the azimuthal direction so they
could only provide an average radial dependence of magnetic field strength but
not a fully resolved spatial distribution. Furthermore, the azimuthal averaging
would result in the loss of some important structure in this dimension (Sych
& Nakariakov, 2014; [Jess et al., 2017; [Kang et al., 2019) so this is perhaps
not an ideal procedure. Nevertheless, this study clearly highlights the scope of
slow waves in determining one of the most important physical parameters of
the corona, the magnetic field strength.

Under the condition of low-plasma (3, which is generally assumed for solar
corona, the tube speed ¢; is almost equivalent to the sound speed c¢,. So it is
common to associate the propagation speed of slow waves with the local sound
speed which, in turn, is proportional to the square root of the corresponding
plasma temperature, 1. Thus, one could derive the temperature of the plasma
by measuring the propagation speed of slow waves. However, the observations
are typically constituted of two-dimensional projected images of the oscilla-
tions and hence could only provide a lower-limit on the slow-wave speed. Avail-
ing a rare opportunity, Marsh et al| (2009) analysed the propagation of slow
waves in a coronal loop observed by two spacecrafts from two different vantage
points. These stereoscopic observations made by STEREQO /EUVI enabled the
authors to study the three-dimensional propagation of slow waves and pro-
vide their true propagation speed. The obtained propagation speed was about
1324+11kms~! corresponding to a plasma temperature of 0.84+0.15 MK de-
rived under the adiabatic assumption. The observed propagation speeds are,
in general, constant along the length of the loop. Earlier observations by [King
et al.| (2003) report differential propagation of slow waves in different tem-
perature channels indicating a sub-resolution structure within a coronal loop.
However, these authors also did not find any spatial variation of propagation
speeds in the individual channels. Recently, using the high-spatial resolution
observations from SDO/AIA |Krishna Prasad et al.|(2017)) studied the propaga-
tion of slow waves along an active region fan loop in two different temperature
channels. In addition to the differential propagation, the authors found an
accelerated propagation of waves along the loop in both the channels. This
enabled them to derive the spatial variation of plasma temperature along the
wave propagation path. The authors employed nonlinear force-free magnetic
field extrapolations to estimate the inclination of the loop and thereby deduced
the deprojected propagation speeds. Fig.[5| shows the initial observed speeds,
deprojected true speeds, and the obtained temperature values as a function of
distance in the left, middle, and right panels, respectively. The results for both
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Fig. 5 The propagation speed of slow waves measured along a selected loop track (left),
corresponding deprojected values (middle) and the derived plasma temperatures (right).
Different symbols/colors represent results for different channels as described in the figure
legend. Note the distances in middle and right panels correspond to deprojected values
from the bottom of the loop. The diamond and ‘x’ symbols in the right panel denote the
plasma temperatures derived under the isothermal approximation. The dashed lines show
corresponding values for an adiabatic case. Adapted from |[Krishna Prasad et al.| (2017).

wavelength channels are shown in the figure. The temperatures were estimated
assuming isothermal propagation of slow waves although corresponding values
for adiabatic propagation are also shown (dashed lines in the right panel).
It may be noted that the temperature values especially near the bottom of
the loop (/0.2 MK) are much lower compared to the previous results. This
is mainly because of the lower propagation speeds observed here. It is possi-
ble that there are aperiodic downflows in the loop concurrent with the waves.
Although the time-distance maps do not clearly indicate this, such flows are
fairly common in sunspots (Straus et al., |2015; Chitta et al., |2016; Samanta)
let al.| 2018} [Nelson et al. 2020alb)). If that is the case, the true propagation
speed of the wave (and hence the plasma temperature) could be higher. Never-
theless, the evidence for differential propagation is remarkably clear suggesting
a multi-thermal structure within the coronal loop. The authors highlight this
as an ability of slow waves to resolve the sub-resolution structure of coronal
loops.

Utilising the spectroscopic observations of running slow waves in a coronal
loop made by Hinode/EIS,[Van Doorsselaere et al.| (2011)) derived the effective
adiabatic index or the polytropic index (7es) of coronal plasma. The authors
employed the expected relation between the density and temperature perturba-
tions due to a slow wave to achieve this. The required density and temperature
estimations were made from appropriate spectroscopic line ratios. The authors
obtained a value of g =1.10+0.02, close to the isothermal value 1, implying
that thermal conduction is very efficient in the solar corona. Furthermore, us-
ing the observed phase lag between the density and temperature perturbations
(under the assumption that it is entirely introduced by thermal conduction),
they derived the thermal conduction coefficient, g =9x10" " Wm— 1K1,
which is of the same order of magnitude as the classical Spitzer conductivity.
On the other hand, a similar study by Wang et al] (2015) using the obser-
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vations of standing slow waves in hot coronal loops, resulted in a polytropic
index value of 1.64+0.08. The proximity of this value to the adiabatic index
of 5/3 (for an ideal monatomic gas) implies that thermal conduction is heav-
ily suppressed in the investigated loop. By comparing the observed phase lag
between density and temperature perturbations to that of a 1D linear MHD
model, the authors suggest that thermal conduction is suppressed at least by
a factor of three. Krishna Prasad et al.| (2018) investigated the behaviour of
propagating slow waves in multiple fan loops from 30 different active regions.
By analysing the relation between corresponding density and temperature per-
turbations these authors also derived associated polytropic indices which were
found to vary from 1.04£0.01 to 1.58+0.12. Additionally, the authors studied
their temperature dependence which indicates a higher polytropic index value
for hotter loops. It was further concluded that this dependence perhaps sug-
gests a gradual suppression of thermal conduction with increase in temperature
of the loop thus bringing both the previous studies into agreement.

Coming back to the new models with the thermal misbalance (see e.g.
Kolotkov et al.l [2019; |Zavershinskii et al., 2019, and references therein), these
offer an excellent opportunity for slow waves to probe the coronal heating func-
tion, which is arguably the greatest mystery in solar or stellar physics. In order
to study this Kolotkov et al.| (2020) has parameterised the heating function
H as power laws of density p and temperature T'. Based on the common exis-
tence of long-lived plasma structures and the statistical properties of the slow
wave damping, the authors then constrained the power-law indices of these
key quantities offering an insight into the characteristics of coronal heating
function. It has also been shown that the characteristic thermal misbalance
time scales are on the same order as the oscillation periods and damping times
of slow waves observed in various structures including flaring loops and coro-
nal plumes. Although this investigation has been largely theoretical, it offers
a lot of observational potential to make progress in the decades old question
of characterising the coronal heating mechanism. For more details, please see
the review by |[Van Doorsselaere et al.| (2020b)) in this volume.

3 Alfvénic/Kink waves

Apart from slow magnetoacoustic waves, kink(Alfvénic) waves are also ob-
served in the solar atmosphere at the locations of the open magnetic field
regions. Alfvénic waves were suggested to have mixed properties as they prop-
agate, having both compression and parallel vorticity and with non-zero ra-
dial, perpendicular and parallel components of displacement and vorticity
(Goossens et al.L|2009, 2012} 2019, 2021)). Thus kink waves under some physical
conditions, could share properties of surface Alfvén waves (Also see |Goossens
et all 2009). In this review we will use terms Alfvénic and kink interchange-
ably.
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3.1 Observations

Both spectroscopic and imaging observations have been used to establish the
presence of the Alfvénic waves in the solar atmosphere. In the following sub-
sections we discuss them separately.

3.1.1 Spectroscopic Observations

Perhaps one of the earliest signatures of the presence of Alfvénic and Alfvén
waves (or turbulence) in the solar atmosphere comes from the observations
of the nonthermal spectral line broadenings in the solar atmosphere. (Holl-
wegl [1973} [Van Doorsselaere et all, [2008; [Doschek et all, [1976alb} [Feldman
et al., [1976} [Hassler et al., [1990). The nonthermal line broadening at the loca-
tion of the coronal holes was reported by [Banerjee et al.| (1998); Doyle et al.
(1998)); |O’Shea et al.| (2005)); Ofman & Davila) (1997)); Kohl et al.| (1999); [Abbo
et al| (2016|) using the Solar Ultraviolet Measurements of Emitted Radiation
(SUMER) spectrometer, Coronal Diagnostic Spectrometer (CDS), and Ultra-
violet Coronagraph Spectrometer (UVCS) on-board Solar and Heliospheric
Observatory (SoHO). Furthermore, an increase followed by the flattening of
the nonthermal line widths with height above the solar limb was noted (Baner-|
[jlee et all [1998; Doyle et all [1998} [O’Shea et all, [2005; [Hassler et al. [1990).
A similar nature of variation of the nonthermal line widths was found at the
location of the coronal holes using Extreme Ultraviolet Imaging Spectrometer
(EIS) on-board Hinode (Doschek et al. |2007; Banerjee et al., 2009a; Hahn|
2012)). Using the nonthermal line broadening these studies have esti-
mated the energy flux carried by the Alfvénic waves in the solar atmosphere
and found that it is enough to balance total coronal energy losses in coronal
holes. Furthermore the flattening or leveling-off of the nonthermal line widths
was attributed to Alfvén wave damping (see Figure @ The departure from
the expected WKB theory (undamped propagation of Alfvén wave) happens
as early as 0.1 Ry from the solar surface.

However, recently Pant & Van Doorsselaere| (2020) have shown analytically
and using numerical simulations that for a period averaged Alvén(ic) waves
(such as those observed by SUMER with large exposure time), the nonthermal
line widths are larger than the rms wave amplitude by a factor of v/2. Further,
LOS integration of several structures oscillating with different polarisation and
phases of oscillation cause nonthermal line widths of the order of rms wave
amplitudes. These results are in contrast with those obtained in some of the
above mentioned studies ( e.g,[Hassler et al.,|1990}; Banerjee et al.,|1998} Doyle
let all [1998; [O’Shea et al. [2005; |[Ofman & Davilal 1997; |[Kohl et al., [1999),
where authors assume that the nonthermal line widths are smaller than the
rms wave amplitudes by a factor of v/2. Thus the energy flux, which varies as
the square of the rms wave amplitudes, is overestimated at least by a factor
of 2 in above mentioned studies.

Additionally, several analytical and numerical Alfvén wave models have also
been made to demonstrate the propagation and dissipation of the Alfvén waves
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Fig. 6 Variation of the nonthermal line widths with height above a polar coronal hole in
different spectral lines. Red and green color represents the nonthermal line widths derived
from the eclipse observations in Fe XIII and Fe XIV emission lines, respectively
. Square and diamond in blue are derived from the observations taken in Fe XII using
SUMER and EIS, respectively (see,|Moran} 2003} Banerjee et al.l 2009al respectively). Solid
line represents the nonthermal line widths derived from Fe XII emission line
. The dotted, dashed and dash-dotted curves represent the nonthermal widths
expected from WKB propagating for different density profiles as reported in
et al] (1999); Bemporad & Abbo| (2012); [Doyle et al| (1999), respectively. Adapted from
Bemporad & Abbol (2012)

and their potential contributions in the observed line-width variations in the
solar atmosphere, thus invoking the significant role of these waves in generat-
ing turbulence and /or heating (e.g, [Pekiinlii et al.,2002; Dwivedi & Srivastava,
[2006% [Chmielewski et al. 2013} [Zhao et al. [2015; [Jelinek et al.,[2015, and refer-
ences therein). However, such studies do not consider the present day scenario
of the mixed wave modes/Alfvénic wave modes and their specific physical
properties and role in the line-width broadening or narrowing.

The Coronal Multi-channel Polarimeter (CoMP, see [Tomczyk et al.|2007))
has established the ubiquity of Alfvénic/kink waves in the solar corona, primar-
ily observed as propagating Doppler velocity fluctuations. [Tomczyk & McIn-|
reported these fluctuations have both an outwardly- and inwardly-
propagating nature and a disparity between the outward and inward wave
power, which could be a signal of isotropic MHD turbulence. Furthermore,
Morton et al.| (2015)) observed Alfvénic waves that partially reflect while prop-
agating up along the open magnetic field regions, such as polar coronal holes.
These results demonstrate that counter-propagating Alfvénic waves exist in
open coronal magnetic fields, thus providing support for Alfvén wave turbu-
lence models (see also section. Interestingly, there is also a disparity in
outward-to-inward wave power for closed magnetic fields (see [Terradas et al|




22 D. Banerjee et al.

[2010; [Verth et al.||2010; Tiwari et al.|[2019). Moreover, low frequency Alfvénic
waves are more likely to reflect than high frequencies (see the right panel of
Figure E[) Earlier, theoretical studies have also reported a similar behaviour
for Alfvén waves (Cranmer & van Ballegooijen, |2005)). These authors reported
that these waves are strongly reflected at the transition region (95%). While
beyond transition region, waves with frequency lower than the critical fre-
quency (local gradient of Alfvén velocity) reflect, which is about 30 hours (~1
day) at large distances from Sun. Again using CoMP, an enhancement of the
power spectra in 3-5 mHz was noted in the open magnetic field regions (see
Figure[7), suggesting the possible role of p-modes in generating Alfvénic waves,
as a spatially-ubiquitous input (Morton et al. [2016) that is sustained over the
solar cycle (Morton et al) [2019). An enhancement in power at 3-5 mHz is
also seen in the intensity variations from SDO/AIA in quiet sun region and
sunspots (Kolotkov et al.l [2016]).
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Fig. 7 (a) Power spectra of the Doppler velocities showing enhancements at 3-5 mHz.
(b): Frequency dependent ratio of inward and outward power suggesting that low frequency
waves are more likely to reflect (adapted from |Morton et al., [2015]).

Furthermore, McIntosh & De Pontieu (2012) have noted a wedge shape
correlation between rms Doppler velocities and nonthermal line widths in the
solar corona similar to Figure |[8] Using Monte Carlo method, these authors
suggested that the observed correlation might be due to the Alfveénic wave
propagation and LOS integration of several oscillating structures. Since the
amplitude of Alfvénic wave increases with height, LOS integration of sev-
eral oscillating structures also increases non-thermal line widths. This lead
to a wedge shape correlation. However, they artificially added a substantial
amount of nonthermal broadening in the Monte Carlo simulations to match
the observed nonthermal broadening. The source of this additional nonthermal
bradening was not known. Later, Pant et al.| (2019) have studied the correla-
tion between rms Doppler velocities and the nonthermal line widths at differ-
ent heights at the location of the polar coronal holes using observations from
CoMP (see bottom panel of Figure [§) and numerical simulations. Combining
numerical simulations and forward modelling, these authors could reproduce
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the observed wedge-shaped correlation without adding any artificial source of
nonthermal line widths (see left panel of Figure . They proposed that at
least a part of the wedge-shape correlation between the nonthermal line widths
and rms Doppler velocities is due to the propagation of Alfvénic waves in the
solar atmosphere and a part is due to height dependence of RMS wave ampli-
tude and non-thermal line widths. (see section for more details). Figure
denotes a wedge shape correlation over entire solar corona (top panel) and at
the location of the coronal holes (bottom panel) at different heights obtained
using the data from CoMP.

log,, Density

, ! | I'II'" I | wlﬂv'l'"‘h"'"””

20 30 40 50 60
non-thermal line widths (km/s)

RMS Doppler Velocity (km/s)

0.0

3-0x||w|0|||||||||‘||x||w||x
% © © ©78-94 Mm
o Q
&P 94-110 Mm
25 83 O O 0110-126 Mm
o @g@% k% %126-143 Mm
280" ad o 0 0143-159 Mm

2.0

S
%%ﬁ %D o

RBNE” x * OO o o°
g‘ oo x " #%0 @0
e

o O

IIII|IIII|OI\\\‘\IIIlIIII|IIII

RMS Doppler Velocity (km/s)
o

0.5

0.0,

OIIII|IIII|I\\\]\III|IIII|IIII

w
o
D
o
o
o
o
(5]

4
non-thermal line width (km/s)
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Fig. 9 Box and whisker plot of wave parameters for slits analysed (31 in total). Lower
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respectively. Horizontal lines indicate median values, diamonds denote log-normal means,
‘whiskers’ show the log-normal standard deviations. Solely as a visual aide, every five slits
appear in the same colour. (adapted from [Weberg et all [2020).

3.1.2 Imaging Observations

In addition to the nonthermal broadening, direct observation of transverse
waves have been reported in polar coronal holes. Using data from SDO/AIA,
McIntosh et al.| (2011]) observed ubiquitous outward-propagating Alfvénic mo-
tions in the corona with amplitudes of the order of 25 £ 5 km s~!, uniformly-
distributed over periods of 150-550 seconds throughout the quiescent solar
atmosphere. These estimates were obtained using Monte Carlo simulations,
which we refer to as indirect measurements. Using these indirect measure-
ments, the energy flux carried by these waves was estimated to be enough
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to accelerate the fast solar wind and power the quiet corona. Again using
SDO/AIA, Thurgood et al.| (2014) provided the first direct measurements of
transverse wave motions in solar polar plumes but, in contrast to MclIntosh
et al| (2011), found lower Alfvénic wave amplitudes around 14 + 10 km s~ 1,
as well as observing a broad distribution of parameters which is skewed in
favour of relatively-smaller amplitude waves. When this whole range of pa-
rameters is taken into account to calculate the energy flux carried by these
waves, the energy budget, determined by direct measurement, falls 4-10 times
below the minimum theoretical requirement (models require 100-200 W m~—2
of wave energy flux near the coronal base to match empirical data, see, e.g.
Withbroe 1988 and [Hansteen & Leer|1995). Furthermore, these energy budget
calculations assume a filling factor of unity in a homogeneous plasma, which
corresponds to the most generous case in terms of energy flux. Thus, more
realistic estimates about the inhomogeneity of the medium would yield even
smaller energy fluxes (see, e.g. |Goossens et al.|2013]).

Thurgood et al.| (2014) conclude that transverse waves in polar coronal
holes are insufficiently energetic to be the dominant energy source of the fast
solar wind. Furthermore, it is interesting to note that the directly observed
transverse velocity amplitudes are broadly compatible (within standard devia-
tions) with the line-of-sight nonthermal velocities reported in plume plasma by
Banerjee et al.| (2009a)) using Hinode/EIS. If one assumes that these nonther-
mal velocity measurements contain contributions from both transverse (kink)
waves and torsional Alfvén waves (Guo et all 2019), this comparability sug-
gests torsional Alfvén waves may not contribute strongly to plume nonthermal
velocity measurements (otherwise we would expect nonthermal line-of-sight ve-
locities to be larger). However, we must be cautious since this may also be due
to a lack of large-amplitude torsional motions in plumes and/or under-resolved
line-of-sight motions using our current spectrometers (see also Section
for further discussion of nonthermal motions).

Recently, Weberg et al| (2020) utilised the NUWT automated algorithm
(see |Weberg et al.|2018|for details, as well as Section 2.2 of “Novel techniques
in coronal seismology data analysis”) to analyse the transverse waves above the
polar coronal hole, with a specific interest in how those properties vary with
altitude. Between altitudes of 15 to 35 Mm, it was found that measured wave
periods were approximately constant, and that the displacement and velocity
amplitudes increased at rates consistent with undamped waves (Figure E[)
Between 5 and 15 Mm above the limb, the relative density was inferred to be
larger than that expected from 1D hydrostatic models, which may indicate a
more extended transition region with a gradual change in density.
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3.2 Theoretical modelling
3.2.1 Generation of turbulence in open magnetic field regions

Although some observations presented in the previous subsection show that
the omnipresent propagating Alfvénic waves have roughly enough energy to
power the quiet sun, the problem of how this energy is converted to heat still
persists. Because of the very high Reynolds numbers of flows in the corona
(e.g. Ry ~ 108 — 102, see |Aschwanden|[2005)), any potential damping mech-
anism must include the generation of scales small enough so that wave en-
ergy can be efficiently dissipated. The most popular damping mechanisms of
Alfvén and kink(Alfvénic) waves are phase mixing and resonant absorption
respectively. For more on the linear damping mechansism, see, e.g.,
. In this subsection we will focus instead on nonlinear damping mecha-
nisms, such as turbulence. In MHD turbulence, damping occurs through the
nonlinear cascade of wave energy down to the dissipation scales. There are
several wave turbulence models which deal with coronal heating and solar
wind acceleration in open coronal structures (see, e.g., Chandran & Hollweg,
2009} [Perez & Chandranl 2013}, [van Ballegooijen & Asgari-Targhil [2016] 2017}
Shoda et al., 2019; Chandran & Perez, |2019)). While a few compressible mod-
els are able to maintain a multi-million degree corona and accelerate the solar
wind through turbulent heating, it is known that turbulent heating without
compressible effects appears to be insufficient in open coronal regions
Ballegooijen & Asgari-Targhil 2016; [Verdini et al., 2019), even when inject-
ing Alfvén waves with rms velocities on the order of the full non-thermal line
broadening observed in the corona. All of the previous turbulent models rely
on the linear process of reflection of outgoing waves along radial Alfvén speed
gradients in order to generate turbulence. The presence of nonlinearly interact-
ing counter-propagating Alfvén waves is thought to be a necessary condition
(see subsection . While this requirement still holds in incompressible and
transversely homogeneous plasma, as employed in most of the previous mod-
els, it is now known that MHD waves affected by perpendicular structuring,
such as surface Alfvén, kink, or Alfvénic waves can self-cascade nonlinearly,
leading to what is referred to as uniturbulence (Magyar et al., [2017b] [2019)),
a term which is used to differentiate this turbulence generation mechanism
from the counter-propagating one. The nonlinear energy cascade rate for kink
waves propagating in a cylindrical flux tube was calculated recently by
[Doorsselaere et al| (2020a). It was shown that for thin coronal strands and
kink wave amplitudes that are comparable to the observed ones the energy
cascade time scale can be shorter than the wave period. Uniturbulence lifts
the necessity for reflected waves in turbulence generation, however it relies on
the presence of structuring. Such structuring may be obtained through other
mechanisms, such as the parametric decay instability (see subsection . As
there is ample evidence for coronal structuring perpendicular to the magnetic
field (see, e.g., Raymond et al.l 2014; DeForest et all [2018)), uniturbulence
might play a major role in turbulence generation. Preliminary results show
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this is indeed the case (Magyar & Nakariakov, [2021), however more research
needs to be conducted in order to estimate the added contribution to coronal
heating and solar wind acceleration.

3.2.2 Forward modelling of Alfvénic waves in the open magnetic field regions

The emission observed by a telescope is projected in the plane of sky and
affected by the line-of-sight (LOS) effects because of the optically thin na-
ture of the solar corona. The LOS superposition of the emission makes the
interpretation of the observed spectroscopic or imaging features difficult to
interpret in the solar atmosphere. To account for the LOS effects, a forward
modelling of 3D numerical simulations is needed, by which the generated syn-
thetic spectra and images can be compared with the real observations to test
the validity of the MHD models (Van Doorsselaere et all [2016). Oran et al.
(2013}, 12017)) performed the forward modelling of Alfvén waves in the solar
atmosphere incorporating both wave propagation and dissipation in open and
closed magnetic field regions in optically thin EUV emission lines. A fairly
good match is obtained between the total intensities and the nonthermal line
widths derived from the synthetic spectra and those derived from the obser-
vations of EIS and SUMER (Oran et all 2013, 2017). Further, it was noted
that the rms wave amplitudes obtained using forward modelling were smaller
than those expected for the undamped waves (using WKB assumption) for
both open and closed magnetic field regions. Wave dissipation due to counter-
propagating waves and wave reflection are proposed to be the main mechanism
for damping of Alfvén waves in AWSoM, causing rms wave amplitudes smaller
than the expected WKB propagation (Oran et all [2017)). It should be noted
that the perpendicular structure of Alfvén waves is prescribed by the driver, in
contrast with collective fast magnetoacoustic modes of perpendicular plasma
non-uniformities, the results of such modelling could be sensitive to the per-
pendicular structuring. In addition to the global model such as Alfven-Wave
driven sOlar wind Model (AWSoM), models based on the collection of the
single and multiple flux tubes are also used for studying the wave-driven tur-
bulence (van Ballegooijen & Asgari-Targhil, |2017; |Magyar et al., [2017b; |Pant
et all 2019, see section for more details.). De Moortel & Pascoe| (2012)
studied the effect of LOS integration of propagating Alfvénic waves in mul-
tistranded coronal loops using numerical simulations and forward modelling.
They reported that the energies estimated from the derived Doppler velocities
from their model are an underestimation of the actual energy present in the
Alfvénic waves. Recently, [Pant et al.| (2019) has performed the 3D numerical
simulations of propagating Alfvénic waves in open magnetic field regions with
both transverse and longitudinal structuring leading to the reflection of waves
and generation of the uniturbulence. However, it should be noted that recently
Magyar & Nakariakov| (2021)) have shown that the reflected wave power is quite
less and the turbulence in transversely inhomogeneous plasma is primarily due
to self cascading of propagating kink(Alfvénic) waves (uniturbulence). These
authors performed the forward modelling for Fe XIII emission line centered
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at 10794A and compared the synthetic spectra with those obtained from the
CoMP. Their model was able to reproduce the observed wedge-shaped cor-
relation between the nonthermal line widths and rms wave amplitudes. The
left panel of Figure [10| shows the wedge-shaped correlation between nonther-
mal line widths ans rms Doppler velocities derived from the synthetic spectra.
It matches reasonably well with the correlation observed in the solar corona
(see Figure[)). Right panel of Figure [10] shows the variation of nonthermal line
widths for different strength of velocity drivers (shown in different colors). The
nature of variation matches with those observed in the solar atmosphere using
the data from SUMER (Banerjee et al., [1998) and EIS (Hahn et al.| [2012).
The curve in black represents the variation of the nonthermal line widths with
heights for a non-stratified plasma. Large nonthermal line widths in these sim-
ulations are caused by the LOS integration and uniturbulence due to trans-
verse inhomogeneity. Comparison of the gravitationally stratified cases with
the non-stratified case shows that the increase in the nonthermal line widths
leading to the wedge-shaped correlation is due to the increase in the amplitude
of Alfvénic waves with height (due to decrease in the density). Also, the Right
panel of Figure [I0]shows that the nonthermal line widths levels off with height.
Though, the leveling-off of the nonthermal line widths is attributed to the wave
damping (Hahn et al.l |2012)), [Pant & Van Doorsselaere| (2020) have suggested
that a part of leveling-off of the nonthermal line widths could be due to the
non-WKB propagation of the low frequency (large wavelength) Alfvénic waves
in the gravitationally stratified plasma. The reflection of Alfvénic waves is also
observed in the solar corona as explained in section [3.1.1} Though the forward
modelling of the uniturbulence models have shown that the LOS effects are
quite important while reproducing the observed spectroscopic properties of the
solar corona, the influence of uniturbulence (with minimal LOS integration)
on the nonthermal line broadening is yet to be ascertained.

3.3 Coronal Seismology

Apart from heating the solar corona Kink (Alfvénic) waves in the solar atmo-
sphere can be used to diagnose the local plasma conditions because properties
of waves depend on the properties of the medium in which they travel. Here, we
will discuss the seismological application of the kink(Alfvénic) waves in the so-
lar atmosphere, particularly in the open magnetic field regions. Recently, there
have been a significant developments in diagnosing the plasma conditions using
the principle of Bayesian inference (Anfinogentov et al., 2021} |Arregui, [2018)).
Arregui et al.| (2019); [Montes-Solis & Arregui (2020) have successfully used
the Bayesian inference techniques to infer the local plasma parameters and
field conditions for the standing and propagating kink waves. Though there
have been a plethora of studies in coronal seismology dedicated to inferring
the cross field density structures and magnetic fields in closed magnetic field
regions, there are limited studies on the application of the coronal seismology
of propagating kink waves in the open magnetic field regions. Morton et al.
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Fig. 10 Left: Wedge-shape correlation derived from the synthetic spectra obtained by per-
forming forward modelling on 3D MHD simulations and LOS integration over 100 segments
oscillating in the random directions and in random phases. Different colors represents dif-
ferent rms velocities used for exciting the Alfvénic waves at the bottom boundary. Right:
variation of the nonthermal line widths with height in the solar atmosphere. The variation
qualitatively matches with those observed in the solar corona. Different colors represent
different strength of the velocity drivers. Curve in black shows the variation of nonthermal

line widths without gravity (adapted from [Pant et al.| 2019).

applied the coronal seismology technique to estimate the density and
magnetic field variation at the location of open magnetic field regions. The
nature of variation of magnetic field with radial distance was consistent with
those predicted by the potential field source surface (PFSS) model. Similarly,
[Weberg et al.| (2020)) has estimated the density gradients studying the height
variation of the amplitude of the Alfvénic waves in the open magnetic field
regions. The nature of variation of density matches well with those derived
in Bemporad & Abbo| (2012). The observed slow variation of density leads
[Weberg et al.| (2020) to claim that there might exists an extended transition
region due to the presence of spicules. Magyar & Van Doorsselaere| (2018)) have
tested the accuracy of seismologic inversion to infer magnetic field strength in
open magnetic field regions using MHD simulations and forward modelling
of the propagating Alfvénic waves. They found that the accuracy of inver-
sions does not depend on the fine structuring and choice of the spectroscopic
lines. Recently, |[Yang et al.| (2020b]) and |Yang et al.| (2020a)) observed prevail-
ing transverse MHD waves with CoMP (which they identified as kink waves,
which have an Alfvénic nature) and used these waves, in conjunction with es-
timates of electron number density, to map the plane-of-sky component of the
global coronal magnetic field (found to be around 1 to 4 gauss, between 1.05 to
1.35 solar radii, where these results encompass both open and closed magnetic
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fields). Overall, these studies indicate that Alfvénic waves are a fundamental
feature of the Sun’s corona.

4 Connection with solar wind acceleration

Apart from heating the solar atmosphere and diagnosing the plasma condi-
tions, Alfvénic waves play an important role in accelerating the solar wind.
After the advent of space based observations, there has been a significant
observational and theoretical advancement in this topic of research.

4.1 Observational inputs

Recent observations show that Alfvénic waves are abundant at least at the
bottom of the open-field coronal hole regions.

The chromosphere of open-field regions is often filled with long spicules
(Pereira et al.,[2012). High-resolution and high-cadence observations from Hin-
ode/SOT have revealed the prevalence of swaying motions of spicules, which
have been interpreted as Alfvénic waves (De Pontieu et all,[2007). These trans-
verse waves have been found to reveal amplitudes of 10-25 km/s and periods
of 100-500 seconds. The estimated energy flux is on the order of 100 W m™2,
which is comparable to that required to drive the solar wind (for more detail
see [Van Doorsselaere et al.| (2020b))). The authors claimed that the discovery
of these waves supports the solar wind models based on dissipation of low-
frequency Alfvén waves. However, relatively higher frequency (~60 s) waves
have also been detected in some spicules, which may support solar wind mod-
els based on high-frequency Alfvén waves (He et al., 2009; Yurchyshyn et al.,
[2012} |Okamoto & De Pontieu, 2011)).

Signatures of twisting and torsional motions have also been reported in
spicules. From the chromospheric spectra taken by SST, [De Pontieu et al.
(2012) identified both swaying motions and torsional motions (also see [Srivas-
ftava et al. |2017). The amplitude of torsional motion is often slightly higher
than that of the transverse motion. A subsequent study using IRIS observa-
tions has largely confirmed the existence of these motions (De Pontieu et al.l
2014). Some of these torsional motions could be related to torsional Alfvén
waves, which may be associated with significant heating of the chromospheric
and coronal plasma.

IRIS has performed direct imaging and simultaneous spectroscopic obser-
vations of the solar transition region for the first time. The high-resolution
image sequences taken by IRIS have revealed the prevalence of intermittent
small-scale transition region jets from network lanes in the quiet Sun and
open-field coronal hole regions (Tian et al.l [2014} [Narang et al. |2016]). These
network jets are the most prominent dynamic features in the transition re-
gion, and some of them are likely the heating signature of the chromospheric
spicules (Pereira et al. [2014; Rouppe van der Voort et al.,|2015]), whereas oth-
ers appear to be the smallest jetlets discovered from SDO/AIA observations
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(Raouafi & Stenborg| [2014; Panesar et all, 2018). Tian et al| (2014) found
that these jets exhibit swaying motions similar to that found in chromospheric
spicules. In addition, the simultaneously taken spectra of Si IV 1393.77 are
found to be obviously broadened at the locations of these jets, demonstrating
that the well-known nonthermal broadening of transition region lines
is actually related to the network jets. As stated in their paper,
unresolved transverse motions associated with kink waves and torsional Alfvén
waves propagating along these jets are most likely responsible for the nonther-
mal broadening of the transition region spectral lines. The wave amplitude
was estimated to be ~20 km/s, and the energy flux associated with the waves
is 1-2 orders of magnitude higher than that required to drive the solar wind.

4.2 Theoretical modelling

The acceleration and heating of the solar wind are processes that are strongly
coupled. [Leer & Holzer| (1980) realised this by noticing that the density of the
wind at the critical point increases exponentially with the temperature at the
base of the corona. Hence, the only way of generating a fast wind is to deposit
the heat beyond the critical point. This fact naturally led to Alfvén waves be-
coming a favourite candidate for accelerating the solar wind (noting that the
slow magnetosonic waves do not show sufficient energy flux in the solar corona).
This result has been further supported by the detection of Alfvénic fluctua-
tions in-situ at distances 0.7-1AU by the Mariner 5 spacecraft by Belcher &
Davis , and Alfvénic waves permeating the base of the corona (Tomczyk
et al., [2007; Morton et all [2015; [Yang et al) [2020bja). However, the latter ob-
servations do not detect sufficient energy flux in the Alfvénic fluctuations for
coronal heating or solar wind acceleration, and the idea whether Alfvén waves
and turbulence could account for solar wind acceleration and heating is still

controversial (e.g., 2010).

Indeed, Alfvén waves are notoriously difficult to dissipate at the base of
the corona and the wave-action flux is expected to be constant with radial
distance due to stratification and no dissipation (assuming radial expansion
of the magnetic field in polar regions). This means that the non-linear factor
d0B/B is expected to steadily increase with radial distance .
Hence, non-linear effects, which are a major candidate for Alfvén wave dissi-
pation, become increasingly important at large distances (please see
for a review on solar wind models), while super-radial magnetic
field divergence may counter this effect (see the review, Abbo et al., [2016]). In
the nearly collisionless heliospheric solar wind plasma the eventual dissipation
of turbulence and heating must occur on kinetic scales and is modeled typi-
cally with hybrid or Particle-In-Cell (PIC) or Vlasov’s codes (for example, see
the review [Ofman| (2010)) and recently, (Franci et al) 2018; [Roberts & Ofman
2019; [Van Doorsselaere et all, 2016 [Arzamasskiy et al.l 2019 [Pecora et al.
2019} [Pezzi et all [2019)).

Y
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Both, compressible and incompressible models for Alfvén wave dissipation
have been successful in generating a corona and accelerating the solar wind.
However, these models usually rely on empirical or WKB description of the
waves, and the dissipation/heating processes are not modeled explicitly (i.e.,
the detailed physics is not included). Moreover, the perpendicular structuring
of the plasma, intrinsic for the corona, which affects dramatically the MHD
wave propagation, is usually neglected in these models. Regardless of the model
the aims are the same: secure a turbulent cascade and/or the generation of
small-scales down to kinetic dissipation scales in which the heating can take
place in the nearly collisionless plasma. In the lower solar corona and in active
regions collisions are more frequent, and MHD dissipation through viscosity
and resistivity may be appropriate. One way to achieve this, particularly ef-
fective at the base of the corona and in closed loops, is the nonlinear mode
conversion of Alfvén waves into longitudinal waves due to the centrifugal and
ponderomotive forces (see [Van Doorsselaere et al.| (2020b) for details). Since
the area expansion factor directly controls the amplitude of these forces, nu-
merical models have been successful at generating both the slow and fast solar
wind only by changing this factor and was shown first using 2.5D MHD by
Ofman & Davila| (1998). Another popular mechanism is the Alfvén wave tur-
bulence, which is discussed in the previous section, is based on the amount
of wave-to-wave interaction in very low-beta plasma conditions. Alfvén wave
turbulence can be achieved from linear processes as in the RMHD models
(e.g. [Velli, [1993] in which wave reflection is only achieved from the change in
Alfvén speed with height), or nonlinear processes such as the parametric decay
instability (PDI).

An important constraint in models of incompressible Alfvén wave turbu-
lence is the ratio of sunward to anti-sunward Alfvén wave energies. This ratio
is observed to increase with distance (Bavassano et al., [2000), from a value of
~ (0.3 at 1.5 AU to = 0.5 at 4 AU, a fact that appears in opposition to Alfvénic
turbulence due to the expected dynamic alignment effect (Dobrowolny et al.,
1980)). Indeed, a daughter (reflected) wave is expected to decay faster than a
parent wave, thereby leading to a dominant anti-sunward wave fraction and
a corresponding decrease with radial distance of the sunward to anti-sunward
ratio.

The PDI is an instability of the Alfvén wave in compressible low beta plas-
mas (Sagdeev & Galeevl, [1969; |Goldstein), |1978|) and applies to both circularly
polarised or linearly polarised waves. Assuming that the original (or parent)
wave is propagating rightward, due to interaction with a compressible wave
the rightward propagating Alfvén wave decays into a rightward propagating
acoustic wave and a leftward propagating Alfvén wave. This nonlinear reflec-
tion is also known as backscattering. Shoda & Yokoyamal (2016) show that
this kind of reflection due to compressible waves is substantial and allows to
explain the observed increase in the ratio of sunward to anti-sunward Alfvénic
fluctuations despite of the dynamic alignment effect.

Another important dissipation mechanism for Alfvén waves in the solar
wind is phase mixing (Heyvaerts & Priest| (1983), see [Van Doorsselaere et al.



MHD Wayves in open structures 33

(2020Db)) for details). This mechanism is efficient in the presence of large trans-
verse density inhomogeneity such as that produced by the PDI. The effects of
phase mixing on the dissipation of Alfvén waves due to background inhomo-
geneity in coronal holes were studied using 2.5D MHD and theoretical models
in the past (see the reviews |[Ofman) 2005, [2016). One of the first fully self
consistent models of fast solar wind acceleration by Alfvén waves in a trans-
versely inhomogeneous medium in 2.5D MHD was carried out by [Matsumoto
& Suzuki (2012).

By conducting a first of its kind 3D MHD numerical simulation including
compressible effects, |Shoda & Yokoyamal (2018) show that the early nonlinear
stage is dominated by phase mixing (as the kind discussed by Magyar et al.,
2017a), thanks to the fast growth of the PDI (see Figure (b) and (d)).
On the other hand, Alfvén wave turbulence dominates the fully nonlinear
stage (see Figure [11| (c) and (d)). It is therefore expected that regions with
large density fluctuation (that may be attributed to the PDI), such as the
coronal base and solar wind acceleration region (Raymond et al.l [2014), are
likely dominated by phase mixing, while the other regions are dominated by
Alfvén wave turbulence. The observed fast saturation of the non-thermal line
broadening (Hahn & Savin, [2013) may then be a consequence of the PDI-
driven large density fluctuations at the coronal base.

Recently, quasi-periodic fast propagating (QFPs) waves associated with
solar flares were discovered with SDO/AIA in EUV observations of coronal ac-
tive regions (Liu et al.,[2011)). These waves were identified as fast magnetosonic
waves using 3D MHD modeling as well as 2.5D MHD model in a waveguide,
and shown to carry significant energy flux for coronal heating (Ofman et al.,
2011; Nistico et all 2014; |Ofman & Liul |2018). On the other hand, using ob-
servations in the radio wavelengths |Kolotkov et al.| (2018) detected signatures
of QFP waves in the open coronal structure at about 1.7 Ry, carrying the
energy flux at least an order of magnitude lower than the local radiative losses.
Since the fast magnetosonic waves can travel across the magnetic field, they
can potentially transfer energy flux from flaring loops to open magnetic field
regions. Since the initial discovery the QFPs were observed in many events.
The observations of QFPs show that the waves damp within short distance
(several wavelengths) from the flaring source in an active regions, that is likely
due to the combination of magnetic field divergence and wave dissipation pro-
cesses. At present, the statistics and occurrence rate of the QFPs in the corona
is in initial stages of study (Liu et al., 2016]), and it is not yet known whether
the QFPs are produced at sufficient rate and amplitude for coronal heating.

The solar wind speed and the location of the heating are furthermore criti-
cally dependent on the photospheric perpendicular correlation length A\g, which
sets the length scale of the dominant driver for the transverse waves. The solar
wind speed generally increases with Ag (Verdini et al., 2010)), while the maxi-
mum temperature is almost constant with respect to it. As explained by Shoda,
et al.| (2018), this is because shock heating and turbulence heating readjust.
Indeed, a reduction in Ag leads to enhanced turbulence heating, which then
increases coronal pressure and reduces compressibility, thereby reducing the
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efficiency of shock heating. Values of Ay < 1 Mm lead to dominant turbulence
heating. However, compressibility still plays an essential role in this heating
since it enhances the wave reflection via the PDI (Shoda et al., 2018).

The value of A\ is determined by the properties of magnetoconvection, but
its dominant spatial range is still a matter of debate. If it is determined by
the photospheric kinetic energy peak then A\g ~ 1 Mm is expected
2014), case in which granulation (and thus the observed swaying motion of
flux tubes) is the main driver. However, sub-arcsecond magnetic patches and
vortex flows may be more energetically important, setting Ao ~ 0.1 Mm.
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Fig. 11 Growth of parametric decay instability (PDI) with time. (a): Circularly polarized
Alfvén wave. Top panel shows a transverse slice and bottom panel shows a longitudinal slice.
A random density fluctuation is imposed along z to trigger PDI. (b): At 127y (saturation
phase), PDI has fully developed in simulations leading to large density imhomogeneities
and phase mixing. (¢): At 247 (fully non-linear phase), Alfvén wave turbulence (AWT)
is developed. (d): Evolution of the growth rate of PDI, phase mixing, and Alfvén wave
turbulence of forward and backward propagating (denoted by + and -) with time. Initially,
PDI dominates the system. It leads to large transverse density inhomogeneities leading phase
mixing dominate the system in the saturation phase. Finally, in the fully non-linear phase,

AWT dominates the system. Adapted from (Shoda et al., |2018)

5 Summary and Future directions

The progress made in recent years in our understanding of MHD waves as
observed in open coronal structures is presented here. We particularly dis-
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cuss the results pertaining to slow magnetoacoustic waves and Alfvénic waves
alongside the role of latter in the acceleration of solar wind. The openness of
coronal structures is determined based on the wave propagation lengths (with
respect to the scale of the structure) but not on their magnetic connectivity.
So, as such, the relevant research on propagating slow waves in active region
loops is also discussed in this article.

It has been long known that the slow waves observed in active region
fan loops originate in the lower atmosphere. Recent high-resolution, multi-
instrument, multi-wavelength observations have provided a concrete evidence
to show that they are actually generated via the leakage of photospheric oscil-
lations into the outer layers (e.g.,|Jess et al.| [2012; [Krishna Prasad et al. [2015;
Zhao et al.,[2016; Chae et al.| |2017)). However, different schools of thought still
exist on how these photospheric oscillations are generated. Some researchers
find a connection with global p-modes while others demonstrate that they are
locally generated through turbulent magnetoconvection. The possible location
of the source region beneath the photosphere has also been discussed. Despite
having similar properties, the existence of long period oscillations observed in
polar regions is difficult to explain. Their origin has been studied in relation to
transient events (spicules, reconnection jets, stochastic transients, etc.) occur-
ring in the lower atmosphere (e.g.,|Jiao et al.,[2015; Samanta et al., 2015; |Yuan
et al., 2016} [Samanta et all |2019). While we are yet to find a solid evidence to
pinpoint to a single source, the bigger challenge, in fact, is to clearly distinguish
the PDs in terms of either slow waves or the recently discovered high-speed
quasi-periodic upflows. Indeed, using simple models of slow waves and periodic
flows, |De Moortel et al.| (2015) did not find any observational characteristics
that would allow to distinguish between the two interpretations in isolation
(i.e., without relying on a direct comparison between the two models) within
the spatial, temporal, and spectral limits of the current instruments. On the
other hand, [Verwichte et al.| (2010) demonstrated that the observables which
are usually considered as signatures of upflows could be easily explained in
terms of the wave model.

Recent work has highlighted that the PDs observed in network plage re-
gions might be more complex than a simple interpretation in terms of waves or
flows. [De Pontieu et al.| (2005) and [de Pontieu & Erdélyi (2006) already sug-
gested a close relationship between PDs in the corona and (type II) spicules,
based on the similarities in their properties. This was recently confirmed by
De Pontieu et al.| (2017)), based on combining SDO/ATA and IRIS observations
with numerical simulations by [Martinez-Sykora et al.| (2017)). Their modelling
results suggest that in plage region loops, PDs are the signatures of a complex
series of events where the generation of spicular flows is linked to shock waves
propagating into the corona and plasma heating derived from the dissipation
of both waves and electric currents. PDs are not always small-amplitude per-
turbations of a pre-existing coronal structure but can actually represent the
formation of new coronal strands. This complexity results in a mixture (and
hence wide range) of properties, particularly the propagation speeds, as aspects
of real flows, shock waves and current dissipation are all present, providing a
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natural explanation for the apparent contradictions in the interpretation of
PDs in the literature. Although they are generally reported to only contain
very modest energy budgets, PDs could play a significant role in the mass and
energy flow in the solar corona through their close link with spicule-driven
heating.

The rapid damping of slow waves has been extensively studied. It has
been found that PDs in polar regions exhibit anomalous frequency-dependent
damping (see Fig.[3)) which is not compatible with traditionally considered dis-
sipation mechanisms within the linear regime. It may seem that the damping
lengths are underestimated especially for longer periods because of the in-
strument sensitivity or other detection limitations at large distances from the
limb. However, the gradual decrease in damping length observed together with
the fact that the damping lengths at longer periods are actually smaller than
the possibly more reliable values at shorter periods makes these observational
results convincing and therefore, requires an explanation. The temperature
dependence of damping lengths in active region PDs also shows notable dis-
crepancies with the theory (see Fig.. The results appear to suggest that
thermal conduction is suppressed in hotter loops which is, although in agree-
ment with previous observations, counter-intuitive. Further investigations are
necessary to develop a proper understanding of this behaviour. The damping
of slow waves due to the newly introduced thermal misbalance, is another
interesting aspect to pursue further in the future.

A number of applications of slow waves that are useful to probe the plasma
temperature, magnetic field strength, thermal conduction, polytropic index,
and coronal heating function are discussed. While noting that there are still
limitations to the individual techniques applied (e.g., projection effects), one
may start exploring the scope of implementing the methods over large datasets.

Although indirect evidence of Alfvénic waves in the polar regions has been
known since early 1970s, only after the advent of high resolution imaging and
spectroscopic instruments such as ATA/SDO, EIS/Hinode, and CoMP, these
waves could be resolved both spatially and temporally. Past observations and
recent simulations have outlined the importance of studying the nonthermal
line widths in establishing the prevalence of Alfvénic waves in the solar atmo-
sphere and estimating the wave energy flux. The nonthermal line broadening
in the corona is found to be correlated with the Doppler velocities, a fea-
ture that can be reproduced by the propagating kink/Alfvénic waves in the
solar corona. However, in the transition region, IRIS observations have demon-
strated the cause of nonthermal broadening is the network jets (Tian et al.,
2014). Furthermore, the temperature dependence of the nonthermal broad-
ening (Chae et all [1998) is still not well understood. Could it be related to
different properties of Alfvén waves at different temperatures? Furthermore
the nature of variation of the nonthermal broadening with height is shown to
be dependent on temperature. For example, while the nonthermal line widths
of Fe X (red, 6347A) emission line increases with height, the nonthermal line
widths of Fe XIV (green, 5303A) emission line decreases with height in the so-
lar atmosphere at the locations of both open and closed magnetic field regions
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(Singh et al., 2002; Krishna Prasad et all |2013). Our understanding is quite
limited in explaining this nature of variation. Simultaneous multi-temperature
and high-resolution spectroscopic observations of the chromosphere, transi-
tion region and corona, such as observations that will be made by the SPICE
spectrometer on board Solar Orbiter, the proposed EUVST spectrograph, and
the proposed VELC spectrograph onboard ADITYA-L1 may be required to
answer these questions.

There have been significant improvements in the numerical models and
these have been somewhat successful in explaining a few observed properties
of the solar corona. Most of these models assume a hot corona already present.
Thus more efforts are needed to build a model that can self-consistently main-
tain the corona and reproduce the observed spectroscopic properties. Further-
more, the role of Alfvén(ic) waves in generating fine structures in the coronal
plumes should be investigated in more details and compared with the obser-
vations.

While MHD models could be appropriate for modeling waves and heating
in the lower coronal plasma, where collisions are frequent, in the heliospheric
plasma the collision are rare and the plasma and kinetic instabilities become
important, as evident from in-situ observations at 1AU by Wind and other
spacecraft, by Helios to 0.3AU and recently from Parker Solar Probe (PSP) in
the inner heliosphere. Therefore, while MHD models could be applied to model
the inertial range of turbulence and long wavelength MHD waves, kinetic mod-
els must be used to model important small-scale and kinetic processes, such as
resonant dissipation of turbulence cascade, temperature anisotropies and re-
lated plasma instabilities (such as ion-cyclotron, and firehose), as well as likely
Landau damping of compressional wave modes. Thus, the future direction of
wave studies in open coronal structures must extend the modeling into kinetic
regime in order to capture the physics of solar wind kinetic plasma processes,
evident in spacecraft observations.
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