Dynamic wave-modes in solar

chromospheric structures

Rahul Sharma

Supervisor: Prof. Robertus Erdélyi
Co-supervisor: Dr. Gary Verth

School of Mathematics and Statistics (SoMaS)
The University of Sheffield

This dissertation is submitted for the degree of

Doctor of Philosophy

December 2017






A AT SRS

sirya atmd jagatas tasthusas ca

The Sun, [is] the soul of whatever moves and stands
Rig Veda [1.115.1], 1700 BC






Declaration

The work in this thesis is based on the research carried out at the Solar Physics
and Space Plasma Research Center (SP2RC), within the School of Mathematics and
Statistics, Department of Applied Mathematics, at the University of Sheffield, England.
No part of this thesis has been submitted elsewhere for any other degree or qualification

and it is all my own work, unless referenced to the contrary in the text.

Rahul Sharma
December 2017






Acknowledgements

It is a great pleasure and honor, to express my gratitude to many people, who directly
or indirectly, helped me through my PhD years. First and foremost, I would like to
thank my supervisors Prof. Robertus Erdélyi and Dr. Gary Verth for mentoring me in
my academic pursuits in past 4 years. They are truly gifted scientists and it was my
privilege to work with them. Robertus, thank you for believing in me, and giving me
an opportunity to pursue my PhD at Sheffield. I have learnt a lot from you, and almost
everyday of my PhD, acknowledged your patience in dealing with my rather slow and
sometimes not-so-mathematical approach to the problems. Gary, you are amazing,
and am really grateful to you for introducing me to the subject, being available to
me and listening to my ideas, and encouraging me in the times, when I was lost and
confused. I am truly grateful to the School of Mathematics and Statistics for funding
my education and travels to many conferences, that I attended in course of my PhD.

At Sheffield, I met some of the most wonderful people in my life, my friends in
erstwhile H23c and now H23. Stuart, Sam, Nabil and Drew for teaching me Python
and dealing with my rather stupid queries on coding. Chris, you are simply awesome.
A discussion with you always provided me a “sanity-check” to my research. Freddie,
you are the best TeaMate one could ever ask for.. and also, other members of H23
(Mihai, Fin, Matt, Ellie, Rachael) for being unfortunate enough to share the same office
with me. Alex and Stevie for reminding me of my incapabilties of dealing with dense
Mathematics. My Hungarian friends (Tom, Norby, Mariana, Noemi) for teaching me
some of the most useful words in the language. Thanks are due to Aditi and Rekha ji,
for providing me the much needed ‘Indian’ environment, here in Sheffield. Thank you
for the food, samosas, chai and all the flavors that kept my taste-buds alive in here.

I am heartily grateful to Prof. P. Venkatakrishnan for introducing me to astronomy,
being my mentor and believing in my abilities to do science. Thank you for writing all
those recommendations for my “summer-science-ventures”, and to direct me on the
path to become a scientist. It’s my privilege to thank the staff and members of Udaipur
Solar Observatory, for allowing me to visit at their place and use their facilities, for

all those years. They exposed me to the wonders of science and especially, the solar



viii

physics. Further, my family at Mumbai, Jodhpur and Udaipur, deserve a special thank
for tolerating my adventures, which first appeared nothing like a proper career. To
both my sisters (Manju and Karuna) jiji .. thank you for everything !!

And last, but not the least, this thesis is dedicated to the loving memory of my
parents. After the death of my father, my mother which despite of all sorts of hardships
and difficulties, brought me up, educated and made me who I am today. I have no
words to express my gratitude for the love and affection, and the sacrifices she made,
all those years. This thesis is devoted to her.



Abstract

Sun’s outer atmosphere is a million degree hotter than it’s visible surface, which
is not understood with any of the known laws of thermodynamics and remains an
intriguing problem for the astrophysics in general. It is now believed that most
of the energy dissipation phenomenon occurs at the interface-region, which is a
highly dynamic, gravitationally stratified, nonlinear, inhomogeneous environment,
where the plasma-f3 varies from large, across unity, to very small. Previous studies,
suggests that energy from lower solar atmosphere is transported up higher in corona
by waves and oscillations through small-scale thin magnetic flux-tube structures, that
populate the interface-region. This thesis primarily focuses on the identification and
the understanding of the coupled linear/nonlinear wave-modes that are confined in the
observed flux-tube structures. High-resolution imaging-spectroscopy data from the
ground-based telescope is used to get an unprecedented view of the spicule structures
within the complex chromospheric environment. Innovative analysis techniques were
developed, for the first time, to investigate the three-dimensional (3D) ensemble of
the observed kinematic components. The subsequent analysis at both, pixel- and the
tube-scale, provided important insight into the nonlinear evolution of the coherent
wave-modes, along with their consequent affects on the ambient solar atmosphere. Key
findings include, the accurate interpretation of the observed spectroscopic (Doppler)
velocity profiles, which were akin for both torsional Alfvén and kink wave modes. It
was shown that the kinematic behavior of the kink wave-mode is not entirely transverse,
but also has associated rotational component, due to displaced surrounding plasma.
Also, the various observed kinematic components (transverse, cross-sectional width,
azimuthal torsion) which, till-date, were observed independent to each other were
found strongly coupled, with definitive phase-relationships. Furthermore, the non-
helical evolution of the coupled dynamical components across the interface region,
was found, due to the presence of a plethora of nonlinear wave phenomenon. The
analysis, presented in this thesis, on the dynamics in the solar chromosphere, can
provide the vital clues and insight into the mechanisms responsible for the transfer and

dissipation of energy.
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Chapter 1

Background

1.1 Introduction

One of the key unanswered questions remained in solar/steller astrophysics today is
related to the million degree hot Sun’s outer atmosphere, which is not yet understood
with any of the known laws of thermodynamics. The origins of this problem dates
back over 70 years, with the identification of the Fe 1X and Ca X1V spectral lines
(EdlIén, 1943; Grotrian, 1939) in the outer solar atmosphere, indicating the presence
of fully ionized plasma at million degrees. It is argued (Erdélyi, 2004, and references
therein), that the actual interpretation of these spectroscopy results, in terms of the
solar coronal heating problem was done in seminal work by Alfvén (1941). Since then,
several physical mechanisms, that include, magnetic reconnection, current-cascades,
turbulence, magnetic field braiding, magnetodydrodynamic (MHD) waves, etc., were
proposed (see reviews and references within; Arregui, 2015; Erdélyi, 2004; Golub
and Pasachoff, 1997; Kuperus, 1969; Kuperus et al., 1981) to answer this question,
from both theoretical and observational perspectives, that involve energy dissipation
through waves and/or magnetic reconnection.

One of the prime ingredients of all the energy transfer mechanisms is the magnetic
field. On Sun, the magnetic field is not found to be homogeneous, but in discrete
concentrations emerging out from the photosphere. Very large concentrations are
observed as sunspots, which remained the focus of solar magnetism as well as dynamo
theories. These form, what is known as, active regions and are the source of violent
explosive events, like solar flares. Despite of much interest dedicated towards quan-
tifying the role of these regions in the heating of the entire solar atmosphere, it was
not, yet, fully understood whether these localized regions of intense solar activity can

answer the long standing problem of the coronal heating. High-resolution ground- and
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space-based observations of the quiet-Sun’s photosphere also showed surface covered
with weak concentrations of magnetic fields. These magnetic fields emanating from
the intergranular lanes get concentrated by continuous buffeting of the photosphere
and forms the foot-points of individual flux tubes. These thin magnetic flux tubes
(MFTs) respond to the dynamical nature of solar surface and constantly emerge, move,
interact and dissipate at a very short period of time. Previous studies suggested that
mechanical energy/momentum (and mass) from the lower solar atmosphere is trans-
ported up higher in the corona by the MHD waves and oscillations through these thin
MEFT structures that populate the interface region (upper photosphere - chromosphere -
transition region - lower corona) between the lower and higher solar atmosphere.

Recently, Aschwanden et al. (2007) advocated that the coronal heating problem
is a paradoxical misnomer for the actual heating mechanisms that take place in the
solar interface-region. This region bridge the cold solar photosphere (and kinetic
pressure dominated) to the hot corona (and magnetic pressure dominated) and is home
to many complex (plasma and magnetic) physical processes. As this layer is effectively
bordered with the cold interplanetary environment, and subject to the radiative losses,
it is imperative that a significant amount of energy is required (~15 times higher) to
maintain its temperature at the order of 10* K (Fig. 1.1). Though, quest to answer
the heating problem attracted attention of the solar physics community to the physics
of corona itself, and had led serious efforts, both theoretical and observational, the
solar interface-region remained poorly understood, partly due to the observational
challenges and complex physical environment.

Recent, high-resolution ground- and space-based observations have revised the
interest of the solar community to the physical mechanisms in the interface-region,
through collective analytical, numerical and observational approaches. The under-
lying mechanisms of the energy transfer and dissipation processes in this layer are
duly reflected in the dynamics of the fine-scale structures that are observed in multi-
wavelength observations. This thesis deals with the observations and accurate iden-
tification of the associated MHD wave modes (linear/nonlinear), through innovative
methods to gain insight into the full three-dimensional processes of the dynamics,
and its possible role in chromospheric heating!. The interface-region, observed thin
magnetic flux tube structures and historic dynamical records (non-MHD and MHD)

are briefly reviewed in the following sections:

Here, this term is used only to imply the physical mechanisms required to maintain the equilibrium
temperature at the chromospheric layer.
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1000000 °C Corona

10 000 °C Upper Chromosphere

4 000 °C Lower Chromosphere
6 000 °C Photosphere

Fig. 1.1 Different consituent layers of the solar interface-region are shown. The temperature
from the kinetic pressure dominated lower solar atmosphere (photosphere), of the order of a
few thousand (x 10%) Kelvin, rises to several million (x 10®) Kelvin, in the magnetic-pressure
dominated corona. This steep-rise in the temperature profile at the interface-region is termed
as the coronal heating problem, and is at the focus of the research, to decipher the underlying
physical mechanisms. Image credit: ESA (http://www.esa.int/spaceinimages/Images/
2013/02/Cool_layer_in_a_Sun-like_star)

1.2 The heating at the Interface-Region

This region was first observed in the eclipse observations as a red/pink ‘arc’ around the
Sun, and was named as ‘chromosphere’ or the ‘colored-sphere‘ by two Englishmen,
Sir J. N. Lockyer (1836-1920) and E. Frankland (1825-1899). While, the earlier
observations were only possible at the times of the solar eclipse, by the mid-1800s,
astronomers were keen to explore this solar region by using spectroscopic techniques.
French astronomer, Pierre Jules Janssen (1824-1907) was credited as the first to use a
spectrograph, for solar chromospheric studies. At the same time, Sir Norman Lockyer
made similar attempt to observe the chromosphere in bright Hoe and Hg spectral lines,
for 20 October, 1868 eclipse in India, where, he made the discovery of Helium in the
solar atmosphere. However, the lack of the understanding of the atomic spectra and
the laws that govern the excitation of the atoms, earlier observations did not make

much progress, in regard to the accurate interpretation of observed flash spectrum.
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A major shift in the understanding of chromospheric observations came in 1920,
when an Indian physicist, M. N. Saha (1893-1956) published, what later came to
known as the Saha ionization equation (Saha, 1920). He proposed that, apart from the
temperature, gas-pressure also plays an important role in the degree of ionization of
a gas. Although, it did help to understand some of the observed features of the flash
spectra (emission from ionized metals), however still, the presence of other emission
lines, such as, hydrogen-Balmer, Ca 11-H/K, He 1-11, at the heights over 10 Mm,
remained unanswered. In simple terms, the temperature at these heights was high
enough for the electrons of hydrogen atoms to be excited from one energy level to the
other. While, the theoretical models predicted a fall in the temperature to around 4000
K, at the height of 0.5 Mm above the photosphere, they failed to explain the rise in the
temperature to around 8000 K at 2 Mm, and further, a steep rise to a million degree
corona. This meant, that for the variations in the plasma parameters (temperature,
pressure and density), for an extended inhomogeneous environment, there required
other physical mechanisms to balance the thermal energy losses.

In principle, in the solar chromosphere, the energy losses take place largely due
to radiation, thermal conduction and/or mass flows. However, the main cause of
energy loss is the radiative losses (Withbroe and Noyes, 1977). Any energy loss from
the other two factors (thermal conduction and flows) is restricted by the magnetic
fields in the complex chromospheric environment (Fig. 1.2). Magnetic fields bind
the plasma (mass and temperature) to only move along the magnetic fields, and not
across them (assuming, e.g., resistivity is negligible). Also, presence of any closed
magnetic configurations can further confine the chromospheric material to escape
to much greater heights. Though, the lower solar atmosphere (photosphere, lower
chromosphere) is kinetic pressure dominated, but it drops exponentially across the
interface-region and thereafter dominated by the magnetic pressure. The ratio of
the two (Kinetic to magnetic) pressures is expressed as plasma-f3 and its variation
across the interface-region is shown in Figure 1.3b. For these given physical condi-
tions, various theoretical models for the solar chromosphere were developed, with
both, homogeneous and inhomogeneous considerations, (Avrett and Loeser, 2008;
Shklovskii and Kononovich, 1958; Vernazza et al., 1973, 1976, 1981). These models
were built with many assumptions, about hydrostatic equilibrium, abundances, etc.,
to fairly match with the observations. Recent review on these models is given by
Carlsson (e.g., 2007). Figure 1.3, shows the magnetic and the plasma environment of
the solar interface-region, based on these given theoretical models and the associated

observational constraints.
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(a) Distribution of the temperature (blue) and the plasma density (hydrogen and electron)
across different layers of the solar interface-region. The parameters used for the plot were
adapted from the model chromospheric atmosphere given by Avrett and Loeser (2008). Image
credit: Song (2017).
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(b) Evolution of the plasma-f in the solar atmosphere. In the solar interface-region, the 3
parameter gradually varies from the plasma-pressure dominated photosphere to the magnetic-
pressure dominated corona. Vertical dash-dot line marks the region where both the pressures
(magnetic and plasma) are equal (8 = 1). Image credit: Gary (2001).

Fig. 1.3 Plasma and magnetic environment in the solar interface-region
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Till date, the theoretical, numerical and the observational studies identified, five
major categories of physical mechanisms that could compensate the energy losses, and

are given below:

1. Heating by the turbulent motions of chromospheric plasma: These were the
first attempts to find a valid reason for the rise in temperatures in the lower solar
atmosphere. In the early years, it was proposed that, in case, the features of the
solar chromosphere could assumed to have a Maxwellian velocity distribution,
then the turbulent motions in the chromospheric plasma could provide the
necessary heating. However, these mechanisms were not been able to account
for the further rise in the temperature to a million degrees across the solar
transition region. A detailed overview for these attempts is given by Mariska
(1986).

2. Energy deposition by the acoustic waves: The plasma number density in the
solar chromosphere shows a rapid decrease with height, and here, the perturba-
tions (acoustic) in the weak magnetic field regions (see, Narain and Ulmschnei-
der, 1990, 1996), can evolve as nonlinear or shock waves, which can dissipate
their energies at the transition region (Ulmschneider, 1981; Ulmschneider et al.,
2005). The heating is mainly due to the vertical component of the velocities,
though, a few studies question the amount of the total acoustic energy flux avail-
able for the observed thermal profiles (Fossum and Carlsson, 2005; Kalkofen,
2007).

3. Role of the magnetic fields (MHD waves): It is known that in, e.g., homoge-
neous and uniform plasma, three types of MHD waves are possible, viz, Alfvén
and slow or fast magnetoacoustic waves. Osterbrock (1961), showed that all
three categories of MHD waves can be damped in the lower solar atmosphere for
low magnetic field regions (< 50G). The observations and associated dissipation
mechanisms received vast interest from the solar community and is currently
the focus of research for the heating in partially ionized (chromospheric) plasma
(Khomenko and Collados, 2012; Soler et al., 2013). It was recently shown that,
the MHD wave damping can showcase two effects, ohmic dissipation when
the field is weak, and frictional heating, for stronger magnetic fields (Song and
Vasylitnas, 2011). For more comprehensive details on the MHD waves in the

solar chromosphere see reviews by Jess et al. (2015); Verth and Jess (2016).

4. By S5-minute oscillations: Since their discovery in 1960’s by Leighton and

colleagues, these also were considered as prime candidates for the possible
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energy source. The observations of waves with 5 minute periods in regions with
strong magnetic fields were reported (Jess et al., 2009; Ulrich, 1996) to have
sufficient energies to heat the lower solar atmosphere. However, the damping
mechanisms associated with these waves were not clear, and in absence of
any such mechanisms, the role of these waves remain questionable. Although,
high-frequency Alfvén waves can heavily damp (Leake et al., 2005; Osterbrock,
1961), those with wave-periods of around 5-minutes, might not damp efficiently

in the solar chromosphere.

5. Magnetic reconnection: It is a localized physical mechanism that involves
the rearrangement of the magnetic field lines with release of huge amount of
energy. In simplest scenarios, when two magnetic field lines, frozen in the
plasma, come close to each other, then at some point in time due to weak
non-ideal effects in Ohm’s law, they rearrange and reconnect. Though, this
idea was proposed as a key mechanism for the release of energy in solar flares
(Parker, 1957), it gained concrete observational support after the launch of
space-borne instrumentations onboard Yohkoh, and later from SoHO, TRACE,
RHESSI and SDO. However, the role of magnetic reconnection in coronal
heating was debated, due to it’s localized nature and prominence in regions
with high magnetic field concentrations (active regions). Later, it was proposed
that on much smaller spatial-scales, the reconnection phenomenon occurs as
nanoflares and can provide the necessary thermal energy input to sustain the
coronal temperatures (Cargill and Klimchuk, 2004). In lower solar atmosphere,
the signatures of magnetic reconnection process were routinely observed and
reported as bursts (Emslie and Noyes, 1978), explosive events (Dere et al., 1989),
blinkers (Harrison, 1997), Ellerman bombs (Rutten et al., 2013), IRIS bombs
(Peter et al., 2014), etc.

Apart from the mechanisms mentioned above, more complicated processes, e.g.,
resonant absorption (see review by, Goossens et al., 2011), phase-mixing (Heyvaerts
and Priest, 1983), compressional viscous heating, can also contribute to the heating
of the inhomogeneous solar atmosphere. Song and Vasylitinas (2011) in their study,
concluded two major factors for the lack of any conclusive mechanism for the chromo-
spheric/coronal heating. They stressed the confusions related with the radiative cooling
along with the temperature rise at the interface region in the available chromospheric
models. Furthermore, they highlighted the inaccurate interpretation of the observed
perturbations associated with the fine-scale structures, which could be taken as the

source of wave energy in the interface-region. The questions about the wave-mode
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identification and interpretation forms the central theme of this thesis. The following
sections, briefly review the observed fine-scale MFT structures, and the associated

dynamical behavior, in terms of the MHD wave-modes.

1.3 Jet-like structures in the Interface-Region

High-resolution observations have shown that the solar interface-region is a highly
dynamic, stratified and an inhomogeneous layer, which is populated by the features
that evolve over the course of a few seconds to several minutes (Tsiropoula et al., 2012).
According to Kalkofen (1990), the structures in the solar chromosphere (interface-
region) can broadly be classified into three regimes, based on the strength of the

observed emissions:

1. magnetic elements (closed and open) at the boundary of the supergranular cells,
2. bright points (grains) in the cells, and

3. the ambient quiet-chromosphere, also in the cell interior.

The closed magnetic systems that bridge regions of opposite polarities were ob-
served and first reported as low-lying arches in the chromospheric observations and
were named as “arch-filament systems” by Bruzek (1967). He showed that these
features have an average length of around 30 Mm, and lifetimes of about 30 minutes.
Similar features were also reported as “unresolved fine structure” (UFS) by Feldman
(1987). Recently, these structures were observed in multiple wavelengths from IRIS
spacecraft, with high Doppler velocities (~80 km/s) and lifetimes of around 200 sec
by Hansteen et al. (2014). Nevertheless, one of the most common building blocks of
the chromosphere are the thin magnetic flux tube structures (MFTs). These ubiquitous
jet-like features when observed, as clusters/bushes, are again classified on the basis of
location (on-disk/limb/active/quiet-Sun region), wavelength and physical properties
(lifetimes, density, plasma flows, length, etc.). At the limb (disk), these structures
are highlighted as intensity enhancements (depressions), suggestive of higher plasma
density as compared to the ambient environment. The dynamics and the physical con-
ditions of the lower solar atmosphere are well reflected in observed motions of MFT's
and are crucial to the understanding of the mass, energy and momentum transfer across
the interface-region. These reasons prompted many observational and mathematical
approaches, to gain the necessary insight into the origins and the physical behavior of

these structures. Since mid-1970s, papers by Parker (1974a,b) stimulated the efforts
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by proposing the hydrodynamic mechanism linked with the turbulent pumping and
conregated magnetic fields into the tube-like structures. These efforts were joined
by other theoretical works during the same period, investigating the fundamental
properties of these small-scale MFT structures (Cram and Wilson, 1975; Defouw,
1976; Roberts and Webb, 1978; Spruit, 1981).

The common mathematical approach? in those early attempts were based on the

MHD approximations, which were derived from the Maxwell’s equations:

V.B=0 (L.1)
aa—]? =V x (vxB)+npV°B (1.2)

P =Vt (V< B)x B pgl:) (13)
P pvov=0 (1.4)

A0 P) v (ptp) =0 (15)

Here, B, v, p, p, g, represent the magnetic field, velocity, pressure, density and

C

gravity respectively. d/dt = d/dt + v -V, magnetic diffusivity (np = —2) with

4dro
1.96ne?

6= (me Vei

) is the plasma conductivity. The magnetic flux tube with a cylindrical
geometry can be considered as a concentration of the magnetic flux/field-lines, for a
given surface S, which is bounded by a closed counter C. The magnetic lines of force
(B(r)) is then, the solution of the equations,
dr_rig_ o
B, by B,
By applying Gauss’s theorem to the equation (1.1), the total magnetic flux across

the closed surface S is taken as zero

/B-dS:O. (1.7)
S

This implied that each field line, that entered the closed surface, also left the surface,
while the total magnitude of the magnetic flux in the closed contour C remained

constant

2The mathematical description, presented here, is adopted from Ryutova (2015)
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<I>:/CB-dS. (1.8)

This also meant that the cross-section of the closed contour is inversely proportional
to the magnetic field strength. For a narrower flux tube, the magnetic field strength is
higher and vice-versa.

In order to maintain a hydrostatic equilibrium of a flux tube, let us assume that the
enclosed magnetic field only depends upon the axial coordinate (r), B = B(0,0,B,(r)).

Then, the momentum equation (1.3), for this case, becomes

1
~Vp+ o (VxB)xB—pg=0, (1.9)

where g is the gravity on solar surface. However, if this term is ignored, then,

BZ
p)+ 0,
(1.10)
B(r) BL(r)
plr) + 8T =Pet 87

Here, p,. is the gas pressure outside the flux tube. Equations (1.10) represent the
conditions for the static equilibrium of the flux tube, in an external environment, with
and without magnetic field (external). However, in the presence of gravity, acting
along the negative z-axis, equation (1.9) gives the relation

dp

T s =0, (111)

From the ideal gas law, the density of the plasma can be given as, p = mp/kT,

where ‘k’ is the Boltzman constant. Therefore,

|
— —d 1.12
P = po eXp(/O AG) Z), (1.12)
where,
kT
Az) = —, (1.13)
mg

is the scale height (pressure). The equation (1.12) can also be described in terms of
density (p) parameter, as,
To

p:pomexp(—/ozﬁdz). (1.14)
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Though, the smallest possible observation of the flux tube feature on the Sun
depends on the angular-resolution of the telescope, still wide-range of the flux tube
structures are routinely observed and analyzed for their physical properties and dy-
namical behavior. Brief overview of such commonly observed chromospheric MFT

structures are as follows:

1. Spicules: Reported first as “flames” by Father Angelo Secchi in 1877 from
observations at the Vatican Observatory (Secchi, 1877), and later as “wheat-field”
or “porcupine” patterns by (Lippincott, 1957), spicules are thin, jet-like struc-
tures, observed at the solar limb. Since their first discovery, around 140 years ago,
these features, are still, the key observational ‘window’ for the investigations re-
lated with the mass and energy transfer mechanisms across the interface-region.
Several excellent reviews on the early works, describing their models for origins
(Sterling, 2000), and also the observational properties (Beckers, 1968, 1972;
Beckers et al., 1966; Tsiropoula et al., 2012) were given. These features were
classified as types- I and 11 by De Pontieu et al. (2007¢), when observed in the
high-resolution Ca 11-H data from Hinode/SOT. It was suggested that type-1
spicules are long-lived structures with lifetimes of 3-7 minutes, velocities (~20
km/s) and bidirectional (upward and downward) mass flows, while the type-11
spicules are short-lived (50-100 sec), with higher velocities (~100 km/s) and
unidirectional (upward) flows. However, this classification was later questioned
by Zhang et al. (2012), where they did not found any differences in the observed
spicule cases, from a similar dataset. Recent, multi-spacecraft, multi-wavelength
data analysis for off-limb spicule structures by Pereira et al. (2014), showed that
spicules are multi-thermal species (Fig. 1.4) which traverse from one passband
to the other, and hence their classification, as types I or 11, based on the physical
characteristics derived from single wavelength observations, might not be appro-
priate. Nevertheless, at any given time, around 2x 107 spicules are found on the
solar surface (Judge and Carlsson, 2010), depending strongly upon the quality,
threshold intensity and height of the observations. Another important aspect of
spicule observation is their inclination with respect to the vertical. The angle
of inclination was found in the range ~20° (Beckers, 1968) to ~37° (Trujillo

Bueno et al., 2005), with an average of 23°.

2. Mottles: These constitute one of the most fundamental chromospheric struc-
tures, observed on the solar-disk in the quiet-Sun regions (left panel: Fig. 1.5a).
In past studies (Bhavilai, 1965; Tsiropoula et al., 1993), these structures were de-

bated as on-disk spicules, and also similar to the fibrils (Foukal, 1971b), in terms
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Fig. 1.4 Simultaneous observations of the off-limb spicule structures, by several space-based
platforms (Hinode/SOT, IRIS, AIA spacecraft), in different wavelengths (marked on the
images), indicating a multi/mixed-thermal nature of these structures. The spicules appear
longer with more extended lifetimes as percieved before in single-wavelength observations.
Image credit: Pereira et al. (2014).

of the origin and physical properties. On-disk, these structures appear in clusters,
as dark (absorbing) features in the Ha and Ca 11 wavelengths. These mottle
clusters occur either as chain-like patterns, originating from the intergranular
lanes between two supergranular cells, or as rossttes, which are comparatively
larger groups, observed at the junction of three or more supergranular cell
boundaries. Sawyer (1972), further classified these structures on the basis of
their observed shapes (oval, round, filamentary, arch and lumpy) for horizontal
lengths of the order 2-7.5 Mm (Bray and Loughhead, 1974). Though, due to
observational challenges, it is hard to determine the exact lifetimes of these
structures, but analysis do show mean-lifetime of mottles of the order of 13-14
minutes (Bratsolis et al., 1993).
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3. Rapid Red/Blue shifted Excursions (RREs/RBEs): These are the sudden,

perceptible shift in the Doppler estimates at either wing-positions of the line
profile, observed in Ca 11 and Ho passbands. These were first reported from on-
disk observations by Langangen et al. (2008), as the counterparts of the off-limb
spicules (type-1I) in Ca II line. They reported Doppler shifts in the blue-wing
of the line profile, without associated changes in the red-wing, around rosette
regions. These rapid blue-shifted excursions or RBEs had an average length of
around 1.2 Mm, with measured width of 0.5 Mm. The lifetimes and velocities
for these structures were of the order of 45+12 sec and 15-20 km/s. These were
also studied in Ha wavelengths, along with Ca 11, by Rouppe van der Voort et al.
(2009), using the high-resolution data from CRISP/SST (right panel: Fig. 1.5a).
They found that these features appear longer (~3 Mm) and with comparatively
high Doppler velocities (~35 km/s) in Ha line. Field-aligned flows, transverse
and torsional motions were reported, along with other statistical properties,
in a series of papers by Sekse et al. (2012, 2013a,b). They reported Doppler
velocities of the order of 15-40 km/s in the quiet-Sun regions and around 30-50
km/s in the coronal-holes. The transverse motions were also found to be of the
order of ~55 km/s with an average-lifetime of 30 sec, for these features. Kuridze
et al. (2015) analyzed the dynamical behavior of these features, observed in Ho
spectral line, and attributed the role of transverse velocities (50 - 150 km/s) in

the formation and appearance of these jet-like structures.

. Fibrils & Dynamic Fibrils (DFs): These are thin tube-like, elongated, highly

dynamic structures, usually observed near regions with high magnetic field
concentrations (active regions/plages). Those fibril features observed to close
proximity of the sunspots (penumbral-fibrils) show filamentary structures and
are closely linked with the low-lying loops, without jet-like behavior. These
features are also known as dynamic fibrils (DFs). On contrary, those found
near active-region plages, show jet-like behavior and have shorter lifetimes as
compared to those observed near sunsport penumbra. Observed in both Hor and
Ca 11 wavelengths, these structures show close resemblance to the mottles in
the quiet-Sun regions, in terms of appearance in clusters as bushes or rosettes.
Foukal (1971a,b) in his analysis, proposed compelling relationship between the
thin flux-tube structures observed near active-regions and those at the quiet-Sun
environment. He provided comparison between the physical parameters, such
as, lifetimes, length, density, velocities and the temperature, for the fibril and

spicular structures and concluded that, due to the strong magnetic fields, fibrils
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(a) Example of on-disk mottle structures (left), in the Ha line-core position, observed from the
Swedish Solar Telescope (SST). The curved/elongated/dark mottle structures are believed to be
emanating from the network region visible at the upper right corner of the image. Credit: De
Pontieu et al. (2007b). The panels in the right show examples of Rapid Blue-shifted Excursions
(RBEs) in Ho line (left: top) with corresponding Fe 630.2 nm blue wing magnetogram
(Ieft:bottom). Yellow and green lines (right:top-bottom) show detected paths of Ca 1T and Hot
RBE structures. Image credlt Rouppe van der Voort et al. (2009)
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(b) Left and right panels shows an active-region in the Hor wing position and at line-core,
observed from the Swedish Solar Telescope. The black and white contours represent the
negative and positive magnetic flux, taken from MDI/SoHO magnetogram, along with the
overlying dynamic fibril (DF) structures in the Hor observations. Image credit: De Pontieu
et al. (2007a)

Fig. 1.5 Examples of chromospheric mottles and RBE structures (top), observed in the Ha
observations and dynamical fibril features observed near an active-region (bottom).
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are more inclined to the vertical and appeared horizontal in on-disk observations.
Also, these structures were much more elongated than both spicule and mottle
structures. Their physical parameters were also studied in detail by De Pontieu
et al. (2007a) using high-resolution data from the Swedish Solar Telescope in
Ho wavelength (Fig. 1.5b). They reported the average length of observed DFs
to be 1.25 Mm, with magnitudes in the range 0.4-5.2 Mm. These structures were
found not varying much in time (lifetime in range 120-650 sec) with average
width of around 340 km, comparative to the estimated widths of 3601120 km
by Morton et al. (2012a) and ~265 km by Gafeira et al. (2017a) for Slender Ca
11 Fibrils (SCFs) (Gafeira et al., 2017b).

. Straws: These are much thinner counterparts of the mottles and were first

reported and labelled by Rutten (2006, 2007), using the high-resolution Ca 11 H
filter at the Dutch Open Telescope (Fig. 1.6a). These features were identified as
observationally distinct from other structures in the chromosphere with physical
properties, such as highly-dynamic, thin, long, and bright appearance against the
dark internetwork background. These structures occur in “hedge-rows” which
are bright/thin in Ca II passband, bright/thick/higher in Ly-ct, and blurry/dark in
Ho wavelengths. It was suggested by Rutten (2006) that these differences might
be the result of radiative-transfer effects and local transition-region conditions,
however, De Pontieu et al. (2007c) advocated these observed structures to be

type-1I spicules.

. X-ray jets: Active Region (AR) jets or X-ray jets are the high-energy counter-

parts of the dynamic features observed in the chromospheric and lower coronal
atmosphere (Fig. 1.6b). Primarily, these structures around ARs were first re-
ported by Shibata et al. (1992); Shimojo et al. (1996) using the YOHKOH’s
Soft X-ray Telescope (SXT), though recently, these were found ubiquitously
in quiet-Sun and coronal-hole regions as well (Raouafi et al., 2016). However,
irrespective of their location, these structures are observed in X-rays as bright-
streaks with corresponding foot-point brightening. Statistically, the average
length of these structures is around 15 Mm, lifetimes of duration ranging from
100 sec to ~4 hours, velocities around 100-400 km/s (Shimojo et al., 1996). The
estimated energy associated with these jet-eruptions is of the order of ~ 1026—2°
(Pucci et al., 2013; Shimojo and Shibata, 2000). To explain the origins of these
X-ray structures, earlier studies proposed the emerging flux model, which de-
scribes the reconnection between the newly emerging flux-elements with the

ambient coronal magnetic fields (Shibata et al., 1992). Moreover, newer reports
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(a) G-band, Ca 11 H wing and core images of a region, close to the solar limb, taken from the
Dutch Open Telescope (DOT). The magnetic network can be seen as bright patches in G-band
and Ca 11 H wing images, along with long, “straw” structures in Ca 1T H core image. Image
credit Rutten (2006)

20,000 km

(b) Example of a blowout jet observed in the coronal X-ray emissions from Hinode/XRT. Foot-
point brightening and the associated filament/arch-like structure is clearly visible, spaning up
to 20 Mm. Upward directed arrows mark the brightening in the arch-structure while downward
arrows directs to the lower leg of the strand features. Image credit: Moore et al. (2010)

Fig. 1.6 Examples of chromospheric “straw” structures (top), observed in Ca 11 H observations
and the high energy coronal X-ray jet features, with the arch-filament systems and foot-point
brightenings (bottom).
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also suggest the occurrence of these with the eruption of small-scale filament
structures in the solar chromosphere (Moore et al., 2010; Sterling et al., 2015).

For a much more comprehensive overview on the observations and associated
properties of these structures, the interested reader is directed to some excellent
reviews by Beckers (1972); Bray and Loughhead (1974); Raouafi et al. (2016); Rutten
(2006, 2007); Sterling (2000); Tsiropoula et al. (2012).

1.4 Kinematics of spicules

Because of the complex nature of the solar interface-region, and the observational diffi-
culties associated with the superimposed fine-scale MFT structures, the understanding
and thus interpretation of the dynamical behavior in these features remained challeng-
ing. The kinematic studies of the chromospheric thin MFT structures was pioneered
by W. O. Roberts® and his colleagues (Roberts, 1945; Roberts et al., 1949; Rush and
Roberts, 1954) in their reports for the off-limb spicules. By using a coronagraph with
a Lyot filter, these studies reported the rise- and fall-phase of the spicular plasma and
found velocities of ~40 km/s with lifetimes of about 120 sec. They concluded that the
visible apex of the spicule structure reached its maximum in a 5 minutes lifetime, with
the possibility that the plasma might not had shown both the rise- and fall-phase in
their observational data. Similar studies on the longitudinal motions of the off-limb
spicule structures were also reported by Lippincott (1957) and many others (see review
by Beckers, 1968, 1972). Also, the periodic field-aligned mass flows were reported for
on-disk mottle structures by Loughhead (1974).

The cross-sectional width of the spicular structures were reported since Father
Secchi’s first observation of these features. In his work (Secchi, 1877), by visual
inspection, deduced the width of the spicules to be of the order of 100-200 km in
Hao observations. Many other attempts, quoted in reviews mentioned above, listed
the spicular width in the range 100-2500 km, depending on the observed wavelength,
apparatus and the involved methods. However, the variations in the cross-sectional
width was first reported by Mouradian (1967), where the cross-sectional width was
reported to vary with a velocity of 0-70 km/s with an average of 22 km/s. This variation
was also correlated with the changes in the observed intensity, as the brighter spicules
shown more expansion, as compared to the dark/faded ones.

Transverse motions in spicules were reported as early as mid-1950s from the

spectroscopic (Doppler velocity) studies. Michard (1954) reported root mean squared

3Also credited as the first, to use the term, ‘spicules’ for off-limb jet-like MFT observations
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(rms) Doppler estimates of spicules, from Ho observations, of the order of about ~13
km/s, observed at the poles at a height of around 5 Mm. Athay and Bessey (1964)
studied these structures, both on-disk (at equator) and off-limb (at poles) and found the
rms velocities in the range 4-9 km/s in Hoe and D3 observations. They also discussed
the role of projection effects in the measurement of the Doppler velocities for the
inclined structures. However, a major impression in these earlier studies was that
the spicule motion is unidirectional, i.e., it either moves upwards or downwards, but
not both. The spicular plasma was believed to move in a particular direction before
getting diffused in the background atmosphere. While, a small number of cases with
the Doppler estimate reverse its magnitude, in Ha observations, were observed, but
considered unreal. A major paradigm shift in this view came from the studies reported
by Nikol’skii and Sazanov (1966), where they showed temporal variations in the
estimated Doppler velocities, with a period of around 1 minute. In their analysis, the
Doppler velocity magnitudes changed their signatures, which was later confirmed by
Zirker (1967), for the observations of MFT structures near plage regions. These early
observations on transverse motions in MFT structures continued their trend in the
following decades with more reports in 1970’s (Kulidzanishvili and Nikolskii, 1978;
Nikolsky and Platova, 1971; Weart, 1970), in 1980’s (Gadzhiev and Nikolskii, 1982;
Hasan and Keil, 1984; Kulidzanishvili and Zhugzhda, 1983), and in 1990’s (Papushev
and Salakhutdinov, 1994). One of the first space-based observation of spicules came
from De Pontieu et al. (2003a,b), where they reported periodic flows in these structures,
using data from TRACE satellite, in combination with ground-based observations.
Further observations in the EUV wavelengths was reported from SUMER/SoHO data
by Xia et al. (2005). They reported ~5 minute oscillations at solar limb locations by
analyzing Doppler velocity and intensity maps for the C I1I 977 A passband, with
spatial resolution of around 1”.

Earlier studies also showed strong indications of ubiquitous rotational motions in
the observed spicular structures. These indications came from the large number of
observed cases where the emission from spicule showed a relative-tilt in the spectro-
grams, measured in Ho and Ca 11 H/K wavelengths. Initially, tilts in spicule emission
spectra were reported by Michard (1956), but the physical mechanism responsible for
the tilt was not clear. It was suspected that at lower heights, similar tilts can originate
from two neighboring spicules with different spectra. However, this was not the case
in the reported studies from Beckers et al. (1966). They sampled the spectra at much
greater heights where superimposed spicule cases could be excluded, and the individ-
ual spicule structures could be examined in spectrograms. The gradient in Doppler

estimates in these cases, from examined spectrograms, could be either in longitudinal
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direction (along the spicule) or in direction perpendicular to the spicule axis (across
the spicule). In the first scenario, the estimated Doppler velocity would correlate well
with the tilt in spectrogram, which implied the overall spicule displacement in the
observer’s line-of-sight (LOS). However, in the later case, if the Doppler shift did not
correlated well, then could have been taken as an indicative signature for the rotation
of the spicule axis. The analysis showed a disconnect in the measured Doppler veloci-
ties and the observed tilt, further strengthening the implications for spicule rotation.
While Beckers et al. (1966) estimated the rotational velocity of the order of 20 km/s,
Pasachoff et al. (1968) estimated the velocity, by analyzing multi-wavelength spicule
observations, to be around 30 km/s for an average of 2° tilt in the spectra. Avery
(1970) also analyzed spicule cases in Ca 11-K wavelength and concluded the rotational

behavior in spicule structures.

1.5 MHD wave-modes in spicules

Though, these ‘historical’ studies (see review by; Zaqarashvili and Erdélyi, 2009)
did established the fact that the MFT dynamics constitute the longitudinal or field-
aligned motions (upwards and downwards), cross-sectional width variations, transverse
motions (both along and perpendicular to the observer’s LOS), and the rotational
motions, but still, these observed ‘independent’ dynamical components were only
diagnosed from kinematic perspectives and not from MHD objectives. This can mostly
be accounted to the limitations of the existing instrumentation and the observing
facilities, with an exception of a few studies, which did attempted to investigate
the periodicities in the observed dynamics, as listed above. The advent of modern
ground- and space-based facilities allowed higher-resolution (spatial and temporal)
data for investigations, which further helped in the progress in the understanding of
the oscillatory behavior in the observed (on-disk and off-limb) chromospheric MFT
features.

In principle, the MHD wave theory permits the possibility of infinite number of
orthogonal wave-mode(s) in the MFT structures, categorized, in the linear domain,
by azimuthal (m) and axial (k;) wavenumbers in the thin-tube approximation, i.e.,
the radius of the waveguide is very small as compared to the observed length (tube-
radius < length). The waveguide is assumed to be cylindrical in geometry with the
wavenumbers derived from the observed quantities, such as, frequency, phase speed,
and the wavelength. Understanding the observed kinematic behavior in terms of MHD

wave-mode(s) have certain advantages. Though, multiple MHD wave-modes can exist
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Fig. 1.7 Different possible linear MHD wave-modes (for m = 0 - 2) in a waveguide with
a cylindrical geometry. Left to right: Unperturbed or equilibrium position/condition of the
waveguide, when subjected to periodic axisymmetric cross-sectional width variations, show
the sausage wave-mode, with azimuthal wavenumber (m = 0). If in case, the axis of the tube
is displaced from its equilibrium position, then it is the kink wave mode, with azimuthal
wavenumber m = 1. The higher-order azimuthal wavenumber m = 2, with non-axisymmetric
variations in cross-sectional width, could be indicative of fluting wave modes. Last, the
axisymmetric torsional Alfvén mode (m = 0), which is essentially a propagating twist of
magnetic field. Image credit: Braithwaite (2006); Van Doorsselaere et al. (2008).

superimposed/confined in the MFT waveguides, the identification of the dominant
wave-modes could have paramount merits for wave physics. First, the accurate identi-
fication of the confined wave-mode can allow us to more precisely estimate the energy
budget available for the heating in the interface-region. Each wave-mode can have
its discrete damping mechanism, through which the mechanical energy and momen-
tum confined in the waveguide could be dissipated in the surrounding environment.
Also, the wave-modes can be used for the estimation of physical parameters (density,
magnetic field), which cannot be diagnosed directly from the available observational
methods. Until now, due to observational limitations, the observed kinetic behavior is
broadly classified in terms of three, low order, fundamental MHD wave-modes, viz,
kink, sausage and torsional Alfvén (Fig. 1.7). A few reported cases for these MHD

modes are summarized as follows:

1. Kink (m = 1) wave-mode: It is ideally the only MHD wave-mode, which inde-

pendently can displace the magnetic waveguide, with magnetic tension as the
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main restoring force (Goossens et al., 2009). Despite the fact that this weakly
compressible, non-axisymmetric wave-mode is routinely observed as transverse
displacements in chromospheric MFT structures, the interpretation of this kine-
matic behavior in terms of MHD kink mode was first given by Kukhianidze
et al. (2006). By using the Hor data from the 53 cm Lyot coronagraph at the
Abastumani Astrophysical Observatory (Georgia), they reported the transverse
kink waves of wavelength ~3.5 Mm with a period of 35-70 sec. De Pontieu
et al. (2007d) analyzed 94 spicule cases from Hinode/SOT data and reported
transverse oscillations with amplitudes of the order of 10-25 km/s and period of
100-500 sec. However, they interpreted the oscillations as Alfvén or Alfvénic
wave-mode which was strongly debated by some studies (Erdélyi and Fedun,
2007; Goossens et al., 2014; Van Doorsselaere et al., 2008). Similar velocity
amplitudes but with periods of the order of 40-50 sec were reported by He et al.
(2009). Their analysis also included the estimation of the upward propagation
velocity of the waves, which was found in the range 60-150 km/s. Okamoto and
De Pontieu (2011) in their analysis of about 89 spicule cases, found that there
exists a mixture of waves (upward, downward, superimposed or standing) in
these waveguides. Around 59% of the waves were found upward propagating,
21% to be downward while around 20% were believed to be the superimposition
of the two above. Measured kink wave properties in spicular waveguides were
also used to probe the physical parameters of the ambient solar atmosphere
(Abbasvand et al., 2015; Kim et al., 2008; Morton, 2014; Verth et al., 2011).
The observed transverse kink waves were further reported by many studies in
association with their reconnection-like origins, high-frequency oscillations,
multi-threaded structures in recent years (Ebadi, 2013; Ebadi and Ghiassi, 2014;
Ebadi and Khoshrangbaf, 2014; Ebadi et al., 2012; Shetye et al., 2016, 2017;
Tavabi et al., 2015). Observations of kink wave modes were not limited to
off-limb spicule structures, but also in the on-disk MFT features located near
active-regions and also in the quiet-Sun chromosphere. Pietarila et al. (2011)
identified kink wave signatures in high-resolution (spatial and temporal) Ca
11 data for fibril structures near an active-region and found the observed wave
properties, very similar to those reported for off-limb spicular structures. This
was followed by a series of papers from Morton et al. (2013, 2014, 2012b),
who reported studies for around 1688 on-disk fibril structures with velocity
amplitudes around 5-25 km/s and wave period in the range 94-130 sec, and
also recently, by Mooroogen et al. (2017), which is in agreement with the wave

properties reported for spicule structures. Other chromospheric features were
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also analyzed in a great detail by (Kuridze et al., 2012, 2013) for on-disk mottles
and rapid blue/red-shifted excursions, observed in both Hoe and Ca 11 passbands,
(Kuridze et al., 2015; Rouppe van der Voort et al., 2009; Sekse et al., 2012,
2013a,b) with transverse velocity amplitudes and periods of the same order as

for the spicule structures.

2. Sausage (m = 0) wave-mode: This highly compressible and axisymmetric
MHD wave-mode is observed as the periodic variation in the cross-sectional
width of the feature and associated photometric changes. This wave-mode was
first reported by Jess et al. (2012), for on-disk MFT structures using the Ha data
from ROSA/DST. The sausage mode observations were found along with the
kink wave mode, in agreement to their 2D MHD simulation for the foot-point
driver for such motions. Similar observations were reported later by Morton et al.
(2012a), also using the Ha data from ROSA/DST. They reported the concurrent
observations of sausage and kink wave-modes in fibril structures, with sausage
waves having period in range 135-241 sec and transverse velocities of the order
1-2 km/s. Recently, Gafeira et al. (2017a) reported the cross-sectional width
oscillations, using Sunrise balloon experiment observations, along with the
coupled intensity oscillations for on-disk slender Ca 11 Fibrils (SCF) structures
with mean periods 32+17 sec and 36+25 sec, respectively, for cross-sectional
width and intensity variations. They also concluded that both these oscillating

parameters propagate with velocities of ~11 km/s and ~15 km/s, respectively.

3. Torsional Alfvén (m = 0) mode: These are ideally incompressible wave-modes
which can exist with any wavenumber (m), and are observed as periodic ax-
isymmetric red-blue shifts in the spectroscopic (Doppler) measurements. Since,
chromospheric MFT structures are rooted in the intergranular lanes, the vortex
motions at the footpoint can inject the torsionality or azimuthal shear in these
structures. Jess et al. (2009), first reported torsional Alfvén oscillations for a
magnetic bright point, with 180° phase-shift across the structure, with no asso-
ciated intensity and transverse oscillations. De Pontieu et al. (2012) exploited
the high-resolution capabilities of the CRISP and TRIPPEL spectrographs at
the Swedish Solar Telescope (SST), and resolved the axisymmetric red-blue
shifts in spicule structures in both Ha and Ca 11 H data. They interpreted the
Doppler observations, aided with Monte-Carlo simulations, as signatures of tor-
sional Alfvén waves. Torsional motions of the order of 25-30 km/s, along with
transverse (15-20 km/s) and longitudinal flows (50-100 km/) were found in their

studies. Similar observations for on-disk RRE/RBE structures were reported by
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Sekse et al. (2013b). In their studies, they found that these ubiquitous rotational
motions are observed, along with, transverse and field-aligned longitudinal flows.
However, these studies (De Pontieu et al., 2012; Sekse et al., 2013b) assumed
the independent nature of the observed kinematic components, confined in
the spicular waveguides. Recently, Srivastava et al. (2017), also analyzed Ho
imaging-spectroscopy data from CRISP/SST and claimed high frequency (<
50 sec) torsional motions in on-disk spicule structures, and interpreted these as

torsional Alfvén waves.

Apart from these kinematic components, the longitudinal (field-aligned) motions
were also observed and reported by Pereira et al. (2012). They found that spicules
(type-1) with relatively longer lifetimes (150-400 sec) in Ca 11 wavelength, had an
upflow/downflow plasma velocities of the order of 15-40 km/s while their more
energetic counterparts, type-II spicules with lower lifetime (50-150 sec) had velocities
in the range 30-110 km/s. However, Pereira et al. (2014), using multiwavelength
observations from IRIS spacecraft, did report that these structures, when faded in a
particular passband, do reappear in the other, while reaching much greater heights
(20 Mm), with longer lifetimes (500-800 sec) than previously estimated. A more
comprehensive overview of the MHD wave-modes in chromospheric MFT waveguides
can be found in reviews by Jess et al. (2015); Verth and Jess (2016); Zaqarashvili and
Erdélyi (2009). The observed kinematic components as different MHD wave-modes
are summarized in the Table (1.1) below:
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1.6 Outline of the thesis

In this thesis, the dynamical behavior of spicules are analyzed at both pixel- and
tube-scale for the accurate interpretation of the confined MHD wave-modes. Novel
analysis techniques are developed to combine the observed kinematics in imaging and
spectroscopy to better understand the coupled plane-of-sky and line-of-sight dynamics.
For the first time, proxies for the plasma and magnetic field perturbations in the
ambient chromospheric environment are estimated to accurately identify the wave
behavior, along with nonlinear evolution of dynamics over height and time. The newly
developed technique provided an unique insight into the behavior of spicule structures,
which are mathematically modeled as thin magnetic flux tubes (MFTs). Key kinematic
aspects, such as, coupled rotational and transverse nature of kink wave mode, nonlinear
kink wave behavior, presence of multiple wave modes (kink, sausage, and torsional
Alfvén), which were only postulated in theory and simulation before, were established
using the state-of-the-art observational evidence. This thesis provides a step-change in
the analysis of imaging-spectroscopy data and interpretation of the observed behavior
of thin chromospheric waveguides. The main chapterwise results are as follows:
Chapter 2 will discuss the imaging-spectroscopy data used in the study, Chapter 3
showcase the coupled transverse and rotational (LOS-dependent) nature of the kink
wave-mode, and also, its observational differences from torsional Alfvén wave-mode
through ambient plasma and magnetic pressure perturbations. The results confirm the
coupled transverse and rotational components associated with kink wave mode when
observed from different view-angles. Chapter 4, highlights, the coupled nonlinear
MHD kink behavior of the spicule dynamics, and its phase relationship with the
other observed kinematic components (cross-sectional width, intensity, azimuthal
shear/torsion). Chapter 5, emphasizes the evolution of the out-of-phase, transverse
components in the observer’s POS and LOS, along with complex, non-helical motions,
due to the presence of multiple wave modes in the structure. Finally, Chapter 6

concludes the main results from the thesis and also the future/ongoing projects.



Chapter 2

Observations

2.1 Background

To acquire a good quality dataset for the study of the dynamics of the small-scale
structures is not an easy task. An observer’s ideal wish-list for such a dataset typically
consists of the highest possible spatial and temporal resolution with ample spectral
line-scans, in optimal/multiple wavelengths to capture the observed phenomenon in
a great detail and serve the scientific needs. This further depends upon the target
layer (photosphere, chromosphere or corona) in the solar atmosphere, region (active
or quiet-Sun) and the location (near-disk or at the limb) on the Sun. Unfortunately,
all these requirements are difficult to be met at the same time and often results in the
conflicting scenarios, which depend upon the instrumentation and the observational
(e.g., seeing conditions for ground-based) limitations. A higher spectral resolution can
result in the lower photon flux-count for the detector, causing in an increase in the
temporal resolution, in order to compensate the spatial resolution. Again, these two
specifications are an utmost requirement for an effective acquisition of the small-scale
dynamical behavior shown by the targeted feature(s).

However, during the past few decades, observations from a variety of platforms
at ground- (e.g., CRISP/SST; Scharmer et al. (2003, 2008), ROSA/DST; Jess et al.
(2010), IBIS/DST; Cavallini and IBIS Team (2004), NST; Cao et al. (2010)), air-
(Sunrise/ImaX; Solanki et al. (2010)), rocket-borne (e.g., Hi-C; Cirtain et al. (2013),
CLASP; Kano et al. (2012)) and space-based facilities (SOHO; Domingo et al. (1995),
Hinode; Kosugi et al. (2007), SDO; Pesnell et al. (2012), IRIS; De Pontieu et al. (2014)),
along with the state-of-the-art processing techniques have provided an enormous
wealth of information about the dynamic phenomena that occur in the solar atmosphere

over a wide range of spatial, spectral and temporal scales. This chapter, summarizes
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the telescope and the instrument used to acquire the data, post-processing techniques
involved, and the observed spicule cases, along with their selection criterion and

fundamental physical properties (height, lifetime, length, etc.).

2.2 Ground-based observations

Despite the fact that the ground-based observations suffer from the ‘seeing-conditions’
and the wavelength filtering by the Earth’s atmospheric blanket, there are certain
relative advantages in using ground-based facilities for the study of the small-scale
features in the solar atmosphere. One of the biggest advantages of any ground-based
observations, other than the highest possible angular resolution, is the ‘customization’
of the dataset, to suit the needs of the scientific query. The observer can choose
from a combination of imaging, spectroscopy and polarimetry, to access (directly or
indirectly) the physical behavior of the feature of interest. Another benefit is from
the possibility of upgradation/combination of the instruments at much lower costs
when compared to a space-based facility. This thesis used data from the Swedish Solar
Telescope (SST), which along with the relevant post-processing techniques involved,

are described below.

2.2.1 Swedish Solar Telescope (SST) and the CRISP instrument

The data used in the study are taken from the Swedish Solar Telescope (SST), located
on the island of La Palma, at an altitude of around 2400 meters above the sea-level in
a 17 meter high tower (Fig. 2.1a). The current facility is the successor of the Swedish
Vacuum Solar Telescope (SVST) which became unoperational in August, 2000. SST
has an aperture of 98 cm and is equipped with the state-of-the-art modern back-
end instruments and Adaptive Optics (A.O.) systems. This 21* century observatory
achieved its first-light in March, 2002, with a limited initial set-up. The telescope
is a refractor-type with a vacuum tower design. Light enters from the top of the
telescope, and is focused for all observable wavelengths by a Schupmann corrector,
before being fed onto an observing table. The light then passes through a series of
beam-splitters and pre-filters to isolate the intended wavelengths for the observational
run. A portion of this light is then passed into the A.O. systems to correct the
effects of the seeing throughout the data collection period. The telescope has three
major instruments, namely, the CHROMospheric Imaging Spectrometer (CHROMIS),
installed in 2016 which operates at wavelengths in the range 380-500 nm, the CRisp
Imaging SpectroPolarimeter (CRISP), installed in 2008 which operates from 510 to



2.2 Ground-based observations 31

860 nm, and the TRI-Port Polarimetric Echelle-Littrow (TRIPPEL), which observes in
the wavelength range of about 380-1100 nm.

The data used in this thesis were obtained from the CRisp Imaging SpectroPo-
larimeter (CRISP) instrument (Fig. 2.1b). The CRISP instrument is usable for the
wavelength range 510 — 860 nm and has two Fabry-Pérot Interferometers (FPIs) with
a field-of-view (FOV) of 60” x 60" and a pixel size of approximately 0.059”. The
A.O. system for the telescope consists of a tip-tilt mirror and a deformable mirror
to compensate the effects of atmospheric distortions in the images. Details on the

instrument are discussed by Scharmer et al. (2008).

2.2.2 The Ho spectral line and data

The wavelength used for the observations is the Balmer series Ha (656.3 nm) spectral
line, which is considered to be an excellent tool to understand the behavior of the
structures in the solar Interface-region (Leenaarts et al., 2007; Rutten, 2008). The Hox
spectral profile is usually an absorption line with the wing-positions highlighting the
photospheric contributions when observed on-disk, while the line-core samples the
chromosphere (Fig. 2.3). The Ha (656.3 nm) spectral line forms due to the transition
of the electrons in between the second and the third energy levels (orbits/shells) of
a hydrogen atom. These transitions of electrons in the hydrogen atom primarily
follow the mechanisms involving the radiative ionization and recombination of the
energy level populations. These mechanisms prevail over other processes that involve
collisional transitions between the energy levels, thus making the Ha line more
sensitive to the mass density, rather than the local temperature. The regions responsible
for the ionization (Balmer and Paschen continua) usually originate in the lower to the
middle photosphere and remain nearly constant, irrespective of the chromospheric
dynamics in the quiet-Sun environment. It is only for the energetic events (e.g., flares)
that when the high-energy electrons are injected into the chromosphere, the Ho line
responds to the temperature variations and becomes an emission line. Furthermore,
observationally, the Ho chromosphere is finely structured with the magnetic fields
highlighted by the absorption of the plasma (Leenaarts et al., 2012) and exhibiting rich
dynamics that could be diagnosed with imaging-spectroscopy techniques.

The imaging-spectroscopy technique provides an important diagnostic edge to
understand the dynamical behavior of the feature in both the observer’s line-of-sight
(LOS) and the plane-of-sky (POS), along with other key physical information. The
Ho imaging-spectroscopy data (Fig. 2.2) taken in between 07:15-07:48 UT, June 21,
2012, targeting an Active Region (NOAA AR11504) which consisted of 2 sunspots at
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o e

(a) The Swedish Solar Telescope (SST) at the island of La Palma, Canary Islands. The primary
mirror of the telescope can be seen at the top of the tower building. The building structure
itself harbors the vacuum tower beneath it. (Image courtesy: Nabil Freij.)

(b) The CRisp Imaging SpectroPolarimeter (CRISP) instrument is shown along with the filter
wheel. (Image courtesy: Nabil Freij.)

Fig. 2.1 The Swedish Solar Telescope (a) and the CRISP instrument (b) facilities used to
obtain the imaging-spectroscopy Ho data used in the thesis.
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Fig. 2.2 The target region over a course of a few days before the CRISP/SST data were taken.
Top panels show the Ho images of the sunspots (taken from www.solarmonitor.org), on
18 and 19 June, 2012, which were the target of CRISP/SST observations used in the thesis.
Middle panels show the region on 20 June, 2012, along with the CRISP/SST field-of-view

(FOV) at the limb on 21 June, 2012. Bottom panel shows the Hor limb observations with the
spicule structures analyzed to understand the dynamical behavior.
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the limb position (heliocentric coordinates with respect to disk center, hereby denoted
as: ® = 893", ® =-250"). The AR was scanned using 31 equally spaced line positions
with 86 mA, steps from -1.376 to +1.29 A, relative to line center, along with additional
4 positions in the far blue wing from -1.376 to -2.064 A.

The spicule structures are clearly visible at the limb, though it is not apparent
from the observations that whether the structures are rooted in an active or quiet-Sun
region. CRISP/SST field-of-view shows the active regions and also the plage regions
around them, but the spicules are not near any of these and might be originating
from somewhere behind. Other ground-based full disk images of previous days were
examined and are concluded that the spicules might have originated from a quiet-Sun
region. This information is useful for the background magnetic field approximations
used in Chapter 3.

2.2.3 Post-processing methods

Once the data are acquired by the instrument at the telescope, they have certain imper-
fections due to the atmospheric and/or instrument factors. The distortion and/or blurri-
ness in the acquired data are largely due to the turbulence in the Earth’s atmosphere,
which, to most extent, is controlled by the A.O. system available at the observation
site. However, still there are certain essential steps needed to minimize/remove the
imperfections and restore the image. The standard procedures (de la Cruz Rodriguez
et al., 2015) available in the image pipeline for CRISP data were implemented. Gener-
ally, these preprocessing steps include taking target, continuum, flat-fields and dark

images, which are described as follows:

1. Target: Generally, a target grid is located at the primary focal plane, in front of
the observing instrument. These frames show a grid of lines, which are used to

focus and align the cameras, and are important for further image reconstruction.

2. Continuum: These data are taken with the same parameters as with sunlight
but using a continuum source, in order to test the transmission of the scanning

narrow-band channel.

3. Flat-fields: These are the image frames taken to account the sensitivity at
each pixel. The camera is operated with the same scanning parameters, but by
avoiding any solar structures. The telescope is pointed at a random location

around the solar disk center at quiet-Sun regions.
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(c) CRISP/SST FOV at the line-scan (Ay) position +0.774 A from the line-core.

Fig. 2.3 Panels showing (a-c) the samples of imaging-spectroscopy data taken on June 21,
2012, at three line-scan positions of the Hot spectral profile, at both wing and core positions,
respectively. Contributions from the photosphere and the chromosphere are clearly visible with
fine-scale spicule structures on-disk and at the limb. Dashed vertical-lines in the right panels
mark the position of the line core, in the plot of the Hot line-profile.
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4. Darks: These are the random photon-noise that is present within the camera.
These are collected by operating the camera with closed lens and same exposure
as that for science observations. This instrument effect is then removed from the

scientific data.

The instrument effects are then reduced in the pre-restoration images by using the

following:

(Raw Frame) — (Mean Dark)

Reduced F =
educed Frame (Mean Flat field) — (Mean Dark)

The data obtained from the observations are further processed by image recon-
struction techniques. These include speckle and blind deconvolution methods, which
are used to minimize the aberrations in the obtained data to achieve the spatial resolu-
tion close to the diffraction limit of the aperture of the telescope. The data, used in
the thesis, were processed using the Multi-Object Multi Frame Blind Deconvolution
(MOMFBD; van Noort et al., 2005) image restoration algorithm.

2.3 Candidate spicule cases

The final science-grade data of ~30 min duration had a pixel size of 0.059” (~43
km), angular-resolution of 0.13” (~95 km), and a cadence of 7.7 sec. Note that for
this dataset, there were no simultaneous observations in the continuum available to
normalize the Ha spectral line profiles to. The data at the solar limb, showed spicule
structures (Fig. 2.3) at far-wing positions in the Ha line profile. Spicules appear in
clusters or bushes which makes identification and tracking of individual structures a
challenging task. Eight spicule structures (Fig. 2.4) were selected for the analysis,
presented throughout this thesis, on the basis that they were distinct enough from the
background and other features in the image frame during their lifetime in the respective
line-scan positions. The observed physical parameters (e.g., lifetimes, inclination,
length etc.) are given in Table 2.1 and were found consistent with previous reports
(Tsiropoula et al., 2012). The average lifetime of spicules under study was about 127
sec while the projected inclination angle with respect to the vertical was about 25.47°.
Subsequent space- and ground-based, full-disk images from earlier dates (Fig. 2.2)
support the fact that the observed off-limb spicules originated from a quiet-Sun region,
nearly along the same projected LOS as the observed active region, although this could

not be validated from the obtained ground-based telescope data used in the thesis.



2.3 Candidate spicule cases 37

In Table 2.1, Ay is the line-scan position from Ha line core, used in this study,
while 7; is the time when a spicule first appeared in the observed line-scan position
while 7;,; is the total lifetime of the spicule structure. Apparent visible geometric
length (from foot-point to apex) and apex-height (above the visible chromosphere), of
the spicules under study are shown in the next columns. Inclination angle indicates
the tilt of spicules w.r.t. the vertical. For spectral analysis in the subsequent chapters
(4 and 5), following the Nyquist criterion, the theoretical pixel (cadence) resolution
allowed us to detect MHD waves in the spicular waveguide with wavelength longer
than 86 km (15.4 sec).
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Fig. 2.4 Panels showing examples of Hoe limb spicules (marked by the dashed line with
physical properties in Table 2.1), at different line-scan positions, along with the time (in
seconds) of first appearence (since the start of the observation), taken in between 07:15-07:48
UT, June 21, 2012. Features were selected for least possible superposition from any nearby
structures during their lifetime in observed line-scan positions. In this thesis, two spicules
are discussed in detail, in Chapter 3, as being representative examples of having their bulk
transverse motion mostly in the POS (SP5) or along the LOS (SP8). Spicule (SP1) is used as a
case study for the next consequent Chapters (4 and 5).
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Chapter 3

Dynamical behavior at pixel-scale:

Kink versus Torsional Alfvén!

3.1 Background

Spicules show transverse oscillations that are ubiquitously observed in the solar atmo-
sphere from both ground- and space-based observatories (De Pontieu et al., 2007d;
Ebadi and Ghiassi, 2014; Kukhianidze et al., 2006; Rouppe van der Voort et al., 2009;
Tavabi et al., 2015). It is believed that these oscillations are due to the confined magne-
tohydrodynamic (MHD) kink wave-mode in the spicular waveguides. Since, it is the
only independent wave-mode that can displace the axis of the magnetic waveguide as a
whole (Edwin and Roberts, 1983), it is also the easiest wave-mode to be detected in the
solar observations. However, kink wave-mode suffers from a popular misconception
that it has only the transverse component associated with it, without the involvement
of any other motions.

It is analytically and numerically shown (see e.g., Goossens et al., 2014) that the
MHD kink-mode is transverse within the tube boundary along with the dipolar external
plasma displacement-field. This indicates that the overall displacement-field of the
waveguide due to the kink-mode is actually the sum of both transverse (internal) and
rotational (external) motions, whose spectroscopic profiles depend strongly upon the
observer’s line-of-sight (LOS). Spectroscopic (Doppler) observations show the LOS
dependent red-blue axisymmetric profiles for the transverse kink-mode, similar to
those from the m = 0 Alfvén wave-mode. Observations reveal that chromospheric

spicules display transverse kink motions, it is thus possible that the Doppler signatures

IThis chapter is based on Sharma, R., Verth, G and Erdélyi, R., 2017, “Dynamic Behavior of
Spicules Inferred from Perpendicular Velocity Components”, The Astrophysical Journal, 840, 2.
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for both kink and torsional Alfvén wave-modes can show resemblance and could lead
to the misinterpretation of the dominant wave-mode and is a subject of a heated debate
(Erdélyi and Fedun, 2007; Erdélyi and Taroyan, 2008; Goossens et al., 2014; Van
Doorsselaere et al., 2008).

The aim of this investigation here is to combine the line-of-sight (LOS) and the
plane-of-sky (POS) velocity components, using the high spatial/temporal resolution
Hoa imaging-spectroscopy data from the CRisp Imaging SpectroPolarimeter (CRISP)
based at the Swedish Solar Telescope (SST) to achieve a better insight into the underly-
ing nature of these motions as a whole. Though, imaging and spectroscopy data were
analyzed before separately, in the previous studies for the wave-mode identification,
they lacked a combined overview of the confined wave dynamics. The estimated 3D
velocity vectors from the imaging and spectroscopic data and the other derived quan-
tities (e.g., magnetic pressure perturbations) were used, for the first time, to identify
the MHD wave-mode(s) responsible for the observed spicule motion. A number of
independent examples were examined where the spicule bulk transverse motion is
either dominant in the POS or along the LOS of the observer.

In this chapter, we will discuss the 3D velocity vector reconstruction for spicule
structures. The newly developed technique provided the much looked-after prospect
into the fine-scale time/space plasma evolution of the coupled transverse and rotational
motions in spicules and the identification of the confined wave-mode, observed in these
structures. It is, here, shown that the counter-streaming action of the displaced external
plasma due to spicular bulk transverse motion had a similar Doppler profile to that of
the m = 0 torsional Alfvén wave when this motion is predominantly perpendicular to
the LOS. Furthermore, the inferred magnetic pressure perturbations supported the kink
wave-mode interpretation of the observed spicule bulk transverse motion rather than

any purely incompressible MHD wave-mode, e.g., the m = 0 torsional Alfvén wave.

3.2 Methods

The imaging-spectroscopic data is essentially 4-dimensional (4D), at each pixel, with 2
spatial (x,z), one spectral (A (7), taken as -y) and a temporal (¢) dimension, projected on
a 2D grid. This information is used to derive the perpendicular dynamical components
in the observer’s LOS and POS planes. The integrated-intensity (imaging) data at
any particular line-scan position, where the spicule structure had a clear contrast to
the background emission, over time (x,z,7) is used to estimate the transverse POS

motions (Vy, V), while spectroscopic data (x,y,) is used for the Doppler velocity (Vy)
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estimations for each frame. The observed spicule structures extend from the upper
photosphere to the lower corona and with an inclination angle relative to the plane of
the photosphere, indicative of the local magnetic topology. The observed inclination
can further influence the observed brightness, apparent height and the Doppler velocity
(Athay and Bessey, 1964) of the feature, as discussed in the previous chapter. It must
be noted that spicule inclination depends strongly on the observed location (poles or
equator), with higher inclination angles (w.r.t the normal) at the equator. These can
have profound effects on the observed dynamical behavior and the associated wave
physics (e.g., phase speeds, cut-off frequencies). Figure 3.1 depicts a cartoon of a 3D
spicule structure whose LOS integrated-intensity is projected on to a 2D image plane,
along with the co-ordinate system used in the thesis and the resultant velocity vectors

from the estimated velocities in the perpendicular planes (POS-LOS) of observations.

3.2.1 Estimation of POS velocity components

The x- and z-components of the velocity vectors in the POS domain were estimated
from the contrast-enhanced intensity images, using the Fourier Local Correlation
Tracking algorithm (FLCT; Fisher and Welsch, 2008). The original concept of FLCT
is based on the study of November and Simon (1988) and was later improved by
Fisher and Welsch (2007). This method relies on the cross-correlation of the intensity
features observed in the successive image frames to estimate the POS motions. For any
two given images I;(x,z,71) and I;(x, z,t,), a region (sub-image) is selected, defined
by the Gaussian window, for which the intensity variations over the spatial scales is
estimated, which for the given time difference, provides the velocity vectors. This
process is repeated by varying the pixel location for the entire image. However, it must
be noted that, like many other optical-flow estimation methods, the FLCT algorithm
also has certain inherent limitations. The main assumption for this technique is that
any variation in the pixel intensity-value is entirely due to the plasma motion and not
because of any thermal/seeing changes. Further, utmost caution is to be exercised, in
case, multiple features are present in the observer’s LOS, restricting the use of this
technique for only the least superimposed structures present in the dataset. Three input
parameters are generally required for the FLCT algorithm to estimate the velocity; a
sigma value, that specifies the size of the window for correlation function, a minimum
intensity threshold and a function ‘K’ which serves as a low-pass filter to reduce the
high-frequency noise. These input parameters for the FLCT routine were rigorously
tested by varying the region enclosed by the sub-image, by changing the width of the

Gaussian window and/or sigma parameter. Also, an artificial shift was introduced in the
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(a) A cartoon depiction of the LOS-intergrated spicule intensity projected on to a 2D image
plane. Here, the spicule is projected on to the xz-plane with z-axis normal to the observed
limb/surface and y-axis along the observer’s LOS. The actual 3D plasma velocity is the resultant
of the estimated LOS and POS components at each pixel. Figure adopted from (Sharma et al.,
2017).
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(b) Representation of the coordinate system in which the resultant velocity vector (Vr) is
estimated from the POS (Vx, VZ) and LOS (Vy) velocity components. The observer’s LOS is
along the y-axis. The inclination of the resultant vector, with both planes of observation is
represented by ‘y, 8”7 (POS) and ‘o’ (LOS) in this coordinate system.

Fig. 3.1 Cartoons showing the projection of the 3D spicule structure on a 2D image plane,
along with the coordinate system used.
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Table 3.1 List of the analyzed spicule cases and the associated FLCT parameters, with
estimated POS velocity vectors

Spicules Intensity FLCT parameters POS Velocity Range
Min (DN) Max (DN) o K Vy (km/s) V. (km/s)
SP1 -682 16189 4 0.2 -11.2-16.7 -5.6-43.5
SpP2 -427 6107 4 0.2 -5.6-11.1 -13.5-123
SP3 -1079 14733 5 0.2 -16.7-16.7 -13.2-99
SP4 -1177 14011 3 0.3 -16.7-279 -17.7-11.6
SP5 -1053 14659 3 0.3 -279-335 -27.8-229
SP6 -1079 14733 4 0.2 -16.7-22.3 -16.7-18.8
SP7 -439 18044 4 0.2 -11.6-11.6 -16.7-43.5
SP8 -548 16374 5 0.2 -5.6-11.6 -6.6-83

Note: Intensity magnitudes and other used FLCT parameters depend on the line-scan position

of the respective spicule cases.

test-images to determine the most probable set of the parameters that match the shift.
The time-distance analysis for the spicule structures at different heights also provided
estimates for the possible spatial changes with time. FLCT parameters were updated
for these changes to derive the most optimal velocity outputs for the observed features.
A list of FLCT parameters used in the analysis of the observed spicule cases, with
estimated POS velocity range is given in Table 3.1. Unfortunately, there are no direct
methods that could estimate the errors associated with these velocity measurements,
but, it is advised for the interested reader to refer to the Appendix section of Freed
et al. (2016), where the uncertainties associated with the input region-of-interest (ROI)
for the FLCT algorithm is discussed.

The velocity vector (Vx and VZ) estimation from the two images I;(x,z,;) and

I (x,z,12), involves the following operations:

1. Computation of the sub-images: The pixel at which the velocity is to be com-
puted, a windowing function is used to ignore the parts of the image which are
far away from that pixel. This localization is carried out by multiplying each of
the two images by a Gaussian of width o, centered at the pixel location (x;,z;).
Here, the resulting images are denoted as sub-images S and S», and are given

as:
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St (x,2) = I (x,2) e [ +ea)P/o? (3.1)
St (x,2) = h(x,z) e [ +ez)/o? (3.2)

2. Computation of the correlation function: For the (i, j)!"* pixel, the cross correla-

tion function of sub-image 1 with sub-image 2 is defined by:

Chi(8x,82) — / / dxdz S (—x,—z) S¥(Sx—x, 82-2)  (33)

3. Estimation of the velocities: For each pair of sub-images S; and S, centered
at the position (x;,z;), the shifts dx and 8z are estimated in such a manner that
it maximizes the cross-correlation function C(dx, 8z). The amplitude of these
shifts is then divided by the cadence (8¢ = £, —t;) between the two images 1 and
2, for the velocity vectors determination by the FLCT routine.

szﬁv 0z
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3.2.2 Estimation of LOS velocity components

Various methods were tested to estimate the LOS velocity component from the Hol
spectroscopy data. Preliminary estimates were done with the Dopplergram technique
(Leighton et al., 1962) that uses the line-scan positions (+0A) in red (R) and blue
(B) wings of the line-profile, equidistant from the reference position or the line core
(A¢). The difference in intensity magnitudes (R — B) between the line-scan positions,
divided by the sum of the total intensities (R 4 B) at the selected line-scan positions,
provides an approximation of the Doppler shift at each pixel. However, the conversion
of the estimated shift to velocity requires a careful calibration using the Ho atlas
profiles from the Kitt Peak solar spectral atlas (Brault and Neckel, 1987). This posed a
problem as the reference atlas is derived from averaging observations from disk center
of the quiet Sun, while the data used in our study is taken for the limb. Thereafter,
the Lambdameter method (Deubner, 1974) was tested over the observed line-profiles
for the Doppler velocity measurements. For a given length 26 A, this method seeks
the wavelength of the middle point of a threshold chord of the given length that fits

into the line profile. It uses the inner wings to infer the Doppler shift instead of the
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line-center. Generally, this method yields the intensity of the chord as well, and the
series of such wavelength-intensity pairs obtained for the different values which leads
to the construction of the bi-sector of the line-profile. The bi-sector of a line-profile
provides much information on the velocity field and the formation of the line. This
method, however, failed to work for the asymmetric line profiles present in the input
ROI. Also, the observed features were resolved at the far-wings of the line-profile,

which could had resulted in the erroneous estimation of the Doppler velocity.
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Fig. 3.2 Examples of double-Gaussian fit to the line-profile of pixels, both inside and outside
the spicule structure. The dot-dash line marks the normalized intensity magnitudes at line-scan
positions on either side of the line-center (marked as vertical line) with -0 as error-bars. The
solid line is the double-Gaussian fit with ¢ confidence level of overall fit as highlighted region
for both line-profiles. Vertical solid like marks the position of the Ha line center (4.). Figure
adopted from (Sharma et al., 2017).

To cope up with these problems, the spectroscopic measurements in the Ho
spectral line with all 35 line-scan positions were used with a fitting procedure to
estimate the LOS velocity component. The line-fitting procedures depend significantly
on the shape of the line profile, thus prevented the use of a simple function. The
pixels nearer to the disk had different line profiles as compared to those higher in

the atmosphere. The asymmetry (Fig. 3.2) in the observed shape of the line-profiles
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is primarily due to the emission and radiative transfer effects (e.g, central reversal)
arising due to inhomogeneous structure of the chromosphere (Lites et al., 1978), at the
pixel location and/or other mechanisms attributed to the multiple thread-like structure
in spicular waveguide. Skogsrud et al. (2014) proposed the potential explanation for
observed asymmetry as the LOS superposition effect from multiple threads in spicule
structure. Similar explanation was also postulated by Antolin et al. (2014), where they
showed that multiple thread-like features could be generated by a combination of the
LOS angle and K-H vortices resulting from large amplitude transverse MHD wave
propagation (Scullion et al., 2011). For all these reasons, a double-Gaussian function

was employed for the Doppler signal estimation, given by:

_ 2 _ 2
I(A):b+llexp{%}—l—bexp{w}. (3.5)

1 205

where I(1) is the discrete intensity line profile, ‘A’ is the wavelength, ‘b’ is the
background signal level, ‘I’ is the intensity, ‘i’ is the mean of the distribution, and ‘c’
is the standard deviation. The number in subscript refers to the two Gaussians. The
goodness-of-fit for the double-Gaussian fit at each pixel were evaluated by Chi-squared
test. The mean location between the two peaks is then subtracted from the line center
of the Hax profile (656.3 nm) to estimate the shift in wavelength (6A4), due to LOS
plasma motions. The Doppler velocity at each pixel is then estimated as
Vy= % X c (3.6)
The estimated LOS and POS velocity vectors with mean errors + 4.34 km/s and +
2.76 km/s respectively, were then combined to determine the 3D velocity vector (v}),
estimated as v, =  /V2 + Vy2 + V2, at each pixel (Fig. 3.3, for the SP5 ROI) projected
on to the 2D image plane. With time cadence (dt), the resultant 3D velocity vector
(v,) also provided the displacement (Er = v,.0t) and acceleration (0V,/8t) magnitudes
at each pixel, allowing a more detailed insight into the time and space evolution of the

plasma dynamics of the spicules.

3.2.3 Estimation of other derived parameters

The spicule undergoes bulk transverse motion, therefore, it pushes the surrounding
magnetic and plasma environment resulting in external pressure perturbations. This
behavior is even predicted by the linear kink wave theory, although it must be noted

that it is the restoring force of magnetic tension that dominates over any plasma and
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Fig. 3.3 Resultant 3D velocity vectors for the observed spicule (SP5) from imaging (POS)
and spectroscopy (LOS) data. Bottom slice shows the spicule observed in Hor data while the
middle slice shows the red-blue axisymmetric Doppler velocity estimates for the same. Top
slice highlights the resultant velocity vectors used to derive the other estimates (acceleration,
magnetic pressure perturbations), which are further employed to identify the confined wave-
mode in the analysis.

magnetic pressure perturbations in this regime. Detection of these accompanying
pressure changes could be taken as a supporting evidence for the spicular dynamics
due to the confined kink wave-mode. These become even more important when the
conventional methods to interpret the imaging-spectroscopy data provide a much
confusing picture of the wave-modes in spicular waveguides. For the bulk transverse
motions, orthogonal to the observer’s LOS, m = 0 torsional Alfvén wave-mode have
similar axisymmteric rotational signatures as expected from the m = 1 kink wave-mode
(see, Fig. 3.7(c)).

Approximation of the plasma pressure variations can be derived from the estimated
velocity vectors. If the total area and mass at each pixel were assumed constant, the
pressure (plasma) is then directly proportional to the acceleration®, which is estimated
as the difference in velocities over time, for any two consecutive data frames. However,
the estimation of magnetic pressure is not that straightforward. The information on the
magnetic properties in the chromosphere is the ‘missing link’ between the knowledge
of the photospheric and the coronal magnetic fields. The previous attempts to measure
the magnetic field strength for chromospheric structures resulted into inconsistent

estimation due to the difference in the use of the observational wavelengths (Na

6 p—

2~

= % ~ a, with, pressure (p), force (f), mass (m), area (A) and acceleration (a)
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Fig. 3.4 3D rendering of the background magnetic field along with the selected field lines.
The isosurface illustrates the expanding intergranular magnetic field with an exponential drop
in magnetic field strength with height. A vertical 2D slice of the background magnetic field is
shown in the middle which is used to estimate the associated model magnetic field perturbations
from an observed spicule’s velocity field. Figure adopted from (Sharma et al., 2017).

I, Ca II, He I) and/or instrumentations. Previous reports include studies from e.g.,
Trujillo Bueno et al. (2005), where using Stokes profile of He I (1083 nm) triplet, they
measured field strengths of 10 G. They also pointed out that significantly stronger
fields could also be present which was later supported by Lopez Ariste and Casini
(2005). Recently, Suarez et al. (2015), reported the magnetic field estimates for
spicules with variations in height and inclinations, but like previous studies, these were
not been able to provide any conclusive insight. Also, other methods, like, Zeeman
splitting and gyroresonant emission didn’t proved much effective yet for the turbulent
chromospheric environment.

Since the motivation here is to only infer the magnetic pressure changes and not

the accurate estimation of chromospheric magnetic fields, we simply used a model
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background magnetic field and estimated the perturbations in this assumed magnetic
field due to the observed temporal and spatial evolution of the spicule’s velocity field.
The background magnetic field is modelled to be in pressure balance condition with
the surrounding stratified quiet-Sun atmosphere. The magnetic field emerging from the
photospheric footpoint undergoes an exponential expansion, till the transition-region
heights due to drop in plasma pressure and dominance of magnetic pressure in lower
corona (see Fig. 1.3). The 3D model background field (as shown in Fig. 3.4) chosen
here is self-similar and the external atmospheric parameters are taken from Vernazza
et al. (1981). Conveniently, this class of the magnetic field is given by a simple
closed analytical expression. The effects of horizontal inhomogeneity and magnetic
tension forces are, however, neglected, though those may have significant effects on
the pressure balance. The magnetic field arrangement is such that it purely describes
a vertical magnetic field along the axis of the tube with decreasing field strength in
height and radius. The complexity of the background magnetic field construction
is restricted only to the structure of quiet-Sun conditions in lower solar atmosphere
with transition-region gradients, while other factors, such as, axial asymmetry, torsion,
plasma inhomogeneity, etc, are avoided. For the full description of methods employed
to construct such a field, along with boundary conditions and tests are given by, e.g.
Gent et al. (2013); Shelyag et al. (2008). It is known that intergranular magnetic fields
are measured to be between 100-200 G for quiet-Sun region (Trujillo Bueno et al.,
2005), therefore we choose the foot-point magnetic field to be 150 G.
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In order to have an estimate for the perturbations in magnetic pressure for the
given background magnetic field , we employ the 3D velocity vector components in
the linearized induction equation. The velocity vectors, v(x,y,z,t), in terms of the
tube displacement, &(x,y,z,7) can be given as v = 6&/8t. The components of the
model background magnetic environment (Bg) are shown in Figure 3.5. The induction

equation can thus be expressed as

O0b =V x (6& xBy). 3.7)

Since, 6&, =&, —&,_; is the change in the displacement of the tube at a given
frame number ‘n’, the perturbed magnetic field, relative to ‘n — 1’ frame, can be

rewritten as

8b,=Vx[(§,—&,_1) xBy]. (3.8)

The LOS component of the perturbed magnetic field is then

6by.,n :% (BOX(Séy,n - Séx,nBOy)_
s (3.9
5_2 (BOyagz,n - 6&)},;1302)'

Here, By and 6& with subscripts x, y, z refer to the components of the background
magnetic and estimated displacement fields. Equation (3.9) is applied in the Sec-
tions 3.3.1 and 3.3.2 for two particular spicules, SP5 & SP8, to model LOS magnetic
field perturbations with their observed velocity field dynamics as an input. Physical
characteristics of both spicule cases are given in Chapter 2. Spicules SP5 & SP8
are here discussed in detail since they are representative examples that have their

transverse motion mostly in the POS or along the LOS.

3.3 Results

From the eight selected spicules, as shown in the previous chapter, about 40 % (SP4,
SP5, SP6) had the POS as the dominant plane of the bulk transverse motion®, while
the other 60 % (SP1, SP2, SP3, SP7, SP8) have their transverse motion mainly along
the LOS. Velocity-vector maps, along with other derived quantities (SPS5, Fig. 3.6:

resultant displacement, acceleration and magnetic field perturbations) were constructed

The spicule has motions both parallel and perpendicular to observer’s LOS, but here, the dominating
plane of motion is considered.
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by combining the LOS and POS velocity estimates at every pixel in the 2D image
frame. The detailed analysis of spicules SP5 and SP8 are presented in this section for

the identification of the confined wave-mode in these structures.

3.3.1 Case 1. Transverse motion dominant in POS

Figure 3.7 shows an intensity image (/) of spicule SP5 observed at -1.032 A, from the
Ha line core position and the difference image (61), along with the perturbed LOS
Doppler velocity (6V;), magnetic field (0b,) and acceleration estimates. The selection
of this particular line scan position is due to clear observation of the spicule feature
for most of its lifetime. Difference image is acquired by subtracting two consecutive
intensity images (/,11 — I,), while the perturbed Doppler velocity is obtained by
removing the average Doppler velocity of the entire ROI from each pixel. It can be
seen that for the observed spicule, the LOS Doppler velocity (Fig. 3.7c) shows Doppler
shift red-blue asymmetry across its width which has previously been interpreted as the
signature of m = 0 torsional Alfvén waves by De Pontieu et al. (2012). Estimates for
acceleration (Figure 3.7d) show LOS magnitudes up to 1 km/s? along the spicule. For
our chosen background magnetic field the magnitude of the LOS perturbation shown
in Figure 3.7¢e is up to 0.3 G. The magnitude of the perturbed magnetic field when
compared to the background field is of the order of ~ 0.01 - 0.13.

The POS displacement of spicule SP5 as a function of time can be seen in Figure 3.8.
This indicates that there is a dominant component of the bulk transverse motion in
the POS. At the transverse anti-nodes, indicated by the black arrows, it can be seen
in Figure 3.8b that the LOS velocity shows the same red-blue asymmetry across the
spicule width as shown in Figure 3.7c. The kink wave model shown in Figure 3.12a,b
indicates that this asymmetry in Doppler velocity can be attributed to its associated
m = 1 dipolar velocity field if the LOS is approximately perpendicular to the bulk
transverse motion. This is an alternative explanation to the m = 0O torsional Alfvén
wave interpretation of De Pontieu et al. (2012). Also, note that the Doppler shifts are
higher around the boundary of the spicule indicating strong counter-streaming in the
external plasma.

Although previous studies interpreted the transverse waves observed in spicules
with the Solar Optical Telescope on-board Hinode as being incompressible, Figure 3.8d
shows that by substituting the estimated velocity field from both imaging and spec-
troscopy in Equation 3.9, a perturbed LOS component of the magnetic field is a natural
consequence. Taking this as a proxy for magnetic pressure variations along the spicule,

this questions the idea that these motions are incompressible. In fact, the kink wave
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(a) Transverse displacement (§) components estimated from imaging (POS) and spectroscopy
(LOS) data.
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(b) Acceleration parameters (a) at each pixel, used as proxy for plasma pressure perturbations
associated with spicule dynamics.
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(c) Magnetic pressure perturbation () components estimated by substituting 3D velocity
vectors in the induction equation.

Fig. 3.6 Components of the estimated [top:] displacement (§(x7y7z)), [middle:] acceleration
(A(xy.2) and [bottom:] magnetic pressure perturbation (b(w’z)) parameters for spicule (SP5)
at a given time (f = 46.2 sec). Red line marks the position of spicule structure from Ho
intensity image. Dashed-line marked over x-component (traced by eye) shows the possible
kink-behavior in the estimated parameters due to POS motion.
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Fig. 3.7 Panels show observed and estimated parameters of spicule SP5 (marked by line).
In panel (a), the ROI is highlighted in the Ho intensity image. Panels (b) to (e) show the
intensity difference (61), Doppler velocity (0V}), acceleration (a,) and the LOS magnetic
field perturbation (0b,), respectively. The horizontal line marks the location of slit used for
time-distance plot shown in Figure 3.8. Analysis of the intensity and Doppler shifts provided
POS and LOS velocity and acceleration components while the LOS magnetic field perturbation
is used as a proxy for pressure changes in the vicinity of the spicule. Figure adopted from
(Sharma et al., 2017).

model in Figure 3.12(a-b) predicts such asymmetric pressure variations across the
width of the spicule if the LOS is approximately perpendicular to its bulk transverse
motion. There is also supporting evidence of this asymmetry at the positions of the

black arrows in Figure 3.8d.

3.3.2 Case 2. Transverse motion dominant along LOS

Figure 3.9 shows a comparison of the observed spicule (SP8) at the line scan position,
As = -0.946 from line core, along with other estimated quantities. The slice across the
spicule to produce the time-distance plots in Figure 3.10 is shown in Figure 3.9a. It
can be seen from the Figures 3.9c and 3.10b that the Doppler velocity is symmetric
across the width of the spicule. This is consistent with the kink wave model shown in
Figure 3.12(c-d), where the bulk transverse motion is along the direction of the LOS.
This interpretation does not permit the appearance of apparent m = 0 torsional Alfvén

wave and is consistent with what we actually observe.
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Fig. 3.8 Panels show (a) Ha intensity (/) profile for spicule SP5 with its POS transverse
displacement highlighted by yellow lines (traced by eye). In panel (b) the positions of the
arrows show that the Doppler velocity has a transverse red/blue asymmetry which alternates
with time. The arrows also mark the direction of spicule transverse displacement. In panels
(c) and (d), at the arrow locations their is also evidence in transverse asymmetry in both
acceleration and the perturbed LOS magnetic field. Figure adopted from (Sharma et al., 2017).

If the LOS is perpendicular to the spicule axis, m = 0 motion is independent of
the azimuthal viewing angle, however, m = 1 motion is not. In ideal conditions, the
torsional motion associated with m = 0 Alfvén wave is confined in the waveguide (Fig.
3.11) and would not cause any compressions/rarefactions in the ambient atmosphere.
This will result in the axisymmetric Doppler signature generated from motions within
the structure and will remain unaffected from the observer’s position, parallel or
perpendicular to the structure. In contrast to this, the Doppler signature for m = 1
kink wave would be a sum a rotational motion (due to external displaced plasma) and
transverse motion (due to tube displacement). This will strongly depend on the view-
angle, and influenced by the direction of dominant bulk transverse motion (see Fig.
3.12). From the data analyzed here, spicules which do not have a notable transverse
POS motion do not exhibit the Doppler red-blue asymmetry across their widths which
De Pontieu et al. (2012) interpreted as m = 0 torsional Alfvén waves. Therefore, this
supports the idea that the asymmetric Doppler shift across spicules shown in Figure
3.12c and 3.7b is actually due to m = 1 rather than m = 0 rotational motion. In such a
scenario, the rotational and transverse motions could be coupled (see e.g., Goossens
et al., 2014) and this should be the focus of a future study.

The kink wave model of Figure3.12(c-d) suggest that when LOS bulk motion,

observed as the Doppler velocity, is dominant for a spicular structure, the associated
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Fig. 3.9 Panels show observed and estimated parameters of spicule SP8 (marked by line).
In panel (a), the ROI is highlighted in the Ho intensity image. Panels (b) to (e) show the
intensity difference (61), Doppler velocity (0V}), acceleration (a,) and the LOS magnetic
field perturbation (6by), respectively. The horizontal line marks the location of slit used for
time-distance plot shown in Figure 3.10. Figure adopted from (Sharma et al., 2017).

magnetic field component experiences compression or increase in magnitude. However,
comparison between Figure 3.10b and d shows a more asymmetric profile for the
modeled magnetic perturbation. Since the time-distance plots of Figure 3.10 also show
a weaker but still noticeable transverse displacement in the POS, this could be due
to external pressure gradients in the spicule’s environment, or indeed another kink
wave polarized at a different angle. The kink wave model illustrated in Figure 3.12
assumes that there is only one kink wave present and that the spicule is undergoing
a “free oscillation”. Of course, this is highly idealized and the assumption of a
quiescent environment may be far from reality. However, in agreement with Case 1 in
Section 3.3.1 our modeling suggests that pressure forces in and around spicules play a
part in their observed dynamics and that the initial interpretation of incompressible

motion by previous studies (De Pontieu et al., 2007d) may have been too simplified.

3.4 Conclusion

I now summarize the key findings of this chapter. Here, the spicule structures, as-
sumed as cylindrical magnetic waveguides are having higher plasma densities when
compared to the background atmosphere. Theoretically, these flux tubes can support a

superposition of MHD wave-modes with any azimuthal wavenumbers (m). However,
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Fig. 3.10 A comparison of time-scale evolution of observed/estimated parameters for spicule
SP8. Panel (a) shows Ho intensity (1) profiles at line-scan positions (+A,=0.946) and panel
(b) shows Doppler shifts providing evidence that the bulk transverse motion of the spicule is
along the LOS. Panels (c) and (d) show variations in acceleration (ay) and the modelled LOS
magnetic field perturbations (6by) along the spicule. The yellow lines (traced by eye) mark the
location of the spicule. Figure adopted from (Sharma et al., 2017).

up until now, only the low-order m modes were observed and reported in the previ-
ous studies, as listed in the Introduction section. Since, the observational signatures
(spectroscopic/Doppler) for torsional Alfvén wave and kink wave are very similar (see
Figs. 3.11 and 3.12(a)), the correct interpretation of the confined wave-mode in spicule
structures is highly important to quantify the energy estimates and dissipation mech-
anisms. Many earlier works, listed in the Introduction section and else, interpreted
the red-blue axisymmetry as a conclusive evidence for torsional Alfvén wave, and
reported it as such, or under ‘Alfvénic’ label. This interpretation was questioned by
Erdélyi and Fedun (2007), Erdélyi and Taroyan (2008), Van Doorsselaere et al. (2008),
and Goossens et al. (2014), in their studies.

The newly developed technique (velocity vector reconstruction and subsequent
derivatives) explores the wave-mode identification problem by analyzing the pertur-
bations resulted due to kink wave dynamics. Ideally, when these denser flux tubes
move in the chromospheric environment under the influence of kink wave-mode,
these should, create perturbations in nearby chromospheric magnetic and velocity
fields. These perturbations would be, in general, the displacement of both magnetic
and velocity fields, which when observed, can provide clues to distinguish between

dynamics if resulting from a kink mode or a torsional mode. The torsional mode
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should not displace the magnetic flux tube structure. The observed dynamics would be
the intrinsic motion of the tube itself, with a minimal effect on the external plasma.

There could be an argument here that, in case, the tube is swaying in frozen — in
condition, with external magnetic and plasma fields, showing the torsional motion,
as observed in Doppler estimates as red-blue axisymmetry. In that case, there could
not be any relative changes in magnetic and plasma pressures at nodes and anti-nodes
of tube motion. The same argument applies in case, the tube is stationary and the
chromospheric plasma is turbulent. Still, an observer, would not see any patterns in
plasma and magnetic pressures around spicule structure, relative to torsional motion.
However, if the tube is oscillating under the influence of kink wave-mode, it will
perturb the external plasma and magnetic environment. The external plasma would be
displaced, while ambient magnetic fields would experience consequent compression
and rarefaction, due to the spicular motion. The displaced surrounding plasma, due to
the assumed cylindrical geometry, would certainly have its contribution in observed
Doppler velocity estimates, which would further depend on the location of the observer
(or Line-of-Sight: LOS), relative to the tube motion.
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Fig. 3.11 Figure corresponding to a spicule with confined torsional Alfvén wave mode. The
top panel show the plasma displacement field (§) in the xy-plane with the observer’s LOS
along the y-axis. In ideal conditions, the flux tube is not displaced from its axis, however,
the plasma motion is restricted within the tube’s cross-section, marked here as circle with
radius (R). Corresponding profile for LOS Doppler velocity (V}) is given in panel below, which
resembles that from the spicule undergoing kink oscillation.
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From the two representative cases, in the first case (SP5), the bulk motion, of the
spicule structure is perpendicular to the observer’s LOS. In the integrated-intensity
images, an observer will see the swaying motion of the waveguide, indicating the
presence of a kink-mode instability. Doppler estimates of the same structure would
give an axisymmetric red-blue profile, which previously has been interpreted as a
conclusive signature for the torsional Alfvén wave by many authors. Here, we further
analyzed the plasma (Figure 3.7b,d and 3.8c,d) and magnetic (Figures 3.7e and 3.8d)
pressures, to determine whether the observed wave-modes are torsional Alfvén or kink.
Difference images, e.g. Figure 3.7b, clearly show enhanced intensity in the direction
of spicule motion and same in acceleration (see Figure 3.7d), which could be taken as
a proxy for pressure at each pixel, considering mass and area at the pixel as unity. The
changes in both magnetic and plasma pressures can also be seen in time-distance plots
(Figure 3.8), where the nodes and anti-nodes due to the kink wave, and associated
Doppler, acceleration and 8b, perturbations are marked with arrows. The expected
profiles for external plasma displacements, Doppler velocities and magnetic pressure
perturbations are shown in Figure 3.12a,b.

In the second case (SP8), the bulk velocity is parallel to the observer’s LOS, so
only the red or blue components, indicating motion towards or away from the observer
is seen. In this case, the counter-streaming action of external plasma due to spicule
motion won’t be visible, but there would be perturbations in plasma (Figures 3.9b,d
and 3.10c,d) and magnetic (Figures 3.9e and 3.10d) pressures. The profiles for this

scenario are shown in Figure 3.12c¢,d.






Chapter 4

Dynamical behavior at tube-scale:
Nonlinear Kink or Coupled MHD

modes!

4.1 Background

Bulk transverse oscillations are commonly observed in spicule structures and were
identified as the kink wave-mode (De Pontieu et al., 2007d; Ebadi and Ghiassi,
2014; Kukhianidze et al., 2006; Tavabi et al., 2015), in their on-disk counterparts
or RBE/RREs (Rouppe van der Voort et al., 2009), in mottles (Kuridze et al., 2012,
2013) and in fibrils (Pietarila et al., 2011). These motions had previously been reported,
both on-disk and at solar limb, with periodic structural distortions of the flux tubes,
observed as cross-sectional width and associated photometric variations. Longitu-
dinal (field-aligned) motions associated with mass flows and a mix of propagating
(upward/downward) and standing transverse waves along the spicule structures were
also reported, and are listed in the Introduction chapter. All these motions, along
with rotational motions, were routinely observed/interpreted and were reported as
independent magnetohydrodynamical (MHD) wave-modes (kink, sausage and Alfvén).

Presence of concurrent independent wave-modes in localized magnetic flux tubes
(MFTs) were also claimed in a few studies. Transverse oscillations along with cross-
sectional width variations interpreted as kink and sausage MHD wave-modes in
spicule structures were reported by Jess et al. (2012). Morton et al. (2012a), also found

ubiquitous signatures of transverse, cross-sectional width and intensity oscillations in

IThis chapter is based on Sharma, R., Verth, G and Erdélyi, R., 2018, “Evolution of complex 3D -
motions in spicules”, The Astrophysical Journal, 853, 1.
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on-disk fibril structures. They postulated that these independently excited wave-modes
at MFT foot-point can undergo mode-coupling and can also exchange energies through
mode-conversion mechanism at B = 1 layer in solar transition region. Morton et al.
(2012a) claimed that simultaneous nonlinear kink and sausage waves were present
in chromospheric MFT structures. Sharma et al. (2017) showed that the rotational
motions in spicules appeared either axisymmetric or non-axisymmetric depending
on the line-of-sight with respect to the bulk transverse motion. Cross-sectional and
intensity oscillations in on-disk slender Ca II-H fibrils (SCFs) were recently reported
by Gafeira et al. (2017a) and interpreted as sausage mode waves.

In the linear regime, the cross-sectional width and associated photometric variations
are signatures for both m = 0 sausage and m > 2 fluting modes in MFT structures.
Beyond the small amplitude regime, the nonlinear kink mode can also distort the
cross-sectional width/shape and induce stronger density/intensity variations, resulting
in accelerated wave damping due to coupling to higher order fluting modes (Ruderman
et al., 2010; Ziegler and Ulmschneider, 1997a,b). Recent numerical simulations
(Magyar and Van Doorsselaere, 2016) have shown for coronal loop structures that
nonlinear kink oscillations are coupled to the m = 2 fluting mode, and cause the
cross-sectional width and intensity fluctuations, with half the period of the kink mode.
All these factors can result in ambiguity in the identification of MHD wave-modes in
the Sun’s atmosphere.

This chapter explores the complex and coupled evolution of plasma 3D motions in
spicules by examining the phase-relationships between the resultant tube displacement
(&), cross-sectional width (W), intensity (1), and azimuthal shear/torsion (&;) compo-
nents in spatial and temporal domains. The different dynamical components, which
were earlier reported as independent MHD wave-modes, could in fact be the nonlinear
properties of the confined kink wave-mode, which is responsible for the overall dis-
placement of the spicule structure. However, these could also be understood in linear
MHD domain as discrete wave-modes, but under certain assumptions regarding twist,

irregular geometry and/or fine-tuning of the driver at the flux tube footpoint.

4.2 Methods

The estimation of the different dynamical components (longitudinal, transverse, cross-
sectional width, azimuthal shear/torsion) associated with the spicule motion are dis-
cussed in this section. According to the Nyquist criterion, the pixel (cadence) resolution
of the Hor data used in the study, allowed us to detect any MHD waves confined in
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Fig. 4.1 Top panel shows the temporal evolution of the spicule (SP1) structure at -1.204 A,
from the Ha line core, with the apex marked with a yellow dot in the unsharp-masked (USM)
images. The longitudinal motion of the marked position is used as a measure of field-aligned
flows (V) along the spicular waveguide, shown in the lower panel.

the spicular waveguide with wavelength greater than 86 km (15.4 sec), though, the
angular-resolution restricts any observed wave behavior below ~100 km to be unrealis-
tic. The least-superimposed spicule structures outlined as high intensity features were
studied, with a case study (SP1), presented here for detailed analysis and is shown in

the Figure 4.1.

4.2.1 Longitudinal (field-aligned) motions

Longitudinal or field-aligned motions associated with the mass upflows and downflows
were analyzed by tracking the visible apex of the spicule (SP1) structure in intensity
images. The underlying assumption is that the apparent changes in the apex location
of the spicule structure, at each time frame, is solely due to the plasma motion, and
not due to any thermal or seeing effects. The apex of the inclined spicule structure is
visually enhanced with respect to the background emission by the use of an unsharp-
mask (USM) procedure? for correct estimation of the height. The temporal evolution

of the spicule apex (marked as yellow dot) is shown in Figure 4.1.

https://docs.scipy.org/doc/scipy-0.13.0/reference/generated/scipy.misc.imfilter.
html
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4.2.2 Transverse displacement

Transverse motions as observed in the plane-of-sky (POS) and the line-of-sight (LOS)
domains by imaging-spectroscopy were used to estimate the resultant motion of the
spicular structure. These perpendicular displacement components were measured using
the time-distance (TD) diagrams, generated by applying the cross-cuts on intensity
(for POS) and Doppler (for LOS) images. The intensity images at Hor line-profile
wing positions were used to estimate the POS displacement (). The spicular feature
was further enhanced with respect to the background emission by the use of an USM
procedure*. Perpendicular to the spicule axis, cross-cuts were placed at every fourth
pixel (~172 km apart) in height. Similar cross-cuts were also made for the original
(non-unsharp masked) images for error estimation. The oscillatory axis of the spicule
structure in the resulting TD diagrams was located as the nearest pixel with the
maximum intensity magnitude at each time-step.

The estimated LOS Doppler velocity (Vy/), using a double-Gaussian function,
required correction due to the inclination of the observed structure. Since, the observed
structure is inclined to an angle (v = 23.6°) with the normal, there will be certain
contribution from the vertical flow component to the estimated Doppler velocity.
This relationship between vertical flow velocity (Vy), estimated from the longitudinal
displacement of the apex position between the two consecutive images (Fig.4.1), and
the apparant LOS velocity was given by Athay and Bessey (1964). According to them,
the apparent LOS velocity (V;) component from the flow velocities can be given as
Vy = %Vf siny. 4.1

This contribution from these vertical flows to the Doppler velocity measurements
is then removed for accurate LOS transverse estimates. The corrected LOS velocity
component (Vy), for each time step is given as, V) = Vy’ —V,. The displacement in
the LOS direction is then, & = V, - 0t, where 6t is the time cadence. The resultant

displacement (&,) is further given as &, = /&2 + E2.

4.2.3 Cross-sectional width and intensity fluctuations

The width of the spicule structure was estimated by fitting a Gaussian function with
a linear background to the cross-sectional intensity profile (Fig. 4.2a,b). The linear

background term in the function incorporates the contribution from the ambient plasma

“https://docs.scipy.org/doc/scipy-0.13.0/reference/generated/scipy.misc.imfilter.
html
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and the geometrical effects of the structure on the radiated optically thick emission.
These estimates over the height excluded the regions near the foot-points and at the
diffuse apex (Fig. 4.2d) of the spicular feature because of flattened/non-Gaussian
intensity profiles. Contribution from the background intensity flux near the spicule
foot-point and/or from weak contrast in spicule and background intensities at apex can
result in a nearly-flat intensity profile which can led to the erroneous estimation of the
Gaussian width, and hence was not taken into account.

The Gaussian function fitted to the cross-sectional intensity profile /(x) at each

height of the spicular structure is given by

2
I (x) = aexp { ()C;T“z) } +b. 4.2)

Here, I(x) is the intensity profile across the MFT structure, ‘a’ is the peak flux,
‘u’ is the central position of the Gaussian-fit, ‘¢’ is the Gaussian width while ‘b’ is
the linear background contribution. The cross-sectional width (W’) of the spicular
structure is approximated as the Full-Width Half-Maximum (FWHM) of the Gaussian-
fit and is given as 26 (2(n2)'/2. The mean magnitude of the estimated FWHM for
all heights is considered as the unperturbed width (W) of the spicular waveguide.
Averaged intensity magnitudes at +1 pixel to central position (i) of the Gaussian-fit

is taken for the photometric analysis.

4.2.4 Azimuthal shear/torsion

Torsional motion in spicular structures were reported before by De Pontieu et al.
(2012), where they used the relative tilt in the horizontal wavelength directions in the
observed spectrograms to measure the magnitude of azimuthal shear/torsion (&;). Here,
the gradient in the Doppler velocities (Vy), at the unperturbed width (W) of the spicular
waveguide is used to estimate the angular displacement or azimuthal shear/torsion. In
the presence of any shear forces, the magnitude of the Doppler velocities at the two
ends would be unequal, with one edge leading the other. Figure 4.2b, shows that the
net velocity (V, — Vi), between the two edges of W, provide the displacement (AB)
at the leading edge of the spicular cross-section. For the given radius (OA) of the

unperturbed cross-section, the shear-angle (0) at the tube center, is given by

(4B
6 — tan (OA). @3)
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The angular displacement (AB’) is then taken as & = AB’ = 6 - OA. The temporal

evolution of the perturbed azimuthal shear/torsion (8& = & — E,, where cf, is the mean

magnitude of azimuthal shear/torsion parameter at any height) is given in Figure 4.3e.
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4.2.5 Multitaper Spectral Analysis and phase-relationships

To analyze the phase-relationships between the oscillatory behavior of the spicular
structure with the cross-sectional and photometric variations, we used the Multitaper
Spectral Analysis (MSA) method (Percival and Walden, 1993; Thomson, 1982). This
method overcomes the problems (like inefficiency and spectral leakage) posed by
discrete Fourier transform (DFT) methods for small data samples. Other techniques
available for nonlinear analysis, like, Empirical Mode Decomposition (EMD) and
Recurrence Quantification Analysis (RQA), were not employed due to small sample
(temporal) size. For datasets with relatively small sample-size, estimating the ampli-
tude and phase between corresponding component frequency (spatial or temporal)
could suffer from the inefficient statistical approximation of the parameters. Though,
this problem could be tackled by the use of a sliding window (single-taper) with the
assumption that the input signal is stationary, nevertheless it can further lead to spectral
leakage and contribute to the erroneous estimation of the amplitude and phase angle. A
possible solution to the above is the use of ‘multitaper’ functions. A number of tapers
are applied to the data sample and power spectrum is estimated for each of those tapers.
The resulting averaged spectrum provides the best estimate of any low-amplitude
harmonic oscillations in a relatively short sample size with a high degree of statistical
significance. This technique has previously been tested (Komm et al., 1998) and used
for the solar data analysis in a variety of spatial and temporal scales (Kilcik et al.,
2010; Mufti and Shah, 2011; Prestes et al., 2006) etc.

The method used in this analysis is adapted from van Hoek et al. (2016). Here,
in our case, the spectrum (g) is estimated in the wavenumber (k;) and frequency (f)
domains by taking Q tapers to obtain a set of Q eigenspectra including ‘g’ eigencom-
ponents using the observed parameters (i and j) with N data points and a constant
sampling interval, so that u = 1,2,3,... N. For a given domain (f) in the spatial (k;)

or temporal (f) regimes, the set of eigenspectra of i is defined as

2

ghr) = : (4.4)

N
;i(u)oq(u)e(F Y

—Fu is the Fourier

where, o4(u) is the data taper for the ¢'" eigencomponent and e
transform. The set of data tapers have the shape of Slepian sequences (Slepian, 1978)
and provide a good protection against leakage. The final multitaper (¢M7) is estimated

by taking the mean as

1 0
g (F)= g Y &L(r). (4.5)
g=1
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The cross-spectral density (CSD) provides an estimate of the strength of the
coupling between the observed parameters and further the evolution in wavenumber
domain. This is computed using the real valued power-spectral density (PSD) estimate
for ‘i’ defined as gA?lf’ T(F) and the complex conjugate of the PSD estimate of j defined

as g}‘ﬁ” T(F) and given as

: e o,
& (F) =5 L& (1&g (F). (4.6)

The phase-angle estimate (¢(F )) gives an approximation of the relative perturba-
tions between the observed parameters and with that from ambient atmosphere. The
estimate is bounded between £ and is the phase difference at each wavenumber bin

between i and j. It is calculated from the imaginary and the real part of the CSD

img g7 (F)

4.7
realggT(F) ’ @7

o(F)=ran™! [

where, imgg}” (F) is the imaginary part while realg}{” (F) is the real part of the

estimated CSD. The estimated CSD and mutual phase angles for observed parameters
are shown in Figures 4.5 and 4.6. The CSD evolution for wavenumber (k;) and
frequency (f) bins are shown for transverse displacement (6&,), cross-sectional width

(6&w), and intensity (81) variations for the observed spicule structure.
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4.3 Results

The case (SP1), analyzed here in detail, had a length of 4.1 Mm with the apex-height
reaching up to 4.9 Mm from the visible limb at an inclination of 23.6° from the normal.
The temporal evolution in imaging showed nearly constant inclination of the structure,
with apex (marked in Fig.4.1) undergoing periodic variations along the inclined length.
The average longitudinal flow velocity (V) is about 41428 km/s, which is consistent
with the previous reports for MFT waveguides (De Pontieu et al., 2007c; Pereira et al.,
2012; Sekse et al., 2013b). From the analysis of the 3D velocity components, as
discussed in the previous chapter (Chapter 3), the concurrent rotational and transverse
motions in spicules were most consistent with the kink-mode, confined in the analyzed
spicular waveguides.

The temporal evolution of the transverse motion of the spicule structure at different
heights were studied by TD diagrams, generated by the procedures described in Section
2.2. A visual inspection of a sample TD plot in the imaging-spectroscopy (Fig.4.2c) at
3.2 Mim, shows the bulk transverse displacement of the spicule with the observed wave
period comparable to the feature’s visible lifetime at the line-scan position (+1.204 A,
from the Ha line core). This gives an impression of the presence of a single pulse being
responsible for the translation of the structure, with maximum transverse displacement
of 180+70 km from its mean axis. This pulse-like behavior, in other similar features,
was also evident (Fig. 4.7) from the past statistical studies (De Pontieu et al., 2007c;
Okamoto and De Pontieu, 2011), where the observed lifetimes coincided with the
wave-periods estimated from TD cross-cuts. Recently, Martinez-Sykora et al. (2017)
modeled the spicule-like events and attributed the role of an impulsive release of the
magnetic tension (whiplash-effect), responsible for the observed behavior of spicular
structures. Similar explanation for the observed behavior was forwarded by KuZzma
et al. (2017), which favored the role of the confined velocity-pulse for the dynamics
of the spicule structures. TD plots at every second pixel, over height, in imaging and
spectroscopic observations (Fig.4.3a,b), respectively, were used to study the evolution
of the spicule dynamics in time and to generate the resultant displacement profiles
(Fig.4.3c) which reflect the true motion of the waveguide. Here, it should be noted
that previous studies (Jess et al., 2012; Morton et al., 2012a) only considered the MFT
motion confined in a particular plane, whereas, the transverse spicular dynamics is the
resultant of the observed motion in the perpendicular planes (POS & LOS).

The perturbed resultant displacement (6&,) along with the cross-sectional width
(6&w = W' — W, Fig.4.3d), intensity (67) and azimuthal shear/torsion (6&;, Fig.4.3e),

with average magnitude of 44+39 km, variations were examined in both spatial and
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(a) Estimated Cross-Spectral Density in wavenumber (spatial) domain over time. Peak spectral
power distribution-width (Fig. 4.4(a)) is highlighted with a black box.
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(b) Cross-Spectral Density in frequency (temporal) domain over height.

Fig. 4.5 Sample plots showing the spectral distribution of the estimated cross-power between
the resultant transverse displacement (6&,), cross-sectional width (§W) and the intensity (61)
parameters with time/height and concentration of their mutual energies for wavenumber (top:
k;) and frequency (bottom: f) bins. Panels (a, b, c) show Cross-Spectral Density (CSD) for
cross-sectional area - intensity, cross-sectional area - displacement and intensity - displacement
estimates, in the respective plots.
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(a) Estimated phase-angle in wavenumber (spatial) domain over time. Peak spectral power
distribution-width from Figure 4.4(a) is highlighted with a black box.
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(b) Phase-angle distribution in frequency (temporal) domain over height.

Fig. 4.6 Spectral distribution of phase-angle (¢) between resultant transverse displacement
(6&,), cross-sectional width (6W) and intensity (61) parameters with time/height for wavenum-
ber (k;) and frequency (bottom: f) bins. The distribution in both the respective domains is
bounded in +7° range.
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Fig. 4.7 Panels showing comparison between the observed lifetimes and wave-periods for
spicules analyzed from Ca II-H data, obtained from Hinode/SOT. Left panel, taken from De
Pontieu et al. (2007¢). shows most probable lifetimes (~45 seconds) for spicules, while right
panel shows the median wave-periods of around 44.8 seconds, taken from Okamoto and De
Pontieu (2011).

temporal domains to understand any possible relationships between these observed
parameters. The unperturbed cross-sectional width (W) is found to be 156+24 km,
as compared to 360+120 km for on-disk fibril structures (Morton et al., 2012a), 260
km for RBE/RREs (Kuridze et al., 2015) and on-disk SCF structures by Gafeira et al.
(2017a). The power-spectral density (PSD) estimate is taken at each time-step (¢) for
t =1,2,3,...T, over height to understand the wavenumber (k,) dependence of these
parameters over time. Similar estimates were taken at each height (H) over time,
to analyze the evolution of observed parameters in the frequency (f) domain. The
averaged-PSD is then defined as < g;i(k;) >,< §;;(f) > and given as

1 T
< ii(k;) >= T Y 1gii(k:) — gii(kz)] (4.8)
=1
1 H
<&j(f)>= 5 X &N =Nl (4.9)
H=1

where, gii(k;) and g;;(f) are the mean magnitudes of the estimated PSDs taken as the
background noise and are removed at each time/height-step.
The estimated averaged-PSD for displacement (6&,), cross-sectional width (6&y),

intensity (6/) and azimuthal shear/torsion (8&;) fluctuations are shown in the Figure
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4.4a,b in the wavenumber (k;) and frequency (f) domains respectively. The region
enclosed (A, = 4454 - 1451 km) by the half-max of the peak PSD (A, = 2800 km) of
the resultant displacement and the subsequent parameters, is highlighted by the shaded
region (Fig. 4.4a). The coincided peak PSD magnitudes for all the four observed
parameters indicate a strong coherence between these observables at smaller (larger)
wavenumbers (wavelengths). The remainder region with increasing wavenumber (k)
shows an exponential decay in averaged-PSD estimates for all the observed quantities.
The strong coherent behavior between these observables is also evident in the frequency
(f) domain. In here, the results are two-fold.

First, the observed parameters (6&,, 6y, 61) show peaks at 0.013 Hz (77 sec)
and 0.039 Hz (25.6 sec), i.e., a secondary peak at around thrice the frequency of the
primary peak, marked by the vertical solid lines in Figure 4.4b. Second, the azimuthal
shear/torsion (8&;) component shows a peak at 0.026 Hz (38.4 sec), at twice the
frequency (fsg, = 2fs¢,) at the primary peak (at 77 sec) of the resultant displacement
and other observables. This peak in the averaged-PSD magnitude for the azimuthal
shear/torsion component is located at the “first harmonic”, where the other observables
show a deficit in the frequency domain. This subsequent period-doubling and -tripling
pattern in frequency domain (Jiang et al., 1998; Linsay, 1981) for observables could
indicate the nonlinear nature of the spicular dynamics. However, the existing nonlinear-
kink (analytic/numeric) models have only produced period-doubling (Magyar and
Van Doorsselaere, 2016; Ruderman et al., 2010; Ziegler and Ulmschneider, 1997a,b),
and have not yet produced period-tripling. The 3D visualizations of these coupled
dynamical components are shown in Figure 4.9.

The observed coupled transverse and non-/axisymmetric deformation of the MFT
cross-section could partly be due to the injected photospheric perturbations (as assumed
in previous studies) and/or as a consequence of the flux tube to maintain the local
pressure equilibrium at the tube surface. The transverse dynamics of the waveguide, in
principle, should be resisted by the inertia of the spicular plasma (ionized, partially-
ionized and neutrals). This can result in a non-axisymmetric deformation of the MFT
cross-section with an anti-correlation between plasma and magnetic pressures, in
an attempt to maintain the overall pressure equilibrium. While, the gradients in the
plasma pressure due to confined kink waves were already reported as acceleration at
the transverse nodes by Sharma et al. (2017), it is highly reasonable to assume the
deviation of spicular cross-sectional geometry to a non-circular case, to compensate
the asymmetry in pressure distribution between forward and backward sides of the

moving waveguide (see upper panel, Fig.4.9).
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Fig. 4.8 A comparison between the observed transverse displacement and cross-sectional width
for the on-disk He fibril structures is shown. Left panel shows the transverse displacement of
the observed waveguides, which for most of the cases had nearly the same magnitude as for
the cross-sectional width (~300 km). The plots here are taken from Morton et al. (2012a).

The physical explanation is well supported by the observed amplitudes for per-
turbed transverse displacement (8&,) and the cross-sectional width (8 &y ) oscillations,
which are comparable (Fig. 4.4c). Similar observations (Fig. 4.8) were reported
by Morton et al. (2012a) for on-disk fibrils. Since, the overall cross-sectional width
and the associated photometric variations are directly related to the pressure perturba-
tions, linked with the tube dynamics, it is expected for these to be coupled at similar
wavenumbers and frequencies. This aspect is statistically supported by the observa-
tions of comparable periods for cross-sectional width and intensity oscillations for
on-disk SCF structures, reported recently by Gafeira et al. (2017a).

The coupling between the transverse (6&,), cross-sectional width (6&y ) and the
azimuthal shear/torsion (8&;) parameters could also be attributed to the magnetic
tension forces and/or longitudinal plasma pressure perturbations. When the local
curvature is formed between the mean-axis and the maximum displacement, there will
be components, both perpendicular (vertical) and along (horizontal) the direction of
transverse displacement. Over a single wave-period, these vertical components will
reverse their sign twice as compared to the horizontal component. It must, however, be
noted that similar vertical components associated with plasma pressure changes would
also be present in the spicule due to cross-sectional width variations. The frequency
analysis, as shown in Figure 4.4b, hints towards the proposed mechanism, with the

azimuthal shear/torsion component (6&;) having twice the frequency ( Jse, =2fse =
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2fs¢,,) as compared to that of the primary peak in the frequency for the transverse
displacement (8&,) and cross-sectional width variations (6&y). Similar interpretations
were proposed by (Ulmschneider et al., 1991; Ziegler and Ulmschneider, 1997a) for
their numerical analysis of the dynamics of the thin MFT structures. These changes in
the vertical component will result in longitudinal compressions and rarefactions which
will further perturb the associated Lorentz forces, visible as the azimuthal shear/torsion
(see lower panel, Fig.4.9). Under the influence of longitudinal compressions and
rarefractions, the perturbed azimuthal shear/torsion (6&;) will further showcase upward
and downward motions along the spicular structure (see, supplementary material for
Fig.4.9). This longitudinal motion of the perturbed Lorentz forces was highlighted by
Kitiashvili et al. (2013) in their numerical simulations of vortex tube dynamics.

t=7.7 sec t = 30.8 sec t = 46.2 sec t = 69.3 sec

Fig. 4.9 3D visualizations of the coupled evolution of resultant transverse displacement (&),
cross-sectional width (§y+) and azimuthal shear/torsion (&) parameters are shown for an
arbitary view-angle. Top panel highlights coupled transverse and width (W’), with intensity
taken in proportion to cross-sectional variations at four time-steps (7.7 sec, 30.8 sec, 46.2 sec,
69.3 sec). The visualization here assumes an axisymmteric variation in the cross-sectional
width. Bottom panels showcase the transverse and azimuthal shear components. The azimuthal
shear/torsion component magnitude exhibits field-aligned upward and downward motions,
possibly due to perturbed Lorentz forces.
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The strong coupling between the observables is also evident from the evolutionary
trends estimated at different heights. Figure 4.4c shows the observed parameters at
four consecutive heights (1.92, 2.56, 3.20, 3.85 Mm) above the visible limb with ¢
error marked as shaded regions. A visible overview of the cross-sectional width (6&y ),
photometric (81) and azimuthal shear (6&;) components show clear signatures of both
in-phase and out-of-phase behavior with the resultant displacement (6&,) of the spicular
waveguide. For better understanding of the coupled behavior, the phase relationships
between paired parameters were estimated using the cross-spectral densities (CSD)
in the spatial and temporal domains by the procedure described in section 3.5. The
mutual variations in-between the estimated phase angles show the phase difference
congregated around 0° and £180° with a deviation of £30° for the spectral bins
located in wavenumber (4, in highlighted region, Fig. 4.10a-d) and frequency (f =
0.013 Hz, Fig. 4.10e-h). However, the phase angles for cross-sectional width, intensity
and azimuthal shear/torsion pairs in wavenumber (Fig. 4.10d) and frequency (Fig.
4.10h) domains appears to be strongly concentrated around 0° indicating collective

behavior, rather than uncoupled azimuthal shear/torsion and sausage-type motions.

4.4 Conclusions

The main conclusions from the study, presented in the chapter, are as follows:

1. For the first time, the resultant displacement (6&,) estimated from both the POS
and LOS velocity components were analyzed with the cross-sectional width
(86&w ), photometric (61) and azimuthal shear/torsion (6&;) variations for off-limb
spicules. Time-distance (TD) plots show the displacement of the oscillatory axis
of the spicular structure in both the perpendicular planes of motion, indicating
the presence of the kink wave-mode, with periodic longitudinal (field-aligned)
flows (V). Observations of spicular waveguide and TD analysis further reflected
the ‘pulse-like’ behavior of the wave mode with the dominant period of the order

of the flux-tube’s lifetime.

2. Concurrent temporal and spectral (k;, ) analysis showed profound coupling
between the observables (8&,,0Ew,01,0&;) over the tube/period-scale, sup-
ported by the mutual phase relationships. The frequency (f) analysis showed a
period-doubling and -tripling aspect for these quantities which could indicate the
nonlinear behavior of the system. An important aspect to note here is, that the

peak-frequency of the azimuthal shear/torsion component was located exactly
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where other observables had lost their power densities, with the frequency (pe-
riod) twice (half) as that of the primary peaks of the transverse displacement and
cross-sectional width variations. The observed behavior could also be explained
in terms of the linear MHD theory, with independent wave-modes coupled in
the presence of the magnetic twist (internal and/or external) and/or irregular
shape in MFT waveguides (Giagkiozis et al., 2015; Terradas and Goossens,
2012). Due to the presence of the twist, a single pulse-like driver can result in
the coupling observed in wavenumber and frequency domains. However, in the
absence of the twist, a fine-tuning would be essential for all the drivers of the
kinematic parameters, associated with the observable wave-modes, which is

highly unlikely.

3. The investigation opens a way to obtain more accurate information about the
actual complex 3D spicular motion, whose components were earlier identified
ubiquitously/independently as transverse, field-aligned, rotational and cross-
sectional motions by the numerous studies listed in the Introduction section.
This study also provides much needed insight into the coupled behavior of the

different dynamical components of the spicule motion.






Chapter 5

Coupled evolution of transverse
dynamics with height: Helical vs.

Non-helical motions

5.1 Background

Kinematic wave-modes, that include the transverse oscillations, along with the as-
sociated cross-sectional width and azimuthal shear/torsion variations were found
omnipresent, in both, on-disk and off-limb MFT structures, and are key to the con-
duct of the energy across the interface-region. These motions reflect the dominant
linear/nonlinear MHD wave-mode behavior, confined in the observed thin MFT waveg-
uides, and were primarily analyzed, for their independent evolution in time and also
for the estimation of associated wave energy flux. A few, theoretical (e.g., James
et al., 2003; Shibata and Suematsu, 1982), as well as, observational (e.g., Khutsishvili
et al., 2017; Morton, 2014; Stangalini et al., 2017; Zaqarashvili and Skhirtladze, 2008)
studies, however, did examined the evolution of the longitudinal wave motion, to
understand the origin and dynamics of the transverse motions.

De Pontieu et al. (2007d) observed the ubiquitous transverse motions in the spicule
structures, in the Hinode/SOT data, and reported the presence of the Alfvén wave-mode
in chromospheric MFT structures, though, this interpretation was later questioned in
many consequent studies (e.g., Erdélyi and Fedun, 2007; Van Doorsselaere et al.,
2008; Zaqarashvili and Erdélyi, 2009). However, Zaqarashvili and Skhirtladze (2008)
suggested that the helical kink motions could be responsible for the observed transverse
oscillations in the observed spicule structures. They proposed that a MFT waveguide

emanating from the solar photosphere, could experience continuous buffeting from
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the granular cells at its foot-point. This photospheric buffeting action can inject
(single/multiple) kink pulse in the observed feature, which while propagating up,
through the stratified solar atmosphere, appears like transverse oscillation, as reported
by De Pontieu et al. (2007d). They further highlighted the helical behavior of the
polarized dynamic components of the injected kink pulse, in different planes of motion
(towards and perpendicular to the observer’s LOS).

Though, kink waves can displace the flux tube axis, the degree of polarization
and the associated plane of dominant motion will depend strongly on the foot-point
driver. In case, multiple kink waves are injected into the waveguide, the resulting
transverse motion would be more complex and the linear superposition of the injected
waves. Zaqarashvili and Skhirtladze (2008), for two linear kink waves, polarized
in perpendicular planes, suggested that the overall helical transverse motion would
be circularly polarized, for equal amplitudes of the two kink waves, and elliptically
polarized, for unequal kink amplitudes, with dominant motion in the plane of the
kink wave with the higher amplitude. Stangalini et al. (2017) traced the photospheric
foot-point motions and concluded the observed foot-point motions to evolve into the
helical kink behavior, in the chromospheric flux tube structures.

However, it must be noted that, these studies only considered the superposition of
the linear kink waves in spicular structures, without any possible contribution from
the other observed kinematic components (e.g., cross-sectional width and azimuthal
shear/torsions). This chapter investigates the complex motions of the spicule structures
across the interface-region, through spatial-, temporal- and spectral-analysis. Observed
dynamic parameters, with associated multiple/nonlinear wave-modes are examined, to
understand the overall transverse motions, for the structures in complex chromospheric

environment.

5.2 Method and analysis

For the sake of continuity, the spicule case (SP1) analyzed for the nonlinear kink
behavior in Chapter 4, is used again for the study. The observed physical parameters
(height, length, lifetime, inclination, etc.) of the spicule are summarized in Table 2.1.
The estimation of the observed kinematic components, like transverse displacement
in both LOS and POS planes, resultant transverse motion, cross-sectional width and
azimuthal shear/torsion for the spicule (SP1), from imaging-spectroscopy data are dis-
cussed in detail in Chapter 4 (Section 4.2). All these observables were found strongly

coupled in spatial-, temporal- and spectral analysis, with fixed phase relationships.
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Moreover, nonlinear evolution of these coupled parameters was highlighted by the
period-doubling, -tripling character in the frequency domain, in Chapter 4. Here,
the principal aim is to analyze the evolution of the estimated kinematic components
over height and time, and to identify the presence and signatures of multiple kink
(linear/nonlinear) in the spicule structure, which could affect its observed dynamics.
For this purpose, at each time-step, the observed POS and LOS transverse components,
over height, are projected on the plane (of motion), as Lissajous-like plots !. These
plots showcase the transverse behavior as helical/non-helical across the interface-
region. To understand the coupled evolution in the spectral domain, the power-spectral
density (PSD) estimate is taken at each time-step (¢) fort = 1,2,3,...T, over height to
understand the wavenumber (k;) dependence of these parameters over time. Similar
estimates were taken at each height over time, to analyze the evolution of observed
parameters in the frequency (f) domain. The PSD is then defined as g;;(k;),&;;(f)

and given as
Bii(kz) = |8ii(k:) — Zii(k:)| (5.1)
8ji(f) = |8ji(f) —&i(f)], (5.2)
where, g;i(k;) and g;;(f) are the mean magnitudes of the estimated PSDs taken as the

background noise and are removed at each time/height-step.

5.3 Results

Figure 5.1 show the spatial and temporal evolution of the POS and LOS transverse
components over height. A sinusoidal function is fitted to the data to extract the
trend (marked as the dashed-line) of the tube-scale motion, with the high-(k,) residual
perturbations (6& ), shown in Figure (5.1, 2(a-c)). A visual inspection of the plots
indicate two-fold results. First, the POS and the LOS components of the transverse
dynamics, with high and low wavenumber (k;), are in the opposite phase with a varying
lag (Fig. 5.1, 1-2(a-c)). Second, the strong deviation of the perturbed transverse
motion from the helical behavior (Fig. 5.1, 4(a-c)), suggests nonlinear evolution of the

transverse dynamics with height.

IRepresentation of two orthogonal simple harmonic oscillations on a plane of motion
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Fig. 5.2 Panels showing the distribution of frequency f estimates for transverse (a), cross-
sectional width (b) and azimuthal shear/torsion (c) parameters with height. Two dashed lines,
namely, (red) at 0.013 and 0.039 Hz, respectively, mark the location of enhanced PSDs for
transvere and cross-sectional width parameters, similar to the Figure 4.4b, where an average of
these estimates are shown. The vertical line (blue) at 0.026 Hz marks the position of the PSD
enhancements for azimuthal shear parameter.

Similar observations for out-of-phase behavior, with a lag were reported for os-
cillatory prominence threads by Okamoto et al. (2015), and recently, for spicular
structures by Khutsishvili et al. (2017). In their study, Okamoto et al. (2015) examined
various theoretical scenarios, that included resonant absorption and possible presence
of multiple flux tubes in the observed structure to explain the out-of-phase behavior
and coherent POS-LOS velocities. However, it should be noted that, the resonant
absorption occurs at very fine spatial-scales, which is beyond the scope of examination
with the current observational capabilities. However, Antolin et al. (2015) in their nu-
merical simulations, along with forward-modeling of the transverse flux tube motions,

found similar out-of-phase patterns in the intensity and Doppler velocity components,
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and emphasized the role of azimuthal flows at the flux tube boundaries in the observed
phase-shift. The evolution of these transverse motions with height for spicule struc-
tures, having the ambient plasma density decreasing rapidly (see Fig. 1.3a), were
studied by Zaqarashvili and Skhirtladze (2008). In their study, they postulated that the
amplitude of the transverse oscillations should increase with the apex of the flux tube
structure, while exhibiting helical motion. However, their analysis did not included
the observed nonlinear effects, like the multiple wave-modes, out-of-phase behavior
and phase-lag, that could result in highly complex and possibly non-helical motions in
spicules. Okamoto and De Pontieu (2011), in their analysis found that there also exists
a mixture of upward, downward and the resulting temporary standing waves, due to
the reflection of the confined waves at the transition-region. These different transverse
waves, with a plethora of phase-speeds, do evolve with time and height and can in fact
lead to non-helical motions, though this aspect was not examined in their study.

To further investigate any possible role, of the multiple wave-modes in the observed
non-helical behavior, spectral analysis in both spatial (wavenumber) and temporal
(frequency) domains was performed, as described in Section 5.2. The evolution of
the frequency (f) estimates of the parameters with height, and wavenumber (k,) with
time, are shown in Figures, 5.2 and 5.3, respectively. Frequency estimates show two
peaks at 0.013 Hz and 0.039 Hz, which were concluded as a signature of nonlinear
period-tripling in Chapter 4. For most of the heights, the location of these peaks in the
frequency domain, does not show any variations, though the changes in associated wave
amplitudes are evident. However, at a few positions in height, the frequency peaks, for
transverse and cross-sectional width parameters, show enhanced power at 0.026 Hz,
where the PSD of the azimuthal shear/torsion component is dominant. This behavior
might reflect the exchange of energy between different modes, as they evolve in time.
The wavenumber (k;), however, shows shift at the peak-location, with associated
variations in the PSD magnitudes. Multiple peaks, with comparable amplitudes are
found, during the temporal evolution, indicating the presence of different waves in the
spicule structure. This outcome is consistent with the observations of multiple waves,
both, propagating (upwards/downwards) and standing, reported by Okamoto and De
Pontieu (2011).

The wavenumber position of the two most dominant peaks in Figure 5.3 is traced
over time and is shown in Figure 5.4. The wavenumber (k;) for the peak with the
higher PSD magnitude is taken as the primary, while, with the other (second-highest)
is taken as the secondary k;. The primary peak corresponding to low-wavenumber
(high-wavelength) shows a constant value over the time, with discrete variations for k,

estimates for the observed dynamic components. The estimates at those instance, attain
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Fig. 5.3 The distribution of the wavenumber, k;, estimates (top to bottom), with time, for
the three observed kinematic parameters (transverse, cross-sectional width and azimuthal
shear/torsion) are shown. Shaded region marks the half-max of the averaged-PSD in wavenum-
ber domains, similar to Figure 4.4a, in Chapter 4. The estimated wavenumber parameters
showcase PSD peak-shifting, along with multiple peaks with comparable magnitudes, indicat-
ing the presence of multiple waves, confined in the spicule structure. k, range corresponding to
100 km are shown, which is the spatial resolution limit for the data.
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Fig. 5.4 Temporal evolution of the wavenumber (k;) associated with the two dominating PSD
peaks, along with errorbars marking +c¢. Left panel showcase the variations for the low-k;,
which is primarily concentrated at k., corresponding to ~2800 km wavelength. Deviations
of k, to double its magnitude, by different parameters, at discrete time-steps, might indicate
wavelength-halving character, similar to the nonlinear period-doubling in the frequency domain.
Right panel shows the high-wavenumber component, which shows strong variations with time
for the analyzed observed parameters. This behavior might be due to the inhomogeneous
chromospheric environment and/or presence of multiple wave-modes with different phase-

spe

eds.
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a k, value with twice the magnitude (or, half-wavelength) as before. This behavior is
somewhat similar to the period-doubling aspect of the nonlinear waves in frequency
domain (see Fig. 5.4). However, the secondary peak, with high k, (or shorter wave-
length), shows strong variations in time for all the three observed kinematic parameters.
This gives an impression of a strong coupling between the waves with higher k,, to the
inhomogeneities of the local chromospheric environment. It must be noted that the
solar interface-region is highly complex, gravitationally stratified region, with mag-
netic pressure varying over unity. Furthermore, the presence/superposition of multiple
kinetic wave-modes confined in the spicular waveguide, can also result in variations in
the wavenumber estimates. The possibility of energy exchange between the observed
kinematic modes through linear/nonlinear mechanisms is also possible. Nevertheless,
it appears that the complex motion observed for the spicule structure is actually due to
a combination of two (and more) MHD wave modes. The corresponding wavenumbers
k. for these modes suggests that mode with primary wavenumber (low-k,) dominates
the overall motion of the flux tube in both perpendicular observational planes (POS
and LOS), while mode with secondary wavenumber (high-k;) is responsible for the
complex, non-helical motion. The feed-back/response from the secondary wavenumber
peak deviates the spicule motion from the ideal helical behavior, as expected from a
single kink wave.

The coupled ensemble of multiple/nonlinear wave-modes with transverse dis-
placement and cross-sectional width parameters are visualized in 3D, in Figure 5.5.
The cross-sectional width variation for the spicule structure is assumed here as ax-
isymmetric, however, that might not be the case with nonlinear motion due to kink
wave-mode(s) in the spicule structure. The three time-steps are visualized at different
phases of spicule’s lifetime, with the overall structure undergoing non-helical motion,
as shown in Figure 5.1. Presence of multiple kinematic components can further com-
plicate the dynamics of spicule structures in solar chromosphere and strongly influence

the evolution of injected motion due to buffeting at spicule’s footpoints.

5.4 Conclusion

Coupled dynamical components, that consist of transverse displacement, cross-sectional
width and azimuthal shear/torsion components are examined to understand the motion
of the spicule structure, across the interface-region. Spatial-, temporal- and spectral-

analysis of the estimated parameters, indicate the complex, nonlinear behavior of the
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Fig. 5.5 Panels (top to bottom) show 3D visualization of the coupled transverse and cross-
sectional width parameters over height, for three time steps (7.7 sec, 30.8 sec, 61.6 sec),
respectively. Panels on the left show the POS-view of the spicule (SP1) kinematic components,
while those on right highlight the top-view. Color-scale is in proportion to the cross-sectional
width, with an axisymmetric assumption of variation in width. The position of the photosphere
(not to the scale) is marked by a G-band image from Hinode/SOT data.



5.4 Conclusion 97

spicular dynamics, with strong coherence in the studied estimates. Key conclusions

from the study are as follows:

1. The transverse displacement components in POS and LOS are coupled in the
opposite-phase with a lag. The simulation/forward-modeling from recent studies
(e.g., Antolin et al., 2015; Okamoto et al., 2015), claim the role of the resonant
absorption phenomenon in the observed behavior, though, it is not possible to

examine the proposed theoretical mechanism directly through observations.

2. The spatial evolution of the coupled transverse components reveal non-helical
motions of the spicule structure, across the interface-region, with two (and more)
kink wave-modes. These observations are in contradiction with some previous
studies (Stangalini et al., 2017; Zaqarashvili and Skhirtladze, 2008), as they only
considered a single kink pulse, with dynamical components, polarized in the

perpendicular planes of motion.

3. Spectral analysis in the frequency (f) and wavenumber (k,) domains, for the
observed parameters, highlight the presence of multiple wave-mode(s). Though,
the spatial (height) evolution of the frequency (f) estimates shows concentration
of PSD magnitudes at 0.013 Hz and 0.039 Hz for transverse displacement and
cross-sectional width parameters, and at 0.026 Hz for the azimuthal shear/torsion
parameters, with mutual exchange of PSD at some heights. The wavenumber

(k) estimates over time show multiple peaks that shift their locations.

4. The low-k; component of the wavenumber shows nearly constant location, with
occasional shift to double k; location, by all three analyzed parameters. However,
the high-k; element shows strong changes over time, which could be due to the

local plasma and magnetic inhomogeneities, in the chromospheric atmosphere.

5. It is possible that the high-k, component could be accounted for the observed

complex and non-helical motions in the observed spicule structures.






Chapter 6

Conclusions and Future work

6.1 Overview of the thesis

This thesis primarily concerns with the dynamical behavior of thin magnetic flux tube
structures observed in the solar chromosphere and their accurate interpretation in terms
of the magnetohydrodynamic (MHD) wave modes. Spicule structures observed at the
solar limb, using high-resolution imaging-spectroscopy data (Chapter 2) were analyzed
for the three-dimensional (3D) overview of their kinetics. Up until now, most studies
devoted to understand the role of these features in the mass, energy and momentum
transportation, were restricted in either of the planes of motion (POS or LOS). For
the first time, the observed dynamics of is studied by combining the perpendicular,
plane-of-sky (POS) and the line-of-sight (LOS) kinematic components, at both, pixel-
and tube-scales. Novel analysis methods were developed to combine the observed
dynamical parameters, as described in Chapters 3 and 4, to gain insight into the true
motions of the spicules. Cross-sectional width and azimuthal shear/torsion parameters
were also studied to obtain a comprehensive overview of the nonlinear motions in these
structures. Evolution of these kinematic estimates, in spatial, temporal and spectral
domains, provided a step-forward in the understanding of the nonlinear motions in
these structures. Furthermore, the non-helical complex motions (Chapter 5) in these
features reflected the complicated nature associated with the propagation of the MHD
wave-modes through the solar interface region. Major conclusions from this thesis, for

each chapter as well as future prospects, are given in the sections below:
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6.2 Conclusions

Chapter 2, mainly describes the imaging-spectroscopy data used in the thesis and also
the selection of the spicule cases used throughout in the thesis. The data used in the
study is in Hoe spectral line, taken from the CRISP instrument at the Swedish Solar
Telescope, for a duration of around 30 minutes. The high-quality data shows two
active regions at the solar limb, along with complex forest of spicular structures. The
superimposed spicule structures with their short-lifetimes and high velocities makes
the selection of individual cases, a notoriously difficult task. Eight spicules, which
were least-superimposed in the respective line-scan positions, during their lifetimes,
were selected for the study. Their observed physical parameters (lifetimes, height,
length, inclination, etc.) along with their dominant plane of motion were listed in this
chapter. From Ho images from previous days, it is concluded that the spicules at the
limb were originating from the quiet-Sun region. This information is key to estimate
the magnetic pressure changes, associated with kink wave motion, in Chapter 3.
Chapter 3 highlighted the challenges associated with the accurate interpretation
of the observed wave-modes (torsional Aflvén or kink) in spicule structures. It is a
common belief that the kink wave motions are purely transverse in nature and no other
motions are linked to them. However, theoretical and numerical studies in the past
contradicted this view and proposed the coupled transverse (internal) and rotational
(external) behavior in the flux tube structures, associated with the kink wave mode.
The correct identification of the confined wave mode becomes even more difficult in
observations, as, the Doppler estimates for both m = 0 torsional Alfvén wave-mode and
m = 1 kink wave, show similar axisymmetric (red-blue) profiles. Here, it must be noted
that the Doppler profile for torsional Alfvén wave is axisymmetric, i.e. independent
of the observer’s LOS, whereas, in case of kink motions, it strongly depends on it.
Moreover, the ideal torsional Alfvén wave cannot displace the flux tube structures,
while the kink wave independently can, in principle, displace the flux tube, and has
the rotational profile due to the ambient plasma. Also, the surrounding magnetic and
plasma environment would experience compressions and rarefactions due to kink
motion, and would appear as discrete perturbation-profiles. Till date, the pressure
perturbations in the ambient solar atmosphere, linked with the spicule motions was not
possible, due to the observational and instrumentation limitations. To circumvent this
problem, 3D velocity-vectors at each pixel were determined and proxies for plasma and
magnetic pressure perturbations were estimated. Chapter 3, highlighted the coupled,
LOS-dependent, transverse and rotational motions, associated with the kink wave

mode, for two spicule cases with predominant POS and LOS motions and compared the
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estimated pressure profiles to the expected theoretical models. The only assumptions
taken into account for the estimation of the perpendicular velocity components were
those related to the intensity motions (for POS), which are considered entirely due to
the plasma motion, and not due to any thermal or seeing effects, and also the observed
plasma colomn is optically thick, i.e., emission towards the observer are prominent.
The results from this chapter are highly important for accurate identification of the
confined wave modes in spicule structures. Discrete MHD wave-modes have their
specific energy transfer and dissipation mechanisms, key to the understanding of the
role of spicules in chromospheric/coronal heating.

Chapter 4 focuses on the evolution of the coupled dynamics in kinematic com-
ponents of the observed spicule structure, at the tube-scale, in spatial-, spectral- and
temporal-domains. Key dynamical parameters, like, longitudinal-flows, transverse
displacement, cross-sectional width and the azimuthal shear/torsion, were estimated
to analyze the spicule motion and the possible MHD wave modes confined in the
waveguide. Field-aligned (longitudinal) flows were estimated by tracking the visible
apex position of the inclined (23.6°) spicule structure with average velocities of the
order of 41428 km/s. Here, it is assumed that the spicule is inclined in the observer’s
LOS with same angle as observed in the POS. The flow velocities were later used
to correct the possible projection-effects that might affect the proper LOS Doppler
velocity estimates. Transverse kinematic components in the perpendicular observa-
tional planes (POS, LOS) were estimated by using the time-distance (TD) plots, with
each cross-cut at ~172 km apart in height, on imaging and Doppler data. The TD
plots highlighted a pulse-like behavior in the spicule structures, which was earlier
hypothesized in theoretical and numerical studies. The resultant-vector of these two
was further used to investigate the transverse dynamics. Apart from displacement
parameters, cross-sectional width was also estimated over height by using a Gaussian
fit on intensity profiles across the spicule structure. The Full Width at the Half-Max
(FWHM) of the Gaussian function was taken as the proxy for the width of the structure.
The mean-magnitude or the unperturbed cross-sectional width was found to be around
156424 km, with variations upto £80 km. This information was utilized to estimate
the azimuthal shear (average magnitude of 4439 km) across the spicular waveguide.
All these parameters were studied in their spectral (for mutual phase relationships) and
temporal domains.

Analysis also showed profound coupling between the observed kinematic parame-
ters in temporal and spectral (both frequency and wavenumber) domains. Nonlinear
behavior with period- doubling and tripling aspects was highlighted with an important

finding on the relation between azimuthal shear/torsion and other dynamical parame-
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ters. In the frequency analysis, the averaged-PSD peak for azimuthal shear component
showed power where all other parameters had a deficit. Also, the frequency of shear
component was located in middle of the primary and secondary peaks of the spectral
peaks for all other estimated parameters. This behavior was anticipated from the nu-
merical studies for thin magnetic flux tubes, but was observed for the first time in our
analysis. Furthermore, the dynamical components, which were earlier studied/reported
as independent kinematic modes (Chapter 1), were found strongly coupled with each
other. A few studies (Jess et al., 2012; Morton et al., 2012a) which reported the coupled
transverse and cross-sectional width, assumed axisymmteric variations in the tube
structure, which might not be the case, and needs future investigation, supplemented
with numerical simulations. The 3D visualizations for the coupled evolution of the ob-
served dynamical parameters shed new light on the motions and revealed the inherent
complexities associated with the spicule structures . Results from Chapter 4 may have
strong implications for the kinematic energy-budget, such as, distribution of the total
available energy in different wave modes, along with the partition of energy in between
magnetic and plasma parameters and also energy transfer/dissipation mechanisms.
Chapter 5 examined the evolution of the coupled transverse dynamics of the spicule
structure from the estimated kinematic components in the perpendicular observational
planes (POS and LOS). Periodic transverse displacements were observed in the spicule
waveguides and were interpreted to be the signatures of the confined MHD kink
wave modes. However, the evolution of these transverse motions with height were
found to be helical in nature, concluded through numerical studies and the tracking
of photospheric foot-point motions of the chromospheric flux tubes. Our analysis
showed that the oscillatory POS and LOS motions in height are strongly coupled
in the opposite phase with a lag. The lissajous-like plots of these motions revealed
non-helical nature of these complex transverse motions. Inspection of spectral esti-
mates, indicated the presence of two nonlinear kink waves, confined in the observed
waveguides with averaged-PSD peaks varying in time. This variation of the dominant
peaks could be due to the chromospheric inhomogeneities and/or presence of upward
and downward propagating wave components in spicule structures. Though, the up-
ward/downward/standing waves in spicular waveguides were reported in previous
studies, however, their effects on the transverse dynamics was yet unknown, and is
showcased for the first time in our study. Moreover, the presence of other nonlinear dy-
namical components (cross-sectional width, azimuthal shear/torsion and field-aligned
flows), can also affect the wave propagation though spicule structures across the so-
lar interface region. The analysis presented in this chapter highlighted the complex

motions pertinent to the spicular waveguides in the chromospheric environment.
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6.3 Future work

The future prospects of this research is to extend the analysis with multi-wavelength
diagnostics of the open (spicules, fibrils, mottles, etc.) and closed (arch-filament,
loop-like) magnetic topology features, in the solar interface-region, observed in both
active- and quiet-Sun magnetic background conditions. The research presented in this
thesis, primarily relies on high-resolution data from CRISP/SST in Ha line profile
at the limb, observed for a quiet-Sun spicule structures. However, it must be noted
that the spicules are essentially multi-thermal structures and their physical behavior
evolves from one line to the other (Pereira et al., 2014), with extended lifetimes.
Furthermore, the role of the background magnetic field conditions on the observed
dynamical behavior, of the magnetic flux tube structures, is yet, unclear and needs to
be investigated. To address these challenges, successful observational campaigns from
the Dunn Solar Telescope (in 2016) and the Swedish Solar Telescope (in 2017) were
carried out. The high-resolution imaging-spectroscopy data from both observations
in the multiple wavelengths (Ha, HB, Ca 11) were complemented by co-spatial IRIS
observations (Mg 11, Si 1V). A sample of the observed data in several wavelengths for
on-disk structures is shown in Figure 6.1. Apart from these, forward modeling of the
observed spectral lines is also envisioned to get a better insight into the response of
the spectral lines to the complex dynamics of the flux tube features (e.g., Antolin et al.,
2015; Okamoto et al., 2015). The specific science cases that would be pursued are as

follows:

6.3.1 Pulse-like behavior in spicule structures

Observations of the spicular waveguides from Hinode/SOT, in Ca 11 passband, had
shown that the overall lifetime of the feature is comparable to the estimated wave
period (De Pontieu et al., 2007c; Okamoto and De Pontieu, 2011). This oscillatory
behavior is observed as a pulse-like trait in the time-distance plots of these structures.
The oscillations in spicules, due to a sudden impulse has recently been elaborated by
numerical studies (KuZma et al., 2017; Martinez-Sykora et al., 2017). Nevertheless,
the origin of spicule structures, as a consequence of a strong pulse/shock is not
entirely a new concept (De Pontieu et al., 2004; Hollweg and Roberts, 1981; Shibata
and Suematsu, 1982; Sterling, 2000; Suematsu et al., 1982) and has remained a key
possible mechanism for spicule generation. Furthermore, as a consequence of the
propagating pulse, confined in the spicular waveguide, the other observed kinematic

components (transverse, cross-sectional width, azimuthal shear/torsion) can couple
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Fig. 6.1 Observations of quiet-Sun region in multiple wavelengths (G-band, continuum, Ca I1
and HB) from Dunn Solar Telescope on 21 October 2016. The G-band data acts as a tracer for
the foot-point motions of the flux tube structures. The image clearly shows the granular cell
structures on the solar photosphere, along with bright points in the intergranular boundaries,
indicating the concentrations of the small-scale magnetic flux element. The corresponding
continuum image shows magnetic pore structures, suggesting the flux emergence sites in
photosphere. The Ca 11 shows bright plage regions, while the Hf data clearly shows elongated,
dark, filamentary structures, sprouting from these regions.

to the longitudinal flows. The possible coupling between periodic transverse and
longitudinal motions did also appeared in previous numerical studies (James et al.,
2003; Ulmschneider et al., 1991; Ziegler and Ulmschneider, 1997a,b), but lacks any
conclusive evidence. Most of these studies, till date, have mostly been restricted to the
numerical pursuit and demands observational investigations for structures emanating
from different magnetic regions (active- and quiet-Sun). In the spectral analysis of
an observed spicule (SP1), the different estimated kinematic components reflected
strong coherence with the longitudinal mass motions. Figure 6.2 shows the dynamical
parameters in frequency domain with the observed longitudinal flows, with two peaks

at around 25 sec and 100 sec periods for field-aligned motions. The secondary peak
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(at ~100 sec) for longitudinal flows showed a higher magnitude as compared to the
primary peak at 25 sec, reverse to the observed behaviour in frequency estimates for the
transverse, cross-sectional width and photometric parameters. The secondary peak for
transverse, cross-sectional width, intensity and longitudinal variations coincide at ~25
sec. This provides strong indications for the coupled nature of the field-aligned and
other dynamical parameters in spicular waveguides, and requires further investigation.
In future, a combination of the state-of-the-art numerical simulations with multi-
wavelength observations of spicule structures is foreseen to better understand the role

of impulsive mechanisms in spicule generation and the observed dynamical behavior.
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Fig. 6.2 Spectral analysis of dynamical components in the frequency domain (similar to Fig.
4.4 in Chapter 4) for spicule (SP1). Left panel (top-bottom) shows the spectral-peaks at 77
sec (primary) and 25.6 sec (secondary) for transverse, cross-sectional width and intensity
parameter, marked with vertical lines. The azimuthal shear/torsion shows peak (38.4 sec)
where the other parameters shows deficit in estimated power. This behaviour is discussed
in detail in Chapter 4. Middle panel shows the temporal evolution of the visible apex of the
spicule, with its spectral analysis (frequency) shown in the right panel, with averaged-PSD
peaks at 25 sec and 100 sec. The magnitudes of the power for spectral peaks associated with the
longitudinal motions shows a reverse trend as that from other estimated parameters (transverse,
cross-sectional width and intensity).

6.3.2 Multi-threaded structure of chromospheric waveguides

Observations for both off-limb (spicule) and on-disk (mottle) structures show asymmet-
ric spectra with multiple peaks in spectroscopic measurements, which are considered
as the consequence of multi-threaded structures (Fig. 6.3) in chromospheric features
(Dara et al., 1998; Ebadi, 2013; Skogsrud et al., 2014; Suematsu et al., 2008; Tanaka,

1974). Various mechanisms for the observed behavior were proposed, that included
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the role of the line-of-sight (LOS) superposition effects (Skogsrud et al., 2014; Sue-
matsu et al., 2008), strand-like structures due to the generation of Kelvin-Helmholtz
vortices (Antolin et al., 2014), pulse-like origin (Ebadi, 2013). Also, Shelyag et al.
(2011) showed that the vorticity, as observed in the solar photosphere, is generated by
granular flows and intergranular magnetic elements. This vorticity, when injected at
the foot-points of the magnetic flux tubes, can propagate up in the atmosphere though
the tube structure, resulting in torsional and cross-sectional variations in the waveguide
(Kitiashvili et al., 2013). These processes can deform the flux tube structure, which

might appear as double/multiple stranded in the observations.
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Fig. 6.3 Image taken from Skogsrud et al. (2014), shows two samples (top-bottom), with the
spicule structures in Ho wavelength. The temporal evolution of the observed spicule structures
shows the multi-strand/threaded structure, as a consequence of a dense feature being splitting
into individual strands/threads.

However, laboratory experiments also showcase the multi-stranded structures in
plasma (Beurskens et al., 2001; Romero-Talamas et al., 2006), along with the frag-
menting/splitting and merging of the magnetic flux tube structures. This behavior for
solar flux tube structures was also theoretically studied and reported by Ryutova (1993,

2015). Furthermore, numerical analysis for the bulk nonlinear transverse motions in
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solar thin magnetic flux tubes also indicated the fragmentation of the structures as a
consequence of strong/nonlinear kink wave motions (e.g., Ziegler and Ulmschneider,
1997b). These mechanisms do require further observational investigations, aided by
numerical simulations, for a better understanding of one of the most fundamental
observed properties of chromospheric magnetic flux tubes. The evolution of multi-
stranded structures with height and time in multiple passbands is planned for an insight

in this process in the solar chromosphere.

6.3.3 Kelvin-Helmholtz instabilities in spicular waveguides

Ubiquitous transverse and longitudinal motions are observed in spicules which reflect
the confined MHD wave-behavior of these structures in the complex and inhomoge-
neous chromospheric atmosphere. These motions are coupled with the cross-sectional
width variations and azimuthal shear/torsion of the flux tube structure (Chapter 4).
The complex (nonlinear) dynamics of these waveguides further amplify the dissipa-
tion process, (see e.g., Goossens et al., 1992; Hollweg et al., 1990; Ionson, 1978).
Theoretically, it is postulated that, the bulk transverse motions in the waveguide, due
to confined kink wave-mode (m = 1), there is a transfer of energy, from transverse
motions to the local torsional motions (similar to m = O torsional Alfvén wave mode)
around the tube boundary (Verth et al., 2010). These azimuthal torsional motions can
amplify with time and result into Kelvin-Helmholtz instability (Soler et al., 2010),
which enhances the dissipation of energy from bulk motion to localized heating. This
mechanism is numerically studied by Antolin et al. (2015, 2014) for the flux tube struc-
tures in both coronal and chromospheric ambient surroundings. However, most of the
previous studies only included the bulk transverse motions of the spicular waveguides,
whereas, the spicule motion comprises of transverse, cross-sectional width variations
and longitudinal flows. Under the influence of these complex motions, the velocity
shear between the spicule and the ambient chromospheric plasma would be more
complicated, than previously assumed. Moreover, the observational limitations and
analysis of separate POS and LOS motions have hampered the observational evidence
of such dissipations in chromospheric environment.

The newly developed technique to estimate the resultant 3D velocity vectors at the
pixel-scales, by combining the POS and LOS velocity estimates (Chapter 3), could be
advantageous in detection and study of these fine-scale plasma instabilities. Figure
6.4, shows the presence of eddy-like structures near spicule surface. Eddies at flux
tube surface are expected due to the velocity shear, in the form of Kelvin-Helmholtz

instabilities. It is planned to analyze the multi-wavelength off-limb data to locate, track
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Fig. 6.4 Visualizations showing the reconstructed resultant velocity vectors, projected over
a 2D-surface, color-coded in proportion to the magnitude of the resultant velocities. The
background surface shows the LOS displacement of the analyzed spicule structure (SP5 in
Chapter 3). Zoomed visualizations (yellow-box) inside and outside of the observed flux tube
shows ‘eddies’, formed due to the complex spicule motion. Example of such an eddie is
highlighted by white-oval, indicating small-scale instabilities due to velocity shear between
spicular and ambient plasma environment.

these shear flows around spicule structures. Techniques for automated detection and
analysis for on-disk flows (vortex) were recently developed and tested (Giagkiozis
et al., 2017). Also, the properties, such as lifetimes, boundaries (area), velocities, of
such small-scale motions is foreseen using an approach developed by Graftieaux et al.
(2001). A major outcome of this planned research will not only help in understanding
the dissipation mechanisms in the chromosphere, but also, the crucial relationship

between spicule and ambient plasma environment.

6.3.4 The flaring-arch filament (FAF) systems

The solar interface region is permeated by magnetic structures, in both open and closed
field configurations. Several small-scale closed magnetic structures or low-lying
loops have been observed and reported as, arch-filament systems (AFS), unresolved
fine structure (UFS), intranetwork loops, flaring-arch filaments (FAFs) (Bruzek, 1967;
Dowdy, 1993; Feldman, 1987; Vissers et al., 2015), from both ground- and space-based
platforms. Furthermore, these low-lying loop structures were also associated with
coronal jet eruptions (Moore et al., 2010; Sterling et al., 2015) and as sites of episodic

heating (Hansteen et al., 2014). Recent multi-wavelength observations using IRIS
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spacecraft by Hansteen et al. (2014) showed high Doppler velocity excursions at the
foot-points of the AFS/UFS/FAF, with magnitudes up to 70-80 km/s, which is around
2-3 times higher than the acoustic velocities in plasma at chromospheric temperatures
(80-100 x 10* K). The exact nature of the underlying physical mechanisms responsible
for such high velocity excursions at the ‘legs’ of these structures is yet not fully
understood.

Figure 6.5 shows an example of FAF structure observed at the limb in Ho imaging-
spectroscopy data (Chapter 2), from the CRISP/SST instrument. The temporal evolu-
tion at different line-scan positions, shows the structure appearing both in closed loop
and arch-like configurations, with apex-height at 2 Mm. A high velocity red-shifted
jet structure is visible with velocities up to 60 km/s. The brightening at one of the legs
of the FAF system, along with the corresponding Doppler estimates indicate possible
plasma upflows, which might be due to magnetic reconnection (Ellerman-bomb) event
at one of the foot-points (Reid et al., 2015). The foot-points of these structures are
rooted into the intergranular lanes and can experience flux-emergence and buffetting
phenomenon. However, these mechanisms indeed need to be investigated for FAF
systems and for their possible role in high-velocity plasma flows and jet-triggering
behaviour. The related future work-plan will focus on analysis of this and similar
events in multiple wavelength observations from ground- (CRISP/SST) and space-
(IRIS) based data.
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Fig. 6.5 A mosaic showcasing the evolution of a flaring-arch filament (FAF) structure and the
associated jet, at the solar off-limb location, observed in the Ha spectral line. The images (1-4)
correspond to the evolution of the FAF structure over time (25.9, 28.7, 30.2, 33.1 minutes),
while (a-c) indicates the different line-scan positions (-1.290, -0.946, 1.032 A from the
line-core), along with the Doppler estimates scaled between 435 km/s. The blue-line, in the
intensity images, marks the height at 2 Mm from the visible limb position (shown by the
dashed-line). During different phases of the evolution, the structure shows both loop-like and
arch-like profiles at various line-scan positions, along with strong Doppler shifts at one of the
legs of the feature.
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Appendix A

Supplementary cases

The spicule cases identified in the Ho dataset, as given in Table 1, were used to study
the dynamics at both pixel- and spicule length-scale. Spicule structures (SP5, SP8 &
SP1) are reported in detail, in Chapters 3, 4, 5, respectively. The analysis for other
remaining spicule cases are present here, to supplement the findings presented in
the Chapters before. The estimated parameters, that highlight the perturbed ambient
magnetic and plasma pressures for spicule features (SP1, SP2, SP3, SP4, SP6, SP7)
are given in Section 1, while the kinematic parameters for features SP2, SP3 and SP4,
are presented in Section 2, along with phase relationships and non-helical evolution of

transverse components with height.

Section 1

The estimated perturbations in magnetic and plasma pressures for the remaining spicule
cases (SP1, SP2, SP3, SP4, SP6, SP7) are presented for accurate interpretation of
the confined MHD wave modes in the flux tube structure. The observed physical
parameters, along with the dominant plane of the transverse motion is listed in Table 1,
given in Chapter 2. The estimation of the perturbed magnetic and plasma pressures are
discussed in detail in Chapter 3, with detailed analysis for two sample cases, each for
dominant transverse dynamics in the plane of sky (SP5) and the line of sight (SP8), with
respect to the observer. The cases presented here (Figures A.1 - A.3) provides profound
evidence of the perturbations in the spicule’s ambient chromospheric environment, due
to the dynamics of the structure under the influence of the confined wave mode. These
analyzed cases also strengthen the fact that the kink wave mode has both internal
(transverse) and external (rotational) dynamical characteristics, that strongly depend

up on the observer’s line of sight, when studied in imaging-spectroscopy data.
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(a) Estimated parameters for spicule SP1, used to identify the confined wave mode. The spicule
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(b) Observed and estimated parameters for spicule SP2 with bulk transverse motion in ob-
server’s LOS.

Fig. A.1 Panels show the observed and estimated parameters of spicules SP1 & SP2 (marked
by lines). In respective panels (a), the ROI is highlighted in the Hex intensity image. Panels (b)
to (e) show the intensity difference (67), Doppler velocity (6V}), acceleration (a,) and the LOS
magnetic field perturbation (0b,), respectively.
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(a) Estimated parameters for spicule SP3, with dominant bulk transverse motion in observer’s
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(b) Observed and estimated parameters for spicule SP4 with bulk transverse motion in ob-
server’s POS. The red-blue axisymmetry in the LOS Doppler profile indicates the displacement
of ambient plasma due to spicule motion.

Fig. A.2 Panels show the observed and estimated parameters of spicules SP3 & SP4 (marked
by lines). In respective panels (a), the ROI is highlighted in the Her intensity image. Panels (b)
to (e) show the intensity difference (87), Doppler velocity (0V}), acceleration (a,) and the LOS
magnetic field perturbation (8b,), respectively.
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(a) Observed and estimated parameters for spicule SP6 with bulk transverse motion in ob-
server’s POS. The red-blue axisymmetry in the LOS Doppler profile indicates the displacement
of ambient plasma due to spicule motion.
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(b) Observed and estimated parameters for spicule SP7 with bulk transverse motion in ob-
server’s LOS.

Fig. A.3 Panels show the observed and estimated parameters of spicules SP6 & SP7 (marked
by lines). In respective panels (a), the ROI is highlighted in the He intensity image. Panels (b)
to (e) show the intensity difference (87), Doppler velocity (6V}), acceleration (ay) and the LOS
magnetic field perturbation (0b,), respectively.
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Section 2

In this section, three additional cases (SP2, SP3, SP4) are provided, with detailed
analysis of the sample feature (SP1) is already discussed for nonlinear kink wave
dynamics (Chapter 4), and non-helical transverse dynamics (Chapter 5). The estimation
of the kinematic parameters and also analysis methods are same as discussed in the

chapters before.

Spicule 2

The spicule (SP2) had an average visible geometric length of 2.5 Mm, reaching up to
a height of around 4.1 Mm, inclined to the normal at the limb at an angle of 13.0°.
The estimation of different kinematic parameters (transverse, cross sectional width
and azimuthal shear/torsion) is given in detail in Chapter 4. The evolution of these
estimated parameters, in height and time are given in Figure A.4. These parameters
show profound coherence in both wavenumber and frequency domains, with in-phase
and out-of-phase oscillatory behavior in time (Fig. A.5). The frequency analysis
indicate towards the nonlinear evolution of these parameters with period-doubling and
tripling aspects. The primary and secondary peaks were located at 0.0118 Hz (84.7 sec)
and 0.0354 Hz (24.2 sec) for transverse and photometric variations, with azimuthal
shear/torsion parameter shows a peak at 0.0236 Hz (42.3 sec). The strong coupling in
between the estimates is also evident from the mutual variations in between the phase
angles (Fig. A.6), concentrated around 0° and 4+-180°. Furthermore, the transverse
components (POS, LOS and the resultant displacement) show out-of-phase behavior
in their evolution over height, as shown for three distinct time-steps over the lifetime
(Fig. A.7) of the SP2 feature. The trend due to the first kink wave mode dominates the
overall dynamics of the structure while the secondary kink wave mode shows strong

non-helical motion with height.
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Spicule 3

The spicule (SP3) had an average visible geometric length of 2.2 Mm, reaching up to
a height of around 4.8 Mm, inclined to the normal at the limb at an angle of 35.7°.
The evolution of these estimated parameters, in height and time are given in Figure
A.8. These parameters show profound coherence in both wavenumber and frequency
domains, with in-phase and out-of-phase oscillatory behavior in time (Fig. A.9). The
frequency analysis indicate towards the nonlinear evolution of these parameters with
period-doubling and tripling aspects. The primary and secondary peaks were located
at 0.0143 Hz (69.9 sec) and 0.0433 Hz (23.0 sec) for transverse and photometric
variations, with azimuthal shear/torsion parameter shows a peak at 0.0287 Hz (34.8
sec). These results are concurrent with those obtained for SP1. The strong coupling in
between the estimates is also evident from the mutual variations in between the phase
angles (Fig. A.10), concentrated around 0° and £180°. Furthermore, the transverse
components (POS, LOS and the resultant displacement) show out-of-phase behavior in
their evolution over height, as shown for three distinct time-steps over the lifetime (Fig.
A.11) of the SP3 feature. The trend due to the first kink wave mode dominates the
overall dynamics of the structure while the secondary kink wave mode shows strong

non-helical motion with height.



136 Supplementary cases

— &p - - 0p> — &p - - leps — ¥ - - 0ep>
— ¥ - - 0> — ¥ - - 0> — - - 0>
100
80}
— 60}
g I
2 40
> 20}
=}
- 0t
-
e -2t
—40
_6q —
30 : : : : 30 : : : : 40
20
§ 10
I 0
v
o
8 —10}
—20
N5 20 25 30 35 N5 20 25 30 35 N5 20 25 30 35
Height (Mm) Height (Mm) Height (Mm)
40 : : : : : 40 -— 100 —_— 3.9
30} 1 30t 80}
’g 20t | 1 20} 60
< 10} 1 10t 40
4 of { o} 4 — | 0] =
v 38
& —10 / —-10 0}
® -20f {20t 20}
30} 130} —40}
—4 ‘ ‘ - ‘ ‘ _ T — _ ‘ ‘ ‘ L5
V50 T100 S0 0 50 100 150 Yeo a0 —20 0 20 40 60 80 gy —a0 20 0 20 40 60
6§<P> (km) 5§<P> (km) (5£<P> (km)
30 30 60
20} 20 401
§ 10} 10 20
T o) 0% Of %%
= ,
= —10f 110} —20}
N
—20} 1 =20} —40}
_‘) _‘) —
N0 T30 0 10 0 10 20 30 U3 0 —10 0 10 20 30 %g 40 0 0 20 40 6
(a) 6&perp (km), t = 7.7 sec (b) 6&pertp (km), t = 30.8 sec (¢) 6&pertp (km), t = 61.6 sec

Fig. A.7 Panels (a-c) shows the evolution of the estimated transverse components (POS-LOS),
for spicule SP2, at three time-steps over height, along with the Lissajous-like plots to highlight
the non-helical behavior. Top panel (1) show the POS-LOS components with a sinusoidal
function fit (marked as a dashed-line), indicative of the dominant trend of the motion in
perpendicular planes. The perturbed parameters (&), estimated by removing the fit (trend)
from the estimated data is shown in panel (2). The Lissajous-like plot for the fitted function
and the perturbed parameters are shown in panels (3) and (4), respectively.
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Spicule 4

The spicule (SP4) had an average visible geometric length of 3.7 Mm, reaching up to
a height of around 4.4 Mm, inclined to the normal at the limb at an angle of 33.2°.
The evolution of these estimated parameters, in height and time are given in Figure
A.12. These parameters show profound coherence in both wavenumber and frequency
domains, with in-phase and out-of-phase oscillatory behavior in time (Fig. A.13). The
frequency analysis, however, show linear coupling in between the observed variables
with peaks (primary) coinciding at 0.0162 Hz (69.9 sec) for transverse, cross sectional
width, photometric and azimuthal shear/torsion parameters, along with a deficit in
PSD at 0.0325 Hz (30.76 sec). The estimated averaged-PSD indicate presence of
another peak (secondary), close to the Nyquist frequency, that could be indicative of a
nonlinear behavior. The strong coupling in between the estimates is also evident from
the mutual variations in between the phase angles (Fig. A.14), concentrated around
0° and £180°. Furthermore, the transverse components (POS, LOS and the resultant
displacement) show out-of-phase behavior in their evolution over height, as shown for
three distinct time-steps over the lifetime (Fig. A.15) of the SP4 feature. The trend
due to the first kink wave mode dominates the overall dynamics of the structure while

the secondary kink wave mode shows strong non-helical motion with height.
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Fig. A.11 Panels (a-c) shows the evolution of the estimated transverse components (POS-
LOS), for spicule SP3, at three time-steps over height, along with the Lissajous-like plots
to highlight the non-helical behavior. Top panel (1) show the POS-LOS components with
a sinusoidal function fit (marked as a dashed-line), indicative of the dominant trend of the
motion in perpendicular planes. The perturbed parameters (&), estimated by removing the
fit (trend) from the estimated data is shown in panel (2). The Lissajous-like plot for the fitted
function and the perturbed parameters are shown in panels (3) and (4), respectively.
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Fig. A.15 Panels (a-c) shows the evolution of the estimated transverse components (POS-
LOS), for spicule SP4, at three time-steps over height, along with the Lissajous-like plots
to highlight the non-helical behavior. Top panel (1) show the POS-LOS components with
a sinusoidal function fit (marked as a dashed-line), indicative of the dominant trend of the
motion in perpendicular planes. The perturbed parameters (&), estimated by removing the
fit (trend) from the estimated data is shown in panel (2). The Lissajous-like plot for the fitted
function and the perturbed parameters are shown in panels (3) and (4), respectively.
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