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Abstract

Sunspots exhibit a wealth of magnetohydrodynamic (MHD) waves observed in the
form of oscillations and wave phenomena like umbral flashes, umbral oscillations, run-
ning penumbral waves, and coronal waves. Despite the abundance of reports on the
propagation and damping characteristics of waves in different layers of the solar at-
mosphere, observational reports on their generation, source regions, propagation from
photosphere to corona, and damping parameters remain scarce. These waves can be fur-
ther utilized to determine plasma and waveguide properties as important seismological
applications. Comprehensive spectroscopic and imaging observations at high resolu-
tion shall provide new insights into the plasma parameters and Alfvén wave energy

flux across the whole umbral atmosphere.

Coronal fan loops rooted in sunspot umbra constantly show 3-min period propa-
gating slow magnetoacoustic waves (SMAWs) in the corona. However, the origin of
these waves in the lower atmosphere is still unclear. We traced these loops in the lower
atmosphere, where they are not visible using a recently devised novel data analysis tech-
nique developed using 3-min slow magnetoacoustic waves. Tracing of these loops also
provided the first observational evidence of cross-sectional area expansion of loops with
height from the photosphere to the corona, which is in accordance with flux tube expan-
sion theory. We further traced the origin of these waves using amplitude and frequency
modulations of 3-min waves along these loops from the corona to the photosphere via
the transition region and chromosphere. We found similar modulation periods in the
range 20-35 min. We concluded that the 3-min slow magnetoacoustic waves propagating
along coronal fan loops are driven by 3-min oscillations observed at the photospheric

footpoint of these fan loops.

While propagating, these waves show a signature of damping as well. We inves-
tigated the role of area divergence and frequencies on the damping of SMAWSs from
the photosphere to the corona and along the corona. We estimated the energy flux of
propagating SMAWs from the photosphere to the corona along the fan loops and ob-
tained their damping lengths in different period bands to study any period-dependent
damping. Changes in the damping lengths of different-period waves were found. We
further investigated the role of the area expansion of these loops on the damping of

these SMAWSs. A significant change in the damping lengths of waves was found before



and after incorporating the area divergence effect. Henceforth, we present the actual
damping of SMAWSs from the photosphere to the corona after incorporating the geo-
metric effect of area expansion of the loops. Upon reaching the corona, these 3-min
waves are observed to damp quickly; therefore, the area divergence does not play any
significant role in the damping of 3-min waves in the corona. In the corona, these 3-min
period waves can be further divided into various period sub-bands where they show a
clean dispersive nature. The phase speed of these waves decreases with period in the
selected period bands and thus highlights a clear dispersive nature of these slow waves

propagating along coronal fan loops.

The recently devised technique to trace fan loops in the lower solar atmosphere,
along with their cross-sectional area, was then utilized to determine the magnetic field
strength along the loops using the flux conservation condition. We find the RMS mag-
netic field strengths in the range 1596-2269 G at the photospheric footpoints of the fan
loops, which decreased rapidly to 158-236 G at the coronal footpoints. We further es-
timated the variation of plasma-f and Alfvén wave speed along the loop from photo-
sphere to corona and in corona. The plasma-$ at the photospheric and coronal foot-
points are in the range 0.2-0.5 and 0.0001-0.001, respectively. We found plasma-f < 1
along the whole loop, whereas the plasma-f ~ 1 layer is found to be at sub-photospheric

heights.

We further utilized spectroscopic and imaging data from the EIS and AIA, respec-
tively, for plasma diagnostics. We compared the temperature and electron number
density obtained along the loop length using various spectroscopic and imaging data
analysis techniques. We further utilized the spectroscopic data from EIS to determine
the velocity amplitude of Alfvén waves from non-thermal broadening of spectral lines.
Combining these parameters with the already calculated magnetic field strength, we de-

2

termined the Alfvén wave energy flux to be ~ 1-2x10” erg cm~2 s~ !, which is sufficient

to heat the active region corona.

In summary, we conclude that the 3-min slow magnetoacoustic waves propagating
along coronal fan loops are driven by 3-min oscillations observed at the photospheric
footpoint of these fan loops. Our findings reveal that the area expansion of loops with
height plays an important role in the damping of waves from the photosphere to the
corona. However, its role in wave damping in the corona is negligible. In the corona, we

observed the dispersive nature of the wave, which can explain the frequency-dependent
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damping. Our results demonstrate the seismological potential of 3-min slow waves
omnipresent in the umbral solar atmosphere to probe and map isolated loops and de-
termine magnetic field and plasma-p variation along these loops. We further confirmed
that the Alfvén waves carry sufficient energy flux to heat the active region corona. Fi-
nally, our results provide clear evidence of magnetic coupling of the whole solar umbral
atmosphere through the propagation of 3-min slow waves along the fan loops at differ-

ent atmospheric heights.

Keywords: Sunspots — Solar atmosphere — Corona — UV radiation — Magnetohydro-

dynamic waves — Solar coronal loops — Spectroscopic diagnostics.
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Chapter 1

Introduction

Various Sanskrit mantras highlight humans early realization of the significance of our
nearest star, the Sun. The optimal distance of the Sun provides the essential energy that
nurtures life on Earth. Since the prehistoric era, cultures across the globe have wor-
shiped the Sun, recognizing its power. In 1543, Polish astronomer Nicolaus Copernicus
discovered the heliocentric model (all the celestial bodies orbit around the Sun) over the
popular belief of the geocentric model (all the celestial bodies orbit around the Earth),
revolutionizing our understanding of the solar system. The Earth revolves around the
Sun in an ecliptic plane having a tilt of 23.5°. This axial tilt is responsible for the chang-
ing seasons. Sun traverses the sky by rising in the east and setting in the west, but its
path shifts daily due to Earth’s eastward rotation (e.g., Narayanan, 2013).

The Sun’s journey began as a vast cloud of gas and dust, known as the solar neb-
ula, which underwent gravitational collapse. This collapse ignited nuclear fusion in
its core, generating an immense amount of energy. The outward pressure from this
fusion balances the inward gravitational pull, maintaining the stable size of the Sun.
The thermonuclear fusion reaction in the core of the Sun generates heat and light. The
Sun is now a middle-aged star located in the outer spiral arm of the Milky Way galaxy
(e.g., Giovanelli, 1984). It is a massive, incandescent sphere of gas spanning 1.4 million
kilometers in diameter !.

Galileo Galilei (1564-1642) was the first to identify sunspots and their changing
shapes on the surface of the Sun using his newly invented telescope. The discovery
of sunspots paved the way for the observation of other solar features. A detailed review

on the historical records of sunspots is provided in Arlt and Vaquero (2020). This made

Thttps:/ /science.nasa.gov/sun/facts/



the Sun a dynamic star, giving rise to modern solar physics (e.g., Foukal, 2004).

Our current understanding about the Sun comes from observing the radiation it
emits. Various instruments on Earth and in space are capturing these radiations. In
the early 1800s, German physicist Joseph Fraunhofer (1787-1826) identified dark spec-
tral lines in the solar spectrum, known as Fraunhofer lines. However, he failed to ex-
plain his findings. Later, Gustav Kirchhoff (1824-1887) and Robert Bunsen (1811-1899)
explained that each gas produces a unique spectral signature, enabling scientists to clas-
sify stars based on their spectral type. The Sun, for example, is an ordinary star, a G2V
main-sequence yellow star. Here, G2 stands for the second hottest star of the yellow G
band (this band of atomic and molecular spectral lines was designated as G by Joseph
Fraunhofer) with surface temperature ~ 5,800 K, and the V represents a main sequence
star?.

However, many mysteries regarding the Sun remain unsolved, such as the million-
degree temperature of its corona, the violent energy releases during solar flares, and the
mechanisms behind the generation of the solar magnetic field and solar cycle interrup-
tions. The proximity of the Sun provides an unprecedented opportunity to study stellar
and plasma physics in great detail.

The nuclear fusion process inside the core of the Sun fuses four hydrogen nuclei
into one helium nucleus, releasing a tremendous amount of energy. This energy is
then transported through radiation up to 0.67 R, and by convection from that point to
the photosphere, from where the solar atmosphere starts. The structure of the Sun is
shown in Figure 1.1. The light from the Sun is studied by scientists to determine the
Sun’s temperature, chemical composition, and Doppler velocities, further deepening our
understanding of this vital celestial body.

A detailed discussion of the Sun is given in the books; Foukal (2004); Bhatnagar and
Livingston (2005); Judge (2020); Edmonds and Bond (2022).

1.1 Solar Atmosphere

The solar atmosphere is the outer region of the Sun, starting from the photosphere,
where energy generated at the Sun’s core begins to escape into space without any colli-

sion. This is because the solar atmosphere is less dense compared to the solar interior,

Zhttps:/ /www.britannica.com/place/Sun
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Figure 1.1: Structure of the solar interior and atmosphere, along with some features
present at different atmospheric layers. Image courtesy: NASA /Goddard.

making the photons less susceptible to absorption and scattering. The temperature
structure of the solar atmosphere is very unique and quite interesting to study. From
the second law of thermodynamics, we expect the temperature to fall with distance as
we move away from the Sun’s core (Phillips et al., 2008). Therefore, we expect a decrease
in the temperature along the solar atmosphere as we move away from the heat source.
However, surprisingly, the temperature starts to rise after a certain height, eventually
reaching a million degrees Kelvin. This is one of the unresolved mysteries of the Sun,
known as the coronal heating problem. This temperature variation gives rise to an at-
mosphere that emits radiation in the whole electromagnetic spectrum, with each layer
emitting in certain wavelength bands. Variations of mean density and temperature at

various atmospheric heights are shown in Figure 1.2.

1.1.1 Photosphere and temperature minimum region

The solar atmosphere is nearly transparent to photons emitted by the photosphere.
Therefore, the photosphere is regarded as the surface of the Sun, which is about 500
km thick, with a temperature around 6000 K, and emits mainly in the visible spectral

range centered around 5000 A. Optical depth (1) is the measure of transparency of a
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Figure 1.2: Schematic image showing variation of mean density and temperature in
the plane parallel solar atmosphere known as the VAL (Vernazza-Avrett-Loeset) model.
However, in reality, the solar atmosphere varies with time and id highly inhomogeneous
and dynamic. Image courtesy: Priest (2014).

medium, and this region has 5000 = 1 for radiation of wavelength 5000 A. The charac-
teristic feature of the photosphere is the granulation patterns, which are the signature of
the convection occurring below. This convective motion generates acoustic waves that
peak around 5-min also known as solar p-modes. This time-scale is similar to the life-
time of these granules. The outer boundary of the photosphere where the temperature
decreases to 4400 K, is called the temperature minimum region. After the temperature
minimum region, the temperature starts to increase in the chromosphere.

The strong magnetic field of the Sun makes its surface very inhomogeneous. The
presence of varying magnetic fields gives rise to different types of structures, namely,
plage, quiet-sun regions, sunspots, etc. In this thesis, we focus our study on the sunspot

umbra (see details in Section 1.3).

1.1.2 Chromosphere and Transition region

Above the temperature minimum lies the more transparent chromosphere. It is an
optically thin region seen in the near-ultraviolet, visible, and near-infrared continua. The

chromosphere is visible in the red colour of the Balmer series due to the H-« transition
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Figure 1.3: This is a beautiful image of the Sun taken during the 1999 solar eclipse
by photographer Luc Viatour, showing the solar atmosphere. The red colour depicts
the chromosphere in Ha, and faint white structures depict the corona. Image courtesy:
NASA.

for a brief period of a few seconds at the start and end of a total solar eclipse, as shown
in Figure 1.3 and Figure 1.4. The average temperature and density show a gradual
increase and steep decrease, respectively, through the chromosphere. The chromosphere
hosts different fine-scale magnetic features like umbral flashes, spicules, fibrils, mottles,
prominences, etc. At a height of about 2,000 km (see Figure 1.2), temperature increases
from 15,000 K to 1 MK through a narrow transition region of only a few 100 km thick.

In this thesis, we also focus on umbral flashes (see details in Section 1.4.3.1).

1.1.3 Corona

The corona is the outer and least dense part of the solar atmosphere. It is visible in
optical wavelength during a total solar eclipse in the form of a faint crown, see Figure 1.3.
The spectrum of the corona during the eclipse revealed unexpected emission (red and
green) lines shown in Figure 1.4, which was previously assumed to be emitted from

a new element present in the corona named coronium. Later, with advancements in
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Figure 1.4: Flash spectra obtained at the starting and ending moments of the total solar
eclipse showing the full visible spectra. Image courtesy: Montana State University.

atomic and molecular physics, it was discovered that these lines were emitted from
a highly ionized state of iron such as Fe™ and Fet'? (Grotrian, 1939; Edlén, 1943).
This made us realize that the tenuous corona is at a very high temperature (> 1 MK),
ionizing almost all the gases present in the corona and highlighting the coronal heating
mystery (e.g., Parnell and De Moortel, 2012) (see details in Section 1.2). Fully ionized
gas (plasma) emits mainly in the EUV and X-ray bands, in which the disc of the solar
corona is observed. Characteristic features of the corona are coronal loops and coronal
holes. These loops are the fundamental structures shaping the solar corona, which are
anchored at the surface of the Sun (i.e., photosphere) (e.g., Reale, 2014). In this thesis,
we mainly focus on the coronal loops emanating from the sunspot umbra (see details in

Section 1.3).

1.2 Atmospheric heating problem

One of the long-standing problems in solar physics is the solar atmospheric heating
problem. This mystery arises from the observation that the Sun’s atmosphere is far
hotter than its surface. The Surface of the Sun (photosphere) has a temperature of ~6000
K, while the outermost layer of the Sun (corona) has a temperature of >1 MK, commonly
known as the coronal heating problem. This contradicts the expected behaviour of
heat flow according to the second law of thermodynamics. Therefore, there has to be
some form of energy from within the Sun that propagates into the solar atmosphere

and dissipates to release heat energy into the solar atmosphere. Understanding the
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Table 1.1: Various coronal and chromospheric flux losses (erg cm =2 s~1) from the quiet
Sun and active region of the Sun. Table is adapted from Withbroe and Noyes (1977).

Parameter Quiet Sun | Active region
Coronal energy losses
Conduction flux F. 2x10° 10° to 107
Radiative flux F, 10° 5 x 10°
Solar wind flux F, <5x10% < 10°
Total coronal loss F. + F, + F, 3x10° 107
Chromospheric radiative losses
Low chromosphere 2x10° > 107
Middle chromosphere 2x10° 107
Upper chromosphere 3x10° 2x10°
Total chromospheric loss 4x10° 2x107

mechanisms responsible for this unexpected heating remains a fundamental challenge
in solar physics. It is widely believed that the magnetic field of the Sun plays a vital
role in the heating of the solar atmosphere. As the magnetic field extends from the
solar interior to very far into the heliosphere, the whole of the solar atmosphere forms a
magnetically coupled system due to the continuous supply of mass and energy between
the different layers of the atmosphere in both directions (e.g., Parnell and De Moortel,
2012). Therefore, tackling the coronal heating problem alone is not possible, as the
corona is not energetically isolated, and including the lower atmosphere is important.
Solving the heating problem by considering the whole solar atmosphere as one system
is complicated due to the different plasma properties and observational signatures of
different atmospheric layers of the solar atmosphere. However, the inclusion of the
lower atmosphere is important to fully understand the coronal/atmospheric heating
problem as the lower atmosphere is an important energy conduit (e.g., van Ballegooijen
et al., 2014; Jess et al., 2015; Van Doorsselaere et al., 2020).

In corona and chromosphere, the loss rate in the active region is 10”7 erg cm 2 57!

2g-1 respectively, see Table 2.2. The high density of chromosphere

and 2x107 erg cm™~
compared to the corona results in a higher heat requirement, approximately two times
greater than that of the corona (Withbroe and Noyes, 1977). Therefore, we need a con-
tinuous source of heat energy to maintain these energy losses. High-spatial resolution
instruments have revealed the existence of granular motions on the surface of the Sun.
The convective motion beneath the surface of the Sun is the reason for this motion.

The timescale and length scale of granules vary with size. The typical lifetime of these

granules is around 2-10 min. These granular motions continuously shake the footpoints

7



Vh

B,>0, v,B,<0 B,<0, v;B,>0

Figure 1.5: The movement of vertical (v) and horizontal (h) components of magnetic field
line (B) when its footpoint, denoted by a large dot, is moved by a horizontal velocity
(vp). Here, (a) when B, >0 then v,B;, < 0, (b) when B, <0 then v,B;, > 0. Image
courtesy: Priest (2014).

of the magnetic loops, giving rise to two possible heating mechanisms. The dominant
mechanism for this atmospheric heating depends on the granular motion timescale (7y)
and the Alfvén wave travel time (74 ) of the loop. The fast driving motion produces
waves known as wave or AC heating mechanism (Alfvén, 1947). The slow driving
motion causes braiding, producing magnetic re-connection known as transient or DC
heating mechanism (Parker, 1988).

The energy flux transported into or out of the solar atmosphere by this convective
motion is calculated by the Poynting flux (S) per unit area through the surface of the
Sun,

1 . 1 1
S=—(ExB)-9=——(By-v;)By + —(By - By)vs. (1.1)
Ho Ho Ho

Here, horizontal and vertical components are denoted by the subscripts h and v, respec-

tively. E is the electric field, B is the magnetic field, and y, is the magnetic permeability.

The first term represents the movement of the magnetic field lines by horizontal
convective motions, and the second term represents the movement of the magnetic field
lines in the vertical direction, resulting in the emergence or submergence of magnetic
fluxes. Here, we are interested in the first term, which represents the inflow and outflow
of the flux depending on the tilt of the magnetic field as shown in Figure 1.5. If we
assume the typical mean magnetic field strength, horizontal motion, and field inclination
to be 500 G, 1 km s !, and 20°, respectively, the Poynting flux per unit area is ~ 1.2 x10°

25~1. This shows that the footpoint motion provides more than enough energy

erg cm~
to heat the solar atmosphere (e.g., Parnell and De Moortel, 2012; Priest, 2014).
Recent literature on the coronal heating problem can be found in Klimchuk (2006);

Parnell and De Moortel (2012); De Moortel and Browning (2015); Sakurai (2017); Viall
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et al. (2021); De Pontieu et al. (2022), etc.

AC heating mechanism:

When 74 > 74, the footpoint motion induces waves in the loop. The footpoint motion
will generate perturbations in magnetic pressure, gas pressure, and magnetic tension,
which act as a restoring force to generate different types of waves. The basic principle on
which the wave heating mechanism works is: (i) Theoretically, we know that granular
motions on the photosphere can act as a driver and excite these waves in the magnetic
loops, but the direct observations of wave generation are difficult with the current gen-
eration of telescopes. We need high spatial resolution to resolve the footpoints of the
magnetic loops on the photosphere, which is not feasible till now. (ii) Wave energy gen-
erated on the photosphere needs to be transported to the corona via the chromosphere
and transition region. While propagating from the photosphere to the corona, they suf-
fer from reflection and transmission due to the steep temperature and density gradients
in the transition region. Only a small fraction of these waves reach up to the corona.
So, waves must carry a sufficient amount of energy with them, as most of the energy
gets reflected back. (iii) While propagating in the atmosphere, these waves suffer from
damping. Damping of these waves is observed from the decay of wave amplitude. The
waves must dissipate efficiently to contribute to the coronal heating.

As the magnetic field prevails all over the solar surface, the acoustic theory was
extended to magnetic waves. In a magnetic medium, three wave modes may propagate:
the fast mode, the slow mode, and the Alfvén mode. These waves are discussed in detail
in Section 1.4. In this thesis, we focus on the wave heating mechanism.

Recent reviews on wave heating mechanism can be found in Arregui (2015); Jess
et al. (2015); Van Doorsselaere et al. (2020); Srivastava et al. (2021); Morton et al. (2023);
Nakariakov et al. (2024), etc.

DC heating mechanism:

When 74 < ¢, the footpoint motions due to convection get enough time to stress/braid
the magnetic field lines. The braided field lines lead to the formation of a gradient in the
magnetic fields and, hence, the formation of small current sheets that would continu-
ously dissipate and reform, providing direct heating via ohmic dissipation. Such heating

events are called nano-flares, where the energy released is of the order of 10%* erg (10°
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Figure 1.6: Frequency spectra of large (red) and small (blue) flares. The red spectra
contributes to ~ 20% of the energy input to the corona. The blue spectra, along with
contributions from wave heating, constitute more than 80% of the energy input to the
corona. Image adapted from Sakurai (2017).

times smaller than normal solar flares). Flux emergence and cancellation at the photo-
sphere can also drive reconnections. These processes heat and form new loops and are
also associated with bulk acceleration of plasma, particle acceleration, and transport of
mass into chromosphere/corona (e.g., von Rekowski and Hood, 2008; Martinez-Sykora
et al., 2009; Parnell and De Moortel, 2012). In the solar atmosphere, a wide range of
events based on their sizes and energies have been observed. The large-scale events
release total energy around 10°° to 10® ergs, which can account for only 20% of the
overall coronal energy requirement (Sakurai, 2017). However, the small-scale events
that are ubiquitous over the solar surface may fulfill the energy requirements for coro-
nal heating. Parker (1988) proposed that the solar corona can be heated by numerous

small-scale events termed as "nanoflares” with energies around 10%

ergs.
These events follow a power-law distribution of event rates with varying power-law
index ()
dN

Fila E™* (1.2)

where N is the number of flares with energy E (Lin et al., 1984).

The power-law distribution of flare event rates with varying indices is shown in
Figure 1.6. If the a < 2, large flares dominate the total flare energy contents, whereas
if « > 2, small flares will dominate the total flare energy contents (Hudson, 1991).
Therefore, it is important to determine the power-law index through observations in

order to confirm the nanoflare hypothesis (e.g., Vadawale et al., 2021).
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Figure 1.7: Left: Image of the sunspot, where the solid green contour represents the
umbral boundary of the sunspot. Right: A close-up of time-averaged isolated sunspot
umbra showing locations of the umbral dots. These dots have a periodicity of approxi-
mately 3-min. Image courtesy: Jess et al. (2012b).

Literature on transient heating mechanism can be found in Peter et al. (2005); Klim-
chuk (2015); Cargill et al. (2015); Young et al. (2018); Huang et al. (2019); Upendran and
Tripathi (2021); Chitta et al. (2022); Mason et al. (2023), etc.

1.3 Sunspots and loops

Sunspots are dark patches on the bright surface of the Sun (Hasan and Rutten, 2010).
The typical diameter of the sunspot ranges from 20 to 40 Mm with a typical magnetic
strength of about 2000-4000 G. This exceptionally large concentration of magnetic flux
inhibits convection and makes them cooler than their surroundings. Inhibition of con-
vection decreases the gas pressure, which reduces the opacity of this region. w5000 = 1,
which defines the geometric height of the quiet Sun, is depressed due to inhibition of
convection. This depression is called Wilson depression (Wilson and Maskelyne, 1774),
which is ~500 km deep. The sunspot can be divided into two parts: a central dark
part, called the umbra, having almost vertical magnetic field, surrounded by a less dark
and highly filamentary part, called the penumbra, having a weaker, more horizontal
magnetic field. In this thesis, we focus on the sunspot umbra.

The umbral radius is about 40% of the overall spot diameter, and its brightness is
about 30% less compared to the surrounding quiet-Sun photosphere. The temperature

of the umbra and penumbra is ~ 4400 K and 5500 K, respectively, at the photosphere,
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Figure 1.8: Image of a unipolar sunspot at different atmospheric heights observed at
different passbands as labelled. Image adapted from Rawat et al. (2025).
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which is around 1500 K and 500 K less than its surroundings. The penumbral brightness
is about 75% compared to the quiet-Sun photosphere. Large sunspots live longer com-
pared to smaller ones. The umbra is also quite inhomogeneous, having dark and bright
features. Umbra also shows bright dot-like features called umbral dots which have di-
ameters between 100 and 450 km, lifetimes 10 min to 2 hr, and a typical brightness of 10
to 20% of the penumbral brightness as shown in Figure 1.7 (e.g., Wilson, 1969; Watanabe
et al., 2009; Yadav and Mathew, 2018). They are hotter than the surrounding umbra.
Umbra also shows thin bright features called light bridges that cross over an umbra and
have reduced and more horizontal magnetic field (Giordano et al., 2008; Louis et al.,

2008).

As we move up in the solar atmosphere, the appearance and dynamics of the sunspot
are different at different atmospheric heights, Figure 1.8. At the photosphere, we can
clearly distinguish between the umbra and penumbra boundaries. In the chromosphere,
the distinction between umbra and penumbra is faint, and different features like umbral
flashes, running penumbral waves, and bright sunspot jets are observed. In the corona,
the sunspot is invisible, and coronal loops are visible, which are anchored at the photo-
sphere. These loops are prominent features in the corona and are considered the basic
building blocks of the solar corona (e.g., Reale, 2014). These loops host various wave
modes and display a diverse range of wave dynamics and eruptive events. Due to this
vast diversity in the observational features, the observational structural connectivity of
the sunspot atmosphere is a very challenging task. The various sunspot features host

various oscillations and waves.

In this thesis, we focus on unipolar isolated sunspots, which are also known as
a-sunspots. The loops emanating from these sunspot umbra are open loops, which
are very long with minimum inclination, and the length of the loop (I) determines the
Alfvén travel time (14 = [/v4), which decides the heating mechanism. Therefore, the
Ty is larger than 77, making them ideal to study the wave heating mechanism. Addi-
tionally, the minimum inclination of these loops further reduces the probability of small
transients, which can hamper the propagation of these waves. Here, we are utilizing
sunspots located near the disc centre to minimize the inclination effect. Therefore, the
selected sunspot umbra and umbral fan loops are ideal to study waves and oscillations

in the solar atmosphere.

An elaborate description of sunspots and their magnetic structures are provided in
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Borrero and Ichimoto (2011); Lohner-Bottcher (2016); Arlt and Vaquero (2020).

1.4 MHD Waves theory and observations

Waves are considered as the primary mechanism that can transfer energy from one place
to another. Different kinds of waves, like electromagnetic waves (e.g., radio waves) and
hydrodynamic waves (e.g., sound waves), are transverse and longitudinal in nature,
respectively. The presence of these hydrodynamic waves in the magnetized medium
produces magnetohydrodynamic (MHD) waves. The active regions are regions of strong
magnetic fields; therefore, MHD waves can be a key contributor to the transport of
energy and heating of the solar atmosphere. In this section, the basic fundamentals of

MHD and MHD wave theory are introduced.

1.4.1 Basic magnetohydrodynamics

MHD is the combination of fluid dynamics (Navier-Stokes equations) and electromag-
netic theory (Maxwell equations). As the temperature of the solar atmosphere increases,
the atoms start to ionize and form positive ions and negative electrons, which can move
around freely. This ionized gas is called plasma, which is also called the "fourth state of
matter’. Plasma, being an electrically conducting fluid, is treated as a continuous fluid
provided that the spatial scales are larger than the typical mean free path of particle
collisions. The dynamics of the plasma are closely connected to the magnetic field and
vice versa. The strong magnetic environment of sunspots facilitates the excitation of
MHD waves due to the interaction of plasma and magnetic fields.

Maxwells Equations:

Pe
.E = 1.
vE=£, (1.9
V.B=0, (1.4)
. 10E

VxB= Ho) -+ szg, (15)

JB
VXE= T (1.6)
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Here, B, o, j, ¢, E, p., and €, are the magnetic field vector, magnetic permeability,
current density vector, speed of light, electric field vector, electric charge density, and
permeability of free space, respectively.

Navier-Stokes equation:

In fluid mechanics, the Navier-Stokes equation describes the flow of incompressible

fluids (V-v = 0).

d
p% — —VP 4 pg + xVv. (1.7)

Here, v, p, P, g and « are flow velocity, mass density, pressure, acceleration due to
gravity and coefficient of viscosity, respectively. Also, here Lagrangian derivative %:
%—‘t’ +v-Vv.

We assume that plasma follows the Maxwell-Boltzmann distribution function with
the most probable speed (v), which is considered as the plasma speed. The plasma
speed is directly proportional to the square root of the temperature (T) of the plasma.
Since v << c in the solar atmosphere, we use a non-relativistic approach and neglect
displacement current in Ampere’s law (see Equation 1.5), which leads to V x B = p,j.
In the plasma, charge neutrality implies that an electric field can be solely generated by
a changing magnetic field. Therefore, excesses of charge are not allowed to accumulate,

and Gauss law (Equation 1.3) becomes V - E = 0. Currents in the plasma are determined

by the generalized Ohm’s law in the lab frame of reference,
j=0(E+vxB), (1.8)

where 0 is the electrical conductivity. The two sets of Maxwell and Navier-Stokes fluid
equations are coupled by Ohm’s law. Substituting E from Equation 1.8 and j from

Equation 1.5 in Equation 1.6

B B
a—:vaxB—VXv>< . (1.9
ot OUo

Using Equation 1.4, we simplify Equation 1.9 which gives us the ‘induction equation’,

%}: =V xvxB-—yV°B, (1.10)

1
Ol *

where, magnetic diffusivity () is defined by 1 =

15



The induction equation shows the relationship between plasma motion and mag-
netic field. Here, the first term represents advection, which describes how magnetic
field dynamics change due to plasma flows, and the second term represents diffusion,
which describes the diffusion/dissipation of the magnetic field due to the magnetic field
gradients. The ratio of the diffusive and advection terms yields the magnetic Reynolds

number (R,),
_ VxvxB oAl

"= = (1.11)

where Al is a characteristic length scale.

Magnetic Reynolds number dictates plasma dynamics. The value of R, ranges from
10°-10'2 on a large spatial scale such as solar and astrophysical plasma (Priest, 2014).
Therefore, we neglect the magnetic diffusion term in Equation 1.10. Since R,;, >> 1, we
consider an ideal MHD plasma in which the Alfvén flux-freezing theorem holds. This
theorem implies that magnetic flux is conserved, and magnetic field lines are tied to
plasma motion. For the non-ideal (diffusive term) to dominate, we need a small spatial
scale of a few meters; however, at this scale, the MHD assumption breaks, and we enter

in the kinetic scale.

Ideal MHD equations

P49 (ov) =0, (112)
ot
p% = —Vp—i—ylo(VxB) x B, (1.13)
;t(;) _o, (1.14)
?: =V X (vxB). (1.15)

Here v, p, p and 1y represents the plasma velocity, density, pressure and adiabatic index.

The second term on the right-hand side of Equation 1.13 represents the Lorentz force.

2 .
FL:(VXB)XB:—VB +(B V)B, (1.16)
:uO 2,”0 ,uo

Here, the first term represents magnetic pressure, and the second term represents mag-
netic tension. Magnetic pressure causes the apparent expansion of loops as they move

up in the atmosphere. Magnetic tension acts as a restoring force to bring the loops back
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into their original place after it is disturbed by an external force.
Loops visible in coronal intensity images are manifestations of magnetic loops. For
a stable magnetic loop, the total pressure (thermal and magnetic) inside and outside

should be balanced. For magnetic loops, the pressure balance equation is

B2 (h B2 .(h
Pint(h) + Si) = Pext(h) + eg@i) (1.17)

where Bint, Pint, Bext, and pext are the magnetic field and thermal pressure inside and
outside the loop along loop length h, respectively. The thermal pressure decreases ex-
ponentially with height due to hydrostatic equilibrium. Therefore, the magnetic loop
expands with height while keeping the total magnetic flux ¢(h) = B(h)A(h) constant.
Another important quantity of MHD is the plasma-f, which is the ratio of the ther-

mal plasma pressure (py;) to the magnetic pressure (p;),

p _ 87Nk, T 202

= . 1.18
Pm B2 ’)’034 ( )

B =

Where kj, is the Boltzmann constant, B is the magnetic field strength (G), N = N, +
N, is the total number density (em™3), and T is the temperature (K). Furthermore, semi-
empirical models of solar atmosphere developed by Vernazza et al. (1981); Maltby et al.
(1986); Fontenla et al. (1999) can provide N,, N, and T variations with height. When
plasma-B > 1, magnetic field dynamics are dominated by plasma motions, and when
plasma-B < 1, magnetic fields determine the plasma motions.

Assumptions made in the ideal MHD equations:

Plasma is assumed to be a single fluid for simplicity.

* Relativistic effects are ignored. Since the plasma speed is less than the speed of

light.

¢ Number of charged particles inside the Debye sphere of radius A; should be large
(47tnA3/3 > 1). Debye length (A,) is the length over which plasma is approximated

to be neutral.

¢ The plasma is considered continuous over the length scales larger than the ion

gyroradius.

® The plasma is assumed to be in thermodynamic equilibrium, where particles in
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Figure 1.9: Plasma-f variation with height in the solar atmosphere for the active region
between two assumed field strengths of 100 G (plage) and 2500 G (umbra) (Gary, 2001).
Image courtesy: Aschwanden (2004).

the fluid elements follow the Maxwell-Boltzmann distribution. This assumption
is valid when length and time scales are much larger than the collision time scale

and mean free path, respectively.

¢ All the MHD equations are written in the inertial frame of reference.

The different forces in Equation 1.13, like gas pressure, magnetic tension, and mag-
netic pressure, act as a restoring force that generates oscillations which propagate along
the magnetic field lines. To analyse the behaviour of these waves, we linearized the ideal

MHD equations by adding small perturbations in a uniform and stationary plasma.
B=B,+Bi, p=po+p1, V=Vo+Vvi, p=po+pm (1.19)

Here, the subscripts 0 and 1 denote the physical variables that are in equilibrium
and perturbed states, respectively. Under equilibrium conditions, we assume v, to be 0.
Here, we are neglecting squares and products of small quantities, denoted by subscript
1. This gives the linearized set of ideal MHD equations,

apl

W+(v1-v)po+po(v-v1) =0, (1.20)

18



aV1 o 1
Poay = Vp1+ %(V x B1) X By, (1.21)
Ip1 2,901 _
—— 4+ (v1-V)po — 5 (= + (v1-V)po) =0, (1.22)
ot ot
Bl =9 (v % By) (1.23)
V-B=0, (1.24)

where the sound speed, v; = , /% and Alfvén speed, vg = 4/ FB—;’Z)O.

(ikz—iwt) where w is the

Small perturbations with subscript 1 are proportional to e
angular frequency of waves and k is the wave vector. Solving the above equation gives

us a dispersion relation
(w? — k*c0s*0v%) (w* — W’k (0% + v2) + k*v%vPcos?0) = 0, (1.25)

where 6 is the angle between the magnetic field and the wave vector. This dispersion

relation has three distinct roots, which give three different MHD waves having different

properties.
w
T v4c080, (1.26)
w | @02 £ (0 + 02) — 4% 02cos6
k > : (1.27)

Here, Equation 1.26 and Equation 1.27 represent Alfvén and magnetosonic phase speed,

where w = kv, (fast magnetoacoustic wave) and w = kv_ (slow magnetoacoustic wave).

¢ Alfvén waves: These are transverse waves, where the motion of a plasma parcel is
in a direction perpendicular to the magnetic field. These incompressible waves do
not modify the density of the plasma and propagate along the magnetic field. The
restoring force in these waves is magnetic tension, which restores any deformation
in the field lines. These waves are named after Hannes Alfvén, who received the

Nobel Prize in 1970 for predicting these waves.

¢ Fast magnetoacoustic waves: These are one of the compressible waves showing
density perturbations. These are longitudinal waves with perturbations in the
quasi-isotropic direction relative to the magnetic field. The restoring forces that

act are magnetic tension, gas pressure, and magnetic pressure. Here, the gas and
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Figure 1.10: Phase diagram for MHD waves shown by different colours in a homoge-
neous unbounded system under different plasma-B conditions. The phase speed (w/k)
is shown by the vector u as a function of the angle 6. Image adapted from Spruit (2013).

magnetic pressure are in phase. Therefore, the propagation speed of these waves
is more than Alfvén and sound speed and is represented by the + sign in Equa-

tion 1.27.

* Slow magnetoacoustic waves: These are also compressible waves, restoring forces
acting are magnetic tension, gas pressure, and magnetic pressure. Here, the fluc-
tuations in plasma pressure and magnetic pressure act out of phase. Therefore,
the speed of these waves is less than the acoustic and Alfvén speed and is repre-
sented by the - sign in Equation 1.27. The propagation of these waves is anisotropic

relative to the direction of the magnetic field.

The phase diagram for the MHD waves in a uniform and unbounded magnetized
plasma is shown in Figure 1.10.
All the above MHD derivations and descriptions are adapted from various textbooks

(Infeld, 1998; Goossens, 2003; Aschwanden, 2004; Spruit, 2013; Priest, 2014).

1.4.2 Waves in magnetic loops

The above description of MHD waves was in a homogeneous, unbounded system with a
constant magnetic field. These waves exhibit complex behaviour in the solar atmosphere
owing to the plasma structuring by strong magnetic fields, density stratification, varying
temperatures, etc. In the umbral atmosphere plasma-f < 1, hence the properties of

the acoustic waves are strongly affected by the magnetic field. Therefore, the sunspot
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umbra is an ideal structure for studying MHD waves. In this section, we will discuss
the nature and observational characteristics of these waves in magnetically bounded
structured loops. Magnetic loops are bundles of concentrated magnetic field lines. The
magnetic flux F = [ B-dS, where B is the magnetic field strength in the closed surface

S. Perturbations in these magnetic loops can excite several types of MHD waves.

Sausage waves: These are compressible waves and are detected in density oscilla-
tions. The periodic perturbations in the magnetic loops by stretching or squeezing it
in the direction normal to the magnetic field are called the sausage mode due to their
appearance, see the left panel of Figure 1.11. When the cross-sectional area of the loop
decreases, the magnetic field strength increases, and vice versa. The loop cross-section is
perturbed without displacing the loop. This induces a change in the density and, hence,
the intensity inside the tube is perturbed. These waves propagate in the direction of the
magnetic field. Depending on the direction of velocity perturbations and the relation
between gas and magnetic pressure, these waves can be further divided into slow and
fast sausage waves. If the velocity perturbation is perpendicular to the magnetic field
direction and the density perturbation is in phase with the magnetic perturbation, we
call it fast sausage waves (e.g., Morton et al., 2012). However, if the velocity perturbation
is parallel to the magnetic field direction and the density perturbation is out of phase
with the magnetic perturbation, we call it the slow sausage waves (e.g., Grant et al.,

2022).

Kink waves: These are transverse periodic perturbations in the magnetic loops as
shown in the right panel of Figure 1.11. The axis of the magnetic loop is spatially
displaced from its equilibrium position and sways perpendicular to the magnetic field
direction, resembling a moving snake. The loop cross-section is not perturbed; therefore,
the density inside the tube is not affected. These waves propagate in the direction of the
magnetic field. In long-wavelength limits, these are also called compressional Alfvén
waves or fast magnetoacoustic waves (e.g., Van Doorsselaere et al., 2008a; Morton et al.,

2012).

Torsional Alfvén waves: These are incompressible waves, and the only restoring
force is the magnetic tension. These are also transverse waves excited when a constant
torque is applied to the magnetic loop, which produces a twist in the magnetic loop, see
Figure 1.12. This twist changes the direction of the magnetic field lines; however, the

magnitude of magnetic field strength remains the same (the field lines remain equidis-
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Figure 1.11: Schematic image of MHD waves in a cylindrical magnetic loop. Left: Fast
MHD sausage wave characterized by a periodic contraction and expansion of the cross-
section area of the tube symmetric about the central axis. Right: Kink wave, the central
axis of the tube is displaced. Image courtesy: Morton et al. (2012).

tant from each other). Therefore, these waves are not detected by Zeeman or Hanle
effects. Additionally, due to their incompressible nature, these waves cannot be detected
in the form of intensity fluctuations since the density is not perturbed. Therefore, the
direct signature of torsional Alfvén waves is difficult to observe in the solar atmosphere
as they do not perturb the shape, location, and density of the magnetic loop. Indirect
signatures of these waves are observed by spectroscopic data in the Doppler velocity
perturbations. Here, the velocity perturbations are perpendicular to the direction of the

magnetic field (e.g., Jess et al., 2009).

1.4.3 Waves and oscillations in sunspot umbral atmosphere

Waves are present throughout the whole solar atmosphere, covering a broad range of
frequencies and powers. These waves are studied mainly for their role in coronal heat-
ing and atmospheric seismology (De Moortel and Nakariakov, 2012). In the various
photospheric features, strong acoustic waves (p-mode) with a period of 5-min are tabu-
lated in Table 1.2. These p-modes are generated due to convective motions and are seen
in the form of a granulation pattern on the solar photosphere. However, the generation
mechanism of MHD waves in the sunspot umbra is still unclear. The two proposed

mechanisms generating these waves are first, when acoustic p-modes enter the sunspot,
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Figure 1.12: Torsional Alfvén wave propagating along a cylindrical magnetic loop. Im-
age courtesy: Spruit (2013).

Table 1.2: B is the vector magnetic field strength in Gauss, 7 is the inclination of the
structure in degree (o), M is the magnetic flux (Brps) in Mx cm~2, LW is the line width
in mA, v is the velocity in m s71, I is the intensity counts. 5-min and 3-min periods
represent 4-8 min and 2.7-3.3 min period bands, respectively. Here, the bold text repre-
sents noise. The table is adapted from Norton et al. (2021).

Period | feature | B | 0B | v | oy M OM | IW | SIW | év | Il
5-min | umbra | 2030 | 31 | 23 | 09 | 1517 | 12 | 128 | 14 | 58 | 0.8%
PIL |1213 |38 | 96 | 0.8 -53 11 | 152 | 1.8 | 86 | 1.0%
plage | 602 | 38 | 126 | 29 | -388 | 13 | 122 | 14 |126| 1.0%
quiet 153 | 32 | 90 | 2.6 0.2 4.6 | 108 | 24 | 222 | 1.5%
3-min | umbra | 2245 | - | 75 | - | 1460-| 12 | 126 | 1.5 | 35 | 0.3%
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they interact with the intense magnetic field, and the energy of this p-mode is absorbed,
and a significant fraction is converted to slow magnetoacoustic waves formed within
the sunspot (Cally et al., 1994; Bogdan, 2000; Norton et al., 2021). The second one is
magneto-convection, in which convective cells in the umbra are small and inhibited due
to the strong vertical magnetic field (Chae et al., 2017; Stein, 2012; Schmassmann et al.,
2021). In the umbra, umbral dots are considered as the potential sites of magnetocon-
vection (Riethmiiller et al., 2013). Apart from photospheric origin, MHD waves can also
be triggered by flares (Kosovichev and Sekii, 2007; Nakariakov et al., 1999).

Transverse kink oscillations in coronal loops produced by flares have been studied
by Nakariakov et al. (1999); Aschwanden et al. (1999a). The period of global kink oscil-
lations is around 4-min (Nakariakov and Ofman, 2001). Alfvén waves are also present
in sunspots (Nye and Hollweg, 1980). Different period propagating waves are studied
in various magnetic structures (e.g., De Pontieu et al., 2007; Tomczyk et al., 2007; Jess
et al., 2009; Chae et al., 2022).

In this thesis, we mainly focus on slow and Alfvén waves propagating along mag-

netic loops rooted in the sunspot umbra, which are described below.

1.4.3.1 Slow wave oscillations

Traditionally, the slow wave phenomenon observed in the different layers of the sunspot
umbra is classified into i) 5-min p-mode at the photosphere, ii) 3-min umbral flashes
in the chromosphere, and iii) 3-min propagating waves in the corona, along with other
higher periods (see details in Khomenko and Collados, 2015).

Photospheric oscillations

Velocity and intensity oscillations in the umbral photosphere have been very well
studied. The FFT power spectrum of the umbra is similar to that of the quiet Sun, ex-
cept for its reduced power (Parchevsky and Kosovichev, 2006). At the photosphere, the
amplitude of intensity oscillations is usually small compared to velocity oscillations. Pe-
riodic oscillations of Doppler velocity and intensity extracted from spectral lines provide
evidence of the presence of compressional waves. The FFT power spectrum of these os-
cillations shows maximum power around a 5-min period with traces of a 3-min period
(Bellot Rubio et al., 2000; Norton et al., 2021). Velocity amplitude of 5-min and 3-min
period bands at the photosphere are ~ 100 and 30 m s, respectively (Lites et al., 1998).

Chromospheric and transition region oscillations
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Figure 1.13: Average FFT power spectrum integrated over sunspot umbra. Solid and
dashed lines represent the power spectrum obtained from the chromospheric and pho-
tospheric velocity oscillations, which peak around 6 mHz (2.7-min) and 3.3 mHz (5-min),
respectively. Image courtesy: Centeno et al. (2006).

Figure 1.14: A schematic image shows a finite-amplitude wave profile that steepens into
a shock wave. Image courtesy: Priest (2014)
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Periodic intensity oscillations of 3-min are more prominent in the chromosphere than
in the photosphere. The shift in the vertical period from 5-min in the photosphere to
3-min in the chromosphere can be due to the acoustic filtering of these waves (Centeno
et al., 2006; Felipe et al., 2010) as shown in Figure 1.13. Waves with periods above
the cut-off value become evanescent and cannot reach the upper layers of the solar
atmosphere (Yuan et al., 2014). The equation for cut-off frequency is given by (e.g., Bel
and Leroy, 1977; Yuan et al., 2014) which depends on the gravity (g), adiabatic index ()
and acoustic speed (cs),

_ 8
Vo = e, (1.28)

In the low plasma-f regime, the magnetic field inclination angle ¢ reduces the cutoff
frequency by v, = vocos¢. The phase difference between 3-min photospheric velocity
oscillations and chromospheric intensity oscillations shows a linear trend, which signi-
fies vertical wave propagation of 3-min waves (Lites, 1984; Kentischer and Mattig, 1995).
Due to exponential decay in plasma density with height, the velocity amplitude of the
wave increases. Bogdan and Judge (2006) provided a relation between the frequency-

dependent power of oscillation and the density at two atmospheric heights

Pa(f) _ Pph\i-\/1=(7/52mHz) 1.29
Bal) o) ’ -

where P is the power of oscillation with frequency (f < 5.2 mHz).

This increase in the amplitude of a wave is called a shock or umbral flash (Beckers
and Tallant, 1969) where the wave reaches a non-linear regime and dissipative processes,
such as viscosity or thermal conduction, come into the picture (see Figure 1.14). These
shock wave fronts are seen as sawtooth patterns (asymmetric light curves) in obser-
vations, see Figure 1.14. They occur with a period of 2-3 min with average velocity
amplitude around 1 km s™! and are interpreted as signatures of upward propagating
magnetoacoustic shock waves (Centeno et al., 2006). The shock wave front is ~1500 K

hotter than the surroundings (de la Cruz Rodriguez et al., 2013).

3-min oscillations are observed in the transition region (Gurman et al., 1982; O’Shea
et al., 2002; Banerjee et al., 2002). The non-linear behavior of oscillations present at the
chromosphere and transition region was first observed by Tian et al. (2014) using IRIS

spectroscopic data.

Coronal oscillations
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Chromospheric and transition region umbra are filled with oscillations; however, in
the corona, they are confined to a smaller area identified as coronal loops. Propagating
MHD waves along the coronal loops having different periods and propagation speeds
have been studied by De Moortel et al. (2000); Nakariakov et al. (2000).

The first interpretation of propagating slow waves along coronal loops was given
by Nakariakov et al. (2000) using TRACE EUV observations. Coronal loops rooted in
the sunspot umbra show outward propagating disturbances with subsonic phase speed
and period around 3 min (e.g., De Moortel et al., 2002a). These propagating disturbances
exhibit wave-like characteristics, and are manifestations of propagating slow magnetoa-
coustic waves (e.g., Gupta et al., 2012; Kiddie et al., 2012). The temperature dependence
of the propagation speed of these waves in the sunspot loops confirms that these are
waves. The propagation speed is less than the local sound speed, further confirming

that these are slow magnetoacoustic waves (Kiddie et al., 2012).

1.4.3.2 Alfvén waves oscillations

Alfvén waves are also produced due to footpoint motion of the magnetic loop, i.e., all
the MHD waves have the same photospheric driver (Hollweg, 1978; van Ballegooijen
et al., 2014). Due to the incompressible nature of these waves, the signature of Alfvén
waves can be found only in Doppler velocities. Additionally, simultaneous spatial and
temporal spectroscopic data at each atmospheric height over the same structure is not
possible with the current generation of telescopes. However, there exist a few examples
of Alfvén wave detection in different magnetic structures and at different atmospheric
heights separately. Therefore, till now, there are not many reports on the detection of
Alfvén wave propagation and damping in the lower solar atmosphere (e.g., Khomenko
and Collados, 2015; Morton et al., 2023). Below, we discuss the various Alfvén wave
detections in various magnetic structures present at different atmospheric heights.

Jess et al. (2009) utilized spectroscopic data and determined the oscillation in the full-
width half-maximum (FWHM) of the spectral line originating above the magnetic bright
point at the photosphere and found the period around 2-12 min. They found the signa-
ture of Alfvén waves produced by a torsional twist of 22° and propagating up from the
photosphere to the chromosphere, see Figure 1.15. To further verify their results, they
showed the absence of co-spatial intensity oscillations and transversal displacements,

which ruled out the presence of magneto-acoustic waves.
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1000 km

Figure 1.15: Schematic image of torsional Alfvén wave propagating along an expanding
magnetic loop sandwiched between photospheric and chromospheric intensity images.
The figure is not to scale. Image courtesy: Jess et al. (2009)

The propagation of 3-min and 10-min Alfvén waves around the sunspot umbra in
the chromosphere is studied by Chae et al. (2022). They suggested that these two groups
have different origins, where 3-min waves are excited by the slow-to-Alfvén mode con-
version in the chromosphere, and the 10-min Alfvén waves are excited by photospheric
motion of thin magnetic loops.

The ubiquitous presence of outward propagating 5-min period Alfvén wave in coro-
nal loops was first reported by Tomczyk et al. (2007). Morton et al. (2015) confirmed that
the photospheric 5-min acoustic oscillations (p-modes) escape into the corona. Alfvén
waves are also studied in the coronal loops using the non-thermal broadening of coronal

spectral lines (e.g., Brooks and Warren, 2016; Gupta et al., 2019).

1.5 Damping of waves in sunspot umbral atmosphere

The dispersion relations in Section 1.4 can help us in understanding the dependence of
wave frequency and phase speed on physical plasma parameters, e.g., density and tem-
perature. However, the main drawback of this approach is that it neglects the dissipative

term from the induction equation (see Equation 1.15) and the heating term from the en-
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ergy equation (see Equation 1.14), which affects the real propagation and damping of

the waves.

The transfer and conversion of mechanical energy flux produced by the convective
motion into heat in the upper atmosphere (e.g., Cranmer et al., 2007; van Ballegooijen
et al., 2011) is still not completely understood. Convective motions on the photosphere
have sufficient energy to replenish the atmospheric losses, and waves propagating up-
ward may carry these energy fluxes with them into the upper solar atmosphere (Poynt-
ing flux, Section 1.2). Nature of waves, i.e., either longitudinal or transverse, frequency,
magnetic topology, wave amplitude, propagation speed, and other parameters such as
plasma density, field strength, etc., may decide upon the amount of energy fluxes carried

by them.

There are several ideal effects that change the amplitude of the wave but do not
contribute to the actual damping of waves, such as gravitational stratification and area

divergence of the loop.

Gravitational stratification: Wave propagation along the vertical magnetic loops in

a stratified medium where the density is decreasing exponentially
p = poexp(—h/Ar), (1.30)

where h is the atmospheric height and A7 is the gravitational scale height. In order to

conserve the vertically propagating wave energy flux (F),
F = pév’vs, (1.31)

where p is mass density, Jv is velocity amplitude and v; is speed of sound, the amplitude

of the wave increases, see Figure 1.14.

pos s = dv ecexp(h/2AT) (1.32)

Therefore, gravitational stratification causes a non-linear increase in the amplitude of the
waves as they propagate upward along the loop. These non-linear effects can compress
and heat the plasma in the presence of non-ideal damping mechanisms explained below

(Verwichte et al., 2008).

Area divergence: To balance the total horizontal pressure, the cross-sectional area
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of the magnetic loop increases with height in the solar atmosphere. This leads to the
apparent damping of slow magnetoacoustic waves due to area divergence. A pictorial
representation of area divergence is shown in Figure 1.16 where area divergence causes
the wave amplitude to decay as A(s)~!/?, where A(s) is the cross-sectional area of coro-
nal loop with height (De Moortel and Hood, 2004). Area divergence does not contribute
to any heating as the wave energy redistributes itself to conserve total wave energy
within the magnetic loop. This is purely a geometric effect. These expanding fields also
enhance the transmission of waves to the corona by decreasing the reflection from the
chromosphere and transition region (Soler et al., 2017).

These ideal effects play a very important role in the propagation and apparent damp-
ing of slow propagating waves (De Moortel and Hood, 2004; Marsh et al., 2011). How-
ever, they do not contribute to the real damping of the waves. Therefore, it is important
to take into account the effect of area divergence and gravitational stratification for an
accurate estimation of the real wave damping.

Non-ideal adiabatic effects such as thermal conduction, compressive viscosity, op-
tically thin radiation, etc., are the dominant damping mechanisms for slow magnetoa-
coustic waves. However, these damping mechanisms depend on the physical conditions
of the loops, e.g., density (n,), temperature (T,), coronal loop length (L) (see details in
Wang et al., 2021).

Thermal conduction: This is a dominant damping mechanism for coronal loops
with n, ~ 10° — 10%m =3, T, ~ 5 — 10MK, and L > 100 Mm.

Compressive viscosity: This is a dominant damping mechanism for coronal loops
with n, < 10°cm™3, T, > 10MK, and L < 100 Mm.

Optically thin radiation: This is a dominating mechanism for coronal loops with
1, > 100%em =3, T, < 5MK, and L < 100 Mm.

Alfvén waves are considered a potential candidate to heat the solar atmosphere.
Due to their incompressible nature, they can carry energy over longer distances without
damping (e.g., Goossens et al., 2011). However, due to this incompressible nature, it is
difficult to understand the mechanism involved in the damping of these waves. There-
fore, there are various mechanisms proposed for Alfvén wave damping, such as phase
mixing, mode conversion, resonant absorption, or turbulence (see recent review by Van
Doorsselaere et al., 2020) and references therein. The Alfvén waves can also dissipate

their energy via turbulence while interacting with counter-propagating Alfvén waves

30



Low Corona I Z

-
T e ——

Transition ‘
Region \ j

Figure 1.16: Schematic image of an expanding magnetic loop embedded in the stratified
atmosphere. The red dotted arrows represent the torsional Alfvén waves. Image cour-
tesy: Soler et al. (2017)

(van Ballegooijen et al., 2011). Dissipation of wave energy can cause the heating of the

corona.
These dissipative models are:

Resonant absorption: In this model, strong absorption is expected to take place
in the narrow layer where local Alfvén resonance frequency v,.s becomes equal to the
oscillation frequency of the driver at the photosphere. This leads to damping by Ohmic

or viscous dissipation (e.g., lonson, 1978; Goossens et al., 2006).

Phase mixing: In a coronal loop, due to the cross-sectional density profile n.(r),
a large gradient in Alfvén velocity, v4 exists. Due to this, wave oscillations of neigh-
bouring field lines within a coronal loop suffer from friction (from kinematic and shear
viscosity) due to slight differences in phase speeds. This friction leads to the heating of
local plasma. This dissipation process is called phase mixing (e.g., Heyvaerts and Priest,

1983).
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Turbulence: The propagation and reflection of Alfvén waves along magnetic loops
produce non-linear interaction of waves, which causes turbulence at different atmo-
spheric heights inside the magnetic loops. A turbulent cascade of energy produces
small scales, leading to localized heating. At these small scales, dissipation mechanisms
like viscosity, etc., convert wave energy into heat energy (e.g., van Ballegooijen et al.,
2011; Verdini et al., 2012).

Mode conversion: In this process, one wave type transfers its energy to another wave
type when it encounters a change in plasma parameters. For Alfvén wave dissipation,
we consider that the Alfvén waves generated by the photospheric motion transfer their
energy to other compressible modes like slow or fast waves when they encounter a
plasma-pB=1 region, where vy = v; (e.g., Centeno et al., 2006; Khomenko and Cally,
2012). These compressible waves now damp via conduction, radiation, etc., as described
above.

A detailed review on Alfvén waves is provided in Goossens (1994); Mathioudakis
et al. (2013); Morton et al. (2023).

These models propose that these incompressible waves transfer their energy to com-
pressible waves or compressible wave-damping mechanisms, which can easily damp in
the solar atmosphere. Energy flux carried by Alfvén waves is adequate to heat the quiet
Sun regions in the corona; however, it has also been noted that the Alfvén wave energy
cannot heat active region corona (e.g., Tomczyk et al., 2007; McIntosh et al., 2011).

Moreover, there still exists several open questions related to studies of waves and
oscillations in the sunspots, which need to be addressed and clarified (for more de-
tails, see, Liu and Ofman, 2014; Khomenko and Collados, 2015; Lohner-Bottcher, 2016;
Nakariakov and Kolotkov, 2020; Banerjee et al., 2021).

1.6 Thesis outline

Waves have been studied for decades in the solar atmosphere. With the advancement
in multi-wavelength imaging and spectroscopic data, these omnipresent waves, having
different modes, can be studied in greater detail. Despite all the advancements, we still
don’t have a complete understanding of the physics behind the generation, propagation,
and damping of these waves and their role in the coupling of the solar atmosphere.

In this thesis, the main objective is to provide a detailed study on the propagation
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and damping of MHD waves guided along magnetic loops in the following steps:

* Propagation: Propagation properties of these waves are well studied indepen-
dently in the solar photosphere, chromosphere, and corona. However, any con-
nection/coupling between them at different heights in the solar atmosphere is

poorly understood (Sych, 2016).

¢ Damping: Area divergence of magnetic loops in the solar atmosphere plays an im-
portant role in apparent wave damping (e.g., De Moortel and Hood, 2003). How-

ever, their role is not yet explored and quantified (e.g., Kanoh et al., 2016).

¢ Seismological applications: Using the observed waves and plasma properties, we
will determine various plasma parameters along the loops, which are otherwise

difficult to measure Anfinogentov et al. (2022); Nakariakov et al. (2024).

* Spectroscopic diagnostics: We will employ several spectroscopic diagnostic tech-
niques to determine various plasma parameters along coronal loops using imaging
and spectroscopic data (e.g., Brooks and Warren, 2016; Gupta et al., 2019). These

parameters will enable us to explore the damping of waves along loops.

To achieve these objectives, we utilize multi-wavelength imaging and spectroscopic
observations to understand the dynamics of propagating waves in fan loop structures
rooted in the sunspot umbra. Below, we summarize the structure of this thesis.

The thesis consists of seven chapters, and the specific content of each chapter is sum-

marized below.

Chapter 2: Data, methodology and techniques

This chapter provides a brief overview of the space-based imaging and spectroscopic
instruments and observational data utilized in this thesis. Details of data, telescopes,
wavelengths, resolution, and data preparation techniques are provided here. Various
spectroscopic and time series diagnostic tools and techniques employed in this thesis to

derive various parameters are also explained.

Chapter 3: Exploring the source region of 3-min slow waves
This chapter is associated with a detailed study on the source region of 3-min slow

magnetoacoustic waves propagating along steady fan loops emanating from the sunspot
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umbra. Results provide clear evidence of magnetic coupling of the solar atmosphere
through the propagation of 3-min waves along the fan loops at different atmospheric

heights.

Chapter 4: Effect of area divergence and frequency on damping of slow waves

In this chapter, we investigate the role of area divergence and frequencies on the
damping of slow magnetoacoustic waves propagating from the photosphere to the
corona and in the corona along several fan loops rooted in the sunspot umbra. Find-
ing reveals that the area expansion of loops with height plays an important role in the
damping of these waves from the photosphere to the corona, while in the corona, the
effect is negligible. The damping length decreases with frequency, which further high-
lights the frequency-dependent damping.

Chapter 5: Magnetic field and plasma- along fan loops

This chapter utilizes the loop tracing and area divergence along the whole fan loops
from the photosphere to the corona and along the corona to determine various plasma
parameters. Our results demonstrate the seismological potential of 3-min slow waves

omnipresent in the umbral sunspot atmosphere.

Chapter 6: Spectroscopic diagnostics using AIA and EIS

In this chapter, we utilize the spectroscopic data from EIS onboard Hinode. We deter-
mined the non-thermal velocity amplitude of Alfvén waves, temperature, and electron
number density along the loop length using various spectral line diagnostic techniques.
Combining these parameters with the already calculated magnetic field strength, we
determined the Alfvén wave energy flux, which is sufficient to heat the active region
corona. We also compared plasma parameters obtained along coronal loops from differ-

ent imaging and spectroscopic diagnostic techniques.
Chapter 7: Conclusions and Future Prospects

This chapter summarizes the key results of the thesis and highlights several potential

directions for future research.
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Chapter 2

Data, methodology and techniques

The Earth’s atmosphere distorts the incoming radiation from the Sun and also blocks
part of the electromagnetic spectrum. This distortion can be improved using adaptive
optics. The telescopes placed outside the Earth’s atmosphere (space-based telescopes)
are unaffected by these effects. Additionally, space-based telescopes mainly operate in
the low wavelength regime (e.g., UV, EUV, and X-ray) in which we study the on-disk
part of the solar atmosphere. Using the imaging data of the Sun from space, we can
explore the solar atmospheric dynamics, and spectroscopic data can provide various

plasma parameters in the solar atmosphere from the line profiles.

2.1 Data and data reduction

To study and understand the wave dynamics in the whole solar atmosphere, we are uti-
lizing data from space-based observatories, Solar Dynamics Observatory (SDO; Pesnell
et al., 2012), Interface Region Imaging Spectrograph (IRIS; De Pontieu et al., 2014), and
Hinode (Kosugi et al., 2007), which are described in this chapter. The raw data needs
specific corrections before analysis, for which we have used some standard routines for
data correction, which is called data reduction. Different instruments have different cor-
rection requirements. The data reduction procedures for all the instruments utilized in

this thesis are described in this section.

2.1.1 Solar Dynamics Observatory (SDO)

SDO is a space-based solar mission launched on February 11, 2010. The spacecraft is in

a circular geosynchronous orbit with an inclination of 28°. It is launched under NASA’s
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Figure 2.1: Images of the Sun in ten different wavelengths obtained from the AIA and
HMI instruments onboard SDO. Image courtesy: The Sun Today.

Living With a Star (LWS) program. The main goal of SDO is to continuously monitor
the solar interior and different layers of its atmosphere with high spatial and temporal
resolution simultaneously in multiple wavelengths. Solar Dynamic Observatory (SDO;
Pesnell et al., 2012) consists of three advanced solar telescopes: Atmospheric Imaging
Assembly (AIA), Extreme Ultraviolet Variability Experiment (EVE), and Helioseismic
and Magnetic Imager (HMI). In this section, we describe AIA and HMI in detail since
the data obtained from these instruments form the major portion of this thesis. Sample

images of the Sun taken in all the AIA and HMI passbands are shown in Figure 2.1.

2.1.1.1 Atmospheric Imaging Assembly (AIA)

AIA provides multi-wavelength simultaneous high-resolution (0.6"/pixel) full-disk im-
ages of the Sun up to 0.5 R above the solar limb in ten passbands (Lemen et al., 2012).
It has six coronal passbands, two transition region, one temperature minimum, and one
photospheric continuum passband operating at different wavelengths as described in

Table 2.1. Images in seven EUV coronal and transition region passbands are obtained at
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Table 2.1: All AIA passbands with their primary ions, along with the solar layers that
are probed with their characteristic emission temperatures (Lemen et al., 2012).

Passband | Primary ion(s) Region of atmosphere Char. log(T)
4500 A continuum photosphere 3.7
1700 A continuum temperature minimum, photosphere 3.7
1600 A C IV+cont. transition region, upper photosphere 5.0
304 A He II chromosphere, transition region 4.7
171 A Fe IX quiet corona, upper transition region 5.8
193 A Fe XII, XXIV corona and hot flare plasma 6.2,7.3
211 A Fe XIV active-region corona 6.3
335 A Fe XVI active-region corona 6.4

94 A Fe XVIII flaring corona 6.8
131 A Fe VIII, XXI transition region, flaring corona 5.6,7.0

12 s cadence, whereas those in two UV passbands are obtained at 24 s cadence. Photo-

spheric continuum images are taken every hour.

Spacecraft continuously transmits level 0 data to the ground station in New Mexico

and is archived at the Joint SDO Operations Center (JSOC'!). Various steps involved in

the further processing of the data are

¢ Level 0 data to Level 1 data: From Level 0 data, CCD read out noise, dark current,

bad pixels and spikes are removed, and then flat field corrections are performed

to obtain Level 1 data and then distributed in fits format (Pence et al., 2010). SDO

Level 1 data can be directly accessed from JSOC or using the Virtual Solar Obser-

vatory (VSO) package?.

* Level 1 data to Level 1.5 data: Level 1 data is then rescaled to a common plate

scale, co-aligned to a specified pointing. The intensities at each pixel are normal-

ized using the exposure time. These operations are performed using the solar

software (SSW, Freeland and Handy, 1998) routine aia_prep.pro°.

SSW routine aia_get_response.pro? provides the temperature response function of

all the EUV passbands in the AIA instrument. These responses are calculated using

the CHIANTI® atomic database (Dere et al., 1997; Dufresne et al., 2024). The response

function of AIA EUV passbands with respect to temperature is shown in Figure 2.2.

Thttp:/ /jsoc.stanford.edu/
Zhttps:/ /sdac.virtualsolar.org/cgi/search
Shttps:/ /hesperia.gsfc.nasa.gov/ssw/sdo/aia/idl/calibration/aia_prep.pro

“https:/ /hesperia.gsfc.nasa.gov/ssw/sdo/aia/idl/response/aia_ get_response.pro

Shttp:/ /chiantidatabase.org/
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Figure 2.2: AIA temperature response functions for the six EUV passbands dominated
by various coronal emission lines calculated using the CHIANTI model for the solar
emissivity and the effective-area functions. Image courtesy: Boerner et al. (2012).

Each passband is sensitive to multiple temperatures, sometimes showing double peaks,
which confirms the multi-thermal nature of these passbands. Therefore, the temperature

information from these passbands needs to be interpreted cautiously.

2.1.1.2 Helioseismic and Magnetic Imager (HMI)

The Helioseismic and Magnetic Imager (HMI) onboard Solar Dynamics Observatory
(SDO) is designed to provide an unprecedented view of the solar photosphere (Scherrer
et al., 2012; Schou et al., 2012). HMI utilizes Fe I 6173 A absorption line to provide
Doppler shifts, continuum intensities, and line-of-sight (LOS) magnetic field at the pho-
tosphere (Norton et al., 2006). All the HMI data products are full-disk images of the Sun
at high-resolution (0.5"/pixel) with a cadence of 45 s. It also provides a full-disk vector

magnetogram with a cadence of 12 min by measuring the Stokes parameters.

HMI level 1 data is also available at the Joint SDO Operations Center (JSOC). Level
1 data is converted to Level 1.5 data using the SSW routine hmi_prep.pro®.

®https:/ /darts.isas.jaxa.jp/pub/ssw/sdo/aia/idl/ calibration/hmi_prep.pro
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Table 2.2: Details of IRIS slit-jaw-images (S]Is) passbands of two (Glass and Broad) for
ground testing and four for observing the Sun (De Pontieu et al., 2014).

Bandpass Name | Center [A] | Width [A] | FOV ["x"] | Pix. ['] | EA [em?] Temp. [log T]
Glass 5000 5000 broad 1757 0.1679 - -
Broad 1600 W 1370 90 1757 0.1656 - -

CII 1330 1340 55 1752 0.1656 0.5 3.7-7.0

Mg I h/k 2796 2796 4 1757 0.1679 0.005 3.7-4.2
Silv 1400 1400 55 1757 0.1656 0.6 3.7-5.2

Mg I wing | 2832 2830 4 1752 0.1679 0.004 3.7-3.8

Table 2.3: IRIS spectrograph passbands with their wavelength bands, dispersion, field-
of-view (FOV), spatial resolution, and effective area (EA) as provided in De Pontieu
et al. (2014).

Band | Wavelength [A] | Disp. [mA pix~'] [ FOV ['] | Pixel ['] | EA [cm?] | Temp. [log T]
FUV1 1331.7-1358.4 12.98 175 0.1663 1.6 3.7-7.0
FUV2 1389.0-1407.0 12.72 175 0.1663 2.2 3.7-5.2
NUV 2782.7-2835.1 25.46 175 0.1664 0.2 3.7-4.2

2.1.2 Interface Region Imaging Spectrograph (IRIS)

IRIS is a NASA spacecraft that was launched in July 2013 to study the interface region
(chromosphere and transition region). The spacecraft is in a polar, Sun-synchronous or-
bit and provides continuous observations for 8 months per year. The spacecraft consists
of two instruments: a Slit-Jaw Imager (SJI) and a SpectroGraph (SG), which provide
simultaneous images and spectra of the Sun in the far ultraviolet (FUV) and near ultra-
violet (NUV) wavelengths (see Table 2.2 and Table 2.3). The IRIS Spectrograph observes
spectral lines formed in the chromosphere (C II 1334/1335 A, Mg I h 2803 A and Mg II
k 2796 A) and transition region (Si IV 1394 and 1403 A), see sample IRIS spectra in Fig-
ure 2.3. IRIS provides images in four passbands covering wavelengths 1330 A (FUV1),
1400 A (FUV2), 2796 A (NUV), and 2832 A continuum.

IRIS’ provides simultaneous high-resolution images with 0.33-0.4" spatial resolution,
up to 2 s temporal resolution, and 26 mA and 53 mA spectral resolution for FUV and
NUYV, respectively (De Pontieu et al., 2014). The IRIS spectrograph slit is 0.33" wide and
175" long. It records spectra in three modes, first by moving the slit across the solar disk
and taking dense and sparse rasters, another by keeping the slit at one fixed position
and taking spectra of a solar structure with repeated exposures, providing sit-and-stare
observation.

Various steps involved in the processing of IRIS data are

https:/ /www.nasa.gov/mission_pages /iris/index.html
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Figure 2.3: IRIS sample spectra of far ultraviolet short (FUVS), long (FUVL) and near
ultraviolet (NUV) wavelengths. Image courtesy: IRIS tutorial.

* IRIS team distributes Level 2 data to the users from the European Hinode/IRIS
Science Data Center® and the IRIS website’. Level 2 data are corrected for dark
current, flat-field, geometric, and wavelength calibration, FUV background sub-
traction, etc. Level 2 data are available in 3-D cube format; for spectrograph in
[wavelength A, spatial y, spatial x], and SJI passbands in [spatial x, spatial y, time
t].

¢ Orbital variation correction: Spectroscopic level 2 data is then corrected for the or-
bital variation (thermal and the spacecraft velocity component) using SSW routine

iris_orbitvar_corr_I2s.pro'°.

* Dark region and cosmic ray removal: Due to dust accumulation on the CCD, dark

regions can be seen in the SJI FUV images, which are removed using the SSW

8http:/ /sdc.uio.no
http:/ /iris.Imsal.com/search
Ohttps:/ /darts.isas.jaxa.jp/pub/ssw /iris/idl/sao/util /tian/iris_orbitvar_corr_I2s.pro
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routine iris_dustbuster.pro, and the cosmic rays are also removed using the SSW

routine despike.pro.

The SSW routine iris_getwindata.pro'! provides information regarding intensity ar-
ray, error array, exposure time, plate-scale, etc., in a structured format for each spectral

window. Details on instrument calibration of IRIS is provided in Wiilser et al. (2018).

2.1.3 Hinode

Hinode is a space-based solar mission launched on September 23, 2006, at 6:36 am
in Japan Standard Time (JST). The spacecraft is in a polar, Sun-synchronous orbit at an
altitude of 600 km with an inclination of -987.9°. Hinode consists of three advanced solar
telescopes: X-ray telescope (XRT), EUV imaging spectrometer (EIS), and solar optical
telescope (SOT), see details in Kosugi et al. (2007). The instruments continuously study
the Sun for nine months, accompanied by a three-month eclipse period. EIS could be
used to study the coronal heating mechanism and dynamics in the active region. In this
section, we describe EIS in detail since the data obtained from it forms a chapter of this

thesis.

2.1.3.1 EUV Imaging Spectrometer (EIS)

The EUV Imaging Spectrometer (EIS; Culhane et al., 2007) was designed to study high-
resolution spectra of the solar transition region and corona with temperatures ranging
from 50,000 K to 20 MK. It has two wavelength bands, 170-211 A and 246-292 A referred
to here as the short and long wavelength bands (SW and LW, respectively). These
spectra are rich in the various ionization states of iron, magnesium, silicon, etc. The
sample EIS active region spectra are provided in Figure 2.4. EIS data can be utilized
to perform spectroscopic diagnostics to measure various plasma parameters such as
electron number density, temperatures, non-thermal broadening, etc. (see details in
Section 2.2.2).

EIS has a slit/slot exchanger that contains two narrow slits (1" and 2" width) and
two wide slots (40" and 266" width), producing almost monochromatic images. The
motion of the slit in the solar East-West direction provides raster scanning mode. In
Figure 2.5, we show EIS raster image of fan loop system obtained from different spectral

lines sensitive to different temperatures as labelled.

Uhttps:/ /darts.isas.jaxa.jp/pub/ssw /iris/idl/nrl/iris getwindata.pro
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Figure 2.4: EIS sample spectra of active region. Image courtesy: Young et al. (2007).
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Temp. 1.50 Mt Temp. 1.58 MK Temp. 1.99 MK

Figure 2.5: EIS raster image of fan loop system obtained from different spectral lines
sensitive to different temperatures as labelled. Image adapted from Rawat and Gupta
(2025).

The level 0 data from EIS can be accessed from ESA’s Hinode Science Data Centre

12| The various steps involved in processing EIS data are

e Level 0 data to Level 1 data: From Level 0 data, saturated data, dark current, and
cosmic rays, hot, warm, and dusty pixels are removed. We can perform these

corrections on the data using the SSW routine eis_prep.pro'®.

¢ Fitting Gaussian functions to level 1 data: EIS emission lines are fitted using single
and/or multiple Gaussian components. The intensities in data number (DN) can

2571 sr71) using

be converted into calibrated units, absolute intensities (ergs cm™
the radiometric calibrations. The satellite’s orbital motion around the Earth results
in a periodic shift of the wavelength scale due to periodic fluctuation in temper-
ature (instrument receives variable illumination from Earth; Kamio et al., 2010).
SSW routine eis_auto_fit.pro takes into account all these offsets and fits a single or

multiple Gaussians to each pixel in the image.

e Slit tilt: There is a total spatial offset of 18.5 pixels in the Y-direction between the
CCD detectors of the SW and LW channels. SSW routine eis_slit_til1f_mfmy.pro14

2http:/ /sdc.uio.no/sdc/
Bhttp:/ /www.heliodocs.com/php /xdocprint.php?file=SSW /hinode/ eis/idl/ calibration /eis_prep.pro
4http:/ /www.heliodocs.com/php /xdoc print.php?file=$SSW /hinode/ eis /idl/atest/ pyoung/eis_slit_tilt_array.pro
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corrects this tilt with respect to the CCD axis.

One can further derive line intensity, line width, and velocity maps from the fitted

data using the routine eis_get_fit_data.pro®.

2.2 Atomic processes in the solar atmosphere

Different ions present in the solar atmosphere exist in a wide range of excited states.
Various atomic processes contribute to the excitation of ions present in different layers
of the solar atmosphere. The different atomic processes that contribute to the continuum
and line emission of the solar corona are pictorially represented in Figure 2.6. Figure 2.6
shows the interactions between photons, electrons, atoms, and ions, depicting absorp-
tion, emission, excitation, de-excitation, ionization, and recombination processes; more
details can be found in Aschwanden (2004); Phillips et al. (2008); Del Zanna and Mason
(2018). For coronal plasma, the collision between ions and free electrons (bound-free)
is the key process, which is found in photoionization, di-electronic recombination, and

collisional ionization.

2.2.1 Spectral line formation

The transition of ion (X™) from an excited level f to ground level g emits a photon of
energy (hc/A), and the total emissivity (erg cm~2 s 1) of the spontaneous radiation can
be written as

hc

€of = 5 Ass N(X/™). (2.1)

Where Ay is the radiative transition probability (Einstein transition probability), & is
the Planck’s constant (6.63 x 1073 m? kg s71), c is the speed of light (3 x 10® m s71),
N (X}“m) is the number density of ion X in the excited level f and ionization stage +m.

The flux F (erg cm ~2 s™1) for an optically thin line of wavelength A, can be written

as,

— 1 he +m
Fhse) = 1 /AV 3, A NOG™) av, (22)

where d is the distance between the Sun and the Earth. The number density of the

5https:/ /hesperia.gsfc.nasa.gov /ssw/hinode/eis /idl/analysis/line_fitting/auto_fit/eis_get_fitdata.pro
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Figure 2.6: Pictorial representation of various atomic processes happening in the Sun.
Here, the atoms and ions are depicted with filled dots, electrons and their orbits are
depicted with open dots and circles. The electronic transitions are depicted with arrows,
and photons are depicted with a wiggly arrow. Image courtesy: Aschwanden (2004).
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excited level can be written as:

N(xH™) — N(X{™) N(X*™™ N(X) Ny
f 77 N(X*tm) N(X) Ny N,
where

N(XIm
. % is the relative level population of the excited level f with respect to the total

number density of the ion,

NIE]}&;) the relative abundance of ion X" with respect to the total number density

of the element X,

o % = Ab(X) is the element abundance relative to hydrogen,
H

. NWIZ is the relative abundance of hydrogen with respect to the free electron number

density (~0.83 in the solar atmosphere at temperature > 10° K).

The plasma is fully ionized at coronal temperatures. In general, it is assumed that

+m m
the quantities % and NZS]}&))

are calculated separately using Boltzmann equation
and Saha ionization equation, respectively. The level populations within an ion and the
ionization balance are independent. This may not be the case in all circumstances in the

solar atmosphere.

3 1

The value C(N,,T,Ay,) is called the contribution function and has unit erg cm” s~

st~ 1. This contains all the atomic parameters for each spectral line and can be written as

he Ay NOX) NGO

T = Ab(X 4
C(Ne, T Ass) b(X) 4Ags N, N(X*m)  N(X) 24
The flux F(A f¢) can be further written as,
1 2
F(As) = W/AVC(NE, T, Azg) N2 dV (2.5)

The total emission measure EMy (cm™3) over the total emitting volume V' is defined as
EMy = / N2 dv 2.6)
1%

In the solar atmosphere, all the atomic parameters are calculated using the CHIANTI
database (Dere et al., 1997; Dufresne et al., 2024). It provides atomic data for optically

thin spectral lines at UV, X-ray, and infrared wavelengths. The atomic data have been
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benchmarked using solar observations and laboratory calculations. The CHIANTI soft-
ware package is included in the SSW library and can be used for the calculation of
plasma parameters using spectroscopic diagnostics. CHIANTI package has been uti-
lized in this thesis to measure line intensities, FWHM, density, and temperature using

optically thin spectral line diagnostics.

2.2.2 Plasma diagnostics

Spectroscopic instruments provide observations of spectral lines and their intensity val-

ues. For an optically thin emission line of a wavelength A, the intensity I(Af,) emitted

along the line-of-sight (LOS) 4 in units of erg cm~2 s~ sr~! can be written as

hc +
00) = gy /hAfg N(X%) dh 27)

or

I(yg) = [ C(N T, Agg) Ne Ny 28)

2.2.2.1 Differential Emission Measure (DEM)

Column differential emission measure DEM(T) (cm > k1) is the amount of plasma
along the LOS that emits the observed radiation in the temperature between T and

T +dT and can be expressed as

DEM(T) = N, Ny ZZ; (2.9)

/ DEM(T) dT = /Ne N, dh (2.10)
T h

Using the above equation and assuming the abundance of element Ab(X) as constant

along the LOS, the intensity 1(Af,) of an emission line can be written in the form,

I(Agg) = /TC(NE, T, Asg) DEM(T) dT @.11)

The total column emission measure (EM,,;) can be calculated by integrating the DEM

over the temperature range that was used in the DEM analysis.

EMy = / N, Ny dh = / DEM(T) dT (2.12)
h T
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In fully ionized corona, we assume N, ~ Ny

EMcol
h

N, = (2.13)

The effective temperature T,¢r of a spectral line is an important quantity that pro-
vides the temperature where the spectral line is actually formed in the plasma being
studied. The T,f; may be different from the temperature where the C(T) has its maxi-

mum value.
J C(T,N.) DEM(T) logT dT
f C(T,N,) DEM(T) dT

logTeff = (2.14)
If a DEM is obtained by using EUV and X-ray imaging observations, then it is useful
to measure the DEM weighted average temperature T (e.g., Del Zanna and Mason, 2018),

[ DEM(T) logT dT

r= [ DEM(T) dT 215)

2.2.2.2 Spectral line analysis

High-resolution spectroscopic data can resolve the spectral line profiles, which provide
information about the physical conditions in the line-forming region. The intensity of an
optically thin emission line is given in Equation 2.7. In the upper solar atmosphere, due
to the thermal motion of atoms, the wavelength of the photons emitted show Doppler
shifts, which results in the broadening of the spectral line profile. Each atom has its own
velocity. Assuming the Maxwellian distribution of atomic velocities, the probability P(v)

that the velocity of an atom lies between v and v + dv is,

mo?

dP(v) = /( ) exp(m) dv (2.16)

27'(ka

where m is the mass of the atom, k is the Boltzmann constant, and T is the ion temper-
ature. The change in wavelength AA (Doppler shift) caused by the velocity component

u along the line-of-sight is given by,

== (2.17)



where 6 is the angle between u and the line-of-sight. Substituting Equation 2.17 in

Equation 2.16, we determine the line profile as a function of wavelength A

—m 2 AN
P(A) = ¥, exp(ka:W) (2.18)

Electron number density Diagnostics

The emission line intensity I(As;) contains electron number density due to its depen-
dence on the number density of ions in the excited level and the density dependence of
the collision states. Electron number densities can be measured by using the intensity
ratio of two spectral lines emitted by the same ion. For a multi-thermal plasma, the

intensity ratio of two lines is given by Equation 2.11.

I(Ag) [y C(Ne, T, A;)DEM(T)AT

I(Aw) ~ [ C(N., T, Ay) DEM(T)dT (2.19)

Since we are using the same ion, the ion and elemental abundances are the same
for both the lines, and therefore the integrals only depend on the populations of upper
transition levels j and I of the lines and the respective Einstein coefficients. The pop-
ulation of the lower level from which the upper level is populated decides the density

sensitivity of the population ratio.

Temperature diagnostics

Combining Equation 2.8 and Equation 2.12 provides the emission measure distribu-
tion as a function of temperature:

I(A)

EMCOZ = C(Ne, T)

(2.20)

If the EM loci curves for a number of spectral lines intersect at a common tempera-
ture, it indicates that the plasma along the LOS is isothermal. In case the EM curves do
not intersect at a single temperature, it indicates the presence of multi-thermal plasma
along the LOS. This method is known as the EM loci method, which assumes that the

N, and the elemental abundances do not vary along the LOS.

More details on above techniques can be found in Aschwanden (2004); Phillips et al.
(2008); Del Zanna and Mason (2018). The above techniques are utilized to extract elec-

tron number density and temperature in Chapter 5 and Chapter 6.
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2.3 Data Analysis

For analysing the time-series data to study oscillations, we have utilized various signal

processing techniques described below.

2.3.1 Time-series analysis

A time series represents the light curve of MHD oscillations. The original time series
contains noise and non-periodic background processes. To detect pure oscillatory sig-
nals in the time series, we need to remove high-frequency noise and low-frequency
background from the original time series before performing the actual analysis. Such
pre-processing is called trend removal. Here, we introduce a new smoothed time series
and then subtract it from the original time series to obtain a de-trended time series.
This may cause false periodicity, so we have to choose our smoothing range carefully.
This method can efficiently suppress higher and lower frequency fluctuations depend-
ing on the smoothing range of the original time series, which will be visible in the
Fourier power spectrum of the smoothed signal. Recent updates on the novel analysis

techniques can be found in Anfinogentov et al. (2022); Jess et al. (2023).

2.3.2 Fourier Analysis

Fourier analysis is an important time series processing tool that is used to decompose
a time series into its frequency components. The result of the analysis represents the
signal in the frequency domain. The main advantage of Fourier analysis is that very
little information is lost from the signal during the transformation (Cooley et al., 1969).
It maintains information on amplitude, harmonics, and phase and uses all parts of the
waveform to translate the signal into the frequency domain (Anfinogentov et al., 2022).

Here, we are using Fast Fourier transform (FFT), which is an efficient algorithm
for computing the discrete Fourier transform (DFT), see details in Press et al. (1986).
Dividing the DFTs into smaller DFTs allows for more efficient computation. The DFT of
X, 1iS:

1

B = S INZg Xne N (2.21)

where k is the frequency index and N is the number of points in the time series.
FFT is faster than DFT as it reduces the number of operations from O(N?) for DFT to
O(NlogN) for FFT.
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2.3.3 Wavelet Analysis

The Fourier transform provides information on the dominant frequencies, and wavelet
analysis provides the localisation of the various frequency components over time. Wavelet
analysis is a powerful technique to study the temporal variation of the frequency as it
allows a local decomposition of time scales in the time series and, therefore, is ideal for
analysing non-stationary time series. Most of the wave motions observed in the solar
atmosphere are not stationary but tend to be waves with only a few periods and of a
finite lifetime; hence, wavelet analysis is ideal to study solar time series. The choice of
the wavelet is decided by the signal characteristics and the nature of the application. We
can understand the properties of the analysis and synthesis wavelet that is optimized
for our application. Wavelet can incorporate a finite wave of a certain period.

Here we are using the Morlet wavelet for our analysis. It is composed of a complex
exponential (carrier) multiplied by a Gaussian window (envelope). The wave function
of the Morlet wavelet is:

Yolyy) = 7tV 4eiwoe 1"/, (2.22)

where w, and 7 is the non-dimensional frequency and time parameter and provide the
best trade-off between spatial and frequency resolution.

By the convolution theorem, it is the inverse Fourier transform of the product:

Wi (s) = Tt te* (scwy ) et (2.23)

where, s is the wavelet scale, and 7 is the translation parameter used to slide in time,
w is the angular frequency, 6t is the time step, k is the frequency index, Xy is DFT of
discrete sequence x,. More details on the wavelet tool can be found in Torrence and

Compo (1998); De Moortel et al. (2004); Anfinogentov et al. (2022).

2.3.4 Correlation analysis

Cross-correlation analysis is used to analyse the similarity between time series. It is a
measure of similarity between two different time series as a function of the time delay
between them. The directions and strength of the correlation is given by the correlation

coefficient (r),

po EL@-OWi-p
VEN (i — 022, (i — 9)2
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where, N is the length of the time series x and y and their respective means are &
and 7. If the two time series are perfectly correlated, anti-correlated, and completely
uncorrelated, the value of r is 1, -1, and 0, respectively, see details in Bevington (1969).
If we plot both r as functions of time, we can determine the time lag between the two
light curves, i.e., the time at which the correlation coefficient is maximum (correlated)

or minimum (anti-correlated).
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Chapter 3

Source region of waves observed in

coronal fan loops

Magnetohydrodynamic (MHD) waves observed in the solar atmosphere are studied
mainly for their role in coronal heating and atmospheric seismology (De Moortel and
Nakariakov, 2012). At different atmospheric heights, sunspots show different features
that host various oscillations and waves. There are numerous observational reports of
waves and oscillations above the sunspot umbra in the photosphere, umbral flashes and
running waves in the chromosphere, and propagating waves in the corona. Details of
slow waves and oscillations present in the solar umbral atmosphere are provided in Sec-
tion 1.4.3.1. However, several open questions still exist related to studies of waves and
oscillations in the sunspots, which need to be addressed and clarified as suggested in

Khomenko and Collados (2015) and Lohner-Bottcher (2016).

Coronal loops rooted in the sunspot umbra show outward propagating disturbances
with subsonic phase speed and period around 3-min (e.g., De Moortel et al., 2002a;
Sharma et al., 2020). Similar propagating disturbances with a period of around 15 min
are also observed along plume-like structures in the polar coronal holes (e.g. DeFor-
est and Gurman, 1998; Gupta et al., 2010). These propagating disturbances are found
to have wave-like properties and are often interpreted in terms of propagating slow
magnetoacoustic waves (e.g., Kiddie et al., 2012; Gupta et al., 2012). 3-min slow magne-
toacoustic waves propagating along coronal fan loops show amplitude modulations in
the period range of 20-30 min (Sharma et al., 2020). Such amplitude modulations are the

result of the interaction of various beat-like phenomena formed due to the number of
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closely spaced frequencies within the 3-min period band (e.g., Marsh and Walsh, 2006;
Krishna Prasad et al., 2015; Sharma et al., 2020). Formation of such closely spaced mul-
tiple frequencies within the 3-min period band are explained either as eigenvalues of
umbral oscillations or through the resonant filtering mechanism by Zhukov (2005). Al-
though multiple frequencies exist within the 3-min period band, reports of modulation
period are limited to only isolated periods within 20-30 min range (e.g., Krishna Prasad
et al., 2015; Sharma et al., 2020). Moreover, these waves are also found to show modula-
tions in dominant frequency within the 3-min period band with time while propagating

(e.g., Sych et al., 2012).

Although propagating coronal slow waves are ubiquitous in the different structures,
observational evidence of their source region is still rare (e.g. Jess et al., 2012a; Kr-
ishna Prasad et al., 2015). Jess et al. (2012a) found 3-min magnetoacoustic waves in the
coronal fan loops, which were rooted in the umbral dots at the photosphere. In these
umbral dots, the power of 3-min oscillations was enhanced compared to the surround-
ing regions. Krishna Prasad et al. (2015) utilised the amplitude modulation of 3-min
Fourier-filtered light curves obtained near the footpoint of the fan loop at different at-
mospheric layers above the sunspot umbra and associated the presence of 3-min slow
magnetoacoustic waves in corona with the 5-min photospheric p-mode. Similarly, Zhao
et al. (2016) tracked 5-min p-mode waves from the photosphere to the corona in active
regions using a time-distance helioseismology analysis technique. Sharma et al. (2017)
reported the influence of umbral flashes on different sunspot waves in the upper atmo-
sphere based on their synchronized change in the amplitude of 3-min oscillations. On
the other hand, Kobanov et al. (2013) found no connection between 3-min oscillations
and coronal fan structures in AIA 171 A passband. Henceforth, there are mixed opin-
ions on the origin of these 3-min waves in the umbra based on a few reports. Moreover,
contrary views exist on 3-min and 5-min oscillations observed at the photosphere. Lites
(1986) concluded that 5-min oscillations do not drive 3-min oscillations in the umbra be-
cause 3-min chromospheric oscillations are not correlated with the 5-min photospheric
oscillations. Krishna Prasad et al. (2015) suggested that 5-min oscillations are responsible
for the 3-min waves present in the coronal loops, whereas Chae et al. (2017) suggested
that these are not coupled in the umbra due to their different origins. Therefore, to ob-
tain a more general understanding of how these 5-min photospheric p-mode oscillations

compare with 3-min waves, a detailed investigation is needed.
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For direct and unambiguous detection of waves, it is mandatory to have excellent
signals at different atmospheric layers, which is not always the case. In this chapter, we
present a multi-wavelength analysis of the propagation of slow magnetoacoustic waves
from the photosphere to the corona by studying fan loop structures anchored within a
sunspot umbra. Fan loop structures provide an excellent site to study the propagation
of 3-min slow magnetoacoustic waves in the solar atmosphere. We investigate whether
the 3-min waves present in the corona owe their origin to the photosphere or not. For
this, we utilize amplitude and less explored frequency modulation properties of 3-min
waves. Henceforth, this study will also probe the magnetic connectivity of the whole
solar atmosphere. The content of this chapter is published in the Rawat and Gupta
(2023, 2024b).

3.1 Observations

To investigate the origin and characteristics of waves, we are using multi-wavelength
observations of cool fan loops observed within the active region. For this purpose, we
have identified an appropriate data set observed by the Atmospheric Imaging Assembly
(AIA; Lemen et al., 2012), Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012)
both onboard Solar Dynamics Observatory (SDO; Pesnell et al., 2012), and Interface
Region Imaging Spectrograph (IRIS; De Pontieu et al., 2014). To study waves at the
photosphere, we utilize continuum intensity and Dopplergram images obtained from
the HMI. AIA EUV images provide good coverage over the transition region and the
corona. To obtain good coverage over the chromosphere, we are utilizing UV images
obtained from the AIA and IRIS. The sunspot studied here belongs to the active region
NOAA AR 12553 (7°S, 8°W), which was observed on June 16, 2016. We obtained 4 hours
of data starting from 07:19:11 UT, as shown in Figure 3.1.

AIA /SDO provides full-disk solar images in the seven EUV passbands that manifest
the upper atmosphere and three UV-visible passbands that manifest the lower atmo-
sphere. HMI/SDO provides full disk images of the photospheric Sun in continuum
intensity, Dopplergram, and magnetogram, which are derived using the Fe I 6173 A
spectral line. These instruments have been recording continuous images of the Sun
since their launch. All the images were calibrated, co—aligned, and re-scaled to a com-

mon 0.6"/pixel resolution, and 12 s temporal resolution using the robust SDO library
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Figure 3.1: Images of sunspot and fan loops as obtained from different AIA, IRIS, and
HMI passbands as labelled. Small circles (o) over different panels represent the location
of all the identified loops at that atmospheric height (details in Figure 3.2 and Figure 3.3),
which are used for detailed analysis. Contours over different panels indicate the umbra-
penumbra boundary as obtained from the HMI continuum image.

of Rob Rutten!. This tool incorporates standard aia_prep.pro and hmi_prep.pro routines
available in the standard solar software (SSW, Freeland and Handy, 1998), and they also
align images from multiple passbands and correct them for any time-dependent shifts.
Active region was also observed by IRIS in 2-step raster mode for more than 4 hours
starting from 07:19:13 UT. IRIS provided Slit-Jaw-Images (SJI) in 2796 A and 1400 A
passbands. IRIS-SJI 2796 A passband manifests a chromospheric temperature of 10,000
K due to coverage of the Mg II line. However, due to the poor signal in IRIS 1400 A
images, we are not utilizing them in our analysis. Images obtained from the IRIS-SJ1 2796
A passband have an exposure time of 2 s with an effective cadence of 6.88 s, 0.166"/pixel
resolution, and a field-of-view of 60" x 65" centered around the sunspot umbra. In the
later part of the observation, several data gaps were found. Therefore, we selected only

the first 4 hours of continuous data, without any data gaps, to perform our analysis.

Thttps:/ /robrutten.nl/rridl/00-README /sdo-manual.html
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Imaging data allows us to co-align data from different instruments, thus allowing
us to simultaneously use data from different instruments operating at different wave-
lengths. We co-aligned IRIS and SDO observations using IRIS-SJI 2796 A and AIA 1700
A images using the cross-correlation method. All IRIS, AIA, and HMI images are dero-
tated with respect to time at 07:19:17 UT using the SSW routines. The identified dataset
provides a unique opportunity to study the spatial and temporal evolution of waves in
the plane-of-sky along the whole solar atmosphere.

Since the observed sunspot is slightly off the disk centre (heliocentric co-ordinates
X ~ —=25",Y ~ —125”), the angle between vertical and line-of-sight is ~ 7.7°, which
leads to u = cos@ ~ 0.99. So, any projection effect on Dopplergram velocity oscillations
and other parameters will be almost negligible. In the umbral region, the plasma-p =1
layer is below the photosphere (15000 = 1), and at this layer, fast waves get converted
into slow waves (Przybylski et al., 2015), and thus enables us to detect slow waves
from the HMI continuum data. We studied the sunspot in AIA 193 A, ATA 171 A,
AIA 304 A, IRIS 2796 A, AIA 1700 A, and HMI continuum and Dopplergram images
manifesting coronal temperature of 1.6 MK, 0.7 MK, transition region temperature of
50,000 K, chromospheric temperature of 10,000 K, temperature minimum region of 5000
K, and photospheric temperature of 6000 K, respectively, covering the different layers
of solar atmosphere. Figure 3.1 shows the images of a sunspot observed from different
passbands as labelled. It is clear from the images that the analysed sunspot looks quite
different at different atmospheric layers, which highlights the complexities involved in

its dynamics.

3.2 Data Analysis and Results

Figure 3.2 shows the analysed fan loop structures in ATA 171 A passband. The overplot-
ted contour represents the umbral boundary of the sunspot obtained from the HMI con-
tinuum image at a count of 9000 DN. Asterisks (*) represent the coronal footpoint of fan
loops in the AIA 171 A passband. This location will be further used as a reference while
identifying the location of these loops in the lower solar atmosphere, where these loops
are not visible. We have identified eight fan loops emanating from the sunspot umbra
for our study purposes and labelled them accordingly. Associated coronal loops are also

drawn for visualisation purposes only. Properties of slow magnetoacoustic waves prop-
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Figure 3.2: Fan loop system observed in AIA 171 A passband. Identified loop footpoints
in the corona and photosphere are marked with asterisks (*) and circles (0), respectively,
which are used for detailed analysis. Traced coronal loops are also drawn for visualiza-
tion purposes only. Contour indicates the umbra-penumbra boundary as obtained from
the HMI continuum image. The box enclosing the coronal footpoint of loop 6 indicates
the region chosen for image correlation analysis to identify locations of the loop in the
lower atmosphere.
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Figure 3.3: Correlation images obtained between various atmospheric heights as la-
belled. In each panel, the asterisk sign (*) in the centre refers to the coronal footpoint of
loop 6. The red circle in all the panels represents the cross-section of the loop obtained
from ATA 171 A image (see details in Section A.1). Overplotted black and yellow colour
contours are obtained at ~ 95% and 80% of maximum correlation values, respectively.

agating along some of these coronal fan loops are described and discussed in Sharma
et al. (2020). In this work, we identified loop locations at different atmospheric heights
for all the loops. However, here we present results from loop 6 as a representative

example. Results from all the other loops are summarized in Section 3.2.4.

3.2.1 Identification of loop locations in the lower atmosphere

To determine the cross-sectional area of the coronal fan loop in AIA 171 A, we obtained
intensity across the coronal footpoint marked by an asterisk sign (*) in Figure 3.2 and its
neighbouring pixels. We then fitted the intensity profile with a Gaussian function. We

then extracted the full width half maxima (FWHM) of this Gaussian and considered it
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as the diameter of the loop at the coronal footpoint ~ 1.76” 4+ 0.18 (1.27 £ 0.13 Mm) as

described in the Section A.1.

Similarly, for lower heights where the loop is not visible, we perform correlation
analysis on the complete 240 min time series to determine the loop location and also
its cross-sectional area. Here, we choose a box of size 5” x 5” by keeping the location
of loop 6 in the AIA 171 A image in the centre as indicated by an asterisk sign (*) in
Figure 3.3. To perform the cross-correlation, we utilized 16-min background-subtracted
and 1-min smoothed light curves so as to remove any low-frequency background and
high-frequency noise from the light curves. This makes correlations depend only on
3-min oscillations and their related variations. We have interpolated the AIA 304 and
1700 A light curves at the cadence of 6.88 s to match the cadence of IRIS SJT 2796 A using
the IDL routine interpol for the purpose of correlation. For the correlation between AIA
1700 A and HMI continuum light curves, we are utilizing 3-min filtered light curves
for both passbands to avoid any influence of 5-min oscillations observed in the HMI
continuum. We noted the maximum correlation coefficient at each pixel, and created
a cross-correlation image as shown in Figure 3.3. Therefore, the image provides maxi-
mum correlation coefficient values at each pixel. It should also be noted that the image
appears similar if we utilize 3-min filtered light curves for all the passbands. We obtain
a black colour contour over this correlation image at 95% of the maximum correlation
value within the image, whereas the red circle represents the cross-section of the loop
in the corona as obtained from the AIA 171 A image. Choice of contour level at 95% of
maximum correlation value is obtained by comparing correlation images in the corona

with FWHM of loop cross-section as described in the Section A.2.

The central pixel of the black contour in the correlation images of Figure 3.3 depicts
the location of the loop at that atmospheric height. This location has been further uti-
lized to identify loop locations at the lower heights from the cross-correlation of light
curves as described above. In this way, we are able to trace the same source of 3-min
oscillations from the corona to the photosphere. Since these 3-min waves can propagate
from the photosphere to the corona only through the waveguide, black contours here
represent either a single loop or a collection of loops emanating from the same pho-
tospheric oscillating region, and chosen contours depict the loop cross-section at that
height. The size of the loop or oscillating region mainly depends on the choice of con-

tour level. Therefore, we also obtained contour levels at 80% of the maximum correlation
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value. These contours cover the correlation patches observed in correlation images very
nicely, and result in quite broader oscillating regions. However, more importantly, for
any choice of contour levels, we find that the size of the coherent oscillating region de-
creases as we move into the lower atmosphere. This is expected as per the theory of flux

tube expansion with height (e.g., Aschwanden, 2004).

Nevertheless, we obtained area of 95% and 80% contour levels in AIA 304 A, IRIS
2796 A, AIA 1700 A, and HMI continuum passbands by visually fitting the contours
with either a circle or an ellipse, depending on their shape. Obtained areas are ~
2.03 +1.16 (1.07 +£0.61), 1.24 £ 0.23 (0.65 £ 0.12), 1.16 £ 0.74 (0.61 £ 0.45), and 0.18 +
0.32 (0.09 £ 0.16) arcsec?> (Mm?), respectively for 95% contour level whereas that for
80% contour levels are ~ 7.46 £2.09 (3.92 £ 1.1), 6.78 +0.61 (3.56 4+ 0.32), 5.45 £ 1.74
(2.86 + 0.91), and 2.06 4- 1.07 (1.08 & 0.56) arcsec> (Mm?) respectively. Error bars are
calculated by assuming errors on the fitted diameter of a circle (or the length of major
and minor axes of the ellipse) to be equal to the resolution limit of AIA (0.6"/pixel) and
IRIS (0.166"/pixel). Here, we clearly see the decrease in size of the oscillating region
as we move down in the lower atmosphere, as expected from the size of the flux tube
with height in the solar atmosphere. In the correlation images of AIA 304 A, IRIS
2796 A, AIA 1700 A, and HMI continuum, we also notice a shift of (0",0"), (1.5",0.5"),
(0",0.6") and (0",1.2"), respectively in the central position of black contour with respect
to the coronal footpoint located in ATA 171 A passband. This shift can either be due
to the inclination of the loop or due to the alignment errors between AIA, IRIS, and
HMI. Moreover, we also notice that the identified loop footpoint at the photosphere is
directed towards the umbral centre rather than in any random direction with respect to
the coronal footpoint of the loop. This shows that the loop is continuing towards the

umbral centre as visualized in Figure 3.2.

After determining the loop locations at different atmospheric heights, we obtained
light curves at those locations from the AIA, IRIS, and HMI passbands. We also per-
formed, similar analysis using smaller time series, where we noticed an offset of +1
pixel for the maximum correlated pixel in Figure 3.3. Therefore, we obtained light
curves from 3 x 3 pixel? binning for all the AIA and HMI passbands. This binning
also incorporates alignment uncertainties of about 2 pixels in different AIA passbands
(Young et al., 2013), and any lateral shift of loops from the photosphere to corona (Kr-
ishna Prasad et al., 2015). Similarly, for IRIS, we are taking 5 x 5 pixel? binning. This
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Figure 3.4: The left and right panels show original and background subtracted,
smoothed light curves for loop location 6 in AIA 193 A, AIA 171 A, AIA 304 A, IRIS
2796 A, AIA 1700 A, HMI continuum, and HMI Dopplergram as labelled. The overplot-
ted blue lines in the left panels show the background trend at each layer of the solar
atmosphere of loop location 6.
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pixel binning also improves the strength of the signals. In the left panels of Figure 3.4,
we plot original light curves obtained at loop locations at various atmospheric heights as
labelled. Overplotted blue lines represent the background trends, which were obtained
by taking the 16-min running average. In the right panels, we plot 1-min smoothed
background-subtracted light curves. Detrended light curves provide clean intensity os-

cillations without any low-frequency background at all atmospheric layers recorded.

3.2.2 Fourier analysis and filtration

In the left panels of Figure 3.5, we show the Fast Fourier Transform (FFT) power spec-
trum obtained from the original light curves of loop locations at various atmospheric
heights as labelled. The FFT power spectrum is obtained using the standard IDL rou-
tine fft_powerspectrum. Plots show a wide distribution of power peaks in the period
range of approximately 2-3.74 min at all the atmospheric heights, and also in the range
of 4.2-6 min only at the photosphere. The two dominant period ranges are called 3-min
and 5-min period bands, and are shaded with light and dark blue colours, respectively,
in the left panels of Figure 3.5. There are several nearby power peaks present in both
the period bands. Vertical dashed lines represent the dominant peak in the 3-min and
5-min period bands, which are present at all the atmospheric heights and at the pho-
tosphere, respectively. We have ignored 3.74-4.2 min period window, which may have
arised because of an artefact due to pixel crossing time due to differential rotation of the
sunspot (Norton et al., 2021). Details of this artefact is described in Section A.3.

3-min period waves are generally observed in all the layers of the upper sunspot
atmosphere (Khomenko and Collados, 2015). Sometimes they are also detected at the
photospheric heights, though weaker than the 5-min period (Bellot Rubio et al., 2000).
Since we have found significant power in the 3-min period band at every atmospheric
height, we will utilize it for further detailed analysis. We apply a bandpass filter over the
period range of 2-3.74 min (light blue colour shaded region in Figure 3.5) on the original
signals. The filtered signals are shown in the right panel of Figure 3.5. Filtration provides
a clean intensity oscillation in the 2-3.74 min period range. Due to several nearby power
peaks in this period band, we see oscillations in the form of unclean wave packets.
Such wave packets are also reported at several locations along the coronal fan loops by
Sharma et al. (2020).

In Figure 3.6, we plot cross-correlation coefficients as a function of time lag obtained
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Figure 3.5: Left panels: FFT power spectrum of original light curves obtained at each
location of Loop 6 in the solar atmosphere as shown in the left panels of Figure 3.4.
Shaded regions in light blue colour denote the 3-min period band used to produce the
filtered light curves shown in the right panels. Shaded regions in dark blue colour de-
note the 5-min period band. Horizontal dashed lines represent 95% significance level.
Vertical dashed lines represent the dominant peak in the 3-min and 5-min period bands
present at all the atmospheric heights and at the photosphere, respectively. Right pan-
els: 3-min filtered light curves with over-plotted blue lines show amplitude modulation
envelopes traced using maxima and minima of respective filtered light curves.
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Figure 3.6: Variation of cross-correlation coefficients with respect to time lag obtained
between light curves at Loop 6 in different passbands as labelled. Black and blue
lines show cross-correlation analysis performed on the Fourier-filtered and background-
subtracted light curves, respectively.

between pairs of detrended (right panel of Figure 3.4) and 3-min Fourier-filtered light
curves (right panel of Figure 3.5) as labelled with blue and black lines, respectively.
Time lags obtained from both the light curves are consistent with each other, except
between AIA 1700 A and HMI continuum pair, where the correlation is very poor due
to the presence of 5-min oscillations in the background-subtracted light curve of HMI
continuum. Using time lags obtained from filtered light curves and formation heights
of various passbands, we determined the propagation speed of these 3-min waves at

various heights. These estimated speeds provide lower limits on propagation speeds as

Table 3.1: Correlation values obtained from both background-subtracted (BS) and
Fourier-filtered (FF) light curves for Loop 6 between different pairs of atmospheric
heights. Wave propagation speeds at different heights are also provided.

Passbands | Distance Correlation with BS Correlation with FF Adiabatic acoustic | Obs. speed

(A) (km) Correl. coeff. | Time lag (s) | Correl. coeff. | Time lag (s) speed (km s 1) (km s~ 1)
193-171 - 0.89 —12.04+12.0 0.95 —12.04+12.0 - -

171-304 102 +78.5 0.71 24.0 +£12.0 0.80 24.0+12.0 81.9+13.5 42439
304-2796 158 £ 69 0.73 39.3+6.9 0.91 46.24+6.9 23.8 £3.6 34£1.6
2796-1700 | 695+ 46 0.59 —89+69 0.69 —15.8+6.9 12.2 +1.8 444194
1700-cont. | 167 10 0.14 36.04+12.0 0.37 48.04+12.0 10.5 +1.5 35+09
Dopp.-cont. |  62%5 0.52 —60.04+12.0 0.90 —48.0+12.0 10.5 £1.5 13£03
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line-of-sight projection effects are also involved. We have assumed formation heights
for these passbands from the umbral atmospheric model of de Oliveira e Silva et al.
(2022), which they claimed to be in agreement with Fontenla et al. (1999, 2009) and
others. Formation heights for photosphere HMI continuum is at 38 £1.9 km, HMI
Dopplergram 6173.34 A at 100 + 5 km, temperature minimum AIA 1700 A at 205.0 +
10.25 km, chromosphere IRIS 2796 A at 900.0 +45.0 km, transition region AIA 304 A at
1058.0 4+ 52.9 km, corona AIA 171 A 1160.0 +58.0 km, and AIA 193 A at 1190.0 +59.5 km,
see details in Figure A.4 in Section A.4. Estimated wave speeds at various atmospheric
heights are provided in Table 3.1. Moreover, within the error bars, propagation speeds
obtained in the lower atmosphere from different atmospheric models such as Maltby
et al. (1986) and Avrett et al. (2015) are almost similar. Estimated speeds are less than
the adiabatic acoustic speed c¢; = /2k,T/pum,, where v = 5/3 is adiabatic index, k;
is Boltzmann constant, T is temperature, 1 = 1.27 is mean molecular weight, m, mass
of proton (e.g., Aschwanden, 2004) at that particular height. This confirms that these
are propagating slow magnetoacoustic waves except at chromospheric height, where
the speed becomes supersonic. Moreover, it should also be noted that effects of partial
ionization in the lower atmosphere can make 7 as low as 2 1 (section 4.1, Aschwanden,
2004). However, in this case also the observed propagation speeds will remain mainly
subsonic. For the error estimate, we have assumed error in time as the cadence of each
passband, which is 12 s and 6.88 s for SDO and IRIS, respectively. Since de Oliveira
e Silva et al. (2022) did not provide any method to calculate errors in the formation
heights, we have assumed an overall made-up error of 5% in all the formation heights,

as we noted ~ 5% to be the maximum error in height quoted by them.

3.2.3 Wavelet analysis

The above Fourier analysis provided information in the period domain only. Therefore,
wavelet analysis is incorporated to obtain the variation of power of these 3-min oscilla-
tions with time. Here, we are using the Morlet wavelet for our analysis and utilizing the
wavelet tool developed in IDL by Torrence and Compo (1998).

In Figure 3.7, we show the wavelet power spectrum of the filtered light curve of
the coronal footpoint of Loop 6 as obtained from AIA 171 A passband (see right panel
of Figure 3.5). The left panel shows the wavelet power spectrum with time on the x-

axis and period on the y-axis, showing variation of oscillatory power. Different colour
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Figure 3.7: The left panel shows the colour-inverted wavelet power spectrum of the
filtered light curve of Loop 6 coronal footpoint obtained from AIA 171 A passband with
99% confidence-level contours. The region marked with crossed lines denotes the cone
of influence. The right panel shows the global wavelet power spectrum obtained by
averaging the wavelet power spectrum over time. The thin dashed lines specify the
maximum period detectable from wavelet analysis because of the cone-of-influence, and
the dotted line specifies the 99% confidence level curve. The overplotted blue colour
rectangular boxes denote the period window extracted for detailed analysis. The time
axis starts at 7:19 UT.

contours show varying power densities, with blue being the highest. Here, the region
marked with crossed lines is called the Cone-of-Influence (COI), which refers to the
region where the transform suffers from the edge effect. Oscillation periods in this
region are unreliable. In the right panel of Figure 3.7, we show the global wavelet power
spectrum, which is obtained by taking the average over the time domain of the wavelet
transform. The thin dashed line shows the maximum period detectable from the wavelet
analysis due to the COL

The overplotted blue rectangular box shows a 2-3.74 min period window in the
wavelet and global wavelet power spectrum. This period window will be utilized to
extract more detailed properties of 3-min waves. We are extracting amplitude modu-
lations of 3-min waves from this rectangular box and describe them in the following

subsections.

3.2.4 Modulations

In the left panel of Figure 3.5, we can see many closely spaced frequencies in the 3-min
period band, which results in amplitude modulation of the signal as shown in the right

panel of Figure 3.5. In Figure 3.7, we can see that the oscillatory power is not constant
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but changes with time. Using these properties of 3-min waves, we explore the source
region of these waves in the lower atmosphere, and thus the magnetic connectivity of

the solar atmosphere.

3.24.1 Amplitude modulation

To determine the modulation of the amplitude of these 3-min waves, we extracted the
wavelet power in the 2-3.74 min window as shown by the blue box in the left panel of
Figure 3.7. We then averaged the extracted window over the period and thus obtained
amplitude variations (square root of wavelet power) with time for all the light curves at
different atmospheric heights. We also devised another method in which we identified
the local maxima and minima of the filtered light curves using the IDL routine extrema
to trace the amplitude modulation envelopes. Obtained amplitude modulations with
time from wavelet and extrema (-maxima) methods are plotted in the left panels of Fig-
ure 3.8 with black and blue colour lines, respectively, for all the atmospheric heights as
labelled. We cross-correlated all the amplitude modulations obtained at different atmo-
spheric heights with the nearest atmospheric layers. Amplitude modulation correlations
obtained from wavelet, and extrema- maxima and minima are plotted in black, green,
and blue colour lines, respectively, in Figure 3.9. Time lags obtained from the wavelet
and extrema (-maxima and -minima) methods match well with the time lags obtained
in Figure 3.6 within the error bar. However, with an exception for HMI-continuum and
AIA 1700 A pair, where the time lag of amplitude modulation matches well with the
time lag of the second peak of the 3-min correlation curve at 228 s, which has a higher
correlation value compared to the first peak at 48 s. Moreover, the correlation value
decreases if we correlate the amplitude modulation curves from neighbouring pixels,
and thus supports the robustness of our loop tracing. Correlated 3-min amplitude mod-
ulations at different atmospheric heights clearly indicate that these waves originate in
the lower atmosphere, and different atmospheric heights are coupled together. Thus, it
provides clear evidence of magnetic connectivity of the whole solar atmosphere.
Further, to check the periods of amplitude modulation, we obtained the FFT power
spectrum of amplitude modulations and plotted them in the right panels of Figure 3.8.
Here we can clearly see that dominant amplitude modulation periods are approximately
in the range of 9-14 min, 20-24 min, and 30-40 min and are present at all the layers of

the solar atmosphere as shown by shaded regions in the right panels of Figure 3.8. These
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Figure 3.8: Left panels show the amplitude modulations of 3-min oscillations. Black and
blue colour lines show amplitude modulations extracted from the wavelet spectrum
and extrema (maxima) of all 3-min filtered light curves shown in Figure 3.5, respec-
tively. The right panels show the FFT power spectrum of the corresponding amplitude
modulations. Shaded regions in sky blue colour highlight dominant modulation peri-
ods observed at different atmospheric heights.
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Figure 3.9: The black, green, and blue coloured lines show correlation coefficients with
respect to time lag between amplitude modulation curves obtained from wavelet, max-
ima, and minima, respectively, at different atmospheric heights as labelled and shown
in the left panel of Figure 3.8. Pink and purple colour lines are obtained by carrying
out correlation analysis on randomized amplitude modulation curves from wavelet and
maxima curves, respectively (see details in Section A.5).

modulations are formed due to the various combinations of closely spaced power peaks
present within the 3-min period band. Some of the dominant periods present within this
band are 2.51 min (6.64 mHz), 2.7 min (6.17 mHz), 2.8 min (5.95 mHz), 3.08 min (5.41
mHz), etc. Combinations of these periods, like 2.51 and 2.7 min, 2.7 and 3.08 min, 2.8
and 3.08 min, 2.7 and 2.51 min, etc., can result in beat periods of 35.67 min, 21.88 min,
30.80 min, 10.59 min, etc., respectively. These derived beat periods are within the range
of observed modulation periods, as noted above, at all the layers of the solar atmosphere.
The presence of similar modulation periods at all the heights signifies that modulations
of 3-min waves are essentially coupled to each other at different atmospheric layers, as
also found from the correlation analysis. Thus, the result provides clear evidence of
upward propagating waves from the photosphere to the corona along the observed fan

loop at different atmospheric heights.
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3.24.2 Frequency modulations

To determine the frequency modulation of 3-min waves, we first obtained the wavelet
power spectrum of background-subtracted light curves for all the passbands. We then
smoothed the wavelet spectrum by applying a running average of 7-point on time and
3-point on period axes. From this smoothened wavelet spectrum, we extracted the 2-3.8
min period window. With this subset, we further extract the period at which power
is maximum at each time frame. Following the same procedure, we obtained a period
or frequency variation of 3-min oscillation with time at all the atmospheric heights.
Obtained period variations with time (i.e., frequency modulations) are plotted in the left
panels of Figure 3.10 for all the passbands as labelled. We also obtained the FFT power
spectrum of frequency modulations and plotted it in the right panels of Figure 3.10.
Here, we can see that dominant 3-min frequency modulation periods are approximately
in the range 14-20 min and 24-35 min, which are present at all the layers of the solar
atmosphere. These modulation periods are shown as shaded regions in the right panel
of Figure 3.10. This similarity in modulation periods signifies that 3-min oscillations
are essentially coupled together at different atmospheric layers. Thus, provides clear
evidence of upward propagating waves from the photosphere to the corona along the
observed fan loop locations. We also noticed that power peaks within the 24-35 min
shaded region are shifting towards the left for coronal heights. However, these shifts
are within the error range and demand high-frequency resolution data to deduce any
such shifts in modulation periods. We also cross-correlated the frequency modulation
curves obtained at different atmospheric heights with the nearest atmospheric layers.
These correlation curves are plotted in Figure 3.11. Correlations between different height
pairs follow a similar pattern as obtained from amplitude modulations, but correlation
values are smaller. Especially, for pairs of AIA 1700 A and HMI continuum, and HMI
continuum and Dopplergram, correlations are poor and within the error range, whereas
for the IRIS 2796 and AIA 1700 A pair, correlation is weak but crosses the error range.
Therefore, correlation analysis between frequency modulation curves provides evidence
of magnetic connectivity of the solar atmosphere from the temperature minimum region
(AIA 1700 A) to the corona (AIA 171 and 193 A). However, all the frequency modulation
curves show similar modulation periods. Together, these findings provide clear evidence
of magnetic connectivity of the whole solar atmosphere. Further to check the reliability

of correlation coefficient values, we performed randomization boot-strap analysis (see
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Figure 3.10: Left panels show frequency modulations of 3-min oscillations extracted
from the wavelet spectrum for different passbands as labelled. The right panels show
the FFT power spectrum of the corresponding frequency modulation curves. Shaded
regions in sky blue colour highlight dominant modulation periods observed at different
atmospheric heights.
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Figure 3.11: Correlation coefficients at different time lags obtained between frequency
modulation curves for different atmospheric heights as shown in the left panel of Fig-
ure 3.10. Purple colour lines are obtained by carrying out correlation analysis on ran-
domized frequency modulation curves.

details in Section A.5). In Figure 3.11, we clearly see that correlation values are either
above or below the error range provided by the bootstrap analysis. We also noticed
that the correlation between modulation curves decreases as we move into the lower
atmosphere, but values are still outside the error range. This implies that modulations
from upper heights are correlated with modulations from lower heights. Henceforth, we
can clearly interpret that 3-min oscillations and thus frequency modulations originate at

the photosphere, and move upward as waves.

3.2.4.3 Relation between modulations of 3- and 5-min oscillations at the photosphere

As evident from the FFT power spectrum obtained from the HMI continuum and Dopp-
lergram curves in Figure 3.5, both 3-min and 5-min oscillations are present at the pho-
tosphere. Therefore, we also obtain amplitude and frequency modulations of 5-min
oscillations at the photosphere to explore any relation between the two oscillations. In
Figure 3.12, we plot amplitude modulation of 5-min oscillation as labelled, and their

respective FFT power spectrum. From the plots, we can clearly see that dominant am-
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Figure 3.12: Left: The amplitude modulation of 5-min oscillations on the photosphere
(HMI continuum and Dopplergram) as labelled. Black and blue colour lines show mod-
ulations extracted from the wavelet spectrum and extrema of 5-min filtered light curves,
respectively. Middle: The FFT power spectrum of the corresponding modulations.
Shaded regions in sky blue colour highlight dominant modulation periods observed
in different HMI passbands. Right: Correlations between amplitude modulation curves
of 3-min and 5-min oscillations obtained from maxima with respect to time lag. Orange,
black, pink, blue, and green colour lines show correlations obtained between Fourier
filtered curves of 3-min and 5-min period windows obtained from HMI Dopplergram,
3-min and 5-min period windows obtained from HMI continuum, 3-min window of
continuum and 5-min window of Dopplergram, 5-min window of continuum and 3-
min window of Dopplergram, and 5-min window of continuum and 5-min window of
Dopplergram, respectively. Purple colour lines are obtained by carrying out correlation
analysis on respective randomized modulation curves (see details in Section A.5).

plitude modulation periods are in the range of 1620 and 25-29 min, as shown by shaded
regions in the right panels. On comparing it with modulations of 3-min oscillations in
Figure 3.8, we notice that one of the dominant short-period (=~ 12 min) modulations
for 3-min oscillations present at all heights is not present in the modulations of 5-min
oscillations. However, other longer periods, such as 20 min band and above, are present
in both modulations. This indicates that 5-min oscillations are unable to capture small
time-scale modulations as found in the modulations of 3-min oscillations. We also no-
ticed that 27 min period detected in the amplitude modulation of 5-min oscillations at
the photosphere is not present in the amplitude modulation of 3-min oscillations at the
photosphere. However, it can be observed at the chromosphere (AIA 1700 A and IRIS
2796 A) and transition region (AIA 304 A). This may indicate that amplitude modula-
tions observed in 5-min oscillations are also propagating upward through 3-min oscil-
lations. Therefore, we further carried out a correlation analysis to verify any coupling

between these modulations.

In Figure 3.12, we plot the correlation coefficient with respect to time lag obtained
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Figure 3.13: (a) Frequency modulations of 5-min oscillations at the photosphere ob-
tained from HMI continuum and Dopplergram as labelled. (b) The FFT power spec-
trum of the corresponding modulations. Shaded regions in sky blue colour highlight
dominant modulation periods observed in different HMI passbands. (c) Correlations
with respect to time lags obtained between frequency modulations of 3-min and 5-min
oscillations. Green, blue, and orange colour lines show correlations obtained between
frequency modulation curves of 5-min oscillations from HMI continuum and Doppler-
gram, modulations of 3-min and 5-min oscillations from HMI continuum, and modu-
lations of 3-min and 5-min oscillations from HMI Dopplergram, respectively. Purple
colour lines are obtained by carrying out correlation analysis on respective randomized
modulation curves.

between amplitude modulations of 3-min and 5-min oscillations observed from HMI
continuum and Dopplergram as labelled. The maximum correlation coefficient between
the amplitude modulation of 5-min and 3-min oscillations from the HMI Dopplergram is
about 0.46, with a time lag of -624 s. Similarly, the corresponding amplitude modulation
correlation obtained from the HMI continuum is about 0.35 with a time lag of -780 s.
Although these correlation values are reasonable, the large time lags obtained between

3-min and 5-min oscillations are unclear and demand a dedicated investigation.

We also obtained frequency modulation of 5-min oscillations at the photosphere to
examine any relation between the two oscillations. To determine this, we performed a
similar wavelet analysis by selecting the period window between 4.1-6.2 min. In Fig-
ure 3.13, we plot frequency modulations of 5-min oscillations as labelled (panel a), and

their respective FFT power spectrum (panel b). From the plots, we clearly see power
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peaks between 19-24 min, and 28-32 min periods, which are shown as shaded regions
from both HMI continuum and Dopplergram as labelled. We also notice a weak fre-
quency modulation period of around 16-17 min in both the passbands. Correlation
between frequency modulations from both the HMI passbands for 5-min oscillations
is about 0.64 with a time lag of ~24 s, as shown with the green line in Figure 3.13.
On comparing frequency modulation periods of both 3-min and 5-min oscillations from
Figure 3.10 and Figure 3.13, we find that longer frequency modulation periods above
25 min and weaker modulation periods around 16-17 min are present in both the os-
cillations. Therefore, we further carry out correlation analysis to verify any coupling
between these frequency modulations, and thus any coupling between 3-min and 5-min

oscillations.

In Figure 3.13, we plot correlation coefficients with respect to time lags obtained
between frequency modulations of 3-min and 5-min oscillations observed from HMI
continuum and Dopplergram as labelled. Maximum correlation coefficients between
modulations of 3-min and 5-min oscillations from HMI continuum data is about 0.46
with a time lag of ~ -24 s, whereas corresponding correlations obtained from HMI
Dopplergram data is very small and within the error range. Here again, the error range
is obtained from randomization bootstrap analysis as before. Therefore, these correla-
tion values indicate a poor or weak connection between 3-min and 5-min oscillations at
the photosphere. Henceforth, any connection between them at the photosphere is still
unclear, as also noticed by amplitude modulation, and thus demands a dedicated study

to explore their connection in detail.

In Figure 3.9, we can clearly see that correlation values are above the error range
provided by the randomization test (see details in Section A.5). This implies that the
amplitude modulation time series of upper height is clearly correlated to the time se-
ries of lower height. Hence, we can say that 3-min amplitude modulation originated
at the photosphere and is moving upward as waves move upward. Furthermore, we
also carried out analysis as described in Krishna Prasad et al. (2015) by taking the same
pixel-to-pixel correspondence of the loop locations at different heights. Although our
findings remain similar, correlation values obtained between the light curves and am-
plitude modulation curves at different heights were less than our maximum correlation
values. This is expected as we are maximizing our correlation by shifting the loop loca-

tion to the maximum correlated pixel location in the neighbourhood at different heights.
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We performed a similar analysis on the other seven fan loops identified in Figure 3.2.
Here, also, loop footpoints at the photosphere are directed towards the umbral center,
and their oscillating regions are smaller with respect to their coronal counterpart as
found for Loop 6. Estimated wave propagation speeds and correlation coefficients at
various atmospheric heights for all the loops are provided in Table 3.2, Table 3.3, Ta-
ble 3.4 and Table 3.5. Estimated speeds are less than the acoustic speeds at that par-
ticular height, which confirms that these are propagating slow magnetoacoustic waves
except at chromospheric height, as also found for Loop 6 (see Table 3.1). Within the er-
ror bar, propagation speed increases with height, which essentially reflects the increase
in acoustic speed due to the increase in temperature with height. We assumed the error
in the time lag to be the cadence of the passband pairs. Therefore, small time lags result
in large uncertainties in the time lags and, consequently, in speeds, which are approx-
imately 50% or more in several passband pairs. Therefore, these propagation speeds
should be taken with caution due to the large error bars and the strong inclination ef-
fects along the loops, as visible in Figure 3.1 and Figure 3.2. Summary of amplitude and
frequency modulation periods of 3-min and 5-min oscillations at various atmospheric
heights for all the loops are provided in Table 3.6, Table 3.7, Table 3.8, and Table 3.9.
Obtained modulation periods are in the range of 10-40 min, similar to those in Loop 6.
Some of the common amplitude modulation periods found in all the fan loops are in
the range of 12-14, 20-22, 27-30, and 35-40 min. Frequency modulation periods are also
in the range of 14-20, and 24-35 min throughout the photosphere to the corona along
fan loops. All the fan loops show at least one common modulation period, which is
observed at all the atmospheric heights. We also found a similar pattern in the corre-
lation of modulations between various atmospheric heights as for Loop 6. Correlations
become poor at heights where atmospheric parameters change drastically, as also found
for Loop 6. The obtained results suggest more or less similar statistics near the foot-
points of these loops at various atmospheric heights. Such similarity in behaviour of fan
loops emanating from the same sunspot umbra is expected, as also noted by de Moor-
tel (2009). Obtained results confirm that 3-min waves observed in coronal fan loops
originate at the photosphere and are propagating upward as they have at least one com-
mon modulation period at each atmospheric height (e.g., Krishna Prasad et al., 2015).
We also find several common modulation periods between amplitude and frequency

modulations at all atmospheric heights, which implies that these modulations are also
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Table 3.2: Correlation coefficient values and corresponding time lags obtained from
Fourier-filtered light curve pairs for all the loops. Wave propagation speeds at different
heights are also provided.

Passbands (A) Loop 1 H Loop 2 ‘
Corr. coeff. | Time lag (s) | Speed (km s71) | Corr. coeff. | Time lag (s) | Speed (km s~!)

193-171 0.53 -12.04+12.0 - 0.96 0.0 +12.0 -

171-304 0.60 0.0 £12.0 - 0.93 12.0 £12.0 8.5 £10.7
304-2796 0.82 324 +6.9 49 +29 0.86 59.9 £6.9 2.6 £1.2
2796-1700 0.65 -15.8 £6.9 44.0 £194 0.70 -15.8 £6.9 44.0 £194
1700-cont. 0.34 48.0 £12.0 3.54+0.9 0.41 24.0 £12.0 6.96 +3.51

Dopp.-cont. 0.37 -48.0 £12.0 1.29 +0.33 0.61 -72.0 £12.0 0.86 £0.16

Table 3.3: Same as Table 3.2.

Passbands (A) Loop 3 H Loop 4 ‘
Corr. coeff. | Time lag (s) | Speed (km s™1) | Corr. coeff. | Time lag (s) | Speed (km s™!)

193-171 0.94 0.0 £12.0 - 0.87 0.0 £12.0 -

171-304 0.95 12.0 +12.0 8.5 +10.7 0.70 24.0 £12.0 42 £3.9
304-2796 0.82 53.0 £6.9 3.0 £1.37 0.70 324 +6.9 49 429
2796-1700 0.69 -89 £6.9 78.0 £60.7 0.77 -8.9 £6.9 78.0 £60.7
1700-cont. 0.43 12.0 £12.0 13.92 +13.92 0.24 24.0 £12.0 6.96+3.51

Dopp.-cont. 0.47 2352 +12 - 0.75 -48.0 £12.0 1.29 +£0.33

connected to each other. Results presented here provide clear evidence of magnetic

connectivity of the whole solar atmosphere.

3.3 Discussion and Summary

In this work, we traced coronal fan loops from the corona to the photosphere in the
sunspot umbra. Jess et al. (2012a) found that coronal fan loops are anchored at the pho-
tosphere where umbral dots are located. Sahin et al. (2019) also noticed that bright loops
rooted in the sunspot are a result of light bridge and umbral dots activities. However, in
our observation, due to the limited spatial resolution of the photospheric dataset (HMI

continuum), we could not verify whether identified photospheric footpoints of fan loops

Table 3.4: Same as Table 3.2.

Passbands (A) Loop 5 H Loop 6 ‘
Corr. coeff. | Time lag (s) | Speed (km s~!) | Corr. coeff. | Time lag (s) | Speed (km s~!)

193-171 0.95 -12.0 £12.0 - 0.95 -12.0 £12.0 -

171-304 0.87 12.0 £12.0 8.5 +£10.7 0.80 24.0 +12.0 42 +39
304-2796 0.82 46.2 +6.9 3.4+1.6 0.91 46.2 +£6.9 34 +£1.6
2796-1700 0.78 -15.8 +£6.9 44.0+194 0.69 -15.8 6.9 44.0 £19.4
1700-cont. 0.47 60.0 +12.0 2.8+0.5 0.37 48.0 +12.0 3.5+0.9

Dopp.-cont. 0.74 -48.0 £12.0 1.3 £0.3 0.90 -48.0 £12.0 1.3 +£0.3
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Table 3.5: Same as Table 3.2.

Passbands (A) Loop 7 H Loop 8 ‘
Corr. coeff. | Time lag (s) | Speed (km s™!) | Corr. coeff. | Time lag (s) | Speed (km s7})

193-171 0.97 0.0 £12.0 - 0.94 0.0 £12.0 -

171-304 0.86 12.0 £12.0 8.5 +£10.7 0.92 12.0 £12.0 8.5 £10.7
304-2796 0.90 53.0 £6.9 3.0+14 0.90 46.2 +6.9 34414
2796-1700 0.81 -15.8 £6.9 44.0 £194 0.87 -15.8 £6.9 44.04+194
1700-cont. 0.49 60.0 +12.0 2.84+0.5 0.46 48.0 £12.0 3.5+0.9

Dopp.-cont. 0.80 —48.0+12.0 1.3+0.3 0.80 -48.0 £12.0 1.3 £0.3

Table 3.6: Amplitude modulation periods (min) of 3-min oscillations observed in var-
ious fan loop locations at different atmospheric heights as marked in Figure 3.1 and

Figure 3.2.
Passbands (A) Loop 1 Loop 2 | Loop 3 Loop 4 Loop 5 Loop 6 | Loop 7 Loop 8
AIA 193 23,30 | 12,15,27,35 15,30 13,16,24 | 14,19,27,40 12,15,35 | 13,18,40 | 14,20,27,35
ATA 171 12,22,40 | 12,15,27,35 16,30 13,16,24 14,19,27 12,21,35 | 13,18,40 | 15,20,27,35
AIA 304 14,20,40 16,21,31 16,30 | 13,16,24,34 | 14,18,30,40 | 12,22,27,34 | 14,27,40 | 16,20,27,35
IRIS 2796 12,19,30,40 16,20,34 | 12,16,31 13,20,34 10,22,27 | 12,22,27,34 | 14,20,34 16,20,35
AIA 1700 13,16,20,24 16,22,35 | 16,22,35 14,17,35 10,22,40 | 13,20,27,40 | 14,20,37 16,20,35
HMI continuum | 12,21,25,35 15,27,35 | 15,27,35 17,22,30 22,40 13,22,35 13,27 12,20,35
HMI Dopplergram 14,21,40 | 15,22,27,40 | 16,2740 17,22,30 20,40 13,22,35 13,30 11,20,35

Table 3.7: Amplitude modulation periods (min) of 5-min oscillations observed in various
fan loop locations at the photosphere as marked in Figure 3.1 and Figure 3.2.

Passbands (A) Loop1 | Loop2 | Loop3 | Loop4 | Loop5 | Loop 6 | Loop 7 | Loop 8
HMI continuum 23,41 22,35 17,35 20,30 | 23,40 18,27 | 2750 | 27,48
HMI Dopplergram | 17,23,41 22,41 | 17,2240 | 2035 | 2348 17,27 | 2750 | 27,48

Table 3.8: Frequency modulation periods (min) of 3-min oscillation observed in various
fan loop footpoints marked in Figure 3.2 at different atmospheric heights.

Passbands (A) Loop1l | Loop2 | Loop3 | Loop4 | Loop5 | Loop6 | Loop7 | Loop 8
AIA 193 11,17,27 | 16,21,34 | 17,22,27 | 12,1622 | 19,22 | 9,18,35 | 13,24,35 | 15,24,35
AIA 171 10,19,24 | 18,22,35 | 16,22,27 | 17,2530 | 19,22 | 11,18,35 | 15,22,35 | 15,22,35
AJA 304 11,22,35 | 18,22,30 | 14,22,27 16,22 | 13,22 | 11,18,27 | 15,20,35 | 15,20,35
IRIS 2796 16,22,36 | 16,19,23 | 16,25,32 | 16,22,35 | 13,20 | 11,19,28 | 16,21,35 | 16,21,35
AIA 1700 15,23,34 | 16,22,30 | 17,22,27 | 13,20,35 | 11,19 | 10,18,27 | 15,20,27 | 15,20,27

HMI Doppler 13,18,34 | 15,22,27 | 15,18,24 16,30 11,22 | 12,21,27 20,35 20,35

HMI continumm | 13,20,35 | 20,24,34 | 13,22,35 24,34 9,20 | 12,19,27 | 16,19,35 | 16,19,35

Table 3.9: Frequency modulation periods (min) of 5-min oscillations observed in various

fan loop locations at the photosphere as marked in Figure 3.1.

Passbands (A) Loop1 | Loop2 | Loop3 | Loop4 | Loop5 | Loop 6 | Loop 7 | Loop 8
HMI continuum 30, 41 27 | 24,31 | 22,35 | 27,35 | 22,30 | 19,27 | 24,30
HMI Dopplergram | 27,41 40 | 19,23 | 24,35 | 17,26 | 20,30 | 27,35 | 24,30
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are umbral dots as the diameter of these dots varies from 0.2" to 0.8" (Jess et al., 2012a;

Yadav and Mathew, 2018).

We also obtained the area of the oscillating region at various atmospheric heights
using the contour levels. We surmise that these areas translate to cross-sectional areas
of fan loops at different heights (see Figure 3.3). However, caution must be taken while
selecting contour levels, which vary among different loops. Here, area of oscillating
region decreased from = 2.43 + 1.17 arcsec® (8.24 + 2.14 arcsec?) in the corona to ~
0.18 4 1.77 arcsec? (2.06 + 1.07 arcsec?) at the photosphere for 95% (80%) contour level.
Expansion of the oscillating region, which may be associated with expansion of the
flux tube with height, is expected in the solar atmosphere because pressure inside and
outside of the flux tube changes differently with height (see details in Aschwanden,
2004). Such expansion of flux tube area from the photosphere to the chromosphere is
well noted in the magnetic bright points by Jess et al. (2009) and in umbral dots from
the photosphere to the chromosphere by Jess et al. (2012a) using the power maps of
3-min oscillations. However, here we find clear evidence of such expansion of coherent
oscillating regions from the photosphere to corona as described in Section 3.2.1, which

were not reported before.

Although wave speeds are estimated in the umbral atmosphere at a few heights (e.g.,
O’Shea et al., 2002; Reznikova et al., 2012; Kobanov et al., 2013), here we estimated the
propagation speed of waves from the photosphere to the corona along the identified
fan loop locations. Measured speeds are less than the adiabatic acoustic speed at those
heights. This confirmed that these are propagating slow magnetoacoustic waves. More-
over, we also noted that the time lags obtained in Figure 3.6 are averaged over multiple
frequencies present in the light curves over the time duration of 4 hours. Further analysis
reveals that some of these delays are frequency as well as time-interval dependent. Sim-
ilar features were also noted by Reznikova et al. (2012). However, here we are utilizing
only the averaged time lag to calculate the wave propagation speed. Detailed analysis of
time interval and frequency-dependent time lags (phase delays) between the oscillations
at different heights will provide information on the dispersive nature of the wave type
and medium (flux tube), and will be the topic of further exploration. From Table 3.1,
we notice that the time lag between AIA 171 and 193 A passbands is negative (with
equal error) even though AIA 193 A passband is sensitive to higher temperature and

height (e.g., Reznikova et al., 2012). Since AIA passbands are multithermal in nature,
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AIA 193 A passband has some contributions from cooler O V and Fe VII lines, which
detect plasma from transition region temperatures (Kiddie et al., 2012). As the temper-
atures of fan loops are found to be around 0.9 MK (e.g., Ghosh et al., 2017), therefore,
oscillations recorded in AIA 193 A passband could be due to the cooler plasma formed
at a lower height and temperature than the AIA 171 A passband. This can explain the
negative time lag obtained between the two passbands. The average time lag between
chromospheric and photospheric oscillations is also negative, which may indicate some
downward propagation of waves. This may also suggest that at this height, some of the
magnetoacoustic waves are reflected back (Khomenko and Collados, 2006). Simulation
result of Moreels and Van Doorsselaere (2013) for the flux tube suggests the presence of
both fast and slow wave modes superimposed on the same structure. Recent result of
Chae et al. (2023) also shows downward propagation of chromospheric oscillations in

the sunspot umbra, and thus are in agreement with our findings.

To probe the source region of 3-min waves along the fan loops, and thus the con-
nectivity of the solar atmosphere, we utilized amplitude and frequency modulations
of these 3-min waves. Amplitude modulations of 3-min waves are already noted in
the chromosphere (e.g., Centeno et al., 2006), transition region (e.g., Marsh and Walsh,
2006), and corona (e.g., Sharma et al., 2020). Krishna Prasad et al. (2015) found almost
similar periods of amplitude modulations from the photosphere to the corona, from
which they concluded that photospheric p-modes externally drive 3-min slow magne-
toacoustic waves observed in the coronal fan loops. However, their conclusion was only
based on the similar periodicity of amplitude modulations of the order of 20-27 min
across all the observed passbands covering the photosphere to coronal heights. More-
over, they compared the modulation period of 5-min oscillations at the photosphere
with the modulation period of 3-min oscillations in the upper atmosphere to establish
the source of 3-min waves. However, contrary to this, Centeno et al. (2006) inferred
that power in the 3-min oscillations observed at the chromospheric heights is directly
related to photospheric 3-min oscillations by means of linear wave propagation, rather
than any non-linear interaction of 5-min waves. In this work, we found the presence of
3-min oscillations at the photospheric footpoint of the fan loops. Such 3-min oscillations
at the base of fan loops were also observed by Jess et al. (2012a) at the photosphere.
Stangalini et al. (2012) also found a clear presence of 3-min waves at the photosphere,

which were strictly confined to the umbral region. Moreover, we found several corre-
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lated amplitude modulation period ranges for 3-min waves, such as 9-14 min, 20-24 min,
and 30-40 min (see Figure 3.8). A strong 27 min modulation period was also noted at
some atmospheric heights. We have selected only those dominant modulation period
ranges that are present at almost all the atmospheric heights. Therefore, based on our
findings of similar modulation periods of 3-min waves at all the atmospheric heights,
we conclude that 3-min waves in the upper atmosphere are the direct result of 3-min

oscillations observed at the photospheric umbral region.

Moreover, we also noticed a well-known change in the dominant period of oscil-
lations with increasing height above the sunspot umbra, i.e., from 5-min in the pho-
tosphere to 3-min in the chromosphere (e.g., Lohner-Bottcher, 2016). There are two
popular mechanisms proposed to explain this period shift: chromospheric acoustic res-
onator (Zhugzhda et al., 1983), and linear propagation of waves with frequencies above
the acoustic cutoff from the base of the photosphere (Fleck and Schmitz, 1991; Centeno
et al., 2006). Recently, Jess et al. (2020) demonstrated the presence of chromospheric
resonance cavity above the sunspot; however, see also Felipe (2021). Fleck and Schmitz
(1991) in their model surmised that 3-min oscillations are excited already at the base
of the photosphere by 5-min oscillations. Recent numerical simulation of Felipe (2019)
concluded that both mechanisms require excitation of 3-min waves at the lower heights.
Recent models of Wo¢jcik et al. (2018) and Kraskiewicz et al. (2019) reported that 5-min
driving acoustic waves can excite oscillations of shorter periods due to wave reflection.
In this work, we have found the presence of 3-min oscillations along with dominant
5-min oscillations at the photosphere. Based on these findings and the above-reported
results, we can expect that some of the observed properties of 3-min oscillations at the
photosphere, chromosphere, and above will be similar to those of 5-min oscillations at
the photosphere due to their common origin. This explains some similarities found
between the modulation periods of 3-min oscillations and 5-min oscillations in our anal-
ysis. Henceforth, these findings in the lower atmosphere are in accordance with the

results of Fleck and Schmitz (1991) and Centeno et al. (2006).

On the basis of a similar modulation period of 5-min and 3-min oscillations, Krishna
Prasad et al. (2015) concluded photospheric p-modes as the driver of 3-min waves in
coronal fan loops. However, Chae et al. (2017) concluded that 3-min and 5-min oscil-
lations are not connected and occur independently. Furthermore, simulations of Cho

and Chae (2020) suggest that 3-min and 5-min oscillations are coupled and originate

82



from the same source, which lies 1000-2000 km below the photosphere. Whereas Sych
and Nakariakov (2008) and Sych and Altyntsev (2023) found that 3-min oscillations are
localised in the umbra, while 5-min oscillations are present at the umbra-penumbra
boundary. In this work, we also explored the coupling between 3-min and 5-min oscil-
lations at the photosphere using HMI continuum and Dopplergram data. We found a
reasonable correlation between modulations of 3-min and 5-min oscillations with huge
time lags, as shown in Figure 3.12. We also examined the modulation periods of both
the oscillations and found the ~ 20 and 25 min periods to be common in amplitude
and frequency modulations of 3-min and 5-min oscillations, respectively. However, the
12 min modulation period observed in 3-min oscillations is not present in the modula-
tion of 5-min oscillations. Furthermore, the simulation result of Cho and Chae (2020)
assumes a non-dispersive medium, and thus can not explain the huge time lag obtained
between 3-min and 5-min oscillations in this observation. Therefore, any connection
between 3-min and 5-min oscillations at the photosphere is still unclear and demands a

dedicated study to explore their connection in detail.

Source region of coronal 3-min waves at the photosphere showed enhancement of
power of 3-min oscillations in the umbral dots where footpoints of coronal fan loops
were anchored (Jess et al., 2012a). Similarly, Kobanov et al. (2013) also found concen-
tration of high frequency (~ 2 — min) oscillations at the temperature minimum and
chromospheric levels, and in small regions inside the umbra at the photospheric level,
which they speculated to be the location of umbral dots. Furthermore, results of Chae
et al. (2017) also suggest that the 3-min chromospheric oscillations in the sunspots are
generated by 3-min oscillations occurring in the light bridges and umbral dots due to
magneto-convection. However, as noted before, due to the limited spatial resolution of
the current dataset (HMI continuum), we could not verify whether identified fan loop

footpoints are anchored in the umbral dots.

We also examined the correlations in modulations at different heights (see Fig-
ure 3.9), and found that the solar atmosphere is coupled. However, we also noticed
that correlation becomes poor between some height pairs (HMI continuum & AIA 1700
A, and AIA 304 & AIA 171 A), i.e.,, at heights where a sharp transition in density or
temperature occurs. One possible reason for this decrease could be the amplitude steep-
ening of the waves due to a drastic change in density, which leads to shock formation,

especially in the chromosphere and transition region (Bogdan, 2000). The period of
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these shocks is also found to be around 3-min.

Furthermore, it should also be noted that finding the connectivity in the solar at-
mosphere through wave propagation is a very complex task due to drastic changes in
the dynamics of the photosphere, chromosphere, and corona. Umbral photosphere is a
complex region due to the presence of plasma-f = 1 layer close to the formation height
of the radiation, which affects the wave modes (e.g, Przybylski et al., 2015; Felipe et al.,
2020). Propagation and visibility of waves in the photosphere and chromosphere are
also affected by opacity effects (e.g., Bellot Rubio et al., 2000; Khomenko et al., 2003;
Felipe et al., 2014). Therefore, for a better understanding of propagation of waves in the
solar atmosphere, detailed MHD simulations with non-local thermodynamic equilib-
rium (NLTE) forward modelling will be required in order to interpret the observations
of different wave modes and other dynamical processes at various atmospheric heights
(e.g., Carlsson and Stein, 1992; Felipe and Socas-Navarro, 2023).

In summary, we probed the magnetic coupling of the solar atmosphere using ampli-
tude and frequency modulations of 3-min waves observed from the photosphere to the
corona. The source region of propagating 3-min slow magnetoacoustic waves observed
in the coronal fan loops was traced down into the umbral region of the photosphere.
These 3-min waves showed periodic modulations in amplitude with periods in the range
of about 9-14 min, 20-24 min, and 30-40 min, and are correlated at different atmospheric
heights. These 3-min waves also exhibited periodic modulations in their frequency with
periods of about 14-20 min and 24-35 min at all the atmospheric heights. Results reveal
that 3-min waves observed in the coronal fan loops are driven by 3-min oscillations ob-
served at the photospheric footpoints of these fan loops within the umbra, which may
be the sites of umbral dots. The result provides clear evidence of wave propagation
from the photosphere to the corona through the chromosphere and the transition re-
gion. These results can provide helpful insights into the modelling of wave propagation
in the solar atmosphere. Furthermore, we found a reasonable correlation between the
3-min and 5-min oscillations at the photospheric footpoints in the umbra. However,
to conclude anything convincingly between both oscillations, dedicated long-duration
high-resolution observations are needed so as to resolve the umbral dots to perform a
detailed analysis. This may shed some light on whether the 3-min oscillations are driven

independently by magneto-convection or are driven by the 5-min p-modes.
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Chapter 4

Effect of area divergence and

frequency on damping of slow waves

Chromospheric and coronal energy losses in the solar active regions are approximately
2 x 107 and 107 erg cm 2 s~ !, respectively (Withbroe and Noyes, 1977). To maintain the
hot atmosphere of the Sun, magnetohydrodynamic (MHD) waves is one of the proposed
mechanisms to transfer energy into the upper solar atmosphere (see recent review by
Van Doorsselaere et al., 2020). These waves are excited by the interaction of magnetic
field lines and convection motions at the photosphere. The available energy flux pro-
vided by the photosphere is about 1.2 x 10° erg cm 2 s~ ! for a mean field strength of 500
G (Parnell and De Moortel, 2012). The transfer and conversion of this mechanical en-
ergy flux into heat in the upper atmosphere (e.g., Cranmer et al., 2007; van Ballegooijen
et al., 2011) is still not completely understood and is commonly called the coronal heat-
ing problem. Henceforth, the photosphere can provide sufficient energy to replenish
the atmospheric losses, and waves propagating upward may carry these energy fluxes
with them into the upper solar atmosphere. Nature of waves, i.e., either longitudi-
nal or transverse, frequency, magnetic topology, wave amplitude, propagation speed,
and other parameters such as plasma density, field strength, etc., may decide upon the

amount of energy fluxes carried by them.

One of the outward propagating waves is slow magnetoacoustic waves, which are
easily detected in the imaging observations due to their compressive nature (e.g., De
Moortel et al., 2002b). Banerjee et al. (2011, 2021) provide comprehensive reviews on

the propagation of slow magnetoacoustic waves along open structures. The propaga-

85



tion of these waves from the photosphere to the corona along fan loops is studied in
detail by Rawat and Gupta (2023, 2024b), which highlights that 3-min slow magnetoa-
coustic waves propagating along coronal fan loops owe their origin to broadband 2-3.74
min (3-min) photospheric driver, see details in Chapter 3. Slow magnetoacoustic waves
are subjected to damping while propagating in the solar corona (e.g., Gupta, 2014; Kr-
ishna Prasad et al., 2014). Propagating waves develop into shocks due to amplitude
steepening at heights where a sharp change in density or temperature occurs (such as
chromosphere and transition region), which can be observed as saw-tooth patterns in
the velocity oscillations (Bogdan, 2000). Ofman et al. (2000) found that slow magnetoa-
coustic waves steepen non-linearly while propagating into the corona, leading to wave-
enhanced dissipation. However, slow wave shock dissipation within the sunspot umbra
does not contribute to the umbral atmospheric heating (e.g., Mein and Schmieder, 1981;
Felipe et al., 2011). More details can be found in Section 1.4.3.1. Although damping
of slow magnetoacoustic waves in the solar atmosphere is very well studied theoreti-
cally, calculating the damping flux along the solar atmosphere observationally through
wave propagation is very complex. This is due to the fact that the dynamics of the
photosphere, chromosphere, and corona are very different. Furthermore, in the lower
atmosphere, effects due to opacity and area divergence are difficult to evaluate (Kanoh

et al., 2016).

Slow magnetoacoustic waves are subjected to heavy damping while propagating
from photosphere to corona and in the corona (e.g., Gupta, 2014; Krishna Prasad et al.,
2014, 2017; Meadowcroft et al., 2024). Ideal/apparent damping mechanisms like area di-
vergence and gravitational stratification play an important role in the damping of slow
magnetoacoustic waves (De Moortel and Hood, 2004; Wang et al., 2021). However, they
do not contribute to real damping and, therefore, should be incorporated to study the
actual damping of slow magnetoacoustic waves. These effects are explained in detail
in Section 1.5. Damping of these waves is studied in various atmospheric structures,
including magnetic pores (e.g., Gilchrist-Millar et al., 2021), umbra (e.g., Kanoh et al.,
2016; Krishna Prasad et al., 2017), coronal holes (e.g., Gupta, 2014), coronal loops (e.g.,
De Moortel and Hood, 2003), etc. These waves are also important for seismological
studies and provide estimates on important plasma parameters that are otherwise diffi-
cult to calculate in the solar atmosphere such as adiabatic index, compressive viscosity,

thermal conductivity, etc. (e.g., Van Doorsselaere et al., 2011; Wang et al., 2015; Krishna
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Prasad et al., 2018).

The obtained damping lengths of slow waves propagating along the coronal loops
were less than the expected values from thermal conduction, compressive viscosity, opti-
cal thin radiation, etc. (e.g., Wang et al., 2021; Ofman et al., 2000; De Moortel and Hood,
2003). Previously, compressive viscosity and thermal conduction have been considered
the dominant damping mechanisms (Wang et al., 2015; Mandal et al., 2016). However,
later, it was found that the observed damping length is less than that expected from
the theory of conduction (Gupta, 2014; Keys et al., 2018). This suggests that the various
expected damping mechanisms are insufficient to explain these damping lengths given
the observed parameters of the coronal loop temperature, density, and wave period. The
relation between damping time and period of waves 1p ~ P?, where the value of a is
determined by the dominant damping mechanism, which depends on various param-
eters like loop length, density, temperature, etc., is provided in Wang et al. (2021) and
references within.

In this chapter, we investigate the role of area divergence and frequencies on the
damping of slow magnetoacoustic waves propagating from the photosphere to the
corona (in part A) and in the corona (in part B) along several fan loops rooted in the
sunspot umbra. The content presented in Part A of this chapter is already published in

Rawat and Gupta (2024a).

4.1 Observations

To investigate the damping of slow magnetoacoustic waves in the solar atmosphere, we
are again utilizing multi-wavelength observations of fan loops within the active region
NOAA AR 12553 observed on June 16, 2016 by Atmospheric Imaging Assembly (AIA;
Lemen et al., 2012), Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012) both
onboard Solar Dynamics Observatory (SDO; Pesnell et al., 2012), and Interface Region
Imaging Spectrograph (IRIS; De Pontieu et al., 2014). Details of observation and data
reduction for imaging data are provided in Section 3.1. Figure 4.1 shows the images of
the sunspot and fan loops as obtained from AIA, IRIS, and HMI passbands, as labelled.

The selected sunspot is slightly off the disc centre (heliocentric coordinates X ~

—25arcsec, Y ~ —125arcsec), the angle between local vertical and line-of-sight (LOS) is
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Figure 4.1: Images of sunspot and fan loops obtained at 7:19 UT on June 16, 2016 by
various passbands as labelled. Asterisk (*) represents coronal footpoints of all the loops
as identified from AIA 171 A image. Small circles (0) represent the location of all the
identified loops at their respective atmospheric heights (see details in Rawat and Gupta,
2023). Contours indicate the umbra-penumbra boundary as obtained from the HMI

continuum image.
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Figure 4.2: Left: IRIS slitjaw image in Mg II 2796 A passband. The black line is the
position of the IRIS slit. Pixels along a small white line on the slit are averaged over to
determine the amplitude of velocity oscillations in the chromosphere above the sunspot
umbra. Right: Temporal evolution of Doppler velocity derived from Mg II 2796 A
line formed at the chromosphere above sunspot umbra. Red shifts and blueshifts of
chromospheric oscillations are visible and shown by positive and negative values of
velocities, respectively. The blue box shows the enlarged view of the dashed box.

~ 7.7°, which leads to p = cos 0 ~ 0.99. Therefore, any projection effect with respect to

the disc centre will be negligible.

4.1.1 IRIS spectroscopic observations

IRIS also observed in spectroscopic mode and recorded the time series spectra in a
2-step raster mode. Both slit width and pixel size along the slit direction are 0.166"
pixel 1. Each raster step has an exposure time of 2 s and a slit length of 399 pixels. We
have extracted the near-ultraviolet spectra of Mg II at 2796 A (formation temperature of
10,000 K) from one slit location of the raster to generate the time series. We averaged
over the spectra for a region marked with a white line (11-pixels) in Figure 4.2 and
further binned over two time-frames to improve upon the signal. The extracted region
is representative of the quiet umbral atmosphere. After all binning, the effective cadence
becomes 13.76 s. We then fitted average spectral profiles with a single Gaussian function
and constant background and further extracted the Doppler shifts and peak intensity of
the profiles with time (for more details, see Section B.1). The final Doppler velocity
oscillations are plotted in the right panel of Figure 4.2 with the blue box showing an

enlarged view of the oscillatory saw-tooth pattern with time.
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4.2 Part A: Damping in the lower atmosphere (Photosphere to

corona)

The power spectra of intensity and velocity oscillations in the umbral atmosphere reveal
the presence of enhanced powers in various period bands (e.g., Krishna Prasad et al.,
2017). In sunspots at the photosphere, the power of 5-min oscillations dominates over
3-min oscillations (Bogdan, 2000). At heights above the photosphere, 3-min oscillations
dominate due to the acoustic cut-off of 5-min oscillations (e.g., Fleck and Schmitz, 1991;
Lohner-Bottcher, 2016). The presence of 3-min oscillations at specific locations in the
umbral photosphere was reported by Jess et al. (2012a), and their propagation from
photosphere to corona along fan loops was studied in detail by Rawat and Gupta (2023,
2024b), see details in Chapter 3. Moreover, low period oscillations (= 1-min) at some
atmospheric heights in the umbra are also reported (e.g., Krishna Prasad et al., 2017;
Sharma et al., 2020). Wang et al. (2018) reported low period oscillations (=~ 1.5 min)
at all the heights above the umbra from imaging observations. Yuan and Walsh (2016)
reported low-period oscillations in the corona at the location of light-bridge in sunspot.
While propagating, these waves show evidence of damping. Damping of slow mag-
netoacoustic waves of various periods along the integrated umbral atmosphere from
photosphere to transition region was studied by Krishna Prasad et al. (2017), and along
open structures in corona were studied by Gupta (2014); Krishna Prasad et al. (2014), etc.
All these results indicate some frequency-dependent damping of slow magnetoacoustic
waves. Moreover, recently Meadowcroft et al. (2024) reported different damping lengths
for 3-min slow waves propagating along the same fan loop observed from different

instruments with non-parallel lines of sight.

To balance the total horizontal pressure, the cross-sectional area of the magnetic flux
tube increases with height in the solar atmosphere. This leads to the damping of slow
magnetoacoustic waves due to area divergence and is related to the conservation of
wave energy within the flux tube. Area divergence causes the wave amplitude to decay
as 1//(A(s)), where A(s) is the cross-sectional area of the coronal loop with height (De
Moortel and Hood, 2004). Area divergence does not contribute to heating as the wave
energy redistributes itself to conserve wave energy within the flux tube, which is purely
a geometric effect. These expanding fields also enhance the transmission of waves to the

corona by decreasing the reflection from the chromosphere and transition region (Soler
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et al., 2017). Therefore, it is important to take into account the effect of area divergence
for an accurate estimate of wave damping.

Till now, most of the work on slow magnetoacoustic wave energy propagation in
the umbral atmosphere is carried out either over the whole integrated umbra or at some
unidentified location within the umbra (e.g., Kanoh et al., 2016; Chae et al., 2017; Krishna
Prasad et al., 2017). Here, we are exploring the effect of area divergence and frequency
on the damping of these waves while propagating from the photosphere to the corona
along the already identified fan loops rooted in the sunspot umbra, see Chapter 3 and

also Rawat and Gupta (2023).

4.2.1 Data Analysis and Results

Figure 4.1 shows the analysed fan loop structures in AIA 171 A passband. Overplotted
contour represents the umbral boundary of a sunspot at 9000 DN, as obtained from the
HMI continuum image. We have identified eight fan loops emanating from the sunspot
umbra for our study purposes, which are labelled accordingly. In AIA 171 A image,
asterisks (*) represent the coronal footpoints of fan loops from where the loops are vis-
ible in the corona. Locations of all the loops at different atmospheric heights from the
transition region to the photosphere are already identified (see details in Chapter 3) and
marked with small circles (o) in Figure 4.1. We estimate the inclination angle of the
traced loops from the photosphere to corona to be ~ 10° — 30° as calculated from the
spatial offsets between the loop locations identified at the photosphere (HMI contin-
uum) and at the corona (AIA 171 A). Here, we are presenting results from Loop 6 as a
representative example and present results from all the loops in Section 4.2.1.3.

We carried out the analysis for three different cases. Firstly, analysis is carried out
for the loop locations identified at different atmospheric heights denoted by small circles
(0) and asterisks (*) in Figure 4.1. These are the locations where the correlation value
obtained between light curves from two atmospheric heights is maximum and repre-
sents the centre of the loop. Secondly, we also carried out the analysis over all the pixels
that fall within the contour area where the correlation value between two atmospheric
heights becomes ~95% of the maximum correlation value. This area can be considered
as the upper limit on the size of the loop i.e., loop cross-section. The area within this
correlation threshold decreases as we move into the lower atmosphere (see Section B.2

for details). This is as per the expectations from the theory of flux tube expansion with
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height. Thirdly, analysis is also carried out over the whole integrated umbra as marked
by the overplotted contours in Figure 4.1 for comparison with previous results (e.g.,

Krishna Prasad et al., 2017; Kanoh et al., 2016).

4.2.1.1 Fourier powers and oscillation amplitudes

In Figure 4.3, we show fast Fourier transform (FFT) power spectrum obtained from the
background subtracted light curves of loop location 6 from different passbands as la-
belled (for details see Rawat and Gupta, 2023). Background light curves are obtained by
taking 16-min running average of the original light curves at those atmospheric heights.
The FFT power spectrum and confidence levels are obtained using the standard IDL
routine fft_powerspectrum. Plots clearly show a wide distribution of power peaks in
different period ranges. 1-2 min (16.67-8.33 mHz), 2.3-3.6 min (7.25-4.63 mHz), and 4.2—
6.0 min (3.97-2.78 mHz) ranges show enhanced powers at different atmospheric heights.
Here, we term these three dominant period ranges as 1.5-min, 3-min, and 5-min period
bands, respectively. It should also be noted that these period bands have different period
(frequency) widths. These period bands are shaded with green, blue, and red colours,
respectively. We will be following the same colour code to represent different period
bands further in the paper. We finally sum over the FFT powers within their respective
bands. Fourier power in the 3-min period band is present in all the passbands, which
suggests the propagation of 3-min waves from the photosphere to corona along the fan
loops as reported in Chapter 3, see also Rawat and Gupta (2023). Enhanced FFT powers
in the 1.5-min period band are present in AIA 1700, IRIS 2796, AIA 304, and AIA 171
A passbands. The lack of Fourier powers in this band at photospheric heights (HMI
continuum and Dopplergram) could be either due to their real absence at these heights
or due to the poor cadence of HMI observations, which is 45 s. Enhanced Fourier pow-
ers in the 5-min band are present only at the photospheric heights (HMI continuum
and Dopplergram) and are absent at higher atmospheric heights, which could be due to
atmospheric cutoff.

Since we have found enhanced powers in the 1.5-min and 3-min period bands in
almost all the passbands, and thus at all the atmospheric heights, we will be utilizing
these period bands for further analysis of wave damping. We apply bandpass filters
over these three period ranges on the original light curves (with 3 x 3 pixel binning for

SDO and 5 x 5 pixel binning for IRIS). Since the absolute wave amplitudes of filtered
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Figure 4.3: Fourier power spectra obtained from background subtracted light curves of
Loop 6 locations identified in Figure 4.1 from different passbands as labelled. Shaded
regions in green, blue, and red colours denote 1.5-min, 3-min, and 5-min period bands
identified for our analysis. Horizontal dashed lines in black and yellow colours repre-
sent 95% and 99% confidence levels.
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Figure 4.4: Relative intensity and velocity amplitudes for oscillations of 1.5-min, 3-min,
and 5-min periods obtained at loop locations from different passbands as labelled. Here,
green, blue, and red colours show 1.5-min, 3-min, and 5-min period oscillations, respec-
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light curves in the given period ranges can not be compared directly, these filtered light
curves are normalized by background light curves present at that atmospheric height.
These normalized filtered light curves represent relative wave amplitudes with time and
are shown in Figure 4.4 for 1.5-min, 3-min, and 5-min period bands at all atmospheric
heights. These curves show clean intensity oscillations in all three period bands. How-
ever, due to the presence of several nearby power peaks in the different period bands, we
notice oscillations in the form of unclean wave packets. The bottom panel of Figure 4.4
shows the filtered velocity oscillations obtained from the HMI Dopplergram, which pro-
vides the velocity amplitude variations of 1.5-min, 3-min, and 5-min period bands with
time. From the plots in Figure 4.3 and Figure 4.4, we notice that 5-min oscillation domi-
nates at the photosphere and 3-min oscillation dominates over 1.5-min oscillation at the
higher heights where 5-min oscillation is absent. The root mean square (RMS) relative
amplitudes are obtained using the formula /1 ¥ (%)2 for each period band, where I,
is background light curves and I” is filtered light curves obtained in the ranges shown

by shaded region in Figure 4.3. The standard errors in the RMS values are obtained

T

\/NI
points (Bevington, 1969). The obtained RMS amplitudes and standard errors at each

using the formula where ¢ is the standard deviation and N is the number of data
height are multiplied by /2 to determine the relative intensity amplitudes and associ-
ated error-bars. In the left panel of Figure 4.5, we plot the relative amplitude of intensity
oscillations for different period bands present at various atmospheric heights. Further-
more, we determine the relative intensity amplitude at all the pixels within the loop
contours and then average them to determine the relative amplitudes of these waves

within the loop cross-sections along the loop.

Relative intensity amplitude variations with height are determined using different
methods as mentioned earlier and are plotted in the left panel of Figure 4.5 and Fig-
ure 4.6 for single maximum correlated pixel and loop cross-sectional area, respectively.
Variations in amplitudes with height are similar for both methods. Relative intensity
amplitude variation with height initially shows amplitude steepening due to rapid fall
of density. The relative intensity amplitude is maximum at chromospheric height (IRIS
2796 A), which makes the waves non-linear. This can also be seen in the saw-tooth pat-
tern of velocity oscillations obtained at chromospheric height using Mg II 2796 A line as
shown in the right panel of Figure 4.2, which eventually develops into shocks (Centeno

et al., 2006). High-period (5-min) shows atmospheric cutoff as the amplitude of these
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Figure 4.5: Variation of relative intensity amplitudes (left panel) and velocity amplitudes
(right panel) of oscillations obtained at loop locations with atmospheric heights.
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Figure 4.6: Variation of average relative intensity amplitudes (left panel) and velocity
amplitudes (right panel) of oscillations obtained within the loop cross-sectional areas

with atmospheric heights.
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waves decreases as they move from photospheric height to chromospheric height. As
seen in the FFT power spectrum, enhanced power in the 1.5-min period band is absent
only at the photosphere, whereas enhanced power in the 5-min period band is present
only at the photosphere. Therefore, the relative intensity amplitudes of the 5-min period
at heights above the photosphere and the 1.5-min period at the photosphere are unre-
liable. Henceforth, all these unreliable data points are connected using dashed lines in
Figure 4.5, and further for representation purposes only.

Velocity amplitudes of 1.5-min, 3-min, and 5-min oscillations are determined assum-
ing linear approximation in the transition region (AIA 304 A) and corona (AIA 171 A)
using the formula % = Z—;, where v is the velocity amplitude and v; is the speed of
sound (Wang et al., 2009). We determined the amplitude of velocity oscillations at the
photosphere using HMI Dopplergram data for 3-min and 5-min to be ~ 33 m s~! and 73
m s~ !, respectively, as shown in Figure 4.4. For chromospheric height, velocity ampli-
tude of 1 km s~ was found for 3-min oscillations from Mg II 2796 A line (see details in
Section B.1). Using the velocity amplitudes of photospheric and chromospheric oscilla-
tions, we linearly interpolated and extracted the velocity amplitude of 3-min oscillations
for the temperature minimum region.

These derived velocity amplitudes of 3-min oscillations will be utilized to calculate
wave energy flux. Since we have relative intensity amplitudes of 1.5-min, 3-min, and
5-min intensity oscillations, to calculate velocity amplitudes of 1.5-min and 5-min oscil-
lations for temperature minimum and chromospheric heights, we scaled their relative
intensity amplitudes with relative intensity and velocity amplitudes of 3-min oscillations
at respective atmospheric heights. Finally, the obtained velocity amplitude variations
with height are shown in the right panel of Figure 4.5 and Figure 4.6 for maximum cor-
related pixel and loop cross-sectional area, respectively. Moreover, inclination of loop
from photosphere to corona will change the velocity perturbations by inverse factor of

cos(10° — 30°) ~ 0.98-0.87 (see Section 4.2.1). This will lead to changes of only about

2-15% and are within the estimated error bars of velocity amplitude.

4.2.1.2 Energy flux of waves

We calculate the total wave energy flux (F) using the formula (e.g., Bruner, 1978; Fossum
and Carlsson, 2005), F = pévzvp where p,6v,v;,, are mass density, velocity amplitude,

and slow wave propagation speed, respectively, and assumes WKB approximation (e.g.,
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Figure 4.7: Variation of wave energy fluxes at loop locations (left panel) and average
wave energy fluxes within the loop cross-sectional areas (right panel) with atmospheric
heights.

Bender, 1999). However, under a typical coronal condition of low-beta plasma, sound
speed (v;) is a good approximation to the phase speed of slow magnetoacoustic waves
(Wang et al., 2009). Since y = 0.99 for our analysed sunspot, we can assume v, equals
vs and also any projection effect on velocity perturbations will also be negligible and
within the error bars. Sound speed is calculated using the formula v, = %, where
v = 3 is the polytropic index, R =8.314 x 107 erg K~! mol ! is the gas constant, y is the
mean molecular weight, and T is the temperature (Aschwanden, 2004). Further, we are

utilizing density and temperature from the sunspot atmospheric model of Fontenla et al.

(1999) and assume 20% errors in density and temperature, see details in Section B.3.

The estimated wave energy fluxes are decreasing from =~ 107 erg cm~2 s ! at the
photosphere to &~ 2 x 10° erg cm~2 s ! at the low corona for 3-min waves. For 1.5

2

min waves, energy flux is &~ 3 x 10° erg cm~2 s~ ! at the temperature minimum which

decreases to ~ 400 erg cm 2

s~! at the low corona. Wave energy flux of 1.5-min waves at
the photosphere may be unreliable due to the poor cadence of the HMI continuum. For
5-min waves, energy flux at photosphere is ~ 6 x 107 erg cm~2 s~ which decays rapidly
in the atmosphere. These variations in wave energy fluxes are plotted in Figure 4.7 for
loop centre locations at different heights and also for average wave energy fluxes within
the loop cross-sectional areas at 95% contour level. Plots show a consistent decrease in
wave energy fluxes with height, even though the oscillation amplitudes are increasing
with height in the lower atmosphere due to a rapid fall in density. A decrease in wave

energy fluxes with height indicates the damping of slow magnetoacoustic waves across

these atmospheric layers.
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For comparison purposes, we also provide the amplitude of oscillations and average
wave energy fluxes over the whole integrated umbra with height in Section B.4. In this
case, also obtained amplitudes and wave energy fluxes at different atmospheric heights

are of a similar order of magnitude as those obtained for previous cases.

4.2.1.3 Dependence of wave damping on frequency and area divergence

The wave energy flux at different heights in the solar atmosphere are estimated for
different cases as mentioned in Section 4.2.1.2 and plotted in Figure 4.7. To determine
the dependence of frequency and area divergence on the damping of these waves, we
titted the obtained energy fluxes using an exponential decay function. In Figure 4.7,
solid lines represent the best fits with the data following a function F = 1:06—[%,, where F
is the wave energy flux with height h (see Section B.3), L; is the damping length, and Fy
is appropriate constant. Fits are performed using mpfitfun routine (Markwardt, 2009).
The exponential decay function appears to be consistent with the data. To improve the
chi-square of fit, points in black colour cross as shown in Figure 4.7 are excluded from
the fit. Damping lengths (L;) obtained from the maximum correlated pixel are ~ 171+10
km and 208+07 km whereas those from loop cross-sectional area are 169+09 km and
208+06 km for 1.5-min and 3-min period waves respectively. Damping lengths are also
printed in Figure 4.7. The damping length of 1.5-min period wave is less than 3-min
period wave. This indicates some frequency-dependent damping of slow waves where
high-frequency waves are damped faster than low-frequency waves. Also, the damping
lengths obtained from maximum correlated pixels and loop areas are similar. This may
indicate that wave energy fluxes are uniformly distributed across the loop cross-sections.

Since loops are expanding with the height as reported in Chapter 3 (see also Rawat
and Gupta, 2023), the wave energy is redistributed over the whole loop cross-section to
conserve the wave energy within the flux tube. This effect will lead to the decay of wave
energy flux with height, which is purely a geometric effect without any actual physical
damping of waves. To take this geometric effect into account so as to estimate the actual
damping of slow magnetoacoustic waves, we multiplied the wave energy flux by the
cross-sectional area of the loop at that respective height. The cross-sectional area of the
loop at =~ 95 % contour level is provided in Section B.2. The obtained variation of total
wave energy content at different atmospheric heights for different periods are shown in

Figure 4.8. The plot clearly demonstrates the actual decay of total wave energy content
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Figure 4.8: Variation of total wave energy content within the loop cross-sectional areas
with atmospheric heights.

carried by slow magnetoacoustic waves propagating from the photosphere to the corona
along the fan loop. We again fitted the total wave energy curves with exponential de-
cay functions to obtain the actual damping lengths. Obtained actual damping lengths
(Ly) in this case are ~ 172403 km and 303+10 km for 1.5-min and 3-min period waves
respectively. These damping lengths are for actual damping of total wave energy con-
tent with height, which are larger than the damping lengths obtained from the wave
energy fluxes with height. Findings indicate that area divergence does play a role in the
damping of slow magnetoacoustic waves.

We performed the same analysis on the other seven loops identified in Figure 4.1.
Here also all the loops show the presence of 1.5-min, 3-min and 5-min period waves.
Similar variations of relative intensity and velocity amplitudes along the solar atmo-
sphere are noted. Damping lengths of wave energy fluxes for 1.5-min period are less
than the damping lengths of 3-min period for all the loops. Damping lengths obtained
from identified loop locations and loop cross-sectional areas are listed in Table 4.1. Find-
ings confirm almost uniform distribution of wave energy fluxes across the loop cross-
sections. However, the longer damping length of the total wave energy content prop-
agating along the different loops is due to the area expansion of the loops, and thus

indicates area-dependent damping of waves. Table 4.1 also shows different damping
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Table 4.1: Damping lengths (km) for slow magnetoacoustic wave energy flux (erg cm 2

s~1) and total wave energy content (erg s~ 1) propagating along different fan loops iden-
tified in Figure 4.1. Damping lengths (km) are presented for loop locations and within
loop cross-sectional areas obtained at 95% contour level.

Damping length (km) for | Damping length (km) for average | Damping length (km) for total wave
Loop no. | flux at max correl. pixel | flux for pixels within 95% contour | energy content within 95% contour
for 1.5-min | for 3-min | for 1.5-min for 3-min for 1.5-min for 3-min
1 131+07 190+05 139+06 188+05 168+04 231406
2 l61+14 307418 165+14 259413 16004 250+11
3 169+15 243+11 160+13 241+11 129403 225+10
4 170£10 220408 175+10 226106 186+04 300404
5 231424 220413 222421 216409 250+04 341£11
6 171+10 208407 169+09 208406 172+03 303+10
7 155+11 220408 166+12 221408 167+04 264409
8 199+18 249412 195+16 246111 203404 306+10

lengths for 1.5-min and 3-min period bands as found above. Results provide a clear

dependence of frequency and loop area divergence on the damping of slow waves.

4.2.2 Discussion and Summary

In this work, we utilized the FFT power spectra of fan loops rooted in the sunspot umbra
and found waves with different periods. We noticed enhanced powers in three period
bands such as 1—2 min (16.67-8.33 mHz), 2.3—3.6 min (7.25-4.63 mHz) and 4.2-6.0
min (3.97-2.78 mHz) at different atmospheric heights. 1-2 min period band is present
above the photosphere, 2.3-3.6 min period band is present at all the atmospheric heights,
whereas 4.2-6 min period band is present only at the photosphere. The 1.5-min period
band is also reported by Wang et al. (2018) at different atmospheric heights within the
umbra. The absence of 1.5-min period at the photosphere could be either due to poor ca-
dence of HMI data or due to their real absence in our observations. However, it should
be noted that Krishna Prasad et al. (2017) also did not find any enhancement in 1.5-
min period band at the photospheric height despite having better cadence data. Yuan
and Walsh (2016) detected short period (~1-min) oscillations at light-bridge locations
within sunspot umbra. Additionally, we could not find any significant power enhance-
ment in the 3-min period band in the power spectrum of the integrated umbra at the
photosphere, though significant enhancements were observed at heights above the pho-
tosphere (see Section B.4). This is similar to the previous reports (e.g., Krishna Prasad
et al., 2017). This could be due to the fact that 3-min enhancements are found only at
the specific locations in the umbral photosphere, potentially at the sites of umbral dots

(Jess et al., 2012a) and also at the footpoints of fan loops (Rawat and Gupta, 2023).
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We estimated wave energy fluxes for 3-min and 5-min period bands at the photo-
sphere which are ~ 107 and ~ 6 x 107 erg cm 2 s~ ! respectively whereas that for 1.5-min

2 3~ which are similar to

period at temperature minimum region is ~ 5 x 10° erg cm™~
the previous reports. Kanoh et al. (2016) estimated the slow magnetoacoustic waves
energy fluxes for 6-10 mHz (1.7-2.7 min) band at the photosphere as 2 x 107 erg cm 2
s~! and Krishna Prasad et al. (2017) reported energy fluxes to be ~ 107 erg cm 2 57!
for 3-min period waves. For 5-min period band, Gilchrist-Millar et al. (2021) reported
slow wave energy flux to be ~ 3 x 107 erg cm~2 s~! at an atmospheric height of 100 km
inside the pore. As waves propagate upward, these energy fluxes decay with height and
provide evidence of wave damping as demonstrated in Figure 4.7. The sharp drop in en-
ergy fluxes from photosphere to chromosphere can be due to leaky wave characteristics
(Cally, 1986), strong shock dissipation, and radiative cooling (Felipe et al., 2011). These
waves propagating along loops can also get damped due to various non-ideal MHD
effects depending on the different physical conditions of the loop (Wang et al., 2021).
There are several damping mechanisms proposed for slow magnetoacoustic waves, such
as compressive viscosity (e.g, Ofman et al., 2000), thermal conduction (e.g, De Moortel

and Hood, 2003), area divergence (e.g, De Moortel and Hood, 2004), mode coupling (e.g,
De Moortel and Hood, 2004), shocks (e.g, Verwichte et al., 2008), etc.

In this work, we obtained the damping length of ~208 km for 3-min slow wave
energy flux propagating along fan loops from photosphere to corona and ~ 170 km
for 1.5-min period waves propagating from the temperature minimum region to corona.
Krishna Prasad et al. (2017) reported damping lengths of ~ 149 km and 119 km from
decay of relative intensity amplitude of slow wave propagation in integrated umbra from
chromosphere to transition region for periods ~ 2.5-min and 1.3-min, respectively. Both
results indicate some frequency-dependent damping of slow magnetoacoustic waves
in the lower atmosphere. Frequency-dependent damping lengths are also reported in
the corona along open structures (e.g., Gupta, 2014; Krishna Prasad et al., 2014). We
also noted that wave energy flux at the centre of the loop and average wave energy
flux obtained within the loop cross-sections (at ~ 95% contour level) are of similar
order (see Figure 4.7). Fluxes are similar because the velocity amplitudes at all the
pixels within the loop cross-sections are almost similar. This may indicate that wave
energy fluxes are uniformly distributed across the fan loop cross-sections, and also that

a similar damping mechanism is operating throughout the umbra. Therefore, damping
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of slow magnetoacoustic waves propagating in different regions of the solar atmosphere
shows some kind of frequency-dependent damping, even though different damping

mechanisms might be operating at different heights.

One of the dominant damping mechanisms of slow magnetoacoustic waves is area
divergence, which is very well studied in the solar corona (De Moortel and Hood, 2004).
However, its influence in the lower atmosphere is still unexplored. In this work, we
utilized the cross-sectional area of the fan loops obtained at different heights in the lower
atmosphere (Rawat and Gupta, 2023). We explored the effect of area expansion on wave
damping by multiplying the loop cross-sectional area by the energy flux of slow waves
at that atmospheric height. The obtained total slow wave energy propagating along
the fan loop in unit time at different heights is plotted in Figure 4.8 and represents the
actual damping of slow waves. Here, the damping lengths are 172 - 03 km and 303 + 10
km for 1.5-min and 3-min periods, respectively. After incorporating the effect of area
divergence, the actual damping lengths obtained are larger than those found from the
damping of wave energy fluxes. This indicates that the waves are losing energy faster
(i.e., the damping length is short) when the area divergence effects are not considered.
This is due to the fact that wave energy is redistributed across the loop cross-sections
due to area divergence. This clearly explains the importance of area divergence in the

damping of waves.

Moreover, it should be noted that calculating the actual damping of wave energy
flux along the solar atmosphere is a very complex problem, as the dynamics of the
photosphere, chromosphere, and corona are very different. Furthermore, the umbral
photosphere itself is a complex region due to the presence of plasma-p = 1 layer which
affects the propagation of wave modes (e.g., Przybylski et al., 2015). Additionally, while
calculating the energy fluxes, we are assuming waves to be linear. Calculated energy
fluxes for 3-min waves at photosphere, chromosphere, and corona are ~ 107, ~ 10%, and
~ 10° erg cm 2 s, However, how much of this wave energy flux is damped, how
much is getting reflected, and how much is propagating upwards still needs detailed
investigation (e.g., Soler et al., 2017). Detailed MHD simulations with non-local ther-

modynamic equilibrium modeling will be required to understand the wave dynamical

processes at various atmospheric heights (e.g., Felipe and Socas-Navarro, 2023).

In summary, we studied the damping of slow magnetoacoustic waves propagating

along fan loops in the umbral atmosphere and showed oscillations in the period bands
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1.5-min, 3-min, and 5-min. We estimated slow magnetoacoustic wave energy fluxes
propagating along the fan loops at different heights and provided evidence of wave
damping with damping lengths of ~ 170 km and ~ 208 km for 1.5-min and 3-min peri-
ods, respectively, for Loop 6. We showed the decay of total wave energy content within
the loop cross-section with height and provided evidence of actual damping of slow
magnetoacoustic waves from the photosphere to corona with damping lengths of ~ 172
km and ~ 303 km for 1.5-min and 3-min periods, respectively, for the same loop. We
note that the damping lengths of 1.5 min waves before and after incorporating the area
divergence effect are almost similar. This is due to the fact that low-period waves damp
much faster, much before the effect of area divergence becomes significant. Results
showed some frequency-dependent damping of slow magnetoacoustic wave energy flux
with height, where high-frequency waves are damped faster than low-frequency waves.
We have also demonstrated the importance of the role of area divergence in the damping

of slow magnetoacoustic waves.

4.3 Part B: Damping in the corona

All the damping mechanisms mentioned for slow waves in Section 1.5 were unable to
explain the rapid damping of slow waves, indicating that other damping mechanisms
are also involved. Zavershinskii et al. (2019); Kolotkov et al. (2019, 2021) suggested an
additional damping mechanism in which magnetoacoustic waves perturb the coronal
thermal equilibrium, leading to wave-induced thermal misbalance (TM), which alters
the heating/cooling processes operating in the plasma. This wave-induced misbalance
between plasma cooling and heating processes causes the amplification or attenuation,
and also dispersion, of slow magnetoacoustic waves known as the thermal misbalance
(Belov et al., 2021). This is considered a natural mechanism to exchange energy be-
tween waves and plasma. This imbalance is responsible for the phase shifts between
the perturbations of various plasma parameters, e.g., density, temperature, etc. Ther-
mal misbalance plays an important role for slow waves propagating along high-density,
low temperature, and strong magnetic coronal loops (Belov et al., 2021; Duckenfield
et al., 2021). Duckenfield et al. (2021) found that after including the effect of thermal

misbalance, the obtained damping times coincide with observed damping times of the
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order of 10-100 minutes. Authors also found a strong dependence of this imbalance
on the magnetic field strength of the loop. Although the propagation and damping of
slow magnetoacoustic waves in the solar atmosphere is very well studied theoretically,
calculating the parameters involved in the damping of these waves along the loops ob-
servationally through wave propagation is very complex (e.g., Wang et al., 2021).

Theoretically, it is found that slow waves are weakly dispersive (Roberts, 2019). How-
ever, recently, Zhao et al. (2025) noted the frequency-dependent phase speed of slow
waves in the Fourier domain and thus the dispersive nature of slow waves propagat-
ing along coronal loops. The authors suggested that this dispersive nature can be the
influence of thermal misbalance or geometric dispersion in the coronal loop. This can
further explain the frequency-dependent damping of slow waves noted by Gupta (2014);
Krishna Prasad et al. (2014).

In this chapter, we present for the first time a direct observation of the frequency-
dependent phase speed of slow waves and provide direct evidence of the dispersive

nature of slow waves propagating along coronal fan loops rooted in the sunspot umbra.

4.3.1 Data Analysis and Results

Figure 4.9 shows the analysed fan loop structures belonging to AR 12553 in AIA 171,
193, 131, and 211 A passbands. We have identified quiescent fan loops emanating from
the sunspot umbra for our study purposes and labelled them accordingly. We carried
out our analysis on manually traced loops in the corona, see Figure 4.9. The lines along
the loops represent the location of loops for our analysis. Here, we present the results
from Loop 3 as a representative example, and provide the summary of results from all

the loops in Section 4.3.1.3.

4.3.1.1 Time-distance and Frequency-distance maps

We plot the intensity evolution along the different locations of Loop 3 in Figure 4.10.
Light curves were obtained by averaging over three pixels across the slit to improve
the signal-to-noise ratio. We utilize these averaged light curves further in our analysis.
In the left panel of Figure 4.10, we show the original light curves obtained at different
locations along the loop. The overplotted blue line is the background light curves (I,)
obtained by taking 18-min running average of the original light curves at those loop

locations. We further obtained the normalized filtered light curves obtained from the
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Figure 4.9: Image of fan loop system belonging to AR 12553 obtained by various pass-
bands as labelled. The solid lines on the images represent the manual tracing of coronal
fan loops. The contour indicates the umbra-penumbra boundary as obtained from the
HMI continuum image.
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Figure 4.10: Left: Original light curves at different locations along Loop 3 as labelled.
The overplotted blue lines show the background trend at each loop location. Right: Rel-
ative intensity amplitudes for the 3-min period band obtained at various loop locations.

original light curve as shown in right panel of Figure 4.10. We utilized detrended light
curves by subtracting the background light curve from the original light curve to obtain
the time-distance intensity map along the fan loop, as shown in Figure 4.11. Here, we
are using a 4 h long time series to increase the frequency resolution. Here, diagonal
or slanted intensity enhancements provide clear signatures of the propagation of these
oscillations. Thus, from such maps, it becomes possible to estimate the periods and
phase speed of waves. This time-distance map also shows a fall in the intensity of

propagating signals as we move away from the coronal loop footpoint.

In Figure 4.12, we show the frequency-distance map along the loop obtained from the
Fourier transform of the time-distance map shown in Figure 4.11. The FFT power map is
obtained using the standard IDL routine f ft_powerspectrum. Plots clearly show a wide

distribution of oscillatory power around a 3-min period band (1.8-4 min or 4-8.1 mHz).
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Figure 4.11: Time-distance map obtained from AIA 171 A along coronal fan Loop 3. The
yellow dashed lines show the location of the loop used to determine the time lag.
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Figure 4.12: Frequency-distance Fourier power map (power in logarithmic scale) ob-
tained from time-distance map shown in Figure 4.11.

108



0.5

0.0

Corre. coeff.

-0.5¢

0 20 40 60 80 100 120 140
Lag (s)

Figure 4.13: Variation of cross-correlation coefficients with respect to time lag obtained
between filtered light curves in different frequency bands as labelled.

This band is shown by starting and ending dashed lines in Figure 4.12, and denoted
as f. We divide this frequency band f in various frequency sub-bands fi, f2, f3, f4 and
f5, representing 4-4.8, 4.8-6.1, 6.1-6.85, 6.85-7.73 and 7.73-8.1 mHz frequency bands and
denoted by red, orange, purple, green and blue colours, respectively. These bands are
identified to study properties of propagating waves within these sub-bands and any
variations within. We will be using the same colour code for these bands further in the
Chapter. These frequency bands are selected visually based on the power enhancements
in the frequency-distance map shown in Figure 4.12. We applied bandpass filters over
the whole period (or frequency) range on the original light curves, and obtained the
filtered light curves (I) in the given period range. These curves show clean intensity
oscillations in this period range. However, due to the presence of several nearby power
peaks in the whole 3-min period band, we notice oscillations in the form of unclean

wave packets as shown in Figure 4.10 (see also e.g. Rawat and Gupta, 2023).

4.3.1.2 Dispersive nature of slow waves

We determine the phase speed in the 3-min period band by cross-correlating the two

light curves at different heights of the same loop. For this purpose, we have used
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Figure 4.14: Time-distance maps obtained in different frequency bands as labelled along the Loop 3. Red slits are used to determine the
phase speed of propagating waves in the different frequency bands.
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filtered light curves at two locations, 1 (0 Mm) and 2 (2.09 Mm), shown by dashed
lines in Figure 4.11. The same distance has been used for determining the time lag
from the time-distance map. Using IDL routine c_correlate, we cross-correlated the two
light curves. We fitted the correlation curves with a Gaussian and linear function and
determined the time lag at which the correlation peaks, as shown in Figure 4.13. The
time lag and the distance between the two locations (km) were used to obtain the phase
speed. For the error estimate, we have assumed the error in time as the fitting error, and
take pixel resolution of the AIA passbands as error in distance, which is 435 km (0.6"
pixel ). These are plane projected phase speeds that provide lower limits on the wave
speeds.

We also determine the phase speed of propagating intensity disturbances by using
filtered time-distance maps in the selected period bands as labelled in Figure 4.14. On
the maps, we plot red slits over the boundaries of the cleanest bright ridges. These
slits are plotted using the IDL routine contour. Slits are selected only for those lines
that have a positive slope and can propagate up to 2.09 Mm, so that we can plot the
maximum number of slits. For each slit, we determined the starting and ending times
and subtracted them to determine the time lag. We then obtained the average time
lag for each frequency band. For the error in time lag, we determined the standard
deviation of all the time lags. These slits provide the phase speed of these waves and
show an increase in the slopes of the ridges with frequency.

The time lags and phase speeds in the different frequency bands, along with their er-
ror from both methods, are provided in Table 4.2. These estimates clearly show different
phase speeds in different frequency bands. These phase speeds increase with frequency,
highlighting the dispersive nature of these waves or the medium. We also noted the
different phase speeds in different AIA passbands along the coronal fan loop, showing

some temperature dependence.

4.3.1.3 Apparent damping of waves

To determine the relative amplitude of wave propagation in the various frequency
bands, we utilized the filtered light curves and normalized them with the background
light curves present at that location. These normalized filtered light curves represent
relative wave amplitudes with time, as shown in the right panel of Figure 4.10. The

root mean square (RMS) relative amplitudes and its standard error are obtained using
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the formula /1 Y ( }—;)2 and % respectively for each period band (Bevington, 1969) as
explained in Section 4.2.1.1. The obtained RMS amplitudes and standard errors at each
height are multiplied by V/2 to determine the relative intensity amplitudes and associ-
ated error bars. In Figure 4.15, we plot the relative amplitude of intensity oscillations for
the selected period bands along the loop. Plots show a consistent decrease in relative
amplitude along the loop, which indicates the damping of slow magnetoacoustic waves

along the loop.

We further fit these amplitudes with an exponential decay function and a constant
—({&)
A(h) = Age a4’ + Ay, (4.1)

where A(h) is the wave amplitude along loop length 1, A, is the damping length, Ay
and A; are appropriate constant. Here, 1/A4 ~ &, which is the damping factor as de-
scribed in Kinsler et al. (1999). These fittings are performed using the mpfit fun routine
(Markwardt, 2009), which utilizes least-squares minimization to fit the damping func-
tion to the observed data. The damping lengths decrease with an increase in frequency,
demonstrating the frequency-dependent damping. The damping lengths in various fre-
quency bands and AIA passbands are provided in Table 4.2. Damping lengths obtained
in various AIA coronal passbands are also different, which indicates some temperature

dependence.

We performed a similar analysis over the five other loops identified in Figure 4.9. All
the loops show the dispersive nature of the slow magnetoacoustic waves as the phase
speed increases with frequency. However, the number of frequency bands in different
loops are different. In Figure 4.16, we plot the phase speed of slow waves in different
frequency bands normalized by the phase speed obtained over the whole frequency
range in all the loops. Phase speed normalization is carried out to avoid the effect of
different inclinations of different loops, so as to compare them all together. We find
the normalized phase speed to increase with frequency, showing the dispersive nature
of the slow magnetoacoustic waves. Phase speeds are different for loops observed in
different AIA passbands, showing some temperature dependence. Additionally, all the
loops show decay in relative intensity amplitudes along the loops. We determined the
damping lengths in the range of 0.4-4.6 Mm for all the loops in different frequency
bands in all four AIA passbands.
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Figure 4.15: Variation of relative amplitudes along the loop length in the selected period
bands along the Loop 3.
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Figure 4.16: Variation of phase speed of slow waves at different frequencies for all the
loops observed in AIA 171, 193, 131, and 211 A passbands shown in blue, red, green,
and black, respectively. Phase speeds in different frequency bands are normalized by
the phase speeds obtained over the whole frequency range (f). The symbols asterisk,
triangle, diamond, square, cross, and circle represent Loop 2, Loop 3, Loop 5, Loop 6,
Loop 7, and Loop 8, respectively.
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Table 4.2: Time lag (s) and projected phase speed v(w) (km s~!) of slow magnetoacoustic
waves propagating along fan Loop 3 for different frequency bands, obtained from two
different methods. The frequency bands fi, f2, f3, fa, f5, and f represent the frequency
range of 4-4.8 mHz, 4.8-6.1 mHz, 6.1-6.85 mHz, 6.85-7.73 mHz, 7.73-8.1 mHz, and the
full band 4-8.1 mHz, respectively. Damping lengths A4 (Mm) of relative amplitude of
slow magnetoacoustic waves in each frequency band are also provided.

Passbands Correlation Time-distance Damp. length
freq. (mHz) lag (s) speed (km s~ 1) lag (s) speed (km s~ 1) Aa (Mm)
131 A
f1(4.4) 115.28+4.02 18.16£3.59 46.71+14.68 | 44.74+16.54 -
f2 (5.45) 92.14+1.25 22.73+4.43 64.96+21.54 | 32.17+12.37 1.08 4+ 0.03
f3 (6.47) 83.531+0.64 25.07+4.88 66.241+13.64 31.55+8.94 1.45 £0.04
f4 (7.29) 77.73£0.62 26.9445.25 48.124+13.77 | 43.43+15.03 1.01 +0.05
f5 (7.91) 45.71+0.79 45.81+8.95 38.02+18.77 | 54.97+29.17 0.54+0.05
f 77.7940.09 26.924+5.23 72.554+21.02 28.81+£10.06 1.41 £0.09
171 A
f1(4.4) 75.23+1.52 27.84+5.45 66.65+20.52 | 31.36+11.42 10.66+1.03
f2 (5.45) 65.10£1.00 32.39+6.28 52.65+£13.85 | 39.70+£12.99 2.38+0.03
f3 (6.47) 60.86+0.64 34.7846.71 52.904+11.48 | 39.50+11.51 1.89+0.02
f1(7.29) 59.09+0.44 35.43+6.90 49.32+11.55 | 42.37+12.90 1.8740.02
f5 (7.91) 51.05+0.83 41.01+£8.01 42.89+9.37 42.89+14.58 1.56+0.03
f 58.10£0.03 36.04+7.01 59.54+14.49 | 37.58+12.18 1.9+0.03
193 A
f1(44) 44.84+1.83 46.70£9.53 64.231+31.22 32.54+17.04 -
f2 (5.45) 54.194+1.10 38.64+7.77 45.994+14.10 | 45.44+16.50 4.5940.20
f3 (6.47) 38.96+1.15 53.74+10.86 43.89+7.39 47.62+12.26 3.284+0.1
f1(7.29) 51.751+0.45 40.46+8.10 43.21+£10.44 48.36+15.01 2.614+0.09
f5 (7.91) 53.68+0.65 39.01+7.82 31.93+15.11 | 65.44+33.49 1.9240.14
f 42.79+0.17 48.94+8.55 46.71+14.68 | 44.74+16.54 3.54+0.17
211 A
f1(4.4) 84.04+0.99 24.924+4.85 87.79+38.55 | 23.81+10.45 -
f2 (5.45) 62.43+1.06 33.54+6.55 54.03£20.05 | 38.68+14.35 1.5840.04
f3(6.47) 59.03+0.64 35.474+6.91 52.06+12.06 40.14+9.30 1.59+0.04
f1(7.29) 47.474+0.63 49.75+8.60 457141692 | 45.71+£16.92 1.27+40.04
f5 (7.91) 29.71+0.71 70.49+13.82 | 40.454+19.52 | 51.67+24.94 1.3440.14
f 51.5940.08 40.59+7.9 61.02+£21.40 34.25+12.01 1.47+0.08
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4.3.2 Discussion and Summary

In this work, we utilized intensity oscillations along the fan loops rooted in the sunspot
umbra to explore the reason for the observed frequency-dependent damping of slow
waves. Slow magnetoacoustic waves in the corona damp faster than any proposed
damping mechanisms (Wang et al., 2021). This short length scale is ideal for study-
ing the frequency-dependent damping and exploring the cause behind it. We noticed
enhanced oscillatory power in the 1.8-4 min period band up to a certain loop length as
shown in Figure 4.12. This is similar to the previous reports (e.g., De Moortel et al.,
2002b; Sharma et al., 2020). Krishna Prasad et al. (2014) found the damping length
of amplitude of the 3-min slow wave propagating along the coronal loops to be ~2
Mm. These waves propagating along coronal loops get damped due to various ideal,
non-ideal MHD effects and thermal misbalances depending on the different physical
conditions of the loop (Wang et al., 2021; Belov et al., 2021).

In the solar corona, the damping lengths within 3-min period bands vary between
~0.4-4.6 Mm and show some frequency dependence. Here, the damping lengths de-
crease with increasing frequency, see Table 4.2. Such frequency dependence is already
noted for coronal fan loops and plumes (Krishna Prasad et al., 2014; Gupta, 2014). Waves
also showed evidence of dispersion where higher frequency waves are propagating with
higher speeds, see Table 4.2. Loops do not expand much in the first few Mm due to
very large density stratification ~50 Mm (see details in Rawat et al., 2025). These scale
heights are very large compared to the observed damping length of the 3-min slow
waves. Therefore, for the selected frequency range in corona, the effect of gravitational
stratification and area divergence is negligible on the damping and dispersion of these
waves. This makes the selected loop region and frequency range ideal to study the dis-
persive nature of the waves, which purely depends on the properties of the waves and
their medium.

In summary, in this work, we report for the first time the direct observations of the
dispersive nature of slow magnetoacoustic waves within the 3-min period band prop-
agating along the different coronal fan loops. These waves also showed a well-known
temperature-dependent propagation speed. We also studied the frequency-dependent
damping of slow magnetoacoustic waves within the 3-min period band propagating
along coronal fan loops and estimated their damping lengths. We find that slow wave

phase speeds increase with frequency, whereas their corresponding damping length
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decreases with frequency. We suggest that one of the possible reasons for frequency-
dependent damping could be the dispersive nature of these waves. We also suggest

some inverse relation between the damping lengths of waves and their frequency of

1

propagation as provided in Kinsler et al. (1999) where A4 7
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Chapter 5

Magnetic field and plasma-f along

fan loops

Sunspots on the surface of the Sun are intense collections of magnetic field lines or
flux tubes, with near-vertical field strengths of ~ 2000 G at the photosphere (Borrero
and Ichimoto, 2011). The signatures of these magnetic field lines extending upward
into the corona are visible as loops in coronal images. Various structures and loops
within the sunspots show evidence of propagating 3-min slow waves (Khomenko and
Collados, 2015). Magnetic field strength decreases rapidly along the solar atmosphere
and is difficult to measure at higher heights. However, oscillations in coronal loops have
been used to estimate the magnetic field strength in the corona (e.g., Nakariakov and
Ofman, 2001; Van Doorsselaere et al., 2008b; Erdélyi and Taroyan, 2008; Taroyan and
Erdélyi, 2009; Jess et al., 2016). Using MHD wave theory, Wang et al. (2007) determined
magnetic field and plasma-p in the range 21-51 G and 0.15-0.91, respectively for hot
loops showing standing slow waves. Recently, Yang et al. (2020) measured the plane-of-

sky component of the global coronal magnetic field to be 1-4 G at 1.05 to 1.35 Re.

Si et al. (2020) determined the average coronal magnetic field of 270+5 G using the
spectroscopic data from Hinode. Similarly, Brooks et al. (2021) measured the coronal
loop magnetic field strength and plasma-p in the range 60-150 G and 0.0005-0.001, re-
spectively. Coronal magnetic field strengths are also measured using magnetic field
extrapolation techniques (e.g., De Rosa et al., 2009). Li et al. (2020) determined the mag-
netic field and plasma-B around 10 G and 0.02-0.1, respectively, along a thin coronal

loop emanating from a non-sunspot region using the PFSS extrapolation technique.
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Plasma-f along the loops decides the potentiality of magnetic fields (Gary, 2001)
and characteristics of different waves present in the loops (Jess et al., 2015). Gary (2001)
developed a model for plasma-p variation above the active region from the photosphere
to the corona by combining various models and observational data. Mathew et al. (2004)
utilized spectropolarimetric measurements and determined plasma-f in the range of
0.5-1 inside the photospheric umbra. Jess et al. (2013) obtained the plasma-B=1 contour
at the photospheric outer boundary of the sunspot penumbra using temperature and
density from the sunspot model of Maltby et al. (1986) and the magnetic field from
HMI magnetogram. Bourdin (2017) used a 3D magnetohydrodynamic model of the
solar corona over an active region to determine the plasma-f from the photosphere to
the corona. Cho et al. (2017) solved analytical functions of the cut-off frequency and

estimated the average plasma-f value ~0.83-0.86 within the umbra.

Till now, all these results have been reported either in the global corona or only
at certain loop segments. Variations of these parameters along the whole loops are
still unexplored due to their non-traceability in the lower atmosphere and thus remain
unclear.

In the Chapter 3, we demonstrated the unique technique using 3-min slow waves to
trace loops from the corona to the photosphere via the transition region and chromo-
sphere in the umbral atmosphere, along with their cross-sectional areas. Using these
tracings, we studied the propagation and damping properties of slow waves along the
loops for the first time from the photosphere to corona in detail in Chapter 3 and Chap-
ter 4, see also Rawat and Gupta (2023, 2024a,b). These findings can now also be utilized
to estimate magnetic field strength and plasma-p along loops from the photosphere to
the corona, which were not possible before due to their non-traceability. The content of

this chapter is published in the Rawat et al. (2025).

5.1 Observations

To determine the variations of magnetic field and plasma-p along the fan loops rooted
within the sunspot umbra, we need to trace the fan loops in the lower atmosphere
(photosphere to low corona), where loops are not visible. These loops can be traced in
the lower atmosphere using 3-min slow waves (details of the technique are provided in

Chapter 3 and also in Rawat and Gupta, 2023). For this purpose, we have identified an
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Figure 5.1: Images of sunspot and fan loops belonging to AR 12470 obtained from dif-
ferent AIA, IRIS, and HMI passbands as labelled. The red lines on the AIA 171 A image
represent the manual tracing of coronal fan Loops 1 and 2, and asterisk symbols (¥)
represent their coronal footpoints. The yellow dashed lines represent the background
regions for those loops. The sample slits across the coronal Loop 2 are marked with
solid red lines and numbered. The box enclosing the coronal footpoint of Loop 2 in-
dicates the region chosen to identify loop locations at the lower atmospheric heights.
Small circles (o) over different panels represent the loop locations identified at that at-
mospheric height (see details in Section 5.2.1). Contours over different panels indicate
the umbra—penumbra boundary as obtained from the IRIS 2832 A image.
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appropriate dataset observed by the Atmospheric Imaging Assembly (AIA; Lemen et al.,
2012), the Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012) both onboard
the Solar Dynamics Observatory (SDO; Pesnell et al., 2012), and the Interface Region
Imaging Spectrograph (IRIS; De Pontieu et al., 2014). To obtain good coverage over the
lower atmosphere, we have identified an active region that was observed by all four IRIS
slit jaw images (SJIs). This makes the tracing of the loops in the lower atmosphere more
robust. The sunspot studied here belongs to the Active Region (AR) 12470, observed on
2015 December 19. We obtained 55 min of simultaneous data starting from 13:26:22 UT,
as shown in Figure 5.1. We also utilize data from the sunspot belonging to AR 12553
observed on 2016 June 16, in which several fan loops were already traced and analysed
in Rawat and Gupta (2023, 2024a,b), see also Chapter 3 and Chapter 4. Here also, we

selected a few quiescent loops for our analysis as presented in Figure 3.2.

Images obtained from the IRIS-SJI passbands have an exposure time of 2 s with an
effective cadence of 12.75 s, 0.332” pixelf1 resolution, and 169”7 x 182" field of view. The
analysed sunspot is slightly off the disc centre (heliocentric coordinates X ~ 115”7, Y ~
235”), the angle between the local vertical and the line-of-sight is ~ 25°, which leads to u
= cos 0 =~ 0.90. Therefore, we have ignored any projection effects on intensity oscillations

and other parameters.

We co-aligned the AIA, IRIS, and HMI datasets using the IRIS-SJI 2796 A and AIA
1700 A image pair and the IRIS-SJT 2832 A and HMI continuum image pair by uti-
lizing the cross-correlation method. AIA, IRIS, and HMI images are derotated with
respect to the starting time of IRIS using SSW routines. The identified dataset provides
a unique opportunity to study atmospheric seismology through wave propagation along

the whole solar atmosphere.

Norton et al. (2006) estimated the formation height of the HMI from Fe I 6173 A line.
They derived the HMI continuum formation height from line continuum to be ~21 km,
and HMI Doppler and magnetogram formation height from the line core to be ~ 269
km above the optical depth of unity (T5000=1). These formation heights correspond to
temperatures around 4200 K and 3700 K, respectively (Fontenla et al., 1999). AIA 171,
304, 1600, and 1700 A passbands correspond to a coronal temperature = 0.8 MK, tran-
sition region temperature ~0.05 MK, chromospheric temperature ~5700 K and lower

chromospheric temperature ~ 4500 K, respectively.

IRIS-SJ1-1330 and 1400 A passbands correspond to transition region temperatures ~
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20,000 K and 63,000 K, derived from C II and Si IV spectral lines, respectively. IRIS-SJI-
2796 A corresponds to a chromospheric temperature ~ 10,000 K derived from the Mg II,
and IRIS-SJI-2832 A corresponds to a photospheric temperature ~ 4200 K derived from
the photospheric continuum (De Pontieu et al., 2014).

5.2 Data Analysis and Results

Figure 5.1 shows the analysed fan loop system rooted in the sunspot umbra in AR 12470
in ATA 171 A image. The overplotted contour represents the umbral boundary identified
from the TRIS-SJI-2832 A passband. Fan loops are manually traced on the AIA 171 A
image, and asterisk (*) symbols represent the loop footpoints in the corona. We analyse
several clean loops from AR 12470 and 12553. However, here we present results from
Loop 2 from AR 12470 as a representative example, due to its 40% longer length and
lower background signal, which allows estimation of loop cross-sections up to longer
distances as compared to Loop 1. Section 5.2.4 summarizes the results from all the

selected loops emanating from the sunspot umbra in AR 12470 and 12553.

5.2.1 Loop locations and cross-section areas at different heights
5.2.1.1 Upper atmosphere (corona)

To determine the diameter and cross-sectional area along the coronal fan loops in the
AIA 171 A image, we obtained the intensity profile along several slits across the loop.
We fitted the intensity profiles with the Gaussian function and a linear background (e.g.,
Gupta et al., 2019). We then extracted the full width at half maximum (FWHM) of the
titted Gaussian as the diameter of the loop. Obtained diameter at coronal footpoint is ~
3.28+0.28 pixel. Sample intensity profiles and fittings at a few slit locations, marked in

Figure 5.1, are presented in Figure 5.2.

5.2.1.2 Lower atmosphere (photosphere to corona)

For the lower atmospheric heights, where the loops are not visible, we devised a tech-
nique to trace back the footpoints and cross-section areas of coronal loops on the pho-
tosphere through the transition region and chromosphere in Chapter 3, see also Rawat
and Gupta (2023). There we studied fan loops emanating from sunspot umbra belong-

ing to AR 12533 (7° S, 8° N) observed simultaneously by IRIS and SDO on 2016 June 16.
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Figure 5.2: Intensity profiles along several slits across the coronal Loop 2 marked in
Figure 5.1 as observed in the AIA 171 A passband. All intensity profiles are fitted with
the Gaussian function with a linear background. The obtained FWHM of the Gaussian
function represents the diameter of the coronal loop along its length.

Due to a poor signal, data from the 1400 A passband were not utilized. Therefore, we
had very limited coverage over the whole solar atmosphere. In this study, along with
AR 12553, we utilize a new dataset belonging to the sunspot of AR 12470, which was
observed in all four passbands of IRIS S]Is, along with SDO. Together, these passbands
provide better coverage over the whole solar atmosphere (details in Section 5.1). This
makes the tracing of loops more robust in the lower atmosphere. Sunspots host waves
and oscillations of a 3-min period in the umbral atmosphere, and both 3-min and 5-min
oscillations at the umbral photosphere (for details see, Khomenko and Collados, 2015).
In Chapter 3, we utilized the presence of 3-min oscillations over the whole umbral atmo-
sphere observed by the IRIS and SDO passbands to trace and identify the photospheric
footpoints of coronal loops in the lower atmosphere through the transition region and
chromosphere. There, we also measured the propagation speed of 3-min waves and
found them to be less than the acoustic speed at all the atmospheric heights, which con-
firmed that these are slow magnetoacoustic waves propagating along the traced loops.
Here, we utilize the same technique to trace and identify the photospheric footpoints
using a dataset with a larger number of passbands. This provides robust tracing of
loops over the whole solar atmosphere through multiple coverages in the transition re-

gion and chromosphere. This also enabled us to deduce a better estimate of the loop
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Figure 5.3: Correlation images obtained between various atmospheric heights as la-
belled. In each panel, the asterisk symbol (*) in the centre refers to the coronal footpoint
of Loop 2, and the red circle represents the cross-section of the loop obtained from the
AIA 171 A image using the FWHM method. Overplotted black contours are obtained at
~ 94 + 2% of maximum correlation values. The green diamond (¢) symbols represent
the locations of the maximum correlated pixel and the loop location at that height.
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cross-sectional areas at different heights in the umbral atmosphere.

As per the method described in Chapter 3 and Rawat and Gupta (2023), we identified
several fan loops in the AIA 171 A image. We performed a correlation analysis to
determine the loop locations and cross-sectional areas at different atmospheric heights
in the lower atmosphere. We choose a box of size 9"x9" shown by the yellow box in
the AIA 171 A image in Figure 5.1 by positioning the coronal footpoint of Loop 2 in
the centre of the box. We utilized 3-min (2-3.7 min period band) filtered light curves
to perform the correlation analysis, which makes correlations depend only on 3-min
oscillations. For correlating light curves between different passbands having different
cadences, we first interpolated the light curves with longer cadences to light curves with
smaller cadences using the IDL routine interpol. We have first interpolated the IRIS 1400
A light curves to 12 s cadence to match the cadence of the 304 A passband and also
interpolated the AIA 1600 A light curves to 12.75 s cadence to match the cadence of
the IRIS 2796 and 2832 A passbands. We correlated the light curve at the coronal loop
footpoint in ATA 171 A with light curves at each pixel in 9"x9" box. The correlation
image is then created by noting the maximum correlation coefficients at each pixel in
the box. The pixel with the maximum correlation coefficient in the correlation image
depicts the location of the loop at that atmospheric height. This location was further
utilized to identify the loop location and cross-sectional area at the lower heights in
the solar atmosphere by cross-correlating the light curves again with the 9" x9" size box
from the nearest temperature passband, as described above. In this way, we are able to
trace the loop locations at different atmospheric heights till we locate their footpoint at
the photosphere. The identified loop locations are marked with green diamonds (¢) in
Figure 5.3 and are also marked by small circles in Figure 5.1. In Figure 5.4, we show the
fast Fourier transform (FFT) power spectrum obtained from the original light curves of
the loop locations at various atmospheric heights, as labelled. The FFT power spectrum
is yielded using the standard IDL routine f ft_powerspectrum. The associated plots show
the distribution of power peaks in the period range of approximately 2-3.7 min at all
the atmospheric heights, shaded with blue colour. We applied a bandpass filter over the
period range of 2-3.7 min (blue shaded region in Figure 5.4) on the original signals. The
filtered signals are shown in Figure 5.5. Filtration provides a clean intensity oscillation
in the 2-3.7 min period range. Due to several nearby power peaks in this period band,

we see oscillations in the form of unclean wave packets with modulations in oscillation
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amplitude.

A contour level of about 92% of the maximum correlation coefficient value on the
correlation image for the loop footpoint in the corona matches fairly well to the loop
cross-section obtained from the FWHM. At various other heights in the lower atmo-
sphere, closed contours are obtained within 94 £ 2 % of the maximum correlation values.
The pixels with the maximum correlation coefficients in the correlation images depict
the location of the loop at that atmospheric height. These locations are marked as small

circles in Figure 5.1.

Further, we take the sum of the area of all the pixels falling within the contour of
~94 + 2% of the maximum correlation value of the correlation image between two atmo-
spheric heights. This area can be considered as the representative size of the loop, i.e.,
the loop cross-section. The area within this correlation threshold decreases as we move
into the lower atmosphere. This indicates loop expansion with increasing height in the
lower atmosphere and suggests the geometric spreading of 3-min slow waves along the
expanding loop. Furthermore, we determine the area scale height in the lower atmo-

sphere by fitting the obtained cross-sectional area with an exponentially rising function
.
A(h) = Ase’a. (5.1)

Here, A(h) is the cross-sectional area at loop length 1, A4 is the area scale height, and
A, is an appropriate constant. The obtained area scale height for the lower atmosphere
is /\Al% 518 + 46 km.

To obtain the cross-sectional area along the loop in the corona, we calculated n(%)z.

The cross-sectional area along the loop is increasing, as shown in Figure 5.6. This ex-
pansion can also be visualized in the AIA 171 A image in Figure 5.1. The obtained area
of the loop footpoint in the corona is 3.0440.26 arcsec? from the FWHM method and
3.24+0.18 arcsec? from the correlation analysis. Both values are well within the error
bar. We fitted the area expansion along the coronal fan loop using an exponentially ris-
ing function with a constant background and obtained scale height A4, ~ 18.89 £5.77
Mm.

The cross-sectional area shown in Figure 5.6 is as per the expectations from the
theory of flux tube expansion with height, where expansion in the lower atmosphere

is faster (smaller A 4) than expansion along the corona (larger A,). This is because the

125



AA 171 A AIA 304 A IRIS 1400 A

0.8

Fourier power

0.0l

IRIS 1330 A IRIS 2796 A AIA 1600 A
T T

0.8

0.6

Fourier power

0.4

0.2

0.0k

AIA 1700 A IRIS 2832 A HMI Continuum

0.6

Fourier power

0.4

0.2

ool
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Period (min) Period (min) Period (min)

Figure 5.4: FFT power spectrum of original light curves obtained at each location of
Loop 2 in the solar atmosphere as shown in Figure 5.1. Shaded regions in light blue
colour denote the 3-min period band used to produce the filtered light curves shown in
Figure 5.5.
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Figure 5.5: 3-min filtered light curves obtained from original light curves.
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Figure 5.6: Cross-sectional area of the loop along its length. The area of the loop in the
lower solar atmosphere is fitted with an exponentially rising function, shown in a blue
solid line. The area along the coronal loop is also fitted with an exponentially rising
function with a constant background, shown in the red solid line. Obtained area scale
heights (A 4) are printed in their respective colour code at the top left corner. The green
line represents the equivalent diameter (w) of the loop along its length (right axis).
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pressure scale height in the lower atmosphere is much smaller than that in the corona
due to the steep change in atmospheric temperature. We also provide the diameter (w)

of the loop in Figure 5.6, derived from the loop cross-sectional area upon assuming

equivalent cylindrical loop geometry (w = 24/ @).

5.2.2 Temperature and density along the loop

In the corona, plasma emits across the entire electromagnetic spectrum. The emission
processes and their dependence on density and temperature are well understood (e.g.,
Phillips et al., 2008; Del Zanna and Mason, 2018). Differential emission measure (DEM)
represents the amount of plasma present at different temperatures along the line-of-sight
(LOS). Intensity (I;) from all six coronal EUV passbands of AIA/SDO can be modeled
as [ R{(T)DEM(T)dT where R; represents the temperature response function of each
passband that is determined from the CHIANTI package (Dere et al., 1997; Dufresne
et al., 2024). We also identified a quiet region near the loop, as shown by the dashed line
in Figure 5.1 for background/foreground subtraction. We obtained the background-
subtracted intensity along the loop by subtracting the background intensity from the
loop intensity. The respective background-subtracted intensities along the loop from all
six coronal passbands were then subjected to the regularized inversion code developed
by Hannah and Kontar (2012) to obtain the DEM along the loop structure. The DEMs are
2 min averaged to enhance signal-to-noise ratios. The sensitivity of each AIA passband
has degraded over time, using AIA_GET_RESPONSE procedure, we have applied ap-
propriate correction factors to the intensity and corrected the temperature response of
each passband.

The DEM profile shown in Figure 5.7 is obtained at the coronal footpoint location
marked with the red circle (o) in the top panel of Figure 5.1. This DEM profile is a
double-peaked function. To identify loop and foreground/background emissions, we
properly isolate the two peaks and integrate them over the given temperature ranges.
The loops are clearly visible when the first peak is integrated, which indicates that the
loops are emitting in this temperature range. The double-peaked behaviour is visible all
along the loop. However, at the end of the loop, the two peaks merge in the background.
We fitted the first peak by a Gaussian function and a polynomial of degree one. The blue
line in Figure 5.7 shows the fitted DEM curve. Note that the vertical axis in Figure 5.7

shows the DEM, and the horizontal axis displays the temperature on a logarithmic scale.
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Figure 5.7: DEM profiles at the coronal footpoint of the Loop 2 shown by the asterisk
in Figure 5.1. The green and blue curves are obtained with and without background-
subtracted intensities, respectively.

The temperature at which the first Gaussian peak is considered as a measure of the loop
temperature, whereas the area under this Gaussian curve provides the total emission
measure (EM). The emission measure and electron number density (N,) of the loop are
related as N, = %, where w is the width of the loop. We obtained the width of
the loop as the FWHM of the intensity profile across the loop, as shown in Figure 5.2.
Temperature and density variations along the loop in the corona are shown by red colour
symbols in Figure 5.8.

The temperature along the loop slightly increases, although this increase is well
within the error bars. The average temperature along the loop is 0.86 MK. Since the den-
sity obtained from the DEM method (5 x 10° cm™3) at the coronal footpoint is slightly
different from the density obtained from the sunspot model (10'° cm~3, Fontenla et al.,
1999), we scaled the density of the sunspot model by dividing it with 2 in Figure 5.8 to
match the density at the coronal footpoint. Furthermore, we have assumed a 15% error
in density and temperature in all our calculations (e.g., Gupta et al., 2019). The blue and
red colours represent variations in the lower atmosphere and corona, respectively, and
the same colour code will be used throughout.

For the lower atmosphere, since the temperature sensitivity of each IRIS and SDO
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Figure 5.8: Temperature (left y-axis) and total number density (right y-axis) as a function
of loop length shown by asterisks (*) and diamonds (¢), respectively. Temperature and
density from the photosphere to the corona are obtained from the sunspot model of
Fontenla et al. (1999) and shown in blue lines, whereas those in the corona are obtained
using DEM analysis and shown in red symbols. The green lines overplotted over coronal
temperature and density represent average loop temperature and a fitted exponentially
decaying function, respectively.

passband is well known (see Section 5.1), we deduce the formation height and thus total
number density (N = N, + Nj,; plasmas in the lower atmosphere are partially ionized)
by utilizing the sunspot model of Fontenla et al. (1999), and plotted in Figure 5.8. In this
model, the 0 km height represents the T = 1 layer at 5000 A in the sunspot umbra.

5.2.3 Loop inclination

We fitted the total number density variation along the loop in the corona with an ex-
ponential decay function shown with the green line in the right panel of Figure 5.8.
The fit provides observed density scale height A; ;s ~ 12.9£0.73 Mm along the coronal
loop. This is a plane-of-sky projected scale height due to the inclination of the loop. All
the fits are performed using the MPFITFUN routine (Markwardt, 2009). We compare

this A4 ops with the expected density scale height (A;_.,) from hydrostatic equilibrium

k, T
pmmyg

the mass of the proton, and g is the acceleration due to gravity at the solar surface (see

in corona, i.e.,, A(T) = ~ 46[ x| Mm, where y is mean molecular weight, m, is

e.g., Aschwanden et al., 1999b; Gupta et al., 2015). Since the average temperature of the
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Figure 5.9: The line of sight magnetic field oscillations at the photospheric footpoint of
the loop.

loop is 0.86+0.13 MK, A4 ¢y = 39.56+5.98 Mm. This difference in both scale heights

provides the inclination angle (¢) of the loop,

cos(¢) = i‘j"bs (5.2)
_exp

(e.g., Aschwanden et al., 1999b). The loop is ¢ = 71° inclined with respect to the plane-
of-sky. Therefore, we have corrected the coronal loop length by multiplying it by a factor
of 3.07.

5.2.4 Magnetic field strength and plasma-j along the fan loop

Loops are a manifestation of magnetic flux tubes in which the total magnetic flux re-
mains constant along their length. We have already obtained the cross-sectional area of
the loop at the photosphere (A, ~ 0.22 arcsec?) and its variation along the loop length
(A(h)) as shown in Figure 5.6. From the loop tracing, we have identified the loop foot-
point at the photosphere and obtained the magnetic field using the HMI magnetogram
data (at atmospheric height 269 km). The magnetic field variation at the photospheric
footpoint of the loop is shown in Figure 59. We determined the root mean square
(RMS) magnetic field strength (B,) with one sigma error at the photosphere as 1928 + 13
G during the 55-min time sequence. The magnetic field strength along the loop length

is calculated using

B(h) = 2220, (5.3)



1000 — i
e r & Alfven speed 10002
-~ . . n |
= - ¥ Magnetic field ] w
c L ] -
8 1 X
v 1 3
© ] o
o . &
s )
.Q c
© S100 2
g ER
= i

0.07 0.10 1.00 10.00 100.00

Loop length (Mm)

Figure 5.10: Variation of magnetic field strength (left axis) and Alfvén wave speed (right
axis) along the loop. The green circle (O) represents the RMS magnetic field strength
obtained from the HMI magnetogram.

The error in B(h) is calculated from errors in the cross-sectional area and photo-
spheric magnetic field strength. The obtained magnetic field variation with the error
bars along the loop length is plotted in Figure 5.10. We obtained the magnetic field
strength at the coronal footpoint ~ 158+50 G. Furthermore, we also determined the

Alfvén speed variation along the loop length using,

Vath) = 28 54)

Vanp(h)
where p(h) = N.(h)m, + Ny (h)my, is the total mass density and plotted in Figure 5.8.
Alfvén speed increases in the lower atmosphere, peaks at the coronal footpoint, and
then decreases further in the corona. Such speed variation are also noted before (e.g.,

Aschwanden et al., 1999b; Cranmer and van Ballegooijen, 2012).

The obtained density, temperature, and magnetic field strength are further utilized
to estimate the plasma-f along the loop using Equation 1.18. The results are presented
in Figure 5.11. The dark blue shaded region in the left panel represents the variation of
plasma-g along Loop 2. In the bottom left panel, we fitted a straight line between the

temperature minimum region and photospheric plasma-f values. We extended it fur-
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Figure 5.11: Left: Variation of plasma-f along the fan loops belonging to AR 12470,
where light and dark blue shaded regions are for loops 1 and 2, respectively. Right:
Variation of plasma-f along the fan loops belonging to AR 12553, where the light blue,
dark blue, and pink shaded regions are for loops 3, 5, and 6, respectively. The black
solid lines represent data points extracted from Gary (2001) for the umbral region. The
vertical green dashed lines indicate the plasma-B = 1 layer. The orange dashed lines
are the linear extrapolation of data points to determine the plasma-f = 1 layer. The
small boxes in the lower left corners show the height at which loops 2 and 5 cross the

plasma-B~ 1 layer as representative examples.
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Table 5.1: Various parameters derived along fan loops identified in AR 12470 and 12553.
A and Ay, are the area scale heights of loops from the photosphere to the transition
region and in the corona, respectively. B, and B, are magnetic fields at photospheric
and coronal footpoints of fan loops, respectively. < T > and N, are the average coronal
loop temperature and total number density at the coronal footpoint, respectively. V.
is the Alfvén speed at coronal footpoints. B, and B, are the plasma-p values at photo-
spheric and coronal footpoints, respectively. The plasma-B~ 1 heights along fan loops
are measured with respect to the optical depth of unity (t5000 = 1).

Loop no. Aar Aac By B, <T> Ny Vac By Be B=1
(km) (Mm) (G) (G) (MK) cm 3 (km s~ 1) height (km)

AR 12470

1 521+44 | 5.85+1.85 | 1828412 | 164+59 [ 0.85 [ 7.8x10° 5173 0.52 | 0.001 -227

2 518446 | 18.89+5.77 | 1928+13 | 158+50 | 0.86 | 5.0x10° 6637 0.30 | 0.0006 -617
AR 12553

3 8844152 | 4.08+0.55 | 1596+15 | 236+86 | 0.86 | 5.2x10° 10004 | 0.49 | 0.0002 -264

5 769+114 | 422411 | 1907+120 | 224482 | 0.82 | 3.0x10° 12209 | 0.21 | 0.0001 -980

6 900£168 - 2269+06 | 227483 | 0.89 | 5.1x10° 9146 0.50 | 0.0003 -244

ther to find the plasma-B= 1 layer at ~ —617 km height, as shown in the orange dashed
line. The negative height signifies that the plasma-p= 1 layer is below the photosphere
(ts000= 1). The plasma-p at the photospheric and coronal footpoints are 0.3 £ 0.14 and
0.0006 £ 0.0003, respectively. Additionally, as we move along the loop in the corona,
the loop merges with the background corona, making it difficult to measure any loop
parameters beyond 60-70 Mm. Moreover, density estimation from DEM analysis may
change depending upon background subtraction location; accordingly, plasma-f esti-
mates in the corona will also change. However, such changes will be well within the
estimated error bars of about 50%.

We performed a similar analysis on the other fan loops identified in AR 12470 (see
Figure 5.1) and also in AR 12553 (see Figure 3.2), where loops were already traced in
Chapter 3. All the loop footpoints at the photosphere are directed toward the umbral
centre, and their cross-sectional areas are smaller than their coronal counterparts, as
found for Loop 2. The results suggest more or less similar statistics for all the loops in
the lower atmosphere and corona with similar plasma-f variations. The summary of all

the analysed loops is provided in Table 5.1.

5.3 Summary

In this work, we traced several umbral fan loops in the corona and from the corona
to the photosphere, where loops are not visible. We obtained their cross-sectional area

at different heights in the solar atmosphere and located their photospheric footpoints.
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The area of Loop 2 decreased from 3.24+0.36 arcsec® (1.70+£0.19 Mm?) in the corona
to 0.224-0.11 arcsec? (0.11£0.05 Mm?) at the photosphere. The scale height of area ex-
pansion for Loop 2 from the photosphere to the corona is ~ 0.52 Mm, whereas that
in the corona is ~ 19 Mm. Such expansions are expected in the solar atmosphere (see
Section 1.5). Similar loop expansion from photosphere to corona is also noted by Bailey

et al. (2025, and references therein).

We estimated the magnetic field strength of 158 4+ 50 G at the coronal loop foot-
point that decreases slowly along the coronal loop. Our estimates match very well with
the magnetic field values reported by Brooks et al. (2021) using the recently developed
spectroscopic diagnostic technique and also with the measurement of Gupta and Nayak
(2022) of about 143 G along the transient loop using the magnetic field extrapolation
method. These coronal magnetic field measurements along the loops are much larger
than the usually quoted average global coronal magnetic field strength of 1-4 G (Lin
et al., 2004; Yang et al., 2020), and also the average coronal loop magnetic field of 4-
30 G obtained from kink oscillations (Nakariakov and Ofman, 2001; Aschwanden and
Schrijver, 2011). Such large estimates of the magnetic fields along the loops will lead to
larger Alfvén wave energy flux than those quoted in literature (e.g., Banerjee et al., 2009;
Mclntosh et al., 2011; Gupta et al., 2019) as needed in Alfvén wave heating models (e.g.
Grant et al., 2018; Karampelas et al., 2024).

Plasma-f variations reported by Gary (2001) for the umbral regions are similar to
those obtained for fan loops with slightly different values (see Figure 5.11). Interest-
ingly, plasma-$ values at chromospheric heights are consistently smaller than those
provided in Gary (2001). At longer loop lengths, fan loops merge with the active region
background, and our plasma-p values also merge with Gary (2001). The differences in
the values could be due to the fact that we are tracing single isolated loops, whereas the
values extracted from Gary (2001) are for integrated sunspot umbra. The overall simi-
larity with the variation pattern of Gary (2001) indicates that our loop tracing method
works well in the lower atmosphere. The value of plasma-f<1 along the whole loop
length from the photosphere to the corona indicates that the umbral loops are potential
in nature (e.g., Borrero and Ichimoto, 2011). We also noted that the plasma-=1 layer
exists at sub-photospheric heights (e.g., Cally et al., 1994). This layer is important for
helioseismological studies (e.g., Khomenko and Collados, 2015) and demands a detailed

investigation.
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In summary, we obtained variations of cross-sectional area expansion, magnetic field
strength, and plasma-p along the individual loops from the photosphere to the corona.
Estimated parameters will provide useful ingredients for the MHD modeling of loops
emanating from the sunspot regions and wave dynamics in the density-stratified and
expanding waveguides (e.g. Taroyan and Erdélyi, 2009; Luna-Cardozo et al., 2012). It
will also be important to carry out detailed statistical investigations of the estimates on
magnetic field and plasma-B along loops emanating from different regions on the Sun

and their comparison with different techniques.
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Chapter 6

Spectroscopic diagnostics of coronal

fan loops

The high temperature of the solar corona is an 80-year-long-standing problem in solar
physics. Loops, which are considered the building blocks of the solar atmosphere, act as
a waveguide and carry waves that may heat the solar atmosphere (Reale, 2014). These
loops are classified into three categories depending on their characteristic temperatures:
cool loops (< 1 MK), warm loops (= around 1 MK), and hot loops (3-5 MK). Loops
are distinguishable in corona as their intensity is about 20%-30% stronger than fore-
ground/background diffuse emission (Del Zanna and Mason, 2003; Viall and Klimchuk,
2012). To calculate various plasma parameters along the loops, various spectroscopic
and imaging data techniques are developed to provide us with density, temperature,

etc., see details in the Section 2.2.

The ubiquitous presence of outward propagating Alfvén wave, and slow waves along
coronal loops are reported in the solar corona(e.g., Tomczyk et al., 2007; Krishna Prasad
et al., 2012). Evidence of damping of propagating Alfvén waves and slow waves along
coronal loops have also been reported (e.g., Gupta, 2017, Meadowcroft et al., 2024).
However, the signature of dissipation of these mechanical/non-thermal wave energies
into heat energy is still not observed (e.g., van Ballegooijen et al., 2011). Alfvén waves
are incompressible and transverse in nature, which generally makes them difficult to

observe through imaging instruments.

Alfvén waves are considered as a potential candidate to heat the solar corona as

they can carry a large energy flux generated at the photosphere without much damping

139



along magnetic field lines (Hollweg, 1978; van Ballegooijen et al., 2014). However, their
incompressible nature makes it difficult to explain how they can be a major supplier of
heat to coronal plasma (e.g., Hollweg, 1997). Therefore, Alfvén waves need an efficient
dissipation mechanism to explain their role in the heating of plasma, such as phase
mixing, mode conversion, resonant absorption, or turbulence. The proposed Alfvén
wave heating models are discussed in the recent review of Van Doorsselaere et al. (2020)
and references therein. These models propose that these incompressible waves transfer
their energy to compressible waves, which can easily damp in the solar atmosphere.
Some more details on Alfvén waves are provided in Section 1.4.3.2.

Previously, on assuming average coronal magnetic field strength of ~ 10 G in coronal
active regions (e.g., Lin et al., 2000; Van Doorsselaere et al., 2008b), the reported Alfvén
wave energy fluxes were of the order ~ 10° erg cm 2 s7! (e.g., Tomczyk et al., 2007;
Gupta et al.,, 2019). These wave energy fluxes are less than the energy flux required to
maintain the active region corona, i.e., ~ 107 erg cm 2 s~ }(Withbroe and Noyes, 1977).
Therefore, it was considered that though Alfvén waves can heat the quiet Sun corona,
but can not heat the hot and dense active region corona (e.g., Tomczyk et al., 2007;
McIntosh et al., 2011). However, in the recent work, Brooks et al. (2021) and Rawat et al.
(2025) reported significantly higher magnetic field strength and Alfvén wave speeds
along the coronal loops. These new estimates can significantly increase the previously
underestimated Alfvén wave energy flux.

Here, we present a comparison of plasma parameters obtained from imaging and
spectroscopic instruments to explore plasma and wave properties along the coronal fan
loop structures anchored within a sunspot. Fan loop structures provide an excellent site
to study the propagation of waves in the corona, see Chapter 3. In this chapter, we focus
on estimating the temperature, density, and non-thermal velocity along these loops us-
ing simultaneous imaging and spectroscopic data. We will further determine the Alfvén

wave energy flux along these fan loops in the corona.

6.1 Observations

The analysed fan loop system belongs to active region NOAA AR 11101 was observed

simultaneously by Extreme Ultraviolet Imaging spectrometer (EIS; Culhane et al., 2007)
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Table 6.1: List of EIS emission lines selected for our analysis. Lines are emitted by
different ions at different wavelengths, formed at their peak formation temperature.

Ion Aops | Temp.
A MK
MgV | 276.16 | 0.32
Fe VIII | 185.21 | 0.54
FeIX | 19786 | 0.86
Fe X | 18454 | 1.06
Fe XI | 192.82 | 1.28
Fe XII | 192.39 | 1.50
Fe XII | 195.12 | 1.50
Fe XII | 186.88 | 1.50
Fe XIIT | 201.12 | 1.72
Fe XIV | 27053 | 194

onboard (Hinode; Kosugi et al., 2007) and (AIA; Lemen et al., 2012) onboard Solar Dy-
namics Observatory (SDO; Pesnell et al., 2012) on 2010 August 30. We obtained 2 h of
data starting from 11:13:30 UT, as shown in Figure 6.3. AIA extreme ultraviolet (EUV)
images provide good coverage over the transition region and the corona at a resolution

of 0.6" pixel ! and a cadence of 12 s.

The EIS performed a raster scan with a 1" slit and an exposure time of 60 s and
moved with a step size of 2". The raster scan started at 11:13:34 UT and covered a field
of view of 240" x512". Observations were performed over the wavelength range of 180-
204 A and 248-284 A. We followed the standard procedures for preparing the EIS data
using IDL routine EIS_PREP, available in the solar software (SSW; Freeland and Handy,
1998), which calibrates and corrects for the slit tilt and orbital drift. The spatial offset in
the solar Y-direction at different wavelengths was corrected by co-aligning the images
with EIS Fe XII 195.12 A. We extracted regions with EIS FOV from the full disc images
of AIA/SDO.

For an optically thin corona, the emission line intensity (I) can be given as

I(Ay) = / C(T,, N.)N2dh, ©6.1)

Here, the abundance is assumed to be constant over the source volume (Feldman, 1992),
N, is the electron number density, & is the column depth of emitting plasma along the

line-of-sight (See Section 2.2).

For our analysis purpose, we have identified several isolated and unblended spectral
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Figure 6.1: Contribution functions of various spectral lines used in this study.

lines having good signal strength, which are tabulated in Table 6.1. In Figure 6.1, we plot
contribution functions of the selected EIS spectral lines obtained at a constant electron
number density N, = 10° cm 2 using the CHIANTI database (Del Zanna et al., 2021). All
the selected spectral line profiles are then fitted with a Gaussian function. In Figure 6.2,
we show sample spectral line profiles along with their fitted Gaussian profiles.

Imaging data allows us to co-align data from different instruments, and thus allows
us to simultaneously utilize data from different instruments operating at different wave-
lengths. All AIA images are derotated with respect to the EIS starting observation time.
We fitted all the EIS spectral line profiles with a Gaussian function using EIS_ AUTO_FIT.
This routine provides 1¢ error on the fitted parameters. Since EIS sensitivity is deteri-
orating, we have further recalibrated the obtained intensity and error bars using (Del
Zanna, 2013). We co-aligned EIS and AIA observations using EIS 195 A and AIA 193 A
images using the cross-correlation method. In Figure 6.3, we plot monochromatic inten-
sity maps of the fan loop system obtained from various EIS spectral lines (top panels).
We also plot AIA images of the fan loop system from the different passbands sensitive
to the same ions as in the top panels.

The identified data set provides a unique opportunity to study the spatial, temporal,
and spectral evolution of waves in intensity and Doppler broadening along the plane-
of-sky and line-of-sight, respectively, in the corona. Additionally, this is among the few

rare observations where the fan loops emanating from the unipolar sunspot are rastered
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Figure 6.3: Top panels: Monochromatic intensity map of fan loop system obtained from various EIS spectral lines as labelled. Bottom
panels: Images of the fan loop system from the different AIA passbands sensitive to the same ions as in the top panels.

144



N
(@)

(@)

Distance(Mm)

(@)

0 20 40 60 80 100
Time(min)

Figure 6.4: Time-distance maps produced from detrended light curves along the Loop
1 identified in Figure 6.3 for AIA 171 A passband. The 3-min period slow waves propa-
gating along the loop are visible as alternate bright and dark ridges at the bottom of the
plots. The red dashed box shows the time duration at which the loop was traced by EIS.

with the EIS 1" slit.

6.2 Analysis and Results

Figure 6.3 shows the analysed fan loops in the solar corona observed by AIA and EIS
as labelled. We have identified six fan loops, which are clearly visible in the hot and
cool AIA passbands and several EIS spectral lines. These loops can be traced in the AIA
and EIS images. The overplotted lines represent the manual tracing of the loops. Since
loops are traced separately in the AIA and EIS images, there might be slight offsets
along the loop locations from the AIA and EIS. Here, we present results for Loop 1 as a

representative example.

6.2.1 Loop evolution/Stability

To determine the stability of the loop with time during the EIS raster, we obtained the
detrended light curves from AIA 171 A by subtracting the background light curves (18-
min running average of the original light curves) from the original light curves at those

loop locations. These detrended light curves are further utilized to plot the time-distance
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Figure 6.5: Intensities in different spectral lines plotted in different colours along the
coronal Loop 1. The colour code for different ions is the same as in Figure 6.1, i.e., Fe
VIII (orange), Fe IX (pink), Fe X (green), Fe XI (red), Fe XII (blue), Fe XIII (purple), and
Fe XIV (olive).

intensity map along the fan loop, as shown in Figure 6.4. The time-distance image shows
intensity evolution with time along the fan loop in the form of alternate bright and dark
regions, indicating the presence of well-known 3-min slow magnetoacoustic waves, see
Chapter 4. Here, we are plotting a 120 min long time series during which EIS was
observing the fan loop system. The red box shows the time duration during which the
loop was rastered by EIS. We note that up to a few Mm from the coronal loop footpoint,
there are no strong brightenings, and the loop is not evolving when the EIS slit was

rastering the loop. These indicate that the loops under study are quiescent loops.

6.2.2 Plasma diagnostics

In Figure 6.5, we plot the intensity variation along the loop for selected spectral lines.
1-0 error bar associated with the intensity is also overplotted on the data points. All
plasma diagnostics are performed over these intensities. While calculating density along
loops, background subtraction plays an important role (e.g., Del Zanna and Mason,
2003). Therefore, we tried to determine the background in the vicinity of the loop. We
noticed a change in the structure of the active region for high and low temperatures.
This makes the uniform tracing of loops and their corresponding backgrounds for both
temperatures very difficult. Therefore, we have selected only those loops that are visible
in both high and low temperature images. Additionally, due to non-uniformity in the
background, we perform plasma diagnostics using original intensities only. This can

have some line-of-sight integration effects.
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Figure 6.6: EM loci curves obtained from spectral lines provided in Figure 6.1 at different
loop lengths as labelled.

6.2.2.1 Temperature

The plasma electron temperature (T;) can be determined using various emission lines
from ions with different ionization stages. The contribution functions of spectral lines
depend on temperatures, as shown in Figure 6.1. These observed intensities along Loop
1, as shown in Figure 6.5, are used to determine the temperature using the EM loci
method. This is an effective technique to estimate the electron temperature (e.g., Del
Zanna et al., 2002). In this method, we plot the emission measures (EM) calculated
using Equation 2.20, which are ratios of observed intensities with the corresponding
contribution functions for different spectral lines as a function of temperature.

To determine temperature, we utilize density-insensitive emission lines Fe VIII 185.21
A, FeIX 197.86 A, Fe X 184.53 A, Fe X1 192.82 A, Fe XII 192.39 A, Fe XIII 201.12 A and
Fe XIV 270.53 A to obtain the EM loci curves. We obtained EM loci curves along the
whole loop. In Figure 6.6, we plot sample EM loci curves along three locations along
Loop 1 as labelled. The EM loci curves obtained from these spectral lines intersect at
different temperatures, indicating that the loop is multi-thermal in nature. This can be
due to the presence of multiple unresolved strands or thin loops within the traced loop
(e.g., Klimchuk, 2015).

To determine the temperature where the maximum number of EM curves intersect,
we plot a histogram of the EM loci curves with respect to temperature along Loop 1.
In Figure 6.7, temperature is on the x-axis, and the frequency of cuts at that particular
temperature is on the y-axis. The histogram shows two prominent peaks, one below 1

MK and another above 1 MK. The distribution shows the dual temperature component
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Figure 6.7: The histogram of all the EM loci intersections. Frequency (left y-axis) and
emission measure (right y-axis) as a function of temperature. The overplotted solid black
lines show the EM curves obtained from DEM analysis near the loop footpoint, 5 pixels
apart. The dashed black lines show EM curves away from the footpoint, 5 pixels apart
along Loop 1. The green dash-dot line represents the averaged EM profile obtained
along the whole Loop 1.

nature of the loop (cool and warm). To further verify this, we determined the average of
the intersection points for spectral line combinations from Fe VIII to Fe XI (low temper-
ature), Fe XI to Fe XIV (high temperature), and Fe VIII to Fe XIV (average temperature).
Fe XI is common in both high and low temperatures as its contribution function falls in
the middle of the temperature range, as shown in Figure 6.1. The temperature along the
loop is obtained from lower temperature ions (red colour) and higher temperature ions
(blue colour), as shown in Figure 6.8. The error bars on temperature are the standard
deviation of these intersecting points at that location. Figure 6.8 suggests that the loop
has two temperature components, and both components are nearly isothermal along the
loop.

To compare the estimated temperature from the EIS spectroscopic data with the AIA
imaging data, we employ the differential emission measure (DEM) tool developed by
Cheung et al. (2015). This utilizes six EUV coronal passbands of AIA 94, 131, 171, 193,
211, and 335 A. The overplotted solid black lines on Figure 6.7 represent the EM curves
obtained from DEM analysis along the loop, near the footpoint (5 pixels apart). These

EM curves resolve the dual temperature component. The dashed black lines show only
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Figure 6.8: Temperature variation along the coronal Loop 1 from the EM-loci curves us-
ing EIS spectral lines. The red, blue, and green colours represent temperature variations
of high, average, and low components along the loop.
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peaks. Blue colour represents the temperature obtained from the single DEM peak.
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a single temperature component away from the footpoint (5 pixels apart) in Figure 6.7,
although the loop is clearly visible in both hot and cool AIA passbands (see Figure 6.3).
The green dash-dot line shows the EM curve averaged over the whole loop. This curve
very nicely overlays the EM loci histogram obtained from the EIS spectral lines, even
though it has a single peak, and the EIS histogram has two peaks in temperature.

The DEM peaks around 0.85 MK and 1.4 MK near the coronal footpoint represent
the emission from the fan loops. However, due to the limitations in the temperature
resolution of DEM, the double peaks are not resolved further along the loop, and we
find only a single peak at the mean temperature. Due to this, the temperature profile
obtained along the loop from AIA imaging data shows a slight increase in temperature

as shown in Figure 6.9.

6.2.2.2 Emission measure

We also obtained the average EM variation along the loop from EIS spectral lines using
Equation 2.20. The EM variations for high, low, and average temperatures are shown
in red, blue, and green colours, respectively, in Figure 6.10. The variations in EM of
these temperature components are similar to the intensity variations of the spectral lines
belonging to that temperature range along Loop 1, as shown in Figure 6.5.

We have also estimated EM along the loop from DEM curves shown in Figure 6.7.
The emission measure from the first peak (low temperature) and second peak (high
temperature) is shown in green and red colour, respectively. The blue coloured data
points are from a single temperature peak as shown in Figure 6.9. EM curves near the
loop footpoint clearly show the appearance of dual temperature plasma components.

The emission measure of the low temperature (green colour) component is higher
than that of the high temperature (red colour) component obtained from both imaging
and spectroscopic techniques, showing dominance of the low temperature plasma com-
ponent near the loop footpoint. The increase in emission measure for higher tempera-
ture can be due to the presence of some brightening at the loop or along the line-of-sight
at around 20-25 Mm, as shown in Figure 6.4.

To further explore EM distribution at different temperatures, we show EM images
of the fan loop system obtained in different temperature ranges, 0.5-0.9 MK, 1.1-1.4
MK, and 1.6-3 MK in Figure 6.12. EM images are obtained at a time around 12:10

UT and averaged over 1 min. This is the time when EIS was rastering over Loop 1
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Figure 6.10: Average EM variation along the coronal Loop 1 as obtained from the EM
loci curves for three temperature components shown in Figure 6.8.
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Figure 6.11: Average EM variation along the coronal Loop 1 as obtained from the DEM
analysis for three temperature components shown in Figure 6.9
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Figure 6.12: EM images obtained from DEM analysis in different temperature bins as labelled. Images highlight the temperature variations
along the loops.
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as shown in Figure 6.4. Loops are visible over the entire temperature range; however,
we notice a change in the intensity of the loops as we move higher in temperature. In
the left panel of Figure 6.12, i.e., in the low temperature range, the footpoint region of
the loops shows strong emission. The footpoint temperature can be even lower, as the
loop footpoints are also visible in the Mg V spectral line, which probes the transition
region temperature of about 0.3 MK, as shown in Section C.1. In the middle panel of
Figure 6.12, i.e., average temperature range, the footpoint region of the loops shows
slightly weak emission. In the right panel of Figure 6.12, i.e., in the high temperature
range, the middle portion of the loops shows weak emission, and the footpoint region
of the loops shows strong emission, which could be either due to footpoint brightening
or some hot background/foreground along the line-of-sight. In summary, EM images

do highlight the multi-thermal temperature variation along the loops.

6.2.2.3 Density

Electron number density (N,) is derived by using the intensity ratio of two emission lines
of the same ion with different electron density dependence. This method provides the
mean electron number density along the line-of-sight, which depends purely on atomic
processes within the ion (see details in Section 2.2.2.2). The variation of intensity ratio
of the two spectral lines, with one sensitive and the other insensitive with respect to
the electron density, is obtained from CHIANTI v.10.1 (Del Zanna et al., 2021). We use
the ratio obtained from density-sensitive line pairs of Fe XII 186.88/195.12, as shown in
Figure 6.13. Using this ratio, we determine the electron number densities along the loop
length as shown in Figure 6.14. The density plot shows a slow decrease in density along
the loop, highlighting the large density scale height, and thus the overdense nature of

these loops.

We further obtained electron densities along the loop using DEM analysis. Using
the EM values at peak temperatures as shown in Figure 6.11 and upon assuming the
plasma filling factor to be 1, we estimated the electron number density (n.) along the

loop using Equation 2.13, where h is the diameter of the loop.
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Figure 6.13: Variation of intensity ratio Fe XII (186.85+186.89)/195.12 with electron num-
ber density obtained from CHIANTI database.
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Figure 6.14: Variation of electron number density along Loop 1 obtained from the EIS
Fe XII line ratio method.
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Figure 6.15: Variation of electron number density along Loop 1 obtained from the DEM

technique using the AIA imaging data.
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Figure 6.16: Variation of FWHM obtained from spectral line fitting as shown in Fig-
ure 6.2 obtained along the loop from 195.12 A spectral lines as labelled.
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Figure 6.17: Variation of effective velocity (thermal and non-thermal combined) obtained
along the loop from 195.12 A spectral lines as labelled.
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Figure 6.18: Variation of non-thermal velocity along the loop from 195.12 A spectral
lines as labelled.

6.2.2.4 Alfvén wave velocity amplitude

We obtained the FWHM of the Fe XII 195.12 A spectral line by fitting a Gaussian profile
over the observed intensity profiles along Loop 1. This FWHM can be expressed as

2%, T,
M;

A

FWHM = \/[4ln2(c)2( + vflth) + Wl%m], (6.2)

where k;, is Boltzmann constant, A is wavelength of spectral line, c is speed of light,
T; is ion temperature, M; is ion mass, v, is non-thermal velocity, and W, is the
instrumental width. The EIS instrumental width for the 1" slit varies between 56 and 59
mA for a central 512 pixels. This can be calculated using IDL routine EIS_SLIT_WIDTH
1a

After subtracting instrumental width and converting FWHM into velocity units us-

ing Equation 2.17, we determined the effective velocity v.¢f as

2ky T,
Vef = 4/ ( Aﬁ} + ). (63)

The effective velocity obtained from Fe XII 195.12 A is plotted in Figure 6.17. The
error bars on effective velocities are calculated using errors in the fitting parameters and
instrumental width error of ~2 mA.

We further calculated non-thermal velocity (v,,), which can be considered as the
Alfvén wave velocity amplitude. This is an important component in calculating Alfvén

wave energy flux. The non-thermal velocity is calculated after subtracting the thermal

Thttps:/ /sohoftp.nascom.nasa.gov /solarsoft /hinode/eis/doc/eis_notes/07_LINE_WIDTH/eis_swnote_07.pdf
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Table 6.2: Plasma and wave parameters derived at coronal loop footpoints using EIS
spectroscopic data. Loop footpoints are at three different temperatures as presented in
Figure 6.8.

Loop Temperature Density Velocity amplitude Alfvén wave energy flux
MK cm 3 kms~! erg cm 25!
1 0.86 | 1.65 | 1.27 | 5.98x108 | 25.54 | 20.43 | 23.03 | 1.29x107 | 0.82x107 | 1.05%x10”
2 0.87 | 1.75 | 1.31 | 3.94 x10® | 26.73 | 21.23 | 24.13 | 1.15x10” | 0.72x10” | 0.93x10”
3 093 | 1.69 | 1.33 | 5.44x10% | 29.41 | 24.52 | 27.07 | 1.63x10” | 1.13x10” | 1.38x10”
4 0.87 [ 1.61 | 1.26 | 5.20x10% | 29.05 | 25.01 | 26.99 | 1.56x107 | 1.15x107 | 1.34x10”
5 0.84 [ 1.60 | 1.24 | 6.57x10% | 28.19 | 23.86 | 25.96 | 1.64x107 | 1.18x107 | 1.40x107
6 077 | 1.77 | 1.30 | 8.14x10% | 25.79 | 22.55 | 19.22 | 1.53x107 | 1.17x107 | 0.85x107

velocity component from the effective velocity. The thermal component is calculated as-
suming plasma is in thermal equilibrium; therefore, we have approximated T, = T;. The
obtained non-thermal velocity amplitude is shown in Figure 6.18 for the dual temper-
ature component and the average temperature component in their respective colours.
The error bar on non-thermal velocities was calculated using the error in effective veloc-
ities and the error in temperature. The non-thermal velocity, i.e., Alfvén wave velocity
amplitude of these waves, is almost constant along the loop length within the error

range.

6.2.3 Alfvén wave energy flux

We further calculate Alfvén wave energy flux using

Ep = po2y04 = ,/ﬁvithB, (6.4)

B
\/ 4mp

speed and B is magnetic field. Here, we are assuming a magnetic field strength of 197

is Alfvén

where p is mass density (0 = um,N,, m, is proton mass, y is 1.27), v4 =

G at the coronal loop footpoint (Rawat et al., 2025), see Chapter 5. Alfvén wave energy

2

flux at the loop footpoint is about &~ 107 erg cm~2 s1. This wave energy flux can easily

account for the active region radiative losses, see Table 2.2.

We performed a similar analysis on the other five loops identified in Figure 6.3.
We found that in most of the loops, the densities fall very slowly, which suggests an
overdense nature of the loops. Here also, Alfvén energy flux at coronal loop footpoint

2

is of the order of ~ 107 erg cm’~ s~1 as found for Loop 1. The estimated plasma and

Alfvén wave parameters at all the loop footpoints are tabulated in Table 6.2.
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6.3 Discussion and conclusion

In this work, we selected a few coronal loops that are visible in images of both AIA/SDO
and EIS/Hinode hot and cool temperatures. Using the spectroscopic data of EIS and
imaging data of AIA, we estimated various plasma parameters along coronal loops
using various techniques and compared them. Spectroscopic diagnostics were used
to measure electron density, temperature, non-thermal velocity, and thus Alfvén wave
energy flux at the loop footpoints. The loops were clearly visible in various spectral
lines covering the peak formation temperature of 0.5-2 MK. We determined the electron
number density and temperature along the coronal loops using the line ratio and EM
loci method, respectively. We further compared the density and temperature obtained
from the spectroscopic method with the density and temperature obtained using the

DEM analysis, utilizing imaging data.

Results obtained from the EM-loci technique clearly show that plasma in the line-
of-sight and along the loop is of a dual nature, as all the EM curves cut at a single
point for the combination of high and low temperature spectral lines. The result also
indicates that the temperature along the loop is also constant (within the obtained error
bars), and highlights its isothermal nature within the high and low temperature ranges.
Gupta et al. (2019) also studied the long coronal loop, and found the loop to be nearly

isothermal along and across the loop length.

We determined the temperature along the loop using the spectroscopic EIS method
and plotted a histogram, which shows a dual temperature structure along the loop. One
plasma component was below 1 MK, and another was above 1 MK along the whole
traced loop. We further compared these temperatures along the loop with a combina-
tion of spectral lines sensitive to lower (Fe VIII-XI) and higher (Fe XI-XIV) temperatures,
and found two similar temperature distributions along the loop. This highlights the exis-
tence of two temperature plasma components along the loops, ranging from 0.8-1.05 MK
and 1.6-1.8 MK. We also obtained the average temperature along the loops. We further
compared these temperature profiles with temperatures derived from DEM analysis car-
ried out using AIA data from tools provided by Cheung et al. (2015). Our findings again
highlight the dual temperature component of these loops, where the lower temperature
plasma dominates the emission near the loop footpoints, and as we move further away,

the high temperature plasma emission dominates. The lower temperature obtained at
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the loop footpoint can be even smaller, as the footpoint regions look bright in Mg V
2796.16 A spectral line probing 0.32 MK, as shown in Section C.1 (Young et al., 2007).
However, this needs further detailed investigation.

DEM analysis revealed the dual temperature nature of the loops only up to a few
pixel lengths (4-5 Mm), after that, two DEM peaks merge and provide an average tem-
perature along the loop. Analysis demonstrates the superiority of spectroscopic data
over imaging data in resolving the multiple temperature components along the loops.

From DEM analysis, we again found that the emission measure along the loop is
high for the low temperature component and low for the high temperature component,
only up to a few pixels along the loop length (4-5 Mm), then the two components merge.
Then, after a few pixel lengths, the emission measure from the higher temperature com-
ponent is stronger than the low temperature component. Results from both techniques
highlight that at the loop footpoints, low-temperature plasma emission dominates.

We obtained the electron density along the loop using the density-sensitive EIS spec-
tral line pair Fe XII A 186.88/A 195.12. Obtained number densities from spectroscopic

3 near the footpoint, which falls to ~ 4 x 108 cm 3 at farther

data is around ~ 6x10% cm™
along the loop. This indicates the overdense nature of these fan loops.

From the FWHM of the spectral line obtained by fitting a Gaussian function over the
observed intensity profiles along the loops, we estimated the effective and non-thermal
velocities (Alfvén wave velocity amplitude) along the coronal loop lengths. The strongest
line Fe XII 195.12 A shows an almost constant effective and non-thermal velocity along
the loop. The non-thermal velocity obtained from Fe XII 195.12 A line is ~20 and 25 km
s~ ! with a slight increase with height, though within the error bar. Such almost constant
non-thermal velocity along the loop length has also been noted in Gupta et al. (2019).

Upon combining all these parameters with the latest magnetic field estimate of ~ 200
G at the coronal footpoint of these loop as quoted in Chapter 5 and Rawat et al. (2025),

2 =1 which is sufficient to

we obtained Alfvén wave energy flux to be ~ 107 erg cm™
maintain the hot active region corona. Henceforth, Alfvén waves can be considered as

playing an important role in the heating of active region corona.
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Chapter 7

Conclusions and future prospects

This thesis work deals with the MHD waves dynamics along umbral fan loops. These
waves play an important role in the heating of the solar corona. For this purpose,
we have utilized several multi-wavelength imaging and spectroscopic observations of
sunspots taken from the AIA, HMI, IRIS, and EIS instruments.

Most of the observations were taken in EUV and UV emission lines originating from
chromospheric, transition region, and coronal temperatures. Some coverage of photo-
spheric emissions was also obtained. We focused on unipolar sunspots near the disc
centre for our analysis. These sunspots host several coronal fan loops originating from
their umbral regions and show clear signatures of 3-min propagating waves. In this
chapter, we summarize the results obtained in this thesis work along with the con-
clusions drawn. We further mention the future plans that are useful to advance our

understanding of wave dynamics using recent and upcoming solar missions.

7.1 Summary of results

7.1.1 Source region of 3-min slow waves

All the fan loops rooted in the sunspot umbra constantly show a 3-min period propa-
gating slow magnetoacoustic waves in the corona. However, their origin in the lower

atmosphere were unclear.

¢ Loop tracing

We employed the correlation technique to trace the fan loops in the lower atmo-

sphere, which are otherwise only visible in the corona. We traced the footpoints
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of several fan loops at different atmospheric heights from the corona to the pho-
tosphere using the 3-min waves and also obtained their cross-sectional areas. We
measured their phase speeds and found them to be less than the speed of sound,

which confirms that these are 3-min slow-magnetoacoustic waves.

e Amplitude and frequency modulations

We traced the origin of these waves by utilizing their amplitude and frequency
modulation characteristics with time while propagating along the traced waveg-
uides. These modulation periods are in the range of 20-35 min present at all
heights. Based on our findings, we interpret that 3-min slow magnetoacoustic
waves propagating in the coronal fan loops are driven by 3-min oscillations ob-

served at the photospheric footpoints of these fan loops in the umbral region.

* Relation between 3-min and 5-min (p-modes) waves

We also explored any connection between 3-min and 5-min (p-modes) oscilla-
tions observed at the photospheric footpoints of these loops and found them to

be weakly coupled.

7.1.2 Damping of waves

¢ Photosphere to corona (Lower atmosphere)

Using the traced loops and their cross-sectional areas as described above for the
lower atmosphere, we investigated the role of area divergence and frequencies on
the damping of slow magnetoacoustic waves propagating from the photosphere
to the corona along several fan loops rooted in the sunspot umbra. To investi-
gate frequency dependence, we utilized 1-2, 2.3-3.6, and 4.2-6 min period bands.
We estimated the energy flux of propagating 3-min slow magnetoacoustic waves
along the fan loops and obtained a damping length of 208+7 km. We further in-
vestigated the role of the area expansion of these loops in the damping of these
slow magnetoacoustic waves. We deduced the decay of total wave energy con-
tent within the loop cross-sectional area with height, and estimated the damping
length in this case to be 303+£10 km. Finding reveals that the area expansion of
loops with height plays an important role in the damping of these waves from the

photosphere to the corona. Results also show some frequency-dependent damping
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of slow magnetoacoustic wave energy fluxes with height, where high-frequency

waves are damped faster than low-frequency waves.

¢ Along the coronal fan loops (Upper atmosphere)

3-min period band slow magnetoacoustic waves, upon reaching the corona, show a
clear dispersive nature. We selected 5 frequency bands within the 3-min (1.8-4 min)
band and determined the phase speed in these frequency bands, v(w). The phase
speed increases with frequency, which highlights the dispersive nature of slow
magnetoacoustic waves in the corona. The Fourier power maps of waves along
fan loops show frequency-dependent damping within the 3-min period band. The
result highlights the relation between the dispersive nature of the waves and their

frequency-dependent damping.

7.1.3 Seismological applications

* Refinement of the loop tracing method

To obtain a better coverage over different atmospheric heights, we identified a
unipolar sunspot near the disc centre observed in all four IRIS passbands. We then
refined the loop tracing by utilizing more passbands in the lower atmosphere. We
have also traced the loops visible in the corona and obtained their cross-sections
using the FWHM method. We determined the area expansion scale heights of the

loops.

¢ Total number density and temperature along the loops

We determined the total number density and temperature along the loop. For
heights below the corona, we utilized the sunspot umbra model of Fontenla et al.
(1999). In corona, we utilized the differential emission measure (DEM) analysis

tool developed by Hannah and Kontar (2012) using the AIA data.

* Magnetic field and plasma-g along the loops

We calculated the magnetic field and plasma-p variations along magnetically struc-
tured loops from the photosphere to the corona. We find the RMS magnetic field
strengths in the range 1596-2269 G at the photospheric footpoints of the fan loops,
which decrease rapidly to 158-236 G at the coronal footpoints. We estimated

the plasma-f at the photospheric and coronal footpoints in the range 0.2-0.5 and
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0.0001-0.001, respectively. We found plasma-B <1 along the whole loop, whereas
the plasma-f ~1 layer is found to be at sub-photospheric heights.

7.1.4 Spectroscopic diagnostics

¢ Density and temperature along coronal loops

We determined the electron number density and temperature along the coronal
loops using the line ratio and EM loci methods, respectively, using the spectro-
scopic data obtained from EIS. These methods provide precise values of density
and temperature as we are using spectrally resolved lines. We found that in most
of the loops, the densities fall very slowly and are found to be overdense. We
also found the existence of two temperature plasma components along the loops,
ranging from 0.8-1.05 MK and 1.6-1.8 MK. We also obtained the average temper-
ature along the loops, varying between 1.2-1.4 MK. We further compared these
temperature profiles with temperatures derived from DEM analysis carried out
using AIA data from tools provided by Cheung et al. (2015). Our results high-
light the dual temperature component of these loops, where the low temperature

dominates near the loop footpoints and further away, high temperature dominates.

¢ Alfvén wave velocity amplitude and energy flux

From the FWHM of the spectral line obtained by fitting a Gaussian function over
the observed intensity profiles, we determined the non-thermal velocity (Alfvén
wave velocity amplitude) along the coronal loops. We found that the non-thermal
velocity remains almost constant along the loop length for the Fe XII 195.12 A
spectral line. Upon combining all these plasma parameters with the magnetic
field strength along fan loops, we determined the Alfvén wave energy flux to be

2

~ 2x107 erg cm~2 s, which is sufficient to heat the active region corona.

These results are achieved using multi-wavelength imaging and spectroscopic obser-

vations.
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7.2 Conclusions

Finally, we provide the final conclusions drawn in this thesis based on the results pre-

sented above.

* We devised a novel analysis technique that can identify the loop location and
the cross-section area of fan loops in the lower solar atmosphere (photosphere to

corona) where they are otherwise invisible.

¢ We found that 3-min slow magnetoacoustic waves propagating along coronal fan
loops are driven by 3-min oscillations observed at the photospheric foot-points of

these fan loops in the sunspot umbral region.

¢ We found that the area divergence plays an important role in the damping of waves
in the lower solar atmosphere and should be taken into account while studying

wave damping.

¢ In the corona, these waves show a clear dispersive nature, which can possibly

explain the frequency-dependent damping characteristic of slow waves.

® Our loop tracing technique demonstrates the seismological potential of 3-min slow
waves omnipresent in the umbral sunspot atmosphere to probe and map isolated
loops and determine magnetic field and plasma-p along these loops. We found
that the magnetic field strength in these loops at the coronal footpoint is higher

than previously reported.

¢ We further utilized spectroscopic data to estimate Alfvén energy flux at coronal
loop footpoints and found that Alfvén waves carry enough energy flux to heat the

active region corona.

¢ Finally, our results provide clear evidence of magnetic coupling of the solar at-
mosphere through propagation of 3-min waves along fan loops at different atmo-

spheric heights.

¢ Though our results are obtained mainly from slow wave propagation, identifica-
tion of wave guide in the umbral atmosphere and the effect of area divergence will

be applicable to other types of waves as well.
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7.3 Future prospects

We now discuss the future directions in continuation of the current projects and as

follow-ups to these projects.

* Determine the mechanism/source region of different MHD wave modes and peri-

ods present in the umbral atmosphere.
¢ Identify the presence of a resonant cavity in these waveguides.

* Decouple the different wave modes propagating along the waveguides and assess

their contribution to solar atmospheric heating.

* Explore the variation of power-law distribution and indices along highly resolved

coronal loops.

* To determine the actual frequency-dependent damping of slow magneto-acoustic

waves after incorporating the area divergence effect along coronal loops.

e Statistics of plasma-p variation for different loops originating from different solar

structures.

¢ Impact of small episodic brightenings and large transients happening at the loop
footpoint, along the loop, and near the loop on wave propagation and other mode

generation.

¢ Comparing the actual damping lengths with the various proposed damping mech-
anisms and determining the parametric dependence of various plasma parameters

involved in the heating of the solar atmosphere.

The future of solar physics is bright, as various space-based and ground-based ob-
servatories have become operational in the past few years. DKIST (first-light, January
2020), Solar Orbiter (SolO; launched, February 2020), and Aditya-L1 (launched, Septem-
ber 2023) observations are aimed at mapping the physical conditions in the solar at-
mosphere. Coordinated observations using instruments from DKIST, IRIS, SDO, SUIT,
SolO, Hinode, etc., can be utilized to observe the solar atmosphere and inner helio-
sphere, addressing the long-standing problems in the area of solar and space physics
(e.g., Martinez Pillet et al., 2023). These observations will further enhance our under-

standing of waves and transients in the solar atmosphere.
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Appendix A

A.1 Cross-section of coronal fan loop in AIA 171 A image

To determine the cross-sectional area of the coronal foot-point in AIA 171 A image, we
obtained the intensity across the coronal loop foot-point and fitted it with a Gaussian
with a linear function over that intensity distribution as shown in Figure A.1. The Full-
Width Half Maximum (FWHM) of the fitted Gaussian function provides the diameter of
the loop at that location in the corona (e.g., Gupta et al., 2019). The obtained diameter
is ~ 1.76 + 0.18 arcsec (1.27 4= 0.13 Mm) for loop 6.

A.2 Correlation image in corona

Correlation images obtained between AIA 171 A image and filtered light curves ob-
tained at coronal loop foot-points in ATA 193 A (left panel) and 171 A (right panel) are

presented in Figure A.2. For details on the method, see Section 3.2.1.

A.3 Artefact due to solar rotation

In Section A.3, we show average Fourier power spectra of sunspot umbra obtained
by averaging individual Fourier powers at each pixel within the umbra. The Fourier
power follows a power-law with a strong peak at 3.9 min. This peak is an artefact
due to pixel crossing time, which occurs due to differential rotation of sunspots as
described in Norton et al. (2021). We calculated the theoretical value of this artefact for
our dataset. The analysed sunspot is located at ~ 7° south latitude. Using the sswidl
routine dif f_rot (based on Howard et al., 1990), we determined the differential rotation

1

rate of this sunspot as 1.88 km s™". Since 1-pixel (0.6arcsec) here represents 435 km,
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Figure A.1: Gaussian with linear function fitted over the intensity distribution across the
coronal foot-points of loop 6 as observed in AIA 171 A passband.
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Figure A.2: Correlation images obtained in corona as labelled. In each panel, the asterisk
sign (*) in the centre refers to the coronal foot-point of loop 6 as obtained from AIA 171
A image. The red circle represents a cross-section of the loop obtained from FWHM as
described in Appendix A.1. Overplotted yellow colour contours are obtained at 80% of
the maximum correlation value. Overplotted black contours, as labelled, are obtained
from the maximum correlation value to fit the red circle.
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Figure A.3: Average Fourier power spectrum of full umbra. The peak at 3.9 min is an
artefact corresponding to the “pixel-crossing’ time. Two vertical dashed lines at 3.74 and
4.2 min show the period window excluded from our analysis.

which leads to the pixel crossing time to be around 3.86 min. This value is the same
as the peak found in the Fourier power spectra. Also, there will be a slight shift in
the latitude for each loop foot-point or locations within the umbra, which can shift this
artefact by a few seconds. Therefore, we are taking the 3.74-4.2 min period window as
the spread of this artefact. This artefact is more noticeable when two nearby pixels have

significant intensity gradients.

A4 Temperature profile for umbra

Formation heights in the sunspot umbra for a particular passband sensitive to one tem-
perature are shown in Figure A.4. For the purpose, we have utilised the umbral model
of de Oliveira e Silva et al. (2022), which they claimed is close to the atmospheric mod-
els of Fontenla et al. (1999, 2009) and others. Here, atmospheric model of de Oliveira e
Silva et al. (2022) is preferred over models of Maltby et al. (1986) and Avrett et al. (2015)
due to the higher upper boundary of de Oliveira e Silva et al. (2022), which includes an
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Figure A.4: Height-temperature profile for sunspot umbra extracted from de Oliveira e
Silva et al. (2022). Formation heights (denoted by vertical dashed lines) for passbands
sensitive to a particular temperature (denoted by horizontal dotted lines) are also pro-
vided.

extended corona.

A.5 Randomization bootstrap analysis

To check the reliability of correlation coefficient values, we are performing a random-
ization bootstrap analysis. In this method, it is assumed that in non-periodic time series
data, the order in which the data is taken is not important. For example, suppose there
is no periodicity in the time series. In that case, the order of intensity (or any variable)
with respect to time can be changed from xi, x2,... x, to a randomly arranged Xy(1),
Xy(2)r+ Xr(n), Where n is the number of data points and r(1), 7(2),... 7(n) is a random
permutation of the data points (e.g., O’Shea et al., 2001; Sharma et al., 2017). Here we are
randomizing the amplitude modulation curves obtained earlier from different heights.
In Figure 3.9, pink colour lines are obtained by correlating randomized amplitude
modulation curves obtained from the wavelet spectrum of upper height with the ran-
domized amplitude modulation curves obtained from the lower height, as labelled using
the method described above. Similarly, purple lines are obtained from amplitude mod-

ulation curves resulting from the extrema method. We have performed this randomiza-
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tion test 300 times using all 1200 data points of the time sequence. All 300 randomized
correlation curves are plotted with the same colour lines. All these lines together pro-
vide a band for correlation values, and any value beyond this band can be considered
a reliable correlation coefficient value. Here we can see that the band ranges approxi-
mately between -0.1 to 0.1, which means that if the correlation coefficient value between
the two curves is above 0.1 or below -0.1, then the correlation values can be considered

reliable.
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Appendix B

B.1 Average umbral Mg II 2796 A line profile

We have extracted the average near-ultraviolet spectra of Mg II 2796 A in the umbral
region marked with a white line (11-pixels) in Figure 4.2. We then fitted average spectral
profiles with the Gaussian function and constant background as shown in Figure B.1.
The fitted parameters were used to extract Doppler shifts and thus Doppler velocity
oscillations as shown in the right panel of Figure 4.2.

The fitted parameters were also used to extract peak intensity with time, and thus,
the relative intensity amplitude is obtained from spectroscopic data. We then deter-
mined the relative intensity amplitude near the slit from imaging data (assuming simi-
lar intensity and velocity oscillations) and found that the intensity amplitude obtained
from spectroscopic data is 1.25 times larger than the intensity amplitude obtained from
imaging data. Therefore, to obtain velocity amplitudes from imaging data (IVp), we

. Slump __ Ilampx125
are using formula Vowy =~ Vo

, where I, and Sl are relative intensity ampli-
tude obtained from imaging and spectroscopic data, respectively, and SV is velocity

amplitude obtained from spectroscopic data for 3-min oscillations.

B.2 Area of loop cross-sections

Variation of cross-sectional areas of loop 6 at different atmospheric heights (at ~95%
of the maximum correlation values) is shown in Figure B.2. Here, we see flux tube
expansion with height. Details on the technique and methodology for deriving loop
cross-sections are described in the Chapter 3, see also Rawat and Gupta (2023). Since
we are tracing the same loop, we can assume the filling factor to be one from the pho-

tosphere to the corona. However, at the photosphere, the loop cross-section is limited
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Figure B.1: Average line profile of Mg Il 2796 A over 11-pixels along the slit and binned
over two time frames at 7:20 UT. The profile is fitted with a Gaussian function in blue
colour.

to 1-pixel due to limitations on resolution. We have assumed 1- and 2-pixel errors in
the width of the loops calculated using SDO and IRIS passband, respectively. 1-pixel
of SDO and 2-pixel of IRIS passbands correspond to 435 km and 241 km on the Sun,

respectively.

B.3 Temperature and density of loop from photosphere to corona

To determine the formation heights for AIA, IRIS, and HMI passbands in the sunspot
umbra, we utilize the sunspot model of Fontenla et al. (1999). Temperature and density
variations with respect to the formation height are shown in Figure B.3. We associate
the temperature at the peak of response functions as the passband temperature and
obtain the corresponding formation heights. However, all these passbands will also have
some cooler and hotter temperature contributions as well (e.g., O'Dwyer et al., 2010).
Simultaneously at those formation heights, we determine electron (N,) and hydrogen
(Nj,) number density separately. The mass density is given by p = (N, + Nj,)m,, where
my is the proton mass (m, = 1.67 x 10~2* g) (Aschwanden, 2004). The left axis shows
the temperature, and the right axis shows the total mass density (p). Furthermore, we

have assumed 20% error in density and temperature in all our calculations (e.g., Gupta
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Figure B.2: Variation of cross-sectional area of loop 6 for 95% contour level with height.
The vertical bars represent errors in the cross-sectional area.

et al., 2019). These values play a key role in determining the wave energy fluxes with

height.

B.4 Results from integrated umbra

Previously, Kanoh et al. (2016) and Krishna Prasad et al. (2017) calculated the wave am-
plitudes and energy fluxes in the umbral atmosphere over the entire integrated umbra.
For comparison with previous results, we also carried out a similar analysis on the in-
tegrated umbra (see HMI continuum image of Figure 4.1). We determined the average
FFT power spectra of the whole umbra at all the atmospheric heights, and obtained the
presence of various periods as shown in Figure B.4. We performed a similar analysis
as described earlier to derive relative intensity amplitude, velocity amplitude, and wave
energy flux in the umbra for three period bands and plot them in Figure B.5. Due to a
lack of significant enhancement in the FFT power of the 3-min period band at the photo-
sphere, we are considering it as an unreliable data point. The damping lengths of wave
energy flux for 1.5-min and 3-min period bands obtained from temperature minimum

to corona are printed at the top right corner of Figure B.5.
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Figure B.4: Average Fourier power spectra obtained from background-subtracted light
curves at different heights, as labelled, for the integrated umbra shown by the contour
above the HMI continuum image in Figure 4.1. Shaded regions in green, blue, and red
colours denote 1.5-min, 3-min, and 5-min period bands, respectively, identified for our
analysis. Horizontal dashed lines in black and yellow colours represent 95% and 99%
average confidence levels.

177



100 T T T
i 1.5 min (Ly= 177£15 km)
) 3 min (Lg= 184£21 km)
1.5 1 5 min
sl
'
_ 2 { ;
¥ ¢ 1or 4 5
a 3 e,
E . & 10%H|
g
= 3 x
& < €
3
2 "I ¢
05 I I
- - 21|
,II 10
01 /// |
, =7
L= 0.0 (= 4
L L L L L L L L 10° L L L L
Q 500 1000 1500 Q 500 1000 1500 Q 500 1000 1500
Height (km) Height (km) Height (km)
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Appendix C

C.1 Loop footpoint temperature

According to Young et al. (2007), Mg V 2796.16 A is very weak in most circumstances.
However, the line is significantly enhanced at loop footpoints and provides valuable tem-
perature information as shown in the left panel of Figure C.1. This further highlights the
low temperature at the coronal footpoint and can be a topic of future exploration. The
red and yellow contours obtained from EIS Mg V and AIA 171 A image are overplotted
on the EIS Fe VIII image. Images and contours highlight the accuracy of alignment of

EIS images among themselves, and also with AIA passbands.
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