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Abstract

In 1962, Leighton, Noyes and Simon discovered velocity oscillations on the
photosphere of the Sun at Mt. Wilson Observatory in the USA using a spectro-
heliograph. These oscillations were interpreted as the superposition of millions
of individual acoustic modes generated beneath the photosphere via turbulent
convection and trapped inside the Sun. The oscillatory motions showed a dom-

inant period of 5-minutes with a maximum velocity amplitude of 500 m s~.

In
1972, Wolf suggested that solar flares could stimulate free modes of oscillations
of the entire Sun. Solar flares are highly energetic events in the solar atmosphere
that take place within a few minutes to hours and release an enormous amount
of energy in the electromagnetic spectrum and consist of accelerated charged
particles. During the bombardment of highly energetic charged particles on the
chromosphere, some of these particles and downward propagating shock strike
the solar photosphere thereby generating acoustic events like sunquakes or seis-
mic emissions. Kosovichev and Zharkova (1998), for the first time, discovered the
seismic emissions from an X2.2 class flare on July 9, 1996, in the active region
NOAA 7978. This phenomenon was identified as a “sunquake”. Moreover, apart
from the back reaction of charged particles and shock, Hudson et al. (2008a) sug-
gested that abrupt changes in Lorentz force (namely the “magnetic jerk”) can
also induce seismic emission in the sunspots accompanying major solar flares.
However, Qiu and Gary (2003) had suggested and later on, it was found that line
profiles are prone to getting distorted in the flaring locations during solar flares,
which could affect the measurements of the Doppler velocity and magnetic fields.
Therefore, we have investigated seismic emissions in the sunspots away from flar-
ing locations accompanying major solar flares. These locations are considered
to be free from any flare-related contaminations in the observational data. We
construct acoustic power maps in 2.5-4 mHz band from photospheric Doppler

velocity observations obtained during pre-, spanning and post-flare epochs and
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overplot contours of H, flare ribbons and hard X-ray footpoints in 12-25 keV
band. We have identified seismic emission locations within sunspots and away
from the flaring sites. Our detailed analysis shows an abrupt and persistent
change in photospheric magnetic fields in the seismic emission locations in the
range of 50-100 Gauss within a period of 10-20 minutes. Also, we find that the
estimated change in Lorentz force of the order of 10! dyne is sufficient to induce
seismic emission in the sunspots during the major solar flares. Our investigation
provides evidence that abrupt changes in the magnetic fields and associated im-
pulsive changes in the Lorentz force could be the driving source for these seismic
emissions in the sunspots during solar flares. It is crucial to study the seismic
emission in the sunspots during solar flares because these excess wave energies
propagate up in the solar atmosphere in the magnetized regions and thereby may

contribute to the heating of the solar active region atmospheres.

Additionally, the trapped low-frequency acoustic waves beneath the solar pho-
tosphere in acoustic cavities are considered to leak along the inclined magnetic
fields due to the reduction in acoustic cut-off frequency. The propagation of
these low-frequency acoustic waves in the small-scale magnetic fields is impor-
tant in terms of their contribution to the heating of the lower solar atmosphere.
Moreover, acoustic waves interact with highly structured magnetic fields of the
solar atmosphere in complex ways. Observational studies of such interactions
and the magnetohydrodynamic waves that result from them are essential for the
energetics of the solar atmosphere and recovering the background thermal and
magnetic structures. The plasma  ~ 1 surfaces and the magnetic canopy in the
solar atmosphere play decisive roles in propagation of these waves. The high-
frequency fast mode waves are refracted at 5 =~ 1 in the higher atmosphere and
are known to cause high-frequency acoustic halos around the sunspots. Thus, we
analyze the propagation of low-frequency acoustic waves into the solar chromo-
sphere within small-scale inclined magnetic fields over a quiet-magnetic network

region utilizing photospheric and chromospheric Dopplergrams obtained from the



Helioseismic and Magnetic Imager (HMI) onboard Solar Dynamics Observatory
(SDO) and the Multi-Application Solar Telescope (MAST) operational at the
Udaipur Solar Observatory, respectively. In view of the stochastic excitation of
acoustic waves and their intermittent interaction with the background magnetic
fields, we use the wavelet technique to detect these episodic signals. We report
a one-to-one correspondence between the presence of oscillatory signals (2.5-4
mHz band) in the photospheric and the chromospheric wavelet power spectra,
which are associated with the leakage of photospheric oscillations into the chro-
mosphere. In addition to this, chromospheric power maps also show the presence
of high-frequency acoustic halos around relatively high magnetic concentrations,
which indicate the refraction of high-frequency fast mode waves around v, = v

layer in the solar atmosphere.

The internal or atmospheric gravity waves (IGWs) are generated by turbulent
subsurface convection overshooting or penetrating locally into a stably stratified
medium. This is a normal response generated by a gravitationally stratified
medium to any perturbations from its equilibrium position and buoyancy acting
as a restoring force. Gravity waves in the solar atmosphere are now increasingly
recognized as an important contributor to the dynamics and energetics of the
lower solar atmosphere. While propagating energy upwards, their characteristic
negative phase shift over height is a well-recognized observational signature. Since
their first detailed observational detection and estimates of energy content, sev-
eral studies have explored their propagation characteristics and interaction with
magnetic fields and other wave modes in the solar atmosphere. Recently, numer-
ical simulations have shown that gravity waves are suppressed or scattered and
reflected back into the lower solar atmosphere in the presence of magnetic fields.
Here, we present a study of the atmospheric gravity wave dispersion diagrams
utilizing intensity observations that cover photospheric to chromospheric heights
over different magnetic configurations of quiet-Sun (magnetic network regions),

a plage, and a sunspot, as well as velocity observations within the photospheric
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layer over a quiet and a sunspot region. In order to investigate the propagation
characteristics, we construct two-height intensity - intensity and velocity - ve-
locity cross-spectra and study phase and coherence signals in the wavenumber -
frequency dispersion diagrams and their association with background magnetic
fields. We derive signatures of association between magnetic fields and much-
reduced phase shifts over height from intensity-intensity and velocity-velocity
phase and coherence diagrams, both indicating suppression/scattering of grav-
ity waves by the magnetic fields and thereby provide a qualitative observational
verification of numerical simulations of such phenomena.

Thus, in this thesis we have investigated the evolution of velocity and magnetic
fields in the solar atmosphere with an emphasis to understand the propagation

of waves in the lower solar atmosphere.

Keywords: Sunspots, magnetic fields, quiet-Sun, flares, photosphere, chro-

mosphere, oscillations.
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Chapter 1

Introduction

1.1 The Sun: Our understanding

The Sun is the nearest star to our Earth; therefore, its proximity allows us to
study its features with high spatial and temporal resolution in detail. The Sun is
regarded as the ‘Rosetta Stone’ of astronomy where different physical phenomena
can be studied and verified. It has an extreme effect on space weather and Earth’s
climate. Hence, its study is crucial for understanding the behaviour of stars,
cosmic plasma and from the astrophysics perspective. Generally, solar phenomena
have been classified into two classes: quiet and active. The quiet Sun is defined
as a static, spherically symmetric ball of plasma for which the magnetic field is
negligible, and properties depend on a first approximation of the radial distance
from the centre (considered constant in space and time) (Priest 2014, p. 4). The
active Sun consists of transient phenomena, such as pores, sunspots, filaments,
prominences, solar flares and coronal mass ejections, which are overlapped in the
quiet atmosphere and owe their existence to the magnetic fields (i.e., solar activity
in which phenomena occur within finite time scale) (Priest 2014, p. 4). The Sun
is a main-sequence star of spectral type G2V with radius (Re) &~ 6.955% 108 m,
mass (Mg) ~ 1.99x10% kg, surface gravity (g) ~ 274 m s~2, and luminosity

1



2 Chapter 1. Introduction

(Le) ~ 3.86x10%% W. The Sun is about 3.3x 10° times more massive than the
Earth, 109 times larger in radius, and surface gravity is 27 times greater. The
mean distance from the Sun to the Earth is 1.496 x 10" m (1 AU = 215 Ry), and
light takes around 8 minutes to reach Earth’s surface (Priest 2014, p. 5). Like
other stars, the Sun probably originated in the gravitational collapse of a huge,
tenuous interstellar gas cloud approximately 4.6x10° years ago. It may have
been triggered by the compression of a nearby supernova explosion, a collision
between two clouds, a shock wave propagating with the Galaxy’s spiral arm, or
the thermal instability of the interstellar medium. Currently, the Sun is in a

hydrostatic equilibrium state (Foukal 2004, p. 433).

1.2 Structure of the Sun

The Sun has different layers that define its structures, like the Earth. However,
unlike the Earth, the Sun is entirely gaseous and has no solid surface. Neverthe-
less, the Sun is entirely made of gas, and the density and temperature of the gas

change drastically as it moves from the centre to the outer atmosphere.

1.2.1 Solar Interior

The interior of the Sun is hidden under the light of the sphere (i.e., photosphere).
Consequently, it is impossible to see beneath the photosphere even utilizing the
most powerful telescopes in visible, X-rays or radio wavelengths. The observed
features on the photosphere, like granulations, pores, dark sunspots, their motions
and solar activity cycle indicate dynamics inside the Sun. The ‘standard solar
model” (SSM; Bahcall et al. (1982)), helioseismology (Leibacher et al. 1985), and
solar neutrino observations (Bahcall et al. 2001) have significantly contributed to
building up the current picture of the internal structure of the Sun. Solar interiors
have been modeled and compared with the observed properties by varying the

model parameters to match the observations. The interior of the Sun mainly
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Figure 1.1: Top panel: shows the solar interior, features at the surface and in
the atmosphere of the Sun (Source: https://scied.ucar.edu/learning-zone/
sun-space-weather/sun-regions. Bottom panel: demonstrates the plot of

temperature and density variation from the photosphere to the corona (Source:
Lang (2008)).
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includes core, radiative zone and convection zone (c.f. top panel of Figure 1.1).
The core, which is 25 % of the total solar radius (Ry), has a temperature around
1.5x107 K, and a density of 1.6x10° kg m~3 (Priest 2014, p. 6), where nuclear
fusion reaction generates the energy in the form of gamma rays photons. Above
the core, there is radiative zone which spans from 0.25 Ry to 0.70 Ri. The
photons (generated in the core) are absorbed and re-emitted several times in the
radiative zone leading to lower energy photons. The temperature drops from
approximately 7x10° K at the base of the radiative zone to 2x10° K at the top
of the radiative zone. The high density (=~ 2x10* kg m™3) in the radiative zone
of the Sun leads to a small mean free path of the photons (~ 9.0x107% cm).
Therefore, these photons, in practice take approximately 170,000 years to cross
it (Mitalas and Sills 1992). It indicates that if the energy generation process is
stopped, the Sun will continue to shine for millions of years. The outer layer of the
solar interior is convection zone, extending from 0.70 R to 1.0 Rg. A thin layer
known as Tachocline separates the radiative and convection zone. It is believed
that it plays a key role in generating and storing the toroidal magnetic fields.
As one moves outward from the radiative zone, opacity rises and increases the
magnitude of (-dT/dr)g. It is approximately 0.70 R, where convective instability
sets in (Priest 2014, p. 12). In the convection zone, energy is transported through
the convection rather than radiation. The large convective cells formed in the
convection zone rise from the base of the convection zone and reaches a position
where the opacity is no longer sufficient to hold the escape of the radiation. The
plasma expands, radiates, and cools and, in so doing, loses its buoyancy and
descends (Priest 2014, p. 12). The signature of convective cells can be traced on
the photosphere of the Sun in the form of granulations, mesogranulations, and

supergranulations etc.
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1.2.2 Solar Atmosphere

The solar atmosphere is defined as a part of the Sun from which photons can
escape directly into space. It consists mainly of three layers, i.e., photosphere,
chromosphere, and corona, with varying physical properties. The photosphere of
the Sun is a visible layer from which most of the visible light is emitted at 5000
A wavelength. In the model, photosphere is defined as a region of ~ 500 km
thickness from 75090 = 1 (Where 7 is optical depth at 5000 A) to the temperature
minimum height (Priest 2014, p. 30). We observe different solar features, viz.
granulation, meso-granulation, supergranulation, oscillations, faculae, pores, and
sunspots on the photosphere as shown in the top panel of Figure 1.1. On the
photospheric layer of the Sun, temperature decreases from approximately 6000
K to 4000 K. During a total solar eclipse, a thin reddish annulus is seen around
the rim of the photosphere, known as the chromosphere (colour-sphere). This
layer is highly dynamic, optically thin in a visible, near-ultraviolet and near-
infrared continuum; however, optically thick in strong spectral lines (Priest 2014,
p. 6). In the chromosphere and higher atmosphere, different physical phenom-
ena are frequently observed like spicules, plages, magnetic networks, filaments,
prominences, solar flares etc. The corona is the outermost part of the solar atmo-
sphere. Between the chromosphere and the corona, there is a thin layer known as
the transition region. In this region, thermodynamic variables change dramati-
cally. Corona spans from the top of transition region to out into the heliosphere.
This layer’s temperature is of the order of ~ 1000000 K. The density of the
plasma decreases from the photosphere to the corona. Nevertheless, above the
photosphere, temperature decreases till ~ 500 km, then slowly increases till ~
2000 km. Further, there is a sudden increase in the temperature at the transi-
tion region layer and continues into the corona. The bottom panel of Figure 1.1
depicts the temperature (solid black curve) and density (dashed curve) variation

above the photosphere into the corona. The cause of high temperature of the
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solar atmosphere is assigned to be the ‘coronal heating’ problem (Grotrian 1939;

Edlén 1943).

1.3 Solar velocity oscillations

The possibility of the presence of oscillations in the solar atmosphere was the-
oretically suggested by Whitney (1958). Subsequently, Leighton et al. (1962)
discovered velocity oscillations on the photosphere of the Sun by measuring the
shift of spectral line profiles. They provided evidence of the oscillatory motions
on the photosphere and the existence of patches or wave packets, both in space
and time. Further, Evans and Michard (1962); Noyes and Leighton (1963); Si-
mon and Leighton (1964); Orrall (1965); Gonezi and Roddier (1969) also found
similar periodic oscillations in their observational data obtained from different
instruments. Here, these oscillations are demonstrated in the top panel of Fig-
ure 1.2 as blue and red tiny patches, where blue regions are moving towards us
whereas the red areas are moving away from us. The fact that the observed os-
cillations are stronger near the disk centre while weaker near the limb suggests
that the motions are radial, i.e., inward and outward. At a given location, these
oscillations exhibit a quasi-sinusoidal variation with an amplitude of a few hun-
dreds of m s™! and the incoherent superposition of these million modes gives rise
to the dominant period of around 5 min. The estimated size of each patch was
found to be of the order of a few kilometers.

After a long period of the observational report of these oscillations, Ulrich (1970)
and Leibacher and Stein (1971) provided a theoretical explanation of the source
of these oscillations. The oscillations we see in the photosphere of the Sun are
due to the acoustic waves generated and trapped in the interior of the Sun. These
waves are produced by turbulent convection within and near the top boundary
layers of the convection zone, and they resonate to form p-mode (pressure driven)

oscillations. As these waves propagate towards the deep interior of the Sun, they
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Figure 1.2: Top panel: Illustrations of 5-min oscillations in the full disk running
difference of Dopplergrams obtained from the Helioseismic and Magnetic Im-
ager (HMI) instrument onboard Solar Dynamics Observatory (SDO) spacecraft.
Bottom panel: The power spectrum derived from high-cadence full disk veloc-
ity observations obtained from the the HMI instrument onboard SDO spacecraft
(Source: Hanasoge (2015)).
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refract (direction of motion bent) due to the increase of sound speed; as temper-
ature increases towards the core, consequently, return to the surface. However,
outward propagating acoustic waves reflect off the photosphere (where the den-
sity decreases rapidly). Thus, these waves are trapped inside cavities beneath the
solar surface that forms from the small density of the photosphere and high tem-
perature inside the Sun. These trapped waves set the Sun vibrating in millions
of different modes. Ulrich (1970) concluded that, these standing acoustic waves
may exist along discrete lines (ridges) in the &k, — w diagnostic diagram (where
kp, is horizontal wavenumber, and w is the angular frequency). These predicted
ridges were first observed by Deubner (1975) with the Domeless Coudé Telescope
at Capri. The bottom panel of Figure 1.2 shows the power as a function of [ and
v (where v is the cyclic frequency of the oscillations, [ is the angular degree, and
Ap, is the horizontal wavelength in megameters). It is to be noted that k—w power
spectra exhibit ridge structure well beyond the photospheric cut-off frequency of
Ve = 5.3 mHz (Libbrecht 1988), and that is not due to the trapped resonant
p-modes in the interior but are understood to be due to an atmospheric inter-
ference between waves directly from the subsurface sources and those refracting

back from the solar interior (Kumar et al. 1990; Kumar and Lu 1991).

1.4 Solar magnetic fields

The photosphere of the Sun exhibits dark structures ranging from a spatial scale
of a few meters to kilometres, known as magnetic networks, pores, sunspots etc.
These magnetized structures are a sheet of high magnetic concentration and are
considered to be responsible for the different physical phenomena occurring in
the solar atmosphere. The magnetic field of the solar surface is measured by the
Zeeman effect from the magnetic sensitive spectral lines (Hale 1908). Generally,
a dynamo mechanism operating at the base of the convection zone of the Sun is

considered as the source of the magnetic field (Solanki et al. 2006). It is known
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Figure 1.3: Hlustration of a magnetic flux tube emergence from the solar surface
due to magnetic buoyancy and formation of a bipolar sunspot (Source: Priest
(2014)).

that active regions or sunspots manifest the bundle of flux tubes which were al-
ready concentrated before emerging into the photosphere (Zwaan 1978, 1987).
Due to the strong differential rotation in the tachocline region, it plays an es-
sential role in generating the toroidal magnetic flux. Further, toroidal magnetic
flux emerge into the photosphere due to magnetic buoyancy and gives rise to
the formation of bipolar active regions (Parker 1955). Figure 1.3 shows the for-

mation of a sunspot via the emergence of a magnetic flux tube in the photosphere.

Most of the Sun’s activity is considered to be associated with the sunspots and
sunspot’s groups which comprise magnetic flux of the order of ~ 10*! Mx to 10?2
Mx, respectively (Priest 1984; Wiegelmann et al. 2014). However, much of the
flux in ARs in the form of smaller magnetic concentrations compared to sunspots
is organized in the form of pores or, most commonly, magnetic elements. These
features are characterized by the absence of a penumbra, which carries fluxes of
the order of 10 Mx to 10?' Mx (Thomas and Weiss 2004; Wiegelmann et al.
2014). Moreover, the photosphere also illustrates the distinct magnetic fields
consisting of small magnetic flux elements on a wide range of spatial scales and

separated by a relatively non-magnetized plasma. The measured magnetic flux
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Figure 1.4: Photospheric continuum intensity image (left panel) obtained from
the Helioseismic and Magnetic Imager (HMI) instrument aboard Solar Dy-
namics Observatory (SDO) depicting dark structures known as sunspots and
pores, whereas the right panel shows the photospheric line-of-sight magne-
togram obtained from the HMI instrument aboard SDO in which black and
white patches indicate negative and positive polarity of magnetic fields (Source:
https://helioviewer.org).

in the smallest network elements are of the order of 10'” Mx, whose life is only
a few tens of minutes (Foukal 2004, p. 264). Nevertheless, the study of sunspots
suggests that the number of sunspots follows a cyclic variation of around 11 years,
known as the sunspot cycle or activity cycle (Schwabe 1844). The top panel of
Figure 1.5 shows the yearly averaged sunspot number variation over the last 400
years. During the Maunder minimum, sunspots were less observed compared to
the solar maximum (c.f. top panel of Figure 1.5). Moreover, temporal variation of
sunspots shows that during the beginning of the solar activity, mostly sunspots
occur at £+ 35° heliographic latitudes. However, at the end of solar activity,
location of sunspots move towards lower latitudes. This interesting behavior is
mostly known as the Butterfly diagram. The bottom panel of Figure 1.5 shows
that mostly sunspots have the same magnetic polarity pattern in one hemisphere
in one solar activity cycle. In the other hemisphere, the orientation is reversed.

Notably, during the transition to the next solar cycle, the polarity of the paired
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sunspots reverse their sign. It is also depicted in the bottom panel of Figure 1.5
that the global magnetic field also changes its polarity, and two sunspot cycles

make one magnetic cycle of a period of 22 years.
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Figure 1.5: Plot showing the variation of sunspot numbers (top panel) during the
last 400 years. Bottom panel: The butterfly diagram shows the distribution of lon-
gitudinal averaged surface magnetic field (Source: D. Hathaway /NASA/MSFC).

1.5 Magnetohydrodynamic waves

The waves are the prime candidates for transferring mass and energy over a
long distance. The variety of different wave spectra allows communication from

all kinds of mediums. Electromagnetic waves can propagate through solid, lig-
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uid, gas, plasma, and vacuum. However, mechanical waves can only propagate
through a medium. Longitudinal acoustic waves can propagate via a medium
through compressions and rarefactions. Magnetic fields also induce different kinds
of hydrodynamic wave components. These magnetohydrodynamic (MHD) waves
depend on the properties of the magnetic fields of the medium. All the waves
mentioned above are present in the Sun and its atmosphere. As the magnetic
fields cover the atmosphere of the Sun over the magnetic network, plage, pore
and sunspot regions, MHD waves may play a crucial role in transporting energy
and heating the atmosphere of the Sun.

In the absence of a background magnetic field, the supported plasma modes are
acoustic waves (sound waves), which are generated due to pressure gradient, i.e.,
pressure is the restoring force. These waves are isotropic (i.e., speed is indepen-
dent of the propagation direction) and non-dispersive. Nevertheless, magnetic
fields support different types of waves. Interestingly, some of these waves have
similarities with acoustic waves. These waves can be highly anisotropic because
their propagation characteristics depend on the alignment of the wave vector with
the direction of background magnetic fields (By), and the plasma 5 (Jess et al.
2015).

To explore the properties of waves in a magnetized plasma, consider the linearized
ideal MHD equations (i.e., continuity, momentum, energy and induction) as fol-

lows:

dp

— V.-v=0 1.1
d VxB)x B
dt 1
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0B
E—VX (’UXB), (14)

V.-B=0. (1.5)

Now, consider small perturbations about static equilibrium (vy = 0), where
p=po+pi, v=uvy,p=p+p1, and B = By + By (subscript 0 for equilibrium
state, whereas 1 is for perturbed state). Further replacing all these variables in
equations 1.1 - 1.5 and considering the plane wave solution for the perturbed

ikz—wt) " (where k is the wavevector, and @ is po-

quantities, like vy, By, p1,p1 < e
sition vector) and after solving them there are two possibilities exist: (i) k-v; =0
corresponds to the incompressible case, and (ii) k - v; # 0 that corresponds to
compressible case. From (i), we obtain the following relation in terms of phase

speed (vpn = £) (where k = [k),

Uph = — (16)

v2, = vicos*(0), (1.7)

where, 6 is the angle between wavevector k, and background magnetic fields By,

which is an isotropic, non-dispersive wave, and the restoring force is only mag-

| Bol

netic tension. This is the phase speed of the Alfven wave, where vy = o

(Alfvén 1947).

For the case (ii) i.e., compressible case (k- v; # 0) system of equations give fol-

lowing dispersion relation,
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Up, — (V& + 0302, + vivicos®(8) = 0. (1.8)

Equation 1.8 has two solutions in terms of the square of the phase speed, i.e.,

1 1
vl = 5(1@ +v3) + 5(1}% + vl — 202 4 vicos(260))Y2, (1.9)
and
o _Loo oy Loy 2 | 2 1/2
Vo = §(US+UA) — §(US+UA_ZUS+UACOS(28)) , (1.10)

The Equations 1.9, and 1.10 correspond to two magneto-acoustic wave modes: the
fast mode (Eqn. 1.9), and the slow mode (Eqn. 1.10). In summary, in linearized
ideal MHD for a homogeneous plasma, three different waves exist. The slow and
fast magnetoacoustic and Alfven wave. The phase speed of these waves are well
organized viz., 0 < vy, < 04 < Vpqse. The phase speed (vp),) of magnetoacoustic
waves in equation 1.8 depends on angle, § (where 6 is the angle between wave

propagation direction and magnetic fields), and on the ratio of vg and v4, which

2 ).

2 v3
7o)

can be written in terms of plasma § (f = The restoring force for the
two magnetoacoustic waves is a combination of total pressure (gas and magnetic
pressure) and magnetic tension, whereas the Alfven wave is incompressible and
is only supported by the magnetic tension (Jess et al. 2015). Table 1.1 provides

information on the propagation of these waves in different plasma 5 environments.

1.5.1 Plasma  regimes and mode conversion in the solar

atmosphere

As discussed in Section 1.4, the propagation characteristics of magnetoacoustic

waves depend on plasma 3 and 0 (angle between wave vector (k) with magnetic
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Table 1.1: Table represents the phase speed of slow, fast and Alfven waves for a
uniform unbounded plasma (Jess et al. 2015).

6>1,UA<US B<1,UA>US
k-vy=0 |Ek||Bo Alfven wave, v, ~ v Alfven wave, v2, ~ v}
k 1 By Alfven wave does not prop- | Alfven wave does not prop-
agate agate
k- v, #0 Fast wave, v2, = vg Fast wave, v, = v}
magnetic and kinetic pres- | magnetic and kinetic pres-
sure in phase sure in phase
k|| By Slow wave, v>, ~ v} Slow wave, v, ~ vg
magnetic and kinetic pres- | magnetic and kinetic pres-
sure out of phase sure out of phase
k L By Fast wave, v2, = vg Fast wave, v2), = v}
magnetic and kinetic pres- | magnetic and kinetic pres-
sure in phase sure in phase
slow wave does not propa- | slow wave does not propa-
gate gate

fields). The plasma [ of the region defines the dominating force, either plasma

pressure (p,) or the magnetic pressure (pg) in the medium:

Py 2
g=Ps_ 2.

PB_”Y UZ;’

(1.11)

where ¢? and ¢ are the sound and Alfven speed, respectively. The gas and mag-

netic pressure ratio (plasma () can also describe the dominating regime. More-

over, in a sunspot region at the photosphere, the plasma (3 decreases by some

magnitude at the transition from a sunspot’s penumbra to the dark umbral core.

The magnetized solar atmosphere can be categorized into three plasma [ regions:

Low-3: In the f << 1 regime, magnetic pressure dominates the plasma pres-

sure. Due to high magnetic field strength and low gas density, the Alfven velocity

exceeds the sound speed.
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High-5: Here, gas pressure dominates the magnetic pressure. Therefore, the

dynamics and magnetic structures are governed by the motion of plasma.

Plasma [ ~ 1: This is the layer which separates the regions of two different
forces. At this regime, magnetic and plasma pressure are in equilibrium. Thus,
Alfven’s speed is approximately equal to the sound speed. This regime is very
crucial for the mode conversion of magnetoacoustic waves. Between the high
and low  domain, conversion of waves (fast and slow) occurs. In the quiet
Sun, plasma (§ =~ 1 layer is situated around the chromosphere. However, in
the magnetized solid structure viz. pores, sunspots, this region lies below the

chromospheric height (Gary 2001).

R
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Figure 1.6: Schematic diagram depicting the propagation of waves in an inclined
magnetic field region and various mode conversions and reflections of the wave
as they enter into the solar atmosphere. Magnetic field lines (pale blue) are
oriented out of the plane and shown in the projection. A solid black horizontal
line represents the region where sound and Alfven’s speed are equal. It separates
low /3 (upper region) from the high 8 (lower region) regime. (Source: Khomenko
and Cally (2012)) .

Figure 1.6 demonstrates the propagation of fast wave in the inclined magnetic

field regions (pale blue colour), which are oriented out of the plane and shown
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in the projection. The orientation is measured by the inclination angle 6 from
vertical and varying within 0° < 6 < 90° whereas azimuth angle ¢ (0° < ¢ < 180°)
is estimated clockwise from the plane of wave propagation. Here, two regions are
shown, ¢ < 90° in the left panel whereas ¢ > 90° in the right panel. Solid black
horizontal line represents the equipartition layer, which separates vg = v4 region.
At this junction, the wave splits into a slow wave (guided along magnetic field
lines) as depicted by the red color and a fast magnetically dominated wave (black
color). The upward propagating fast wave does not reach into the chromosphere
in the cg < vy region and reflects back to the photosphere somewhere above
the equipartition layer. The preliminary cause of this behavior is the vertical
and horizontal gradient of Alfven speed, which leads to the refraction of waves.
The Alfven speed is influenced due to the change in the density in the sunspot
region. The value of Alfven speed is changed several orders of magnitude in
the vertical and horizontal directions both (Khomenko and Collados 2006). At
the reflection region, as shown by a fuzzy blob, the fast wave partially converts
into an Alfven wave depending on the inclination of background magnetic fields
and wave vector (Khomenko and Cally 2012). However, slow (acoustic) waves
continue propagating into the higher atmosphere along the magnetic field lines
and dissipate energy via shock formation. Moreover, downward propagating high-
frequency fast mode waves are believed to cause high-frequency acoustic halos

around sunspots (Khomenko and Collados 2009).

1.6 Solar atmospheric gravity waves

As mentioned in Section 1.4, compressibility provides restoring force for generat-
ing the acoustic (sound) waves. Similarly, gravitational acceleration also provides
restoring force, which generates waves driven by buoyancy force known as gravity
waves. The gravity waves in the solar atmosphere can be understood in terms of

the Schwarzschild criterion for convective instability.
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Consider a plasma parcel, which is moving at an angle ¢ with respect to vertical.
If the density of the plasma parcel is greater than the surroundings, it will fall
back because of heaviness. Assume that motion is sufficiently slow so that the
plasma parcel will remain in pressure equilibrium with the surrounding atmo-

sphere. In this case, the density difference between parcel and surrounding can

_ir

be written from the perfect gas law at constant pressure in terms of % = —%

Also, assuming motion is so fast, there is no energy exchange between the parcel
and the surrounding atmosphere, i.e. motion is adiabatic. These assumptions are
reasonable whenever the time scale of energy exchange is long compared to sound
travel time across the parcel (Stix 2004, p. 238). In this case, the temperature
difference between the parcel and surroundings is given as (Leibacher and Stein

1981)

dT
Adiab.  dz

dar
dl' = | —
(dz

- X - 0 1.12
Atmos.) o5, ( )

From Newton’s equation of the motion

0%z

i —dp - g - cosb, (1.13)
or
Oz 9 op
w:_w g;-:—?~g~cos€, (1.14)
1 /dT dT
- _T <E Atmos. B E Adiab.) o 9'60826’ <115>

Hence,
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w? = N3y cos%0), (1.16)

where the buoyancy or Brunt-Viisala frequency is given as

Atmos. dz | Adiab.

g (dT
Vi = |5 (&

This is the natural frequency (c.f. Equation 1.17) of oscillation of a plasma parcel

)| (1.17)

displaced from its equilibrium position in a gravitational field. When N3, > 0
the atmosphere is stably stratified, and plasma parcel experiences harmonic os-
cillations. However, in the case of N3, < 0 parcel feels a force in the direction of
its displacement, and the perturbation grows exponentially. Whereas N, = 0
atmosphere remains in adiabatic equilibrium, neither convection nor buoyancy
oscillations can occur (Mihalas and Mihalas 1995a, p. 202). It must be noted
that acoustic waves have only a characteristic speed, whereas gravity waves have
only a characteristic frequency. Gravity waves can propagate less than this crit-
ical frequency (Leibacher and Stein 1981). Gravity waves of a given frequency
propagate at an angle with respect to vertical given as cosf = oo A broad
spectrum of excitation of gravity waves would be very dispersive, with differ-
ent frequency components propagating in different directions. The energy flux
in an internal gravity wave (IGW) is radially outwards from the source, which
is in the direction of the particle motions but perpendicular to the direction of

phase propagation. This has a curious consequence that for the downward phase

propagation, there is upward energy propagation (Lighthill 1978, Chapter 4).

1.7 Acoustic-gravity wave spectrum

The propagation of waves in a compressible, stably stratified medium in a gravi-

tational field as the atmosphere of the Sun, or the Earth or a star, can be driven
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by both restoring forces, viz. compressibility and buoyancy. These forces can in-
duce oscillations of plasma parcel slightly displacing from its equilibrium position.
Thus the behavior of waves becomes more complicated than in a homogeneous
medium. Due to the preferred direction of the force of gravity, propagation char-
acteristics becomes anisotropic. The speed of waves depends on k or w; hence
these waves are dispersive. The stratification of the atmosphere imposes a cut-off
frequency below which gravity modified acoustic waves can not propagate and
thus restricts the region in the kj, — w diagnostic diagram. Buoyancy force gives
rise to new types of propagating waves, i.e. gravity waves. These two waves
occupy different regimes in the k;, — w diagnostic diagram along with a band of
the evanescent region. Acoustic-gravity waves become essential because they are
ubiquitous in terrestrial and solar atmosphere and also exist in stellar atmosphere
(Mihalas and Mihalas 1995a). The behavior of the acoustic-gravity waves can be

derived from the analysis of dispersion relation given as (Vigeesh et al. 2017):

2 2 2 2\ 1.2
2 (w _ wac) (w - N )kh
k2 = 2 — = : (1.18)

where w is the angular frequency, ¢, is sound speed, N is the Brunt-Vaisala
frequency, w,. is acoustic cutoff frequency, and kj, is the horizontal wavenumber
(kz = k2+k;). For an iso-thermal atmosphere, the acoustic cut-off frequency is a
function of sound speed and density scale height i.e. w,. = ¢s/2H,. Nevertheless,
in the non-isothermal case like that of the solar atmosphere, the gradient in
temperature also modifies the cutoff frequency (Deubner and Gough 1984), which
is given by w?, = ¢2/4H}(1—2dH,/dz). The maximum frequency of gravity waves
is set by the Brunt-Véisila frequency (/N) which is for the iso-thermal atmosphere
is N = /(v — 1)g/cs, whereas for non-isothermal atmosphere N? = g(1/H, —
g/c%) (Deubner and Gough 1984). The dispersion Equation 1.18 distinguishes

different wave behavior in the k, — w diagnostic diagram. Two different wave
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Figure 1.7: Schematic of a k;, — w diagnostic diagram, demonstrating different
wave propagation regimes in a compressible, gravitationally stratified medium for
a given height. The dark shaded area demarcate the regions of vertical propa-
gation of gravity and acoustic waves. The dashed black and solid lines represent
the propagation boundaries obtained from isothermal and non-isothermal cut-off
frequencies. The solid grey curve represents the dispersion curve of the surface
gravity wave. The long dashed grey line denotes the dispersion curve for Lamb
wave (Source: Vigeesh et al. (2017)).

regimes in the k;, — w diagram can be obtained by putting k% = 0 in Equation
1.18, where k2 > 0 isolate vertically propagating region from evanescent regime
(k? < 0) (Leibacher and Stein 1981). A schematic diagram of such phenomena
for a compressible, gravitationally stratified medium for a given height is shown
in Figure 1.7. In this figure, solid black lines mark the regions of internal gravity
wave regime (lower one) and gravity modified acoustic wave regime (upper one)
for non-isothermal atmosphere, whereas dashed boundaries are for the iso-thermal
atmosphere. The solid grey curve represents the fundamental mode (surface
gravity wave), and the dashed grey curve denotes the Lamb wave, representing

the horizontal propagation of acoustic waves.
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1.8 Solar flares and their effect on photospheric

velocity oscillations

Solar flares are the most catastrophic events in the solar atmosphere. They can
release the energy of the order of 10%? erg within a few minutes to a few hours.
Solar flares emit radiation in the whole electromagnetic spectrum, from radio to
~ rays and highly energetic accelerated charged particles in the interplanetary
medium. The flares are a consequence of the rapid release of previously stored
magnetic energy as inductive magnetic fields due to electrical currents flowing
into the corona (Fletcher et al. 2011). It was suggested long ago that solar flares

can stimulate free oscillation modes of the entire Sun (Wolff 1972a).

Injection of accelerated electrons

Sunquake impact

Magnetic f eld lines

Chromaospheric evaporation
Corona

H"g‘h'P"ESS“’E Chromosphere
region
Photospheric shock
Sunquake impa Photosphere

a) MSunqm ke wave interior b)

Figure 1.8: Schematic illustrates the formation of a sunquake from a ‘thick target’
model of solar flares. Panel (a) shows the injection of highly energetic charged
particles into a magnetic flux tube which heats the chromosphere and creates
a high-pressure region resulting in the chromospheric evaporation and a shock
travelling to the photosphere responsible for the sunquake. Panel (b) represents
the ray paths of acoustic waves generated by shock hitting on the solar surface.
These acoustic waves travel deep inside the Sun and reflect back to the surface
resulting in the sunquake ripples (Source: Kosovichev (2015)).

Figure 1.8 demonstrate the ‘thick target model” of solar flare (panel a), and the
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Figure 1.9: Illustration of sunquake ripples in the velocity image obtained from
the Michelson Doppler Imager instrument onboard Solar and Heliospheric Obser-
vatory spacecraft during an X-class solar flare (Source: Kosovichev and Zharkova
(1998)).

formation of a sunquake is shown in the panel b. According to this model, a strong
compression of the lower chromosphere is generated due to the back bombardment
of high energetic charged particles on the chromosphere during the course of solar
flares. This compression produces chromospheric evaporation and a downward
propagating shock wave, which hits the photosphere and yields seismic response
(Kosovichev 2015). Panel b of Figure 1.8 shows the generation of acoustic waves
due to the impact of shock on the photosphere. These waves propagate downward

and reflect the surface due to the high temperature inside the Sun. They appear
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on the solar surface as a circular ripples known as sunquake. Figure 1.9 shows
the ripples observed in the velocity image obtained from the MDI instrument
onboard the SOHO spacecraft during an X2.6 class solar flare that occurred on
July 9 1996, which was termed as ‘sunquake’ (Kosovichev and Zharkova 1998).
However, it is to be noted that all the solar flares do not produce sunquake-like
ripples, but they generate enhancement in a compact region known as ‘seismic
emission’ in the active regions (Lindsey and Donea 2008). The investigation of
seismic emissions in the sunspots accompanying solar flares are also essential
for the understanding of the propagation of magnetoacoustic waves in the solar

atmosphere.

1.9 Motivation and Organization of the Thesis

The objective of this thesis is to study the evolution of velocity and magnetic
fields in the solar atmosphere in different magnetic structures, such as sunspots,
pores and magnetic network regions, in the quiet phase as well as during dynam-
ical activities like solar flares with an emphasis to understand the propagation
of waves in the lower solar atmosphere. Since the discovery of solar oscillations
(5-min) (Leighton et al. 1962) on the photosphere of the Sun, significant studies
have been done to understand the evolution of velocity oscillations in the flaring
locations accompanying solar flares (Kosovichev and Zharkova (1998); Donea and
Lindsey (2005); Donea et al. (2006); Moradi et al. (2007); Kumar and Ravindra
(2006); Zharkova and Zharkov (2007); Venkatakrishnan et al. (2008); Maurya
and Ambastha (2009); and Kumar et al. (2016a)). Moreover, earlier investiga-
tions also suggest that photospheric line profiles could be distorted in the flaring
locations due to the change in local thermodynamic conditions (Qiu and Gary
(2003); Abramenko and Baranovsky (2004); Maurya and Ambastha (2009); Mau-
rya et al. (2012); and Raja Bayanna et al. (2014a)). Thus, the observed changes

in the velocity and magnetic fields in flaring locations could be contaminated,
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and there is always a reliability issue. However, the locations away from the
flaring sites are considered to be free from any flare-related contamination in the
observational data. Therefore, using the abovementioned approach, it is essential
to examine the evolution of velocity and magnetic fields in the sunspots during
major solar flares.

Additionally, the trapped acoustic waves beneath the solar photosphere are
considered to leak along the inclined magnetic fields due to the reduction in the
cut-off frequency. The propagation of these low-frequency acoustic waves in the
small-scale magnetic fields is important in terms of their contribution in the heat-
ing of lower solar atmosphere. Moreover, the interaction of acoustic waves with
the background magnetic fields leads to various magnetohydrodynamic waves,
which are essential to study from the perspective to understand different physi-
cal phenomena taking place in the solar atmosphere like refraction and reflection
of waves and mode conversion etc. Nevertheless, the gravity waves in the solar
atmosphere are also now recognized as a potential candidate to heat the lower
solar atmosphere. While propagating energy upwards, their characteristic nega-
tive phase-shift over height is a well-recognized observational signature (Straus
et al. 2008). Recent simulations found that these waves are scattered/suppressed
and refracted in the presence of background magnetic fields (Vigeesh et al. 2017,
2019; Vigeesh and Roth 2020). Hence, we investigate the observational signatures
of the influence of magnetic fields on the phase propagation of gravity waves in

different magnetic configurations in the lower solar atmosphere.

Some specific problems related to the evolution of velocity and magnetic fields
in sunspots accompanying major solar flares and the propagation of waves in the
lower solar atmosphere have been addressed in this thesis. The motivation behind

these studied are as follows.

e Investigation of seismic emissions accompanying major solar flares in sunspot
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regions away from flare ribbons or hard X-rays foot points, which are considered
to be free from any flare-related artefacts in the measurements of velocity and
magnetic fields. It is essential to study the seismic emissions appearing in sunspot
regions during flares because these excess wave energies propagate up in the solar
atmosphere in the magnetized regions and thereby may contribute to the heating

of the solar active region atmosphere.

e Propagation of acoustic waves from photosphere to chromosphere in a magnetic
network region and their interaction with the background magnetic fields, utiliz-
ing two height velocity observations. Observational studies of such interactions
and magnetohydrodynamic waves that result from them are essential not only
for the energetics of the solar atmosphere but also for understanding the different
physical phenomena occurring in the solar atmosphere and recovering the back-

ground thermal and magnetic structures.

e The internal or atmospheric gravity waves (IGWs) are generated by turbulent
subsurface convection overshooting or penetrating locally into a stably stratified
medium. These waves are now increasingly recognized as an important contrib-
utor to the dynamics and energetics of the lower solar atmosphere. Recently,
numerical simulations have shown that gravity waves are suppressed or scattered
and reflected into the lower solar atmosphere in the presence of magnetic fields.
We have investigated the effect of magnetic fields on the propagation characteris-
tics of gravity waves over different magnetic configurations, viz. sunspots, plages,

and a quiet Sun.

Based on the work carried out to accomplish the objective mentioned above, the

thesis is arranged into six chapters. A brief summary of them is as follows:
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Chapter 1: Introduction
In this chapter, we have discussed the interior and atmosphere of the Sun and
photospheric velocity oscillations followed by a discussion on the solar magnetic
fields. This chapter also includes descriptions of the generation of different me-
chanical waves, their propagation into the lower solar atmosphere, and the effect
of different physical properties in the medium. Here, we have also outlined the
effect of solar activity like solar flares on the photospheric velocity oscillations

and present a summary of the motivation and organization of the thesis.

Chapter 2: Observational data and processing

This chapter provides the details of the observations taken from ground- and
space-based telescopes to accomplish the objective of the thesis. The techniques
used in reducing the Ca II 8542 A line scan observations obtained from the
Narrow Band Imager with the Multi-Application Solar Telescope operational at
Udaipur Solar Observatory, along with the estimation of chromospheric line-of-
sight velocity, are described. The primary data sources for this thesis are the
Multi-Application Solar Telescope (MAST), Interferometric Bldimensional Spec-
tropolarimeter (IBIS) instrument mounted at the Dunn Solar Telescope (DST),
Global Oscillation Network Group (GONG), Solar Dynamics Observatory (SDO),
Reuven Ramaty High Energy Spectroscopic Imager (RHESSI), and Geostation-
ary Operational Environmental Satellite (GOES).

Chapter 3: Seismic emissions accompanying major solar flares
In this chapter, we study acoustic (seismic) emissions accompanying major so-
lar flares in different active regions. In this work, we investigate the evolution of
magnetic fields and Lorentz force in the seismic emission locations in the sunspots
during major solar flares. We have constructed acoustic power maps in 2.5 — 4
mHz band from photospheric velocity and overplot H,, flare ribbon contours and

hard X-rays foot points, to identify the seismic emission locations away from flar-
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ing locations. Our investigations show a step-like change in the magnetic fields
of the order of 50 — 100 G within a duration of 10 — 20 minute. The change
in Lorentz force of the order of 10*! dyne has been found sufficient to enhance

seismic emissions. We also present the implications of this work in this chapter.

Chapter 4: Study of the interaction of acoustic waves with the small
scale magnetic fields
In this chapter, we present an analysis of the propagation of low-frequency acous-
tic waves into the chromosphere along the small-scale inclined magnetic fields of
a magnetic network region utilizing photospheric and chromospheric velocity ob-
servations. We also discuss the formation of high frequency acoustic halos caused
by the magnetohydrodynamic waves resulting from the interaction of acoustic

waves with the background magnetic fields.

Chapter 5: Investigation of the propagation of gravity waves in the
magnetized regions in lower solar atmosphere
In this chapter, we present detailed analysis of the propagation of gravity waves
in the different magnetized regions, viz. magnetic network regions, plages, and
sunspots in the lower solar atmosphere. We analyse k;, — w phase and coherence
diagrams utilizing two height intensity-intensity and velocity-velocity observa-
tions. Here, we find that gravity waves are suppressed/scattered or reflected in
the magnetized regions compared to quiet regions. These findings are qualita-
tively in agreement with the recent simulations done by Vigeesh et al. (2017,

2019); Vigeesh and Roth (2020).

Chapter 6: Summary and future prospects
This chapter provides the summary of the work done, highlighting the significant
findings and their implications in the above chapters and the scope for future

work.



Chapter 2

Observational Data and

Processing

2.1 Introduction

The solar atmosphere ranging from the photosphere to the higher corona, exhibits
different features like magnetic network regions, pores, sunspots, faculae, plages,
filaments, and prominences etc. These regions are considered higher magnetic
field strength sheets confining themselves at different spatial scales. All these
magnetic phenomena consist of three-dimensional magnetic structures ranging
from the deep photosphere to the higher solar atmosphere. These magnetized
regions show various physical phenomena in several ways such as oscillations,
magnetohydrodynamic waves, solar transients like flares and eruptions, etc. The
investigation of all these associated phenomena necessarily requires multi-height
observations. This purpose is fulfilled with the combined observations of the solar
atmosphere from space and ground-based instruments. Here, in order to accom-
plish the motivations of this thesis, we have acquired observational data from
ground-based and space-borne observatories, which sample different layers in the

solar atmosphere. We have extensively utilized these observations to achieve the

29
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scientific objectives mentioned in Chapter 1. The advantage of using the obser-
vations from space is that we can get uninterrupted continuous observations. At
the same time, the ground-based observations suffer from the seeing effect, which
degrades the quality of the images. Albeit, all types of observations are not pos-

sible from space as yet. Hence, we have to rely on ground-based observations too.

In the following, first we describe the observations obtained from ground-based
observatories followed by their data reduction process and later focus on the

space-borne instruments.

2.2 The Multi-Application Solar Telescope (MAST)

The Multi-Application Solar Telescope (MAST: Mathew (2009a); Venkatakrish-
nan et al. (2017a)) is a 50 cm off-axis Gregorian Solar telescope operational at the
Udaipur Solar Observatory, Udaipur, India (c.f. Figure 2.1). This telescope was
built and installed by M/s Advanced Mechanical and Optical Systems (AMOS),
Belgium. The MAST is situated on an island in the middle of the Lake Fatehsagar
of Udaipur, Rajasthan (c.f. Figure 2.2). The sky conditions at Udaipur are pretty
favorable for solar observations. A large water body surrounding the telescope
decreases the amount of heating of the surface layers. That decreases the air
mass turbulence and improves the image quality and seeing. The telescope is
designed to provide near diffraction-limited observations equipped with adaptive
optics. The MAST’s maximum circular field-of-view (FOV) is 6 arcmins, and
diffraction-limited resolution is 0.310 arcsec at Fe I 6173 A wavelength. The
major science goal of the MAST is to understand the velocity and magnetic
fields in the small and large-scale magnetic configurations. In addition, it also
aims at the understanding of emerging flux regions, which are thought to be the
site of the origin of explosive phenomena, i.e. flares and coronal mass ejections,

and the evolution of velocity and magnetic fields in the pores and sunspots and
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their relations with the moving magnetic features etc. These scientific goals can
be achieved by obtaining the measurements of the magnetograms (scalar and
vector) and Dopplergrams from the near-simultaneous observations of the photo-
sphere and chromosphere of the Sun. In order to accomplish the aforementioned

scientific goals, the following back-end instruments are developed at USO:
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Figure 2.1: The Island Observatory of Udaipur Solar Observatory (USO), located
in the middle of lake Fatehsagar at Udaipur, India. The MAST observational
facility of USO is housed inside the collapsible dome shown on the left hand side
in the figure.

e Narrow-band imager

Imaging Spectro-polarimeter

Multi-Slit Spectro-polarimeter

Littrow spectrograph

Adaptive optics system
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Figure 2.2: The top left panel shows the MAST observational facility pointing
towards the Sun, whereas the top right panel shows the collapsible dome hous-
ing this telescope. Bottom panel shows the back-end instruments on an optical
table including adaptive optics, narrow-band imager and polarimeter (Source:
Venkatakrishnan et al. (2017a)).

2.2.1 Brief description of Narrow Band Imager (INBI)

An imager optimized with two wavelengths is integrated with the telescope to
obtain near-simultaneous observations of the photosphere and the chromosphere.
Two voltage-tunable lithium niobate Fabry-Perot (FP) etalons and a set of inter-
ference blocking filters have been used to develop the Narrow Band Imager (NBI:
Raja Bayanna et al. (2014b); Mathew et al. (2017a)). These two etalons are used
in tandem for the photospheric observations in Fe I 6173 A absorption spectral
line. However, only one of the etalons is used for the chromospheric observations

in Ca IT 8542 A absorption spectral line.

The FP etalon is a simple interferometer which works on the principle of multiple
reflections between two closely spaced partially reflecting surfaces. A simple
FP etalon consists of two partially reflecting surfaces separated by a distance d,

forming a cavity as shown in Figure 2.3. Every time a part of the incident light is
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Figure 2.3: Schematic represents the multiple reflections in the
Fabry-Perot etalon. The | = d is the optical thickness (Source:
https://en.wikipedia.org/wiki/Fabry).

transmitted and reaches the second surface, a portion of the light is transmitted,
and the remaining part is reflected. The transmitted or reflected light coming
out of the cavity combine constructively when the number of waves in the cavity
is an integer for a specific wavelength (wavelength fits an integer number of times
in the cavity).

The transmitted intensity through the etalon is described by the Airy formula,(Born
and Wolf 1999),

I

= T Femts /2y

(2.1)

Here, I; and I; are the transmitted and incident intensities, and F' is the re-
flectivity finesse given by 4r/(1 — r)?, where r is the reflectivity of the coated
surface. The phase shift (§) between two consecutive transmitted beams is given
by 4mud cos(0) /A, whereas p is the refractive index of the medium, d is the spacing
between the surfaces, 6 is the angle of incidence within the medium concerning
the optical axis, and A is the wavelength. The condition for the transmission
channel for any given wavelength A is given by 2udcos(f) = mA, where m is

the order of interference. Figure 2.4 shows the Ca II 8542 A spectral line (black
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colour) obtained from the BASS2000 solar survey archive, and the overplotted
red profile represents the FP channel. The distance between two transmitted
peaks is known as the free-spectral range (FSR), which is defined as A?/2ud. The
transmission peak position of FP profile can be changed by changing the refrac-
tive index of the medium, or thickness, or the angle of incidence. As mentioned,
the FP etalon comprises lithium niobate crystal and a set of interference filters.
The electro-optic property of this crystal can be utilized for wavelength tuning.
In the MAST, we tune the FP etalon at different wavelength positions by chang-
ing the refractive index from the voltage. Additional details are discussed in the
articles of Raja Bayanna et al. (2014b), and Mathew et al. (2017a). Utilizing the
capability of the NBI with the MAST, we have scanned the Ca II 8542 A line
profiles at different wavelength positions. Figure 2.5 shows the Ca II spectral
line profile (black thin, full width at half maximum (FWHM) = 2 A) and con-
tribution function (thick profile) estimated in quiet Sun atmosphere, suggesting
that it covers a broader height range in the solar atmosphere (Cauzzi et al. 2008).
However, we do not scan the complete line profile; we restrict ourselves to within
+ 1.38 A from the line centre by applying a voltage of the order of & 3000 volts
(Mathew et al. 2017a). Moreover, we do not cover the wavelength mentioned
earlier because of the safety of the FP etalon. We have observed a magnetic
network region in the chromosphere of the Sun in Ca II 8542 A line in the disk
center on 21 May, 2020. Figure 2.6 shows the Ca II line profile scanned at 15
different wavelength positions (plus symbols) within a temporal cadence of 15 s.
We have also observed a medium size sunspot in Ca II line at 41 locations at a
spectral sampling of 25 mA and temporal cadence of 60 s (c.f. Figure 2.7) on 05
February, 2022. The core of the Ca II line map the middle chromosphere around
h = 1400 - 1500 km, and the wings sample almost the photosphere (Cauzzi et al.
2008).
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Figure 2.4: Plot represents the Ca IT 8542 A spectral line (black colour) obtained
from BASS2000 solar survey archive, while overplotted red colour profile shows
the Fabry-Perot channel having a full width at half maximum of 170 mA.
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Figure 2.5: Plot represents the Ca II 8542 A spectral line (black colour), while
overplotted thick profile shows contribution function estimated in a plane-parallel,
hydro-static average quiet-Sun atmosphere. Here, height zero corresponds to the

level at which optical depth (7) in the continuum at 500 nm is unity (Source:
Cauzzi et al. (2008)).
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Figure 2.6: Plot represents the Ca II 8542 A spectral line profile with 5 bisector
points (red colour) and plus symbols indicate the wavelength positions where the
line profile has been scanned by the narrow-band imager with the MAST.
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Figure 2.7: Plot represents the Ca II 8542 A spectral line profile with 2 bisector
points (red colour) and plus symbols indicate the wavelength positions where the
line profile has been scanned by the narrow-band imager with the MAST.
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2.2.2 MAST data reduction

The line scan observations obtained from the NBI with the MAST are subjected
to the dark and flat corrections, before constructing the chromospheric line-of-

sight Dopplergrams.

Dark correction: Astronomical CCDs used for the observations are so sensitive
that even without illuminating the CCD surface, one gets a nonzero output signal.
The output signal created by the CCD chip without exposure to photons is known
as dark current. It results from thermal electrons in the pixels, voltage offsets in
the CCD electronics and noise generated by the electronics. The rate of thermal
electrons depends on the CCD’s temperature and each pixel’s impurities. Since
the CCD pixels have different impurities, each element will accumulate electrons
at a different rate. This can cause a faint pattern on images acquired with the
CCD. Albeit this pattern is not due to light, it is difficult to determine which
pixel intensity was due to light and which was due to dark current. Luckily, the
thermal electrons accumulate at a constant rate for a given CCD temperature for
each pixel. This indicates that this effect can be measured, and its contributions
can be subtracted from the recorded images. In practice, during the observa-
tions, one should take a dark frame of the CCD under the same conditions as
when taking data, with the only difference being that the beam of sunlight is
blocked somewhere in the optical path. In order to reduce noise in the single
dark frame, 50-100 dark images were usually taken and subsequently averaged.
The resulting dark frame is almost free of noise and contains only the information

about the dark counts of each CCD pixel.

Flat-field correction: In a common image processing method, a flat-field im-
age should be made by taking a picture of an evenly illuminated scene which
does not show any intensity variation. The flat-field image shows only the inher-

ent variances in intensity values across the CCD array due to differences in the
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photosensitivity or dust specks on the CCD surface or vignetting in the optical
system. In the solar observations, the homogeneous illumination of the detector
is achieved by a rapid random swinging of the telescope by around 10 arcmins in
all directions so that the field of view moves around the solar disk centre, avoiding
sunspots and pores. By collecting many images on the CCD during this time and
averaging them, one expects to smear any information about the solar surface and
to have a CCD flat-field image. It is important to take flat fields when the CCD
is in the same position in the optical setup as in the observations to avoid flat
fielding artefacts on the dust particles on the CCD surface because of a different
beam cone. In our observations, a flat field image consists of more than 200-300
images. Finally, using the Equation 2.2, we do dark and flat corrections from
the line scan observations. Figures 2.8 and 2.9 show the dark and flat corrected

intensity image of a quiet and a sunspot region, respectively.

(Lo — Loq) % (mean(Iyp — Ioq))
(Lay — Laa) ’

I = (2.2)

where I. is corrected intensity image, I, is observed intensity image, [,4 is average

of dark images, and I, is average of flat images.

Estimation of line-of-sight Doppler velocity:

We have used the bisector method (Gary 2005) on dark and flat corrected line
scan observations to get the line-of-sight (LOS) Doppler velocity. Figure 2.6
shows the Ca IT 8542 A line profile obtained from the average intensity over full
FOV over a quiet region as shown in the right panel of Figure 2.8. Here, plus
symbols represent locations where line profiles have been scanned from the NBI
with the MAST, and red horizontal lines in the core of Ca II line represent the
bisector points. Figure 2.5 shows that Ca II 8542 A line covers a broader height
range. The bisector points in the core of Ca II spectral line (within + 0.14 - 0.16
A) sample the lower chromosphere around h = 900 - 1100 km. Similarly, bisector
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Figure 2.8: Left panel: A sample map of the Ca II intensity image of a quiet
magnetic network region at a wavelength of 8541.7 A observed with narrow-band
imager on 21 May 2020, without dark and flat corrections. Right panel: same as
left panel but after doing dark and flat corrections.
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Figure 2.9: Left panel: A sample map of the Ca II intensity image of a sunspot
at a wavelength of 8541.6 A observed with narrow-band imager on 05 February
2022, without dark and flat corrections. Right panel: same as left panel but after
doing dark and flat corrections.

method have been used to obtain LOS Doppler velocity of chromosphere over a
sunspot (c.f. Figures 2.7, and 2.11). After taking the average of all these bisector
points, we obtained the map of d\.

Although, we also need to do the wavelength shift correction from the map of
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Figure 2.10: A sample map of velocity originated from wavelength shift (top left
panel), and without wavelength shift corrected velocity map (top right panel).
Bottom panel shows the Doppler velocity map of a quiet region after wavelength
shift corrections.
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Figure 2.11: Same as Figure 2.10 but for a sunspot region. The bad pixels indicate
the distorted line profiles locations.
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0\, which is implemented as follows. As mentioned earlier, we use NBI with
the MAST to scan the line profile at different wavelength positions. For this
purpose, we change the applied voltage to the FP system which changes the
crystal’s refractive index and consequently it scans the line profile. However, the
FP channel also shifts due to the incident angle (6) of the light relative to the
optical axis. In order to remove the shift caused by the incident angle 6 of the
light, we use a diffuser and scan the line profile in the same way as for acquiring the
actual data. From these data, we construct a map of Az, 5+ to get the information
about the shift induced by the incident angle of light. The top left panel of Figure
2.10 shows the velocity map caused by the shift of incident angle (6), while the
top right panel shows the map of velocity constructed from the bisector method
before removing the wavelength shift. Here, it clearly shows the effect of the shift
produced by the incident angle of the light (). The bottom panel of Figure 2.10
shows the wavelength shift corrected line-of-sight (LOS) Doppler velocity image
of the chromosphere in Ca II line used in our analysis. Figure 2.11 shows the LOS
Doppler velocity maps in Ca II line with and without wavelength shift corrections
estimated from the bisector method over a sunspot region. The bad pixels in the

umbra and in the plage regions represent the locations of distorted line profiles.

2.3 Interferometric Bidimensional Spectrometer

(IBIS)

The Interferometric Bidimensional Spectrometer (IBIS; Cavallini (2006)) is an
imaging spectrometer instrument installed at the Dunn Solar Telescope (DST) at
Sacramento Peak, New Mexico. It is composed of a series of two Fabry-Perot in-
terferometers and a set of narrow-band interference filters. The sunlight enters the
instrument; a beam splitter feeds it to two channels, one for context observations

in continuum intensity and the other for narrow spectral band imaging. In both
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the channels, interference filters limit the transmitted spectral range. However, in
the broad-band channel, the filters have a bandwidth of several nanometers. The
pre-filters in the narrow-band channel have a centered transmission on a spectral
line and allow a bandwidth of only 0.3 nm or 0.5 nm in the case of Ca II 8542
A line. Cavallini (2006) and Reardon and Cavallini (2008) presented the detailed
characterizations of the IBIS instrument. It has a circular field-of-view of 80 arc-
sec in diameter. It provides two dimensional solar spectroscopic observations of
photosphere and chromosphere at high spatial, spectral and temporal resolutions.
It observes the Sun in 560 — 860 nm wavelength range and acquires images over a
CCD of 1024x1024 pixels? with a spatial scale of around 0.098 arcsec per pixel.
Here, we have utilized imaging spectropolarimetry observations of a medium size
sunspot (NOAA AR10960) located near the disk centre on June 08, 2007 in the
photospheric Fe I 6173 A absorption line.

Figure 2.12: The Richard B. Dunn Solar Telescope at Sacramento Peak, New
Mexico, USA. (Source: National Solar Observatory, AURA, Inc.)

2.4 Global Oscillation Network Group (GONG)

The Global Oscillation Network Group (GONG: Harvey et al. (1988)) is a community-

based project specially designed for the detailed investigations of the internal
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structure and dynamics of the Sun using helioseismic techniques. There are six
ground-based telescopes located around the world (c.f. Figure 2.13) to obtain
near-continuous observations of the Sun, namely (i) Learmonth Solar Observatory
in Western Australia, (ii) High Altitude Observatory at Mauna Loa in Hawaii,
USA, (iii) Big Bear Solar Observatory in California, USA (iv) Cerro Tololo Inter-
american Observatory in Chile, (v) Observatorio del Teide in the Canary Islands,

(vi) Udaipur Solar Observatory in India.

Global Oscillation Network Group (GONG)

Mauna Loa

El Teide

Figure 2.13: Figure demonstrates the six stations of the GONG instruments
located over the globe for the continuous observations of the Sun (Source: https:
//gong.nso.edu/).

It observes the photosphere of the Sun in Ni I 6768 A absorption line and
works on the principles of phase shift interferometry. These instruments acquire
full disk photospheric Dopplergrams, line-of-sight magnetograms, and continuum

intensity images at a cadence of 60 s with a spatial sampling of 2.5 arcsec per pixel.
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Figure 2.14: Fiure shows the layout of the GONG instruments placed on the
optical table (Source: https://gong.nso.edu/instrument/).

Figure 2.14 shows the layout of the instrument placed on the optical table. The
GONG instruments were upgraded to GONG+ (Harvey et al. 1998) by replacing
the existing CCD camera of 256x256 pixels® with a new CCD camera having
1024x1024 pixels? for a better spatial resolution observations. Further, in 2010,
GONG+ instruments were upgraded to GONG++ with the addition of the H,,
telescope to provide near continuous observations for use in the space weather
applications (Harvey et al. 2011). Since then, the GONG++ network is providing
full disk chromospheric observations in the H, 6562.8 A line at a cadence of one
minute and spatial sampling of = 1 arcsec per pixel apart from other photospheric
observables. In our analysis, we have used H, intensity observations to obtain

the flare ribbon information.

2.5 Solar Dynamics Observatory (SDO)

The Solar Dynamics Observatory (SDO: Pesnell et al. (2012) is a spacecraft of
NASA’s Living with a Star (LWS) program, which was launched on 11 February
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2010 from Kennedy Space Centre in Florida. The main objective of the SDO
is to study how the Sun creates solar activity and drives space weather, the
dynamic conditions in space which influence the whole solar system. It also
includes measurements of the interior of the Sun and how the Sun’s magnetic field
is generated, structured, and converted into extremely violent solar events, which
are responsible for the space weather. Additionally, it also aims to understand the
hot plasma of the solar corona and extreme ultraviolet irradiance of the Sun that
is a key driver to the structure and composition of the upper atmosphere of the
Earth. This observatory contains three different instruments: (1) Helioseismic
and Magnetic Imager (HMI: Scherrer et al. (2012)), (2) Atmospheric Imaging
Assembly (AIA: Lemen et al. (2012)), (3) Extreme ultraviolet Variability Explorer
(EVE: Woods et al. (2012)).

AlA

SOLAR ARRAYS

HIGH-GAIN ANTENNAS

Figure 2.15: The SDO spacecraft with its instruments (Source: Pesnell et al.
(2012)).
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2.5.1 Helioseismic and Magnetic Imager Instrument (HMI)

The HMI instrument onboard the SDO spacecraft was built at the Lockheed Mar-
tin Solar and Astrophysics Laboratory (LMSAL) in collaboration with Stanford
University as a part of the Stanford Lockheed Institute for Space Research collab-
oration. It has been observing the photosphere of the Sun in Fe I 6173 A absorp-
tion line since 2010. This line’s Lande-factor (g.ry = 2.5) is high, which increases
its suitability to measure the magnetic fields. The HMI instrument is built around
an optical filter composed of a front window, a blocking filter, a five-stage Lyot
filter, and two Michelson interferometers (Couvidat et al. 2012d). It produces a
narrow band transmission profile, with a Full Width at Half maximum (FWHM)
of 76 mA. It uses two 4096 x 4096 pixels CCD cameras with mechanical shutters
and control electronics having a pixel size of 0.5 arcsec. Other details of the HMI
instrument are given in Table 2.1. The Images are recorded in a sequence of tun-
ing and polarizations at a cadence of 4 sec in both of these cameras (See for more
details http://hmi.stanford.edu/Description/HMI_Overview.html). One of
the cameras is dedicated to 45 s Doppler and LOS magnetic fields observables,
while the second is to vector magnetic field observations. The HMI instrument
provides full-disc (4096x4096 pixel images), Dopplergrams, line-of-sight (LOS)
magnetograms, intensitygrams and vector magnetic fields at a spatial resolution
of 1 arcsec. It samples Fe I 6173 A neutral line at six wavelength positions around
the line centre. The LOS observables are generated at every 45 s, mainly Dopp-
lergrams, LOS magnetograms, continuum intensitygrams, line depth and Fe I line
width. These observables are produced using the 12 filtergrams taken at six dif-
ferent wavelength positions with two polarizations, i.e. left circular polarization
(LCP) and right circular polarization (RCP) (Couvidat et al. 2012a). From the
LCP and RCP observations in order to derive the full disk maps of LOS magnetic
fields and Dopplergrams, an MDI-like algorithm is applied at every pixel (for more
details, refer to (Couvidat et al. 2012a)). All these data products are publically
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available on http://jsoc.stanford.edu/ajax/lookdata.html as hmi.V_45s
(Dopplergram), hmi.M _45s (LOS magnetogram), hmi.Ic_45s (continuum in-
tensity), hmi.Lw_45s (line width), and hmi.Ld_45s (line depth) for different
scientific investigations. As mentioned above, other information related to the

observables is given in Table 2.2.

Table 2.1: The specifications of the HMI instrument.

Central wavelength Fe I6173.3 A+0.1

Filter bandwidth 76 mA=+10 mA

Filter tuning range 680468 mA

Central wavelength drift <10mA during in any 1 hour
Field of view 2000 arcsec

Angular resolution better than 1.5 arcsec

Field of view 2000 arcsec

Detector resolution 0.50+£0.01 arcsec/pixel
Field of view 2000 arcsec

Focus adjustment range +4 depths of focus
Pointing jitter reduction factor ~>40 db with servo bandwidth >30 Hz
Image stabilization offset range >14 arcsec in pitch and yaw
Pointing adjustment range > 200 arcsec in pitch and yaw
Dopplergram cadence 45 sec

Camera image cadence 4 sec

Timing <1 ps stability, <100 ms absolute
Science telemetry allocation <55 Mbps/s
Instrument design lifetime > 5.3 years

The HMI instrument is made of combinations of a Lyot filter along with two
Michelson interferometers. Moreover, there is a set of 10th-order retarders be-
tween these two instruments, A /2, A /4, and A /2, respectively. Further, a beam
splitter divides the light between two 4096x4096 pixels? CCDs. These cameras
acquire full disc images of the Sun at a pixel size of 0.5 arcsec. The first camera,
also known as the Doppler camera, is dedicated to the measurement of left and
right circular polarization, [+V, at six wavelength positions along the Fe I 6173
A line. From these observations, full disc maps of LOS Dopplergrams and LOS

magnetograms are produced at 45 s. The second camera, hereafter referred to as
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Table 2.2: The HMI observations.

Doppler Velocity

Cadence 45 s
Precision 13 m/s
Zero point accuracy 0.05 m/s
Dynamic range +6.5 km/s
Line-of-Sight Magnetic field

Cadence 45 s
Precision 10 G
Zero point accuracy 0.05 G
Dynamic range +4 kG
Continuum intensity

Cadence 45 s
Precision 0.3%
Accuracy pixel to pixel 0.1%
Vector Magnetic field

Cadence 90 s
Precision:

Polarization 0.22%
Sunspots (1kG< |B|<4kG)

|B| 18 G
Azimuth 0.6°
Inclination 1.4°
Quiet Sun (0.1KG< |B|<2kG)

|B| 220 G
Total flux density 35 G
Azimuth 15°
Inclination 18°

the vector camera, measures the full Stokes vector I = (I, Q, U, V) at the same
wavelength positions as the first camera. Now, these observed Stokes profiles
are fitted by nonlinear least-squares fitting algorithms which use the analytical
profiles obtained from the radiative transfer equation solved by the assumptions
of the Milne-Eddington atmospheric model (Landolfi and Landi Degl’Innocenti
1982). The Very Fast Inversion of the Stokes Vector (VFSIV; Borrero et al.
(2011)) algorithm is used by the HMI team to invert the Stokes profiles, which
provides magnetic field components to the solar physics community. The mag-

netic fields obtained from the above procedure have the so-called 180° ambiguity
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problem, which arises because the direction of the horizontal component of the
magnetic fields is not resolved due to azimuthal angle retrieval from the inversion
of Stokes vectors. The HMI’s science team use minimum-energy method (Metcalf
(1994), and Leka et al. (2009)) to resolve 180° ambiguity problem. After doing
all the data processing of Stokes vectors, the HMI team provides vector mag-
netograms at the standard pipeline! in the spherical coordinates, namely radial
(B_r), azimuthal (B_p) and zenith component (B_t). Further, these field vectors
in the spherical coordinates are approximated to B_z, B_x and -B_y in cartesian

coordinates, respectively (Gary and Hagyard 1990).

2.5.2 Atmospheric Imaging Assembly Instrument (AIA)

The AIA instrument onboard the SDO spacecraft was designed to study solar
emissions from the transition region to corona. It consists of four telescopes,
which provide full-disc images (4096x4096 pixels?) with a spatial resolution of
1.5 arcsec. It observes the atmosphere of the Sun in Ultra-Violet (UV) to extreme
ultraviolet (EUV) wavelength range with a 12-second temporal cadence. The ATA
instrument observes the outer atmosphere of the Sun in seven EUV filters at 94
A, 131 A, 171 A, 193 A, 211 A, 304 A and 335 A, two UV filters at 1600 A and
1700 A and one white light filter at 4500 A wavelengths. The temporal cadence
of EUV observations is 12 s, 24 s for UV and 3600 s for a white light filter. For
further details of the instruments, please refer to the Table and article of Lemen

et al. (2012).

lhttp://jsoc.stanford.edu/ajax/lookdata.html
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Table 2.3: The AIA observations.

Channel (A) Primary Ions Region of Atmosphere Char. Log(T)
4500 Continuum Photosphere 3.7
1700 Continuum  Temperature minimum, Photosphere 3.7
304 He IT chromosphere, transition region 4.7
1600 C IV-cont transition region, upper photosphere 5.0
171 Fe IX quiet corona, upper transition region 5.8
193 Fe XII, XXIV corona and hot flare plasma 6.2, 7.3
211 Fe XIV active region corona 6.3
335 Fe XVI active region corona 6.4
94 Fe XVIII flaring corona 6.8
131 Fe VIII, XXI transition region, flaring corona 5.6, 7.0

2.6 GOES soft X-ray observations

The Geostationary Operational Environmental Satellite (GOES) is a joint effort

of the National Aeronautics and Space Administration (NASA) and the National

Oceanic and Atmospheric Administration (NOAA), which formally began in 1975.

The X-ray Sensors aboard GOES provide continuous observations of solar X-ray

flux. Each satellites have two sensors, which measure the disc-integrated X-rays

flux? in two different wavelengths i.e. 0.5-4 A and 1-8 A bands. Both of the

channels of GOES 13-15 satellites observe simultaneously and provide data at a

cadence of =~ 2 sec. We have used GOES observations in the 1-8 A band to iden-

tify the transient solar activities, viz. solar flares and their impact on different

physical parameters like Doppler velocity and magnetic fields.

2.7 RHESSI hard X-ray observations

The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Lin et al.
(2002)) is a Small Explorer (SMEX) mission of NASA, which was launched on

05 February 2002. The primary objective of the RHESSI instrument is to un-

’http://goes.ngdc.nooa.gov/data/
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derstand the basic science behind particle acceleration and energy release ac-
companying solar flares. It is accomplished by imaging and spectroscopy of hard
X-ray/gamma-ray continua emitted by energetic electrons and of gamma-ray lines
produced by energetic ions (Lin et al. 2002). This instrument is designed to image
solar flares in soft X-rays (=~ 3 keV) to gamma rays (= 17 MeV) energy bands
with a high spatial resolution as = 2.3 arcsec and a full-Sun field-of-view having a
spectral resolution of ~1-10 keV FWHM over 3 keV-17 MeV. The RHESSI imag-
ing is based on a Fourier transform technique, which uses a set of nine Rotating
Modulation Collimators (RMCs), consisting of a pair of widely separated grids.
Images are reconstructed from the set of measured Fourier components in exact
mathematical analogy to the multi-baseline radio interferometry. The raw data
were obtained from the RHESSI data site® for different events. We have used the
Pixon method (Hurford et al. 2002) to construct HXR maps for different events
analyzed in the work. It provides reconstructed images at a spatial and temporal
resolutions of 4 arcsec pixel ™' and 1 min, respectively. In our analysis, we have
used 12-25 keV energy band to get the information on hard X-ray footpoints

during the solar flares.

2.8 Summary and Conclusions

In this chapter, we discussed observational data obtained from various ground-
and space-based instruments to achieve the objectives of this thesis. We have
presented the data reductions of the Ca II 8542 A line scan observations of a
quiet and a sunspot region obtained from the NBI with the MAST operational
at the Udaipur Solar Observatory, Udaipur India. Here, we also discuss work-
ing procedure of the NBI instrument with the MAST. In order to construct the

chromospheric line-of-sight Doppler velocity from Ca IT 8542 A line scan observa-

3ftp://hercules.ethz.ch/pub/hessi/data/
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tions, we have used bisector method. Further, we discuss about the wavelength
shift corrections and methodology to perform the wavelength shift corrections
from Doppler velocity maps before proceeding to the scientific analysis of chro-
mospheric line-of-sight Dopplergrams. We have also extensively utilized data
obtained from the HMI and ATA instruments onboard the SDO spacecraft. In
addition to that, we have also used data from the IBIS/DST, GONG, GOES
and RHESSI instruments. We have utilized SSW pacakages to handle the data
obtained from the space based instruments. We have also written our own IDL

programs to handle the MAST observations.






Chapter 3

Seismic Emissions Accompanying

Major Solar Flares

3.1 Introduction

Solar flares are the magnetized events in the solar atmosphere, in which previously-
stored magnetic energy of the order of 102"-10%? ergs are released into the so-
lar atmosphere in the form of thermal radiation, mass motion and accelerated
charged particles within few minutes to an hour. During solar flares, the back
bombarded charged particles gyrate along the magnetic field lines and gener-
ate gyrosynchrotron emissions (Hudson and Ohki 1972). The bremsstrahlung
radiation generated by deaccelerating charged particles while striking the chro-
mospheric plasma produces hard X-rays (Brown 1971). Wolff (1972b) suggested
that large solar flares could also stimulate free global oscillations in the Sun.
Much later, Fisher et al. (1985) proposed that during solar flares, the bombard-
ment of charged particles on the chromospheric layers heats the chromospheric
plasma and, as a result, chromospheric evaporation into the corona takes place.
Further, the downward settlement of the condensed material can launch a shock

on the photosphere, thereby delivering large momentum to the photospheric lay-

25
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ers (Fisher 1989) and this high amount of energy can excite the acoustic waves
inside the Sun. Kosovichev and Zharkova (1998) reported the first instance of
flare-induced seismic emission in the Sun during an X 2.6 class solar flare, which
occurred on 9 July 1996, utilizing the data from the Michelson Doppler Imager
(MDI; Scherrer et al. (1995)) instrument aboard the Solar and Heliospheric Ob-
servatory (SOHO; Domingo et al. (1995)) spacecraft. They identified this phe-
nomenon as a “sunquake”. Later on, there are several others cases reported by
Donea and Lindsey (2005), Donea et al. (2006), Moradi et al. (2007) and Kumar
and Ravindra (2006), in which they have found acoustic emissions accompanying
different classes of solar flares. Zharkova and Zharkov (2007) investigated acous-
tic emissions in a proton-rich solar flare, and they explained these enhancements
as due to the back-reaction of the shock driven by high energetic charged particles
impinging on the solar photosphere during the flare. Furthermore, Venkatakrish-
nan et al. (2008) observationally found that these high energetic charged particles
can reach up to the photosphere from the chromosphere in about 1 minute and
thus could be responsible for enhancing the velocity oscillations. Hudson et al.
(2008b) proposed another mechanism, known as “magnetic jerk”, which could be
responsible for the generation of seismic waves in the sunspots, apart from the
back-reaction of shock and high energetic charged particles on the solar photo-

sphere.

It is well known that during solar flares, magnetic fields of the corona change and
the signatures of those appear in the form of the temporal evolution of the photo-
spheric magnetic fields. Changes in the magnetic fields occur within a short time
before the flare, during the flare, and after the flare epochs. Patterson and Zirin
(1981) was the first to report the rapid, short-term changes (transient changes)
in the magnetic fields during solar flares. Further, Patterson (1984) illustrated
that these observed transient changes in the magnetic fields could be due to emis-
sion in the core of the spectral line, which is used to obtain the information of

the magnetic fields. In addition, Qiu and Gary (2003) discussed the possibil-
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ity of change in line profiles during a transient polarity reversal observed in the
photospheric magnetic field measurements obtained from the MDI instrument
aboard SOHO. Wang (1992) and Wang et al. (1994, 2002) reported abrupt and
permanent changes in the evolution of magnetic fields in the flaring region during
the different classes of solar flares using the data from Big Bear Solar Observa-
tory. Later on, extensive analysis done by Sudol and Harvey (2005) and Petrie
and Sudol (2010) of X- and M-class solar flares using the line-of-sight magnetic
fields data obtained from the GONG instruments, showed abrupt and permanent
changes in the magnetic fields in the flaring locations within 10-minute duration
with a median magnitude of 100 Gauss. In addition, Kumar et al. (2016b) also
found abrupt and persistent changes in line-of-sight magnetic fields at different
locations in the active region during an M6.5 class solar flare using the data from
the HMI/SDO, which are considered to be due to the re-organization of coronal

magnetic fields.

The Lorentz force dominantly governs the solar corona compared to other forces,
viz. gravity and gas-pressure (Fisher et al. 2012). It is believed that photo-
spheric or sub-photospheric flows produce magnetic stress in solar active regions,
which generates the Lorentz force and magnetic free energy in the active regions.
However, during the solar flares, magnetic stress of the active regions is released,
resulting in a Lorentz force impulse affecting the solar photosphere, which can
change the configuration of the magnetic field (Hudson 2000). Hudson (2000) also
conjectured that abrupt release of previously stored magnetic energy would lead
to magnetic implosion and subsequently there could be contraction and collapse
of magnetic loops towards the photosphere. Further, they have suggested that
an abrupt radial Lorentz force will act on the photosphere due to the magnetic
implosion. It was proposed by Hudson et al. (2008b), and Fisher et al. (2012)
that an impulsive change in Lorentz force acting on the photosphere can induce
seismic emission in the sunspots during solar flares. The change in radial and

horizontal components of Lorentz force acting on the solar photosphere within a
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temporal window of 0t introduced by Fisher et al. (2012) are as follows:

1
6Fr;interior - —/ dA((SB? - 582), (31)
87T Apn
and
1
5Fh;7jnterior - _/ dA(S(BTBh)7 (32)
47T A,

where B, and By, are the radial (vertical) and horizontal (i.e., transverse) compo-
nents of vector magnetic fields, respectively, 0 F,. & 0 F}, are the changes in radial
and horizontal components of Lorentz force acting on the solar interior, dA is
the elementary surface area over the photosphere and A, represents the area of
the photospheric domain containing the active region. The sign of Equations 3.1
and 3.2 have been reversed as compared to Equations 9, and 10 of Fisher et al.
(2012) in order to estimate the force acting on the photosphere. It is to be noted
that Petrie (2014) further discussed the application of formulation introduced by
Fisher et al. (2012) within a subdomain of an active region. Petrie (2014) sug-
gested that these expressions could be used in a sub-domain of the active region
at the photosphere if the horizontal length scale of the structure is much more
than 300 km and the magnetic field strength is greater than 630 G at the height
of the observations.

Moreover, transient changes in the magnetic fields and Doppler velocity in flar-
ing locations are found to be associated with the distortions in the line profiles
(Maurya et al. 2012). The detailed investigations done by Raja Bayanna et al.
(2014a) observed distortions in the two circular polarization states of light, the
Left Circular Polarization (LCP) and the Right Circular Polarization (RCP) ob-
servations, in the flaring locations which depicted transient changes in Doppler
velocity and line-of-sight magnetic fields during an X-class flare, using the line

profile observations from the HMI instrument aboard the SDO spacecraft. They



3.2. Observational Data and Analysis Procedure 59

concluded that observed transient changes in Doppler velocity and magnetic fields

in the flaring locations are prone to artefacts in the measurements.

In this Chapter, we present a detailed analysis of seismic emission in the
sunspots away from the flare ribbons and hard X-ray foot-points accompanying
major solar flares. Such acoustic enhancements are supposed to be free from any
flare-related contamination in the observational data. In the following Sections,
we first describe the data analysis techniques and selection criteria for choosing
the active regions for our investigations. This is followed by methods of analysis

and the results obtained. Finally, we summarize our results in Section 3.5.

3.2 Observational Data and Analysis Procedure

In order to investigate the seismic emissions in the sunspots accompanying ma-
jor solar flares, we have used photospheric Dopplergrams, continuum intensity,
line-of-sight magnetograms at a cadence of 45 s and vector magnetograms (B,,
B,, B.) at a cadence of 135 s acquired from the HMI instrument onboard SDO
spacecraft. For the chromospheric flare ribbons and hard X-ray footpoints (12-25
keV band) information, we have utilized chromospheric H,, intensity observations
from the GONG network and RHESSI spacecraft, respectively. The disk inte-
grated solar flux variations in 1-8 A obtained from GOES have been utilized to
get the information of solar flares. The details of the various instruments are pre-
sented in Chapter 2. To accomplish our scientific goal, we have adopted selection

criteria to choose active regions, which are as follows:

(i) We have selected only those active regions which have produced M- and X-

class solar flares.

(ii) The active regions, which are within 40° latitude and longitude of the solar
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disk, have been analyzed because p-mode oscillations are radial and dominated
near the disk centre. Thus, as we go away from the disk centre, these oscillations

suffer from the projection effect.

(iii) We have restricted our analysis to only those active regions in which magnetic
field strength is less than 3000 Gauss and the Doppler velocity does not exceed 4
6 km s~!, including the orbital velocity of the spacecraft. It is to be noted that
in the active regions where the total Doppler velocity exceeds + 8.5 km s~! or
the magnetic field strength is more than 4 3800 Gauss, the Fe I 6173 A spectral

line can go outside the observing window in the HMI instrument thereby causing

saturation problem in the observational data (Couvidat et al. 2012b).

On applying the aforementioned selections criteria, we have investigated eight

active regions, the details of which are given in the Table 3.1.

Table 3.1: Details of the active regions (ARs) used in our analysis and information
related to the flare evolution as seen in GOES soft X-ray (1-8 A band).

ARs Location Flare Date Start Peak Decay
NOAA  on the class time  time time
disk (UT) (UT) (UT)

11158  S28W17 X2.2 2011 February 15 01:44 01:56  02:06
11261  N15W35 M6.0 2011 August 03  13:17 13:48  14:10
11882 S06E28  M2.7 2013 October 28  14:46 15:01  15:04
11882 S06E28 M4.4 2013 October 28  15:07 15:15 15:21
12222  S20W31 M6.1 2014 December 04 18:05 18:25  18:56
12241 SOOW09 M6.9 2014 December 18 21:41 21:58  22:25
12242 S21W24 X1.8 2014 December 20 00:11 00:28  00:58
12297 S16E13  X2.0 2015 March 11 16:11  16:22  16:29
12371 N13W06 (C3.9 2015 June 22 17:20 1727 1733
12371  N13W06 M6.5 2015 June 22 17:39 18:23 18:23
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3.3 Evolution of velocity oscillations in the sunspots
during flares

We have analyzed photospheric line-of-sight Dopplergrams to identify any seismic
emissions in the sunspots during the flares. Here, we discuss the analysis proce-
dure and results of the active region NOAA 11158; however, a brief overview of
important results related to other active regions is also presented. The remaining

results are provided in the Appendix of the thesis.
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Figure 3.1: Left panel: Sample images of the active region NOAA 11158 showing
L. image (top left), photospheric Bros magnetic fields (top right), Dopplergram
(bottom left) and running difference of Doppler images (bottom right) acquired
from the HMI instrument onboard SDO spacecraft on 2011 February 15. Right
panel: Plot shows the temporal evolution of disk-integrated solar flux in 1-8 A
band during an X2.2 class flare on 2011 February 15, obtained from GOES.

The active region NOAA 11158 produced several flares during its passage on the
solar disk. This was the first active region of Solar Cycle 24, which produced
an X2.2 class flare on 2011 February 15, around 01:44 UT (c.f. right panel of
Figure 3.1). We have used the tracked photospheric Dopplergrams at a cadence
of 45 s (c.f. bottom left panel of Figure 3.1) obtained from the HMI instrument
onboard the SDO spacecraft. In order to study the p-mode oscillations, we have

applied a two-point backward difference filter which removes the slowly varying
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Figure 3.2: Top left panel: Acoustic power map of active region NOAA 11158 in
2.5 — 4 mHz band estimated over 2 hour duration for pre-flare epoch. Top right
panel: Same as shown in the left panel but for spanning the flare. Bottom left
panel: Ratio of power maps estimated for spanning and pre-flare epochs. Here,
black contours represent the outer boundary of the sunspot penumbra obtained
from continuum intensity image whereas the red contours represent hard X-ray
foot-points at 25, 50, 75 and 90% of its maximuum as observed in 12-25 KeV
band from the RHESSI spacecraft. Bottom right panel: Illustrates the blow-up

region of ‘B1’ enhanced location in the sunspot as indicated in the power map
ratio.

features from the Dopplergrams. Those filtered Dopplergrams are then subjected
to fast Fourier transform (FFT) for estimating the power spectrum at each pixel.
Following this, we construct power maps in the frequency range 2.5-4 mHz band
(p-mode oscillations) for pre-flare and spanning flare epochs (c.f. top panels of
Figure 3.2). These acoustic power maps (c.f. top panels of Figure 3.2) depict that
there is a suppression of p-mode power in the sunspot regions as compared to the
quiet-Sun. Further, we have overplotted the hard X-ray contours from RHESSI

instrument in the 12-25 KeV energy band on the spanning flare power map (c.f.
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top right panel of Figure 3.2) at 25, 50, 75, and 90% of its maximum level in
order to identify the hard X-ray foot-point locations. Earlier work (Zharkova
and Zharkov (2007), Venkatakrishnan et al. (2008) and references therein) shows
that high energetic charged particles can reach up to the photosphere and in-
duce p-mode oscillations beneath the hard X-rays foot points and flaring ribbons.
However, line profiles are prone to getting distorted in the flaring/hard X-ray
footpoints locations due to the change in local thermodynamics conditions as
mentioned above (Qiu and Gary (2003), Maurya et al. (2012), and Raja Bayanna
et al. (2014a)). Therefore, we have looked for only those acoustically enhanced

locations in the sunspots which are away from HXR footpoints and flare ribbons.
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Figure 3.3: Left panel: Plot in red colour shows the temporal evolution of Doppler
velocity at a cadence of 45 s in the ‘B1’ location of active region NOAA 11158.
The dashed, solid and dotted vertical lines represent onset, peak and decay time of
the flare. Right panel: Plot showing the temporal evolution of integrated acoustic
power over the ‘B1’ location (red colour with asterisks) whereas that shown in
blue colour with triangles represents evolution of total power in an unaffected
region in the same sunspot. It is to be noted that there is a time offset of about
4 30-minutes between the acoustic power variation and the GOES flare-time.

Although, by visualization of these two power maps (c.f. top panel of Figure 3.2),
it is difficult to infer any adequate changes in the acoustic power in the sunspot
regions during the flare. As a result, we have taken the ratio of these two power

maps (spanning flare to pre-flare) as shown in the bottom left panel of Figure 3.2.
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Figure 3.4: A brief illustration of important results obtained for the active region
NOAA 11261. Top left panel: This illustrates the ratio of acoustic power maps
estimated for spanning flare and pre-flare epochs in the 2.5-4 mHz band. Here,
black contours represent the outer boundary of the sunspot penumbra obtained
from continuum intensity image whereas the red contours represent flare-ribbon
locations from Ha chromospheric intensity observations at 70, 80 and 90 % of its
maximum value as observed from the GONG instrument. Top right panel: Tllus-
trates the blow-up region of ‘D2’ enhanced location in the sunspot as indicated
in the power map ratio. Bottom left panel: Plots showing the temporal evolution
of integrated acoustic power over the ‘D2’ location (red colour with asterisks)
whereas that shown in blue colour with triangles represents evolution of total
power in an unaffected region in the same sunspot. It is to be noted that there
is a time offset of about + 30-minutes between the acoustic power variation and
the GOES flare-time. Bottom right panel: Plot in red colour shows the temporal
evolution of change in radial (i.e., upward) component of Lorentz force in the ‘D2’
location. The dashed, solid and dotted vertical lines represent the onset, peak
and decay time of the flare. The remaining maps and plots have been provided
in the Appendix.
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Figure 3.5: Same as Figure 3.4, but for ‘N1’ location of active region NOAA
11882. It is to be noted that there is a time offset of about + 30-minutes between
the acoustic power variation and the GOES flare-time in the bottom left panel.
The bottom right panel illustrates the change in horizontal (i.e., transverse) com-
ponent of Lorentz force in the aforementioned location. The dashed, solid and
dotted blue and black vertical lines represent the onset, peak and decay time of
M2.7 and M4.4 class flares, respectively. The remaining maps and plots have
been provided in the Appendix.

Again, we have over-plotted hard X-ray foot-point contours (red colour) in 12-25
keV band obtained from the RHESSI instrument on this power map ratio. In
addition, we have also overplotted contours of the outer boundary of the sunspot
penumbra (black colour) from the HMI continuum intensity image on the power
map ratio. Further, we have selected the acoustically enhanced ‘B1’ location in
the sunspot, away from the flaring regions. The blow-up region of the ‘B1’ loca-
tion shows an enhancement in power ratio in patches (c.f. bottom right panel of
Figure 3.2). The temporal evolution of Doppler velocity in ‘B1’ location shows

enhancement in p-mode velocity oscillations after the solar flare (c.f. left panel

log,,Power Ratio
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Figure 3.6: Same as Figure 3.4, but for ‘M1’ location of active region NOAA
12222. It is to be noted that there is a time offset of about + 30-minutes between
the acoustic power variation and the GOES flare-time in the bottom left panel.
The bottom right panel illustrates the change in radial (i.e., upward) component
of Lorentz force in the aforementioned location. The remaining maps and plots
have been provided in the Appendix.

of Figure 3.3). Additionally, We have examined the temporal evolution of total
power integrated over the ‘B1’ region as shown in red colour with asterisks in the
right panel of Figure 3.3. This is done by estimating the power spectrum for a
1-hour duration and then shifting it for every 30-minutes during the observation
period. Thus, it will have a time offset of about £+ 30-minutes relative to the
flare’s onset, peak and decay time. The temporal evolution of total power over
‘B1’ location demonstrates significant enhancement spanning the flare. On the
other hand, the plot shown in blue colour with triangles representing the evolu-
tion of total power for an unaffected region in the same sunspot shows normal

evolution over the whole duration. Similar analysis have been performed on the
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Figure 3.7: Same as Figure 3.4, but for ‘Q1’ location of active region NOAA 12241.
It is to be noted that there is a time offset of about 4+ 30-minutes between the
acoustic power variation and the GOES flare-time in the bottom left panel. The
bottom right panel illustrates the change in horizontal (i.e., transverse) component
of Lorentz force in the aforementioned location. The remaining maps and plots
have been provided in the Appendix.

active regions listed in the Table 3.1. A brief illustration of the results of other
active regions are shown in the Figures 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, and 3.10. We
have also estimated percentage change in the total power of the regions show-
ing acoustic enhancement in sunspots in power map ratios of the active regions
considered in our analysis. All the seismic emission regions and corresponding
percentage changes in total power spanning the flare are listed in Table 3.2, show-
ing significant variations. In order to investigate the cause of seismic emissions
in the sunspot regions away from flaring locations, we examine the evolution of
magnetic fields and changes in the Lorentz force as suggested by Hudson et al.

(2008a) and described above.

log,,Power Ratio
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Figure 3.8: Same as Figure 3.4, but for ‘K1’ location of active region NOAA
12242. Tt is to be noted that there is a time offset of about £ 30-minutes between
the acoustic power variation and the GOES flare-time in the bottom left panel.
The bottom right panel illustrates the change in horizontal (i.e., transverse) com-
ponent of Lorentz force in the aforementioned location. The remaining maps and
plots have been provided in the Appendix.

3.4 Changes in the photospheric magnetic fields

in the sunspots during flares

We have analyzed sequences of tracked line-of-sight magnetograms at a cadence
of 45 s and vector magnetograms at a cadence of 135 s obtained from the HMI
instrument onboard the SDO spacecraft in order to examine the evolution of
magnetic fields corresponding to the seismic emission regions in the sunspots ac-
companying the flares. The left panel of Figure 3.11 represents the temporal
evolution of line-of-sight magnetic fields over the ‘B1’ location. Here, we find

that before the flare, the magnetic field is normally evolving, while there is an

log,,Power Ratio
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Figure 3.9: Same as Figure 3.4, but for ‘ F'2’ location of active region NOAA 12297.
It is to be noted that there is a time offset of about 4+ 30-minutes between the
acoustic power variation and the GOES flare-time in the bottom left panel. The
bottom right panel illustrates the change in horizontal (i.e., transverse) component
of Lorentz force in the aforementioned location. The remaining maps and plots
have been provided in the Appendix.

abrupt change in the magnetic field of the order of 80-90 Gauss within a period of
10-20 minutes spanning the flare, and after the flare, there is a normal evolution.
Moreover, the temporal evolution of transverse components of vector magnetic
fields over ‘B1’ location depicts a step-like change of the order of 60-70 Gauss
within 10-20 minutes during the flare (c.f. right panel of Figure 3.11). We have
done a similar analysis of magnetogram data for the seismic emission locations for
other active regions, which are mentioned in Table 3.1. The temporal evolution
of magnetic fields corresponding to seismic emission locations in all active regions

shows similar changes in the magnetic fields. These results have been provided
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Figure 3.10: Same as Figure 3.4, but for ‘P1’ location of active region NOAA
12371. It is to be noted that there is a time offset of about + 30-minutes between
the acoustic power variation and the GOES flare-time in the bottom left panel.
The bottom right panel illustrates the change in radial (i.e., upward) component
of Lorentz force in the aforementioned location. The dashed, solid and dotted
blue and black vertical lines denote the onset, peak and decay time of C3.9 and
M6.5 class flares, respectively. The remaining maps and plots have been provided
in the Appendix.

in the Appendix.

As described in Section 3.1, we have examined changes in both the components of
Lorentz force utilizing the Equations 3.1 and 3.2. Figure 3.12 shows the temporal
evolution of change in radial and horizontal components of Lorentz force over ‘B1’
location. These plots demonstrate an abrupt change in the radial component of
Lorentz force and step-like change in the horizontal component of Lorentz force
of the order of 10*!' dynes within 10-20 minutes duration spanning the flare.

Similar changes in the Lorentz force corresponding to the analysis of other active
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Figure 3.11: Left panel: Plot in red colour shows the temporal evolution of line-
of-sight magnetic fields at a cadence of 45 s in the ‘B1’ location of active region
NOAA 11158. Right panel: Plot in red colour shows the temporal evolution of
horizontal (i.e., transverse) component of vector magnetic fields at a cadence of
135 s in the ‘B1’ location. The dashed, solid and dotted vertical lines represent
the onset, peak and decay time of the flare.
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Figure 3.12: Left panel: Plot in red colour shows the temporal evolution of
change in radial (i.e., upward) component of Lorentz force in the ‘B1’ location
of the active region NOAA 11158. Right panel: Same as shown in the left panel
but for change in horizontal (i.e., transverse) component of Lorentz force in the
aforementioned location. The dashed, solid and dotted vertical lines represent
the onset, peak and decay time of the flare.

regions (c.f. Table 3.2) have been found, which are in close approximation to the
estimates of Hudson et al. (2008b) and Fisher et al. (2012). The plots of change
in Lorentz force for the other active regions are shown in Figures 3.4 to 3.10 and

are also provided in the Appendix.
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Table 3.2: Details of the active regions (ARs) and flare produced, identified
seismic emission locations in the sunspots, observed changes in the total power
and estimated changes in Lorentz force corresponding to the seismic emission
locations accompanying the flares.

ARs Flare class  Seismic Change in ~ Change in
emission power Lorentz Force
locations  (percent) (dynes)

NOAA 11158 X2.2 B1 ~ 113 ~ 2.0 x 10*

NOAA 11261 M6.0 D1 ~ 30 ~ 1.0 x 10*

M6.0 D2 ~ 162 ~ 0.5 x 10*

NOAA 11882 M2.7, M4.4 N1 ~ 56 ~ 1.5 x 10%

M2.7, M4.4 N2 ~ 123 ~ 0.2 x 10%

NOAA 12222 M6.1 M1 ~ 284 ~ 1.0 x 10*
M6.1 M2 ~ 151 =~ 1.0 x 10%

NOAA 12241 M6.9 Q1 ~ 192 ~ 0.3 x 10*
M6.9 Q2 ~ 100 ~ 0.6 x 10

M6.9 Q3 ~ 130 ~ 0.3 x 10%

M6.9 Q4 ~ 166 ~ 0.2 x 10%

M6.9 Q5 ~ 213 ~ 0.3 x 10*

M6.9 Q6 ~ 101 ~ 0.5 x 10*

NOAA 12242 X1.8 K1 ~ 114 ~ 0.1 x 10*
X1.8 K2 ~ 156 ~ 0.4 x 10%

NOAA 12297 X2.0 F1 ~ 76 ~ 3.0 x 10%
X2.0 F2 ~ 190 ~ 1.0 x 10!

169 ~ 0.7 x 10%
123 ~ 0.3 x 10%

NOAA 12371 (C3.9, M6.5 P1
C3.9, M6.5 P2

Q2

3.5 Summary and Conclussions

Our results based on the detailed investigations of seismic emissions accompany-
ing major solar flares in the sunspot away from flaring regions/hard X-rays foot
points are presented in Table 3.2. The summary of our analysis, chief findings

and interpretation of results are as follows:

To examine the acoustic/seismic enhancements in the sunspots from the power
map analysis in the 2.5-4 mHz band for pre- and spanning flare epochs, we utilize

photospheric line-of-sight Dopplergrams of the active regions. The selected seis-
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mic emission locations (c.f. Table 3.2) are within the sunspots and away from the
flaring regions/hard X-ray footpoints. These regions are supposed to be free from
any flare-related artefacts in the observational data. We note that the temporal
evolution of Doppler velocity in the seismic emission location shows enhance-
ment during the flare and post-flare epochs. We also observe that the temporal
evolution of total power corresponding to these seismic emission locations shows
enhancement in power accompanying the flare, and it tends to return to normal
value after the flare. Additionally, during the flares, the identified seismic emis-
sion locations in the sunspots show a significant percentage change in the total

acoustic power (c.f. Table 3.2).

In order to better understand the cause of these seismic emissions, we have an-
alyzed magnetic fields (scalar and vector both) in the identified locations. In
most cases, the temporal evolution of the magnetic fields corresponding to seis-
mic emission locations shows abrupt and persistent changes of the order of 50-100
Gauss within a duration of 10-20 minutes during the flare and post flare epochs.
The plots of the evolution of magnetic fields over the ‘B1’ location are shown here
(c.f. Figure 3.11), whereas those for the other identified locations are provided in

the Appendix.

We have estimated the changes in Lorentz force corresponding to the seismic
emission locations. Our analysis shows changes in the Lorentz force of the order
of 10*! dynes in the seismic emission locations in the sunspots (c.f. Table 3.2).
The magnitude of change in Lorentz force in the identified seismic locations as
obtained in our analysis is an order lower compared to that estimated by Hudson
et al. (2008b) and other previous studies. This is because our locations are away
from the centers of the active regions, where the observed magnetic field changes
are relatively smaller. On the other hand, those reported in earlier studies (Petrie

(2012), Petrie (2014) & Sarkar and Srivastava (2018)) are primarily along the po-



74 Chapter 3. Seismic Emissions Accompanying Major Solar Flares

larity inversion lines (PILs) where the magnetic field vectors become stronger and
more horizontal during the flares, and hence the magnetic field changes are more
pronounced. The plots of changes in the Lorentz force in ‘B1’ location of active
region NOAA 11158 and a brief overview of results of the analysis of the NOAA
active regions 11261, 11882, 12222, 12241, 12242, 12297 and 12371 are shown
in Figures 3.4 to 3.10. The remaining maps and plots of the analysis of these
active regions are provided in the Appendix. We observe a good correspondence
between the enhancement in acoustic power in the seismic emission locations and
the impulsive and other episodic changes of similar size in the Lorentz force in
these identified locations. Therefore, our detailed investigation indicates that
“magnetic-jerk” is the driving force for seismic emissions in the sunspots away

from flare ribbons and hard X-ray foot-point locations observed during the flares.

Further, we estimate the work done by a change in Lorentz force in the seis-
mic emission location ‘B1’ in the active region NOAA 11158 and compared this
available energy budget with the acoustic emission computed in one of the ker-
nels (5x5 pixels) in the aforementioned seismic location. It is to be noted that
Hudson et al. (2008b) have computed the work done by the change in Lorentz
force (=~ 10*? dyne) as estimated from the results of Sudol and Harvey (2005)
and considering the displacement of the photosphere to be ~ 3 km as observed
in the amplitude of seismic wave produced during an X2.6 class flare in active
region NOAA 7978 (Kosovichev and Zharkova 1998). Thus, they arrived at an
energy budget of ~ 3x10%" erg, which was found to be comparable to the energy
of acoustic emissions reported in previous studies (Donea et al. 2006; Moradi
et al. 2007). Following Hudson et al. (2008b), we have estimated the work done
(W = 6F.r) by the change in Lorentz force (§F ~ 2x102?! dyne) as obtained for
the seismic emission location ‘B1’ in displacing the photospheric plasma by, say,
r ~ 3 km, which yields W ~ 6x10% dyne cm. As mentioned earlier, we further

compute the excess acoustic energy in the kernel, which could be represented by,
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OF = p.0p.A.d, where ‘p’ is the mean density of the solar photosphere (~ 2x10~"
g cm™3), ‘0p’ is the change in acoustic power in the identified kernel in the fre-
quency band 2.5-4.0 mHz band (=~ 5x10° cm? s72), ‘A’ is the area of the kernel
(~ 3.2x10'® cm?), and ‘d’ is the depth of the kernel which could be considered
approximately equal to its linear size (~ 1.8x10® cm), assuming that as much
acoustic energy travels vertically from the source as in each horizontal direction.
Thus, we obtain JE ~ 5.7x10?* erg. This is the approximate energy budget of
the acoustic emission observed in the identified kernel, which is lower than the
magnitude of the work done by the change in Lorentz force in this seismic loca-
tion. Therefore, our results suggest that the observed seismic emission has been
induced by the impulsive changes in Lorentz force in the sunspot region during
the flare. We have also tried to investigate a relationship between the change
in Lorentz force and percentage change in seismic power; however, we could not
find any direct relation between these two parameters. This could be because, in
our photospheric Doppler observations, we can observe only the trapped acoustic
modes, which is some fraction of the induced seismic emission by “magnetic-jerk”.
The remaining fraction of these acoustic waves would propagate higher into the
solar atmosphere along the magnetic field lines in the form of magnetoacoustic
waves, depending on their inclination and interaction with these acoustic waves.
Hence, it would be possible to conduct a detailed study of the relation between
these two only if we have simultaneous Dopplergrams available for the layers

above the photosphere.

These seismic emissions in the sunspots are essential to study because these en-
hanced locations can provide better information about the deep dynamics in the
active regions during the flares. In addition, since these “magnetic-jerk” driven
seismic waves can also propagate from the photosphere to higher solar atmo-
spheric layers along the magnetic field lines in the form of magnetoacoustic waves;

hence it can contribute to the heating of the solar atmosphere. Thus, considering
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the importance mentioned above, this study will be further carried out by using
the upcoming facility of simultaneous velocity observations of the photosphere
and chromosphere from the Multi-Application Solar Telescope (Mathew 2009a;
Mathew et al. 2017a; Venkatakrishnan et al. 2017a) operational at the Udaipur

Solar Observatory, India.



Chapter 4

Study of the Interaction of
Acoustic Waves with the Small
Scale Magnetic Fields in the

Solar Atmosphere

4.1 Introduction

Acoustic waves are well recognized as an agent of non-thermal energy transfer
that couples the lower solar atmospheric layers, primarily through their inter-
actions with and transformations by the highly structured magnetic fields that
thread these layers. These waves are generated by turbulent convection within
and near the top boundary layers of the convection zone (Lighthill 1952; Stein
1967; Goldreich and Kumar 1990; Bi and Li 1998) and they resonate to form
p-modes in the interior of the Sun. Propagation of these waves into the solar at-
mosphere is determined by the height dependent characteristic cut-off frequency
Ve, which takes the value of ~ 5.2 mHz for the quiet-Sun photosphere (Bel and
Leroy 1977; Jefferies et al. 2006) as estimated from w,. = 27V, = ¢;/2H,, where

77
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¢, and H, are the photospheric sound speed and density scale height, respec-
tively. Height evolution of wave phase in the chromospheric layers at frequencies
larger than this cut-off of 5.2 mHz, while evanescent for smaller frequencies, is a
well-observed feature in the quiet Sun. However, this condition is altered by the
magnetic fields, which affect the propagation of these waves; when plasma [ is
low (5 <1), acoustic cut-off frequency (v,.) is changed by a factor of cosf (Bel
and Leroy 1977; McIntosh and Jefferies 2006; Cally et al. 2016), where 6 is the
angle between the magnetic field and the direction of gravity (which is normal
to the solar surface). This fundamental effect of the inclined magnetic field has
been identified as a key mechanism to tap the energetic low-frequency (p-mode)
acoustic waves to energize the solar atmospheric layers and was termed as “mag-
netoacoustic portals” (Jefferies et al. 2006). A detailed look at such phenomena,
including those due to other possible effects such as non-adiabaticity and mag-
netohydrodynamic wave modes in structured magnetic fields, has been carried
out by Rajaguru et al. (2019). There have also been studies of p-mode waves as
drivers of impulsive dynamical phenomena that supply mass and energy to the

solar atmosphere (De Pontieu et al. 2004, 2005).

Moreover, the interaction of acoustic waves with the background magnetic fields
lead to various types of magnetohydrodynamics wave phenomenan like mode con-
version, refraction and reflection of waves, formation of high-frequency acoustic
halos etc. The observation of high-frequency acoustic halos (above the acoustic
cut-off frequency) surrounding the strong magnetic structures such as sunspots,
pores, and plages, was first observed at the photosphere (Brown et al. 1992) as
well as the chromosphere (Braun et al. 1992; Toner and Labonte 1993) in the
frequency range v = 5.5-7 mHz, in typically weak to intermediate (Bros =~ 50—
300 G) photospheric magnetic field regions. The observational studies of halos
(Hindman and Brown 1998; Thomas and Stanchfield 2000; Jain and Haber 2002;
Finsterle et al. 2004; Moretti et al. 2007; Nagashima et al. 2007) reveal several



4.1. Introduction 79

features, a summary of which has been presented in Khomenko and Collados
(2009). Moreover, there is no single theoretical model which can completely
explain all the observed features despite having focused efforts (Kuridze et al.
2008; Hanasoge 2008, 2009; Khomenko and Collados 2009). The majority of the
work emphasizes the interaction of acoustic waves with the background mag-
netic fields from the photospheric to the chromospheric heights, with regards to
power halos observed around the sunspots (Khomenko and Collados (2009) and
references therein). However, Krijger et al. (2001), McIntosh and Judge (2001),
and Mclntosh et al. (2003) have investigated the oscillatons in the network and
internetwork regions utilizing intensity observations of lower solar atmosphere
from Transition Region and Coronal Explorer (TRACE; Handy et al. (1999)).
Vecchio et al. (2009), Kontogiannis et al. (2010b), Kontogiannis et al. (2014),
and Kontogiannis et al. (2016) have also investigated these oscillations using the
velocity observations in the quiet-Sun and the effect of magnetic canopy. The
physical characteristics of upward propagating acoustic waves are shaped by the
topology of nearby magnetic fields. Numerical modeling done by Rosenthal et al.
(2002) and Bogdan et al. (2003) show that the propagation of acoustic waves
in the solar atmosphere is affected by the magnetic canopy and plasma [ =1
layer where mode conversion, transmission and reflection take place. Khomenko
and Collados (2009) utilizing the numerical simulations of magnetoacoustic wave
propagation in a magneto-static sunspot model suggest that halos can be caused
by the additional energy injected by the high-frequency fast mode waves, which
are refracted in the vicinity of the transformation layer (where Alfven speed is
equal to the sound speed) in the higher atmosphere due to rapid increase of
the Alfven speed. Schunker and Braun (2011) identified some new properties of
acoustic halos in active regions. Rajaguru et al. (2013) further explored differ-
ent properties of high-frequency acoustic halos around active regions including
possible signatures of wave refraction utilizing the photospheric velocities, vector

magnetograms and lower atmospheric intensity observations.
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In this chapter, we discuss the leakage of low-frequency (2.5-4 mHz) acoustic
waves into the higher solar atmospheric layers along small-scale inclined magnetic
fields of a quiet magnetic network region exploiting the high-resolution photo-
spheric velocity observations in Fe I 6173 A line from the HMI/SDO and chro-
mospheric velocity estimated from Ca IT 8542 A line scan observations obtained
from the MAST. It is to be noted that p-mode oscillations are stochastically ex-
cited inside the convection zone beneath the solar photosphere and intermittently
interact with the background magnetic fields. Therefore, here we employ wavelet
analysis to detect these episodic signals propagating from the photospheric to
the chromospheric heights using velocity observations. We also investigate the
interaction of acoustic waves with the background magnetic fields resulting in
the formation of high-frequency acoustic halos in the velocity power maps of a
magnetic network region and their relation with the photospheric vector mag-
netic fields. In the following sections, we first describe the observational data and
analysis. This is followed by the results obtained from the investigation. Finally,

we present a summary of our results and conclusions in the Section 4.4.

4.2 Observational Data and Analysis Procedure

We employ two-height velocities observed over a magnetic network region in the
solar disk center to investigate the propagation of p-mode waves and appearance
of high-frequency power halos and their relation with the background magnetic
fields. We use photospheric observations in Fe I 6173 A spectral line obtained
from the HMI instrument onboard the SDO spacecraft and chromospheric line-
scan observations in Ca IT 8542 A spectral line from the Narrow Band Imager
(NBI) with the MAST operational at the Udaipur Solar Observatory, Udaipur,
India. The other details of the HMI instrument onboard SDO spacecraft and the
NBI instrument with the MAST are presented in the Chapter 2 of this thesis.
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Figure 4.1: Sample maps of chromospheric Ca II 8542 A near line-core intensity
image (top left panel), and chromospheric Dopplergram (top right panel) of a
quiet magnetic network region observed on May 21, 2020 from the MAST. Bottom
panel shows a sample profile of Ca II 8542 A spectral line with five bisector points
(red diamond) used to derive the chromospheric line-of-sight Doppler velocity.
This profile is constructed from the average intensity over the whole field-of-view
(FOV) of the MAST (c.f., top left panel). The 15 wavelength positions were
scanned in about 15 seconds.
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Figure 4.2: Sample maps of average of photospheric line-of-sight magnetograms
over 112 minutes duration (top left panel), blow up region of a strong magnetic
network region (top right panel) as denoted by black dashed square box in the
top left panel. Line-of-sight magnetogram has been saturated at £100 G and +
50 G, respectively, to bring out the small-scale magnetic features. The yellow
arrows with labels ‘A’, ‘B’ and ‘C’, show the identified locations for the inves-
tigation of leakage of p-mode oscillations. Bottom left panel: Sample map of 0
obtained from the HMI vector magnetograms and integrated over the duration of
observations. Blow up region illustrating # of a selected strong magnetic network
location (bottom right panel) as denoted by black dashed square box in the left
panel.
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4.2.1 Estimation of chromospheric line-of-sight velocity

from Ca II 8542 A line scan observations obtained

from the MAST

We use chromospheric Ca II 8542 A line scan observations utilizing the capabilities
of the NBI with the MAST. We have observed a magnetic network region in the
disk center in the chromosphere of the Sun. The Ca II line profile has been
scanned at 15 different wavelength positions starting from 8541.6 A to 8542.48 A
within 15 s at a spatial sampling of 0.10786 arcsec per pixel on May 21, 2020, from
04:52:42 - 06:45:20 UT. The core of the line profile is scanned with close sampling
intervals, whereas wings are sampled at higher wavelength spacing. Moreover,
there is a delay of 19 s between two consecutive line scans. We obtained intensity
images at different wavelength positions in a FOV of 220x220 arcsec?. The
seeing condition was stable during the observation. The top left panel of Figure
4.1 shows the core intensity image of the Ca II line during the starting time of the
observations. We resample the Ca II intensity images to match the coarser HMI
spatial scale after dark and flat corrections on the line-scan observations obtained
from the NBI with the MAST. We have used the cross_corr.pro routine available
in SolarSoftWare (SSW) to co-align each Ca II intensity image with the previous
line scan image. The bisector method (Gray 2005) has been used to construct
chromospheric Doppler velocity. In order to define the reference wavelength, we
have used the bisector method on the line profile constructed from the average
intensity over full FOV. The bottom panel of Figure 4.1 shows the Ca II line profile
estimated by taking the average over full FOV, with bisector points of five red
horizontal lines at different intensity levels in the line core shown by red diamond;
the data points marked with plus represent the locations, where the line has been
scanned using the NBI with the MAST. According to Cauzzi et al. (2008), the
wings of the Ca II spectral line that are 0.5 — 0.7 A away from the line centre map

the middle photosphere around h = 200 — 300 km above the 75090 = 1 (unity optical
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depth in the 500 nm continuum) whereas the line core is formed in the height
range h = 1300 — 1500 km. Here, we have used bisector in between + 0.14 — 0.18 A
from the line center. The contribution in this particular wavelength range comes
from a height around h ~ 900 — 1100 km (mean height ~ 1000 km). By taking the
average of five bisector points, we obtained a map of A\, which, after a wavelength
shift correction, is then used to estimate the line-of-sight velocity (Vj,s) given by
the Doppler shift formula, Vj,s = (6\/Ag)c, where \q is the rest wavelength, and
c is the speed of light. For the wavelength shift corrections, we use a diffuser
to take the line-scan observations, which contains only the shift originating from
the incident angle () of the light. Again, we utilize bisector method to construct
map of dAgpife, which is subtracted from d\ maps. Following this, by combining
the time taken for line-scan and delay time, we obtain chromospheric Doppler
velocity at a cadence of 34 s. Further, we linearly interpolate over time to match
the lower cadence (45 s) photospheric Dopplergrams from the HMI instrument.
The interpolated time series (chromospheric Dopplergrams) are now simultaneous
to the photospheric Dopplergrams. The top right panel of Figure 4.1 shows
the chromospheric Doppler velocity constructed from the MAST observations.
For aligning the photospheric and chromospheric observations, we use 20 min
averages of near line core intensity of Ca II spectral line profile and line-of-sight
magnetograms and identify similar features for correlation tracking to get sub-

pixel accuracy.

4.2.2 Photospheric Observables from the HMI instrument

We use photospheric Dopplergrams obtained from the HMI/SDO instrument,
which sample Fe I 6173 A spectral line. Norton et al. (2006) investigated for-
mation process of Fe I 6173 A line profile and derive a height range of h = 20 —
300 km above the continuum optical depth (7. = 1, which corresponds to z = 0)

whereas line continuum is formed around h = 20 km above z = 0. Fleck et al.
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(2011) used 3d time-dependent radiation hydrodynamic simulation to produce
Fe 16173 A line profile and calculated Doppler velocity to compare with the ob-
servations derived with the HMI instrument. They concluded that Vi, forms
at a mean height of 150 km. Other photospheric observables used in this study
are Bros and B = [B,, By, B.| at a cadence of 45 s and 12 min, respectively.
The magnetic fields of the quiet Sun rapidly evolve over a short time duration
and decay (Bellot Rubio and Orozco Sudrez 2019). In order to examine the role
of small scale magnetic fields on the leakage of p-mode waves and formation of
high-frequency halos, we have taken the average of Brpog over the whole obser-
vation duration as shown in the top left panel of Figure 4.2. The average Brog
map shows only the permanent magnetic features. It has been saturated between
4 100 G to bring out small scale magnetic patches, and a strong network region
is selected for final analysis, which is demarcated with a black dashed square
box. The top right panel of Figure 4.2 shows the blow-up region of B;pg. From
the vector magnetograms, we have B,, B,, and B, components of the magnetic
fields. Similar to Rijs et al. (2016) and Rajaguru et al. (2019), we estimate field
inclination tan(y) = B,/By,, where B, is the radial component of the magnetic
fields, and By, = \/B§TB§ is horizontal magnetic fields. Field inclination with
respect to the local vertical direction, #, in degrees is then simply defined as 6 =
90. — (180./7)|y|. Map of 6 averaged over the whole observation period is shown
in the bottom left panel of Figure 4.2, where 8 = 0 degrees corresponds to ver-
tical and 8 = 90 degrees represents horizontal magnetic fields. It is to be noted
that we have averaged Brpogs and # maps over the whole observation period; this
may lead to an averaging out of small scale emerging magnetic fields in between
the observation period. Finally, we have selected three different locations (‘A’,
‘B’, and ‘C”) with magnetic field strength (|Bros|) greater than 30 G to study
the propagation of p-mode waves from the photosphere into the chromosphere as
shown with the yellow arrowheads in the blow-up region of Brogs map (c.f. top

right panel of Figure 4.2), which is our region of interest (ROI). In our analysis,
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Table 4.1: Table represents the values of average line-of-sight magnetic fields (<
|Bros|>), inclination (< § >) and cut-off frequency (v2) over selected locations.

Location < |Bros|> | < 0 > (de- | v2 =
G) gree) VaeCOSO
(mHz)
A 42.9 64.2 2.3
B 68.7 58.1 2.7
C 38.5 62.7 2.4

we have considered rasters of 10x10 pixels in the aforementioned identified lo-
cations on which the velocity signals are averaged in order to take into account
seeing related fluctuations on spatial scales. The values of < |Brog|>, < # > and

magnetically modified cut-off frequency v2 = v,.cosf) over locations ‘A’, ‘B’, and

‘C" are listed in the Table 4.1.

4.3 Results

In order to detect the presence of episodic wave propagation signals, from the
photosphere to the chromosphere through the intermittent interactions between
p-modes and the magnetic fields, we have constructed the wavelet power spectrum

of the velocity time series at the identified locations ‘A’ ‘B’, and ‘C”, respectively.

4.3.1 Wavelet analysis of HMI and MAST velocity data

Wavelet analysis is a powerful technique to investigate non-stationary time series
or where we expect localized power variations. Thus, to determine the period of
episodic signals present in the identified regions, we apply the wavelet technique
(Torrence and Compo 1998) on the photospheric and chromospheric velocity time
series of locations ‘A’, ‘B’, and ‘C” obtained from the HMI and the MAST ob-
servations. Torrence and Compo (1998) presented a detailed description of the
methodology used as the basis for this study. Here, we use the Morlet wavelet,

a product of a Gaussian function and a sine wave. In the wavelet power spec-



4.3. Results 87

trum (WPS), we limit our investigation to a region inside a “cone of influence”
corresponding to the periods of less than 25 % of time series length. We have
also overplotted the confidence level at 95 % as shown by a solid black line in
the WPS. For the different locations on the photospheric velocities, we note the
presence of significant power around the 2.5-4 mHz band in the WPS, which is

associated with the p-mode oscillations (c.f. left panels of Figures 4.3).

The WPS obtained from chromospheric velocity time series at the identified
locations also shows the power around 2.5-4 mHz band and above 5.5 mHz (c.f.
right panel of Figures 4.3). Further, the WPS is collapsed over the whole ob-
servation time to get the Global Wavelet power spectrum (GWPS). If power is
present during the whole length of observation time in WPS, it would also be re-
flected in the GWPS. The GWPS is similar to the commonly used Fourier power
spectrum. In Figures 4.3 GWPS show the peak around 3 mHz above the con-
fidence level in the photospheric and chromospheric locations. Importantly, we
note that WPS constructed from the chromospheric velocity time series reveals
the presence of significant power around the 3 mHz band at the same time as in
the WPS obtained from the photospheric velocity time series (c.f. Figures 4.3).
For instance, significant power is present in the WPS constructed from the HMI
velocity of location ‘A’ in 0-40 minutes duration in 2.5-4 mHz band (c.f. top left
panel of Figure 4.3), and in the same time interval, we notice significant power in
WPS obtained from the chromospheric velocity time series (c.f. top right panel of
Figure 4.3). We have found similar results in other selected locations (c.f. Figure
4.3). Moreover, the estimated acoustic cut-off frequency (v2) (c.f. Table 4.1) in
the locations mentioned above shows that the quiet-Sun photospheric acoustic
cut-off frequency (v,.) is adequately reduced in the presence of inclined magnetic
fields. Thus, it indicates that the power present around 2.5-4 mHz band in the
chromospheric WPS is possibly associated with the leakage of the photospheric

p-mode oscillations into the chromosphere.
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Figure 4.3: Top left panel: Upper panel (a) shows the temporal evolution of aver-
age velocity signals obtained from the photospheric Dopplergrams for the location
‘A’. Bottom panel shows the WPS and the GWPS in (b) and (c), respectively,
computed from velocity time series. In the WPS, the solid lines demonstrate
regions with the 95% confidence level, and the hatched region indicates the cone
of influence. The colour scale represents the wavelet power. The dotted line in
GWPS shows a confidence level at 95%. Top right panel: Same as top left panel,
but from chromospheric velocity for location ‘A’ as estimated from MAST obser-
vations. Middle and bottom panels are for the locations ‘B’ and ‘C”, respectively.
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4.3.2 Phase and coherence spectra

Wavelet power spectra of the locations ‘A’, ‘B’, and ‘C” obtained from the chro-
mospheric Doppler velocities show one-to-one correspondence in the v = 2.5-4
mHz band with the photospheric 2.5-4 mHz band, suggesting that chromospheric
power in 2.5-4 mHz band are related to the leakage of photospheric p-mode os-
cillations. Hence, we estimate the phase and coherence spectra over the region of
interest (ROI) (c.f. right panel of Figure 4.2). We would like to mention here that
spatial maps of phase and coherence do not show clear one-to-one correlations.
It might be due to the larger height difference between the photospheric and the
chromospheric Dopplergrams, and also due to non-achievement of sub-pixel ac-
curacy in the alignment of the HMI and the MAST observations due to seeing
fluctuations. Hence, we have not included these maps in our results. Here, we
present the average phase and coherence over the ROI. In order to estimate the
phase and coherence between two signals at each pixel, we calculate the cross-

spectrum of two evenly sample time series (I3 and I5) in the following way:

Xi2(v) = Li(v) x I5(v), (4.1)

where I’s are the Fourier transforms, and * denotes the complex conjugate. The
phase difference between two-time series is estimated from the phase of complex

cross product (Xi5(v)), where

So(v) = tan ' (Im(< X12(v) >)R(< X12(v) >)). (4.2)

We are adopting the convention that positive d¢(r) means that signal 1 leads
2, i.e., a wave is propagating from lower height to upper height and vice-versa.
Further, the magnitude of Xj5(v) is used to estimate the coherence (C), which

ranges between 0 and 1, and is given by
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C(v) = sqrt(|< X12(v) > */< |L]*>< |LJ*>), (4.3)

where < . > denotes the average. Coherence is a measure of the linear correlation
between two signals, 0 indicates no correlation and 1 means perfect correlation.
In our case, we have averaged over segments of length 76 data points, which corre-
spond to 57 minutes at a cadence of 45 seconds. We assume that this is the better
way to estimate the d¢(r) and C(v) due to the intermittent nature of the interac-

tion of acoustic waves with the background magnetic fields (Rajaguru et al. 2019).
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Figure 4.4: Spatially averaged phase and coherence spectra estimated from the
photospheric and the chromospheric Doppler velocities over region of interest
(ROI) as shown in the right panels of Figure 4.2.

Figure 4.4 shows the average phase (black) and coherence (red) spectra between
the photospheric and the chromospheric Doppler velocity observations estimated
over the region of interest (ROI) as shown by the black dashed square box on
the left panels of Figure 4.2, and blow up region of the same is depicted in the
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right panels of Figure 4.2. In between the photosphere and the chromosphere,
atmospheric gravity waves also contribute to the d¢. Gravity waves show the
negative phase propagation while transporting energy in the upward direction in
the lower frequency band in k — w diagram (Straus et al. 2008). In our analysis,
we also find the negative d¢ in the phase estimation from the photospheric and
the chromospheric velocities. This is possibly associated with the contribution of
gravity waves. However, we find that d¢ starts increasing around v = 3.5 mHz
and continue up to v = 6.5 mHz after which it decreases. The decline of J¢
after 6 mHz is possibly associated with the steepening of the acoustic waves into
the shocks. Moreover, the coherence is above 0.5 up to 6 mHz and then slightly
decreases. Overall, the estimated average phase and coherence spectra from the
photospheric and the chromospheric velocities indicate the propagation of p-mode
waves and are qualitatively in agreement with phase travel time estimated by (Ra-
jaguru et al. 2019) utilizing the photospheric and lower chromospheric intensity

observations.

4.3.3 Photospheric and chromospheric behaviour of high-

frequency acoustic halos

The propagation of acoustic waves into the higher solar atmospheric layers in
magnetized regions results into different physical phenomena. One of them is the
formation of high-frequency acoustic halos. To gain an insight into the interac-
tion of acoustic waves with the background magnetic fields in the quiet magnetic
network region (where the magnetic field strength is typically small), we have
constructed power maps in different frequency bands, i.e. v =6, 7, 8, and 9
mHz from photospheric and chromospheric velocities over a strong magnetic net-
work region as indicated in the top left panel of Figure 4.2 by the black dashed
square box and blow up region of the same is shown here in the top right panel.

These maps are integrated over + 0.5 mHz frequency band around the center
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Figure 4.5: Left panel: Power maps at different frequencies constructed from
photospheric velocity obtained from the HMI instrument over a small strong
magnetic network region as shown in the right panels of Figure 4.2. Right panel:
Same as left panel but from the chromospheric velocity estimated from the MAST
observations.
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Figure 4.6: Top panel: Photospheric power are averaged over photospheric mag-
netic fields, 10 G bins in |Bros| (left hand side) and 4 degree bins in 6 (right
hand side), respectively, over a magnetic network region as shown in the right
panels of Figure 4.2. Bottom panel: Same as top panel, but estimated from
the chromospheric power over the photospheric magnetic fields (|Brogs| and 6),

respectively.

as frequency mentioned on the top of each maps (c.f. Figure 4.5). Photospheric
and chromospheric power maps are shown in the left and right panels of Figure
4.5, respectively. We do not see high frequency power halos in the photospheric
power maps (c.f. left panels of Figure 4.5) surrounding strong network region.

However, chromospheric power maps show high frequency acoustic halos around
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the magnetic network region at v = 6, 7, 8, and 9 mHz maps as shown in the
right panels of Figure 4.5. In the center of strong magnetic network concentra-
tions, chromospheric power is suppressed (c.f. right panels of Figure 4.5).In our
analysis, significant enhancement in chromospheric power is observed in areas
surrounding the strong magnetic network region in the form of patches. Further,
in order to better understand the behaviour of high-frequency acoustic halos with
respect to photospheric magnetic fields, we have averaged power over a bin of 10
G in |Bros| and 4-degree bin in #. Photospheric and chromospheric power as a
function of photospheric |Brog| and 6 (integrated over whole observation period)
are shown in the top and bottom panels of Figure 4.6, respectively. It is to be
noted that Rajaguru et al. (2013) have estimated power over different ranges of
magnetic field strength and inclination from the analysis of different active re-
gions. However, we investigate halos in a quiet magnetic network region, where
the magnetic field strengths are much smaller compared to active regions. Pho-
tospheric power as a function of |Brog| shows that more power is present in the
2.5-4.5 mHz band in relatively small magnetic field strengths with more inclined
magnetic field regions (c.f. top panels of Figure 4.6). Interestingly, chromospheric
power as a function of photospheric |Brogs| and 6 shows that excess power in the
high-frequency (v > 5 mHz) band is present in the small magnetic field strength
(|Bros|< 60 G) and more inclined magnetic field regions (0 > 60 degree) (c.f.
bottom panel of Figure 4.6).

4.4 Summary and Conclusions

Understanding the physics of interactions between acoustic waves and magnetic
fields requires identifying and studying the observational signatures of various
associated phenomena in the solar atmosphere, viz. mode conversion, refraction
and reflection of waves, formation of high-frequency acoustic halos etc. Most of

the work in this field emphasizes the propagation of acoustic waves and their
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interaction within the highly magnetized regions like sunspots and pores. How-
ever, it is not well understood as whether we also expect similar behaviour in a
quiet magnetic network region. Multi-height observations covering photospheric
and chromospheric layers, especially through intensity imaging observations, are
widely used towards the above. Simultaneous velocity observations of both pho-
tospheric and chromospheric heights are however rare. In this chapter, in order
to address some of the above questions, we have observed a quiet-Sun magnetic
network region in the chromospheric Ca II 8542 A line using the NBI/MAST
instrument. Using spectral scans of this region, we have derived chromospheric
Doppler velocities. Simultaneous photospheric Doppler velocity and vector mag-

netic field of this region was also extracted from HMI/SDO.

Here, we employ wavelet analysis technique to investigate the episodic changes
in the velocity oscillations at the photospheric and the chromospheric heights us-
ing the aforementioned observations. Hence, we have estimated wavelet power
spectra in the selected locations to investigate the propagation of low-frequency
(2.5-4.0 mHz) acoustic waves from the solar photosphere into the chromosphere.
These waves are now recognized as a potential candidate to heat the lower solar
atmosphere. The investigation of Jefferies et al. (2006) utilizing the velocity obser-
vations shows that low-frequency magnetoacoustic waves can propagate into the
lower solar chromosphere from the small-scale inclined magnetic field elements.
Later on, the detailed investigation done by Rajaguru et al. (2019) provides ev-
idence that a copious amount of energetic low-frequency acoustic waves channel
through the small-scale inclined magnetic fields. Usually, acoustic waves of fre-
quency less than photospheric cut-off frequency (v, ~ 5.2 mHz) are trapped
below the photosphere in the quiet Sun. However, the presence of magnetic fields
alters the cut-off frequency, and it is reduced by a factor of cosf: v2 = v,.cos
(Bel and Leroy 1977). In our analysis, we have found a significant reduction in

the acoustic cut-off frequency, following the above formula, in the presence of
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inclined magnetic fields. Thus, the presence of low-frequency acoustic waves in
the chromospheric wavelet power spectra is clearly associated with the leakage of
photospheric oscillations. Moreover, the WPS of both heights show a clear as-
sociation of chromospheric (5-min) oscillations with the underlying photospheric
oscillations as evident from the appearance of low-frequency acoustic waves in
chromospheric WPSs approximately at the same time as in the photospheric
WPS. The investigation of the average phase over the ROI (80x80 arcsec?, c.f.
right panel of Figure 4.2) also shows the turn-on positive phase around v = 3.5
mHz and continues upto 6.5 mHz, indicating the channeling of photospheric p-
mode oscillations into the chromosphere. Further, the estimated coherence is
above 0.5 up to around 8 mHz, and then it decreases. Nevertheless, the bigger
height difference between the two observables also reduces the coherence because
these waves travel a long distance, hence losing coherency. Our results are con-
sistent with the previous findings related to the leakage of p-mode oscillations
into higher solar atmospheric layers along inclined magnetic fields (De Pontieu
et al. 2004, 2005; Jefferies et al. 2006; Vecchio et al. 2007; Rajaguru et al. 2019).
Moreover, our results add to the previous findings by illustration of a one-to-one
correspondence between oscillatory signals present in the WPS of photospheric
and the chromospheric velocity observations of a quiet-Sun magnetic network re-

gion.

As regards the formation of high frequency acoustic halos surrounding mag-
netic concentrations, the information gathered from the same is also important
to map the thermal and magnetic structure of different heights in the solar at-
mosphere. The theoretical investigations of Rosenthal et al. (2002), and Bogdan
et al. (2003) discussed the effect of magnetic canopy present in the solar atmo-
sphere and plasma [ = 1 location. The plasma (§ ~ 1 separates two different
regions of gas and magnetic pressure dominance. Gary (2001) provided a model

of plasma (3 variation with height in the solar atmosphere over a sunspot and a
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plage region. Figure 3 of Gary (2001) shows that 5 is ~ 1 for plage region at
a height of around 1 Mm, while for sunspot it lies below. It is suggested that
mode conversion, transmission, and reflection of waves occur at 5 ~ 1 (Rosenthal
et al. 2002; Bogdan et al. 2003; Khomenko and Collados 2006, 2009; Khomenko
and Cally 2012; Nutto et al. 2012). The numerical simulation of Khomenko and
Collados (2009) proposes that high-frequency fast mode waves which refract in
the higher atmosphere around § = 1 due to rapid increase of the Alfven speed
can also cause high-frequency acoustic halos around sunspots. Further, they have
added that high-frequency halos should form at a distance where the refraction
of fast mode acoustic wave occurs above the line formation layer, i.e., where the
Alfven speed is equal to sound speed above the photosphere. Else, it would not
be possible to detect these halos in observations. We have found high-frequency
acoustic halos around high magnetic concentrations in a quiet magnetic network
region in the chromospheric Fourier power maps (c.f. right panels of Figure 4.5).
However, halos are not observed in the photospheric power maps. The absence of
the acoustic halos in photospheric power maps indicate that formation height of
photospheric velocity is far below the mode conversion layer i.e., § &~ 1, as sug-
gested by Khomenko and Collados (2006) and Rajaguru et al. (2013). Therefore,
the presence of halos in the chromospheric power maps is possibly associated with
the injection of high frequency fast mode waves, which are refracting from the
magnetic canopy and = 1 layer as proposed by Khomenko and Collados (2009)
and Nutto et al. (2012). This fact is also supported by a model of plasma [ vari-
ation in the solar atmosphere (Gary 2001) suggesting that 5 ~ 1 at a height of ~
1000 km over a plage region. For a quiet magnetic network region like ours, we do
expect that g = 1 layer might be above 1000 km. The presence of high-frequency
acoustic halos in chromospheric power maps is consistent with the explanation
provided by Khomenko and Collados (2006, 2009); Kontogiannis et al. (2010a);
Nutto et al. (2012), and Rajaguru et al. (2013). The chromospheric power maps

also show the power deficit in the high magnetic concentrations in the quiet mag-
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netic network region. This could be associated with the energy loss due to the
multiple mode transformations in a flux tube (Cally and Bogdan 1997). The
analysis of chromospheric power dependence on photospheric |Brog| and 6 shows
that high-frequency power is also significantly present in the small magnetic field
strength and in nearly horizontal magnetic field regions. This finding is quali-
tatively in agreement with the earlier work (Schunker and Braun 2011), which
suggests that the excess power in high-frequency halos is present at the more hor-
izontal and intermediate magnetic field strength region. Our results thus show
that small scale magnetic fields also have a significant effect on the propagation
of acoustic waves in the solar atmosphere. It is to be noted that we have utilized
high resolution photospheric and chromospheric Doppler velocities to investigate
the interaction of acoustic waves with the small scale magnetic fields. We intend
to follow up with similar analyzes using near-simultaneous multi-height velocity
and magnetic field observations from MAST and the newer Daniel K Inouye Solar
Telescope (DKIST; Rimmele et al. (2020)) along with HMI and AIA instruments
on board SDO spacecraft.



Chapter 5

Investigation of Gravity Waves in
the Different Magnetized Regions

in the Lower Solar Atmosphere

5.1 Introduction

Waves in a compressible stratified medium in the presence of a gravitational field,
like the atmosphere of the Earth or the Sun, can be driven by both compressional
and buoyancy forces, resulting in a rich spectrum of acoustic-gravity waves. In the
lower solar atmosphere, such waves are well recognized as an agent of non-thermal
energy transfer, especially through their interactions with and transformations by
the highly structured magnetic fields that thread these layers. These waves are
generated by turbulent convection within and near the top boundary layers of the
convection zone (Schwarzschild 1948; Lighthill 1952; Stein 1967; Goldreich and
Kumar 1990) and the acoustic part of the spectrum resonate to form p-modes in
the interior of the Sun. In the solar atmosphere, the behavior of waves becomes
more complicated owing to the sharp fall in density and the preferred direction

imposed by gravity in the fluid: the propagation characteristics are anisotropic,
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in general. In addition, the stratification of the atmosphere also imposes height-
dependent cutoff frequencies below which gravity modified acoustic waves cannot
propagate (Mihalas and Mihalas 1995b) upward of the respective heights. The
internal or atmospheric gravity waves (IGWs) are generated by turbulent subsur-
face convection overshooting or penetrating locally into a stably stratified medium
(Lighthill 1967). This is a normal response generated by a gravitationally strat-
ified medium to any perturbations from its equilibrium position, and buoyancy
acting as a restoring force. Lighthill (1967) suggested that the oscillations ob-
served in the upper photosphere and lower chromosphere can be interpreted as
gravity waves, and also that radiative damping of such gravity waves provides a
mechanism of heating of the lower chromosphere. One of the interesting proper-
ties of IGWs is that, while transporting energy upward from the photosphere to
higher layers, they show a characteristic downward phase propagation (Lighthill
1978). These waves play an important role in the transportation of energy and
momentum and mixing the material in the regions that they propagate in. For
example, the IGWs in the solar radiative interior and in other stars, despite no
clear detection of their signatures at the solar surface, are theorized to play key
roles in the mixing and transport of angular momentum. The investigation of
Mihalas and Toomre (1981, 1982) revealed that gravity waves can reach a maxi-
mum height of 900 - 1600 km in the solar atmosphere depending upon the energy
flux carried by these waves, before non-linearities lead to wave breaking. Follow-
ing the above initial studies, the propagation characteristics of IGWs in the solar
atmosphere have been examined utilizing velocity-velocity, intensity-intensity ob-
servations or simulations or both by a good number of authors (Deubner and Fleck
1989; Krijger et al. 2001; Rutten and Krijger 2003; Straus et al. 2008; Kneer and
Bello Gonzalez 2011; Nagashima et al. 2014; Vigeesh et al. 2017, 2019; Vigeesh
and Roth 2020; Vigeesh et al. 2021). Krijger et al. (2001), utilizing the 1700
A and 1600 A intensity observations obtained from the Transition Region and

Coronal Explorer (TRACE) instrument of a quiet region observed in the disk cen-
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ter, identified gravity waves in the k;, — v phase diagram (c.f. Figure 24, Krijger
et al. (2001)). Subsequently, Rutten and Krijger (2003) using the simultaneous
UV intensities (1700 A and 1600 A intensity images) obtained from the TRACE
also detected the gravity waves in k, — v phase diagram (c.f., Figure 3, Rutten
and Krijger (2003)). They have also found the signature of gravity waves in the
k;, — v phase diagram constructed from white light and 1700 A intensity signal
(c.f., Figure 5, Rutten and Krijger (2003)). Using V — V observations along with
3D numerical simulations, Straus et al. (2008) detected the upward propagating
atmospheric gravity waves. They also estimated that the energy flux carried by
gravity waves was comparable to the radiative losses of the entire chromosphere.
Using observations of Fe I 5576 A and Fe I 5434 A lines, Kneer and Bello Gonzélez
(2011) studied acoustic and atmospheric gravity waves in the quiet Sun and esti-
mated their energy transport to the chromosphere. They concluded that gravity
waves also contribute in the chromospheric heating. Using multi-height velocity
extractions from the Fe I 6173 A line filtergrams provided by the HMI /SDO, Na-
gashima et al. (2014) also reported the presence of atmospheric gravity waves in
the solar atmosphere. More recently, using realistic 3D numerical simulations of
the solar atmosphere to investigate the propagation dynamics of acoustic-gravity
waves, Vigeesh et al. (2017) conclude that IGWs are absent or partially reflected
back into the lower layers in the presence of the magnetic fields. They further ar-
gue that the suppression is due to the coupling of IGWs to slow magnetoacoustic
waves still within the high plasma-f3 region of the upper photosphere. Vigeesh
et al. (2019) found that the propagation properties of IGWs depend on the aver-
age magnetic field strength in the upper photosphere and therefore these waves

can be potential candidates for magnetic field diagnostics of these layers.

In this chapter, we present our results from a detailed study of the atmospheric
gravity wave dispersion diagrams utilizing intensity observations that cover pho-

tospheric to chromospheric heights over regions of different magnetic configura-
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tions: quiet-Sun (magnetic network regions), plage, and sunspot. Additionally,
we have used two-height velocities estimated within Fe I 6173 A line over a quiet
and a sunspot region. In order to investigate the propagation characteristics, we
construct two-height intensity - intensity and velocity - velocity cross-spectra and
study the phase and coherence signals in the wavenumber - frequency (kj, —v/) dis-
persion diagrams and their association with background magnetic fields, utilizing
long duration data-sets situated at different locations on the solar disk. We com-
pare the derived signatures of the interaction between the IGWs and magnetic
fields with those reported using numerical simulations by Vigeesh et al. (2017,
2019); Vigeesh and Roth (2020). In the following Sections, we first describe the
observational data and analysis, which is followed by the results obtained in this
investigation. Finally, we present discussions and conclusions in the Section 4 of

this chapter.

5.2 Observational Data and Analysis Procedure

We employ two-height cross-spectra of intensities and velocities observed over
regions of interest to study the height evolution of wave phases and interaction
with the background magnetic fields. Intensity - intensity (I — I) cross spectra
utilize observations obtained from the HMI instrument onboard the SDO space-
craft for the photosphere using the Fe I 6173 A line, and from the AIA onboard
the SDO for the 1700 A and 1600 A UV channels that sample the photosphere
- chromosphere. Velocity - Velocity (V' — V) cross spectra utilize observations
obtained using photospheric Fe I 6173 A line from IBIS instrument installed at
the DST at Sacramento Peak, New Mexico, USA. We analyze observations of
three large regions, identified as data set 1, 2, and 3, of widely differing magnetic
configurations. These regions are also situated on the different locations on the
Sun. The data set 1 covers quiet or weak magnetic patches identified by red

dashed boxes and labeled as M1 and M2, a plage and sunspot areas identified
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by green and white dashed boxes labeled P, S, respectively (c.f., Figure 5.1).
This whole region was situated near the disk centre (N16W04) and was observed
on August 03, 2010. The observables include photospheric line-of-sight magne-
tograms (Bros), continuum intensity (1.), UV intensities in 1700 (/) and 1600
(L) A filters, and the data have been tracked and remapped to the same spatial
and temporal sampling as the HMI observations for a duration of 14 hours; this
data set has previously been used for a study of high-frequency acoustic halos by
Rajaguru et al. (2013) and also for a study of the propagation of low-frequency
acoustic waves into the chromosphere by Rajaguru et al. (2019). The data set 2
includes a quiet patch identified by red dashed square box labeled as @), and two
further sub-regions near the sunspot demarcated by green square boxes labeled
as R1 and R2 (c.f. Figure 5.2). This large region was away from the disk centre
(S20E20) and was observed on October 11, 2014, and the same observables as
for data set 1 are tracked and remapped to the same spatial and temporal sam-
pling as the HMI observations for a duration of 12 h 47 minutes. The data set 3
covers a medium size sunspot (NOAA AR10960) and surrounding quiet-Sun sit-
uated near the disk center (SO7TW17) on June 8, 2007, with full Stokes (1,Q,U,V)
images scanned over 23 wavelength positions along the Fe I 6173.3 A line at a
spectral resolution of 25 mA. The spatial resolution of these observations is 0.33
arcsec (0.165 arcsec per pixel) at a temporal cadence of 47.5 s and total time
duration is 3 hours 44 minutes. From these observations, Rajaguru et al. (2010)
have estimated 10 bisector line-of-sight Doppler velocities starting from line core
(level 0) to line wing (level 9). This IBIS dataset has been previously used for
various studies (Rajaguru et al. 2010; Couvidat et al. 2012¢; Zhao et al. 2022).
Here, we have used two height velocities at 10% (Vi) and 80% (Vi) intensity
levels in our analysis, in which Vgo corresponds to lower height, whereas 1V, cor-
responds to upper height within the Fe I 6173 A line. The values of average of
absolute line-of-sight magnetic fields integrated over whole observation period in

the M1, M2, P, S, (), R1, and R2 region are tabulated in Table 5.1.
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Figure 5.1: Left panel: HMI line-of-sight magnetic field of a large region observed
on August 3, 2010 corresponding to the start time of data used in this work.
The colored dashed regions mark the boundaries of sub-regions studied in this
work: regions enclosed in red, white and green colored boxes mark the quiet
magnetic network, sunspot and plage regions, and also denoted by M1, M2, S,
P, respectively. The magnetic field grey scale has been saturated at + 100 G to
view better the small scale magnetic fields. Right panel: Same as left panel but
from ATA 171 A channel.
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Figure 5.2: Left panel: HMI line-of-sight magnetic field of a large region observed
on October 11, 2014 corresponding to the start time of data used in this work.
The colored dashed regions mark the boundaries of sub-regions studied in this
work: regions enclosed in red, and green colored boxes mark the quiet magnetic
network, canopy regions, and also denoted by ), R1, and R2, respectively. The
magnetic field grey scale has been saturated at + 100 G to view better the small
scale magnetic fields. Right panel: Same as left panel but from AIA 171 A
channel.
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Table 5.1: Table represents the values of average of absolute line-of-sight magnetic
fields over selected locations.

Location < |Bros|> (G)
M1 3.3

M2 5.9

P 37.0

g 53.2

0 2.7

Rl 32.2

R2 32.8

Vo5 (kms™)

[Mm]
[Mm]

[Mm] [Mm]

Figure 5.3: Left panel: A sample image of continuum intensity showing the field-
of-view of the observations obtained from the IBIS/DST with a sunspot at the
center. The black square regions mark the boundaries of sub-regions of a quiet
and a sunspot regions studied in this work, also denoted by A, and B, respec-
tively. Right panel: A sample image of line-of-sight Doppler velocity estimated
by bisector method at 10% intensity levels i.e., V1o velocity map.

5.2.1 Height coverage of HMI and AIA observations

The HMI and AIA observables, as described above, are chosen to cover the pho-
tospheric to mid-chromospheric layers of the solar atmosphere. The formation
height of Fe I 6173 A line in the solar photosphere was investigated by Norton
et al. (2006), who derived a height range of h = 16 — 302 km above the continuum
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Figure 5.4: Plot shows the height evolution of Brunt-Vaiséld frequency (N) for
realistic solar atmosphere using the VAL-C model.

optical depth (7. = 1, which corresponds to z = 0) in the quiet region. However,
the formation height of Fe I 6173 A line in the magnetized region i.e. umbra
is lower compare to quiet region. Norton et al. (2006) utilizing the Maltby-M
umbral atmosphere model reported that core of Fe I 6173 A line form around 270
km, while wings form around 20 km above 7. = 1 continuum optical depth. Non-
LTE radiation hydrodynamic simulations done by Fossum and Carlsson (2005)
show that the average formation heights are of 360 and 430 km for the 1700 and
1600 A passbands, respectively, although the 1600 A passband has contributions
from a wider height-range extending into upper chromosphere. The sub-regions
M1, M2, P and S are of size 176x176 arcsec?® from data set 1, as shown in the
Figure 5.1. The total time duration of data set 1 is 14 hours, spatial sampling and
temporal cadence are 0.504 arcsec per pixel and 45 s, respectively. This gives us
a frequency resolution (Av) of 19.8 pHz, wavenumber resolution (Aky) of 0.049
rad Mm ™! and Nyquist frequency (vy,) of 11.11 mHz. The spatial resolution dx
= 0.504 arcsec per pixel corresponds to Nyquist wavenumber (ky, = m/dx) of

8.55 rad Mm™~!. The data set 2 comprises of ), R1, and R2 regions of 100x100
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arcsec® as shown in the Figure 5.2. The total time duration of data set 2 is 12 h 47
minutes, spatial sampling and temporal cadence are same as data set 1. Hence,

1 and frequency

it gives us a wavenumber resolution (Aky) of 0.0859 rad Mm™
resolution (Av) of 21.7 puHz, respectively. The data set 3 comprises of a quiet
(A) and a sunspot (B) region of 24x24 arcsec? and are shown in the continuum
intensity image and line-of-sight Doppler velocity map in the Figure 5.3. The
total time duration of data set 3 is 3 hours 44 minutes, spatial sampling and
temporal cadence are 0.165 arcsec per pixel and 47.5 s, respectively. This gives
us a frequency resolution (Av) of 74.4 pHz, wavenumber resolution (Aky,) of 0.37
rad Mm ™" and Nyquist frequency (vy,) of 10.5 mHz. The spatial resolution dz =

0.165 arcsec per pixel corresponds to Nyquist wavenumber (ky, = m/02) of 26.2

rad Mm™1!.

5.2.2 Cross-spectral analysis of wave propagation

We investigate the cross-spectra of IGWs utilizing different observables covering
heights from photosphere (20 km) to chromosphere (430 km). We form two-
height intensity - intensity (I — I') and velocity - velocity (V — V) pairs and study
their cross-spectra. Cross-spectra of two observables fi(z,y,t) and fo(z,y,t)
are defined as the complex-valued product of their three dimensional Fourier

transforms (Vigeesh et al. 2017),

Xio(k,v) = fi(k,v)f*(k,v), (5.1)

where f’s are the Fourier transforms, with a superscript * representing the com-
plex conjugate, k = kj, = (k, k,) is the horizontal wave vector and v is the cyclic
frequency. Here, subscripts 1 and 2 in f; and f, denote the two heights z; and
2o of the observables. The phase spectrum, d¢(k,v), that captures the phase
evolution between heights of the two observables is then given by the phase of

the complex cross-spectrum Xis(k, v), where
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So(k,v) = tan ' [Im(X12(k,v))/Re(X12(k, v))]. (5.2)
The normalized magnitude of Xi5(k, v) is used to calculate the coherence,

C(k,v) = 2k V)l (5.3)

VIAPIRP

We focus on studying d¢(ky, v) from the different I — I and V —V cross-spectra
that trace photopsheric - chromospheric height ranges, viz. the HMI continuum
I., ATA UV intensities I, (1700 A) and 1,9 (1600 A) offer pairs of heights from
among 20, 360, and 430 km, respectively, and two height velocities estimated
within Fe T 6173 A line formation region i.e. Vgy and Vi are corresponding to
within 16 — 300 km height range above 7 = 1. In all our analyzes, we azimuthally
average the three-dimensional spectra in the k, —k, plane to derive kj, —v diagrams
of §¢(kp,v) and C(ky,v), where kj, = \/m

In order to guide the analysis, we employ the well known dispersion relation,
derived under the Cowling approximation that neglects perturbations in the grav-
itational potential for adiabatic acoustic-gravity waves in the solar interior and
atmosphere (Leibacher and Stein 1981),

(w? —wg)  (w?—N?)

2 2
c2 w

where w = 27v is the angular frequency, w,. is the acoustic cut-off frequency
and N is the Brunt-Vaisila frequency. In a kj, — v diagram, regions where k? >
0 demarcates vertically propagating acoustic-gravity waves from the evanescent
(k? < 0) ones. In all our two-height d¢(ky,v) that we derive from observations,
we mark such propagation boundaries by evaluating the k2 = 0 condition using
the dispersion relation given by Eqn. 5.4 for the upper height using the VAL-C
model of the solar chromosphere (Vernazza et al. 1981). The expressions for wg,

and N applicable for a gravitationally stratified atmospheres are,
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Wae 4H3( - dz )7 (55)
and
2 g 92
N* = — — =—, 5.6
b (5.6)

We have two solutions for k* = 0, and hence two propagation boundaries
separating vertically propagating waves from the evanescent ones in the k; — v
diagram: the higher frequency boundary corresponds to the cut-off frequency
for acoustic waves while the lower frequency one, typically falling lower than
the f-mode frequencies, is that for the internal or atmospheric gravity waves.
The locations of these boundaries in the k;, — v plane depends on height in the
atmosphere, and we typically overplot these boundaries for upper heights (solid
black line) involved in each pair of variables for which the cross-spectral phases,
(0¢), coherences, (C') are derived. We also overplot the dispersion curve of the

surface gravity mode (f-mode) and that of acoustic Lamb mode in each diagrams.

5.3 Results

The IGWs in the solar atmosphere have their sources in the photospheric gran-
ular convection, which overshoots into the stable layers above. As alluded to
earlier, the IGWs have the characteristics of transporting energy upward while
their phases propagate downward, hence exhibit negative phase in the gravity
wave regime of kj — v cross-spectral phase diagram. We first present and analyze
the phase and coherence signals in the I — I cross-spectra that we obtain for the
two large regions covering different magnetic configurations, viz. quiet magnetic
network, plage, and sunspots, which are shown in Figures 5.1 and 5.2. Next, we
analyze the phase and coherence diagrams constructed from V — V' pair over a

quiet and a sunspot region. The wave propagation boundary corresponding to k2
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Figure 5.5: Top panel: Cross-spectral phase difference, 0¢(ky, v) (top left panel),
and coherence, C(kp,v) (top right panel), diagrams of M1 region constructed
from I, — I, pair of photospheric continuum intensity (HMI) and UV 1700 A
channel of ATA, which correspond to 20 — 360 km above z = 0 in the solar atmo-
sphere. Bottom panel: same as top panel, but from I, — I, pair of photospheric
continuum intensity (HMI) and UV 1600 A channel of AIA, which correspond to
20 — 430 km above z = 0 in the solar atmosphere. The solid black lines separate
vertically propagating waves (k? > 0) from the evanescent ones (k? < 0) at upper
height. The dashed red line is the f-mode dispersion curve and solid red line is
the Lamb mode. The overplotted black, red and white contours represent the
coherence at 0.5, 0.3 and 0.1 levels, respectively.
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Figure 5.6: Cross-spectral phase difference, d¢(ky, v) diagrams of M2 region as
indicated by M2 in Figure 5.1 constructed from I. — I,,,1, and I. — I,,2 intensity
pairs, respectively. The overplotted black, red and white contours represent the
coherence at 0.5, 0.3 and 0.1 levels, respectively.
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Figure 5.7: Same as Figure 5.6, but for plage region as indicated by P in Figure
5.1.
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= 0 for the IGWs is set by the Brunt-Vaisala frequency, N, which is a function
of height in the solar atmosphere and is given by Equation 5.6. Using the VAL-C
model (Vernazza et al. 1981), we have calculated the N and plotted in Figure 5.4
as a function of height in the solar atmosphere. The [ — [ pairs, I. — I,,,1 and
1. — 1,2, that we employ sample the photosphere — chromosphere region, with
their mean heights in the range of 20 — 360 km, and 20 — 430 km (Fossum and
Carlsson 2005). The V — V pair (Vgg — Vip), which we use in our analysis sample
the formation height of Fe I 6173 A line i.e. 16 — 300 km. Figure 5.4 shows that
N increases upto a height of ~ 600 km and then it starts decreasing. For the

mean height of formation of intensity [,,2, N approaches ~ 5 mHz.

As the primary objective of this work is to study the effect of magnetic fields
on the propagation of IGWs, we first discuss the phase spectra of gravity waves
in the quiet magnetic network regions followed by those obtained for strongly

magnetized regions and a comparison between them.
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Figure 5.8: Same as Figure 5.6 but for sunspot region as indicated by symbol S
in the Figure 5.1.
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5.3.1 Phase spectra of IGWs in quiet-Sun regions

The region labeled as M1 in Figure 5.1 has the average absolute line-of-sight
magnetic field of ~ 3 G (integrated over whole observation period) and is chosen
to represent the quiet-Sun. The cross-spectral phase difference, d¢, and coherence,
C', diagrams obtained for this region (from data set 1) are shown in Figure 5.5:
top panels are for the I. — I,,; pair, corresponding to heights of 20 — 360 km,
and bottom panels are for the I, — I,,» pair, corresponding to heights of 20 — 430
km. The propagation boundaries separating vertically propagating waves from
the evanescent ones for the upper height of each pair are overplotted in the panels
(solid black line), and these are estimated as described in the previous Section.
We have also overplotted f-mode and the Lamb mode dispersion relations as
red dashed and solid lines in the diagnostic diagrams, respectively. Further, we
also overplot the contours of coherence at 0.5, 0.3 and 0.1 on all the phase and

coherence diagrams as shown with black, red and white colors, respectively.

We mainly focus on the effect of magnetic fields on the gravity waves, and
hence are not discussing the acoustic wave regimes. In the gravity wave region
of the diagnostic diagrams (c.f. Figure 5.5), we observe the well known negative
phase as expected for IGWs, whose phase and group velocities have opposite
signs. In general, in all our d¢(ky, ) diagrams, we observe noisy phase signals

I and also even at lower k;, when

with very low coherence C' for k; > 5.5 Mm~
v < 0.5 mHz. We avoid such regions in (k;,v) and focus only on IGWs that
have v > 0.5 mHz and k, < 5.5 Mm~!. The magnitudes and wavenumber-
extents of IGWs depend on the height separation in the solar atmosphere, and
also vary significantly from region to region or location even in the quiet-Sun.
For the quiet-Sun region M1, interestingly, the negative d¢(ky,, v) (c.f. left panel
of Figure 5.5) corresponding to IGWs extend over, along a curved band, to the

evanescent region and beyond into higher frequency domain, over the k, = 4.1 —

6.8 Mm~! and over v beyond 4 mHz. This seems to indicate that there are IGW-
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like waves extending beyond the classical gravity wave boundary expected from
the simple dispersion relation given by Equation 5.4. Interestingly, exactly such
a behaviour is seen in the numerical simulations of IGWs performed by Vigeesh
and Roth (2020) and as seen in their Figure 5(b), where they also synthesized
spectral lines and derived d¢(ky,v) from line core intensities of Fe 5576 A and
Fe 5434 A lines. However, the coherence C(ky,v) (c.f. right panel of Figure 5.5)
is less than 0.1 in k, = 4.1 — 5.5 Mm~! & v > 3.5 mHz, corresponding to the
negative phase observed in the evanescent wave regimes of d¢ diagrams. Hence
the reality of these seemingly high frequency IGWSs, in the evanescent region
and beyond, is doubtful despite their resemblance to the simulation results of
Vigeesh and Roth (2020). Nevertheless, there are several factors which can affect
the coherence; for example, results of Vigeesh and Roth (2020) from synthetic
observations show that coherence decreases as height separation increases, and
we also see such behaviour for the I. — [,,» intensity pair, which corresponds to
higher height (h = 20 — 430 km). Additionally, they suggested that the angle of
wave propagation with respect to normal for a given wave of a given frequency
can also influence the coherence, which is governed by the local Brunt-Vaisala
frequency (V). A wave launched at a particular frequency, without any non-linear
interaction, will eventually follow a curved trajectory if the local N changes with
height. Therefore, the coherency of the waves propagating between two heights
for a given Fourier frequency may locally change over the field of view (Vigeesh

and Roth 2020).

We show the d¢, and C' diagrams constructed from another quiet-Sun sub-
region labeled as ) within a larger region including a small sunspot and neigh-
bouring plage region (c.f. data set 2 shown in Figure 5.2) in Figure 5.9. Here,
we see the negative d¢(ky, v) in the gravity wave region extending upto kj, = 6.2
Mm™! and also exhibiting 180 deg. wrapping of phase at low frequencies (less
than 0.8 mHz), especially for the higher height pair I. — L, (c.f. bottom left

panel of Figure 5.9). Comparing the two quiet-Sun regions @) and M1 in left
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panels of Figures 5.9 and 5.5, respectively, also reveals significant differences, es-
pecially in regard to the curved band of negative d¢(ky, v) that extends through
the evanescent region to higher frequencies in the M1 region — it is absent in the
@ region. Furthermore, the d¢(ky,v) and C(kp,v) diagrams of M1 region shows
reduced extent of negative phase and coherence over k;, and v corresponding to
Q@ region. In the M1 region, negative d¢ and contour of coherence at C' = 0.1
is extended only upto k, = 4.1 Mm~! whereas ) region occupy bigger extent
than M1, upto k, = 6.2 Mm~!. This is possibly associated with the fact that
gravity waves propagate horizontally in the atmosphere. Thus, as we are going
away from the disk center, we are detecting more and more gravity wave signal
compared to that of disk center location. In addition to that, the phase and
coherence diagrams constructed from V —V pair i.e. Vyg— Vjg over a quiet region
(A) as depicted in the Figure 5.3 are shown in the Figure 5.12. The over plotted
black and red contours represent the coherence at 0.5 and 0.3, respectively. The
gravity wave regime shows the well known negative phase extending upto k, = 6

Mm~! with a very high coherence (c.f. Figure 5.12).

5.3.2 Phase spectra of IGWs in magnetic regions and com-

parisons with quiet regions

From the data of three large regions (data set 1, 2, and 3), we have several
strongly magnetized regions of different configurations, P, S, R1, R2, and B and
the d¢(kn,v) and C(kp,v) diagrams of these regions are shown in Figures 5.7,
5.8, 5.10, 5.11, and 5.13 respectively. The region M2 is close to the sunspot in
data set 1 and has one side of the sunspot canopy field covered within it, and it
is clear from the left panels of Figure 5.6 that the extent of gravity wave regime
in the M2 region is reduced over v and kj, as compared to that seen in the quiet
network region (c.f. Figure 5.5): while it occupies v= 0 — 4 mHz range extending

up to about k;, = 5.5 Mm™! in M1, the negative phases taper off and become
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Figure 5.9: Top panel: Cross-spectral phase difference, d¢(ky,, v) (top left panel),
and coherence, C(ky,, ) (top right panel), diagrams of () region constructed from
I, — I, pair of photospheric continuum intensity (HMI) and UV 1700 A channel
of ATA, which correspond to 20 — 360 km above z = 0 in the solar atmosphere.
Bottom panel: same as top panel, but from I. — I,,» pair of photospheric con-
tinuum intensity (HMI) and UV 1600 A channel of ATA, which correspond to 20
— 430 km above z = 0 in the solar atmosphere. The black solid lines separate
vertically propagating waves (k* > 0) from the evanescent ones (k? < () at upper
height. The dashed red line is the f-mode dispersion curve and solid red line is
the Lamb mode. The over plotted black, red and white contours represent the
coherence at 0.5, 0.3 and 0.1 levels, respectively.
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Figure 5.10: Cross-spectral phase difference, d¢(ky, v) diagrams of R1 region as
indicated in the Figure 5.2 constructed from I. — I,,1, and I, — [, intensity
pairs, respectively. The over plotted black, red and white contours represent the
coherence at 0.5, 0.3 and 0.1 levels, respectively.
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Figure 5.11: Same as Figure 5.10, but for R2 region as indicated in the Figure
5.2
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Figure 5.12: Cross-spectral phase difference, d¢(ky,, ) (left panel), and coherence,
C(kn,v) (right panel), diagrams of A region constructed from Vgo — Vi velocity
pair of photospheric Fe I 6173 A line observations obtained from the IBIS instru-
ment, which correspond to different heights within 16 — 302 km above z = 0 in
the solar atmosphere. The black solid lines separate vertically propagating waves
(k? > 0) from the evanescent ones (k? < 0) at upper height. The dashed red line
is the f-mode dispersion curve. The overplotted black, red and white contours
represent the coherence at 0.5, 0.3 and 0.1 levels, respectively.

positive over v > 3 mHz and k; > 4.41 Mm™!.

In their synthetic observations
based on numerical simulations, Vigeesh and Roth (2020) have shown that the
magnitude and wavenumber-extent of negative phase reduces as the magnetic
field strength increases. We observe a similar trend in the d¢ diagrams obtained
from magnetized regions. In the phase diagrams of M2, P and S regions negative
d¢ tapers off at approximately v = 2.5 mHz and at k, = 4.82 Mm™!. Similarly,
the phase diagrams of R1, and R2 regions of data set 2 indicate that negative
phase is extended upto only v = 3.0 mHz, and k;, = 5.8 Mm~* (c.f. Figures 5.10,
and 5.11); these two regions also exhibit reduced coherence as compared to that

in the @) region. The above general reducing extents of negative d¢ of IGWs in

magnetic regions have to be compared with those observed in the quiet-Sun re-
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Figure 5.13: Same as Figure 5.12, but for B region as indicated in the Figure 5.3.
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Figure 5.14: Plots indicate average phase over k;, = 2.75 — 4.1, and 4.1 — 5.5
Mm™!, estimated from I, — I, and I, — I, intensity pairs, over M1, M2, P,
and S regions, respectively, as indicated in Figure 5.1.
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Figure 5.15: Plots indicate average phase over k;, = 2.75 — 4.1, and 4.1 — 5.5
Mm™!, estimated from I, — I,,1, and I, — I, intensity pairs, over @, R1, and
R2 regions, respectively, as indicated in Figure 5.2
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Figure 5.16: Plots indicate average phase over k, = 2.0 — 4.0 Mm™!, estimated

from Vgg — Vi velocity-velocity pairs, over A, and B regions, respectively, as
indicated in Figure 5.3.
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Figure 5.17: Plots indicate average phase estimated over A and B regions from
Vio — Vig pairs from pixel-by-pixel calculation, after removing the acoustic wave
regime part above the f-mode region in the k;, — v diagram.

gions M1 (c.f. Figure 5.5) and @ (c.f. Figure 5.9), where they extend upto about
v = 4 mHz, and k, = 6.2 Mm~!. Moreover, the phase and coherence diagrams
constructed from Vgg— Vig velocity pair from a high magnetic concentrations over
a sunspot (B) are shown in the Figure 5.13. The over plotted black, red, and
white contours demonstrate the regions of coherence equal to 0.5, 0.3 and 0.1,
respectively. The d¢(kp, v) and C'(ky, v) diagrams (c.f. Figure 5.13) over B region
show that phase and coherence both are reduced in the sunspot over k; and v
extent, compared to quiet (A) region as shown in the Figure 5.12. It is very clear
that, the coherence diagrams of P, S, and B regions as shown in the right panels
of Figures 5.7, 5.8, and 5.13 indicate that magnetic fields also affect coherence
apart from other factors as suggested by Vigeesh and Roth (2020).

In order to better understand the effect of magnetic fields on the IGWs, we
have averaged d¢ over k, = 2.75 — 4.1, and 4.1 — 5.5 Mm~! in M1, M2, P, and
S regions of data set 1 and have plotted them in Figure 5.14. The left panels
[(a), and (c)] correspond to intensity I. — I, pair, while right panels [(b), and
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(d)] are from higher height intensity I.— I,,o pair. We have smoothed < d¢ > by
taking a smoothing window of 13 points to reduce the noise. In our analysis, the
IGWs mostly lie up to k;, = 7.0 Mm~*, and v up to about 3.5 mHz. The panels
(a) and (b) of Figure 5.14, in the kj, = 2.75 — 4.1 Mm ™! demonstrate that there is
a change in the phase of the order of 30 — 40 and 20 — 30 degrees in the v = 2.5 —
3 mHz band estimated over M2, P, and S regions, respectively, corresponding to
M1 region. Additionally, panels (c¢) and (d) of Figure 5.14 indicate that there is a
change in the phase of the order of 30 — 70, and 80 — 100 degrees in 2.5 — 3.0 mHz
as estimated for the kj, = 4.1 — 5.5 Mm~! wavenumber over M2, P, and S regions
with respect to M1 region. Interestingly, we find that the phase is reduced in
large amount in the higher wavenumber (k;, = 4.1 - 5.5 Mm™!) in magnetized
regions compared to quiet region, almost changing from negative to positive sign
as shown in the panel (¢) and (d) of Figure 5.14. We also notice that the < §¢ >
estimated from M2 region, which is very close to the sunspot is notably affected
in k;, =2.75 - 4.1, and 4.1 — 5.5 Mm™! (c.f. Figure 5.14) compared to M1 region.
Similarly, the < d¢ > vs v plots over kp, = 2.75 — 4.1, and 4.1 — 5.5 Mm~! for Q,
R1, and R2 regions of data set 2 as shown in the Figure 5.15 also demonstrate
the reduction in phase over R1, and R2 regions upto v = 4.0 mHz band. The
panels (a) and (b) of Figure 5.15 for kj, = 2.75 — 4.1 Mm™! indicate the change
in < d¢ > over v = 2.5 — 3 mHz band of the order of 10 — 20 degrees, while for
panels (¢) and (d) for k;, = 4.1 — 5.5 Mm~! show the change in < §¢ > of the
order of 25 — 50 degree in 2.5 — 3 mHz band (c.f. figure 5.15) compared to @
region. The bottom panel [(c), and (d)] of Figure 5.15 also shows that phase of
gravity waves are reduced in larger amount in the higher wavenumber kj, = 4.1 —
5.5 Mm~! as compared to quiet region (Q). Further, it is to be noted that M2,
and R1 regions cover a large amount of looping magnetic fields, hence they are
largely horizontal, as can be seen in the AIA 171 A passband (c.f. right panel of
Figures 5.1 and 5.2), respectively. We also find that suppression of phase is more

in these regions (M2, and R1) as compared to others.
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Additionally, we also estimate and plot < d¢ > over quiet (A) and sunspot
(B) region over k = 2 — 4 Mm™! from Vg — Vi velocity pair as shown in the
Figure 5.16. It indicates that < d¢ > is positive in the sunspot (B) region,
while it is negative over the quiet (A) region around v = 1.5 mHz. Further, we
also estimate < d¢ > over A and B region from pixel by pixel calculation after
removing the acoustic wave regime part from k;, — v diagram i.e., above the f-
mode in the diagnostic diagram utilizing a 3D FF'T filter. The < d¢ > over A
and B regions are shown in the Figure 5.17, which shows that there is a change
in sign of the < d¢ > estimated over sunspot (B) region compared to the quiet
(A) region. It is to be noted that we have used velocity Vgo and Vi estimated
within the Fe I 6173 A line at two heights. The formation height of Fe I 6173 A
line is different in the quiet and the magnetized region i.e., sunspot. In the quiet
region, Fe I line forms within A = 16 — 300 km, whereas in umbra it is around h
= 20 — 270 km above the 7 = 1. Hence, we estimate the percentage change in
the formation heights of quiet and sunspot regions. There is an approximately
12% change in the formation height of Fe I line in a sunspot with respect to a
quiet region. However, the percentage change in the < d¢ > in the sunspot as
estimated from Figure 5.17 at ¥ = 1.5 mHz is found to be of the order of 114.3%
as compared to the quiet region. Nevertheless, the < d¢ > estimated over a quiet
(A) and a sunspot (B) region from Figure 5.16 in v = 1.5-3.5 mHz and k;, =
2-4 Mm™! are of the order of -5.35 degree and 0.255 degree, respectively. Thus,
such a change in < d¢p > and change in sign is not possibly due to the lowering
in the formation height of Fe I 6173 A line in sunspot, indicating that it is due
to the suppression or reflection of gravity waves in the magnetized regions. The
formation height of I,,; and I,,» might be decreased in the magnetized regions.
However, the observed percentage change in phase over the highly magnetized
regions are more than 50%-100% at v = 2.0 — 2.5 mHz, and change in sign
between quiet and magnetic regions near 3 mHz (c.f. Figure 5.14) and their

similarities with the phase analysis of V' — V spectrum indicate that it is not due
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to change in formation heights of observables used but due to the direct effect
of magnetic fields on their propagation. This is because a sign change in phase
shifts between quiet and magnetic regions cannot come from the formation height

differences, however big they are.

5.4 Summary and Conclusions

The IGWs in the solar atmosphere, which are thought to be generated by the
turbulent convection penetrating locally into a stably stratified medium are be-
lieved to dissipate their energy by radiative damping just above the solar sur-
face (Lighthill 1967). Earlier studies (Mihalas and Toomre 1981, 1982) suggest
that IGWs can reach upto the middle chromosphere, before breaking of these
waves due to nonlinearities resulting in a complete dissipation. Recent simula-
tions (Vigeesh et al. 2017, 2019; Vigeesh and Roth 2020) have shown that these
waves are still present in the higher atmosphere, where the radiative damping
time scale is high, and that magnetic fields suppress or scatter IGWs in the solar

atmosphere.

Our investigations of kj, — v phases and coherences of IGWs within the photo-
sphere and from photospheric to lower chromospheric height ranges over a varied
levels of background magnetic fields and their configurations have brought out
clear signatures of reduced extent of negative phase and a change of sign in phases
in the gravity wave regime due to the magnetic fields as compared to quiet regions
— as demonstrated in Figures 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11. The above findings
from the intensity observations are also strengthened from the phase and coher-
ence diagrams estimated from velocity - velocity cross-spectral pairs observed over
a quiet (A) and a sunspot (B) region (c.f. Figure 5.12, and 5.13). Further, from
the comparison of average phase in kj, = 2.75 — 4.1, and 4.1 — 5.5 Mm ™! over quiet

and magnetic regions from data set 1 and 2 as shown in the Figures 5.14, and
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5.15, we find that the phase of IGWs are much reduced in the magnetized regions.
Moreover, this effect is more prominent in the higher wavenumber regions i.e., for
the waves of lower wavelength (A = 2.175 — 2.75 Mm) suggesting that these grav-
ity waves are scattered by the background magnetic fields or partially reflecting
from the upper atmospheric layers leading to positive phase in the gravity wave
regime. The average phase estimated from V — V pair in k, =2 — 4 Mm™! (c.f.
Figure 5.16) also indicates change in sign at ¥ = 1.5 mHz in sunspot (B) compare
to quiet (A) region. Moreover, the average phase estimated from V' —V pair from
pixel-by-pixel analysis over quiet (A) and sunspot (B) regions also demonstrate
the change in sign of the phase. Furthermore, the observed percentage change
in phase in the sunspot (B) compared to quiet (A) region is much higher than
percentage change in the formation height of Fe I line in sunspot as compared to
quiet region, strongly favoring the suppression or reflection of gravity waves in
the high magnetized region i.e., sunspot (c.f. Figur 5.17). Importantly, we also
find the reduction in coherence in the presence of background magnetic fields.
Previously, Straus et al. (2008) showed that the rms wave velocity fluctuations
due to IGWs were suppressed at locations of magnetic flux. Here, we have pro-
vided further observational evidences in the k; — v diagrams for the suppression
or scattering or partial reflection of gravity waves in the magnetized regions of

the solar atmosphere.

In general, the above nature of IGWs in magnetized regions are broadly con-
sistent with the simulation results of Vigeesh et al. (2017) and Vigeesh et al.
(2019); Vigeesh and Roth (2020) suggesting the suppression of gravity waves in
magnetized regions. This led to identifying our reported differences between quiet
and magnetic regions as observational evidences for such influences of magnetic
fields. We anticipate that several of our analyzes and findings reported here
will be examined in more detail in the near future containing bigger FOV, in-

volving coordinated simultaneous multi-height observations of photosphere and
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chromosphere utilizing Dopplergrams data from the newer Daniel K Inouye Solar
Telescope (DKIST; Rimmele et al. (2020)) (National Solar Observatory USA)
facility along with MAST (Mathew 2009b; Venkatakrishnan et al. 2017b) and
HMI, ATA onboard SDO spacecraft.



Chapter 6

Summary and Future Plan

In this chapter, we summarize the work and results obtained from our analysis in
this thesis. We also outline the scope of future work. In this thesis, we investigate
the evolution of velocity and magnetic fields in the solar atmosphere in different
magnetic structures with an emphasis on understanding the propagation of waves
in the lower solar atmosphere in the quiet phase as well as during the dynamical
activities like solar flares. Understanding the evolution of velocity and magnetic
fields is essential to analyze various physical mechanisms associated with the wave
dynamics in the solar atmosphere. To accomplish the objective of the thesis, we
have extensively used observational data acquired from multiple ground- and
space-based instruments. In the following, we summarize the work presented in

each chapter, the results obtained and then discussions on the future work.

6.1 Summary

Chapter 1- In this chapter, we begin with a brief introduction to the Sun and its
various dynamical activities and then present some of the basic concepts neces-
sary to form the ground to describe the work carried out in this thesis. Towards

the end, we discuss the motivation and organization of the thesis.
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Chapter 2- In this chapter, we describe various data sources utilized to achieve
the scientific objectives of this thesis with a brief description of NBI with the
MAST. In order to obtain the chromospheric line-of-sight Doppler velocity over
a quiet and a sunspot region, we have scanned the Ca II 8542 A line profile at
various wavelength positions with the NBI/MAST. In this connection, we present
various necessary data reduction steps, which we have used for the MAST obser-
vations. We have also acquired data from other ground-based instruments, viz.
IBIS/DST and GONG, and hence a brief discussion of them is also presented.
Further, we describe space-based instruments like HMI and AIA aboard SDO
spacecraft, along with RHESSI and GOES satellites.

Chapter 3- In this chapter, we discuss the analysis of seismic emissions in the
sunspots accompanying major solar flares. For this purpose, we utilize photo-
spheric Dopplergrams and line-of-sight magnetograms at a cadence of 45 s and
vector magnetograms at a cadence of 135 s acquired from the HMI instrument
onboard the SDO spacecraft. We have also used H, chromospheric intensity im-
ages obtained from GONG network and RHESSI hard X-rays observations in
12-25 keV band for flare ribbon and hard X-ray footpoints information. The X-
ray observations from GOES satellite have been used for information related to
temporal evolution of flares. Further, we have constructed photospheric acoustic
power maps in the pre-, spanning and post-flare epochs in 2.5-4 mHz band to
identify the seismic emission locations in the sunspots away from flaring kernels.
We have selected only those seismic emission locations, which are away from the
flaring regions because these locations are considered to be free from any flare-
related contamination in the observational data. We find that there is a step-like
change in the photospheric magnetic fields of the order of 50-100 Gauss within a
time of 10-20 minutes in the seismic emission locations accompanying the solar
flares. In addition, change in Lorentz force of the order of 10?! dyne in these

locations is found to be sufficient to enhance these seismic emissions during solar
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flares. Investigation of these seismic emissions in the sunspots is important for
the understanding of the propagation of magnetoacoustic waves in the solar at-
mosphere during dynamic activities like solar flares. Nevertheless, these seismic
locations are also important to understand the dynamics beneath the active re-
gions because these regions have better strength of velocity signals as compared

to the other areas in the sunspots.

Chapter 4- In this chapter, we discuss the interaction of acoustic waves with
the background magnetic fields of a magnetic network region, resulting in various
magnetohydrodynamic waves and their associated different wave phenomena in
the solar atmosphere. Here, we also present leakage of trapped low-frequency
(2.5-4 mHz) acoustic waves along the inclined magnetic fields of a magnetic net-
work region due to a reduction in the acoustic cut-off frequency. These acoustic
waves are stochastically excited beneath the photosphere and intermittently in-
teract with the background magnetic fields. Therefore, we use wavelet analysis
to detect these episodic signals in the photospheric and chromospheric Doppler-
grams obtained from the HMI instrument onboard SDO spacecraft and MAST
observations, respectively. We also use photospheric scalar and vector magne-
tograms to get information on high magnetic concentration regions and magnet-
ically modified acoustic cut-off frequency. We find a one-to-one correspondence
between photospheric and chromospheric wavelet power spectra. The velocity
power maps show the presence of high-frequency power halos in the chromo-
spheric power maps. The observed power halos in the chromospheric power maps
manifest the injection of fast magnetoacoustic waves refracting from the magnetic

canopy in the solar atmosphere.

Chapter 5- In this chapter, we present a detailed analysis of the propagation of
gravity waves in the lower solar atmosphere in various magnetic configurations.

To carry out this work, we have utilized photospheric to lower chromospheric
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intensity observations (1., L,,1, and I,,2) obtained from the HMI and AIA instru-
ment onboard SDO spacecraft. We have also used two height photospheric veloc-
ities estimated within Fe I 6173 A line observations obtained from the IBIS/DST
instrument over a sunspot surrounded by a quiet region. We have constructed I-1
and V-V phase and coherence kj, — w diagrams over different magnetized struc-
tures. The comparison of the average phase estimated over quiet and magnetized
regions shows that gravity waves are scattered/suppressed or refracted back to
the photosphere in the presence of background magnetic fields. These findings are
also strengthened by the analysis of the average phase from pixel-by-pixel estima-
tion after removing the acoustic wave regime part from the kj, —w diagram, which
shows the positive phase in the sunspot region compared to the quiet region. In
general, our findings are qualitatively in agreement with the recent simulations
performed by Vigeesh et al. (2017, 2019); Vigeesh and Roth (2020) suggesting the

suppression /scattering or refraction of gravity waves in the magnetized regions.

6.2 Future Work

In order to better understand the evolution of velocity and magnetic fields in the
solar atmosphere with an emphasis to understand the propagation of mechanical
waves in the lower solar atmosphere and their interaction with the background
magnetic fields resulting in the different wave dynamics, it is crucial to have
multi-height velocity, intensity and magnetic field observations ranging from the
photosphere to the chromosphere. It is possible if we obtain near-simultaneous
observations in multiple magnetically sensitive spectral lines forming from the
photospheric to chromospheric height range. However, it is difficult to have such
observations due to several constraints. Moreover, we can also estimate multi-
height velocity and magnetic fields from a single line scan observations if that
line covers a broader height range in the solar atmosphere. The Ca II 8542 A

line scan observations are suitable for this purpose. Figure 6.1 shows the Ca II
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8542 A line (black line) profile and contribution function estimated from FALC
model atmosphere (Fontenla et al. 1993). The Ca IT 8542 A line covers a broader
height range in the solar atmosphere. The core of Ca II line sample around h =
1200-1600 km height above optical depth 7509 = 1, whereas Ca II filtergrams at
0.6 A from the line core sample photosphere around A = 200 km (Ortiz et al.
2014). Therefore, scanning the Ca II line profile with appropriate spectral and
temporal resolution becomes essential. The Narrow Band Imager with the Multi-
Application Solar Telescope operational at Udaipur Solar Observatory, Udaipur,
India, is one of the suitable telescopes in the solar observers community, which
is capable of scanning Ca IT 8542 A line profile within a wavelength range of +
1.38 A from the centre of Ca IT 8542 A line (Mathew et al. 2017b).

Ca II 8542

20T T T T 7 1.00

150 0.75
£ 1 =z
= b 1050 2
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L =
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Figure 6.1: Contributation function (dark red colour) of Ca IT 8542 A line (black
colour) estimated from FALC model atmosphere (Source: Ortiz et al. (2014)) .

In the near future, we plan to address the following research problems with
the multi-height velocity and magnetic fields obtained from the ground- and
space-based instruments such as the Multi-Application Solar Telescope (MAST),
Swedish Solar Telescope (SST: Scharmer et al. (2003)), Daniel K Inouye Solar
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Telescope (DKIST), Helioseismic and Magnetic Imager (HMI) instrument on-
board SDO spacecraft, and Interface Region Imaging Spectrograph (IRIS: De
Pontieu et al. (2014)) .

e We plan to study the propagation of acoustic waves and their interac-
tion with the background magnetic fields utilizing near-simultaneous multi-
height velocity and magnetic field observations acquired from ground- and
space based instruments covering from photosphere to the corona over mag-

netic networks, pores, and sunspots regions.

e We plan to investigate the refraction of gravity waves in magnetic network
regions utilizing near-simultaneous multi-height velocity observations from

the photosphere to the chromosphere.

e We also have plans to verify the effects of magnetic fields on the propa-
gation of gravity waves in the magnetized regions like sunspots and pores
compared to the quiet region utilizing near-simultaneous multi-height pho-

tospheric to chromospheric velocity observations.
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These results are related to the Chapter 3 of the

thesis.

[1] Active region NOAA 11261
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Figure 6.2: Left panel: Sample images of the active region NOAA 11261 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2011 August 03. Right panel: Plot shows the temporal evo-
lution of line-of-sight magnetic fields in the ‘D2’ location of active region NOAA
11261. The dashed, solid and dotted vertical lines represent onset, peak and
decay time of the flare.
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Figure 6.3: Top panel shows the pre and spanning flare power maps in 2.5—4
mHz band of the active region NOAA 11261, respectively. Here, red contours
represent flare-ribbon locations from Ha chromospheric intensity observations at
70, 80 and 90 % of its maximum value as observed by the GONG instrument.
Bottom left panel illustrates the blow-up region of ‘D1’ enhanced location in the
sunspot as indicated in the power map ratio in Figure 3.6 of Chapter 3. Bottom
right panel: Plot shows the temporal evolution of integrated acoustic power over
the ‘D1’ location (red colour with asterisks) whereas that shown in blue colour
with triangles represents evolution of total acoustic power in an unaffected region
in the same sunspot. It is to be noted that there is a time offset of about +
30-minutes between the acoustic power variation and the GOES flare-time.
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Figure 6.4: Left panel: Plot showing the temporal evolution of line-of-sight mag-
netic fields in the ‘D1’ location of active region NOAA 11261. Right panel: Plot
showing the temporal evolution of change in radial component of Lorentz force
in the ‘D1’ location. The dashed, solid and dotted vertical lines represent onset,
peak and decay time of the flare.

[2] Active region NOAA 11882
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Figure 6.5: Left panel: Sample images of the active region NOAA 11882 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2013 October 28. Right panel: Plot shows the temporal
evolution of horizontal magnetic fields in the ‘N1’ location of active region NOAA
11882. The dashed, solid and dotted vertical blue colour and black colour lines
represent the onset, peak and decay time of M2.7 & M4.4 class flares, respectively.



136 Appendix

[arcsec]

[arcsec]
log,,Power (mzs'sz")

0 50 100 150 200 o 50 100 150 200
[arcsec]

N2 Région

039 2

[arcsec]
og,,Power Rati

Total Power * 10° (m* s Hz")
N
\

025 =

|

|

1

|

|

|

l

|

|
i
i
s

1

1

|

|

|

|

1

0.10 0
0 1 2 3 0 100 200 300 400
[arcsec] Time (min)+12:00 UT

Figure 6.6: Top panel shows the post and spanning flare power maps in 2.5—4
mHz band of the active region NOAA 11882, respectively. Here, yellow contours
represent flare-ribbon locations from Ha chromospheric intensity observations
at 60, 80 and 95 % of its maximum value as observed by the GONG instrument
whereas red contours represent hard X-rays foot points at 40, 60, 80 and 95% of its
maximuum as observed in 12-25 KeV band from RHESSI spacecraft, respectively.
Bottom left panel: Illustrates the blow-up region of ‘N2’ enhanced location, as
indicated in the power map ratio in Chapter 3. Bottom right panel: Plot showing
the temporal evolution of integrated acoustic power over the ‘N2’ location (red
colour with asterisks) whereas that shown in blue colour with triangles represents
evolution of total acoustic power in an unaffected region in the same sunspot. It
is to be noted that there is a time offset of about + 30-minutes between the
acoustic power variation and the GOES flare-time. The dashed, solid and dotted
vertical blue colour and black colour lines represent the onset, peak and decay
time of M2.7 & M4.4 class flares, respectively.
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Figure 6.7: Left panel: Plot showing the temporal evolution of horizontal mag-
netic fields in the ‘N2’ location of active region NOAA 11882. Right Panel: Plot
showing the temporal evolution of change in radial component of Lorentz force
in the ‘N2’ location. The dashed, solid and dotted vertical blue colour and black
colour lines represent the onset, peak and decay time of M2.7 & M4.4 class flares,
respectively.
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Figure 6.8: Left panel: Sample images of the active region NOAA 12222 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2014 December 04. Right panel: Plot shows the temporal
evolution of horizontal magnetic fields in the ‘M1’ location of active region NOAA
12222. The dashed, solid and dotted vertical lines represent the onset, peak and
decay time of the flare.
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Figure 6.9: Top panel shows the post and spanning flare power maps in 2.5-4 mHz
band of the active region NOAA 12222, respectively. Here, red contours represent
flare-ribbon locations from Ha chromospheric intensity observations at 60, 70, 80
and 90 % of its maximum value as observed by the GONG instrument. Bottom left
panel: Illustrates the blow-up region of ‘M2’ enhanced location of active region
12222, as indicated in the power map ratio in Chapter 3. Right panel: Plot
showing the temporal evolution of integrated power over the ‘M2’ location (red
colour with asterisks) whereas that shown in blue colour with triangles represents
evolution of total power in an unaffected region in the same sunspot. It is to be
noted that there is a time offset of about £+ 30-minutes between the acoustic
power variation and the GOES flare-time.
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Figure 6.10: Left panel: Plot showing the temporal evolution of horizontal mag-
netic fields in the ‘M2’ location of active region NOAA 12222. Right panel: Plot
showing the temporal evolution of change in horizontal component of Lorentz
force in the ‘M2’ location. The dashed, solid and dotted vertical lines represent
the onset, peak and decay time of the flare.
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Figure 6.11: Left panel: Sample images of the active region NOAA 12241 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2014 December 18. Right panel: Plot shows the temporal
evolution of horizontal magnetic fields in the ‘Q1’ location of the active region
NOAA 12241.
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Figure 6.12: Top panel shows the pre and spanning flare power maps in 2.5-4
mHz band of the active region NOAA 12241, respectively. Here, yellow contours
represent flare-ribbon locations from Ha chromospheric intensity observations
at 70, 80 and 90 % of its maximum value as observed by the GONG instrument
whereas red contours represent hard X-rays foot points at 40, 60, 80 and 95% of its
maximuum as observed in 12-25 KeV band from RHESSI spacecraft, respectively.
Bottom left panel: Illustrates the blow-up region of ‘Q)2" enhanced location of
active region NOAA 12241, as indicated in the power map ratio in Chapter 3.
Right panel: Plot showing the temporal evolution of integrated power over the
‘Y2’ location (red colour with asterisks) whereas that shown in blue colour with
triangles represents evolution of total power in an unaffected region in the same
sunspot. It is to be noted that there is a time offset of about £+ 30-minutes
between the acoustic power variation and the GOES flare-time.
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Figure 6.13: Same as Figure 11, but for ‘Q3’ location.
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Figure 6.14: Same as Figure 11, but for ‘Q4’ location.
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Figure 6.16: Same as Figure 11, but for ‘Q6’ location.
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Figure 6.17: Plot showing the temporal evolution of line-of-sight magnetic fields
(left panel) and horizontal magnetic fields (right panel) of ‘Q3’ and ‘Q4’ locations,

respectively.
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Figure 6.18: Plot showing the temporal evolution of line-of-sight magnetic fields
(left panel) and horizontal magnetic fields (right panel) of ‘Q5" and ‘Q6’ locations,

respectively.
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Figure 6.19: Left panel: Plot showing the temporal evolution of change in radial
component of Lorentz force in the ‘QQ2’ location of active region NOAA 12241.
Right panel: Same as shown in the left panel but for ‘Q)3’ location. The dashed,
solid and dotted vertical lines represent the onset, peak and decay time of the

flare.
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Figure 6.20: Left panel: Plot showing the temporal evolution of change in hor-
izontal component of Lorentz force in the ‘@4’ location of active region NOAA
12241. Right panel: Same as shown in the left panel but for ‘@5’ location. The
dashed, solid and dotted vertical lines represent onset, peak and decay time of
the flare.
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Figure 6.21: Plot showing the temporal evolution of change in radial component
of Lorentz force in the ‘Q6’ location of active region NOAA 12241. The dashed,
solid and dotted vertical lines represent onset, peak and decay time of the flare.
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[5] Active region NOAA 12242
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Figure 6.22: Left panel: Sample images of the active region NOAA 12242 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2014 December 20. Right panel: Plot shows the temporal
evolution of radial magnetic fields in the ‘K1’ location of active region NOAA
12242. The dashed, solid and dotted vertical lines represent the onset, peak and
decay time of the flare.
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Figure 6.23: Top panel shows the post and spanning flare power maps in 2.5—4
mHz band of the active region NOAA 12242, respectively. Here, red contours
represent flare-ribbon locations from Ha chromospheric intensity observations at
60, 70 and 90 % of its maximum value as observed by the GONG instrument.
Bottom left panel: Illustrates the blow-up region of ‘K2’ enhanced location as
indicated in the power map ratio in Chapter 3. Right panel: Plot showing the
temporal evolution of integrated acoustic power over the ' K2’ location (red colour
with asterisks) whereas that shown in blue colour with triangles represents evolu-
tion of total acoustic power in an unaffected region in the same sunspot. It is to
be noted that there is a time offset of about + 30-minutes between the acoustic

power variation and the GOES flare-time.
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Figure 6.24: Left panel: Plot shows the temporal evolution of line-of-sight mag-
netic fields in the ‘K2’ location of active region NOAA 12242. Right panel: Plot
shows the temporal evolution of change in radial component of Lorentz force in
the ‘K2’ location. The dashed, solid and dotted vertical lines represent the onset,
peak and decay time of the flare.
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Figure 6.25: Left panel: Sample images of the active region NOAA 12297 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2015 March 11. Right panel: Plot shows the temporal evo-
lution of horizontal magnetic fields in the ‘F2’ location of active region NOAA
12297. The dashed, solid and dotted vertical lines represent the onset, peak and
decay time of the flare.
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Figure 6.26: Top panel shows the pre and spanning flare power maps in 2.54
mHz band of the active region NOAA 12297, respectively. Here, yellow contours
represent flare-ribbon locations from Ha chromospheric intensity observations
at 70, 80 and 90 % of its maximum value as observed by the GONG instrument
whereas red contours represent hard X-rays foot points at 25, 50, 75 and 90% of its
maximuum as observed in 12-25 KeV band from RHESSI spacecraft, respectively.
Bottom left panel: Tllustrates the blow-up region of ‘F'1’ location as indicated in
the power map ratio in Chapter 3. Right panel: Plot showing the temporal
evolution of integrated acoustic power over the ‘F'1’ location (red colour with
asterisks) whereas that shown in blue colour with triangles represents evolution
of total power in an unaffected region in the same sunspot. It is to be noted that

there is a time offset of about 4+ 30-minutes between the acoustic power variation
and the GOES flare-time.
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Figure 6.27: Left panel: Plot shows the temporal evolution of line-of-sight mag-
netic field in the ‘F'1’ location of active region NOAA 12297. Right panel: Plot
shows the temporal evolution of change in radial component of Lorentz force in
the ‘F'1’ location. The dashed, solid and dotted vertical lines represent onset,
peak and decay time of the flare.
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Figure 6.28: Left panel: Sample images of the active region NOAA 12371 showing
continuum intensity (top left panel), photospheric line-of-sight magnetic fields
(top right panel), Dopplergram (bottom left panel) and running difference of
Doppler images (bottom right panel) acquired from HMI instrument aboard the
SDO spacecraft on 2015 June 22. Right panel: Plot shows the temporal evolution
of line-of-sight magnetic fields in the ‘P1’ location. The dashed, solid and dotted
vertical lines represent the onset, peak and decay time of the flare.
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Figure 6.29: Top panel shows the pre and spanning flare power maps in 2.54
mHz band of the active region NOAA 12371, respectively. Here, yellow contours
represent flare-ribbon locations from Ha chromospheric intensity observations at
70, 80 and 90 % of its maximum value as observed by the GONG instrument.
Bottom left panel: Illustrates the blow-up region of ‘P2’ enhanced location as
indicated in the power map ratio in Chapter 3. Right panel: Plot showing the
temporal evolution of integrated acoustic power over the ‘P2’ location (red colour
with asterisks) whereas that shown in blue colour with triangles represents evolu-
tion of total power in an unaffected region in the same sunspot. It is to be noted
that there is a time offset of about 4+ 30-minutes between the acoustic power
variation and the GOES flare-time.
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Figure 6.30: Left panel: Plot showing the temporal evolution of horizontal mag-
netic fields in the ‘P2’ location of active region NOAA 12371. Right panel: Plot
showing the temporal evolution of change in horizontal component of Lorentz
force in the ‘P2’ location. The dashed, solid and dotted vertical lines represent
the onset, peak and decay time of the flare.
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ABSTRACT

Solar flares are known to generate seismic waves in the Sun. We present a detailed analysis of seismic emission in sunspots
accompanying M- and X-class solar flares. For this purpose, we have used high-resolution Dopplergrams and line-of-sight
magnetograms at a cadence of 45 s, along with vector magnetograms at a cadence of 135 s obtained from Helioseismic and
Magnetic Imager instrument aboard the Solar Dynamics Observatory space mission. In order to identify the location of flare
ribbons and hard X-ray footpoints, we have also used Ha chromospheric intensity observations obtained from Global Oscillation
Network Group instruments and hard X-ray images in 12-25 keV band from the Reuvan Ramaty High Energy Solar Spectroscopic
Imager spacecraft. The fast Fourier transform technique is applied to construct the acoustic velocity power map in 2.5-4 mHz
band for pre-flare, spanning flare, and post-flare epochs for the identification of seismic emission locations in the sunspots.
In the power maps, we have selected only those locations which are away from the flare ribbons and hard X-ray footpoints.
These regions are believed to be free from any flare related artefacts in the observational data. We have identified concentrated
locations of acoustic power enhancements in sunspots accompanying major flares. Our investigation provides evidence that
abrupt changes in the magnetic fields and associated impulsive changes in the Lorentz force could be the driving source for these

seismic emissions in the sunspots during solar flares.

Key words: Sun: flares — Sun: magnetic fields — Sun: oscillations — Sun: photosphere — sunspots.

1 INTRODUCTION

Solar flares are the magnetized events in the solar atmosphere, in
which previously stored magnetic energy of the order of 10*'—
10°? erg are released into the solar atmosphere in the form of
thermal radiation, mass motion, and accelerated charged particles
within few minutes to an hour. During solar flares, the back
bombarded charged particles gyrate along the magnetic fields lines
and generate gyrosynchrotron emissions (Hudson & Ohki 1972).
The bremsstrahlung radiation generated by deacceleration of charged
particles while striking the chromospheric plasma produces hard X-
rays (Brown 1971). It was suggested by Wolft (1972) that large solar
flares could also stimulate free global oscillations in the Sun. Much
later, Fisher, Canfield & McClymont (1985) proposed that during
the course of solar flares, the bombardment of charged particles
on the chromospheric layers heats the chromospheric plasma and,
as result of that, chromospheric evaporation into the corona takes
place. Further, the downward settlement of the condensed material
can launch a shock on the photosphere thereby delivering large
momentum to the photospheric layers (Fisher 1989) and this high
amount of energy can excite the acoustic waves inside the Sun.
Kosovichev & Zharkova (1998) found the first instance of flare-
induced seismic emission in the Sun during a moderate X-class solar
flare, which occurred on 1996 July 09, using the data from Michelson

* E-mail: hirdesh@prl.res.in (HK); brajesh@prl.res.in (BK)

Doppler Imager (MDI; Scherrer et al. 1995) instrument aboard the
Solar and Heliospheric Observatory (SOHO; Domingo, Fleck &
Poland 1995) space mission. They identified this phenomenon
as ‘sunquake’. Later on, there are several others cases reported
by Donea & Lindsey (2005), Donea et al. (2006), Moradi et al.
(2007), and Kumar & Ravindra (2006), in which they have found
acoustic emissions accompanying different classes of solar flares.
Zharkova & Zharkov (2007) found acoustic emissions in a proton-
rich solar flare and they explained these enhancements as due to the
backreaction of the shock driven by high energetic charged particles
impinging on the solar photosphere during the flare. Following this,
Venkatakrishnan, Kumar & Uddin (2008) observationally found that
these high energetic charged particles can reach up to the photosphere
from the chromosphere in a time span of about 1 min and thus
could be responsible for enhancing the velocity oscillations. Hudson,
Fisher & Welsch (2008) proposed an another mechanism, known as
‘magnetic jerk’, which could be responsible for the generation of
seismic waves in sunspots, apart from the high energetic charged
particles and backreaction of shock at the solar photosphere.

It is well established that during solar flares, magnetic fields of
the corona change and the signatures of those appear in the form
of the temporal evolution of the magnetic fields at the photosphere.
The changes in the magnetic fields take place within short time-
scales before the flare, during the flare, and the post-flare epochs.
Patterson & Zirin (1981) were the first to report the rapid short-term
changes (transient changes) in the magnetic fields during solar flares.
Further, Patterson (1984) illustrated that these observed transient
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Figure 1. Left-hand panel: sample images of the active region NOAA 11158 showing continuum intensity image (top left panel), photospheric line-of-sight
(i.e. longitudinal and scalar) magnetic fields (top right panel), Dopplergram (bottom left panel), and running difference of Doppler images (bottom right panel)
acquired from HMI instrument aboard SDO spacecraft on 2011 February 15. Right-hand panel: plot shows the temporal evolution of disc-integrated solar flux
in 1-8 A band during an X2.2 class flare on 2011 February 15, obtained from GOES satellite.

Table 1. Details of the active regions used in our analysis and information related to the flare evolution as seen in GOES soft X-ray (1-8 A band).

Active region Location on the disc ~ Flare class Date Start time Peak time Decay time
NOAA 11158 S28W17 X2.2 2011 February 15 01:44 UT 01:56 UT 02:06 UT
NOAA 11261 N15W35 M6.0 2011 August 03 13:17UT 13:48 UT 14:10UT
NOAA 11882 SO6E28 M2.7 2013 October 28 14:46 UT 15:01 UT 15:04 UT
NOAA 11882 SO6E28 M4.4 2013 October 28 15:07 UT 15:15UT 15:21 UT
NOAA 12222 S20W31 Me.1 2014 December 04 18:05 UT 18:25 UT 18:56 UT
NOAA 12241 S09W09 M6.9 2014 December 18 21:41UT 21:58 UT 22:25UT
NOAA 12242 S21W24 X1.8 2014 December 20 00:11 UT 00:28 UT 00:58 UT
NOAA 12297 SI6E13 X2.0 2015 March 11 16:11 UT 16:22 UT 16:29 UT
NOAA 12371 N13W06 C3.9 2015 June 22 17:20 UT 17:27UT 17:33 UT
NOAA 12371 N13W06 M6.5 2015 June 22 17:39 UT 18:23 UT 18:23 UT
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Figure 2. Left-hand panel: acoustic power map of active region NOAA 11158 in 2.5-4 mHz band estimated over 2 h duration for pre-flare epoch. Right-hand
panel: same as shown in the left-hand panel but for spanning the flare. Here, red contours represent hard X-ray footpoints at 25, 50, 75, and 90 per cent of its

maximum as observed in 12-25 keV band from RHESSI spacecraft.

changes in the magnetic fields could be due to emission in the
core of the spectral line, which is used to derive the information
of the magnetic fields. In addition, Qiu & Gary (2003) discussed
the possibility of change in line profiles during a transient polarity
reversal observed in the photospheric magnetic field measurements
obtained from the MDI instrument aboard SOHO space mission.
Wang (1992) and Wang et al. (1994, 2002) reported abrupt and

permanent changes in the evolution of magnetic fields in the flaring
region during the different class of solar flares using the data from
Big Bear Solar Observatory. Later on, extensive analysis done by
Sudol & Harvey (2005) and Petrie & Sudol (2010) of X- and M-class
solar flares using the line-of-sight (i.e. longitudinal) magnetic fields
obtained from Global Oscillation Network Group (GONG; Harvey
etal. 1996) instruments, showed abrupt and permanent changes in the

MNRAS 497, 976-987 (2020)
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Figure 3. Left-hand panel: this illustrates the ratio of acoustic power maps estimated for spanning flare and pre-flare epochs in the 2.5-4 mHz band. Here,
black contours represent the outer boundary of the sunspot penumbra obtained from continuum intensity image, whereas the red contours represent hard X-ray
footpoints from RHESSI spacecraft in 12-25 keV band. Right-hand panel: illustrates the blow-up region of ‘B1’ enhanced location in the sunspot as indicated

in the power map ratio.
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Figure 4. Left-hand panel: plot in red colour shows the temporal evolution of Doppler velocity at a cadence of 45 s in the ‘B1’ location of active region NOAA
11158. The dashed, solid, and dotted vertical lines represent onset, peak, and decay time of the flare. Right-hand panel: plot showing the temporal evolution of
integrated acoustic power over the ‘B1’ location (red colour with asterisks) whereas that shown in blue colour with triangles represents evolution of total power
in an unaffected region in the same sunspot. It is to be noted that there is a time offset of about £ 30 min between the acoustic power variation and the GOES

flare time.

magnetic fields in the flaring locations within 10-min duration with
a median magnitude of 100 G. In addition, Kumar et al. (2016) also
found abrupt and persistent changes in line-of-sight magnetic fields
at different locations in active region during an M6.5 class solar flare
using the data from Helioseismic and Magnetic Imager (HMI; Schou
et al. 2012) instrument aboard the Solar Dynamics Observatory
(SDO; Pesnell, Thompson & Chamberlin 2012) space mission.

Hudson et al. (2008) and Fisher et al. (2012) proposed that abrupt
changes in the magnetic fields can lead to an impulsive change in
Lorentz force, which is also known as ‘magnetic-jerk’, and this can
induce seismic emission in the sunspots. However, Raja Bayanna
et al. (2014) observed distortions in the two circular polarization
states of light, the left (LCP) and the right circular polarization (RCP)
observations in the flaring locations which showed transient changes
in Doppler velocity and line-of-sight magnetic fields during an X-
class flare, using the line profile observations from HMI instrument
aboard the SDO space mission. They showed that observed transient
changes in Doppler velocity and line-of-sight magnetic fields in
flaring locations are prone to artefacts in the measurements.

MNRAS 497, 976-987 (2020)

Therefore, in this paper, we present a detailed analysis of seismic
emission in the sunspots, which are away from the flare ribbons and
hard X-ray footpoints accompanying large solar flares. Such acoustic
enhancements are supposed to be free from any flare related problems
in the observational data.

In the following sections, we first describe the observational
data and selection criteria for choosing the active regions aimed
for our analysis. This is followed by methods of analysis and the
results obtained. We finally conclude with discussions concerning
our results.

2 THE OBSERVATIONAL DATA

We have extensively used observations from the HMI instrument
aboard the SDO spacecraft, which is a solar space mission of the
National Aeronautics and Space Administration (NASA). The HMI
instrument observes the photosphere of the Sun in Fe 16173 A absorp-
tion spectral line at six different wavelengths positions in = 172 mA
wavelength window in two different cameras. One of the cameras is
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Table 2. Details of the active regions and flare produced, identified seismic emission locations in the sunspots, observed changes
in the total power and estimated changes in Lorentz force corresponding to the seismic emission locations accompanying the

flares.

Active region Flare class

Seismic emission locations

Change in power Change in Lorentz force

(per cent) (dyne)

NOAA 11158 X2.2 Bl ~ 113 ~2.0 x 102!
NOAA 11261 M6.0 D1 ~ 30 ~ 1.0 x 10%!
M6.0 D2 ~ 162 ~0.5 x 102!

NOAA 11882 M2.7, M4 .4 N1 ~ 56 ~ 1.5 x 102!
M2.7, M4.4 N2 ~ 123 ~0.2 x 102!

NOAA 12222 M6.1 Ml ~ 284 ~ 1.0 x 102!
M6.1 M2 ~ 151 ~ 1.0 x 102!

NOAA 12241 M6.9 Q1 ~ 192 ~ 0.3 x 10%!
M6.9 Q2 ~ 100 ~ 0.6 x 102!

M6.9 Q3 ~ 130 ~ 0.3 x 102!

M6.9 Q4 ~ 166 ~ 0.2 x 102!

M6.9 Q5 ~ 213 ~0.3 x 102!

M6.9 Q6 ~ 101 ~ 0.5 x 10%!

NOAA 12242 X1.8 K1 ~ 114 ~0.1 x 102!
X1.8 K2 ~ 156 ~ 04 x 102!

NOAA 12297 X2.0 F1 ~ 76 ~3.0 x 102!
X2.0 F2 ~ 190 ~ 1.0 x 102!

NOAA 12371 C3.9,M6.5 Pl ~ 169 ~ 0.7 x 10?!
C3.9, M6.5 P2 ~ 123 ~ 0.3 x 102!
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Figure 5. Left-hand panel: plot in red colour shows the temporal evolution of line-of-sight (i.e. longitudinal and scalar) magnetic fields at a cadence of 45 s in
the ‘B1” location of active region NOAA 11158. Right-hand panel: plot in red colour shows the temporal evolution of horizontal (i.e. transverse) component of
vector magnetic fields at a cadence of 135 s in the ‘B1” location. The dashed, solid, and dotted vertical lines represent the onset, peak, and decay time of the flare.

mainly dedicated to the 45 s cadence observations, which provides
full-disc Dopplergrams, line-of-sight (i.e. longitudinal and scalar)
magnetograms and continuum intensity images at spatial sampling of
0.5 arcsec pixel~!. The second camera provides vector magnetic field
observations of the solar photosphere with the same spatial sampling.
The Stokes parameters (I, Q, U, V) are observed at six different
wavelength positions from the centre of Fe 1 6173 A absorption
line, which requires 135 s to complete the line profiles (Sun et al.
2017). Then, to extract the vector magnetic field components from
these Stokes parameters, Very Fast Inversion of the Stokes algorithm
code (Borrero et al. 2011) is used to derive vector magnetic field
components at the photosphere. The remaining 180° disambiguity in
the azimuthal field component is resolved using the minimum-energy
method (Metcalf 1994; Leka et al. 2009). A coordinate transforma-
tion for remapping the vector fields on to the Lambert cylindrical
equal-area projection is carried out, and finally, the vector fields
are transformed into heliocentric spherical coordinates (B,, By, By).

These coordinates are approximated to (B;, -By, B,) in heliographic
Cartesian coordinates for ready use in various parameter studies
(Gary & Hagyard 1990). Thus, we have used the tracked photospheric
continuum intensity (hmi.Ic_45s), Dopplergrams (hmi.V_45s), and
line-of-sight magnetograms (hmi.M_45s) at a cadence of 45 s and
high cadence vector magnetograms (hmi.B_135s) at a cadence of
135 s, acquired from the HMI instrument aboard the SDO spacecraft
for our motivated analysis. The left-hand panel of Fig. 1 shows the
sample images of the National Oceanic and Atmospheric Adminis-
tration (NOAA) solar active region 11158 from the HMI instrument,
which produced an X2.2 class solar flare on 2011 February 15. In
the continuum intensity image, we can see the complex structure
of this active region while the morphology of the magnetic fields
is seen in the line-of-sight magnetogram. The Dopplergram shows
the Doppler velocity flows in the active region while the running
difference image of Dopplergrams shows the suppression of velocity
oscillations in the sunspots in contrast with the dominant velocity
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Figure 6. Left-hand panel: plot in red colour shows the temporal evolution of change in radial (i.e. upward) component of Lorentz force in the ‘B1’ location
of the active region NOAA 11158. Right-hand panel: same as shown in the left-hand panel but for change in horizontal (i.e. transverse) component of Lorentz
force in the aforementioned location. The dashed, solid, and dotted vertical lines represent the onset, peak, and decay time of the flare.
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Figure 7. A brief illustration of important results obtained for the active region NOAA 11261. Top left panel: this illustrates the ratio of acoustic power maps
estimated for spanning flare and pre-flare epochs in the 2.5-4 mHz band. Here, black contours represent the outer boundary of the sunspot penumbra obtained
from continuum intensity image, whereas the red contours represent flare-ribbon locations from Ha chromospheric intensity observations at 70, 80, and 90
per cent of its maximum value as observed by the GONG instrument. Top right panel: illustrates the blow-up region of ‘D2’ enhanced location in the sunspot
as indicated in the power map ratio. Bottom left panel: plots showing the temporal evolution of integrated acoustic power over the ‘D2’ location (red colour
with asterisks) whereas that shown in blue colour with triangles represents evolution of total power in an unaffected region in the same sunspot. It is to be noted
that there is a time offset of about £ 30 min between the acoustic power variation and the GOES flare time. Bottom right panel: plot in red colour shows the
temporal evolution of change in radial (i.e. upward) component of Lorentz force in the ‘D2’ location. The dashed, solid, and dotted vertical lines represent the
onset, peak, and decay time of the flare. The remaining maps and plots have been provided in the online Supporting Information.
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Figure 8. Same as Fig. 7, but for ‘N1 location of active region NOAA 11882. It is to be noted that there is a time offset of about == 30 min between the acoustic
power variation and the GOES flare time in the bottom left panel. The bottom right panel illustrates the change in horizontal (i.e. transverse) component of
Lorentz force in the aforementioned location. The dashed, solid, and dotted blue and black vertical lines represent the onset, peak, and decay time of M2.7 and
M4.4 class flares, respectively. The remaining maps and plots have been provided in the online Supporting Information.

oscillations in the quiet regions. For flare-ribbon information at the
chromospheric layer of the Sun, we have used Hee chromospheric
intensity observations obtained from GONG instruments at 60 s
cadence having a spatial sampling of 1.05 arcsec pixel~! (in full-disc
mode). In order to identify hard X-ray footpoint locations during the
flare evolution, we have used hard X-ray images from the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Hurford
et al. 2002) spacecraft in 12-25 keV energy band. We have also
used disc-integrated soft X-ray solar flux in 1-8 A range from
the Geostationary Orbital Environmental Satellite (GOES; Garcia
1994) for having information on the temporal evolution of the flare
and flare-class. The right-hand panel of Fig. 1 demonstrates the
temporal evolution of soft X-rays (1-8 A) from GOES satellite, which
shows enhancement in flux around 01:44 UT and further provides
information on the peak and decay time of an X2.2 class flare on
2011 February 15.

We have adopted selection criteria to choose NOAA active regions
for our analysis, which are as follows:

(1) We have selected only those active regions which are within
40° latitude and longitude of the solar disc since p-mode oscillations
are dominant near the disc centre and as we go away from the disc
centre, these signals suffer from projection effects. Therefore, we
restricted ourselves to within the 4= 40° of the disc centre.

(2) We have analysed only those active regions which have
produced M- and X-class flares.

(3) We have restricted our analysis to only those active regions
in which magnetic field strength does not exceed 3000 G and the
Doppler velocity is less then 4= 6 km s~!, including the orbital
velocity of the spacecraft. It is to be noted that in the active regions
where the magnetic field strength is more than £ 3800 G or the total
Doppler velocity exceeds & 8.5 km s™!, the Fe 16173 A spectral line
can go outside the observing window in HMI instrument thereby
causing saturation problem in the observational data (Couvidat et al.
2012).

On applying the aforementioned selections criteria, we have
selected eight active regions for our analysis, the details of which
are as shown in Table 1.

3 ANALYSIS AND RESULTS

The main objective of this work is to identify the seismic emissions
in the sunspots, accompanying major solar flares and to further
investigate the changes in magnetic fields in those affected locations.
We also aim to estimate the corresponding changes in Lorentz force
in the aforementioned locations.

In the following sections, we describe the analysis procedure
of the Dopplergrams, line-of-sight magnetograms and the vector
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Figure 9. Same as Fig. 7, but for ‘M1’ location of active region NOAA 12222. It is to be noted that there is a time offset of about = 30 min between the acoustic
power variation and the GOES flare-time in the bottom left panel. The bottom right panel illustrates the change in radial (i.e. upward) component of Lorentz
force in the aforementioned location. The remaining maps and plots have been provided in the online Supporting Information.

magnetograms obtained from HMI instrument aboard the SDO
spacecraft.

3.1 Analysis of Dopplergram data

We have analysed the Dopplergrams to identify any seismic emis-
sions in the sunspots. For this purpose, we have analysed several
active regions as listed in Table 1. Here, we present in detail the
analysis procedure and results of the active region NOAA 11158,
however a brief overview of important results concerning other active
regions are also presented. The remaining results are being provided
in the online Supporting Information.

The active region NOAA 11158 produced several flares during its
passage on the solar disc. This was the first active region of the Solar
Cycle 24, which produced an X2.2 class flare on 2011 February 15
around 01:44 UT (cf. right-hand panel of Fig. 1). We have used the
tracked Dopplergrams (hmi.V_45s) at a cadence of 45 s (cf. left-
hand panel of Fig. 1) obtained from HMI instrument aboard the
SDO spacecraft. In order to study the p-mode oscillations, we have
applied a two-point backward difference filter which removes the
slowly varying features from the Dopplergrams. Those filtered Dopp-
lergrams are then subjected to fast Fourier transform for estimating
power spectrum at each pixel. Following this, we construct power
maps in the frequency range 2.5-4 mHz band (p-mode oscillations)
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for pre-flare and spanning flare epochs (cf. Fig. 2). Further, we have
overplotted the hard X-ray contours from RHESSI instrument in
12-25 keV energy band on the spanning flare power map (cf. right-
hand panel of Fig. 2) in order to know the hard X-ray footpoint
locations. These acoustic power maps (cf. Fig. 2), demonstrate that
there is a suppression of p-mode power in the sunspot region, while
it is dominant in the quiet region. In the right-hand panel of Fig. 2
(spanning flare power map), red contours represent hard X-rays from
RHESSI instrument in 12-25 keV band at 25, 50, 75, and 90 per cent
of its maximum level. It is believed that corresponding to the hard
X-ray footpoints, high energetic charged particles can reach up to the
photosphere and they can induce photospheric p-mode oscillations.
However, in the flaring region/hard X-ray footpoint locations, it has
been demonstrated that there could be distortions in the line profiles
during the flares due to the change in the local thermodynamic
conditions (Raja Bayanna et al. 2014). Therefore, we have looked
for only those acoustically enhanced locations in the sunspots which
are away from hard X-ray footpoints and flare ribbons.

Although, by visualization of these two power maps (cf. Fig. 2),
it is difficult to infer any adequate changes in the acoustic power
in the sunspot regions during the flare. Hence, we have taken the
ratio of these two power maps (spanning flare to pre-flare) as shown
in the left-hand panel of Fig. 3. Again, we have overplotted hard
X-ray footpoint contours (red colour) from RHESSI instrument in
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Figure 10. Same as Fig. 7, but for ‘Q1” location of active region NOAA 12241. It is to be noted that there is a time offset of about = 30 min between the
acoustic power variation and the GOES flare-time in the bottom left panel. The bottom right panel illustrates the change in horizontal (i.e. transverse) component
of Lorentz force in the aforementioned location. The remaining maps and plots have been provided in the online Supporting Information.

12-25 keV band on this power map ratio. In addition, we have
also overplotted contours of the outer boundary of the sunspot
penumbra (black colour) from HMI continuum intensity image on
the power map ratio. Thus, we selected the acoustically enhanced
‘B1’ location in the sunspot, which is away from the flaring regions.
The blow-up region of the ‘B1’ location shows enhancement in
power ratio in patches (right-hand panel of Fig. 3). The temporal
evolution of Doppler velocity in ‘B1° location shows enhancement
in p-mode velocity oscillations after the solar flare (cf. left-hand
panel of Fig. 4). We have also examined the temporal evolution
of total power integrated over ‘B1’ region as shown in red colour
with asterisks in the left-hand panel of Fig. 4. This is done by
estimating the power spectrum for 1-h duration and then shifting
it for every 30-min during the observation period. Thus, it will have
a time offset of about = 30 min with respect to onset, peak and
decay time of the flare. The temporal evolution of total power over
‘B1’ location demonstrates significant enhancement spanning the
flare. On the other hand, the plot shown in blue colour with triangles
representing the evolution of total power for an unaffected region in
the same sunspot shows normal evolution over the whole duration.
We have also calculated the percentage change in total power of
the regions showing acoustic enhancement in sunspots in power
map ratios of the other active regions considered in our analysis.
All the seismic emission regions and corresponding percentage
changes in total power spanning the flare are listed in Table 2, which
demonstrate significant values. We further examined the cause of
these seismic emissions in the sunspot regions, which are away

from flaring sites. For this purpose, we have analysed the scalar
and vector magnetograms acquired from HMI instrument aboard the
SDO spacecraft. In Section 3.2, we describe the analysis procedure
of the magnetogram data.

3.2 Analysis of magnetogram data

We have analysed sequences of tracked line-of-sight (i.e. longitudinal
and scalar) magnetograms (hmi.M_45s) at a cadence of 45 s and
vector magnetograms (hmi.B_135s) at a cadence of 135 s obtained
from HMI instrument aboard the SDO spacecraft, in order to
examine the evolution of magnetic fields corresponding to the
seismic emission regions in the sunspots accompanying the flares.
The left-hand panel of Fig. 5 represents the temporal evolution of
line-of-sight magnetic fields over the ‘B1’ location. Here, we find
that before the flare the magnetic field is evolving normally, while
there is an abrupt change in the magnetic field of the order of 80—
90 G within the time-scale of 10-20 min spanning the flare and
again there is a normal evolution after the flare. Further, in order
to have the complete information on the evolution of magnetic
fields in the seismic emission locations, we also examined the
vector magnetogram data. The right-hand panel of Fig. 5 shows
the temporal evolution of horizontal (i.e. transverse) component of
vector magnetic fields over ‘B1’ location. Here, we observe that
there is a step-like change in the horizontal magnetic fields of the
order of 60-70 G within 10-20 min during the flare. We have
done similar analysis of magnetogram data for the seismic emission
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Figure 11. Same as Fig. 7, but for ‘K1’ location of active region NOAA 12242. It is to be noted that there is a time offset of about = 30 min between the
acoustic power variation and the GOES flare time in the bottom left panel. The bottom right panel illustrates the change in horizontal (i.e. transverse) component
of Lorentz force in the aforementioned location. The remaining maps and plots have been provided in the online Supporting Information.

locations for others active regions, which are mentioned in Table 1.
The temporal evolution of magnetic fields corresponding to seismic
emission locations in all active regions shows similar changes in
the magnetic fields. These results have been provided in the online
Supporting Information.

Hudson et al. (2008) and Fisher et al. (2012) proposed that abrupt
changes in the magnetic fields can lead to an impulsive change in the
Lorentz force (known as ‘magnetic-jerk’) of the order of 10??> dyne,
which can excite seismic emission in the sunspots accompanying
flares. Hence, we have estimated the change in Lorentz force from
the available photospheric vector magnetograms at a cadence of 135 s
corresponding to the identified seismic emission locations as shown
in Table 2.

To calculate the change in Lorentz force acting on the solar
photosphere, we have used the equations (17) and (18) introduced
by Fisher et al. (2012), which are as follows:

1
O = 5 [ AAGB] — 9B) M
87 J
1
SthimeriorZ 7/ dAa(BrBh) (2)
47t Aph
Where, B, and B, are the radial (i.e. upward) and horizontal
(i.e. transverse) components of vector magnetic fields, respec-

tively, §F, and 6F) are the changes in radial and horizontal
components of Lorentz force acting on the solar interior, dA is
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the elementary surface area over the photosphere, and A, repre-
sents the area of the photospheric domain containing the active
region.

Itis to be noted that Petrie (2014) further discussed the application
of formulation introduced by Fisher et al. (2012) within a subdomain
of active region. Petrie (2014) concluded that these expressions
could be used in a subdomain of active region at photosphere if the
horizontal length scale of the structure is much more than 300 km
and magnetic field strength is greater than 630 G at the height of
the observations. In our analysis, the horizontal length scale and
magnetic field strength are more than the aforementioned thresholds
in all the seismic emission locations.

By using equations (1) and (2), we have calculated changes in
both the components of Lorentz force. Fig. 6 shows the temporal
evolution of changes in radial and horizontal components of Lorentz
force over ‘B1’ location. These plots demonstrate that there is an
abrupt change in radial component of Lorentz force and step-like
change in horizontal component of Lorentz force of the order of 10?!
dyne within 10-20 min duration spanning the flare. We have found
similar changes in the Lorentz force corresponding to the analysis of
other active regions (cf. Table 2), which are in close approximation
to the estimates of Hudson et al. (2008) and Fisher et al. (2012).
The plots of change in Lorentz force for the other active regions
are shown in Figs 7-13 and also have been provided in the online
Supporting Information.
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Figure 12. Same as Fig. 7, but for ‘F2’ location of active region NOAA 12297. It is to be noted that there is a time offset of about &= 30-minutes between the
acoustic power variation and the GOES flare time in the bottom left panel. The bottom right panel illustrates the change in horizontal (i.e. transverse) component
of Lorentz force in the aforementioned location. The remaining maps and plots have been provided in the online Supporting Information.

4 DISCUSSION AND CONCLUSIONS

We have studied seismic emission in the sunspots accompanying
large solar flares for several active regions as referred in Table 1
using the high-resolution observations from HMI instrument aboard
the SDO space mission. The summary of our analysis, chief findings,
and interpretation of results are as follows:

(1) We have analysed the Dopplergrams of the active regions at
a cadence of 45 s to examine acoustic enhancements in sunspots
using power maps in 2.5-4 mHz band for the pre-flare and spanning
flare epochs. We have selected only those locations for our study
(cf. Table 2), which are within the sunspots and away from the flare
ribbons and hard X-ray footpoints, since these are supposed to be
free from any flare related artefacts in the observational data. The
temporal evolution of total power corresponding to these seismic
emission locations shows enhancement in power accompanying the
flare and it tends to return to normal value after the flare. We also
note that the temporal evolution of Doppler velocity in the seismic
emission location shows enhancement during the flare and post-flare
epochs. Additionally, the identified seismic emission locations in
the sunspots show significant quantity of percentage change in total
acoustic power (cf. Table 2) during the flares. Thus, we believe that
these seismic emissions in the sunspots during the flare are solar in
nature.

(2) In order to understand the cause of these seismic emissions, we
have analysed line-of-sight (i.e. longitudinal) magnetic fields at a ca-
dence of 45 s as well as high cadence (135 s) vector magnetograms in
these identified locations. In most of the cases, the temporal evolution
of these magnetic fields corresponding to seismic emission locations
shows abrupt and persistent changes of the order of 50-100 G within
a duration of 10-20 min during the flare and post-flare epochs. The
plots of the evolution of magnetic fields in ‘B1° location are shown
here (cf. Fig. 5) whereas those for the other identified locations
are provided in the online Supporting Information. These results
are consistent with the earlier flare related magnetic field changes
reported by Sudol & Harvey (2005) and Petrie & Sudol (2010).

(3) We have estimated the changes in Lorentz force corresponding
to the seismic emission locations. Our analysis shows changes in
the Lorentz force of the order of 10?! dyne in the seismic emission
locations in the sunspots (cf. Table 2). The magnitude of change in
Lorentz force in the identified seismic locations as obtained in our
analysis is an order lower as compared to that estimated by Hudson
et al. (2008) and other previous studies. Apparently, this is because
our locations are away from the centres of the active regions where the
observed magnetic field changes are relatively smaller. On the other
hand, those reported in earlier studies (Petrie 2012, 2014; Sarkar &
Srivastava 2018) are mostly along the polarity inversion lines where
the magnetic field vectors become stronger and more horizontal
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Figure 13. Same as Fig. 7, but for ‘P1’ location of active region NOAA 12371. It is to be noted that there is a time offset of about = 30 min between the
acoustic power variation and the GOES flare time in the bottom left panel. The bottom right panel illustrates the change in radial (i.e. upward) component of
Lorentz force in the aforementioned location. The dashed, solid, and dotted blue and black vertical lines denote onset, peak, and decay time of C3.9 and M6.5
class flares, respectively. The remaining maps and plots have been provided in the online Supporting Information.

during the flares and hence the magnetic field changes are more pro-
nounced. The plots of changes in the Lorentz force in ‘B1° location of
active region NOAA 11158 and brief overview of results of the analy-
sis of the NOAA active regions 11261, 11882, 12222, 12241, 12242,
12297, and 12371 are shown in Figs 6-13. The remaining maps
and plots of the analysis of these active regions are provided in the
online Supporting Information. We observe a good correspondence
between the enhancement in acoustic power in the seismic emission
locations and the impulsive and other episodic changes of similar
size in the Lorentz force in these identified locations. Therefore, our
investigation indicates that ‘magnetic-jerk’ is the driving force for
seismic emissions in the sunspots away from flare ribbons and hard
X-ray footpoint locations observed during the flares.

(4) We have also estimated the work done by change in Lorentz
force in the seismic emission location ‘B1’ in the active region
NOAA 11158 and compared this available energy budget with the
acoustic emission computed in one of the kernels (5 x 5 pixels) in
the aforementioned seismic location. It is to be noted that Hudson
et al. (2008) have computed the work done by the change in Lorentz
force (~10%> dyne) as estimated from the results of Sudol & Harvey
(2005) and considering the displacement of the photosphere to be &~
3 km as observed in the amplitude of seismic wave produced during
an X2.6 class flare in active region NOAA 7978 (Kosovichev &
Zharkova 1998). Thus, they arrived at an energy budget of & 3 x 10?7
erg, which was found to be comparable to the energy of acoustic
emissions reported in previous studies (Donea et al. 2006; Moradi
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et al. 2007). Following Hudson et al. (2008), we have estimated
the work done (W = §F.r) by the change in Lorentz force (§F ~
2 x 10?! dyne) as obtained for the seismic emission location ‘B1” in
displacing the photoshperic plasma by, say, r &~ 3 km, which yields
W A 6 x 10?° dyne cm. We further compute the excess acoustic
energy in the aforementioned kernel, which could be represented
by, SE = p.5p.A.d, where ‘p’ is the mean density of the solar
photosphere (= 2 x 1077 gecm™3), ‘6p’ is the change in acoustic
power in the identified kernel in the frequency band 2.5-4.0 mHz
band (= 5 x 10° cm? s~2), ‘A’ is the area of the kernel (& 3.2 x 10'°
cm?), and ‘d’ is the depth of the kernel which could be considered
approximately equal to its linear size (= 1.8 x 10® cm), assuming that
as much acoustic energy travels vertically from the source as in each
horizontal direction. Thus, we obtain 8E &~ 5.7 x 10** erg. This is the
approximate energy budget of the acoustic emission observed in the
identified kernel, which is lower than the magnitude of the work done
by the change in Lorentz force in this seismic location. Thus, our
results suggest that the observed seismic emission has been induced
by the impulsive changes in Lorentz force in the sunspot region
during the flare.

(5) We have also tried to investigate a relationship between
the change in Lorentz force and percentage change in seismic
power, however we could not find any explicit relation between
these two parameters. This could be due to the reason that in
our photospheric Doppler observations, we are able to observe
only the trapped acoustic modes, which is some fraction of the
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induced seismic emission by ‘magnetic-jerk’. The remaining fraction
of these acoustic waves would propagate higher into the solar
atmosphere along the magnetic field lines in the form of mag-
netoacoustic waves depending on their inclination and interaction
with these acoustic waves. Hence, it would be possible to conduct
a detailed study of the relation between these two, only if we
have simultaneous Dopplergrams available for the layers above the
photosphere.

(6) These seismic emissions in the sunspots are essential to
study because these enhanced locations can give better information
about the deep dynamics in the active regions during the flares.
In addition, since these ‘magnetic-jerk’ driven seismic waves can
also propagate from the photosphere to higher solar atmospheric
layers along the magnetic field lines in the form of magnetoacoustic
waves, hence it can contribute to the heating of the solar atmosphere.
Thus, considering its aforementioned importance this study will be
further carried out by using the upcoming facility of simultaneous
velocity observations of the photosphere and chromosphere from the
Multi Application Solar Telescope (Mathew 2009; Mathew et al.
2017; Venkatakrishnan et. al. 2017) operational at the Udaipur Solar
Observatory, India.
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In this work, we present a study of the propagation of low-frequency magneto-acoustic waves into the solar
chromosphere within small-scale inclined magnetic fields over a quiet-magnetic network region utilizing near-
simultaneous photospheric and chromospheric Dopplergrams obtained from the HMI instrument onboard SDO
spacecraft and the Multi-Application Solar Telescope (MAST) operational at the Udaipur Solar Observatory,
respectively. Acoustic waves are stochastically excited inside the convection zone of the Sun and intermittently
interact with the background magnetic fields resulting into episodic signals. In order to detect these episodic
signals, we apply the wavelet transform technique to the photospheric and chromospheric velocity oscillations
in magnetic network regions. The wavelet power spectrum over photospheric and chromospheric velocity
signals show a one-to-one correspondence between the presence of power in the 2.5-4 mHz band. Further,
we notice that power in the 2.5-4 mHz band is not consistently present in the chromospheric wavelet power
spectrum despite its presence in the photospheric wavelet power spectrum. This indicates that leakage of
photospheric oscillations (2.5-4 mHz band) into the higher atmosphere is not a continuous process. The average
phase and coherence spectra estimated from these photospheric and chromospheric velocity oscillations
illustrate the propagation of photospheric oscillations (2.5-4 mHz) into the solar chromosphere along the
inclined magnetic fields. Additionally, chromospheric power maps estimated from the MAST Dopplergrams also
show the presence of high-frequency acoustic halos around relatively high magnetic concentrations, depicting
the refraction of high-frequency fast mode waves around v, ~ v, layer in the solar atmosphere.

1. Introduction of wave phase in the chromospheric layers at frequencies larger than

this cut-off of 5.2 mHz, while evanescent for smaller frequencies, is

Acoustic waves are well recognized as an agent of non-thermal
energy transfer that couples the lower solar atmospheric layers, primar-
ily through their interactions with and transformations by the highly
structured magnetic fields that thread these layers. These waves are
generated by turbulent convection within and near the top boundary
layers of the convection zone (Lighthill, 1952; Stein, 1967; Goldreich
and Kumar, 1990; Bi and Li, 1998) and they resonate to form p-modes
in the interior of the Sun. Propagation of these waves into the solar
atmosphere is determined by the height dependent characteristic cut-
off frequency v,., which takes the value of ~ 5.2 mHz for the quiet-Sun
photosphere (Bel and Leroy, 1977; Jefferies et al., 2006) as estimated
from w,, = 2zv,, = ¢;/2H,, where ¢, and H, are the photospheric
sound speed and density scale height, respectively. Height evolution

a well-observed feature in the quiet Sun. However, this condition is
altered by the magnetic fields, which affect the propagation of these
waves; when plasma g is low (B <1), acoustic cut-off frequency (v,.)
is changed by a factor of cos® (Bel and Leroy, 1977; Mclntosh and
Jefferies, 2006; Cally et al., 2016), where 6 is the angle between the
magnetic field and the direction of gravity (which is normal to the
solar surface). This fundamental effect of the inclined magnetic field
has been identified as a key mechanism to tap the energetic low-
frequency (p-mode) acoustic waves to energize the solar atmospheric
layers and was termed as ‘“magnetoacoustic portals” (Jefferies et al.,
2006). Sobotka et al. (2013, 2016), Rajaguru et al. (2019), Abbasvand
et al. (2020a), and Abbasvand et al. (2020b) have also investigated
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the propagation of acoustic and magnetoacoustic waves in different
magnetic configurations in the lower solar atmosphere. There have
also been studies of p-mode waves as drivers of impulsive dynamical
phenomena that supply mass and energy to the solar atmosphere (De
Pontieu et al., 2004, 2005).

In addition to that, we also observe high-frequency power enhance-
ment (above the acoustic cut-off frequency) surrounding the strong
magnetic structures such as sunspots, pores, and plages. These excess
power enhancements are known as “acoustic halos”. This was first
observed at the photosphere (Brown et al., 1992) as well as chromo-
sphere (Braun et al., 1992; Toner and Labonte, 1993) in the frequency
range v = 5.5-7 mHz, in typically weak to intermediate (B;,g ~ 50—
300 G) photospheric magnetic field regions. The observational studies
of halos (Hindman and Brown, 1998; Thomas and Stanchfield, 2000;
Jain and Haber, 2002; Finsterle et al., 2004; Moretti et al., 2007;
Nagashima et al., 2007) reveal several features, a summary of which
has been presented in Khomenko and Collados (2009). Moreover, there
is no single theoretical model which can completely explain all the
observed features despite having focused efforts (Kuridze et al., 2008;
Hanasoge, 2008, 2009; Khomenko and Collados, 2009). The majority
of the work emphasizes the interaction of acoustic waves with the back-
ground magnetic fields from the photospheric to the chromospheric
heights, with regards to power halos observed around the sunspots
(Khomenko and Collados (2009) and references therein). However, Kri-
jger et al. (2001), McIntosh and Judge (2001), and McIntosh et al.
(2003) have investigated the oscillations in the network and internet-
work regions utilizing observations of lower solar atmosphere from
Transition Region and Coronal Explorer (TRACE; (Handy et al., 1999)).
The physical characteristics of upward propagating acoustic waves are
shaped by the topology of nearby magnetic fields. Numerical modelling
done by Rosenthal et al. (2002) and Bogdan et al. (2003) show that
the propagation of acoustic waves in the solar atmosphere is affected
by the magnetic canopy and plasma f ~1 layer where mode conver-
sion, transmission and reflection take place. Khomenko and Collados
(2009) utilizing the numerical simulations of magnetoacoustic wave
propagation in a magneto-static sunspot model suggest that halos can
be caused by the additional energy injected by the high-frequency fast
mode waves, which are refracted in the vicinity of the transformation
layer (where Alfven speed is equal to the sound speed) in the higher
atmosphere due to rapid increase of the Alfven speed. Schunker and
Braun (2011) identified some new properties of acoustic halos in active
regions. Rajaguru et al. (2013) further explored different properties of
high-frequency acoustic halos around active regions including possi-
ble signatures of wave refraction utilizing the photospheric velocities,
vector magnetograms and lower atmospheric intensity observations.

In this article, we present an analysis of leakage of low-frequency
(2.5-4 mHz) acoustic waves into the higher solar atmospheric layers
along small-scale inclined magnetic fields of a quiet magnetic net-
work region in the form of magnetoacoustic waves exploiting the
high-resolution photospheric velocity observations in Fe I 6173 A line
from Helioseismic and Magnetic Imager (HMIL Schou et al. (2012))
instrument onboard the Solar Dynamics Observatory (SDO; Pesnell et al.
(2012)) spacecraft and chromospheric velocity estimated from Ca II
8542 A line scan observations obtained from the Multi-Application So-
lar Telescope (MAST; Mathew (2009), Venkatakrishnan et al. (2017)).
It is to be noted that p-mode oscillations are stochastically excited
inside the convection zone beneath the solar photosphere and inter-
mittently interact with the background magnetic fields, resulting in
episodic signals. Hence, here we employ wavelet analysis to detect
these episodic signals propagating from the photospheric to the chro-
mospheric heights using velocity observations. We also investigate the
interaction of acoustic waves with the background magnetic fields
resulting in the formation of high-frequency acoustic halos in the
velocity power maps of a magnetic network region and their relation
with the photospheric vector magnetic fields. Our analysis aims to
provide insight into the interaction of acoustic waves with small-scale
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magnetic fields of a quiet network region, depicting different physical
phenomena. In the following, Section 2 provides a detailed account
of the observational data used in this article, Section 3 discusses the
analysis procedure and results obtained from the investigation, and
Section 4 provides a further discussion and summary of our results.

2. The observational data

We employ two-height velocities observed over a magnetic network
region in the disk centre to investigate the propagation of p-mode waves
and appearance of high-frequency power halos and their relation with
the background magnetic fields. We use photospheric observations in
Fe I 6173 A spectral line obtained from the HMI instrument onboard
the SDO spacecraft and chromospheric line-scan observations in Ca II
8542 A spectral line from the MAST operational at the Udaipur Solar
Observatory, Udaipur, India. The following sub-Sections provide brief
descriptions of the instruments and data reduction done for the above
observations.

2.1. Chromospheric observations in Ca II 8542 A line from the MAST

The MAST is a 50 cm off-axis Gregorian solar telescope situated
at the Island observatory in the middle of Fatehsagar lake at the
Udaipur Solar Observatory, Udaipur, India. It is capable of providing
observations of the photosphere and chromosphere of the Sun. In order
to obtain these observations, an imager optimized with two or more
wavelengths is integrated with this telescope. For this purpose, two
voltage-tunable lithium niobate Fabry-Perot etalons along with a set of
interference blocking filters have been used for developing the Narrow
Band Imager (NBI: Raja Bayanna et al. (2014); Mathew et al. (2017)).
These two etalons are used in tandem for photospheric observation
in Fe 1 6173 A spectral line. However, only one of the etalons is
used for the chromospheric observation in Ca II 8542 A (hereafter
Ca II) spectral line. The maximum circular field-of-view (FOV) of the
MAST is 6 arcmins, and diffraction-limited resolution is 0.310 arcsec
at Fe I 6173 A wavelength. Utilizing the capabilities of NBI with
the MAST, we have observed a magnetic network region in the disk
centre in the chromosphere of the Sun. The Ca II line profile has been
scanned at 15 different wavelength positions starting from 8541.6 A to
8542.48 A within 15 s at a spatial sampling of 0.10786 arcsec per
pixel on May 21, 2020, from 04:52:42-06:45:20 UT. The core of the
line profile is scanned with close sampling intervals, whereas wings
are sampled at higher wavelength spacing. Moreover, there is a delay
of 19 s between two consecutive line scans. We obtained intensity
images at different wavelength positions in a FOV of 220 x 220 arcsec?.
The seeing condition was stable during the observation. The top left
panel of Fig. 1 shows the near-core intensity image of the Ca II line
during the starting time of the observations. The bottom panel of Fig. 1
shows the Ca II line profile estimated from the average intensity over
the full FOV, where plus symbols on the line profile represent the
wavelength positions where the line profile has been scanned with the
NBI. The centre points of red horizontal lines in the core of the Ca
II spectral profile denote the bisector points, which we have used to
estimate the line-of-sight velocity. We have explained the estimation
of chromospheric velocity from these observations in Section 3 of this

paper.
2.2. Photospheric observations in Fe I 6173 A line from HMI/SDO

The HMI instrument onboard the SDO spacecraft observes the pho-
tosphere of the Sun in Fe I 6173 A absorption line at six different
wavelength positions within +172 mA window from the centre of Fe
16173 A line. It uses two 4096 x 4096 pixels CCD cameras. One of the
cameras, also known as a scalar camera, provides full disk line depth,
Dopplergrams, continuum intensity, and line-of-sight magnetic fields at
a spatial sampling of 0.504 arcsec per pixel and a temporal cadence



H. Kumar et al.

1.55%10" 1.87x10" 2.19x10" 2.51x10"

Line Core Intensity (DN)

[arcsec]

100

Journal of Atmospheric and Solar-Terrestrial Physics 247 (2023) 106071

[ — ]
-2475 -790 896 2582

Vios (M)

200 T

150 |

[arcsec]

100

50

100
[arcsec]

150

50
0
0 50 100 150 200
[arcsec]
1.0F ' '
B 3
% 09¢
! o
[0) o
€ :
- 08F
(0] E
N E
© E
€ 07F
o E
Z F
06F
-0.4 -0.2

0.0 0.2

AL (A

Fig. 1. Sample maps of chromospheric Ca II 8542 A near line-core intensity image (top left panel), and chromospheric Dopplergram (top right panel) of a quiet magnetic network
region observed on May 21, 2020 from the MAST. Bottom panel shows a sample profile of Ca II 8542 A spectral line with five bisector points (red diamond) used to derive the
chromospheric line-of-sight Doppler velocity. This profile is constructed from the average intensity over the whole field-of-view (FOV) of the MAST (c.f,, top left panel). The 15

wavelength locations were scanned in about 15 s.

of 45 s. The second camera, i.e. vector camera, is dedicated to the
measurement of vector magnetic fields of the photosphere of the Sun at
the same spatial sampling as scalar camera. It provides full-disk vector
magnetograms at a lower cadence (12 min) as a standard product,
although it can also be obtained at a cadence of 135 s (Hoeksema et al.,
2014). To obtain the vector magnetic field observations, Stokes param-
eters (I, Q, U, V) are observed at six different wavelength positions from
the centre of Fe I 6173 A absorption spectral line profile. Further, to
get the information of vector magnetograms of the photosphere from
these Stokes parameters, the HMI team utilize Very Fast Inversion of
the Stokes algorithm code (VFSIV; Borrero et al. (2011)) to invert the
Stokes profiles. The remaining 180 deg. ambiguity in the azimuthal
field component is resolved using the minimum-energy method as
described by Metcalf (1994), and Leka et al. (2009). Thereafter, these
heliocentric spherical coordinates (B,, By, B,) are approximated to (B_,
-B,, B,) in heliographic cartesian coordinates for ready use in various
parameter studies (Gary and Hagyard, 1990). We have photospheric
Dopplergrams, line-of-sight magnetograms at 45 s and vector magnetic
fields at 12 min cadence. The top left panel of Fig. 2 shows the average
line-of-sight magnetic field image of the photosphere over the whole
observation period as mentioned in Section 2.1 of this paper. We have
tracked all these photospheric observables and also removed the differ-
ential rotation velocity signals using the Snodgrass formula (Snodgrass,
1984) and the spacecraft velocity from the HMI Dopplergrams.

3. Analysis and results

In the following, we discuss the analysis procedure of velocities, and
magnetic fields over a magnetic network region and results obtained
from the investigation.

3.1. Estimation of line-of-sight velocity from Ca II 8542 A line scan obser-
vations from MAST

We resample the Ca II intensity images to match the coarser HMI
spatial scale after dark and flat corrections on the line-scan observations
obtained from NBI with the MAST. We have used the cross_corr.pro rou-
tine available in SolarSoftWare (SSW) to co-align each Ca II intensity
image with the previous line scan image. The bisector method (Gray,
2005) has been used to construct chromospheric Doppler velocity. In
order to define the reference wavelength, we have used the bisector
method on the line profile constructed from the average intensity over
full FOV. The bottom panel of Fig. 1 shows the Ca II line profile
estimated by taking the average over full FOV, with bisector points
of five red horizontal lines at different intensity levels in the line core
shown by red diamond; the data points marked with plus represent the
locations, where the line has been scanned using NBI with the MAST.
According to Cauzzi et al. (2008), the wings of the Ca II spectral line
that are 0.5-0.7 A away from the line centre map the middle photo-
sphere around 4 = 200-300 km above the 75y, = 1 (unity optical depth
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Fig. 2. Sample maps of average of photospheric line-of-sight magnetogram over 112 min duration (top left panel), blow up region of a strong magnetic network region (top right
panel) as denoted by black dashed square box in the top left panel. Line-of-sight (LOS) magnetogram has been saturated at £100 G and + 50 G, respectively, to bring out the
small-scale magnetic features. The yellow arrows with labels ‘A’, ‘B’, and ‘C’, show the identified locations for the investigation of leakage of p-mode oscillations. Bottom left
panel: Sample map of 6 obtained from the HMI vector magnetograms and integrated over the duration of observations. Blow up region illustrating ¢ of a selected strong magnetic
network location (bottom right panel) as denoted by black dashed square box in the left panel.

in the 500 nm continuum) whereas the line core is formed in the height
range h = 1300-1500 km. Here, we have used bisector in between
+0.14-0.18 A from the line centre. The contribution in this particular
wavelength range comes from a height around /4 ~ 900-1100 km (mean
height ~ 1000 km). By taking the average of five bisector points, we
obtained a map of §4, which, after a wavelength shift correction, is then
used to estimate the line-of-sight velocity (V},,) given by the Doppler
shift formula, V,,, = (64/4y)c, where 4, is the rest wavelength, and
c is the speed of light. For the wavelength shift corrections, we use
a diffuser to take the line-scan observations, which contains only the
shift originating from the incident angle () of light. Further, we utilize
bisector method to construct map of 64, ,, which is subtracted from
64 maps. Following this, by combining the time taken for line-scan and
delay time, we obtain chromospheric Doppler velocity at a cadence of
34 s. Further, we linearly interpolate over time to match the lower
cadence (45 s) photospheric Dopplergrams from the HMI instrument.
The interpolated time series (chromospheric Dopplergrams) are now
simultaneous to the photospheric Dopplergrams. The top right panel
of Fig. 1 shows the chromospheric Doppler velocity constructed from
MAST observations. For aligning the photospheric and chromospheric
observations, we use 20 min averages of line core intensity of Ca II

spectral profile and line-of-sight magnetograms and identify similar
features for correlation tracking to get sub-pixel accuracy.

3.2. Photospheric observables from HMI instrument

We use photospheric Dopplergrams obtained from the HMI instru-
ment, which sample Fe I 6173 A spectral line. Norton et al. (2006)
investigated formation process of Fe I 6173 A line profile and derive
a height range of ~ = 20-300 km above the continuum optical depth
(z, = 1, which corresponds to z = 0) whereas line continuum is
formed around A = 20 km above z = 0. Fleck et al. (2011) used 3d
time-dependent radiation hydrodynamic simulation to produce Fe I
6173 A line profile and calculated Doppler velocity to compare with
the observations derived with the HMI instrument. They concluded that
Vi forms at a mean height of 150 km. Other photospheric observ-
ables used in this study are B;,s and B = [B,, B,, B,] at a cadence
of 45 s and 12 min, respectively. The magnetic fields of the quiet Sun
rapidly evolve over a short time duration and decay (Bellot Rubio and
Orozco Sudrez, 2019). To examine the role of small scale magnetic
fields on the leakage of p-mode waves and formation of high-frequency
halos, we have taken the average of B; ¢ over the whole observation
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Table 1
Table represents the values of average line-of-sight magnetic fields (< |B.og| >),
inclination (< @ >) and cut-off frequency (vf; ) over selected locations.

Location <|Bios| > (Q) < 0 > (degree) vE =v,.cos6
(mHz)

A 42.9 64.2 2.3

B 68.7 58.1 2.7

C 38.5 62.7 2.4

duration as shown in the top left panel of Fig. 2. The average B; g
map shows only the permanent magnetic features. It has been saturated
between +100 G to bring out small scale magnetic patches, and a strong
network region is selected for final analysis, which is demarcated with
a black dashed square box. The top right panel of Fig. 2 shows the
blow-up region of B;,¢. From the vector magnetograms, we have B,,
B,, and B, components of the magnetic fields. Similar to Rijs et al.
(2016) and Rajaguru et al. (2019), we estimate field inclination 0 =
90. — (180./x)|tan"1(B,/B,)|, where B, is the radial component of the

magnetic fields, and B, = /B2 + B§ is horizontal magnetic fields. Map
of § averaged over the whole observation period is shown in the bottom
left panel of Fig. 2, where 6 = 0 degrees corresponds to vertical and 6 =
90 degrees represents horizontal magnetic fields. It is to be noted that
we have averaged B, ¢ and 6§ maps over the whole observation period;
this may lead to an averaging out of small scale emerging magnetic
fields in between the observation period. Finally, we have selected
three different locations (‘A’, ‘B’, and ‘C’) with magnetic field strength
(|Bros|) greater than 30 G to study the propagation of p-mode waves
from the photosphere into the chromosphere as shown with the yellow
arrowheads in the blow-up region of B; 5¢ map (c.f. top right panel of
Fig. 2), which is our region of interest (ROI). In our analysis, we have
considered rasters of 10 x 10 pixels in the aforementioned identified
locations on which the velocity signals are averaged in order to take
into account seeing related fluctuations on spatial scales. The values
of < |B;ps| >, < 6 > and magnetically modified cut-off frequency
vB =y, cos0 over locations ‘A’, ‘B’, and ‘C’ are listed in Table 1.

ac

3.3. Wavelet analysis of HMI and MAST velocity data

In order to detect the presence of episodic wave propagation signals,
from the photosphere to the chromosphere through the intermittent
interactions between p-modes and the magnetic fields, we have con-
structed the wavelet power spectrum of the velocity oscillations at the
identified locations ‘A’, ‘B’, and ‘C’.

Wavelet analysis is a powerful technique to investigate non-
stationary time series or where we expect localized power variations.
Thus, to determine the period of episodic signals present in the identi-
fied regions, we apply the wavelet technique (Torrence and Compo,
1998) on the photospheric and chromospheric velocity time series
of locations ‘A’, ‘B’, and ‘C’ obtained from HMI and MAST observa-
tions. Torrence and Compo (1998) presented a detailed description of
the methodology used as the basis for this study. Here, we use the
Morlet wavelet, a product of a Gaussian function and a sine wave.
In the wavelet power spectrum (WPS), we limit our investigation to
a region inside a “cone of influence” corresponding to the periods
of less than 25% of time series length. We have also overplotted the
confidence level at 95% as shown by a solid black line in WPS. For the
different locations on the photospheric velocities, we note the presence
of significant power around the 2.5-4 mHz band in WPS, which is
associated with the p-mode oscillations (c.f. left panels of Figs. 3). The
WPS obtained from chromospheric velocities at identified locations also
shows the power around 2.5-4 mHz band and above 5.5 mHz (c.f.
right panel of Figs. 3). Further, the WPS is collapsed over the whole
observation time to get the Global Wavelet power spectrum (GWPS). If
power is present during the whole length of observation time in WPS,
it would also be reflected in the GWPS. The GWPS is similar to the
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commonly used Fourier power spectrum. In Figs. 3 GWPS show the
peak around 3 mHz above the confidence level in photospheric and
chromospheric locations. Importantly, we note that WPS constructed
from the chromospheric velocity time series reveals the presence of
significant power around the 3 mHz band at the same time as in the
WPS obtained from the photospheric velocity time series (c.f. Figs. 3).
For instance, significant power is present in the WPS constructed from
HMI velocity of location ‘A’ in 0-40 min duration in 2.5-4 mHz band
(c.f. top left panel of Fig. 3), and in the same time interval, we notice
significant power in WPS obtained from the chromospheric velocity
time series (c.f. top right panel of Fig. 3). We have found similar results
in other selected locations (c.f. Fig. 3). We also notice that despite the
presence of significant power in photospheric WPS, we do not see the
power in chromospheric WPS. For example prominent power is present
in the location ‘B’ in 40-100 min time duration in photospheric WPS
(c.f. middle left panel of Fig. 3), whereas feeble power is observed in
the chromospheric WPS (c.f. middle right panel of Fig. 3), pointing that
low-frequency acoustic waves intermittently interact with background
magnetic fields. We also plot frequency versus height (c.f. Fig. 4)
of the oscillations observed in the photospheric and chromospheric
wavelet power spectrum obtained at two different heights in the solar
atmosphere. In the photospheric WPS, we see the presence of dominant
5-min (3.3 mHz) oscillations, however chromospheric WPS indicate the
presence of 1.5, 3.3, and 5.0 mHz oscillations. The presence of 3.3
mHz oscillations in the chromosphere is associated with underlying
photospheric oscillations, whereas 1.5 and 5.0 mHz oscillations are
chromospheric in nature. These findings are consistent with earlier nu-
merical simulations done by Kraskiewicz et al. (2019), and Kraskiewicz
et al. (2023), where they have derived the cutoff frequency of upward
propagating magnetoacoustic waves. Moreover, the estimated acoustic
cut-off frequency (vﬁ ) (c.f. Table 1) in the locations mentioned above
shows that the quiet-Sun photospheric acoustic cut-off frequency (v,.)
is adequately reduced in the presence of inclined magnetic fields.
Thus, it indicates that the power present around 2.5-4 mHz band in
the chromospheric WPS is possibly associated with the leakage of the
photospheric p-mode oscillations into the chromosphere.

3.4. Phase and coherence spectra

Wavelet power spectrums of locations ‘A’, ‘B’, and ‘C’ of chromo-
spheric Doppler velocities show one-to-one correspondence in the v =
2.5-4 mHz band with the photospheric 2.5-4 mHz band, suggesting
that chromospheric power in 2.5-4 mHz band are related to the leakage
of photospheric p-mode oscillations. Hence, we estimate the phase and
coherence spectra over the region of interest (ROI) (c.f. right panel of
Fig. 2). We would like to mention here that, spatial maps of phase
and coherence do not show clear one-to-one correlations. It might be
due to the larger height difference between the photospheric and the
chromospheric Dopplergrams, and also due to non-achievement of sub-
pixel accuracy in the alignment of the HMI and the MAST observations
due to seeing fluctuations. Hence, we have not included these maps in
our results. Here, we present the average phase and coherence over the
ROL In order to estimate the phase and coherence between two signals
at each pixel, we calculate the cross-spectrum of two evenly sample
time series (I; and I,) in the following way:

X)) = [ X (W) )

Where I's are the Fourier transforms, and * denotes the complex
conjugate. The phase difference between two-time series is estimated
from the phase of complex cross product (X ,(v))

Sp(v) = tan~ (Im(< X1,(v) >)R(< X p(v) >)) (2)

We are adopting the convention that positive §¢(v) means that
signal 1 leads 2, i.e., a wave is propagating from lower height to
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Fig. 3. Top left panel: Upper panel (a) shows the temporal evolution of average velocity signals obtained from the photospheric Dopplergrams for the location ‘A’. Bottom panel
shows the WPS and the GWPS in (b) and (c), respectively, computed from velocity time series. In the WPS, the solid lines demonstrate regions with the 95% confidence level, and
the hatched region indicates the cone of influence. The colour scale represents the wavelet power. The dotted line in GWPS shows a confidence level at 95%. Top right panel: Same
as top left panel, but from chromospheric velocity for location ‘A’ as estimated from MAST observations. Middle and bottom panels are for the locations ‘B’ and ‘C’, respectively.

upper height and vice-versa. Further, the magnitude of X ,(v) is used
to estimate the coherence (C), which ranges between O to 1.

C) =sqri(| < X;,(V) > 12/ < |17 >< | L]*>) 3)

Where < . > denotes the average. Coherence is a measure of the
linear correlation between two signals, 0 indicates no correlation and 1
means perfect correlation. In our case, we have averaged over segments
of length 76 data points, which correspond to 57 min at a cadence of
45 s. We assume that this is the better way to estimate the §¢(v) and
C(v) due to the intermittent nature of the interaction of acoustic waves
with the background magnetic fields (Rajaguru et al., 2019).

Fig. 5 shows the average phase (black) and coherence (red) spectra
between photospheric and chromospheric Doppler velocity observa-
tions estimated over the region of interest (ROI) as shown by the
black dashed square box on the left panels of Fig. 2, and blow up
region of the same is depicted in the right panels of Fig. 2. In between
the photosphere and the chromosphere, atmospheric gravity waves
also contribute to the 5¢. Gravity waves show the negative phase
propagation while transporting energy in the upward direction in the
lower frequency band in k — w diagram (Straus et al., 2008). In our
analysis, we also found the negative 6¢ in the phase estimation from
the photospheric and the chromospheric velocities. This is possibly
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Fig. 5. Spatially averaged phase and coherence spectra estimated from photospheric
and chromosphere Doppler velocities over region of interest (ROI) as shown in the
right panels of Fig. 2.

associated with the contribution of gravity waves. However, we found
that §¢ started increasing around v = 3.5 mHz and continue up to
v = 6.5 mHz after which it decreases. The decline of 5¢ after 6
mHz is possibly associated with steepening of acoustic waves into the
shocks. Moreover, the coherence is above 0.5 up to 6 mHz and then
slightly decreases. Overall, the estimated average phase and coherence
spectra from photospheric and chromospheric velocities indicate the
propagation of p-mode waves and are qualitatively in agreement with
phase travel time estimated by Rajaguru et al. (2019) utilizing the
photospheric and lower chromospheric intensity observations.

3.5. Photospheric and chromospheric behaviour of high-frequency acoustic
halos

The propagation of acoustic waves into the higher solar atmospheric
layers in magnetized regions results into different physical phenomena.
One of them is the formation of high-frequency acoustic halos. To
gain an insight into the interaction of acoustic waves with the back-
ground magnetic fields in the quiet magnetic network region (where
the magnetic field strength is typically small), we have constructed
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power maps in different frequency bands, i.e. v =6, 7, 8, and 9 mHz
from photospheric and chromospheric velocities over a strong magnetic
network region as indicated in the top left panel of Fig. 2 by the black
dashed square box and blow up region of the same is shown here in the
top right panel. These maps are integrated over +0.5 mHz frequency
band around the centre as frequency mentioned on the top of each
maps (c.f. Fig. 6). Photospheric and chromospheric power maps are
shown in the left and right panels of Fig. 6, respectively. We do not
see high frequency power halos in the photospheric power maps (c.f.
left panels of Fig. 6) surrounding strong network region. However,
chromospheric power maps show high frequency acoustic halos around
the magnetic network region at v = 6, 7, 8, and 9 mHz maps as shown
in the right panels of Fig. 6. In the centre of strong magnetic network
concentrations, chromospheric power is suppressed (c.f. right panels of
Fig. 6). It is to be noted that the magnetic fields of network region
spread and diverge at chromospheric height and become significantly
inclined in higher atmosphere and changing the height of = 1 layer.
In our analysis, significant enhancement in chromospheric power is
observed in areas surrounding the strong magnetic network region in
the form of patches. Further, to better understand the behaviour of
high-frequency acoustic halos with respect to photospheric magnetic
fields, we have averaged power over a bin of 10 G in |B;g| and 4-
degree bin in §. Photospheric and chromospheric power as a function of
photospheric |B; o¢| and 6 (integrated over whole observation period)
are shown in the top and bottom panels of Fig. 7, respectively. It is
to be noted that Rajaguru et al. (2013) have estimated power over
different ranges of magnetic field strength and inclination from the
analysis of different active regions. However, we investigate halos in
a quiet magnetic network region, where the magnetic field strengths
are much smaller compared to active regions. Photospheric power as
a function of |B;,g| shows that more power is present in the 2.5-
4.5 mHz band in relatively small magnetic field strengths with more
inclined magnetic field regions (c.f. top panels of Fig. 7). Interestingly,
chromospheric power as a function of photospheric |B; o¢| and 6 shows
that excess power in the high-frequency (v > 5 mHz) band is present
in the small magnetic field strength (|B; 55| < 60 G) and more inclined
magnetic field regions (6 > 60 degree) (c.f. bottom panel of Fig. 7).

4. Discussion and conclusion

Understanding the physics of interactions between acoustic waves
and magnetic fields requires identifying and studying the observational
signatures of various associated phenomena in the solar atmosphere,
viz. mode conversion, refraction and reflection of waves, formation
of high-frequency acoustic halos etc. Most of the work in this field
emphasizes the propagation of acoustic waves and their interaction
within the highly magnetized regions like sunspots and pores. However,
it is not well understood as whether we also expect similar behaviour
in a quiet magnetic network region. Multi-height observations covering
photospheric and chromospheric layers, especially through intensity
imaging observations, are widely used towards the above. Simultaneous
velocity observations of both photospheric and chromospheric heights
are however rare. In this work, in order to address some of the above
questions, we have observed a quiet-Sun magnetic network region in
the chromospheric Ca II 8542 A line using the NBI instrument now
operational at MAST/USO. Using spectral scans of this region, we have
derived chromospheric Doppler velocities. Simultaneous photospheric
Doppler velocity and vector magnetic field of this region was also
extracted from SDO/HMI data.

We employ wavelet analysis technique to investigate the inter-
mittent interaction of low-frequency (2.5-4.0 mHz) acoustic waves
with background magnetic fields in the velocity oscillations at the
photospheric and the chromospheric heights using the aforementioned
observations. Therefore, we have estimated wavelet power spectra in
the selected locations to investigate the propagation of low-frequency
acoustic waves from the solar photosphere into the chromosphere as
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Fig. 6. Left panel: Power maps at different frequencies constructed from photospheric velocity obtained from HMI instrument over a small strong magnetic network region as
shown in the right panels of Fig. 2. Right panel: Same as left panel but from chromospheric velocity estimated from MAST observations.

magnetoacoustic waves. These waves are now recognized as a poten-
tial candidate to heat the lower solar atmosphere. The investigation
of Jefferies et al. (2006) utilizing the velocity observations shows that
low-frequency magnetoacoustic waves can propagate into the lower
solar chromosphere from the small-scale inclined magnetic field ele-
ments. Later on, the detailed investigation done by Rajaguru et al.

(2019) provides evidence that a copious amount of energetic low-
frequency acoustic waves channel through the small-scale inclined
magnetic fields. Usually, acoustic waves of frequency less than pho-
tospheric cut-off frequency (v,. ~ 5.2 mHz) are trapped below the
photosphere in the quiet Sun. However, the presence of magnetic fields
alters the cut-off frequency, and it is reduced by a factor of cosf:
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over a magnetic network region as shown in the right panels of Fig. 2. Bottom panel: Same as top panel, but estimated from chromospheric power over photospheric magnetic

fields (|B;os| and 6), respectively.

vB = vy, .cos0 (Bel and Leroy, 1977). In our analysis, we have found
a significant reduction in the acoustic cut-off frequency, following the
above formula, in the presence of inclined magnetic fields. Thus, the
presence of low-frequency acoustic waves in the chromospheric wavelet
power spectra is clearly associated with the leakage of photospheric
oscillations. Moreover, the WPS of both heights show a clear association
of chromospheric (5-min) oscillations with the underlying photospheric
oscillations as evident from the appearance of low-frequency acoustic
waves in chromospheric WPSs approximately at the same time as in
the photospheric WPS. The investigation of the average phase over the
ROI (80 x 80 arcsec?, c.f. right panel of Fig. 2) also shows the turn-
on positive phase around v = 3.5 mHz and continues upto 6.5 mHz,
indicating the channelling of photospheric p-mode oscillations into the
chromosphere. Additionally, the estimated coherence is above 0.5 up
to around 8 mHz, and then it decreases. Nevertheless, the bigger height
difference between the two observables also reduces the coherence
because these waves travel a long distance, hence losing coherency.
Our results are consistent with the previous findings related to the
leakage of p-mode oscillations into higher solar atmospheric layers
along inclined magnetic fields (De Pontieu et al., 2004, 2005; Jefferies
et al.,, 2006; Vecchio et al., 2007; Rajaguru et al., 2019). However,
our results add to the previous findings by illustration of a one-to-
one correspondence between oscillatory signals present in the WPS of
photospheric and the chromospheric velocity observations of a quiet-
Sun magnetic network region. Nevertheless, we also note that leakage
of low-frequency acoustic waves along the inclined magnetic fields is
not a continuous process, indicating that energy flux estimated from
short duration observations could be underestimated or overestimated.

As regards the formation of high frequency acoustic halos sur-
rounding magnetic concentrations, the information gathered from the
same is also important to map the thermal and magnetic structure of

different heights in the solar atmosphere. The theoretical investigations
of Rosenthal et al. (2002), and Bogdan et al. (2003) discussed the effect
of magnetic canopy present in the solar atmosphere and plasma f ~
1 location. The plasma f ~ 1 separates two different regions of gas
and magnetic pressure dominance. Gary (2001) provided a model of
plasma g variation with height in the solar atmosphere over a sunspot
and a plage region. Figure 3 of Gary (2001) shows that g is ~ 1
for plage region at a height of around 1 Mm, while for sunspot it
lies below. It is suggested that mode conversion, transmission, and
reflection of waves occur at f ~ 1 (Rosenthal et al., 2002; Bogdan
et al., 2003; Khomenko and Collados, 2006, 2009; Khomenko and Cally,
2012; Nutto et al., 2012). The numerical simulation of Khomenko and
Collados (2009) proposes that high-frequency fast mode waves which
refract in the higher atmosphere around # ~ 1 due to rapid increase of
the Alfven speed can also cause high-frequency acoustic halos around
sunspots. Further, they have added that high-frequency halos should
form at a distance where the refraction of fast mode acoustic wave
occurs above the line formation layer, i.e., where the Alfven speed is
equal to sound speed above the photosphere. Else, it would not be
possible to detect these halos in observations. We have found high-
frequency acoustic halos around a high magnetic concentrations in
quiet magnetic network region in the chromospheric Fourier power
maps (c.f. right panels of Fig. 6). However, halos are not observed
in the photospheric power maps. The absence of the acoustic halos
in photospheric power maps indicate that formation height of photo-
spheric velocity is far below the mode conversion layer i.e., f ~ 1,
as suggested by Khomenko and Collados (2006) and Rajaguru et al.
(2013). Therefore, the presence of halos in the chromospheric power
maps is possibly associated with the injection of high frequency fast
mode waves, which are refracting from the magnetic canopy and g ~ 1
layer as proposed by Khomenko and Collados (2009) and Nutto et al.
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(2012). This fact is also supported by a model of plasma g variation in
the solar atmosphere (Gary, 2001) suggesting that g ~ 1 at a height of
~ 1000 km over a plage region. For a quiet magnetic network region
like ours, we do expect that f ~ 1 layer might be above 1000 km.
The presence of high-frequency acoustic halos in chromospheric power
maps is consistent with the explanation provided by Khomenko and
Collados (2006, 2009), Kontogiannis et al. (2010), Nutto et al. (2012),
and Rajaguru et al. (2013). The chromospheric power maps also show
the power deficit in the high magnetic concentrations in the quiet
magnetic network region. This could be associated with the energy
loss due to the multiple mode transformations in a flux tube (Cally
and Bogdan, 1997). The analysis of chromospheric power dependence
on photospheric |B;,s| and 6 shows that high-frequency power is
also significantly present in the small magnetic field strength and in
nearly horizontal magnetic field regions. This finding is qualitatively
in agreement with the earlier work (Schunker and Braun, 2011), which
suggests that the excess power in high-frequency halos is present at the
more horizontal and intermediate magnetic field strength region. Our
results thus show that small scale magnetic fields also have a significant
effect on the propagation of acoustic waves in the solar atmosphere.
It is to be noted that we have utilized high resolution photospheric
and chromospheric Doppler velocities to investigate the interaction of
acoustic waves with the small scale magnetic fields. We intend to follow
up with similar analyses using near-simultaneous multi-height velocity
and magnetic field observations from MAST and the newer Daniel K
Inouye Solar Telescope (DKIST; (Rimmele et al., 2020)) along with HMI
and AIA instruments on board SDO spacecraft.
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Abstract

Gravity waves are generated by turbulent subsurface convection overshooting or penetrating locally into a stably stratified medium. While
propagating energy upwards, their characteristic negative phase shift over height is a well-recognized observational signature. Since their first
detailed observational detection and estimates of energy content, a number of studies have explored their propagation characteristics and interac-
tion with magnetic fields and other waves modes in the solar atmosphere. Here, we present a study of the atmospheric gravity wave dispersion
diagrams utilizing intensity observations that cover photospheric to chromospheric heights over different magnetic configurations of quiet-Sun
(magnetic network regions), a plage, and a sunspot as well as velocity observations within the photospheric layer over a quiet and a sunspot
region. In order to investigate the propagation characteristics, we construct two-height intensity - intensity and velocity- velocity cross-spectra
and study phase and coherence signals in the wavenumber - frequency dispersion diagrams and their association with background magnetic fields.
We find signatures of association between magnetic fields and much reduced coherence and phase shifts over height from intensity-intensity and
velocity-velocity phase and coherence diagrams, both indicating suppression/scattering of gravity waves by the magnetic fields. Our results are
consistent with the earlier numerical simulations, which indicate that gravity waves are suppressed or scattered and reflected back into the lower
solar atmosphere in the presence of magnetic fields.

© 2023 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction 1952; Stein, 1967; Goldreich & Kumar, 1990) and the acous-
tic part of the spectrum resonate to form p-modes in the in-

Waves in a compressible stratified medium in the presence  terjor of the Sun. In the solar atmosphere, the behaviour of
of a gravitational field, like the atmosphere of the Earth or the waves become more complicated owing to the sharp fall in
Sun, can be driven by both compressional and buoyancy forces, density and the preferred direction imposed by gravity in the
resulting in a rich spectrum of acoustic-gravity waves. In the fluid: the propagation characteristics are anisotropic, in gen-
lower solar atmosphere, such waves are well recognised as an eral. In addition, the stratification of the atmosphere also im-
agent of non-thermal energy transfer, especially through their poses height-dependent cutoff frequencies below which gravity
interactions with and transformations by the highly structured modified acoustic waves cannot propagate (Mihalas & Miha-
magnetic fields that thread these layers. These waves are gener- las, 1995) upward of the respective heights. The internal or
ated by turbulent convection within and near the top boundary atmospheric gravity waves (IGWs) are generated by turbulent
layers of the convection zone (Schwarzschild, 1948; Lighthill,  gybsyrface convection overshooting or penetrating locally into
a stably stratified medium (Lighthill, 1967). This is a normal re-
sponse generated by a gravitationally stratified medium to any
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perturbations from its equilibrium position, and buoyancy act-
ing as a restoring force. Lighthill (1967) suggested that the
oscillations observed in the upper photosphere and lower chro-
mosphere can be interpreted as gravity waves, and also that ra-
diative damping of such gravity waves provides a mechanism
of heating of the lower chromosphere. One of the interesting
properties of IGWs is that, while transporting energy upward
from the photosphere to higher layers, they show a characteris-
tic downward phase propagation (Lighthill, 1978). These waves
play an important role in the transportation of energy and mo-
mentum and mixing the material in the regions that they prop-
agate in. For example, the IGWs in the solar radiative interior
and in other stars, despite no clear detection of their signatures
at the solar surface, are theorized to play key roles in the mixing
and transport of angular momentum. The investigation of Mi-
halas & Toomre (1981, 1982) revealed that gravity waves can
reach a maximum height of 900 - 1600 km in the solar atmo-
sphere depending upon the energy flux carried by these waves,
before nonlinearities lead to wave breaking. Following the
above initial studies, the propagation characteristics of IGW's
in the solar atmosphere have been examined utilizing velocity-
velocity, intensity-intensity observations or simulations or both
by a good number of authors (Deubner & Fleck, 1989; Krijger
et al., 2001; Rutten & Krijger, 2003; Straus et al., 2008; Kneer
& Bello Gonzélez, 2011; Nagashima et al., 2014; Vigeesh et al.,
2017, 2019; Vigeesh & Roth, 2020; Vigeesh et al., 2021). Kri-
jeger et al. (2001), utilizing the 1700 A and 1600 A intensity
observations obtained from the Transition Region and Coronal
Explorer (TRACE) instrument of a quiet region observed in the
disk centre, identified gravity waves in the k; — v phase diagram
(c.f. Figure 24, Krijger et al. (2001)). Subsequently, Rutten &
Krijger (2003) using the simultaneous UV intensities (1700 A
and 1600 A intensity images) obtained from the TRACE also
detected the gravity waves in k;, — v phase diagram (c.f., Figure
3, Rutten & Krijger (2003)). They have also found the signature
of gravity waves in the k; — v phase diagram constructed from
white light and 1700 A intensity images (c.f., Figure 5, Rutten
& Kirijger (2003)). Using V — V observations along with 3D
numerical simulations, Straus et al. (2008) detected the upward
propagating atmospheric gravity waves. They also estimated
that the energy flux carried by gravity waves was comparable
to the radiative losses of the entire chromosphere. Using ob-
servations of Fe I 5576 A and Fe I 5434 A lines, Kneer &
Bello Gonzalez (2011) studied acoustic and atmospheric grav-
ity waves in the quiet Sun and estimated their energy transport
to the chromosphere. They concluded that gravity waves also
contribute in the chromospheric heating. Using multi-height
velocity extractions from the Fe 1 6173 A line filtergrams pro-
vided by the HMI/SDO, Nagashima et al. (2014) also reported
the presence of atmospheric gravity waves in the solar atmo-
sphere. More recently, using realistic 3D numerical simulations
of the solar atmosphere to investigate the propagation dynamics
of acoustic-gravity waves, Vigeesh et al. (2017) conclude that
IGWs are absent or partially reflected back into the lower layers
in the presence of the magnetic fields. They further argue that
the suppression is due to the coupling of IGWs to slow mag-
netoacoustic waves still within the high plasma-£ region of the

upper photosphere. Vigeesh et al. (2019) found that the propa-
gation properties of IGWs depend on the average magnetic field
strength in the upper photosphere and therefore these waves can
be potential candidates for magnetic field diagnostics of these
layers.

In this article, we report our results from a detailed study of
the atmospheric gravity wave dispersion diagrams utilizing in-
tensity observations that cover photospheric to chromospheric
heights over regions of different magnetic configurations: quiet-
Sun (magnetic network regions), plage, and sunspot. Addition-
ally, we have used two-height velocities estimated within Fe I
6173 A line over a quiet and a sunspot region. In order to inves-
tigate the propagation characteristics, we construct two-height
intensity - intensity and velocity - velocity cross-spectra and
study the phase and coherence signals in the wavenumber - fre-
quency (k, — v) dispersion diagrams and their association with
background magnetic fields, utilizing long duration data sets
situated at different locations on the solar disc. We compare
the derived signatures of the interaction between the IGWs and
magnetic fields with those reported using numerical simulations
by Vigeesh et al. (2017, 2019), and Vigeesh & Roth (2020). The
article is structured as follows: Section 2 discusses the observa-
tions, data sets, and analysis procedures, Section 3 presents the
results obtained in this investigation, followed by Section 4 that
presents discussions and conclusions.

2. Observational Data and Analyses

We employ two-height cross-spectra of intensities and ve-
locities observed over regions of interest to study the height
evolution of wave phases and interaction with the background
magnetic fields. Intensity - intensity (I — I) cross spectra utilise
observations obtained from the Helioseismic and Magnetic Im-
ager (HMI; Schou et al. (2012) instrument onboard the So-
lar Dynamics Observatory (SDO; Pesnell et al. (2012)) for the
photosphere using the Fe I 6173 A line, and from the Atmo-
spheric Imaging Assembly (AIA; Lemen et al. (2012)) onboard
the SDO for the 1700 A and 1600 A UV channels that sample
the photosphere - chromosphere. Velocity - Velocity (V — V)
cross spectra utilise observation obtained using photospheric Fe
I 6173 A line from the Interferometric BI-dimensional Spec-
trometer (IBIS; Cavallini (2006)) instrument installed at the
Dunn Solar Telescope (DST) at Sacramento Peak, New Mex-
ico. We analyze observations of three large regions, identified
as data set 1, 2, and 3, of widely differing magnetic configu-
rations. These regions are also situated on the different loca-
tions on the Sun. The data set 1 covers quiet or weak magnetic
patches identified by red dashed boxes and labelled M1 and
M2, a plage and sunspot (NOAA AR 11092) areas identified by
green and white dashed boxes labelled P, S, respectively (c.f.,
Figure 1). This whole region was situated near the disk cen-
tre (63”,150” solar coordinates) and was observed on August
03, 2010. The observables include photospheric line-of-sight
magnetograms (Bypgs ), continuum intensity (/.), UV intensities
in 1700 (I,,;) and 1600 (1) A filters, and the data have been
tracked and remapped for a duration of 14 hours; this data set
has previously been used for a study of high-frequency acoustic
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Fig. 1. Left panel: HMI line-of-sight magnetic field of a large region observed on August 3, 2010 corresponding to the start time of data used in this work. The
colored dashed regions mark the boundaries of sub-regions studied in this work: regions enclosed in red, white and green colored boxes mark the quiet magnetic
network, sunspot and plage regions, and also denoted by M1, M2, S, P, respectively. The magnetic field grey scale has been saturated at + 100 G to view better the
small scale magnetic fields. Right panel: Same as left panel but from AIA 171 A channel.

halos by Rajaguru et al. (2013) and also for a study of the prop-
agation of low-frequency acoustic waves into the chromosphere
by Rajaguru et al. (2019). The data set 2 includes a quiet patch
identified by red dashed square box labelled Q, and two further
sub-regions near the sunspot (NOAA AR 12186) demarcated
by green square boxes labelled R1 and R2 (c.f. Figure 2). This
large region was away from the disk centre (-309”,-418" solar
coordinates) and was observed on October 11, 2014, and the
same observables as for data set 1 are tracked and remapped for
a duration of 12 h 47 minutes. The data set 3 covers a quiet
and a sunspot (NOAA AR 10960) region demarcated as black
square box and labelled A and B (c.f. Figure 3), which are iden-
tified from the field-of-view of the IBIS instrument. The ob-
served region was also located close to the disk centre (276" .-
227" solar coordinates) on June 8, 2007. The identified regions
(quiet (A) and sunspot (B)) comprise 3 hours 44 minutes dura-
tion and utilized two height velocities within Fe I 6173 A line
formation region. This IBIS data set has been previously used
for various studies (Rajaguru et al., 2010; Couvidat et al., 2012;
Zhao et al., 2022). The values of average of absolute line-of-
sight magnetic fields integrated over whole observation period
in the M1, M2, P, S, O, R1, R2, A, and B region are tabulated
in Table 1. Brief descriptions of the instruments and data re-
ductions done for the above observations are provided in the
following sub-sections.

2.1. HMI and AIA Observations

The HMI instrument observes the photosphere of the Sun
in Fe I 6173 A absorption spectral line at six different wave-
length positions. It provides full disk (4096x4096 pixel?) con-

tinuum intensity, line depth, Dopplergrams, and line-of-sight
magnetograms at a spatial sampling of 0.504" per pixel and at a
temporal cadence of 45 s. It also provides full-disk vector mag-
netic field at a slightly lower cadence (12 minutes) as a standard
product, although it can also be obtained at a cadence of 135
s (Hoeksema et al., 2014). The AIA instrument observes the
outer atmosphere of the Sun in seven extreme ultraviolet (EUV)
filters at 94, 131, 171, 193, 211, 304 and 335 A, two ultravio-
let (UV) filters at 1600 and 1700 A and one white light filter at
4500 A wavelengths. It provides full disc images (4096x4096
pixel?) at a spatial sampling of 0.6” per pixel. The temporal
cadence is 12 s for EUV, 24 s for UV, and 3600 s for the white
light filter. Here, we have used photospheric continuum inten-
sity (I.), and line-of-sight magnetograms (Bp s ) from the HMI
at a cadence of 45 s and UV observations in 1700 (/,,) and
1600 (1,,2) A at a cadence of 24 s obtained from the AIA instru-
ment, respectively. We have tracked and remapped the images
of all these observables to the same spatial and temporal sam-
pling as HMI observations. The sub-regions M1, M2, P, and
S from data set 1 are of size 176x176 arcsec?, as shown in the
Figure 1, gives us a wavenumber resolution (Akj) of 0.049 rad
Mm~'. The total time duration of data set 1 is 14 hours and ca-
dence (45 s), gives us a frequency resolution (Av) of 19.8 uHz,
and Nyquist frequency (vyy) of 11.11 mHz. The spatial resolu-
tion 6x = 0.504” per pixel corresponds to Nyquist wavenumber
(kny = w/6x) of 8.55 rad Mm~!. The data set 2 comprise of Q,
R1, and R2 regions of 100x100 arcsec? shown in the Figure 2,
gives us a wavenumber resolution (Aky) of 0.0859 rad Mm™'.
The total time duration of data set 2 is 12 h 47 minutes, spatial
sampling and temporal cadence are same as data set 1. Hence,
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Fig. 2. Left panel: HMI line-of-sight magnetic field of a large region observed on October 11, 2014 corresponding to the start time of data used in this work. The
colored dashed regions mark the boundaries of sub-regions studied in this work: regions enclosed in red, and green colored boxes mark the quiet magnetic network,
canopy regions, and also denoted by Q, R1, and R2, respectively. The magnetic field grey scale has been saturated at + 100 G to view better the small scale magnetic

fields. Right panel: Same as left panel but from AIA 171 A channel.

Table 1. Table represents the values of average of absolute line-of-sight magnetic fields over selected locations.

Location

<|Bros| > (G)

M1
M2

P
S
Q
R1
R2
A

B

33
5.5
37.0
532
2.7
322
32.8
5.8
74.2

it gives us a frequency resolution (Av) of 21.7 uHz.

2.2. IBIS Observations

The imaging spectropolarimetry data were acquired on June
08, 2007 utilizing the IBIS instrument installed at the DST. The
IBIS has a circular FOV of 80” in diameter (~ 60 Mm). The
observed region covers a medium size sunspot and surround-
ing quiet-Sun situated near the disk center, with full Stokes
(1,0,U,V) images scanned over 23 wavelength positions along
the Fe T 6173.3 A line at a spectral resolution of 25 mA. The
spatial resolution of these observations is 0.33” (0.165” per
pixel) at a temporal cadence of 47.5 s. From these observa-
tions Rajaguru et al. (2010) have estimated 10 bisector line-of-
sight Doppler velocities starting from line core (level 0) to line
wing (level 9). Here, we have used two height velocities at 10%
(V1) and 80% (Vgp) intensity levels in our analysis, in which
Vso corresponds to lower height, whereas Vjy corresponds to

upper height within the Fe I 6173 A line. The data set 3 com-
prises of a quiet (A) and a sunspot (B) region of 24x24 arcsec?
as shown in Figure 3. The total time duration of data set 3 is
3 hours 44 minutes, and temporal cadence (47.5 s), gives us a
frequency resolution (Av) of 74.4 uHz, and Nyquist frequency
(vay) of 10.5 mHz. The spatial resolution 6x = 0.165” per pixel
corresponds to Nyquist wavenumber (ky, = 7/6x) of 26.2 rad
Mm™'.

2.3. Height Coverage of HMI and AIA Observations

The HMI and AIA observables, as described above, are cho-
sen to cover the photospheric to mid-chromospheric layers of
the solar atmosphere. The formation height of Fe I 6173 A
line in the solar photosphere was investigated by Norton et al.
(2006), who derived a height range of 4 = 16 — 302 km above
the continuum optical depth at 5000 A(r, = 1, which corre-
sponds to z = 0) in the quiet region. However, the formation
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Fig. 3. Left panel: A sample image of continuum intensity showing the field of view of the observation obtained from the IBIS/DST with a sunspot at the center.
The black square regions mark the boundaries of sub-regions of a quiet and a sunspot region studied in this work, also denoted by A, and B, respectively. Right
panel: A sample image of line-of-sight Doppler velocity estimated by bisector method at 10% intensity levels i.e. Vo velocity map.

height of Fe 1 6173 A line in the magnetized region i.e. umbra
is lower compare to quiet region. Norton et al. (2006) utilizing
the Maltby-M umbral atmosphere model reported that core of
Fe 16173 A line form around 270 km, while wings form around
20 km above 7, = 1 continuum optical depth. Non-LTE radi-
ation hydrodynamic simulations done by Fossum & Carlsson
(2005) show that the average formation heights of 360 and 430
km for the 1700 and 1600 A passbands, respectively, although
the 1600 A passband has contributions from a wider height-
range extending into upper chromosphere.

2.4. Cross-Spectral Analysis of Wave Propagation

We investigate the cross-spectra of IGWs utilizing differ-
ent observables covering heights from photosphere (20 km) to
chromosphere (430 km). We form two-height intensity - in-
tensity (I — I) and velocity - velocity (V — V) pairs and study
their cross-spectra. Cross-spectra of two observables fi(x,y, )
and f>(x, y, f) are defined as the complex-valued product of their
three dimensional Fourier transforms (Vigeesh et al., 2017),

X12(k7 V) = fl(ks V)f*Z(k’ V) (1)

where f’s are the Fourier transforms, with a superscript
representing the complex conjugate, k = kj, = (ky, k) is the
horizontal wave vector and v is the cyclic frequency. Here, sub-
scripts 1 and 2 in f; and f, denote the two heights z; and z, of
the observables. The phase spectrum, d¢(k, v), that captures the
phase evolution between heights of the two observables is then
given by the phase of the complex cross-spectrum X, (k, v),

¢k, v) = tan”' [Im(X,2(k, v))/Re(X12(k, v))] 2

The normalised magnitude of Xi,(k,v) is used to calculate

the coherence,
[X12(k,v)|

NIRRT

We focus on studying 6¢(kj,, v) from the different /-7 and V—
V cross-spectra that trace photopsheric - chromospheric height
ranges, viz. the HMI continuum /., AIA UV intensities I,
(1700 A) and 7,,, (1600 A) offer pairs of heights from among
20, 360, and 430 km, respectively and two height velocities
estimated within Fe 1 6173 A line formation region i.e. Vgg and
Vo are correspond to within 16 — 300 km height range above
7. = 1. In all our analyses, we azimuthally average the three-
dimensional spectra in the k —k, plane to derive kj, —v diagrams

of 6¢(kp, v) and C(ky, v), where k;, = [k2 + k2.

To guide the analysis, we employ the well known disper-
sion relation, derived under the Cowling approximation that
neglects perturbations in the gravitational potential for adia-
batic acoustic-gravity waves in the solar interior and atmo-
sphere (Leibacher & Stein, 1981),

C(k,v) = 3)

_ (w? - w?,) 3 (w* — N?)

2 2
c? w

k2

Z

Ky )

where w = 2nv is the angular frequency, w,, is the acous-
tic cutoff frequency and N is the Brunt-Viisdld frequency. In a
ky—v diagram, regions where k2 > 0 demarcates vertically prop-
agating acoustic-gravity waves from the evanescent (k% < 0)
ones. In all our two-height d¢(ky, v) that we derive from ob-
servations, we mark such propagation boundaries by evaluating
the k2 = 0 condition using the dispersion relation given by Eqn.
4 for the upper height using the VAL-C model of the solar chro-
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Fig. 4. Height evolution of Brunt-Viisila frequency (N) for quiet-Sun (black) of a realistic solar atmosphere using the VAL-C model and umbra (red) of a sunspot

using Maltby-M model.

mosphere (Vernazza et al., 1981). The expressions for w,. and
N applicable for a gravitationally stratified atmospheres are,

L/ 5)
wac - 41_11% dZ
2
N=2_& 6)
HP Cs

We have two solutions for kz2 = 0, and hence two propaga-
tion boundaries separating vertically propagating waves from
the evanescent ones in the kj, — v diagram: the higher frequency
boundary corresponds to the cut-off frequency for acoustic
waves while the lower frequency one, typically falling lower
than the f-mode frequencies, is that for the internal or atmo-
spheric gravity waves. The locations of these boundaries in the
ky — v plane depends on height in the atmosphere, and we typi-
cally overplot these boundaries for upper heights (solid black
line) involved in each pair of variables for which the cross-
spectral phases, (0¢), coherences, (C) are derived. We also
overplot the dispersion curve of the surface gravity mode (f-
mode) and that of acoustic Lamb mode in each diagrams.

3. Results

The IGWs in the solar atmosphere have their sources in
the photospheric granular convection, which overshoots into
the stable layers above. As alluded to earlier, the IGWs have
the characteristics of transporting energy upward while their
phases propagate downward, hence exhibit negative phase in
the gravity wave regime of kj, — v cross-spectral phase diagram.
We first present and analyse the phase and coherence signals in

the I — I cross-spectra that we obtain for the two large regions
covering different magnetic configurations, viz. quiet magnetic
network, plage, and sunspots, which are shown in Figures 1
and 2. Next, we analyse the phase and coherence diagrams
constructed from V — V pair over a quiet and a sunspot region.
The wave propagation boundary corresponding to kf = 0 for
the IGWs is set by the Brunt-Viisild frequency, N, which is
a function of height in the solar atmosphere and is given by
equation 6. Using the VAL-C model (Vernazza et al., 1981)
for quiet Sun and the Maltby-M model (Maltby et al., 1986)
for sunspot umbra, we have calculated N and plotted in Figure
4. Tt shows that N increases upto a height of ~ 600 km and
then it starts decreasing, and it also indicates that there is
no significant difference between the variation of N in the
quiet-Sun and umbra of a sunspot. For the mean height of
formation of intensity /,,,, N approaches ~ 5 mHz.

As the primary objective of this work is to study the effect
of magnetic fields on the propagation of IGWs, we first dis-
cuss the phase spectra of gravity waves in the quiet magnetic
network regions followed by a comparision between the phase
obtained for strongly magnetized regions and quiet regions. Re-
sults on effects of magnetic fields on the coherence of IGWs are
presented at the end.

3.1. Phase Spectra of IGWs in Quiet-Sun Regions

The region labelled M1 in Figure 1 has the average abso-
lute LOS magnetic field of ~ 3 G (integrated over whole ob-
servation period) and is chosen to represent the quiet-Sun. The
cross-spectral phase difference, 6¢, and coherence, C, diagrams
obtained for this region (from data set 1) are shown in Figure 5:
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Fig. 5. Top panel: Cross-spectral phase difference, d¢(kj, v) (top left panel), and coherence, C(kp, v) (top right panel), diagrams of M1 region constructed from
I. — 1,1 pair of photospheric continuum intensity (HMI) and UV 1700 A channel of AIA, which correspond to 20 — 360 km above z = 0 in the solar atmosphere.
Bottom panel: same as top panel, but from 1. — I, pair of photospheric continuum intensity (HMI) and UV 1600 A channel of AIA, which correspond to 20 — 430
km above z = 0 in the solar atmosphere. The solid black lines separate vertically propagating waves (k? > 0) from the evanescent ones (k? < 0) at upper height. The
dashed red line is the f-mode dispersion curve and solid red line is the Lamb mode. The overplotted black, red and white contours represent the coherence at 0.5,
0.3 and 0.1 levels, respectively.
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Fig. 8. Same as Figure 6 but for sunspot region as indicated by symbol S in the Figure 1.

top panels are for the 1. — I, pair, and bottom panels are for
the I. — I, pair.

We mainly focus on the effect of magnetic fields on the
gravity waves, and hence are not discussing the acoustic wave
regimes. In the gravity wave region of the diagnostic diagrams
(c.f. Figure 5), we observe the well known negative phase as ex-
pected for IGWs, whose phase and group velocities have oppo-
site signs. In general, in all our d¢(k;, v) diagrams, we observe
noisy phase signals with very low coherence C for k, > 5.5
Mm™! and also even at lower k;, when v < 0.5 mHz. We avoid
such regions in (k;, v) and focus only on IGWs that have v > 0.5
mHz and k;, < 5.5 Mm~'. The magnitudes and wavenumber-
extents of IGWs depend on the height separation in the solar
atmosphere, and also vary significantly from region to region
or location even in the quiet-Sun. For the quiet-Sun region M1,
interestingly, the negative d¢(k;,v) (c.f. left panel of Figure
5) corresponding to IGWs extend over, along a curved band,
to the evanescent region and beyond into higher frequency do-
main, over the k, = 4.1 — 6.8 Mm™! and over v beyond 4 mHz.
This seems to indicate that there are IGW-like waves extending
beyond the classical gravity wave boundary expected from the
simple dispersion relation given by Equation 4. Interestingly,
exactly such a behaviour is seen in the numerical simulations
of IGWs performed by Vigeesh & Roth (2020) and as seen in
their Figure 5(b), where they also synthesised spectral lines and
derived d¢(ky,v) from line core intensities of Fe 5576 A and
Fe 5434 A lines. However, the coherence C(ky,v) (c.f. right
panel of Figure 5) is less than 0.1 in k;, = 4.1 - 5.5Mm™! & v >
3.5 mHz, corresponding to the negative phase observed in the

evanescent wave regimes of d¢ diagrams. Hence the reality of
these seemingly high frequency IGWs, in the evanescent region
and beyond, is doubtful despite their resemblance to the simu-
lation results of Vigeesh & Roth (2020). Nevertheless, there
are several factors which can affect the coherence; for example,
results of Vigeesh & Roth (2020) from synthetic observations
show that coherence decreases as height separation increases,
and we also see such behaviour for the /. — I, intensity pair,
which corresponds to higher height (h = 20 — 430 km). Ad-
ditionally, they suggested that the angle of wave propagation
with respect to normal for a given wave of a given frequency
can also influence the coherence, which is governed by the local
Brunt-Viiséla frequency (N). A wave launched at a particular
frequency, without any non-linear interaction, will eventually
follow a curved trajectory if the local N changes with height.
Therefore, the coherency of the waves propagating between two
heights for a given Fourier frequency may locally change over
the field of view (Vigeesh & Roth, 2020).

We show the 6¢, and C diagrams constructed from another
quiet-Sun sub-region labelled as Q within a larger region in-
cluding a small sunspot and neighbouring plage region (c.f.
data set 2 shown in Figure 2) in Figure 9. Here, we see the nega-
tive 0¢(ky, v) in the gravity wave region extending upto kj, = 6.2
Mm™! and also exhibiting 180 deg. wrapping of phase at low
frequencies (less than 0.8 mHz), especially for the higher height
pair I. — 1,,,» (c.f. bottom left panel of Figure 9). Comparing the
two quiet-Sun regions Q and M1 in left panels of Figures 9 and
5, respectively, also reveals significant differences, especially
in regard to the curved band of negative d¢(ky, v) that extends
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through the evanescent region to higher frequencies in the M1
region — it is absent in the Q region. Furthermore, the 6¢(ky,, v)
and C(ky,v) diagrams of M1 region shows reduced extent of
negative phase and coherence over k; and v corresponding to Q
region. The observed phase difference of gravity waves in M1
region is similar to the earlier estimation by Rutten & Krijger
(2003) utilizing white light and 1700 A intensity as shown in
their Figure 5, where the overplotted contours at C = 0.5, 0.2
and 0.1 demonstrate that contour of C = 0.5 is extended only
upto k; = 1.3 arcsec™!, which in Mm~! would be approximately
1.8 Mm~'. However, in our analysis the contour of C = 0.5 is
extended upto around k;, = 2.0 Mm™! (c.f. Figure 5) and k; =
4.0 Mm™' (cf. Figure 9). The extent of contour of C = 0.5 in
our investigation is better than that earlier reported by Rutten
& Kirijger (2003). In the M1 region negative ¢ and contour
of coherence at C = 0.1 is extended only upto k; = 4.1 Mm™!
whereas Q region occupies bigger extent than M1, upto k; =
6.2 Mm~!. This is possibly associated with the slanted propa-
gation of gravity waves in the solar atmosphere. Thus, as we
are going away from the disk center, we are probably detecting
more and more gravity wave signals compared to that of disk
center location. In addition to that, the phase and coherence di-
agrams constructed from V — V pair i.e. Vgy — Vo over a quiet
region (A) as depicted in the Figure 3 are shown in the Figure
12. The gravity wave regime shows the well known negative
phase extending upto k, = 6 Mm™! with a very high coherence
(c.f. Figure 12). Interestingly, the observed phase difference
in the gravity wave regime over a quiet region (A) (c.f. Figure
12) is consistent with the earlier phase difference diagram con-
structed between two height V — V pair estimated within Fe I
7090 A line as reported in the Figure 1 of Straus et al. (2008).

3.2. Phase Spectra of IGWs in Magnetic Regions and Compar-
isons with Quiet Regions

From the data of three large regions (data set 1, 2, and
3), we have several strongly magnetised regions of different
configurations, P, S, R1, R2, and B and the d¢(ky,v) and
C(ky,v) diagrams of these regions are shown in Figures 7, §,
10, 11, and 13 respectively. The region M2 is close to the
sunspot in data set 1 and has one side of the sunspot canopy
field covered within it, and it is clear from the left panels of
Figure 6 that the extent of gravity wave regime in the M2
region is reduced over v and k;, as compared to that seen in the
quiet network region (c.f. Figure 5): while it occupies v= 0 —
4 mHz range extending up to about k;, = 5.5 Mm~! in M1, the
negative phases taper off and become positive over v > 3 mHz
and k;, > 4.41 Mm™!. In their synthetic observations based on
numerical simulations, Vigeesh & Roth (2020) have shown
that the magnitude and wavenumber-extent of negative phase
reduces as the magnetic field strength increases. We observe
a similar trend in the d¢ diagrams obtained from magnetized
regions. In the phase diagrams of M2, P and S regions negative
0¢ tapers off at approximately v = 2.5 mHz and at k;, = 4.82
Mm~!. Similarly, the phase diagrams of R1, and R2 regions
of data set 2 indicate that negative phase is extended upto only
v = 3.0 mHz, and k;, = 5.8 Mm™' (c.f. Figures 10, and 11);
these two regions also exhibit reduced coherence as compared

to that in the Q region. The above general reducing extents of
negative 6¢ of IGWs in magnetic regions have to be compared
with those observed in the quiet-Sun regions M1 (c.f. Figure
5) and Q (c.f. Figure 9), where they extend upto about v = 4
mHz, and k, = 6.2 Mm™!. It is to be noted that the coherence
diagrams constructed from I — I pair over quiet regions (M1
and Q) show that coherence is samll i.e., contour of C at 0.5
extends upto k;, = 2 Mm™! and k, = 4 Mm™! as shown in the
Figure 5, and Figure 9, respectively. Despite the low coherence
over the quiet regions (c.f. see extent of contours in Figure 5
and Figure 9), coherence estimated over magnetized regions
(M2, P, S, R1 and R2) is further reduced (c.f. see extent of
contours in Figures 6, 7, 8, 10, and 11). Moreover, the phase
and coherence diagrams constructed from Vg — Vo velocity
pair from a high magnetic concentrations over a sunspot (B)
are shown in the Figure 13. The d¢(k;, v) and C(kj, v) diagrams
(c.f. Figure 13) over B region show that phase and coherence
both are reduced in the sunspot over k;, and v extent, compared
to quiet (A) region as shown in the Figure 12.

In order to better understand the effect of magnetic fields on
the IGWs, we have averaged d¢ over k;, = 1.0 — 3.0, 2.75 - 4.1,
and 4.1 — 5.5 Mm~! in M1, M2, P, and S regions of data set 1
and have plotted them in Figure 14. The left panels [(a), (¢),
and (e)] correspond to intensity I, — I, pair, while right panels
[(b), (d), and ()] are from higher height intensity /. — I,,» pair.
We have smoothed < d¢ > by taking a smoothing window of
13 point to reduce the noise. In our analysis, the IGWs mostly
lie up to k, = 7.0 Mm™!, and v up to about 3.5 mHz. The panels
(a), (b), (c), and (d) of Figure 14, in the k;, = 1.0 — 3.0, and 2.75
— 4.1 Mm~! demonstrate that there is a change in the phase of
the order of 30 — 40 and 20 — 30 degrees in the v = 2.5 - 3
mHz band estimated over M2, P, and S regions, respectively
corresponding to M1 region. Additionally, panels (e) and (f)
of Figure 14 indicate that there is a change in the phase of the
order of 30 — 70, and 80 — 100 degrees in 2.5 — 3.0 mHz as
estimated for the k;, = 4.1 — 5.5 Mm~! wavenumber over M2,
P, and S regions with respect to M1 region. Interestingly, we
find that the phase is reduced in large amount in the higher
wavenumber (k;, = 4.1 - 5.5 Mm™') in magnetized regions
compared to quiet region, almost changing from negative to
positive sign as shown in the panel (e) and (f) of Figure 14. We
also notice that the < d¢ > estimated from M2 region, which is
very close to the sunspot is notably affected in &k, = 1.0 — 3.0,
2.75 - 4.1, and 4.1 — 5.5 Mm™! (c.f. Figure 14) compared to
M1 region. Similarly, the < é¢ > vs v plots over k;, = 1.0 —
3.0,2.75-4.1, and 4.1 — 5.5 Mm™! for 0, R1, and R2 regions
of data set 2 as shown in the Figure 15 also demonstrate the
reduction in phase over R1, and R2 regions upto v = 4.0 mHz
band. The panels (a), (b), (c), and (d) of Figure 15 for k;, = 1.0
- 3.0, and 2.75 — 4.1 Mm™! indicate the change in < §¢ > over
v = 2.5 — 3 mHz band of the order of 10 — 20 degrees, while
for panels (e) and (f) for k, = 4.1 — 5.5 Mm~! show the change
in < 6¢ > of the order of 25 — 50 degree in 2.5 — 3 mHz band
(c.f. Figure 15) concerning to Q region. The bottom panel [(e),
and (f)] of Figure 15 also shows that phase of gravity waves are
reduced in larger amount in the higher wavenumber k;, = 4.1 —
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Fig. 9. Top panel: Cross-spectral phase difference, d¢(ky, v) (top left panel), and coherence, C(ky, v) (top right panel), diagrams of Q region constructed from I, — 1,1
pair of photospheric continuum intensity (HMI) and UV 1700 A channel of AIA, which correspond to 20 — 360 km above z = 0 in the solar atmosphere. Bottom
panel: same as top panel, but from 1. — I,,» pair of photospheric continuum intensity (HMI) and UV 1600 A channel of AIA, which correspond to 20 — 430 km
above z = 0 in the solar atmosphere. The black solid lines separate vertically propagating waves (kz2 > 0) from the evanescent ones (k% < 0) at upper height. The
dashed red line is the f-mode dispersion curve and solid red line is the Lamb mode. The over plotted black, red and white contours represent the coherence at 0.5,
0.3 and 0.1 levels, respectively.
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5.5 Mm~! as compared to quiet region (Q). Further, it is to be
noted that M2, and R1 regions cover a large amount of looping
magnetic fields, hence they are largely horizontal, as can be
seen in the AIA 171 A passband (c.f. right panel of Figures 1
and 2), respectively. We also find that suppression of phase is
more in these regions (M2, and R1) as compared to others.

Additionally, we also estimate and plot < d¢ > over quiet (A)
and sunspot (B) region over k;, =2 — 4 Mm™! from Vgo — Vi
velocity pair as shown in the Figure 18. It indicates that < 6¢ >
is positive in the sunspot (B) region, while it is negative over the
quiet (A) region around v = 1.5 mHz. Further, we also estimate
< 0¢ > over A and B region from pixel by pixel calculation after
removing the acoustic wave regime part from kj, —v diagram i.e.
above the f-mode in the diagnostic diagram utilizing a 3D FFT
filter. The < 6¢ > over A and B regions are shown in the Figure

<6¢°>

<6¢°>

<6¢°>
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.5 Mm™!, estimated from I — L1, and I — Lo intensity pairs, over M1, M2, P, and

19 shows that there is a change in sign of the < d¢ > estimated
over sunspot (B) region compare to quiet (A) region. It is to be
noted that we have used velocity Vgy and Vjo estimated within
the Fe I 6173 A line at two heights. The formation height of
Fe 16173 A line is different in quiet and magnetized region i.e.
sunspot. In the quiet region, Fe I line forms within # = 16 — 300
km, whereas in umbra it is around & = 20 — 270 km above the 7,
= 1. Thus, we estimate the percentage change in the formation
height of quiet and sunspot region. There is an approximately
12% change in the formation height of Fe I line with respect to
a quiet region. However, the percentage change in the < §¢ >
estimated from Figure 19 at v = 1.5 mHz are found to be of
the order of 114.3% compare to quiet region. Nevertheless, the
< 0¢ > estimated over a quiet (A) and a sunspot (B) region
from Figure 18 in v = 1.5-3.5 mHz and k;, = 2—4 Mm™! are of
the order of -5.35 degree and 0.255 degree, respectively. Thus,
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Fig. 15. Same as Figure 14 but, over Q, R1, and R2 regions, respectively, as indicated in Figure 2.

such a change in < d¢ > and change in sign is not possibly due
to the lowering in the formation height of Fe 1 6173 A line in
sunspot, indicating that it is due to the suppression or reflec-
tion of gravity waves in the magnetized regions. The formation
height of 1,,,; and I,,, might be decrease in the magnetized re-
gions. However, the observed percentage change in phase over
the highly magnetized regions, are more than 50%-100% at v
= 2.0 — 2.5 mHz and change in sign between quiet and mag-
netic regions near 3 mHz (c.f. Figure 14), and their similarities
with the phase analysis of V — V spectrum, indicate that it is
not due to change in formation heights of observables used but
due to the direct effect of magnetic fields on their propagation.
This is because, a sign change in phase shifts between quiet
and magnetic regions cannot come from the formation height
differences, however big they are.

3.3. Coherence and Effects of Magnetic Fields

We analyzed the average coherence on two different
wavenumber ranges i.e. k, = 1.0 — 3.0 Mm~! (pale blue line),
and k, = 2.75-4.1 Mm™' (black line) integrated over v = 1 — 2
mHz band from dataset 1, over M1, M2, P, and S regions and
plotted them in Figure 16. The plots of < C > versus < |Brps| >
obtained from /. —1,,,; (dashed line) and 1, —I,,,» (solid line) pair
as shown in the Figure 16 demonstrate that as magnetic field
strength increases coherence decreases. From the dataset 2, we
also estimate < C > onk; = 1.0 — 3.0 Mm™! (pale blue line), &,
=2.75-4.1 Mm™! (black line), and k;, = 4.1 — 5.5 Mm™! (blue
line) integrated over v = 1 — 2 mHz over Q1, R1, and R2 from
1. — I,,,; (dashed line) and I, — I,,,» (solid line) pairs, which are
depicted in the Figure 17. These also demonstrate that as mag-
netic field strength increases coherence decreases. It is to be
noted that in k, = 2.75-4.1 Mm~! range in Figure 16 and k;,
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pairs, over Q, R1 and R2 regions, respectively, as indicated in Figure 2.

= 4.1-5.5 Mm™! regime in the Figure 17 coherence is below
0.5. However, despite the low coherence in quiet regions (M1
and Q1), coherence is further reduced in magnetized regions.
Similar reduction in coherence is also observed in the < C >
versus v plot constructed over quiet (A) and sunspot (B) regions
as shown in the right panel of Figure 18. Figures 16, 17, and
right panel of Figure 18 suggest that magnetic fields also affect
coherence apart from other factors as suggested by Vigeesh &
Roth (2020).

4. Discussion and Conclusions

The IGWs in the solar atmosphere, which are thought to be
generated by the turbulent convection penetrating locally into a
stably stratified medium are believed to dissipate their energy
by radiative damping just above the solar surface (Lighthill,
1967). Earlier studies (Mihalas & Toomre, 1981, 1982) suggest
that IGWs can reach upto the middle chromosphere, before
breaking of these waves due to nonlinearities resulting in a
complete dissipation. Recent simulations done by Vigeesh
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part above the f-mode region in the k, — v diagram.

etal. (2017), Vigeesh et al. (2019), and (Vigeesh & Roth, 2020)
have shown that these waves are still present in the higher
atmosphere, where the radiative damping time scale is high,
and that magnetic fields suppress or scatter IGWs in the solar
atmosphere.

Our investigations of k;, — v phases and coherences of IGWs
within the photosphere and from photospheric to lower chro-
mospheric height ranges over a varied levels of background
magnetic fields and their configurations have brought out clear
signatures of reduced extent of negative phase and coherence
and a change of sign in phases in the gravity wave regime
due to the magnetic fields as compared to quiet regions —
as demonstrated in Figures 5, 6, 7, 8, 9, 10, 11. The above
finding from intensity observations is also strengthened from
the phase and coherence diagrams estimated from velocity -
velocity cross-spectral pairs observed over a quiet (A) and a
sunspot (B) region (c.f. Figure 12, and 13). Further, from the
comparison of average phase in k, = 1.0 — 3.0, 2.75 — 4.1,
and 4.1 — 5.5 Mm™! over quiet and magnetic regions from
data set 1 and 2 as shown in the Figures 14, and 15, we find

that the phase of IGWs are much reduced in the magnetized
regions. Moreover, this effect is more prominent in the higher
wavenumber regions i.e. for the waves of lower wavelength
(A4 = 2.175 — 2.75 Mm) suggesting that these gravity waves
are scattered by the background magnetic fields or partially
reflecting from the upper atmospheric layers leading to positive
phase in the gravity wave regime. The average phase estimated
from V — V pair in k;, = 2 — 4 Mm™' (c.f. Figure 18) also
indicate change in sign at v = 1.5 mHz in sunspot (B) compare
to quiet (A) region. Moreover, the average phase estimated
from V — V pair from pixel-by-pixel analysis over quiet (A)
and sunspot (B) regions also demonstrate the change in sign
of the phase. Furthermore, the observed percentage change
in phase in the sunspot (B) compared to quiet (A) region is
much higher than percentage change in the formation height
of Fe I line in sunspot compared to quiet region, strongly
favouring the suppression or reflections of gravity waves in
the high magnetized region i.e. sunspot (c.f. Figur 19). It
is to be noted that the observed differences in the B region
compared to the A region could be due to lack of excitation
of gravity waves over sunspot in the photosphere, but there is
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still a possibility of scattering/suppression of gravity waves
that propagate from the surrounding quiet Sun over the sunspot
location. Importantly, we also find a reduction in coherence in
the presence of background magnetic fields as shown in the
Figures 16, and 17 as well as shown in the right panel of Figure
18. Previously, Straus et al. (2008) showed that the rms wave
velocity fluctuations due to IGWs were suppressed at locations
of magnetic flux. Here, we have provided further observational
evidence in the kj; — v diagrams for the suppression or scattering
or partial reflection of gravity waves in the magnetized regions
of the solar atmosphere.

In general, the above nature of IGWs in magnetized regions
are broadly consistent with the simulation results of Vigeesh
et al. (2017) and Vigeesh et al. (2019); Vigeesh & Roth (2020)
suggesting the suppression of gravity waves in magnetized re-
gions. This led to identifying our reported differences between
quiet and magnetic regions as observational evidences for
such influences of magnetic fields. We anticipate that several
of our analyses and findings reported here will be examined
in more detail in the near future containing bigger FOV,
involving coordinated simultaneous multi-height observations
of photosphere and chromosphere utilising Dopplergrams data
from the newer Daniel K Inouye Solar Telescope (DKIST;
Rimmele et al. (2020)) (National Solar Observatory USA)
facility along with MAST (Mathew, 2009; Venkatakrishnan
et al., 2017) and HMI, AIA onboard SDO spacecraft.
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